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ABSTRACT: In order to gain insights into the mechanisms of deformation and ultimate failure in a homologous
series of lamellae-forming polyolefin block copolymers comprised of glassy poly(cyclohexylethylene) (C),
elastomeric poly(ethylenak-propylene) (P), and semicrystalline poly(ethylene) (E), the anisotropic tensile
properties of samples in which the microphase separate structure is oriented on a macroscopic length scale were
probed. Reciprocating shear processing of monodisperse CPCPC and GRIEBGiers having mass fraction

We ~ 0.39-0.44 and O< & < 1, where& = wg/(wg + wp), produces “single-grain” polymer samples with
perpendicular-oriented lamellae. Tensile deformation studies in which the strain axis coincides with the lamellar
normal direction yield varied mechanical responses ranging from brittle fracture for EECQ) to ductile

behavior for CPEPCE > 0) and CPCPC. Tandem small- and wide-angle X-ray scattering analysis of samples
undergoing deformation shows that application of strain along the lamellar normal in the CPEPC materials results
in formation of a folded lamellar structure or “chevron” morpohology within which the E crystals cant relative

to the strain direction. Since the ultimate failure mechanism for materials strained in this direction is chain pullout
in the glassy domains, a simple mechanical model applied to the data enables quantitation of the stress required
for chain pullout at~4 MPa. Additionally, the mechanical properties of miscible blends of CEC and CPC polymers
with matched segregation strengths are shown to mimic those of the covalently linked CPEPC pentablock
copolymer.

Introduction monolithic materials, in which the microphase separated mor-

Multiblock copolymers exhibit a composite mechanical gggllsgg—ll“slnpree;?realrtﬁﬂgo?trrl]een;eh:a(r)V?cr)crgs?sc'LOSg?re:cIt'lglggctl?
response that depends sensitively upon their constituent ho- ) vestigatl . pr ng Ut
copolymers under a variety of conditions and experimental

mopolymer segments, the molecular architecture, and the chain . . . .
topology®5 Linear multiblock copolymers that incorporate geometries have furnished a phenomenological understanding

glassy, semicrystalline, and rubbery homopolymer segments inof.the parameters that dictate the orien.tatio.n of the underlying
a pairwise fashion are the most well-studied members of this mlcrophase separated structure, especially in the case O,f ABA-
class of technologically useful materials. Numerous investiga- YP€ triblock copolymers. As a consequence of the oriented
tions of polydomain and “single-grain” block copolymer samples mlcrophase-separated structure, these materla!s exhibit a com-
have demonstrated that linear polymers with glassy end blocksPOSité mechanical response that depends delicately upon the
having either rubbery or semicrystalline blocks in the middle 'élative sizes and arrangements of the constituent polymer
of the chain display a high degree of mechanical strength at Plocks. The mechanical properties of oriented glassypbery
relatively low molecular weightd%-10 Styrenic block copoly- ~ a@nd glassysemicrystalline cylinder- and lamellar-forming
mers containing rubbery poly(butadiene) (B) or poly(isoprene) materials have been the subject of multiple investigations and
() segments are among the most common block copolymer have been previously reviewéd.
plastics and thermoplastic elastomers. In the former case, glassy Studies of the uniaxial tensile deformation of “single crystal”
poly(styrene) (S) domains form the matrix phase within which SBS materials in conjunction with small-angle X-ray scattering
the B or | domains are dispersed, resulting in increased (SAXS) and transmission electron microscopy (TEM) afforded
compliance and impact strength as exemplified by the com- fundamental insights into the morphological transformations that
mercially available K-resins! Conversely, diene-rich (SJ)pr these materials undergo during deformafidf.Synchrotron
(SB)» multiblock polymers are commodity thermoplastic elas- SAXS measurements of lamellar SBS triblocks undergoing
tomers, in which the dispersed S domains (typically, hexagonally yniaxial elongation established that the microphase separated
packed cylinders or body-centered cubic spheres) serve asstrycture undergoes buckling and grain rotation while maintain-
physical cross-links within a rubbery diene matix. ing a near constant layer spacing to form a “chevron” morphol-
Mechanical processing of neat block copolymer melts under ogy. Real-space TEM images of samples stained in tension
controlled conditions yields “single-domain” or “single crystal” indicate that the layers break to form wavy lamellae. At large
strains, the mechanical properties reflect the effects of chain
*To whom correspondence should be addressed. E-mail: bates@ deformation and reorientation by the applied tensile load. Read
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Table 1. Characterization Data for Polydomain CPEPC? CECCPC-50, and CPCPC Block Copolymers

Mpn overall E
sample (kg mol~1) Mu/MpP We Wp We Topt (°C)d d (nm)y Tme (°C) Xc (%)9 cryst (%)
CEC 29.8 1.02 0.424 0 0.576 217 20.8 94.2 17.7 10.2
CPEPC-70 30.7 1.15 0.411 0.178 0.411 236 21.6 93.7 24.5 10.1
CPEPC-50 20.9 1.11 0.441 0.281 0.278 208 20.0 92.8 31.6 8.8
CPEPC-30 38.6 1.12 0.394 0.423 0.183 237 22.3 84.5 39.8 7.3

CPC 46.1 (1.03) 0.395 0.605 0 234 229 n.a. 0 0
CEC/CPC-50 n.a n.a. 0.410 0.302 0.288 225 22.0 94.2 31.1 9.0
CPCPC 76.0 1.05 0.464 0.536 0 225 22.1 n.a. 0 0

aData taken from ref 28 Determined by size exclusion chromatography (SEC) with poly(styrene) calibration standards in trichlorobenzerf€at 135
¢ Measured for the unsaturated precursor by SEC in tetrahydrofuran°at. #3vieasured by dynamic mechanical spectroscépyeasured by synchrotron
SAXS at 150°C. f Peak melting temperature of the poly(ethylene) (E) block determined by BB&cent crystallinity in the E block.

Scheme 1
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properties of the material, such as the bending and tensile moduli
of the parent homopolymers, this model quantitatively predicts
the strain at which layer buckling occurs. Similar phenomena
have been observed in rubbersemicrystalline EPE triblocks

(E = poly(ethylene) and P= poly(ethylenealt-propylene)}t”

With the advent of efficient heterogeneous catalysts capable
of completely hydrogenating poly(styrene)$9% saturated),
poly(cyclohexylethylene) (C) has emerged as a new engineering
thermoplastic that exhibits a higher upper use temperaiyre
= 147 °C compared to its parent poly(styreri&)C-based
polymers exhibit a higher degree of chemical, thermal, and
photochemical stability due to the elimination of potentially
reactive functionalities in the polymer backbone through an
inexpensive, single-step postsynthetic modification reaéfion.
Catalytic hydrogenation of conventional SBS block copolymers,
with varying terminal vinyl content in the center B block, yields
C/E glassy-semicrystalline resins with varying degrees of

weingann

crystallinity that exhibit a continuum of properties from plastics
to elastomers that eclipse those of traditional thermoplastic
elastomerg® For this reason, the phase behavior of these new
materials has been studied extensively along with their attendant
processability and mechanical propertiég*2°
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Hermel et al. investigated the mechanical behavior of shear
processed glassysemicrystaline CEC and CECEC block Experimental Section
copolymers: Application of strain along the lamellar normal Materials. CPEPC block copolymers were synthesized by
of a shear_orlented CEC.bIock copolymer led to.brlttle fracture sequential anionic polymerization of styrene, isoprene, and buta-
at low strains due to chain pullout in the C domains. In contrast diene followed by heterogeneous catalytic hydrogenation. Details
to the brittle behavior of the aligned CEC, application of strain of the synthesis and characterization of these materials have been
along the lamellar normal to aligned CECEC pentablock reported elsewher8,and relevant molecular characterization data
copolymers resulted in chevron formation while maintaining a from the previous report are summarized in Table 1. Samples are
constant domain spacing. Ultimate failure at high strains by named according to the previously established nomenclature: the

; . . . letters specify the block sequence with C, P, and E corresponding
chain pullout in the C domain was presumed to be the dominant
X . . to pol lohexylethyl , poly(ethyleradt- | , and poly-
mode of failure in the pentablock materials. o poly(eyclohexylethylene), poly(ethylerat propylene), and poly

(ethylene), and the number indicates the value oEl@hereé =
Recently, we reported the synthesis and characterization ofwe/(we + wp). For example, CPEPC-50 refers to a sample with
a homologous series of CPEPC pentablock copolymers that= We andwc ~ 0.4. The poly(ethylene) (E) segments contain 21

incorporate glassy C, rubbery P, and semicrystalline E bigtks. €thyl branches per 1000 carbon atoms, and the poly(ethyltne-
At a fixed glass contentfd ~ 0.4), the mechanical properties propylene) (P) segments contain 15 isopropyl branches per 1000

f these materials depend sensitively on the relative amounts 307 8oms.
O plose maeria s cepenc Senstivey o e relalive amounts o cpcpc plock copolymer was synthesized by an analogous

of E and P present. Increasing the E content causes monotonigocedure:  Sequential anionic polymerization of styrene and
increases in the elastic modultisand yield stres®yieiq With isoprene in cyclohexane at 4C under anaerobic and anhydrous

decreasing failure straing. Therefore, the effect of the  conditions yields a SISIS block copolymer. Subsequent catalytic
semicrystalline E is similar to the addition of a brittle filler to  hydrogenation of this pentablock copolymer over a Pt/Re/SiO

a triblock copolymer elastomer. In this contribution, we examine catalyst® yielded the desired CPCPC block copolymer, with greater
the effects of shear processing on the microstructure andthan 97% saturation of the polymer assessed ‘by NMR

mechanical response of these CPEPC materials. We demonstrat8Pectroscopy at 100C in dy-tetrachloroethane. The molecular
arameters of this sample are also given in Table 1.

that the incorporation of a short rubbery segment dramatically P Thermal Analysis. Differential scanning calorimetry was per-
mitigates the brittleness of the aligned CEC triblocks. Addition- ¢, ed on a TA Instruments Q1000 DSC using the previously

ally, we demonstrate that a mechanical response comparable tQeported protocol: Each sample was heated to *I5or 10 min
that of the CPEPC materials can be achieved by blending to erase thermal history before cooling it+080 °C at 5°C/min.

judiciously synthesized CEC and CPC triblock copolymers. Heat flow vs temperature curves were then acquired by heating
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Figure 1. Representative SAXS (top) and WAXS (bottom) patterns
of CPEPC-50 processed by reciprocating shear alignment taken with
the X-ray beam incident upon thg—0q,, 0,—0, andag—gy planes,
indicating the “perpendicular” alignment of the lamellae relative to the
velocity direction K).
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Figure 2. Representative stress)(vs strain €) curves for(J, samples.

the sample at rate of 3C/min from —80 to 150°C. From this
data, E block crystallinityX; of the samples was calculated as

Xe = AH /WAH £

where AH°wg = 277 J/g is the theoretical heat of melting for
perfectly crystalline polyethylen®.

Dynamic Mechanical Spectroscopy.Dynamic mechanical
spectroscop¥-32was used to locate the block copolymer oreder
disorder phase transition temperaturéspf), using a Rheometric
Scientific ARES strain-controlled rheometer fitted with 25 mm
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Figure 3. Representative stress)(vs strain €) curves for CPCPClk
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Figure 4. Representative stress)(vs strain €) curves forlJ, samples.

SAXS. Synchrotron small-angle X-ray scattering (SAXS) mea-
surements were performed at the 5IDD beamline of the DuPont-
Northwestern-Dow Collaborative Access Team Synchrotron Re-
search Center at the Advanced Photon Source (Argonne, IL). Two-
dimensional SAXS patterns were acquired on a MAR-CCD detector
(133 mm diameter active circular area) with 20482048 pixel
resolution using a beam energy of 8 kel= 1.54 A) and a 3.026
m sample-to-detector distance. Samples were heatd@dge +
10°C (see Table 1) for 5 min to disorder the melt and erase thermal
history, cooled to 150C at 10°C/min, and held at 150C for 5
min before data collection (typical exposure time0 s). Samples
were subsequently cooled to 28 at 10°C/min, and a SAXS
pattern was taken aft@ 5 min equilibration period.

Laboratory source SAXS measurements were performed in the
Characterization Facility of the Institute of Technology at the
University of Minnesota. Cu K X-rays from a Rigaku RU-
200VBH rotating anode were collimated using two Osmic, Inc.
Max-Flux multilayer confocal mirrors. Passage of the resulting
X-ray beam through three pinhole apertures trimmed the final beam

diameter parallel plates. Dynamic strain sweep measurementsdiameter to 0.5 mm. Samples were mounted in a helium-purged

conducted at 14€C established that straifng| = 0.5—1% provided

sample chamber. 2D-SAXS data were acquired on a Siemens Hi-

a linear viscoelastic response. In isochronal temperature ramp testsSTAR area detector with a 3.53 m sample-to-detector distance.

conducted in the linear viscoelastic regime using a heating rate of
2 °C/min, a cooling rate of 3C/min, a frequency of» = 1 rad/s,

and a strairjy| = 1%, the dynamic elastic storage shear modulus
(G') was measured as a function of temperatu®. drops

WAXS. A Bruker AXS microdiffractometer was used to acquire
two-dimensional wide-angle X-ray scattering (WAXS) patterns in
transmission mode. Experiments employed @uXrays generated
from a 4XE short anode, monochromated using flat graphite, and

precipitously as the microphase-separated material undergoes a firsteollimated through two 0.8 mm pinholes with a sample-to-detector

order phase transition to the disordered polymer melTaagr.
Isothermal frequency sweeps conducted with 300 < 0.01 rad/s
and|y| = 0.5-1% at several temperatures confirmed the location
of TooT.

distance of 5.92 cm.

Polydomain Tensile Sample PreparationPolymer films were
produced by compression-molding between Teflon sheets=at
Topr + 10 °C for 10 min at 14.0 MPa, followed by cooling to

Table 2. Ultimate Properties of Shear-Aligned, Block Copolymer Tensile Samples

chevron
sample E (MPay Oyield (MPay €tail° otail (MPay! angle¢ (deg)
CEC 141+ 24 115+14 0.24+ 0.04 13.3+0.4 n.a.
CPEPC-70 69.& 5.3 9.2+ 04 3.52+ 0.33 13.3t 2.3 76
CPEPC-50 54.1% 2.3 75+ 04 3.72£ 0.13 13.3£ 0.9 76
CPEPC-30 44,4 2.1 5.3+ 0.3 4.27+0.23 14.8+1.9 78
CPC 125+ 3.1 1.4+ 0.2 5.214+ 0.30 144+ 2.4 79.5
CEC/CPC-50 48.4 2.7 6.3+ 0.3 3.87£0.14 19.1£15 n.d¢
CPCPC 24.8: 6.8 1.8+ 0.1 5.17£ 0.24 21.1+-2.6 78

2E = elastic modulus® oyiels = engineering stress at yielfleri = elongation at failured o1 = engineering stress at failureNot determined.
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Table 3. Ultimate Properties of Shear-AlignedCx Block Copolymer 40 - |
Tensile Samples 35 4 poly
E Oyield €fail Ofail 2307 Lx

sample (MPay (MPay (MPay (MPay! Ezs E
CEC 246+37 151+12 097+019 19.3t0.2 7 201
CPEPC-70 113 13 11.8+1.3 386029 21.8+2.2 5.1: 15 1 1,
CPEPC-50 84t 8 11.0£ 04 4.66+0.46 28.9+4.2 10 1
CPEPC-30 6H 3 94+ 04 519+031 26.4+3.0 5 -
cPC 334 49+04 657£0.18 27.4+4.7 I
CEC/CPC-50 n.d. n.d. n.d. n.d. 0 1 2 3 4 5 6
CPCPC 34.4:05 54+02 556£032 28.8£35 Strain (¢)

3E = elastic modulus® oyielq = engineering stress at yielbleri = Figure 5. Representative stresg)(vs strain €) curves for CPEPC

elongation at failured o1, = engineering stress at failuréNot determined. 0, CPEPCL,, and polydomain samples.

alignment*in all of these materials, i.e., orientation of the planes
room temperature at 18C/min. In order to test the mechanical  of the microphase-separated lamellar structure perpendicular to
properties of the polydomain samples, a fresh razor blade was usednhe v xv direction. In order to reproducibly obtain this alignment
to cut rectangular tensile bars measuring 15 mra mmx 1 mm condition, samples were first heated above the ordesorder
from these films. transition temperatureTgpr + 10 °C) for 10 min, at which

Flow-Induced Orientation. The parallel-plate reciprocating fi . fi h d whil lina th |
shear device previously described by Koppi et?df3was used ime reuproc;’:\ Ing shear commenced while cooling the samples
to process compression-molded polymer films (1 mm thickness) {0 Toor — 30 °C at a rate of SC/min. Cessation of shear after

under an argon atmosphere. Compression-molded films were placedL h followed by cooling to room temperature furnished oriented
in a channel measuring 50 mm20 mm between two brass plates Ssamples. Representative 2-D SAXS patterns acquired with the
situated 1 mm apart; the brass plates were covered with a heat-X-ray beam incident on each of the three orthogonal faces of
resistant aluminum tape to aid in recovery of the oriented samples.the aligned samples corroborates the perpendicular lamellar
The shear from disorder protocol of Hermel et al. was used: the glignment (Figure 1). WAXS patterns taken with the X-ray beam
shear cell was heated ®pr + 10 °C for 10 min to disorder the  gjrected along the same sample axes reveal that the E crystallites
polymer melt, after which application of shear commenced as the 4re griented with the E chain axes parallel to the microphase-
sample was cooled at a rate of&/min toTopr — 30°C. Astrain o5 ateq interfaces, as indicated by the four (110) scattering

amplitude|y| = 2 and period = 4 s were employed, corresponding . . . i
to a shear rate of 0.505 Application of isothermal reciprocating maxima and two meridonal (200) scattering peaks (Figure 1).

shear for 45-60 min, followed by cessation of shear, and cooling This E crystal.orientation has been previously observed'in shgar
to room temperature yielded macroscopically oriented block Processed microphase-separated block copolymers, in which
copolymer films as verified by SAXS. A fresh razor blade was templated crystallization occurs within a microphase-separated
used to cut rectangular tensile bars measuring 15smhmm x melt?

1 mm from these oriented films to produck and[J, samples for Macroscopic Tensile PropertiesAccording to the coordinate
tensile testing; Scheme 1 depicts the reciprocating shear alignmenisystem in Scheme 1, tensile bars were cut from the shear
geometry and the associated directions along which tensile barsprocessed samples for uniaxial tensile deformation experiments

were cut. o . _ such that the strain axis coincides with (i) thexis (J,) and
Tensile MeasurementsUniaxial tensile tests were carried out .. .
(ii) the x-axis ().

at 22°C using a Rheometrics Scientific MINIMAT operating with . . . -
a cross-head speed of 5 mm/min (length-independent strain rate of Thel; CPEPC tensile bars exhibit varying degrees of ductility

0.010 s%) using the aforementioned tensile bars with an initial gage dePending on the relative amounts of crystalline E and elasto-
length of 8 mm. Forcedisplacement measurements were converted meric P Ty ~ —60 °C) present. Representative strestrain
to engineering stress = F/A; vs nominal straire = (I — lo)/lo, curves for these samples are presented in Figure 2, and the
where Ay and |y are the initial cross-sectional area and length, average results over a minimum of five independent trials are
respectively. The elastic modul&sof each sample was determined  provided in Table 2. Consistent with the results of Hermel et
by linearly fitting the elastic portion of the stresstrain curve prior a4 the [0, CEC tensile samples are quite brittle and fracture at
;_0 yi_elging. }?jep?rttedl dat"’l‘ r9f|e‘t3rt] an _average_]gvgr a minimum of |\ strains ¢ = 0.24). (This failure strain is somewhat greater
Ivé Independent trals uniess otherwise specified. than that reported earlier fat, specimens, which we attribute

In situ” 2D-SAXS and 2D-WAXS pattems of samples undergo- -y, o qyer ¢ content.) The presence of even a short P block as

ing tensile deformation were acquired using a modified MINIMAT . : .
holder that allowed the sample to be clamped at a fixed elongation, in the CPEPC-70, however, dramatically alters the mechanical

removed from the mechanical testing equipment, and analyzed with "€SPonse of these materials such that they exhibit yielding,
the X-ray beam incident on two faces of the tensile bar normal to Plastic deformation (“necking” or “cold drawing”), strain
the strain axis. Upon acquisition of a 2D-SAXS pattern (exposure hardening, and ultimate failure. The elastic moduli} &nd
times~ 120 s) or a 2D-WAXS pattern (exposure times0 s), the the yield stressdjieiq) increase with increasing E content, while

sample was returned to the MINIMAT and elongated further. the elongation at breaks;) decreases. Samples having a high
. E content also exhibit a higher initial rate of strain hardening
Results and Analysis prior to failure. Notably, thél, tensile specimens break in the

Flow-Induced Alignment. Oriented “single-grain” samples  middle of the gage section and exhibit an ultimate engineering
of the CPEPC and CPCPC polyolefin block copolymers were failure stresssy; that is nearly compositionally invariant over
produced by reciprocating shear processing. Scheme 1 illustrateshe homologous CPEPC series. Analogous to prior observations
the geometry of the shear alignment apparatus, in whkich that the(d, CECEC exhibits dramatically enhanced toughness
corresponds to the velocity (sheaslirection, the shear gradient compared to thél, CEC, [0, CPCPC exhibits a much higher
Vv is the y-direction, and thez-axis is the neutral direction failure stress than the correspondingCPC (Figure 3). This
(Vxv). In accord with previous reports on the flow-induced behavior is likely a consequence of the ability of the CPCPC
alignment of CEC and CECEC materials under reciprocating chain to mechanically couple up to five domains in the lamellar
shear conditions, a single protocol achieved “perpendicular” microphase-separated structure through a combination of “bridg-
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CPC

CPCPC

Figure 6. Representative “in situ” SAXS patterns taken with the X-ray beam incident ogythg, plane during tensile deformation af, CPC

and CPCPC samples at the indicated elongatidnMeasurements reflect the structure in the necked region of the specimen. In the initial state
(e = 0), the two oriented scattering maxima indicate thaligned lamellar morphology. Upon application of strain alongzteection (vertical),

four new reflections appear at an angl€relative to the meridian) that depends upon the extent of elongation. Upon failure and recovery, the
original two spot pattern is recovered.

Figure 7. Representative “in situ” SAXS patterns taken with the X-ray beam incident on the sample neckgp-theplane during tensile
deformation of &1-CPEPC-50 sample at the indicated elongatigneasurements reflect the structure in the necked region of the specimen. In
the initial state { = 0), the two oriented scattering maxima indicate fhealigned lamellar morphology. Upon application of strain alongzhe
direction (vertical), four new reflections appear at an angleelative to the meridian) which depends upon the extent of elongation.

ing” and “looping” chain conformations as previously described A tensile data overlay for representatiiig [x, and polydo-
by Bates and co-workefg426.34.35 main CPEPC-50 samples is presented in Figure 5. Careful
Representative stresstrain curves for thé CPEPC tensile  inspection of this figure shows that the polydomain sample, in
samples are shown in Figure 4, and the corresponding averagéVhich the microphase-separated lamellar grains are randomly
mechanical properties are provided in Table 3. As in the case oriented, exhibits a mechanical requnse similar to th'at of the
of the [, CPEPC, thél, CPEPC samples exhibit monotonically ~x sample, whereas thel; sample yields more readily, is
increasing elastic moduli E and yield stressggiq as the E substantially weaker, and does not strain harden appreciably.
content increases. While the failure strajg decreases with Microstructural Investigations of [0, Samples In order to
increasing E content, the failure stresg exhibits no obvious gain insights into the mechanism of deformation and the origins
trend. Inconsistencies im,; across the series of CPEPC of the yielding behavior in thed, CPEPC materials, we
materials are attributed to the observed uneven tearing of theundertook “in situ” SAXS analysis of samples undergoing
samples into thin strands along the strain axis proceeded byuniaxial tensile deformation. Samples elongated in a MINIMAT
failure in close proximity to the tensile grips. In contrast to the tensile apparatus were clamped at fixed strains prior to failure
large observed difference in strength between@h€PC and and subjected to SAXS analyses along the two directions
0, CPCPC, the properties of the CPC and CPCRGamples perpendicular to the strain directiog{-, andgy,—a,). Figure
display no statistically significant variation. 6 (upper panels) shows the results of “in situ” SAXS analysis
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25 - rated lamellar interfaces in the chevron. Upon failure, persistence
20 4--6--0--6--9..0..6.0 of the chevron structure and E crystal orientation are consistent
S |5 - with the observed permanent set of the sample. Integrations of
10 - the SAXS and WAXS patterns of the failed CPEPC-50 samples
5 (a) show that the E crystallites remain tilted b$ &ith respect to
0 i . . i the lamellar interfaces of the chevron morphology (Figure 10).
0 1 2 3 4 In contrast taJ, CPEPC-50 and other members of this series
%0 - Strain (¢) of materials, theéJ, CEC exhibits brittle fracture at low strains
,B_—;--" “““ e with no observable change in the microdomain structure by
=~ 601 SAXS. The CEC samples show no evidence of yielding before
- 40 1 ! fracture, although the brittleness of samples renders these
209 (b) samples difficult to study. These data are consistent with a
0 +=— , , , previous report,although the strain at failure is slightly higher
0 1 2 3 4 as noted earlier.
Strain (g)

] R ) Microstructural Investigations of [y Samples SAXS and
Figure 8. Dependence of (a) the principal domain spadagm) of WAXS analysis of(y CPEPC samples undergoing uniaxial

g‘e(dség)"noefdthcepgfaft:tfﬁ;samg)l(?n:/as aﬁﬂgﬁ:;%rgéta?g t(ﬁ‘)a t%eeﬁggﬁ Vs deformation reveals a different evolution of the microstructure

elongation €) mesaured from 2D-SAXS pattersn show in Figure 5. and the E crystal morphology as comparedif@€PEPC. SAXS
patterns in theg,—qx plane of the deformed region of a
of a [0, CPC sample. Upon elongation past the sample yield representative CPEPC-70 sample at various elongations are
point, the two-spot SAXS pattern in tigg—g, plane associated ~ shown in Figure 11. The lamellar domain spacingipCPEPC-
with the O-oriented morphology transforms into a four-spot 70 initially contracts upon application of strain, evidenced by
pattern in the neck of the sample. The latter scattering patternthe increase ifg*| and the broadening of the scattering maxima.
has been previously assigned to the chevron morphology, Complete disruption of the lamellar structure ensues upon
observed previously in aligned lamellar SB#1d EPE’ samples yielding and subsequent drawing of the sample. As the sample
as well as isotropic SBS and SES samples[], CPC shows strain hardens, the appearance of a pair of broad, horizontal
no discernible scattering pattern in the-qg, plane (data not  scattering maxima suggests a lack of long-range order in the
shown), also consistent with the chevron assignment. Chevronsample. Upon failure and elastic recovery, SAXS patterns of
formation occurs only in the thinnest dimension of the sample the relaxed samples exhibit a “cross” pattern, suggesting a
(Vv direction), thus resulting in neck propagation only in the preferred lamellar orientation with respect to the strain axis.
thinnest dimension of the sample or “one-dimensional neck- WAXS analysis of the failed and recovered samples confirms
ing”.1° As the sample is elongated, one observes that the the reorientation of the E crystal stems along the strain direction.
ammuthql angle a; whlch the.scatterllng maxima occur increases Properties of the CEC/CPC-50 Blend Since the presence
monot(_)nl(_:ally until f{allure, w_|th no discernible perturbation of =~ ¢ rubbery P blocks in thel, CPEPC materials renders them
the principal domain spacing of the block copoly_mer. A ductile as compared to the brittle glassemicrystallinel],
broadened two-spot pattern is observed upon fal!ure an_d CEC, we investigated the possibility of mitigating the brittleness
recovery, attendant with nearly complete macroscopic elastic of [, CEC and enhancing its toughness by blending with CPC.
recolvery of the samplLéﬂz CPCPC ;orms chevr_ons 'S a m"?‘”lfl‘er Since the interaction parametesr between the E and P blocks
analogous td; CPC; howevergy, for CPCPC is substantially 5" oo and the E and P block molecular weights are
larger than that for CPC with a comparabig (Figure 6, lower substantially smaller than those required to achieve melt phase
pa“rllr?l:i)t.u" SAXS patterns for an analogous tensile experiment separafiorf;-*we anticipated the miscibility of a blend of CPC
with a0 CPEPC-%O sample are showr?in Figur@ZCPEPC- and CEC at matched segregation _streng?hs. _Equal masses of
z CEC and CPC were blended by dissolution in benzene as a

50 also exhibits one-dimensional necking in the thinnest .
dimension of the sample. SAXS patterns of CPEPC-50 evolve comngon solvent followed by.solvent removal by freeze-drying

. ) . at 22°C, such that the resulting CEC/CPC blend ad~ wp
as a function of elongation from the native two-spot pattern to to facilitate comparison with CPEPC-50. As in the case of the
a four-spot pattern, in which the azimuthal angléncreases CPEPC materiaﬁ)s in which the E and P. blocks are covalentl
with elongation with no significant change in the domain spacing linked and phase mixed in the melt due to the small magnitud)é
of the supramolecular lamellar structure (Figure 8a). A plot of of yem We expected the CEC/CPC-50 blend to adopt an ordered

the azimuthal angle as a function of the elongation (Figure 8b) | I it hol sed of alt i tacks of C
shows that the chevron angle plateaus at 76°, comparable ametiar melt morphology comprised of afternating stacks o
and mixed E/P microdomains due to the chemical incompat-

to that observed ], CPC (Figure 6). Figure 9 displays the 7 .* .
results of the WAXS analyses of CPEPC-50 during elongation |p|I|_ty of_the C and E/P se_gmen@%.Upon cooling these melts,
and after failure. WAXS elucidates changes in the E crystal vitrification of the C domains enforces the lamellar morphology

morphology and orientation within the CPEPC structure. Upon within which templatgd E crystallization occurs. The latter event
strain-induced chevron formation, the E crystal stems reorient €2uSes a crystallization-induced segregation of the E blocks from
toward the drawing axis. Azimuthal integrations of the SAXS the amorphous P segments within the lamellar microdomains.
and WAXS patterns in they,—qg, plane over constrained solid The phase behavior, morphology, and thermal properties of
angles are shown in parts a and b of Figure 10, respectively, atCEC/CPC-50 were examined in detail. Dynamic mechanical
e = 3.5 and upon failure and recovery. Integrations of the spectroscopy}®? indicates the presence of a single order
WAXS patterns show that the E crystallites car® away from disorder transition temperatufie,pr = 225 °C (Figure 12a),

the strain direction while the lamellar planes of the chevron are located between those of the constituent CEC and CPC.
tilted 14° relative to the strain axis. Therefore, the E crystal Synchrotron SAXS of the blend reveals a well-formed lamellar
stems are oriented at & &ngle relative to the microphase sepa- morphology having a single principal domain spacthg 22
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Figure 9. Representative “in situ” WAXS patterns taken with the X-ray beam incident onythg, andgc—a, planes during tensile deformation
of a[J, CPEPC-50 sample at the indicated elongatigrad after failure and recovery. Measurements reflect the structure in the necked region of

the specimen.
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Figure 10. Azimuthal integrations of (a) 2D-SAXS patterns taken at
e = 3.5 and after failure and recovery with 0.026'A< q < 0.035
A-1, and (b) 2D-WAXS patterns taken at= 3.5 and after failure and
recovery with 1.80 A® < q < 2.02 A1 (the shaded boxes cover minima
due to shadows cast by the sample mount and beam stop stem as se
in Figure 9).

nm (Figure 12b,c), which compares favorably to the weighted
average of thed-spacings of the blend components. In
accord with our previous report on CPEPC materials, the
diminished intensity of the ¢ scattering maximum is attri-
buted to the fact tha. ~ 0.41, and the electron densities of
the E and P blocks are comparable in the melt at TaBAXS
analysis verified the location ofpopr, as evidenced by the
dissolution of higher order scattering peaks to yield correlation-
hole scattering abov&opr.2” In contrast to the previously
reported SAXS patterns of the CPEPC materials at@2the

Figure 11. Representative “in situ” SAXS patterns (top) taken with
the X-ray beam incident on theg—qy plane during tensile deformation

of a [k CPEPC-70 sample at the indicated elongatienand after
failure and recovery, along with corresponding WAXS patterns of
sample after failure and recovery taken with the X-ray beam incident

h theg,—ax and g,—qx planes (right two panels in the bottom row).

parent CEC Tme = 94.2°C), with a comparable crystallinity
Xc in the E block and overall crystallinity to CPEPC-50. The
slightly depressed melting temperature for CPEPC-50,0f
= 92.8 °C indicates a reduced E crystal thickness in the
pentablock copolyme®

Reciprocating shear processing of the blend under the
established protocol resulted in well-oriented samples, from
which [J, tensile samples were cut. The CEC/CPC-50 blend
samples exhibit slightly enhanced mechanical properties as
compared to CPEPC-50, primarily ®40% increase in the

scattering pattern associated with CEC/CPC-50 does notfailure stress (Table 2). The elastic modulus and yield stress
exhibit substantial negative concavity due to E crystallization. for the blend are slightly lower than those observed for CPEPC-
DSC analysis revealed that the peak melting temperature of the50. “In situ” SAXS analysis of the deformed tensile samples
semicrystalline E block of the blend is the same as that of the reveals chevron formation upon yielding, with only partial
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Figure 12. (a) Isochronal temperature ramp datavat 1 rad/s and

|yl = 1% for the CEC/CPC-50 blend indicating a large drosirand

G" at Topr = 225 °C associated with the ordedisorder transition
temperature. (b) Two-dimensional synchrotron SAXS patterns of CEC/
CPC-50 blend at 22 and 15C, and (c) azimuthal integrations of these
scattering patterns consistent with a lamellar morphology.

chevron recovery upon failure and recovery of the sample akin
to that observed for CPEPC-50 (data not shown).

Discussion

Properties of the [0, Samples.Analyses of thel, samples
provide unique insights into the effects of block copolymer
composition on the mechanical properties of the CPEPC
polyolefins, particularly the incorporation of a rubbery P block
into the glassy-semicrystalline C/E multiblock copolymers. As
in the case of the polydomain materials in which the lamellar
grains are not preferentially oriented, thi-oriented CPEPC

Macromolecules, Vol. 41, No. 4, 2008

a constant stress by decreasing the chevron angle between the
layers whereby each undulation in the layers effectively acts as
a microscopic hinge. Chevron formation notably occurs with
constant domain spacing as previously reported for aligned
lamellae-forming SBS triblocks, a condition that necessarily
implies that the layers must break, dilate, and shear past each
other in a process termed “affine rotatichConsistent with

the notion that the resistance to affine rotation originates from
shearing of the E domains is the observation that both the elastic
moduli and the yield stress increase monotonically as a function
of the E content in CPEPC. The previously noted increase in E
crystal thickness (evidenced by higher E block melting tem-
peratures with increasingg) helps to account for the increased
stress required for plastic deformation at higher E contents, since
the yield stress of E homopolymer is known to depend on
crystallite size®® The nonlinear increase in the elastic modulus

E as a function ofwvg may be attributed to the physical cross-
linking of polymer chains through interchain cocrystallization
and changes in the entanglement densities in the E and P blocks.
The shear component of the affine rotation in CPEPC likely
leads to a shear-induced recrystallization of the semicrystalline
E domains as opposed to a simple reorientation of these
crystallites along the strain directigh°

Geometric calculations of the expected elongation at a given
chevron angled = d/cos ¢) under the affine rotation model
agree quite well with the observed results as was previously
observed foil-oriented SBS triblock copolymefdNot surpris-
ingly, the extensibility of the CPEPC materials depends in large
part upon the composition such that low P content leads to lower
extensibility. This observation may reflect the ability of
entanglements in the P block to easily slip and delay the onset
of defect activation and ultimate failure, whereas the number
of amorphous entanglements in the E block may be decreased
by crystallization thus decreasing its load bearing capability.
The load bearing ability of the E block is likely reduced by the
fact that these entanglements are pinned by the E crystallites in
a size-dependent manner. Given that the overall crystallinity in
the CPEPC series is constant, the density of load bearing
entanglements in the PEP segment may increage-a9.

In contrast to the polydomain CPEPC samples, the E
crystallites in thelJ,-samples do not simply orient with the
crystal stems aligned with the applied strain axis upon affine
rotation of the broken lamellar grains. WAXS analysis shows

and CPC tensile samples exhibit increased ductility as the E that the crystallites instead cant &tr@lative to the strain axis

content decreases with comparable engineering failure sti8sses.

The [, CEC, however, exhibits brittle fracture at low strains
consistent with previous observatich®hatak et al. recently
explained the brittleness &f, CEC by examining the relative

or 5° relative to the microphase separated lamellar interfaces
of the chevron texture, a value that increases slightly tog®n

failure and relaxation. This observation leads us to speculate
that the shear component of the tensile stress prevents the

magnitude of the critical resolved shear stress required for crystallites from aligning along the strain axis and instead causes
deformation of E crystallites within the semicrystalline domains the crystal stems to tilt away from the strain axis, as shown in
relative to the yield stress required for buckling and grain Figure 13. This shearing action likely results in an E crystal
rotation in the more ductile CECEC copolymérs the critical morphology in which the crystalline fold surface forms an acute
resolved shear stress to deform the E crystals is greater tharangle relative to the chain axis, a morphology previously
the yield stress of the sample, straining the samples results inobserved in solution-crystallized polyethylerfé®8y virtue of
brittle fracture in the C domain. Furthermore, the macroscopic the changes in the E crystal morphology which establish a new
alignment of the lamellae allows cracks in the C domains to configuration of physical cross-links in the PEP segment, the
easily propagate through the material resulting in catastrophic chevron texture is retained upon failure and permanent set is
failure of the tensile samples. observed in the material. The expected permanent set calculated

The CPEPC materials, however, accommodate strain by virtuefrom the d-spacing and the chevron angle concur with the
of the compliance imparted by the low-modulus P blocks, such experimentally observed values. Note that this permanent set
that the layers can dilate slightly and access a critical strain atdue to shear-induced recrystallization enables the production
which buckling occurs to form the chevron morphold§ylpon of high strength fibers by cold-drawing of CPEPC materials as
chevron formation[J, CPEPC accommodates further strain at previously reported®
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Figure 13. Proposed morphological changes in CPEPQ350riented tensile bars under tension deduced from SAXS and WAXS data shown in
Figures 8 and 9, in which a buckling instability occurs to yield a “chevron” morphology. The lamellar planes of the microphase-separated structure

tilt at a 14 angle from the strain direction at= 3.5, within which the E crystallites are oriented at’adth respect to the strain direction. Upon

failure of the sample and subsequent recovery, the sample retains a chevron structure consistent with the macroscopic permanent set. In the deformed
sample, the microphase-separated interfaces tilt at’abdle from the strain direction, within which the E crystallites are cantédi@m the

strain axis. Note that the shearing of the layers in the deformed samples may result in the E crystal fold surfaces forming an acute angle with the
chain axes, as depicted (lower right).

The engineering stresses at failuogy() for all of the CPEPC Table 4.0, CPEPC True Stress fuuesar), Critical Resolved Shear

materials are comparable, implying a common failure mecha- Stress ¢), and Normal Stress W) at Failurea
nism. At low strains, the C domains act as glassy plates such
that elastic and plastic deformati in the P and E chevron angle e fai

at elastic and plastic deformation occurs in the P an sample ¢ (degp (MPay  z(MPay N (MPay
domains. Upon shear-induced recrystallization of the E to form

. . . . . . CEC n.a. 16.5 n.a. n.a
crystallites oriented toward the strain direction, the brittle C  S5Epc.70 76.0 60.1 141 352
domains become the weak link in these materials. Since the cpepc-50 76.0 62.8 14.7 3.67
molecular weight of the C blocks in the CPEPC materials is CPEPC-30 78.0 78.0 15.9 3.37
much smaller than the entanglement molecular welgi(C) gEgCPC 5 79-5d %%‘B 16.0 2.96
H H H - n.d. . n.a. n.a.
40 kDa, chain pullout from the C domains is presumed to be CPoPC 78.0 130.2 26.5 563

the mechanism of ultimate failufé*' Therefore, ultimate failure _ ' _

is expected when either the normal stress or the shear stress op - All caiculations assume o _afjr'”le)dffor_mat'ém_ measured by SAXS

the C domains exceeds its fracture stress. The applied tensile)” " 22" " Otrue fail = Ofai(€fail + 1)- 7 = O ail SIN ¢ €OS$. =N =

force on a chain relative to the interface between the C and the

E/P microdomains can be resolved into a true normal stressexpect that the nonablock CPEPCPEPC would have enhanced
Nirue fail = Otrue fail COS ¢ and a true shear Stregge fail = Otrue fail mechanical strength comparable to the CPCPC and CECEC
cos ¢ sin ¢,*2 where¢ is the observed azimuthal angle of the pentablock copolymers.

chevron in the 2D-SAXS pattern and the true stress is given by  Properties of the [y Samples.The mechanical response of
Otrue fail = Otail(€rail + 1) assuming an affine deformation. Using the Oy CPEPC differs substantially from that of thi CPEPC,

the experimental values for ultimate properties artetermined since the applied load is distributed across the glassy, rubbery,
from SAXS, we find thatNiye fail ~ 3—4 MPa andrie fail ~ and semicrystalline domains simultaneously. Consequently, the
14—16 MPa at failure for all CPEPC materials (Table 4). This initially observed yielding and subsequent plastic deformation
suggests that the maximum normal stress is comparable to streseust involve fracture of the glass into plates of varying sizes
required for chain pullout, which is consistent with the extreme within an elastomeric matrix as in the case of the analogous
brittleness of low molecular weight C homopolymer. This SBS samplé. Again the monotonic increases in the elastic
calculation does not hold in the case of the pentablock moduluskE and the yield stressyieiq as a function o€ reflect
copolymer CECEC in which individual extended chain confor- the dependence of these quantities on the E crystallite thickness
mations span (stitch together) up to five lamellar domains to and the amorphous entanglement densities of the PEP blocks.
provide improved toughness as compared to CEC triblock As a consequence of the fracture of the glass, the samples
copolymer? The data presented herein indicate that the CPCPC unevenly rupture along the lamellar interfaces to form macro-
pentablock exhibits enhanced mechanical properties as comparedcopic strands that tear unevenly and prevent observation of
to the CPC triblock as a consequence of the bridging conforma- any obvious trends in the ultimate mechanical properties. SAXS
tions available to the pentablock copolymer. On this basis, we analysis corroborates the destruction of the ordered microdomain
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Conclusion

? T ?T Herein we have described the anisotropic mechanical proper-
N ties of shear processed lamellae-forming block copolymers
comprised of glassy C, rubbery P, and semicrystalline E
components in order to provide further insight into the previ-
ously reported properties of these materials. The results
demonstrate that the application of a tensile load perpendicular
to the layered microdomain structure in a glassgmicrystalline
C/E block copolymer results in brittle fracture at low strains.
The addition of a rubbery P component to the lamellar structure
as in the CPEPC pentablock copolymers provides a stress
accommodation mechanism that results in buckling of the
stratified structure at small strains and formation of a chevron
morphology. Within the chevron structure, shear-induced re-
crystallization gives rise to a unique E crystal morphology in
which the crystallites are not oriented rigorously along the strain
axis, by virtue of a combination of tensile and shear forces.
This new crystal morphology results in the ability to cold-draw
these materials with a substantial amount of permanent set,
which yields high strength fibers as reported in our earlier
work .28 Since the mechanism of failure in these materials is
) ) ) ) presumed to be chain pullout in the C domains, application of
Figure 14. Proposed deformation mechanismiinCPEPC materials. -~ 5 gimple mechanical model demonstrates that these materials
The initial mechanical response reflects that of the load bearing C .
domains (red), which fracture thereby allowing the rubbery P (green) fail once the normal stress on the canted C layers excedds
and semicrystalline E (blue) domains to plastically deform. Ultimately, MPa. The observation that such a weak glassy C block coupled
the glassy lamellae align along the strain direction with some distribu- to semicrystalline E and rubbery P blocks can yield high strength
tion of sizes and lamellar spacings to permit the observed maximum materials demonstrates that entanglements in the PEP segment
tensile deformation. operate as a system of molecular pulleys, which distribute a
. . large tensile load across the material in a manner analogous to
strpcture by virtue qf the brittle ffa‘““re of the. glass, 8S 3 “block and tackle”. These systematic studies establish that
e\/_ldenced by th? pair of brqad hon;ontal scattenng_ Maxima e mechanical response of C/E block copolymers can be subtly
(Figure 11). Chain deformatl_on _by virtue of the applied load ;e by judicious incorporation of an elastomeric P segment.
causes the glassy plates to align into a poorly ordered “Chevron'AIternativer, careful design and blending of glassgmicrys-
like” morphology schematically depicted in Figure_ 14. This Iead; talline CEC and glassyamorphous CPC triblock copolymers
to the “cross” pattern observed by SAXS upon failure and elastic yje|ds materials exhibiting a composite mechanical response that

recovery of the sample. The similarity in the mechanical mimics that of the three monomer CPEPC pentablock copoly-
response of the polydomain CPEPC andih&CPEPC can be  |grs.

rationalized on the basis of recent work by Phatak et al., in

which the mechanical properties of the polydomain sample were  Acknowledgment. The authors gratefully acknowledge
shown to reflect the composite properties of the randomly financial support from the Department of Energy through a
oriented lamellar grains with a dominant contribution from subcontract to UT-Battelle (No. 4000041622), and the National
grains oriented toward thi, direction® Science Foundation Materials Research Science and Engineering

Toughening CEC by Addition of CPC. Since the CEC and ~ Center (NSF-MRSEC) at the University of Minnesota (NSF
CPC triblock copolymers have matched segregation strengthsDMR-0212302), and Medtronic Corp. This research made
and the interaction parameter between E and P is small enougHeXtensive use of NSF-MRSEC supported characterization facili-
to render the low molecular weight E and P blocks miscible, ties at the University of Minnesota. Portions of this work were

the CEC/CPC-50 blend exhibits a single domain spacing and performed at the DuPonrtNorthwesterr-Dow Collaborative
order—disorder transition temperature. Shear processing this Access Team (DND-CAT) Synchrotron Research Center located

blend yields well-oriented samples, which were studied only in &t Sector 5 of the Advanced Photon Source (Argonne, IL). DND-

the [, orientation. The observed properties of CEC/CPC-50 CAT is supported by the E.I. DuPont de Nemours & Co., the
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either: (i) constructing pentablock copolymers in which a soft stimulating discussions.

P block buffers the C/E interface or (ii) blending the amorphous
CPC material into CEC. These strategies complement the
previously described toughening strategy introduced by Mori (1) Holden, G.; Legge, N. R.; Quirk, P. R.; Schroeder, H. E. In
et al., in which CECEC pentablock copolymer was blended with g‘r‘fr:gi‘r?gt'f‘sga ?gg%?”;ﬁrﬂfo ed.; Hanser/Gardner Publications:
CEC in order to enhance the toughness of the CEGriented (2) Morton, M.; McGrath, J. E.; Juliano, P. @.Polym. Sci., Part 969
tensile sample# Significantly, the nearly identical mechanical 26, 99-115.

responses of CPEPC-50 and CEC/CPC-50 reinforce the notion (3) Kawal. H.; Hashimoto, 7.; Miyoshi, K. Uno, H.; Fujimura, M.
that the overall entanglement density of the soft domains plays (4, Hzf,:]oeToT'. Jf",qah,{ S. FQ_; Chaffin, K.: Gerberich, W. W.: Bates, F.
a central role in establishing the failure stréss. S. Macromolecule2003 36, 2190-2193.
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