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ABSTRACT: Time-resolved simultaneous synchrotron small-angle and wide-angle X-ray scattering (SAXS
and WAXS) and DSC experiments have been performed on poly(ethylene)—poly(ethylethylene) and poly-
(ethylene)—poly(ethylene—propylene) diblock copolymers quenched from melts with lamellar and
hexagonal-packed cylinder structures. We find that the original microphase-separated morphologies are
destroyed due to poly(ethylene) (PE) chain folding upon crystallization. Below the melting temperature,
a sample with a volume fraction fpg = 0.49 forms a lamellar structure distinct from that in the melt. On
quenching, a hexagonal fpg = 0.25 sample forms a lamellar structure similar to that of the fpr = 0.49
sample, while the hexagonal-packed cylinder structure of an frg = 0.75 sample is also destroyed by
crystallization but does not form well-ordered lamellae. The SAXS profiles from crystallized materials
are shown to correspond to the sum of scattering from block copolymer lamellae, with up to four orders
of reflection, plus a broad peak arising from semicrystalline PE. Analysis of scattering density correlation
functions calculated using the SAXS data shows that the PE lamellar thickness is (45 + 5) A for all
samples, similar to that observed for PE homopolymer. The WAXS data reveal that PE crystallizes in
its usual orthorhombic form in all samples. The relative degree of crystallinity as a function of time
after a quench, determined from the SAXS invariant, is fitted by Avrami equations for spherulitic
crystallite growth. The Avrami exponent is found to be n = (3.0 £ 0.1) for all samples, consistent with

a nucleation and growth process.

Introduction

Structure formation in block copolymers continues to
be of considerable experimental and theoretical inter-
est.}?2 A complete understanding of the phase behavior
of even the simplest class of block copolymers—
amorphous diblock copolymers—has yet to be achieved,
as unanticipated new ordered phases have recently been
observed near the order—disorder transition (ODT).3-¢

The process of microphase separation that occurs in
amorphous block copolymers results from segregation
of incompatible components that are chemically linked.
The resulting ordered structures thus have periods on
the order of the polymer chain dimensions. In the
simplest picture, lamellar, hexagonal-packed cylinder,
or body-centered cubic phases are stable depending on
the composition of the block copolymer.”® The phase
diagram of amorphous diblock copolymers, in the sim-
plest mean field approximation,’ is a function of £, the
volume fraction of one component, and yN;, where y is
the Flory—Huggins segmental interaction parameter
(which is empirically found to be inversely proportional
to temperature) and N is the total degree of polymer-
ization. Close to the order—disorder transition (yN; ~
10) the blocks are weakly segregated with a nearly
sinusoidal composition profile, while for yN; > 10 they
are strongly segregated.

In block copolymers containing a crystallizable com-
ponent, structural changes, in particular chain folding,
resulting from crystallization will compete with those

* To whom correspondence should be addressed.

* Materials Science Centre, UMIST.

#* DRAL Daresbury Laboratory.

§ Department of Physics, University of Durham.

<+ N.W.0.

' Department of Chemical Engineering and Materials Science,
University of Minnesota.

® Abstract published in Advance ACS Abstracts, April 15, 1995,

0024-9297/95/2228-3860$09.00/0

occurring due to microphase separation. Previous ex-
perimental work®~!4 has demonstrated that the final
morphology on crystallization depends on whether the
sample is cooled from a microphase-separated state or
crystallizes direct from the melt or solution. Cohen et
al. studied a poly(styrene)—poly(ethylene/butene) (PS—
PEB) diblock containing 11 wt % of the crystallizable
PEB block that was solvent cast from toluene.® Crys-
tallization within microphase-separated PEB spheres
occurred when solvent casting was done above the PEB
block melting temperature, T,,. When solvent was
removed below T, crystallization did not occur within
spherical microdomains; instead TEM and SANS ex-
periments suggested an irregular structure. Séguéla
and Prudhomme investigated a poly(ethylene)—poly-
(ethylene-alt-propylene)—poly(ethylene) (PE—PE/P—PE)
triblock copolymer containing 27 wt % poly(ethylene)
solvent cast above and below the poly(ethylene) T',.10
The samples cast above Tn, crystallized within the
assumed hexagonal-packed cylinder microphase-sepa-
rated structure. However, small-angle X-ray scattering
(SAXS), wide-angle X-ray scattering (WAXS), and ten-
sile strain experiments performed on the samples cast
at room temperature suggested that crystallization
occurred without microphase separation.

Chain folding in poly(ethylene/butylene)—poly(ethyl-
ethylene) semicrystalline diblock copolymers was re-
cently investigated using SAXS and WAXS on oriented
specimens.!! Microphase separation preceded crystal-
lization for all samples, with 37—90 wt % poly(ethylene/
butylene). From an analysis of pole figures for the (200)
and (020) wide-angle reflections in two lamellar samples,
the crystalline unit cell orientation was deduced, and
it was found that the PEB chains are parallel to the
layers.

The crystallization of poly(e-caprolactone) in poly(e-
caprolactone)—poly(butadiene) diblock copolymers was
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investigated using time-resolved SAXS by Nojima et
al.l® A sample with an order—disorder temperature
Topr < Twm quenched directly from the homogeneous
melt did not show the sharp diffraction peaks character-
izing a microphase-separated phase; i.e., crystallization
proceeded directly. However, for two samples with Topr
~ Tm quenched from the homogeneous melt, microphase
separation preceded crystallization, as evidenced by the
appearance of transient sharp diffraction peaks in the
SAXS curves. The ordered melt morphology was de-
stroyed by crystallization. An important factor in these
observations could be the proximity of the T to the
TopT, as noted by Rangarajan and co-workers.!4 They
suggest that since crystallization occurs just below Topr,
the energy barrier to disrupting the microphase-
separated morphology can readily be overcome. We will
investigate this issue in this work, where samples with
Topr substantially greater than T, are quenched from
a microphase-separated melt. We also studied a sample
with Topr ~ Th.

The morphology of poly(ethylene)—poly(ethylene/pro-
pylene) (PE—PE/P) diblocks of various compositions
quenched from the homogeneous melt below the poly-
(ethylene) melting point has recently been studied.!* For
all compositions (12—56 wt % poly(ethylene)), a lamellar
morphology with a spherulitic superstructure was shown
by SAXS and small-angle light scattering, respectively.
This was interpreted to mean that crystallization was
not influenced by microphase separation in this case,
because asymmetric amorphous diblocks would not form
lamellar structures. A model for the poly(ethylene)
crystallite structure was also proposed where the poly-
(ethylene) chains are along the layer normals sandwich-
ing a region of amorphous poly(ethylene), a structure
similar to that of a semicrystalline homopolymer. The
model was inferred from WAXS and DSC data which
revealed that the poly(ethylene) degree of crystallinity
was much less than 100%.

This work is concerned with the structure of poly-
(ethylene)—poly(ethylethylene) (PE—PEE) diblocks
quenched from lamellar and hexagonal-packed cylinder
microphase-separated phases below the poly(ethylene)
crystallization temperature. We present time-resolved
synchrotron SAXS and WAXS data for samples with
poly(ethylene) volume fractions fpg = 0.25, fpg = 0.49,
and fpg = 0.75, thus spanning systems where poly-
(ethylene) is the matrix containing cylinders of PEE,
where it is layered, and where it is confined in hexagonal-
packed cylinders. We also briefly discuss SAXS/WAXS
data for poly(ethylene)—poly(ethylene—propylene)
diblocks. However, the SAXS data is rather featureless,
and a detailed analysis of it is not possible. DSC was
used to determine the PE degree of crystallinity in all
samples.

This paper is organized as follows. In section 2 the
sample synthesis and characterization are described
together with details of the SAXS/WAXS and DSC
experiments. In section 3 we first discuss the data for
the structural changes resulting from crystallization
before discussing the crystallization kinetics. Finally,
we summarize our conclusions.

Experimental Section

A. Sample Synthesis and Characterization. Chemical
structures of the PE—PEE and PE—PEP diblocks studied are
shown in Figure 1. Full details of the polymer synthesis and
characterization are given elsewhere.!> Here we merely
outline the general methods. The polyolefin diblocks were
synthesized by catalytic hydrogenation or deuteration of
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Figure 1. Chemical structures of hydrogenated polybuta-
diene, poly(ethylethylene), and poly(ethylene—propylene).

Table 1. Sample Characteristics

103 M,/ Topt/°C

sample fPE g mol™1! morphology (Toot/°C)
PEP-PE-1D 0.50 80 lamellar 120
PEP-PE-3H 0.50 120 lamellar 159
PEP—-PE-4D 0.24 153 hex/bee (130), 143
PEP-PE-10D 0.75 180 hexagonal 159
PE-PEE-2D 0.55 20 lamellar <Tm
PE-PEE-3D 0.49 23 lamellar 121
PE-PEE-TH 0.75 44 hexagonal 148
PE-PEE-11D 0.25 47 hex/bec (238), 273

polydiene precursors, which were anionically polymerized from
butadiene and isoprene monomers. The precursor for poly-
(ethylene) is poly(1,4-butadiene) (93% 1,4 and 7% 1,2 addition),
that for poly(ethylethylene) is poly(1,2-butadiene) (>99% 1,2
addition), and that for poly(ethylene—propylene) is poly(1,4-
isoprene) (95% 1,4 and 5% 3,4 addition). The indicated
microstructures are typical for the reaction conditions em-
ployed.'® Deuteration was performed to provide scattering
contrast for neutron experiments, but is not required for
synchrotron X-ray scattering.

The number-average molecular weights and compositions
listed in Table 1 were determined from the synthesis stoichi-
ometry, which has been found to be a reliable measure of the
molecular weight. Weight-average molecular weights for
selected polyolefin diblocks or diene precursors were deter-
mined using light scattering experiments. Molecular weight
distributions were determined using size exclusion chroma-
tography and were found to be narrow (M./M, < 1.1). The
samples have also been characterized using rheology. Selected
rheology data for PE—PEE-7H is presented in ref 17, while
that for PE-PEE-3D and PE-PEE-11D will be reported in
ref 18.

The PE block in the PE-PEE and PE—-PEP materials is
composed of a random distribution of poly(ethylene) and poly-
(ethylethylene) repeat units with 18 ethyl branches per 1000
backbone carbon atoms. The microstructure leads to a reduc-
tion in the melting temperature, degree of crystallinity, and
long period relative to high-density (linear) poly(ethylene). For
the PE homopolymer Ty, = 108 °C (fully protonated version)
with roughly 40% crystallinity and a long period of 134 A.

Differential scanning calorimetry (DSC) experiments were
performed using a TA Instruments TA2000 DSC equipped
with a 910 DSC head. Temperature and enthalpy values were
calibrated using indium as a standard. Measurements were
made on 10 mg samples sealed in aluminum pans on the first
heating ramp.

B. Synchrotron X-ray Scattering. Simultaneous SAXS
and WAXS experiments were performed on beamline 8.2 of
the Synchrotron Radiation Source (SRS) at the Daresbury
Laboratory, Warrington, U.K. Details of the storage ring,
radiation, camera geometry, and data collection electronics
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Table 2. DSC and SAXS/WAXS Results®

Xpg (%)
sample Tw/°C AHyJ g1 DSC SAXS d (vA dmei/A (n) dso/A () transitions obsd
PE 108 113 39 31 134 (41) C
PEP-PE-1D 105 64.8 44 C
PEP-PE-3H 104 60.4 41 C
PEP-PE-4D 100 32.0 45 C
PEP-PE-10D 103 60.4 28 C
PE-PEE-2D 106 63.5 39 30 154 (46) 209 (1) 314 (4) ODT+C
PE—-PEE-3D 106 67.3 47 31 153 (47) 224 (1) 314 (4) ODT +C
PE-PEE-11D 103 35.9 39 31 138 (43) 349 (2) 449 (4) C

@ The PE melt temperature (Tr) and melting enthalpy (AH;) are determined from DSC measurements. The PE degree of crystallinity,
Xpr, is estimated from the DSC and SAXS data. The total PE domain thickness d’ and crystalline region thickness I’ have been determined
from an analysis of the SAXS correlation function. The domain periods d are computed as 27/g*, with ¢* the position of the first-order
peak. The number of peaks observed is denoted n, and crystallization and order—disorder transitions are denoted C and ODT, respectively.

have been given elsewhere.’® White radiation from the source
was monochromated using a cylindrically bent Ge(111) crystal
to give an intense beam of A = (1.50 & 0.01) A X-rays. With
the SRS operating at 2 GeV and 200 mA, a flux of 4 x 10%°
photons s~! is generated at the sample position. The beam is
highly collimated to a typical cross-section of 0.3 x 4 mm? in
the focal plane.

The instrument is equipped with a multiwire quadrant
detector for SAXS located 3.5 m from the sample position and
a curved knife-edge WAXS detector that covers 120° of arc at
a radius of 0.3 m. A vacuum chamber is placed between the
sample and detectors to reduce air scattering and absorption.
Both the exit window of the beam line and the entrance
window of the vacuum chamber are made from 15 ym mica;
the exit windows of the vacuum chambers are made from 15
um mica and 10 yum Kapton film for the WAXS and SAXS
detectors, respectively.

The WAXS detector has a spatial resolution of 50 um and
can be used up to 100 000 counts s~%; only 90° of arc is active
in these experiments, the rest of the detector being shielded
with lead. The SAXS detector measures intensity in the radial
direction (over an opening angle of 70° and an active length
of 0.2 m) and is only suitable for isomorphous scatterers. The
active area increases radially, improving the signal-to-noise
ratio at larger angles compared to single-wire detectors. The
spatial resolution of the SAXS detector is 500 ym and it can
handle up to ~250 000 counts s™1.

The samples for SAXS/WAXS were prepared by placing
pieces of polymer cut from sheets in a cell comprising a DuPont
DSC pan fitted with windows (=4 mm diameter) made from 5
mm thick mica. Sealed pans were placed in a spring-loaded
holder in a Linkam TMHG600 hot stage mounted on an optical
bench. The design and operation of the X-ray DSC have been
described in detail elsewhere.2! The silver heating block of
the hot stage contains a 4 x 1 mm tapered slot which allows
the transmitted and scattered X-rays to pass through unhin-
dered. Variable heating rates were used, with a nominal
cooling rate for quenches of 40 °C min~!. Temperature drifts
across the sample chamber necessitate direct measurement
of the temperature at the sample position, in addition to the
temperature monitoring and control of the furnace.

A scattering pattern from an oriented specimen of wet
collagen (rat-tail tendon) was used to calibrate the SAXS
detector, while HDPE, aluminum, and an NBS silicon stand-
ard were used to calibrate the WAXS detector. A parallel-
plate ionization detector placed before the sample cell recorded
the incident intensities. The experimental data were corrected
for background scattering (from the camera, hot stage, and
empty cell), sample absorption, and the positional alinearity
of the detectors.

Results and Discussion

The DSC results given in Table 2 show that the
degree of crystallinity of the poly(ethylene) in our
samples is Xpg = (40 = 10)%. The PE degree of
crystalhmty is estimated from the DSC data using Xpg

exp/ AHwpg, where wpg is the weight fraction of
PE and AHP = 277 J g~1 is the theoretical heat of

fusion for 100% crystalline PE.2! The values of Xpg
determined from the SAXS correlation function as I’/d’
(here [’ is the crystalline region thickness and d’ is the
total PE domain thickness) are in reasonable agree-
ment, considering the approximate nature of the pro-
cedure used to determine layer thicknesses. The SAXS
values are systematically lower than the DSC values
because they are determined close to the crystallization
temperature (at 95 or 100 °C). These values are
comparable to those for PE (see Table 2).

We will not present further data for the PE—-PEP
samples because we found that the X-ray scattering
contrast in these materials was insufficient to resolve
peaks in the melt. The PE~PEE samples have higher
contrast for X-rays so that simultanecus SAXS and
WAXS data could be collected using 6 s frames for one
pattern. The transitions observed in the SAXS/WAXS
data are indicated in Table 2.

PE—-PEE-2D crystallizes directly from the homoge-
neous melt (as shown in Figures 6 and 7). In the
homogeneous disordered melt a single peak in the SAXS
pattern arises from the correlation hole effect.” SAXS
profiles obtained at different times at 95 °C are shown
in Figure 2a. The transition from the melt to crystalline
solid is shown by the development of four orders of
Bragg peak. The second-order reflection is more intense
than the first for this sample because the pattern
contains contributions from a narrow distribution lamel-
lar structure with d ~ 314 A and from a broad distribu-
tion centered around d ~ 150 A. The peak position of
the first reflection, ¢*, decreases discontinuously as
crystallization occurs. This is because the poly(ethyl-
ene) chain folding leads to a large increase in the poly-
{ethylene) domain thickness.

SAXS data for PE—-PEE-3D are presented in Figure
2b. After cooling from 140 °C where the sample is
disordered (bottom curve) to 100 °C at 40 °C/min, a
transition occurs from the disordered melt to an ordered
melt, based on a discontinuous change in the intensity
of the single scattering peak observed. Based on previ-
ous neutron scattering measurements, the microphase-
separated phase is identified as lamellar.’® In the
crystalline solid, the intensity of the second-order peak
is enhanced because the block copolymer reflections are
superposed on a broad peak that comes from semicrys-
talline PE. This is similar to the SAXS pattern for PE~—
PEE-2D; indeed the second-order peak in PE—PEE-3D
is more intense than the first order for a period during
the crystallization process. We will return to a more
detailed discussion of the origin of the crystalline solid
scattering pattern and its kinetic development shortly.
A major difference between PE—~PEE-3D and PE-PEE-
2D is that the equilibrium order—disorder transition for
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Figure 2. Lorentz-corrected SAXS intensity versus scattering vector magnitude for (a) PE—PEE-2D (both profiles at 95 °C), (b)
PE—-PEE-3H (top two profiles at 100 °C, bottom profile at 140 °C), (¢) PE-PEE-11D (top, 140 °C; bottom, 100 °C), and (d) PE—

PEE-TH (top, 140 °C; bottom, 100 °C).

the former occurs above the melting temperature, so
that an ordered melt structure can be observed.

In contrast to the nearly symmetric PE-PEE diblocks,
PE—PEE-11D with fpg = 0.25 forms a hexagonal phase
in the ordered melt, as evident from the location of the
higher order reflections in the SAXS data at 140 °C
shown in Figure 2c. Weak reflections are observed
centered at g*, v3¢*, and v7¢g*. The v4q* reflection
also allowed for a hexagonal cylinder structure is absent
because there is a cylinder form factor minimum at this
location for diblock compositions close to f= 0.75.22 On
cooling below the melting temperature, the ordered melt
structure was destroyed, as shown by the data in Figure
2c¢ at 100 °C. Four orders of reflection are observed at
ng*, n = 1,2,3,4, which is characteristic of a lamellar
structure. The structural period d = 27/¢* has in-
creased substantially compared to the ordered melt, as
for the symmetric diblocks, and the Bragg peaks lie on
the broad PE peak. This data provides clear evidence
that crystallization into lamellae has overwhelmed
microphase separation even when the microphase-
separated phase is not lamellar.

The crystallization of an asymmetric diblock where
poly(ethylene) is the minority component (PE—PEE-
11D) may be contrasted with that for one where it is
the majority component. SAXS data for such a sample,
PE-PEE-7H with fpg = 0.75, are presented in Figure
2d. The ordered melt is a hexagonal-packed cylinder
phase, consistent with the observed reflections at ¢* and
v/3g*. Neutron scattering data confirm the identifica-
tion of this morphology.l” However, the SAXS pattern
changes upon crystallization to a broad asymmetric
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Figure 3. Wide-angle X-ray scattering intensity profile for
PE-PEE-7H at 100 °C (top) and 140 °C (bottom).

peak, which is dominated by semicrystalline PE scat-
tering. We are unable to unambiguously identify the
morphology in the solid, although it is unlikely to be
lamellar based on comparison with the SAXS profile for
PE-PEE-11D.

A representative WAXS pattern is shown in Figure
3. Similar patterns were obtained for all samples. In
the melt a broad peak which is scattering from amor-
phous poly(ethylene) is present. Upon crystallization,
(110) and (200) Bragg reflections are observed super-
imposed on the amorphous peak. These Bragg reflec-
tions are those observed for poly(ethylene) homopolymer
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Figure 4. Plot showing that the SAXS intensity profile from
PE—-PEE-3D lamellae at a temperature below the PE crystal-
lization temperature can be represented as the sum of a broad
peak from amorphous and crystalline PE (dashed curve with
one peak) plus the multiple Bragg peak scattering from a
lamellar structure (dashed curve with four peaks).

and indicate that poly(ethylene) has crystallized in its
usual orthorhombic form.!

The scattering from samples where crystallization has
occurred can be considered to arise from a lamellar
structure with a period ds = dpr + dprg, where dpg is
the thickness of the PE domain and dpgg is that of the
PEE domain. This is illustrated for PE—PEE-3D in
Figure 4. The PE domain consists of both amorphous
and crystalline material which gives rise to a broad
peak, typically centered near g = 0.05 A~!, as shown in
the SAXS profile from a sample of PE in Figure 4. The
intensities in this curve have been multiplied by /5 to
allow for the volume fraction of PE in PE—PEE-3D so
that the curve can be subtracted from the measured
profile for PE-PEE-3D. The difference curve is then
the contribution from a single-period regular lamellar
structure, and the intensity of the Bragg peaks at ng*
decreases smoothly as n increases.

Scattering density correlation functions were com-
puted from the SAXS data, and the thickness of the
crystalline poly(ethylene) region was determined from
the extrapolated linear region of the scattering density
correlation function using?3

Lml(q)q2 cos(gr) dg

— )
Ji I@)q® dq

71(r)

which has been normalized such that y1(r=0) = 1. Here
q = 47 sin 6/A, where 26 is the scattering angle and 4 is
the X-ray wavelength. The data was extrapolated to
large q using a damped Porod function of the form

I(q) = k exp(c®g®/q* + I, (2)

where I}, is a background. Extrapolation to low ¢ was
performed using an intensity profile based on Guinier’s
law. Further details of this procedure are given else-
where.? The extrapolated slope of the linear region of
the correlation function is related to the size of the
smallest scattering domain in the system.25
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Results of these calculations for our PE—~PEE samples
and PE are shown in Figure 5a. This immediately
reveals qualitative differences between the structures
of different samples. A detailed interpretation of the
correlation function for PE—PEE-3D is illustrated in
Figure 5b. The shortest distance in the structure is
determined from the extrapolated slope of the linear
region of 1(r) and is within the range (45 + 5) A for all
samples, including PE. This is the thickness of the PE
domain because Xpg < 0.5. The location of the crystal-
line region within the PE domain cannot be deduced
from our data, which is for a powder sample; conse-
quently any information on orientation is lost. The
model in Figure 5b is a one-dimensional model simply
intended to show the domain thicknesses. However, we
will show elsewhere that for oriented samples the
scattering from the lamellar microstructure and that
from the semicrystalline PE add incoherently, so that
the contributions from each can simply be summed.26
As discussed in the Introduction, there are conflicting
reports on the orientation of the chain-folded PE. We
will report on further experiments on oriented speci-
mens in a forthcoming publication.26 The weak maxi-
mum in yi(r) near 150 A appears to arise from the
thickness d’ of the amorphous + crystalline PE domain.
For the samples which form lamellae, an additional
peak in y1(r) is observed with a position which matches
closely that determined from d.q = 27/g*. This is the
total lamellar period in the structure. The correlation
function for PE—PEE-7H differs qualitatively from the
others because the pronounced maxima at r = 0 are
absent. This supports our assertion that the structure
is not lamellar with two periods. However, we cannot
interpret the correlation function further as the proce-
dure used to evaluate it is not valid for nonlamellar
structures.

We present the computed small-angle scattering
invariant for several polymers. The small-angle scat-
tering invariant is a measure of the total small-angle
scattering from a material, independent of the size or
shape of structural inhomogeneities.?” In our samples,
it is proportional to the degree of crystallinity because
the electron density increases in the crystalline regions.
It is then given by?®

Q=¢(1 - ¢)<y’> = ﬁf:l(q)qz dg (3

where ¢ is the volume fraction of crystallites, # is the
electron density difference between the crystalline and
amorphous phases, and i. is the Thompson scattering
factor. The absolute value of the invariant requires
absolute intensity measurements, thermal background
subtraction, and extrapolation to ¢ = 0 and ¢ = « and
is computationally difficult to achieve. Therefore we
instead calculate a relative invariant @’ from the area
under the I’q2 curve between the first data point at ¢ =
0.01 A1 and the region in which I(g)q? becomes constant
(at ¢ = 0.20 A~1). Here I is the measured intensity
minus a flat background contribution. The relative
degree of crystallinity can then be computed using eq
3

Analogously to the relative SAXS invariant, the
degree of crystallinity can be computed by assuming
that the scattering within a certain region of reciprocal
space is independent of the state of aggregation of the
polymer. Then the relative degree of crystallinity can
be found from the ratio of the integrated intensity of
the crystal peak to that of the total amorphous and
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Figure 5. (a) Cosine-transform correlation functions computed from the SAXS data for PE-containing diblocks and PE. (b)
Interpretation of the correlation function for PE-PEE-3D, based on the distances determined from extrapolation of the small
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crystalline scattering,?’

(4)

where I. and I, are respectively the integrated intensi-
ties of the crystalline and amorphous components of the
scattering. For PE the amorphous scattering below the
(110) peak is relatively insensitive to the degree of
crystallinity so a simple integration of the (110) reflec-
tion is directly proportional to Xpg (however, we cannot
determine absolute values in this way).

The time evolution of the SAXS profile for PE-PEE-
2D during a quench from 140 to 100 °C is shown in
Figure 6. The temperature reached 100 °C at 60 s, at
which time the sample was still disordered. After 120
s the sample crystallizes as revealed in the SAXS by
the development of four orders of Bragg peaks, with a
domain spacing ds, = 27/¢* much larger than that for
the melt (see Table 2). Figure 7 contrasts the crystal-
lization of PE—PEE-2D with that of PE-PEE-3D. For
the former, crystallization occurs directly from the
disordered melt, as shown by the simultaneous sharp
increase of the intensity of the most intense peak and
the SAXS invariant following a quench to a representa-
tive temperature of 100 °C. In contrast, the intensity
at g* for PE-PEE-3D increases sharply before the
invariant, signaling a disorder—order transition in the
melt prior to crystallization.

The kinetics of crystallization of PE—PEE-3D at 95
°C following rapid cooling from 140 °C are illustrated
by the SAXS profiles in Figure 8. The melt disorder—
order transition is readily apparent at 60 s and is
followed by crystallization at 162 s. The ordered melt
structure in this sample is in equilibrium in the interval

PE-PEE 2

Iq?

(lincar) 360

time /s

q/ Al

Figure 6. SAXS patterns for PE-PEE-2D during a temper-
ature quench from 140 to 100 °C at 40 °C/min and then holding
at 100 °C.

from 106 to 121 °C, as confirmed by its observation on
heating and cooling. There appears to be a short
biphasic region as the ordered melt crystallizes. It may
also be observed that after the initial stage of PE
crystallization the Bragg reflections develop in intensity
at a similar rate, consistent with a nucleation and
growth process. This is confirmed by an Avrami analy-
sis of the crystallization kinetics of the whole SAXS
pattern that is discussed shortly. During the crystal-
lization process the second-order peak is transiently
more intense than the first order. We will return to this
when discussing Figure 11. In contrast to the crystal-
lization process, for most undercoolings the kinetics of
the order—disorder transition in the melt will be gov-
erned by the rate of heat transfer.?d
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Figure 7. Variation of the intensity of the most intense peak
(open circles) and of the SAXS invariant (filled squares)
following a quench from 140 to 95 °C. (a) PE-PEE-2D; (b)
PE-PEE-3D.
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Figure 8. Time dependence of SAXS profiles for PE-PEE-
3D during thermal treatment. The polymer was held at 140
°C until 648 s and then cooled at approximately 40 °C/min to
100 °C at 702 s. The data were collected at 6 sec/frame.

Typical time evolution of the WAXS data is presented
in Figure 9, using the most crystalline PE-PEE-TH as
an example. The (110) and (200) reflections from
crystalline PE develop at the same rate after the
discontinuous crystallization process.

The position of the most intense SAXS peak for PE—
PEE-3D varies as a function of time following under-

Macromolecules, Vol. 28, No. 11, 1995

fl
M| ‘I.‘Ii il
IR

i

(Iinca:)y 1’!\]|_||“=I|“|i

i
i
.
"IM \I-mﬂ W\

26

Figure 9. WAXS patterns over a temperature interval from
140 to 100 °C for PE-PEE-7H.
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Figure 10. Position of the most intense peak for PE-PEE-
3D on varying the temperature through the profile shown at
the bottom.

cooling in an unusual manner as illustrated in Figure
10. The period corresponding to the correlation hole in
the disordered melt increases as the temperature de-
creases because the chains stretch, as expected for our
polyolefins.’%3? During crystallization a continuous
increase in the underlying PE pattern occurs so that
the second-order crystal peak corresponding to d = 160

is most intense for 18 s before the first-order peak
corresponding to dso = 314 A becomes more intense. The
same effect is observed on reheating. This shows that
the lamellar structure is formed with PE crystallization
driving the formation of a distinct new lamellar struc-
ture from the original cylindrical or lamellar morphol-
ogy. In further experiments, we have found that this
behavior is not qualitatively changed on varying the
cooling rate.

The relative SAXS invariant € and the integrated
(110) reflection intensity X are shown during a cooling
and heating cycle for PE-PEE—3D in Figure 11. The
coincidence between these measures of crystallinity is
remarkable and illustrates that crystallization and the
associated microstructure formation occur together.

Finally, the relative fraction of crystallized material,
(1 — ¢), determined from the SAXS invariant is shown
on a double-logarithmic scale as a function of time (also
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Figure 12. Avrami plots for the crystallization kinetics of
PE—-PEE-3D at 95 and 100 °C. The double logarithm of the
relative degree of crystallinity (1 ~ ¢) determined from the
SAXS invariant is plotted against the logarithm of the time.

on a logarithmic scale) for PE—PEE-3D in Figure 12.
Using the Avrami-type equation

¢ =1 — exp(—kt") (5)

where k is a rate constant, the slope of the linear
portions gives the exponent n. For all the PE—PEE
samples that we studied, we found n = (3.0 £ 0.1), which
is characteristic of a nucleation and growth process such
as the spherulitic growth of polymer lamellae.’! This
exponent was also found from the integrated (110)
WAXS intensities, although this data is somewhat
noisier.

Summary

We have studied structure development in poly-
(ethylene)-containing diblock copolymers crystallizing
from the ordered melt using SAXS, WAXS, and DSC.
Chain folding of poly(ethylene) in these samples de-

Structural Changes in PE—PEE during Crystallization 3867

stroys microphase-separated morphologies. A sample
containing 49% PE forméd a lamellar melt morphology;
then on quenching below T, a semicrystalline lamellar
structure grew by a nucleation and growth mechanism.
The domain spacing of the crystallized lamellar struc-
ture increased substantially compared to the melt to
incorporate the chain-folded poly(ethylene). A 25% PE
sample forming a hexagonal-packed cylinder phase in
the melt transformed into a lamellar structure on
crystallizing, showing that the free energy for chain
folding on crystallization overwhelms the compositional
enthalpy associated with the microphase-separated
structure. The hexagonal-packed cylinder structure of
a 75% PE structure was also destroyed by crystalliza-
tion; however, we are not able unambiguously to identify
the solid structure.

The SAXS profiles for the solid structures were shown
to contain a contribution from semicrystalline poly-
(ethylene), giving a broad peak centered around g ~ 0.05

-1, plus several orders of Bragg peaks from a regular
lamellar structure. The profiles were further inter-
preted using density correlation functions calculated
from the SAXS data. The degrees of crystallinity
obtained are in reasonable agreement with those de-
termined from DSC data, Xpg = (0.4 + 0.1). The WAXS
data show that PE crystallizes in its usual orthorhombic
form for all samples.

These results for crystallization from the ordered melt
may be contrasted with previous work on samples
crystallized from the homogeneous melt. Rangarajan
and co-workers found that segregation of poly(ethylene)-
containing diblocks quenched from the homogeneous
melt was not preceded by microphase separation in the
melt.!4%2 Nojima et al. reached similar conclusions after
time-resolved SAXS experiments on their diblocks with
Topr < Th.1* We found that quenched PE-PEE-2D,
which has Topr < Tw, crystallizes directly from the
disordered melt. In contrast, Nojima et al. found
transient Bragg peaks in the SAXS curves of quenched
samples with Topr ~ T, indicative of an ordered melt
structure.!?

Crystallization and microstructural development were
shown to occur in tandem, because the SAXS invariant
and integrated WAXS (110) peak intensity show identi-
cal growth kinetics. The development of these quanti-
ties was fitted using Avrami equations, which show that
crystallites develop in a nucleation and growth process.
We will report in a forthcoming publication on the
orientation of the PE unit cell with respect to the
lamellae based on recent work on shear-oriented diblocks.
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