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Abstract

Blends of statistical copolymers containing ethylene/hexene (PEH) and ethylene/butene (PEB) exhibited the behavior of upper critical
solution temperature (UCST). The interplay between the early and intermediate stage liquid—liquid phase separation (LLPS) and crystallization
of the PEH/PEB 50/50 blend was studied by time-resolved simultaneous small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction
(WAXD) techniques. Samples were treated by two different quench procedures: in single quench, the sample was directly quenched from 160 °C
to isothermal crystallization temperature of 114 °C; while in double quench, the sample was firstly quenched to 130 °C for 20 min annealing,
where LLPS occurred, and then to 114 °C. It was found that in the early stage of crystallization, the integrated values of I¢* and crystallinity, X,
in the double quench procedure were consistently higher than those in the single quench procedure, which could be attributed to accelerated
nucleation induced by enhanced concentration fluctuations and interfacial tension. In the late stage of crystallization, some morphological
parameters were found to crossover and then reverse, which could be explained by retardation of lamellar growth due to phase separation formed
during the double quench procedure. This phenomenon was also confirmed by DSC measurements in blends of different compositions at varying
isothermal crystallization temperatures. The crystal lamellar thickness determined by SAXS showed a good agreement with TEM observation.
Results indicated that the early stage LLPS in the PEH/PEB blend prior to crystallization indeed dictated the resulting lamellar structures, in-
cluding the average size of lamellar stack and the stack distribution. There seemed to be little variation of lamellar thickness and long period
between the two quenching procedures (i.e., single quench versus double quench).
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction chemical structures and close refractive indices, making it
very difficult to detect the signs of liquid—liquid phase separa-

Miscibility in polyolefin blends has long been an interesting tion (LLPS) in the molten state [1]. For polyethylene blends,
subject because the constituting components have similar there have been notable discrepancies between different mea-
surements and different researchers on this subject. For exam-

ple, Hill et al. [2,3] reported that LLPS is a ubiquitous
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neutron scattering (SANS) results of mixtures containing lin-
ear polyethylene and ethylene copolymers, and they concluded
that the occurrence of LLPS depends on the branch content of
ethylene copolymers. They opposed the argument by Hill et al.
[2] that the blend morphology in the solid state cannot appro-
priately represent that in the molten state because liquid—solid
phase separation may take place. Nevertheless, the broad dis-
tribution of comonomer content in the branched polyethylene
that Hill et al. used might readily result in phase separation. A
review by Crist and Hill [1] suggested that besides the inherent
isotope effect in the SANS study, the low spatial resolution of
SANS might also make the techniques insensitive to large-
scale phase separation. Crist and Nesarikar [6] also investigated
the late-stage coarsening of polyethylene copolymer blends,
considering both coalescence and Ostwald ripening processes.
Recently, our group reported the upper critical solution temper-
ature (UCST) phase diagram for nearly isorefractive blends of
statistically random ethylene/hexene (PEH) and ethylene/
butene (PEB) copolymers by using small-angle light scattering
technique [7], where results clearly indicated the interplay
between LLPS and crystallization. This phase diagram was
further confirmed by rheological measurements [8], where vis-
coelastic responses gave the direct evidence of LLPS for metal-
locene-based polyethylene blends containing different branch
contents.

Although a great deal of literatures dealing separately with
LLPS and crystallization behaviors for polyolefin blends from
both theoretical and experimental aspects have been presented,
there have been relatively limited publications treating the oc-
currence of LLPS and crystallization simultaneously [9—11].
This is because the interactions between these two non-
equilibrium phase transition processes (i.e., LLPS and crys-
tallization), which are dominated by thermodynamics and
kinetics driving forces, respectively, can be quite complicated.
Hashimoto et al. [9,10] systematically studied the morpholog-
ical evolution in polyolefin blends containing polypropylene
(PP) and ethylene—propylene rubber (EPR) by carefully con-
trolling the LLPS and crystallization conditions. They found
that the readily formed modulated structure could be “‘locked
in” during crystallization as long as the crystallization rate
was relatively rapid. In the study of partially miscible blends
of isotactic polypropylene (i-PP) and isotactic poly(1-butene)
(i-P;B) [11], Cham et al. observed that spherulites of i-PP
could take place continuously from the readily formed i-PP-
rich phase to the i-P;B-rich phase, but the growth rate in the
former was relatively faster than that in the latter depending
on crystallization temperature.

Our group has reported a series of publications [12—18]
dealing with the competition between LLPS and crystalliza-
tion for the aforementioned PEH/PEB blends. We showed
that in a simultaneously crystallizing and phase separating
polymer blend, the morphology development exhibited
a ‘“‘crossover’” feature [12,13] (at 118 °C for the PEH/PEB
50/50 blend) from dominated crystal lamellar morphology to
dominated liquid phase-coarsening morphology. This cross-
over behavior is ubiquitous for blends with the critical temper-
ature of LLPS above the equilibrium melting temperature of

the crystalline component [7] and can be explained by the dif-
ferent quenching processes. In an intermediate temperature
range close to the crossover, the competition between LLPS
and crystallization would result in the suppression of crystal
growth rate near the critical composition. We have compared
the time evolution of morphological parameters during one-
step crystallization of the PEH/PEB 50/50 blend and pure
PEH at various crystallization temperatures [14]. It was found
that the temperature dependence of these parameters for the
PEH/PEB 50/50 blend could be explained by the competition
between LLPS and crystallization with respect to the crossover
temperature. All experimental results seem to support the
mechanism of “fluctuations-assisted crystallization™ [15,16],
where the spontaneous fluctuations of LLPS can overcome
the nucleation barrier and assist the process of crystallization,
which, in other system, such as polycarbonate/poly(ethylene
oxide) (PC/PEO) blends was also found by Tsuburaya and
Saito [19]. According to the report of Madbouly and Ougi-
zawa [20], the major acceleration in the crystallization kinetics
was observed for poly(e-caprolactone)/poly(styrene-co-acrylo-
nitrile) (PCL/SAN) blend, which underwent early and inter-
mediate stage phase separation. In a recent publication for
PEH/PEB system [17], we observed a fine dot-like structure
inside the phase domains when the sample was quenched
from phase separation temperature to room temperature (this
was regarded as crystallization-induced phase separation).
Our results also indicated that the lamellar long period of
the PEH/PEB blend near the critical composition exhibited
a minimum value, which was a function of LLPS temperature,
LLPS time and crystallization temperature [18]. This complex
phenomenon was explained by the simultaneously occurring
exclusion/inclusion of the amorphous component, crystal
lamellar insertion and lamellar thickening processes.
Although the interplay between LLPS and crystallization
for the chosen PEH/PEB blend has been understood to a large
extent, our previous works dealt mainly with the behavior of
the relatively late stages of phase separation. At these stages,
the concentration fluctuations were nearly saturated and the
coarsening of microphase domains occurred primarily by
self-similarity. It is conceivable that at the earlier stages of
LLPS, the situation might be quite different, whereby the in-
terplay between LLPS and crystallization may play a more
dominant role than those in our previous studies. For this pur-
pose, we have investigated the effects of early and intermedi-
ate stages of LLPS on the crystallization behavior by using
simultaneous synchrotron time-resolved small-angle X-ray
scattering (SAXS) and wide-angle X-ray diffraction (WAXD)
techniques and DSC measurements. The time evolution of
structural and morphological variables, including the scatter-
ing invariant, crystallinity, lamellar long periods of the PEH/
PEB 50/50 blend during isothermal crystallization at 114 °C
was followed by real time X-ray techniques using one-step
quench (single quench) or two-step quench (double quench)
procedures from the homogenous melt. DSC results on the
PEH/PEB 50/50 blend, pure PEH and the PEH/PEB 70/30
blend at isothermal crystallization temperature of 114 °C and
on the PEH/PEB 50/50 blend at 116 °C in single and double
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quench procedures, respectively, were also performed to pro-
vide complementary information. Based on experimental re-
sults from in situ X-ray/thermal studies and ex situ TEM
observations, several new insights into the interplay between
the earlier stages of LLPS and crystallization for the PEH/
PEB blends have been obtained.

2. Experimental
2.1. Materials and sample preparation

Polymers used in this study included PEH, a statistical co-
polymer of ethylene and hexene (M,, = 112,000 g/mol, M,/
M, ~ 2, and branch density of 9 CH; per 1000 backbone car-
bon), and PEB, a statistical copolymer of ethylene and 1-butene
(M, =70,000 g/mol, M, /M, ~ 2, and branch density of 77
CHj; per 1000 backbone carbon). These polymers were kindly
supplied by ExxonMobil Chemical Company. They were syn-
thesized by using metallocene catalysts and possessed the
same structures as those used in our previous studies
[7,8,12—18]. The dried solution-precipitated PEH and PEB
samples exhibited T, of 119.8 °C and 48.6 °C, respectively,
by using DSC scans at a heating rate of 10 °C/min. In this
study, the PEH/PEB 50/50 blend was prepared by coprecipitat-
ing the mixture from a hot xylene solution (about 100 °C) into
cold methanol (about 0 °C). After filtering, the recovered floc-
cule was firstly air-dried for 24 h and then vacuum-dried at
60 °C for 72 h until the solvent was completely removed.
The dried floccule was molded into void-free disks with
7 mm in diameter and 1.5 mm in thickness for X-ray scattering
and diffraction measurements. In addition, the PEH/PEB 70/
30 blend and pure PEH were also prepared by following the
same procedure for DSC measurements.

The measured and calculated phase diagram for the PEH/
PEB blends [7] is illustrated in Fig. 1. This phase diagram con-
tains an upper critical solution temperature (UCST) with crit-
ical temperature T.; = 146 °C and critical composition ¢
(mass fraction) = 0.44, as well as the calculated binodal and
spinodal boundary lines (shown as solid and dashed lines, re-
spectively). The open square represents the measured equilib-
rium melting temperature, T, [7]. A similar UCST phase
behavior has also been observed in blends of other branched
polyolefins [21,22]. The value of Tp for PEH is about
140 °C, much higher than that of PEB. Thus, at the crystalli-
zation temperature in this study (T, =114 or 116 °C), PEH
represents the crystallizable component while PEB represents
the amorphous component.

2.2. Time-resolved SAXS/WAXD measurements

Time-resolved simultaneous SAXS/WAXD experiments
were performed at the Advanced Polymers Beamline, X27C,
in National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL). The wavelength of the X-ray
beam was 1.366 A and the beam size was about 0.4 mm in
diameter at the sample position. SAXS/WAXD profiles were
recorded by two linear position sensitive detectors (European
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Fig. 1. Phase diagram of the PEH/PEB blends determined by diffusion light
scattering method. The symbols are measured data points and the solid and
dashed curves indicate the calculated binodal and spinodal boundaries, respec-
tively. The dotted line shows the equilibrium melting temperature, 7). The
upper critical solution temperature is at 7, = 146 °C and ¢. = 0.44.

Molecular Biological Laboratory, EMBL), with the sample-
to-detector distances of 1788 mm for SAXS and 220 mm for
WAXD. The SAXS scattering angle was calibrated with silver
behenate and the intensity was normalized by incident beam
fluctuations and calibrated with a LUPOLEN standard. The
WAXD pixel resolution and the diffraction intensity were cali-
brated by comparing the synchrotron data with those taken us-
ing a Siemens Hi-Star X-ray diffractometer data (Cu Ko) in
0—0 reflection, and were corrected for detector non-linearity
and empty beam scattering. The angular scale of the synchro-
tron WAXD data (A= 1.366 A) was converted to a scale cor-
responding to A =1.542 A for presentation and discussion.

A dual chamber temperature jump apparatus was used for
the isothermal crystallization study. The detailed description
of this setup has been reported elsewhere [23]. In this study,
the PEH/PEB 50/50 blend samples were treated with two dif-
ferent procedures: single quench and double quench, respec-
tively. In the single quench procedure, the sample was
melted at 160 °C (i.e., 40 °C above the nominal melting point
of PEH) for 10 min in the first chamber and then pneumati-
cally “jumped” to the second chamber preheated at a temper-
ature of 114 °C for isothermal crystallization. In the double
quench procedure, the sample was melted in the first chamber
at 160 °C for 10 min and then rapidly transferred to the second
chamber at 130 °C for 20 min, during which the first chamber
was also cooled from 160 °C to 114 °C. After annealed at
130 °C for 20 min, the sample was “‘jumped’” back to the first
chamber at 114 °C for isothermal crystallization. The actual
sample temperature was measured by a calibrated OMEGA J
thermocouple, positioned near the sample. At the equilibrated
temperature, the maximum temperature fluctuation was
£0.5 °C. The collection time for each simultaneous SAXS/
WAXD measurement was 20 s. The temperature profiles for
the single quench and double quench procedures are shown
in Fig. 2. It is seen that the transition time for from 160 °C
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Fig. 2. Time—temperature profiles at the sample position for the single quench
and double quench procedures to indicate the precise control of the sample
temperature in the experiment.

to 130 °C or 114 °C was about 100 s, and that for from 130 °C
to 114 °C was shorter than 100 s.

2.3. DSC measurements

DSC measurements were carried out by using a Perkin—
Elmer Diamond DSC instrument with the sample weight of
about 4 mg under nitrogen purge. The procedures for the sam-
ple treatment were the same as those in the SAXS/WAXD
measurements. The samples of the PEH/PEB 50/50, 70/30
blends and pure PEH were firstly heated to 160 °C and held
for 10 min to eliminate thermal history. In single quench, sam-
ples were directly quenched to 114 or 116 °C for isothermal
crystallization. In double quench, samples were firstly
quenched to 130 °C and held for 20 min, and then they were
subsequently quenched to 114 or 116 °C for isothermal crys-
tallization. The time-resolved exothermal thermograms during
isothermal crystallization were recorded.

24. TEM observation

Samples for transmission election microscopy (TEM) ob-
servation of the PEH/PEB 50/50 blend were directly obtained
by microtoming the disk-shape samples after the SAXS/
WAXD measurements. The procedure for the TEM sample
treatment was as follows. TEM samples were cryogenically
cooled (at —30 °C) to produce a deformation-free surface us-
ing a glass knife in a cryogenic ultramicrotome (Reichert Ul-
tracut E w/FC4D cryostage). RuO, staining solution was
prepared by adding 1 ml of NaOCl1 (10% wt/vol from Aldrich)
to 0.02 g RuCl3—nH,0 in a 5 ml vial. The cryogenically mi-
crotomed samples were stained in the vapor space above the
RuOy solution for 7 h, followed by degassing in a hood for
several hours. Ultra-thin sections (about 700—750 10\) were
prepared at ambient temperature using a diamond knife and
water flotation bath. Sections were collected onto 200 mesh
carbon-coated formvar grids. TEM images were acquired us-
ing the JEOL 2000FX TEM (at 160 kV) and Gatan MSC-
794 CCD digital camera.

3. Results and discussion
3.1. Time-resolved SAXS/WAXD results

Fig. 3 shows typical time-resolved (a) Lorentz-corrected
SAXS intensity profiles (Ig> versus scattering vector ¢,
g =4m/Asin 6, with 260 being the scattering angle), and (b)
WAXD intensity profiles of the PEH/PEB 50/50 blend, devel-
oped during isothermal crystallization at 114 °C in the single
quench procedure. During the initial isothermal crystallization
period (100 s <t <300 s), the SAXS profiles in Fig. 3a indi-
cate a completely disordered structure of the undercooled
melt. The scattered intensity profile first exhibits a small max-
imum at g = 0.0175 A" at 300s (marked with an asterisk)
and then this peak grows rapidly with time until it reaches
a plateau value. The occurrence of this initial SAXS peak
can be attributed to the formation of lamellar stack structure
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Fig. 3. Typical (a) SAXS and (b) WAXD time-resolved profiles of the PEH/
PEB 50/50 blend during isothermal crystallization at 114 °C for the single
quench procedure. Time interval between two adjacent profiles is 60 s and
the first profile corresponds to 120 s.
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in PEH, which is the only crystallizable component at this
temperature. In Fig. 3b, the corresponding WAXD profiles in
the initial isothermal period only show a diffuse amorphous
scattering feature. The evolution of an orthorhombic unit
cell from PEH crystals can be followed through the develop-
ment of the 110 and 200 WAXD reflections. The intensities
of these two crystal reflections are found to increase rapidly
during the early stage of crystallization and remain almost
constant during the late stage of crystallization.

In order to obtain more delicate morphological parame-
ters, such as long period and lamellar thickness, on the basis
of SAXS data, quantitative analysis is requisite. For this pur-
pose, real space functions like the one-dimensional correla-
tion function +v(r) and the interface distribution function
g1(r) are often obtained from experimental data. These real
space functions can also be simulated to validate a morpho-
logical model. The use of g(r) is preferred over v,(r) since
the morphological parameters can be obtained with higher
accuracy in the former. According to Santa Cruz et al.
[24], the reason for this is that v(r) is more affected by
the superposition of the maxima or minima of a broad distri-
bution. On the other hand, fitting the simulated function to
the experimental one is not an easy task, and in many cases
a trial and error fitting process is used. This fitting procedure
can be avoided if the reciprocal space data is fitted to a mor-
phological model in reciprocal space, which is much easier
to achieve. Later, the simulated pattern in reciprocal space
can be transformed into real space to g,(r) for comparison
to the experimental one.

The calculation of g,(r) requires extrapolating the scatter-
ing intensity /(g) to both ¢ =0 and ¢ = o limits. In the first
case, SAXS data was extrapolated to ¢— 0 using the Debye
equation [25]:

Hgy=—2 (1)

=0 (1+ Ezqz)Z

where A is a constant and ¢ is the length of the inhomogeneity.
In the second case, the density profile, as a function of a space
vector, r, for an ideal two-phase system resembles a squared-
function because the boundaries are assumed to be sharp and
the densities within the phases are considered to be constant.
As a result, Porod [26] established that the intensity decays
proportionally to the inverse of the fourth power of the scatter-
ing vector at very large ¢ values, mathematically expressed as

K
[ideal(CI) = q_: (2)

q— ©

Eq. (2) is known as the Porod’s law, where [;4.,1(¢) is the scat-
tering intensity of an ideal two-phase system and Kp represents
the Porod’s constant. In fact, /(g) often deviates from the ide-
ality due to the presence of density gradient between the inter-
faces, and density variations within the phases [27]. The latter
often associates with a background scattering intensity, /g,
which can produce a positive deviation of the Porod’s law;
while the former corresponds to a negative deviation related

to the interface thickness, E. Assuming a sharp boundary,
ie.,, E=0, Eq. (2) becomes

Kp
I(g) = 7 +1g (3)

qg— ®

If enough data points are taken at large ¢ values, Kp and Iz can
be determined using non-linear least-squares fitting and there-
fore the ideal scattering intensity, /;q.a(¢), can be obtained.
However, the selection of ¢ limits requires caution since the
choice of both, the lower and upper limits, can significantly af-
fect the validity of the Porod’s law. In this study, the upper
limit was set to q,, =2 nm ', and the lower limit, Jlow» Was
varied until the minimum area of the interference function,
G1(q), was obtained [28], where the interference function is
defined as:

Gi(q) =Kp—q"1(q) (4)

Once the above criterion was achieved, the interface distribu-
tion function, g(r), can be calculated from the Fourier trans-
form of G(q) [29].

©

/ G1(g)-cos(gr)dg (5)

0

t 1
“=yam
where ¢ is the thickness and V is the volume occupied by the
stacking lamellae.

The characteristic distances between the adjacent inter-
faces, as well as their statistical distributions, can be obtained
on the basis of lamellar stacking model [30] having an infinite
value at Ig>.

Ii cal : =" 6
acal ()4 7 el—Hl-Hz (6)
where

2,2
H,-:l—exp[i-ll-'q—%} (7)

with /; being the interface distance between i and i + 1 and o;
being the corresponding standard deviation. The interface dis-
tances and their distributions can be obtained by means of
a non-linear least-squares fitting of Iidea](q)-q2 values from
Eq. (6), in which a weight factor of 1/ligea(q) was used. It
must be kept in mind that the non-linear least-squares fitting
was performed on non-smoothed experimental data, corrected
by density fluctuations. However, intensity data in the lower
and higher ¢ ranges were replaced by data generated by the
Debye Eq. (1) and the Porod’s law, Eq. (2), respectively. No
further smoothing was used. In the lamellar stacking model,
two morphological parameters, /; and /,, represent the crystal
lamellar thickness and the amorphous layer thickness, respec-
tively. The periodicity or the long period of the lamellar
stacks, L, can be estimated as the sum of /; and /,. It should
be noted that the correct assignments of /; and /, as the crys-
talline lamellar thickness and amorphous layer thickness,
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respectively, cannot be accomplished only by the SAXS anal-
ysis. Other complementary techniques such as WAXD analysis
or TEM observation might be applied to obtain the correct
values for the lamellar morphology.

Fig. 4a shows the experimental data and the simulated
profile of Lorentz intensity /g* of the PEH/PEB 50/50 blend
after 2400 s of crystallization at 114 °C in the single quench
procedure. By simulation, the corresponding values of [, I,
and long period, L, were determined. To confirm the validity
of the simulated results in Fig. 4a, the related interference
function, G;(g), and the interface distribution function,
g1(r), were simulated by using Eqgs. (4) and (5) and compared
with the experimental data, which are shown in Fig. 4b and c,
respectively. It is seen that the simulated data and the ex-
perimental data agree quite well with each other within the
ranges of 0<¢<0.025A"" and 0<r<140A. In both
cases, outside these ranges the simulated data deviates near
the long period region. This effect can be traced back to
Fig. 4a, where it is readily seen that the simulated curve
can be considered to fit adequately the experimental values
although it does not fit perfectly to the Ig*(q) experimental
data. Moreover, since G(g) comes from the difference be-
tween the ideal value, K, and the experimental values,
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q*I(g), the deviation increases significantly at higher ¢ values
due to fourth power law in gq.

For data analysis of WAXD profiles, a peak deconvolution
procedure was used. As an example, Fig. 4d summarized the
deconvolution results for a WAXD profile collected at 720 s
of crystallization in the single quench procedure. The details
of this deconvolution procedure have been described else-
where [31]. In Fig. 4d, the blank circles represent the experi-
mental WAXD data and the solid curve represents the fitted
result with a rationally determined baseline illustrated as
a dot-dashed line below the profile. The full profile can be con-
sidered as a superposition of two crystalline Gaussian peaks
(i.e., 110 and 200 crystal reflections), and two amorphous
Gaussian peaks as depicted in Fig. 4d. It is noted that two
amorphous Gaussian peaks are used for the fitting of the
WAXD profiles according to our experience possibly due to
the experimental setup. By dividing the total intensity of the
two crystal reflections to the overall intensity, the estimated
mass fraction of crystal phase in the sample (sometimes re-
ferred as the crystallinity index, hereafter termed crystallinity),
X, can be obtained.

Fig. 5a shows variations of the integrated I¢* from SAXS
data of the PEH/PEB 50/50 blend with time in the single
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Fig. 4. SAXS data and the simulated profiles of the PEH/PEB 50/50 blend after 2400 s crystallization at 114 °C for the single quench procedure: (a) Lorentz
intensity, qu, with wave-vector, ¢; (b) related interference function G(g) with ¢; (c) interface distribution function, g;(r), with r; (d) deconvolution result of
the WAXD profile of the PEH/PEB 50/50 blend after 720 s crystallization at 114 °C for the single quench procedure.
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Fig. 5. Variations of (a) integrated Ig* of SAXS and (b) WAXD crystallinity,
X., of the PEH/PEB 50/50 blend with time for the single quench and double
quench procedures, respectively. Note that the relative standard deviations
for I¢* in (a) and X, in (b) are less than 1% and 3%, respectively.

quench and double quench procedures (two S-shape fitting
curves were constructed to indicate the trends of the varia-
tions). In the initial stage of crystallization (¢. < 140 s), the in-
tegrated Ig* values in the two procedures are both near zero,
indicating the absence of lamellar stacks during the initial in-
duction period. After the induction period, the integrated /g
values dramatically increase with time, whereas after about
1000 s they almost reach the plateau values and show only
slight increase. The sharp increase of scattering intensity
was due to the formation of stacking lamellae of PEH compo-
nent in the blend. Fig. 5b illustrates the time evolution of crys-
tallinity, X., in the single quench and double quench
procedures. It is seen that the development of X, also exhibits
an S-shape like curve in the same manner as that in Fig. 5a.
However, the induction period observed in the WAXD data
is delayed compared with that observed in the SAXS data,
which is probably due to the more sensitive detection limit
of SAXS than WAXD [31]. Generally, the detection limits
of crystallinity by SAXS (ca. 0.1%) and WAXD (ca. 1%)
are different. Since the crystallinity in the early stage is quite
low, the WAXD technique may not be able to detect it. On the
contrary, the lower fraction of crystal phase can be readily de-
tected by SAXS technique as long as the density contrast
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between constituting phases is sufficient and the length scale
of periodicity is within the SAXS detecting range (i.e., less
than 100 nm). In a previous publication, we noted that the in-
tegrated /> value from SAXS is proportional to crystallinity
in the initial crystallization stages when the crystallinity is
low [31].

Comparing the results from the single quench and double
quench procedures (Fig. 5a and b), a common feature was
found. In the early stages of crystallization, both values of in-
tegrated Ig* and X,, are slightly higher in the double quench
than those in the single quench. Thus, the induction period
and the half time of crystallization must be shorter in the dou-
ble quench than those in the single quench. It is interesting to
note that both time-evolution curves for SAXS and WAXD
crossover and eventually reverse in the late stages of crystalli-
zation. The crossover time for SAXS was about 500 s (Fig. 5a)
and that for WAXD was about 600 s (Fig. 5b). The above find-
ings indicate that when crystallization reaches the late stages,
the integrated I¢* and X, coherently become lower and crystal-
lization is more retarded in the double quench than that in the
single quench. This phenomenon will be discussed in the sec-
tion later.

Fig. 6 shows time evolutions of /;, /,, and long period, L,
determined from the analysis of the Lorentz-corrected SAXS
profiles. Compared with the lamellar thicknesses estimated
from the TEM observations (to be discussed later), the dis-
tance /, (about 71.4 10%) from SAXS seems to agree well with
the lamellar thickness from TEM (about 71—72 A). Thus,
we assign /; as the averaged amorphous layer thickness and
I, as the averaged lamellar thickness. We note that the thick-
ness distribution of the lamellar stacks determined by SAXS
analysis is about 30.0 A and this distribution is consistent
with the TEM results. We further note that the difference be-
tween the long period, L (20010\ in Fig. 6), and the one
(gm = 0.0175 AT Ly =360 A) from the Bragg’s law can
be understood as follows. In an earlier work by Santa Cruz
et al. [24] the different possibilities to obtain morphological
parameters from SAXS data were discussed. One of the
main conclusions was that the values of /;, [, and L obtained
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Fig. 6. Evolutions of long period L, lamellar thickness /, and amorphous layer
thickness /; of the PEH/PEB 50/50 blend with time by simulations of the
SAXS data for the single quench and double quench procedures.
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after overlapping correction (i.e. from the simulated data)
were the closest to the true morphological values, as in the
case of this work when compared with the TEM results. Look-
ing carefully at the TEM micrographs (in the latter section)
one can readily see that branching at the end of the lamellar
stack causes a broad distribution in the amorphous layer thick-
ness, but not in the crystalline thickness, increasing the statis-
tical distribution of the long period due to superposition
effects. Superposition effects of the distribution functions
can induce the shift of the peak in the reciprocal space render-
ing larger values of the long period obtained from Lorentz
plots (Lg) and therefore producing large deviation with this
type of calculation. Actually, the difference observed in this
work is not so uncommon, since Santa Cruz et al. already
showed that in some cases Lg can be almost double of that
from the simulated data as seen in Fig. 7 of Ref. [24]. It is
seen in Fig. 6 that there are no obvious differences between
the morphological parameters of stacking lamellae determined
from the single quench and double quench procedures. For
both procedures, the lamellar thickness increases from ca.
30.0A to 71.4 A during crystallization, while the amorphous
thickness remains about constant. This is consistent with our
previous results [14], where both lamellar thickness and long
period increase with time due to the lamellar thickening mech-
anism at the relatively high crystallization temperature. This
can be considered as an inherent consequence of chain-folding
crystallization for flexible polymer molecules when the chains
have sufficient mobility in the crystalline state to cause the
crystal thickening. In addition, during crystallization the
liquid—solid phase separation may occur and the amorphous
PEB component would be possibly expelled out of the crystal
growth front of PEH, which would consequently influence the
crystal growth rate of PEH in the blend if compared with the
neat PEH [14]. Although the almost identical morphological
features in the two quench procedures indicate that the influ-
ences of LLPS on crystallization in these procedures are not
reflected at the lamellar scale level, the effect of the earlier
stage LLPS on crystallization mainly functions on the changes
of crystallization kinetics, such as nucleation and growth rates.

3.2. DSC results

DSC scans were carried out using the same procedures as
those employed in the SAXS/WAXD experiments. The origi-
nal exotherms during isothermal crystallization of the PEH/
PEB 50/50 blend, corresponding to the single quench and dou-
ble quench procedures, are illustrated in Fig. 7a. The evolution
curves of integrated heat flow for the single quench and double
quench procedures are shown in Fig. 7b. It is seen that the in-
tegrated heat flow also exhibits an S-shape trend and the ob-
served difference between the two quench procedures by
DSC measurements shows an incredible accordance with
that by X-rays (Fig. 5a and b). This observation suggests
that different microscopic structures may form in the initial
stage of crystallization under varying phase separation proce-
dures, whereby the subsequent crystal growth can deviate from
each other. Fig. 7c illustrates the results of the PEH/PEB 50/50

blend under isothermal crystallization temperature at 116 °C.
It is noticed that the previously observed feature in time evo-
lutions of integrated heat flow of the double quench and single
quench also exists at 116 °C, although the feature seems to be
weak. The reason for the weak feature may be that the temper-
ature of 116 °C is closer to the crossover temperature of
118 °C than the temperature of 114 °C for the PEH/PEB 50/
50 blend [12]. For further comparison, the same DSC proce-
dures were also performed on pure PEH and the PEH/PEB
70/30 blend. In these two samples, the effects of LLPS on
crystallization were expected to be absent or much less signif-
icant than that in the PEH/PEB 50/50 blend because of the
lack of phase separation. This hypothesis was verified by re-
sults shown in Fig. 8a and b, where the two integrated heat
flow curves during the different quench procedures are hardly
discerned from each other. This indicates that, unlike the PEH/
PEB 50/50 blend, the different quench procedures have almost
no effects on the crystallization behaviors of pure PEH and the
PEH/PEB 70/30 blend due to the absence of concentration
fluctuations. In other words, the different crystallization be-
haviors in the single quench and double quench of the PEH/
PEB 50/50 blend are indeed due to the effects of LLPS rather
than being simply induced by different heat flow conditions.

3.3. Interplay between earlier stage liquid—liquid phase
separation and crystallization

The process of spinodal decomposition is usually divided
into three regimes [32,33]: (1) the initial or the early stage
(the time evolution of concentration fluctuations can be
described by Cahn’s linearized theory [34]), where the wave-
length of the fluctuations is invariant while the corresponding
amplitude increases exponentially with time, (2) the interme-
diate stage, where both the wavelength and the amplitude of
concentration fluctuations grow with time, and (3) the late
stage, the amplitude of concentration fluctuations reaches an
equilibrium value and the domain coarsening is only achieved
by self-similarity in term of the scaling law. Many theoretical
[35,36] and experimental [33] studies have been carried out to
define and determine the initial time scale of spinodal decom-
position. For example, de Gennes [35] described the growth of
initial stage concentration fluctuations by local adjustment of
each chain through removing the “kinks” in their tubes. In
this case, the process of the local adjustment may be too rapid
to be detected by general experimental techniques. According
to Binder [36], for a polymer chain with N = 3 x 10° and re-
orientation rate W = 10'°, the relaxation rate T;“l (¢m 1s the
wave-vector at which the growth rate of concentration fluctu-
ations is maximum) is approximately 1 s~'. Since for PEH and
PEB, N = 4 x 10® and 2 x 10°, respectively, T;“l of the blend
should be roughly at the same time scale as that from Binder’s
calculation. Therefore, we consider that the conditions of
20 min LLPS at 130 °C in the double quench would be theo-
retically far beyond the initial stage of phase separation.
Although there are no supporting light scattering data to de-
scribe the phase separation kinetics for PEH/PEB blends due
to the nearly isorefractive indices between the two consisting
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Fig. 7. (a) DSC exothermal curves for the PEH/PEB 50/50 blend during crystallization at 114 °C in the single quench and double quench procedures; (b) time
evolution of integrated heat flow for the PEH/PEB 50/50 blend during crystallization at 114 °C and (c) that at 116 °C in the single quench and double quench

procedures.

components, it can be basically determined that 20 min LLPS
at 130 °C should be in the intermediate stage, where the inter-
diffusion induced concentration fluctuations and interfacial
tension may co-exist, which can be judged from the combina-
tion of rheological and phase-contrast microscopy results
[8,12,13] shown in Fig. Al in Appendix. While in the single
quench, LLPS and crystallization may simultaneously
occur and the spinodal decomposition should be in the initial
or early stage, which was also verified by Tanaka and Nishi
[37,38].

It was shown that the crystallization rate at 114 °C was rel-
atively fast because of the large supercooling depth in poly-
ethylene [13]. Once crystallization begins, the process of
LLPS would be “locked in” [9,10] and cannot further develop
in either single quench or double quench procedure. The only
differences between the two procedures are the initial nucle-
ation process and the late stage crystal growth. In the single
quench procedure, the simultaneously occurred spinodal de-
composition can assist the crystal nucleation due to the de-
creased energy barrier [15,16]. In contrast, the situation is
more complex in the double quench procedure. With 20 min
of LLPS, the amplitude of concentration fluctuations could

amplify and the domain coarsening might simultaneously be-
gin [39]. As a result, a larger driving force for nucleation in
double quench might be obtained than that in single quench
(only the fluctuations with wavelengths larger than the critical
value can induce nucleation for crystallization). Thus, the nu-
cleation density and nucleation rate should be both higher in
double quench than those in single quench, which has been
also verified by Madbouly and Ougizawa [20]. This argument
is consistent with the higher values of integrated I¢*, X, and
integrated heat flow in double quench than those in single
quench in the early stage of crystallization (as shown in
Figs. 5 (aand b) and 7 (b and c). In the late stage of crystalliza-
tion, the morphological parameters for these two procedures
crossover and the responses reverse. This can be explained as
follows. In the single quench procedure, the simultaneously
occurring LLPS was mostly frozen by crystallization and then
the phase domain coarsening was not able to proceed. Thus,
the growth of the lamellae could not be affected or suppressed
by the phase domains with sharp phase boundaries. While in
the double quench procedure (e.g. after 20 min of LLPS at
130 °C), the coarsening process began and the phase domains
formed before crystallization (although this could not be clearly
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Fig. 8. Time evolution of integrated heat flow for (a) PEH and (b) the PEH/
PEB 70/30 blend during crystallization at 114 °C in the single quench and
double quench procedures.

detected by optical microscopy). As a result, the resulting phase
domains were ‘““locked in” and the subsequent crystallization
possibly occurred mainly in the PEH-rich phase domains. In
the late stage of crystallization, the trapped phase domains pre-
vented the diffusion of PEH chains to the growth fronts of stack-
ing lamellae from the PEB-rich phase domains [37,38]. As a
result, the parameters of integrated qu, X., and integrated
heat flow (Figs. 5 (aand b) and 7 (b and c¢), respectively) became
lower in the double quench procedure than those in the single
quench procedure. Based on the above argument, through the
intentionally controlled LLPS with a time period of 20 min in
the double quench procedure, the crystallization rate in the
early stage appeared to be accelerated, while that in the late
stage appeared to be retarded. Thus, the LLPS could possess
opposite effects on the crystallization behavior, depending on
the time scales of these two different pathways.

3.4. Morphology observed by TEM

Fig. 9 shows TEM micrographs of the PEH/PEB 50/50
blend at different scales for the single quench (labeled by
“A”) and double quench (labeled by ‘“B’’) procedures at

isothermal crystallization temperature of 114 °C. The samples
used for TEM observations were extracted from the samples
used after the X-ray scattering measurements. In Fig. 9a, it
seems that the clusters of lamellae are relatively larger and
the stacking lamellae look longer in micrograph A than those
in micrograph B. This indicates that in the single quench
procedure, the crystal lamellae can develop freely without
obvious interference of the phase-separated domains. In the
double quench procedure, the growth of crystal lamellae
seems to face difficulty to pass through the PEB-rich domains,
such that the lamellar stacks piled in a more isolated and dis-
ordered manner. It has been reported that the small, dispersed
and imperfect crystals could be generated from the PEB-rich
phase domains because the concentration of PEH in the
PEB-rich phase domains might be still high after 20 min of
LLPS in the double quench procedure [17]. In order to obtain
the structure information of stacking lamellae in more detail, the
magnified micrographs are shown in Fig. 9b. It is seen that the
lateral size of lamellar stacks in micrograph A is about twice
of that in micrograph B. In addition, the lamellar stacks in micro-
graph A exhibit the feathers-like texture, while that in micro-
graph B exhibit the short fluffs-like texture. Fig. 9c indicates
that there is no obvious difference of lamellar thickness between
micrographs A and B. The above findings suggest that the crys-
tal lamellar morphology developed in the late stage of crystalli-
zation is more regular and denser in single quench than in double
quench, which is also consistent with the results from Figs. 5
(aand b) and 7 (b and c). Fig. 9d illustrates the comparison of
the lamellar thickness distributions from the two quench proce-
dures estimated by TEM observations. The estimated lamellar
thickness range is between 72 and 101 A for single quench
and 71 and 92 A for double quench. It should be noted here
that when microtoming the randomly oriented samples, the cut-
ting just cannot always be perpendicular to the lamellar surface.
If the cutting is tilted, the observed crystalline lamellar (those
unstained white layers in TEM micrographs) thickness should
be larger than the actual thickness of a crystalline lamella. To ob-
tain the accurate thickness for the crystalline lamellae, the
smallest thickness for a large number of observed crystalline la-
mellae should be close to the actual crystalline lamellar thick-
ness. From the data shown in Fig. 9d, the smallest thickness
for single-quenched sample is ca. 72 A and that for double-
quenched sample is ca. 71 A. These two values are close to
the calculated crystalline lamellar thicknesses of 71.4 A in
Fig. 6 by using the correlation function analysis. In addition,
the slightly narrower lamellar thickness distribution in double
quench is also consistent with our recent observation that the
long period distribution became narrowed with LLPS time
[18]. In that study, the narrower long period distribution was ex-
plained by the reduced amorphous gap. However, from the re-
sults in this study, it may also be attributed to the variations of
lamellar thickness distribution. Although there was no distinct
difference of the average lamellar thickness between the two
procedures in Fig. 9d, the area below the fitted curve in single
quench was relatively larger than that in double quench. This ob-
servation is also consistent with the variations of the crystallin-
ity, X, during the late stage of crystallization (Fig. 5b). In
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Fig. 9. (a, b, c) TEM micrographs of the PEH/PEB 50/50 blend isothermally crystallized at 114 °C for the single quench (labeled ““A’’) and double quench (labeled
“B”’) procedures at different magnifications; and (d) the count numbers of lamellae and the corresponding fitted curves as functions of lamellar thickness for the
single quench and double quench procedures, respectively.
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summary, the LLPS with short time exhibited little effects on the
scale of lamellar thickness, but notable effects on the structures
of larger scales such as lamellar stack sizes and the correspond-
ing size distributions.

4. Conclusions

In this study, the interplay between the early and intermediate
stage liquid—liquid phase separation (LLPS) and crystallization
of the PEH/PEB 50/50 blend were studied by time-resolved
simultaneous SAXS/WAXD, DSC and ex situ TEM measure-
ments. It was found that in the single quench procedure, the
LLPS and crystallization could simultaneously occur and the
initial stage of concentration fluctuations would assist the nucle-
ation process in crystallization. In the double quench procedure,
the concentration fluctuations of LLPS were enhanced, and the
phase domains were gradually formed after 20 min of annealing
at 130 °C. As a result, the enhanced concentration fluctuations
could greatly facilitate the nucleation process for crystallization.
And hence, the values of integrated /g* and crystallinity X, were
consistently higher in double quench than those in single quench
during the early stage of crystallization. In the late stage of crys-
tallization, these parameters crossed over and then reversed,
which was due to the lamellar growth suppression affected by
the presence of phase domains in double quench. This finding
was further confirmed by DSC measurements. The lamellar
thickness determined by simulation of the SAXS data exhibited
a good accordance with that observed by TEM. Both SAXS and
TEM results indicated that the earlier stage LLPS prior to crys-
tallization could affect the resulting lamellar structures of the
PEH/PEB blends, such as the sizes of lamellar stacks and the la-
mellar stack distributions. In contrast, the averaged lamellar
thickness and the long period at a relatively smaller scale did
not show any obvious difference between the two quench
procedures.
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Appendix

Fig. Al depicts the combination of rheological and phase-
contrast optical microscopy results for PEH/PEB 50/50 blend
at 130 °C. It can be seen from the rheological time sweep curve,
in the very initial stage, the storage modulus G’ sharply in-
creases with time and reaches a maximum at time less than

0 min

40

—O— PEH/PEB 50/50 blend
130 °C

G (Pa)

. S H S S
100 200 300 400
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Fig. Al. Evolution of storage modulus, G, during time sweep for PEH/PEB
50/50 blend at 130 °C with a fixed frequency of 0.03 rad/s and strain of 5%
[8]. The corresponding phase-contrast optical micrographs on the top show
the isothermally phase-separated morphologies and 2D-FFT images at
130 °C for different annealing time of (a) 0 min, (b) 130 min, (c) 374 min
[13]. The scale bar in (a) represents 40 pum.

14 min because of the exponentially increased amplitude of
concentration fluctuations. In the intermediate stage, the simul-
taneously increased concentration fluctuations and wavelength
lead to the dramatic decreasing of G'. In the late stage, the
concentration fluctuations basically reach equilibrium and the
interfacial tension becomes dominant, which result in continu-
ous and slow decreasing of G’ with the increasing phase do-
mains. According to the phase-contrast optical micrographs
in Fig. Al, the phase domains can hardly be detected before
130 min, but many small clusters form at this stage; obvious
phase domains can be observed and self-similarity occurs after
130 min, which is regarded as the typical character of the late
stage spinodal decomposition. Therefore, we consider that the
time range from 14 min to 130 min should belong to the inter-
mediate stage. Thus, the instant of 20 min marked in Fig. Al
should belong to the intermediate stage of phase separation.
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