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ABSTRACT: Quiescent and shear-induced crystallizations were performed on several well-defined linear
monodisperse hydrogenated polybutadiene blends with a high-molecular-weight long-chain branched (LCB) comb-
shaped additive. The connection between microscopic molecular motion and crystallization kinetics has been
quantitatively studied with respect to the formation of either isotropic or oriented shish kebab crystal morphology
using time-resolved X-ray scattering techniques. Using a constant preshear rate, the addition of small amounts of
LCB combs to the sample blends, at concentrations below and just above the overlap concerttrdiam
significantly increased the crystallization rates compared to quiescent conditions. However, only one blend showed
the formation of an oriented shish kebab morphology. Also, for these model blends, the transition between isotropic
and oriented crystals occurs quite sharply between 5 and 10%, which is acbuiMke explain these data by

using a shish formation mechanism in which, to form shish kebabs, the combs must be mutually overlapping and
the comb Weissenberg number must be in the strong stretch regime.

1. Introduction coiled conformations, moving them closer to chain configura-

Itis well established that the crystallization of polymer melts tions found in crystalline polymers. Thus, the flow breaks down
can be drastically accelerated by bulk deformatidnhanced ~ POth the entropic and kinetic barriers to nucleation. The degree
crystallization arises from rapid nucleation of many small ©f chain stretching is also believed to have a strong influence
crystallites, followed by subsequent growth of crystalline OVer the type of nucleation. Two possibilities are commonly
material around these nucleation sites. The working hypothésis ~ observed: pointlike nuclei, from which spherulites grow, and
is that deformation leads to rapid homogeneous nucleation oriented threadlike nuclei (shish) from which the so-called shish
during flow, in contrast to the sporadic slow nucleation in kebab structure growsModerate chain stretching is expected
quiescent melts. Growth then proceeds centered on thesel0 produce enhanced pointlike nucleation, whereas stronger
established nucleation sites. Short-term shearing is an experi-stretching is thought to lead to threadlike nuétéi The striking
mental protocol that is designed to separate the processes ofjualitative difference between these two crystal morphologies
nucleation and growth. In this procedure, the melt is quenched can readily be observed via a number of experimental techniques
to the desired temperature and then subjected to a shear pulssuch as X-ray scattering, depolarized light scattering, optical
of duration much smaller than the typical crystallization time. microscopy, and electron microscopy.

As the period of deformation is short, negligible growth occurs  chain stretching in a melt can be enhanced by the addition
during the flow and so the influence of flow on the nucleation f 5 high-molecular-weight (M,) homopolymer additivé® The
process can be isolated. This principle was strikingly demon- longer relaxation time of the K,, material means that these
strated by Stadlbauer et &who observed homogeneously  chains can accumulate stretch at deformation rates that are
spaced and equally sized spherulites in polarized light micro- gecessible in well-controlled experiments. A number of inves-
graphs of an isotactic polypropylene (iPP) melt after a short- o ations into the effect of blend composition on crystallization
term extensional deformation. This is a strong confirmation that o1 4vior have been made. from which similar qualitative trends
the spherulites result from sudden simultaneous nucleationare beginning to emerge’ Seki et’astudied iPP melts and

dulzllng t_h%flovxs leati b q hai hi reported a transition to oriented crystals at sufficiently high shear
ow-induced nucleation can be connected to chain stretc NG rates, provided that the high-molecular-weight component

due to the flow. The flow distorts chains from their equilibrium, . /- 40 \was above the threshold for long-chain-to-long-
chain contact, that is;*. Yang et aP also observed oriented
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material, or both. These typical industrial materials have Table 1. Molecular Parameters for the Hydrogenated Polybutadiene

polydispersities with a significant M,, tail, which makes it Comb and Linear Species

difficult to define the overlap concentration because tié,H polymer Mn/g molt  My/g molt  polydispersity f./Mn)
tail of the matrix intermingles with the M,, additive. Further- 15K linear 16 800 18 100 1.08
more, molecular relaxation times cannot be clearly defined 50K linear 46100 50 000 1.09
because polydisperse materials have a spectrum of time scales.Comt® 129 600 140 100 1.08

As a consequence, the connection between microscopic Mo- aThe comb was determined to have an average of 5.5 randomly placed
lecular motion and crystallization phenomena is obfuscated. branches of a molecular mass of 15 100 g/man a backbone of 55 800

In this paper, we investigate this issue quantitatively by 9/mof.
studying blends of well-defined monodisperse samples of
hydrogenated polybutadienes. Long-chain branched comb mol-wherec* is expressed as a volume fractigris the melt density,
ecules were chosen as additives because their very longandNa is Avogadro’s number, we estimate ~ 0.06 = 6%.
relaxation times allow nonlinear flows to be achieved under We note that chain overlap occurs gradually with increasing
well-controlled conditions. We have performed a series of concentration, and so there is some uncertainty in quantitatively
crystallization experiments in which the melts were subjected defining the overlap concentration, meaning tbatcan only
to a pulse of preshear after cooling to the chosen crystallization Pe estimated. Additional prefactors have been used in expres-
temperature and the crystallization rates compared with thosesions forc*, such as of #/3 to account for the spherical shape
under isothermal, quiescent conditions. Crystallization was ©f the coiled chains. We exclude any such prefactors to reflect
followed using time-resolved X-ray scattering, which also gave the relative uncertainty in defining*. Nevertheless, our
information about the orientation of crystallites. From a mo- computed value of* provides an indication of the concentration
lecular rheology model, we calculated the melt relaxation times at which overlap will occur. Broadly, we expect little or no
of our comb and blended samples and confirm these time scalessignificant contact between combs in the 5% blends (blends
with linear rheological measurements. Finally, we explain our B15—5 and B56-5) and some contact and even overlap between
results with a simple picture of how relaxation times aridH ~ combs in the 10% blends (blends B150 and B56-10).
concentration influence the nucleation, kinetics, and final ~When considering the chain dynamics, it is important to

morphology of the polymer sample. distinguish between chain overlap and entanglement. Chain
_ entanglement occurs when there is extensive contact between
2. Theoretical Background chains that significantly restricts the chain dynamics. However,

By investigating blends of well-defined monodisperse samples it is possible for chains to be sufficiently concentrated to overlap
of hydrogenated polybutadienes, we observe the flow-induced Without the extensive overlap required to produce entangled
crystallization of materials whose dynamics under flow are dynamics. Given that our most concentrated blends just exceed
understood, in detail, through molecular theory. For the matrix the overlap concentratior*, we conclude that there are no
material, we have chosen entangled linear chains of moderatesignificant comb-comb entanglement in the samples investi-
length (either 15 or 50 kg mot), and for the high-molecular- ~ 9ated here. In Appendix A, our rheological measurements
weight additives, we use a model comb polymer with a qonfirm that the comb dynamics are independent of concentra-
backbone of 50 kg mol and branch length of 15 kg ndl. tion.

The addition of long-chain branching is known to increase ~ We predict values for the various relaxation times of our
relaxation times by orders of magnitude, allowing chain blends by using the DeiEdwards tube theot§ and confirm
stretching at lower flow rates, so our blends have a very wide these time scales by measuring the linear oscillatory shear data
separation in the relaxation times between the branched andfor each of the materials in this study (see Appendix A for
linear components. Four distinct blends were prepared, usingdetails). We use this modeling to provide various relaxation
two different length linear chains (15 and 50 kg migl times and to classify the flow regimes experienced by the
respectively) with combs blended at concentrations of 5 and polymer melts prior to crystallization. From these calculations,
10% (see Table 2). These blends allow us to systematically we conclude that, under the shear conditions used throughout
investigate the effect of comb concentration and relaxation time this investigation¢ = 100 s 1), no significant deformation of

on flow-induced crystallization. the linear matrix will occur; however, moderately strong

The degree of comb overlap in our comlinear blends stretching will occur in the comb blends with the 15 k matrix
potentially affects the flow-induced crystal morphology, and and very strong stretching in the combs in the 50 k matrix. We
comb—comb entanglements may affect the combs’ relaxation anticipate that any enhanced nucleation will result from the
processes. In particular, we are interested in mutual contactdynamics of the combs, with no contribution from the linear
between segments of chain that are stretched by the flow. In matrix material. Furthermore, the comb dynamics are unaffected
Appendix A, we demonstrate that the comb backbones are theby the change in concentration from 5 to 10% because the combs
only segments that can be stretched under our flow conditions.are not self-entangled. Thus, the degree of stretch is expected
Thus, we must compute the degree of comb overlap by only to be the same between these blends, while the density of
considering the backbones. To calculate the overlap concentrafootential nucleation sites will double, allowing us to investigate
tion, c*, for comb—comb contact, we require the equilibrium changes in crystallization rate and morphology as the density
dimensions of the combs. Crist etalsed small-angle neutron  of potential flow-induced nucleation sites is varied.
scattering to measure the radius of gyratiBg, of a range of .
linear hydrogenated polybutadienes, and we use their expressiors: Experimental Methods
(RyA = 0.5 Mw/(g mol 1)) to obtain a backbone radius of 3.1. Synthesis and MaterialsThe materials were synthesized
gyration of Ry &~ 116 A for the comb. From the formula, using anionic polymerization techniques. The synthesis and char-

acterization of hydrogenated polybutadiene (hPBd) combs and linear
samples has been described in detail elsewHefable 1, sum-
3 (1) marizes the molecular weights of the hPBd samples used herein.
Rg Nap The blends were made by mixing the appropriate amount of c&rBQ/

M

w
c* ~
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and platen press. Typical molding press temperatures were up to
180 °C, depending on molecular weight. The linear viscoelastic
modulus, G(w), was measured using either 10 mm or 25 mm
diameter parallel plates or a 10 mm diameter cone and plate with
1,2-polybutadiene 2° or 5° included angle. Master curves were produced from #ime
temperature superposition of frequency sweep data between 110
and 170°C by using WLF parameters consistent with those reported
in Pearson et dk The temperature range was limited to temper-
atures above the crystallization temperature (see Table 3), restricting
measurements to the low-frequency regime. For the pure combs
and comb-linear blends, some other features of the relaxation

spectrum could be measured, but only the terminal behavior was
accessible for the pure linear samples. To resolve the problems of
low measured torques in the low-frequency regime, we used

Figure 1. Schematic of short-chained branching in the PBds once unusually large strains of up to 50%. Linear response was assured,
hydrogenated. despite these high strains, provided the frequency was below the

Table 2. Composition of the Hydrogenated Polybutadiene melt terminal time. ) ) ]
Comb-—Linear Blends 3.3. X-ray Scattering MeasurementsTime-resolved quiescent

and shear small-angle X-ray scattering (SAXS) experiments were

1,4-polybutadiene
(cis- and trans-)

93%

7% randomly placed

H,

BT:TS =T ;gn};pl?s't'Ts(;WW) . performed at the Dubble GRG BM26B beam line of the European
(] Inear b com iati ili
Bl 10 90% 15 K lineark10% comb E)ér;gzgrgtron Radlatlpn Facility (ESRF), Grenoblg, France. The
B50-5 95% 50 K linear-5% comb eam line optics and construction are detailed elseihere.
B50—10 90% 50 K linear-10% comb The ESRF Dubble beam line operates at variable wavelengths, and
awavelength. = 1.03 A was used in this investigation throughout.
Table 3. DSC Melting and Crystallization Temperatures for hPBd Either a one-dimensional (1D) or two-dimensional (2D) multiwire
Homopolymers and Blends gas-filled SAXS detector was situalt8 m from the sample position
sample Tw/°C T4°C and instrumentation, and a vacuum chamber is placed between the
15 K linear 113 93 sample and .SAXS detectqr to reduce air scattering and absorption.
50 K linear 111 86 The scattering vector axigy, of the SAXS patterns were all
comb 104 79 calibrated using an oriented sample of dry rat-tail collagen.
Eé&%g 183 2‘7‘ 3.3.1. Quiescent Crystallizatioisk-shaped samples-(. mm
B50-5 107 89 thickness,~8 mm diameter) were contained in aluminum DSC pans
B15-5 108 94 (TA Instruments) fitted with mica windows~25 um thickness,

. i ) . ~7 mm diameter}’ The pans were placed into a Linkam DSC,
and linear hydrogenated polybutadiene together and dissolving in\hose design and calibration has been previously repétted.
toluene at 90C at a concentration of 2% w/v. Once the polymers  gamples were heated from 25 to 18D at a rate of 20C min .
had completely dissolved, the blend was precipitated in methanol. 5nq ‘held at this temperature for 5 min. The samples were
The blends were then filtered and dried under vacuum. The blend gpsequently quenched at 80 min-* to the isothermal, quiescent
compositions are listed in Table 2.~ crystallization temperaturd;, and held for up to several hours

The anionic polymerization of butadiene in a hydrocarbon solvent yenending upor; in the rangeT, < T, < Tm, WhereT is the
such as hexane results in a predominately 1,4-enchained structureg,ystallization maximum during cooling at 2@ min-L andT,, is
however, 7% of the monomer undergoes a 1,2-Michael addition e melting maximum heating at 2@ min-L. Time-resolved SAXS
purely at random during the polymerization. Short-chain ethyl measurements using a 1D SAXS detector system, were obtained
branches are produced when the 1,2-enchained units are hydrogegor each quiescent crystallization temperature. The X-ray data
nated, as shown in Figure 1. The linear hPBds are therefore acqyisition was collected & s per frame, with each frame separated
analogous to a polyethylers®-butene whereby ethyl groups are by 10 us wait time.
homogeneously distributed along a polyethylene chain with an o .

; 3.3.2. Shear-Induced CrystallizatioA. Linkam CSS450 shear
average frequency of one ethyl group for every 55 @peat units. ; ! ; .
The reduction in final crystallinity is a known consequence of the gteeun Ilgs\évgltg(]elt?r?sgrr'zgcviilﬂ?l;?wrti-\rl\g;d:pg?tSraedo?f;p{oeﬁI%ﬁle((jl 8(3)’

distribution of ethyl branches in such samples. Here, they can d dv sh induced lizati imil
effectively expand the crystalline unit cell by partial inclusion into ™M) Was usfe :10 st_uky shear-induced crysta |zat|o|n. \A%Z;g' ar
the crystal, hence causing defects and lowering the bulk crystal- <12y Setup for the Linkam CSS450 is documented else :

A 1.5 g sample of homopolymer or blend was placed in the shear

linity. 1213 However, often the ethyl branches will be completely I and the lid and b i |
excluded from the crystal into the amorphous or transition piase C€ll: and the lid and base gap was set to 500 All samples were
Iheated to a temperature of 18C at a rate of 10C min~1, held

as are any noncrystallizable longer branches, causing a stronge . . [
y y 9 9 9 for 5 min, and then quenched at 30 min! to the crystallization

depression of crystallinit{?

Melting and crystallization temperatures for all homopolymer tehmperat_ureTi. OnceT, hadhbeen re?chedéa pulse ijhﬁar 0:] 500
and blended hPBd samples were determined using a Perkin-ElmerS1€ar units, was given to the sample (100 s 5 s), and then the
Pyris 1 DSC calibrated by the melting points of indium and sample was left to crystallize quiescently at this temperature. Each

frame of time-resolved 2D SAXS measurements was recorded over

cyclohexane standards. Samples of masé®mg, in aluminum . M . e
pans, were subjected to heating and cooling ramps from 25 to 1405 s, with a 1Qus wait time between frames, until the crystallization
process was complete.

°C at 10°C min~1. Melting and crystallization temperatures were
obtained from the peaks of the endotherms and exotherms, during )
programmed heating and cooling regimes, respectively, using the4- Data Analysis

Pyris DSC software, and are reported in Table 3. SAXS data were corrected for background scattering by

3.2. Rheological MeasurementsThe relaxation times of each btracti tributi f th hot st d th
of the materials were characterized by linear oscillatory shear subtracting contributions from the camera, hot stage, an e

measurements on a Rheometrics ARES rotational rheometer undeftomogeneous hPBd melt, and corrected for any detector spatial
a nitrogen atmosphere. Polymer samples were vacuum-dried,distortion. Sample thickness and transmission was accom-
compacted using a piston and cylinder as necessary, and thermodated by using signals from two parallel-plate ionization

premolded to a suitable thickness and geometry using a templatechambers placed before and after the sample cell. CDV
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ﬁ for the crystallization process with respect to time using the

XOTOKO program. The characteristic long peridd, was
determined from the SAXS data by using a one-dimensional
correlation function approaéhr2> described later.

Figure 3 shows a normalized plot of quiescent and shear-
induced crystallization curves for the pure comb sample obtained
from the invariant calculation. The half-timeyf) of the
crystallization process is indicated on the graph. This value
Figure 2. Example of a sector integration of a 2D SAXS pattern. The represents the time to reach 50% conversion to the final full

white lines indicate the typical sector used (center 256, 256; constant ini i izati
start and finish angles 20160; radius of 248 pixels). The arrow fé)rfgillgtﬁ):e of that sample at a particular crystallization

indicates shear direction and meridian.

From the SAXS-normalized invariant data, Avrami pféts
were obtained for sheared and quiescent crystallizations. The
Avrami model takes the general form

The quiescent 1D SAXS crystallization data were reduced
to intensityl, as a function of scattering vector= (4 sin
0/1) where@ is the scattering angle, using the CCP13 software
program, XOTOKC?! The relative invarianQs derived from
the SAXS dat® was used to follow the development of ke
crystallization, 1-X=e 3)

Qs(t) = L ql(q.t) do ~ LTZ qI(a.t) dg (2) where X4t) = Q4t)/Qs() is the crystallinity,k is the rate

constant of the crystallization process, amds the Avrami

The shear-induced 2D SAXS data were reduced to an effectiveexponent, which provides information about the overall crystal-
1D intensity,le(q,t), by sector averaging symmetrically around lization rate and dimension of the growing crystalline material.
the meridian by a given angle, a fixed radiysising the CCP13  This model assumes that the nuclei for the “growth unit” (e.g.,
software program BSE! Figure 2 shows an example of the spherulites), are fixed in time, and it allows for the eventual
sector integration region taken on a typical SAXS pattern. From impingement of the growth unit, which limits further expansion.
this sector integration, the relative invaridit) was obtained To extract the values aof andk from the SAXS invariant data,
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Figure 3. (A) Quiescent and (B) shear-induced crystallization curves for the pure comb sample at several temperatures, shown by the development
of the invariantQq(t), from the SAXS data.
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Figure 4. Avrami plots (eq 4) from the crystallization curves for the comb sample at 90 ah@,95der quiescent and shear conditions, respectively.
In the linear region, the slope and ttve 1 intercept give the Avrami exponentnd the rate constant ky respectively. The quiescent crystallization
at 95°C suggests two regions of growth (see main text). CDV
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Figure 5. (a) Intensity atg* vs azimuthal angleg() from the oriented 2D SAXS data of the presheared pure comb sample°&t @ih respect
to time. (B) Example of a Gaussian fit to the final frame of data used to obtain the full width at half-maximum to calculate the degree of orientation.

Table 4. Avrami Exponent n for Various Types of Nucleation and I(g*, ¢), was examined at fixed radiug¥. The value ofg*
Free Growth was chosen as the radius at which the peak intensity occurs.
Avrami exponentn nucleation type and growth unit To obtain eacH(g*, ¢) value, the SAXS data were averaged
1 fibrils from instantaneous nuclei over a small region centered qu*, ¢) by using the BSL
2 fibrils from sporadic nuclei or disks program?! Typical data, covering the full 38Gange ing, are
_from instantaneous nuclei _ shown in Figure 5. The final full width at half-maximum
3 disk from sporadic nuclei or spherulites

(fwhm)® was obtained as an average of the two fitted peaks by

from instantaneous nuclei . G . k sh
4 spherulites from sporadic nuclei usm_g a Gaussian peak shape. )
6 sheaf from sporadic nuclei Finally, the SAXS data were analyzed using a one-

dimensional correlation function to derive several structural
the double logarithmic form of the Avrami equation is used: parameters associated with the crystals. The cosine Fourier
_ transform of the SAXS intensity data was calculated, and the
In(=In[XO) =nint+ink ) resulting curve is interpreted to extract parameters that describe
a model of lamellar microstructufé.3% These parameters
ajlpclude the long period or lamellar repeat distance, crystal and
amorphous layer thicknesses, and estimated volume crystallinity.
The one-dimensional correlation function is expressed as:

Figure 4 shows examples of the Avarmi plots for the pure
comb sample at various temperatures under quiescent and she
conditions. The Avrami exponent increases as the “dimensional-
ity” of the growth unit increases. Values of and the type of
nucleation process involved, are given in Table 4. 1 o

The comb sample has an Avrami exponent between 2 and 3 71(R == L I(9)q’ cos@R) dq 5)
when crystallizing under shear or quiescent conditions (Figure Qs
4), which could indicate a low dimensional growth unit. It should
be noted that, for the quiescent crystallization at@5a feature ~ wherel(q) is the scattering intensity. To perform the integration,
is seen in the Avrami plot indicating, apparently, two regions the non-Lorentz-corrected SAXS data were extrapolated to
of growth. From Figure 4, these two regions can be fitted with — % according to Porod’s la# | ~ g4, and toq — 0
distinctly different Avrami exponents, both with lines originating ~ according to the Guinier modél,| ~ A + Bcf.
fromt = 0, corresponding to the time at which the crystallization =~ The extrapolations and generation of the one-dimensional
temperature was reached. The first slope may be an artifact ofcorrelation function from the SAXS data was performed using
the low scattering signal during the early stages of the @ set of purpose-written programs, known collectively as
crystallization. However it can be misleading to disregard data Corfunc®>3 As an example, the correlation function for the
that represent early stages of crystallizafibAlternatively, this final frame of data from the comb sample sheared at@D
region may indicate a rapid but very low dimensional growth along with the interpretation of its features in terms of an ideal
process (Avrami exponent0.3), which occurs at the early two-phase lamellar morphology, is given in Figure 6. Correlation
stage, then is subsequently overwhelmed by the slower higherfunCtiOI"IS were performed on all the final data frames of the
dimensional growth that is seen at the later stage (Avrami quiescent and shear crystallizations. The structural parameters
exponent of 3) of the crystallization. extracted included the long periodyf, hard {Hp), and soft &)

Deviations from the Avrami model, such as the noninte‘ger block thicknesses relating to the crystalline and amorphous
or nonlinear plots that we find, are often attributed to the Stacking units, respectively, and the percent of bulk crystallinity.
simultaneous or consecutive of growth of the crystalline For the comb sample, correlation function analysis was per-
units®-30 and the other inappropriate assumptions in the Avrami formed on the complete time-resolved SAXS data, giving the
model. Nevertheless, the Avrami model allows us to assess howchanges in derived parameters with respect to time during the
far from these idealized situations the crystallization experiments crystallization process.
are.

To obtain an estimate of the relative orientation distribution
of crystallites postshear (where samples showed clear anisotropy 5.1. DSC Analysis.The initial DSC analysis of the ho-
in the 2D SAXS patterns), the angular variation of intensity, mopolymer and blended samples (Table 3) shows that theé)Br\?

5. Results and Discussion
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' ' ' ' ' ' ' also showed slight reductions ify, compared with the ho-

.'?
| long period: L ] mopolymers, again to be expected upon addition of the comb
o \ crystalline phase: L_ | material.
1 emoiphoe ps oL 5.2. Orientation and SAXS.From the 2D SAXS data, certain
18 Dullc crySteminity: fm..’(Ym ') 1 blends and the comb homopolymer clearly showed some degree

of orientation in the structure, which could be due to oriented
lamellar stacking or “shish kebab” structures. Figure 7 gives
some basic examples of commonly observed oriented SAXS
patternd’ and their corresponding arrangement of crystalline
and amorphous units. These simple patterns can be related to
the 2D SAXS data obtained here, although often a mixture of
structures can be identified.

: : . . . . In Figure 8A, several frames of SAXS data are shown for
0 100 200 300 400 the shear-induced crystallization of the pure comb sample at
R/A 90 °C. In Figure 8B, sector integratiorigy) are given for the
Figure 6. One-dimensional correlation function, calculated from final structure following crystallization at 90, 95, and 9C. It
Corfunc, for the final frame of data from the presheared pure comb is clear that, after-15 s, an anisotropic scattering pattern begins
sample crystallized at 9T, along with the interpretation of its features 4 develop, with meridional spots corresponding to Figure 7A
in terms of an ideal two-phase lamellar morphology. T . ) '
indicating the formation of well-defined lamellae stacked

comb sample has slightly reduced melt and crystallization perpendicular to the flow direction. Crystallization is nearly
temperatures compared with those of the pure linear homopoly-completed by~60 s, and the correlation function analysis gave
mers, as would be expected due to the long-chain branching ofthe final lamellar and amorphous stacking repeat petipes
the combs hindering crystallizatid®4 The blended samples  ~160 A.

p—
v-—-

1&0"‘) hous

w

Figure 7. Commonly observed SAXS patterns in oriented polymer samples. (A) Sharp meridional spots: broad parallel lamellae; (B) meridional
arc: several orientations of narrow lamellae or “shish kebab” structures; (C) diffuse spots: oriented fibrils with narrow lamellae or “shish kebab”
structures; (D) “four point” pattern: herringbone structure (Rober éfal.
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s, and the time intervals are given after the cessation of the shear pulse. (B) Corresponding final frame sector intégratgmdsfor determining

L. CDV



5064 Heeley et al. Macromolecules, Vol. 39, No. 15, 2006

o

3x10° T T T T T T Y T ¥ T

20 secs 35 secs

I(a)

A&  Shear 106°C

&
]
LS
2x10°
|
B Shear 102°C
j o Shear 104°C

1x10° 4

50 secs 60 secs 75 secs ] g

85 secs 200 secs 400 secs
Figure 9. (A) Two-dimensional SAXS patterns observed for shear-induced crystallization of Bb@t 104°C. (B) Corresponding final frame
sector integration$(q) used for determining.,.

& T T T T T
1.5x10° ‘c% .
3
% O Shear 103°C
1 ogio ? [y ® Shear 105°C
A = - 1
— 3 ar’c
S'secy 35 secs 60 secs G < = Sheelt
5.0¢10"
0.0 - - - :
0.00 0.01 0.02 q IA 0.03 0.04 0.05

75 secs 140 secs 200 secs
Figure 10. (A) Two-dimensional SAXS patterns observed for shear-induced crystallization of 85 103°C. (B) Corresponding final frame

I(q) used to determing,.

In Figure 9A, similar 2D SAXS patterns show the crystal- 100 - : i
lization of blend B56-10 at 104°C. In Figure 9B, sector = Comb
integrationsl(q) are given for the final structure following 405 1
crystallization at 102, 104, and 10€. Here, the patterns are
somewhat less oriented than those of the pure comb sample.
The mixture of diffuse spots and arcs indicates a component of
oriented fibril or “shish kebab” structure, while the faint diffuse
halo indicates that isotropic lamellae are also present in the final
structure. The long period obtained from the correlation function
following crystallization at 104C is ~210 A. B 1

The 2D SAXS data for the more dilute B58 blend at 103 40 . , | ,
°C shows no obvious anisotropy (Figure 10A). The crystalliza- BB e M 8 B 00 e 1M S e
tion is complete in~2 min, and the isotropic scattering ring T.fC
indicates a spherulitic lamella structure with a fihgl~ 200 Figure 11. Final peak width (fwhm) for comb and B5(0 samples
A. Both the B15-10 and B15-5 blends show similar isotropic, calculated from the azimuthal scans providing an estimate of crystallite
diffuse circular scattering patterns when undergoing shear- °"entation with respect to crystalization temperature.

induced crystallization. These were the only two samples that showed any anisotropy

The width of the scattering peak (fwhm) values are plotted in the 2D SAXS patterns, hence an estimation of the degree of
with respect to temperature for the comb and B20 samples orientation is made using the azimuthal scans. Generally, the
in Figure 11. degree of orientation in both samples is reduced aSCtB%

80+ -

Final FWHM /°
.
»>

60 -
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Table 5. Crystal Morphology Parameters from the Correlation Function Analysis on Samples Crystallized Following Shear and under Quiescent

Conditions?
% bulk
hard & soft block hard & soft block crystallinity
thickness/A: thickness/A: quiescentQu)/and
quiescent sheared sheared®
sample Ti/°C Lp quiescent/A Lp sheared/A Ho S Ho S Qu S
comb 90 300 165 55 245 35 130 17 18
95 320 170 51 269 35 135 17 17
97 200 45 155 13

B15-10 101 240 55 185 12

103 250 55 195 11

105 250 190 50 200 45 145 10 18

107 210 45 165 17

109 230 45 185 17
B50-10 100 330 56 274 17

102 350 200 52 298 43 157 15 14

104 380 210 55 325 44 166 10 19

106 380 220 55 325 46 174 10 15
B50-5 101 320 50 270 17

103 370 200 55 315 40 160 16 18

105 410 200 60 350 40 160 13 16

107 230 41 190 18
B15-5 105 340 190 55 285 46 144 12 9

107 370 200 58 312 46 154 11 11

aWhere parameters are not reported, either the crystallization was not performed at these temperatures (being too high for quiescent coralition and to
low following shear) or the lamella interpretation of the correlation function analysis failed.

crystallization temperature is increased toward the melt tem- 55 CH, repeat units where the average bond length is 1.54 A),
perature, indicated by an increase in the fwhm. This decreasewhich prevent large crystallites from formid§3° This is also
in orientation is influenced by the chain relaxation, which will reflected in the average percent of bulk crystallinity, which is
increase toward the melt temperature. However, it is difficult below 20% even in the sheared samples. Certainly, the low bulk
to compare the orientation for the blend and comb samples, ascrystallinity values for the hPBd samples is expected due to
the relaxation kinetics will differ greatly due to the influence the influence of short-chain branching defects and crystallization
of matrix material and the comparison at the same temperatureshistory. Thus, the reduction ih, of the crystallized sheared
is also not possible. The pure comb sample shows the greatessamples is due to the smaller amorphous regions resulting from
relative orientation at 98C, and it is expected that the relaxation the insertion of lamellae, but these crystalline units are small
times of the pure comb is longer that that of the same comb and diffuse with low overall bulk crystallinity.
molecules in the 50 k linear matrix in blend B500. The Some values of bulk crystallinity in hPBds have been reported
relative orientation estimation here indicates that the comb andto be as high as~40%/314 although this is still below the
B50—10 samples have an oriented macrostructure after pres-general value for commercial low-density polyethylene (LDPE),
hearing (at those temperatures investigated). The other blendswvhich can range between 50 and 68%epending upon thermal
did not show any relative orientation under the same preshearedand physical treatment. Higher values of crystallinity, compared
conditions. with those reported here, are mainly due to the differences in
The structural parameters for the final semicrystalline mor- thermal and physical treatment of the polymer. The crystallinity
phology for both the quiescent and sheared samples arevalues are determined here at the crystallization temperature,
summarized in Table 5. The long peribglgenerally decreases  which in all cases, are close to the melt temperature. However,
with decreasing crystallization temperature, indicating greater the crystallinity is higher if measured at room temperéttire
crystallinity and ordering of lamellae (reduced thickness of the rather than the elevated temperatures we have used here.
amorphous component). The long period also decreases when The time-resolved one-dimensional correlation function analy-
the system is sheared independent of the degree of orientationsis in Figure 12 shows how the morphology develops in the
Only during crystallization of the presheared pure comb sample presheared pure comb sample over a range of temperatures. At
and B50-10 was there any obvious orientation seen in the 2D the beginning of the crystallization process, the scattering is
SAXS patterns. The decreaskglcan be understood as being not yet that of a two-phase lamellar morphology. As the
due to the insertion and growth of small lamellae or “kebabs” crystallization proceeds, however, such a morphology develops.
(B50—10) or highly regular stacks of lamellae in the pure comb L, emerges and then decreases rapidly to a slightly smaller value,
sample compared with that of the quiescent crystallization. a trend also seen in the amorphous and crystalline block phases.
B50—10 does show some diffuse scattering, however, indicating The greater long period at higher crystallization temperatures
that some lamellae are randomly oriented in the sample also.indicates a larger amorphous thickness because the hard block
For the unoriented samples resulting from presheared meltssize remains practically constant &60 A. As expected, the
(B50-5, B15-10, and B15-5), the reduction irl, indicates total bulk crystallinity increases rapidly during the early stages
randomly oriented but more closely packed lamellae/amorphousof the crystallization process and is usually slightly greater in
repeat units compared with similar quiescent quenches. the presheared samples compared to the quiescent cases.
One feature that is common to both sheared and quiescentConventionally, lamellar crystal thickening is usually observed
crystallizations is that the thickness of the crystalline uH#)( during crystallizations in polyethylené%#!but this is inhibited
of either lamellae or fibril nature is relatively constant at an in the hydrogenated polybutadiene because of their short-chain
average of~50 + 10 A. This can be attributed to the presence branching and crystalline point defects and, hence, low bulk
of ethyl groups acting as point defects (approximately every crystallinity#2-44 cDV
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Figure 12. Time dependence of the long peridg), lamellae thicknes$y), and amorphousS;) components during the crystallization of the pure
comb sample after shear at (A) 9Q, (B) 95°C, and (C) 97°C and (D) change in average bulk crystallinity.

The morphological parameters extracted from the correlation temperatures. Unfortunately, Avrami analysis cannot separate
function analysis show simply that, as the crystallization the influence of nucleation type from dimensionality of the
temperature decreases, the overall crystallinity increases and therystallites. Crystallizations postshear generally show an Avrami
long period decreases, as expected. Imposing a shear flow orexponent lower than that for the corresponding quiescent
the sample before crystallization tends to increase the overall crystallization, consistent with a shift away from sporadic toward
crystallinity but reduces the periodicity because there are more instantaneous nucleation. The sheared crystallizationsgive
thin crystals formed that are closer together. The same trends2, which indicates a low two-dimensional growth of a fibril or
are followed with respect to crystallization temperatures inde- rod, although no correlation betweanand orientation in the
pendent of the flow history. The one-dimensional correlation SAXS patterns is evident. As the crystallization temperature
function analysis only provides a correct morphological descrip- increases, the value afi generally decreases in quiescent
tion for an ideal two-phase lamellar system. While this is entirely crystallizations but there is no general trend in the sheared data.
appropriate for quiescent crystallizations, the application of an This implies that the dimensionality of growth is reduced with
isotropic cosine transform is not formally correct for oriented increasing crystallization temperature for both the presheared
systems. In many casés,*” however, correlation function  and quiescent samples. Interestingly, the lowest Avrami expo-
analysis has successfully been applied to semicrystalline nent is seen for the blends B15 and B15-10, which in some
polymers, where the one-dimensional correlation function from cases is< 1, suggesting a very low dimensional dendritic type
2D SAXS is used to describe the variation in electron density of growth unit, which has been identified for lower-molecular-
along the fibril or lamellae stack. Here, we have applied the weight branched polyethylené%30 The Avrami rate constant
one-dimensional correlation function analysis to both the kis greatly increased from the quiescent crystallizations to the
anisotropic and isotropic 2D SAXS data to describe the shish presheared crystallizations, and generally decreases with in-
kebab or lamellar stacking during crystallization for comparison. creasing crystallization temperatures, thus supporting the sup-

The integrated total intensity was used to assess the timeposition that shear increases the nucleation kinetics while the
dependence of crystallization. First, the normalized SAXS crystal growth slows down as the temperature is increased.
crystallization curves were plotted and the crystallization half-  Figure 14 presents the crystallization half-times as a function
times (1/2) obtained. These crystallization curves are given in of 1/T for both quiescent and shear crystallization of the blends,
Figure 3 for the pure comb sample and in Figure 13 for the the pure comb and linear homopolymers. The data fall on
blends. For the quiescent crystallizations in Figure 13, the straight lines of similar slope, indicating a consistent Arrhenius

complete crystallizations are not showntte= o, but all ty/, temperature dependence of the rate of crystal growth. As
are calculated using the complete crystallization curves. expected for the blends, the quiescent crystallization is unaf-
Table 6 shows the Avrami exponentrate constank, and fected by the addition of small amounts of combs; the rate is

the crystallization half-times for the cases where data for sheardetermined by the molecular weight of the matrix and is
and quiescent crystallization have been obtained at the samecomparable to that of the pure matrix. The quiescent Cry%%'i/
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Figure 13. Normalized crystallization curves for presheared and quiescent blends at several temperatures. The data from quiescent samples are
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only shown over the time range of the sheared crystallizations for comparisofi,;lisitcalculated from the entire crystallization.

Table 6. Avrami Analysis and Crystallization Half-Times for Pure
Comb and Blend Samples at Temperatures for Which There Is Both
Quiescent and Sheared Data

Avrami

exponenn

In k/s™1

tyls

time, however, is consistent with the significantly larger
nucleation area expected for threadlike nuclei when compared
with pointlike nuclei. Finally, in each sample, the scaling of
the half-time with temperature is the same in the quiescent and
sheared experiments, confirming that the growth rate following

sample Ti/°C quiescent shear quiescent shear quiescent shear nucleation is not affected by the shear history.

comb 90 3.0 22 -138 -6.9 129 20 5.3. Interpretation of the Final Crystal Morphology. Now
95 19 21 -127 -81 708 40 we relate the crystallization rate and morphology to the
B15-10 118;5 gg g.'85 :i;:i :é:g Alég 17 relaxation times of the blended combs. In particular, we discuss
B50-10 102 38 20 -188 -6.0 372 17 the connection between flow-induced molecular stretch and
104 3.0 1.9 -186 —-6.3 864 22 enhanced crystallization rate and demonstrate that a specific
106 16 18 -130 -75 2340 56 regime of both shear rate and comb concentration is required
B50-5 103 2.1 18 -1r1 -66 550 90 to form shish kebabs. To predict the degree of flow-induced
105 2.4 23 -181 -—87 1445 185 : . ) R
B15-5 105 29 08 -130 -11 200 chain stretching, we compare the effective relaxation times of
107 3.2 1.6 -185 -53 457 18 the blended combs, computed in Appendix A, to the deformation

rate. No stretching occurs in the linear matrixes due to their

lization of the pure combs is significantly slower than the other fast relaxation times and so we can assume that all changes in
materials. In fact, for all materials in the study, the quiescent nucleation and crystallization rates to arise from the combs.
crystallization half-time follows the same sequence as the bulk  Although samples containing combs had flow-enhanced
relaxation time, as both of these processes are diffusion crystallization rates, only a few had oriented 2D SAXS patterns,
controlled. For blends B155 and B15-10, the half-time of which are due to shish kebab formation. To form shish nuclei,
the sheared crystallization roughly halves when the density of the chains must be oriented at the monomer bond level and
combs is doubled. This is consistent with no change in chain this level of orientation can only be produced by chain
dynamics between blends (see Appendix A) and the density of stretching. Two regimes of stretching can be identified based
nucleation sites rising in proportion with the comb density. The on the chain configuration. In the moderate stretching regime,
difference in half-time between blends B58 and B56-10 the contour length of the tube is increased by flow but the chain
changes more dramatically upon changing the comb concentra-configurations remain essentially Gaussian, where the degree
tion from 5 to 10%. The qualitative difference between the final of bond orientation is low. Conversely, in the strong stretching
morphology for these two blends means that a direct correlation regime, the contour length is increased to close to its maximum
between the crystallization half-time and comb concentration value, the influence of finite extensibility sets in, and the amount
cannot be made for these blends. The observed shift in half-of bond orientation is large. It is generally assumed thatCB\/
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between shear-induced and quiescent crystallizations at several temperatures.

- relaxation will be severely impeded and the flow will readily
pull the molecule taut. These taut molecules will form threadlike
nuclei. For this to occur, nucleation sites must be sufficiently
close together to allow molecules to participate in multiple
nucleation events. In other words, the comb concentration must
above the overlap concentratioo*. The bundlelike nuclei

)j\ shown in Figure 15 correspond to the very early stages of

crystallization, and our hypothesis does not suggest that oriented
lamellae are formed before the threadlike nuclei. Instead, we
suggest that lamellae growth occurs later, around the oriented
Shear flow nucleation sites provided by the taut chains.

Figure 15. Possible mechanism for the formation of threadlike nuclei. We computed the overlap concentration to be 6%, so that
Chain segments between nucleation events are pulled taut by the ﬂOW'the 10% blends are sufficiently concentrated but the 5% comb
lends are below this threshold. A further condition is that the
ow-induced nucleation rate must be rapid enough to produce
the required nucleation density during the flow. That is, even
if the potential nucleation sites are sufficiently concentrated, if
an insufficient fraction are activated by the flow, the creation
of threadlike nuclei will be impossible. Although the dependence

produce shish kebab structures and the subsequent oriente
crystal growth, the large bond orientation resulting from strong
stretching is requireé This implies that moderate stretching is
sufficient to enhance crystal nucleation. Chain stretch relaxes
with a time scale that is determined by the chain Rouse time,
7r. We calculate these Rouse times for all materials in this study ; ; . . e
in Appendix A. To deduce the amount of stretching produced of the_nucleatlon density on flow condmon_s is more dIfLIEUH

in a particular flow, one must compare the Rouse time to the 0 estimate, the nucleation rate should increasey &g
deformation rate through the dimensionless Weissenberg num-Ncreases, so there must be a critical Weissenberg number that

ber, which is the product of the deformation rate and relaxation produces the necessary nucleation density. It is meaningful to
time. In terms of the shear Weissenberg number, the condition €0mpare Weissenberg numbers across all of the blends in this

for weak stretching i’z > 1, and for strong stretchingzr study because all ther s_hea_r conditions (e_.g., total strain,_shear
> 1 is necessarf® The precise quantitative condition for strong geometry, etc.) are identical in all our experiments. This crmc_;al
stretching, particularly in shear, is not well established. Recent WWeissenberg number may lower with increased concentration,
work has demonstrated that the degree of chain stretching inalthough a Q|rect the.oretlcal connection betwgen shear history
steady shear increases slowly with shear rate for entangleg@nd nucleation density cannot be made at this stage.
polymers?® explaining why large Weissenberg numbers are  The above arguments are summarized in Figure 16, a
necessary for strong stretching in shear. In the case of eomb nonequilibrium morphology map with Weissenberg number and
linear blends, the comb stretching is controlled by the comb comb concentration as the independent variables. The positions
Rouse time,75°™, which is mediated by the linear matrix. ~ of all blend data points are known from the calculations in

These time scales are computed in Appendix A. Appendix A. The multiple points corresponding to each blend
The above argument, based on the shear rate compared t@rise from measurements at different temperatures, producing
Comb

stretch relaxation times, does not explain the observation thatsmall changes ing ", computed by timetemperature super-
oriented growth is very sensitive to theMs, concentration. position, as described in Appendix A. The two conditions for
References, 7, 8, along with our data, demonstrate that orientedoriented crystals in the blends are plotted as dashed lines. The
growth is sharply enhanced when theMi concentration concentration condition can be readily plotted becatrsés
exceedg*, suggesting that a cooperative effect between slowly known. However, the line corresponding to the critical Weis-
relaxing chains controls the formation of shish. This observation senberg number cannot be accurately positioned. Our only
can be explained by the hypothesis that nucleation points areapproach here is to use our experimental result that blene-B50
able to act as effective cross links under flow, as shown in Figure 10 shows oriented crystals, indicating that this line must bisect
15. If a HM,, chain participates in two distinct nuclei, it will  the points corresponding to blends B5D0 and B56-5, as
effectively be pinned in the bulk melt. Consequently, its drawn. A number of features arise from Figure 16. Our fo(lleV
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A TR MRS TR R, change in kinetics induces a stronger dependence of the half-
Oriented crystals time on comb concentration. More detailed theories relating

flow-induced crystallization to molecular motion are needed to

obtain a deeper understanding into these results. In particular,

a theoretical connection between molecular configuration and

nucleation would allow a more quantitative interpretation of our

i data. Further factors, such as the effect of shear time and

: ] temperature, may also be influential and warrant investigation.

! BS0-5 Similar results may also be possible with lineéinear blends
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blend compositions appear to fall one into each of the four Appendix A: Time Scale Calculations
quadrants defined by the conditions for oriented crystals. Thus, The amount of deformation at a molecular level caused by
in our data, both conditions must be met for oriented growth. {16,y is determined by comparing the molecular relaxation times
Also, blend BSE-5 falls just belowc*, yet despite its very high 15 the shear rate. Thus, the relaxation times are essential for a
stretch Weissenberg number, there is no evidence of orientedmeaningful comparison of flow-induced crystallization between
crystals in the SAXS data from this material. This indicates itfarent molecular weights, architectures, and chemistries. In
that, with our monodisperse materials, the transition between ;g Appendix, we predict the various relaxation times for the
isotropic and.orit.anted crystals occurs quite sharply betwgen 5samples in this study and then confirm these time scales by
and 10%, which is arounc'. In summary, our proposed shish  ¢mnaring to linear oscillatory shear measurements (see Section
formation mechanism (Figure 15) directly explains the strong 3 5 for details of these measurements). These time scales are
influence of high-molecular-weight concentration on final flow- seq in the main document when interpreting the crystallization
|nduceq morpholpgy. In particular, it explains the change from data. The DotEdwards tube theor}f is the most successful
spherulites to shish kebabs between blends-B5@nd B56- model for the dynamics of concentrated polymer fluids. In this
10 even though both blends are sheared with the samegnnoach, the complicated many-body interactions that arise
Weissenberg number. However, a direct microscopic confirma- hecause neighboring chains cannot pass through each other are
tion of this mechanism is not possible using our experimental oqeled, in a mean-field way, as an effective tubelike constraint
protocol, and further investigation is required to validate this .4.nd the test chain. We employ three different models, all
picture. based around the tube thedfto model the different archi-
tectures in this work. To model the pure linear polymers, we
use the recent theory by Likhtman and McLet8Hpr pure
We have performed a quantitative investigation of the effect combs, we use the theory of Daniels et’ahs implemented by
of molecular structure on flow-induced crystallization. We Inkson et al5?and to model the comblinear blends, we use a
investigated blends of monodisperse materials which, when simple combination of these two theories.
combined with molecular theory, allow us to unambiguously ~ Two primary relaxation mechanisms emerge from the tube
define blending concentrations and component relaxation times.model. Chains relax their orientation by diffusing back and forth
As our high-molecular-weight components are long-chain along the tubes defined by the chain contour. This process is
branched, a particularly wide separation of time scales betweenknown as reptation and occurs on a time saalehe reptation
the components was achieved, which allowed us to isolate thetime. A large deformation may also increase the contour length
influence of the W, fraction on flow-induced nucleation. or stretch of a chain and this is relaxed by retraction. The chain
Various regimes of deformation rate and concentration were retracts along its tube, driven by its entropic spring force, moving
identified and could be related to the orientation observed in the stretch toward its equilibrium value with no change in
the final crystal structure. We identified four regimes of flow orientation. The time scale for this mechanism is the chain Rouse
rate and HWl,, concentration and demonstrated at our four blends time, 7r. In all caseszy > 7r. The long-chain branching in the
fall one into each regime. From our results, we presented acomb molecules significantly increases bagrandzy relative
hypothesis to explain how molecular structure and flow condi- to the linear chains because the sidearms strongly impede the
tions control the orientation of crystal morphology. This relaxation. In fact, the extra effective drag from the side branches
hypothesis can be tested by future experiments, investigatingincreases exponentially with arm lengthAll time scales can
flow rates and concentrations that are intermediate to thesebe computed from the chain architecture along with three
results. molecular parameters, each of which depends on the chemical
We have also discussed the connection between crystalSpecies but not molecular weight or topology. These parameters
growth kinetics and molecular configuration under flow. When are the Rouse time of an entanglement segmegt,the
the crystal growth remains isotropic, the crystallization half- molecular weight between entanglemem, and the plateau
time is inversely proportional to the comb density, suggesting modulus,Gy. For hPBd, at 170C, these parameters are; =
that the comb dynamics are unaffected and that only the density11.9 nsMe = 1.26 kg/mot?, andG;, = 2.25 MPa23 The time
of potential flow-induced nucleation sites changes. When scale 7. was shifted to 170°C using time-temperature
considering the transition to threadlike nuclei, this qualitative superposition (TTS) with the WLF parameteiS; = 1.80,C, CDV

6. Conclusions
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Figure 17. Comparison of linear shear rheology, at TR (a) pure linear samples with the Likhtman and McLeish thé&(ip) pure comb with
the Daniel8! and Inksorf? theories.
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Figure 18. Linear rheology, at 170C, of comb linear blends compared with a detailed self-consistent theory and a simple Rouse theory where

75°™ s taken as a free-fitting parameter.

Table 7. Relaxation Times for the Comb-Linear Blends at 106 °C?

= 283 K, andT,ef = 170°C.15 These literature values for the

TTS parameters were found to superpose our frequency sweep_UMe Scale/s 15K 50K pure comb
data from a range of temperatures very well. The comparisons e 4.00x 10 © 4.00x10 4.00x 107°
between theory and experimental data for the pure linears and ;‘; é'goxxulrﬁ g'ggi igs %ng

the pure comb, using only these parameters, are shown in Figure ~_ comb 0.044 1.65 N/A

R
omb

17. Given that good agreement between data and theory is found . J or 1o the I terials and ers 1o the dilut

H H T4 and tr rerer to the linear materials a refers to the ailute
usmg'only lltera’.[ure parameters, we ConC_:IUde that the mOleCUIarcomb. All time scales are independent of comb concentration at the
theories are reliable and that they provide accurate values forcgncentrations used in this work.
the molecular relaxation times.
d simple estimate for the comb contribution to the linear relaxation

Theories for comblinear blends are not as well establishe .
modulus is a Rouse spectrum.

as those for pure combs or linears. In this case, we make a

relatively simple generalization of the linear and comb theory %
used above. For all of our comttinear blends, the combs are G(t) = ¢ GOE ex —2 @)
self-dilute and so no combcomb entanglement effects are b NS,,.Z 7Comb

observed. Furthermore, the normal reptation and retraction R

processes of the combs are significantly hindered by the branChThis contribution is proportional to comb concentration and is
points. In this situation, the fastest relaxation mechanism for _y4aq to the spectrum of the linear matrix. Equation 7
the comb backbone is via the release of constraints due to "”earcorresponds to assuming that each entanglement segment of the
chains. Under the action of constraint release, the entangledsomp has the same mobility, which is due to a single constraint
comb behaves like a free Rouse chain with segment mobilities rejease rate determined by the reptation time of the linear chains.
set by the motion of the linear chains. We denote the longest jowever, in reality, the combs experience a broad spectrum of

relaxation time for this proces§,”"which, at a scaling level,  relaxation times resulting from the range of relaxation processes
can be estimated as: available to the linear chains in the matrix. This can be
accounted for self-consistently with the constraint release

T(I;,omb% VSOZ_L_LiInear (6) algorithm used in ref 50. This algorithm replaces the sum in eq

7 with a numerically computed series of Maxwell modes, which
is determined from the dynamics of the linear matrix. The results
where s, is the number of entanglements along the comb of these calculations are shown in Figure 18. In both pairs of
backbonezl|"*® is the reptation time of the linear matrix, and  blends, the addition comb material produces an extended
¢, is an order one parameter that controls the strength of shoulder in the elastic modulus, the size of which is proportional
constraint release (see refs 10, 50, and 51 for full details). A to the comb concentration. This confirms that, as expected E(%Q/
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the c* calculations, the comb dynamics are independent of
concentration and that, when the matrix material is fixed, the

pairs of blends have identical comb relaxation times. To capture (22)
the comb contribution quantitatively, we required a separate

value of the constraint release parametgy,for each matrix
length. We used, = 0.4 for blends B56-10 and B56-5 and
1.0 for blends B1510 and B15-5. Although these values are
within normal limits, there is scope for further theoretical
progress in understanding comlinear blends.

Also included in Figure 18 is the simple Rouse theory of eq

7, whererS"™ s taken as a fitting parameter, which does not
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