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Abstract: Manufacturing of plastics is typically performed via flow processing of a molten
polymeric fluid. Until recently, conventional knowledge has maintained that the deformation of
the constituent molecules under flow is homogeneous and obeys Gaussian statistics. In this study
via virtual experimentation, an entangled polyethylene melt subjected to planar elongational flow
displayed an unanticipated microphase separation into a heterogeneous liquid composed of regions
of either highly stretched or tightly coiled macromolecules, thus providing a natural realization of
a bi-phasic coil-stretch transition.
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The polymer and matrix composite industries represent roughly 15% of the
manufacturing segment of the U.S. Gross Domestic Product and about 3% of the total. These
industries produce a huge variety of products ranging from simple household items to state-
of-the-art electronic components, including many high performance composites used in
aeronautical, military, and biomedical applications. Flow of polymeric fluids is therefore of
fundamental and practical interest since most polymeric materials are processed in the liquid
state; however, quantifying the complicated response of polymeric fluids to hydrodynamic
forces arising in manufacturing operations has posed tremendous challenges to developing
models and simulations that can accurately predict the dynamical behavior of polymeric flows.

Many plastics processing operations involve elongational flow of a polymer melt, in which
the fluid is stretched in one direction while being simultaneously compressed in at least one
orthogonal direction. Theoretical models of polymeric liquids undergoing elongational flow
invariably provide similar descriptions of the microstructural response of the constituent
macromolecules; i.e., with increasing flow strength, quantified in terms of the dimensionless
Deborah number (De), the chains stretch out and align in the direction of flow and compress in
the direction perpendicular to the flow [1-3]. The average configurational state of the fluid is
assumed to possess a unimodal Gaussian distribution of chain extension, which increases in
height and decreases in width as De increases, with the peak also shifting to higher values of
molecular fractional extension, x, for higher flow strengths—see the inset in Fig. la. This
generic behavior is generally assumed to hold true for all types of flexible macromolecular
liquids, ranging from unentangled dilute solutions of polymer molecules dissolved in organic or

aqueous solvents to highly entangled concentrated solutions and polymer melts.
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In spite of the prevailing view, in 1974 de Gennes used the elastic dumbbell model of kinetic
theory [2] to demonstrate that dilute solutions of polymers undergoing planar elongational flow
(PEF) could exhibit multiple steady-state configurations at De =~ 1, where the ratio of the
timescale of the macromolecular stretching, 7z (the “Rouse time”), and the timescale of the
imposed flow, £ 1 (& being the strain rate), were approximately equivalent [4]. Two of these states
were determined to be stable (i.e., a bistable equilibrium), one corresponding to a relatively coiled
configuration and the other to a relatively stretched state. Consequently, the configurational
microstate of the system in the vicinity of De =~ 1 was apparently flow-history dependent, and thus
possibly giving rise to a hysteresis in the flow profile that de Gennes dubbed the “coil-stretch
transition.” In spite of the initial theoretical prediction of the coil-stretch transition, a debate ensued
regarding the reality of a bistable steady-state configuration [5,6]. In view of the inherent
difficulties associated with controlled elongational flow measurements, it was not possible at the
time to perform experiments that could resolve the issue.

Toward the end of the 20" century, advances in experimental instrumentation had evolved to
the point where direct visualization of macromolecular configurations could be implemented under
a precisely controlled elongational flow. Perkins et al. were able to visualize the configurations of
individual fluorescently labelled DNA molecules in dilute solution undergoing PEF and observed
that otherwise identical molecules extended under flow to widely varying lengths over a broad
range of timescales [7,8]. Schroeder et al. performed similar visualization experiments on
fluorescently dyed DNA molecules in dilute solution subjected to PEF over a wide range of De
[9]. Two distinct experiments were conducted at each value of strain rate, €, to determine if a
hysteresis was evident in the macromolecular configurational response: one in which the strain

rate was imposed from the equilibrium (no-flow) state and another in which € was reduced to the
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equivalent value of the first experiment after pre-straining the material at a relatively high rate
(De > 5). Evidence of a bistable steady state was clearly observed in the range of De € [0.3,0.6],
implying a hysteresis behavior in the flow profile which was very similar to that predicted by de
Gennes thirty years prior.

Dilute solutions, such as those studied by de Gennes and the visualization experimentalists,
are composed of independent polymer molecules dissolved in a low molecular weight solvent at a
concentration low enough such that the individual macromolecules do not interact with each other;
however, industrial processes of plastics and fibers are primarily involved with concentrated
solutions and melts, which are typically composed of densely packed and highly entangled
molecules. Theoretical and experimental studies of the coil-stretch transition to date have primarily
examined dilute solutions because they are relatively easy to analyze, both theoretically and
experimentally. From an experimental perspective, visualization of individual chains in a dense
liquid or melt is very difficult for a variety of reasons, not the least of which is because the
individual polymer chains mutually interact with each other, thereby influencing the bulk liquid’s
macroscopic dynamical behavior.

Although traditional laboratory experiments of entangled polymeric liquids undergoing PEF
are quite difficult to conduct, virtual experimentation can now be considered as a reliable
alternative in certain circumstances. In the present case, the term “virtual experimentation” refers
to atomistic computer simulations that track the phase-space trajectory of the system in response
to an imposed PEF velocity gradient by solving Hamilton’s equations of motion for the position
and momentum of each atom. This is accomplished via equilibrium and nonequilibrium molecular
dynamics (NEMD) simulations of realistic atomistic chains at actual experimental state points.

NEMD simulations of a monodisperse, linear Cio00H2002 polyethylene melt were performed in the
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NVT statistical ensemble at 450K and the experimental density of 0.766 g/cm® using the
Siepmann-Karaboni-Smit (SKS) united-atom potential model [10]. This potential model considers
each carbon atom along the polyethylene chain, together with its bonded hydrogen atoms, as a
united-atom particle which interacts with its neighboring atoms, both those on the same molecule
and surrounding atoms from other molecules, as sites of energetic interaction that are used to
quantify the net force experienced by each atom appearing in Hamilton’s equations of motion. The
SKS model has been used in many studies of alkane and polyethylene fluid behavior, and is well-
recognized for providing a very realistic physical description of the thermodynamic and
rheological properties of polyethylene liquids under both quiescent and flow conditions. The
simulations involve the simultaneous solution of 6N differential equations, 6 for each atom’s
position and momentum coordinates where the number of atoms, &V, can range up to 2,000,000.
Hence the computational methodology must be highly parallelized and implemented on massively
parallelized platforms to attain steady-state conditions and provide statistically reliable data. (See

Supplementary Materials for simulation details.)

Virtual experimentation of the sort described above recently revealed a new, unexpected
phenomenon for PEF of a Cip00H2002 liquid; i.e., a bimodal distribution of molecular extension was
observed at intermediate flow strengths in the range of De € [0.3,1.5]—see Fig. la [11]. This
observation was counterintuitive, especially in view of the almost universal prediction of
rheological theory which enunciated unimodal distributions at all values of De, such as the case
depicted in Fig. 1a(inset). These two peaks correspond to a tightly coiled configurational state and
a highly stretched state at intermediate De, thus providing clear evidence of a bistable steady state,
which occurs in an entangled dense liquid rather than a dilute solution. Furthermore, the two

configurational states apparently coexist; it is not simply a case of one state or the other being
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present, as might have been intuitively expected—see Fig. 1b. As such, virtual experimentation
provided an initial insight into the world of entangled polymer melts that exhibited an underlying
similarity to the coil-stretch transition and hysteresis first envisioned by de Gennes for dilute

solutions (see Fig. S1a of the Supplementary Materials), which could not have been achieved using

traditional laboratory experimentation [11]. However, the true nature of the bistable steady state
observed in the entangled polyethylene liquid had yet to be revealed.

Figure 2 displays snapshots of the Ci000H2002 melt undergoing PEF at a flow rate of De = 0.6
at a randomly chosen time instant. The Hencky strain, 5 = £t, not only provides a quantitative
measure of the dimensionless time, but also of the relative deformation of the material [1]. In these
snapshots, molecules with small extensions are coded with cooler colors, whereas highly extended
chains are shown in warmer colors. It becomes clear from Fig. 2 that the bistable configurational
states not only coexist, but also that the constituent molecules become segregated via an
inhomogeneous microphase separation into large domains of relatively coiled molecules that are
surrounded by thinner regions of highly stretched chains. The coiled domains consist of entangled
molecules, similarly to the entire system at equilibrium, whereas the stretched regions are almost
devoid of entanglements: the average entanglement number per chain, Z;, (calculated using the Z1
core of Kroger [12]), is 25.1 at equilibrium, but 21.3 within the coiled domains and 5.6 within the
stretched domains at De = 0.6 (see also Figs. S1b and S6). Figures 2a and 2b display the
simulation cell looking down the z and y coordinate axes, respectively, revealing that the highly
stretched molecules effectively form planar sheets that weave between the spheroidal domains of
coiled molecules forming a heterogeneous, biphasic system. Such startling behavior represents a
remarkable departure from the theoretical expectation. To ensure that this phenomenon was not

influenced by the size of the simulation cell or its periodic images, a much larger simulation cell
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(9% the original) was also employed, yielding essentially the same results (see Supplementary

Materials and Fig. S2).

The time evolution of the liquid upon application of PEF from the quiescent state at De = 0.6
is shown via a series of snapshots at various time instants in Fig. 3. The biphasic microstructure
develops slowly over time in a two-stage process: during the first stage, some of the molecules are
highly elongated whereas others remain tightly coiled. In the second stage, the coiled and stretched
chains form into spheroidal domains or thin sheet-like regions, respectively. Hence the
characteristic timescale of the first stage is that of macromolecular stretching, whereas that of the
second stage is somehow associated with a diffusive-type process. Furthermore, the molecules
within the coiled domains are highly entangled with each other (see Figure S1b), which is a process
governed by a timescale that is likely much longer than the timescale of stretching.

The region of flow strength where the biphasic state exists is roughly De € [0.3,1.5], as
evident in the snapshots displayed in Fig. 4. At De = 0.06, all molecules remain in coiled
configurations, and the uniphasic microstructural state is only slightly more extended than the
equilibrium case. Furthermore, for De > 2, a unimodal configurational distribution is once again
evident, consisting only of highly elongated molecules oriented in the flow direction. Within the
biphasic flow regime, however, the size and number of the coiled domains, and concomitantly that
of the surrounding sheet-like layers, are highly dependent on flow strength.

The configurational microphase separation evident in Figs. 2-4 is similar to the segregation
of chemical species that occurs in microphase separation of block copolymer systems based on
Flory’s thermodynamic theory of polymer solutions [13-15]; however, whereas multiphasic
systems of block copolymers are generated from unfavorable energetic interactions between the

immiscible blocks, there is obviously no such energetic effect active in a polymer liquid composed
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of identical molecules. The reason that the phase separation occurs in the polyethylene melt is
probably related to the effects of the imposed PEF on the free energy of the system. The Helmholtz
free energy, A, consists of an energetic and an entropic contribution, such that a change in free
energy (at constant temperature T) is expressed as AA = AE — TAS, where E and S are the internal
energy and entropy, respectively [3]. According to the principle of virtual work, the stress
exhibited by a fluid is assumed to result from a minimization of the system free energy.
Statistically, any extension of the molecules results in an entropic penalty to the free energy; hence
there is a strong statistical incentive for the chains to remain coiled. Nevertheless, the applied PEF
will coerce at least some of these molecules to extend. On the other hand, Ionescu et al. have
shown that highly elongated polyethylene chains, stacked side-by-side, exhibit very favorable
energetic nonbonded intermolecular Lennard-Jones interactions, which effectively lower the
system energy [16,17], similarly to the nematic ordering that occurs in liquid crystals.
Consequently, there is apparently a delicate balance of energetic and entropic effects at play in this
system which result in the configurational microphase separation observed in Figs. 2-4 as the
overall fluid system optimizes its overall energetic state in accord with the laws of physics.

It bears emphasizing here, once again, that the PEF flow cell is composed of completely
identical polyethylene molecules, which effectively eliminates many arguments concerning the
physical origin of this microphase separation. In what appears at first glance to be a very similar
system composed of a bidisperse blend of a highly entangled host polymer containing a sizable
fraction of much smaller chains, Olmsted and Milner observed a similar phase separation when
the free energy bonus caused by orientation of the longer molecular component compensated for
the free energy demixing cost of segregating out the shorter (and much smaller relaxation time)

component [18]. Clearly, this mechanism is not valid in the present case since the molecules
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comprising the coiled and stretched domains are identical; hence there must be something more
subtle underpinning the configurationally induced demixing, such as a “dissipative structure” (a
term coined by Prigogine but inspired by Onsager’s hypothesis of minimum dissipation) formed

to reduce the system dissipation—see the Supplementary Materials. As observed in the

visualization experiments described above [7,8], the identical DNA molecules under PEF in dilute
solution took on coiled or stretched configurations almost randomly, seemingly as some
undetermined function of their initial configurations. The same appears true for the entangled
Cio00H2002 melt [11]—see Fig. 1b. Once the identical molecules have attained steady-state (or at
least long-lived) configurations, the chains are no longer identical, and they develop a
configurational bias that drives the stretched chains to segregate to reduce the intermolecular
Lennard-Jones energy, thus inducing a nematic-type ordering. Meanwhile, the coiled chains
aggregate into separate domains wherein they entangle with each other and effectively dissolve
within themselves to maximize their individual and collective entropy. Hence the two classes of
chain conformation, coiled and stretched, effectively develop an internal demixing free energy that
drives a truly configurational microphase separation.

Although unexpected, the microphase separation observed in the simulations possibly has
precedent in other flows of polymeric fluids. Recently, the phenomenon of shear banding has
become accepted, in which spatially inhomogeneous regions of stress develop under seemingly
homogenous shear flows; this phenomenon has been observed in both experiment [19,20] and
simulation [21-23], and the origins of this effect are currently under debate. For elongational flows,
the possibility of a microphase separation might offer a plausible explanation for the common
observation that the extensional viscosity of polymer solutions can thicken (grow) with increasing

De, whereas polymer melts invariable display a thinning (decreasing) viscosity [24-26]; i.e., a
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microphase separation occurring within the dense liquid could provide a significant degree of
stress relief where most of the tension was contained within the sheet-like regions of highly
extended molecules. Further implications of this new phenomenon of configurational microphase

separation under elongational flow are likely to puzzle polymer physicists for years to come.
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Fig. 1. Plots of the probability distribution function of the fractional molecular extension relative
to a chain’s maximum possible extension, L. Panel (a; inset) displays idealized data at four
values of Deborah number such that De; < De, < De; < De,. Panel (a; main plot) displays
actual simulation data of the liquid at several values of flow strength in the proximity of De =~ 1.
A bimodal distribution is evident at lower values of De, implying that individual molecules are
occupying two independent configurational states, on average. This bimodality disappears at
higher flow strengths (De = 3.0) as the system returns to a single configurational state. Panel
(b) displays the fractional extension of each molecule within the simulation box as a function of
Hencky strain from the onset of flow at De = 1.5.
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Fig. 2. Snapshots of the simulated liquid undergoing steady-state planar elongational flow (De =
0.6) at a randomly selected time instant. Panel (a) shows the simulation cell in the extension-
compression (x-y) plane as viewed along the neutral direction (z). Cool colors (blue, aqua)
represent relatively coiled molecules whereas warm colors (orange, red) correspond to highly
stretched chains; the color scale ranges over the fractional extension (0 < x < 1) of each
molecule. Panel (b) displays the same simulation cell but viewed along the axis of compression
(y). Panel (c) provides a full perspective view of the simulation cell from a nonorthogonal
direction. Note that in all three panels the highly extended chains are visualized slightly beyond
the confines of the simulation cell due to the periodic boundary conditions.
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Fig. 3. Snapshots of the liquid undergoing PEF at De = 0.6 as viewed from a perspective above
and perpendicular to the flow-compression (x-y) plane. Panel (a) displays the equilibrated liquid
under quiescent conditions. Initially, all the molecules occupy random coil configurations.
Panels (b)-(e) show the development in time of the biphasic system as certain molecules greatly
elongate whereas others remain relatively coiled as dimensionless time (measured in units of
Hencky strain) evolves. At long time, a steady-state condition is attained (after e = 5.5) in
which coiled molecules have migrated into spheroidal domains and elongated molecules have
formed into thin sheet-like layers that separate the coiled regions. Panel (f) shows the same
snapshot as Panel (a) at 5 = 0 except that the molecules in Panel (f) have been colored the same
as their images in Panel (e) at steady state. Note that empty spaces in some images are merely
artifacts of the periodic image maps from visualizing the liquid and are not actually present
within the cell.
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Fig. 4. Snapshots of the polyethylene liquid taken at steady state of planar elongational flow for a
wide range of flow strength. At low flow strength, De = 0.06, overall molecular extension is
relatively minor, and the chains remain coiled with the fractional extension displaying a
unimodal distribution. As flow strength increases to De = 0.3, 0.6, large, spheroidal domains of
coiled molecules are sandwiched between thin layers of highly stretched chains. At larger flow
strength (De = 1.5), the size of the coiled domains shrinks and the layers of extended chains
grow thicker. At high flow strengths (De = 3.0, 14.9), the coiled domains have disappeared and
only unimodal distributions of highly elongated chains are observed.
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