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Abstract

Recent models have predicted entangled polymer solutions could shear band due to
unstable flow-induced demixing. This work provides the first experimental probe of the in-situ
concentration profile of entangled polymer solutions under shear. At shear-rates above a critical
value, we show that the concentration and velocity profiles can develop bands, in quantitative
agreement with steady-state model predictions. These findings highlight the critical importance of

flow-concentration coupling in entangled polymer solutions.



Traditionally, it is assumed that the flow of entangled polymeric fluids in shear-based
rheometric devices is homogeneous across the polymeric fluid [1,2]; however, important
departures from homogeneous flow can sometimes occur [3]. For example, the flow can become
shear banded with two or more regions of locally distinct shear-rates under an applied shear
flow [4,5]. Such nonhomogeneous flows have been observed in numerous complex fluids
including worm-like micelles [6—11], telechelic polymers [12], and soft colloidal glasses [13,14],
but the existence of shear banded flows in entangled polymer solutions has remained elusive [15—
20] and has sparked immense controversy in recent years [21-24]. If entangled polymeric liquids
do indeed shear band, then prior interpretations of the nonlinear flow behavior, and models for
entangled polymer rheology more generally, will need to be reconsidered to account for the large
spatial inhomogeneities present in the flow.

Commonly, shear banding has been explained as the result of a constitutive
instability [5,25], where an underlying nonmonotonic dependence of shear stress on the shear-rate
leads to a range of applied shear-rates where uniform shear flow is unstable. With reference to
entangled polymers, decades of experimental measurements [26—28] and resulting modifications
to constitutive models [29-33] have led most to believe that the constitutive relationship is
monotonic, seeming to preclude the possibility of shear banding for compositionally homogeneous
polymeric liquids. Despite this perceived consensus, evidence of shear banded velocity profiles in
polymer solutions has been reported [15-18,26,34,35]. Recently, conflicting conclusions
regarding the existence of shear banding in entangled polymers were reported [15,23], as
determined from particle tracking velocimetry (PTV) measurements, even though the

entanglements per molecule (Z) and dimensionless applied shear-rates



Wiapp = Tdya (1)

were held fixed. Here, 7, represents the longest relaxation time and y is the nominal shear-rate. A
notable distinction in these two studies is the difference in polymer-solvent system used; however,
the possible role of solution thermodynamics on the resulting flow was not addressed. Instead,
inconsistencies in the measured flow profiles were argued to arise from several artifacts including
edge fracture [21,36], secondary flows [21], unsteady flow [16], and even issues with how data
were analyzed [24]. Clearly, the existence of shear banding in entangled polymer solutions remains
an unresolved issue, and to reach consensus there is a strong need to support any experimental
results with a fundamental theoretical description of the underlying physics.

Constitutive instability is not the only possible explanation for why steady shear banded
flows might develop. Models that incorporate an explicit coupling between the polymer
concentration and the stress, so called two-fluid models, predict regions of parameter space where
a homogeneous, linear shear flow is unstable to infinitesimal perturbations in polymer
concentration [37—43]. This instability is predicted to result in a shear-induced demixing of
polymer and solvent to form gradients in polymer concentration on macroscopic length scales [44],
which coincide with banded velocity profiles, even with monotonic constitutive behavior [37-39].
The propensity for shear-induced demixing in entangled polymer solutions is shown by the theory

to depend on the flow-concentration coupling parameter, E,
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with G (¢) being the concentration-dependent shear modulus, ¥~ the osmotic susceptibility, and

¢ the polymer concentration [37-39].Thus, the polymer-solvent system specific value of £



provides one possible explanation for why banding is observed in some solutions but not others
(despite comparable Z and Wigyy,).

In the two-fluid model, polymer migration arises via an imbalance between the elastic,
osmotic, and drag forces acting on the polymers. This migration can amplify thermal fluctuations
in concentration, known as shear-enhanced concentration fluctuations (SECF), and also lead to
macroscopically inhomogeneous flow starting from a shear-induced demixing instability at higher
shear-rates. The microscale nonuniformities in polymer concentration due to SECF [45,46] have
been confirmed by indirect measurements, such as in-sifu small angle scattering, in entangled
polymer solutions under shear [45,47-50]. However, no prior experiments have demonstrated that
gradients in concentration indeed form on macroscopic length scales in entangled polymer
solutions.

In this Letter, we report measurements of both the velocity and concentration profiles in
entangled polybutadiene (PBd) in dioctyl phthalate (DOP) solutions under a range of applied
shear-rates. The data demonstrate that the predicted shear-induced demixing instability does occur

in entangled polymer solutions, and results in gradients of both concentration and shear-rate on



macroscopic length scales. The concentration measurements rely on a novel rheo-fluorescence

methodology to visualize and estimate macroscopic changes in polymer concentration (Figure 1).
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Figure 1. (a) Cartoon of PBd tagged with coumarin fluorophore (PBd-c) and the resulting
fluorescence across a concentration series of PBd-c (vials), (b) rheo-fluorescence setup with 350
nm incident light and emission wavelengths filtered to 415 nm, (c) representative data for quiescent
fluorescence versus fluorescence measured under shear.

Concentration, ¢@)

Entangled polymer solutions with Z = 38 (10 wt%) were prepared by dissolving low-
dispersity 1,4-Polybutadiene (PBd(1M), M,, = 9.6 x 10° ﬁ, D = 1.08, Polymer Standards

Services) in dioctyl phthalate (DOP, Sigma-Aldrich). All measurements were performed at T =
50°C. For this temperature, we approximate the PBd-DOP solution to exhibit behavior
intermediate to theta and good solvent conditions. ~ 10 um glass tracer particles (TSI, Inc.) were

suspended in the entangled solution (300 ppm) for rheo-PTV measurements. 2000 ppm of



fluorescently-tagged PBd (PBd-c; synthesis details in Supporting Material) was added to the
solution for rheo-fluorescence measurements.

Velocity profiles were measured by rheo-PTV using a custom optical setup fitted to a Paar
Physica MCR 300 rheometer [51-53]. One important feature for this study is the startup mode,
which goes from rest to steady rotation in 0.05 s. The diameter of the inner cylinder is 34 mm and
the curvature ratio is 0.029. The aspect ratio is 2.125. Steady state velocity profiles were
determined by averaging the velocity profiles determined from individual image pairs over time
after the measured shear stress reached a steady value.

Concentration profiles were determined using a new combined rheometry and in-situ
fluorescence imaging technique (“rheo-fluorescence”) using an Anton Paar MCR 702 rheometer.
The transparent Taylor-Couette cup and anodized aluminum bob were identical to those used in
rheo-PTV measurements [51-53], however the Anton Paar MCR 702 shear startup process takes
1 s. The fluorescence intensity of the PBd/DOP solution with trace PBd-c was monitored during
shear flow at different Wiy, (74 = 1.9 5). A Xenon light source (ASB-XE-175, 250 Watt,
Spectral Products) was filtered to the excitation wavelength of the fluorophore (350 nm) to
irradiate the entangled polymer solution with trace PBd-c. The fluorescence emission signal passes
through a 415 nm bandpass filter before reaching the CCD detector. Relative changes in the local
polymer concentration from the initial uniform state were determined by monitoring changes in
the intensity of the fluorescence image relative to the background and normalized by the quiescent

image given by
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Here ¢(r)/¢, is the normalized polymer concentration, I(7,t,y) is the transient fluorescence

intensity at a particular applied shear-rate, I, is the background intensity without illumination,

and I, is the fluorescence intensity at rest.

An example of the measured steady state velocity profiles of the entangled PBd(1M)-
DOP solution is shown in Figure 2, together with two-fluid (R-P) model [38] predictions for
several values of E. The velocity profiles were collected after shearing for at least 50 7, and
averaged over time using greater than 2000 data points. The small associated standard errors
suggest that these data reflect the steady state flow profiles. Although this timescale to steady state
is significantly shorter than one might expect from either the stability analysis or previous
numerical simulations of the two-fluid model in a linear shear flow [38], this is not surprising.
First, while the previous analyses began from the homogeneous flow solution with uniform
concentration, the experiments are implemented via an abrupt startup from rest as noted above.
Second, the intrinsic curvature of the Couette device will also shorten the time scale [39]. Lastly,
the magnitude of perturbations in concentration for experiments are likely larger than what was
previously investigated theoretically.

The profile in Figure 2 exhibits variations in the local shear-rate that are much greater
than would occur in a homogeneous fluid due to the combination of shear thinning and the intrinsic
curvature of the Taylor-Couette flow cell. (calculations in Supporting Material). Furthermore, as
shown in Figure 2, the homogeneous R-P model predictions (E = 0) also underpredict the
measured variations in the local shear-rate despite again accounting for the curvature of the Taylor-
Couette flow cell and the shear thinning of the fluid.

In contrast, the two-fluid R-P model [39] provides an excellent fit of the data for £ = 0.11

(Figure 2). E = 0.11 is a reasonable value for theta solutions where E is estimated to be



0(0.1) [54]. Although the velocity profile does not appear sharply banded, it is in fact a shear
banded profile as shall be discussed shortly. We note that the theory predicts more sharply banded
profiles than exhibited in Figure 2 for entangled polymer systems with higher Z and larger values

of E [37-39], as shown in the Supporting Material.
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Figure 2. Steady state velocity profile of 10 wt% PBd(1M)-DOP with Z = 38 at Wi,y,,, = 5 with
model fits for varying E. The position (r/H) is determined by normalizing the radial distance from
the moving wall () by the fluid thickness (H).

The value of E is intrinsic to the polymer-solvent system, since G(¢) depends on the

1

number of Kuhn monomers in an entanglement strand (N,) and y ™" is sensitive to the solvent



quality. Thus, the value of E = 0.11, obtained by fitting data for one value of Wig,,, yields

remarkable agreement between model predictions of the flow profiles and the measured
velocimetry data across a wide range of Wiy, (Figure 3).

In spite of the fact that the velocity profiles show much more curvature than would be the case
from the combination of the flow geometry-imposed curvature and shear thinning in a
homogeneous fluid, one may still question whether the velocity profiles in Figure 3 are truly
“banded”. To address this point, a previously proposed model-free experimental procedure for
calculating the interface width between “bands” [52] of the velocity profiles is employed. It was
shown in [52] that the width of the interface remains invariant to changes in the applied shear-rate,
for shear banded velocity profiles. This property is confirmed in Figure 3(c), providing strong
evidence that the experimental flow profiles are indeed shear banded. A more detailed
investigation of this and related findings is left to ongoing investigations, including the sensitivity

of the apparent interface width to changes in fluid properties (such as E and Z).



@ 4" " E=041 ® Wi, =02.
a3 Wi =27 ]
§ 2F Wi o = 3.254
31| _
2 L
S ([ .
0.0 0.2 04 06 0.8 1.0
Position, r/H
(b) 8 ' Wi_=5"
app
§6 Wi =6 -
= 4 <« Wi_=8]
>§ ol )
; 0 | " 2 1 1 ]
0.0 0.2 0.4 . 0.6 0.8 1.0
Position, r/H
(C) E 10 T T T T
= 0.8} ]
pr [
q;, 04T B\ B B8 8 )
8 0.2} 4
S0 6 5 0
c Wi
app

Figure 3. (a,b) Steady-state velocity profiles for varying Wig,, at T = 50 °C. Symbols correspond
to experimentally measured values from rheo-PTV and solid lines are two-fluid model predictions
for E =0.11. (c) Interface widths of the flow profiles calculated using the method detailed in [52].

Turning now to the rheo-fluorescence measurements during shear, we show transient
concentration profiles in Figure 4 for Wig,, = 2.7 and 5. For Wig,, =5, significant non-

uniformities develop over time, consistent with flow-concentration coupling. After shearing for

TL = 95.2, the concentration is depleted near the moving wall (% = 0.0) and enriched near the
d

stationary wall (% = 1.0). The direction of this change in concentration across the fluid

qualitatively agrees with the expectation that polymer migration occurs across curved streamlines
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in which the polymer moves to regions of lower shear stress [39,55,56]. A similar evolution of

the concentration profiles occurs for all other cases considered Wig,,, = 3.25, 6, and 8, with the
exception of Wig,,, = 2.7. For this case, the measured concentration profiles in Figure 4(a) do not
show appreciable change over the duration of steady shearing, with the normalized concentration

remaining around 1.00.
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Figure 4. Transient evolution of the concentration profile as measured from rheo-fluorescence
under an applied shear flow of (a) Wig,, = 2.7 and (b) Wig,, = 5. Error bars represent the
standard error associated with the fluorescence pixel intensities within each bin.

The resulting measured estimates of the long-time concentration profiles from rheo-

fluorescence were found to agree quantitatively with the two-fluid model predictions for E =

12



0.11 without any adjustable parameters (Figure 5). As described earlier, this value of E was
determined from best fits of the model predictions to the measured flow profiles using rheo-PTV,
a totally independent measurement from rheo-fluorescence. An upper bound on the timescale for

changes in concentration across the fluid is therefore estimated to be 1250 s based on the Einstein-
Smoluchowski relation, D = Z—j where H is the fluid thickness (500 um). Based on the scaling
relation D ~ M~2, where M is the polymer molecular weight, the polymer diffusivity is estimated
to be 0(1071° mTZ).Thus, it is believed the fluorescence profiles reported in Figure 5, which were

taken at least 1400 s after the start of shear flow, represent the long-time concentration dynamics.
These changes in the measured concentration profile are found to occur over longer time scales
than what is required for the velocity profile to reach an apparent steady-state. We believe the
velocity profile banding initiates on short time scales following shear startup in the absence of
changes to the concentration profile as discussed in detail by Adams et al. [57,58]. The two-fluid
theory shows that the velocity profile evolves as a consequence of the changes in the concentration
profile when the flow and fluid are initially homogeneous, but it is not clear in the current
experiments whether the concentration nonuniformity drives the changes in the velocity profile or

vice versa. Regardless of the transient evolution, with the exception of the case Wi = 2.7, both

app
the magnitude of concentration change across the fluid and the interface location at steady-state
agree with the model predictions.

The measured concentration profile at Wi,,,, = 2.7 suggests that the fluid concentration

app

remains uniform under shear, though both the theory and the measured velocity profile indicate it

should change. This apparent discrepancy likely results from the proximity of Wi,,,, = 2.7 to the

app
stability boundary, where the two-fluid model predicts co-existence of both a banded and a

nonbanded solution depending on the startup protocol [38]. The velocity and concentration profiles

13



were obtained in two separate experiments with significantly different startup protocols as noted
in the description of the flow devices. We speculate that the milder startup protocol in the
concentration measurements compared to the velocity measurements bypasses instability [38].
The difference in startup protocol is not expected to change the final steady state profiles for Wiy,
values away from the stability boundary, consistent with our results at higher Wig,,y,.

Nevertheless, at higher Wiy, the agreement in experimental flow and concentration
measurements with the two-fluid model predictions is strong support for steady profiles involving
a shear-induced demixing of polymer and solvent. The only other noticeable difference between
the model and the measured concentration is the two data points nearest the inner wall for Wiy, =
8. We are uncertain why this discrepancy arises, but suspect that it could arise from uncertainty in
the measurement near the boundary due to the continuously moving inner wall during the time
period in which fluorescence is measured; however, we do not believe that it significantly alters
the basic conclusion that quantitative agreement between experiment and model predictions is

remarkable considering that the particular value of E used was determined completely

independently from the rheo-fluorescence measurements.
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Figure 5. Steady-state concentration profiles at varying Wig,,. Symbols reflect experimentally
measured concentration estimates from rheo-fluorescence and solid lines correspond to model
predictions for E = 0.11. Error bars represent the standard error associated with the fluorescence

pixel intensities within each bin.

This study reveals new physics regarding a mechanism for the existence of shear banded

velocity profiles in entangled polymers. The rheo-fluorescence measurements confirm that

nonhomogeneous velocity profiles appear concomitant with non-local flow-concentration
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coupling, a notion that, until now, was based on purely theoretical grounds. Additionally, these
results present the first experimental evidence for banding in entangled polymer solutions that is
corroborated by spatially-resolved theoretical predictions. Transient emergence of macroscopic

concentration nonuniformity is found to occur at high Wi, and leads to banded concentration

app
profiles that coincide with banded velocity profiles. Strong agreement between the measured
velocimetry and concentration profile data with two-fluid model predictions for non-zero values
of E suggests an importance of the constituent polymer chemistry on the observed flow behavior,
beyond what is intrinsic to the rheological parameters. To investigate this hypothesis, a systematic
study of varying polymer chemistry and/or solvent quality to understand the impact of these
variables on the resulting value of E is needed. Differences in E between different polymer systems
could explain the longstanding disagreement in the measured flow behavior of entangled polymer-
solvent systems of different chemical composition.

We suspect that the observations made here will catalyze a number of new investigations
into the coupling of changes in concentration to the microstructure and bulk flow behavior of
entangled polymer systems. The physics of shear-induced demixing in polymer solutions is also
relevant to entangled polymer blends, where essentially the same theory predicts that a force
imbalance due to chains of different molecular weights leads to spatial nonuniformities in the
molecular weight distribution, which could have similar consequences on the flow [59]. We further
anticipate that this evidence for flow-concentration coupling will inspire in-situ concentration
measurements to become more commonplace in the complex fluids community, where
modifications to this rheo-fluorescence technique can be made to isolate the dynamics of the
different components within the fluid. Finally, and perhaps the most important outcome of this

study, is the suggestion that theoretical studies of the non-Newtonian flow behavior of polymer

16



solutions must account for the possibility of changes in the flow due to coupling between the

polymer concentration and the stress.
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