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ABSTRACT: Interrupted shear measurements were used to follow the reentanglement kinetics and
associated molecular weight dependence for solutions of near-monodisperse polybutadiene (PB). The time-
dependent recovery of the overshoot in the shear stress was measured for PB having weight-average
molecular weights (M) equal to 61, 90, 107, and 167 kg/mol, corresponding to a range of 17—47
entanglements per chain in solution. The times for recovery of the stress overshoot were 1.5 decades
longer (30 times greater) than the corresponding linear viscoelastic relaxation times, the latter determined
from dynamic shear data or from stress relaxation following cessation of flow. Notwithstanding the
differing time scales, the My, dependences for entanglement recovery and linear viscoelastic relaxation

were equivalent (power law exponent ~ 3.4).

Introduction

Deformation and flow of polymers are central to most
processing operations (calendering, extrusion, molding,
etc.), and thus much effort has been expended over the
years in understanding polymer rheology. For long,
linear polymers, interpretations of the behavior are
almost invariably based on reptation, whose central
tenet is that longitudinal motions are favored due to
entanglement constraints on motion transverse to the
chain. Many experimental results can be satisfactorily
described by tube models based on this idea!3 especially
when additional relaxation mechanisms are included,
such as contour length fluctuations (CLF) of the reptat-
ing chain!?* and constraint release (CR) from motion
of neighboring chains.?5 One controversy concerns
molecular weight dependences. The viscosity, 7, and
terminal relaxation time, 7, of entangled polymers are
predicted to vary as M3, where M is molecular weight;
however, a large body of data indicates O r 00 M3430-2,
This stronger M dependence is generally considered to
be a consequence of CLF and CR mechanisms operative
at lower molecular weights, such that the predicted M?
would be recovered for sufficiently long chains (M >
200M,, where M, is the entanglement molecular weight).6
Reptation with CLF is predicted to yield a 3.4 exponent,”’
while generally CR does not alter the 3.0 exponent
predicted for simple reptation.?8? On the other hand,
CR via double reptation was found to yield an M
dependence of 7 consistent with experimental data.l°
The tracer and self-diffusion constants vary as M2,
which is consistent with a cubic-power law for the
viscosity and 7. Evidently, asymptotic behavior is at-
tained at lower M for diffusion than for relaxation, due
perhaps to an absence of CLF effects on the diffusion!1—13
(although see ref 7).

When polymers are subjected to flow, CR and CLF
mechanisms become particularly important for describ-
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ing the viscoelastic behavior.%14718 Flow at high rates
reduces the entanglements on a chain!® by a process
referred to as convective CR.22° The disentanglement
of polymers subjected to steady shearing is well-
established experimentally.21=27 In a steady shearing
experiment, the loss of entanglements leads to a maxi-
mum in the stress (“stress overshoot”) at high shear
rates. Stress overshoots are also observed in dilute
polymer solution,?® as well as melts of low molecular
weight (unentangled) polymers,2?30 due to molecular
orientation. However, it is the larger overshoots in
entangled polymers that are of interest herein. At
strains beyond the maximum, the stress assumes a
constant steady-state value, reflecting an equilibrium
between the rates of flow-induced chain disentangle-
ment and reentanglement via thermally activated mo-
tion. Upon cessation of the shearing, the stress decays
in a rather complicated fashion, with the long-term
behavior exhibiting the same M3+ dependence as the
viscosity.?! After the flow has stopped, lost entangle-
ments are recovered, which upon resumption of the flow
leads to a time-dependent recovery of the stress
overshoot.?2736 The maximum overshoot occurs at a
shear strain in the range of 2—3, independent of the
duration of the rest period.3>37 Complete recovery of the
overshoot (that is, complete reentanglement) requires
substantially longer times than the time for stress
relaxation after cessation of the shearing.32:34

In this work, we measure stress overshoot and
recovery of entangled polybutadiene solutions. Our
specific interest is determination of the time for recovery
of the equilibrium entanglement density, as reflected
in the maximum in the stress overshoot, and its
dependence on molecular weight. While the molecular
weight dependence of the linear viscoelastic properties
of entangled polymers is well-established, to our knowl-
edge this is the first determination of the molecular
weight dependence of the reentanglement time following
nonlinear flow.

We study concentrated solutions of 1,4-polybutadiene
(PB). The use of solutions minimizes slip and other
problems with achieving a uniform flow. Of course,
dilution decreases the entanglement concentration;

10.1021/ma048148g CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/24/2004



Macromolecules, Vol. 37, No. 26, 2004 Sheared Polybutadiene Solutions 10019
Table 1. Polybutadienes
polymer M, (kg/mol) M /M, M./M, % 1,2 (vinyl) % trans-1,4 % cis-1,4
PB61K 61.0 1.03 1.04 9.0 49.9 41.1
PB90K 89.6 1.04 1.04 8.8 53.5 37.7
PB107K 107.4 1.03 1.05 9.2 53.7 37.1
PB167K 166.9 1.04 1.04 9.2 50.1 40.7

however, PB has a very small M, = 1850 g/mol,® so for
the molecular weights used herein, the chains are well-
entangled even for polymer concentrations ~ 0.5.

Experimental Section

The polybutadienes (Table 1) were synthesized by anionic
polymerization at 55—60 °C in hexane, using n-butyllithium
as an initiator. To obtain rapid termination, the reaction
solution was transferred from the reactor directly into an
excess of 2-propanol. The coagulant contained butylated hy-
droxyltoluene as a stabilizer, yielding ca. 1000 ppm in the dried
polymer. The chemical structure of the polybutadienes was
determined using 'H and ¥C NMR and absolute molecular
weights by GPC in combination with the intrinsic viscosities
(universal calibration method). The glass transition temper-
atures were equal for all samples, Ty, = —92.3 + 0.4 °C, as
measured by differential scanning calorimetry at a heating
rate of 5 °C/min.

Solutions of the polybutadienes in aromatic oil (Sundex 790
from Sun Oil Co.) were prepared by codissolution in hexane,
followed by evaporation of the hexane in a vacuum oven. The
polymer volume fraction was ¢ = 0.52 (equal to 0.49 g of PB
per mL of solution).

Isothermal oscillatory shear measurements of the linear
dynamic properties were carried out with a Rheometrics ARES
instrument, for frequencies in the range 0.001 < o (rad/s) <
100 rad/s. A parallel plate geometry was used, with sample
diameters equal to 15, 25, or 40 mm depending on tempera-
ture, and sample thicknesses in the range from 1.6 to 3.5 mm.
Thermal stability of the samples at the highest temperature
of 75 °C was verified by replicate testing at low frequency.
Transient and steady-state shear measurements of shear
stress and first normal stress difference were also conducted
at 25 °C using the ARES, with a cone and plate geometry. A
diameter of 25 mm (cone angle = 0.04 rad) was used for low
shear rate determinations of the zero-shear viscosities, while
for steady-state shearing at higher rates and the shear
recovery testing, a 15 mm diameter (cone angle = 0.1 rad) was
used. To ensure good adhesion of the sample, the cone and
plate were lightly abraded with 200 grit sandpaper and
cleaned with solvent. To further enhance adhesion, a small
amount of PB—oil solution diluted with hexane was painted
on the fixtures. After evaporation of the hexane, additional
sample was added to fill the gap. Annealing for 1 h at 50 °C
was performed prior to measurements at 25 °C. The startup
transient experiments employed respective shear rates equal
to 70 s7! (PB61K), 20 s~ (PB90K), 10 s~ (PB107K), and 2.5
s7! (PB167K); these were chosen on the basis of the magni-
tudes of the terminal relaxation time determined for the
samples (as discussed below). While it is generally held that
the use of cone and plate geometry provides a uniform
deformation rate across the gap, we note that one recent work
suggests that disentanglement does not take place uniformly
across the sample during shear.?® However, the stresses herein
were well below the level, relative to the plateau modulus, at
which the putative inhomogeneous flow transpires.

Results and Discussion

In Figure 1 are displayed master curves of the
storage, G', and loss, G", moduli for the four PB
solutions. To construct the master curves, horizontal
shift factors, at, were determined by superposition of
the loss tangent (tan ¢) data, with small vertical shift
factors, br, then determined by superposition of the
modulus functions. The high-frequency plateaus in the

storage modulus for the solutions in Figure 1 superim-
pose on the corresponding plateau zone for the neat
samples (not shown), by a vertical shift equal to 3.8 +
0.1. This corresponds to a quadratic dependence of the
plateau modulus on polymer concentration, in accord
with literature results, G 0 ¢¢ (2 < a < 2.3).3° This
means that the entanglement molecular weight will
vary as M, 0 ¢!~ We calculate that M, increases from
1850 g/mol, the value for neat PB,® to 3560 g/mol by
dilution with the oil. Thus, the solutions have from 17
to 47 entanglements per chain; that is, they are suf-
ficiently entangled to exhibit the high molecular weight
limiting behavior for their rheological properties.

In Figure 2 the terminal values of the dynamic
viscosity, 1'o = lim,—oG"'/w, for both the neat PB and
the solutions are plotted vs molecular weight. The
expected power-law behavior with an exponent of 3.4
is observed. Also shown are some published results® for
neat PB, which fall in line with the data measured
herein. The zero-shear-rate-limiting values of the steady-
state shear viscosity, 7o = limy—.o7ss(7), are included in
Figure 2. They are equal to the dynamic viscosities
within the experimental error for such measurements.

In fact, this agreement extends to the highest rates
at which steady-state data could be obtained, as shown
in Figure 3 for the PB solutions. Such correspondence
between dynamic and steady-state viscosities is referred
to as the Cox—Merz rule.*0~4% Another empiricism is the
Gleissle relation, according to which the steady-state
viscosity is equal to the transient viscosity measured
during approach to steady state at the limiting shear
rate,* nss(y) = limy—on™ (¢, )| 1=;. The subscript denotes
that the startup viscosity is taken at a shearing time
equal to the reciprocal of the corresponding shear rate.
The Gleissle relation has been shown to work well for a
number of entangled polymers.#*=*® As seen in Figure
3, the shear viscosity deduced from the transient stress
agrees with the dynamic viscosity to within 20%, over
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Figure 1. Master curves of the storage and loss moduli of
the four PB solutions at a common reference temperature of
25 °C.
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Figure 2. Molecular weight dependence of the terminal
viscosities measured for the PB neat and in concentrated (¢
= 0.52) solutions. The lines are fits, yielding 3.4 + 0.1 for the
exponent. Included are the data of Colby et al.® for neat
polybutadienes having similar microstructure.

a range encompassing up to a 20-fold change in viscos-
ity.

We can extract the steady-state recoverable compli-
ance, J, from the shear data, as Jg = Wy/270%, where
W is the ratio of the first normal stress difference, N7,
and the square of the shear rate, measured at low shear
rate. We obtain J§ = 19 + 1 MPa!, independent of
molecular weight. Using this value of Jg and the zero-
shear viscosities, we calculate the terminal relaxation
times?!

15
JT

These terminal relaxation times vary with molecular
weight according to the 3.4 power (Figure 4), consistent
with past studies.®*® Compared to the steady-state
evaluation of Jg, the low-frequency dynamic data are
less reliable in obtaining Jg as lim, o/ (w). Nonethe-
less, we estimated relaxation times from the dynamic
data using eq 1. The values of log(z,) determined in this
manner are —1.19, —0.61, —0.33, and 0.09 for PB61K,
PB90K, PB107K, and PB167K, respectively, in accept-
able agreement with the steady-state results given in
Table 2.

Shear experiments were carried out at a rate equal
to thrice the reciprocal of the terminal relaxation time,
7 = 3/t,. The combination of high rate and large strains
causes chain disentanglement and a consequent over-
shoot in both the shear and normal stresses. In Figure
5, representative results are shown for PB90K as a
function of shearing time. For all four solutions, the
maximum in the shear stress had a magnitude equal
to 1.32 + 0.02 times the steady-state stress for fully
equilibrated samples. This peak transpired at a molec-
ular-weight-independent shear strain = 2.76 + 0.26.
Although not readily apparent on the linear time axis
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Figure 3. Steady-state shear viscosities (solid symbols),
dynamic shear viscosities (open symbols), and the transient
viscosities (line), the latter determined from the lowest shear
rates using the Gleissle relation and plotted vs the reciprocal
of the shear time. The arrows indicate the shear rates at which
the overshoot recovery measurements were made.
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Figure 4. Molecular weight dependence of the terminal
relaxation time (®) and the time for complete recovery of the
startup transient in the shear stress (H).

Table 2. Rheological Results for Polybutadiene Solutions

polymer My /M. logno(Pas) log 7, (s) log R (s)

PB61K 17 3.16 £0.01 —1.38+0.02 0.29+0.030
PB90K 25 3.70£0.01 —0.84+0.03 0.59+0.019
PB107K 30 4.08+£0.01 —0.46+0.03 0.84 +0.025
PB167K 47 4.62 +0.015 0.08 £0.03 1.68+0.017

in Figure 5, the first normal stress difference reached
a maximum at a larger strain than the peak in the shear
stress. This strain difference, which decreased weakly
with molecular weight, was equal to a factor of 2.2 on
average, in agreement with the results of Menezes and
Graessley,?® who reported that the N; maximum oc-
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Figure 5. Transient shear stress (lower panel) and first
normal stress difference (upper panel) for PB90K at 25 °C and
a shear rate equal to 20 s~L. Left-most curves are for shearing
from full equilibrium (rest time = 1000 s) followed by stress
relaxation while unsheared. The remaining curves are for
resumption of the shearing after recovery periods of 1, 3, 6,
10, and 30 s (from left to right).

curred at a strain that was 2.3 + 0.2 times the strain
for the shear stress maximum.

To study the reentanglement process, interrupted
shear flow experiments were carried out. Following
attainment of steady state, the flow was stopped. During
the rest period, the stress relaxed, with a time depen-
dence related to J3 and the preceding shear rate.34
After a time equal to the 7, determined from the linear
viscoelastic measurements, the stress had decayed by
1 decade.

Following the zero-shear rest period and complete
relaxation of the stress, the shearing was resumed. The
startup transient peaks in 5 and N; reappeared, with
amplitudes dependent on the duration of the rest time
(Figure 5). The scatter in the normal stress makes
accurate determination of the kinetics difficult. How-
ever, this is not the case for the shear stress, and in
Figure 6, the magnitude of its overshoot peak is plotted
as a function of recovery time for the four PB solutions.
Following Stratton and Butcher,* the data can be
satisfactorily fit to the recovery function

Mmax = Tlss T AL = ™) (2)

where 74 is the steady-state viscosity, A is a constant,
and tr is a characteristic time for recovery of the
overshoot in the transient viscosity, 7/$ax. The obtained
g values, representing the times required for reen-
tanglement of the sheared polymers, are displayed in
Figure 4 as a function of PB molecular weight. We find
that the reentanglement process has a molecular weight
dependence, T ~ M?2+04 that is the same within the
error as that found for the linear viscoelastic behavior
of the fully entangled PB (cf. 7, in Figure 4). Notwith-
standing this equivalence, the reentanglement requires
substantially longer times than the corresponding linear
viscoelastic relaxation times; i.e., 7r is ca. 1.5 decades
greater than 7, (rr = 307,).

The observation of tg > 7, is not anticipated by
theoretical models, nor can integral constitutive equa-
tions accurately describe these reentanglement kinet-
ics.5051 The unresolved physics leading to g > 7, may
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Figure 6. Magnitude of the overshoot in the transient
viscosity normalized by the steady-state viscosity as a function
of the rest time in between shearing. Data represent the
average of three measurements. Lines are fits to an exponen-
tial growth function (eq 2).

be responsible for other unexplained nonlinear rheo-
logical phenomena such as the anomalously slow growth
of extrudate swell relative to the time scale for terminal
relaxation.?2 OQur results are consistent with the limited
number of previous studies reporting on the time
dependence of the stress overshoot recovery. Stress
relaxation following cessation of flow was approximately
1 decade faster than g for a 3% entangled polyiso-
butylene solution.?* For a 0.07 g/mL solution of very
high molecular weight polybutadiene in oil, the time to
fully recover the stress overshoot peak was 1.3 decades
longer than 7,.3> Commercial polyethylene melts exhib-
ited 7r that were about 2 decades greater than 7,.32 None
of these earlier works investigated molecular weight
dependence of the overshoot recovery time.

Summary

Interrupted shear flow experiments were used to
study the kinetics of the reentanglement process in
concentrated solutions of high molecular weight PB.
Although chain molecules are less entangled upon
cessation of shearing, the time for reentanglement is
longer, by ca. 1.5 decades, than the terminal relaxation
time determined from linear viscoelastic measurements.
Thus, even though a reduction in entanglement facili-
tates global chain motions, the entanglement recovery
process is substantially longer than the time for re-
orientation of the fully entangled chain over a distance
equal to its size. Despite this difference, the character-
istic time for reentanglement has the same molecular
weight dependence, M32+04 as the linear viscoelastic
relaxation time.
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