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ABSTRACT: We apply a recently developed particle-tracking velocimetric (PTV) method along with conventional
rheometric measurements to elucidate the nature of one class of nonlinear behavior of entangled polymer solutions
under shear. At a fixed degree of chain entanglement, i.e., with the same parent polymer at 10 wt % concentration,
we use different liquid media as the solvent to control the upper bound of interfacial wall slip. Contrary to the
common perception that these solutions would undergo quiescent relaxation after experiencing a sudden shear
strain, we observe macroscopic motions either in the sample interior or at the sample/wall interfaces, corresponding
to type A or C behavior, respectively. These macroscopic motions cause the residual stress to decline faster than
relaxation due to quiescent molecular diffusion. We illustrate that a continuous range of relaxation behavior can
be observed for solutions of the same level of chain entanglement, with one thing in common that the sufficiently
strained polymers (with entanglements per chain higher than 10) do not relax the residual stress quiescently upon
shear cessation and yield either at the interfaces or in the sample interior due to the retraction force built by the
external strain.

1. Introduction where the equilibrium relaxation modul@(t) is the relaxation
modulusG(t,y) obtained fory < 1. Since the long-time shear
stresso(t) was predicted to have the same time dependence
regardless ofy, h is introduced to show only the strain
z?jependence of the relaxation characteristics. Any drdpvath

! . - y would reflect strain softening of the entanglement network.
chain entanglement and to learn about its strength is to carry - i )
Initial experimental reports of step shear deformation dated

out step shear of different strain amplitudes, where a given strain . !
y is suddenly applied and maintained subsequently. PresumablyPack to the %a_rly 19705 Since the advent of DeiEdwards
how the shear stress relaxes after the step shear reveals thi/be theory,® it has been routine to present the shear stress

response of the entanglement network to external deformation."€l@xation data in terms of the damping functibn Most
. . L experiments are based on either polystyfeffer polybuta-
The most serious attempt to offer a theoretical depiction of

S diené®> 17 solutions. Summarizing all the rheological observa-
entangled polymers under external deformation is that of the tions of step shear over the past® decades, it can be said
_Dm—Edwards tut_)e theoryIn this theory, a test c_haln_ls placed ¢ nearly half of the studi&s!®found reasonable agreem¥&ht
in a tube to depict the entanglement constraints imposed by

. . . with the Doi-Edwards theoretical prediction fdr and were
surroundmg chf';uns, and an Instantaneous step shear Pmducet%erefore regarded amrmal On the other hand, samples with
affine deformation of the test chain. Upon shear cessation, thesufﬂciently high entanglement density typically showed exces-
deformed test chain was perceived to retract within the tube on sive strain softenirf?d when compared to the DE damping
atime scale of Rpuse timg, leading to a k|nk_l||§e characteristic function h, while some experimental data actually displayed a
drop of the predicted shear strésgEhe remaining shear stress damping function well above the DE predictihin the
V|_\|IOUId relatx lthrought reptattlémf thti te%éhf}'}n out of tthe. tu?e_ literature, these three types of experimental results have been

ence, at largeé step strains, the eory anuicipate an g assified as normal type A and kinklike type C and type B

entangled polymer to exhibit two-step relaxation dynamics. The popayior respectivelff where type B behavior usually involved
entanglement network is perceived to remain intact both during weakly entangled solutions

and after shear. It is the perceived quiescent chain relaxation .
dynamics and diffusion within the constraints of entanglement = Well-entangled polymer solutions usually produce type C

that was thought to dictate the observed stress decay in anyP€havior. For PS solutions, there has appeared an empirical
previous theoretical treatment including the DE theory. For criterion involving the product of concentratigrand molecular

quiescently relaxing systems, it is legitimate to characterize WeIghtM. Paradoxically, these strongly entangled systems have
stress relaxation with material functions such as a strain- Weaker finite-size effects and should supposedly fit the tube
model description better. To account for the type C behavior, a
free energy argument was put forward to indicate the possibility
of strain inhomogeneity in a largely deformed sample upon shear
cessatiorf! This idea of inhomogeneous strain was further

elaborated in a subsequent study within the framework of the

Long flexible linear polymers coil up in a mutually inter-
penetrating manner leading to chain entanglement. The en-
tanglement interactions have been represented as junctions in
temporary network. The simplest way to probe the effect of

dependent relaxation modulus(t,y) = of(t)/y, where the
magnitude of the resulting shear stresss normalized with
the amplitudey of the applied step shear. The DE theory found
it more convenient to evaluate a damping functigy) defined

as DE theory!! No specific molecular mechanism was put forward
h(y) = G(t,y)/Gt), fort> 1, (1) concerning the origin of such inhomogeneous deformation.
Subsequently, on the basis of crude particle tracking observa-
tions, a delayed slip phenomenon was reported after shear
* Corresponding author: e-mail swang@uakron.edu. cessation in a solution that showed type C beha\dtm.many
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Table 1. Molecular Characteristics of Long Chain PBDs particles across the entire sample thickness is captured with a
sample  Ma(g/mol) My (g/mol)  Mu/My source black—white CCD camera (with a maximum speed_of 30 frames/
s) and recorded on a videotape. The CCD camera is mounted with
a DIN objective lens (3.2) through an adaptive tube (Edmund
Optics: U54-868). During analysis, the distance traveled by a
. . . . article can be determined by playing-3 frames using MGI
studies of type C behavior, failure of the Lodgeeissner {)/ideowave 4 software. PTV o)b/sgrvétigas were typicallg made at
relation was also reported. a radial distance of 4.5 mm from the edge. The spatial resolution

More recently, Archer and co-workers have shown that the of our PTV is around 3m since the tracking particle size range
same solution could shift from type C to type A behavior from 10 to 20um.
depending on the surface condition of the cepkate fixturel4.16
Using short PBD chains as solvent, the same group also3. Theoretical Background
reported’ a transition from type A to type C with increasing The apparent agreeméhof the experimental type A behavior
level of entanglements per chaid ¢ 54). These observations  with Doi—Edwards tube theory has been taken as a great success
have reinforced the speculatiér® that type C behavior is  of the theory? On the other hand, the confusion produced by
perhaps an experimental artifact, in part related to slip. the type C behavior is related to a lack of clear theoretical

In 2006, through reexamination of the original DE theoretical understanding of how entangled polymers may undergo inter-
prediction and revelation by particle tracking velocimetry (PTV) facial wall slip.
of nonquiescent relaxation after step strain, Wang €tstiowed A. Wall Slip Due to Lack of Entanglement at Sample/
that the normal type A behavior was anything but normal. The Wall Interface. Slip boundary condition depicts polymer flow
observed macroscopic motions appear to indicate breakup ofin presence of containing walls when entanglement interactions
the entanglement network, leading to the “normal” strain are lost at the polymer/wall interface through either chain
softening that coincides with the DE theoretical description. This desorption or disentanglement. Lack of interfacial chain en-
set of PTV observations of step shear has allowed a first peektanglement leads to a great disparity between the bulk viscosity
into how chain entanglements may dissolve due to buildup of 4 and the interfacial viscosity;. The most effective way to
sufficient retractive forces and thus offered crucial insight into  describe the consequence of a huge ratig/gfis to introduce
relevant ingredient8 that must be taken into account in any the Navierde Gennes extrapolation length as shown in
theoretical description of polymer entanglements during and Figure 2 and given belotf
after external deformation.

In this work, we show that there is always macroscopic b= (n/n)a (2)
motion upon a step shear beyond certain strain amplitude, either
due to internal structural breakup or interfacial wall slip. Because Where the thicknesa of the entanglement-free interfacial layer
of occurrence of nonquiescent relaxation, no material functions is & molecular scale perhaps comparable to the entanglement
such as the relaxation modulus can be meaningfully defined. spacinglen. For solutions,;;i can be as low as the solvent
Thus, the classification of type A, B, or C relaxation behavior Viscosityrs, and the entanglement spaciagwould grow upon
is essentially arbitrary. In this paper, we show that a full range dilution according to
of type A to C behavior can take place for PBD solutions of
same entanglement level € 40) that possess different abilities lend®) = Iem(¢=l)¢72/3 3)
to undergo interfacial wall slip.

1M 1.014x 10°  1.052x 10° 1.03 University of Akron
0.7M 0.74x 1°  0.75x 10° 1.02 Bridgestone

that has been established both theoretiéalynd experimen-
2. Experimental Section tally2®27whereg is the polymer weight or volume fraction. The

2.1. Materials. Entangled 1,4-polybutadiene (PBD) solutions modlflcatlo.n ofa S|mple shear due to slip is measured in terms
were prepared by first dissolving a desired wt % of high molecular Of b/H, as illustrated in Figure 2.
weight PBD in toluene. To this solution either ditridecyl phthalate ~ Wall slip is a leading form of inhomogeneous shear in
(DTDP) or low molecular weight oligomeric PBDs was added and polymer flow. Interestingly, unlike the case of melts, the
mixed. Silver-coated particles with an average diameter qirh0O magnitude of wall slip for solutions can be effectively altered
(Dantec Dynamics HGS-10) were first ultrasonicated in toluene py selecting different values fag in eq 2. Most of the previous
and then added to the mixture. The final loading of the particles step shear experiments employed a small molecule liquid as

was at a level of 200600 ppm. Toluene was allowed to evaporate e golvent for entangled solutions. As a consequence, a great
at room temperature for nearly a week under hood. Residual tolueneamount of wall slip is possible upon a step shear as observed

was completely removed under vacuum for about 48 h. 1M(10%)- iouSIV228 b f th dinalv | | fr
15K sample refers to 10 wt % of the sample 1M (listed in Table 1) previously ecause ol the exceedingly low valueéf
dissolved in 90 wt % of 15K oligomeric PBD (listed in Table 2). /s In other words, a solution does not need to be as entangled
Similarly, the other three solutions are labeled as 1M(10%)-1.8K, @s a melt to suffer more wall slip when a solvent of water-like
1.0M(10%)-DTDP, and 700K(5%)-DTDP. The molecular charac- Viscosity is used to prepare the solution.
teristics of the high molecular weight PBDs and the solvents are  B. Magnitude of Interfacial Slip. Conversely, the effect of
given in Table 1 and Table 2, respectively. The properties of the wall slip can also be greatly minimized for solutions by using
entangled solutions are shown in Table 3. an entangled polymeric solvent of molecular weidht with

2.2. Apparatuses Step shear experiments were carried outona the same chemical structure as the “parent’ polymer of

Sétress-cf)rtltf%llelg Bforzwgn-CVgR rhteome(tjer at roon|1 te;nﬂpl)éerature. molecular weight so that the viscosity ratio upon interfacial
one—plate aisks O mm diameter and cone angle o re chain disentanglement is

employed in all of the measurements. Advanced Rheometrics

Expansion System (ARES) was used for small-amplitude oscillatory 3.4

shear (SAOS) frequency sweep measurements at room temperature. niy; = (MIM,) (4)
2.3. Particle Tracking Velocimetry (PTV) Setup. Silver ) o

particles embedded in the sample are illuminated by passing a laseivhich can be a significantly reduced number frgfme = (M/

sheet with a cross section of 0.2 mm2 mm across the gap atan  Mg)3#in the case of slip of melts provided thsl; > Me. To

angle, as shown in Figure 1. The movement of the illuminated estimateb, we take the interfacial thickness to hg; of eq 3
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Table 2. Molecular Characteristics of Various Solvents

sample M (g/mol) My (g/mol) Mw/Mp sour@ ns(Pas)
PBD-15K 14020 15000 1.07 Bridgestone 36
PBD-1.8K 1800 Sigma-Aldrich Cat. No. 20,043-3 97
oil (DTDP) 530 530 1 Imperial oil 0.2

Table 3. Properties of PBD Solutions

solution Mw/Me 7(8) R (S) 1 (Pa.s) s lent (NM) b (mm)
1M(10%)-DTDP 40 18.3 0.45 60484 302420 17 5.1
1M(10%)-15K 40 66.6 1.66 2.5 10 6944 17 0.12
1M(10%)-1.8K 40 285.7 7.14 1.26 1¢° 12886 17 0.22
0.7M(5%)-DTDP 13 1.25 0.096 773 3865 27 0.10

slip is made negligible by the choice of a polymeric solvent,
Q infinitesimal interfacial wall slip alone is insufficient to cause

rapid relaxation of the residual stress, and the surviving residue

stress can force the system to undergo internal network breakup

Glass cover slip throughbulk chain disentanglemeftaway from the polymer/
L. wall interface.
/Objectlve lens As the magnitude of interfacial slip varies with the viscosity
ratio, from one sample to another, the nonquiescent relaxation
Laser may involve different levels of interfacial and internal break-

down of chain entanglement, giving rise to relaxation behavior

from type C to type A. Below we apply PTV to elucidate the
Figure 1. Schematic drawing of our particle-tracking velocimetric  different kinds of nonquiescent relaxation and to reveal what
apparatus. really happens in these conventional rheological measurements
of the “relaxation modulus” or “damping function” that has

[~V —| | | on behavi
previously been used to categorize a range of relaxation behavior

’ -7 from type A to type C.
H s
E g g H 4. Results and Discussion
1 .
—:—;7’ Y= V/H With the exception of PBD melf8,most experimental studies
L’ of stress relaxation after large step strains were based on
-, polystyrené&-14 and polybutadierté~17 solutions. Empirically,
b i these samples were found to exhibit normal type A behavior in
) agreement with the DE theory when the level of entanglement
VS is not excessively high. Solutions based on small-molecule

Figure 2. Depiction of wall slip where the slip lengthcharacterizes ~ Solvents often eXh_ibit type C behavior at h_igher levels O_f
the effect of interfacial slip on shear deformation of a sample of entanglement obtained at higher concentrations and/or with

thicknessH in terms of the slip velocity/s and shear rat®/H. Here higher molecular weights of the parent polymer. In this paper,
the importance of slip is naturally measuredtiiid = VJV. we adopt PBD solutions as model systems to illustrate the
and find, Withlent (¢ = 1) = 3.8 nm for 1,4-PBD|en to be ca. physics behind the various types of relaxation behavior.

either 17 nm at 10 wt % or 27 nm at 5 wt %, as listed in Table Although speculations have been abundant concerning the
3. On the basis of the viscosity ratios calculated from the small- 0rigins of relaxation behavior from type A to &;?it remains
amp"tude Osci"atory shear measurements in Figures 3a, 4a, 5a’t0 be shown in this work how interfacial S||p and/or bulk failure
and 6a, the values df are estimated in Table 3, ranging from Of the entanglement network produce a continuous spectrum
a huge magnitude of 5 mm to a negligible number of 0.12 mm, of relaxation behavior after large step strains, from type A to
as the viscosity ratio gets suppressed by a factor of 43, with C.

the solvent changed from a hydrocarbon oil to PBOMVyf = A. Equally Entangled Solutions Showing Type A/B and
15 kg/mol for the two 10% PBD solutions made from the same Type C Behavior.Below we present results from three solutions
parent PBD ofM,, = 1.052 x 1(F. at the same concentration and thus identical level of entangle-

C. Cohesive Failure in Solutions Based on Polymeric ~ ment. These solutions are made of 10 wt % 1,4-polybutadiene
Solvents.In deformations that either take place very slowly (i.e., (1M) as shown in Table 1 in three different solvents of 1,4-
on a time scale longer than the terminal relaxation tiner PBD of My, = 15 kg/mol, 60% unsaturated PBD of high vinyl
are small in amplitude (i.e., the shear strain< 1), chain content withM,, = 1800 g/mol, and a hydrocarbon oil (DTDP).
entanglement pervades all the way from the bulk (i.e., interior) As indicated in Table 3, their ability to undergo wall slip varies
to the boundaries that contain the sample. In other words, chainsgreatly. We will begin with 1M(10%)-15K, which has been
adsorbed at the surfaces could remain entangled with thedesigned to undergo negligible interfacial slip.
unbound bulk chains through mutual penetration. In the case 1. Type B/A Behavior in 1M(10%)-15K. Small-amplitude
of melts or solutions based on binary mixtures such as 1M- oscillatory shear frequency sweep was first carried out to
(10%)-15K, the long chain adsorption can be rather strong at determine the basic linear viscoelastic characteristics, as shown
such common surfaces found in rheological apparatuses as steeh Figure 3a. A high shear rajecorresponding to Weissenberg
and aluminum. Upon a large deformation, disentanglement numberr y = 930 was applied for different durations in each
would typically first take place involving the monolayer of discrete step shear experiment to produce strain amplitudes
adsorbed chains. In the event where the effect of such interfacialranging from 0.1 to 8.4, as shown in Figure 3b. Even though
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Figure 3. (a) Small-amplitude oscillatory shear measurements of storage, loss m@guB'(), and the complex viscosityy*| as a function of

frequency. (b) Shear stress growth and relaxation during and after discrete step shearing of different magnitudes, where the Weissenberg number
y7is 930. (c) Relaxation modulus evaluated from (b) to normalize the data with the strain magni{dii®amping functiorh that represents the

relaxation conditions at long times from different tests involving different applied shear rates. The open symbols designate step strains where a
stress overshoot emerges during shear. (e) Direct meaggh(;9, of the stress relaxation by normalizing the data in (b) at long times with the
equilibrium relaxation modulusze, shows a nonmonotonic relationship with(f) Particle-tracking velocimetric (PTV) detection of macroscopic

motions after various discrete step strains where the final positions of the tracked particles are given. (g) PTV description of the macroscopic
motions upon shear cessation beyond stress overshoot.
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the stress relaxation does not reveal a kinklike sharp drop exceptin reality and a new theoretical consideratfdichain retraction
for y = 8.4 that produced a stress overshoot, the relaxing stressof the kind anticipated by the DE theory does not and cannot

level in the superimposable region is actually lower for= occur below a critical strain amplituéfeof ca. 1.4.
4.2 than fory = 2.5. Similarly, in the superimposable region,  Figure 3f shows that the magnitude of macroscopic motion
the relaxing stress level is lower fgr= 5.6 than fory = 1.2. increases strongly with increasing At y = 4.2, there are

This behavior is observed in spite of buildup of significantly actually three “fault” planes visible where the tracked particles
higher stress with increasir)g as indicated by the filled circles moved in opposite directions after step shear. The stress
in Figure 3b, and did not catch attention in the literature becauserelaxation was accelerated because of the internal sample recoil
the conventional representation of the stress data in Figure 3bthrough these fault planes. The speedup of these nonquiescent

is to plot the “relaxation modulus™ according @(t) = o(t)/ relaxation relative to the quiescent relaxation bejow 1.2 is
y(t), as shown in Figure 3c, where the initial valuesgf) are indeed visible from Figure 3b. At a high strain, the sample may
included at times before the completion of the step strain.  recoil with such a sufficient magnitude that by the time when

Traditionally, one chooses to simplify the representation in the macroscopic motion ceases the residual stress could already
terms of the damping functioh of eq 1, recognizing that the  be lower than a stress level resulting from a low imposed strain.
stress decay is eventually the same at long times, i.e., in theThis is how the nonmonotonic behavior is produced in Figure
superimposable region, as evident from the experimental data3e.
in Figure 3b,c. Figure 3d summarizes our rheological measure- Figure 3g shows that the macroscopic motions inside the
ments in terms of the damping function, along with the Boi  sample are more intense at the higher strains than those depicted
Edwards (DE) theoretical prediction (in filled circles), where in Figure 3f. Unlike the observations made in Figure 3f where
the different symbols denote results obtained using different the step strain involved uniform shear, stress overshoot has
shear rates. The relaxation behavior would be labeled type B emerged before shear cessation for the conditions examined in
because it shows considerably weaker strain softening than theFigure 3g. Thus, upon shear cessation, not only the sample could
DE prediction. Unfortunately, this representation of the relax- recoil along the “fault” planes already formed during shear, as
ation behavior in term ofi of eq 1 disguised a hidden character shown around/ = 170 um for Weissenberg numbet 30 in
shared by both such step strain experiment and DE theory, asFigure 3g, but there is also residual streasiation across the
shown Figure 3e: the partially relaxed stress levels in the gap that alone could cause macroscopic motions in the sample
superimposable region are actually lower for higher values of interior despite the fixed no-slip boundary conditions at the two
the imposedy. Such a nonmonotonic feature of the DE containing surfaces after shear cessation.

theoretical prediction has gone unnoticed until recetitMore 2. Type C Behavior in 1M(10%)-oil. In contrast to the 1M-
importantly, the experimental data reveal the same unexpected(100s)-15K, at the same level of chain entanglement, this second
nonmonotonicity. To our judgment, this is possible only if the  so|ution is capable of massive wall slip upon replacing the slip-
entanglement network has suffered breakup because an intacguppressing PBD-15K with ditridecyl phthalate (DTDP), a
network should always resist with a higher shear stress to anpydrocarbon oil. From the small-amplitude oscillatory shear
higher imposegr. We have recently offered a theoretical account measurements of its linear viscoelastic properties shown in

of the yielding criterion and explained why entanglement Figure 4a, we estimate the extrapolation lerytf this solution
network is so fragile and easy to break down due to large tg pe around 5 mm, as listed in Table 3.

external deformatiof’ In the preceding subsection 4.A.1, we observed macroscopic

In passing, we note that in Figure 3d,e the open symbols motions only in the sample interior even though the sample/
designate those step strain experiments where shear stresgall interfaces could fail first. It is easy to show how the
overshoot emerged before reaching the prescribed strain am-magnitude of wall slip estimated by the rati¥H determines
plitude. For example, at the Weissenberg number of 930, the whether the sample could take advantage of slip to recoil and
stress overshoot occurred befgre= 8.4, as shown in Figure  relax its residual stress at a rate much faster than that allowed
3b. Our previous PTV observations have revealed emergencepy chain diffusion in quiescence. Given a sample thickiss
of inhomogeneous shear beyond the oversb8tTherefore,  any appreciable nonquiescent stress relaxation due to wall slip
these results have produced insight into why kinklike stress should arise from macroscopic recoil over a distarce
decline can occur at high enough strains: stress relaxation carncomparable tdd. The time scale involved in such a recoil via
be speeded up in presence of a preexisting inhomogeneous straiglip is then given byt ~ Ax/Vs ~ H/(o/f3), where the interfacial
field, and kinklike behavior is more likely to take place for step friction coefficient is given b¥328 = yi/a. In terms ofb of eq
strains exceeding the point of stress overshoot. 2, we proceed to writé\t ~ (H/b)/(o/n) ~ (H/b)(z/y), where

The nonmonotonicity in Figure 3e motivates us to carry out We haves ~ Gy and#n ~ Gr, with y being the amplitude of
in-situ particle tracking velocimetric (PTV) observations and the step straing being the stress level at the end of the step
find out why the sample at higher imposed strains displayed shear, and being the terminal relaxation time. FbfH < 1,
lower relaxed stresses. Figure 3f depicts the nonquiescence ifAt > 7: the time taken for the sample to recoil via wall slip is
terms of where some of the tracked particles moved after the much longer than the relaxation time Thus, forb/H < 1,
shear cessation. Our PTV measurements also confirm that therdnterfacial slip cannot accelerate the stress relaxation and plays
is indeedquiescentrelaxation for imposed strains as low as no role in the preceding solution of 1M(10%)-15K, whdsis
120%, at and below which it would be meaningful to character- no greater than 0.12 mm.
ize stress relaxation dynamics with relaxation modulus or  Conversely, withb/H > 1 in 1M(10%)-oil solution, sample
damping function. Moreover, the experimental data clearly stay recoil due to interfacial slip can occur on a time scale shorter
above the DE theoretical prediction in Figure 3e foat and than the terminal relaxation timg thus greatly accelerating
below 1.2 where the comparison between experiment and theorythe stress relaxation. Figure 4b,c shows the actual strassl
should be meaningful in absence of any observable macroscopidts normalization, i.e., “relaxation modulusG(t) = o(t)/y(t),
motion. This discrepancy originates from the fact that the DE as a function of time. Comparing Figure 4c with Figure 3c, the
theory allows full chain retraction to occur even fpr< 1.0. kinklike stress drop is evident for the 1M(10%)-oil solution at
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Figure 4. (a) Small-amplitude oscillatory shear measurements of storage, loss m@duG'{(), and the complex viscosity*| as a function

of frequency. (b) Shear stress growth and relaxation during and after discrete step shearing of different magnitudes, where the Weissenberg
numberyt is 280. (c) Relaxation modulus evaluated from (b) to normalize the data with the strain magnitude. (d) Damping futicéibn
represents the relaxation conditions at long times from different tests involving different applied shear rates. The open symbols designate
step strains where a stress overshoot emerges during shear. (e) The normalized stress levelygiggrablong times where the stress tends to

level off due to interfacial slip, in contrast to Figures 3e, 5b, and 6c. (f) Particle-tracking velocimetric (PTV) detection of macroscopic fteations a
various discrete step strains where the final positions of the tracked particles are given. (g) PTV description of the macroscopic motions upon shear
cessation beyond stress overshoot.
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the strains equal to and higher than 2.5, but only visible in the T
1M(10%)-15K solution at the highest strain amplitude beyond BB IM(10%)-1.8K  5a - 10°
the stress overshoot. i - ]

The conventional “damping functioriin Figure 4d indicates 10° L - "
that the sample shows type C behavior. Figure 4e further MM.:’—-.IO"'
indicates that even at imposed strains below 1.0 the sample = I ]
shows lower stresses than the DE prediction and consequently ?I(}oo .

lower than those of the 1M(10%)-15K solution. Since there is = i
neither bulk nor interfacial failure in 1M(10%)-15K below o N
= 1.0, we can tell from such a comparison, even without 'f’ -
performing PTV observations, that the 1M(10%)-oil solution 100 ® oG ™ 5 1000
must have suffered interfacial slip at these low strains. FoY-G" EU

Our PTV observations indeed reveal sample recoil due to il
interfacial wall slip, as shown in Figure 4f. These PTV 0 oo oor ol T T ol
measurements confirm the key difference between the two ' ’ o (rad/s)
solutions: The one based on hydrocarbon oil relieves its residual
stress by interfacial slip, a mode of failure that is ineffective in l‘: 5h M N 1M(10%)-1.8K]
the other solution (1M(10%)-15K) due to the suppression of [ A 7-280 .
wall slip by the polymeric solvent PBD-15K. Wall slip is even | o
more severe at higher imposed strains. Indeed, as suggested in | N .
the past?1819our PTV visualization shows that the type C | A
relaxation behavior can occur readily in entangled polymers that 1 ats

L “. rF Y - ..
undergo massive slip upon step shear. Finally, we note that this »° "'\f‘ =

A
Doi-Edwards .‘ A

2

. F Y
type C behavior amounts to having nearly all data points in = . %] . A
Figure 4d below that of the DeiEdwards curve. Clearly, the 1

DE curve is arbitrary: Independent of whether the data are 0.1+ ] ® .
above or below (i.e., type B and type C) this curve, these [ °
samples displaynonquiescentelaxation and thus cannot be [ 01— '
depicted by any theory that is constructed to describe quiescent 0.04 | Y
relaxation.

1

Figure 4g records macroscopic motions for 5.6 and 8.4 Y
beyond the point of stress overshoot. Beyond the stress over- Fl L

. . ow direction

shoot, the residual stress level is loweryat 8.4 than at 5.6. P L —

As consequence, there is actually higher magnitude of macro- "5S¢

scopic motions fory = 5.6 than for 8.4. Another interesting I )
feature is that maximum movements no longer occur at the 3401 -
interfaces. This is possible only if the state of chain entanglement Fol

is no longer uniform across the gap upon shear cessation. In 4050 -
other words, apart from interfacial failure, the interior of the

entanglement network must have also suffered breakdown

during and after shear. 270

3. Type A/B Behavior in 1M(10%)-1.8K. The third solution,
based on the same parent polymer at 10 wt % concentration,
involves a second oligomeric PBD that produces an equally
small extrapolation length as that of the first solution. Since ol IM(10%)-1.8K
this solvent is of high glass transition temperature and is most 350 200 0 200 -400
sluggish of all,b would be as small as estimated in Table 3 if AX (Hm)
the interfacial viscosityy; in eq 2 is indeed dictated by the  Figure 5. (a) Small-amplitude oscillatory shear measurements of
solvent viscosityys. Figure 5a confirms that indeed this solution storage, loss moduli@, G") and the complex viscosityy*| as a
has the highest zero-shear viscosity due to the high valye of function of frequency. (b) Damping functioh that represents the

. relaxation conditions at long times from different tests involving
On the other hand, the solution indeed appears to possess a sm ifferent applied shear rates. The open symbols designate step strains

enougkbjgdging frqm Figure 5b. In othgr Words,.the re|a>.(ati0n where a stress overshoot emerges during shear. The inset shows the
characteristics in Figure 5b show strain softening that is only normalized stress level given byh(y) at long times revealing

slightly weaker than the ideal type A behavior represented by nonmonotonic relationship witly. (c) Particle-tracking velocimetric

the DE curve. We recall that the type A data of ref 10 also stay (PTV) detection of macroscopic motions after various discrete step
. ) strains where the final positions of the tracked particles are given. The
slightly above the DE curve.

open symbols denote the larger step strains beyond stress overshoot.
Amazingly, our PTV observations indeed support the idea

that this solution does not display much interfacial slip. Like B. Less Entangled Solution Showing Type A Behavior.

the first solution, the sample undergoes macroscopic motionsWe can further explore the characteristics of step shear by
in the sample interior upon step shear, as shown in Figure 5c.studying a solution of a reduced level of entanglement.
Apparently the oligomeric solvent is sufficient to suppress wall Specifically, Figure 6a shows the linear viscoelastic properties
slip as an effective mode to relax the residual stress: the sampleof the 0.7M(5%)-oil solution where the number of entanglements
has to break up internally due to a higher than critical level of per chain is reduced from 40 to 13, as shown in Table 2.
residual stress. Comparing the solution viscosities, we deef 0.7M(5%)-oll
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10" e ——rrrerr—rr ey 1000 Our PTV technique does not have adequate spatial resolution
FEEEEEG 0.7M(5%)-o0il 6a ] to determine the layer thickness where the entanglement network
[ . o q ] breakdown took place. Nevertheless, chain disentanglement must
1000 b v G Y ey | have taken place in a finite layer to produce the observed recaoil
oS P Lhd measured in Figure 6b. Second, even though this solution is
also based on DTDP, there is insufficient wall slip to allow
type C relaxation behavior. In fact, this 5% solution show
relaxation behavior that is closest to the type A behavior, as
[ ] shown in Figure 6c¢. This is one more example to show that the
0Ly / N classification of the various relaxation behaviors of different
g Pl N entangled polymeric systems into type A to C is entirely

arbitrary.

vervrrvvrl
A

100 | v'e 5 1100

G', G" (Pa)
o
[N
(sed) £l

oy 5. Conclusion

Stress relaxation behavior after a step strain is the simplest

675 — — _ experiment to probe nonlinear response of an entangled polymer
Y o 0.7M(5%)-oil M as long as the sudden deformation can take place on time scales

[ 0.8 yT-25 ] much shorter than the terminal relaxation time. Classically, there

5407 ij v was the perception that the entanglement network formed of

Flow direction
- e

- 0. ~

2 v 1 linear polymer chains would be so strong that it would not

7 ] collapse after a large step strain. At a fixed entanglement density,
2 A ] e.g., using the same parent polymer at 10 wt % concentration,
70l s " 1 we show, by varying the extent to which the solutions are

{f ) ! ] capable of undergoing interfacial wall slip, that the nonlinear
P 7 [ ] relaxation behavior upon step shear is associated with macro-
135 F jo / . . scopic motions either in the bulk or at the sample/wall interface.
H 6b: The observed macroscopic motions are the result of sample
oL . Y L I recoil upon yielding of the strained entanglement network. It is
400 300 200 100 0 -100 the macroscopic recoil that accelerates the stress relaxation
AX (pm) relative to that taking place quiescently at low strains. The
A e ey T ] different extent of motions occurring in the bulk and/or at the

s -2 ‘o“ 6c | interface Ieads.to relaxations ranging from type B to type C.

@ Doi-Edwards e 1 As revealed using PTV, type B and A behaviors appear to be

2 A N | more closely related to internal bulk failure. On the other hand,
solutions with great ability to undergo wall slip readily exhibit
type C behavior.

It is only in reference to the DE theoretical prediction that
the relaxation behavior has been traditionally grouped into type
A, B, and C. This classification has no real meaning since none
2 0.7M(5%)-oil 1 ] of these three types bear any relevance to the DE prediction.
fa ] ® As explained elsewhef@?® structural failure of a strained
0'03_04 01 Y 0 10 . entanglement network is possible when the sufficiently high
0.04 et : retraction force (due to the chain deformation during the step

0.01 0.1 1 10 . " .
shear) overcomes the cohesive force arising from chain en-
Figure 6. (a) Small-amplitude oscillatory shear measurements of tanglement. The present work merely focused on visualizing
storage, loss moduli@, G"), and the complex viscosityy*| as a what was responsible for the various relaxation behaviors from

function of frequency. (b) Particle-tracking velocimetric (PTV) detection type A to C using particle-tracking velocimetry.
of macroscopic motions after various discrete step strains where the

final positions of the tracked particles are given. The open circles denote . . .
the larger step strains beyond stress overshoot. (c) Damping function Acknowledgment. This work is supported, in part, by a

h that represents the relaxation conditions at long times from different Small Grant for Exploratory Research of the National Science
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step strains where a stress overshoot emerges during shear. The inse{c7),

shows the normalized stress level givernhyy) at long times revealing
nonmonotonic relationship with.
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