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ABSTRACT: We have characterized the effect of molecular weight distribution on
slip of linear 1,4-polybutadiene samples sandwiched between cover glass and silicon
wafer. Monodisperse polybutadiene samples with molecular weights in the range of
4−195 kg/mol and their binary mixtures were examined at steady state in planar
Couette flow using tracer particle velocimetry. Slip velocity was measured at shear
rates over the range of ∼0.1−15 s−1. Our results revealed that weakly entangled
short chains play a crucial role in wall slip and flow dynamics of linear polymer
melts. It was found that the critical shear stress for the onset of the transition to the
strong slip regime is significantly reduced when a small amount of weakly entangled
chains is added to a sample of highly entangled polymer. Within the same range of
shear stresses, binary mixtures of long and short chains exhibit significantly enhanced
slip compared to the moderate slip of the individual long chains. This is attributed to
the reduced friction coefficient at the polymer−solid interface which is likely a
complicated function of the nature of entanglement, chain adsorption, and relaxation
dynamics of chains at the interface.

Historically, the no-slip liquid−solid boundary condition
was presumed to be true for every type of problem in the

field of fluid dynamics until implications of slip such as shear
stress reduction, gap dependence shear stress, and flow rate
discontinuity (spurt) showed up in the study of non-Newtonian
fluids specifically polymers.1 Today, it is well established that
highly entangled linear polymer melts and concentrated
solutions exhibit perceptible slip during flow on solid
substrates.2 Nevertheless, the extent to which polymers slip
and its relationship to polymer structure still remains
ambiguous due to the vast number of influential factors and
the complexity of the phenomenon.3,4

Slip plays an important role in the flow dynamics of polymers
in various practical applications such as extrusion, mixing,
coating, and lubrication. Depending on the application, slip can
be beneficial or detrimental. In polymer processing, slip is
beneficial where (i) it reduces the required force/pressure for a
certain drag/flow rate of fluid by lowering the wall shear stress
and (ii) it (potentially) expands the margins within which
defect-free and smooth-surface products can be produced (slip
has been long related to surface distortions in extrusion-based
polymer processing techniques although a clear cause−effect
understanding has not yet been obtained).4−16 Slip is
detrimental (i) in polymer mixing where high shear is desired
and (ii) in rheometry where accurate measurement of material
properties requires ideal flow conditions. Therefore, the
thorough characterization of slip is necessary not only to
collect accurate rheological measurements but also to precisely
design and produce polymers for particular applications such as
lubricants, antislip polymers, and products with desirable
surface finishes. Another important advantage of having this
knowledge is that it allows for the development of accurate slip

theories that can be used in flow simulations and other design
analyses.
The factors influencing slip of polymers include the chemical

and physical properties of both substrate and polymer: slip is
most importantly affected by substrate surface energy, substrate
roughness, polymer chemistry, molecular weight, molecular
weight distribution, and chain architecture.17−27 Although a
great deal of knowledge has been well established on this
subjectseveral comprehensive reviews can be found in refs 3,
4, and 21the effects of parameters such as molecular weight
distribution and low molecular weight chains have rarely been
thoroughly explored in previous studies.3,28 Polydispersity in
molecular weight is a rather complicating factor in the field of
polymer physics, and it has not yet been fully incorporated in
polymer molecular theories even those for bulk rheology.29 In
the case of slip of polymers, the available molecular theories are
applicable to monodisperse systems only and were never
extended to polydisperse systems typical of industrial
polymers.30−35 In the most recent review of the subject in
2012 by Hatzikiriakos,3 the author reminds us of the necessity
of further work to investigate the effect of polydispersity on wall
slip of polymers.
There is much experimental evidence that short chains or

low molecular weight species play a critical role in physics and
flow dynamics of molten polymers. Samples with broad
molecular weight distributions are well-known to begin shear
thinning at smaller shear rates compared to narrowly
distributed samples. Several researchers29,36−38 showed that
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incorporation of short chains into the network of long chains
accelerates relaxation of long chains and reduces the mixture
plateau modulus, GN(φ). In capillary extrusion, Blyler and
Hart39 observed a considerable reduction in the magnitude of
the flow curve discontinuity when different fractions of a low
molecular weight polyethylene (PE) wax were added to a
sample of high molecular weight linear PE. Similar results were
found by Schreiber,40 who also showed that the shape of
molecular weight distribution influences the flow curve
discontinuity and blends containing “components with widely
different molecular weights are far more effective than broader
but more normally shaped distributions” at reducing the
magnitude of the discontinuity. Recently, Inn16 studied
capillary flow of three bimodal PE resins of similar viscosity.
They observed that the sample with (i) higher content of the
low molecular weight population and (ii) highest molecular
weight of the high molecular weight population showed the
largest slip as determined indirectly. These observations imply
that short chains play a significant role in flow dynamics of
highly entangled polymers. Here, we investigate slip of
monodisperse and binary mixtures of polybutadiene (PBD)
samples comprising long and short chains and varying
“Struglinski−Graessley37 parameter” Gr where Gr = M2Me

2/
M1

3, M1 and M2 are molecular weights of short and long chains,
respectively, and Me is the molecular weight between
entanglements (for PBD Me = 1650 g/mol). The long chains
in binary mixtures with Gr > 1 are known to exhibit constraint
release in a dilated tube.36−38,41 This indicates that the
disentanglement believed to cause the onset of strong slip
may be very different when Gr > 1. It would be interesting to
examine the influence of short chains on slip of highly
entangled polymers using a series of binary mixtures with Gr >
1.
In the present work, using tracer particle velocimetry in

steady-state planar Couette flow, we report for the first time
that a monodisperse sample of long chains exhibiting moderate
slip undergoes substantial slip when mixed with a small fraction
of weakly entangled short chains. These results can
conveniently be exploited toward improving the existing slip
theories. We also note that the use of planar Couette flow rules
out the long-debated hypothesis of shear-induced fractionation
which leads to the formation of a low-viscosity layer by
migration of short chains toward the interface.16

■ EXPERIMENTAL SECTION
We use narrow-distributed linear 1,4-polybutadiene (PBD) (cis 68%,
trans 27%, and 1,2 addition 5%) with four different weight-average
molecular weights: Mw = 4, 73, 88, and 195 kg/mol and polydispersity
indices PI ≤ 1.08 (Table 1) provided by Polymer Source Inc.
Molecular weight distributions were measured using a Waters gel
permeation chromatograph with tetrahydrofuran as diluent. The
molecular weights are reported relative to polystyrene standards as
determined from elution time and a refractive index detector.

All slip measurements were performed at room temperature.
Experiments were carried out on monodisperse samples and their
binary mixtures as shown in Table 2 (φL is the weight fraction of long

chains and η0 is the zero shear viscosity). The Struglinski−Graessley
parameters for the 4K/88K, 88K/195K, and 4K/195K binary mixtures
are 3.023, 0.001, and 6.694, respectively.

To prepare binary samples, 5 wt % solutions of monodisperse PBDs
in dichloromethane were mixed together in the appropriate
proportions by weight to obtain the desired composition. A small
amount (less than 0.5 wt %) of surface-treated (hexyltrimethoxysilane)
fluorophore nanoparticles (nominal size of 75 nm) suspended in
ethanol (2 mg/mL) was then added to each sample to be used as
tracer particles for velocimetry measurements. Samples were dried at
room temperature and under vacuum for 3 days to minimize residual
traces of solvent molecules.

The dynamic linear viscoelastic properties were characterized by
small-amplitude-oscillatory-shear (SAOS) measurements using a
stress-controlled Paar Physica rotational rheometer (MCR 500).
Measurements were done using 8 mm diameter stainless steel parallel
plates with a gap of 1 mm under a nitrogen atmosphere. The plateau
modulus GN(φ) was calculated from GN = 3.56G″max, which is an
appropriate estimation for bidisperse samples of long and short chains
as shown by Wang et al.29 and Liu et al.42 The disentanglement
relaxation time τd was calculated from τd = 1/ωc, where ωc is the
angular frequency at which G′(ωc) = G″(ωc).

29

Slip measurements were done by tracer particle velocimetry2

utilizing a microfluidic shear cell and confocal microscopy. A detailed
description of the experimental procedure can be found elsewhere.2

The top plate was a silicon wafer whereas the bottom plate was a thin
cover glass to transmit fluorescent light to, and from, nanoparticles.
The gap was set to 85−90 μm, and the drag flow was provided by
moving the bottom plate. During shearing, the polymer sample was
illuminated by fluorescent light, and the reflection at the center of the
sample and distance z from the top plate was captured by a high-speed
digital camera at 50 fps and with a 63× objective. Samples were
sheared well into steady state as confirmed by the velocity−time data
(see for example Figure 1) for all results presented here.

The velocity data including slip velocity and the corresponding
shear rate in the steady-state region were then obtained through image
processing using a modified version of MATPIV.2,43 Confocal
microscopy allowed us to observe the velocity profile across the gap.

The main quantity examined in this work is the slip velocity of PBD
over the silicon wafer vs

t (which we refer to as vs hereafter). In order to
locate the PBD−silicon wafer interface (z = 0), the focal point of the
objective was moved up toward the silicon wafer (stationary plate)
until no tracer particles could be observed. The focal point was then
slowly moved down (with increments of 0.1 μm) into the polymer
sample until the very first tracer particles were observed. This point
was regarded as z = 0. This interface identification process was
repeated three times to ensure the same location is inferred as the
interface for each shear flow experiment. Considering the spatial
resolution of the confocal microscope and the method we used to

Table 1. Molecular Characteristics of Monodisperse PBDs

sym Mw [kg/mol] Mw/Mn
a Mw/Me

4K 4.3 1.06 3
73K 73.1 1.03 44
88K 88.2 1.05 53
195K 195.3 1.08 118

aMn is the number-average molecular weight.

Table 2. Molecular Characteristics of Binary PBD Mixtures

sample sym φL η0 [kPa·s] GN [kPa] τd [s] σ* [kPa]

4K/88K B1 0.76 NAa NAa NAa NAb

88K/195K B2 0.51 21.5 NAa 0.03 NAb

4K/195K L0 0 0.002c NAa NAa NAb

4K/195K L30 0.30 0.9 73 0.03 2
4K/195K L50 0.50 7.9 252 0.04 6
4K/195K L74 0.74 27.0 502 0.07 20
4K/195K L90 0.90 53.2 862 0.08 59
4K/195K L100 1.00 71.7 1040 0.09 66

aLVE properties of this melt not measured due to instrument
limitations. bDoes not exhibit strong slip. cObtained from ref 44.
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locate the interface, uncertainty in the location of polymer−solid
interface as well as the slip length is ∼±0.1 μm.
The slip velocity at PBD−silicon wafer interface was measured over

a wide range of nominal shear rates: γṅ ∼ 0.1−15 s−1. It is important to
note that the maximum shear rate imposed on each sample is limited
either geometrically or by the melt rupture of PBD at high shear
stresses.
We performed additional measurements to examine the velocity

profile across the gap at several rates. The profiles were found to be
linear or slightly curved as shown for example in Figure 2. Since

obtaining the velocity profile requires a large amount of image
processing, the velocity profile was measured only at five different rates
on the order of ∼0.6, 1.2, 2.4, 4.8, and 7 s−1 covering the entire range
of weak to strong slip behavior.
Finally, we would like to consider the slip length b. The slip length

is defined as the distance from the interface at which the velocity
profile extrapolates to zero. In the planar Couette flow b is defined as b
= vs/γṪ where γṪ is the true shear rate experienced by the sample: γṪ =
γṅ−(vst + vs

b)/h. Here, vs
t and vs

b are slip velocities at the top (silicon
wafer) and bottom (cover glass) plates, respectively, and h is the gap
between the two plates. We note that values of vs

t and vs
b are not the

same. To calculate γṪ and hence b, we use the same vs
t based on direct

measurement of slip velocity on silicon wafer. Since we measured the
vs
b only at a few nominal shear rates (the same shear rates we did the
velocity profile measurements), we estimate the rest of vs

b data through
interpolation/extrapolation from those measured (vs

b versus V0, see for
example Figure 3).

■ RESULTS AND DISCUSSION
Understanding the wall slip of polymers requires knowledge of
bulk rheological properties importantly viscosity in addition to
near-wall properties. Figure 4 displays the rheological proper-
ties of binary 195K/4K PBD mixtures. As we will discuss in the
upcoming sections, the systematic shift of the complex viscosity
curve to lower values is a result of the simple dilution effect of
short chains. This is important since it rules out the role of
viscosity in any abrupt change in slip characteristics of binary
samples as compared to the monodisperse constituents.
In the past, it was shown both experimentally19,21,26 and

theoretically32,45 that slip of highly entangled polymers over solid
substrates can be characterized by three distinct slip regimes:
the weak slip regime, the transition regime, and the strong slip
regime (known as macroscopic slip in capillary experiments).
The slip velocity as a function of shear stress σ for the flow of

monodisperse PBDs on silicon wafer is shown in Figure 5. The
shear stress was calculated from σ ≅ γṪ|η*(ω = γṪ)|, which is a
realistic estimation since we use γṪ and we are close to the
Newtonian plateau in all cases such that the Cox−Merz relation
is very likely to be appropriate. For all samples (except the 4K
chains) η*(ω) was measured by SAOS using rotational
rheometer. For the 4K chains, the Newtonian viscosity was
taken from the literature.44

Several features can be understood from the data in Figure 5.
Except for the high-shear stress portion of 195K, all
monodisperse PBDs exhibit a power-low relationship between
the slip velocity and shear stress: vs ∝ σα (here α varies from
0.74 to 1). Several previous researchers established similar
relationships for the slip of linear polymers.2,19,23 The 195K
PBD sample exhibits different behavior: at high shear stresses,
the slip transitions to a higher slip velocity regime (strong slip).
For PBD, the strong slip regime has been observed for
molecular weights above ∼100 kg/mol only.9,24,46 Similarly,

Figure 1. Velocity of nanoparticles V(z) of binary sample L74 at
different values of z as labled (units are μm) as a function of time t.
Steady-state velocity was ensured at long times. Dashed lines indicate
steady-state values.

Figure 2. Normalized velocity profiles of binary sample L74 at
nominal shear rates γṅ as labeled (units are s

−1). The vertical axis is the
distance z from the stationary plate (silicon wafer) normalized by the
gap h and the horizontal axis is the velocity of nanoparticles V(z)
normalized by the moving plate (cover glass, z = 1) velocity V0.

Figure 3. Slip velocity of L90 on cover glass vs
b versus moving plate

velocity V0. Solid circles are experimental data whereas solid diamonds
are estimated data points by interpolation/extrapolation through linear
regression (dashed line).
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Figure 5 confirms that PBD 195K is the only sample exhibiting
a slight transition to the strong slip regime.
The data in Figure 5 as well illustrate another important

feature; monodisperse PBDs with higher molecular weights
require higher shear stresses to slip. For instance, 195K sample
compared to 4K requires shear stresses orders of magnitude
larger to exhibit the same slip velocity. This is an indication of a
difference in the corresponding friction coefficient.
Brochard and de Gennes in their 1992 slip theory33

introduced an alternative relationship for the shear stress
under slip conditions: σ = kf vs where kf is the friction coefficient

indicating the interactions between (i) the adsorbed and mobile
chains (chain−chain interactions) and (ii) the mobile chains
and wall (chain−wall interactions). Using the data in Figure 5,
we calculate kf and plot it versus shear stress in Figure 6.

Figure 6 shows the friction coefficient as a function of shear
stress for monodisperse PBDs and selected binary samples on
silicon wafer. For monodisperse PBDs, the friction coefficient at
the weak slip regime kf 0 scales with the weight-average
molecular weight as kf 0 ∝ Mw

2.1. This is in good agreement
with the power of 1.5 that can be extracted using kf 0 = η0/b0
from the work of Archer and co-workers23 on monodisperse
PBDs where they reported b0 ∝ Mw

1.94±0.07 and η0 ∝ Mw
3.4±0.02

(b0 is the slip length at the weak slip regime).
To begin to understand the effect of polydispersity on slip,

the first step is to investigate the slip of bidisperse mixtures. As
seen in Figure 6, binary samples may exhibit significantly
different behavior compared to monodisperse samples. Among
three binary combinations of monodisperse 4K, 88K, and 195K
PBDs, two of them 195K/88K and 88K/4K follow a close
behavior to that of the long-chain constituent. The binary
mixture of the longest and shortest chains (195K/4K: Gr =
6.694) however exhibits a different behavior with the other two:

Figure 4. (a) Complex viscosity η*(ω), (b) storage modulus G′(ω),
and (c) loss modulus G″(ω) as a function of angular frequency ω of
binary 4K/195K PBD mixtures.

Figure 5. Slip velocity vs shear stress of monodisperse PBDs on silicon
wafer. The dashed line is an extrapolation of the weak slip regime of
the 195K sample to guide the reader’s eye.

Figure 6. Friction coefficient vs stress of monodisperse PBDs (solid
symbols) and their binary mixtures (open symbols) on silicon wafer.
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a very sharp transition toward much smaller values of friction
coefficient.
Our first naiv̈e impression from the results is that given

sufficiently entangled long chains (Mw/Me > 118) to exhibit
strong slip, the onset of the transition to the strong slip regime
occurs much sooner once long chains are mixed with a sample
of short-enough chains (Gr > 1). Note that the binary sample
4K/88K with Gr = 3.023 > 1 did not exhibit transition to strong
slip simply because 88K chains are not entangled enough. We
therefore examine the effect of long chain content of 195K/4K
mixtures on their wall slip in the following.
The slip velocity as a function of the shear stress of 195K/4K

binary mixtures on silicon wafer is shown in Figure 7 where slip

curves of 195K and 4K, denoted by L100 and L0, respectively,
were added to this graph for comparison. The results were
striking; all binary samples exhibit a smooth transition from the
weak slip regime to the strong slip regime where their slip
velocity seem to follow the same trend as that of the short-
chain component, i.e., 4K chains (once extrapolated).
Compared to 195K chains, the binary mixtures exhibit strong
slip at smaller shear stresses and they reach much higher slip
velocities as well.
As seen in Figure 7, both the onset and slope of the

transition regime change when a small amount of weakly
entangled chains is added to a high molecular weight linear
polymer. The slip curves of binary mixtures systematically vary
with composition: the whole curve shifts to higher shear
stresses and the transition to the strong slip regime becomes
more abrupt as the content of long chains increases. In
comparison, slip is suppressed in the case of the pure long chain
sample. Moreover, the slip velocity of binary samples exhibits a
smooth monotonic increase with stress in contrast to the
increasing but rather erratic behavior of the monodisperse
samples.
We start our analysis with investigating the effect of

bidispersity on the value of the shear stress at the onset of
the transition regime known as the critical shear stress σ*.
Several previous slip studies on heavily entangled polymer
melts and solutions suggested that σ* which can be described
as the critical shear stress required to disentangle adsorbed
chains from the bulk is likely to scale with GN (a summary of

these results can be found in refs 1, 23, and 24). No unique
coefficient of proportionality can be established due to the large
variation in different studies.
The data in Figure 7 show that in our case σ* varies with the

content of the long chains in a systematic manner (we chose σ*
of each binary mixture as the point right after which the slip
curve branches off and the transition to higher slip velocities
begin). Values of σ*, GN, and η0 for binary and monodisperse
constituents are listed in Table 2. Interestingly, σ* scales
linearly with η0, indicating a clear dependence of σ* on the
weight-average molecular weight of binary samples. We note
that this is likely because we are observing strong slip very close
to the Newtonian plateau. Furthermore, we obtain σ* ∝ GN

1.4

rather than the power of 1 found in the other studies. This
relationship has not previously been characterized since we
study binary mixtures instead of monodisperse samples.24

As mentioned previously, for PBD, the strong slip regime has
been observed for molecular weights above ∼100 kg/mol only.
For binary mixtures composed of heavily and weakly entangled
chains with Gr > 1, the minimum degree of entanglement for
strong slip reduces to about half of that of monodisperse
samples: monodisperse PBD samples exhibit strong slip at M >
100 kg/mol while a binary sample with Mw as low as 62 kg/mol
(L30) showed strong slip in this work. We note that Inn’s16

proposal that high content of small chains induces significant
wall slip needs to be refined based on our results which clearly
show that slip depends strongly on the chain length of both
constituents.
Based on the Brochard−de Gennes’ theory,31,32 slip of highly

entangled linear polymers can be explained by an entangle-
ment−disentanglement mechanism between the moving and
surface-adsorbed chains. The surface-adsorbed chains undergo
a coil−stretch transition depending on the flow of the
surrounding chains. According to this mechanism, in the
weak slip regime at low slip velocities, the chains adsorbed on
the wall are still entangled with the flowing chains and hence
forced to comply with regulations of the bulk rheology. In the
transition regime at intermediate velocities, the flowing chains
start to undergo a repeating disentanglement−re-entanglement
process with the adsorbed chains. In the strong slip regime at
higher slip velocities, the moving chains become fully
disentangled from the surface-adsorbed chains which con-
sequently results in a friction coefficient similar to that of a flow
of monomers.
Figure 8 displays the friction coefficient as a function of true

shear rate for binary mixtures and their monodisperse
constituents on silicon wafer. The use of shear rate instead of
the shear stress on the horizontal axis allows us to study chain
friction coefficient as a function of the rate of deformation. As
can be seen in this figure, there is a fundamental difference
between the behavior of friction coefficient in the weak and
strong slip regimes denoted by kf 0 and kf∞, respectively.
At low shear rates, we can see the characteristic large

entanglement-dominated friction factor which decreases by
orders of magnitude as the average number of entanglements
per chain is decreased with increasing low molecular weight
chain content. Similarly to monodisperse PBDs, the kf 0 of
binary mixtures scales with the weight-average molecular weight
as kf 0 ∝ Mw

2.2, indicating that flow dynamics and interfacial
properties of linear polymers at low deformation rates is mainly
governed by their bulk rheology.
From the data in Figure 8, it is evident that the critical shear

rate at the onset of the transition regime is almost the same as

Figure 7. Slip velocity of binary 195K/4K PBDs (solid symbols) and
their monodisperse constituents (open symbols) versus shear stress.
The dashed line is an extrapolation of the slip of the 4K sample to
guide the reader’s eye.
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that of 195K: γṪ* ∼ 1 s−1. This indicates that in binary mixtures
it is the relaxation dynamics of the long-chain constituent that
primarily governs the onset of the slip transition regime.
A very crucial outcome of this work is however the behavior

of kf∞ of binary samples. As shown in Figure 8, the friction
coefficient of all binary mixtures seems to be leveling off toward
a plateau region. Under strong slip conditions, the mobile
chains are disentangled from the chains adsorbed to the wall
and the friction factor represents both unentangled chain−
chain interactions and mobile chain−wall interactions. The fact
that the pure L100 exhibits a higher kf than the binary mixtures
indicates that one or both of these types of interactions is
affected by the presence of the short chains. We recall that
given the planar Couette flow conditions we do not expect any
significant amount of shear-induced segregation of low
molecular weight chains to the interface. Therefore, their
presence at a concentration equal to that in the bulk is sufficient
to cause a large increase in slip. It is important to note that we
do not have enough data points to completely describe kf∞ of
pure L100 since its kf seems to decrease further once we
increase the deformation rate to higher values (not accessible
with our current setup).
Slip length can also be described as b = η/kf where η is the

melt viscosity. This relationship states that slip length depends
on both the friction coefficient and viscosity of the polymer and
therefore cannot be an independent measure of the amount of
slip. However, slip length can be a proper measure of the
amount of viscous dissipation that a polymer sample undergoes
during flow. In fact, it is the b/h ratio (h is the shear cell gap or
tube diameter) that indicates how important the slip effects are
at a macroscopic scale: b/h ≪ 1 indicates negligible slip while
b/h > 1 signifies considerable slip resulting in a velocity profile
close to plug flow.
The slip length of binary 195K/4K PBD mixtures as a

function of shear stress are shown in Figure 9. Similar to the
behavior of monodisperse PBDs in the weak slip regime, b0 of
binary mixtures increases weakly with Mw as a result of the
increase in bulk viscosity. The slip length at the strong slip
regime b∞ behaves differently since the kf∞ is drastically
affected by the presence of short chains. The behavior of b0 and
b∞ as a function of φ is shown in Figure 10.
As shown, for binary mixtures of long and short chains

(195K/4K), b∞ shows a stronger dependence on φ than b0: b∞

∝ φ2.2 versus b0 ∝ φ1.1. The difference between the power law
dependence of b0 and b∞ on φ indicates that the presence of
short chains in a binary mixture is more pronounced at higher
stresses where mobile chains begin to disentangle from those
adsorbed to the surface. The power law dependence of b∞ of
binary mixtures on φ is similar to that established between GN
and φ as GN ∝ φ 2.2.29,37,38 The similarity between these
parameters would be a promising starting point for further
study of slip in polydisperse samples. It is important to note
that b∞ of 195K may have not been reached within the range of
shear stresses examined in this study, and hence it is not
included in Figure 10. Sample L90 containing the highest
content of long chains exhibited the most extreme slip with b∞
on order of 20 μm. The increase in b∞ of binary samples is
most certainly due to a decrease in their corresponding friction
coefficient as it is shown in Figure 8, signifying the important
role of short chains in wall slip and flow dynamics of linear
polymers.

■ CONCLUSION
The results highlight the important role of weakly entangled
chains in the course of polymer flow. Slip of binary mixtures of
long and short chains with Gr > 1 in the strong slip regime is
significantly affected by the presence of short chains. We
showed that the addition of a small amount of short chains with
M ∼ Mc ∼ 3Me to a monodisperse sample of sufficiently

Figure 8. Friction coefficient versus true shear rate of binary 195K/4K
PBDs (solid symbols) and their monodisperse constituents (open
symbols).

Figure 9. Slip length of binary 195K/4K PBDs versus shear stress.

Figure 10. Slip length of binary 195K/4K PBDs versus weight fraction
of 195K chains.
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entangled long chains M ∼ 118Me significantly reduces the
strong slip friction coefficient resulting in a significant increase
in wall slip compared to moderate slip of long chains at the
same shear stress.
Surprisingly, for binary mixtures the strong-regime slip

length, b∞, scales with the content of long chains, φ, as b∞ ∝
φ2.2, a relationship similar to that established between binary
mixtures plateau modulus GN and φ as GN ∝ φ2.2. While the
weak slip friction coefficient seems to scale well with bulk
rheology and entanglement density of chains, the strong slip
friction coefficient requires detailed knowledge of disentangled
chain−chain and chain−wall interactions at the interface in
addition to rheological properties. The lower stress decrease in
kf of binary mixtures compared to monodisperse long chains
indicates that the disentangled chain−chain and/or the chain−
wall interactions at the interface are strongly affected by the
presence of short chains.
We found that the critical shear stress σ* for the onset of

transition to strong slip in binary PBD samples scales with η0.
We also showed that a binary sample with Mw as low as 62 kg/
mol could exhibit significant strong slip, although there exists
specific requirements on the chain length of both of the
individual constituents. In contrast, monodisperse samples with
M up to 195 kg/mol exhibited moderate slip only. These results
provide the foundation for the development of new theoretical
underpinnings for the mechanism by which short chains
influence interfacial slip.
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