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Abstract The constant ‘interchain pressure’ idea has been
addressed, to evaluate if it is an adequate quantitative
assumption to describe the fluid mechanics of oligomer
diluted entangled NMMD polymer systems. The molecu-
lar stress function constitutive framework has been used
with the constant interchain pressure assumption. Further-
more, the maximal extensibility based on the number of
Kuhn steps in an entanglement has been used based on
the relative Padé inverse Langevin function. The model
predictions agree with the extensional measurements on
all previously published poly(methyl methacrylate)s and
almost all published oligomer diluted NMMD polystyrenes.
The only deviation is on the most diluted and largest molec-
ular weight case of an 18% 1880 kg/mol polystyrene in
oligomer diluent. In this case, the maximal extensibility is
not needed.

Keywords Interchain pressure - Uniaxial extension -
Oligomer diluted polymer melts
Introduction

The idea of universality in flow dynamics of entangled
monodisperse polymer systems is appealing and is the
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guideline in the earliest tube theories (De Gennes 1971; Doi
and Edwards 1978). However, the lack of universality was
recognized with the publication of extensional viscosity of
narrow molar mass distributed (NMMD) polystyrene solu-
tions and polystyrene (Bhattacharjee et al. 2002) and (Bach
et al. 2003b) respectively. The recent publications (Huang
et al. 2013a, b) of extensional viscosity of oligomer diluted
NMMD polystyrenes have cast new light on the flow
dynamics of entangled polymers.

Concerning all the referred polystyrene measurements
above, two recent ideas for constitutive concepts have been
suggested to explain the fluid mechanics of entangled sys-
tems. One is the monomeric friction reduction (Yaoita et al.
2012; Ianniruberto et al. 2012), actually suggested before
the appearance of the oligomer diluted polystyrene mea-
surements by Huang et al. 2013a, b, and the other one is
the modified interchain pressure (Wagner 2014), proposed
more recently. Both seem capable of predicting the flow of
the referred NMMD polystyrene melts and their respective
dilutions. Particularly, the models concerning monomeric
friction, the amount of changeable parameters (Ianniruberto
2015) and functions (Masubuchi et al. 2014) seem suf-
ficient to model the flow of other NMMD polystyrene
systems (Huang et al. 2015) and even systems other than
polystyrenes (Sridhar et al. 2014) as well. The model by
Wagner (2014) is based on an adaption of the originally
suggested ‘interchain pressure’ model by Marrucci and
Ianniruberto (2004) for monodisperse polymer melts. In the
latter one, the tube deformation is controlled by the increas-
ing thermal interchain or tube pressure, originating from the
stretch of the surrounding chains. It explains the rheologi-
cal measurements of NMMD polystyrene melts accurately
(Wagner et al. 2005). In Wagner (2014), the flow behav-
ior of entangled monodisperse polymer systems is explained
as a unique consequence of the reduced glass transition
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temperature in solutions which increases the effect of a
lateral spring force compared to monodisperse melts.

We have implied in Rasmussen and Huang (2014) that
in an ideal dilution, when the diluent consists of Kuhn
chains in random configurations, the thermal interchain tube
pressure would be constant. This is a particular case for
diluted systems as long as the length of all the diluent
molecules are above two Kuhn steps and the molecules
are in random configurations (Rasmussen 2015). This idea
shows agreement with the extensional measurements on bi-
disperse polystyrene and polyisoprene systems (Rasmussen
2015), and also the oligomer diluted NMMD polystyrenes
measured by Huang et al. (2013a, b). Recently, extensional
measurements on a wider concentration range of oligomer
diluted NMMD polystyrenes (Huang et al. 2015), as well
as oligomer diluted NMMD poly(methyl methacrylate)s
(PMMA) (Wingstrand et al. 2015), have appeared. These
measurements allow us to further evaluate if the idea of a
constant ‘interchain pressure’ is an adequate assumption to
describe the fluid mechanics of oligomer diluted entangled
NMMD systems, which will be addressed in this paper.

Constant interchain pressure

A diversity of constitutive models based on the tube idea
(De Gennes 1971) have been published in the past decades,
initiated with the constitutive model based on a purely ori-
entational stress by Doi and Edwards (1978). Chain stretch
was introduced by Marrucci and Grizzuti (1988) and the
variety of the subsequent constitutive equations are all
based on chain stretch. Particularly, considering the ‘interc-
hain pressure’ idea, originally proposed by Marrucci and
Tanniruberto (2004), three different approaches have cur-
rently been published (Wagner et al. 2005; Dhole et al.
2009; van Ruymbeke et al. 2010). Here, we use the molec-
ular stress function (MSF) constitutive equation by Wagner
et al. (2005, 2010), where the components of the stress
tensor, ojj, are defined as

t
oy = / M — 1) f et t,)25<[E(x, t,t')-ul(E(x,t,1)- u]>dt/.

|E(x,1,7) - uf?
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E(x,t,t') is the displacement gradient tensor where its
components are defined as Ej;(x, ¢, th = 8xi/xj/,i =1,2,3
and j = 1,2,3. x = (x1, x2, x3) are the Cartesian coor-
dinates of a particle in the present time 7 and (x{, x5, x})
are the position of the same particle at the past time ¢'.
The angular brackets are the unit sphere integral given
as (...) = 1/¢m) f|u|=1"'d“' u is the unit vector.

@ Springer

All relevant unit sphere integrals are analytically solved in
Urakawa et al. (1995). The initial value of the molecular
stress function is f(x, ¢, 1) = 1.

The memory function, M(r — '), used here is the one
suggested by Baumgaertel, Schausberg, and Winter (BSW)
(Baumgaertel et al. 1990; Baumgaertel and Winter 1992)
given as

o0
H ,
M —1) :/ T(zf)e(*(f*' M, 2)
0

H(t) = n,GY [(TT ) e + (%)7 gi|h(1 — T/Tmax) (3)

where h(x) is the Heaviside step function. 7,4 is the max-
imal relaxation time and 7, is the largest relaxation time of
the glassy modes. G(])V is the plateau modulus. Particularly
the fixed values of n, = 0.2 and ny, = 0.7 (Rasmussen and
Huang 2014) seem appropriate for all the involved samples
discussed here. Some of the needed BSW parameters can be
found in Rasmussen and Huang (2014). All the other linear
viscoelastic parameters are obtained by fitting the mechan-
ical spectroscopic measurements to the BSW model using
the method from Rasmussen et al. (2000). The mechanical
spectroscopic measurements from Huang et al. (2015) and
Wingstrand et al. (2015) with the corresponding fittings are
shown in Figs. 1 and 2 and the values of the parameters are
listed in Table 1. 6 represents the weight fraction of the long
polymer chains in the dilution.

Rasmussen and Huang (2014) suggested that the ther-
mal interchain or tube pressure stays constant if the tube
contains chains in random configurations. Note that this is
not a general constitutive idea for entangled systems, as
it excludes dilutions with diluent molecules shorter than
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Fig. 1 Loss, G” (open triangles and open circles) and storage mod-
uli, G’ (filled triangles and bullets), both as a function of the angular
frequency w measured at 130 °C for the two polystyrene blends from
(Huang et al. 2015). The bottom data are 18% 1880 kg/mole (trian-
gles) and the rop data are the 33% 910 kg/mole (circles/bullets), both
diluted in the 4.29 kg/mole styrene oligomer. The solid lines are the
least-square fittings to the BSW model in Eq. 3
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Fig. 2 Loss, G” (open boxes, open triangles, and open circles) and
storage moduli, G’ (filled boxes, filled triangles, and bullets), both as
a function of the angular frequency @ measured at 150 °C for the three
PMMA blends from Wingstrand et al. (2015). The blends are (boxes) a
51% 86 kg/mole diluted in the 3.5 kg/mole oligomer, (circles/bullets) a
44% 270 kg/mole diluted in the 3.5 kg/mole oligomer and (triangles) a

43% 270 kg/mole diluted in the 2.1 kg/mole oligomer. The solid lines
are the least-square fittings to the BSW model in Eq. 3

two Kuhn steps. Using the MSF constitutive approach
(Wagner et al. 2005; Wagner and Rol6n-Garrido 2010), the
stretch evolution f(x, ¢, t') assuming a constant ‘interchain
pressure’ can be calculated through

df_
dr

fiﬂnlE%lI)—fM “
at TR

as derived by Rasmussen and Huang (2014). tg is the Rouse

time. Notice that the dependence of x, ¢, and ¢ has been

omitted in the notation. As the quantitative transition to

a maximum extensibility the relative Padé (Cohen 1991)

inverse Langevin function (Ye and Sridhar 2005)

G =) =100 )

C(f) (3 - 1/)\,2,,‘”)(1 - fz/)‘rznax)

&)

is used. Here, A,,, 1S the maximal relative stretch. In
Rasmussen and Huang (2014), a maximal relative stretch of
a polymer chain is the square root of the number of Kuhn
steps between entanglements:

)LmaxzvNK/Z, (6)

where Nk is the number of Kuhn steps in a long polymer
chain and Z is the number of entanglements in the chain.
The number of Kuhn steps per chain, Ny = M, /Mg,
is expected to be independent of dilution with a theoret-
ically ideal solvent, most likely to be oligomers. M,, is
the weight average molecular weight of the long polymer
chain, and Mg is the Kuhn step molecular weight. A linear
change with the concentration is expected for the number of
entanglements Z = M,,/M,9 = M,0/M, (Huang et al.
2013a), where M, g and M, are the entanglement molecular
weight of the diluted and undiluted long chain, respectively.
M,y = M,/0 represents the change of the entangle-
ment molecular weight with dilution. The plateau modulus
for ideally diluted samples, as assumed here, changes as
G% o = 6>GY, (Huang et al. 2013a).

NMMD polystyrene

The actual values of the Rouse time depend on the used
particular constitutive approach (Larson et al. 2003; Osaki
et al. 2000; Osaki et al. 2001; Likhtman and McLeish
2002; Menezes and Graessley 1982). The vast majority
of these different theoretical concepts as well as classical
shear experimentations (Osaki et al. 1982; Menezes and
Graessley 1982; Takahashi et al. 1993) suggest a depen-
dence of the Rouse time as the square of the number
of entanglements giving the ratio between the Rouse and
maximal relaxation time of about tg /7,4 X Z -L5

Table 1 Composition and linear viscoelastic parameters of the NMMD blends at 130 °C for the polystyrene (PS) blends and at 150 °C for the

poly methyl methacrylates (PMMA) blends

Melts Reference % G(z)v (Pa) Trnax (S) 7. (S) Z Ng/Z
PS545k/PSo4k Huang et al. 2013a 0.525 68,906 2700 0.25 21.5 422
PS910k/PSo4k Huang et al. 2015 0.33 27,225 6500 0.38 22.6 67.2
PS1880k/PSo4k Huang et al. 2015 0.18 8100 13,000 0.60 254 123.1
PMMAS86k/PMMA o4k Wingstrand et al. 2015 0.51 200,000 29 0.08 8.1 17.7
PMMA?270k/PMMAo02k Wingstrand et al. 2015 043 130,000 1000 0.04 21.5 20.9
PMMAZ270k/PMMA o4k Wingstrand et al. 2015 0.44 130,000 2400 0.22 22.0 20.5

See Table 2 for more details. The values of n, = 0.2 and ny = 0.7. The parameters are obtained by fitting the relevant parameters from mechanical
spectroscopical measurements, shown in Figs. 1 and 2, to the BSW model (3) using the method from Rasmussen et al. (2000). Notice, 6 is the
weight fraction of the long polymer chains in the blends. The values of M, = 13.3 kg/mol for PS, M, = 5.4 kg/mol for PMMA, and M} = 0.6

kg/mol for both have been used for the polymers
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Table 2 NMMD polystyrene

(PS) and poly methyl Name Reference M,, (kg/mol) My /M,

methacrylates (PMMA)
PSo4k Huang et al. 2013b 4.29 1.04
PS545k Huang et al. 2013a 545 1.12
PS910k Huang et al. 2015 910 1.16
PS1880k Huang et al. 2015 1880 1.13
PMMAo02k Wingstrand et al. 2015 2.1 1.22
PMMA 04k Wingstrand et al. 2015 3.5 1.10
PMMAS86k Wingstrand et al. 2015 86 1.08
PMMA270k Wingstrand et al. 2015 270 1.09

In Rasmussen and Huang (2014), the dependency of the
Rouse time was empirically found based on extensional
experiments on NMMD polystyrene melts as

Tmax /TR = 20 - (Z/21.4)%. (7

based on the ‘interchain pressure’ idea by Marrucci and
Ianniruberto (2004) in the form by Wagner et al. (2005).
The number of entanglements Z = M,,/M, ¢. The entan-
glement molecular weight for polystyrene has been reported
within the range of 13.3 kg/mol to 18.1 kg/mol (Fetters
et al. 2007). It creates an ambiguity in the estimation of the
number of entanglements, Z. The calculation of the num-
ber of entanglements in Eq. 7 is based on the assumption of
M, =13.3 kg/mol for polystyrene (Bach et al. 2003b). Note,
though Eq. 7 is written as dependent of the M., the fittings
of the Rouse times were done based on the average molec-
ular weight solely, whereas the maximum extensibility or
relative stretch is dependent on this particular choice of M,.

For oligomer solutions of polystyrenes Rasmussen and
Huang (2014) used a maximal relative stretch of A, =
VNk/Z = J(M./My)/0 where M,/M; = 22.17. As
mentioned before 6 is the weight fraction of the long chain
in the dilution. For the involved polystyrenes the molecu-
lar weight of one Kuhn step, Mg, is 0.6 kg/mol (Fang et al.
2000).

In the study by Huang et al. (2015), emphasis was on
keeping the number of entanglements constant while chang-
ing the fraction of the diluent and molecular weight of the
polystyrene. The diluent was a M,, = 4.33 kg/mol styrene
oligomer with a polydispersity index (PDI) of PDI =
My /M, of 1.04. M, is the number average molecular
weight. The diluent is considerable shorter than the low-
est expected entanglement molecular weight of 13.3 kg/mol
of polystyrene but contains 7 Kuhn steps. With increas-
ing dilution it would be expected that the polymer could
be stretched more. Actually one of the findings in Huang
et al. (2015) is that the data clearly shows that the strain at
the transition to a steady extensional stress increases with
decreasing concentration of the long polymer.

The start-up of extensional viscosity, 7+, from Huang
et al. (2015) on the NMMD polystyrene dilutions are shown

@ Springer

in Figs. 3, 4 and 5. Within the experimental accuracy the
number of entanglements is similar for the different solu-
tions. The values of Z are about 22 to 25. Notice that the
experiments in Fig. 3 originates from Huang et al. (2013b)
and the theoretical considerations in this figure are the same
as in Rasmussen and Huang (2014). Further notice, that
the formula from Rasmussen et al. (2010) has been applied
to correct all the presented extensional viscosity from a
potential shear contribution at small strain values.

The extensional viscosity for the samples at the same
extensional conditions, of course relative to the relaxation
time, should ideally be similar if the underlying physics
only depends on the number of entanglements. This is
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Fig. 3 The startup of extensional viscosity measurements, 7+, as a
function of time at 130 °C. The symbols are the PS545k/o4k (52.5%
545 kg/mole diluted in the 4.29 kg/mole oligomer) blend with § =
0.525 data from Huang et al. (2013a), measured at 129 °C, here time-
temperature superposition shifted to 130 °C. The solid lines are the
corresponding predictions to the data from Eq. 4. The dashed lines are
the corresponding predictions to the data from Eq. 4 without a limit
on the chain extensibility. The dotted line is the linear viscoelastic
prediction based on the parameters listed in Table 1 using Eq. 3
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Fig. 4 The startup of extensional viscosity measurements, 77, as a
function of time at 130 °C. The symbols are the PS910k/o4k (33%
910 kg/mole diluted in the 4.29 kg/mole oligomer) blend with 6 =
0.33 data from Huang et al. 2015, measured at 130 °C. The solid lines
are the corresponding predictions to the data from Eq. 4. The dashed
lines are the corresponding predictions to the data from Eq. 4 without a
limit on the chain extensibility. The dotted line is the linear viscoelastic
prediction based on the parameters listed in Table 1 using Eq. 3

actually the case in the constant interchain pressure model
in Eq. 4 without a limit on the chain extensibility. This cor-
responds to c(f) = 1 in Eq. 5. It basically is a state of
universality with entanglement numbers. The dashed lines
(- - -) in the figures are the calculations based on Eq. 4 with-
out the limit on the chain extensibility. All the startup flow
follows this assumption. Surprisingly, at the most diluted
case (Fig. 5) of the 18% 1880 kg/mol, the maximum exten-
sibility seems not needed. We have added the theoretical
prediction based on Eq. 4, e.g., with the maximal extensibil-
ity as well. This is the solid lines ( ) in Figs. 3,4 and 5.
In the most diluted case (Fig. 5), the maximal extensibility
predicts steady extensional viscosity at values significantly
below the measured ones. The transition to steady state in
the cases of the dilutions with 52% (Fig. 3) and 33% (Fig. 4)
long NMMD polystyrene polymers does match the idea of
maximal extensibility based on the number of Kuhn steps
between entanglements. The agreement in Figs. 3 and 4 was
also observed for entangled bidisperse polystyrene systems,
actually down to a concentration of 4% of the long poly-
mers, in Rasmussen (2015). The most diluted sample, i.e.
13% 3140 kg/mol polystyrene, in Huang et al. (2015) shows
a higher PDI of 1.38 than the commonly referred NMMD,
and is therefore not compared with model predictions here.
Notice that the model from Wagner (2014), which is also
based on a ‘interchain pressure’ idea, does not include a
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Fig. 5 The startup of extensional viscosity measurements, 7+, as a
function of time at 130 °C. The symbols are the PS1880k/o4k (18%
1880 kg/mole diluted in the 4.29 kg/mole oligomer) blend with 6 =
0.18 data from Huang et al. 2015, measured at 130 °C. The solid lines
are the corresponding predictions to the data from Eq. 4. The dashed
lines are the corresponding predictions to the data from Eq. 4 without a
limit on the chain extensibility. The dotted line is the linear viscoelastic
prediction based on the parameters listed in Table 1 using Eq. 3

limit based on the chain extensibility. The transition to the
steady viscosity at high strain rates is controlled by the
increase in the interchain pressure solely.

NMMD poly(methyl methacrylate)

A variety of different stereoisomeric structures of PMMA
have been published with different reported entanglement
molecular weight. In Fuchs et al. (1996), M, values
are reported in between of 6 and 8 kg/mol, whereas in
Krishnamoorti et al. (2002), the value is reported as high
as 12.5 kg/mol. The synthesis and the consequent tactic-
ity of the two used NMMD PMMAs, a 86 kg/mol and
a 270 kg/mol in Wingstrand et al. (2015), have not been
reported. Wingstrand et al. (2015) calculated the PMMA
entanglement molecular weight from the mechanical spec-
troscopic data, based on the assumption of identical linear
viscoelasticity with the same number of entanglements
Z, by comparing the PMMA samples with the NMMD
polystyrene samples. The previously referred NMMD
polystyrenes are all expected to be prepared by living
anionic polymerization using the same initiator, resulting
in similar tacticity. The M, value of the polystyrenes is
assumed to be 13.3 kg/mol. The M, values of the two
PMMAs are reported in between 5 and 6 kg/mol according
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to Wingstrand et al. (2015). Here, we use the value of
5.4 kg/mol for both involved PMMA melts.

The molecular weight of PMMA Kuhn step seems not
to be very sensitive to tacticity. The value for an atactic
PMMA is reported to be 0.6 kg/mol (Fetters et al. 2007),
while for a 75% syndiotactic PMMA is about 0.66 kg/mol
(Fetters et al. 1994). Therefore, the molecular weight of
0.6 kg/mol seems to be a reasonable average for the involved
PMMA melts. The used oligomer diluents in Wingstrand
etal. (2015) are a 2.1 and a 3.5 kg/mol PMMA with PDI of
1.1 and 1.04, respectively. The length of the oligomers are
therefore expected to be considerably above two Kuhn steps
and below the entanglement length. Furthermore, in similar
structured, polymers such as polystyrene and polypropy-
lene, it seems that the difference between atactic and iso-
tactic structures (Fetters et al. 2007) only changes the Kuhn
step length within a few percent.

The squared relation in Eq. 7 is a direct fitting of exten-
sional experiments on NMMD polystyrene melt. They are
based on the ‘interchain pressure’ idea by Marrucci and
Ianniruberto (2004) in the form by Wagner et al. (2005).
As the relevant Z values for the NMMD PMMA dilutions
from Wingstrand et al. (2015) seem to be within the same

100
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Fig. 6 The startup of extensional viscosity measurements, 77, as a
function of time at 150 °C. The symbols are the PMMA270k/02k
(43% 270 kg/mole diluted in the 2.1 kg/mole oligomer) and
PMMAZ270k/o4k (44% 270 kg/mole diluted in the 3.5 kg/mole
oligomer) blend data with & = 0.43 and 6 = 0.44 respectively. The
data are from Wingstrand et al. 2015 measured at 150 °C. The solid
lines are the corresponding predictions to the data from Eq. 4. The
dashed lines are the corresponding predictions to the data from Eq. 4
without a limit on the chain extensibility. The dotted lines are the lin-
ear viscoelastic prediction based on the parameters listed in Table 1
using Eq. 3
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interval as the NMMD polystyrene melts, we use the same
proportionality for the Rouse time.

The Rouse time for the oligomer diluted PMMA sam-
ples is obtained based on a direct fitting to the measured
extensional viscosity. This direct approach determines the
initiation of strain hardening and is an adaption to the clas-
sical identification of the Rouse time in shear rheometry.
Uniaxial extension flow is much more sensitive to changes
in the Rouse time than shear flow. We empirically find the
dependency of the Rouse time to the entanglements to be

Tmax /TR = 50 - (Z/22)? (8)

for the PMMA systems. A linear change with the dilution
is assumed as Z = M,,60/M,. Note, though Eq. 8 is writ-
ten as dependent of the M,, the fittings of the Rouse times
were done based on the average molecular weight solely.
Therefore, the values of the Rouse time are not depen-
dent on the particular value of the entanglement length
of M, = 5.4 kg/mol. The start-up of extensional viscos-
ity, 7T, from Wingstrand et al. (2015) is shown in Figs. 6
and 7 for the three different oligomer diluted PMMA sam-
ples. The dashed lines (- - -) in Figs. 6 and 7 are the
calculations based on Eq. 4 without the limit given by the
maximum extensibility, i.e. ¢(f) = 1 in Eq. 5.

10 R ARRRRAL R R
C:C/;;
[alh
= E
+ r .
1< r . b
- 86k/odk, éT=1.31s"1 v 1
I 86k/o4k, et=.4365"1 O ]
| 86k/odk, et=.131s"1 + |
i 86k /odk, éT=.04365"1 ] 1
86k/odk, éF=.0131s"1 X
Ll ol ol P
0'10.1 1 10 100

t[s]

Fig. 7 The startup of extensional viscosity measurements, 77, as a
function of time at 150 °C. The symbols are the PMMAS86k/o4k (51%
86 kg/mole diluted in the 3.5 kg/mole oligomer) blend data with 6 =
0.51 from Wingstrand et al. 2015, measured at 150 °C. The solid lines
are the corresponding predictions to the data from Eq. 4. The dashed
lines are the corresponding predictions to the data from Eq. 4 without a
limit on the chain extensibility. The dotted line is the linear viscoelastic
prediction based on the parameters listed in Table 1 using Eq. 3
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The particular values of the entanglement molecular
weight and Kuhn step length affect the value of the maxi-
mal extensibility. For the PMMA, we have used the Kuhn
step length of the atactic PMMA of Mx = 0.6 kg/mol.
It is expected to be independent of a dilution with an

ideal solvent giving a maximal relative stretch of A2, =

max

M,9/Mg = 9/6. We have added the theoretical predic-
tion with the maximal extensibility in Eq. 4 as well. This
is the solid lines ( ) in Figs. 6 and 7. The used limit on
the chain extensibility predicts steady extensional viscosity
at values only slightly above the measured values. Notice
in Fig. 7 that the measured extensional viscosities from
Wingstrand et al. (2015) at low extensional rates are some-
what above the expected value of three times the zero shear
viscosity obtained from the mechanical spectroscopic mea-
surements. Our model is of course bound to (three times)
the zero shear viscosity from the mechanical spectroscopic
measurements.

One particular issue are important to notice. In line with
the majority of published ideas, the Rouse time relative to
the relaxation time is expected to depend uniquely on the
number of entanglements, Z. The difference between the
Rouse time for the polystyrene and the PMMA in Egs. 7
and 8 respectively is significant. This systematic difference
is about a factor of 2.4. In the originally suggested ‘inter-
chain pressure’ idea by Marrucci and Ianniruberto (2004),
where the tube deformation is controlled by the increasing
tube pressure originating from the stretch of the surrounding
chains, the time scale is represented by the relaxation time
of the squeezing pressure, 7. 7, scales with the number
of entanglements as the Rouse time, g, though they differ
in the proportionality factor. Ideally, the difference between
these two times is dependent on the number of Kuhn steps
between entanglements solely. However, the exact relation-
ship highly depends on the interpretation of the involved
length scale of the friction factor in the model.

Summary and conclusion

The model predictions based on the constant interchain
pressure assumption agree with the extensional measure-
ments on oligomer diluted NMMD poly(methyl methacry-
late)s from Wingstrand et al. (2015) and a wide range of
oligomer diluted NMMD polystyrenes from Huang et al.
(2015). With one exception, the transition to the steady-state
viscosity can be explained by the finite chain extensibility
based on the Kuhn steps in an entanglement. The exception
is the most diluted polystyrene. In the case of an 18% 1880
kg/mol polystyrene in oligomer diluent, it seems not neces-
sary to include the maximal extensibility within the limit of
the measurements. When the maximal extensibility has an
effect, it is responsible for the steady extensional viscosity.

The time dependency is solely a consequence of the con-
stant tube pressure assumption, which agrees with all the
measured time dependent viscosities. Notice, when the con-
stant tube pressure is responsible for the steady extensional
viscosities as well agreement is also observed.

The assumption of universality in the Rouse time with
number of entanglements seems to be challenged, as the
proportionality factor for the Rouse time differs by a con-
stant value of about 2.4 between oligomer diluted NMMD
poly(methyl methacrylate)s and NMMD polystyrenes.
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