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ABSTRACT

The understanding of long chain branched homopolymer melts in shear flow is of significant interest to polymer science and critical to
ensure stable processing. We report on the startup shear flow at a constant shear rate of well-defined pom-pom shaped polymer melts. Pom-
poms consist of two stars covalently connected by a single backbone. For low-arm numbers and short arms, a single stress overshoot followed
by a steady state is observed, similar to linear and star shaped melts. For one highly branched pom-pom with entangled branches, a double
stress overshoot during the startup shear flow could be observed before reaching the steady state viscosity. Additionally, we find that the
Cox–Merz rule, which relates the complex viscosity g� xð Þ�

�
�
� to the steady state shear viscosity g _cð Þ, fails at high-shear rates, if the backbone is

not self-entangled.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0250133

INTRODUCTION
Introduction to pom-pom

The dynamics of entangled polymers are of fundamental interest
to the field of polymer physics and play a crucial role in polymer proc-
essing. Since the first useable polyethylene (PE) was discovered in 1933
(high-pressure polymerization),1 the molecular characterization and
flow behavior of its complex branched structure has been the topic of a
broad research field.2–5 To use simple, constitutive equations, the com-
plex branched structure of low-density polyethylene (LDPE) was sim-
plified in the pom-pom by McLeish and Larson in the late 1990s.6 The
pom-pom topology contains two star-shaped branching points and a
linear chain connecting them as shown in Fig. 1.6,7 The pom-pom
model by McLeish and Larson is based on the tube model originating
from de Gennes8 and Doi and Edwards.9

Tube model

Tube-based models are an important tool to describe the dynam-
ics of polymer chains.8,10–13 The many-body problem of a polymer
melt is simplified to a probe chain moving through topological

constraints imposed by surrounding matrix chains. The fundamental
concept was introduced by de Gennes, Doi, and Edwards and mainly
takes reptation and contour length fluctuation (CLF) into account. To
include the influence of the molecular environment of the chain, the
tube model was refined through concepts such as double reptation,14,15

constraint release (CR), dynamic tube dilution (DTD),16 and con-
straint release Rouse motion (CRR).17,18 With these additional relaxa-
tion mechanisms, the relaxation of long chains is accelerated by the
faster relaxation of the short chains compared to their monodisperse
environment. Due to the DTD picture, tube models have been
improved to near quantitative agreement in SAOS with not only linear
but also branched model polymers, such as comb, H-shaped, and
pom-pom.19–28 After the relaxation of outer parts of the molecules, the
relaxed parts act as a solvent toward the inner parts of the chains. The
diluting effect results in the remaining unrelaxed chains moving in an
effectively dilated tube. For branched chains, the hierarchical relaxa-
tion concept is introduced where the most outer chains relax first, and
all inner chains are frozen until the outer arms are fully relaxed.12

Similarly, for branched chains, the relaxed arms act as a solvent around
the backbone, reducing its effective entanglements. The effective entan-
glements are given by
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Zb;eff ¼ /b � Zb; (1)

where /b is the backbone volume fraction and Zb is the undiluted
backbone entanglements from the backbone molecular weight
Zb ¼ Mw;b=Me.

Cox–Merz rule

The Cox–Merz rule relates the magnitude of the complex viscos-
ity g� xð Þ�

�
�
� at a given angular frequency x in the linear regime being

equal to the nonlinear steady-state shear viscosity g _cð Þ at a corre-
sponding shear rate _c.29

g� xð Þ�
�

�
� ¼ g _cð Þj _c¼x: (2)

Despite being derived from empirical observation and its simplic-
ity, there are a vast amount of examples where the Cox–Merz rule
holds true.13,30–33 However, deviations between the viscosity obtained
from steady shear and oscillatory shear and therefore failure of the
Cox–Merz rule also has been observed, especially for highly branched,
well-defined architectures.34

Previous works

The investigation of startup shear flow is of relevance due to its
occurrence during both extrusion and injection molding.35 Although
experimental rheological data on pom-poms is very rare, some
pom-pom systems have been studied under linear, small amplitude

oscillatory shear flow (SAOS).36–39 Only recently, efforts were made to
investigate the nonlinear behavior in extension and shear flow.40–46

From these studies, it became clear that the ratio of chain lengths of
backbone and arms, and consequently, the resulting relaxation times is
a critical molecular characteristic needed for the prediction of their
flow properties. Therefore, molecular topology controls linear and
nonlinear properties in shear and elongation in homopolymer melts.
During startup shear flow of most polymeric samples, a typical
stress overshoot can be observed before the steady state viscosity is
reached.7,41,47–52

More than a single stress overshoot was only found for two sam-
ples, one made of a highly branched comb and one of a bidisperse lin-
ear melt. For the comb, Snijkers et al. could observe two stress
overshoots in startup behavior in simple shear. The two overshoots
were attributed to arm orientation (first overshoot) and backbone
stretch and orientation (second overshoot).40 For the bidisperse blend,
similarly, two overshoots could be detected relating to the orientation
of the short and stretch of the longer chains.53,54

Herein, we investigate seven different pom-pom shaped polymers
with arm molecular weight Mw;a ¼ 9–40kg mol�1, backbone molecu-
lar weight Mw;b ¼ 100 or 220 kg mol�1, and arm number q¼ 5–22 in
nonlinear startup shear flow due to their different effective backbone
entanglements and variety of arm and backbone relaxation time com-
binations. The data are analyzed to understand the molecular origin of
the shear stress growth coefficient and to test the validity of the Cox–
Merz rule for highly branched polymer systems.

Experiment

The synthesis of the herein investigated pom-poms was described
in detail in previous works, together with in-depth molecular and
SAOS characterization.42,43,55,56 In short, an isoprene-styrene-isoprene
triblock copolymer backbone (mol ratio of PS to PI� 10:1) was syn-
thesized with a short (typically 50 monomers) isoprene end block act-
ing as a functional end group. The polyisoprene blocks were
epoxidized using hydrogen peroxide and formic acid. In the third step,
the arms were polymerized separately and subsequently grafted onto
the epoxidized backbone ends. The molecular parameters of the pom-
poms are listed in Table I, and an overview of the entanglement classi-
fication is given in Table II. The general nomenclature within this arti-
cle is Mw;b� 2x q�Mw;a, where molecular weight is given in kg
mol�1. Backbones are considered as self-entangled if a discrete rubber
plateau is visible with a phase angle d below 45�.

TABLE I. Molecular parameters of the PS pom-pom, denoted as follows: Mw;b � 2x q�Mw;a. Mw,a is the molecular weight of the arms, q is the number of arms per star/pom,
and Mw;b is the molecular weight of the backbone. The dispersity of the backbone, arms, and total pom-pom are -Db, -Da, and -Dt, respectively. The number of entanglements of
the backbone Zb and the sidechains Za is calculated using an entanglement molecular weight of Me ¼ 16.8 kg mol�1.42 /b is the volume fraction of the backbone.

Sample Mw; b (kg mol�1) Zb -Db Mw; a(kg mol�1) Za -Da q /b -Dt Zb;eff

100k-2� 11-9k 100 5.95 1.05 9 0.54 1.02 11 0.34 1.13 2.00
100k-2� 5-25k 100 5.95 1.05 25 1.49 1.05 5 0.29 1.12 1.70
100k-2� 12-24k 100 5.95 1.05 24 1.43 1.05 12 0.15 1.18 0.88
100k-2� 22-25k 100 5.95 1.05 25 1.49 1.14 22 0.08 1.15 0.50
100k-2� 12-40k 100 5.95 1.05 40 2.38 1.08 12 0.09 1.16 0.56
220k-2� 12-25k 220 13.1 1.06 25 1.49 1.08 12 0.27 1.08 3.51
220k-2� 10-40k 220 13.1 1.06 40 2.38 1.10 10 0.22 1.09 2.82

FIG. 1. Schematic of a PS pom-pom: two star-shaped branching points are con-
nected by a linear chain. Red chain part shows branching point as described in
experimental section.
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All rheological measurements were conducted on a TA
Instruments ARES G2 rheometer under nitrogen inert gas atmosphere.
For small amplitude oscillatory shear experiments, a 13mm parallel
plate geometry was used. Frequency sweeps typically between 0.01 and
100 rad s�1 were conducted in the linear regime, which was deter-
mined beforehand by strain sweeps at 100 rad s�1. Strain amplitudes
between 0.1% and 5% were used for the frequency sweeps at tempera-
tures between 125 and 220 �C. For stress growth experiments, a home-
built cone-partitioned plate geometry (CPP) according to Costanzo
et al.57 with 10mm inner diameter and 25mm cone with 0.1 rad was
used in a temperature range between T ¼ 160–180 �C and shear rates
between _c¼ 0.001–1 s�1 typically, for some samples up to _c¼ 30 s�1.
Data were shifted to the reference temperature using the shift factors
from the small amplitude oscillatory shear mastercurve. To ensure
data integrity and avoid measurement instabilities which simple shear
is prone to, selected shear rates were repeated multiple times. Correct
sample loading onto the CPP was ensured by comparing frequency
sweeps to parallel plate measurements before startup shear measure-
ments and between successive startup tests to detect possible edge frac-
ture artifacts according to established procedures.58 Furthermore data
were compared between different sample loadings to ensure reproduc-
ibility. The relaxation time sl is taking from the inverse of the crossover

frequency to the terminal regime and used to calculate theWi number.
A Maxwell mode was fitted to G0 and the crossover of the Maxwell
mode was used if the pom-pom showed Rouse relaxation before the
terminal regime. Earlier works on the pom-poms in extensional flow
revealed that sl � ss, with ss being the stretch relaxation time.45 The
orientation relaxation time sb is longer than ss, as also predicted by the
pom-pommodel.6

RESULTS AND DISCUSSION
Small amplitude oscillatory shear experiments

The small oscillatory shear response of the pom-pom samples
has been reported and discussed in detail in previous works.42,43,45 The
samples can be divided into three main categories and examples are
shown in Fig. 2(a). Category 1 is represented by 100k-2� 11-9k. The
sample shows a small Rouse regime at high frequencies due to the
unentangled arms, followed by a rubber plateau due to the self-
entangled backbone, and a terminal regime identified by the slopes of
G0 / x2 and G00 / x1. Category 2 is represented by the samples
100k-2� 5-25k, 100k-2� 12-24k, 100k-2� 22-25k, and 100k-2� 12-
40k and shows three distinct relaxation regimes: at low frequencies,
the terminal regime is found; at medium frequencies, a Rouse relaxa-
tion regime can be identified where G0 and G00 increase in parallel; and
at high frequencies, a rubber plateau is found where G0 > G00. The
high-frequency rubber plateau is a result of the longer arms compared
to Category 1 and caused by arm and backbone entanglement effects,
while the Rouse relaxation behavior reveals a not self-entangled back-
bone caused by dynamic dilution of the backbone in the arms. The
samples 220k-2� 12-25k and 220k-2� 10-40k belong to category 3
and show two rubber plateaus, due to their self-entangled backbone, as
well as a terminal regime. In Fig. 2(b), the van Gurp–Palmen plot
(d vs G�j j) is shown. The two different relaxation times of the arm and
the backbone can be identified clearly for all samples.

To investigate the dilution of the backbone in the arms, the value
of the phase angle minimum of the backbone db:min as a function of
the effective backbone entanglements Zb;eff ¼ /b � Zb is shown in
Fig. 3. Pom-poms from Table II and from the literature37,39,59 are
shown together with the literature data on combs.20,60–63 If the phase

FIG. 2. (a) Mastercurve of pom-poms 100k-2� 11-9k, 100k-2� 12-24k, and 220k-2� 10-40k and (b) their van Gurp–Palmen plot, clearly showing distinct relaxation mecha-
nism for arms and backbone.

TABLE II. Overview of the entanglements of arm and backbone and arm numbers (d
< 45�). N¼No, Y¼ Yes. Categories are assigned based on the small amplitude
oscillatory shear behavior.

Sample Backbone self-entangled Arm entangled Category

100k-2� 11-9k Y N 1
100k-2� 5-25k N Y 2
100k-2� 12-24k N Y 2
100k-2� 22-25k N Y 2
100k-2� 12-40k N Y 2
220k-2� 12-25k Y Y 3
220k-2� 10-40k Y Y 3
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angle is below 45�, the moduli display a rubber plateau which is caused
by entangled backbone chains. For db;min > 45�, G00 > G0 and there-
fore showing Rouse-like behavior relating to not self-entangled chains.
Two regions can be identified for comb and pom-pom polymers. For
Zb;eff > 3, the backbone minimum phase angle is found to be below
45�, indicating that the backbone is self-entangled, meaning that the
backbone is entangled with other backbones. For Zb;eff < 3, the db;min

phase angle is found to be above 45�, indicating that the backbone is
not self-entangled. These findings agree with the general dynamic dilu-
tion theory for linear polymer melts and solutions, where the critical
entanglement number Zc � 3 is found.64 As indicated by the gray dot-
ted guide lines in Fig. 3, the data might suggest that pom-poms are
more elastic (lower phase angle) in SAOS than combs. A comb and
pom-pom with the same molecular parameters (same Mw;b; q;Mw;a)
are needed to confirm this.

Startup shear experiments

The LVE and the shear stress growth coefficient gþ of the pom-
poms at selected shear rates are shown as a function of time t in Fig. 4
(pom-pom 100k-2� 12-40k shown in Fig. 5). In general, shear thin-
ning can be observed for all shear rates. As shown in Figs. 4(a) and
4(b) for pom-poms with shorter arms or lower arm number, i.e.,
higher backbone volume fractions, the startup shear behavior is similar
to previously reported studies on linear, star, and most comb shaped
polymers. The shear stress growth coefficient has a strong overshoot
followed by a steady state viscosity. At very low-strain rates, the stress
growth coefficient coincides with the zero-shear viscosity obtained
from SAOS. At medium shear rates i.e., 0.3 s�1, a weak undershoot
can be detected, disappearing at lower and higher shear rates. In
Figs. 4(c)–4(f), startup shear behavior for pom-poms with longer arms
or higher arm numbers is shown. Similarly, a stress overshoot (c2;pp,
see Fig. 5) followed by an undershoot and a steady state viscosity can
be observed. At high-shear rates, no steady state viscosity is obtained at
long times, but the viscosity increases steadily with time, i.e., in (c) at
2.5 s�1. At around 0.5 s and 104 Pa s an increase in the transient data
above the LVE is measured. This is atypical for polymer melts, as they

show shear thinning in general. The authors suspect that the increase
above the LVE might be a result of the compliance of the rheometer
transducer and no true material response.

In Fig. 5, rþ of 100k-2� 12-40k is shown as a function of the
applied strain. Two distinct stress overshoots can be observed. They are
named according to the strain at which the stress overshoot occurs, and
the subscript “pp” is short for pom-pom. The first stress overshoot can
be observed for strain rates above _c¼ 1 s�1 with increasing strain, satu-
rating at c1;pp ¼ 2.3 for _c > 4.5 s�1. As result of tube orientation, rþmax
occurs at c¼ 2.3 for linear chains.48,65 The second stress overshoot can
be observed at c2;pp ¼ 1.3 for _c � 0.0135 s�1. With increasing shear
rates, c2;pp increases and then saturates at c2;pp 	 7 for shear rates above
_c¼ 1 s�1. Measurements at _c > 3 s�1 were typically terminated by
normal force transducer overload before reaching a steady state.
Surprisingly, a third stress maxima can be observed around c3;pp ¼ 650.
Although measurements were conducted with great care to ensure reli-
able data, one cannot exclude a measurement artifact at so large strains.

To further investigate the second stress overshoot and its molecu-
lar origin, c2;pp is shown as a function of Wi in Fig. 6(a) for different
Mw;b; Mw;a, and q. The gray dotted line displays the prediction of the
Doi–Edwards tube model. For linear chains and Wi < 1, a constant
strain of c¼ 2.3 is found, while for Wi > 1, a weak strain rate depen-
dency on c2;pp is obtained (c2;pp � Wi1=3, gray dashed line).65 For the
pom-pom samples at Wi < 20, a weak strain rate dependency of
c2;pp � Wi1=2 can be observed. However, the lower threshold of c2;pp
is not c2;pp ¼ 2.3 as predicted by the DE model and observed
experimentally for linear chains66 but decreases to c2;pp 	 1. For the
sample 100k-2� 12-40k, c2;pp reaches a plateau strain of c2;pp � 7 for
Wi > 20. For linear chains, no c plateau at high Wi was observed in
the literature and only Snijkers et al. reported a c2;pp plateau for a
comb backbone.40,67–69 As shown in Fig. 6(a) by the vertical, orange
dashed line, c2;pp at Wi¼ 1 increases with decreasing arm molecular
weight. For the arm molecular weight range investigated here, we find
a linear decrease in the stress overshoot strain as a function of arm
molecular weight in kg mol�1 with a slope of �0.073 as shown in
Fig. 6(b). Under shear, the macroscopic strain induces a microscopic ori-
entation of the chains. The backbone end-to-end vector ~vb is rotated into
the flow direction, as shown by Brownian molecular dynamics simula-
tion for pom-pom, H-shaped and linear chains.67,70–72 If the arm length
is increased, the relaxation of the star shaped branched point is slowed
down, independent of the arm number.21,73 Therefore, movement of the
two branch points at each end of the backbone is also reduced. As a
result, the macroscopic strain to reach the same microscopic orientation
of ~vb might be reduced with increased armmolecular weight.

The different c1 and c2 of the pom-pom and comb are further
analyzed in Fig. 7 as a function of Wi for the herein reported pom-
pom sample 100k-2� 12-40k as well as the previously reported data
on the comb sample C642 (275k-29-47k, “Roover Comb”).40 The arm
relaxation times of the pom-pom and comb are sa;pp and sa;c, respec-
tively. Both are determined from the local maximum of the phase
angle. For comb and pom-pom, the strain of the stress overshoot
increases with increasing shear rate before saturating at a constant
value. A power law exponent of 0.5 for c1 and c2 as a function of Wi
can be observed for their respective low-shear rates. While the two
overshoots of the comb can be observed at c1;c 	 2 and c2;c 	 12, the
pom-pom exhibits its overshoots at c1;pp 	 2 and c2;pp 	 7. The differ-
ent strains of c2 could be a result of the different backbone lengths of

FIG. 3. Phase angle of the backbone minimum shown as a function of effective
backbone entanglements. Dashed lines are a guide to the eye.
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the two samples but indicating only a very weak Mw;b dependency of
c2. Investigations of the pom-poms in extensional flow revealed that sl
is close to the stretch relaxation time ss.

45 In the steady shear experi-
ment the strain of the overshoot is constant for chain orientation and

increases if chain stretch contributes. In Fig. 7, c2;pp is constant at
Wi < 1 and increases for Wi > 1, therefore suggesting a backbone
stretch contribution to c2 for Wi > 1, supporting the findings from
uniaxial elongational flow that for pom-poms sl � ss. For both

FIG. 4. Shear stress growth coefficient is shown as a function of time at selected shear rates for pom-pom (a) 100k-2� 11-9k, (b) 100k-2� 5-25k, (c) 100k-2� 12-24k, (d)
100k-2� 22-25k, (e) 220k-2� 12-25k, and (f) 220k-2� 10-40k. For higher shear rates, the viscosity measurement is terminated by the normal force exceeding the transducer
capacity, i.e., _c ¼ 3 s�1 and _c ¼ 5 s�1 in (c) or 3 s�1 in (e).
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pom-pom and comb, c1 can be observed for strain rates faster than the
arm relaxation time. Since c1 � 2, this suggests arm orientation as a
molecular origin, as stress overshoots due to chain orientation occur at
c� 2 as shown previously for linear chains.66

We attribute the two stress overshoots found for the pom-pom
topology and their origin as follows: the first stress overshoot is a result
of the arm orientation due to the occurrence at _c > 1=sa and the
strain of c1 � 2. The second stress overshoot is attributed to back-
bone orientation and stretch at higher shear rates. This interpretation
of the data are in line with previous works on comb and linear sam-
ples.40,53,54 A double stress overshoot in startup shear was previously
reported by Snijkers et al.40 and only observed for one comb sample.
Solutions of bimodal linear polymers investigated by Osaki et al.54 also
showed a double stress overshoot for only one sample among many.
All three systems, which show the double stress overshoots, have simi-
lar short chain molecular weights (40k, 40k, and 47k), similar long
chain volume fractions /L � 0:1 and well-separated relaxation times
of the long and short chain. The mastercurves are similar in their over-
all shape, consisting of a high-frequency rubber plateau followed by a
Rouse and terminal regime at lower frequencies.

Evaluation of Cox–Merz rule

In startup shear measurements, after the stress exhibits one or
more maxima, a steady state viscosity is reached at large strains, as
shown in Fig. 4(a). In Fig. 8, the normalized steady state viscosity is
shown as a function of Wi for (a) pom-poms with Mw;b ¼ 100kg
mol�1, Mw;a ¼ 25kg mol�1 and increasing q (5, 12, and 22) and
(b) Mw;b ¼ 100 kg mol�1, q � 12 and increasing Mw;a (9, 24, and

FIG. 5. Shear stress growth function in (a)
linear and (b) logarithmic scaling shown
as a function of applied strain for selected
strain rates between 0.00135 and
13.5 s�1.

FIG. 6. (a) Strain of the second stress
overshoot c2;pp shown as a function of the
Weissenberg number for pom-pom
shaped samples with different Mw;b, Mw;a,
and q. (b) Interpolated strain c2;pp shown
as a function of Mw;a of all samples of (a).

FIG. 7. Strain of the stress overshoots shown as a function of the Weissenberg
number for sample 100k-2� 12-40k and the comb C642 (275k-29-47k) investigated
by Snijkers et al.40
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40 kg mol�1). At Wi > 1, a deviation of g� xð Þ�
�

�
� < g _cð Þ can be

observed. The deviation between g� xð Þ�
�

�
� and g _cð Þ is the largest

around the backbone phase angle minimum Wiðdb;minÞ of up to 40%.
Overall, the deviation between the steady state viscosity (startup) and the
absolute value of the complex viscosity (SAOS) increases with increasing
arm number and length, i.e., reduced backbone volume fraction.

The validity or failure of the Cox–Merz rule should depend on
the molecular parameters. The failure typically occurs at frequencies
where only the backbone is not yet relaxed and is showing Rouse relax-
ation. Therefore, we investigate the validity or failure of the Cox–Merz
rule as a function of the Zb;eff . The steady state viscosity g _cð Þ is
increased compared to the complex viscosity from SAOS with the
maximum deviation around Wiðdb;minÞ as illustrated in Fig. 9(a). The
deviation at Wiðdb;minÞ is shown as a function of Zb;eff in Fig. 9(b) for
the herein investigated pom-poms and the literature data on combs.
Two distinct areas can be identified depending on Zb;eff . For Zb;eff < 3,
the deviation from the Cox–Merz rule increases with decreasing Zb;eff .
For Zb;eff > 3, the Cox–Merz rule is fulfilled at allWi numbers investi-
gated, showing that Zb;eff is the critical molecular criteria for the valid-
ity and failure of the Cox–Merz rule. Similar results were previously

reported for combs, with a deviation from the Cox–Merz rule at higher
shear rates, which was correlated with their low Zb;eff .

34 While devia-
tions from the Cox–Merz rule have been observed before, they are
fairly uncommon in monodisperse homopolymer melts. The literature
data and our data suggest that the deviations can only be observed for
systems with low-effective backbone entanglements as a result of high-
branching density.34 For unentangled polymer solutions, deviations
from the Cox–Merz rule have been observed as well.66

Surprisingly, the herein found difference between the startup
shear measurements and the LVE obtained from SAOS was not
observed in earlier works on elongational flow.42,45 When the LVE is
compared to the extensional viscosity at strains smaller than the occur-
rence of extensional hardening or thinning, the same viscosity is mea-
sured in extension and in SAOS.

CONCLUSION

We present experimental, nonlinear startup shear investigations
of well defined, low-disperse polystyrene pom-pom polymers. We find
that the strain of the main (second) stress overshoot is a function of
the arm molecular weight of the pom-pom, but independent of the

FIG. 8. Steady state viscosity obtained from stress growth experiments normalized to the zero-shear viscosity is shown as a function of the Weissenberg number for (a)
increasing arm number and (b) increasing arm molecular weight.

FIG. 9. (a) Determination of the deviation between the steady state shear viscosity and the LVE. (b) Deviation shown as a function of the effective backbone entanglements for
pom-poms (this work) and combs.34 Lines are a guide to the eye.
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backbone molecular weight and the arm number (q � 5). For the pom-
pom 100k-2� 12-40k, a double stress overshoot of a pom-pom topol-
ogy could be observed for the first time. When comparing startup data
of a comb polymer with the data on pom-poms, similarities, and differ-
ences emerge. For pom-poms and combs, the first stress overshoot can
be attributed to the arms and occurs at the same strain (c1;c;p 	 2). The
second stress overshoot increases with shear rate and saturates at high-
strains rates at different strains for the pom-pom (c2;pp 	 7) and the
comb (c2;c 	 12). The investigation of the pom-poms additionally
reveals a strong deviation (up to> 40%) from the commonly used
Cox–Merz rule for homopolymer melts g� xð Þ�

�
�
� ¼ g _cð Þj _c¼x at effec-

tive backbone entanglements Zb;eff < 3 and high-branching numbers.
Review of the literature data reveals similar results for combs.
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