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Comb and Branch-on-Branch Model Polystyrenes with
Exceptionally High Strain Hardening Factor SHF > 1000
and Their Impact on Physical Foaming

Lorenz Faust, Marie-Christin Röpert, Masood K. Esfahani, Mahdi Abbasi,
Valerian Hirschberg, and Manfred Wilhelm*

The influence of topology on the strain hardening in uniaxial elongation is
investigated using monodisperse comb and dendrigraft model polystyrenes
(PS) synthesized via living anionic polymerization. A backbone with a
molecular weight of Mw,bb = 310 kg mol−1 is used for all materials, while a
number of 100 short (SCB, Mw,scb = 15 kg mol−1) or long chain branches
(LCB, Mw,lcb = 40 kg mol−1) are grafted onto the backbone. The synthesized
LCB comb serves as precursor for the dendrigraft-type branch-on-branch
(bob) structures to add a second generation of branches (SCB,
Mw,scb ≈ 14 kg mol−1) that is varied in number from 120 to 460. The SCB and
LCB combs achieve remarkable strain hardening factors (SHF) of around 200
at strain rates greater than 0.1 s−1. In contrast, the bob PS reach exceptionally
high SHF of 1750 at very low strain rates of 0.005 s−1 using a tilted sample
placement to extend the maximum Hencky strain from 4 to 6. To the best of
the authors’ knowledge, SHF this high have never been reported for polymer
melts. Furthermore, the batch foaming with CO2 is investigated and the
volume expansions of the resulting polymer foams are correlated to the
uniaxial elongational properties.

1. Introduction

Branching in polymers—and especially long chain branching
(LCB)—is well-known for providing melt strength in elonga-
tional flow.[1–3] Consequently, this topological feature is widely
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used in polymer processing like foaming,
where elongational deformation occurs. For
instance, during the bubble growth phase
the presence of branching induces strain
hardening, stabilizes the cell walls against
local inhomogeneities in thickness and pre-
vents premature cell wall rupture and coa-
lescence, resulting in higher cell densities
and volume expansions.[4]

Strain hardening is identified in uniax-
ial extensional rheology as a rise of the
extensional viscosity, 𝜂+E , above the linear
viscoelastic prediction.[1,5] This non-linear
melt property is quantified by the strain
hardening factor (SHF), often referring to
the ratio of the maximum achievable ex-
tensional viscosity to the linear viscoelastic
(LVE) behavior (SHF ≡ 𝜂+E,max∕𝜂

+
LVE,max).

[6–8]

Alternative definitions use the non-linear
response predicted by the Doi-Edwards
(DE) model instead of the LVE envelope
(SHF ≡ 𝜂+E,max∕𝜂

+
DE,max).

[3,9] Typical values of
the SHF for commercial branched poly-
mers, e.g., low-density polyethylene (LDPE)

and LCB polypropylene (PP) are in the range of 10–20 and ≈50,
respectively.[9–12] The extent of strain hardening is strongly corre-
lated with the expandability of physically blown polymer foams
for achieving cellular materials with low densities.[13,14]

We are interested to study how melt rheological behavior mod-
ified by chain branching impacts foaming characteristics. The
branching content is commonly varied by changing the chain
topology, or other structural parameters as well as by blending.
However, the majority of studies in literature use commercial
polymers with an unknown topology or branching methods that
produce rather polydisperse and structurally ill-defined systems
that are poorly characterized. Thus, branching might be roughly
quantified, but precise structural information like chain lengths
and branching numbers and their specific impact on non-linear
deformation in elongational experiments or processing remain
unknown. In consequence, the optimization of the polymer on a
molecular level with respect to specific macroscopic properties is
rendered nearly impossible.

Several studies previously compared the foamability of linear
and LCB isotactic polypropylene (i-PP) as well as blends thereof,
and concluded that polymer melts with a higher branching
content achieved a lower foam density, i.e., higher volume
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expansion ratio (VER), a more homogenous cell morphology
and smaller cell sizes. Simultaneously, the higher branched
grades exhibit an increased strain hardening in elongational
flow, indicating a higher melt strength that is also important for
bubble stability.[12,13,15]

Using i-PP for the investigation of structure–properties re-
lationships reveals another disadvantage besides the unspeci-
fied branching structure. Semi-crystalline polymers, e.g., PE and
i-PP, make it difficult to separate between effects caused by
branching, crystal morphologies, or crystallization during non-
isothermal processing conditions.

Just recently, Weingart et al.[16] compared the foam qualities of
linear and LCB extrusion processed i-PP. Even though only the
LCB i-PP indicated superior melt strength by its elongational per-
formance, the linear i-PP without any strain hardening achieved
a lower foam density and smaller, more homogenous cell sizes.
Those findings questioned “[…] The Legend of Strain-Hardening
as a Requirement for Good Foamability”.[16] However, the au-
thors explained the unexpected result by a crystallization and
gelation behavior that is more favorable for the linear i-PP when it
comes to foam qualities in extrusion foaming. Nevertheless, the
presented findings emphasize the necessity to investigate the ef-
fect of topology independently by using well-defined amorphous
polymers.

López-Barrón et al.[6,7] compared the extensional properties
of a series of ultrahigh molecular weight poly(𝛼-olefins) with
densely grafted bottlebrush structures and different side group
lengths to atactic polypropylene (a-PP). They found that a poly(1-
octadecene) with the longest carbon number of 16 had the high-
est SHF of 80, over one order of magnitude higher than linear
a-PP. Unfortunately, the relation between the elongational rheol-
ogy and the foaming performance was not further investigated.

A similarly high SHF of 100 was also reached by Liu et al.,[17]

who anionically synthesized centipede-like LCB PS with two
branches per equally spaced branch point. However, despite
only eight branch points giving a relatively low total number of
branches (Nbr = 2 × 8), the high branch and backbone molecular
weights (Mw,br = 140 kg mol−1 and Mw,bb ≈ 2700 kg mol−1)
resulted in a zero-shear viscosity, 𝜂0, of more than 109 Pa s
(at 150 °C), which is impractically high for melt processing
applications.

In previous studies of our group, Abbasi and co-workers[18–20]

used anionic polymerization to synthesize a series of monodis-
perse atactic LCB comb PS with the same backbone length
(Mw,bb = 290 kg mol−1) and similar, well-entangled branch length
(Mw,br = 44 kg mol−1 ≈ 3 Me), but varying number of branches
per backbone, Nbr, from 3 to 190. Those comb PS covered a wide
range of conformational regimes from loosely grafted to densely
grafted combs and loosely grafted bottlebrush conformations.[21]

Nonlinear, extensional properties in the form of the strain hard-
ening factor (SHF) were correlated to the final foam characteris-
tics with respect to the volume expansion ratio (VER) after batch
foaming with supercritical CO2. Abbasi et al. found the opti-
mum Nbr was about 100, spaced 30 monomers apart on aver-
age, which resulted not only in a maximum SHF of about 200,
but also a maximum expandability with a VER of about 40. This
value is close to the theoretical limit considering the solubility of
CO2 in PS at the applied conditions. A further increase in Nbr

to approach bottlebrush-like structures caused adverse effects in
elongational and foaming performance with a concomitant de-
crease in SHF and VER. It was concluded that excessive branch
crowding and tight space between the branch point segments
along the backbone reduced the number of inter-chain entangle-
ments with branches of neighboring comb molecules.[22,23] Fur-
thermore, the dynamic tube dilution was expected to decrease
the effective number of entanglements along the backbone.[18,19]

Therefore, even though branching is known to have a positive im-
pact on strain hardening, it was shown that, for the given model
system above a certain number of side chains, the elongational
performance in uniaxial extension as well as foam expansion is
negatively affected. Consequently, excessive side chain crowding
will not further increase the SHF.

Furthermore, also the side chain length seems to restrict the
extensional performance, as just recently reported by Röpert
et al.[24] on the example of POM-POM-shaped PS with the same
backbone length (Mw,bb = 100 kg mol−1) and approximately the
same number of arms (≈11–14) per star, but varying arm length,
Mw,a = 9–300 kg mol−1. In this series, the highest SHF of 43
was achieved by a POM-POM having just well-entangled arms of
Mw,a = 50 kg mol−1 ≈ 3 Me, whereas elongation of samples with
longer arms resulted in reduced strain hardening due to prema-
ture elastic rupture.[24]

Dendrigraft polymers offer another way to increase the branch-
ing content, but are—up to now—not sufficiently explored when
it comes to their melt properties,[25–28] especially in elongational
deformation.[26–28] Those topologies, belonging to the dendritic
polymer family, have a branch-on-branch (bob) structure. How-
ever, in contrast to highly defined dendrimers and ill-defined hy-
perbranched polymers, they possess semi-controlled polymeric
branch units with a substancial ability to entangle.[29–31]

Van Ruymbeke et al.[27] and Huang et al.[28] investigated the
uniaxial extension of symmetric model Cayley-tree PMMAs us-
ing a Sentmanat Extensional Rheometer (SER) and a Filament
Stretch Rheometer (FSR) instrumentation, respectively. Those
dendritic topologies with 4-arm star core and a regular branch-
ing with a multiplicity of two showed increased strain harden-
ing with increasing number of graft generations (G). Whereas
the transient extensional viscosity of a second-generation (G2)
PMMA Cayley-tree only slightly increased above the LVE enve-
lope, further generations (G3 and G4) achieved SHF in the range
of 4–7 at low strain rates of about �̇�H = 10−1–10−3 s−1. It is im-
portant to mention that the branch segments of each genera-
tion were low in molecular weight, Ms = 11 kg mol−1, with just
two entanglements (using an entanglement molecular weigth of
Me = 4.55 kg mol−1), giving a total Mw of only 380 kg mol−1 (G3)
and 600 kg mol−1 (G4).[27,28] Furthermore, the globular structure
is less favorable in terms of chain extension and orientation—
the origin of strain hardening.[3,5,30] Unfortunately, elongational
experimental data of other model branch-on-branch structures is
scarce, a likely result of the high synthetic effort and lack of ade-
quate sample quantities.

The synthetic strategy of backbone functionalization and suc-
cessive side chain grafting offers a straightforward route not
only to comb polymers, but also to dendrigraft polymer archi-
tectures, where each branching layer serves as a precursor for
higher-generation branching. In a divergent manner the cycle
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of functionalization, living anionic polymerization and grafting-
onto can be repeated several times and high molecular weights
of above 107 g mol−1 can be attained within only few graft-
ing cycles, as demonstrated for dendrigraft polystyrenes,[32,33]

polyisoprenes[34] and polybutadienes,[35] as well as various
copolymer compositions.[31,36]

The synthesis of homopolymer branch-on-branch
polystyrenes (bob PS) from comb PS presented here is based on
the Friedel–Crafts (FC) acetylation approach first described by Li
and Gauthier[33] who synthesized two series of “arborescent graft
polystyrenes” with up to three grafting generations, each with
side chains of 5 and 30 kg mol−1, respectively. However, they
started with rather short backbones of also 5 and 30 kg mol−1.

In this work, a comb PS with well-entangled backbone
of Mw,bb = 310 kg mol−1 and densely grafted LCB of
Mw,lcb = 40 kg mol−1 was synthesized as a precursor for the suc-
cessive grafting with a second layer of barely entangled short
chain branches (SCB) of Mw,scb ≈ 14 kg mol−1, leading to a se-
ries of bob PS with comb-like aspect ratio but different density
of SCB corona. Furthermore, a SCB comb PS with also barely
entangled side chains of Mw,scb = 15 kg mol−1 served for com-
parison with the LCB comb. The SHF was quantified by uniaxial
extensional rheology using the standard horizontal sample place-
ment to the extensional viscosity fixture (EVF) device. Due to the
high stretchability of bob PS, a modified sample placement to the
EVF with a tilted angle of 20° was used to extend the range of ac-
cessible Hencky strains from 𝜖H = 4 to 6 by adapting the idea of
an oblique sample positioning as just recently published by Parisi
et al.[37] Finally, the samples were batch foamed with supercritical
CO2 at saturation pressures of 180 bar and within foaming tem-
peratures of Tfoam = 125–145 °C. The relationship between the
branching structure and foam characteristics was investigated,
using the SHF to identify influential factors affecting the foam
properties, especially the relation to the resulting VER.

2. Experimental Section

2.1. Synthesis

Comb PS and dendrigraft-type branch-on-branch (bob) PS were
synthesized using anionic polymerization and high vacuum
techniques. A monodisperse linear PS with molecular weight
Mw,bb = 310 kg mol−1 was used as the backbone and Friedel–
Crafts (FC) acetylated, resulting in a degree of functionalization
of 6% corresponding to an average number of Nac = 167
acetyl groups randomly distributed per backbone chain. In
a next step, living PS side chains with a molecular weight of
Mw,scb = 15 kg mol−1 and Mw,lcb = 40 kg mol−1 were independently
polymerized and each anion separately grafted in a nucleophilic
addition reaction with the carbonyl groups onto the acety-
lated backbone. The resulting comb PS with a number of Nscb or
Nlcb ≈ 100 short or long chain branches, are denoted as SCB comb
PS310-100-15 (PSMw,bb−Nscb−Mw,scb) and LCB comb PS310-100-
40 (PSMw,bb−Nlcb−Mw,lcb), respectively. Thus, on the basis of a
similar set of molecular parameters in previous LCB comb PS,
the number of entanglements of the backbone segments between
two branch points, Zs ≈ 0.2, was presumed to be optimal for high
SHF and VER.[23] Details of the synthesis of comb PS and purifi-

cation by precipitation fractionation method have already been
presented in previous publications.[18,38] LCB comb PS310-100-
40 was used as the precursor for the next branching generation
and the cycle of functionalization and grafting-onto step was re-
peated to achieve bob PS, as schematically illustrated in Figure 1.

The comb PS was FC acetylated with about 0.5–2 mol% func-
tionalization (Figure 1a). The SCB with a Mw,scb ≈ 14 kg mol−1

were synthesized separately using anionic polymerization meth-
ods (Figure 1b). The final grafting-onto step with the living
SCB onto the functionalized LCB resulted in the dendrigraft-
type bob PS (Figure 1c), of which bob PS310-100-40-g-120-14
with the lowest grafting density of 120 SCB is shown as
a representative example for average numbers and length
scales. In total, a series of three bob PS samples (denoted
PSMw,bb−Nlcb−Mw,lcb−g−Nscb−Mw,scb) with different outer SCB
density were synthesized, having a total number of Nscb = 120,
240, and 460 SCB while keeping the length of those branches
with about 14 kg mol−1 constant. The achieved grafting yields
of 57–66% were consistent with reports of Li and Gauthier,[33]

who found a conversion of only 2/3 of acetyl functional groups
into branch points due to enolate formation as competing side
reaction.

As previously described, the acetylation is a random process,
so new acetyl groups are also created on the backbone of comb
PS310-100-40. However, due to the low volume fraction of the
backbone of ϕbb ≪ 10 mol% in the comb, statistically > 90% of
the functional groups will be found on the LCB of comb PS310-
100-40, and therefore also > 90% of the additional SCB of the sec-
ond grafting stage will be attached onto the comb PS side chains.
Considering the easier steric accessibility of the peripheral side
chains versus backbone, grafting is expected to take place more
favorably onto the existing branches of the comb. Due to the ran-
dom, regio-unselective acetylation, the position of the SCB on
the LCB underlies also a variation. Apart from being—ideally—
grafted mid-chain of the LCB, the SCB can also be attached to
the apex of the LCB resulting in a (nearly) linear, extended LCB
of ≈ 55 kg mol−1, or grafted close to the backbone, resembling a
centipede- or barbwire-like branch point.

2.2. Molecular Characterization

Proton NMR spectra were used to analyze the degree of function-
alization after the FC acetylation reaction. The molecular weights
of the backbone, side chains, and combs were determined using
size exclusion chromatography (SEC). Additionally, the molecu-
lar weights of the comb and bob PS were determined gravimet-
rically, using molecular information from SEC and NMR.

2.2.1. 1H-NMR

The 1H-NMR spectra were measured in deuterated chloroform at
25 °C using a 400 MHz Bruker Avance III Microbay spectrometer.
The analysis of the NMR spectra and the calculation method to
determine the degree of functionalization are described in detail
by Abbasi et al.[18] The calculated number of acetyl groups, Nac,
per backbone or comb precursor is given in Table S1 (Supporting
Information).
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Figure 1. Reaction scheme for the synthesis of model branch-on-branch (bob) PS from comb PS. a) Friedel–Crafts (FC) acetylation of LCB comb PS310-
100-40 to introduce carbonyl functional groups (blue ■). The comb PS precursor already has residual functional groups from previous grafting cycle,
see Abbasi et al.[18] b) Anionic polymerization of living SCB with Mw,scb ≈ 14 kg mol−1. c) Grafting of SCB onto acetylated LCB. The carbonyl groups turn
into branch points (red ▲). The illustrated synthesis of bob PS310-100-40-g-120-14 shows a representative example for average numbers and length
scales. The nomenclature is explained in the text.

Figure 2. Molecular weight distribution profiles (normalized differential refractive index intensity vs molecular weight) of purified comb and bob PS
polymers, using linear PS standard calibration. An analytical single porosity column (max. 2.5 × 103 kg mol−1) was used for the linear PS310 and the
precursor graft SCB (PS15, PS14, PS13) and LCB (PS40) chains. A semi-preparative mixed bed column (max. 30 × 103 kg mol−1) was used for the comb
and bob samples. The nomenclature is explained in the text.

2.2.2. SEC

The SEC equipment was from the Agilent 1200 series. The SEC
measurements used THF as the mobile phase at 25 °C and a flow
rate of 1 mL min−1. The molecular weights of the linear PS310
backbone, SCB and LCB branches were determined with an an-
alytical, single porosity column (PSS, SDV Lux 103 and 105 Å,
5 μm). Due to the exclusion limit of 2.5 × 103 kg mol−1, a prepar-
ative, mixed bed column (PSS, SDV XL 107 Å, 10 μm) with an ex-
clusion limit of 30 × 103 kg mol−1 was used for the analysis of the
comb and bob PS. The SEC columns were calibrated using lin-
ear PS standards as received from PSS GmbH (Mainz, Germany)

ranging from 476 to 14 × 106 g mol−1. Figure 2 shows the molec-
ular weight distribution profiles of the synthesized backbone,
comb and bob PS as well as the separated SCB and LCB sam-
ples prepared before grafting reaction. Molecular weight charac-
teristics of each structural component are presented in detail in
Table 1.

2.2.3. Gravimetry

The mass difference between the purified comb or bob PS
product recovered after precipitation fractionation, mgr, and its
respective acetylated linear or comb precursor before the grafting

Macromol. Chem. Phys. 2022, 2200214 2200214 (4 of 13) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 1. Molecular parameters of model comb and bob PS310 series. All molecular weights in kg mol−1.

Long chain branches Short chain branches Total

Sample namea) Nlcb
b) Mw,lcb

c) Ðlcb
c) Nscb

b) Mw,scb
c) Ðscb

c) Mw
d) Mn,SEC

c) Mw,SEC
c) ÐSEC

c)

PS310 290 310 1.14

PS310-100-15 103 15 1.03 1800 860 1150 1.33

PS310-100-40 98 39 1.03 4200 1630 2150 1.13

PS310-100-40-g-120-14 98 39 1.03 123 14 1.03 5900 3270 4240 1.30

PS310-100-40-g-240-14 98 39 1.03 236 14 1.03 7600 3850 6720 1.74

PS310-100-40-g-460-13 98 39 1.03 461 13 1.03 10 100 4310 5500 1.28

a)
Branch-on-branch (bob) PS samples labeled according to: PSMw,bb−Nlcb−Mw,lcb−g−Nscb−Mw,scb;

b)
Number of branches calculated from gravimetric method;

c)
Apparent

molecular weights in kg mol−1 and dispersities determined by SEC using linear PS standard calibration;
d)

Total molecular weights calculated based on gravimetric results,
Mw = Mw,bb + Nlcb × Mw,lcb + Nscb × Mw,scb.

reaction, mac, is directly attributed to the amount of grafted
branches. Since the molecular weights of the acetylated precur-
sor, Mw,ac, and grafted branches, Mw,br, are known, the average
number of grafted branches, Nbr, can be calculated according to
Equation (1).

Nbr =

(
mgr − mac

)
Mw,ac

mac Mw,br

The gravimetrically determined values of mac and mgr are sum-
marized in Table S1 (Supporting Information) along with the re-
sults of the calculations of Nbr, as well as the grafting yield, i.e.,
the fraction of carbonyl functional groups converted into branch
points, mol%gr = Nbr/Nac. Furthermore, Nbr is reported as the
respective Nlcb or Nscb in Table 1.

As a simple and straightforward method, the gravimetric anal-
ysis was previously used by Li and Gauthier[33] to determine the
grafting yield of second-generation “arborescent” (i.e., dendri-
graft) PS that did not elute from the SEC column. When compar-
ing the gravimetric method with the SEC trace method, they re-
ported very good agreement with only about 2 percentage points
deviation in grafting yields.

The accuracy of the gravimetric method is only ensured with
high recovery purification. Due to the perfect baseline separation
in the SEC (see Figure 2) and the 100- to 1000-fold factor differ-
ence in molecular weight between comb or bob PS versus pre-
cursor branches, an excellent fractionability with little to no loss
of comb or bob PS mass could be achieved, as confirmed via SEC
from the precipitate and supernatant phase. Within only 2–4 pre-
cipitation fractionation cycles, a high purity (>99%) and nearly
full recovery of the branched product fraction was obtained.

The difference in molecular weights reported by the gravimet-
ric method and the SEC characterization are attributed to both
techniques giving absolute versus relative values, respectively.
While the latter is based on the calibration of the column with
linear PS standards, giving same molecular weights for same hy-
drodynamic radii, the former calculates the molecular weights
directly obtained from the mass difference of the acetylated pre-
cursor before grafting and the purified product after fractiona-
tion.

Since branching increases the molecular density, the expected
hydrodynamic radii are lower than compared to the gaussian

chain conformation of a linear chain with the same molecu-
lar weight. Therefore, it is evident that the apparent Mn,SEC and
Mw,SEC values of comb PS are largely underestimated. This un-
derestimation is even more the case for dendrigraft PS with
additional, outer SCB on top of the inner LCB. For example,
the SEC only reports a moderate increase in Mn,SEC from 3300
to 4300 kg mol−1 when comparing the bob PS with the low-
est number of SCB (Nscb = 120) with the highest number of
SCB (Nscb = 460), even though the number of outer SCB nearly
quadruples.

2.3. Rheological Characterization

Linear viscoelastic (LVE) properties were measured via small am-
plitude oscillatory shear (SAOS) deformation using an ARES-G2
rheometer (TA Instruments) and parallel plate geometry with a
diameter of d = 13 mm and a gap of h ≈ 1 mm. The measure-
ments were performed within an angular frequency range from
𝜔 = 100 to 0.01 rad s−1 and a temperature range between 130
and 240 °C. The LVE mastercurves were obtained by applying the
time-temperature superposition (TTS) principle and shifted to a
reference temperature of Tref = 180 °C using the WLF equation
log aT = − C1(T − Tref)/(C2 + T − Tref).

In order to assess the thermorheological stability of the PS
samples, time sweep tests at 𝜔 = 80 rad s−1 and a strain am-
plitude of 𝛾0 = 4.5% were performed on the example of comb
PS310-100-40 at 200 °C over a duration of 15 h. Repeated fre-
quency sweep tests showed reproducible results compared to the
former SAOS mastercurve with a reduction in storage and loss
moduli, G′ and G″, of less than 5%. The structural stability of
branched PS was confirmed by SEC measurements before and
after rheological tests, with changes of less than 5% in Mw or
Ð.[39]

The LVE data in the frameworks of the absolute value of
the complex viscosity, |𝜂*|, along with Maxwell model fittings is
shown in Figure S1 (Supporting Information). The zero-shear
viscosities, 𝜂0, were calculated by extrapolating the relaxation
spectra data (gi and 𝜏 i) to the low angular frequency region,
𝜂0 = ∑ gi 𝜏 i, and reported in Figure S2 (Supporting Information).

Uniaxial extensional measurements were performed on an ex-
tensional viscosity fixture (EVF) geometry at a temperature of
180 °C and at different extensional rates between �̇�H = 10−3 and
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10 s−1. The standard EVF setup on the ARES-G2 with horizon-
tal sample placement allows a maximum deformation of Hencky
strain of 𝜖H = 4.[40] Additionally, to extend the recordable defor-
mation range of highly stretchable samples to a maximum of
𝜖H = 6, extensional measurements were performed using a mod-
ified sample placement with a tilted angle of 20° on the drums of
the EVF with respect to the horizon.[37] Due to the start of the
rotation in a tilted position and the sample angle approaching
zero as the time increases, based on the geometric relations of the
force components acting perpendicular on the drums, the mate-
rial stress was corrected from the recorded instrument stress data
with respect to the sample angle change over time.

Extensional experiments were repeated in case of a discrep-
ancy between the extensional viscosity at the early stage of stretch-
ing (i.e., start-up extensional viscosity) and the LVE prediction
from the Maxwell model fitting, 𝜂+E = 3∑ gi 𝜏 i (1 − exp(−t/𝜏 i)),
using relaxation spectra.

2.4. Foaming Experiments and Analysis

Foaming experiments were performed in an autoclave system
as pressure induced (one-step) batch foaming process with CO2
as the physical foaming agent. The purified and dried PS sam-
ples were press-molded under vacuum at 180 °C into disks with
10 mm diameter and 2 mm thickness. The samples were placed
in the autoclave system (modified benchtop mini reactor, Type
4560, Parr Instruments) and saturated with CO2 at supercriti-
cal conditions of 180 bar. The saturation and foaming conditions
were varied within a temperature range of Tfoam = 125–145 °C.
In previous studies, those foaming conditions already proved as
optimum foaming window for the autoclave system to maximize
the volume expansion (with a theoretical limit of VER ≈ 45 ± 5
due to the maximum CO2 solubility) and correlate the uniaxial
extensional rheology to the foaming properties.[22,23] After a sat-
uration time of 4 h, the foaming was induced by sudden depres-
surization at an average rate of about 40 bar s−1.

Densities of the neat polymer and foam, 𝜌neat and 𝜌foam, respec-
tively, were measured via the principle of buoyancy using a den-
sity kit (YDK 01-0D, Sartorius) on the balance and the volume
expansion ratio, VER = 𝜌neat/𝜌foam, was calculated accordingly.
Scanning electron microscopy (SEM, S5-70, Hitachi) was used
to reveal the cellular structure. The cell densities and average cell
sizes were analyzed via the software ImageJ using images with
about 200–500 cells. The calculation of the cell density, Ncell, in
cell cm−3 and average cell diameter, dcell, in μm is described in
previous publications.[22,23]

3. Results and Discussion

3.1. Uniaxial Extensional Rheology

3.1.1. Standard Horizontal Sample Placement for Hencky Strains
up to 4

To analyze the influence of topology on the strain hardening be-
havior of the linear and branched polymer melts, we first mea-
sured uniaxial extensional rheology with the standard horizontal
sample placement on the EVF geometry.

Figure 3 shows the extensional viscosity, 𝜂+E , versus stretch
time, t, for different extensional rates. While the linear PS310
(Figure 3a) showed barely any strain hardening with only a slight
upward deviation of the extensional viscosity from the LVE en-
velope at very high elongational strain rates (�̇�H = 10 s−1), the
presence of even slightly entangled SCB of about one entangle-
ment molecular weight, Mw,scb ≈ 1 Me, in comb PS310-100-15
(Figure 3b) induced significant strain hardening on the order
of two decades. An increase in the length of side chains toward
comb PS310-100-40 (Figure 3c) with well-entangled LCB of Mw,lcb
≈ 2.8 Me not only reduced the onset extensional rate of strain
hardening about one decade (from �̇�H = 0.1 to 0.01 s−1), but also
shifted the range of strain rates with maximum strain harden-
ing about two decades lower. Grafting of additional SCB onto
LCB comb PS310-100-40 (Figure 3d–f) further reduced the on-
set of strain hardening toward extensional rates as low 0.001 s−1.
More significantly, the presence of dendritic branching drasti-
cally increased the strain hardening properties with the exten-
sional viscosity exceeding the LVE envelope by over two decades.
However, especially at low deformational rates (�̇�H < 0.03 s−1)
dendrigraft-type bob PS exhibit very high stretchability with an
almost unobtainable steady-state extensional viscosity before a
Hencky strain of 𝜖H = 4, which is the limit for reliable transient
viscosity data due to the instrumental design of the EVF geome-
try. After one revolution of the geometry cylinders, the stretching
filament touches the sample ends and starts to wind up on itself,
leading to a non-uniform deformation due to a sudden increase
of the effective cylinder diameter.[40] The pronounced stretch-
ability was especially observed for bob PS310-100-40-g-120-14,
whose extensional viscosity data, 𝜂+E , for the lowest strain rate of
�̇�H = 0.001 s−1 is exemplarily displayed over the full elongation
time in Figure 3d. The maximum steady-state extensional viscos-
ity would only be reached beyond 𝜖H > 4 (grayed out data points),
rendering an accurate quantification of the strain hardening im-
possible. Therefore, the ultimate strain hardening of the sample
when calculated only up to 𝜖H = 4 is assumed to be grossly un-
derestimated. To overcome the experimental difficulties in mea-
suring highly stretchable samples, the procedure of an oblique
sample positioning, presented by Parisi et al.[37] as an alternative
use of the Sentmanat Extensional Rheometer (SER), was adapted
to the EVF geometry, as further addressed in Section 3.1.2.

Although the steady-state elongational viscosity and the simu-
lation of the raw data with constitutive models is of high academic
interest in fundamentally understanding chain dynamics in elon-
gational deformation,[3,11,41] the degree of strain hardening as the
quantification of melt stability is of high practical relevance from
a processing perspective.[6,7]

Figure 4 summarizes the extensional viscosity data in the
framework of the strain hardening factor as the ratio of the
maximum achievable extensional viscosity to the nonlinear re-
sponse predicted by the Doi-Edwards (DE) model, SHF ≡

𝜂+E,max∕𝜂
+
DE,max.

[3,18]

The analysis of the experimentally observed strain hardening
reveals that comb PS310-100-15 with barely entangled side chains
excels with very high SHF> 100 in the range of high elongational
strain rates (�̇�H ≥ 1 s1). At �̇�H = 10 s1 the SCB comb reaches a
SHF > 200 for Hencky strains below 4. This tremendous effect
of branching on the SHF of comb PS has so far only been re-
ported by Abbasi et al.[18,20,23] for a LCB comb PS290-120-44 with

Macromol. Chem. Phys. 2022, 2200214 2200214 (6 of 13) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 3. Uniaxial extensional viscosity, 𝜂+E , at different extensional rates and T = 180 °C, along with predictions from the DE model (dashed lines) and
MSF model (solid lines). a) Linear PS310. b) SCB comb PS310-100-15. c) LCB comb PS310-100-40. d,e) Bob PS with 120, 240, and 460 additional SCB on
LCB. All data is reported up to a Hencky strain of 𝜀H = �̇�H ⋅ t = 4, the experimental limit of the EVF geometry. Greyed out data in (d) at �̇�H = 0.001 s−1

exceeds 𝜖H > 4, but exemplarily shows the high stretchability of bob PS310-100-40-g-120-14.

well-entangled side chains of 44 kg mol−1 and similar backbone
length and branching number, however, at much lower strain
rates of 0.1 s−1. In comparison with the newly synthesized comb
PS310-100-40 possessing similar structural features, the results
are consistent as both LCB combs show their maximum SHF
at the same rate of 0.1 s−1. Moreover, with 100 LCB achieving a
slightly lower SHF = 130, the extensional properties of PS310-
100-40 are between that of combs PS290-60-44 (SHF ≈ 100) and
PS290-120-44 (SHF ≈ 200).[18] Additionally, the LCB of PS310-

100-40 are about 10% shorter which might also contribute to a
somewhat decreased SHF.

The grafting of SCB chains onto the LCB comb structure, i.e.,
the conversion toward bob PS topology furthermore drastically
changes the extensional properties, especially toward higher
SHF at even lower strain rates. Whereas the SHF at high rates
of 10 s−1 is barely affected by the additional presence of SCB,
with both LCB comb and SCB bob PS having roughly the same
SHF ≈ 50, all bob PS samples exceed the comb’s strain hardening

Macromol. Chem. Phys. 2022, 2200214 2200214 (7 of 13) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. Strain hardening factor, SHF≡ 𝜂+E,max∕𝜂
+
E,DE, as a function of extensional rate, �̇�H, from high to low strain rates. Symbols represent the maximum

experimentally achieved extensional viscosity, 𝜂+E,max, up to a Hencky strain of 𝜖H = 4. Dashed lines show the general trend as guide to the eye and solid
lines are predictions of the MSF model.

properties at lower rates (�̇�H < 1 s−1). Bob PS310-100-40-g-120-14
with the lowest SCB graft density achieves an exceptionally high
maximum SHF of 500 at �̇�H = 0.03 s−1 and a Hencky strain below
4. This is to the best of our knowledge a value that has not been
reported before for a thermoplastic polymer melt. Interestingly,
there seems to be a clear tendency toward somewhat lower strain
hardening with more outer SCB. In contrast to the bob PS with
Nbr = 120, an increase to 240 or even 460 SCB resulted in decreas-
ing SHF, with the latter two samples breaking mostly at Hencky
strains below 4. Accordingly, both were more brittle in the melt
state, but also challenging to handle during sample preparation
due to their mechanical fragility in solid state. In this respect, the
results are also consistent with findings by Abbasi et al.[18,23] who
showed at the example of comb PS290-Nbr-44 series, that the
highest density of LCB, e.g., Nbr = 190 with bottlebrush-like side
chain crowding, did not achieve the highest SHF. Consequently,
this particular comb PS also performed worse in foaming when
it comes to achieving low dense foams.[23] It is assumed that
above an optimum number of branches, a too high branch
density impedes inter-chain interaction and results in inefficient
entangling.[18,23]

Nevertheless, all bob PS still achieved remarkable SHF ≈ 250–
400 at �̇�H ≤ 0.01 s−1. As already discussed above, the SHF val-
ues of bob PS310-100-40-g-120-14 at �̇�H ≤ 0.01 s−1 are most likely
underestimated due to the stretchability of the samples surpass-
ing the limitations of the EVF geometry regarding the maximum
Hencky strain of 4. Unfortunately, comparison with experimental
data of other model branch-on-branch structures is not possible
due not only to a general lack of published samples but also to
the dissimilarity in topology and parameters of branch number
and size.

3.1.2. Tilted Sample Placement for Hencky Strains up to 6

The standard horizontal placement of the sample in the EVF fix-
ture limits the deformation that can be performed to Hencky
strains less than 4. After one full drum rotation, the sample ends
meet the stretching filament and the effective drum diameter

suddenly increases. The strain becomes non-uniform and the
recorded torque data no longer represents the uniaxial properties
of the material.[40]

As shown by Parisi et al.,[37] placing a sample with an angle on
the drums of a SER tool delays sample overlapping and circum-
vents the instrumental limitation in the deformation of highly
stretchable elastomers or polymer melts. Applying the same prin-
ciple on an EVF, the range of deformation can be extended to
Hencky strains up to 𝜖H = 6. The true time dependent material
stress can be obtained after correcting the recorded instrument
stress data by taking into account the angle change over time, and
the extensional viscosity is calculated accordingly.

Figure 5 shows the extensional viscosity data for bob PS310-
100-40-g-120-14 sample placed horizontally (blue squares) as well
as in a 20° tilted angle with respect to horizon (red circles). An
extensional rate of 0.005 s−1 deemed reasonably low to achieve
a high stretchability of the sample at those condition to prove
the feasibility of this method, however fast enough to mitigate
sagging effects and sensitivity issues at 180 °C. Whereas 𝜂+E of
the standardly placed sample exceeded the DE model prediction
by three decades, i.e., SHF = 600 until 𝜖H = 3.9, the filament
in the modified approach only failed at 𝜖H = 5.5, resulting in a
nearly 3 times higher SHF of 1750. The perfect overlapping of
both extensional viscosity curves signifies the validity and good
reproducibility of the viscosity data obtained with those different
approaches.

3.2. One-Step Batch Foaming

Linear, comb and bob PS samples were foamed to investigate
the impact of extraordinarily high strain hardening on practical
aspects like foaming characteristics that is influenced by exten-
sional flow properties. Foaming experiments were conducted in
a batch foaming autoclave at a saturation pressure of 180 bar and
foaming temperatures, Tfoam, between 125 and 145 °C.

Figure 6 shows the SEM images of the cellular foam structures
produced at increasing foaming temperature from 125 °C (Fig-
ure 6a–d), to 135 °C (Figure 6e–h), and 145 °C (Figure 6i–l).

Macromol. Chem. Phys. 2022, 2200214 2200214 (8 of 13) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 5. Comparison of uniaxial extensional viscosity data, 𝜂+E , and SHF
of bob PS310-100-40-g-120-14 at a Hencky strain rate of 0.005 s−1 at 180 °C
for two different sample placement approaches using an EVF geometry
on an ARES-G2 rheometer, along with the LVE envelope and DE model
prediction. The standard horizontally placed sample reached a maximum
SHF of 600 at 𝜖H = 3.9 until the stretched filament started winding up
on itself (blue squares). Attaching the sample by a tilted angle of 20° to
the drums with respect to horizon delays this instrumental limitation and
extended the recordable Hencky strain to 𝜖H = 5.5 when the sample failed
at a maximum SHF of 1750 (red circles).

In general, the foaming produced closed cell morphologies
with cell diameters in the range of about 20–60 μm. Linear PS310
was not able to expand to a stabilized foam at 145 °C and no cell
structure could be analyzed at this condition (see Figure 6i), while
at lower temperatures foaming could still be achieved. In con-
trast, all foams based on branched polymers showed foamability
over the whole temperature range with relatively homogenous
cell structure.

The results of the foam analysis are summarized in Figure 7
as a function of the foaming temperature, with the average cell
size, dcell, and cell density, Ncell, as the microscopic properties
(Figure 7a,b), as well as the foam density, 𝜌foam, and volume ex-
pansion ratio, VER, as the macroscopic properties (Figure 7c,d).

Microscopically, the average cell diameters about doubled in
size from dcell ≈ 20–30 to 40–60 μm with increasing temperature
from 125 to 145 °C, with comb PS producing slightly larger cells
compared to bob PS (Figure 7a). Conversely, cell densities that
were on the order of Ncell ≈ 109 cell cm−3 at the lowest temper-
ature of 125 °C decreased with higher temperatures (Figure 7b),
as also reported for the foaming of similar combs.[23] This reduc-
tion of cell densities was most significant for the linear PS that
dropped about one order of magnitude at 135 °C. At the highest
temperature of 145 °C, the bob PS still achieved about two times
higher cell densities than the combs.

When it comes to the macroscopic properties related to the
foamability, at the lowest foaming temperature of 125 °C, all sam-
ples had roughly the same density of 𝜌foam ≈ 0.1 g cm−3. Mini-
mum foam densities of about 0.03–0.04 g cm−3 were achieved at
higher foaming temperatures of 135–145 °C for comb PS struc-
tures (Figure 7c). In a previous publication from our group, lin-
ear PS290 and LCB comb PS290-Nbr-44 series had also nearly
the same VER ≈ 10 at 125 °C, independent of the presence of

branching or branching number from Nbr = 3 to 190.[23] Of this
series, foaming data of PS290-120-44 with similar structural fea-
tures to PS310-100-40 is additionally shown. In comparison to
the branched PS species, the expansion of PS310 is significantly
lower, which failed to form a stable foam at 145 °C (Figure 7d).
Only the branched PS that also exhibit strain hardening in uni-
axial elongation were able to improve in VER at those conditions.
Interestingly, the SCB and LCB combs, PS310-100-15 and PS310-
100-40, respectively, most efficiently used the dissolved CO2 gas
for bubble growth and outperformed all the bob PS. Both combs
achieved a maximum VER ≈ 40, that was also found for comb
PS290-120-44. This value is about 90% of the theoretical limit
considering the solubility of CO2 of 9 ± 1 g CO2/100 g PS at
those conditions.[23] The influence of topology on the foamabil-
ity is more pronounced at the maximum foaming temperature
of 145 °C, with bob PS only reaching half the values (VER ≈ 15–
20) of comb PS. Furthermore, it is remarkable that comb PS310-
100-15 with only slightly entangled side chains and lowest zero-
shear viscosity, 𝜂0 = 5 × 10−4 Pa s (Figure S2, Supporting In-
formation), excelled in volume expansion at the highest tem-
perature, whereas linear PS310 with an about a decade higher
zero-shear viscosity was not even remotely able to result in a
stabilized foam.

3.3. Correlation of the VER with Rheological Properties and
Identifying Influential Factors

During the bubble growth phase of the foaming of a polymer
melt, polymer chains at the bubble boundary undergo a biaxial
deformation. In the early stage of the bubble growth, the cell
walls, i.e., the distance between two boundary layers of neighbor-
ing bubbles, are comparably thick in contrast to the dimension
of the bubble nuclei.[42] At this stage, the expansion of the bub-
bles results in small local deformations of the polymer chains.
Especially at increased distance from the boundary regions, the
material behavior at those small deformations in biaxial exten-
sion is majorly governed by the linear viscoelastic regime.[43,44]

However, as the bubble growth progresses and the cell walls get
thinner, the deformation increases and the biaxial deformation
field mainly becomes nonlinear, controlled by the extensional
viscosity. Strain hardening behavior is important for melt stabil-
ity in elongational processes and consequently stabilizes the cell
walls and enhances expandability to enable high VER.[23] Strain
hardening occurring in biaxial direction is also reflected in uni-
axial extensional experiments that achieve high reproducibility
of the data with relatively simple instrumentation.[3,45] However,
it should be mentioned that the intensity of strain hardening is
higher in the uniaxial than the biaxial direction.[8,46]

In the work presented here, comb-like structures with short
and long chain branching, i.e., PS310-100-15 and PS310-100-40,
respectively, that nearly achieved a maximum theoretical VER ≈
30–40, overall performed better in expandability than dendrigraft
bob topologies, even though their maximum achievable SHF of
130–200 was in general lower than bob PS with SHF of 300–600
(measured up to 𝜖H = 3.9) or even SHF of 1750 (measured with a
modified EVF up to 𝜖H = 5.5). In that sense, the higher SHF did
not lead to a higher VER as expected from previous findings by
Abbasi et al.[23] At this point it is evident that for such a complex
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Figure 6. SEM images of the closed cell foam structure of linear PS310, SCB comb PS310-100-15, LCB comb PS310-100-40, and bob PS310-100-40-g-
120-40 expanded at 180 bar and a foaming temperature of a–d) 125 °C, e–h) 135 °C, i–l) 145 °C.

process like foaming further influential factors have to be con-
sidered. Especially when correlating molecular architecture to in
situ processing properties and finding a fingerprint in off-line
generated rheological data, it is important that the latter repre-
sents the deformational flow field as close as possible.

First of all, parameters like the SHF are strain rate depen-
dent and the applied strain rate or range of strain rates is fur-
thermore individual to the elongational process. During the bub-
ble growth phase, the biaxial extensional flow yields rather high
strain rates, �̇�H > 0.1 s−1 or even >5 s-1.[47] Since the SCB comb
PS310-100-15 displayed a high SHF of 200 at �̇�H > 1 s−1 (see Fig-
ure 4), and also reached comparably high VER at all foaming con-
ditions, the results suggest a strong correlation between foama-
bility and strain hardening. We assume that the nonlinear field
of deformation in the biaxial growth of the bubbles matches also
the range of strain rates applied in off-line uniaxial extensional
rheology where maximum SHF occurred.[13] Interestingly, that
particular SCB comb PS with barely entangled side chains exhib-
ited the lowest zero-shear viscosity of all investigated samples,
𝜂0 = 5 × 10−4 Pa s, nearly one decade lower than its linear PS310
backbone (𝜂0 = 4 × 10−5 Pa s), that showed inferior foamability at
all temperatures in comparison with the branched samples, i.e.,
comb or bob PS. Hence, the very low zero-shear viscosity of SCB
comb PS310-100-15 does not hinder its expandability and cell
stabilizing property in foaming, assumingly because at the later
stage of bubble growth, the deformation field is within the non-
linear elongational regime and strain hardening becomes more

important. In this case, a minimum zero-shear viscosity might
even expedite the bubble growth.[48]

Furthermore, LCB comb PS310-100-40 with maximum SHF
of 130 and reduced zero-shear viscosity (𝜂0 = 1 × 10−5 Pa s),
compared to the linear PS310, also did show improved expand-
ability. Those findings are in agreement with results from Ab-
basi et al.,[23] who concluded on the basis of the structurally and
rheologically similar PS290-120-44 (max. SHF = 200 and max.
VER = 40) that a low zero-shear viscosity is certainly not detri-
mental for foam expansion in case the polymer’s structure is in-
herently strain hardening in the applied region of strain rate at
processing conditions.

For the dendrigraft-type bob PS, one would expect that
the tremendous strain hardening of SHF of 200–600 at rates
�̇�H < 0.1 s−1 or even SHF of 1750 at �̇�H = 0.005 s−1 translated
into an improved stabilization of the cell walls and higher VER
as compared to the combs. However, they were not able to out-
perform comb PS, even though their foamability was better than
that of linear PS310. We consider two reasons contributing to
this experimental finding. First of all, it can be assumed that the
relatively low strain rates of �̇�H ≤ 0.1 s−1 at which a maximum
SHF for bob PS was demonstrated in uniaxial elongational tests
did not represent the strain rates occurring in the batch foam-
ing process. At uniaxial experiments conducted at faster stretch
times (�̇�H > 0.1 s−1) the achieved SHF of 50–200 were still signif-
icant, but not remarkably higher than the extensional properties
of the SCB or LCB comb PS. In fact, at the highest elongational
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Figure 7. Effect of the temperature on the foaming properties of linear PS310, SCB comb, LCB comb and bob PS310 series, expanded at 180 bar. a)
Average cell size, dcell. b) Cell density, Ncell. c) Foam density, 𝜌foam. d) Volume expansion ratio, VER. Dashed lines are guide to the eye. Data of foamed
comb PS290-120-44 (open circles) added for comparison from ref. [23]

rates of 3–10 s−1, the SCB comb had the highest strain harden-
ing. It should be noted that bob PS310-100-40-g-120-14 with the
lowest graft-density of Nscb = 120 not only achieved the highest
VER of all bob PS at elevated foaming temperatures (135–145 °C),
but furthermore exhibited the highest SHF of all bob samples at
nearly all strain rates, and of course also in those regions con-
sidered relevant for foaming. Interestingly, both VER as well as
SHF decrease in the same order with more outer-branch den-
sity from Nscb = 120–460; this behavior might originate from
a branch crowding that becomes unfavorable to inter-chain en-
tanglements. This finding would be in agreement with Abbasi
et al.[23] who showed that excessive branching, however, in this
case from comb to more densely grafted bottlebrush structures,
has a negative impact on extensional processes.

A second contributing factor that bob PS had slightly lower
VER than comb PS might be found in their relatively high zero-
shear viscosity (Figure S2, Supporting Information). As a re-
tarding force, the zero-shear viscosity affects the bubble growth
dynamics in that the gas pressure has to fight against the vis-
cous boundary layer of polymer melt in order to expand the ini-
tial bubble nuclei. During the foaming process, the dissolved
blowing agent phase separates and the gas concentration within
the melt decreases. The loss of the plasticizing effect of the gas
leads to a rise in the zero-shear viscosity.[43,48] Excessive viscos-
ity as an inherent polymer property can suppress bubble growth
from the start of depressurization and consequently limit foam
expansion.[49] The time until melt solidification might therefore
be shorter for bob PS than comb PS with reduced zero-shear
viscosity and probably longer cell growth phase. It needs to be

mentioned that—unlike the undoubted significance of the strain
hardening for the melt strength and in foaming—the influence
of the zero-shear viscosity here is less evident.

Unfortunately, the influence of branching on the nucleation or
bubble growth kinetics could not be covered in the scope of this
work, necessitating real-time optical visualization of the foam-
ing process in situ.[43,50] Therefore, the nucleation densities as
well as the cell sizes and their rates of change in the initial foam-
ing stage remain unknown and make it impossible to correlate
the cell growth phenomena from the beginning stage with the
final foam morphology. For example, higher cell densities and
lower cell sizes of bob PS foams—as compared to comb PS (Fig-
ure 7a,b)—could have resulted from a higher number of nucle-
ated bubbles, possibly facilitated by effects of branching. Alterna-
tively, as supposed above, a higher zero-shear viscosity could have
also caused a decreased bubble growth rate, yielding smaller cells
with less strain on the cell walls, i.e., less cell wall rupture, upon
earlier melt solidification.

4. Conclusion

A series of three monodisperse dendrigraft polystyrenes with dif-
ferent outer-branch density were synthesized using successive
cycles of anionic polymerization, Friedel–Crafts functionaliza-
tion and grafting-onto methods. Those branch-on-branch (bob)
PS were structurally based on a densely grafted comb PS pre-
cursor with a well-entangled backbone of Mw,bb = 310 kg mol−1

(≈20 Me), and a number of Nlcb = 100 long chain branches (LCB)
of Mw,lcb = 40 kg mol−1 (≈3 Me). Additional grafting resulted in a
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corona of Nscb = 120, 240, and 460 barely entangled short chain
branches (SCB) of Mw,scb ≈ 14 kg mol (≈1 Me) on the LCB.

Uniaxial extensional properties measured at 180 °C were stud-
ied in the frameworks of the strain hardening factor (SHF) using
an EVF geometry with standard horizontal sample placement as
well as tilted by an angle of 20° to allow for higher elongational
strains due to the enhanced stretchability of bob PS.

Finally, the samples were foamed in a batch foaming autoclave
at 180 bar and a temperature range between 125 and 145 °C us-
ing CO2 as the physical blowing agent to study their elongational
performance in a processing setup and to correlate elongational
rheological with foaming behavior. Special interest was on the
expandability, i.e., achieving low dense foams, that directly rep-
resents the extensional properties and further originates from the
molecular structure.

Analysis of the elongational performance in off-line exten-
sional rheology via the SHF and correlation to the final foam char-
acteristics, especially the volume expansion ratio (VER) resulted
in the following conclusions:

1) A SHF of 200 at fast Hencky strain rates ≥ 3 s−1 was achieved
for a SCB comb PS. Before, this high SHF at Hencky strains
below 4 was only reported for LCB combs, however, at lower
extensional rates of 0.1 s−1. Both SCB and LCB comb PS
achieved maximum VER of 30–40, close to a theoretical limit
considering the solubility of CO2 at those foaming conditions.

2) Dendrigraft-type bob PS, i.e., SCB grafted onto LCB, reached
an exceptionally high SHF of up to 500 at 0.03 s−1, or even
600 at 0.005 s−1 were measured using a standard EVF geom-
etry with an instrumentally limited deformation not higher
than Hencky strains 4. To the best of our knowledge, such
high strain hardening has never been reported before for poly-
mer melts. This result was achieved for a bob PS having 120
SCB, i.e., in average one SCB per LCB. Within the investigated
set of molecular parameters, higher grafting densities showed
adverse effects on both SHF as well as VER, assumingly due
to excessive branch crowding and a lack of inter-chain entan-
glements. With a VER of 15–20, bob PS showed inferior foam
expandability compared to comb PS, even though they out-
performed in terms of maximum achievable SHF, however
in strain rate regions below 0.1 s−1.

3) Using a modified sample placement with a tilted angle of
20° relative to the horizon increased the range of accessible
Hencky strains from 4 to 6. This enabled the viscosity data of
highly stretchable bob PS with lowest grafting density of 120
SCB to be recorded for long enough time to reach steady-state
in extensional flow, resulting in a maximum SHF of 1750.

4) The quantity of maximum achievable strain hardening alone
is not a sufficient criterion for improved foam expansion.
Since the SHF is strain rate dependent, off-line extensional
rheology can only be correlated to in situ processing proper-
ties, if the time scale of deformation in, e.g., foaming is rep-
resented by uniaxial elongational tests. In that sense, it can
be assumed that the range of strain rates at which SCB and
LCB combs show pronounced strain hardening most closely
matches the strain rates experienced by the polymer chains
close to the melt-gas boundary of the expanding bubbles.
Since bubble growth in foaming is a fast extensional process,
it is supposed that the cell wall stabilizing effects of strain

hardening do not profit from superior SHF in the range of
low strain rates.

This work emphasizes the importance of investigating the
structure–property relationship of complex molecular architec-
tures via defined model systems to tune the polymer’s molec-
ular parameters according to desired rheological features. The
branched architectures exhibit unique rheological properties, es-
pecially in elongational melt flow, which play a significant role in
polymer processing and, ultimately, material application.
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