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ABSTRACT: Stochastic honeycombs are a cellular polymer fabricated through a simple melt-stretching process. In this study, five poly-
propylenes (PP) with varying rheological properties were used to fabricate stochastic honeycombs over a range of densities. Rheology
tests were performed to determine the melt behavior, while micro-CT scans were used as a nondestructive characterization technique
to determine the internal architecture. The sandwich structure consists of parallel skins separated by a network of interconnected
webs. The cross-sectional area decreased from unit area at the skins to a plateau over the middle third of the honeycomb height
where the cross-sectional area and total edge length of the webs were relatively constant. The rheological properties of the polymer
were found to determine the web length per unit area, while the starting areal density of the polymer controlled the mid-height
cross-sectional area. Other features, such as archways and buttresses, act as secondary structures that support the webs. © 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40074.
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INTRODUCTION

The internal architecture of polymer-based cellular materials is
determined in part by the rheological behavior of the polymer in
question. For example, when a polymer is expanded from the melt
state to a closed cell foam, the stability of the walls is paramount,
and two of the most important properties for wall stability are the
melt strength' ™ and the strain hardening ability of the melt.*™

Polypropylene (PP) has been considered as a substitute for other
closed cell foams such as polyurethane, polyethylene, and polysty-
rene, due to its good mechanical strength and relatively high melt
temperature.”® Equally important is its recyclability,” as polyur-
ethane is a thermoset,'®"" many polyethylene foams are cross-
linked,'"" and polystyrene foam is quite difficult to recycle.'""
However, PP performs poorly in foaming and extrusion due to its
low melt strength and lack of strain hardening.*"®'* The melt
strength is related to the limit of the extensibility of the polymer
melt,'* which in turn stabilizes the growth rate of cells during
nucleation and is the controlling factor behind cell wall rupture,’
while strain hardening is a critical factor in membrane stability and
also stabilizes the cell walls, preventing them from expanding too
quickly and rupturing.'* The poor melt strength of PP can lead to
melt fracture in extrusion,' leading to an open cell foam structure.

To resolve this, high melt strength polypropylenes have been
developed in a number of different ways, such as melt addition
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of organo-clay nanocomposites or carbon nanotubes,
melt grafting in the presence of various peroxides,”®'*** intro-
duction of high molecular weight PE chains,® and electron-
beam irradiation in the presence of polyfunctional mono-
mers.**>?® Melt grafting and electron-beam irradiation lead to
the introduction of long-chain branching (LCB) in PP, which in
turn leads to greater entanglement density in the melt and
higher melt strength and melt strain hardening.>'**

Long chain branching in polypropylene has been shown to
increase the processability of PP for industrial purposes. For
instance, Stange and Miinstedt’™”" studied the rheological prop-
erties of LCB PPs and the effect of the LCBs on foaming of PP.
They concluded that the presence of branches led to increased
cell density and cell diameter in the PP foam, as well as an
increased expansion ratio. Similarly, Nam et al.** determined
that the most important variable in determining foam density
was the degree of long-chain branching of the PP, and that
lower densities of foam were achievable when using LCB PPs.
Finally, Gotsis et al.”* modified a linear PP to an LCB PP, and
improved the processability of the PP in foaming and
thermoforming.

The mechanical properties of closed cell foams depend on the
internal cellular architecture of the polymer foams, which in
turn is controlled by a convolution of processing parameters
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Table I. Polymer Properties for Four High Melt Strength PP (PP-1 to PP-4) and One Conventional (Linear) PP (PP-5)

Polymer T, °C) o (x10% Pas™) 7 (s) Ge (x10* Pa) e rad s7%) MFI * (g/10 min)
PP-1 162 3.24+0.24 0.080+0.002 1.62=+0.05 12504 2.4

PP-2 163 3.31+0.39 0.209+0.093 0.83+0.22 53x24 2.1

PP-3 163 215+x0.21 0.036+0.003 2.09+0.01 28023 6.0

PP-4 147 3.94+0.18 0.128+0.039 1.64+0.22 82=+25 2.4

PP-5 167 0.48+0.01 0.015+0.001 432+012 65.7+3.3 12

+ provided by the manufacturer.

and the physical properties of the bulk polymer.” This study
looks at the effect LCB in PP can have on the internal architec-
ture of a new type of cellular polymer. Stochastic honeycomb
sandwich structures can be produced in a simple, low-cost
melt-stretching process; their compressive properties are able to
match those of commercial PP honeycombs and exceed those of
commercial PP foams for a given relative density.’* The influ-
ence of polymer rheology and areal density of the melt on the
architecture of stochastic honeycombs was investigated by using
four different high melt strength (HMS) polypropylenes and
one conventional (control) PP to fabricate stochastic honey-
combs by melt-stretching. Parallel-plate rheometry tests were
used to characterize the viscoelastic properties of the starting
polymer, and X-ray tomography was used to characterize the
architecture of the as-fabricated honeycombs.

EXPERIMENTAL

The five polypropylenes used in this study were Daploy WB135
HMS, WB140 HMS, WB180 HMS, WB260 HMS (Borealis, Aus-
tria) and Accucomp HPO0306L (Aclo, Canada), henceforth
referred to, respectively, as PP-1 to PP-5. To complement the
manufacturer supplied melt flow index (ASTM Standard
D1238%), PP-1 to PP-5 were characterized by differential scan-
ning calorimetry (DSC) and parallel plate rheometry. DSC scans
were used to determine the melting temperature and define the
processing conditions for each polymer. Samples were put
through a heat-cool-heat cycle at 10°C min~' between room
temperature and 200°C on a Q20 DSC (TA Instruments, USA).
The melting temperatures of the five PP types ranged from 147
to 167°C and are summarized in Table I. Parallel-plate viscosity
tests were performed on an advanced rheometric expansion
system (ARES, TA Instruments, USA) using a dynamic shear
test with sample dimensions of 1 mm through-thickness and 25
mm diameter. The test sweeps the angular frequency from
®=0.01 to 100 rad s~ ', with a fixed strain rate of 1% at 1.1
times the melting temperature (7,,). This temperature allowed
direct comparison between the rheological properties of the
polymers at the fabrication temperature. The stochastic honey-
combs were fabricated by first heating each polymer on a metal
plate (at 1.1 T,,) until a viscous melt was formed. Plate and
polymer were subsequently removed from the furnace and
placed in a custom-built press, where a second metal plate was
compressed on top of the molten PP with a force of ~500 N.
Subsequently the upper plate was raised to the desired height
(in this case, 15 mm) at a rate of 5 mm s ' and locked in
place. Upon cooling, the sample spontaneously separated from
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the plates, resulting in an integrated sandwich structure with
upper and lower skins separated by a network of interconnected
webs. Four samples for each polymer, with relative densities (p)
ranging from 11 to 18% were then characterized in a Skyscan
1172 micro-CT X-ray scanner (Micro Photonics, USA) at 44 kV
source voltage, 188 pA source current, with an exposure of 158
ms and a rotational step size of 0.4°. The radiographs were
reconstructed into a series of cross-sections, with a voxel edge
length of 35 um, and binarized to aid the analysis. The cross-
sectional slices were then stacked, giving a three-dimensional
model of the internal architecture.

RESULTS AND DISCUSSION

Polymer Characterization

Figure 1 plots the results of the parallel-plate rheometry tests,
with viscosity () given as a function of angular frequency (®).
Zero-shear viscosity (n,) was determined by extrapolating the
low-shear plateau to a hypothetical “zero” shear. This parameter
is used as a benchmark to compare the viscosity of polymers
tested under different conditions, but at the same tempera-
ture.”® Under the frequency range available, only PP-5 exhibited
a plateau at low shear, and thus a true zero-shear viscosity. The
1, values given in Table I are thus the viscosity at 0.01 rad s,
which is a lower bound estimate for 7,

For an ideally elastic solid, Hooke’s Law applies, so that when the
stress is changed, the strain changes immediately, with the
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Figure 1. Parallel-plate rheometry results, giving the viscosity (1) as a
function of frequency ().
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Figure 2. Storage modulus (G') and loss modulus (G”) plotted as a func- b 2000
tion of frequency (w) for PP-2 and PP-5. i .
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Figure 2 plots the storage modulus, G, and the loss modulus, 400
G’, as a function of @ for two polymers (PP-2 and PP-5). At S50 : : : :
low frequency, G" is larger than G, implying that the viscous 1000 2000 3000 4000 5000
response dominates at low frequency.29 This allows the charac- n' (Pa-s)

teristic relaxation time, 4, to be determined, which is the time-
scale separating the predominantly viscous response (< /)
from the predominantly elastic response (t> A) of the polymer
melt. 1 is determined by®®:

G'(w)

from which it can be seen that A=~ where G and G’ inter-
sect. This gives the A values given in Table I.

Figure 3 illustrates the relationship between the two compo-
nents of the complex viscosity, ' and 5", where’®:

H(@)=2 Cff“) (3a)
7 (w)= ij") (3b)

From here, it can be seen that the curves for PP-1 to PP-4
exhibit a change in slope after the second derivative goes
through an inflection point at higher #’. This is typically seen
for long chain branching in PP, while the semicircular curve for
PP-5 is indicative of a linear PP."*’
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Figure 3. The two components of complex viscosity (1" and 1”) from par-
allel plate rheology tests: the curves for PP-1, PP-2, PP-3, and PP-4 each
exhibit a linear portion followed by an increase in slope. This implies that
long-chain branching is present in the polymers. PP-5 exhibits a semicir-

s . 12
cular curve, indicating a linear polymer."*’

The crossover point between the storage and loss moduli (w,
G, in Figure 2 gives some information about the breadth of
the molecular weight distribution (MWD), and about the
weight-average molecular weight (M,,). A larger crossover mod-
ulus, G, implies a narrower MWD, and a lower G, implies a
broader MWD. Similarly, if the crossover occurs at lower fre-
quency, this implies a larger M,,”> From these values (Table I)
it can be seen that PP-5, the linear PP, has the narrowest MWD
and the lowest M,,. PP-2, on the other hand, has the broadest
MWD and the highest M,,.

The rheometric data can be compared to the manufacturer sup-
plied melt flow index (MFI). MFI is defined as the mass of
polymer passing through a cylinder of set dimensions under a
given load and fixed temperature (2.16 kg and 230°C for PP) in
ten minutes, and so is reported in g/10 min, after ASTM Stand-
ard D1238.%% It is expected that higher viscosity would lead to
less polymer flowing through the cylinder, and vice versa, and
indeed it has been found that MFI generally has an inverse
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Figure 4. Mid-height cross-sections for PP-1 (a),

relationship with #,.°® However, 1, is sensitive to both branch-
ing and molecular weight distribution,”® leading to differences
between the viscosities of PP-1 and PP-4, even though these
two polymers have the same MFI (Table I).

Architectural Characterization

The varying rheological properties of the five polypropylenes
under consideration lead to differences in the self-assembled
internal architecture of the as-fabricated stochastic honeycombs.
The initial areal density of polymer before fabrication (i.e., the
mass per unit area before stretching) also affects the architec-
ture, and in turn the mechanical properties.”* Finally, the struc-
ture also varies in the through-thickness direction, with the
formation of various types of web defects. Variations in local
structure due to the starting polymer type, areal density, and
position are discussed below.

Figure 4 presents mid-height cross-sections for the five differ-
ent polypropylenes at a nominal relative density of ~20%. The
four HMS PP samples are comparable, while PP-5 has a much
less integrated structure. Similar to the case of melt fracture
during conventional foaming, for relative densities below
~20%, the webs for PP-5 (the linear PP) tended to fail, with
the molten polymer flowing back to the skins. Although the
branched morphology of the webs of each stochastic honey-
comb type was comparable, there were fewer, thicker webs for
the linear PP.

The normalized cross-sectional areas for each sample were plot-
ted as a function of position, from bottom to top, and are
shown in Figure 5. PP-1 to PP-4 all had similar curves, with an
initially steep transition from unit area fraction at the skins to
the central third of the sample, at which point a relatively con-
stant plateau developed. In the plateau, an average normalized
cross-sectional area (A.= Awep/Aiora) could be determined,
where the average was taken over the central third of the sample
height and the standard deviation was taken as the variation
over the same. The web length per unit area within the cross-
section (I = lyen/Arora) could also be determined over the pla-
teau, and like the area, the length of the webs was nearly con-
stant over the middle third of the specimens (Table II). It is
important to note that while PP-5 had a similar density and
cross-sectional area in the plateau to the four HMS PPs, the
total length of webs was much less (0.07 mm mm > compared
to 0.17 = 0.02 mm mm ).

The cross-sectional area fraction over the central third of the
honeycomb is an important parameter when considering the
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, PP-4 (d), and PP-5 (e), each having a nominal density of ~20%. The scale bar in

mechanical performance because bucking tends to occur where
the webs are thinnest and weakest. However, no trend was
observed for A, as a function of the rheological properties:
PP-3, PP-4, and PP-5 have similar cross-sectional areas (Table II)
but very different viscosities and rheological properties (Table I).
In contrast, the total web length per unit area does seem to be
determined by the rheological properties of the polymer.
Figure 6(a) shows an increase in the web length with increasing
zero-shear viscosity, before a plateau is reached at higher values
of 1n,, while the web length was seen to decrease with increasing
crossover frequency [Figure 6(b)]. Crossover frequency is largely
determined by the relative molecular weight, with a lower
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Position
Figure 5. Cross-sectional area fraction as a function of position in the
sample (from bottom to top) corresponding to the samples in Figure 4.

Table II. Cross-sectional Area Fraction and Web Length per Unit Area
Over the Central Third of the Stochastic Honeycomb Samples (p ~20%)

Cross-sectional Normalized

area fraction A length of webs I,
Polymer (mm?® mm~2) (mm mm~—2)
PP-1 0.113+0.005 0.195+0.007
PP-2 0.118+0.003 0.200+0.003
PR-8 0.074 +0.007 0.147 +0.004
PP-4 0.086 +0.006 0.172+0.013
PP-5 0.095 = 0.005 0.071 +0.001
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Figure 6. Cross-sectional web length per unit area (at a nominal relative
density of ~20%) plotted as a function of zero-shear viscosity (a) and
crossover frequency (b).

crossover frequency implying higher M,,. On the other hand, the
presence of branching implies a greater entanglement density in
the HMS PP than the linear PP, and increasing M,, (or decreas-
ing w,) implies increasing entanglement density as well.’® It may
therefore be the case that a certain local density of entanglement
points need to be activated during melt stretching in order to
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create each new web. If there are more entanglements grouped
closer together, the resulting melt-stretched architecture will have
a greater number of relatively short webs, leading to a greater
total web length. In contrast, if there are fewer entanglements,
the webs will be longer and fewer in number, as seen with PP-5.

In addition to the rheological properties, the starting areal den-
sity before melt stretching also affects the resultant architecture.
Figure 7 shows mid-height cross-sections for PP-3 at overall rela-
tive densities of p = 10, 13, 16, and 18% (corresponding to initial
areal densities of 0.14, 0.18, 0.21, and 0.25 g cm™ °, respectively,
before melt stretching to a height of 15 mm). The mid-height
web area fraction increases linearly with the overall relative den-
sity, from 0.031 £ 0.005 at 10% to 0.074 = 0.007 at 18%. This
leads to the question of whether the mid-height area fraction
increases with relative density due to an increase in the web
length or the web thickness. Some insight into this question can
be obtained by plotting the cross-sectional area (A, for PP-2 and
PP-3 as a function of areal density in Figure 8. For areal density
increases of 50 and 80%, the mid-height web area fractions
increased by 50 and 150% for PP-2 and PP-3, respectively. On
the other hand, the normalized lengths were within 10 and 15%
of the mean value for PP-2 and PP-3. Thus, the cross-sectional
area fraction increases linearly with density, while the web length
is nearly constant. This implies that as the density increases, the
webs generally become thicker, as opposed to becoming more
numerous. It was seen previously that polymer entanglement, as
indicated by the viscosity and relative molecular weight, affects
the total length of webs; here it is seen that the mid-specimen
cross-sectional area has a nearly linear dependence on the
amount of material present for a given stretching height.

More subtle characteristics of the cellular architecture can be
seen by examining a particular sample in more depth. Figure 9
plots the normalized cross-sectional area as a function of posi-
tion for PP-3 at a relative density of 13%. The transition from
the relatively constant middle plateau (a) to the fully dense
outer skins begins gradually (b) before steeply increasing
through a linear area fraction increase (c—e). Sections through
the core at each of these positions are shown in Figure 10. By
comparing sequential sections through the sample height it is
possible to identify several distinct types of web defects: arch-
ways between incomplete webs, buttresses supporting some
webs near the skin, and air pockets, or voids, in the thicker por-
tions of the webs. Archways are partial webs that do not stretch

VYRR AN TE
X AT Y Y
/ DR

Figure 7. Mid-height cross-sections of PP-3 at p =10% (a), 13% (b), 16% (c), and 18% (d). The scale bar in (d) is 5 mm and applies to all images.
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Figure 8. Mid-height cross-sectional area fraction of PP-2 and PP-3 as a
function of areal density.
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Figure 9. Cross-sectional area fraction plotted as a function of position
for PP-3 at p =13%. The central third of the sample was used to deter-
mine A, and [.
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Figure 10. Cross-sectional area slices from positions a—e in Figure 9. The scale bar in (e) is 5 mm and applies to all figures.

entirely from one skin to the other. They can be bounded on
one side or on two by adjoining webs, and provide mechanical
support to the adjoining webs even though they do not provide
a direct through-thickness path for load transmission. Figure 11
shows an example of an archway, with a 3D representation and
three horizontal cross-sections through the archway. Buttresses
are small, partial webs that support the complete webs. They
are located adjacent, and attached, to the skin. When a com-

Figure 11. Archway defect in PP-3 (p =
image (a), with horizontal lines marking the position of the cross-

13%) shown in a 3D compilation

sections. The cross-section indicated by the top line is shown in (b), the
center line is (c) and the lowest line is (d). The scale bar is 2 mm and
applies to (b)—(d).
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pressive load is added, they act to resist web buckling and rota-
tion. Figure 12 shows an example of two buttresses, with a 3D
representation and three horizontal cross-sections through the
webs.

Figure 12. Buttress defect in PP-1 (p =11%) shown in 3D compilation
image (a), with horizontal lines marking the position of the cross-
sections. The cross-section indicated by the top line is shown in (b), the
center line is (c) and the lowest line is (d). The scale bar is 2 mm and
applies to (b)—(d).
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Figure 13. Void defects in PP-3 (p = 13%) shown in a 3D compilation image (a), and in three separate cross-sectional slices (b)—(d). The scale bar is 2

mm and applies to (b)—(d).

Figure 13 shows an example of three voids in a web from PP-3
(p =13%), with a 3D representation and three horizontal cross-
sections through the voids. Voids generally occur near the top
or bottom of the sample where the webs are thicker. For PP-3,
the total volume of air pockets in the samples increased from
0.25 to 0.60 cm’ as the density increased from 10 to 18%. PP-1,
PP-2, and PP-4 have a higher total volume of voids, with vol-
umes ranging from 0.60 to 0.90 cm’ for densities increasing
from p =11 to 18%.

All four HMS PP types, and to a certain extent PP-5, exhib-
ited archways. Arches occurred in gaps between webs, and
were larger near the mid-height of the structure and smaller
near the skin. Buttresses and voids, however, were not dis-
tributed uniformly between the stochastic honeycombs fabri-
cated with different polymer types. Buttresses were almost
nonexistent in PP-5, and rare in PP-3, the least viscous of
the four HMS PP. They were much more common in PP-1,
PP-2, and PP-4. Voids were present for each polymer type,
but were more common in the least viscous polymers (PP-3
and PP-5). Collectively, these web defects represent a second-
ary type of structure, superimposed upon the network of
continuous webs spanning the distance between opposing
skin surfaces.

CONCLUSIONS

Micro-CT characterization of stochastic honeycombs produced
over a range of densities and from polypropylenes having a
range of rheological parameters, revealed the complex internal
architecture of these new materials. Within a given specimen,
the structure changed continuously from position to position,
but over the central third of the honeycomb height, the cross-
sectional area and the total length of webs were nearly constant.
For a given polypropylene, the mid-height cross-sectional area
was seen to increase linearly with the areal density of the mol-
ten polymer before melt stretching. However, the total length of
webs was relatively constant over the density range examined.
This led to the conclusion that as more polymer was available
during melt-stretching, the webs formed tended to be thicker,
rather than more numerous. In addition, it was determined that
the total length of webs was largely governed by the rheological
properties of the polymer. Finally, all of the samples, across all
densities and polymer types, showed secondary defects such as
archways, buttresses and voids, adding to the complexity of
structural characterization.
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