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Architecture-process relationships in stochastic honeycombs
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ABSTRACT: Stochastic honeycomb sandwich panels are fabricated through a simple process of melt-stretching molten polymer blanks.
This study mapped their internal architecture over a wide domain of material process space, defined by the areal density and melt-
stretch rate. The internal architectures were characterized using both topological and geometric parameters: the node density, the total
length of webs, the Euler number, and a characteristic fractal area fraction. The mechanical response of the polymer melt was quanti-
fied in terms of peak stress and stiffness, along with apparent elongation viscosity. The observed architectures and polymer melt
responses were consistent with a varying activated entanglement density in the melt and illustrate how the fabrication conditions can
be tuned to obtain a desired architecture. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42174.
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INTRODUCTION

Cellular plastics have become increasingly important for high-
strength low-weight applications over the last few decades,'
with more recent attention being turned to fully recyclable
products.> Polypropylene (PP) stochastic honeycombs have
been shown to have similar mechanical properties to conven-
tional PP honeycombs and superior mechanical properties to
PP foams.” They are fabricated by melting PP between Al plat-
ens and then uniaxially stretching the polymer melt to a speci-
fied height. Complete sandwich panels can be fabricated out of
a single material without blowing agents or adhesives, making
them fully recyclable.* After cooling, the structure consists of
two as-fabricated face sheets, or skins, separated by a network
of interconnected webs. While stochastic honeycombs have a
random internal structure, they nevertheless exhibit repeatable,
predictable mechanical properties.*’

Previous work has examined how the internal architecture
changes with properties of the polymer melt, such as the melt
flow index (MFI) and the zero-shear viscosity (11,).° The pres-
ence of long-chain branches increases the entanglement density
with branches acting as entanglement points with primary
bonds as opposed to secondary bonds; branched PPs formed
stochastic honeycombs with many more webs and web branch
nodes than linear PP, implying a greater number of activated
entanglement points. The melt flow properties of PP were thus
previously shown to affect the architecture of stochastic honey-
combs. For the first time, this study looks at using the mechani-
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cal response of the polymer melt during melt stretching as a
means to characterize differences in web interconnectivity (and
thus of activated entanglements).

EXPERIMENTAL

PP sheets were fabricated by melting PP beads (MFI = 2.4 g/10
min, ASTM D1238”) at 1.17T,, (180°C) between Al platens
attached to a Shimadzu AG-N UTM. The temperature was con-
trolled using a Shimadzu TCE-N300 Thermostatic Chamber. A
force of 500 N was applied to the PP melt, and the stroke was
held constant as the PP sheet cooled in air. Disc-shaped blanks
of PP were cut from the sheets (thickness, f,,x= 1.5-4.5 mm
and diameter, dy,,r=82*0.3 cm) with areal
(PAplank) Tanging from 0.13 to 0.37 g/cmz. Stochastic honey-
combs were fabricated from the blanks (again at 1.17,,), by
applying a preliminary compressive force (F,,, =200-5000 N)
at 10 mm/min, before melt stretching at varying elongation
rates of S =1, 10, 30, 60, and 100 mm/min (corresponding to
strain rates of ¢ ~ 0.005, 0.040, 0.125, 0.235, and 0.370 s~ ') in
ambient air to a height of 10 mm. The temperature of the plat-
ens was monitored using a thermocouple with leads attached at
opposing corners. Five samples were fabricated in each set of
conditions, and were then illuminated from underneath and
photographed. The photographs were edited in ImageJ to pro-
duce binary images of the two-dimensional projection of the
webs that could be used as inputs for analysis in Image] and
MatLab.

densities
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Figure 1. Examples of the widely different architectures formed over the

fabrication space considered, with elongation rate § =10 mm/min and
areal density p4=0.09 g/cm2 (a) and p,=0.23 g/cm2 (b), and
pa=0.15 g/cm2 and §$ =1 mm/min (c), and 100 mm/min (d). Scale bar
indicates a length of 20 mm.

RESULTS AND DISCUSSION

Architecture

While the process to fabricate stochastic honeycombs is simple,
their internal architecture is not. Previous work analyzed the
three-dimensional architecture of stochastic honeycombs
through X-ray tomography using area fractions and Minkowski
functionals (surface area, volume, and Euler number).>® The
cross-sectional area fraction (area of the skin or webs/area of
the sample) was shown to decrease from 1 at the upper and
lower skins to a plateau over the central third of the sample
height, which varied with the relative density of the sample.®
Surface area and volume, two of the Minkowski functionals in
three-dimensions, were combined into an internal surface area
to volume ratio, which was found to decrease as the core den-
sity increased, and could be used to obtain a value for the effec-
tive web thickness.” In contrast, this study focuses on the
formation of the initial web pattern; the simple back-lit images
given in Figure 1 are able to illustrate this formation, and are
used as the basis of architectural characterization. Due to the
presence of internal archways and partial webs, the projection of
the webs on either side of the samples varied slightly as only
the webs directly in contact with the skin were imaged, but the
variation within one sample was inside the standard deviation
of the samples fabricated under identical conditions.

Figure 2 presents a process map of the elongation rates, S, and
areal densities, p,, used during melt stretching. The areal den-
sities varied by a factor of three and the melt-stretch rate by
two orders of magnitude. Figure 3 shows the webs of samples
fabricated with §=10 mm/min and p, over the range of
0.10 g/cm® to 0.23 g/cm® Over this density range, the structure
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Figure 2. Process Map illustrating the range of fabrication space (elonga-
tion rate, S, and areal density, p,) considered. The points labelled a—d
correspond to the two-dimensional projections seen in Figure 1.

changes dramatically. At p,=0.10 g/cm® the structure has a
large number of branch points, or nodes, and a large total
length of webs. As p, increases, the number of nodes, N,
decreases and the total length of webs, L, decreases as well. Fig-
ure 4 shows the webs of five samples at constant areal density
(pa=0.13 g/cm®) and with the melt stretch rate changing from
§=1 mm/min to 100 mm/min. Qualitatively, the distance
between nodes becomes smaller and the number of nodes
increases as S increases. N and L are plotted as a function of p,
for $=10 mm/min and 100 mm/min in Figure 5. N and L
both decrease as p, increases, and increase as S increases. Both
variables depend more strongly on p, than S, and there appears
to be a larger difference between S§=10 mm/min and
§ =100 mm/min at low densities for N. A greater number of
nodes implies a more branched structure and a greater number
of connecting webs. Figure 6 plots N against L for $ =10 mm/
min and 100 mm/min; for each S, the samples fit along a linear
line, in which p, decreases as N and L increase. As S decreases
from 100 mm/min to 10 mm/min, the slope of the N-L plot
decreases from 4.3 nodes/cm to 2.4 nodes/cm. N/L can be cal-
culated for each sample, and this value is in effect the number
of nodes per unit length of web.

Two samples with N/L=1.18 cm™ ! (pa=021 g/cmz, S=10
and 100 mm/min) are shown in Figure 7. In the two-
dimensional projection, the sample at lower S [Figure 7(a)] has
a more open structure, while the sample at higher S [Figure
7(b)] has more (projected) closed cells. This can be seen
through the Euler number (y) which is a measure used in two-
dimensional cellular solids and 3D foams to give a quantitative
value for the connectedness of a structure."® Practically, y is
determined through image analysis by subtracting the number
of "holes" in an area (shaded in Figure 7) from the number of
connected areas.”'® Note that over the entire three-dimensional
structure of the stochastic honeycombs, y3p = 1, since each pore
must be connected back to the sample perimeter. In a two-
dimensional projection, however, partial webs give the appear-
ance of closed cells, which relates to the tortuosity of the path
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Figure 3. The two-dimensional projections of the webs for five samples fabricated at § = 10 mm/min and with p, =0.10 g/cm® (a), 0.13 g/cm?
(b), 0.16 g/cm2 (), 0.19 g/cm2 (d), and 0.23 g/cm2 (e). Scale bar indicates a length of 20 mm.

from sample perimeter to centre. For the samples in Figure 7,
the values of y are —5 and —25, respectively; Figure 7(b) has a
more connected structure with a greater number of ’closed’ cells
(i.e., partial webs) than Figure 7(a). Over the entire range of
samples, y ranged from 0 (p, =0.23 g/cmz, $ =10 mm/min) to
—94 (pp=0.14 g/cmz, $ =100 mm/min).

The connectedness of the structure can also be quantified by
examining the area fraction of the (apparently) closed cells. At
the outer perimeter there is a fractal-like structure that extends
some (varying) distance towards the centre of the sample before
the webs become interconnected. This length scale is expressed
as an area fraction of the sample in which the webs are not
interconnected, and is calculated through 1 minus the area frac-
tion of closed cells, disregarding the area of the webs:

— 1 —Acelis
;v_ 1 ' / (Amml _chbs) ( 1)

where A, is the area of the closed cells, A, is the area of the
stochastic honeycomb sample, A, is the area of the webs, and
A is the fractal area fraction. A represents the outer area fraction
of air ingress through which the fractal nature of the stochastic
honeycomb extends. For the image in Figure 7(a), 4=0.75,
while for Figure 7(b), 4 =0.48. In general y and A are negatively
correlated.

Overall, N/L, y, and 4 all change with the areal density and
with the melt stretch rate. To illustrate how the architecture
varies over the range of samples fabricated, contour lines repre-
senting the ratio N/L was superimposed on the Process Map,
where the samples are grouped by their values of y (Figure 8).
The values of N/L increase as p, decreases and § increases, and
the same is generally true for y.

Fabrication
In order to understand how these internal architectures form,
one would like to have an in situ process parameter that can be

a b c

used to track the state of the system during fabrication. The
force required to maintain the fixed melt stretching rate as a
function of displacement is a useful indicator because it pro-
vides a value for the overall response of the molecular chains.
Figure 9 presents the force response (normalized by the area of
the melt-compressed blank to give an effective stress) over one
complete fabrication cycle (§=10 mm/min and p, =021 g/
cm?), where tension is defined to be positive. This process can
be considered as having four stages. In Stage I, the molten blank
is compressed to a preselected force at a compression rate of
10 mm/min. The melt flows outward on the platens as f,,,k
decreases to t,e and dyja, increases to dg,,. In Stage II, the
compressive load is removed and melt is stretched uniaxially in
air at a selected elongation rate between 1 and 100 mm/min.
Initially, the polymer experiences elastic recovery, but once
¢ >0 it is under tension at a constant melt stiffness (E,,.;) and
the stress increases to a peak tensile stress. Stage III begins at
the peak stress (o,;) with the creation of new internal surface
area due to a combination of flow of the polymer chains and
air infiltration. Air ingress then inflates the core, creating the
webs of the stochastic honeycomb, and the stress decreases
quickly. In Stage IV, the stress reaches a nearly constant value as
the final web pattern has been formed and the webs stretch at
the plateau extensional value (o,.,,). Some of the webs undergo
ductile failure as the sample is stretched to its final height, tz,4
and partial webs and archways are formed.® Note that previous
work showed that there was some small increase in the crystal-
linity of the PP in the webs compared to the PP with no ther-
mal history, implying that some strain-induced crystallinity
occurs as a result of melt stretching.® The temperature at each
stage as a function of the elongation rate is detailed in Table I.

Figure 10 shows the tensile portion of the fabrication curves for
four samples. Figure 10(a) compares samples fabricated with
$ =10 mm/min at p, = 0.09 and 0.23 g/cm”. The lower density

Figure 4. The two-dimensional projections of the webs for five samples fabricated with p, =0.13 g/cm” and § =1 mm/min (a), 10 mm/min

(b), 30 mm/min (c¢), 60 mm/min (d), and 100 mm/min (e). Scale bar indicates a length of 20 mm.
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Figure 5. The number of nodes, N (a), and the total length of webs, L
(b), plotted against p, for § =10 mm/min and 100 mm/min.

sample has a higher o, and a larger E,,, while o, does not
vary with density. Figure 10(b) compares two samples with
pa=0.14 g/cm® and §=1 mm/min and 100 mm/min. The
sample with the higher elongation rate has a larger o, a higher
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Figure 6. The number of nodes, N, plotted against the total web length, L
for melt stretch rates of 10 mm/min and 100 mm/min.
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Figure 7. Two-dimensional projections for samples having the same areal
density and N/L values (p, =0.21 g/cm2 and N/L=1.18 cm™ ") but with
2= —5 (a) and —25 (b). These samples were fabricated at $=10 mm/
min and § =100 mm/min respectively. Scale bar indicates a length of
20 mm.

Epeir and a larger o, Figure 11 plots o, as a function of p,
for S =10 and 100 mm/min. o,k decreases as a function of den-
sity for $=10 mm/min, but as S increases, 0 becomes less
dependent on p,, and is independent of p, by §=100/min.
0pio Eper» and o, are plotted as a function of & for
pa=0.13 g/cm2 in Figure 12. 6,5 Epers and o,y all increase as
¢ increases, independent of density.

It is well known that the tensile strength and stiffness of poly-
mers below their crystallization temperature are strain-rate
dependent;'"'? this is also true for polymer melts,"*™** although
the strength and stiffness are not often measured. At the begin-
ning of the melt extension (Stage II), the polymer is relaxing
while the net compressive stress is being reduced. An additional
set of tests were conducted where the samples were held at the
compressed thickness for 15 s before extension began (i.e. load-
ing to a preset force and then holding at that displacement).
From these tests, an effective relaxation rate of ., = 2.1 = 0.1
kPa/s was determined from the stress-time curve. This value
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Figure 8. Process map of elongation rate § and areal density p,, with all
fabricated samples labelled by the corresponding Euler number (y), and
overlaid with contour lines illustrating the trend in N/L. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 9. Full fabrication curve (o, stress, and S, extension) showing all four stages, with compressive stress expressed as negative and tensile stress as

positive, with permanent plastic extension beginning at the origin. The locations marked (i-iv) correspond to the images on the right. At the beginning

of fabrication, the melt (with thickness fc,oir and diameter dyq,i) (i) is compressed between Al platens in the furnace. In air, the melt (with t,,,., dy) is

stretched uniaxially (ii), and the stress increases to a maximum (iii). At the maximum, air ingress begins as the melt fractures, creating the webs of the

stochastic honeycomb (iv). The melt in the webs stretches and some of the webs fracture, creating partial webs and archways until the sample reaches its

final height (¢ df) and cools in air.

was compared to the slope of the initial portion of Stage II for
the different elongation rates. For S=1 mm/min,
Toer=17%02 kPa/s, and for §=100 mm/min,
Tomelr = 147 £ 12 kPa/s (calculated from the o-time curve at the
onset of melt stretching). Therefore, at the lowest elongation
rate, and when ¢ <0 in Stage II, the polymer is experiencing
relaxation without any added tensile extension, while at
§=100 mm/min, the polymer is being extended much faster
than the relaxation rate.

At the transition from Stage II to Stage III, the melt morphol-
ogy changes rapidly as air enters from the perimeter. In rheo-
logical studies of the elongation of polymer melts, PP failed
through necking.'®™"® However, those studies were done on nar-
row filaments where the diameter was much smaller than the
length, so that d/I << 1 (i.e., not flat blanks such as in the
present study where d/I=6.0-10.0). A large and quick drop in
stress from the peak indicates either rapid ductile necking or
cohesive failure.'”?® A molten filament undergoing cohesive fail-
ure would break into two pieces,20 and ductile failure would
result in an elongating neck leading to eventual fracture.'® In
the present case, the melt is neither fracturing across the entire
cross section, nor thinning to a point, but undergoes a combi-

nation of the two mechanisms that results in the complex web
architecture of stochastic honeycombs. Previous work has
shown that the stochastic honeycomb webs are thinner in the
central third of the sample,® indicating that necking is also
occurring during web extension, likely in both the drop in Stage
III and the plateau in Stage IV.

Generally, the apparent elongational viscosity, 775, and the strain
at failure, ¢p are reported when referring to the elongational
properties of polymer melts.'®'~2° ny is calculated** through

ny (t,8)=a(t, )i (2)

where tis time, ¢ is stress, and ¢ is the strain rate. Since 11;:-r is a
function of time as well as strain rate, it is continuously chang-
ing during fabrication; 7} is plotted as a function of time, so
the curve exhibits a peak as seen in the o—extension curves (Fig-
ures 9 and 10). i — t is shown in Figure 13(a) for five samples
at the same density and varying S. At any given time, 1} is
larger for samples pulled at a faster S, as is also seen in rheolog-
ical melt extension studies.'”***>*° The peaks of the n} — t
curves occur at higher 7 as S decreases, and 75 at the peak
(11;17,{) is plotted as a function of ¢ in Figure 13(b) for all sam-
ples. However, the literature shows that ”Epk should increase as

Table I. Temperature of the Platens During Melt Elongation at the Beginning and End of each Stage of Fabrication

Temperature, T (°C)

' Beginning Beginning Beginning Beginning End of
Elongation rate, S (mm/min) of stage | of stage Il of stage llI of stage IV stage IV
1 180 179.3+0.7 165.7+1.8 1642+0.2 141.0x1.6
10 180 179.6+0.6 178.1+x04 1779+0.2 1759+0.5
30 180 179.3+x15 178.8+0.3 1786+0.1 178.0+0.4
60 180 179.4+0.2 178.5+x0.2 178401 1781+01
100 180 179.0+x0.7 178.6+0.2 178.4+0.3 1781+0.2
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100 = ¢ increases,”’ which is opposite to the trend observed here. This
|a .= 0.09 glem can be explained by taking the change in temperature into
- — p=0.23glcm’ account. From the beginning to the end of Stage II, the temper-
80 - A
ature of the platens dropped by less than half a degree
(0.4 +0.2°C) for a melt stretching rate of S=100 mm/min,
— 60+ while for S =1 mm/min, the temperature dropped by more
a_u than ten degrees (13.6 = 1.8°C) as shown in Table I. The
= 404 . decrease in temperature causes the larger apparent elongation
® S viscosity at low £, as has been shown in the literature.”
/ ¥ . .
50 ’ \ Contour lines for o, Ee and ”Epk are overlaid on the pro-
/ “ cess maps in Figure 14, with the data point shapes representing
Y the value of N/L for each sample. The peak PP melt stress and
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100 response parameters are all affected by the molecular structure
—— 5= 1 mm/min of the polymer. At the onset of air ingress, structural changes
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Figure 10. Stages II, III, and IV on the fabrication curve for two samples b"&
fabricated with the same elongation rate ($ =10 mm/min) but different den- 45 4
sities, p4 = 0.09 g/cm2 and 0.23 g/cm2 (a), and two samples fabricated with ] " oo,
the same density (p, = 0.14 g/cm?) and two elongation rates, § = 1 mm/min . o F ’
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Figure 11. Peak fabrication stress (a,) is plotted as a function of areal
density (p,) for $ =10 mm/min and 100 mm/min.
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Figure 12. Peak fabrication stress, g, and apparent melt stiffness, E,,.
(a), and extensional stress, g,,, (b), are plotted as a function of strain rate
(&) for samples with p, = 0.13 g/cm?.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42174



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
a {—— &=1 mm/min
T $=10 mm/min
- - - - &= 30 mm/min
1= = &=60 mnymin
{—— 8=100 mm/n:ﬂn
J "
. 3! . |
] . ’ :
Q“_j 10 / : ||
= Lo
t- .
10*
"'\.:wé’-
10° 10 107
t[s]
14
10°+
@ ] 8
8 -
N .
= b - "
10°+ -
x
0.01 0.1 1
£[sM

Figure 13. Apparent elongational viscosity, 175, is plotted against time, f,
for five samples with p, =0.13 g/cm® and increasing elongation rate, §
(a), and the peak of the elongational viscosity with time, V]E‘Pk, is plotted
as a function of strain rate, ¢, on a log-log scale for all samples.

macroscale, webs are forming and branching, and extending
between the skins. Immediately preceding the peak of the fabri-
cation curve, the web must begin to fracture at the outer perim-
eter, small cracks (cavities) form in the melt and the fine edge
structure around the perimeter of the blank is formed (e.g. Fig-
ures 3 and 4). In Figure 3(a), with §$=10 mm/min and
pa=0.10 g/cm?, the fractal area fraction 4= 0.5, while in Fig-
ure 3(e) (§S=10 mm/min, pa=0.23 g/cmz), A=1. The low
density sample appears to have activated a higher percentage of
entanglements on a molecular scale, creating a larger number of
nodes than the high density sample. Figure 4(a) (S=1 mm/
min, p,=0.13 g/cmz) has A=0.7, while Figure 4(e)
(§=100 mm/min, pa=0.13 g/cmz) has 2 =0.3. Here, as $
increases, more entanglements are activated and the average
number of nodes in the architecture increases from 245 [Figure
4(a)] to 440 [Figure 4(e)]. Figure 3(a) and Figure 4(e) have
0,k >70 kPa, while Figures 3(e) and 4(a) have o, ~ 40 kPa.
This higher ¢, could indicate the higher stress required to
deform the polymer to allow a path for air into the centre of
the sample.
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Figure 14. The process map plotting elongation rate, S, against areal
density, ps, showing the samples fabricated, with variation in N/L shown
in the data points. Contour lines illustrating the trends in o (a), Eperr
(b) and logng_pk (c) are superimposed on top.

CONCLUSION

The melt-stretching of PP stochastic honeycombs was studied in
detail and subdivided into four stages based on the mechanical
response of the polymer melt. At the peak stress, cavitation
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created air pockets that then propagated as cracks towards the
centre of the structure. The low melt stretching rates were
found to be on the same order of magnitude as the apparent
relaxation rate of the PP, while at higher melt stretching rates
the PP was being extended much more quickly than the poly-
mer chains could realign. Lower melt stretch rates and higher
density both led to lower peak stress (g,;) and stiffness (E,;;)
during melt stretching, as well as higher apparent elongation
viscosity ("Epk)' The melt stretch rate played an important role
in determining the architecture of the webs. A slower rate gave
a less negative Euler number, y, while a faster rate exceeded the
ability of the polymer chains to reorient, creating a structure
with more apparent (projected) closed cells (smaller 4, and
more negative y). At lower melt stretch rates, density also
played a significant role in the architecture, with a smaller num-
ber of nodes per length of webs, N/L, at higher density. These
results illustrate that it will be possible to tune the final archi-
tecture by varying the fabrication conditions.
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