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sticity of a polymer cellular
structure through nanoscale entanglement of
carbon nanotubes†

Rituparna Ghosh and Abha Misra *

A three-dimensional carbon nanotube (CNT) cellular structure presents a unique revelation of

microstructure dependent mechanical and viscoelastic properties. Tailored CNT–CNT entanglement

demonstrated a direct impact on both the strength and viscosity of the structure. Unlike traditional

foams, an increase in the CNT–CNT entanglement progressively increases both the strength and the

viscosity. The study reveals that an effective load is directly transferred within the structure through the

short-range entanglements (nodes) resulting in an enhanced mechanical strength, whereas the long-

range entanglements (bundles) regulate the energy absorption capacity. A three-dimensional structure of

entangled CNT–CNT shows �15 and �26 times enhancement in the storage and loss moduli,

respectively. The higher peak stress and energy loss are increased by �9.2 fold and �8.8 fold,

respectively, compared to those of the cellular structures without entanglement. The study also revealed

that the viscoelastic properties i.e. the Young's modulus, stress relaxation, strain rate sensitivity and

fatigue properties can be modulated by tailoring the CNT–CNT entanglements within the cellular

structure. A qualitative analysis is performed using finite element simulation to show the impact of CNT–

CNT entanglements on the viscoelastic properties. The finding paves a way for designing a new class of

meta-cellular materials which are viscous yet strong for shock absorbing or mechanical damping

applications.
Introduction

Viscoelastic materials have both elastic (reversible deformation)
and viscous (energy dissipation) properties suitable for an
extensive range of industrial applications in biomedicals,
aerospace, mechanical appliances, etc.1–3 In polymer based
materials, mechanical behavior is dominated by viscoelastic
characteristics, which mainly depend on macromolecular
distribution, long-range and short-range inter-molecular inter-
actions, congurational rearrangements, etc.4 Furthermore,
incorporation of ller particles within the polymer matrix
contributes to changes in both rheological and viscoelastic
properties by signicantly changing the morphology of the
structure. Introduction of ller particles within the polymer
chains induces interactive forces between the ller particles and
the polymer chains at the microscopic level, which restricts the
movement of polymer chains, and hence there is an increase in
both rheological and viscoelastic properties.5 Moreover, poly-
mer composites with a nanoller show a higher degree of
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viscosity than those with a coarse ller due to the large specic
surface area of nanoparticles.5,6 Among various types of nano-
llers, carbon nanotubes (CNTs) are highly preferable for
viscoelastic materials due to their outstanding combination of
mechanical strength7 along with high thermal conductivity
(�9.5 W cm�1 K�1)8 and electrical conductivity (within 102 to
103 S m�1).9,10 For example, Suhr et al. reported 15-fold
enhancement in the damping factor of an engineered CNT–
polymer composite structure (damping factor of 0.3) compared
to the pristine polymer (damping factor of 0.02).11 A low-density
CNT sponge is reported with high viscoelasticity (damping
factor of 0.3) and superior compressibility.3 Different types of
CNT–polymer composite structures in the form of bulk,12

foams,13,14 lms,15,16 an aerogel,17 a hydrogel,18 composites,11 etc.
have shown a high degree of viscoelasticity along with large
recovery, fatigue resistance, super compressibility and energy
dissipation capacity. In terms of viscous properties, cellular
structures have always been the better choice than solid struc-
tures due to their high energy absorption capacity19 and they are
also gaining rapid popularity due to their light weight, porosity,
high damping factor, mechanical strength and high
compressibility.20–23 During the deformation of open cell foams,
viscous friction between the polymer chains, air friction inside
the cells and buckling of the cellular walls mainly contribute to
the energy absorption within the cellular structure.20,24,25 In
Nanoscale Adv., 2020, 2, 5375–5383 | 5375
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addition, a wide range of viscoelasticity is achieved by tailoring
the porosity or structural properties such as crystallinity or
phase.2,26–28 So far, there have been numerous studies reporting
the effect of variation in cell size, cell density,29,30 CNT
content,31–33 etc. within CNT polymer foams for controlling the
viscosity of the structure. Moreover, a noticeable change in
viscoelastic properties can be achieved with the optimum
amount of CNT density.34 Besides, modication of the surface
chemistry or surface roughness of CNTs can also promote
modulation of the viscoelastic properties of a foam.35,36

It has also been reported that the CNT–CNT entanglement
due to van der Waals interaction plays a key role in controlling
the deformation behavior such as wrinkling (wavelike distor-
tion) or buckling in CNT based structures.21,37,38 Using molec-
ular dynamics simulation, Li et al. have shown that inter-tube
entanglements within the exible CNT network act as a key
factor in controlling viscoelastic properties such as stress–strain
behavior, storage modulus, loss modulus, energy dissipation,
etc.39 It is shown in twisted CNT yarn that different properties
such as elastic modulus, tensile strength, failure strain,
toughness, etc. signicantly depend on the CNT–CNT entan-
glements, which govern the frictional motion between the CNTs
during deformation.40 However, to date, the role of CNT–CNT
entanglements in regulating the viscoelastic properties of CNT
polymer cellular structures has not been reported in detail. The
designing of cellular structures is crucial to evaluate the role of
CNT entanglements in tuning viscoelasticity. We propose
a novel and facile approach to develop an open cell meta-foam
for controlling CNT entanglements.

In this work, the viscoelastic properties of a CNT/PDMS
(polydimethylsiloxane) based cellular structure are tuned by
controlling the CNT–CNT entanglements. The control of CNT–
CNT entanglements is achieved by varying the mass percentage
of CNTs (1 to 5%) within the open cell polymer foams, which
also undergo a net change in density (r). The mechanical
response of the open cell foams is normalized with respect to
the corresponding foam density to highlight the microstruc-
tural contributions arising from CNT–CNT entanglements only.
Both dynamic and quasi-static studies revealed that the visco-
elastic properties of the CNT/PDMS open cell foam are a strong
function of CNT–CNT entanglements. Unlike conventional
foams, the viscosity of these open cell foams enhances without
sacricing the elasticity. It has been observed that in the CNT/
PDMS open cell foams, load transfer within the structure
occurs through the nodes (short span of two overlapped CNTs),
whereas the frictional force within CNT bundles (large span of
multiple overlapped CNTs) governs the energy dissipation.
These structures sustain large mechanical strain up to 70%with
exceptional recoverability (up to 1000 cycles) and high
mechanical strength. An increase in the CNT–CNT entangle-
ments causes an enhancement in the storage modulus, loss
modulus, tan delta, strain rate sensitivity, stress relaxation time
and fatigue, resulting in more viscoelasticity along with high
stiffness. Finite element analysis presents a qualitative analysis
to observe the key role of CNT–CNT interactions in the modu-
lation of the viscoelasticity of CNT/PDMS open cell foams.
5376 | Nanoscale Adv., 2020, 2, 5375–5383
Results and discussion

Multiwalled CNTs with diameter 20–50 nm and length 2–3 mm
were synthesized using a chemical vapor deposition (CVD)
method using toluene as the precursor and ferrocene as the
catalyst inside a three-zone furnace at 825 �C. The details of the
growth process can be found in ref. 41 and the sample fabri-
cation process is depicted in Fig. 1(a). Commercially available
sugar powder was mixed with CNT powder in a 1 : 1 ratio and
ball milled with 40 g of steel balls for 20 minutes to avoid CNT
agglomeration in PDMS. This process was followed to minimize
non-uniform CNT dispersion. The mixture was kept within
a cylindrical mold under 5000 pound force for half an hour to
obtain cylindrical shaped samples. Thereaer, the CNT–sugar
cylinder was dipped into PDMS (Slygard 184, Dow Corning
Silicones Malaysia Sdn Bhd), which was prepared by mixing the
monomer with the linker in a 10 : 1 weight ratio and kept for 24
hours in a vacuum chamber. PDMS enters the CNT–sugar
cylinder through capillary forces.42 Then, the sample was cured
at 100 �C for 1 hour to fabricate the CNT/PDMS open cell foam.
A similar procedure was followed with a sugar–PDMS cylinder to
obtain an open cell PDMS foam. Thereaer, all the samples
were kept at 50 �C in deionized water for 48 hours to remove
sugar from the three-dimensional structures. The resulting
samples were dried in an oven at 120 �C overnight to obtain the
nal structure of interconnected CNT/PDMS and PDMS open
cell foams. Three different microstructures of the CNT/PDMS
open cell foam were obtained with r � 0.236, 0.249 and
0.257 mgmm�3 (which is calculated by dividing the mass by the
corresponding sample volume) by varying the CNT fraction
within the PDMS foam to modulate the viscoelasticity of the
open cell foams.

The microstructures of all three open-cell CNT/PDMS foams
as shown in Fig. 1(b)–(d) were analyzed using a Zeiss ultra 55
SEM with 30 kV biasing voltage at 9.5 mm working distance.
CNT bundles in all porous structures are coated with the PDMS
polymer and connected to each other through adhesive van der
Waals force.43–45 The microstructures reveal that the open cell
CNT/PDMS foams exhibit both the nodes and bundles together
(Fig. 1(e)). It can be observed from the scanning electron
microscopy (SEM) images that as r increases, the number of
nodes and bundles also increases due to the higher CNT–CNT
entanglement. Hence, the inter-nodal distance becomes shorter
due to the convergence of multiple CNTs. The degree of
entanglement between CNTs was quantied using three
parameters, such as nodal density, bundle density and total
entanglement density. The calculation was inspired from ref. 3,
where the total CNT nodal density was calculated by multiplying
the CNT density by the node density per CNT. In this work, the
nodal density is indicated by the average areal fraction of CNTs,
contributing to node formation, which was calculated through
dividing the total area of nodes connected to a single CNT by the
total area of a single CNT (details can be found in ESI Fig. S1†).
Bundle density was calculated following a similar method (total
area of bundles connected to a single CNT/area of a single CNT),
whereas the entanglement density is dened as the summation
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Schematic of step-by-step fabrication of open cell CNT/PDMS foams. Microstructures of the open cell CNT/PDMS foams with density,
r, (b) 0.236, (c) 0.249 and (d) 0.257mgmm�3, respectively. (e) Schematic illustration of node and bundle formation within the CNT/PDMS porous
structure. (f) Nodal density, bundle density and entanglement density plots with sample density, r, of all three CNT/PDMS open cell foams along
with those of the pristine PDMS foam.
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of nodal and bundle densities, describing the total degree of
entanglement between the CNTs. Here, areal fractions were
estimated from the SEM images of the samples. The analysis for
each foam was performed for more than three different images,
and for each SEM image, several random spots were selected for
the nodes or bundles. The error bars given in Fig. 1(f) indicate
the standard deviation of the analysis. Variations in nodal,
bundle and entanglement frequencies are plotted as a function
of r in Fig. 1(f). All three plots show an increasing trend with
increasing r; however, as r increases from 0.249 to 0.257 mg
mm�3, the bundle density increases by �240%, whereas the
nodal density increases progressively (�11%). This signies
that aer a certain value of r, CNTs show a higher degree of
entanglement where most of the nodes converged to form
a bundle.

All the density values for the PDMS foam are set to zero as
there is no CNT–CNT entanglement (Fig. 1(f)). The open cell
PDMS foam with r � 0.227 mg mm�3 and CNT/PDMS foams
with r � 0.236, 0.249 and 0.257 mg mm�3 are labelled F0.00,
F0.24, F0.46 and F0.98, respectively, based on their corresponding
entanglement densities.

Viscoelastic properties of the open cell foams are quantied
by studying the mechanical behavior in both dynamic and
quasi-static modes. In the dynamic study, the storage modulus
(E0) is associated with elasticity and stiffness of the material,
This journal is © The Royal Society of Chemistry 2020
whereas the loss modulus (E00) describes the energy dissipation
ability, and the ratio of loss modulus over storage modulus
(known as tan delta (or tan d) or damping factor) denes the
degree of viscosity over elasticity. The mechanical behavior of
all the samples under dynamic mode is studied at room
temperature (30 �C) using dynamic mechanical analysis (DMA)
with an oscillation amplitude of 50 mm over the frequency range
from 1 to 20 Hz (Fig. 2(a)–(c)). All the responses have been
normalized with the corresponding density of the foams. The
results show that the storage modulus in the F0.98 foam was
almost 1472% higher and the loss modulus was 26 times greater
than those of the F0.00 foam (Fig. 2(a) and (b)) at 1 Hz. Similarly,
tan delta (or damping ratio) in the F0.98 foam is �0.16 while the
F0.00 foam has a tan delta of �0.087 (Fig. 2(c)). For the foams
F0.46 and F0.24, the magnitude of storage modulus, loss modulus
and tan delta lie between the respective values of F0.98 and F0.00
foams (Fig. 2(a)–(c)). The overall dynamic studies show that the
increasing entanglement density increases the storage and loss
moduli and tan delta chronologically and the highest value was
obtained for the F0.98 foam. This indicates that engineering the
CNT–CNT entanglements allows tailoring of viscous properties
of the CNT/PDMS open cell foams without sacricing the elastic
properties of the structure. This behavior is completely different
from that of the existing conventional foams where an increase
in stiffness (storage modulus) results in the reduction of the
Nanoscale Adv., 2020, 2, 5375–5383 | 5377
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Fig. 2 Normalized (a) storage modulus, (b) loss modulus and (c) tan delta of the open cell foams are plotted as a function of frequency at room
temperature. (d) Stress–strain response of the open cell foams for various entanglement densities at a strain rate of 10�2 s�1, and the inset shows
the variation of the normalized Young's modulus with entanglement density. (e) Variation of the normalized peak stress and (f) the normalized
energy loss in a full cycle at different compressive strains with entanglement density at a compression rate of 10�2 s�1.
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damping factor (tan delta).2 In conventional foams, as stiffness
increases, the mobility of individual segments decreases
resulting in a lowering of the damping factor. In contrast, CNTs
in CNT/PDMS foams are attached through the entanglements
and can easily slide on each other during compression, thus
inducing higher frictional force for the increased damping
factor.2,27

Quasi-static compression tests are performed to study the
effect of entanglement density on the viscoelastic properties of
the CNT/PDMS open cell foams (Fig. 2(d)–(f)). The normalized
stress (s/r) vs. strain (3) curves of all four samples, F0.00, F0.24,
F0.46 and F0.98, are plotted at 70% compressive strain (Fig. 2(d)).
Loading and unloading trajectories follow different paths and
display a nite hysteresis loop. The area bounded by these two
trajectories quanties the amount of energy loss (g) during the
deformation because of the viscoelastic nature of the foams.46,47

The overall stress–strain plot can be subdivided into three
distinct regions: (i) an elastic region at low strains (<40%) where
the response is linear, (ii) a plateau region in between 40% and
60% strain, where the slope of the response curve increases
gradually, and (iii) a densied state beyond 60% strain, where
nonlinearity dominates with a steep rise in the amplitude of
stress over small applied strain. The energy loss in a full cycle
was measured by calculating the area of the stress–strain curve,
which arises because of the frictional force between CNT
bundles, arising due to the sliding during the compression.

The CNT/PDMS open cell foam with the highest entangle-
ment density (F0.98) shows 790% and 840% improvement in the
normalized peak stress (sp/r) and energy loss (g/r), respectively,
5378 | Nanoscale Adv., 2020, 2, 5375–5383
compared to the only PDMS foam (F0.00). It was also observed
for CNT/PDMS open cell foams that the increase in the inter-
tube entanglement density from 0.24 (F0.24) to 0.98 (F0.98)
induces a substantial enhancement in the normalized peak
stress and energy loss by 346% and 190%, respectively. The
Young's modulus (Y) of these open cell foams also increases
with the progressive increase in entanglement density (inset of
Fig. 2(d)) and shows 41%, 213% and 246% enhancement in the
normalized Young's modulus (Y/r) of the F0.98 foam compared
to the F0.46, F0.24 and F0.00 foams, respectively.

Further to highlight the effect of entanglement density on
the foam properties, i.e. strength and viscosity, both the
normalized peak stress and energy loss are plotted against
entanglement density up to a strain of 80% (Fig. 2(e) and (f)).
The graphs show that both the viscosity and mechanical
strength increase with increasing entanglement density, which
is different from the case of traditional foams, where mechan-
ical strength increases and viscosity decreases.2,27 Therefore,
CNT/PDMS open cell foams are highly applicable for practical
usage where viscous but strong materials are needed. It is clear
from the results that the entanglement density plays a crucial
role in tailoring both the peak stress and the energy loss
together with the overall viscoelastic properties of these open
cell foams. The nodes present in the foam structure control the
strength, whereas the bundles govern the energy dissipation
part.2 As the nodal density increases, due to a higher degree of
inter-connectivity, the effective load easily transfers from one
node to another and hence the mechanical strength is
improved.48–50 Also, shorter internodal distance provides high
This journal is © The Royal Society of Chemistry 2020
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stiffness by enhancing the nodal strength with the higher nodal
density. During the loading and unloading process, CNTs
present at nodes and bundles reversibly attach and detach from
each other through the zipping and unzipping process.2,3,51 This
process is required to overcome the inter-tube frictional force
that causes energy loss during unloading which is the origin of
viscosity in the foam.2,11 In the bundles, a larger number of
CNTs remain attached with each other over a long span of
contact area through van der Waals force, and thus, the energy
loss at the bundles is higher than at the nodes. Therefore,
bundles are expected to govern the viscous properties (i.e.
energy loss) of the foams, and with the increase in entangle-
ment density, bundle density also becomes higher and
contributes to a large energy dissipation (Fig. 2(f)).

Materials with inherent viscoelasticity always exhibit time
dependent mechanical behavior. Stress relaxation measure-
ment is one of the most efficient ways to study the viscoelastic
properties of a material by monitoring the variation in stress
with time at a constant strain. A compressive strain of 70% was
applied for the stress relaxation study on all the foams at
a strain rate of 1 s�1 and then the decreasing stress was
measured over a period of 6000 s (Fig. 3(a)). The results show
that the normalized stress decays over time (t) from the initial
value. The resulting response can be tted using Maxwell's
model in an exponential relation given by s/r ¼ P

si exp
�x/ti

where si is a parameter related to the distributed normalized
stress and ti is the corresponding average relaxation time.1,52 It
is observed from the curve tting that the PDMS foam i.e. F0.00
follows single exponential tting with the relaxation time t1 �
Fig. 3 (a) Stress relaxation at 70% strain and (b) the variation of stress rela
(c) Variation of normalized peak stress with different strain rates at 70% str
density. (e) Cyclic compression for 1000 cycles of F0.98 and (f) the variatio
number.

This journal is © The Royal Society of Chemistry 2020
1500 s, whereas all the CNT/PDMS open cell foams follow
double exponential tting. All the CNT/PDMS open cell foams
showed relaxation time t1 � 1500 s and t2 in the range of 100 s
(Fig. 3(b)). The result conrms that the presence of CNTs within
the PDMS foam induces additional relaxation time (t2), which
increases with the increasing entanglement density indicating
a higher degree of viscosity.

Viscoelastic materials exhibit high strain rate sensitive
deformation and with the increase in strain rate, stress
increases due to the faster loading and unloading rate.47 In this
study, all four open cell foams were compressed at 70% strain
with the strain rate varying from 0.01 to 1 s�1 (Fig. 3(c)). The
density normalized peak stress increases logarithmically with
the strain rate and follows the relation sp/r ¼ s0 + mln(d3/dt),
where s0, d3/dt and m are stress constant, strain rate and strain
rate sensitivity coefficient, respectively, which describe the
effect of strain rate on the mechanical properties of the struc-
tures.53 In Fig. 3(d), m is plotted against entanglement density,
where the value of m is nominal for the F0.00 foam and with the
increase in entanglement density, the value of m enhances
progressively. The F0.98 foam shows �101%, 236% and 1038%
increment in the m value compared to F0.46, F0.24 and F0.00
foams, respectively. Besides m, with the increasing entangle-
ment density, the strength of the material i.e. s0 values are 6.8,
2.9, 1 and 0.36 MPa mg�1 mm3 for F0.98, F0.46, F0.24 and F0.00
foams, respectively, showing higher mechanical strength of the
foam structures accordingly. It is also observed that the peak
stress enhances with the increase in strain rate (Fig. 3(c)). At
a lower strain rate, the deformation is higher, which results in
xation time of CNT/PDMS open cell foams with entanglement density.
ain and (d) the plot of strain rate sensitivity coefficient vs. entanglement
n of normalized peak stress for all the samples at 70% strain with cycle

Nanoscale Adv., 2020, 2, 5375–5383 | 5379
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a lower peak stress (Fig. 3(c)) and higher energy loss (ESI Fig.-
S2(a)†). At a slower strain rate, generally with the application of
compressive strain, individual nodes rearrange at the high
entropy state by rotation, twisting, bending, etc. During
compression, the nodes come closer to each other forming new
CNT–CNT contacts because of van der Waals force and the
multiple nodes merge together to form a densied structure.
Due to the higher adhesion at a lower strain rate, deformation
remains within the structure during unloading and shows high
energy loss (ESI Fig. S2(a)†). In contrast, at a higher strain rate,
nodes come in close proximity to each other for a short span of
time, and both inter-tube contact and adhesive force reduce and
show higher stress with lower hysteresis loss.47 In this case, as
the entanglement density increases, both the nodes and
bundles suffer a higher order of rearrangement due to the larger
numbers of nodes and bundles that result in a larger m value,
hence higher viscosity. The F0.98 foam shows the largest value of
m indicating the highest degree of viscoelasticity.

A cyclic compression test was performed at a constant strain
of 70% as a function of compression cycle for 1000 cycles at
a strain rate of 1 s�1 to study the mechanical recoverability of the
open cell foams (Fig. 3(e)). It can be observed that the rst cycle
shows a distinct stress–strain response from the rest of the cycles
and both the peak stress and hysteresis loss are quite higher than
those of the later cycles (Fig. 3(f) and ESI Fig. S2(b)†). In subse-
quent cycles, stress decreases gradually, then it becomes
stationary and reaches a constant value, which is due to the cyclic
soening of stress within the foams as observed in so
tissues.46,54 Cyclic soening generally occurs due to the CNT–CNT
interaction, relocation and rearrangement within the structures.
During the cyclic compression, long range inter-tube van der
Fig. 4 Distribution of von Mises stress at 10% compressive strain in (a) F0
four CNTs embedded in the PDMS matrix with (d) zero nodes in stage 1
compressive stress is plotted with the increasing strain for all three stag

5380 | Nanoscale Adv., 2020, 2, 5375–5383
Waals interaction breaks in the initial cycles and aer a few cycles
it gradually settles down.54 The viscosity of any structure can
directly be related to cyclic soening and a highly viscous struc-
ture takes a longer time to achieve a constant response. The
fatigue curve for the F0.98 foam (Fig. 3(f)) stabilized approximately
aer 200 cycles, whereas it became constant aer 50 cycles for the
other open cell foams, which is attributed to the higher viscosity
of the F0.98 foam, where van der Waals force is highly dominant
due to the higher entanglement density.

Finite element simulation is performed to evaluate the qual-
itative analysis of the stress distribution within different micro-
structures of foams during the compression. For the simulation,
an area of 1 � 1 mm2 was taken from the SEM image in Fig. 1(b)–
(d) and modeled using Ansys soware. The analysis was per-
formed by incorporating viscous properties of the PDMS matrix,
which contributes to the viscosity of the structure. The simula-
tion does not include the interaction between node–polymer
connections i.e. the frictional force between nodes and the
polymer. However, for the quantitative measurements, it is ex-
pected that the inclusion of frictional force between nodes, nodes
and polymer would increase the viscoelasticity of the structure.

Using the hyper-elastic model (Ogden 1st order), the struc-
tures were simulated with the experimental data for a 10%
strain. In the Ogden model, the strain energy density (W) is
expressed asW ¼ (m/a) � la, where l is the stretch (1 + strain) of
the hyperelastic material, and m and a are known as the Ogden
modulus and Ogden exponent, respectively.55 The variables of
the Ogden 1st order equation, m and a, were obtained, 5.45
kPa mg mm�3, 7.78 for the F0.24 foam, 28.291 kPa mg mm�3,
5.65 for F0.46 and 153.74 kPa mg mm�3, 4.75 for F0.98 foams,
respectively, from the experimental curve tting. The simulated
.24, (b) F0.46 and (c) F0.98 foams. A schematic illustration is presented for
, (e) one node in stage 2 and (f) two nodes in stage 3. The variation in
es (g).

This journal is © The Royal Society of Chemistry 2020
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foam structures are shown in Fig. 4(a)–(c). As the entanglement
density increases in F0.24, F0.46 and F0.98 foams, the net stress
also enhances; however, within any structure, stress is found to
be lower at the nodes and distributed into the entire structure
through the nodes. The net stress in the F0.98 foam was
measured to be�10 and�50 times higher than that of F0.46 and
F0.24 foams, respectively. A preliminary simulation was per-
formed with four CNTs embedded in a solid PDMS matrix
(Fig. 4(d)–(f)) to highlight the function of nodes in predomi-
nantly transferring a load within a structure, where (i) in stage-1
four CNTs are randomly distributed in the PDMS polymer
without any node formation (Fig. 4(d)), (ii) in stage-2 CNTs form
one node (Fig. 4(e)), and (iii) in stage-3 CNTs form two nodes
(Fig. 4(f)). For all three stages, the sizes of the PDMS block and
CNT were kept the same and the structures were compressed up
to 30% strain. For simulation, PDMS was assumed to follow the
hyperelastic Ogden model with m and a being 1.3 MPa and 9.22,
respectively (ESI Fig. S3†), and CNTs were assumed to be highly
elastic where the Young's modulus and Poisson's ratio were
assumed to be 1.28 TPa (ref. 56) and 0.16,7 respectively. The
stress versus strain graph (Fig. 4(g)) shows that as the node
number increases the stress also enhances, which clearly
signies that the nodes are the main bridging factor to transfer
load from one CNT to another which results in high stiffness.
The most interesting outcome of this simulation is the non-
linear stress–strain curve indicating the viscosity of the mate-
rials. The non-linearity arises in stage-1 and stage-2 structures
at around 20% and 15% strain, whereas the stage-3 structure
shows non-linearity from 10% strain signifying the highest
degree of viscosity in stage-3 compared to other structures.
Qualitatively, the result conrms that without altering the CNT
number (or wt%) within the PDMS matrix and only changing
the structural distribution i.e. by moderating CNT–CNT inter-
action, both the stress and viscosity can be modulated, thus
opening avenues to design a new structure with improved
strength and enhanced viscosity.

The present study is focused on compressive behavior;
however, it should be noted that the role of CNT–CNT interaction
may differ in the case of tension or shear force. It has been
observed for the polymer foams alone that the compressive and
the tensile performances are not much different, but there may
be a variation in shear performance.Walter et al. carried out both
tensile and compressive tests on Divinycell® (cross linked PVC)
foam sheets.57 The reported values of compressive and tensile
moduli did not differ much (typical magnitude difference 50% to
180%). In another study by Sparks and Arvidson, compression,
tension and shear tests were performed on a polyurethane
foam.58 No signicant differences in the compression modulus
(range 8–50 MPa) and tensile modulus (range 13–28 MPa) were
observed, but the shear modulus was very low (range 0.2–0.85
MPa). Thus, an important correlation can be established while
studying the CNT/PDMS foam in tension and shear as well.

Conclusion

In summary, a series of open cell CNT/PDMS foams are fabri-
cated with varying microstructures by modulating inter-tube
This journal is © The Royal Society of Chemistry 2020
entanglement density. The mechanical behavior revealed
a high strength along with an increased degree of viscoelasticity
compared to pristine open cell PDMS foams without any CNT–
CNT entanglement. The results further show that the incorpo-
ration of CNTs within the PDMS foam changes its mechanical
behavior. The foam with an entanglement density of 0.98 (F0.98)
shows 1472% and 26 times improvement in storage and loss
moduli along with 790% and 840% enhancement in peak stress
and energy loss, respectively, compared to the foam with zero
entanglement density, F0.00. The results also conrm that unlike
traditional foams both the mechanical strength and viscosity
enhance simultaneously with higher entanglement density,
which will help in designing a new class of open cell foam
structures which are viscous as well as strong. The elasticity and
viscosity mainly depend on the nodes and bundles present in
the structures. The nite element simulation shows a qualita-
tive analysis revealing that CNT–CNT entanglement plays a key
role in modulating both the strength and viscosity of the
structure. These open cell foams have potential application in
building synthetic biomaterial nanostructures, electromechan-
ical devices, nanocomposites, and nanostructures for the
purpose of cushioning, mechanical damping, packaging, shock
absorbing, energy dissipation, etc.
Characterization methods

For the dynamic study, a DMA Q800 instrument was used with
a compression clamp. The quasi-static compression tests were
performed using a Bose electro force (3510 model). Both the
height and diameter of the cylindrical samples were kept at 10
mm. Finite element analysis was performed using Ansys
mechanical APDL 18.2 student version.
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13 R. Verdejo, R. Stämpi, M. Alvarez-Lainez, S. Mourad,
M. A. Rodriguez-Perez, P. A. Brühwiler and M. Shaffer,
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