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  Carbon nanotubes (CNTs) and graphene 
possess outstanding mechanical, elec-
trical, and thermal properties. [ 1–3 ]  How-
ever, translation of the strong mechanical 
properties, excellent thermal conduc-
tivity, and chemical stability of CNTs 
into real-world applications remains 
challenging. CNT architectures, ensem-
bles of individual nanotubes, have been 
widely explored for their potential use in 
various areas. [ 4–7 ]  With recent technical 
advances in nanotube synthesis, such 
as chemical vapor deposition and solu-
tion chemistry techniques, there is a rap-
idly growing interest in macroscale 3D 
nanotube architectures. [ 8–11 ]  In contrast 
to uniformly aligned nanotube arrays, 
randomly entangled 3D networks can be 
considered isotropic and homogeneous 
materials. A number of research groups 
have synthesized CNT aerogels. [ 8,12–14 ]  
Covalently bonded 3D hierarchical CNT 
sponges have been successfully fabricated 
as well, [ 9–11 ]  in which CNTs can function 
as “building blocks” and be “welded” 
together with molecular junctions. [ 15–17 ]  
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 3D carbon nanotube (CNT)-based macrostructures are the subject of exten-
sive attention because the outstanding properties of 1D and 2D nano-
structures have not been fully translated into key engineering applications. 
Generation of 3D CNT architectures with covalent junctions could endow 
the new materials with extraordinary mechanical properties. In this study, 
detailed experimental characterization and statistical comparison are carried 
out on 3D boron-doped multiwalled CNT (CB x MWNT) sponges with covalent 
junctions and undoped multiwalled CNT (undoped-MWNT) sponges without 
junctions. By investigating the plastic, elastic, viscoelastic, and dynamic 
viscoelastic properties of both sponges, as well as the dependency of these 
mechanical properties on material morphology, the CB x MWNT sponge is 
found to be a more predictable and stable material than the undoped-MWNT 
sponge. Statistical comparison proves that the excellent properties of the 
CB x MWNT are attributed to its “elbow-like” junctions inside the 3D networks, 
which prevent permanent buckling and bundling of the CNTs under extreme 
loading. Thus, by optimizing the covalent junctions in 3D CNT sponges, 
their functional behavior can be controlled and regulated. These fi ndings 
may  promote applications of 3D CNT sponges in various fi elds, including 
 biomedical or high-precision devices in which lightweight, controllable, and 
reliable mechanical properties are always desirable. 
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Hashim et al. used boron as a dopant in CNTs and successfully 
created “elbow-like” covalent junctions. [ 10 ]  Shan et al. synthe-
sized 3D nitrogen-doped CNT sponges by doping both nitrogen 
and sulfur into CNTs. [ 11 ]  Given that various 3D CNT structures 
have been recently fabricated, it is necessary to characterize the 
macro (or apparent) mechanical properties of 3D CNT architec-
tures and to identify the benefi cial effects of transferring the 
extraordinary properties of nanotubes from 1D to 3D architec-
tures. However, there is currently little knowledge available on 
the mechanical behaviors of 3D CNT sponges and the impact of 
CNT covalent interconnections. 

 In this study, we hypothesize that the covalently bonded 
junctions could serve as an essential structural element to pro-
vide controllable properties as well as structural reliability to the 
porous 3D CNT sponges. To test this hypothesis, materials of 
interest include 3D boron-doped multiwalled carbon nanotube 
sponges (CB  x  MWNT) with elbow-like junctions as well as 3D 
noncovalent multiwalled carbon nanotube sponges (undoped-
MWNT), both fabricated with random and entangled nanotube 
networks. Using a custom-built micro-testing apparatus and a 
dynamic mechanical analyzer (DMA), the plastic, elastic, visco-
elastic, and dynamic viscoelastic properties of both CB  x  MWNT 
and undoped-MWNT sponges were measured. Comparison of 
the results provides information regarding structure–function 
relationship for 3D MWNT sponges and offers insight into the 
roles that covalent junctions play in the mechanical behaviors 
of the CB  x  MWNT sponges. 

 The structural morphologies of CB  x  MWNT and undoped-
MWNT sponges fabricated for this study were examined by 
scanning electron microscopy (SEM).  Figure    1  a,b shows the 
entangled nature of the CB  x  MWNT sponges, with elbow-like 
junctions clearly visible. CNT covalent junctions in these sam-
ples have also been observed, as reported previously. [ 10 ]  In con-
trast, CNTs in undoped-MWNT sponges are mostly straight 
along their length with no covalent or elbow-like junctions 
(Figure  1 c,d). The average diameters of the undoped-MWNTs 
and CB  x  MWNT are measured as ≈20 and ≈70 nm, respectively.  

 Plasticity represents a material’s irreversible deforma-
tion under mechanical or thermal loading, and is a key crite-
rion in assessing a material’s functional capability, particu-
larly for as-grown MWNT sponges with a high porosity. A 

60% compressive strain was applied to a cylindrical MWNT 
sponge directly after fabrication, and the new dimensions 
of the sponge were measured after 24 h recovery. The plastic 
deformation of the undoped-MWNT sponges was determined 
as 12 ± 4.4%, while that of the CB  x  MWNT sponges was only 
5 ± 1.9% ( Figure    2  a). A Student’s  t -test of the data confi rmed 
the signifi cant difference in plastic deformation between the 
two materials ( P  < 0.001). [ 18 ]  Considering the highly entangled 
CNTs in undoped-MWNTs, its large plastic deformation under 
compression may be attributed to a combination of rearrange-
ment, buckling, and aggregation of CNTs. [ 19 ]  It has been shown 
that, under compression, the reestablished van der Waals (vdW) 
forces can often form bundles of CNTs. [ 20 ]  However, the cova-
lently bonded junctions in the CB  x  MWNT sponges are able to 
partially overcome the effect of such vdW forces, enable more 
complete recovery via a purely elastic mechanism, and result in 
fewer buckled and bundled CNTs inside the structure after an 
overwhelming compression. [ 10 ]   

 The plastic deformation with respect to the density of sponges 
is plotted in Figure  2 b. Linear regression analysis showed that 

Part. Part. Syst. Charact. 2016, 33, 21–26

 Figure 1.    SEM images of the as-grown sponges. a,b) Images showing the 
morphology of CB  x  MWNT sponges and c,d) undoped-MWNT sponges.

 Figure 2.    a) Plastic deformation of CB  x  MWNT and undoped-MWNT 
sponges presented in a box-and-whisker plot. # indicates a statistically 
signifi cant difference between CB  x  MWNT and undoped-MWNT sponges 
( P  < 0.001). b) The plastic deformation of CB  x  MWNT and undoped-
MWNT sponges plotted as a function of density. The black line indicates 
a signifi cant linear correlation between the plastic deformation and 
apparent density of the undoped-MWNT sponges ( P  = 0.028). Signifi -
cance is defi ned as  P  < 0.05.
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the undoped-MWNT sponges exhibit a strong negative relation-
ship between the plasticity and density. In contrast, the plastic 
deformation of CB  x  MWNT sponges is density-independent 
( p  = 0.78). As discussed above, the “elbow-like” covalent junc-
tions in the CB  x  MWNT sponges could endow the material 
with much greater resistance to compressive loading, thereby 
giving rise to density-independent dimensional recoverability. 
Since the undoped MWNTs do not have covalent junctions and 
the straight nanotubes are overlapped inside the networks, the 
sponge with larger porosity (less bulk density) would experi-
ence more rearrangement and aggregation under compression, 
which results in larger plastic deformation. Since the as-fabri-
cated plasticity is not desirable in most applications, the feature 
of uncoupled density and plasticity makes the behavior of newly 
fabricated CB  x  MWNT sponges more predictable. 

 The stress–strain relations for both CNT sponges were 
characterized with quasi-static compressive (1 µm s −1 ) cyclic 
loadings. Hysteresis responses in both undoped-MWNT 
and CB  x  MWNT sponges were noted, similar to a number of 
CNT structures (Figure S1, Supporting Information). [ 19,22–24 ]  

Atomistic molecular dynamics simulations of the CNT sys-
tems, mimicking CB  x  MWNT sponges (Figure S2, Supporting 
Information), show a qualitatively similar mechanical response 
with well-expressed hysteresis.  Figure    3  a demonstrates the 
typical viscoelastic or “memory foam” behavior of CB  x  MWNT 
sponges. A stress relaxation curve from a CB  x  MWNT sponge 
is shown in Figure  3 b. Under a constant compressive strain 
(30%), the resistant stress gradually decreases over time. When 
the standard linear solid model was employed to curve-fi t the 
stress relaxation data, the time constant (stress relaxed to 1/ e  of 
the peak value) was ≈20 min. The stress relaxation response of 
the CNT sponges was ascribed to microstructural reorganiza-
tions, which minimize internal stresses and allow the sponge 
to accommodate the applied external load. [ 24 ]  We believe that, 
as a typical porous elastic material, sponges under compres-
sion also push air out of their networks as they deform. Thus, 
the mechanical behaviors of CNT sponges could follow the 
constitutive laws of porous elastic materials. The friction force 
between the solid matrix (CNT networks) and air induces dis-
sipation of energy and the well-known fl ow-dependent viscous 
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 Figure 3.    a) Viscoelastic behavior of CB  x  MWNT sponge. The sponge was indented within the elastic region, and a noticeable indent (white arrow) 
was observed immediately after unloading. Deformation almost disappeared a half hour later. b) A representative stress relaxation response curve 
for a CB  x  MWNT sponge under constant compressive strain. The relaxation response was fi tted with a standard linear solid model. c–e) Equilibrium 
modulus, viscous modulus, and relaxation time of CB  x  MWNT sponges under 30% compressive strain, plotted as a function of the sponge density.
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characteristics, as noted in solid, cork, and many biological 
soft tissues. [ 25 ]  It is important to note that the frictional drag 
between solid and air phases is not suffi cient to signifi cantly 
increase the temperature of material or change the intrinsic vis-
cosity of CNTs.  

 The stress-relaxation curves for both CNT sponges were 
further quantifi ed by employing a standard linear solid model 
to determine the equilibrium modulus, viscous modulus, 
and relaxation time. Given that the fl ow-dependent viscoe-
lastic behaviors of porous materials are mainly affected by 
the porosity of the solid network, [ 26 ]  the quantifi ed viscoelastic 
properties were correlated with the sponge bulk density. Linear 
regression analysis showed that the equilibrium modulus, vis-
cous modulus, and relaxation time of the CB  x  MWNT sponges 
are all correlated with the density (Figure  3 c–e). In addition, 
similar correlations were confi rmed at other compressive strain 
levels, including 40%, 50%, and 60% strain. Thus, all the quan-
tifi ed viscoelastic properties of the CB  x  MWNT sponge increase 
with the sponge density. This important observation implies 
that a higher density would lead to: i) greater stiffness of CNT 
sponges with a larger equilibrium modulus; ii) smaller perme-
ability of the sponge, thus resulting in greater frictional forces 
between the air and CNTs and thus a higher viscous modulus; 
and iii) increased time required for the dissipation of air pres-
sure gradients, which corresponds to a longer relaxation time. 
Importantly, the results indicate that the viscoelastic behavior 
of the CB  x  MWNT sponges can be regulated by controlling their 
bulk densities. Controllable mechanical properties of 3D CNT 
sponges are of great practical importance for the design and 
subsequent applications of systems benefi ting from viscoelastic 
behaviors, e.g., the development of artifi cial biomaterials, vibra-
tional isolators, and microdevices requiring precise controls. [ 21 ]  

 In sharp contrast to the CB  x  MWNT sponges, the viscoelastic 
parameters of the undoped-MWNT sponges were density-
independent at almost all compressive strain levels, with the 
exception of the equilibrium modulus under high compression 
(Figure S3, Supporting Information). Therefore, the mechanical 
properties of the undoped-MWNT sponges appear to be more 
diffi cult to control (to any useful degree) with respect to density. 
Comparison of the results presented here clearly implied that 
the presence of covalent boron-doped junctions endowed fun-
damentally new features to 3D CNT networks. The viscoelastic 
properties for both sponges under different loading conditions 
are summarized in Figure S4 (Supporting Information). The 
equilibrium compressive modulus of undoped-MWNT sponges 
is signifi cantly higher than that of CB  x  MWNT sponges, i.e., the 
presence of elbow-like junctions may reduce the modulus of 
CNT networks. Although the elbow-like junctions can provide 
elastic resistance to compression, it may also alter the load sup-
porting mechanisms inside the compressed networks. A thor-
ough understanding of this issue may require further investiga-
tion of the junction stiffness and topology of CNTs. 

 In addition to the static viscoelastic properties, dynamic vis-
coelastic properties of the two sponge types were characterized 
using DMA. As before, the dynamic viscoelastic properties of 
the CB  x  MWNT sponges were proved to be density-dependent 
(40% mean compressive strain, 1% strain amplitude, 1 Hz). The 
storage modulus and loss factor increase with higher density 
( Figure    4  a,b). All measured properties of the undoped-MWNT 

sponges were still independent of the bulk density (Figure S5, 
Supporting Information), as there are no covalent junctions 
along the CNTs. This prominent disparity between the two 
sponge types was confi rmed under multiple mean compres-
sive strain levels (20%, 30%, and 50%), and implies the con-
tribution of covalent junctions to the load–support capability 
of CNT sponges. It is readily found that the storage modulus, 
as a measurement of stiffness, increases with density. Mean-
while, CNT sponges with higher densities have increased 
intertube friction and energy dissipation due to air movement 
during cyclic compression, resulting in larger loss moduli. The 
mechanism responsible for a density-dependent loss factor may 
be explained by the “zipping and unzipping” model proposed 
previously, which interprets the dissipated energy as the energy 
consumed to overcome the large vdW attraction between CNTs 
in unzipping. [ 27 ]   

 Another noticeable feature in Figure  4 b is that the loss factor 
of CB  x  MWNT sponges can reach 0.15 at 40% mean compres-
sive strain. Such a high loss factor is comparable to some cel-
lular foams such as polyurethane foam, [ 28 ]  although the CNT 
sponge’s density is much lower than those of polymer mate-
rials. Indeed, the loss factor of the high density CB  x  MWNT 
sponges exceeds 0.1 for all the other mean compressive strains 
(20%, 30%, and 50%) (Figure S6, Supporting Information). 
This exciting observation indicates the potential to fabricate an 
MWNT sponge with a high loss factor merely by controlling the 
density, [ 29 ]  which may have various applications; for instance, 
as a light scaffold for the regeneration of musculoskeletal tis-
sues. At a low mean compressive strain, the loss factor of 
the undoped-MWNT sponges is comparable to that of the 
CB  x  MWNT sponges (Figure  4 c). At >30% mean compressive 
strain, however, the CB  x  MWNT sponge exhibits a signifi cantly 
higher loss factor than the undoped-MWNT sponge. Therefore, 
in comparison to undoped-MWNT, the CB  x  MWNT sponges 
may serve as a more superior damping material under dynamic 
loading. 

 Figure  4 d shows the invariant dynamic viscoelastic prop-
erties of both types of sponges in the frequency range of 
0.1–10 Hz (strain rate of 4 × 10 −3  to 4 × 10 −1  s −1 ). Similar behav-
iors were observed for CNT sponges undergoing DMA testing 
in a shear mode. [ 21,30 ]  Thermal stability of the CNT sponges 
was confi rmed up to 600 °C with thermogravimetric analysis 
(Figure S7, Supporting Information). The rate-independent and 
thermally stable viscoelastic behaviors of CNT sponges could 
broaden their applications in specifi c engineering and biomed-
ical fi elds. [ 31–34 ]  

 In this study, the mechanical behavior of 3D undoped-MWNT 
and CB  x  MWNT sponges with atomic-scale junctions was char-
acterized and compared. CB  x  MWNT sponges exhibit less 
(and more stable) plastic deformation than undoped-MWNT 
sponges, which can be attributed to the outstanding resilience 
of CB  x  MWNT sponges endowed by their covalent junctions. 
The “elbow-like” junctions prevent the permanent buckling 
and bundling of CNTs inside the compressed 3D networks by 
overcoming vdW interactions. Since the quality of crystal lat-
tice of CB  x  MWNT is more defective than undoped-MWNT, 
this could contribute to the distinct mechanical behaviors of 
two materials observed in this study. Interestingly, the plastic 
deformation of CB  x  MWNT sponges is found to be smaller and 
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density-independent while that of undoped-MWNT sponges 
couples with the bulk density. Thus, the failure at defective sites 
is unlikely the major source of plastic deformation. Moreover, 
CB  x  MWNT sponges exhibit density-dependent properties in 
both their static and dynamic viscoelastic responses, an effect 
not seen in the undoped-MWNT sponges. To the best of the 
authors’ knowledge, the controllable viscoelastic properties of 3D 
CNT structures have not been reported in the literature. A sys-
tematic comparison between the mechanical characteristics of 
undoped-MWNT and CB  x  MWNT sponges also revealed a novel 
direction in controlling the outcome of CNT sponge fabrication, 
i.e., formation of covalent junctions along CNTs could alter the 
fundamental structure–function relationship of the material. 
An abundance of strong evidence proves that the boron-doped 
junctions endow the CNT sponges with more prominent static 
and dynamic viscoelastic properties, which could be benefi -
cial in many critical applications, such as biomedical or preci-
sion devices, particularly those requiring lightweight, thermally 
stable materials with controllable viscoelastic behaviors.   

 Experimental Section 
  Sample Preparation : Both CB  x  MWNT and undoped-MWNT sponges 

were fabricated according to previous reports. [ 8,10 ]  CNT samples were 

cut into cylinders (3 mm diameter) using a Harris Micro-Punch (Ted 
Pella, Inc.). Thickness of the samples ranged from 0.6 to 1.5 mm. To 
achieve suffi cient statistical power, 11 samples for each type of sponge 
were tested. An XP6 microbalance (Mettler-Toledo, Inc.) was used to 
measure the weight of each CNT sample. 

  As-Fabricated Plastic Deformation : Plastic deformation of each CNT 
sponge sample was measured using a DMA (Q800, TA Instruments) 
fi tted with 15 mm diameter loading platens. The initial thickness of 
the sample was determined as the distance between two platens after 
application of a 0.01 N preload. Next, samples were compressed to 60% 
strain and held for 1 h, and the thickness was measured again 24 h after 
the force release. The plastic deformation was calculated as decrease of 
thickness over initial value. 

  Viscoelasticity : Stress-relaxation tests were conducted with a 
custom-built micro-testing apparatus. The cylindrical CNT sample was 
compressed with a constant step displacement (product of length 
of CNT samples and the targeted strain), and the load was held for 
30 min (Figure  3 b). The responsive force history from the sample was 
recorded. The relaxation tests were performed at 60%, 50%, 40%, and 
30% compression in sequence. A 30 min interval time between tests was 
allowed for the sample to recover to its original length. The recorded 
stress relaxation curve was fi tted with a standard linear solid model, [ 35 ]  
and the equilibrium compressive modulus, viscous modulus, and 
relaxation time were determined. 

  DMA Tests : After measuring the initial length of the sponges 
under the preload, samples were compressed to the desired mean 
compressive strain (20%, 30%, 40%, or 50%). The sponges were then 
cyclically compressed and released along their length at constant 1% 
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 Figure 4.    DMA characterization of CB  x  MWNT and undoped-MWNT sponges. a,b) Dynamic properties (storage modulus and loss factor) of CB  x  MWNT 
sponges increase with density under dynamic loading at 1 Hz (1% strain over 40% mean compressive strain). c) Density-normalized loss factor of 
CB  x  MWNT and undoped-MWNT sponges (# denotes statistically signifi cant difference). d) Representative dynamic properties (storage modulus and 
loss factor) of both types of sponges plotted as a function of loading frequency (0.1–10 Hz) at room temperature. Densities of CB  x  MWNT and undoped-
MWNT sponge sample are 26 and 29 mg cm −3 , respectively.
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strain amplitude. Frequency sweep tests were run at multifrequency 
mode from 0.1 to 10 Hz. 

 More detailed description of experiments is addressed in the 
Supporting Information.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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