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Abstract
Arrays of aligned carbon nanotubes (CNTs) have been proposed for different applications,
including electrochemical energy storage and shock-absorbing materials. Understanding their
mechanical response, in relation to their structural characteristics, is important for tailoring the
synthesis method to the different operational conditions of the material. In this paper, we grow
vertically aligned CNT arrays using a thermal chemical vapor deposition system, and we study
the effects of precursor flow on the structural and mechanical properties of the CNT arrays. We
show that the CNT growth process is inhomogeneous along the direction of the precursor flow,
resulting in varying bulk density at different points on the growth substrate. We also study the
effects of non-covalent functionalization of the CNTs after growth, using surfactant and
nanoparticles, to vary the effective bulk density and structural arrangement of the arrays. We
find that the stiffness and peak stress of the materials increase approximately linearly with
increasing bulk density.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotube (CNT) arrays synthesized using a floating
catalyst in a thermal chemical vapor deposition (TCVD)
system have been reported to preserve their ability to
recover and dissipate energy even after a large number of
compressive cycles, similar to the behavior of foams [1–3].
The macroscopic mechanical response of freestanding CNT
foams has been widely investigated [1–5]. These studies
characterized both vertically aligned CNTs [1] and disordered
CNT foams [4], focusing on their stress–strain response [1],
fatigue [3], and time dependent behavior [5]. The
earliest studies on the mechanical characteristics of bulk
CNTs were predominantly limited to their quasi-static
response [1], and their fatigue behavior in compression [3],
without systematic correlation of the observed properties
with structural characteristics of the materials (e.g. density,

thickness or geometry). However, to transition the use of CNT
foams from the laboratory scale to practical applications, it
is important to be able to correlate their mechanical response
to their structural characteristics, and to tailor their synthesis
method to the specific operational conditions.

A few recent studies correlated the mechanical response
of CNT-based structures with functional characteristics of the
CNT arrays: for example, CNT sponges of variable density
were created with controlled porosity [4], and CNT arrays
have been assembled in multilayer stacks to enhance their
impact energy absorption [6]. Recently, variations of the CNT
arrays’ bulk density, controlled during growth by the hydrogen
concentration during synthesis, have been shown to affect
the peak stress and energy absorption of the CNT arrays in
compression [7]. The effect of density variation has also been
shown to affect the bulk mechanical response of disordered
(i.e. not aligned) CNT networks [4]. Here, we study the effect
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Figure 1. Schematic diagrams describing the wetting process of CNTs: (a) the freestanding carbon nanotubes are first soaked in the
acetone/surfactant solution, and then dried. The CNTs densify by surface attraction. (b) Schematic diagram of the wetting of CNTs with a
solution of acetone and nanoparticles.

of the carrier gas flow carrying the precursor on the structural
and mechanical properties of vertically aligned CNT arrays,
and we examine the effects of non-covalent functionalization
of the CNT surfaces on the bulk mechanical response of the
arrays in compression. The addition of surfactant (SDS) and
the attachment of silica (SiO2) nanoparticles to the CNT walls
are employed to control the microstructural arrangement of the
CNTs in the arrays, and to tune the mechanical response of the
arrays after growth.

2. Experimental section

Vertically aligned arrays of carbon nanotubes were grown
using a floating catalyst TCVD method [2]. The microstructure
of the resulting arrays was highly hierarchical: at the meso-
scale, CNT bundles grew vertically away from the substrates;
at the micro-scale (within these bundles), the individual CNTs
grew highly entangled with their neighbors. The TCVD system
used consisted of a single furnace utilizing a quartz tube
through which the precursor vapors passed into the heating
zone. Source precursors (0.02 g ferrocene per milliliter of
toluene) were fed directly into the quartz tube before entering
the heating zone. The growth substrates consisted of silicon
wafers with a 1 μm thick thermal oxide layer (area ∼3 ×
2 cm2), and were placed at the center of a high temperature
(825 ◦C) zone in the furnace. After the growth was completed,
small sections of the CNT arrays (∼7×7 mm2) were separated
from the substrates using a razor blade, to obtain freestanding
samples for the testing. The bulk densities of the freestanding
samples were calculated by dividing the measured mass of
each sample by its measured volume. The density of the CNT
samples was found to vary between 0.12 and 0.28 g cm−3,
depending on the position of the CNT sections on the growth
substrate with respect to the carrier gas flow direction (CNT
arrays grown in the substrate’s sections closer to the gas inlet
had higher densities).

The CNT arrays were functionalized by two methods:
in the first one, the CNT arrays were first separated from
the growth substrate and then they were wetted in 15 ml

of volatile acetone containing 0.02 g of dispersed silica
nanoparticles (with diameters ∼10–20 nm); in the second one,
the CNT arrays were also first separated from the growth
substrate and then they were immersed in acetone containing
sodium dodecyl sulfate (SDS) instead of the silica (SiO2)
particles. The solutions containing acetone and nanoparticles
or surfactant were ultrasonicated for 30 min to obtain uniform
dispersions. The freestanding CNT samples were soaked in
the ultrasonicated solutions for 24 h and they were dried for
the next 24 h. The schematic diagrams in figures 1(a) and (b)
describe the wetting process of CNTs in acetone with dispersed
SDS and SiO2 nanoparticles, respectively. The mechanisms
of the observed structural changes in the CNT arrays after
functionalization are described in section 3.

3. Results and discussion

Before mechanical testing, the as-grown and chemically
treated CNT samples were analyzed with high resolution
scanning electron microscopy (HR-SEM), to identify emerging
microstructural features caused by the different preparation
processes. A typical SEM image acquired from the as-
grown CNTs is shown in figure 2(a). We first studied the
effect of acetone wetting on the microstructure of the CNT
arrays, without the addition of surfactant or nanoparticles.
The samples showed the formation of typical crack patterns
(figure 2(b)), resulting after evaporation of the liquid. The
formation of such patterns on wetted CNT arrays was
reported earlier, and was attributed to the presence of strong
capillary forces during the liquid evaporation [8, 9]. The
schematic diagram in the inset of figure 2(b) describes the
representative structural rearrangement of the CNTs after
acetone evaporation. Wetting (and subsequently drying)
the CNT samples with a mixture of surfactant (SDS) and
acetone was found to result in a significantly different
microstructure (figure 2(c)). In this case, the CNTs in the
array appeared to form dense bundles, emerging from the
combination of van der Waals interactions and ionic charges
on the CNTs’ surfaces induced by the random attachment of
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Figure 2. Scanning electron microscope images of untreated and chemically treated carbon nanotube arrays: (a) microstructure of the
as-grown carbon nanotube arrays prior to being functionalized. (b) Top-view of the surface of a CNT array showing macroscopic cracks
formed in the freestanding samples after being wetted with acetone and dried in air. (c) Microstructure of a CNT sample treated with acetone
and SDS surfactant; carbon nanotubes form dense bundles. (d) Microstructure of a CNT sample wetted with silica nanoparticles; after the
drying process, nanoparticles adhere to the surface of individual carbon nanotubes. The schematic representations in the insets describe the
structural modifications occurring in the CNT samples.

surfactant molecules [10], as shown in the schematic diagram
figure 1(a). The schematic diagram in the inset of figure 2(c)
shows the idealized densification and partial bending of the
CNTs. The microstructural effects resulting from wetting
(and subsequent drying) of the CNT arrays with a mixture
of acetone and SiO2 nanoparticles can be seen in figure 2(d).
It is evident that the SiO2 nanoparticles (of diameter ∼10–
20 nm) attach uniformly to the CNTs’ surfaces, without the
need for additional functionalization or chemical treatment.
The schematic diagram in the inset of figure 2(d) represents
the attachment of nanoparticles on the CNT surfaces and their
idealized microstructural rearrangement, with no densification
and bending observed.

The density gradient measured in the as-grown CNT
arrays as a function of the position on the growth substrate is
shown in figure 3(a). The black arrow indicates the direction
of the gas flow inside the chamber with respect to the substrate
position. From the diagram it is evident that the as-grown
CNTs’ density is higher in the substrate regions closer to the
gas flow input, and it decreases gradually as the CNTs grow
farther from the flow input.

We measured the mechanical response of the samples as
a function of density variation and chemical functionalization.
Quasi-static compression tests were performed on the samples
at four different strain rates, 50%, 3%, 0.3%, and 0.03% s−1

to a maximum strain of 50%. We first tested the mechanical
response of the as-grown CNT samples obtained from the

same growth substrate, to study the effects of density variations
during growth, as a function of their position on the substrate.
We calculated the elastic modulus of the samples by fitting the
initial linear portion of the stress–strain curve at low strain.
The measured compressive moduli and the peak stresses are
shown in figures 3(b) and (c) as a function of density. The
tables shown in the insets refer to the samples’ position on
the growth substrate, and the different marker shapes indicate
the different strain rates of testing for each sample. We
noted that the compressive modulus and the peak stress vary
linearly with density, while the strain rate has a negligible
effect, as evident in figures 3(d) and (e). We confirmed the
linear dependence of the CNT arrays’ mechanical response
on density, and the absence of strain rate effects, by testing a
large number of CNT samples obtained from different growth
substrates in separate synthesis processes, with densities
ranging from 0.12 to 0.28 g cm−3. Figure 3(f) shows
the linear dependence of the compressive modulus on bulk
density where the data for each strain rate were fitted to the
following equation

E = k1d + k2. (1)

Here, E is the measured elastic modulus, d is the CNT
bulk density, and k1,2 are the fitting parameters. Similarly,
figure 3(g) shows the linear dependence of peak stress on
density where the data for each strain rate were fitted to the
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Figure 3. Mechanical response of as-grown carbon nanotubes: (a) density variation of the as-grown carbon nanotubes as a function of the
position on the substrate. The black arrow on top indicates the direction of the chemical precursors’ flow. (b) Elastic modulus at small strains
as a function of the density for the freestanding carbon nanotubes. Four different strain rates, 50% s−1 (square marker), 3% s−1 (triangular
marker), 0.3% s−1 (circular marker), and 0.03% s−1 (diamond marker) were used on each portion of the sample grown concurrently; the inset
diagrams report the relative position of each tested sample on the growth substrate. (c) Measured peak stress as a function of density of the
carbon nanotubes at four strain rates (50–0.03% s−1) (d). (e) Elastic modulus and peak stress values as a function of strain rate, respectively.
(f), (g) Mechanical response of freestanding carbon nanotubes in a larger number of randomly selected samples: (f) elastic modulus and (g)
peak stress plotted for four different strain rates, 50% s−1 (blue squares), 3% s−1 (red triangles), 0.3% s−1 (green circles), and 0.03% s−1

(yellow diamonds) as a function of samples’ density. The data points for each strain rate were fitted with a linear function.
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Table 1. The table reports the values for the fitting parameters used
in equations (1) and (2) describing the linear-fit trend shown in
figures 3(f) and (g).

Strain rate (% s−1) k1 k2 k3 k4

0.03 37.414 −3.5535 150.74 −12.442
0.3 34.589 −2.5387 165.69 −13.894
3 38.556 −2.8682 133.62 −7.1712

50 30.013 −1.0339 164.51 −13.097

following equation

σ = k3d + k4. (2)

Here, σ is the peak stress, d is the density, and k3,4 are
the fitting parameters. The fitting parameters k1,2,3,4 are
summarized in table 1.

After testing the as-grown samples, we characterized the
properties of the chemically treated samples. We found that
the surface functionalization, with non-covalent attachment
of surfactants and SiO2 nanoparticles, can alter the bulk
density, influencing the mass and/or the volume of the samples.
Table 2 summarizes specific changes in mass, height, and
surface area after wetting and drying the CNT samples with
acetone, acetone/surfactants, and acetone/silica nanoparticles.
We measured two sets of samples (S1 and S2) for each type
of functionalization. Changes in the overall mass of the
samples were observed after wetting with surfactant and silica
nanoparticles, while no mass changes occurred after treatment
with only acetone. The CNT samples’ height and surface area
were reduced when the samples were treated with acetone and
acetone/surfactants. This is likely due to the densification,
and hence partial bending, of the CNTs (see figures 2(b)
and (c), respectively). CNT samples treated with solutions of
acetone and silica nanoparticles did not present any evident
dimensional change. The densification in this case can be
assumed to be negligible due to the repulsive effects originating
from the presence of negative zeta potential [11] between the
SiO2 particles on the surface of the CNTs.

We analyzed the mechanical response of the surface
modified CNT samples using the same experimental conditions
described above. Results obtained with quasi-static
compression tests performed on CNT samples treated with
acetone and surfactant (SDS), compared with as-grown,

Figure 4. Comparison of the maximum value of compressive peak
stress in samples wetted with surfactant (data points denoted by
circles) and in freestanding, as-grown CNTs (control) (data points
denoted by squares), at varying strain rates. The inset shows a
comparison between CNT samples wetted with only acetone and
as-grown CNTs. Each circle represents tests from a different strain
rate (indicated on the x-axis).

freestanding CNTs are shown in figure 4. In the graph,
the vertical axis shows the measured peak stress, and the
horizontal axis shows the different strain rates used for
testing. The samples (four sets of wetted and as-grown CNT
control) arrays are compared side-by-side at each strain rate
(all experimental tests at the same strain rate are encircled
by dotted lines). The measured peak stresses are clearly
higher for the functionalized CNTs than they are for the non-
functionalized CNTs at all strain rates tested. The average peak
stress was measured from the six measurements performed on
six randomly selected samples, with the error bars in figure 4
representing the corresponding standard deviation. These
deviations are a result of density variations in the selected
samples. The results show no specific trend with strain rate.
The higher peak stress level observed in samples functionalized

Table 2. The table reports the values of bulk density measured before (initial) and after (final) wetting CNTs with acetone, surfactant/acetone,
and SiO2/acetone. For each value we synthesized and measured two samples of CNTs (S1 and S2). A list of mass, height, and area is shown
for the pristine and treated CNTs.

Measured quantities CNTs/acetone CNTs/acetone/surfactant CNTs/acetone/silica particles

Mass (g) ×10−2

(initial/final)
S1 1.75/1.73 1.64/1.77 1.52/1.62

S2 1.89/1.9 2.07/2.17 1.9/2.0

Height (mm) (initial/final) S1 1.94/1.87 1.79/1.76 1.78/1.77
S2 1.86/1.82 1.90/1.85 1.87/1.87

Area (mm2) (initial/final) S1 37.21/36.56 44.54/43.12 41.83/41.78
S2 43.62/43.49 41.01/40.57 42.9/43.20

Density (g cm−3)
(initial/final)

S1 0.25/0.25 0.21/0.23 0.20/0.22

S2 0.23/0.24 0.27/0.29 0.24/0.25
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with surfactant could be related to the densification of the
structure as a result of the surface modification. Details of
the interaction of surfactant (specifically SDS) with CNTs can
be found in earlier studies [12–14]. SDS has widely been
used to disperse individual hydrophobic carbon nanotubes by
providing anionic surface charge in the liquid medium [15].
SDS was also reported to densify the CNTs on the growth
substrate, through capillary forces emerging when the liquid
penetrates into the pores of the CNT structure [16]. In our
case, we process freestanding CNT samples (not attached to a
growth substrate). This allows the nanotubes to densify after
the acetone evaporates. The same treatment applied on as-
grown samples not separated from the substrate could result
in different microstructures and reduced densification [8, 9].
The mechanism of surface functionalization of single wall
CNTs with SDS was studied numerically [14]. It was
found that SDS molecules form a random network on the
CNT surfaces [14]. This disorder could cause a non-
uniform distribution of charges on the CNT surfaces, and the
CNT densification is expected to result from the attraction
of oppositely charged clusters. After acetone evaporates
the layers of surfactant remain attached around the CNT
surfaces. It was reported that the concentration of SDS
attached on the CNTs surfaces increases with increasing CNT
diameter [14]. The study by Namilae et al reported that the
stress experienced by the CNTs increases significantly with
the number of adhering molecules to the surface, because
the applied load can be transferred more effectively between
adjacent nanotubes through the attached molecule, which
in our case is surfactant [17]. The higher values of peak
stress observed in our experiments for the functionalized CNT
arrays can be explained by a similar interaction mechanism
of stress transfer between CNTs. The presence of SDS
molecules wrapped around the CNTs’ outer walls enhances
ionic interactions between adjacent CNTs and distributes the
applied load more effectively than the van der Waals interfacial
interaction present in the as-grown, freestanding CNTs. The
advantage of non-covalent functionalization compared to
covalent functionalization, results from the presence of fewer
defect sites on the CNTs walls, which would weaken the
overall CNT structure.

The functionalization with SDS neither affects the elastic
bending response of the CNT arrays nor the buckling stress,
as these deformations rely less on interfacial interactions
between CNTs. The details of the compressive response of
CNTs including buckling and post-buckling regimes can be
found elsewhere [6]. For comparison, we also studied the
compressive response of CNT arrays wetted with acetone only
(no surfactants included). As shown in figure 2(b), the acetone
wetting, and the subsequent drying, causes the formation
of characteristic cracks on the surface of the CNTs. The
mechanical response of these samples is shown in the inset
of figure 4, together with the data acquired from the as-grown
freestanding CNT arrays (control). We have not observed any
difference in the peak stress values reached in the compression
of the acetone wetted and the control samples after 50% strain,
at the same rate (50% s−1). This shows that the increase in peak
stress observed for the CNTs treated with SDS is primarily due
to the non-covalent functionalization.

Figure 5. Variation of measured peak stress as a function of strain
rate. Data points shown by circles represent samples with
nanoparticles, and squares represent the results obtained from the
as-grown (control) samples. Each circle represents tests from a
different strain rate (indicated on the x-axis).

Finally, we tested the mechanical response of CNTs
wetted with the solution of acetone and SiO2 nanoparticles,
and dried. The dispersion property of silica nanoparticles
in organic media has been studied in detail [11]. It was
shown that uniform dispersion in the solution is a result of
the higher zeta negative potential, leading to repulsive effects
between the particles [11]. The resulting uniform particle
distribution on the CNTs’ surfaces (figure 2(d)) is driven by
acetone modified surface interactions [18] between the silica
particles and the carbon nanotubes. Rance et al [19] showed
that the particle affinity to attach to nanotubes increases
with the diameter and length. This could explain the high
affinity found in our ∼2 mm long CNTs. The quasi-static
mechanical response of CNTs coated with SiO2 nanoparticles
is shown in figure 5. These samples were extracted from
the same growth substrate and randomly selected for the
nanoparticles attachment. The measured peak stresses are
compared (similarly as in figure 4) among pristine CNT
samples and those coated with nanoparticles. The level of peak
stress reached in CNT samples coated by SiO2 nanoparticles
is higher as compared to untreated, freestanding CNTs. This
behavior is in agreement with the results shown in figure 4
for a large number of randomly selected samples modified
with surfactant. In particular, the stiffening provided by the
particles on the surface of the CNTs plays a crucial role
in the densification regime. The magnitude of the stress
enhancement obtained with the CNT functionalization with
SiO2 nanoparticles is nearly the same as that of the SDS
functionalized CNTs. The effect of the strain rate was found
to be negligible in the range tested in our experiments (0.03%–
50% s−1).

4. Conclusions

In conclusion, we have studied the effect of density variation
and surface functionalization on the compressive mechanical
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responses of carbon nanotube arrays. We have identified
a density gradient in the thermal CVD synthesis of CNTs,
determined by the sample position on the substrate in the
reactor, relative to the carrier gas flow direction. We
tested the samples under quasi-static compression at different
loading rates. The peak stress and the modulus of the
as-grown, freestanding CNT arrays were found to increase
linearly with density. We have controlled the CNT array
density and microstructural organization with non-covalent
functionalization and silica nanoparticle surface modification.
In both cases the stiffness has been found to increase from the
as-grown (control) samples. This study opens new avenues
for controlling the mechanical response and microstructural
properties of freestanding CNT arrays.
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