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The mechanical behavior of carbon nanotube (CNT) forests soaked in three solvents - tol-
uene, acetonitrile, and isopropanol - is examined. Effective stiffness of the structure is
evaluated in the dry and wet condition by micro-indentation using a 100 um flat punch.
With soaking of CNT forests in solvents, the stiffness decreases and deformation mecha-
nism changes from buckling concentrated close to the bottom of the CNT forest to a distri-
bution of local buckles along the height and global buckling of the entire length of CNTs.
We use molecular dynamics simulations to relate the experimental observations to the
reduced mechanical support from neighbor CNTs due to a decreased magnitude of van
der Waals (vdW) interactions in the presence of solvents. Toluene, which produces the low-
est average measured stiffness between the three solvents, produces the lowest vdW forces
between individual CNTs. Furthermore, wet-dry cycling of CNT forests shows the revers-
ibility and repeatability of change of stiffness by immersing in solvents. The results show
that soaking CNT forests in solvents could be useful for applications such as interface
materials where lower stiffness of CNT forests are needed and applications such as energy
absorbing materials in which re-setting of stiffness is required.

© 2013 Elsevier Ltd. All rights reserved.

the indenter edges at sufficiently high loads [14]. The morpho-
logical characteristics of CNTs such as density, orientation, and
entanglement have been shown to impact the mechanical

1. Introduction

Mechanical behavior of CNT forests has been investigated [1-

22] for fundamental understanding of the behavior of these
complex nanostructures and to find ways to alter their proper-
ties for different applications. CNT forests have been shown to
deform under compression primarily with the formation of lo-
calbuckles along their heights. During flat punch indentations,
in addition to local buckles, vertical shear offsets form under
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properties [1-4,14-16] and deformation mechanism [7,9,14].
For instance, different density and tortuosity profiles along
the height of CNT forests have been shown to dictate the loca-
tion of incipient buckling in CNT forests [14]. All these studies
suggest that the interaction between individual CNTs, which is
through van der Waals (vdW) forces, affects the collective
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mechanical response of CNT forests. The extent of this influ-
ence requires further investigation and is the focus of this
work.

VdW forces are intermolecular bonding forces due to inter-
action between permanent or induced dipoles and change by
altering the medium through which the objects interact [23].
We use this fact to intentionally manipulate the interaction
between CNTs in forests. We examine the mechanical behav-
ior of the CNT forests in the presence of solvents in an effort
to investigate the effect of interaction between individual
CNTs on the collective mechanical behavior of CNT forests.
The effects of capillary forces, due to evaporation of fluids
such as solvents, on densification and self-assembly of CNT
forests have been investigated [24-31] and significant in-
creases in the elastic modulus of the CNT forests because of
the densification have been measured [28,29]. However, the
mechanical properties of the CNT forests in the presence of
solvents have not been investigated. In addition to funda-
mental understanding of the factors affecting the mechanical
response of CNT forests, this knowledge is necessary for the
analysis of self-assembly due to capillary forces and also for
applications where a CNT forest wetted by a solvent is under
mechanical loading [32,33]. In the latter case, solvent wetting
was used in a process to coat CNT forest thermal interface
materials at their tips with organic bonding agents to improve
thermal conductance at the contact surface.

Here, we investigate the compressive response and defor-
mation mechanism of CNT forests in the presence of solvents
by flat punch micro-indentation. We report reduction in stiff-
ness relative to the as-grown state after CNT forests are im-
mersed in solvents. We also report increase in stiffness
relative to the immersed state when the CNT forests are den-
sified after solvent evaporation. Further, we find that the stiff-
ness changes between the softened solvent-immersed state
and densified state are reversible and repeatable. Post-evapo-
ration scanning electron microscopy (SEM) imaging of CNT
forests that were compressed in the presence of solvents
and dried under compression reveals that the deformation
mechanism changes from local buckling close to the sub-
strate to the formation of local buckles distributed along the
height and global buckling of CNTs. Three solvents - toluene,
acetonitrile, and IPA - are used to further investigate the rela-
tion between vdW forces and stiffness of the CNT forests. Tol-
uene is shown to produce larger reductions in stiffness than
IPA and acetonitrile. The effect of the three solvents on the
vdW forces between individual CNTs are quantified using
molecular dynamics (MD) simulations. The vdW forces be-
tween individual CNTs in toluene are found to be lower than
in the other two solvents. Our results quantify the effect of
vdW forces between CNTs on the stiffness of CNT forests.
They also show how the change in interaction between CNTs
affects the buckling behavior. These results demonstrate the
importance of interaction between CNTs in the collective
mechanical response of CNT forests and could lead to new
applications of CNT forests.

2. Experimental

The multiwall CNT forests were grown using a low pressure
CVD method on Si substrates coated with Ni (100 nm)/Ti

(30 nm)/Al (10 nm)/Fe (3 nm) as the catalyst stack. The growth
was performed in an Aixtron Black Magic CVD system at a
temperature of 750 °C and a pressure of 10 mbar. Two growth
times were used: 10 and 30 min that resulted in height ranges
of 25-40 and 115-150 um, respectively. Acetylene and hydro-
gen were used with the rates of 100 and 700 sccm respectively.
The average diameter and the average number of walls were
measured using transmission electron microscopy (TEM) to
be 7 nm and 6 respectively. More information on the growth
parameters and TEM images are provided in previous work
[14].

Micro-indentation testing was performed using a 100 pm
diameter cylindrical flat punch in a MTS Nanoindenter XP
nanoindentation system. Short (25-40 ym) and long (115-
150 um) CNTs were indented to 10 and 20 um depth respec-
tively. Strain rate of 0.1s™ ! was used except for test where
the effect of strain rate was investigated (0.01, 0.1, and 1s7*
were used in this case). First, micro-indentation testing was
performed on as-grown samples in air. Then, samples were
immersed in a pool of solvent, covering CNT tips, and similar
indentation testing was performed on the samples in this
state (Fig. 1). The weight of the Si substrates (600 um thick)
prevented the samples from floating in the solvents. Experi-
ments on each sample were performed in a relatively short
time before a significant amount of solvent could evaporate
and decrease the fluid level. Due to the open top of the pool,
the solvent was not constrained and no significant change in
load was detected by contact with the solvent surface. This al-
lowed clear detection of the CNT surface immersed in the
solvent.

3. Simulation model

Molecular dynamics simulations were performed using Gro-
macs 4.5.5 MD simulation software [34] and the OPLS-AA
(optimized potentials for liquid simulations-all atom) model
was employed as the atomistic force field. CNTs with 7 walls,
and outermost and innermost diameters of 6.34 and 2.11 nm,
respectively, were simulated. These are approximately the
same as the average values measured by TEM for the type
of CNTs in the forest studied here [14]. The length of each

Indentation load

/

Flat punch
indenter

Solvent
pool

Holder
CNT forest

Si substrate ;

Fig. 1 - Schematic of indentation of a CNT forest inside a
solvent pool. (A colour version of this figure can be viewed
online.)
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simulated CNTwas 7 nm. An equilibration run (at least 30 ps)
was performed until the total energy of each system reached
a minimal value. Following equilibration, a production run
was performed for at least 30 ps on a microcanonical ensem-
ble, where number of particles, volume and energy of the sys-
tem are held constant, to obtain reliable and statistically
relevant results. The equations of motion were integrated
with a time step of 1 fs. The cutoff distances for vdW interac-
tions were 2.0 nm. In order to quantify the strength of vdW
interactions between CNTs, Hamaker constant of CNTs in
vacuum, A, = V*%, was evaluated where ‘V’ is the vdW
dispersion interaction energy between CNTs, ‘D’ is the sepa-
ration distance between two CNTs and ‘G’ is the effective area
for vdW interactions between the CNTs. The vdW dispersion
interaction energy V between CNTs was evaluated by sum-
ming up the pairwise attractive interactions between atoms
of distinct CNTs. The value of ‘G’ can be defined as (I x w)
and (w x w) for parallel and perpendicular CNTs respectively,
where 1 is the length and ‘w’ is the width of interaction of
each CNT. The value of ‘w’ was obtained using the relation-

ship, w=2\/R? — (R—252)*, where ‘R’ is the radius of the

CNT and ‘D, is the cutoff distance for vdW interactions of
CNTs, which is 2.0 nm. Fig. 2 shows the top view of two par-
allel CNTs where w, R, D. and D are depicted. As the diameter
of the CNT is relatively large (6.34 nm) compared to the cutoff
distance for vdW interactions of CNTs (2.0 nm), the atoms of
the CNTs that are far removed effectively do not interact with
each other. Therefore, we assumed curved surface-surface
vdW interaction between two CNTs to evaluate the Hamaker
constant.

4, Results and discussion

Mechanical response of the samples was tested by a flat
punch in two different mediums: (1) air and (2) immersed in
toluene. Each sample was indented on 20 spots to examine
the uniformity of the samples. Indentation stress was calcu-
lated by dividing the load by the indenter cross section area
and indentation strain was calculated by dividing the inden-
ter displacement by the average height of the CNT forest.

4 Tgldry Short-dry Short-dry
Tall-dry

alf Short-soaked
Tall-soaked

Indentation Stress (MPa)

© 01 02 03 04 05
Indentation Strain

Fig. 3 - Stress—strain curves for dry and toluene-infiltrated

CNT forests with initial average height of 30 (short) and

130 pm (tall). (A colour version of this figure can be viewed

online.)

The stress—strain curves for the case of in-air (dry) and in-tol-
uene (soaked) testing of short (25-40 um) and tall (115-150 pm)
CNT forests are shown in Fig. 3. The tight distribution of the
curves shows the uniformity of the samples. Each stress—
strain curve consists of a stiff section up to the strain of
~0.04 and 0.15 for tall and short CNT forests, respectively, fol-
lowed by a plateau, which continues to the point of unload-
ing. The unloading point started at indentation depth of
~10 pm (strain of ~0.35) for short CNT forests but varied in
the tall CNT forests because of instability caused by the in-
denter sliding into the forest. This sliding instability is associ-
ated with a drop in load. Due to the sudden loss of stiffness,
the indenter moves faster than the prescribed displacement
rate. The tool decreases the load in an effort to decrease the
displacement rate. This variation in the unloading depth did
not cause a significant change in the measured unloading
stiffness. This is supported by the similar slopes in Fig. 3 for
points with different indentation depths.

The deformation mechanism of dry CNT forests grown
with LPCVD recipe is reported in our previous work [14] using
in situ indentation. The deformations are shown in Fig. 4a
(adapted from our previous paper [14]). Local buckles form
progressively from the bottom of CNT forests - i.e., close to
the substrate - from the very beginning of indentation at

Fig. 2 - Top view of parallel open-ended CNTs. R = radius of the CNT; D, = cutoff distance for vdW interactions of CNTs;
D = separation distance between CNTs; w = width of vdW interactions of CNT. (A colour version of this figure can be viewed

online.)
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Fig. 4 - Deformation mechanism of dry and wet CNT forests. (a) Dry sample after in situ indentation (adapted from Ref. [14]
with permission from The Royal Society of Chemistry), (b) dry sample after macro-compression, and (c) wet

macrocompressed and then dried.

the initial stiff part of the load-displacement curve. The sud-
den change of slope and start of the plateau region is related
to the formation of shear off-sets (vertical openings under in-
denter edges that separate CNTs directly under the indenter
from the surrounding CNTs) and sliding of the indenter into
the CNT forest. Visualization of deformation of the wet sam-
ples at the time of indentation is not possible due to the lim-
itations of high magnification SEM imaging in vacuum. Since
the plateau regions for dry and wet samples are similar, slid-
ing of the indenter into the CNT forests similar to the case of
dry samples likely occurs in wet samples. However, the buck-
ling behavior of the wet forest is still unknown due to a lack of
in situ observation.

A different method was used to visualize the deformation
of wet CNT forests to gain insight into their buckling behavior.
We performed macroscale uniaxial compression of dry and
wet samples (immersed in toluene) by pressing 1x 1 cm sam-
ples using known weights to apply pressures up to 700 kPa,
which are in the range applied to the samples in the micro-
indentation experiments. The range of sample heights was
similar to the range of heights tested by micro-indentation,
20-140 pm. All samples were under pressure for more than
6 h to ensure that wet samples were completely dried under
pressure. Because of continuous loading in the drying pro-
cess, the deformation in the wet state is expected to remain
within the CNT forest upon drying. Fig. 4b and c shows the
side view of two representative deformed CNTs after dry
and wet macroscale compression respectively. The buckling
of the dry sample (Fig. 4b) is similar to the results of in situ
indentation of dry CNT forests reported in our previous work
[14] and shown in Fig. 4a, i.e., periodic buckling from the bot-
tom of the CNT forest while the top part remained unde-
formed. Deformation under wet compression is observed to
be substantially different from that under dry compression
(Fig. 4c). Local buckles were distributed along the height and
CNTs were bent globally —i.e., along the entire height — similar
to the Euler buckling mode of columns with a fixed bottom
end and a supported top end. Lines showing the undeformed
parts and local and global buckles are drawn on Fig. 4a-c for
clarification. The bent tips after wet compression (Fig. 4c)
likely increase the area of CNT to surface contact compared
to the case of dry compression with undeformed CNT tips

(Fig. 4a,b), which could explain observations of reduced ther-
mal resistance at a solvent soaked interface [32,33].

The major differences between the load-displacement
curves for the dry and wet indentation are the stiffness of
the CNT forest and the plateau stress. The plateau stress
which is related to the formation of shear off-sets decreased
from ~4 to ~2 MPa by wetting for both short and long CNT for-
ests. The slope in both initial and unloading sections of the
stress-strain curve is smaller for wet samples. Stiffness was
measured by the slope of the unloading curve at the begin-
ning of unloading [35]. Wetting the CNT forest with toluene
decreased the stiffness from 62.1+13.8 and 36.2+4.0 to
12.1+0.8 and 7.4+ 0.5 kN/m in the short and long CNT for-
ests, respectively. Harmonic (dynamic) stiffness measure-
ments were also performed with 10 nm amplitude along the
indentation path. This method provides unloading stiffness
information as a function of indentation depth. The plots
showing the trends of harmonic stiffness with indentation
depth are shown in Fig. 5. Stiffness increases by increasing
depth until the point of shear off-set formation where there
is a drop in the stiffness. In both dry and wet states, the max-
imum harmonic stiffness for the short CNT forest is higher
than that for the tall CNT forest. This is consistent with our
previous report [14]. The results also show that harmonic
stiffness decreases by soaking samples in solvents for both
sample heights.

Two other solvents — namely acetonitrile and isopropyl
alcohol (IPA) - were used to wet CNT forests and indentation
testing was performed on them at a minimum of 10 points.
Similar to toluene, these two solvents decreased the stiffness
of the CNT forests. The extent of stiffness reduction by sol-
vent infiltration depended on the original stiffness of the
CNT forest (i.e., stiffness before hydration). Nine samples
with different stiffness were mechanically tested before and
after being soaked in the solvents (three samples with each
solvent). The reduction in the maximum harmonic stiffness
(the stiffness before the formation of shear offsets) versus
the original maximum harmonic stiffness is shown in Fig. 6.
The error bars show the standard deviation of the values
measured at different points on each sample. There is an
overall increase in the stiffness reduction with the increase
in the initial stiffness of the CNT forests. The relationship ap-
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Fig. 5 - Harmonic stiffness for dry and toluene-infiltrated CNT forests with initial average height of (a) 30 pm and (b) 130 pm.

(A colour version of this figure can be viewed online.)
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Fig. 6 — Change of reduction in the maximum harmonic
stiffness with the original maximum harmonic stiffness for
samples wetted with the three solvents. (A colour version of
this figure can be viewed online.)

pears to be approximately linear for every solvent with a
slope in the range of 0.4-0.5. The difference between the
trends for the acetonitrile and IPA is not statistically signifi-
cant. However, toluene causes slightly larger stiffness reduc-
tion compared to the other solvents.

In our previous work [14], we showed that under compres-
sive loading, local CNT aerial density and tortuosity along the
height of CNT forests determine the location of incipient
buckling within the CNT forests. We suggested that a greater
number of contact points between CNTs cause extra con-
straints, which make the CNTs less prone to bending and
buckling. Here we suggest that the effects of solvent on the
stiffness and deformation mechanism of the CNT forests
are related to the change of constraints at CNT contact points,
i.e., the change in strength of the constraint at each existing
contact point. We suggest that the collective stiffness of
CNT forests can be expressed in a simple form as a combina-
tion of two elements,

S = Sina + Svaw- (1)

The first element (Sing) is the summation of stiffness of
individual CNTs such as axial compression stiffness and
bending stiffness. This stiffness is equivalent to the stiffness
of a CNT forest with similar morphology in which individual
CNTs do not “see” each other, i.e., do not interact. The second
component (Syqw) originates from the interactions between
CNTs - mostly at contact points — which provide mechanical
support and constraint opposing deformation. Interaction

Load

\K Original CNT

Movement
direction
\ Deformed
’CNT CNT CNT

(a) (b)

Fig. 7 - (a) Schematic of deformation of a piece of a curved
CNT. (b) Schematic of pieces of two CNTs in contact; different
preferred directions of movement of CNTs at contact points
are shown with arrows. (A colour version of this figure can
be viewed online.)

between CNTs at the contact points is via vdW forces which
are due to the interaction between induced dipoles [23] of
adjacent CNTs. Under compressive loading, a curved piece
of a CNT tends to move laterally in addition to the downward
deformation. Fig. 7a shows schematically a simple example of
this bending behavior and the movement of the red circle
demonstrates the lateral movement of the CNT. Because adja-
cent CNTs can move in three dimensions, there is a high
probability that curved CNTs tend to move in different direc-
tions at contact points as illustrated in Fig. 7b. The vdW adhe-
sion force between them opposes the deformation in
different directions and, therefore, produces a stiffness that
is higher than in the case of two non-interacting CNTs. A
medium that fills the space between the two CNTs diminishes
the dipole-dipole interaction and reduces the vdW force be-
tween them. This occurs when any two objects are immersed
in a medium [23]. S,qw decreases with the reduction in vdW
attraction forces between CNTs and, as a result, the effective
stiffness of the CNT forest as measured in the indentation
testing (S) decreases. The fact that the reduction in stiffness
by solvent increases with the increase in original stiffness
(Fig. 6) shows that S,4w is larger for the CNT forests with lar-
ger S and, therefore, reduction of the vdW forces has a more
significant effect on their stiffness. Larger S,sw in stiffer
CNT forests is reasonable to expect because the higher
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stiffness is due to an increased density of CNTs in the forest,
which would produce a relative increase in S,sw, and/or a
reduction in CNT height, which would produce an increased
average aerial density of CNTs in the forest [14,36], and conse-
quently a relative increase in S,4w The effect of solvent on the
interaction between CNTs could also be used to explain the
change in the buckling behavior (Fig. 4). Property gradients,
which cause buckles to be concentrated at the bottom of
dry CNT forests, are due to change in the aerial density of
CNTs and change in the interaction between CNTs. The latter
is less significant in a CNT forest immersed in a solvent due to
smaller vdW forces between CNTs. This is likely the reason
for the observation of local buckles distributed along the
height (not concentrated at the bottom) and also global (Euler)
buckling of CNTs in the case of CNT forests in solvent. Euler
buckling was previously observed for CNT forests with a les-
ser degree of tortuosity and interaction [11,14].

While modeling the entire structure of a CNT forest with
many high aspect ratio CNTs is difficult and out of scope of
this paper, we employed theoretical and numerical tools to
quantify the reduction in the vdW forces at individual CNT
contact points. This is useful for identifying the distance
range in which vdW interactions between individual CNTs
are significant and for comparing the effect of different sol-
vents. The values of the vdW forces are directly proportional
to Hamaker constant, which depends on the macroscopic
properties of the interacting objects and the medium such
as dielectric constant and refractive index [37]. Effective value
of the Hamaker constant A;»; for evaluating the vdW forces
between similar bodies (1) in a medium (2) can be estimated
[23] using the values of Hamaker constant for the medium
A, and for the objects in vacuum A4,

2
A1 = (Aﬂz - A;£2> 2)

We evaluated the vdW interactions between multiwall
CNTs in vacuum using molecular dynamics (MD) simulations.
The Hamaker constant (A,,) of air is approximately zero [38].
Therefore, the Hamaker constant and interaction energy cal-
culated here in vacuum could be considered as the values in
air. Since vdW interaction energy between two CNTs varies
with the orientation angle between the axes of the CNTs
[39], we simulated two distinct configurations where the
two CNTs are parallel and perpendicular to each other. The
data from these two extreme configurations is expected to
approximately determine the range of interaction energy for
CNTs at any contact angle. Fig. 8a,b shows the side views of
the simulated configurations. From simulations we obtained
time-averaged vdW attractive interaction energy, V, and Ha-
maker constant, A, between two CNTs at different distances
for both configurations (details in Section 3). Fig. 8c shows
the absolute value (magnitude) of the calculated time-aver-
aged vdW interaction energy between CNTs in vacuum at var-
ious separation distances between 0.35nm (approximately
twice the vdW radius of a carbon atom) and 1 nm for parallel
and perpendicular configurations. The magnitude of the vdW
interaction between CNTs decreases with increased separa-
tion distance following a power function relation for both par-
allel and perpendicular configurations. The vdW interaction
between two CNTs at 1 nm distance is at least an order of

magnitude weaker than the interaction between two CNTs
in contact i.e., ~0.35 nm distance. This further demonstrates
that mechanical constraints due to vdW interaction between
CNTs are effective primarily at the contact points as concep-
tualized in Fig. 7b. The vdW interaction between CNTSs is
greater when they are parallel to each other because a greater
number of CNT atoms are in close proximity compared to the
perpendicular configuration, especially at relatively small
separation distances.

The Hamaker constant of CNTs in vacuum calculated by
MD and the Hamaker constant for the solvents — 54 zJ for tol-
uene [23], 42 z] for acetonitrile [40], and 36 zJ for IPA [41] —
were substituted in Eq. (2) to obtain the Hamaker constant
for the CNTs in the solvents. Fig. 8d shows the Hamaker con-
stant of CNTs in vacuum and in the three solvents at various
distances for both parallel and perpendicular configurations.
The results demonstrate that Hamaker constant of CNTs de-
creases with the increase of distance for all the cases, which
qualitatively agrees with results of Rajter et al. [42]. Similar
trends are also observed for parallel and perpendicular CNTs
in the three solvents. The results illustrate that the Hamaker
constant for CNTs is greater in vacuum than that in solvents
due to solvent induced reduction of attraction forces. Sol-
vents as the medium reduced the Hamaker constant to
~20-60% of the original value. This range is independent of
the length of CNTs. For parallel CNTs, this is because interac-
tions in both dry and wet cases increase with the same ratio
by increasing CNT length. For perpendicular CNTs, an in-
crease in CNT length has no effect on interactions between
CNTs because the distance between atoms increases with in-
creased CNT length. While acetonitrile and IPA produced sim-
ilar values of Hamaker constant, toluene produced slightly
lower Hamaker constant compared to the other two solvents.
This is probably the reason for the similar effects of acetoni-
trile and IPA on the measured stiffness and higher reduction
in stiffness produced with toluene (Fig. 6). Toluene producing
the lowest Hamaker constant and highest stiffness reduction
provides evidence of the significant effect of vdW forces on
the collective stiffness of the CNT forests.

Wet-dry cycling of CNT forests was performed on multiple
samples using different solvents to investigate the repeatabil-
ity of the tailoring of mechanical properties and further dem-
onstrate the significant effects of altered vdW interactions on
mechanical properties. Each cycle included immersing a CNT
forest in solvent and then drying at room temperature. Inden-
tation was performed in a minimum of five points on the
samples in the wet state and in the dry-out state after solvent
evaporation. Wetting and drying for three cycles were per-
formed on a short and a tall CNT forest using acetonitrile.
The harmonic stiffness change with indentation depth for
the short and long CNT forests are shown in Fig. 9a,b respec-
tively. Furthermore, ten wet-dry cycles were performed on a
short CNT forest using IPA to ensure that changing the sol-
vent or increasing the number of cycles does not change the
repeatability. The stress-strain and harmonic stiffness curves
for this cycling test are shown in Fig. 9c,d respectively. Maxi-
mum harmonic stiffness for these three tests on a short CNT
forest using acetonitrile, a tall CNT forest using acetonitrile,
and a short CNT forest using IPA are shown in Fig. 9e-g
respectively. The samples in the wet state have lower stiffness
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than the original stiffness, and in the dry-out state they have
higher stiffness than in the wet state. All dry-out data points
in Fig. 9e-g are enclosed in rectangles for clarification. These
trends are independent of the height (in the range tested) and
the type of solvent. The higher stiffness at the dry-out state is
due to the densification of CNT forests due to capillary forces,
which is widely reported [24-31]. The samples at the dry-out
state also possess a large variation in the stiffness demon-
strated by the error bars, which are on average at least twice
as large as the error bars in the original or wet states. This is
due to surface non-uniformity after densification; only a part
of the indenter area is in contact with the CNT surface, and
this contact area varies from point to point. Stiffness in the
wet state generally decreases with increased cycles up to
the fifth cycle. This is likely due to reconfiguration of the
CNT morphology and contacts during evaporation due to cap-
illary forces. The ten cycle test shows that the stiffness at
both wet and dry-out states reach a plateau region at the fifth
cycle and do not change significantly up to 10 cycles. This
shows that the tailoring of mechanical properties of the
CNT forest using solvents is repeatable and reversible.
Another scenario to possibly explain the effect of solvent
on the stiffness reduction is viscous drag. A fluid flow perpen-
dicular to the CNT nominal alignment direction is produced
by the vertical movement of the indenter and applies a trans-
verse load on the CNTs. The CNT forests are expected to be
relatively weak in the transverse direction and, therefore,
have lower stiffness in this direction. To investigate the signif-

icance of this effect or any other load-carrying role of sol-
vents, we performed strain rate testing of CNT forests with
and without a solvent. Toluene was chosen and the results
are shown in Fig. 10. Since stress and strain rate are propor-
tional in fluids in general [43,44], changing the strain rate is
expected to produce a sensible change in stiffness of CNT for-
ests in solvents if the solvent is carrying a significant part of
the stress (e.g., as a lubricant). Stiffness increases by 30% in
the case of dry CNT forest for strain rates of 0.1-1s~*. This
could be related to the viscoelastic nature of dry CNT forests,
which has been shown in previous reports [9,45,46]. However,
changing the strain rate by two orders of magnitude produced
no significant change in stiffness of wet CNT forest. This
shows that the effect of viscous drag is not a principal con-
tributor to the reduction in the stiffness of soaked CNT forest.
The results presented here agree qualitatively with previ-
ously reported effects of fluids on the mechanical properties
of buckypaper or porous CNT mats. Whitten et al. [47] studied
the effects of fluids on the elastic modulus of buckypaper
using tensile testing of strips of buckypaper. The testing
was performed on dry samples as well as samples soaked in
water and the ionic liquid 1-butyl-3-methyl-imidazolium tet-
rafluoroborate. They measured lower modulus in the pres-
ence of fluids. As the interaction between CNTs in
buckypaper have been reported to be dominant by vdW forces
[48], the effect of the solvent on the elastic modulus of the
buckypaper seems to be consistent with the effect of vdW
forces on the stiffness of CNT forests revealed in this work.
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5. Summary

Effective stiffness and the deformation mechanism of CNT
forests were evaluated in dry and solvent-soaked conditions
by micro-indentation using a 100 ym diameter flat punch.
We found that stiffness decreases when solvents are used

as medium and that the reduction in stiffness is higher for
a CNT forest with a higher original stiffness. In addition,
soaking changed the deformation mechanism in compres-
sion tests. While dry CNT forests experienced local buckling
concentrated at the bottom of the CNT forest, local buckles
along the entire height and global buckling of the entire
length of CNTs occurred in soaked CNT forests. MD simula-
tions were also performed to quantify the vdW interaction
forces between individual CNT contact points. The combina-
tion of our experimental and numerical studies provides evi-
dence that the change in vdW forces at CNT-CNT contacts by
soaking CNT forests is the major reason for the change in
stiffness and deformation mechanism. Nanoindentation tests
as a function of strain rate showed that viscous drag did not
cause significant effects. The repeatability of the stiffness
change with soaking was examined. Stiffness decreased more
significantly in the cycles following the first cycle and reached
a plateau value. The results suggest that soaking CNT forests
in solvents could be useful for applications such as interface
materials [49,50] where lower stiffness of CNT forests and
higher contact area with adjacent surfaces are needed and
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any application that demands reversibility and repeatability
of deformation.
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