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ABSTRACT: The adhesion of carbon nanotube (CNT)
forests to their growth substrate is a critical concern for many
applications. Here, we measured the delamination force of
CNT forest micropillars using in situ scanning electron
microscopy (SEM) tensile testing. A flat tip with epoxy
adhesive first established contact with the top surface of
freestanding CNT pillars and then pulled the pillars in
displacement-controlled tension until delamination was
observed. An average delamination stress of 6.1 MPa was
measured, based on the full pillar cross-sectional area, and
detachment was observed to occur between catalyst particles
and the growth substrate. Finite element simulations of CNT
forest delamination show that force and strain are
heterogeneously distributed among CNTs during tensile loading and that CNTs progressively lose adhesion with increased
displacement. Based on combined experiments and simulations, an adhesion strength of approximately 350 MPa was estimated
between each CNT and the substrate. These findings provide important insight into CNT applications such as thermal
interfaces, mechanical sensors, and structural composites while also suggesting a potential upper limit of tensile forces allowed
during CNT forest synthesis.
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1. INTRODUCTION

CNT forests are populations of CNTs that self-assemble into
vertically oriented films during synthesis. The chemical vapor
deposition (CVD) processing of CNT forests is amenable to
scale-up,1 making CNT forests appealing for applications
including thermal interfaces,2,3 mechanical sensing,4,5 electrical
vias and interconnects,6,7 composite materials,8−10 and dry
adhesives.11,12 While these applications rely on the robust
adhesion of CNTs to their growth substrate, anecdotally, CNT
forest adhesion to a growth substrate is often considered to be
weak. Characterizing and understanding the mechanisms of
CNT−substrate interface adhesion is an important step toward
realizing CNT forest-based applications and devices.
Various methods have been used to study the adhesion of

CNT forests to substrates including scratch testing,13,14 peel-
off testing,15 indentation,16 sonication,17 and removal by AFM
tip.18 The diversity of test methods leads to variable
mechanical loading conditions and different delamination
metrics. The direct CNT forest removal from SiC wire
substrates was achieved using an adhesive tape peel-off
method. The average delamination stress measured by this
method was 0.28 MPa for as-grown CNT forests and 0.5 MPa
after annealing the CNT forest after growth at 950 °C in Ar.15

In a separate study, CNT forest buckling induced by
indentation produced localized CNT delamination in and

around the indented area, with an estimated delamination
stress of 0.4−0.8 MPa.16 Both of these tests applied mixed
loading conditions consisting of combined axial tension and
shear. Direct tensile loading supplied by an AFM tip to large-
diameter CNTs measured an adhesion force of 2−8 μN/CNT
for CNTs with outer diameters ranging from 70−110 nm.18

Scratch testing is an alternative adhesion testing methodology
that measures the lateral force obtained by translating a tip
through a CNT forest while the tip retains contact with the
growth substrate. After subtracting the background frictional
load provided by the substrate itself, the resulting energy is
determined by integrating the measured lateral force across a
given scratch length. This energy is attributed to debonding
CNTs from the substrate. With this technique, a delamination
energy of 3 pJ/CNT was found when using a copper substrate
and 0.6 pJ/CNT on a silicon substrate.13 A similar scratch test
measured the delamination energy of 13−44 pJ/CNT for
CNT forests synthesized on stainless steel.14 While scratch test
results are relatively straightforward to obtain, the contribu-
tions of CNT forest deformation and friction between CNTs
and the substrate to the energy measurement are not apparent

Received: June 7, 2019
Accepted: September 3, 2019
Published: September 3, 2019

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2019, 11, 35221−35227

© 2019 American Chemical Society 35221 DOI: 10.1021/acsami.9b09979
ACS Appl. Mater. Interfaces 2019, 11, 35221−35227

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IS
SO

U
R

I 
C

O
L

U
M

B
IA

 o
n 

M
ay

 2
6,

 2
02

0 
at

 2
1:

51
:2

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b09979
http://dx.doi.org/10.1021/acsami.9b09979


and are not considered in reported results. Contact adhesion
experiments in which the free ends of CNT forests are in
contact with an external surface, may also provide insight into
CNT forest delamination strength. These tests may be
considered a lower bound of delamination strength because
CNTs are not debonded from their growth substrate during
the test. Single-walled CNT (SWNT) forests whose free tips
are adhered to glass achieved an adhesion strength of 0.29 MPa
between the CNTs and the glass in the normal direction19 and
1.0 MPa in shear.20 CNT pillar contact adhesion to a sapphire
indenter tip produced an adhesion strength of 26 kPa after a
compressive preload of 80 kPa.21 Qualitative CNT forest
adhesion measurements have also been reported. In these tests,
substrate-adhered CNT forests were sonicated in a buffer
solution, and adhesion strength was judged by the fraction of
CNTs that remained on the substrate after sonication.17

Results from these tests demonstrated that microwave
exposure of CNT forests after synthesis improved substrate
adhesion by subsurface diffusion of Ni catalyst particles into a
20 nm Ti support layer.17 To further obscure the interpretation
of the results obtained by these methods, it is worth noting
that the catalyst, catalyst support layers, and synthesis
conditions were different among all studies. It is also unclear
if the CNTs were grown from the base-growth or tip-growth
mechanism, obscuring the nature of the CNT−catalyst−
substrate interfaces.
Postsynthesis processing of CNT forests to promote forest

delamination has been reported using a variety of techniques.
Direct CNT forest transfer from a growth substrate to a new
host substrate consisting of polymer, functionalized SiO2, or
soft metallic foils, has been reported extensively.22−26 In these
transfer processes, the new host substrate was placed in contact
with the free surface of a CNT forest in the presence of heat
and/or compression. Adhesion between the free ends of the
CNT forest and the new host substrate exceeded that provided
by the growth substrate, resulting in a direct transfer process.
In another process, CNT forest substrates were dipped into
heated water. The water imparts a thermocapillary force that
was sufficient to delaminate the forest from its substrate.27 Gas-
phase oxidation achieved by introduction of CO2,

28 water
vapor,26,29 or oxygen30 immediately after CNT synthesis has
also been used to weaken the CNT forest adhesion to their
growth substrates. Finally, the drawing and spinning of CNT
yarns31 from a CNT forest selectively delaminate CNT forests
from their growth substrate to form a continuous fiber.
Unfortunately, to date, these processes have not been
instrumented to provide quantitative estimates of CNT
adhesion strength.
Here, we demonstrate the use of an instrumented in situ

SEM mechanical test frame to apply uniaxial tension to CNT
forest micropillars for straightforward mechanical interpreta-
tion. Epoxy adhesive was first applied to the top surface of the

micropillars using a flat tip, and then uniaxial tension was
applied once the epoxy had cured. Previous in situ SEM
mechanical tests have compressed CNT forests19,32 and CNT
forest micropillars20,33−36 using a flat compression platen for
uniaxial compression, but to the best of our knowledge, this is
the first report of tensile loading for pristine CNT forests. SEM
examination of the substrate delamination region and the
delaminated surface of CNT forests provide insight into the
detachment mechanisms. The delamination process was also
studied using a finite element simulation to first synthesize
CNT forests with similar characteristics as those examined
experimentally and then delaminate those forests from the
substrate. For clarity of terminology, we will define CNT forest
delamination stress as the force required to remove a
monolithic forest structure from the growth substrate divided
by its apparent cross-sectional area, while CNT adhesion
strength is defined as the stress required to remove a single
CNT from the growth substrate.

2. EXPERIMENTAL SECTION
The CNT forest pillars were synthesized on (100) silicon wafers
coated with 300 nm of thermally grown SiO2 by patterning an Fe/
Al2O3-supported catalyst layer by lift-off photolithography. The
supported catalyst layer, 10 nm of Al2O3 and 1 nm of Fe, was
sequentially deposited by electron beam evaporation. The patterned
substrate was placed in a quartz tube furnace for the CNT growth. A
catalyst preconditioning phase begins by flowing 100/400 sccm of
He/H2 while ramping the furnace to 775 °C over 10 min. Holding at
775 °C, 100 sccm of C2H4 is added to the He/H2 stream for 3 min,
proceeded by 7 more min without the C2H4. The catalyst film is then
annealed at 775 °C under the same He/H2 flow for 10 min after
which the gas flow is changed to 400/100/100 sccm of He/H2/C2H4
at 775 °C for CNT nucleation and growth for approximately 30 s to
produce 100 μm tall CNT pillars. The C2H4 flow was extinguished to
end growth, and the furnace was allowed to cool to 100 °C. A purge
of 1000 sccm of He was maintained for 5 min before the samples were
retrieved. Characterization of CNT forests produced by this process37

has determined that this process generates multiwalled CNTs with an
average diameter of 11 nm and a CNT areal density of 5 × 1010

CNT/cm2. The log−normal diameter distribution may be found in
the Supporting Information. Based on previous in operando TEM
observations, the CNTs nucleate and grow via the base-growth
mechanism, whereby the catalyst resides at the substrate surface for
the duration of CNT growth.37,38 Further, the catalyst precondition-
ing process has been shown to fully reduce the Fe catalyst to Fe0 prior
to CNT forest synthesis, leading to increased catalytic activity.39

An in situ SEM mechanical test frame (MicroTesting Solutions)
was used to perform all uniaxial delamination tests, as shown
schematically in Figure 1. A 100 μm diameter cylindrical sapphire tip
was used as a platen to interface with the free (top) surface of the
CNT forest pillars. The CNT micropillar substrate was placed on a
piezoelectric stage having 3 translational degrees of freedom. Just
prior to evacuating the SEM (FEI Quanta), a small quantity of 3 M
epoxy (08107) was applied to the free end of the cylindrical test tip by
pressing a thin film of the epoxy to the tip, and the SEM chamber was

Figure 1. Adhesion of a CNT forest micropillar to an epoxy-coated test tip. (a) Schematic of epoxy application, pillar alignment, pillar insertion
into epoxy, and epoxy curing. (b) SEM image showing the application of epoxy to the top surface of a cylindrical CNT forest micropillar.
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evacuated. The epoxy was retained on the tip by surface tension.
During the approximately 2−3 min required to attain an appropriate
SEM chamber pressure for imaging, the tip with epoxy was positioned
to a working distance of 100 μm above the sample. Upon attaining the
appropriate vacuum pressure to enable SEM imaging, the test frame
sample stage was positioned under the epoxy bulb. A CNT pillar was
positioned under the tip and then gently raised into contact with the
epoxy by using SEM imaging. Vertical travel of the sample was ceased
after the free tips of the CNT forest were embedded approximately
1−2 μm into the epoxy. The epoxy accepted the CNT free ends
without excessive wicking away from the contact area and without
imposing unintended surface tension forces at the top surface of the
pillar (judged by the lack of deformation of the CNT forest in the
vicinity of the contact). An SEM image of a 30 μm diameter CNT
forest micropillar in contact with the epoxy tip is shown in Figure 1b.
It was experimentally determined that the epoxy had a working time
of less than 10 min before achieving a viscosity that was too large to
freely accommodate the CNT forest. After positioning of the tip onto
the micropillar, the epoxy was allowed to cure in vacuum within the
SEM, with the electron beam off, for a duration of 3 h or greater.
Uniaxial tensile displacement was applied to the top surface of

CNT forests pillars by moving the sample stage away from the
sapphire tip using the piezoelectric stage motor. Translating the
substrate rather than the tip enabled a rapid and “on the fly”
application of displacement throughout the test, rather than a
prescribed computer-controlled displacement rate. The tensile force
was measured using a 50 gram load cell located in series with the
indenter tip. The application of displacement was applied stepwise to
allow SEM images to be acquired between displacement increments.
For these tests, discrete displacement steps of between 5−20 nm were
implemented. The cured epoxy was viscoelastic such that stress and
strain were relieved between applications of displacement steps. The
viscoelastic compliance of the epoxy complicated the measurement of
a true displacement of the CNT tips relative to the substrate;
however, the force measured by the load cell accurately represented
the load transmitted to the CNT forest.

3. RESULTS AND DISCUSSION

Figure 2a shows an SEM image of a delaminated CNT
micropillar after tensile loading. After CNT forest delamina-
tion, the lithographically defined catalyst pads of three
delaminated pillars were recognizable, as seen in Figure 2b.
The stress versus time plot for a representative delamination
experiment, shown in Figure 2c, readily shows the step
increases in tensile force due to displacement steps, followed
by a gradual viscoelastic recovery. The rate of viscoelastic
recovery increased in proportion to the applied tensile load.
Near the end of the test, tensile displacement was rapidly
applied at a constant rate to counteract viscoelastic relaxation
of the epoxy, as reflected by the nearly linear increase in tensile

force with time. The tensile stress increased linearly until a
peak at approximately 3 MPa, followed by an abrupt drop, as
observed in Figure 2c. The rapid drop to a neutral stress
indicates a rapid delamination of the CNT pillar. The peak
stress achieved during the test represents the delamination
stress of the CNT pillar from the substrate.
CNT forest pillars with square and circular cross sections

with width or diameter of 30 and 100 μm were examined.
Delamination stresses of 3.0, 7.9, 14.2, 4.0, and 1.4 MPa were
measured (based on the pillar cross-sectional area). These tests
provide a mean value of 6.1 MPa with a standard deviation of
5.1 MPa. The large standard deviation may result from a
limited data acquisition rate (10 Hz) relative to the speed of
delamination; sample-to-sample variation in CNT diameter,
morphology, or areal density between pillars; or undesired
prestrain imparted by the slightly tapered CNT forest pillar
profile (see Figure 2b). Large sample-to-sample variation has
also been observed in alternative methods.15

The delamination region on the growth substrate (Figure
3a) exhibits small dark pits with diameters on the order of 10

nm, suggesting that catalyst nanoparticles were lifted from the
growth substrate during CNT forest removal and that the
delamination mechanism occurred at the interface between
catalyst particles and the substrate rather than that between the
CNTs and catalyst particles. To further support this claim, we
observe that the delaminated surfaces of the CNTs are closed,
as shown in Figure 3b. Also present in the delaminated region
are numerous short (<1 μm) CNTs. We believe that these
remaining CNTs were sufficiently short that they lacked
entanglement within the bulk forest. As a result, these CNTs
experienced either no tensile force, or the tensile force was
sufficient to overcome the van der Waals forces bonding these
CNTs to other CNTs within the forest. Previous in situ SAXS
measurements showed that the number density of CNTs

Figure 2. SEM images of (a) a delaminated CNT forest micropillar (30 μm diameter) and (b) a host silicon growth substrate with three
delaminated CNT pillars (100 × 100 μm cross section). (c) Tensile stress (defined as load divided by pillar cross-sectional area) was applied
stepwise, with a maximum delamination stress of 3 MPa. Note that stress relaxation occurred between incremental stepwise displacements.

Figure 3. SEM micrographs showing (a) the substrate region in which
CNT forest micropillars were delaminated from their growth
substrate and (b) the CNT forest delamination surface showing
closed CNT ends.
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within a growing CNT forest increases for the first 100 s of
growth,36,40 indicating that CNTs continually nucleate and
grow within the initial stages of CNT forest growth and self-
assembly. The current CNT forest growth time of 30 s is well
within this regime of increasing nucleation and growth density,
and the existence of short, newly nucleated CNTs could be
explained by the previous SAXS measurements. An alternative
explanation for the short CNTs would be that these CNTs
represent CNT fragments of longer CNTs that were well
anchored to the substrate and fractured due to high tensile
stress; however, the loads provided in the delamination
experiments were well below the yield strength of CNTs, as
discussed in more detail later.
Further analysis of the substrate delamination region was

conducted to estimate the areal density of pits, CNTs, and
inactive catalyst particles. Each was counted manually using
ImageJ software.41 Example images may be found in the
Supporting Information in which the pits, CNTs, and inactive
catalyst particles were counted and identified within the image
shown in Figure 3a. Based on this analysis, the approximated
areal density of pits was 1.37 × 108/cm2, the density of
unreacted nanoparticles was 1.01 × 108/cm2, and the density
of CNTs was 2.26 × 1010/cm2. While the manual SEM
counting provides an order of magnitude estimate rather than a
precise measurement, these results are in qualitative agreement
with SAXS measurements that suggest an increasing number of
the CNTs activate during the early stages of CNT forest
growth and self-assembly.
Based on the average pillar delamination stress of 6.1 MPa,

the approximate adhesion strength for individual CNTs was
estimated. An average delamination force of 12.2 nN/CNT
was obtained by dividing the delamination stress by the
representative CNT areal density of 5 × 1010 CNT/cm2. Even
if the tensile load is assumed to be evenly distributed among
CNTs, the tensile stress imparted to each catalyst particle will
vary based on the distributed cross-sectional area of each CNT.
An estimation of the average CNT adhesion strength was
conducted by considering the average CNT delamination force
(12.2 nN), and the distributed cross-sectional area provided by
CNTs within the population. The adhesion strength was
defined relative to the cylindrical CNT cross-sectional area
because the contact area between catalyst particles and the
substrate may be ill-defined and because the stress carried by
CNTs at loss of adhesion may be directly compared between
different reports. The numerical calculation used a Monte
Carlo method to select CNT diameters from within the log-
normal diameter distribution for a population of 1 × 106

CNTs. The inner diameter of each CNT was set as 65% of the
outer diameter. The Monte Carlo simulation was run for 100
distinct realizations. The mean adhesion stress was computed
using the equation

∑σ =
=N

F
A

1

i

N

m
1

d

c,i (1)

where σm is the mean adhesion strength, N is the number of
CNTs (1 × 106), Fd is the average delamination force (12.2
nN), and Ac,i is the cross-sectional area of each CNT sampled.
This estimation method produced a mean adhesion stress of
269 MPa and a standard deviation of 0.35 MPa.
To better understand how the nonuniform load sharing and

complex CNT forest morphology influenced the experimen-
tally measured delamination force of a CNT forest pillar, a
finite element mechanical simulation was employed. Briefly,
nominally 100 μm tall CNT forests were synthesized in silico
using a 2D finite element simulation.42−44 The simulation span
was 30 μm to replicate the diameter of a representative CNT
forest pillar shown in Figure 1. A total of 670 CNTs were
contained within the simulation domain, corresponding to an
average CNT−CNT spacing of 44.8 nm (consistent with a
CNT density of 5 × 1010 CNT/cm2). The outer diameters of
the CNTs were assigned based on a log−normal cumulative
density function in which the mode was 10 nm. The simulated
growth of CNT forests assumed a Gaussian population growth
rate distribution characterized by a mean of 60 nm/step and a
standard deviation of 3 nm/step. A total of 1500 simulated
growth steps were employed to achieve a CNT forest height
on the order of 100 μm.
After the simulated CNT synthesis, tensile displacement was

applied to the top surface of the simulated forest. To replicate
the encapsulation of the top surface in a rigid epoxy, all CNT
nodes within 2 μm of the top surface were assumed to be
rigidly affixed to a surface that translated vertically at 1−2 nm
per time step. The cumulative load was computed at each time
step by summing the vertical component of force acting on
each node within the simulated epoxy. Each CNT node
residing at the growth substrate was assigned an identical
adhesion strength, with separate simulations considering
adhesion strengths of 200, 300, and 400 MPa. If the stress at
the interface exceeded the adhesion strength, the CNT was
removed from the substrate.
A representative curve of the simulated tensile force versus

displacement is shown in Figure 4a for a CNT forest having a
substrate adhesion strength of 400 MPa for each CNT. The

Figure 4. (a) The simulated tensile load and percentage of adhered CNTs as a function of vertical displacement. (b) The simulated CNT forest
delamination force for five representative CNT forests vs CNT adhesion strength. An average delamination force of 12.2 nN per CNT was
observed experimentally, corresponding to a cumulative delamination force of 8.17 μN in the simulations (with 670 CNTs), denoted by the dashed
horizontal line. (c) The length of each delaminated CNT was plotted as a function of the tensile displacement at which the CNT detached. A linear
trend line indicates that shorter CNTs delaminate at early stages of tensile loading. All simulations used a CNT−CNT spacing of 44.8 nm,
corresponding to a CNT density of 5 × 1010 CNT/cm2.
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loading slope initially increases linearly with displacement
before reaching a maximum and rapidly decreasing. The
decrease in slope can be directly correlated to a decrease in the
number of adhered CNTs, as also shown in Figure 4a. The
peak load of approximately 8.7 μN, denoted as the CNT forest
delamination force, is achieved at approximately 65 nm
displacement, followed by a decrease in force and quantity of
adhered CNTs. The CNT forest completely delaminated at
200 nm displacement, denoted by both zero force and zero
adhered CNTs.
Simulations were conducted using five distinct CNT forests

grown from different stochastic parameter selections. The
delamination simulations examined uniform CNT adhesion
strengths of 200, 300, and 400 MPa, with resulting CNT forest
delamination forces shown in Figure 4b. Note that horizontal
line at 8.17 μN in Figure 4b represents the cumulative load
required to match the experimentally obtained average
delamination force of 12.2 nN/CNT. Based on simulations,
the experimental CNT delamination force corresponds with a
CNT adhesion strength of approximately 350 MPa (Figure
4b). This CNT adhesion strength exceeds the Monte Carlo-
based estimation of 269 MPa, likely because the finite element
simulation explicitly considers nonuniform load distribution
and the progressive loss of CNT adhesion. Note that the
adhesion strength is significantly less than the yield strength of
multiwalled CNTs (11−63 GPa), indicating that CNTs
observed on the catalyst pad after delamination experiments
were likely short CNTs rather than fractured CNT segments.
The tensile displacement at which each CNT delaminated

was examined relative to the individual CNT length and cross-
sectional area. Because each CNT was assigned an identical
adhesion strength, it may be anticipated that small-diameter
CNTs would experience higher strain and thus lose adhesion
first. Surprisingly, no correlation between delamination
initiation and CNT diameter was found. Rather, a positive
trend between CNT length and the delamination was
observed. A plot of CNT delamination as a function of CNT
length and tensile displacement is shown in Figure 4c. The
linear trend line shows that CNT delamination progresses

from the shortest to longest CNTs within the population. The
shortest CNTs in the forest are typically vertically oriented,
with little excess waviness to accommodate tensile loading.
Longer CNTs can accommodate tensile strain by straightening,
whereas shorter CNTs directly transmit the load to the
substrate. These results indicate that short CNTs dispropor-
tionately carry tensile force to the substrate during initial
displacement and serve as initiation sites for delamination. The
trend of relatively straight CNTs delaminating before wavy
CNTs may be seen qualitatively in Figure 5 and a time-
sequenced video provided in the Supporting Information.
The stress distribution at the base of the CNT forest was

highly nonuniform throughout the tensile loading cycle
because of natural variations in CNT tortuosity, length, and
diameter. A representative progression of CNT morphology
and interfacial stress generated by each CNT during a
delamination simulation is shown in Figure 5a,b. The CNT
adhesion strength was 350 MPa in the simulation depicted in
Figure 5, indicated by a horizontal line in Figure 5b. CNTs
with tensile stress that exceeded the adhesion strength were
removed from the substrate in the subsequent time step. A
fraction of the CNT population experienced a compressive
(negative) stress during the initial stages of tensile testing,
likely resulting from localized CNT−CNT interactions. On
average, the tensile stress increases with increasing tensile
displacement. Figure 5b represents a tensile displacement of 64
nm, just past the peak loading of 8.7 μN for this simulation.
Note that delamination occurred within the center of the forest
rather than at the edges (Figure 5a).
A direct comparison of these results with previous results is

difficult because of the disparate nature of previous measure-
ment techniques, adhesion metrics, and synthesis parameters.
Perhaps the most direct comparison may be made to direct
pull-off techniques in which CNT forests were removed from
SiC fibers using adhesive tape. As discussed previously, a
delamination stress of 0.28 MPa was observed by others for as-
grown CNT forests when using adhesive tape, increasing to 0.5
MPa after annealing at 950 °C in Ar.15 By considering the
reported CNT areal density (1.2 × 1010 CNT/cm2) and

Figure 5. The simulated delamination of CNT forest (670 CNTs on 30 μm substrate). (a) The CNT morphology shown at the maximum
observed tensile load at 60 nm displacement. Black CNTs depict adhered CNTs and red CNTs depict delaminated CNTs. (b) A bar chart shows
the stress exibited by each CNT at the tensile loading displacement at 64 nm displacement (a). The horizontal red line depicts the CNT adhesion
strength of 350 MPa. Plots of (c) the tensile force vs displacement and (d) the percentage of adhered CNTs vs displacement indicate that some
CNTs delaminate prior to maximum tensile loading. Note that the circular dot in (c) and (d) correspond to the loading conditions presented in
(a). A time-resolved video of this simulation may be found in the Supporting Information.
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average CNT diameter (30 nm, o.d; 10 nm, i.d.), an adhesion
strength of 3.7−6.6 MPa (per CNT) is estimated, nearly two
orders of magnitude less than the value of 350 MPa reported
here. Therefore, the approximately 4-fold increase in CNT
density for the current experiments do not account for the
enhanced delamination stress observed in the current results.
We note that loading in the previous report was likely
dominated by shear and that CNT synthesis was achieved by
floating catalyst CVD using xylene and ferrocene precursors.
Further, the CNT growth mechanism (base-growth vs tip-
growth) for the previous report is unclear. Nevertheless, we
propose that the drastic increase in CNT delamination
strength in this report is not induced by an increase in CNT
density but by the catalyst−substrate interaction between iron
and aluminum oxide.
By identifying the catalyst−substrate interface as the location

of interfacial debonding for our catalyst and synthesis
parameters, potential avenues to engineer interfacial adhesion
strength may be explored. Qualitatively, we suggest that
methods to increase the bonding and interaction between
catalyst particles and a substrate or buffer layer are direct
routes for increasing the CNT forest delamination strength.
Previous reports that utilized annealing steps15,17 to promote
subsurface diffusion of catalyst particles appear to validate this
suggestion. Further exploration of bond energies between
catalyst particles and substrate materials using atomistic
simulation may also identify new buffer layers to promote
superior adhesion.

4. CONCLUSIONS

We propose that the in situ uniaxial delamination test
methodology and subsequent examination of the delamination
surface represents a robust and easily interpreted experimental
technique that can help advance the study of interfacial
mechanics of CNT forests and similar material systems. Using
this approach, an average uniaxial delamination stress of 6.1
MPa was measured for CNT forest micropillars comprised of a
relatively high CNT areal density (5 × 1010 CNT/cm2).
Inspection of the substrate and CNT forest after delamination
showed that debonding occurred at the interface between the
catalyst particles and the substrate rather than at the interface
between the CNTs and the catalysts. While the increased CNT
density likely contributed to an enhanced delamination stress
compared to previous reports, we demonstrate that the
increased density is vastly insufficient to account for the
increased adhesion per CNT. Delamination simulations show
that the entangled and wavy morphology of the CNT forests
generated nonuniform load sharing within the CNT
population. Consequently, the simulation suggests that the
actual adhesion strength of individual CNTs to the growth
substrate was approximately 350 MPa. These findings provide
new insights into the magnitude of CNT−substrate adhesion,
nonuniformity of substrate loading during uniaxial delamina-
tion experiments, and identification of the catalyst−substrate
interface as the site for CNT forest debonding. Increasing the
strength of the catalyst−substrate interaction is expected to
enhance the bonding of CNT forests for applications.
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(39) Carpena-Nuñ́ez, J.; Boscoboinik, J. A.; Saber, S.; Rao, R.;
Zhong, J.-Q.; Maschmann, M. R.; Kidambi, P. R.; Dee, N. T.;
Zakharov, D. N.; Hart, A. J.; Stach, E. A.; Maruyama, B. Isolating the
Roles of Hydrogen Exposure and Trace Carbon Contamination on
the Formation of Active Catalyst Populations for Carbon Nanotube
Growth. ACS Nano 2019, 8736.
(40) Bedewy, M.; Meshot, E. R.; Reinker, M. J.; Hart, A. J.
Population Growth Dynamics of Carbon Nanotubes. ACS Nano
2011, 5, 8974−8989.
(41) Rueden, C. T.; Schindelin, J.; Hiner, M. C.; DeZonia, B. E.;
Walter, A. E.; Arena, E. T.; Eliceiri, K. W. Imagej2: Imagej for the
Next Generation of Scientific Image Data. BMC Bioinf. 2017, 18, 529.
(42) Maschmann, M. R. Integrated Simulation of Active Carbon
Nanotube Forest Growth and Mechanical Compression. Carbon
2015, 86, 26−37.
(43) Hajilounezhad, T.; Ajiboye, D. M.; Maschmann, M. R.
Evaluating the Forces Generated During Carbon Nanotube Forest
Growth and Self-Assembly. Materialia 2019, 7, 100371.
(44) Hajilounezhad, T.; Maschmann, M. R. Numerical Investigation
of Internal Forces During Carbon Nanotube Forest Self-Assembly. In
ASME 2018 International Mechanical Engineering Congress and
Exposition; American Society of Mechanical Engineers Digital
Collection: 2018 (52019) V002T02A088.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b09979
ACS Appl. Mater. Interfaces 2019, 11, 35221−35227

35227

http://dx.doi.org/10.1021/acsami.9b09979

