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The advantageous intrinsic and scale-dependent properties of aligned nanofibers (NFs) and their assem-

bly into 3D architectures motivate their use as dry adhesives and shape-engineerable materials. While

controlling NF–substrate adhesion is critical for scaled manufacturing and application-specific perform-

ance, current understanding of how this property evolves with processing conditions is limited. In this

report, we introduce substrate adhesion predictive capabilities by using an exemplary array of NFs, aligned

carbon nanotubes (CNTs), studied as a function of their processing. Substrate adhesion is found to scale

non-monotonically with process time in a hydrocarbon environment and is investigated via the tensile

pull-off of mm-scale CNT arrays from their growth substrate. CNT synthesis follows two regimes: Mode I

(‘Growth’) and Mode II (‘Post-Growth’), separated by growth termination. Within 10 minutes of post-

growth, experiments and modeling indicate an order-of-magnitude increase in CNT array–substrate

adhesion strength (∼40 to 285 kPa) and effective elastic array modulus (∼6 to 47 MPa), and a two-orders-

of-magnitude increase in the single CNT–substrate adhesion force (∼0.190 to 12.3 nN) and work of

adhesion (∼0.07 to 1.5 J m−2), where the iron catalyst is found to remain on the substrate. Growth

number decay in Mode I and carbon accumulation in Mode II contribute to the mechanical response,

which may imply a change in the deformation mechanism. Predictive capabilities of the model are

assessed for previously studied NF arrays, suggesting that the current framework can enable the future

design and manufacture of high-value NF array applications.

Recent progress towards the development of one-dimensional
nanoscale systems, such as aligned nanofibers (NFs), nano-
tubes, and nanowires,1–3 provides key opportunities for the
design and manufacture of high-performance nano-engin-
eered architectures and devices.4–6 In particular, the advan-
tageous intrinsic, scale-dependent, and mass-specific thermal,
electrical, and mechanical properties of aligned carbon nano-
tubes (CNTs)7–10 make these materials promising for commer-
cial applications where robust and tunable interfacial perform-
ance is essential. Controlling the adhesion strength of a verti-
cally aligned CNT array to its growth substrate (σa–s) is there-
fore necessary for shape-engineerable CNT array manufactur-
ing and application-specific performance.7,11,12 Tailoring
adhesion strength both up and down is important; for
example, CNT-based field emitters require large σa–s to remain
adhered to the substrate during operation,11,13,14 and high
quality CNT yarns and sheets made from CNT arrays benefit
from small σa–s, as their fabrication often requires facile CNT
spinnability from the growth substrate.7,15 Other NF systems
requiring tunable adhesion strength include NF arrays for

†Electronic supplementary information (ESI) available: CNT–substrate adhesion
modeling details (Fig. S1–S2, Table S1, eqn (S1)–(S10)), adhesion testing and post-
separation characterization (Fig. S3–S5), CNT array morphology as a function of
the CNT process time (Fig. S6–S7, eqn (S11)), and structural CNT evolution via

Raman spectroscopy (Fig. S8, eqn (S12)–(S13)). See DOI: 10.1039/D0NR05469K
‡Current affiliation: Department of Mechanical Engineering, Escuela Politécnica
Superior de Zamora, University of Salamanca, Avenida Requejo, 33, 49022
Zamora, Spain.
§Current affiliation: Cross-cutting Urgent Innovation Cell, The MITRE
Corporation, Bedford, MA 01730, USA. The author’s affiliation with the MITRE
Corporation is provided for identification purposes only, and is not intended to
convey or imply MITRE’s concurrence with, or support for, the positions,
opinions or viewpoints expressed by the author. Approved for Public Release;
Distribution Unlimited. Public Release Case Number 20-1511.

aDepartment of Materials Science and Engineering, Massachusetts Institute of

Technology, Cambridge, MA 02139, USA. E-mail: alkaiser@alum.mit.edu
bDepartment of Aeronautics and Astronautics, Massachusetts Institute of Technology,

Cambridge, MA 02139, USA. E-mail: iys@alum.mit.edu, wardle@mit.edu
cDepartment of Mechanical Engineering, Massachusetts Institute of Technology,

Cambridge, MA 02139, USA

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 261–271 | 261

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 9
:5

2:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-6304-6992
http://orcid.org/0000-0003-3568-509X
http://orcid.org/0000-0001-6369-5266
http://orcid.org/0000-0001-5883-0080
http://orcid.org/0000-0003-3229-7315
http://orcid.org/0000-0003-3530-5819
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr05469k&domain=pdf&date_stamp=2020-12-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr05469k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013001


gecko-inspired fibrillar adhesives and MEMS devices,16,17

contact printing,18–20 energy harvesting and storage,4,21,22 and
thermal interface materials.7,23 Models that can guide NF pro-
cessing towards these applications are a clear gap in the
current understanding.

Issues in CNT synthesis are often marked by a limited
knowledge of how σa–s scales with processing parameters, such
as the CNT process time (tp) during chemical vapor deposition
(CVD), an easily controllable and critical parameter governing
array properties24,25 such as (primarily) CNT array height (h)
tied to the CNT radius and wall thickness (see Fig. 1). This can
make the fabrication of multi-scale CNT arrays with tunable
adhesion strength challenging when a specific σa–s is required,
particularly in continuous manufacturing, where the residence
time of CNTs in the reactor affects both h and σa–s.

1,26 To
address these challenges and expand opportunities for shape-
engineerable NF patterning and applications,12,27 it is necess-
ary to develop an experimentally validated analytical model
that can accurately describe and predict σa–s based on tp while
considering the evolving array morphology, CNT–substrate
interface, and mechanical behavior based on growth para-
meters. In this work, σa–s is quantified via tensile testing and
modeled via contact mechanics, and we find that the non-
monotonic evolution of σa–s with tp, particularly post-growth, is
driven by the bimodal scaling of CNT geometry, CNT root
density (i.e. number density, n), effective elastic array modulus
(E), and interfacial work of adhesion (γ) for the CNT–substrate
interface.

Due to the importance of tp in governing process–structure–
property relations, many previous studies24,39–41 have evaluated
CNT growth as a function of tp and noted that CNT synthesis
follows two modes after growth initiation: Mode I, ‘Growth’,
and Mode II, ‘Post-Growth’. These are separated by growth ter-
mination, which is preceded by CNT root density decay in
Mode I, and is followed (post-termination) by a plateau in h
and carbon deposition onto the array in Mode II (see
Fig. 1a).24,39–41 To link the effects of tp with ongoing efforts to
understand the origins of CNT adhesion, Fig. 1c and d show
the results of prior studies that quantified, for a variety of CNT
systems and tp values, the individual CNT–substrate adhesion
force (Ff–s) via single CNT pull-off/lift-off,28–32 the CNT–CNT
adhesion force,33–37 and σa–s, which was measured by the pull-
off of vertically aligned CNT arrays from their growth
substrates.28,29,32,38 Fig. 1c shows that these CNT adhesion
forces vary only over two orders of magnitude. Along with σa–s
shown in Fig. 1d, different adhesion values can be achieved
due to the unique CNT sizes, number densities, moduli, and
work of adhesion values that result from each study’s CVD
growth conditions and catalysts. Our work with a single system
covers this entire range of CNT adhesion forces just from
varying tp. Unfortunately, predictive scaling relations for Ff–s
and σa–s do not yet exist, and these are needed to quantify the
substrate adhesion and γ evolution of both individual CNTs
and arrays containing ∼109–1011 aligned CNTs,7,42 which are
commonly used in applications. Therefore, to address this
gap, we present an experimentally validated model and mecha-

Fig. 1 Overview of vertically aligned multiwall carbon nanotube (CNT)
array growth and CNT adhesion to a Si wafer growth substrate with an
Fe catalyst layer. (a) Illustration and transmission electron microscopy
images showing CNT array evolution after growth initiation through two
Modes as a function of CNT process time (tp): Mode I (‘Growth’) and
Mode II (‘Post-Growth’), separated by CNT root density decay towards
growth termination and a plateau in array height (h) at the end of Mode
I. Carbon deposition in Mode II increases CNT wall thickness (a) and
outer radius (Ro) at constant inner radius (Ri), increasing (b) CNT–sub-
strate adhesion (i.e. ultimate tensile stress) measured via tensile pull-off.
Illustrations and plots show previously reported (c) adhesion force (F)
between a vertical CNT and its growth substrate (Ff–s)

28–32 and between
two CNTs33–37 and (d) CNT array–substrate adhesion strength (σa–s)
between the array and its growth substrate28,29,31,32,38 as a function of tp.
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nisms to describe adhesion at the CNT–substrate interface.
Several of the interfacial effects, array mechanics, and physio-
chemical mechanisms that could be responsible for the origin
of non-monotonic σa–s scaling with tp are discussed, and
future studies to support the manufacturing of NF systems
with predictable and application-specific substrate interactions
are proposed.

Results
Nanofiber–substrate adhesion theoretical framework

To provide mechanistic insight into the origin and scaling of
σa–s, E, and γ with processing, a model is developed based on
the following assumptions (see derivation in section S1 of the
ESI†). The bulk NF array, here an exemplary CNT array as
shown in Fig. 2a, is composed of vertically aligned, hollow,
and cylindrical multiwall CNTs, where CNT–CNT
interactions43–45 and waviness effects42,46 are implicitly cap-
tured by the volume-averaged effective elastic array modulus E,
and only the annular CNT bases contact the growth substrate
(Fe catalyst particles on an Al2O3/SiO2/Si wafer). Fig. 2a shows
that the CNT–substrate contact area is between n annular CNT
bases and the CNT-catalyst growth front interface, following
hollow cylinder geometry.47,48 The CNT–substrate interaction
is assumed to occur via dispersive adhesion attraction based
on the intermolecular van der Waals (VDW) forces acting
between the contacting materials,49–51 where each CNT has its
own adhesion force (Ff–s). σa–s (i.e. the array mean ultimate
tensile stress) is derived based on the Johnson–Kendall–
Roberts (JKR) contact mechanics theory for relatively compli-
ant elastic solids,49,50,52 where σa–s represents the detachment
of all CNT bases from the substrate via the minimization of
elastic and surface energy, assuming no energy dissipation
outside of the separation region following previous work for
similar fibrillar systems.52–55 γ is assumed to be constant
within each mode and signifies twice the surface free energy of
the contacting surfaces in Kendall’s framework.28,50,56,57

Here, we consider the CNT array–substrate adhesion
strength (σa–s) to be Ff–s scaled by n, where σa–s(tp) can be calcu-
lated via eqn (1) (see Fig. 2b for experiment-model agreement
of previously reported vertically aligned CNT and polymer NF
arrays). The prefactor β ∼ 0.4 accounts for variations in the
contact region,48 such as geometric irregularities, defects, and
surface roughness reducing the true contact area in fibrillar
systems.57,63,64 Ff–s(tp) is then estimated via eqn (2) (see
Fig. 2c), where synchronous CNT separation from the substrate
is assumed for simplicity, and failure occurs at a deterministic
mean stress28,29,52 based on bulk adhesion scaling with the
number of contacts,65 such as for gecko-inspired microfibrillar
dry adhesives20,47,52 and recently for micron-tall vertically
aligned CNT arrays.28,29 Finally, linear elastic behavior for the
CNT array is assumed during tensile pull-off testing,29,42 with
increases in E proportional to the increasing adhesion force
and CNT outer radius (Ro) at a constant CNT inner radius (Ri)
with tp. Shear/lateral adhesion force contributions from CNT

Fig. 2 System geometry and corresponding adhesion modeling applied to
previously reported experimental results of bulk fiber array–substrate
adhesion strength (σa–s) and single fiber–substrate adhesion force (Ff–s).
Adhesion is plotted versus the product of the work of adhesion between
the separating fiber–substrate interfaces (γ) and the effective elastic array
modulus (E) in eqn (1). (a) Illustrations and scanning electron microscopy
images of an exemplary CNT array showing its tensile pull-off from the
growth substrate and adhesion modeled via hollow cylinder geometry.
(b) σa–s versus γE showing experiment-model agreement (eqn (1)) for
Ro = 10 nm, R* = (Ro

2 − Ri
2)/Ro

2 = 0.75, n = 2 × 109–2 × 1010
fibers per cm2

(solid line→6.5 × 109
fibers per cm2), and β = 0.4 for aligned CNT28,38,55,58,59

and polymer60,61 fiber arrays. (c) Ff–s versus γE showing experiment-model
agreement (eqn (2)) for R* = 0.75, Ro = 2–50 nm (solid line→10 nm), and
β = 0.4 for aligned CNT28,31,33,58 and polymer62 fiber arrays.
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sections lying parallel to the substrate are neglected due to the
vertical CNT growth direction during synthesis and minimal
compressive preload during testing.64,66 Fig. 2b and c show the
key drivers in this theoretical framework and illustrate the
experiment-model agreement for exemplary values of n, Ro,
and R* = (Ro

2 − Ri
2)/Ro

2. These are plotted versus characteristic
γE values for CNT and polymer NF systems, representing 0.05 J
m−2 ≲ γ ≲ 5 J m−2 and 0.2 MPa ≲ E ≲ 200 MPa.

σa�s ¼ nβ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πγEðRo

2 � Ri
2Þ3=2

q
ð1Þ

Ff�s ¼ σa�s

n
ð2Þ

CNT–substrate adhesion: experimental and modeling results

To experimentally quantify σa–s as a function of tp up to
80 min, mm-scale vertically aligned CNT arrays were syn-
thesized via base-growth CVD and are categorized as Mode I:
‘Growth’, tp = 9–40 min, and Mode II: ‘Post-Growth’, tp =
40–80 min, following abrupt vertical growth termination
observed at 40 min in this system. It is important to note that
the process conditions, including the hydrocarbon flow, are
part of the post-growth process. CNT arrays were then separ-
ated from their Fe catalyst/Al2O3/Si wafer substrates via the
direct tensile testing procedure illustrated in Fig. 3, after
which their structure and morphology were characterized as
inputs into the adhesion model (see additional details in
Methods and sections S2–S4 in the ESI†). TEM images of indi-
vidual CNTs show that Ri(tp) remains constant at ∼3 nm, while
the average wall thickness increases from ∼1.5 to 7.0 nm for tp
= 9 to 80 min. The wall thickness is observed to follow a quad-
ratic scaling with tp due to carbon deposition on the outer
CNT walls, which increases the CNT diameter, stiffens the
array, and decreases the averaged sp2 carbon character during
growth41,67,68 and post-growth69–72 (Fig. S6–S8†). The number
density of CNTs attached to the substrate (n, see Fig. S2†) was
calculated as ∼2.1 × 1010 CNTs per cm2 at the start of Mode I
(tp = 9 min) based on the ∼1% CNT volume fraction (Vf ) for a
∼1 mm-tall CNT array.73–75

In adhesion testing, the CNT array–substrate sample is
glued to two scanning electron microscopy (SEM) stubs and
pulled upwards until full wafer detachment from the array.
This mechanical test is well-suited to the vertically aligned
CNT array morphology28,29,76 to accurately measure the CNT–
substrate adhesion force, Fa–s, defined as the maximum tensile
force necessary to separate the two array–substrate interfaces.76

This gives σa–s, the array mean ultimate tensile stress, repre-
senting the CNT–substrate adhesion strength. For each
measured strain, σ is obtained by dividing F by the apparent
CNT array area, Aarray ∼ 1 cm2. Representative stress–strain
curves are plotted for the range of tested tp values shown in
Fig. 3b, and the average σa–s(tp) values are plotted in Fig. 4a. E
is measured from the initial linear slope of the stress–strain
curves and is observed to increase by nearly 10× from ∼6.14 ±
1.7 MPa in Mode I to ∼47.1 ± 21 MPa in Mode II.

Fig. 3 Experimental setup used to measure CNT array–substrate
adhesion (σa–s) and the resulting mechanical and morphological testing
results as a function of CNT process time (tp). (a) Illustration and optical
image showing that σa–s is obtained by separating a mm-tall, cm-wide
vertically aligned CNT array from its growth substrate (Fe/Al2O3/SiO2/Si)
during tensile pull-off testing. (b) Exemplary stress–strain curves and
effective elastic array modulus E with standard error δ (see insets)
obtained via tensile testing at each tp in Mode I (‘Growth’) and Mode II
(‘Post-Growth’) showing evolution of σa–s, which is defined as the
maximum measured tensile stress, i.e. Fa–s divided by the apparent array
cross-sectional area, Aarray ∼ 1 cm2. Polynomial fits (dashed lines) are
included as a ‘guide to the eye’ for the experimental stress–strain data
(markers). (c) SEM images showing similar morphologies of open-ended,
iron-free CNT roots measured via EDS after their separation from the
substrate–bound iron catalyst particles at exemplary Mode I and Mode II
tp values of 30 and 60 min (low and high σa–s), respectively.
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From Fig. 3b and 4a, σa–s scales non-monotonically with tp,
decreasing from 40.0 ± 2.5 kPa at tp = 9 min (start of Mode I)
to 12.5 ± 5.0 kPa at 30 min, then 15.0 ± 5.0 kPa at 40 min (end
of Mode I), and then increases by an order of magnitude to
145 ± 5.0 kPa at 50 min (after the onset of Mode II), finally
reaching 285 ± 41 kPa at 80 min. This signifies that the
adhesive response is governed by the evolving CNT geometry
and total CNT–substrate contact area (via Ro and n), the array
mechanics (via E), and the work of adhesion between the sep-
arating interfaces (via γ) due to the evolving carbon character
with increasing tp. Fig. S4† shows SEM images of the wafer
surface post-separation at each tp, where the absence of cata-
lyst pits28,41 suggests that the iron catalyst particles that
nucleated CNTs remained on the substrate after tensile
testing.19,77,78 Similarly, representative SEM images with
energy-dispersive X-ray spectroscopy (EDS) analysis for element
mapping in Fig. 3c show open ended, iron-free, and carbon-
covered CNT roots in the array after separation in both Modes,

showing that the CNTs separate from the substrate–bound Fe
catalyst particles during pull-off. No iron is found attached to
the CNT roots (Fig. S5 and section S2 in the ESI†), similar to
previous work at moderate tp.

18,79–82 This suggests that the
breaking interface is the same for both modes, and is likely
between the relatively low surface energy C–C layers at the CNT
base resulting from carbon accumulation during the CVD
process. Therefore, σa–s is associated with the separation of the
crystalline CNT base from the carbon on the catalyst surface,
as shown in Fig. 2a.

With inputs of experimental values of σa–s, Ro, Ri, and E,
and estimated values of β and n, eqn (1) is used to calculate γ

as a function of tp to provide theoretical insight into CNT–sub-
strate adhesion. The evolution of n with tp was estimated as
follows for use in eqn (1) and (2). During Mode I for tp >
9 min, n is set to follow a cubic decay to reach ∼11% of its orig-
inal value at growth termination, in agreement with previously
reported measurements of n decay to ∼11% of the original n at
termination due to CNT–substrate debonding during growth,
and the subsequent loss of a self-supporting array
structure.40,83 Incorporating this scaling into eqn (1) is consist-
ent with the experimental Mode I E values (∼6.14 ± 1.7 MPa) in
the expected range of 1–10 MPa based on prior work for
similar CVD-grown aligned CNT arrays.30,42,46,84,85 In Mode I,
significant moduli variations are not expected due to the
minimal changes in carbon character. It is noted that this
effective array modulus, not the orders-of-magnitude higher
intrinsic CNT axial elastic modulus of 1 TPa,86 governs
the bulk CNT array’s interfacial behavior, similar to the mech-
anics governing the capillary densification of CNT arrays,
for which CNT–substrate adhesion is an important
consideration.27,87,88 Mode I n(tp) is therefore quantified by a
cubic fit, as detailed in section S1 of the ESI.† The ∼11% lower
n value at growth termination (calculated as ∼2.3 × 109 CNTs
per cm2 at tp = 40 min) is kept constant in Mode II, since CNT
growth in the vertical direction has stopped, and further infor-
mation about n scaling after growth termination is not cur-
rently available. Quantification of n could be incorporated into
this model in future studies. In addition, while we do observe
additional growth attempts by several short, small-diameter
CNTs in Mode II (Fig. S4†), consistent with prior work, these
CNTs are not incorporated into the n scaling, since they are
not pulled off of the substrate during tensile testing and there-
fore are not expected to contribute significantly to the bulk-
scale adhesion response.28 Finally, continuity in σa–s, Ff–s, E,
and γ between Mode I and Mode II is not enforced at tp =
40 min (see Fig. 4), since more data supplemented by stochas-
tic simulations are required to accurately characterize the
scaling of this transition. Additional details concerning γ, n,
and E scaling with tp, including all experimentally measured
and calculated values, are shown in Table S1 in section S1 of
the ESI.†

With n(tp) established, γ is calculated via eqn (1) to be
0.07 ± 0.02 J m−2 in Mode I and 1.5 ± 0.2 J m−2 in Mode II.
These average values are then input into eqn (1) and (2) with
the average E values, Ro scaling, and n scaling to plot continu-

Fig. 4 Experimental quantification and modeling of the CNT array–
substrate adhesion strength (σa–s) and individual CNT–substrate
adhesion force (Ff–s) as a function of CNT process time (tp) in Mode I
(‘Growth’) and Mode II (‘Post-Growth’). (a) Plot showing that the experi-
mental and model-predicted σa–s values (eqn (1)) evolve non-monotoni-
cally with tp, decreasing in Mode I due to reduced n, and increasing in
Mode II due to higher γ, E, and Ro from carbon deposition within the
CNT array. Continuity is not enforced at tp = 40 min to show the Mode I
to Mode II shift at growth termination, and δ represents standard error.
(b) Plot showing that the experimental and predicted Ff–s values (eqn (2))
scale with tp and increase by an order of magnitude from Mode I to
Mode II due to increases in γ, E, and Ro with tp.
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ous functions of σa–s(tp) and Ff–s(tp) in each Mode (Fig. 4).
These γ values, which equate to surface energies of ∼0.033 J
m−2 in Mode I and ∼0.75 J m−2 in Mode II, are in the range of
intermolecular VDW forces for the separation of carbon layers
that are proposed to be governing σa–s in this system.89–92 They
are also consistent with previously reported surface energy
values of graphitic C–C interfaces (i.e. CNTs, graphene, and
graphite) in the range of 0.029–0.875 J m−2.66,89,91–96 Higher γ
is attributed to carbon deposition in the array with a higher
sp3 carbon character, exhibiting further interactions in
addition to the ideal peeling of smooth, well-ordered sp2 gra-
phitic surfaces with correspondingly lower surface
energies.54,56,96 The calculated γ values also support experi-
mental observations, as Raman spectroscopy analysis69,97–99 of
the CNT base after array pull-off (see section S4 of the ESI†)
shows that the CNTs exhibit a well-ordered, sp2 graphitic wall
structure in Mode I, and a more defective, turbostratic sp3

carbon structure in Mode II as carbon deposits on the outer
CNT walls at long tp.

100 Since the wafer surface (Fig. S4†) is
expected to have a broader distribution of carbon character as
compared to the CNT roots (i.e. having carbon that encapsu-
lates the activated catalysts, covers larger iron particles and the
alumina surface, and comprises residual short CNTs),40,76,83

analysis of the CNT array roots after pull-off can provide more
instructive characterization of the deposited carbon that gives
rise to the adhesion evolution. Therefore, increases in σa–s in
Mode II are likely attributed to higher Ro, E, and γ based on
the sp2-to-sp3-dominated carbon evolution and deposition
with tp,

54,56,96 where significant changes in E and γ may be
especially responsible for the rapid adhesion evolution follow-
ing growth termination. In sum, the application of this
adhesion model to our aligned CNT arrays shows that σa–s
evolves non-monotonically with tp and increases by an order of
magnitude after growth termination, which is attributed to n
decay during growth and a subsequent order-of-magnitude
increase in E and γ due to carbon deposition in Mode II.

Discussion
Mechanistic insights into CNT–substrate adhesion

The CNT–substrate adhesion model is used to predict γ, σa–s,
and Ff–s, which corroborates experimental results of iron-free
CNT roots and C–C layer separation during CNT array pull-off.
Since γ for CNTs with VDW-dominated adhesion is approxi-
mately constant for CNTs with more than 3 walls,101 and γ is
assumed to be higher in Mode II only due to the increased tur-
bostratic/disordered carbon character, γ is kept constant
throughout Mode I and Mode II to represent the VDW-domi-
nated CNT–C layer interaction as the weakest interface govern-
ing CNT–substrate separation. This carbon layer may form
during the cooling process due to carbon precipitation from
the iron catalyst,81,102,103 and it may also increase in thickness
after growth termination due to catalyst deactivation39,104,105

and deposition of additional carbon during Mode II.
Furthermore, since the interaction energy between C–Fe is

higher (yielding γ ∼ 1.84 J m−2 or greater)19,39,106,107 and this is
inconsistent with our σa–s and γ calculations, it is proposed
that the separated carbon layer at the CNT root remains on the
Fe catalyst after CNT pull-off.108 Still higher are the Fe–
alumina interaction energies19,82 as well as iron oxide109,110

and iron carbide,111,112 which would all yield γ > 2 J m−2,
exceeding the γ values here of 0.07 and 1.5 J m−2 in Mode I
and Mode II, respectively. Therefore, in contrast to previous
work at short tp (on the order of seconds, where the Fe catalyst
was observed to stay attached to the CNT roots during the
tensile pull-off of a microscale CNT array),28 only the C–C
interfaces are observed to separate in this system at moderate
to long tp, yielding a maximum σa–s of ∼285 kPa after 80 min
of processing. Based on these results, it is plausible that
additional increases in σa–s may be obtained via extended
carbon deposition at longer tp to further engineer the substrate
adhesion strength of aligned NF arrays.

Next, the mechanisms governing CNT array deformation
and substrate adhesion are investigated as a function of tp.
Comparing the average experimental E values for Mode I and
Mode II (6.14 ± 1.7 MPa and 47.1 ± 21 MPa, respectively) to the
mechanical properties of carbon systems reveals a connection
to two elastic constants for carbon materials: C44 ≈ 0.35 GPa
for turbostratic graphite, the inter-layer shear modulus,113 and
C33 ≈ 37 GPa, the inter-layer cleavage modulus.113 These E
values can be obtained by scaling the two governing elastic
constants by the CNT Vf (here 1 vol%), since CNT arrays are
nanoporous materials, and the elastic axial moduli in self-
assembled nanoporous films can exhibit a linear, foam-like
scaling with density due to two-dimensional effects.45,46

Therefore, E in Mode I and Mode II can be estimated as 1% of
0.35 GPa (C44) and 37 GPa (C33), with an additional reduction
of C33 by 11% due to reduced n and effective stiffness at
growth termination for Mode II. This yields ∼3.5 MPa for
Mode I and ∼41 MPa for Mode II, which matches closely with
experimental values and prior work obtaining CNT array
moduli in the MPa range.27,42,45,113 Therefore, it is proposed
that in the transition from Mode I to Mode II, carbon depo-
sition in the array (i.e. carbon deposited conformally onto the
CNTs in the array) causes a change in deformation mechanism
from C44 to C33, consistent with the directionally dependent
elastic constants of turbostratic graphitic crystallites and the
relative importance of C33 as the bending stiffness of an indi-
vidual CNT, which increases nonlinearly (R4) by the carbon
deposition versus a linear increase for C44. To support this
trend, E has previously been observed to scale with NF dia-
meter,79 the number of CNT walls and contact area,40,114

carbon deposition on the array,45 and CNT Vf.
42,45,114,115

Applicability to previously reported CNT–substrate adhesion

Modeling results that are developed and experimentally-vali-
dated here are compared to past work to assess the model’s
consistency with previously characterized CNT arrays. Fig. 1c
shows that CNT–CNT and CNT–substrate adhesion forces
versus tp are of similar magnitude, showing that the weakest
interface between CNTs and their growth substrate can be
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between the CNT roots and the carbon layer as observed here,
which has not previously been modeled at the bulk scale. This
result agrees with our experiments, modeling, and prior experi-
mental evidence that Fe particles can remain on the substrate
after CNT array separation,79,80,108 as measured via SEM
and X-ray photoelectron spectroscopy for aligned CNT
arrays.18,81,82 Specifically, previously reported Ff–s values of
∼0.133–0.28 nN 31,33,65,79 are in the same range as the calcu-
lated results of ∼0.204 ± 0.007 nN on average in Mode I (before
growth termination), as well as at the start of Mode I: ∼0.190 ±
0.011 nN for a ∼1 mm-tall CNT array (tp ≈ 9 min, ∼9 nm outer
CNT diameter, and 3–7 CNT walls). This agrees closely with the
force output of Ff–s ∼ 0.16 nN presented in ref. 31 for CNTs
having an outer diameter of 9 nm and 5 walls. Additionally, prior
work demonstrating individual CNTs breaking at 300 nN due to
vertical tensile loading116 supports the argument that even at
long tp, CNT failure within the nanotube is likely not the main
mechanism governing σa–s, since Ff–s only reaches up to ∼12 nN
at the longest tp. Therefore, it is reasonable that CNT array–sub-
strate separation is attributed to C–C layer cleavage at the CNT
base. Since σa–s values shown in Fig. 4a (∼40–285 kPa) are of the
same magnitude as σa–s previously reported to range from tens to
hundreds of kPa for similar CNT array areas, E, and n,29,32,76

prior systems may also be described via this theoretical frame-
work to enable tunable substrate adhesion.

Finally, the utility of this model to describe and accurately
predict the substrate adhesion of other CNT arrays is demon-
strated by the experimental-modeling agreement in Fig. 2b and c,
and by applying this framework to the exemplary CNT arrays
in ref. 28, where agreement between their Ff–s ≈ 12 nN per CNT
and σa–s ≈ 6.1 MPa is achieved when eqn (1) and (2) are used
with their reported Ro = 5.5 nm, Ri = 3.6 nm, n = 5 × 1010 CNTs
cm−2, γ ≈ 4.1 J m−2 (signifying the suggested Fe–alumina separ-
ating interface),19,82 β = 1 (assuming ideal CNT–substrate contact
due to the early stage of growth and small array size), and E ≈ 20
MPa, which was not reported but is assumed to be reasonable
due to their higher n compared to our system, which can yield a
greater number of inter-CNT connections to reinforce the
array.28,42 The ability of this model to accurately reflect the break-
ing Fe–alumina interface that was proposed in ref. 28, and its
agreement with the previously reported NF–substrate adhesion
values plotted in Fig. 2, show that this model may be extensible
to different NF arrays given that the appropriate parameters are
known or can be estimated. This work thereby offers an experi-
mental–theoretical framework that may be broadly applied and
supports the general trends in the literature, which report an
increased adhesion strength with the surface energy and total
VDW interaction energy51,79 attributed to increases in NF
diameter,79,101,117 chemical and structural evolution at the
adhesive interface,54,56 and contact area.59

Conclusions

In this work, we present experimental evidence and model-
informed mechanistic insight for the non-monotonic substrate

adhesion evolution for aligned carbon nanotube (CNT) arrays, an
exemplary nanofiber (NF) array system. We experimentally quan-
tify the CNT array–substrate adhesion strength (σa–s) for CNT
process times (tp) ranging from 9–80 min for mm-tall, cm-wide
CNT arrays via uniform tensile CNT array separation from a flat
growth substrate. Here, σa–s(tp) is modeled via contact mechanics
to better understand and predict CNT–substrate adhesion during
CVD processing. We report that the evolution of σa–s with tp is
driven by the bimodal scaling of CNT geometry, number density
(n), effective elastic array modulus (E), and C–C interfacial work
of adhesion (γ) during two regimes, termed Mode I (‘Growth’)
and Mode II (‘Post-Growth’) separated by growth termination.
Between Mode I and Mode II, experiments and modeling indi-
cate an order-of-magnitude increase in σa–s (∼40→285 kPa) and E
(∼6→47 MPa), a two-orders-of-magnitude increase in the
adhesion force per CNT (∼0.190→12.3 nN) and γ (∼0.07→1.5
J m−2), and an order-of-magnitude decrease in n (∼2.10 ×
1010→2.3 × 109 CNTs per cm2).

In this work, the observed increase in CNT wall thickness
and sp3 bond character with tp shows that the accumulation of
carbon species in the CNT array strongly affects the mechani-
cal response, which may be indicative of a change in defor-
mation mechanism, i.e. a shift in the dominating carbon
elastic constant from C44 to C33. These results indicate that the
CNTs are not breaking in tension, as experiments and model-
ing show that the CNT roots separate from their carbon-
covered Fe catalyst particles at a C–C interface during tensile
pull-off, leaving the Fe particles completely on the substrate in
each mode. Finally, the utility of this model to accurately
describe the substrate adhesion of previously synthesized
aligned NF arrays is demonstrated, establishing a theoretical
framework to help inform process design and enhance NF–
substrate adhesion tunability for a wide range of commercial
applications. In the future, additional characterization via
in situ high-resolution SEM imaging during pull-off tests, TEM
imaging of the CNT–substrate interfaces with tp, and in situ
X-ray analysis of the CNT-catalyst evolution during CNT nuclea-
tion at short tp, steady growth, growth termination, and
extended tp values would help to elucidate catalytic phase
transformations, diffusion, and the structural evolution of the
CNT–substrate interface. Using this approach, these results
could enable versatile NF–substrate adhesion for better control
over NF post-processing techniques, such as capillary densifi-
cation, the spinning of NF yarns from forests, and post-growth
NF array transfer for composite reinforcement, as well as for
the design of high-value applications such as thermal interface
materials, sensors, interconnects, field emitters, and dry
adhesives, where interfacial bonding and morphology are criti-
cal for application-specific performance.

Methods
Carbon nanotube growth via chemical vapor deposition

Vertically aligned multiwall CNT arrays were grown by a base-
growth mechanism in a 22 mm internal diameter quartz tube
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furnace at atmospheric pressure via a previously described
thermal catalytic CVD process using ethylene as the carbon
source and 600 ppm of water vapor added to inert helium
gas.73,118 The CNTs were grown on a catalytic layer composed
of 1 nm Fe on 10 nm Al2O3 deposited via electron beam physi-
cal vapor deposition on 1 cm × 1 cm SiO2/Si substrates.

27 The
growing CNTs self-assembled into aligned arrays of h up to
∼4.7 mm for tp from 9–80 min, where tp is the CNT process
time (i.e. duration of ethylene gas flow during the CVD growth
process). For this range of tp, the vertical arrays were com-
prised of multiwalled CNTs with an average outer diameter of
∼8–18 nm (3–16 walls with ∼6 nm inner diameter and intrinsic
CNT density of ≈1.6 g cm−3),119 and an inter-CNT spacing of
∼60–80 nm 75 and CNT volume fraction of ∼1%73–75 (for a
nominal ∼10 min growth period yielding 1 mm-tall CNTs). A
minimum of four samples were grown for each tp, and the
resulting CNT array heights (h) were measured via optical
microscopy using a Carl Zeiss Axiotech 30 HD optical
microscope.76

Carbon nanotube–substrate adhesion testing

To measure the normal CNT array–substrate adhesion force
(Fa–s) via vertical CNT array–substrate separation/pull-off,
aluminum SEM stubs with silver epoxy were used to mount
the CNT–substrate samples in the grips of a Zwick Roell
mechanical tester operating in the tensile testing configur-
ation, following the procedure first reported in ref. 76. A
∼1 mm-thick layer of a viscous two-part silver epoxy was
applied to the face of an SEM stub, on top of which a CNT
array–Si wafer sample was placed (wafer side contacting epoxy)
and cured for 4 h at room temperature. The stub was inserted
into the lower grip of the mechanical tester. Then, a ∼1 mm-
thick layer of epoxy was applied to the face of a second SEM
stub, which was inserted into the upper grip and lowered until
it contacted and covered the top of the CNT array, experiencing
a load of ∼0.1 N. The load returned to zero as the epoxy
relaxed <30 microns into the stub–CNT interface, after which it
was cured. ∼4–5 samples for each tp were then tested following
ASTM D5179-02 (crosshead speed of 5 cm min−1, 500 N load
cell), recording the load and displacement until the CNT
array–Si wafer interfaces were ultimately separated. See section
S2 in the ESI† for additional details.

CNT morphology characterization via electron microscopy

SEM was performed using a Zeiss Merlin High-resolution SEM
with an acceleration voltage of 1 kV and an InLens detector.
TEM samples were prepared via the ultrasonication of CNT
array sections in isopropyl alcohol for five minutes. These
CNTs were then dropcast onto a copper TEM grid, and the
solvent was evaporated. The sample preparation of the TEM
specimens was not limited to a specific location in the CNT
array, and so the measured CNT wall thickness (a) values rep-
resent an average throughout the array for each tp.

76 The TEM
analysis was performed using a JEOL 2100 TEM at an accelera-
tion voltage of 200 kV.
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