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Scaling the Stiffness, Strength, and Toughness of Ceramic-
Coated Nanotube Foams into the Structural Regime

Anna Brieland-Shoultz, Sameh Tawfick, Sei Jin Park, Mostafa Bedewy,
Matthew R. Maschmann, Jeffery W. Baur, and A. John Hart*

Natural materials such as bone and tooth achieve precisely tuned mechanical
and interfacial properties by varying the concentration and orientation of
their nanoscale constituents. However, the realization of such control in
engineered foams is limited by manufacturing-driven tradeoffs among the
size, order, and dispersion uniformity of the building blocks. It is demon-
strated how to manufacture nanocomposite foams with precisely controllable
mechanical properties via aligned carbon nanotube (CNT) growth followed
by atomic layer deposition (ALD). By starting with a low density CNT forest
and varying the ALD coating thickness, we realize predictable ~1000-fold
control of Young’s modulus (14 MPa to 20 GPa, where E ~ p?3), ultimate
compressive strength (0.8 MPa to 0.16 GPa), and energy absorption (0.4 to
400 ] cm~3). Owing to the continuous, long CNTs within the ceramic nano-
composite, the compressive strength and toughness of the new material are
10-fold greater than commercially available aluminum foam over the same

Cellular materials can also achieve unique
combinations of properties, while main-
taining large surface areas and low mass
density. For example, the mechanical prop-
erties of metallic foams enable their use
for energy absorption in consumer goods
packaging and composite sandwich struc-
tures, and their porosity enables use in
battery and capacitor electrodes.'l Ceramic
foams are widely used as mechanical,
thermal and acoustic insulators, for flow
filtration and regulation, and as catalyst
supports.”l Many natural materials use
analogous design principles; for example,
the exquisite structure-function relation-
ship of bone spans from stiff and dense
cortical load bearing bone to highly porous
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density range. Moreover, the compressive stiffness and strength equal that
of compact bone at 10% lower density. Along with emerging technologies
for scalable patterning and roll-to-roll manufacturing and lamination of CNT
films, coated CNT foams may be especially suited to multifunctional applica-

tions such as catalysis, filtration, and thermal protection.

1. Introduction
Design of the hierarchical structure and composition of cel-

lular materials offers a versatile means to tune mechanical
properties, such as Young’s modulus, strength, and toughness.
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cancellous bone where haematopoiesis
occurs.’l Further, the geometric and com-
positional hierarchy of soft and hard con-
stituents result in the high toughness of
bone at low mass density.l]

Recently, micro- and nanofabrication
methods such as photo, X-ray, and inter-
ference lithography have been applied to
prototype micro- and nanoscale foams
with unique cell geometries and hierarchical structures.’! For
example, fabrication of epoxy lattices by interference lithog-
raphy enabled a priori tuning of the cell size in the sub-micron
regime. These foams showed a classical power-law relationship
between Young’'s modulus and relative density (E ~ [p/pg]"),
with n = 1.26; at p, = 0.5 the energy absorption reached 4 ] cm™
at strain < 0.25.8! Use of sacrificial polymer templates to make
hollow tube metallic microlattices resulted in a foam with
record low density (p, = p/ps =2 x 1074, p ~ 1 mg cm3) and high
recoverability, but low Young’s modulus (E ~ 550 kPa).l% In this
case, due to the hollow structure of the metal truss members,
the relationship between modulus and relative density followed
a power law with n = 2. This contrasts most fibrous nanoscale
aerogels and foams, having n = 2-3, which is attributed to low
connectivity between the constituent struts.”) When comparing
foam materials, a higher power law exponent results in a rela-
tively larger change in E for the same change in density.

While these methods have enabled exploration of new design
and property regimes for engineered foams, their manufac-
turing cost and complexity currently prohibit them from scaling
to large quantities that can be incorporated in macroscale engi-
neering systems. In contrast, most industrially manufactured
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foams have isotropic and random cell geometry. Closed cell
metallic and polymer foams are usually manufactured by gas
injection into melts, while open cell metallic foams are usually
made by vapor deposition or electrodeposition of metal precur-
sors on polymer scaffolds. Porous metallic and ceramic mate-
rials can also be manufactured by compaction and sintering of
powders. (8!

Directed growth and self-organization of nanostructures is
emerging as an attractive and potentially scalable route to create
hierarchical materials having both composition- and geometry-
derived mechanical properties. Carbon nanotubes (CNTs)
have outstanding properties including high Young’s modulus,
strength, conductivity, and thermal stability. Moreover, CNTs
can be manufactured in large quantities by cost-effective chem-
ical vapor deposition (CVD) methods,! and assembled, either
during or after CVD, into ordered forms such as vertically
aligned “forests”, yarns, and sheets.'% While as-grown CNT
forests have high compressibilityl'"'?l and have shown promise
as energy-dissipating surfaces and interlayers,'"'3] CNT forests
and isotropic foams made from CNTs[*l have low density usu-
ally in the range of 10-100 kg m= or p/ps = 0.5-5% (consid-
ering p; to be equal to solid graphite at 2200 kg m™3).

Therefore, it remains an opportunity to explore how self-
assembly of CNTs, in combination with conformal coating
methods,* can be used to create bulk materials with efficient
and widely tunable properties, and to compare these properties
to commercially available structural materials. In this study,
we show that nanoscale coating of a ceramic onto clean CNT
forests enables unprecedented tuning of Young's modulus,
strength, and toughness, without changing the structure or
composition of the nanoporous material.

2. Results

2.1. Fabrication and Compression Testing of Ceramic-Carbon
Nanotube Foams

First, CNT forests, comprising vertically aligned multi-wall
CNTs, were synthesized from a supported metal catalyst film
(see Experimental Section) by atmospheric pressure chem-
ical vapor deposition (CVD)."”l Then, Al,0; was deposited by
atomic layer deposition (ALD), conformally coating the CNTs
and CNT bundles within the forest, resulting in a nanoporous
composite with ceramic-carbon core-shell structural members.
The thickness of Al,O; on the CNTs was controlled by the
number of ALD process cycles. During each cycle of ALD, the
precursors (Al(CH3); and H,0) are sequentially introduced in
two half-reaction stages, and the thickness during each cycle is
selflimiting to approximately 1.3 A.[¢]

The change in morphology of the CNT forest due to Al,04
coating is shown in Figure la—c. First, ALD Al,0; nucleation
occurs preferentially at surface defects on the CNTs (Figure SI1)'7]
and at contact points among CN'Ts. After nucleation, the coating
grows to fully cover the individual CNTs, and in some cases
bundles of CNTs. After a certain thickness the coated CNTs and
bundles coalesce. Judging from SEM images of the forest side-
walls, this coalescence begins at coating thickness of approxi-
mately 30 nm, compared to the average CNT-CNT spacing of
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Figure 1. Morphology, structure and compression testing of Al,03-CNT
foam. a) Schematic and scanning electron microscope (SEM) image
of as-grown vertically aligned CNTs (“forest”). CNT forest conformally
coated with b) 13 nm thick and c¢) 51 nm thick Al,O; by atomic layer
deposition (ALD). d) Al,O;-coated CNT micropillars fabricated for
micro-compression testing. e) Load-displacement measurement of
micropillars (D = 30 pm), having nanoscale morphology as shown
in (a—c).
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approximately 50 nm (number density =3 x 10'® cm™). The local
CNT spacing and density represent a distribution, determined by
the waviness and bundling of the CNTs which can be approxi-
mated by their average orientation angle as discussed later.

CNT micropillars, made using a lithographically patterned
catalyst, were used to study the scaling of mechanical properties
with the number of ALD cycles, and to relate the mechanics to
the penetration depth of ALD coating. Test samples were fabri-
cated with arrays of CNT micropillars having radii ranging from
10-35 pm (Figure 1d). The micropillars were tested in quasi-
static axial compression using a nanoindenter with a cylin-
drical flat diamond tip (50 pm radius). The Young’s modulus
was obtained from the unloading slope in continuous modulus
mode (10 nm oscillations at 50 Hz) at a compressive pre-strain
of 0.05 (approximately 2 pm compression of the micropillar).

Load-displacement curves of individual 15pm radius Al,Os-
CNT micropillars with 30 pm height, with coatings of 0, 100, and
1000 ALD cycles, are compared in Figure le. The load capacity
of the pillars increases from <0.1 mN for the uncoated (bare
CNT) pillar, to 0.7 mN with 13 nm coating (100 ALD cycles), and
130 mN with 51 nm coating (1000 cycles). As shown in Figure 2c
for Rpijay = 15 pm, the Young's modulus scales from 14.5 MPa
for uncoated CNTs to 24.5 GPa with 51 nm Al,0O; coating.

2.2. Structural Characterization of Coating Morphology

To further understand the structure-property relationship
via ALD coating, we measured the coating thickness and the
density evolution per ALD cycle. To determine the penetra-
tion depth, we coated patterned CNT forest “line” features and
found, as shown in Figure 3a, that the penetration depth is
approximately 5-7 pm. To overcome this limitation and dem-
onstrate the scaling on large sample areas, perforated “honey-
comb” patterns (Figure 3b) with 10 um spacing between holes
were synthesized. The perforations enabled uniform ALD
coating throughout the CNT forest, and therefore were used for
subsequent characterization.

Transmission SAXS was then used to characterize the mor-
phology of the as grown and Al,0s-coated CNTs by placing the
honeycomb film sample in the beamline path of a synchro-
tron X-ray beam and collecting the scattered X-rays on an area
detector (Figure 4, Figure S1, Supporting Information).181
As in our previous work,!'" the statistical distribution of outer
diameters for both coated and uncoated CNTs was obtained by
fitting a mathematical model of polydisperse core-shell cylinders
to line-scans of scattering intensity. The linescans are obtained
by integration of the scattered intensities within a sector of
+/— 10° about the axis of maximum intensity on the 2D scat-
tering pattern, as shown in Figure S1, Supporting Information.

This method determines the average outer and inner radii
of the bare CNTs as 5.0 and 3.5 nm, respectively. As seen in
Figure 4a, the peak corresponding to the scattering from the
population of Al,O;-coated CNTs shifts to a lower value on the
x-axis with increasing coating thickness. Therefore, coating
leads to a significant increase in the size of the scatters, which
is quantified by fitting the data for coated samples with a
core-shell scattering model. Analysis of the coated samples
gives average coating thickness of 8.5, 14.5 and 26.7 nm for 50,
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Makees
\llfﬁ')§
www.MaterialsViews.com

a b

LCNT

V‘!!"

== —

C 50¢ T
F| O Measurements
Model, variable Lent
T - |= = =Model, constant Leyr
o
O Sk i
" E
=
=
B 05t 1
= 3
o
g
5 0.05¢ ]
o C
>
0.005 Y "
1 10 100
Al,O; coating thickness [nm]
d 0.5 nm 5nm 50 nm
& &
$ $ S
($ O \/o‘\

Figure 2. Unit cell model to predict compressive stiffness of Al,Os-
CNT foams, based on bending deformation of angled core-shell beams.
a) Schematic of composite micropillar, and representative decomposition
into NxM unit cells. b) Schematic of an individual unit cell showing a CNT
beam in bending, with load decomposed into parallel and perpendicular
components. ¢) Comparison of measurements and model of the scaling
of Young's modulus with the Al,O; coating thickness. d) Schematics of
the evolution of coating morphology, indicating reduction of the charac-
teristic beam length which modifies the effective unit cell geometry.

100 and 200 cycles of ALD, (Figure 4b). For 100 and 200 cycles,
a second peak on the SAXS linescans is seen at a g value higher
than the form-factor peak. This peak could arise from the
observed roughening of the Al,O; layer at the greater coating
thickness (Figure Slc, Supporting Information).

We also estimated the average coating thickness by meas-
uring the weight of the samples before and after ALD coating.

Adv. Funct. Mater. 2014, 24, 5728-5735
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Figure 3. Penetration depth and hierarchical design of Al,0;-CNT com-
posite films. a) Cross section SEM of cleaved microwall (100 pm width)
showing the coating penetration depth (bright areas) from the top and
the sides of the micropillar. b) Cross section SEM of cleaved micro-
wall (10 pm width) showing uniform coating throughout the thickness.
c) Hierarchical honeycomb pattern with 10 pm wall thickness designed to
achieve uniform scaling of ALD coating over large areas.

We found a sub-linear relationship between mass and the
number of cycles, showing that the deposited thickness per
ALD cycle is affected by the ability of the precursors to diffuse
into the CNT forest; this reduces as the porosity of the sample
decreases when subject to multiple cycles. We therefore con-
structed a model where the pore size is decreased with each
subsequent cycle. We found (Figure 4b) that the best fit to the
SAXS and weight measurements corresponds to a decrease
of effective diffusion coefficient of vapor phase precursors in
porous media by 0.5% per cycle, starting at the 140™ cycle of
ALD coating. We did not consider the increase in available
area due to the increase in effective diameter, which is coun-
teracted by the coalescence of coated CNTs as the coating thick-
ness increases. Improved uniformity of coating could likely be
achieved by increasing the precursor cycle duration.

As a result of diffusion-limited coating, the Young’s modulus
of the Al,03-CNT composites depended strongly on the micro-
pillar diameter. The full matrix of compression tests performed
with pillars having 10-35 pm radius, at each coating thick-
ness, is summarized in Figure S3, Supporting Information.
Here, modulus is inversely proportional to pillar diameter, as
the reinforcement of larger pillars is limited by ALD penetra-
tion and therefore the final composite pillar is a reinforced shell
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Figure 4. Characterization of core-shell CNT-Al,0; morphology by Small
Angle X-ray Scattering (SAXS) spectra of “honeycomb” pattern films.
a) I—-g curves obtained from integration of SAXS images, showing evolu-
tion of primary scattering peak corresponding to population of cylindrical
nanostructures. b) Al,O3 coating thickness obtained by fitting SAXS data
with mathematical model, compared to measurements derived from
weight change of each sample after ALD. Curve fit to (b) represents diffu-
sion-limited infiltration of the CNT forest by the ALD coating precursors.

surrounding a soft core of uncoated CNTs. These trends, and
specifically the size-dependent modulus of non-coated pillars,
are also attributed to size-dependent growth effects on the den-
sity of CNTs within the forest. This topic is currently under
separate study in our group.?’

2.3. Model of Cellular Mechanics
We now present a model of the Young’s modulus of the Al,0;-

CNT composites under quasi-static loading. First, as verified
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by SAXS, we note that ALD coating creates a nanoporous com-
posite where the load-bearing elements are nanoscale core-shell
beams. These beams are loaded primarily in bending when the
structure is loaded in compression. Previous work using in situ
SEM digital image correlation has shown that the CNT-CNT
contact points within an uncoated CNT forest do not slip upon
compressive loading below the failure threshold of approxi-
mately 5% local strain.?!] As a result, uncoated CNT forests can
be approximated as open-cell foams where the deformation of
individual CNTs and bundles represent the cell walls (struts).

We approximate the nanoporous network of interconnected
wavy Al,O;-CNT beams as an effective cellular solid with rec-
tangular unit cell geometry (Figure 2a). We consider the CNTs
as an array of beams loaded simultaneously in bending and
compression,?? having identical diameter and length. We
further use SAXS to determine the average orientation angle
of each CNT with respect to the vertical axis (6 = 40°, with a
random distribution of azimuthal angles),?’] giving the unit cell
aspect ratio (Heny/ Ween = 1.67). Although the CNT alignment
and therefore the orientation are known to vary throughout the
forest due to changes in the CNT density, here we use a single
average value to represent the effective properties.

With this information, we first calculate the effective unit
cell size, where each unit cell contains one angled CNT having
length (Lcyy) and inclination angle (6). This is an approxima-
tion for the real structure of the forest, which certainly contains
a distribution of CNT angles, effective lengths, and effective
unit cell sizes. The stiffness of a unit cell kcyr is represented
by a cantilever beam in combined axial compression and end-
loaded cantilever beam bending (Figure 2a,b)

1 sin’0 cos’ 0
= Lenr + Lenr (1)

ECNTACNT

kCNT ECNTICNT

Here, Ecyr is the Young’s modulus (1 TPa,Y based on the
wall area only), and the cross-sectional area of the CNT (Acyr)
and second moment of area (Icyy) are both determined from
the average CNT outer and inner diameters measured by
SAXS. The total stiffness of the foam is therefore related to the
unit cell stiffness by the assembly of M (across the horizontal
cross-section) by N (along the height) unit cells (Figure 2a) into
a cylindrical solid representing a micropillar,

nE pillurR;illar _ Mkcyr 2)
Hpillur N

kussembly =

We derive Lcyr =210 nm, as well as N and M, which give h =
160 nm and w =95 nm.

We now predict the modulus of the composite assuming
uniform coating of the slanted CNTs within each unit cell,
causing a proportional contribution of each cell to the overall
stiffness of the micropillar structure. Therefore, we then scale
the Young’s modulus of the unit cell, using a core-shell beam
model where the Al,O; shell thickness is determined by the
number of ALD cycles. The Al,0; Young’s modulus is taken to
be 180 GPa.*’]

(El)wmpogite = Ecnrlent + Eanoslainos (3)
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The comparison between the measured compressive mod-
ulus and the predicted modulus from the unit cell model is
shown in Figure 2c. For coating thickness below ~5 nm, the
effective spring model with constant Lcyr closely predicts
the experimentally measured scaling of elastic modulus with
coating thickness. As a result, we conclude that the primary
mechanism of axial deformation of the foam is bending of
the individual nanoscale elements. However, to our surprise,
assuming constant Lcyr does not accurately predict the meas-
ured stiffness at coating thickness >10 nm. This is because
the length of the slanted core-shell beams decreases as more
coating is deposited, causing additional junctions to form
between nearby CNTs whose gaps are filled by the thicker
coating. To adapt the model to the morphology evolution, we
iteratively update the characteristic length,

LCNT|n+1 = LCNT\n - 2tn+1 (4)

Here, n and n+1 are the ALD cycle numbers, and ¢ is the
Al,O; deposition thickness during the cycle, which is deter-
mined from the SAXS and density analysis. This is schemati-
cally shown in Figure 2d. The variable Loyt model accurately
predicts the modulus scaling at large coating thickness, up to
the maximum coating of 51 nm. At this point, the increased
reinforcement due to coalescence of individual CNTs and bun-
dles (as seen in Figure 1c) changes the effective unit cell height,
thus increasing load transfer by compression of the structural
members rather than bending. Moreover, further increase in
density of the composite is limited, as we suspect the exterior
voids are fully closed and the coating precursors can no longer
penetrate uniformly and deeply into the foam. As a result, we
calculated the Young’s modulus to represent ALD penetration
depth of 5 pm from the outside surfaces of the micropillar. In
Figure S4 we provide plots showing the dependence of Young’s
modulus on the ALD penetration depth.

While penetration of larger micro-scale geometries is lim-
ited under the present ALD conditions, the perforated honey-
comb design (Figure 3c) shows potential to achieve uniform
composite properties over large areas, as it enables uniform
infiltration of the coating precursors. A honeycomb CNT forest
with 1000 cycles ALD Al,O; has E = 38.3 £ 3.7 GPa based on
the solid area of the cross-section. Nevertheless, future study
should focus on optimizing the depth and uniformity of infil-
tration and coating, as determined by the deposition tempera-
ture, pressure, and the precursor chemistry.

3. Discussion

The Al,0;-CNT foams also withstand large deformations at
high stresses before failure, and therefore have exceptional
toughness. In Figure 5 we show the measured stress versus
energy absorbed for foams with selected coating thicknesses.
The data here is obtained by integrating the area under the
quasi-static stress-strain curves of micropillars compressed
to large strains. We note three regions, as compressive strain
increases: 1) a linear regime where the energy absorbed is pro-
portional to the applied stress; 2) a steep increase in energy
absorbed, corresponding to the plateau in the stress-strain

Adv. Funct. Mater. 2014, 24, 5728-5735
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Figure 5. Toughness of Al,0;-CNT foams. a) Strain energy absorbed
versus stress for micropillars with different Al,O3 coating thickness,
showing the transition from linear elastic compression to the plateau
(increase in strain without increase in stress) and the densification
regimes (increase in stress without increase in strain). b) SEM images
from in situ compression testing showing the failure modes for coated
CNT pillars at high strains: buckling for 13 nm thick coatings and cracking
for 28 and 42 nm thick coatings. Top row shows micropillars during com-
pression, and bottom row shows the same respective test after unloading.

curve; and 3) densification as the material fails. Large energy
absorption, characterized by an increase in total energy stored
due to deformation without much increase in the resultant
stress, occurs until the vertical tip of each of these curves before
the slope is decreased due to the small resultant strain at the
foam densification regime (3). This indicates that most of the
energy absorbed is due to the large deformations of the indi-
vidual cells, a favorable property for structural foams.

The high toughness indicates that the CNTs, even at very
low weight% (=2.5 wt% CNTs after 1000 cycles ALD), bridge
cracks in the Al,;O; foam that form upon compressive loading.
This prevents catastrophic fracture until a very large strain, and
hence results in large energy absorption. We believe that rapid

Adv. Funct. Mater. 2014, 24, 5728-5735
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crack propagation is mitigated due to the collective buckling of
the Al,O3-CNT struts held in proximity by van der Waals inter-
actions, or in some areas by thin ceramic junctions. In contrast,
classical open cell (e.g., Al) foams have continuous struts con-
nected at the junctions and spanning the cells. Thus, at the
same density, classical foams require larger forces to buckle the
members, and exhibit a narrower plateau in the stress-strain
curve than observed for the Al,0;-CNT foams.

The deformation and failure mechanisms are further under-
stood by examining in situ SEM videos of micropillars under
compression (Figure 5b, Videos S1-S3, Supporting Informa-
tion). In these videos and the accompanying stress-strain
curves, we find that foams with approximately 10 nm Al,0,
coating fully recover large compressive strains, and exhibit sig-
nificant hysteresis (i.e., material damping). We suspect this is
due to the reinforcement provided by the Al,O; coating, ena-
bling the elastic energy to reversibly overcome the stiction of
the struts due to van der Waals forces, while remaining flex-
ible to prevent fracture at large global strains. At thinner coat-
ings, the applied stress is not recovered as stiction dominates,
whereas at thicker coatings, fracture occurs, resulting in per-
manent deformation albeit with very high toughness. The role
of the coating thickness in joining and bundling CNTs into a
hierarchical nanocomposite structure is evident by comparing
the fracture behavior of pillars in the thick coating regime. The
pillar with 28 nm coating splits outward as fracture propagates
parallel to the CNTs, while the pillar with 43 nm coating initially
cracks then crushes uniformly under uniaxial compression.

In summary of the above data, we achieve tuning of the elastic
modulus by more than 1000-fold by simply varying the thick-
ness of the Al,O; ALD coating. The achieved values (Figure 6a)
range from (on the low end) those typical of uncoated CNT
foams and other low-density nanostructured foams, to (on the
high end) those known for structural aluminum honeycombs
having millimeter-scale cell size.?l Moreover, the strength of
our Al,O;-CNT composites, which is determined as the max-
imum stress before the slope of the loading curve decreases
abruptly (Figure 6b, Figure S5), is 10-fold higher than isotropic
aluminum foams having the same density of p = 1000 kg m=,
and at this point is comparable to compact bone which has
2-fold higher density (p = 2000 kg m~).Bl The modulus that we
achieve also exceeds that measured for composites of mechani-
cally densified CNT forests with aerospace grade epoxy, where
E =9 GPa is achieved at 20% CNT volume fraction.?”] As stated
before, E is defined as the slope of the unloading curve, and o,
is defined as the location on the stress-strain curve where the
slope starts to decrease after the initial linear-elastic regime.

Comparing the scaling behavior to conventional open cell
foams, we note that the Young’s modulus and strength of the
Al,O5-CNT composite scale as E~p*® and o,~p*® (Figure 6).
Ideal bend-dominated open-cell foams such as open-cell polymer
foams,”®l and aluminum honeycombs* scale as E-p* and o
~p%. The modulus scaling of our ALD-coated CNTs incidentally
resembles that of of isotropic CNT foams,3% CNT aerogels,!
and Si aerogels® which scale as =p?, and commonly attributed to
the interdependence of strut thickness and cell size. This explains
the discrepancy between the measured E and the constant length
strut analytical model (Figure 2c). On the other hand, ultralight
open-cell foams such as Ni-P microlattices!® show E ~ p? because
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Figure 6. Measured power-law relationship between bulk density and
compressive a) Young's modulus and b) strength of the Al,03-CNT
foams, compared to benchmark published and commercially available
materials.

of the strut aspect ratio is independent of density. High modulus
scaling power (n), as shown by the Al,0;-CNT foams, is advan-
tageous because we begin with low-density as grown CNTs and
achieve a comparatively large increase in mechanical properties
with increasing density. The controllability and interdependence
of stiffness, strength, and toughness will certainly depend on the
initial CNT density, diameter, and morphology, and moreover on
the crystallinity and composition of the coating. Further study is
warranted to understand these phenomena, and to engineer the
mechanical energy storage and dissipation properties
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In the present study, the scale of the materials tested was
limited to the honeycomb films covering =1 c¢cm? area, and
this area is determined by the size of the CVD furnace used
for CNT growth. Nevertheless, the design principles of con-
formal coating and hierarchical patterning could be real-
ized on much larger scales, such as within coatings of CNTs
grown on woven micro-fibers or other porous frameworks.*3l
Moreover, emerging methods to pattern CNT growth catalyst
using continuous printing methods such as laser printing,4
and machines for roll-to-roll CVD on metal foils, suggest that
large-area coating and lamination of CNT forests will be pos-
sible in the future. Several schemes for high-speed continuous
ALD have also been reported and are being commercialized.*’]

4, Conclusion

Conformal coating of CNT forests may serve as a scalable plat-
form for the engineering and fabrication of hierarchical foams
with nanoscale cell geometry. As demonstrated here, Al,O;-CNT
foams made using lithographically patterned CNT microstruc-
tures followed by ALD coating show 1000-fold tunable Young’s
modulus, compressive strength, and toughness; and the scaling
of Young's modulus over this wide range can be accurately pre-
dicted by the mechanics of beam deformation as informed by
X-ray characterization of the coating thickness. Moreover, the
Al,O;3-CNT foams have =10-fold higher strength than commercial
aluminum foams at the same density, as well as higher toughness
due to the high ductility exhibited by the nanostructured ceramic
coating. As a result, these foams may be suitable for filtration
and shock absorption under high temperature and pressure con-
ditions. We believe that capabilities to grow and coat CNTs in
hierarchically microstructured geometries, on advanced fibers,
and within porous materials, will enable realization of core-shell
CNT-based foams in a wide range of macroscopic configurations.
Future exploration of both ceramic and metallic coatings could
enable new high-performance foams for structural applications as
well as electrochemical energy storage materials where porosity
and mechanical robustness are essential to high performance.

5. Experimental Section

CNT Growth: The catalyst for CNT forest growth is deposited on
a (100) silicon wafer with 300 nm of thermally grown silicon dioxide.
Photoresist (SPR220) is patterned by photolithography and developed,
and then films of 10 nm Al,O; and T nm Fe are deposited by sputtering
(Kurt J. Lesker PVD Lab 18). The photoresist is removed by performing
two consecutive cycles (8 minutes each) of ultrasonication in acetone,
followed by flushing with IPA. CNT growth is performed by thermal
CVD in a quartz tube furnace (Thermo-Fisher Minimite, 22 mm inner
diameter). Pieces of the patterned catalyst wafer are placed in the
quartz tube and sealed, and then the furnace is flushed with 1000 sccm
He for 5 minutes. Then 100/400sccm H,/He is flowed for 20 minutes;
the temperature is ramped up to 775 °C during the first 10 minutes and
held for the next 10 minutes. For CNT growth, 100 sccm C,H, is added
to the gas mixture while the temperature is maintained at 775 °C. Once
the growth step is complete, the furnace power is turned off, and the
tube is flushed with 1000 sccm He until the furnace is below 100 °C.
The height of the CNT microstructures was controlled by the growth

time, with the growth rate equaling approximately 50 pm min~".

Adv. Funct. Mater. 2014, 24, 5728-5735



el
Mot oS
www.MaterialsViews.com

ALD Coating: After growth, CNT micropillars were coated with
alumina deposited via atomic layer deposition (ALD). The ALD
process is performed in a low pressure CVD chamber (Oxford OpAl) at
300 mTorr and 150 °C via alternating pulses of Al(CH;); and H,O with a
purge between the pulses.

Mechanical Testing: Micropillars and perforated forests were tested in
compression using a MTS Nanoindenter XP with flat diamond punch
(100 pm diameter). In situ SEM compression tests were performed
using a flat nanoindentation tip (100 ym diameter) within a custom-
built micromechanical test frame inside a SEM (FEI QUANTA ESEM), as
described by Maschmann et al.'!l

X-ray Scattering: As-grown CNT micropillars as well as Al,O;-
coated micropillars were mounted on a motorized sample stage in the
Synchrotron X-ray beamline. TheEnergy of the X-ray beam used was
10 +/- 0.1 keV. Scattering patterns were collected on a 2D area detector.
The size of the X-ray beam was controlled using a pair of motorized
precision slits. More details of the experimental setup and the data
analysis techniques are published in Bedewy et al.['"]
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