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The mechanical compliance of vertically aligned carbon nanotube (VACNT) films renders
them promising as interface materials that can accommodate thermal expansion mis-
match. Here we study the relationship between the detailed morphology and elastic mod-
ulus of multi-walled VACNT films with thicknesses ranging from 98 to 1300 ym. A
systematic analysis of scanning electron micrographs reveals variations in nanotube align-
ment and density among samples and within different regions of a given film. Nanoinden-
tation of both top and bottom film surfaces using an atomic force microscope with
spherical indenters with radii between 15 and 25 um provides evidence of the modulus dif-
ferences. The top surface is shown to have a higher modulus than the base, with out-of-
plane modulus values of 1.0-2.8 MPa (top) and 0.2-1.4 MPa (base). The indentation data
and microstructural information obtained from electron microscopy are interpreted
together using an open cell foam model to account for differences in nanotube alignment
and density, which are generally lower at the base and yield predictions that are consistent
with the modulus data trends. This work shows that microstructure analysis complements
property measurements to improve our understanding of nanostructured materials.

© 2012 Elsevier Ltd. All rights reserved.

within a film affect the mechanical and thermal properties of
the film. Given the variety of growth techniques and varia-
tions in film morphology, it is important to understand how

1. Introduction

The thermal resistance and reliability of thermal interface

materials (TIMs) are critical limiting factors for a variety of
technologies including electronics thermal management
and thermoelectric energy conversion [1,2]. Vertically aligned
carbon nanotube (VACNT) films offer great promise as TIMs
because they offer high through-plane thermal conductance
and mechanical compliance. VACNT films typically have a
complex, entangled nanotube structure and morphological
details such as the density, alignment, and tortuosity of CNTs
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these factors influence film behavior as TIMs. VACNT films
will need to be released from their growth substrate and at-
tached to the device being cooled, so released films must also
be characterized.

While there has been considerable work on measuring the
thermal performance of VACNT films [3,4], the mechanical
properties need more attention. Past research on the mechan-
ical properties of VACNT films yielded a wide variety of

0008-6223/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.carbon.2012.04.004


http://dx.doi.org/10.1016/j.carbon.2012.04.004
mailto:yuangao@stanford.edu
http://dx.doi.org/10.1016/j.carbon.2012.04.004
http://dx.doi.org/10.1016/j.carbon.2012.04.004
http://dx.doi.org/10.1016/j.carbon.2012.04.004
www.sciencedirect.com
http://www.elsevier.com/locate/carbon

3790

CARBON 50 (2012) 3789-3798

Nomenclature

area, m?

relative modulus factor, Pa

a constant

Young’s modulus, Pa

geometric constant used in Oliver-Pharr analysis
force, N

volume fraction

unit cell height, m

tip displacement into the sample, m
moment of inertia, m*

spring constant, N/m

unit cell width and length, m
length of a CNT in a unit cell, m
load, N

radius, m

contact stiffness, N/m

cantilever deflection, m

X W™ Y—HE =SSm0 MO W >

Greek symbols
o aspect ratio
y work of adhesion, mJ/m?

A unit cell vertical deflection, m
€ strain

0 CNT angle in a unit cell

Y Poisson’s ratio

o stress, N/m?

Subscripts

1 in-plane

2 out-of-plane

adh maximum adhesion force
base bottom surface of film

c contact depth

f film

i indenter

in inner radius of a CNT

max total displacement below film surface
out outer radius of a CNT

r reduced modulus

rel relative modulus

s single tube

top top surface of film

out-of-plane modulus (E,) values ranging from below 10 MPa
to hundreds of MPa [5-13], likely due to the variety of film
structures and measurement techniques. These prior work
often assumed that the film structure is homogeneous, which
is in contrast with the strongly varying in-plane modulus (E,)
we reported recently for multi-walled VACNT films of thick-
nesses between 0.5 and 100 pm [14] based on both scanning
electron microscopy (SEM) images and thickness-dependent
modulus data obtained using a novel resonator technique.
This suggests that understanding and quantifying the inho-
mogeneous morphology of VACNT films in conjunction with
elastic modulus measurements will improve data interpreta-
tion and analysis.

Several studies quantified the morphology of VACNT films
using image analysis or X-ray scattering techniques [15-19].
There is often a thin, highly-entangled crust layer, followed
by a more vertically aligned middle section, followed by a dis-
ordered, lower density base region. The distinction between
these regions tends to be more pronounced for films much
thicker than ~10 ym [16]. Some studies observed a relation-
ship between the tortuosity of VACNT films and measured
modulus [7,18], while others observed that buckling always
begins at the film base during uniform compression [8,10-
12,20,21]. These studies indicate that the film microstructure
strongly influences the mechanical properties of the film. Yet
none use quantitative microstructure analysis of the film to
predict mechanical behavior.

The present work extracts the localized out-of-plane
mechanical modulus of five multi-walled VACNT films with
thicknesses ranging from 98 to 1300 um through nanoinden-
tation by an atomic force microscope (AFM). Previous work
used AFM nanoindentation on a well-aligned CNT film to
measure individual CNT properties by using a sharp pyrami-

dal tip to penetrate between the tubes [22]. Instead, we use
spherical indenter tips with radii between 15 and 25 pm to
measure bulk behavior rather than individual tubes. We mea-
sure the differences in E, between the top and bottom re-
gions, which often have different morphologies. The
modulus on the top side (E;op) is measured on as-grown
films. The modulus at the bottom surface (E; pase) is measured
by releasing the film from the substrate and indenting from
the backside. In this way we can observe the inhomogeneous
mechanical behavior within VACNT films and compare the
results between films of different thicknesses. Image analysis
performed on SEMs of the samples quantifies their alignment
and density. These values are input into a cellular mechanical
model to compare predicted behavior to measurement
results.

2. Experimental procedure

2.1. Material preparation

This work investigates five multi-walled VACNT films grown
under similar conditions with final film thicknesses of 98,
150, 200, 205, and 1300 pm. The growth process and density
measurement procedures are detailed in Won et al. [14]. The
mass densities range from 0.029 to 0.056 g cm > which trans-
lates to 1.3-2.5% volume fraction (f) assuming an individual
multi-walled CNT density near graphite of 2.2 gcm 2. To in-
dent the films on the base side, the VACNT films are released
from the substrate by first placing the top of the film on a thin
layer of carbon paste (Structure Probe, Inc.) on a second sub-
strate and then pulling the original substrate off after the
adhesive dries (Fig. 1a). Carbon paste is used for this study be-
cause it is SEM compatible and easy to apply, though in actual
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Fig. 1 - (a) Schematic of the VACNT film release procedure for measurements of the base side modulus. The top of the original
film is bonded to a new substrate using carbon paste. (b) Schematic of an indenter at the base surface of a VACNT film that
has been bonded to a new substrate. (c) SEM of the indenter tip. The original AFM tip which is nominally 17 pm tall is located
to the right of the glass sphere and is partially covered with epoxy. The white shadows in the image are due to charging

effects during imaging.

TIM applications the film can be bonded and released with a
binder metal to enhance thermal conduction [23]. The carbon
paste is viscous and there is little wicking into the film. To
avoid changing the film’s microstructure, minimal pressure
is applied when bonding the film. Each released sample is in-
spected under SEM and samples with significant damage are
not used in the study. Fig. 1b illustrates the indentation of the
flipped film.

Fig. 1c shows an SEM image of an indenter consisting of a
25 pm diameter glass microsphere (Polysciences, Inc.) at-
tached to the end of a tapping-mode AFM cantilever (TAP-
190AL-G, BudgetSensors). Three different indenter tips are
used in this study with spheres of radii 15, 20, and 25 um
determined using SEM images. The large diameter ensures
sampling of bulk film properties rather than individual nano-
tubes. Tubes are typically spaced ~100 nm apart and a sharp
AFM tip will penetrate the surface and push tubes laterally.
Unlike sharp indenters the large radius also allows accurate
determination of the tip geometry for the force curve analy-
sis. Compared with flat indenters the spherical probe does
not need to be aligned perfectly perpendicular to the surface
of the sample. The glass indenter tip (E ~ 70 GPa) is much
harder than the films being investigated (E < 10 MPa).

The spring constant k of each cantilever is calculated using
the Sader method [24] before attachment of the glass spheres.
For this calculation a laser Doppler vibrometer is used to find
the quality factor and resonant frequency of each AFM canti-
lever and the cantilever width and length are measured using
SEM images. The measured k values range from 17 to 20 N/m.
The glass spheres are first cleaned using a Piranha solution to
remove surface residue. Then spheres are attached with
epoxy to each cantilever based on the method described in
Kodama et al. [25].

2.2. Measurement methods

VACNT films with entangled morphologies have been shown
to behave as a foam-like network of tubes rather than inde-
pendent, vertical CNTs since there are significant tube-tube
interactions due to van der Waals forces [5,7-8,11,12,16].
Previous observations of base-side buckling behavior in
VACNT films involved uniaxial compressions with minimal
lateral forces [8,10-12,20,21]. In those measurements the film

essentially acts as a series of vertical springs and the weakest
layer (typically the base) deforms the most regardless of the
direction of indentation. Nanoindentation measurements of
VACNT films result in a localized response similar to that of
solid materials [8], providing the capability to measure prop-
erties at the top and base regions. Studies on indentation of
multilayer structures showed that the measured modulus is
progressively affected by each layer and varies with penetra-
tion depth [26,27]. Since VACNT alignment is gradually chang-
ing with depth, the measured moduli are an average of the
local properties at the top and base, though the indentations
are kept shallow and do not show a significant change in
modulus with depth.

The elastic modulus of each VACNT film in this work is
measured using a Topometrix Explorer scanning probe micro-
scope capable of force measurements. These microscopes
provide high sensitivity to load and displacement and have
been previously used to measure the mechanical properties
of a variety of materials, including polymers and biological
materials, yielding information about local material proper-
ties such as hardness, elasticity, and adhesion [28,29]. AFMs
are especially useful for observing soft, fragile samples and
allow for use of a variety of indenter sizes, materials, and
cantilevers.

To obtain an accurate load-depth curve a number of cali-
bration and conversion steps are performed. The piezoactua-
tor is calibrated to account for nonlinearity, hysteresis, and
creep between the applied voltage and displacement [30].
For each measurement, the conversion of photodiode voltage
to cantilever free-end deflection is determined by pressing the
tip on a hard sample such that there is no penetration into the
sample. The cantilever deflection is converted to force F using
F =k"x where x is the cantilever deflection. Because the load-
ing force is affected by the tilt of the AFM cantilever with re-
spect to the sample, a correction factor given in Heim et al.
[31] is applied which also accounts for indenter size. During
the measurement the tip deflection is kept within the linear
region of the photodetector. The data are taken using a tip
velocity of 4 pum/s which is sufficiently fast to render the data
independent of velocity. The actual load signal resolution
depends on the range of indentation and number of data
points taken but remains below 20 nm in displacement and
8 nN in force.
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The Young’s modulus of the material can be determined
from the load-depth curve using the Oliver-Pharr method
[32], which is appropriate for elastic-plastic materials and
has been previously used on other measurements of VACNT
films which exhibit this behavior [6-8]. The slope of the initial
unloading curve, S, represents purely elastic recovery and is a
measure of the contact stiffness S = dP/dh where P is the load
and h is the displacement. To find S, the initial portion of the
unloading curve is fit to a power law relation. S is related to
the reduced modulus E; by

S M

2 Johr -

where R; is the radius of the indenter and h. is the actual con-
tact depth given by

M = P — €5 ()
S

Here hpayx is the total indentation depth below the surface
of the film and e is a geometrical constant equal to 0.75 for a
paraboloid of revolution. The initial contact point is deter-
mined from the point where the force curve deviates from
the zero force line. There is some error in choosing the loca-
tion of this contact point, but the results are not strongly sen-
sitive to hpax. The modulus of the film is calculated from E,
using

1-12 1-2]7"
E, = i f
' { E | E }

3)

where E;, v;, and Eg, v represent the Young’s modulus and Pois-
son’s ratio of the indenter (glass sphere) and substrate (VAC-
NT film), respectively. The value of E; and v; used for glass
are 70 GPa and 0.2, respectively. The value of v¢ for VACNT
films is commonly assumed to be zero since the response is
similar to a foam material [8,11].

The Oliver-Pharr method does not include adhesion ef-
fects, which are significant for measurements on the base
of the film and can yield error in the analysis [33]. The top sur-
face may have lower adhesion than the base due to the entan-
gled crust layer, which reduces engagement of the CNTs to
the contacting surface [34,35]. Thus data for the base of the
film are also analyzed using Johnson-Kendall-Roberts (JKR)
adhesion theory [36]. According to the Tabor parameter, the
JKR model is valid for these samples, which are compliant,
elastic materials with high surface energy and measured with
large radii indenters [37]. Fitting the force curve to the model
gives E, and the work of adhesion y = 2P,qn/(37R;) of the sam-
ple, where P,ap, is the maximum adhesion force [33].

Since the samples are porous, they have high surface
roughness, on the order of 100 nm and 1 pm root mean square
roughness for the top and base respectively based on AFM
topography scans. The roughness may be lower for the top
because of the horizontally-aligned tubes in the crust layer,
whereas the released base consists of vertical CNT tips. Past
work showed that roughness results in an underestimated
modulus and scattered data, and that its effects diminish
with indentation depth [38,39]. We mitigate errors due to
roughness by averaging results from different locations and
indenting deeper than the surface roughness. The average
indentation depth for the samples ranges from 600 to

1160 nm for the top surface and 2.17-6.62 ym for the base,
corresponding to 0.09-0.80% strain for the top and 0.3-3.0%
strain for the base. The maximum indentation depth of each
sample is at least 10 times less than the total thickness of the
VACNT film to avoid influence from the Si substrate [32]. Mea-
surements are taken on each sample using at least two differ-
ent indenter tips and at least five different locations for each
tip for a total of over 10 indentations per sample. There is no
significant difference in measurement results between tips.
Measurements are not repeated at the same location due to
the stress softening behavior of the film [10,40].

Indentation of rough surfaces can be divided into two
steps: flattening of the asperities and then indentation of
the flattened surface [41]. As shown in Fig. 4c, the “free”
tips of the base-side nanotubes deform plastically to form
a flattened surface against the indenter tip, creating a pro-
file similar to a crust layer. During applied load the base
side experiences a greater increase in CNT-indenter contact
area than the top, which may lead to greater underestima-
tion of Ejpase than Estop. Since we cannot observe the pro-
gression of contact area during indentation, we estimate
this effect by changing the initial contact point in the anal-
ysis such that the loading begins after the flattening of the
base side tips. This reflects the extreme case of no contact
before this point, simulating extremely sparse CNT tips. For
a 20% lower hmax, E, calculated using the Oliver-Pharr
method increases proportionally by 20%. However, E, calcu-
lated using the JKR method only increases by 3%. Thus the
deep indentations and JKR analysis reduce the underesti-
mation of E;pase-

The measurement system is verified using a 1 mm-thick
polydimethylsiloxane (PDMS) 10:1 reference sample (Sylgard
184, Dow Corning Inc.). The Poisson ratio of PDMS is assumed
to be 0.5. The measured modulus values are 1.3 +0.2 MPa
which match well to past work that reported ~1.5 MPa elastic
modulus [42,43].

2.3. Cellular model

Past literature has shown that the mechanical response and
microstructure of VACNT films can be effectively modeled
as an open-cell foam [10,11]. Open-cell foams have been pre-
viously analyzed using dimensional relations between the
mechanical modulus and a measure of the physical structure
(e.g., unit cell size) since the variation in pore size and geom-
etry makes it difficult to create an exact model. These rela-
tions have excellent fit to data down to a constant of
proportionality [44]. For this analysis we use a simple three-
dimensional open-cell foam model similar to the work of
Gibson et al. [44] to simulate the mechanical response of the
VACNT foam using dimensional relations.

Fig. 2a shows a unit cell comprised of eight CNT sections of
length 1 oriented at an angle 6 to the plane of the film. The
unit cell has height H and length and width L to account for
modulus anisotropy between the CNT growth direction (out-
of-plane) and in-plane directions. The aspect ratio « is defined
as « = H/L = /2 tan 6. Fig. 2b shows a single angled tube seg-
ment from which the relationships H=2lsinf and
L = v/2lcos 6 are derived. The cellular model does not capture
the variety of complex tube interactions such as tube-tube
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Fig. 2 - (a) Anisotropic unit cell where H > L. H is the growth
(out-of-plane) direction. The nanotubes are hollow cylinders
represented by the thick solid lines of length 1. (b) Diagram of
a single tube with a vertical force F,. The beam is deflected
by 4, in the vertical direction.

bundling and van der Waals forces in the structure, but the re-
sults of this model match well to a coarse-grained molecular
simulation of the film structure that does account for those
effects over a wide range of o and f *.

The present analysis assumes that the VACNTSs act as Eu-
ler-Bernoulli beams. For E;, a horizontal force F; is applied at
the end of each beam and for E,, a vertical force F, is applied
at the end of each beam (shown in Fig. 2b). The resulting in-
plane and out-of-plane strains ¢ and ¢, are

A, FiP(2 - cos?0)

a=Lp” E.L 4)
A F,I® cos?0 5)
27HRY T EIH

Here 4; and 4, are the beam deflections in the in-plane
and out-of-plane directions respectively. I is the principal mo-
ment of inertia. I = (Rour’~Rin?)/4 Where Roy: is the outer ra-
dius of a CNT and R;, is the inner radius. Eg is the Young’s
modulus of an individual CNT, which is typically ~1TPa
[45]. The total stress on the cell in the in-plane direction, o4,
and out-of-plane direction, o, is 4F/LH and 4F,/L?
respectively.

The volume fraction f can be expressed as the relative vol-
ume occupied by the nanotubes in a unit cell.

8lA 2A
f_ﬁ_l%os?@sin@' ©)

Here A is the cross-sectional area of an individual CNT.
After substituting | with f in Eq. (4) and (5), E; and E, become
functions of 0,f, and individual tube properties:

_ Bcos*0sing
~ 2-—cos20

7)

1

E, = Bsin®0 (8)

 CEJf’

B A7

©)

The values of f and « (where « = v/2 tan 0) are calculated for
each indented region using the image analysis procedure de-
scribed in the next section. B is defined to factor out the
dependence on f, since each region of the VACNT film has a
different o and f and we want to isolate the dependence of
E, on «. The measured E, are converted to a relative modulus
E;re1=E»/B. Then E; . is compared to the predicted trend,
sin®0 (Eq. (8) divided by B). Since these are dimensional rela-
tionships, C is defined as a constant of proportionality which
is determined by using a least squares fit between the data
and model.

2.4.  Image analysis

Image analysis techniques are used to estimate H and L at var-
ious locations in a cross-sectional SEM image of the VACNT
film to detect morphological variations. For image analysis,
the VACNT samples are first cleaved to gain visual access to
the nanotubes away from the sample edges. The cleaved edge
is sputter coated with ~4 nm Au to increase SEM image con-
trast. The image analysis technique is insensitive to the tube
diameters. All images of the film are taken using a FEI XL30
Sirion SEM at 150 kX magnification under identical micro-
scope settings. This provides the best images for analysis in
terms of capturing a large area with adequate resolution, as
shown in Fig. 3a, and keeps the depth of field constant. An
image at this magnification covers roughly a 1.5 x 2 pm area.

Binarization of the SEM images using thresholding (the
Otsu method) limits the image to a thin plane since brightness
decreases with depth. Slight variations in threshold value do
not have a significant effect on the results. If a large portion
of the image is not in the same plane, that area is cropped
out. Image processing operations are used to remove noise
and large specks. An example of the final binary image is
shown in Fig. 3b. The intersections between the nanotubes
and 50 evenly spaced probe lines are counted in both the hor-
izontal and vertical directions, as in Fig. 3c and d. This is a
standard stereological procedure for quantifying geometries
in a cross-sectional image [46], and the number of probe lines
do not significantly affect the results above a certain point.
The average tube-tube spacing is calculated by dividing the
total probe line length by the total number of intersections.
The measured tube-tube distance in the horizontal and verti-
cal directions are converted to 3D cell dimensions L and H
using a factor of 1.5 [44] which are then converted to f and o
using the cellular model. The factor gives the appropriate film
fof ~2% as determined from the mass density measurements.

3. Results and discussion

The crust, top, middle, and base regions within a typical VAC-
NT film are indicated in Fig. 4a. Fig. 4b shows the flipped film
attached with carbon paste to a secondary substrate. Fig. 4c
shows the released surface with an indented region (see dis-

' Won Y, Gao Y, Panzer MA, Goodson KE. Zipping, Entanglement, and the Modulus of Aligned Single-Walled Carbon Nanotube Films.

Unpublished. 2012.
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Fig. 3 - (a) An SEM is taken of a section of the VACNT film that is roughly in one plane. (b) The binary image after filtering. (c)
Horizontal and (d) vertical straight probe lines drawn across the binary image to detect intersections with nanotubes.

- m Middle

- = Base

» p
50.um RcCarbon paste 90 HM

Fig. 4 - (a) Cross-sectional micrograph of a 200 pm-thick VACNT film showing locations of the crust, top, middle, and base
regions. The crust is directly above the top region. (b) The released and flipped film on carbon paste with the original regions
reversed. (c) SEM image of a 45° view of a released base surface with a region of plastically deformed CNT tips (circled) from
indentation. The released surface has no crust layer. (d) SEM images of the crust and top, (e) middle, and (f) base regions
showing the differences in CNT morphology.
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Fig. 5 - Image analysis results for the 150 pm-thick sample
showing aspect ratio («, diamonds) and volume fraction (f,
squares) calculated from SEM images as a function of depth
into the sample. Zero distance corresponds to the top of the
film. In each region, over all samples the standard deviation
of « and f is between 3-12% and 5-18%, respectively. These
results are used as inputs to the cellular model.

cussion of roughness, Section 2.2). The crust on the original
film, shown in Fig. 4d, is ~200 nm thick for these films, which
is too thin to analyze reliably using the image analysis proce-
dure. As discussed later this crust layer does not significantly
affect the modulus measurement. The images used for anal-
ysis are taken immediately below the crust in the top region.
Fig. 4e and f depict the well-aligned middle and entangled
base regions.

These trends are also reflected in Fig. 5 which shows the
quantified tube structure using the image analysis procedure.
The result shows that « peaks in the middle region and is
equal or lower at the base than the top. Similar trends exist
for all the samples and are akin to past observations [16].
The values of f are more scattered but are overall slightly
higher at the top than the base.

The images of the released films are also analyzed to
determine if the release procedure changes the film morphol-
ogy. The morphology of the flipped films matches the original
film within the scatter of the data. For comparison to mea-
sured data, at least three images are taken at the top of the
original sample and base of the flipped sample respectively

(the locations indented) to find the average cell dimensions.
This ensures that any morphology change due to the release
procedure is captured in the results.

Fig. 6 shows the force-displacement curves for (a) the top
surface of the unmodified 150 pm-thick sample and (b) the
base surface of the sample after release. The curve shapes
are typical of all the samples. The tilt of the curve at negative
depth is due to the movement of the tip above the sample, an
artifact of the AFM setup. The hysteresis is a signature of
energy dissipation, consistent with past observed behavior
[8-12]. The dip below zero force reflects adhesion between
the tip and sample. The base of the films has much higher
adhesion than the top surface, as described in the methods
section. Due to the shallow indentations and low forces, the
majority of the indentations are in the linear regime of the
stress—strain response of the film, as shown in Fig. 6c. Occa-
sionally, for some deeper indentations at the base surface,
the stress—strain curve levels off, indicating the initiation of
buckling. This effect typically occurs between 8 and 20 kPa
and reflects the soft nature of the base region. The top surface
indentations remain in the linear regime through 80 kPa of
stress.

Fig. 7 shows that for the indentation measurements E; page
is significantly lower than E;i,p. The modulus slightly de-
creases with film thickness, suggesting that thicker films are
more misaligned, particularly at the base of the film. This is
also consistent with previous observations [16]. The values
of Espase in Fig. 7 are calculated using the JKR analysis. The
values of y for the base surface range from 1.4 to 33 mJ/m?
and are comparable to past work which showed 7 between
20 and 80 mJ/m? for multi-walled VACNT films contacting a
convex glass surface [34]. Not all the indentation curves give
perfect fits to the JKR model, but the results for elastic modu-
lus are consistent and the variations are reflected in the stan-
dard deviation.

For the range of indentation depths and the amount of
variation in the data, the samples do not show a clear depth-
dependent modulus. This indicates that the crust layer does
not affect the response because it is negligibly thin or does
not have a significantly different modulus than the top.

Fig. 6 - (a) Load-depth curve for the 150 pm-thick sample. “Approach Gurve” corresponds to the response as the tip

(a)

(b)

6 ) ) 4 , . 80 : .
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-‘:—/
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(c)

approaches the sample surface, and “Retract Curve” corresponds to the response of the tip moving away from the sample.
The black dashed line represents the fitted slope used in the Oliver-Pharr analysis. (b) Load-depth curve for the released

150 pm-thick sample. The curve for the JKR model fit is also shown as the red dotted line. (c) Stress-strain plot of indentation
from the top (dashed) and base (solid) of the 150 pm-thick sample. The contact area for the stress is calculated as described in
the Oliver-Pharr method, A = n(2hR — h.?) [32].
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Fig. 7 - Elastic modulus measured from the top (E2,«op) and
base (Ezpase) surfaces of VACNT samples of varying
thicknesses. The error bars correspond to the standard
deviation of the data.
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Fig. 9 - Predicted E; and E, of the 150 pm-thick sample as a
function of depth into the sample using the cellular model
and image analysis. The vertical axis has a log scale to
depict trends in E;.

According to the cellular model and supported by results in
Won et al. [14], if the crust has nanotubes with mostly horizon-
tal alignment it will have low E, though E; is high. The lack of
depth-dependence also suggests that the indentations at both
surfaces do not sample the properties of the well-aligned mid-
dle region.

To investigate the dramatic difference between E, ., and
E5 base, the cellular model is used to compare these values to
the film morphology at the top and base. Fig. 8 shows Ej re
plotted against « for each data point, after accounting for dif-
ferences in f. As mentioned earlier, « and f are generally equal
or lower at the base region (filled data points) than the top
(unfilled data points). Though the data is scattered, there is
an overall trend of increasing E; y; with o which suggests that
the tube morphology may have a strong impact on the film
mechanical properties.

In Fig. 8 these data points are also plotted against the the-
oretical curve calculated from the cellular model. The overall
trend of increasing modulus with alighment matches the
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Fig. 8 - Measured modulus for all samples, represented by
their thicknesses. Unfilled data points represent E;,; of the
top surface and filled data points (corresponding to the
same samples as their unfilled counterparts) represent E, ;1
of the base surface. The cellular model is used to calculate
the trendline “Model” (dashed line), with C = 0.17 used to fit
the data to the model. Other parameters used include:

Rout =4 nm, Ri, =2 nm, and E;=0.9 TPa. « and f are
determined from image data for each point. The horizontal
error bars include the standard deviation of « and the
vertical error bars include the error due to the standard
deviations of E, and f for each point.

data, though the data increases more rapidly with « than pre-
dicted. For a number of reasons, E; re; of the base side may be
lower than expected. The image analysis procedure may not
be sufficiently effective at detecting density differences due
to the depth of field of the SEM, causing errors in f if the base
is actually less dense than it appears [16]. The number of de-
fects in a CNT may increase with growth time (as reflected by
the increased tortuosity) which may reduce the magnitude of
Es in the base region. There is also the possibility of unob-
served weakening of the film due to the release procedure
for certain samples, such as the two thickest samples. The
methods to overcome these shortcomings are beyond the
scope of this paper and may be resolved by measurements
of more samples with a wider range of «. These results do
show that a simple cellular model can explain trends in film
behavior based on the morphology of the tube structure.
Finally, these results can be used to predict elastic modu-
lus and Fig. 9 shows the expected local in-plane and out-of-
plane moduli throughout the thickness of a VACNT film, cal-
culated using the foam model with parameters extracted
from image data and C determined from data fitting. As ex-
pected, E, peaks in the middle region and is lowest at the
base. E; and E, begin to converge at the base as the CNTs be-
come more misaligned. E; is much lower than E,, which
agrees with past data from Deck et al. [9] that showed that
VACNT films are nearly five times stiffer when compressed
in the out-of-plane direction than the in-plane direction. This
also supports past work showing low in-plane “middle” re-
gion modulus of VACNT films grown under similar conditions
as the films in this work [14]. Note that these results do not
include analysis of the crust layer, which needs a different
image analysis procedure. The low modulus of these films,
particularly in the in-plane direction, reflects their potential
suitability as compliant thermal interface materials.

4. Concluding remarks

We have observed the inhomogeneous structure of multi-
walled VACNT films using image analysis and mechanical
property measurements. Nanoindentation measurements
are performed on both the top and base surfaces of VACNT
films. Results show that E, varies significantly between the
top and bottom surface, ranging from 1.0 to 2.8 MPa for the
top surface and 0.2-1.4 MPa for the base. These data are
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compared to a cellular model through analysis of the tube
structure using properties observed from SEM images. While
the cellular model can be improved, its simplicity is useful
for understanding trends in film behavior based on the mor-
phology of the tube structure. For further analysis, measure-
ments can be performed on films with different structure,
such as densified or unaligned films to observe the impact of
greater variations in aspect ratio and density.
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