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1. Tomography and Image Analysis

1.1. 3D Reconstruction/Volume Fraction

The morphological information from tomographic TEM referenced in the main text is provided in

Figures S1, S2, and S3.
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Figure S1. Volume-rendered reconstructions of (a) (0.44 £ 0.01) %, (b) (2.58 £ 0.25) %, (c) (4.04 +
0.19) %, (d) (6.89 + 0.43) % in situ Vs of A-CNT polymer nanocomposites (A-PNCs). The size of
reconstructed volumes are: (a) 969 nm x 952 nm x 324 nm (b) 850 nm x 840 nm x 152 nm (c) 848
nm x 836 nm x 177 nm and (d) 764 nm x 841 nm x 211 nm.! (e) (L to R) Images of neat epoxy
(orange color), (0.44 £ 0.01) % and (6.89 + 0.43) in situ V; A-PNCs (black color) embedded in epoxy
(f) Plot of the in-situ V; versus as-densified ex situ V; for the four Vi of aligned-CNT
nanocomposites shown in (a)-(d). Dashed line represents a straight line fit to the data. The
uncertainties, which represent one standard deviation in measurements of 3 samples per
nanocomposite Vj, are not visible as the error bars are smaller than the datapoints.



1.2 CNT-CNT Proximity
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Figure S2. Average CNT-CNT spacing and junction distances from tomographic TEM data and
reconstructions: (a) Volume rendered reconstruction of representative (0.44 + 0.01) %V;sample,
with typical cross-sectional XZ slice indicated. The centroids of the CNT cross-sections from every
XZ slice in the reconstructed volume are obtained by particle analysis on Imagel) and stored along
with the slice number. The inter-centroid distances are then calculated using Delaunay
triangulation.! The angle corrected average centroid distance minus the diameter of the CNTs is
taken to be the average inter-CNT spacing (/) for the sample. (b) Average inter-CNT spacing (7,
nm) calculated from tomographic reconstructions of aligned CNT composites (m, uncertainties
represent one standard deviation in measurements of 3 samples per nanocomposite V) and from
SEM images of densified forests (®, uncertainties as indicated by Stein et. al.23) versus in situ V;.
(c) Representative histograms (binned by Freedman-Diaconis rule) of inter-CNT spacing
measured from volumes shown in Figure S1, fit with log-normal distributions.



1.3 Waviness
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Figure S3. A-CNT tortuosity and waviness: (a) lllustration of CNTs with varying degrees of
tortuosity (//d) (b) Tortuosity plotted versus the in situ volume fraction (%). (d) 2D waviness ratio
calculated from tomographic reconstruction of A-CNT composites (m, uncertainties represent

one standard deviation in measurements of 3 samples per composite V) and SEM images of
densified forests (®) versus the Vv;.

The 2D CNT waviness in Figure S3d, defined as the ratio of the amplitude to the wavelength
(w=a/2m) of a sinusoidal function of the form ¥ =acosx (where a is the amplitude) may be

obtained from the tortuosity as below.
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Although the 2D waviness is in general agreement with those measured from SEM images of as-
grown forests (Wyres:) in prior work, we find the values measured from polymer infiltrated
composites (Weomposite) to be much lower (e.g., at 4 vol %, Weomposite = 0.169 and wyyres: = 0.283;
Worest at 18 vol % ™~ Weomposite at 0.44% ~ 0.185),% further highlighting the need for in situ
assessments of the CNT morphology as done here even in a simple and well-controlled PNC
fabrication process as used in processing the A-CNTs via RTM®6 epoxy infiltration to A-PNCs. We
surmise that stresses applied by the epoxy matrix during infiltration (capillary-assisted wetting,

or wicking) and curing are responsible for this partial “ironing out” of the waviness. The trends in

waviness (w) with V;for the random helical system was found to follow the equation: A(al(Vf)bl
+C; * ¢,), where a; = -0.04967, b; = 0.3646, ¢; = 0.2012, and ¢, = 0.008, and A\ was evaluated to

be 0.68 +0.04. >

A-PNC modeling results are shown in Figures S4 and S5 to supplement the mechanical modeling

discussion in the main text; similarly, Figure S7 for thermal and electrical conduction.



2. Properties

2.1 Mechanical Properties
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Figure S4. A-PNC random helical morphology and predicted CNT reinforcement modulus, after
[5]: (a) Illustration showing top view of representative random helical CNT from a typical A-CNT
ensemble employed in simulations (c) Plot of CNT reinforcement modulus (Eo) versus the
waviness ratio (w) for various CNT modulus (Y = 1000 GPa) to matrix modulus (Em) ratios after
[6].
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Figure S5. Plot of A-PNC modulus from Handlin et al.# versus in situ CNT V}, with predictions from
sinusoidal, helical and random helical waviness formulations shown. The under-prediction of
properties by the sinusoidal and helical models is most likely because these idealized
formulations overlook the stochastic mechanisms that lead to CNT waviness during growth and
polymer infiltration. In reality there is significant nanoscopic surface roughness and CNT wall
perturbation, which are only captured via the 'random' helical definition of the waviness.”



2.2 Transport Properties

Figure S6. Volume-rendered reconstructions of (a) (0.44 + 0.01) % and (b) (6.89 + 0.43) in situ V;
of A-PNCs shown in Figure S1. The CNT-CNT junctions are highlighted by white dots to visualize
the increase in junction density with V;.
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Figure S7. A-PNC axial thermal conductivity enhancements over neat epoxy, measured from the
A-PNC samples studied in Marconnet et al. versus: (a) the originally reported using ex situ (=) and
corrected or in situ (m) Vs (The dashed lines represent the power-law fits to the data) (b) the
estimated CNT-CNT junction density (N, m-3), showing linear scaling. Uncertainties indicated are
standard deviations as measured by Marconnet et. al.’



2.3 Discussion on alternate sources of thermal conduction in A-PNCs:

We note that the dependence of thermal conductivity on CNT-CNT contact density discussed in
the main text may only be true under certain conditions.'%1! Computational studies suggest that
the thermal boundary resistance (TBR) between a CNT and polymer has to be low (~ 108 to 10-°
mZ2K/W), particularly in the transverse conduction orientation, compared to the resistance of the
matrix.1%12 Shenogina et al. find that at relatively high TBRs, the heat dissipation between tubes
in contact and at separations up to 100 nm are identical due to thermal shielding by the matrix.!!
For similar reasons, Duong et al. observe the transverse thermal conductivity in A-CNT
nanocomposites to be larger than the matrix only at low TBRs.!® Since Marconnet et al.
demonstrate a relatively small increase in the transverse conductivity in these systems, we
deduce that the CNT-matrix TBRs are indeed relatively low here. While a low TBR is a necessary
condition, it is not sufficient. The increasing trend in the thermal conductivity versus N, plot also
supposes that the CNT-CNT TBR is comparable to or smaller than the CNT-polymer TBR.
Experimental work finds the area-normalized contact thermal resistance between aligned CNTs
to be on the order of 10° m2?K/W at room temperature,!? indicating that the necessary and
sufficient conditions for the positive effect of CNT-CNT contacts are likely to have been met in
the nanocomposites studied here comprised of multi-walled A-CNTs and an epoxy matrix. With
the new morphological information presented here, future work to calculate the CNT-CNT and
CNT-polymer TBRs is enabled. The 3D morphological data provides further insight into

morphological features needed for such modeling.



Ensemble measurements on long CNT arrays have shown variations in the CNT alignment and
network structure along the height of the array.* Furthermore, these studies note that CNTs may
fail to traverse the entire thickness of the array,'* (or to extend to the surface of the polymer)
leading to poor engagement with the source and sink. Since these systems lack perfect alignment
and likely continuity, the increased clustering with V;also leads to an increased participation of
“lost” CNTs in transport phenomena and therefore higher thermal conductivities. From 3D object
counting,'> we find that the volume fraction of the most prominent bundle increases relatively
linearly with the Vincrease at first, but that the CNTs merge into large clusters (occupying > 40 %
of the CNT volume) as the total V;increases beyond 4 % (Figure S8a-d). Assuming that, at the
theoretical packing limit of 83.45 %, the largest bundle volume fraction equals the total volume

fraction,? we fit a 4 parameter asymmetric growth function through the plot of V; of most

. y=1453(1-1/(1+ GO o
prominent network versus the measured V; ( 70.49" ) in Figure S8e. This fit

captures the slow bundling of CNTs at low Vs, the rapid increase in the rate of bundle formation
beyond 4%, and the slowing of the same process when CNT spacings are smaller than or
comparable to CNT diameters (Figure S8e, inset). We employ this function to estimate the Vs of
the most prominent network for the corrected volume fractions in Marconnet et al.’s data. Again,
we observe a nearly linear trend in our plot of thermal conductivity enhancement versus the V¢
of the most prominent network, suggesting that the non-linear increase in the engagement of
CNTs in conduction leads in part to the non-linearity in the measured thermal property data

(Figure 4f). We note that this parameter might implicitly account for the effects of CNT contacts.



Another potentially influential factor causing the non-linearity is the improvement in the
alignment quality of the CNT arrays with densification. The increase in CNT alignment has been
theoretically and experimentally found to decrease CNT-CNT contact resistance due to the
increase in contact area going from a cross contact to an aligned contact: CNTs crossing at 90
were determined to have 2 orders of magnitude larger resistance than parallel CNTs in
contact.’®1® The new TEM 3D reconstructions allow us to determine the structure tensors of the
individual CNTs, and quantify the distribution around the CNT’s mean alignment (regardless of
the specimen alignment, Figure S9a-d).}” From this data, we find that the degree of alignment
improves with increasing V; due to the increased spatial restriction imposed by
bundling/clustering. This improvement is shown in the plot of angular dispersion (one standard
deviation in the distribution of orientations about the mean) versus in situ V; (Figure S9e). We
observe a steady decrease in dispersion of orientations with increasing Vj, suggesting that a
higher percentage of contacts are between CNTs crossing at low angles, which could lead to
improved transport through CNT junctions. While in the lateral direction this improved alignment
is not of particular importance,*? along the CNT axis the CNT resistance could drop significantly,

thereby explaining why anisotropy increases with V4.
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Figure S8. Analysis of bundling and other morphological descriptors contributing to non-linear
thermal conductivity increase with in situ V¢ of A-CNTs in A-PCNs: Connectivity-analyzed 3D
visualizations of (a) 0.44 % (b) 2.6 % (c) 4 % and (d) 6.9 % in situ V¢ of A-PNCs obtained from
sample volumes shown in Figure 1, with individual clusters labeled according to the adjacent
color scale. The units on the scale represent the fraction of CNT in situ V;occupied by individual
bundles. As is evident, at loadings above 4 % the CNTs cluster into larger bundles. (e) the
volume fraction of the most prominent network versus the in situ Vi for the four Vs of aligned-
CNT nanocomposites studied here. The inset shows the fit through the data with limits at 83.45
%. The uncertainties represent one standard deviation in measurements of 3 samples per
composite V. and (c) the volume fraction of the most prominent network. (f) A-PNC axial
thermal conductivity enhancements over neat epoxy, measured from the A-PNC samples
studied in Marconnet et al. versus the estimated V; of the most prominent bundle.
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Figure S9. Color-coded orientation analysis of (a) 0.44 % and (b) 6.9% CNT, respectively. (c) and
(d) — plotted frequency versus orientation of the volumes in (a) and (b), respectively. (f) Angular
Dispersion (°) versus the in situ V;. The uncertainties represent one standard deviation in

meas

urements of 3 samples per composite V.
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