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SI. Viscosity measurements from rheometer
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Figure S1. Viscosity vs. shear rate for HNT suspensions in E40Aeo, E77A23, Eg7A13, Eos A7
and EjpAy, showed an increasing viscosity trend with higher epoxy content. The
concentration of HNTs in each figure remains constant. The particle concentration only
slightly affects the viscosity compared to the significant change caused by the percentage
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of epoxy added. The shear rates in the rheometer measurements are from 10 to 1000 s™
and the temperature is set at 23 °C.

SII. Relaxation time for nanotubes in fluids

Shear-aligned halloysite nanotubes were sprayed on a glass slide. The alignment of
nanotubes is constrained by the epoxy and given enough time the nanotubes would lose
their alignment and reach a state of relaxation. The tilted angle and rate depend on
particle features (i.e., length, density, shape), and liquid characteristics (i.e., viscosity,
temperature, pressure)'. The fluid consisting of either pure epoxy or different
epoxy/acetone mixtures all displayed Newtonian behavior, as shown in Figure S2. The
orientation of the body would eventually be determined by inertia'. Bodies with force and
front-end symmetry were torque free when settling in Stokes flow, so that the torques due
to inertialt were unopposed. This resulted in an eventual out-of-plane orientation for all
particles .
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Figure S2. Shear stress as a function of shear rates for (a) E;pp4y and (b) Eg3;A; based
composites. Linear trends between shear force and shear rate are observed, which
exhibits the characteristic of Newtonian fluids. Eg7A;3, E77A23 and E4Agp display the
same Newtonian liquid behavior due to the increase in acetone concentration.
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Figure S3. Schematic shows the single halloysite nanotube states of (i) as-ejected into the
coating surface, and (i1) reaching steady state, and micromechanics model. Relative flow
motion past a falling particle in a fluid (i.e., a halloysite nanotube falling through the
epoxy solution or melt) generates drag force, F;, force due to gravity, Fy, as well as
buoyancy, Fp.

The sedimentation of the tubes until reaching steady state is equivalent to the steady flow
past a stationary long body of halloysite. To simplify the problem, the micromechanics
analysis model for a single HNT particle (i.e., diameter of 40 nm and length of 2 pm)
falling in a viscous fluid (i.e., viscosity taken from Figure 4) was plotted in Figure S3.
The time for the tube to reach steady in-plane state was calculated based on this
micromechanics model (Figure S3).

According to Stoke’s Law, the force of viscosity on a small particle moving through a
viscous fluid is given by?,

F,=6muRy (Equation S1)
where F/, is the friction force, known as Stoke’s drag, acting on the interface between the

fluid and particle. g is the dynamic viscosity. The liquid states studied here are all

Newtonian fluids. Viscosity values were taken as a constant from experimental
measurements. R is the quasi-radius of the object. v is the flow velocity relative to the
object.

The single particle sedimentation procedure was analyzed by the equation of motion,

=my

sedimentation

=F,-(F,-F,) (Equation S2)

4
= 6JTMRV - (pparticle - pﬂuid ) ) g ) §HR3

where p, and p, ., are the density values of the particle and the fluid, respectively,

article

and g is the gravitational acceleration.

Integrating both sides of Equation S2 gives,
f:” mvdt =m(v, —v,)

= fttw[6n‘uRv - (pparticle - pﬂuid) ‘g %ﬂR3]dt (Equation S3)

le Lo 4
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S-4



To calculate the stability time, 7, , parameters of Vv, and v, are needed. The initial
injection velocity, v, can be obtained,

Vol art =V (Equation S4)

spray ’ gun spray

where 7 is the time consumed for spraying a specific fluidic volume V.,

radius of the spraying gun nozzle.

and r,,, is

At the equilibrium state, the excess forces of gravity and buoyancy will balance the
Stoke’s drag force,

4 )
F;i = F:g _F; = (pparticle _pﬂuid) g g 7TR3 (Equatlon SS)

The resulting equilibrium velocity, v_, can be calculated via combining Equations S1
and S5,

V. = z (pparticle _pﬂuid) g

2 R’ (Equation S6)
9 H

Taking all the equations above, the calculated particle settling time was plotted in Figure
S4.
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Figure S4. Relaxation time from vertical to horizontal alignment for a single particle (i.e.,
diameter of 40 nm and length of 2 pm and viscosity values at shear rate of 631 s were
taken from Figure 4) in various viscous fluids used in this research

SIII. Literature research of epoxy composites mechanical properties as
compared to this study
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Figure S5. Ashby Chart of modulus increase (i.e., %, (Ecomposite-Eepoxy)/Eepoxy) 0f
nanoparticles/epoxy composites vs. particle concentrations. Carbon nanotubes ',
graphene '**°, montmorillonitrile clay ***°, silica *'***, and current work data has been
plotted. Tilted lines stand for specific modulus increase in percentage, and the slopes
indicate reinforcement in modulus per unit particle concentration. It can be seen that the
current work showed intermediate reinforcement efficiency between graphene and carbon
nanotubes; however, HNTs cost is $2/kg, while carbon nanotubes and graphene price
range from $50/g to $500/g*. The current work also achieves modulus increases beyond
that from frequently used particles of montmorillonite and silica. The secret is in the
particle alignment along loading direction.

SIV. Composite mechanics
TGA experiments were used to confirm the concentrations of HNT in the final processed
composites. Data of this type is compared in Figure 6a with the nominal HNT
compositions, based on formulation compounding. It can be seen that the final composite
concentrations are very consistent with the designed loadings (Figure 6b). This also
validates a stable distribution of HNTs in the various viscous spray-processing
formulations, where epoxy/acetone ratios vary considerably. Macroscopic sedimentation
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was not observed even in 10.2 vol% HNT loadings.

In Cox-Krenchel model*, length efficiency factor was defined,

n=1- [M] (Equation S7)
na
n= [L] (Equation S8)
E In(2R/d)

a= (Equation S9)

Q| ~

where G, is the shear modulus of polymer matrix, 2R is the distance from the fiber to its
nearest neighbor fiber, / and d mean the length and diameter of the particle.

At fixed fiber concentration below percolation (i.e., less than 1 vol% in our HNT
nanocomposites) and under uniform dispersion, length efficiency is only dependent on
aspect ratio and concentration as shown in Equations S7 to S9. Figure S6¢ shows how the
length efficiency factor changes with lumped parameter na, and the insert demonstrates
how na changes with volume concentrations. Based on this curve from Equation S7, as

well as the parameters including @ shear modulus of 1.7 GPa for epoxy as calculated
from the experimentally determined Young’s modulus (4.5 GPa), @ Poisson’s ratio

(0.3), ®tensile modulus for HNTs of 300 GPa**°, and @ HNTs concentration of 0.5

vol.% generate a value of 5 for na. This corresponds to a length efficiency of 81% in
Figure S6c¢. In this study, the HNT volume fractions, V', varied from ~0.5 vol% to ~10.2
vol%, indicating the matrix volume fractions, V,, from ~99.5 vol% to ~89.8 vol%. This
change in concentration, however, does not change the length efficiency factor
significantly, with 77 ranges from 81% to 86% (insert in Figure Séc). Therefore, the
analysis of orientation efficiency factor will reveal their main influencing effectiveness
on mechanical properties as discussed in the manuscript.
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Figure S6 (a) TGA of composites with various HNT concentrations, and (b) the
relationship of HNT concentration between experimental design and actual values in the
final cured composites showed consistency. (c) Length efficiency factor (77;) as a function
of parameter na.

SV. Orientation of HNT based on composite mechanics
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Figure S7 Contour of composite elastic modulus from Cox-Krenchel model with
orientation factor and volume fraction variations. Composite moduli at various volumes
(i.e., 0.5 vol% and 1.0 vol%) showed the orientation factor trend distinctively.
Composites based on E40A6() (O), E77A23 (|:l), E87A]3 (f(), E93A7 (A), and E]()()A() (0) arc
marked.

The orientation factor can also be calculated based on composite mechanics. The spin-
coating method produces a film with randomly orientated particles with an orientation
factor M, of 0.2*7. A linear fitting of the experimental modulus values between 0 and 1
vol% in spin-coated films gives effective modulus of HNT of ~312 GPa (i.e., moduli of
5.20, 5.74, and 5.81 GPa at HNT concentrations of 0, 0.5, and 1.0 vol%). At a rough
estimation, E,, =4.5 GPa and £~312 GPa, the composite modulus relative to orientation
factor (i.e., 0 to 1) and fiber volume fraction (i.e., 0 to 1 vol%) is plotted in Figure S7.
The spray-coated samples were shown as white symbols on the contour so that their
orientation factors at specific volumes of 0.5 vol% and 1.0 vol% become straightforward.
The orientation factors showed consistent increase with viscosity values. Figure S7 shows
that with a specific volume fraction, better consistency in particle orientation results in
high modulus values. In spite of this relationship between orientation factor and modulus
values, composite mechanics is not a straightforward method for particle orientation
calculations. Therefore statistical quantifications of HNT orientations in these composites
are important and have been given in the manuscript discussion sections.

Table S1. Orientation factors calculated from composite mechanics

Samples Orientation factors based on composite mechanics

Es0As0 E77A23 Es7Au3 Eg3A; E100A0
0.5 (vol%) 0.38 N/A 0.46 0.97 0.69
1.0 (vol%) 0.72 0.68 0.81 1.00 0.96
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SVL

Analyses of HNTs alignment based on SEM images

Table S2. Gaussian fitting of halloysite orientations in composite coatings

Sample Fitted Gaussian equation parameters

Solution HNTs Concentration | A FWHM

components (vol%)

E77Ax; 0.5 426.72 28.71
1.0 477.15 49.47
4.8 413.50 26.55
10.2 451.45 22.49

Eo3A7 0.5 504.60 96.76
1.0 484.29 66.70
4.8 496.07 70.93
10.2 458.86 65.17

E100A0 0.5 497.18 58.83
1.0 474.18 44.40
4.8 468.66 26.37
10.2 425.74 15.56

Note: Gaussian fitting of y=y,+ Ae

o
w
\41n(2)

—41n(2)(x—x, )

W2

, Where y.=yotA/(FWHM*sqrt(7/4In2)),

FWHM is the full width at half maximum and 4 is the area integrated. y, is base, x. stands
for the fitted peak center which is 0° for out-of-plane aligned particles and 90° for in-
plane aligned particles. The script access of the function is nlf Gaussian(x,y0,xc,A,w).

SVIL.

Intrinsic modulus for halloysite

Table S3. Mechanics of HNT from literature and current work

Report | Test method Parameters

2005"" | First principle study Kaolinite with halloysite composition shows
using molecular Young’s modulus of 170 GPa along tube direction
dynamics simulations

2010 | Simulation using self- Single-wall HNT posses moduli between 234 and
consistent charge 339 GPa with diameters ranging from 1.7 to 4.6 nm
density-functional
based tight-binding
(SCC-DFTB) method

2011" | TEM observed Bending moduli ranges from 60 to 156 GPa
cantilever beam dependent on radius from 16 to 70 nm
bending tests

2013* | Three-point bending The calculated average elastic modulus ranges from

tests performed on
individual nanotubes
using an AFM tip

average 10 to 600 GPa, with a diameter-normalized
value of 140 GPa, measured for a set of tubes with
outer diameters ranging between 50 and 160 nm.
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The highest value reaches around 600 GPa at
diameters less than 50 nm.

Current | Composite mechanics Reinforcement modulus  without considering
work misalignment effects reached as high as 182 GPa
and HNT intrinsic modulus was predicted to be
around 420 GPa

SVIIL Percolation threshold analyses

HNT particles have been known for their high modulus, up to around 600 GPa at outer
diameters of less than 50 nm. However, as tubes started aggregating, the accumulating
defects and the lack of inter-tubular registry resulting from diameter differences and
helicity variations will lead to decrease of effective modulus, especially shear modulus.
For example, carbon nanotubes have been shown to have shear modulus of 6 GPa for 4.5
nm bundles, 2.3 GPa for 9 nm bundles and 0.7 GPa for 20 nm bundles 30-52 Therefore a
theoretical estimation of the average modulus dependent on bundle size will be necessary
to understand the plateau region in Figure 9. The average effective modulus <E,> has
been calculated using continuum mechanics (Equation S10)*’. Modulus along
longitudinal direction (E;), transverse direction (£), and Poisson’s ratio (v) were from
Table 4 and also listed in Figure 9d. Shear modulus (G;,) dependent on bundles size is
not available experimentally; here in this research were taken as 2, 5, 10, and 20 GPa to
show the average modulus change with bundle size™. The existence of plateau region can
be attributed to two aspects. (i) From Figure 9d, it can be seen that with the bundle size
increase, the decrease in effective average modulus can be one order of magnitude lower.
In addition, for the same bundle size, the average modulus was also found to improve
with higher alignment. This is also consistent with the phenomenon as indicated from the
trend line in Figures 8a and 8b. (i1) The bundled structure not only influences the intrinsic
particle modulus and hardness values but also affect the interaction between polymers
and particles. Fully dispersed and exfoliated nanotubes will have more contact area than
aggregates, and reinforcement efficiency has also been found to be linearly proportional
to interfacial area™®. This could be another reason for the formation of plateau.

4 . 4
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