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Abstract. We report the fabrication of imaging quality optical mirrors with smooth surfaces using carbon nano-
tubes (CNT) embedded in an epoxy matrix. CNT/epoxy is a multifunctional composite material that has sensing
capabilities and can be made to incorporate self-actuation. Moreover, as the precursor is a low density liquid,
large and lightweight mirrors can be fabricated by processes such as replication, spincasting, and three-dimen-
sional printing. Therefore, the technology holds promise for the development of a new generation of lightweight,
compact “smart” telescope mirrors with figure sensing and active or adaptive figure control. We report on mea-
surements made of optical and mechanical characteristics, active optics experiments, and numerical modeling.
We discuss possible paths for future development. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
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1 Introduction

Carbon nanotube epoxy (CNT/E) is a member of a new class of
multifunctional or “smart” materials. It is a combination of
epoxy, a thermoset polymer that features low density and
high-dimensional stability, and CNTs, which possess high
modulus, high electrical conductivity, high thermal conduc-
tivity, large ratio of surface area to mass, piezoresistivity,
and an ability to actuate due to electrochemical charge injec-
tion and expansion in length of the C—C bond.! CNT/E has
received much attention as a smart material with many inter-
esting properties.>> One of the material’s most intriguing
attributes is its ability to sense temperature, strain, and direc-
tional deformations.* CNTs and CNT/E have also been used to
make many types of actuators.”™’

If the material can be used to make optical mirrors, CNT/E
would be an enabling technology for future telescopes in
space and on the ground. Modern large telescopes are
based on active optics.® In an active system, the primary mir-
ror comprises one or more thin meniscus shells. External sen-
sors and actuators are attached to the back of the mirror to
bend or deform the optical surface so as to counteract the
effects of gravity, thermal distortion, and wind buffeting. In
the case of segmented mirror telescopes such as the Keck
Telescope or the James Webb Space Telescope, edge sensors
are used to cophase the segments. If CNT/E can be used in
place of traditional glass or metal or ceramics, the result
would be smart mirrors that have the built-in ability to
sense and actuate without the need for external components.
This development could lead to substantial reductions in sys-
tem mass, complexity, power, and cost, as well as increased
compactness and reliability.

*Address all correspondence to: Peter C. Chen, E-mail: peter.c.chen@nasa
.gov
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2 Experimental Procedure

CNT/E mirrors are made by a process of optical replication as
shown in Fig. 1.

A glass mandrel is coated with a release agent. A structure of
polyurethane rubber is built around the mandrel to hold liquid.
Multiwall CNTs mixed with diglycidyl ether of bisphenol-A
(DEGBA) and a solvent are subjected to high shear mixing
and ultrasonication to de-agglomerate the CNT bundles and
form a uniform dispersion. The solvent is evaporated away
by heat and vacuum. Next, the curing agent is added and
mixed into a slurry. After vacuum degassing, the slurry is poured
onto the mandrel and cured in an oven at a moderate temperature
for several days. The process is repeated to add more layers
behind the optical surface as needed. After the desired number
of layers and thicknesses has been achieved, the assembly of
mandrel and resin is placed in the oven and postcured. A
very slow cool-down ensues followed by an annealing sequence
to relieve stress. The entire operation takes place over a period of
several weeks. Finally, the assembly is removed from the oven
and the replica is released from the mandrel. The replicated mir-
rors are then measured by interferometry to quantify figure qual-
ity and smoothness (root mean square surface microroughness).
The same procedure is used to make sets of rectangular bar sam-
ples for mechanical characterization.

3 Experimental Results

3.1  Mechanical Samples

A number of bar samples 7 x 2 x 1 cm? were made. Dynamic
elastic properties were measured at room temperature by
BuzzMac International LLC of Glendale, Wisconsin, using a
proprietary nondestructive impulse excitation test system.
Results as provided by the company are given in Tables 1-3.

The sample length was measured with a micrometer of 9.01-
mm precision and the width and height to 0.001-mm precision.
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Fig. 1 Fabrication procedure for CNT/E optics. (a) Prepare mandrel.
(b) Mix solution. (c) Pour onto mandrel. (d) Cure in oven. (e) Multiple
layers. (f) Remove replica.

Table 1 Bar sample bulk properties.

Length Width Height Mass Density
(mm) (mm) (mm) © (g em™)
70.8 19.7 9.7 16.2 1.19

Table 2 Bar sample resonant frequency measurements.

Out-of-plane In-plane Longitudinal Torsional
flexure (Hz) flexure (Hz) (Hz) (Hz)
3504 6138 13355 5958

Table 3 Bar sample elastic moduli measurements.

Eout Ein EI Eav G
(Gpa) (Gpa) (Gpa) (Gpa) (Gpa) pouw  Hin H Hay

412 417 43 4.2

1.55 0.329 0.345 0.385 0.353

Note: E: Young's modulus; G: shear modulus; p: Poisson ratio.
Subscripts denote mode of vibration.
Out = out-of-plane; in = in-plane; | = longitudinal; av = average.

The mass was measured to 0.01-g precision. The frequencies
were measured to 6 Hz or better precision. A total measurement
error of ~0.3% is estimated for the Young’s modulus derived
from the flexural frequency. The tolerances conform to
ASTM E1876-09 specifications.

3.2 Optical Samples

We made CNT/E optical mirrors in many sizes, shapes, compo-
sitions, constructions, and optical functions. Most samples are
optical flats, but a number of curved mirrors have also been
made in the shape of spheres, parabolas, and hyperbolas. In
Fig. 2, there are three samples showing the reflections from a
lighted rectangular hole pattern. Here, we present data and dis-
cussions on the 5-cm diameter mirror shown in Fig. 1(a) that has
the best optical figure obtained to date.

3.2.1 Optical characterization

The 5-cm homogeneous CNT/E mirror was measured with a
Zygo interferometer. The result is shown in Fig. 3.

3.2.2 Surface roughness measurements

The 5-cm replica flat mirror of homogeneous composition was
measured at a number of randomly chosen positions using a 4D
Technology FizCam 3000 Dynamic Laser Interferometer. The
results are listed in Table 4.

3.2.3 Simple active optics experiment

A simple experiment was performed to study active figure con-
trol. Figure 4(a) is the interferogram obtained by overlaying a
5-cm reference glass flat on top of a 5-cm replica (contact inter-
ferometry).” A densely packed pattern of curved fringes is seen.
The amount of curvature, measured by laying a straight
edge across the pattern, is seen to be about three waves at
the wavelength of sodium light (589.3 nm). By applying
light pressure (estimated force ~3 to 4 N) with a fingertip
[shadow at the lower left corner of Fig. 4(b)] the fringes become
wider, less numerous, and less curved. By pressing down with
the thumb [Fig. 4(c)] with an estimated force of 40 N, the fringes
become wide, straight, and parallel. In effect, the application of a
light to moderate force in this case sufficed to deform the replica
in such a way as to reduce tip/tilt and the spherical aberration
(SA) terms. The dark spots seen in the interferograms are caused
by micron-sized impurities in the CNT samples.

[

(a) (b)

Fig. 2 CNT epoxy nanocomposite mirrors. (a) 5-cm diameter, 1-cm-thick optical flat of homogeneous
composition. (b) 20-cm diameter heterogeneous composition mirror with a 3-mm thick facesheet bonded
to a 5-cm thick rigid carbon foam backing. (c) Thin (2-mm) facesheet adaptive mirror 25 cm in diameter.
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Fig. 3 Zygo interferometer measurement of the 5-cm diameter CNT/E mirror.

Table 4 Surface microroughness measurements.

Center Edge1 Edge2 Edge3 Edge4 Mean
P-V (nm) 117 152 164 97 151 136
RMS (nm) 4.0 3.0 4.8 3.9 24 3.6

3.2.4 Numerical modeling and comparison with
experiment

The active optics experiment reported in Sec. 3.2.3 was simple to
perform but, according to at the NASA Goddard Space Flight
Center, difficult to model without accurate measurements of the
optical surfaces and mechanical parts including imperfections. We,
therefore, performed a proof-of-principle experiment as follows:

Another 5-cm CNT/E mirror, in contact with a 4.57-cm
diameter optical flat, was observed using Newton interferometry
under a low pressure sodium vapor lamp. A metal fixture was

!v/

! ///
.

i
|||m|mm." u. s

M'

machined to have a central opening for the reference flat and a
step that contacted the CNT/E sample at its rim in a 2-mm-wide
band. Figure 5 is a schematic of the test setup. Figure 6 shows
the interference fringe patterns observed with and without the
applied ring weight.

The OpenFringe interference fringe reduction program
(version 10.4.1) written by Dale Eason'® was used to compute
optical surface maps of the CN'T/E mirror with and without the
applied loading. The program employed a fast Fourier transform
algorithm to generate a map for each surface represented by
Zernike polynominals. Subtraction of the two Zernike polyno-
mials (1.468-kg weight—no load) yielded a surface whose
cross-sectional profile is shown in Fig. 7. The difference in
height of the two surfaces is seen to be ~200 nm.

Next a NASTRAN model was computed using the following
parameters: a right cylinder of diameter 5.0 cm, thickness
2.5 cm, Young’s modulus 4.2 GPa, and Poisson’s ratio
0.353. The top surface is flat. The bottom faces of the cylinder
are fixed. A force of 1.5 kg (14.7 N) is applied at the top surface
over an annulus 2-mm wide at the rim. The resulting surface is

Fig. 4 The 5-cm diameter replica flat mirror viewed under light from a sodium lamp (589.3 nm) against a
reference flat. Dark shadows at lower left corner in frames (b) and (c) are from a thumb pressing down on

the reference flat.
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Fig. 5 Schematic of the test apparatus. (a, b) A fixture (red) holds a
ring weight (blue) so that the force is applied to the outer rim of the
CNT/E mirror (black).

Fig. 6 Interferograms of a 5-cm CNT/E mirror. (a) No weight applied.
(b) With a 1.468-kg ring weight.

shown in Fig. 8(a). Figure 8(b) is a cross section taken through
the center of the cylinder.

It can be seen from Fig. 8 that the top face of the cylinder,
when loaded with a 1.5-kg force at the rim, is changed from a
flat surface to a protrusion of height ~10™ mm = 100 nm. This
is within the same order of magnitude as the measured displace-
ment (Fig. 7). The difference between the observed and the pre-
dicted values can most likely be attributed to noise in the
numerical fringe reduction process as well as the fact that the
CNTY/E optic is not a geometrically perfect cylinder.

4 Discussion

4.1 Mechanical Properties

The measurements show that CNT/epoxy is a low density
material at 1.2 gecm™3. The uniformity in the values of the
Poisson ratio and Young’s modulus in the three orthogonal

[EIVAVEN
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Fig. 7 Cross section of surface formed by subtraction the Zernike pol-
ynomials representing the surface of Fig. 6(a) from the corresponding
Zerike terms representing the surface of Fig. 6(b).
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directions confirms that the material is homogeneous and iso-
tropic. As a further check, the fundamental resonance frequency
F of a uniform solid rectangular rod in the longitudinal direction

iSll

F=(1/2L)(E/p)'?,

where L is the length of the rod, E its Young’s modulus, and p its
density. Substituting the values from Tables 1-3 of L =
0.0708 m, E=4.2x10° Pa, and p = 1.19 x 10°> kgm™, we
compute that F = 13455 Hz.

This is in reasonable agreement with the measured value of
13355 Hz (Table 2). The assumption of a uniform solid is, there-
fore, justified.

The mechanical properties of CNT/E bear comment. They are
quite different from traditional optical materials. Compared to
aluminum, for example, the Poisson ratio is about the same,
but the Young’s modulus is lower by an order of magnitude
(4.2 GPa versus 70 GPa).'> This suggests two possible paths
for the development of large telescope mirrors:

a. Increase the stiffness of the material, or

b. Take advantage of the low modulus (entailing low
actuation force) material to make optics that can be
either active (global figure adjustment, low order
Zernike terms) or adaptive (local figure adjustment,
higher order Zernike terms).

These topics will be discussed in Sec. 4.4.

4.2 Optical Figure Accuracy

The interferometric measurement (Fig. 3) shows that the replica
deviates from a perfect flat by a peak to valley value of 4.44 and
by rms value of 0.9 (at 632.8 nm). The corresponding values
for the glass mandrel are 0.154 and 0.014, respectively. We note
that the largest contribution to the wavefront error is an SA of
amplitude ~34. Subtracting this term, the residual rms error is
reduced to 0.14. The presence of the SA term indicates that,
despite the care taken in fabrication, there is still much room
for improvement. Epoxies shrink as the process of polymeriza-
tion takes place.!* Heating, which is required to bring to com-
pletion the many chemical reactions inherent in a thermosetting
polymer, causes additional cure shrinkage as does the sub-
sequent cool down. The presence of fillers, in this case CNT
and other additives, serves to counteract this shrinkage.
Therefore, the SA term suggests that there is some amount
of residual shrinkage in the replica with respect to the mandrel.
The predominance of the SA term is an indication that the
shrinkage is largely isotropic; hence confirming again that
the material has good uniformity. Overall, the results thus far
are encouraging. Work is currently under way to refine the rep-
lication procedure toward the goal of fabricating higher quality
optics.

4.3 Surface Smoothness

The surface rms microroughness is a measure of the surface tex-
ture at high spatial frequencies (nanometers to millimeters). This
parameter quantifies the ability of an optical system to resolve
point sources that are closely spaced.'* From Table 4, the aver-
age value measured at six points on the CNT/E mirror is about
36 A. The averaged value of six points measured at random on
the glass mandrel is 6.0 A. The difference suggests either that,
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Fig. 8 NASTRAN model computed to show the change in shape of a 5-cm diameter, 2.5-cm-thick CNT/E
right cylinder with load applied around its top rim. (a) Solid model and (b) cross section of cylinder through
the center. Computations by Babak Farrokh, NASA Goddard Space Flight Center Structural Mechanics

Branch.

again, the fabrication process needs improvement, or else the
presence of CNTs contributes to the increase in surface rough-
ness. Work is currently under way to produce highly smooth
(<10-A rms) surfaces. We note, however, that the 36-A value
is in the mid-range for polished glass surfaces.'* Thus CNT/
E in its present state appears to be sufficiently smooth for
most telescopic applications.

4.4 CNT/E as an Optical Material

It remains to be demonstrated that meter-class telescope mirrors
can be achieved using this new material. However, on the basis
of what is known so far, two statements can reasonably be made:

1. CNT mirrors can be fabricated by replication'® and by
spincasting. Spincast epoxy mirrors without CNTs
have been made and used successfully by
Neugebauer and Leighton,'® and parabolas as large
as 10 m have been made.'” Moreover, since the pre-
cursor material is a liquid slurry, CNT/E can be dis-
pensed through the nozzle of a three-dimensional
(3-D) printer. This procedure may enable the fabrica-
tion of athermal telescope systems where both the
optics and structures are made from the same material.
In principle, it is possible to employ 3-D printing to
fabricate optical mirrors as well to near net shape,
to be followed by some form of post figuring. This
possibility remains to be investigated.

2. The multilayer construction, plus the ability to change
the composition and thickness of each layer, permits an
almost infinite number of configurations. Suppose it is
desired to increase the stiffness of the mirror substrate,
one can, for example, employ single wall CNTs,'® vary
the diameter and length/diameter ratio of the CNTs,
functionalize the nanotubes to enhance bonding to
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the matrix, use special processing procedures and/or
coupling agents, or incorporate micro- or macrosize
fillers to make multiscale composite structures. '

4.5 Implementing Active Optics

The simple experiment described in Fig. 3 above illustrates the
ease with which the optical surface can be adjusted. It suggests
that active figure control in CNT/E mirrors would not require
high force, high power, and relatively massive actuators typical
of other mirror technologies. In fact, with the appropriate con-
struction, external components may not be required at all.

An active optics system requires the ability to sense and to
actuate. For CNT/E, the sensing function can be built-in.
Temperature and strain can be monitored by measuring the re-
sistance at various points in the substrate without the use of
external sensors.* Actuation can be effected by heat, taking ad-
vantage of the ability of CNT/E to function as a heating
element.?! Alternatively, specifically designed actuation layers
can be added into the substrate. Such a layer can contain, for
example, embedded shape memory alloy wires, > CNTs
aligned by mechanical, electrical, or magnetic means,”* CNT
yarns,” or piezoelectric powders.?**’

In summary, CNT/E as it exists is a low density material
capable of giving a 14 rms optical figure and 40-A rms surface
microroughness. The uniformity of the measured resonance
frequencies in the three orthogonal directions, and the good
agreement between observed and computed values, show that
the material is homogeneous and isotropic. The relatively low
modulus of elasticity (compared to traditional optical materials)
suggests that active figure control in CNT/E can be accom-
plished with low force requirements. This is confirmed by a sim-
ple experiment using manual actuation. There appear to be
numerous ways to implement self-sensing functions and
embedded actuators into the mirror substrate. These remain
to be explored.

Jan—-Mar 2015 « Vol. 1(1)
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5 Conclusion

We have shown that it is possible to make imaging quality mir-
ror surfaces based on CNT epoxy composites. The material is
homogeneous and isotropic and has a low density. The low
modulus of elasticity shows that active figure control can be
accomplished with low force and hence low-power actuators.
An experiment to study the deformation of an optical surface
under an applied load showed reasonable agreement between
the observed and predicated values. CNT/E is, therefore, a
promising technology for making lightweight, ultracompact
active telescope mirrors with embedded sensing and actuation.
Since the fabrication starts with a liquid slurry, novel processes
of making telescope mirrors become possible, including optical
replication, spincasting, and 3-D printing. The result is prelimi-
nary, however. Much work remains to be done to verity the fea-
sibility of making larger optics and to study various factors such
as the long-term dimensional stability of coated mirror surfaces
in Earth environment (for ground applications) and under cryo-
genic vacuum conditions (for space telescopes).
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