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Abstract

This thesis presents a novel active mirror technology based on carbon fiber composites and replication
manufacturing processes. Multiple additional layers are implemented into the structure in order to provide
the reflective layer, actuation capabilities and electrode routing. The mirror is thin (< 1.0 mm), lightweight
(2.7 kg/m?) and has large actuation capabilities. These features, along with the associated manufacturing
processes, represent a significant change in design compared to traditional optics. Structural redundancy
in the form of added material or support structures is replaced by thin, unsupported lightweight substrates
with large actuation capabilities.

Several studies motivated by the desire to improve as-manufactured figure quality are performed. Firstly,
imperfections in thin CFRP laminates and their effect on post-cure shape errors are studied. Numerical
models are developed and compared to experimental measurements on flat laminates. Techniques to mitigate
figure errors for thicker laminates are also identified. A method of properly integrating the reflective facesheet
onto the front surface of the CFRP substrate is also presented. Finally, the effect of bonding multiple initially
flat active plates to the backside of a curved CFRP substrate is studied. Figure deformations along with
local surface defects are predicted and characterized experimentally. By understanding the mechanics behind
these processes, significant improvements to the overall figure quality have been made.

Studies related to the actuation response of the mirror are also performed. The active properties of two
materials are characterized and compared. Optimal active layer thicknesses for thin surface-parallel schemes
are determined. Finite element simulations are used to make predictions on shape correction capabilities,
demonstrating high correctabiliity and stroke over low-order modes. The effect of actuator saturation is
studied and shown to significantly degrade shape correction performance.

The initial figure as well as actuation capabilities of a fully-integrated active mirror prototype are char-
acterized experimentally using a Projected Hartmann test. A description of the test apparatus is presented
along with two verification measurements. The apparatus is shown to accurately capture both high-amplitude
low spatial-frequency figure errors as well as those at lower amplitudes but higher spatial frequencies. A

closed-loop figure correction is performed, reducing figure errors by 94% from 8.12 um to 0.52 ym RMS.
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Chapter 1

Introduction

1.1 Background and Motivation

Increasingly demanding science goals from the astrophysics, astronomy, and earth sciences communities
necessitate the development of large aperture telescopes. Two possible concepts for the next-generation
space-based observatories are presented in Figure 1.1. The first, shown in Figure 1.1(a), is from the Advanced
Technology Large Aperture Space Telescope (ATLAST) study [1]. The ATLAST concept is a monolithic
telescope constructed on Earth and placed in orbit using a single launch vehicle. The envisioned 16.5
m dia. primary mirror represents a near upper-bound on achievable aperture sizes for telescopes of this
design due to volume and mass constraints set by the launch vehicle. In contrast, the concept shown in
Figure 1.1(b) stemming from the Large Aperture Study at the Keck Institute for Space Studies (KISS) at
Caltech implements on-orbit self-assembly techniques. Multiple launches can be used to synthesize the entire

telescope and therefore limitations imposed by the launch vehicle are no longer of concern.

Figure 1.1: a) Advanced Technology Large Aperture Space Telescope (ATLAST) concept. b) Autonomous
Assembly of a Reconfigurable Space Telescope (AAReST) concept.
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Both of these concepts envision segmentation of the primary aperture. This scheme is currently under
implementation with the James Webb Space Telescope (JWST), using 18 hexagonal segments to construct
the 6.5 m dia. primary aperture. However, with segmentation and aspheric primaries, identical segments
cannot be used as varying prescriptions are required depending on the radial position of each segment with
respect to the optical axis. For JWST 3 unique segments are required. However, this number grows rapidly
as the diameter of the primary aperture increases. This is currently a problem experienced by large ground-
based telescopes such as the Thirty Meter Telescope (TMT) where a 30 m dia. primary mirror is composed
of 492 total segments with 82 unique prescriptions. Therefore, a substantial manufacturing effort is required
in order to construct such an aperture.

Existing mirror technologies are insufficient in order to realize concepts such as these. Traditional methods
of grinding and polishing a slab of low-CTE glass result in costly, complex, and timely efforts. Furthermore,
the areal density of such mirrors is prohibitively high. For example, the primary mirror of the Hubble
Space Telescope (HST) has an areal density of ~ 183 kg/m? at a 2.4 m diameter [2]. Advancements
in lightweight materials have lowered this number substantially to ~ 20 kg/m? for JSWT implementing
Beryllium mirrors [3]. However, the cost and manufacturing complexity remain as the mirrors must still be
polished down to optical-quality tolerances.

Incorporation of active elements into the mirror structure allows manufacturing tolerances to be relaxed
as subsequent figure correction procedures can be performed. This scheme not only allows for the correction
of initial manufacturing errors but in-situ changes to the mirror figure can be made. Therefore, deformations
due to thermal variations and material creep can be accommodated. Furthermore, with large actuation
strokes bulk changes to the optical prescription of each segment can be realized, potentially enabling 1)
identical segments to be used in a large aperture telescope and/or 2) reconfiguration of the aperture geometry

in order to change the resolution of the telescope as whole [4, 5].

1.1.1 Replicated Mirror Technologies

A method of producing lightweight mirrors while reducing manufacturing complexity is to implement repli-
cation techniques. In this process a convex mandrel is used to define the optical figure. The material to be
used for mirror construction is then placed upon the surface of this mandrel and a curing process is initiated,
often under the application of high temperature and pressure. Upon cure and removal from the mandrel,
a concave mirror is produced. Multiple mirror segments can be made from a single mandrel, resulting in a
high through-put manufacturing process.

A significant amount of work has been performed in an attempt to produce replicated optics [8, 9, 10, 7,
11]. Carbon fiber reinforced polymers (CFRPs) are ideal candidate materials for replication as they can be
formed in their pre-preg state. They also exhibit tailorable mechanical and thermal properties depending on
the chosen fibers and defined laminate orientation. However, efforts to create CFRP-based mirrors often suffer

from a lack of surface accuracy as the thermal stresses developed during cure tend to cause distortions. Stiff
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(a) (b)

Figure 1.2: a) 1.0 m dia. parabolic composite mirror from Composite Mirror Applications [6]. b) 150 mm.
dia. CFRP mirror with a reflective nanolaminate facesheet [7].

backing structures are often incorporated into the mirror design in order to reduce these errors. Figure 1.2(a)
is a picture of a 1.0 m dia. parabolic CFRP mirror from Composite Mirror Applications[6] produced using
replication techniques with a carbon foam support on its back surface.

Obtaining a high-quality front surface is also a challenge in the fabrication of CFRP-based optics due to
print-through of the carbon fibers onto the front imaging surface [12, 13]. A method to mitigate these effects
is the incorporation of a high-quality metal foil known as a nanolaminate. By bonding the nanolaminate to
the front surface of the mirror a significant improvement in surface quality can be obtained. Figure 1.2(b) is
a picture of a 150 mm dia. flat CFRP mirror implementing a nanolaminate facesheet showing a high-quality

imaging surface [7].

1.1.2 Active Mirror Technologies

Active mirrors can be classified broadly into two categories according to their actuation mechanisms: 1)
surface-normal and 2) surface-parallel. In the surface-normal actuation scheme actuators, often in the form
of rods or columns, “push” or “pull” the surface of the mirror in the normal direction. In doing so local hills
or valleys are created at the location of each actuator. Multiple actuators can be arranged in a continuous
fashion, allowing for deformations to be imposed across the entire mirror surface. In contrast, mirrors
implementing surface-parallel actuation schemes have actuators bonded to the surface of the mirror. Upon
actuation, local out-of-plane deformations are produced through bending. This method lends itself well to
the actuation of large mirrors as a reduced amount of active material is required.

Arguably the most advanced active mirror implementing surface-parallel actuation schemes is the Actu-
ated Hybrid Mirror (AHM), depicted in Figure 1.3 and developed under a joint effort between NASA’s Jet
Propulsion Laboratory (JPL), Lawrence Livermore National Laboratories (LLNL), and AOA Xinetics Inc.

The AHMs integrate a lightweight silicon carbide (SiC) structure with a nanolaminate facesheet. Stack ac-



Figure 1.3: Front and back surfaces of the Actuated Hybrid Mirror (AHM) [14].

tuators are embedded into the ribs of the mirror providing high actuation authority across the entire mirror
structure. The SiC substrate is produced using quasi-replication techniques where the initial figure of the
mirror is produced through replication but subsequent polishing steps are required. The AHMs have been
demonstrated at an areal density of 10 - 15 kg/m?, 20 nm RMS post-corrected figure accuracy and at scales

> 1.0 m in diameter [14, 15].

(a) (b)

Figure 1.4: Backside of thin 100 mm dia. mirrors from a) Cilas [16]. and b) Patterson, K. [17].

Extremely lightweight surface-parallel designs have also been developed based on thin glass substrates.
Figure 1.4 displays the backside of two similar designs, one from Cilas Inc. [16] implemented on the adaptive-
optics system for the Subaru Telescope and one developed at Caltech [17] for the Autonomous Assembly of a
Reconfigurable Space Telescope (AAReST) technology demonstration mission [18, 19]. Both of these mirror
designs have demonstrated large actuation capabilities (£ 40 pm bulk curvature change) due to their low

thickness.



1.2 Active Mirror Concept

Nanolaminate Facesheet
CFRP Substrate
Ground Electrode
«— Active Layer
«—— Patterned Electrodes
+«— Electrode Routing Layer

Figure 1.5: Exploded view of active mirror concept.

An overview of the multilayer active mirror concept proposed for this study is presented in Figure 1.5. The
concept utilizes a CFRP substrate in order to provide the overall shape and structure of the mirror. A
reflective nanolaminate facesheet is integrated onto the front of the substrate providing the high-quality
surface required for imaging. A layer of active material with a ground plane and patterned electrodes is
incorporated onto the backside of the substrate providing the surface-parallel actuation capabilities. Finally,
a flexible electrode routing layer is used to access each electrode. The entire mirror is kept extremely thin (<
1.0 mm) and thus lightweight (~ 2.5 kg/m?). The mirror is free-standing, requiring no backing structure for
support, and therefore large actuation capabilities can be achieved. Surface replication along with subsequent
bonding/transfer techniques are implemented throughout the fabrication process, eliminating the need for
grinding/polishing steps.

There are a number of challenges in the realization of such a concept. First, constructing thin CFRP shell
structures with highly-accurate shapes in the absence of a backing structure is extremely difficult. CFRP
materials are highly orthotropic, manufactured at elevated temperatures, and often exhibit variations in
material properties throughout the laminate. Therefore large thermal stresses and thus shape errors have
the potential to develop. For mirror applications it is desired to minimize these shape errors as much as
possible. Second, the integration of additional material layers onto the CFRP substrate through subsequent
bonding processes can introduce further shape errors into the structure. Mismatching initial geometry,
differing coefficient of thermal expansions (CTEs), and variations in the bond-line between the substrates
prove to be important in these steps. Third, the active layer must be designed carefully with respect to the
CFRP substrate in order to provide adequate actuation characteristics. The relative thickness ratio between
the two layers as well as optimal electrode patterns must be taken into consideration. Non-linear actuation
properties of the active material are also of concern. Finally, traditional optical measurement techniques

can prove inadequate in their ability to capture 1) the initial figure and 2) the large actuation capabilities
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associated with mirrors of this design. Therefore, custom techniques are required in order to perform shape
correction experiments.

The overall objective of this research is to address the challenges above by understanding the deformation
mechanics behind thin, multi-layer shell structures. Using this knowledge, progress has been made in the
realization of a new active mirror technology of high-quality figure. The specific objectives are as follows:
1) Study the imperfections associated with ultra-thin CFRP materials and their effect on post-cure figure
errors. With this understanding it is intended to develop methods of manufacturing highly-accurate, thin,
free-standing CFRP shell substrates. 2) Understand the mechanics associated with integrating additional
material layers into the CFRP substrate without distorting the overall figure. 3) Characterize the actuation
response of thin active materials and their ability to make corrections to the as-manufactured figure of the
mirror. Finally, 4) characterize the ability to correct for manufacturing-induced errors in an experimental

setting.

1.3 Outline of Thesis

The thesis is structured as follows: Chapter 2 provides an overview of the design decisions made throughout
the development of the active mirror prototype. Details of each functional layer in the mirror are provided
along with challenges associated in implementing them into the design.

Chapter 3 is a study characterizing the imperfections associated with thin CFRP materials. The study is
focused on ultra-thin nominally symmetric laminates of reduced ply-count. The relevant imperfections are
identified and characterized in an experimental setting. Two classifications of imperfections are considered:
those that are spatially uniform with respect to the in-plane dimension of the laminates and those that vary
spatially within each ply. The corresponding post-cure shape errors produced as a result of these imperfec-
tions are studied. Predictions made through numerical models are compared to experimental measurements.

Chapter 4 considers more practical laminates consisting of thicker plies and higher ply-counts. The
mechanical response of various laminate orientations is analyzed. 8, 16, and 32-ply laminates are considered
and their post-cure shape errors are characterized. Two methods of reducing the magnitude of these shape
errors are outlined. The first implements a change to the nominal cure cycle where a long-duration low-
temperature autoclave cure is performed in order to reduce the overall level of thermal stresses developed
within the laminate. The second utilizes an adjustable mandrel such that systematic shape errors can be
corrected for by changing the shape of the mandrel prior to cure.

Chapter 5 details the challenges associated with incorporating the nanolaminate facesheet into the design
of the mirror. A successful bonding process is identified in order to obtain the necessary surface quality
without introducing figure errors.

Chapter 6 studies the effect of bonding multiple initially flat active plates to the backside of a spherical

CFRP mirror substrate. The non-linear stress distributions within the plates are studied prior to bonding
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as well as the figure changes produced subsequent to the bonding process. Comparisons are made between
bonding a continuous plate vs. discontinuous plates through numerical models. The models are then adapted
to study the highly-localized deformation produced at the discontinuities between each plate. The effect of
transverse shear is also considered through the implementation of continuum shell elements that are able
to capture highly-localized shear deformations. Comparisons to a limited set of experimental measurements
are made for both cases.

Chapter 7 provides an overview of the actuation procedure used to perform shape-correction. An overview
of the materials used for actuation is presented along with an experimental characterization of their actuation
capabilities. A brief study is performed in order to size the thickness of the active layer with respect to
the CFRP substrate for three laminate configurations. An overview of the shape correction procedure is
presented and numerical simulations on the performance of an optimized electrode pattern are performed.
The correctability and stroke associated with this design are presented across several modes of deformation.

Chapter 8 details the experimental characterization of an active mirror prototype. Two methods of
wavefront characterization are outlined leading to the design of a custom dual-stage metrology system im-
plemented in the lab. An overview of the system along with a verification of its ability to reconstruct surface
figures is presented. The actuation capabilities of a fully-integrated mirror prototype are characterized along
with results pertaining to a shape-correction experiment.

Finally, conclusions, along with areas of future research are presented in Chapter 8.



Chapter 2

Active Mirror Design

This chapter outlines the basic optical requirements and design considerations made for the active mirror
concept. Specifically, details on the mirror substrate, reflective front surface, and active layer are presented.
Considerations related to electrode wiring and mounting are also described. An overview of the final manu-

facturing process is presented at the end of the chapter.

2.1 Requirements on Mirror

2.1.1 Figure Accuracy

Diffraction dictates the maximum angular resolution achievable by an optical system [20]. For a telescope,
this is defined by
0 =1.22\/D (2.1)

where 6 is the angular separation of two point sources, D is the diameter of the telescope, and A is the
wavelength of light under study. For a telescope to be considered “diffraction limited”, all optical elements
must be of high-enough quality in order for this resolution to remain. Alternatively, this can be stated that
the diameter of the telescope is the only physically limiting parameter in the design (for a given wavelength of
light). From the Rayleigh Criterion [21], it was determined that this is indeed the case if the final wavefront
at the focal plane is accurate to within A/4 RMS. Due to reflection, this translates into a requirement on
mirror figure accuracy of A/8 RMS. To accommodate imperfections in additional optical elements, often
more stringent requirements of A/10 - A\/20 are placed on the accuracy of the primary mirror.

Table 2.1 lists several wavelength regimes within the electromagnetic spectrum, their associated wave-
length values, along with the A/10 requirement on figure accuracy. For visible-wavelength observations, an
accuracy of 40 - 70 nm RMS is required on the mirrors. This is used as the baseline requirement for the

active mirror concept in this study.



Table 2.1: Requirements on mirror figure at various wavelengths

Class A A/10

Ultraviolet 10 nm - 400 nm 1 nm - 40 nm

Visible 400 nm - 700 nm 40 nm - 70 nm
Infrared 700 nm - 1 mm 70 nm - 100 ym
Microwave lmm-1m 100 pm - 100 mm

2.1.2 Surface Roughness

Surface roughness inherently decreases the reflectively of a mirror due to light scattering. From [22, 23] this
effect can be described in terms of the ratio of reflected radiant power to total incoming radiant power for a
given material, as follows:

% = exp[ — (4mcospio [ N)? (2.2)
where R, is the specular reflectance, R; is the total reflectance (ie. from a perfect surface), ¢; is the angle
of incidence, o is the RMS roughness of the surface and A is the wavelength of light under study. Figure 2.1
displays the results of this relation at normal incidence (¢; = 0°) for UV, visible and Mid-IR, wavelengths.
Due to their short wavelengths, the specular reflectance in the UV and visible regimes are observed to be
highly sensitive to surface roughness issues. This plot can be used to define the maximum surface roughness

based on the desired reflectivity. For example, if a specular reflectance of 98 % is desired for visible wavelength

observations, an RMS surface roughness of < 6 nm is required.

1.04 T T
: —— UV (A: 200 nm)
1.02+ | = Vis (A: 500 nm)
— Mid-IR (A: 25 pm)
1 -
o 0.98F —
\(I)
®o.96F Y .

0.94f

0.92

0.9 i
0 5 10 15

Surface Roughness, ¢ (nm)

Figure 2.1: Ratio of specular reflectance, R, to total reflectance, R;, at normal incidence.
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2.2 Mirror Substrate

Replication techniques were chosen as the manufacturing process for the mirror substrate due to its simplicity
and high manufacturing throughput. This imposes limitations on the types of materials to be used as they
must be capable of being formed by molding techniques. Polymers are obvious candidate materials due to
their ability to flow and conform to an underlying surface before curing. However, polymers exhibit low-
stiffness and dimensional stability. A method to alleviate these issues is to implement reinforcing materials.
These reinforcements can be of the particulate or fiber variety. Particulate reinforcements, such as ceramic
beads or carbon nano-tubes [24], reinforce the polymer material isotropically while fibers increase stiffness
primarily in one direction. However, the continuous nature of the fibers allow for a much higher increase in
stiffness in comparison to dispersed particles. Multiple layers at differing fiber orientations can be used to
produce a substrate with quasi-isotropic properties.

For the purposes of this study carbon-fiber reinforced polymer (CFRP) materials were implemented.
Specifically, multiple plies of pre-impregnated unidirectional carbon fibers and epoxy resin are used. Thin-
ply materials were selected in order to keep the substrate thin while allowing for increased design variability
in laminate orientation. Two types of of carbon fibers were used for this study; T800 and M55J. A mechanical
characterization of the orthotropic properties in the unidirectional state was performed for each material.
The results of these studies are presented in Table 2.2. A fiber areal weight (FAW) of 17 g/m? (gsm)
corresponding to a ply thickness of ~ 20 pum was achievable for the T800 material. This represents a
reduction of 4 - 10 in the thickness of each ply in comparison to traditional CFRP materials. The M55]

material had a FAW of 30 gsm and was used for the remainder of the studies as well as mirror fabrication.

Table 2.2:  Material properties of unidirectional T800 and M55] carbon fibers embedded in
ThinPreg”™ 120EPHTg-1 epoxy (Vs ~ 50%).

Property T800 M55J*
E; (GPa) 128 340
B, (GPa) 6.5 6.0
G12 (GPa) 75 4.2
V19 0.35 0.35

*M55J characterization courtesy of Yuchen Wei.

Several laminate orientations were considered, however a 16-ply [0° /4+45° /-45° /90°] + [90° /-45° /+45° /0°]
orientation was used extensively in experimental settings (a more detailed analysis of laminate orientation
is presented in Chapter 4). This laminate has a total thickness of 480 pm and an areal density of 0.90
kg/m?. 150 mm diameter octagonal substrates were used for this effort. The octagonal shape was chosen
due to symmetry about orthogonal axes as well as practical considerations during manufacturing (alignment

of edges with fiber directions). However, as octagons cannot be tessellated, a change to hexagons may be
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desired for future efforts.

To construct the mirror substrate, the laminate is laid-up initially flat and then placed atop the mandrel
used for cure. The mandrel is spherical with a nominal 2.0 m ROC, thus producing nominally spherical
mirror substrates. It is first treated with a release agent (Frekote 770NC) in order to prevent the part from
curing to the surface. A 1/4” thick soft silicone pad is placed directly onto the backside of the laminate.
This allows for an even pressure distribution to be obtained for subsequent vacuum-bagging and autoclave
cure. Details of the curing process as well as process alterations implemented to mitigate post-cure shape

errors are presented in Chapter 4.

2.3 Reflective Front Surface

Fiber Resin

Figure 2.2: Schematic of fiber print-through.

Surface roughness issues due to fiber print-through are prevalent for CFRP-based optics. The effect of fiber
print-through is depicted schematically in Figure 2.2 where thermal contraction of the resin causes the fibers
to protrude through the terminal surface of the laminate, ultimately producing roughness. Two methods of
mitigating these effects were considered and summarized here. The first method implements a secondary
replication process where a resin-rich layer is added to the front surface of the mirror. This is performed
by placing a central pool of epoxy onto the surface of a glass mandrel (ie. the mandrel used for the initial
replication process) and then placing the cured CFRP substrate onto this assembly as shown in Figure 2.3.
A room-temperature cure is then performed under atmospheric pressure. The added thickness of the resin-
layer attenuates the surface roughness producing a smooth surface. However, with this method, moisture
absorption issues are of concern due to the high surface area of the resin-rich layer. This can potentially
cause significant distortions to the mirror figure over time. In addition, improper release from the mandrel

was also found to be an issue causing small “lift-off” errors throughout the surface.
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Figure 2.3: Schematic of resin-rich cure process used to mitigate fiber print-through.

The second method was the incorporation of a nanolaminate facesheet onto the front of the CFRP
substrate. Nanolaminates are multilayer metal foils formed by sputter deposition on a precision glass man-
drel [25, 26]. The surface quality of the nanolaminate is dependent entirely on the roughness of the deposition
mandrel and has been demonstrated down to < 1 nm RMS. The bonding process is very similar to that of
the resin-rich layer and is depicted in Figure 2.4. A detailed overview of the nanolaminate bonding process
is presented in Chapter 5. While this method still incorporates a layer of resin, the nanolaminate acts to
seal the surface and therefore moisture absorption issues are not of great concern. Ultimately, this was
chosen as the optimal route for mirror development due to the increase in potential surface quality. For the
current effort 50 pm thick nanolaminates composed of Cu and Zr layers were used. A terminal Au layer is
implemented for the reflective front surface. Nanolaminates have been demonstrated on meter-scale parts

and are thus scalable technologies.

CFRP
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ae ] 0. 0000
RT Curel ’
e %00 00"

Figure 2.4: Schematic of nanolaminate bonding process used to mitigate fiber print-through.

2.4 Active Layer

Several materials were considered for the active layer. Previous efforts have incorporated thin films of
piezoelectric polymers [17, 27] in order to provide the actuation capabilities. However, due to the low
modulus of these polymers their associated actuation stroke is insufficient in order to impose meaningful
deformations onto the stiff CFRP substrate. Piezoelectric and electrostrictive ceramics are more suitable

materials due to their high stiffness and actuation capabilities. They have also been implemented extensively
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in various active structures. Therefore, these materials were implemented for the present study with a focus
on piezoelectric ceramics. Specifically, Lead-Zirconate-Titanate (PZT) was used. The properties of this

material can be found in Table 2.3.

Table 2.3: Material properties for PZT-5A.

Property Value
Modulus, E (GPa) 66.0
Poisson’s Ratio, v 0.35
Piezoelectric Constant®, d31 (pC/N) -375

Maximum Electric Field*, F, 4, (MV/m) 0.8

*Measured value

125 pm thick flat PZT plates were used as the active elements for the mirror substrate. The plates are
initially 72.5 x 72.5 mm square but trimmed to a section of an octagon using a high-speed cutting disk.
The octagonal shape of the mirror also has the added benefit of accommodating identically sized plates
here. The material is initially poled with continuous nickel electrodes on either side. In order to apply the
custom electrode pattern, these electrodes were removed using a wet nickel-stripping agent (Caswell B-9).
A materials printer (Dimatix 2800) and silver nano-particle ink (Methode 9104) was used to reprint the
continuous ground plane on one side as well as the optimized pattern on the other (the pattern details can
be found in Chapter 7). For optimal conductivity, the ink must be sintered at 200 °C for 2 hrs. The plates
are bonded to the CFRP substrate using room-temperature cure epoxy and vacuum-bagging techniques.
Figure 2.5 displays the active layer with the custom electrode pattern on the backside of the mirror. Details

of the custom electrode pattern can be found in [17, 28].

Figure 2.5: Backside of a 150 mm dia. active mirror prototype containing four PZT-5A plates with a custom

electrode pattern.



14

2.5 Electrode Routing Layer

Due to the relatively large number of actuation channels, active mirrors often contain cluttered, bulky and
massive connecting wires that can impart shape errors onto the mirror surface. This is a particular problem
for the current design as the mirrors are extremely thin and thus susceptible to the mechanical constraints
imposed by such wires. To alleviate this problem, conductive electrode traces are printed on a 25 pum thick
Kapton routing layer using the materials printer and conductive ink. Connections to the underlying electrode
pads are then made using through-thickness vias and conductive epoxy. The pattern is designed to route the
traces away from the active surface of the mirror to a flex-cable connector where connections to the control
electronics can be made using more standard cabling techniques. The low modulus and thickness of the
Kapton layer allows the mirror to remain highly flexible during actuation. Figure 2.6 displays the backside

of a mirror after integration of the electrode routing layer.

Figure 2.6: Backside of an active CFRP mirror after electrode routing layer integration.

2.6 Mounting

Figure 2.7 displays the mounting scheme used to hold the active mirrors. Spherical magnets placed at three
locations on the mirror surface are used to provide a quasi-kinematic mount. Two magnets are placed at
each location on the top and bottom surfaces of the mirror. The magnetic flux lines run perpendicular to
the mirror surface, ensuring that the magnets are self-aligned. This prevents unwanted distortions from
occurring while allowing the mirror to deform freely upon actuation. This concept is adapted from that

presented in [17].
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Figure 2.7: Bare CFRP substrate mounted using spherical magnets.

2.7 Overview of Fabrication Process

CFRP Prepreg Cured CFRP

Autoclave Substrate

- Cure ,___| I___I
Mandrel #1 [ ] — _
@ @ ®

Removal From Mandrel #1 RT Cure |
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Kapton Routing Layer Removal  Completed Mirror
| | from Mandrel #2

e | RTCure o |
® ® ®

Mandrel #2 |

Figure 2.8: Overview of fabrication process.

Figure 2.8 is a schematic of the overall fabrication process for the mirror prototypes. First, a lay-up of

unidirectional carbon fiber prepreg is placed on top of a mandrel. The laminate is vacuum bagged and

autoclave cured at elevated temperature and pressure to provide consolidation of the plies. During this

process the CFRP material replicates the surface of the underlying mandrel, providing the overall figure of

the mirror. Upon cure, the active layer layer is bonded to the backside of the CFRP substrate with the

mandrel underneath to provide support. A common ground plane and patterned electrodes are printed on the

bottom/top of the active layer before the bonding process takes place. Once cured, the assembly is removed

from the underlying mandrel and bonded to a nanolaminate facesheet. The nanolaminate is deposited
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on a separate mandrel with the same figure as that used for the CFRP replication process, producing a
matching part. Care must be taken in order to ensure a uniform thickness distribution of epoxy between
the CFRP substrate and nanolaminate during this bonding process. The Kapton electrode routing layer
is then incorporated onto the backside of the mirror using conductive epoxy, providing a method to route
the actuation channels to the supporting electronics. Lastly, the completed active mirror is parted from the

secondary mandrel.
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Chapter 3

Imperfections in Symmetric Thin-Ply
Composites

3.1 Introduction

Advancements in tow-spreading techniques [29, 30] have allowed for the production of extremely thin carbon
fiber composite materials. The benefits of using such material have been widely studied, demonstrating
an increase in mechanical performance [29, 31, 32]. The thin nature of this material also allows for the
construction of extremely thin structures. Symmetric, multi-ply laminates with quasi-isotropic properties
can be constructed while keeping the overall laminate thickness extremely low (< 200 pm). These thin
laminates are attractive when considering lightweight shell structures for aerospace applications. In the
context of replicated composite optics, this potentially enables mirror designs that can be folded into a
compact initial state and then deployed upon orbit. An example of this concept is shown in Figure 3.1.
However, the stringent requirements on surface accuracy remain. Therefore, it is desired to study here the

post-cure shape accuracy of ultra-thin composite laminates.

Figure 3.1: Folding concept envisioned for extremely thin lightweight mirrors.
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3.1.1 Background

Achieving highly-accurate shapes in laminated structures is a difficult process. Significant internal stresses
develop during thermal curing due to the highly orthotropic nature of the individual plies. Under uniform
curing conditions and with symmetric laminates, it is predicted that the stresses will be balanced through
the thickness and therefore zero out-of-plane deformations will occur. If cured on a flat surface under these
ideal conditions, the laminate is expected to remain flat. However, deviations from this ideal case break the
laminate symmetry, creating an imbalance in thermal stresses, ultimately resulting in post-cure shape errors.

These symmetry-breaking variations can occur due to a number of factors. The first is related to variations
in the homogenized properties of the plies. Several studies have been performed in order to characterize the
magnitude of fiber misalignment within a ply [33, 34] and assess its effect on mechanical and thermal
properties [35, 36, 37, 38, 39]. Errors in the through-thickness distribution of fibers within a ply have also
been shown to be a factor [40]. Finally, simple variations in thickness will change the overall stiffness of each
ply. These factors have the potential to produce variations within a single ply as well as between successive
plies within a laminate.

Errors in the relative orientation of successive plies can also break the intended symmetry of a laminate.
Hinckley [41] performed Monte Carlo analyses to assess the effect of ply misalignment on mechanical and
thermal properties for various laminate orientations. Arao [42] performed a study to assess the effect of ply
misalignment on the post-cured shape error of symmetric laminates. Significant twisting deformations were
predicted in these studies in spite of the nominally symmetric laminate orientation. However, both of these
studies were conducted for laminates constructed from relatively thick materials.

Finally, variations in the curing conditions during processing can also result in the development of shape
errors. It has been shown that thermal gradients during curing can produce large out-of-plane deforma-

tions [43, 44].

3.1.2 Objective and Scope

The present study attempts to 1) identify the relevant imperfections associated with thin-ply fiber reinforced
composites, 2) experimentally quantify the magnitude of these imperfections, and 3) assess their effect on
post-cure shape errors for flat laminates.

4-ply symmetric laminates constructed from ultra-thin materials are considered. Each ply has a nominal
thickness of 20 pym and therefore the total thickness of the laminate is only 80 pm. This represents a factor
of 5-10 reduction in thickness than traditional composite parts. The study is separated into two parts based
on the nature of the imperfections. In the first section, imperfections that vary uniformly across a single ply
or between plies are considered. Specifically, misalignments in the orientation of each ply, uniform variations
in the mean thickness of each ply and through-thickness thermal gradients during the curing process are

studied. In the second section, imperfections that vary within each ply are studied. Spatial variations in ply
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thickness and fiber orientation are considered.

3.2 Spatially-Uniform Imperfections

3.2.1 Problem Formulation

In order to identify the spatially-uniform imperfections, a study was performed using Classical Lamination
Theory (CLT)[45]. CLT assumes geometric and material linearity and is used to predict the mid-plane
strains and out-of-plane curvature changes of a laminate under load. The problem can be structured as
follows: given a laminate constructed from n separate plies, the 6x6 ABD stiffness matrix can be assembled
relating mid-plane strains and out-of-plane curvatures, € and K, to resultant forces and moments, N and M,
respectively, as follows:

-1
€ A B N

K B D M

where

k=n
k=n-1
k=n-2

Figure 3.2: Through-thickness coordinate definition for Classical Lamination Theory.

Q is the orthotropic stiffness matrix of the k* ply in the laminate coordinate system (x/y) and z;, is the
through-thickness interface coordinate of that ply and its neighbor, as shown in Figure 3.2. Qy is dependent
on the material properties of the k* ply, as well as the orientation of the ply with respect to the global

coordinate system. For each ply it is defined as

Qi = [T],. ' 1QEMCIT], T, (3.5)
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where QEMC is the stiffness matrix of the k** ply in the prime material coordinate (PMC) system. The
PMC system is aligned parallel and perpendicular to the nominal fiber direction for this study. [T]x is a

rotation matrix dependent on the ply orientation and is defined as

T, =] s* & —2cs (3.6)

with
s = sin(6k), (3.7

¢ = cos(b), (3.8)

where 6}, is the orientation of the k** ply with respect to the global reference frame (about the z-axis).

For the present study the mid-plane strains and out-of-plane curvatures produced after the laminate has
been cured and returned to room-temperature are of interest. These are produced as a result of the internal
thermal stresses developed during cure. These stresses can be expressed as resultant thermal forces and

moments, Nrhermal and Mrhermal, respectively, as follows:

n Zk
Nrhermal = Z/ Quop ATdz, (3.9)
k=1"7%k=-1
n 2k
M Thermal = 3 / Qo AT zdz, (3.10)
k=1"Y?%k—1

where oy is an array of in-plane thermal expansion coefficients for the k” material and AT is the temperature

change experienced during cooling. «ay also depends on the orientation of the fibers within a ply and is defined

as
ak = [R][T] 7R~ g M, (3.11)
where af MC is the array of thermal expansion coefficients for the k" layer in the PMC system and R =
diag{1, 1, 2}.
Therefore, Equation 3.1 becomes
-1

€ A B N erma
= Thermal (3.12)

K B D MThermal

and the out-of-plane curvatures produced during cure can be predicted.

In this formulation, several assumptions are made. Firstly, it is assumed that the laminate is in an
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unstressed state after the completion of the cure. Second, after this process the material is linear elastic with
properties independent of temperature. Third, the laminate is unconstrained and therefore free to deform
during cooling. These assumptions are known to be partially invalid in a practical setting. However, they

allow for an initial investigation into the thermal deformations produced during cure.

3.2.1.1 Identification of Relevant Parameters

Using the formulation above, the conditions required to ensure out-of-plane curvature changes do not arise
during cooling can be identified. Firstly, it is observed through Equation 3.9 that upon integration, the
resultant thermal forces are always non-zero during cool-down. Therefore, from Equation 3.1 the B matrix
must be null and thus no coupling between out-of-plane curvatures, x, and resultant thermal forces, Nihermal,
must exist. The first condition required for this to be satisfied is that plies opposite one another from the

neutral axis must have identical thicknesses, t;. This can be expressed as

te = tn—(k-1)] (3.13)

with k=1, 2, ..., n/2 for a laminate with an even ply count. The second condition is that opposing plies
must possess identical stiffness matrices, Qx. From Equations 3.5 and 3.6, this requirement reduces to a

constraint on the ply orientation, 6 (assuming identical properties in the PMC reference frame). Therefore

O, = 0[n—(k}—l)]~ (3.14)

Additionally, as D is never null for practical laminates there must be zero thermal moments, Minhermal,
developed during cure. From Equation 3.10 it can be deduced that this condition is satisfied if perfectly sym-
metric lamination conditions exist and the laminate undergoes a uniform temperature change during cooling.
Namely, opposing plies must have identical mechanical and thermal properties ( EMC, aEMC), fiber ori-
entation, 0y, equal thicknesses, tx, and AT must not be a function of the through-thickness coordinate.

Therefore,

AT # AT(z). (3.15)

From Equations 3.13, 3.14, and 3.15 three relevant factors can be identified: 1) variations in ply
thickness, 2) variations in ply orientation and 3) through-thickness thermal-gradients during cure, all of

which can result in the formation of out-of-plane deformations upon cooling.
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Table 3.1: Orthotropic properties of unidirectional T800 carbon fibers embedded in ThinPreg” ™ 120EPHT g-
1 epoxy (V¢ =~ 60%).

Property Value
E; (GPa) 127.9
E; (GPa) 6.5
G12 (GP?L) 7.5
V12 0.35

a1 (ppm/°C) 0.0
ag (ppm/°C) 20.0

3.2.2 Characterization of Spatially-Invariant Imperfections

This section outlines the procedures used to experimentally characterize the imperfections mentioned above.
To do so, 100 mm square laminate coupons were constructed. Symmetric 4-ply, [0°/90°]; flat laminates were
used for this study as they are the thinnest symmetric laminates possible. The coupons were constructed
from material comprised of T800 fibers embedded in an epoxy matrix. The material was in an initial prepreg
form with a resin content of 38% by weight and each ply had a fiber areal weight (FAW) of 17gsm. The
coupons were laminated and cured atop a flat glass plate. A compliant silicone backing pad was used
to provide an even pressure distribution during cure. The laminates were vacuum bagged and autoclave
cured at a temperature of 120°C for 2 hours and under an external pressure of 80 psi. The rate of loading
and unloading were 2 °C/min and 3 psi/min for the temperature and pressure profiles, respectively. The
mechanical and thermal (CTE) properties of the T800 material were measured experimentally prior to the

study and are listed in Table 3.1.

3.2.2.1 Thickness Variations

Ply thickness measurements were made using micrographs of the laminate cross-section and calibrated ob-
jective lenses. Images were captured using a Nikon LV-150 microscope. Specimens were first cross-sected
and potted in clear casting epoxy. Once cured, the specimens were lapped down using a series of grinding
wheels and polished to the desired surface finish for imaging. This allowed the plies as well as individual
fibers to be imaged.

Figure 3.3 is a micrograph of a 4-ply specimen oriented with the 0° fiber direction out of the plane.
From the optical measurements, it can be seen that the top and bottom plies do not possess the same
thickness values at this location within the laminate. The bottom ply (Ply 4), corresponding to the ply
that was directly on the glass plate during cure, is thinner than the top ply (Ply 1). A series of thickness
measurements were performed at 2 mm intervals along the 40 mm wide specimen. Table 3.2 summarizes
these measurements in terms of the mean and standard deviation in thickness measurements. It is apparent
that there is a variation in mean thickness between the plies, ranging from 17.8 pum for the inner plies to

21.1 pm for Ply 1. On average, the bottom ply is thinner than the top-ply.



23

Plies 2,3
37.6 um

- " —
® og"". Ply 4
LA L

© ’. €. 1' Hm

Figure 3.3: Micrograph of laminate cross-section displaying ply thickness measurements.

Table 3.2: Ply thickness measurements.
Ply  Mean Thickness (um) Std. Dev. Thickness (pm)

1 21.1 2.6
2/3 17.8 2.0
4 19.8 2.2
Avg 19.6 2.3

3.2.2.2 Ply Misalignments

Measurements of the ply orientations were performed using optical techniques as well. An existing 8-ply
[0°/45°/-45° /90°], laminate was used for this study as the higher number of plies allowed for increased
measurements. In order to measure the relative angle of the successive plies it was necessary to expose the
inner plies for imaging. To do so, sections of the laminate were polished down in the through-thickness
direction at depths corresponding to the various ply interfaces, as shown in Figure 3.4. Multiple images of
the now exposed plies, and fibers within, were captured while keeping the specimen fixed to the translation

stage.

0° % +45° N\ -45° 90°

/\ , f‘x

Plyl1 Ply2 Ply 3 Ply 4

X

Figure 3.4: Schematic of ply grinding process used to image internal plies.
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A Nikon ShuttlePix P-400R digital microscope at 400x total magnification (800 pm field of view) was
used to capture images of the plies. The larger field of view was necessary to take fiber angle measurements
over longer length scales. The specimen was fixed to a precision XY translation stage, allowing images to
be captured at various in-plane locations while maintaining a common reference frame. The orientation
of individual fibers within each image were measured using a line-detecting algorithm and custom Matlab
script. The algorithm used was a Hough Transform [46], a classic method of detecting features within an
image. A total of 250 - 270 fiber angle measurements were performed from 15 images captured at each ply
depth. Figure 3.5 displays an image of the fibers along with the line-detection produced using the Hough

Transform.

Figure 3.5: Image of line detection algorithm used to perform fiber measurements.

Figure 3.6 displays the measured fiber distributions for each ply along with the mean and standard
deviations in fiber angle. It can be seen that the measured fiber angles follow an approximate normal
distribution for each ply. As the global reference frame was kept fixed during imaging, the mean fiber
orientation of each ply can be compared to the intended laminate orientation, providing an assessment on
the accuracy to which the plies have been aligned. As shown in Figure 3.6 it was found that each of the plies
were oriented to an accuracy of approximately 0.3°. Therefore it is assumed that this level of misalignment

is present for all plies.

3.2.2.3 Thermal Gradients During Cure

The uniformity of temperature conditions during cure was assessed by outfitting a laminate with thermocou-
ples while in the autoclave. The thermocouples were placed on either side of the laminate at two locations,

as shown in Figure 3.7(a), allowing temperature readings to be obtained during the cure cycle. Figure 3.7(b)
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Figure 3.6: Fiber angle measurements of external and internal plies used to assess ply alignment accuracy.

displays the thermal profile during cure with a detailed view of the constant-temperature “soak” section. A
maximum through-thickness temperature change of approximately 0.5 °C was measured. The temperature
is kept relatively constant throughout this section, with only slight variations observed due to the autoclave
control cycle (high-frequency variations are attributed to thermocouple noise). From this study it is apparent
that the mandrel-side of the part is at a higher temperature for both thermocouple locations. Due to this
increased cure temperature, the mandrel-side of the part will be subject to a higher degree of cooling once
the part is brought back down to room temperature. An in-plane temperature variation of approximately

1°C was measured across the surface of the laminate.

3.2.3 Numerical Modeling

While the CLT analysis is useful in identifying relevant parameters causing shape errors, it is limited by the
assumption of geometric linearity. This is especially true for very thin laminates, as deflections much greater
than the thickness are expected. Therefore, a finite element model was developed to investigate the effect
of the above imperfections on post-cure shape errors. The commercial package, Abaqus Standard/CAE
6.12 [47], was implemented with S4R elastic shell elements. The orthotropic material properties of the T800
material outlined in Table 3.1 were defined as the nominal properties of each ply. The laminate orientation
was defined using the built-in composite stack lay-up feature. The laminate was modeled as a 4-ply, [0°/90°],,
250 mm square flat plate constrained at a single node in all 6 degrees of freedom at the center of the plate.
Each ply was assigned a nominal thickness of 20 ym. An element size of 2.5 mm was used resulting in 10,000
total elements across the laminate.

A geometrically nonlinear, quasi-static analysis was carried out by imposing a nominal temperature
change of -100°C throughout the plate, simulating the cooling process at the end of the cure cycle. This
process carries with it the same assumptions mentioned in the CLT formulation; however, geometric non-
linearities are handled properly by updating the tangent stiffness matrix throughout the analysis. The
following sections outline the procedures used to quantify the effect of each imperfection on the resulting

shape errors. Comparisons between the non-linear finite element analysis and linear CLT predictions are
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Figure 3.7: (a) Schematic of thermocouple placement on specimen. (b) Thermocouple readings during
autoclave cure.
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made.

3.2.3.1 Uniform Variations in Ply Thickness

Figure 3.8 displays the resulting curvature changes, Ky, Ky, and Ky, and RMS shape error due to uniform
changes in ply thickness. This was performed by varying the thickness of the top 0° ply while keeping all
others fixed. It was assumed that the material properties of that ply remained constant throughout this
process.

As evident in Figure 3.8(a), extremely large curvatures arise due to small changes in ply thickness. The
dominating curvature change occurs in the y-direction, resulting in the laminate taking on a cylindrical
mode of deformation. The CLT prediction of , agrees well with that obtained through the non-linear
study. However, a small component of &, is predicted in addition to the dominating %, not found in the
non-linear analysis. From Figure 3.8(b), it can be seen that extremely large shape error magnitudes form
over the 250 mm square plate due to small changes in ply thickness. (Note: uniform thickness changes in

the internal 90° plies do not result in curvature changes as the laminate remains balanced).
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Figure 3.8: Results of NL FEA (solid) and CLT prediction (dashed) for uniform variations in ply thickness.
a) Laminate curvatures and b) resulting shape error magnitudes.

3.2.3.2 Variations in Ply Alignment

The effect of ply misalignments on the post-cured shape of the laminate was studied next. To model this
effect, the mean orientation of a single ply was varied in the laminate orientation while keeping all others
fixed. Figures 3.9(a) and 3.9(b) display the resulting curvature changes as a function of ply misalignment
in the terminal 0° and internal 90° plies, respectively. Figure 3.9(c) displays the corresponding RMS shape
€error.

Several observations can be made from this study. Firstly, by comparing Figures 3.9(a) and 3.9(b), it

is evident that the laminate is more sensitive to variations in the 0° ply orientation in comparison to those
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for the 90° ply, as the resulting curvatures are of higher magnitude. This is as expected as the 0° ply is
further from the neutral axis of the laminate, thus producing a larger thermally-induced moment from the
imbalance. Secondly, for both the 0° and 90° plies, and at small values of ply misalignment, there is good
agreement between the results of the non-linear finite element analysis and CLT prediction. At this point,
both analyses predict a strong saddle/astigmatic shape, as k4, is the only non-zero curvature component. As
the magnitude of ply misalignment is increased, the non-linear results deviate from the CLT prediction and
the rate of growth of xz, declines. Upon further increase of the ply misalignment, the non-linear analysis
captures a mode change in the deformation of the laminate as x, and ~, become non-zero. This point
occurs at a misalignment of approximately 0.15° for the 0° ply and 0.3° for the 90° ply. Finally, by studying
Figure 3.9(c) it can be seen that significant magnitudes of shape errors arise from small ply misalignments.

It is also apparent that the CLT analysis greatly over-predicts the magnitude of shape error during cooling.
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Figure 3.9: Results of NL FEA (solid) and CLT prediction (dashed) for uniform variations in ply orientation.

a) Laminate curvatures and b) resulting shape error magnitudes.
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3.2.3.3 Thermal Gradients

Finally, the effect of thermal gradients during cure was studied. The temperature change of the shell mid-
plane was set to the nominal value of -100 °C as before; however, a linear variation through the thickness
was also defined. Figure 3.10 displays the resulting deformation due to a through-thickness change in
temperature. It can be seen that this produces a cylindrical deformation oriented in the y-direction as &,
is the dominating curvature term. The results of the CLT analysis agree well with that of the non-linear

study, as evident by Figure 3.10(b).
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Figure 3.10: Results of NL FEA (solid) and CLT prediction (dashed) for thermal gradients during cure. a)

Laminate curvatures and b) resulting shape error magnitudes.

3.2.3.4 Sensitivity Analysis

In order to compare the relative effect of each imperfection, it was necessary to normalize the magnitude of
each. Two methods of normalization were considered: normalization by the full-scale value of imperfection
and normalization by the measured values presented in Section 3.2.2. The full-scale values were taken to
be 1) the difference between the terminal/internal ply orientations, 2) the total ply thickness, and 3) the
full temperature change experienced during cure. The measured values were defined as 1) the maximum
deviation in measured ply orientation, 2) the difference in thickness between the top and bottom plies, and
3) the through-thickness difference in temperature measured during cure. Table 3.3 lists these values for
each imperfection.

Figure 3.11(a) displays the influence of each imperfection as a fraction of their full-scale value. This
method would be useful from a design standpoint if no apriori knowledge of the imperfection magnitudes
was available. From this analysis it can be seen that the ply alignment in the 0° ply appears to be the
dominating imperfection resulting in an RMS error of approximately 550 yum at 1% the full-scale value. The
remaining imperfections have reduced sensitivity, resulting in approximately 200 ym of deformation at their

respective 1% magnitudes.
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Figure 3.11(b) displays the influence of each imperfection as a fraction of their measured values. This
analysis provides insight into the level of shape error reduction that can be achieved if the magnitude of
imperfections were to decrease from the current measured values. From this analysis it can be seen that
the variation in ply thickness is clearly the dominant factor. The deformation of the laminate is extremely

sensitive to variations in this parameter with out-of-plane deformations in excess of 1500 um RMS.

Table 3.3: Full-scale and standard deviations of imperfections.

Imperfection Full-Scale Value Measured Value
Ply Misalignment (deg) 90.0 0.3
Ply Thickness Variation (um) 20.0 1.3
Through-Thickness Temperature Change (°C) 100.0 0.5
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Figure 3.11: RMS error as a function of imperfection magnitude. Results are normalized by a) the full-scale

(FS) values and b) the measured (meas) values in Table 3.3.

3.2.4 Shape Error Measurements

Three 250 mm square samples were constructed using the same manufacturing techniques outlined previously.
Upon cure, the corresponding shape of each laminate was measured using a speckle photogrammetry system
from Correlated Solutions [48]. Speckle photogrammetry is a technique used to obtain full-field surface
measurements of a specimen in a non-intrusive manner. A white speckle pattern is applied to the dark
surface of the laminate using spray paint and a stereo-pair of calibrated cameras is used to capture images of
this pattern. A full three-dimensional map of the surface is then reconstructed in software from this pattern.
The out-of-plane measurement accuracy of this technique is on the order of 4 um with the entire 250 mm

square laminate in view. Measurements were conducted with the laminates lying on a flat surface, and thus
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susceptible to gravity effects.
Figure 3.12 displays the measured shapes of the 4-ply laminates. It is apparent that there are significant
post-cure shape errors present. The errors are dominated by cylindrical modes oriented in the y-direction

and have a peak-to-valley amplitude of approximately 6.0 mm (1.07 - 1.41 mm RMS). There is also a slight

twisting mode associated with each sample.
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Figure 3.12: Measured shape errors of the three constructed laminates.

For comparative purposes, the level of measured imperfections were injected into the numerical model
and shape error predictions were made. Table 3.4 displays the parameters used for the simulation. As the
ply orientation and mean thickness variations were observed to be somewhat random, they were modeled

using normal and uniform distributions, respectively.

Table 3.4: Imperfection magnitudes used for simulation comparison

Imperfection Modeled Parameters
Ply Misalignment A6, ~ N(0, 0.3°)
Ply Thickness Variation ttop — toor ~ U(0, 1.3 pm)

Through-Thickness Temperature Change AT,: 0.5°C

Figure 3.13 displays the calculated shape-error magnitudes resulting from the imperfections listed in
Table 3.4. It is apparent that the model predicts dominating curvature terms oriented in the y-direction.
A lower-magnitude twisting term is also evident for the results of Analysis 1 and 2. A higher amplitude of
deformation is predicted in comparison to experiments with peak-to-valley deformations ranging from 6.8 -

8.1 mm (1.62 - 2.37 mm RMS). However, as the model did not account for gravity sag, this over-prediction

is somewhat expected.
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Figure 3.13: Calculated shape errors due to measured imperfection magnitudes.

3.3 Spatially-Varying Imperfections

The previous section considered imperfections that varied between plies but were constant across the entirety
of a single ply. However, when visually inspecting the constructed laminates, spatially-varying shape errors
are observed. Figure 3.14 is a photograph of one of the cured samples. Significant mid-spatial frequency
shape errors are observed as the surface appears “rippled”. Errors such as these are atypical for traditional
composites and were not captured in the previous modeling efforts. Therefore, the purpose of this section
is to quantify the level of mid-spatial frequency shape errors observed in the constructed laminates, identify

and characterize the spatially-varying imperfections at the ply-level, and finally make predictions on their

effect towards spatially-varying shape errors.

Figure 3.14: Post-cure shape error of a 4-ply [0°/90°]s laminate.
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3.3.1 Shape Error Measurements (Mid Spatial Frequency)

The mid-spatial frequency errors are of much lower magnitude, and are therefore masked by the large-
amplitude curvatures. In order to study these errors further, the measurements were filtered using a two-
dimensional Fast-Fourier Transform (FFT) and high-pass Gaussian filter. The details of this process can be
found in Appendix A. Figure 3.15 displays the filtered measurements using a pass frequency of 1/75 mm™1.
This spatial frequency was chosen in order to eliminate the observed low-spatial errors. The mid-spatial
rippling effect is now clearly evident for the laminates. These errors appear to exist over a number of length-
scales, with wavelengths ranging from 10 - 75 mm. The mode of deformation is also observed to be slightly

elongated in the x-direction.

Spec. 1 Z (mm) Spec. 2 Z (mm) Spec. 3 (mm)
RMS: 28 um mm RMS: 32 mm RMS: 33 Z (mm
' it 0.2 & M
‘ - 0.2
50 :
0.1 - 0.1

"-. 0
N

Y (mm)
Y (mm)

50
-50

Figure 3.15: Measured mid-spatial frequency errors of the constructed laminates.

3.3.2 Sources of Imperfections

Two spatially varying imperfections are considered here: spatial variations in the thickness and spatial varia-
tions in the fiber orientation of each ply. It is believed that these imperfections arise due to the tow-spreading
process required to manufacture the thin-ply material. In this process, nominally circular carbon fiber tows
are spread to flat tapes and then butted together to form a prepreg tape of substantial width. The process is
performed with the tows under tension in an attempt to keep them aligned. Through this process, the tows
undergo a high-degree of spreading. For example, a 12K tow (12,000 fibers) containing 5 ym diameter fibers
packed in a hexagonal arrangement at a volume fraction of 50% has an initial diameter of approximately 1.0
mm. Upon spreading to a 17gsm tape, and assuming no change in the packing structure or volume fraction,
a 30-35 mm tape will be produced. This represents an extremely large increase in the width of each tow and
therefore, deviations in this process are expected. Figure 3.16 displays two possible imperfections produced
from the tow-spreading process. The first, depicted in Figure 3.16(a), is an incomplete spreading of the tows.
Instead of a flat tape, a lobed structure is produced and therefore a variation in the thickness of each ply is

expected. This variation is oriented perpendicular to the fiber direction only, with uniform thickness along
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Figure 3.16: Sources of spatially varying imperfections due to tow-spreading: a) thickness variations and b)

fiber misalignments.

the fiber direction. The characteristic half-wavelength of this imperfection is expected to be on the order

of the tow-width once spread (~ 30 mm). The second imperfection, depicted in Figure 3.16(b), is related

to the directionality of the fibers. Due to the high-degree of spreading, a variation in tension is expected

across the width of the tow. Fibers located at the edges of the spread tow will be subjected to higher levels

of tension than fibers near the middle. If the overall level of tension is reduced the internal fibers will lose

their directionality, potentially creating “fiber waviness” in the ply.

3.3.3 Imperfection Characterization

3.3.3.1 Ply Thickness
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Figure 3.17: Thickness measurements performed using cross-sectional micrographs.

The variation in ply thickness was measured by studying the spatial distribution of the thickness mea-

surements produced in Section 3.2.2.1. Figure 3.17 displays these measurements along the length of the
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sample. From the measurements of Ply 1 and 4, it can be seen that there is evidence of a “lobed” variation
in the ply thickness perpendicular to the fibers. The characteristic half-wavelength of this variation appears

to be ~ 25 - 27 mm in length. It is believed this is due to the incomplete tow-spreading mentioned above.

3.3.3.2 Fiber Misalignments

T800, 0: 1.9°

0
-10 -5 0 5 10
Fiber Misalignment (deg)

(b)

Figure 3.18: a) In-plane image of terminal ply displaying significant variations in fiber direction. b) Measured
fiber orientation distribution for the T800 material.

To quantify the level of fiber misalignment in the plies, the in-plane images of the fiber directions presented
in Section 3.2.2.2 were used. Figure 3.18(a) displays one such image where significant variations in the
direction of each fiber are observed. The distribution in measured fiber angles, shown in Figure 3.18(b),
was used to quantify the level of fiber misalignment in each ply. A standard deviation of 1.9° was measured
for the terminal ply and therefore significant fiber misalignments are present. The characteristic wavelength
these misalignments was difficult to quantify, as it varied over many length scales. Oscillations between 2

and 50 mm were observed.
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3.3.4 Numerical Modeling
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Figure 3.19: Schematic of numerical model used to model spatially-varying imperfections.

To model the spatially-varying imperfections, the numerical model presented in Section 3.2.3 was modified
to allow for the definition of spatial variations in ply thickness and fiber orientation. This was performed
through the definition of a regular grid across the plate, as shown in Figure 3.19. At each grid location,
constant but unique section definitions are created, thus providing spatial control over the properties of each
ply. For the current analysis, a grid size of 5 x 5 mm was used with 16 elements per grid. This resulted in

2,500 unique section definitions across the 250 mm square part.

Figure 3.20: Schematic of method used to model ply thickness variation.

Figure 3.20 schematically depicts the method used to model the variation in ply thickness. To capture
the lobed structure perpendicular to the fibers the variation in ply thickness, §, was defined as an absolute
value of a sinusoidal function. Therefore, for a ply with fibers oriented in the y-direction, the variation in
thickness is defined as

21 x)|’

6(x) = Omaz|sin( (3.16)

>\t0w
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where 0,4, is the amplitude of thickness variation and A, is the wavelength of variation. Using this

formulation, and discretizing over the sections, the ply thickness at each ply can be defined as

tij = t;zjom + 57,] (317)

In this process it is assumed that the orthotropic material properties of the ply remain constant during the

thickness change.
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Figure 3.21: Schematic of method used to model fiber misalignment

Figure 3.21 depicts the method used to model the variation in fiber orientation within a ply. It is assumed
that the fiber variation follows in a sinusoidal fashion with a wavelength Af;er. This variation is assumed
to occur in discrete fiber bundles of width, w¢iper, phase-shifted by Qfiber - Therefore, the variation in fiber

orientation of a ply with fibers nominally oriented in the x-direction can be described as

L fqfitery, (3.18)

O(2) = bmazsin( f

fiber

where QF?¢" varies randomly for each bundle. Using this formulation, a unique fiber orientation can be

described at each discrete section as follows:
0ij = Onom + Gij- (3.19)

3.3.4.1 Results

A parametric study was performed in order to assess the impact of the spatially-varying imperfections on
the resulting shape deformation. For the ply thickness, variations in the terminal 0° plies and internal 90°
plies were considered independently. The tow width, wiew = Aiow/2, was also considered. For the fiber
orientation, the effect of wavelength, A¢iper, and fiber bundle width, w¢;pe, Were considered. The results of
these studies are presented in Figures 3.22 and 3.23. The results are presented in terms of RMS surface error
and are plotted for normalized RMS values of the variation. A surface plot of the resulting deformation from

one trial is also shown.
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Figure 3.22: Shape error due to spatial variations in ply thickness.
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Figure 3.23: Shape error due to spatial variations in fiber orientation.

From the surface plot in Figure 3.22 it is apparent that oscillating deformations are predicted due to
ply-thickness variations in the terminal 0° plies. The half-wavelength of variation corresponds directly to the
tow width, wge,. A strong relationship between the amplitude of shape error and tow width is also observed
with a factor of ~ 3.5 increase observed between 25 mm and 50 mm wide tows. An approximate linear
relationship between the amplitude of thickness variation and the corresponding shape error is predicted.
Negligible deformations are associated with variations in the internal 90° plies. This is due to the fact that
the laminate preserves its through-thickness symmetry in this case and therefore remains balanced with
respect to the neutral axis.

From Figure 3.23 it is apparent that the shape errors due to fiber misalignments are more random in
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nature. These errors exhibit a range of amplitudes and characteristic length scales. From the results of the
parametric study, a strong dependence on the wavelength of variation, Afier, and a weak dependence on
bundle width, wyper is observed. Larger surface deformations are predicted for longer wavelength variations.
A non-linear growth in the RMS shape error is also predicted as a function of increasing fiber variation

amplitude.

3.3.4.2 Comparison to Experiments

A simulation containing the imperfection magnitudes measured in Section 3.3.3 was performed in order
to compare the predicted shape errors with those measured in Section 3.3.1. Table 3.5 summarizes the
model parameters used for this study. Estimates were made on the wavelength and bundle width for fiber

misalignments, as these parameters were not characterized completely.

Table 3.5: Imperfection magnitudes used for experimental comparison

Imperfection Modeled Parameters

Spatial Thickness Variation 400 2.3 pm, Aroew: 50 mm (25 mm tow width)

Spatial Fiber Variation Pmaz: 1.9°%, Apiper: 40 mm, wpper: 10 mm

Figure 3.24 displays the results of this study. It can be seen that the mode of predicted shape error is
similar to those in the experiment. Mid-spatial frequency features with various amplitudes and wavelengths
are produced. The errors appear to have a slight preferential direction oriented with the x-axis as in the
experimental measurements. The predicted RMS shape error ranges from 25.5 - 27.3 pm in comparison to
26 - 33 pm experimentally. It is believed that the small discrepancies here are due to the choice of frequency
for the variation in fiber orientation. However, the overall nature of the errors is comparable to those seen

in practice. Table 3.6 summarizes the results obtained for this study.

Analysis 1 Analysis 2 Analysis 3
RMS: 26 ym  Z (mm) RMS: 27 um  Z (mm) RMS: 26 ym  Z (mm)
- - E 0.1 . L Y J
b‘-'i T B o } 0.05
£ R z - 1 T
- ~ & T - - e
E 0’) - x| P EC e B° £ O = - 0
> o= - > P - > S
5o loos 50, « W 005 -50 MF N -0.05
- - s - - > 4
R : . .y
- -— 01
50 0 50 50 0 50 50 0 50
X (mm) X (mm) X (mm)

Figure 3.24: Predicted mid-spatial frequency shape errors due to measured imperfection magnitudes.
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Table 3.6: Comparison of measured and calculated shape errors

RMS (pm)
Analysis 1 25.5
Analysis 2 27.3
Analysis 3 26.3
Measurements (average) 30.3

3.3.5 Model Extensions

Using the model formulation above, several additional simulations can be performed in order to study
the effect of the spatially-varying imperfections in various settings. Specifically, the effect of nominal ply

thickness, curing temperature, and laminate orientation are considered here.

40 L L i L L L L L
P ; Traditional

K 1 Composites ]
b - _"- . I

30FE - i

N
a

[y
(63}

RMS Surface Error (pm)
= )
o o

ol

" Thin-Ply . e el
Composites | ] ) ) r .
0 30 40 50 60 70 80 90 100 110
Nominal Ply Thickness (um)

Figure 3.25: Shape error dependence on nominal ply thickness.

Figure 3.25 displays the effect of nominal ply thickness on the RMS shape error produced from spatially-
varying imperfections. The level of imperfections are held fixed under the conditions presented in Table 3.5,
and the nominal ply thickness is increased uniformly over each ply. From the results it is apparent that
a significant reduction in RMS shape error is predicted as the ply thickness increases, particularly when
considering the designated “thin-ply” regime (< 50 pym). Beyond this point, tending towards ply thicknesses
associated with more traditional composite materials, very small magnitude shape errors are predicted (< 5
pm RMS). At this level, errors such as these would likely go unnoticed.

Surface plots of the shape deformations are also presented in Figure 3.25. The color-scale of these plots

is scaled according to the associated RMS shape error. From these plots it is apparent that a mode change
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in the shape error is also predicted. Initially elongated features appear to become more symmetric upon

increase in the nominal ply thickness.
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Figure 3.26: Shape error dependence on curing temperature.

Figure 3.26 studies the effect of cure temperature on the thermally-induced shape errors. This was
performed by extracting results at various increments within the simulated cooling process. At increased cure
temperatures, Ty, the laminate will undergo a larger temperature change during cooling, AT'. Therefore,
increased magnitudes of thermal stresses will develop within the laminate, and thus larger shape errors are
predicted to occur. This is evident in the trend within Figure 3.26. A slight increase in the progression of
shape error is observed at a cure temperature of 80°C. From the surface plots, it appears that shape error
also begins to change mode at this point. The fairly regular rippling pattern starts to become more random
in nature as evident by the result obtained at T,y = 120°C.

Finally, Figure 3.27 investigates the effect of laminate orientation on the magnitude and mode of imperfection-
induced shape errors. Five different symmetric laminate orientations were considered, ranging from 4 to 8
plies in total. As expected, a significant reduction in the RMS shape error is predicted as a function of ply
count. The 8-ply laminates exhibit only 3.5 ym of RMS shape error upon cure. The mode of deformation
also appears to be dependent on the number of plies and laminate orientation. Characteristic features are
observed parallel/normal to the direction of certain plies. For example, the [45°/-45°], laminate has features
oriented in the 4+ 45° directions while the [0°/90°]; contains features oriented with the laminate coordinate

system (x and y). This effect is less pronounced for the higher ply-number laminates.
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Figure 3.27: Shape error dependence on nominal laminate orientation.

3.4 Discussion of Results

Imperfections associated with nominally symmetric thin-ply composite laminates were studied. The study
focused on 4-ply [0°/90°], laminates with 20 pm thick plies. Two sets of imperfections were considered:
1) those that were constant in the plane of the laminate and 2) those that varied in the plane for each
ply. For the first case, uniform variations in ply thickness, ply orientation and thermal gradients were
considered. The magnitude of each imperfection was characterized in an experimental setting. The study
determined that a mean thickness variation of 1.3 pum was observed between the top and bottom plies. A
maximum ply misalignment of 0.3° was observed, and a 0.5°C through-thickness temperature difference
was measured during cure. For many applications and for traditional composite parts, these imperfections
would be considered negligible. However, due to the extremely thin nature of the material, imperfections
such as these become significant as demonstrated through numerical simulations. The above imperfections
were modeled independently and their effect on the post-cure shape error was determined. All imperfections
resulted in constant-curvature shape errors. Through a parameter sensitivity analysis, the variation in ply
thickness was found to be the dominant factor. Shape error magnitudes of ~ 1.5 mm RMS were predicted
for 250 mm square plates after injecting the measured imperfection value into the model. Therefore, if a
reduction in global shape error is desired, the uniformity in ply thickness should be addressed.

The global shape error of three 250 mm square laminates was also measured experimentally. Consistent
shape errors were observed between samples displaying dominating curvatures oriented in the y-direction.
The magnitude of error ranged from 1.07 - 1.41 mm RMS. Relatively good agreement was observed between

the measurements and model predictions in terms of deformation mode. However, due to the lack of gravity
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effects, there was a discrepancy in magnitude with the model predicting 1.62 - 2.37 mm RMS.

Upon visual inspection of the three constructed laminates, spatially-varying shape errors were observed.
To quantify these features, the shape error measurements were filtered using a high-pass Gaussian filter,
revealing significant mid-spatial frequency errors on the order of 28 - 33 pum RMS. Therefore, the second study
considered ply-level imperfections that varied within the plane of the material. Specifically, variations in ply
thickness and fiber orientation were considered. Through optical characterization, the plies were observed
to have a standard deviation of 2.3 pum in thickness perpendicular to the fiber direction. A characteristic
wavelength in variation of approximately 25 - 27 mm was also observed. A 1.9° standard deviation in the fiber
direction was measured optically. Large variations in the spatial frequency of this variation were observed
with wavelengths on the order of 2 - 50 mm. The effect of these imperfections was also modeled numerically
through unique spatially-varying section definitions. From the simulation results, ply thickness variations
are predicted to cause shape errors that vary with the frequency of imperfection while misalignments in fiber
orientation produced a more random pattern of shape error.

Finally, the effect of nominal ply thickness, curing temperature, and laminate orientation on post-cure
shape errors was determined. A significant reduction in the magnitude of mid-spatial frequency error was
predicted as a function of nominal ply thickness with near complete mitigation at ply thicknesses > 75 pm.
A further reduction in shape error magnitude is also predicted for decreased curing temperatures due to the
reduced level of thermal stress. Laminates of the same ply count but differing orientations saw no change
in shape error; however, laminates with higher ply counts saw a large reduction. Changes in the mode of

deformation were also observed for all cases, demonstrating the highly non-linear nature of the problem.
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Chapter 4

Multi-Ply CFRP Laminates

4.1 Laminate Choice

The preceding chapter was concerned with shape errors inherent to laminates constructed from extremely
thin material (~ 20 pym / ply) and reduced ply counts (i.e., 4-ply [0°/ 90°];). It was shown that laminates such
as these possess shape errors over a number of spatial-frequencies. However, for many practical applications,
thicker laminates are desired as they possess a higher degree of isotropy and dimensional stability. The
remainder of the thesis focuses on laminates constructed from 30 pm thick plies and higher ply-counts.
Specifically, three laminates are considered consisting of 8, 16, and 32 plies. They are listed in Table 4.1.

All of the laminates are a combination of plies oriented in the 0°, 90° or +45° directions. However, the
stacking sequence determines the mechanical response of the laminates. Two variants of the 16 and 32-ply
laminates are presented: a and b. For example, Laminate 2a is defined by stacking two layers of the 8-ply
laminate orientation on top of each other. Laminate 2b differs from 2a in that the second 8-ply layer is
rotated 90° with respect to the first. Laminates 3a and 3b are constructed in the same manner; however,
four layers are implemented.

Appendix B, lists the ABD stiffness matrix of each of these laminates. It is apparent that the B matrix
is null for all 5 orientations. Therefore, while not symmetric, Laminates 2b and 3b exhibit zero coupling
between in-plane loads and out-of-plane curvatures. Figure 4.1 displays the in-plane stiffness (A11) and
bending stiffness (D11) at varying orientations with respect to the laminate coordinate system. Both of the

stiffness components are normalized by their maximum values. All laminates possess in-plane isotropy as A1l

Table 4.1: Considered CFRP laminate orientations
Laminate ID  Ply-Count Laminate Orientation
1 8 [0°/4+45° /-45° /90°]
2a, 16 [0°/445° /-45° /90°] o5
2b 16 [0°/445°/-45°/90°]s + [90°/-45°/+45° /0°],
3a 32 [0°/445° /-45° /90°] 45
3b 32 [[0°/+45°/-45° /90°] + [90°/-45°/+45° /0°]4]2
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Table 4.2: Reduction in laminate bending stiffness
Laminate ID  D11,,;, / D114,  Orientation (deg)

1 0.186 65.0
2a 0.687 7.5
2b 0.972 45.0
3a 0.911 7.5
3b 0.993 45.0

is independent of orientation. However, the out-of-plane properties are shown to vary significantly between
laminate orientations. The magnitude and orientation of the maximum reduction in bending stiffness is
summarized in Table 4.2. A large variation is observed for Laminate 1 as the bending stiffness is reduced by
a factor of 0.186 at an orientation of 65.0°.

A more notable comparison is made between Laminates 2a and 2b. Although the same number of plies
are contained within the laminate, Laminate 2b displays a higher degree of isotropy with respect to bending
stiffness. An improvement in bending stiffness reduction from 0.687 to 0.972 is realized. The same is true
when comparing the bending stiffness of Laminates 3a and 3b, where comparative reduction factors of 0.911
to 0.993 are observed. For many applications this increased level of isotropy is desired, as the response of
the laminate is no longer dependent on the orientation of applied loads. Therefore, laminates 2b and 3b
are implemented for the thesis and are referred to as the “16-ply” and “32-ply” laminates for simplicity.
This result demonstrates the utility of using thin-ply material. 16 and 32-ply laminates can be constructed
with near complete isotropy while keeping the thickness to 480 and 960 pm, respectively. This would not be
achievable with conventional composites.

A11(6)/ A1l D11(6) /D11
90 90

270 270

—— Laminate 1 — Laminate 2a - - -Laminate 2b — Laminate 3a - - -Laminate 3b

Figure 4.1: Normailized in-plane (A11) and bending (D11) stiffness at various orientations.
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4.1.1 Measured Shape Errors

Figure 4.2 compares the measured post-cure shape errors of three substrates having 8, 16, and 32-ply laminate
orientations. Nominally spherical laminates constructed on a curved mandrel with a 2.0 m radius of curvature
(ROCQ) are considered. In this study shape error is defined as the shape of the substrate after removal of its
base spherical curvature. From the measurements it is apparent that the shape error mode is a saddle shape
for all three laminates. This characteristic shape is known as astigmatism and will thus be referred to as
such for the remainder of the thesis. The orientation of the astigmatic error is similar for the 16 and 32-ply
laminates, as they have similar laminate orientations. A large decrease in the error magnitude is observed

for the thicker laminates due to the significantly increased bending stiffness.
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Figure 4.2: Measured shape errors for a) 8-ply, b) 16-ply, and c¢) 32-ply laminates

4.2 Reduction of Shape Errors

This section outlines two methods implemented in order to reduce the level of post-cure shape errors. First,
a long-duration low-temperature cure cycle was implemented, leading to an overall reduction in thermal
stresses within the cured parts. Second, a deformable mandrel was constructed, allowing for adjustments to

be made in the shape of the curing surface. For simplicity, results are shown for 16-ply laminates only.
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4.2.1 Low-Temperature Cure Cycle

Temp
Cure
120°C — »
Resin / \
Flow i
80°C —| . Resin Flow Cure %
2°C/min -2°C/min
1°C/min -1°C/min
Time
20°C «

4 hrs 18 hrs

Figure 4.3: Autoclave cure cycle displaying nominal (black) and low-temperature (red) profiles.

The cure cycles implemented for the CFRP laminates are shown in Figure 4.3. Two profiles are displayed:
the nominal cure cycle (black) and long-duration, low-temperature cure cycle (red). In the nominal cure

)

cycle, the laminate is cured at a temperature of 120°C for 2 hours. An intermediate “resin-flow” step at
80°C is also implemented for 30 minutes in order to ensure the part conforms to the surface of the underlying
mandrel before the curing process starts. Loading/unloading rates are performed at £2°C/min.

In the long-duration, low-temperature profile, the part is cured at a temperature of 80°C and held for 16
hours. The longer duration is required in order to ensure a full cure of the epoxy resin. Loading/unloading

rates are also lowered to +1°C/min. By performing the cure at a lower-temperature and thus subjecting the

parts to a decreased level of cooling upon cure, a reduction in thermal stresses will be realized.
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Table 4.3: Measured RMS shape error for 16-ply laminates.

Cure Temperature (°C) Spec. 1 (um) Spec. 2 (um) Spec. 3 (um) Average (um)

120 49.2 51.2 49.7 50.0
80 30.6 32.8 38.7 34.0
RMS 492pm Z(um) RMS 512pm Z (um) RMS: 49.7 um Z (um)
100 : -
50
0
-50
-100 : N  EO
50 0 50
X (mm)
(a)
RMS: 306|um Z (um) RMS: 387|um Z (um)
50
0
. : -50
50 0 50
X (mm)

Figure 4.4: Measured shape errors for 16-ply substrates using a) the nominal and b) the low-temperature

cure cycle.

Figure 4.4 compares the shape deformation of 16-ply laminates processed using the nominal and low-
temperature cure cycles. It is apparent that the mode of deformation remains constant for laminates cured
under both profiles. However, the magnitude of measured shape error is reduced for the laminates cured
under the low-temperature cure profile. Table 4.3 summarizes the RMS shape error for the constructed
laminates. An average value of 34.0 pm RMS was observed for the laminates cured at 80°C in comparison
to 50 pm for those cured at 120°C. This represents a 32% reduction in post-cure shape error.

The advantages of using the low-temperature cure profile are evident from the reduction in measured
shape errors. However, issues related to the thermal properties of the parts are of concern. Specifically, it is
well-known that the glass-transition temperature, Ty, of epoxy is dependent on the curing temperature [49].
With a decrease in cure temperature, a proportional decrease in T is expected. For many applications this
is of great importance as large operating temperature ranges are expected. A method to increase the T is
to perform a post-cure thermal cycle at an elevated temperature. As the part is cured before this process,
increase levels of thermal deformations should not be realized. However, for the present study all subsequent

manufacturing processes and characterization experiments were performed at room-temperature. Therefore,
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the thermal properties of the laminate were not of immediate concern.

4.2.2 Deformable Mandrel Surface

The second method used to reduce the magnitude of shape errors is to make changes to the shape of the
mandrel and thus the surface to which the CFRP substrates are cured upon. With this technique, the shape
of the substrate in the “zero” stress state will be modified. With knowledge of the expected magnitude and
mode of deformation experienced by the substrates during cooling, the proper adjustment to the mandrel

shape can be determined in order to uniquely define the final shape of the CFRP substrate.

4.2.2.1 Problem Definition

The problem can be defined as follows: a laminate constructed from multiple plies of UD CFRP prepreg
is laid upon a mandrel. The shape of this mandrel can be parametrized by a height map over its surface,
W, ondrer (T ). Through the curing process it is intended that the CFRP substrate replicate the shape of

this mandrel, i.e.,

w%FRP(m7y) = w%andrel(‘r’y)' (41)

However, upon cure and release from the mandrel, shape errors in the CFRP substrate, defined as deviations
from the spherical mandrel shape, are observed. These shape errors arise due to a number of factors
associated with imperfections in the ply uniformity, lamination conditions and curing conditions, as outlined

in the previous chapters. The actual shape of the substrate is therefore observed to be

wCFRP(xv y) = wg‘FRP (LC, y) + Werror (iE, y) (42)

From Equation 4.1, it is apparent that modifications to the original shape of the mandrel, w2, ..., (=, y), will
result in changes to the cured substrate, wopgp (2, y). If it is assumed that 1) the nature of the substrate
shape error, We,ror (Z, ¥), is inherent to the substrate alone and therefore independent of the mandrel shape,
Wnandrel (T Y)y 2) Werror (T, y) is systematic in both magnitude and mode across multiple cures of independent
substrates, and 3) the entire process is geometrically linear in nature, the shape of the mandrel can be tuned
to produce a desired final shape of the CFRP substrate. If the desired result is to have the shape of the
CFRP substrate match that of the original mandrel surface, w2, ... (%, y), the optimal modification to the
mandrel surface takes the form of weqror(x, y) but of opposite sign. Therefore, the new mandrel shape is
defined to be

di
wfncjmdrel(x’ y) - wvonandrel(xa y) — Werror (1’, y) (43)

This process is schematically depicted in Figure 4.5.

This formulation is somewhat limited by the assumptions presented above. While systematic shape errors
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do exist, it has been shown that significant random variations are present as well (see Chapter 3). Through
the construction of multiple nominally identical substrates, variations in the magnitude and mode of shape
errors are observed. Therefore it is impossible to exactly tune the shape of the mandrel in order to fully null
out the post-cure shape errors. However, if through the construction of multiple laminates predictable shape
errors are observed, it stands to reason that beneficial corrections to the shape of the CFRP substrates will

be made.

tual
WCERP (%, ) = Wiandret (X, Y)

FWerror(%,¥)

’\

I Separation from
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Curing Surface l—l | |
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Figure 4.5: Schematic of deformable mandrel concept.

4.2.2.2 Measurements of Nominal Shape Errors

The three substrates cured using the low-temperature, long-duration cure cycle were used as a control study
for this analysis. Figure 4.6 displays these measurements over a radius of 70 mm. The base shape, shape
upon removal of the base sphere, and shape upon removal of the base sphere and total astigmatism is shown
for each substrate. From the measurement of the base shape it is evident that the substrates replicated the
base curvature of mandrel, producing a nominally spherical substrates. However, a slight increase in radius
of curvature was observed for the substrates with a mean ROC of 2.08 m.

From Figure 4.6 row 2 it is apparent that the dominating form of shape error is astigmatic in nature.
It is also evident that the magnitude and orientation of the astigmatic mode is relatively consistent across
each substrate. A mean amplitude of 29.4 ym RMS at an orientation of -20° from the x-axis is observed.
Finally, by removing both the base sphere and astigmatism terms from the measurements, it can be seen
that there is a small amount of residual error present. The error appears to be dominated by a higher-order

axisymmetric mode.
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Figure 4.6: Shape measurements of CFRP substrates cured atop mandrel with zero imposed actuation.

4.2.2.3 Description of Deformable Mandrel Apparatus

As the dominating mode of shape error for the CFRP substrates was found to be astigmatic in nature,
it stands to reason that the majority of shape correction can be achieved by producing a mandrel that
can take on such a shape in addition to its base spherical curvature. Astigmatism-based deformations of
a nominally flat plate can be introduced by prescribing normal displacements of two nodes relative to two
others. Therefore, a mandrel implementing this simple design was constructed. Figure 4.7 is a CAD model
of the deformable mandrel assembly with a picture of the manufactured apparatus in Figure 4.8.

The assembly consists of two main parts: the deformable plate and the base plate. The central region
of the deformable plate was machined to have a convex, spherical surface with a 2.0 m nominal radius of
curvature. This is the surface on which the CFRP substrate will be cured. In order to impose the intended
astigmatic deformation the deformable plate is attached to the base plate at four points, two of which contain
adjusting bolts while the other two contain ball joints. The adjusting bolts allow for prescribed deformations
to be imposed at their respective locations. The ball joints, comprised of a steel ball bearing and four
hardened cylindrical rods, provide a means to react the imposed loads from the bolts. Vacuum ports are
integrated directly into the plate using cross-drilled holes. This is of utmost importance as it allows the large

differential pressure associated with autoclave curing to be applied through the thickness of the deformable
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plate instead of the entire assembly as a whole. If this was not the case, the pressure introduced during cure
would impose further unwanted deformations to the surface of the mandrel during the cure of the CFRP

substrate.

Curing Surface (2.0 m ROC)
Deformable Plate
Base Plate

Vacuum Port

Ball Joint

\ Adjusting Bolt

Figure 4.7: CAD schematic of deformable mandrel

4.2.2.4 Verification of Mandrel Deformation

In order to determine the accuracy to which the mandrel could take on astigmatism-based modes, the shape
of the deformable mandrel was measured at various levels of deformation using speckle photogrammetry.
The adjusting bolts were gradually tightened while continually monitoring the surface shape. Figure 4.9
displays the measured shapes decomposed into spherical, total astigmatism, and residual modes at three
levels of actuation.

From the measurement of the base shape it is apparent that the as-manufactured shape of the mandrel
is dominated by spherical curvature. However, there is a small component of initial astigmatism as well
as higher order modes at 3.8 pum and 3.1 pm RMS, respectively. These are attributed to errors in the
manufacturing process. Upon deformation of the plate several observations can be made. Firstly, the base
curvature of the mandrel remains unchanged as evident by the fact that the magnitude of spherical curvature
remains constant. This is ideal, as it is desired to keep the base curvature of the CFRP substrate constant.

It is also apparent that the dominant mode of actuation is in the form of the intended astigmatism mode,
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Figure 4.8: Fabricated deformable mandrel.

as the magnitude of residual shape error does not increase. This is again ideal, as higher-order modes of

deformation will not be introduced during the replication process.

4.2.2.5 Shape Correction

An overview of the shape-correction procedure is as follows: using the adjusting screws, the required level
of astigmatic deformation is imposed onto the surface of the mandrel. The level of deformation is verified
throughout this step using the speckle photogrammetry system. An uncured laminate, nominally identical
to those constructed for the control study, is then placed upon the curing surface of the mandrel. The
orientation of this laminate is adjusted such that the principal axes of predicted astigmatism is aligned with
that of the mandrel, but in opposite sign (i.e., matching “high” with “low” as shown in Figure 4.10). The
laminate is then vacuum bagged and cured under autoclave conditions using the cure schedule outlined
above.

Using the information from the three control measurements, 30 pm of astigmatism was imposed onto
the mandrel surface and the laminates were oriented at -20° with respect to the principal axis of mandrel
astigmatism. Two substrates were cured under these conditions and their measured shapes are presented
in Figure 4.11. It is clear that while there was not complete mitigation of the astigmatism-based errors, a
significant reduction in magnitude was achieved while maintaining a constant base curvature. The residual
component of astigmatism is also now oriented almost completely with the laminate coordinate system (x/y)

for both of the laminates. This incomplete mitigation is attributed to the non-systematic imperfections
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Figure 4.9: Zernike coefficients of deformable mandrel shape at various levels of actuation.

inherent to CFRP laminates. Misalignment of the laminate with respect to the principal axes of mandrel
astigmatism may also be a factor. The higher-order axisymmetric mode of shape error appears to persist

throughout this process, as evident by the last row in Figure 4.11.

4.3 Discussion of Results

8, 16, and 32-ply CFRP laminates were considered for the mirror substrates with two variant orientations
for the 16 and 32-ply designs. All laminates possess isotropy with respect to their in-plane stiffness; however,
the bending stiffness of each was determined to be highly dependent on the laminate orientation. Near
complete isotropy was demonstrated for certain 16 and 32-ply laminates (2b and 3b, respectively) due slight
modifications in the laminate orientations. This is highly advantageous for the current effort, as a near
isotropic response will be achieved when incorporating the actuation capabilities into the mirror.

All three laminates displayed significant levels of a post-cure shape errors with a strong dependence
on ply count. Two methods were implemented in order to reduce the magnitude of these errors. First, a
low-temperature long-duration cure cycle was used to lower the overall level of thermal stresses within the
parts. Second, a deformable mandrel was implemented in order to bias the surface to which the substrates
are cured. The mandrel was able to take on astigmatic shapes on top of its base curvature. Therefore, by
aligning the substrate and its expected level of astigmatic deformation with that of the imposed mandrel

deformation, a reduction in the post-cure shape error was achieved. Both of these processes were performed



55

d) Mandrel

/CFRP Low
High
-~
-~
CFRP ) 6'
Low Mandrel
~ High

Figure 4.10: Alignment of principal axes of astigmatism between the CFRP substrate and deformable man-
drel.

for 16-ply laminates, ultimately reducing the magnitude of substrate shape error from 50 pym down to 16

pm RMS.
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Figure 4.11: Shape measurements of CFRP substrates cured atop mandrel with deformation imposed.
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Chapter 5

Nanolaminate Bonding

This chapter studies the deformation induced by bonding the nanolaminate facesheet onto the front surface of
the CFRP substrate. This process proved difficult due to the relatively high flexibility of the CFRP substrate.
Empirically determined methods of obtaining a uniform bond-line without distorting the CFRP substrate
are outlined. A preliminary verification of the nanolaminate geometry through experimental measurements

is also performed.

5.1 Overview of Nanolaminates

Nanolaminates are high-quality metal films constructed using sputter deposition techniques. The process
has been developed and refined by Lawrence Livermore National Laboratories (LLNL). Multiple materials
are implemented in the foil, each serving a specific function. A thin layer of gold is first deposited providing
the terminal reflective surface. Subsequent layers of copper and zirconium are then sputtered in a periodic
fashion providing the overall structure of the foil. For the present study these layers are repeated until a 50
pm thick film is produced. The final layer of the laminate is zirconium as it displays relatively good adhesion
properties for subsequent bonding processes. Figure 5.1 is a picture of a 50 pum thick NL after deposition on
a 2.0 m ROC spherical glass mandrel.

The purpose of the nanolaminate is to provide a low-roughness surface on the front of the CFRP substrate.
This is performed through a bonding process where the nanolaminate is transfered from the mandrel to the
CFRP substrate. However, it is important that the overall figure of the part does not degrade during this
process. The post-bonded figure accuracy is dependent on two main factors: 1) the as-deposited stress state
of the nanolaminate on the mandrel and 2) the stress induced during the bonding process. The following

sections study these two factors in more detail.
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Figure 5.1: 250 mm diameter nanolaminate deposited on a polished 2.0 m ROC spherical mandrel.

5.2 Measurement of Free-Standing Nanolaminate

It is of utmost importance that the nanolaminate contain very low levels of as-deposited stresses. If such
stresses are present, they will act to distort the mirror upon bonding and release from the mandrel. A
traditional method of inferring stress in deposited thin-films is through curvature measurements of a carrier
substrate, often a silicon wafer. By measuring the wafer curvature before and after deposition, the film stress
can be determined using Stoney’s formula [50]. However, in the case of nanolaminates, the deposition occurs
on a thick (~ 17) glass mandrel and thus curvature changes cannot be practically measured (Note: a test
wafer was incorporated into the chamber during each nanolaminate depositio;, however, possible differences
in the deposition on glass vs. silicon warranted further investigations).

The method used here was to delaminate the nanolaminate from its mandrel leaving a free-standing
structure and perform direct surface measurements of the film shape. Specifically, the Gaussian curvature of
the free-standing film is measured. Gaussian curvature is a mathematical parameter used to describe shell

structures of specific curvatures. It is defined as the product of the principal curvatures, x; and ko:
K= RiKg (51)

where

Ky + K Ky — Ky )?
K1,2 = B) y:l:\/( B) y) +I€gy (52)

and K, Ky and kyy are the second partials of a function describing the out-of-plane shape of the shell.
Figure 5.2 displays three unique classes of surfaces with distinct Gaussian curvatures. The first, depicted

in Figure 5.2(a) is a cylinder. As this shape contains only one direction of curvature, the Gaussian curvature

is uniquely zero. This is also the case for flat plates containing no curvature terms. The next surface, shown

in Figure 5.2(b) is a hyperboloid characterized by negative Gaussian curvature. At any point on the surface
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the principal curvatures are of opposite sense and thus their product is less than zero. Finally a spherical
cap, characterized by positive Gaussian curvature is found in Figure 5.2(c). More generally, any surface
with same sense principal curvatures (ie. ellipsoids, paraboloids) belong to this family of surfaces and thus
will exhibit positive Gaussian curvature. Therefore, it is not sufficient to uniquely classify the shape of a
surface based on Gaussian curvature alone. However for extremely thin-shells exhibiting negligible bending
stiffness, a reconfiguration into any surface having the same Gaussian curvature can occur without deforming
the surface mid-plane. This is known as inextensible bending [51]. For example, an initially flat thin sheet
can be rolled along one axis under the application of negligible loads while still maintaining zero Gaussian
curvature. Additionally, a thin spherical cap can be “pinched” in one direction, creating an ellipsoid, all

while maintaining the same positive Gaussian curvature.

Cylinder: K=0 Hyperboloid: K<0 Sphere: K>0

- —

(a) (b) (c)

Figure 5.2: Gaussian curvature of a) Cylinder, b) Hyperboloid (Saddle/Astigmatism) and c¢) Spherical cap.

Speckle photogrammetry is used to measure the nanolaminate shape and Gaussian curvature. The
experimental procedure used to perform the measurement is as follows: a nanolaminate, deposited on a
mandrel with a 2.0 m spherical ROC, is carefully delaminated by freeing the edges with a razor blade. In
this process, small fractures are created around the perimeter of the nanolaminate, however they do not
propagate into the central portion of the film. Once the majority of the edges are free, the nanolaminate
is able to be removed entirely from the mandrel with ease. The convex side of the now free-standing
nanolaminate is covered with a thin, continuous layer of white paint. Care must be taken in order to ensure
an even thickness distribution of paint such that local hills are not produced. A fine mist of black paint is then
applied to this surface creating a speckle pattern required for speckle photogrammetry. The nanolaminate
is then placed on a flat surface and the out-of-plane measurement of the surface is performed. The local
Gaussian curvatures are then determined and compared to that of the mandrel.

As the nanolaminate is in an unsupported state, it is susceptible to gravity effects that will significantly
change the geometry of the film. However, due its low thickness, it is assumed that these effects will have
a preference to deform the nanolaminate in bending. From the statements above it is noted that apprecia-
ble changes in Gaussian curvature are only possible through extensions of the shell mid-plane (Note: the
proceeding Chapter demonstrates this for the case of a flat plate under spherical deformations). Bending

deformations will not change the Gaussian curvature of a surface as these are inextensible modes of defor-
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Table 5.1: Mean Gaussian curvature and radius of curvature of the free-standing nanolaminate and deposition
mandrel.

Nanolaminate Mandrel

K (m 1) 0.232 0.250
ROC (m) 2.04 2.00

mation and therefore it is assumed that the Gaussian curvature of the nanolaminate will remain relatively

unaffected by gravity.

Base Shape

100}

-100}:

-100 -50 0 50 100
X (mm)

(a) (b)

Figure 5.3: a) Measured shape and b) Gaussian curvature of a free-standing nanolaminate.

Figure 5.3 displays the measured shape and Gaussian curvature of the free-standing nanolaminate. From
the surface measurement, it is apparent that the nanolaminate takes on a slightly elliptical shape. It is
believed this is due to gravity effects. However, when considering the Gaussian curvature it is apparent that
a near-constant region is present in the central portion of the nanolaminate (edge effects from the fractures
created during delamination are present around the perimeter of the nanolaminate). The average value of
Gaussian curvature and mean radius of curvature in this region are listed in Table 5.1 and compared to

I is measured, with an

that of the mandrel. For the nanolaminate, a mean Gaussian curvature of 0.232 m™
average radius of curvature of 2.04 m. These measurements are in good agreement with the mandrel having
a constant Gaussian curvature of 0.250 m~! and 2.00 m radius of curvature.

While the shape of the free-standing nanolaminate matches that of the mandrel, definitive conclusions
on the as-deposited stress-state of the nanolaminate cannot be made. While the proposition that mid-plane
extensions are necessary for changes in Gaussian curvature is true, the converse statement is not necessarily
true; extensible deformations do not necessarily result in Gaussian curvature changes. For example, a flat

sheet of paper can be stretched in the plane without changing Gaussian curvature. Therefore, the results

of this test do not indicate if the nanolaminate was under a uniform state of stress prior to delamination.
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However, it is believed that the results of this study provide sufficient evidence to claim that the level of
stress in the nanolaminate is relatively low as evident by the matching curvatures between the free-standing

part and rigid mandrel.

5.3 Nanolaminate Bonding

Two bonding processes were attempted in order to integrate nanolaminates onto the front surface of the
CFRP substrates: 1) a thermal co-cure where the CFRP substrate is cured directly on top of the nanolami-
nate under autoclave conditions, and 2) a room-temperature process where an already cured CFRP substrate

is bonded to the backside of the nanolaminate using liquid epoxy.

5.3.1 Thermal Co-Cure

Figure 5.4: Top-view of CFRP 4+ nanolaminate facesheet after a thermal co-cure displaying significant

thermal distortions.

A thermal cure of the CFRP substrate directly onto the backside of a nanolaminate was attempted on a small
free-standing sample. In this process a coupon of uncured CFRP prepreg is laid up directly on the backside of
the nanolaminate. The entire assembly is then vacuum-bagged and subjected to autoclave curing conditions.
In this method, the epoxy resin from the CFRP material will be used as the bonding adhesive. Figure 5.4
displays a top-view of the sample after the cure. It is apparent that significant warping of the substrate has
occurred as the part displays large-magnitude curvature terms. This is due to the non-zero CTE difference
between the two materials (~ 6 ppm/°C for the nanolaminate in comparison to ~ 2 ppm/°C for the CFRP).
Small local imperfections are also observed, however; these are attributed to small contaminate particles
that were trapped between the nanolaminate surface and the underlying mandrel during cure. Therefore,
from the results of this initial study, it was determined that a direct cure of the CFRP material onto the

back surface of the nanolaminate was not feasible for this activity.
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5.3.2 Room-Temperature Cure

In order to mitigate the thermal distortions observed above, room-temperature cures were implemented.
Specifically, low-viscosity two-part epoxy (EpoTek-301) was used for bonding. However, even in the absence
of elevated temperatures there are many difficulties associated with this process. Firstly, as the CFRP
substrates are extremely thin, pressure-induced substrate warping can occur while the cure is performed.
This warping translates directly into low to mid spatial frequency errors upon removal of the assembly from
the mandrel. Second, obtaining an imperfection-free surface can prove challenging. Surface features on
the CFRP substrate, particulate contaminates in the bond-line, and improper out-gassing of the epoxy can
produce high-spatial frequency errors (dimples/valleys) on the mirror surface. Finally, contraction of the
epoxy during cure can produce higher-order spherical aberrations in the mirrors. All of these factors must
be taken into consideration during the fabrication process.

The successful process used for this effort implements a filled epoxy and a variable-pressure cure cycle.
The process is as follows: glass spacer-beads (Potters EMB-10) are first mixed with Part A of the epoxy at
a mass fraction of 25%. The glass spheres are used to nominally set the thickness of the bond-line between
the CFRP substrate and nanolaminate. The mixture is stirred vigorously in order to avoid clumping of the
glass spheres and then out-gassed in a bell jar for 1 hour. Part B is then added to the mixture, stirred
for 10 minutes, and out-gassed for 15 minutes. A syringe is then used to extract the desired amount from
the mixing pot and a central pool of epoxy is placed directly onto the front (concave) surface of the CFRP
substrate. In doing so, the epoxy will naturally spread out under gravity over the middle portion of the
surface. This is then placed back into the bell jar for further out-gassing (~ 20 minutes). The higher
surface area associated with the thin pool of epoxy allows for a more complete out-gassing procedure to be
performed. Once complete, the CFRP substrate is removed from the bell jar and placed on a flat surface.
The nanolaminate, supported by its mandrel, is then aligned and placed down onto the central pool. A
small amount of manual pressure is applied in order to ensure even flow-out of the epoxy. The assembly is
carefully flipped over with the mandrel now on the bottom. The entire assembly is then vacuum-bagged for
subsequent pressure application.

The details of the variable-pressure curing process were determined empirically based on the observed
surface quality of the final part. The first step is to apply an initial pressure of 1 atm for 10 minutes. In this
step, the epoxy flows completely throughout the interface due to its low viscosity. At this point, the thickness
of the bond-line is nominally set by the diameter of the glass spacer-beads in the epoxy, approximately 10
pm. However, due to a relatively wide distribution in the bead diameter along with the fact that the surface
of the CFRP laminate is not uniform, local stresses in the nanolaminate and/or CFRP substrate can occur.
To relieve these stresses, the bonding pressure is slowly removed over a duration of 20 minutes. This allows
a small amount of epoxy to flow back into the bond-line from the edges and redistribute throughout. The

final cure between the CFRP substrate and nanolaminate occurs under zero applied pressure.
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Figure 5.5: Successful integration of nanolaminate onto a 200 mm dia. CFRP substrate.

Figure 5.5 displays a picture of mirror containing a 16-ply CFRP substrate and nanolaminate facesheet
displaying the highly reflective front surface. Using the refined bonding process outlined above, a figure
accuracy of 2.4 pym RMS over 80% of the mirror was achieved. It is noted that a decrease in figure error
is observed with the addition of the nanolaminate. This is attributed to two factors: 1) epoxy fill-in from
the variable pressure cure and 2) the additional stiffness from the nanolaminate providing resistance to

low-spatial frequency errors.
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Figure 5.6: White light scanning interferometer (Veeco Wyko) measurements of a) a bare CFRP substrate
after replication displaying significant fiber print-throughand b) a mirror prototype after nanolaminate in-

tegration showing complete mitigation of fiber print-through (Ra: 2.2 nm).

Figure 5.6 displays a measurement of the surface roughness before and after successful integration of a
nanolaminate. The bare CFRP substrate displays significant evidence of fiber print-through effects with 49.5
nm Ra roughness. After the bonding process, the the appearance of fibers is eliminated and a 2.2 nm Ra

surface roughness is achieved. This represents a factor of 23 increase in surface quality and is suitable for
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visible-wavelength applications, thus demonstrating the utility of integrating the nanolaminate facesheet.
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Chapter 6

Figure Errors from Active Layer

This chapter provides an overview of the deformation mechanics associated with bonding multiple, initially
flat PZT plates to the backside of a continuous spherically curved CFRP substrate. The change in global
shape as a result of this process is studied as well as the highly localized shape imperfections due to the
discontinuity between successive plates. As PZT is an active material, the effect of isotropically straining
these elements simulating the actuation process, is also considered. A more detailed study of the actuation
process is covered in Chapter 7. The studies are performed using Abaqus 6.12 and conventional shell
elements. A higher-order model using continuum shell elements is also developed in order to study the effect

of transverse shear on the localized deformation at the discontinuities.

6.1 Background and Motivation

Significant limitations exist on the in-plane dimensions of thin active ceramic plates(i.e., PZT). This is due
to manufacturing constraints associated with tape-casting techniques, a process by which a slurry of “green”
PZT is sintered at very high temperatures. For free-standing films, the maximum in-plane dimension of such
plates is currently limited to ~ 100 mm. However, for many applications including those for active mirrors, it
is desired to have continuous coverage of active material across the backside of a substrate. Methods have been
developed in order to deposit active materials in continuous films using sputter-deposition techniques [52].
However, to date only very thin films (< 5 pum) have been produced and thus only small actuation stresses
can be realized.

A simple method to achieve large-area coverage of active material is to bond multiple plates in a tessel-
lation across the backside of a continuous substrate. However, with this process several concerns arise. The
first is due to the fact that the PZT plates are manufactured flat. In order to conform to the doubly-curved
surface of the CFRP substrate they must undergo large deformations prior to bonding. This represents
a change in Gaussian curvature from zero to a positive value. Therefore, significant mid-plane extensions
must occur in order for the PZT plate to take on the non-developable configuration. The magnitude of

these extensions is non-constant across the surface of the plate, and therefore the stress distribution prior to
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bonding will be non-uniform. It is expected that these high magnitude, non-uniform stresses will cause sig-
nificant deformations subsequent to the bonding process. The second concern is related to the gaps between
successive plates. These gaps can arise due to a number of sources. The first, is simply due to practical
limitations associated with bonding multiple plates next to each other. Even with proper tooling alignment
becomes difficult, as each plate must have precision edge profiles in order to be seated perfectly next to each
other. However, more notable is the fact that it is impossible to produce a perfect tessellation of identical
unit cells across a spherical surface, as shown in [53]. Therefore, if identical flat plates are to be bonded to
a curved surface, gaps are inevitable. Of particular interest here is understanding the highly localized shape
deformations produced during bonding as a function of gap width. Finally, as these are active materials
with the capability to strain in the plane, it is desired to study how the laminate deforms when the discrete

plates are actuated uniformly.

6.2 Model Overview

Differing initial Common New equilibrium
geometry intermediate interface configuration

Step 1 \ Step 2

Figure 6.1: Overview of model displaying two substrates having dissimilar geometry, undergoing deformation
to a common interface (Step 1) and determination of the new, post-bonded equilibrium configuration (Step

2).

A geometrically non-linear finite element model was implemented in Abaqus 6.12 in order to model the above
effects. Conventional shell elastic elements with linear interpolation and reduced integration (S4R elements)
are used to model both the PZT plates and CFRP substrate. The simulation is performed in two steps,
depicted in Figure 6.1. In Step 1, the flat PZT plates are deformed to the surface of the spherical CFRP
substrate such that they share a common interface (the details of this deformation process are outlined
in the next section). The stress distribution in the PZT plates is of interest here. Specifically, the ratio of
mid-plane stresses to bending stresses is studied. Analyses are performed for PZT plates that span the entire
in-plane dimension of the CFRP substrate as well as for smaller discontinuous plates. In Step 2, the bonding
process between the two materials is simulated through a contact formulation that allows no separation
or slip between the surfaces once engaged. In doing so, surface tractions can be transferred between each

substrate. Care must be taken when using conventional shell elements with contact formulations as the
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physical thickness of each substrate is not modeled. Instead a reference surface containing the shell nodes is
used to define the initial geometry and subsequent deformations. The thickness of each substrate is defined
by specifying an offset from this surface in either the positive or negative direction. For the current model,
the convex surface of the CFRP substrate was set as the reference surface and the bottom surface facing the
CFRP substrate was used as the reference for the PZT plates, as shown in Figure 6.2. With this configuration
the contact formulation will engage if the bottom surface of the PZT is in contact with the convex surface of
the CFRP substrate, as intended. Identical meshes are not required between the two parts as interpolation
between nodal coordinates is used to define the surfaces. This contact formulation is defined at the beginning
of the analysis step. After doing so, all constraints on the assembly are removed except at a central node on
the CFRP substrate, where all 6DOF's are constrained. This allows the now bonded CFRP substrate and
PZT plates to deform and reach its final equilibrium state. The magnitude and mode of this deformation is

of interest to this study.

PZT Reference

Surface \\
iPZT

CFRP Reference
Surface

Figure 6.2: Reference surface and thickness definition of the CFRP and PZT parts.

6.2.1 Deformation Boundary Conditions

The PZT plates must undergo deformations such that their reference surface matches exactly with the
reference surface of the CFRP substrate before the relaxation process. This is required in order for the
contact formulation to be imposed. However, the challenge with this process is that the mid-plane of the
PZT must be allowed to deform freely upon deformation in order to capture the proper stress state. Three
possible boundary conditions were considered in order to impose these conditions. They are depicted in

Figure 6.3.
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Figure 6.3: Permitted boundary conditions for non-linear finite element model.

The first, depicted in Figure 6.3(a), considers the prescription of a pressure loading condition in order
to deform the substrate to a supporting mandrel. The mandrel is modeled as a discrete rigid surface and
is fixed in all DOFs. A contact formulation is defined between the substrate and mandrel, preventing
penetration while allowing deformation to occur freely in the tangential direction. This formulation is a
physical representation of the bonding process where pressure is applied to deform the plates to the top
of a mandrel. However, as the level of contact between the substrate and mandrel varies, small analysis
increments are required and thus relatively long analysis times result. In addition to this, it was found to be
difficult to predict the required magnitude of pressure required to deform the substrate to the exact mandrel

shape.
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The second, depicted in Figure 6.3(b), considered prescribing out-of-plane displacement boundary condi-
tions while leaving in-plane DOF's free. While this allows the mid-plane of the PZT plates to stretch freely,
it does not uniquely define the desired surface to which both surfaces must meet. Therefore, incomplete
levels of contact were realized throughout analysis attempts.

The third, depicted in Figure 6.3(c), prescribes nodal displacement boundary conditions on a fictitious
surface, defined as a “carrier” surface. The PZT plates are placed adjacent to this surface and a zero-friction
contact formulation is defined between the two. This simulation technique forces the plates to lie on the exact
desired surface defined by the carrier surface while allowing the mid-plane to deform freely. As the contact
formulation is constant throughout the analysis step, larger analysis increments can be used, resulting in

short analysis times. As such, this was chosen as the proper solution for subsequent analyses.

6.3 Step 1: Stress distribution due to Spherical Deformations

6.3.1 Circular Plates

The stress distribution due to spherically induced deformations of an initially flat plate was studied first. As a
general case, a circular plate was first modeled due to its axisymmetric properties. The spherical deformation

was imposed by defining the deformation boundary conditions (via the carrier surface) as follows
w(r) = — (6.1)

where w is the out-of-plane deformation of the plate, r is the radial coordinate, and R is the radius of curvature
to which the plate will be deformed. It is convenient to non-dimensionalize the out-of-plane deformation, w,

and radial coordinate, r, by the thickness and radius of the plate, respectively. This is done as follows

w
0= — 6.2
w=", (62)
and
r
F= — 6.3
r=o (63)
where t is the thickness and r, is the radius of the plate. In doing so, the following equation arises:
2
@(F) = ~2 72, (6.4)

~ Rt

Therefore, the non-dimensional amplitude of spherical deformation imposed on an initially flat plate can be

generally defined through a loading parameter denoted as I':

o2

~ 9Rt
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and therefore, Equation 6.4 becomes:

w(r) = I'F2. (6.6)

From Equation 6.5 it is apparent that Gamma is proportional to the square of the plate radius and inversely
proportional to the thickness of the plate as well as the deformed radius of curvature. In physical terms, it

is the ratio of maximum out-of-plane deformation relative to the thickness of the plate.

Figure 6.4: Radial element displaying mid-plane and bending stress components.

It is also convenient to decompose the resulting in-plane stress components into two components. As
stress varies linearly through the thickness of the plate, this can be performed by defining the stress at the
mid-plane, o7, and the difference in stress at the top of the plate compared to that at mid-plane, denoted

as the bending stress, o7, for i = r, # in polar coordinates. The bending stress is therefore defined as
ob = |oi(z = £t/2)| — o?. (6.7)

It is denoted as the bending stress due to the fact that it is the dominant component of stress when the
bending deformations are small in comparison to the thickness of the plate. It can be determined from

Kirchhoff plate theory where the radial and circumferential strains are defined as

du d*w
Er—afzw, (68)
and
U 1dw
€p = ; — Z;ﬂ’ (69)

where u is the radial displacement of the mid-plane. By imposing a free edge boundary condition at r =
a, a finite strain condition at r = 0, and using Equation 6.1, the radial and circumferential bending stress
components are found to be

Et

b _ b _
o, =09 = :|:2(1 — R (6.10)

for a circular plate with isotropic modulus, E. The bending stress components are constant over the plate
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when subjected to pure spherical deformations (curvature changes). Kirchhoff plate theory does not, how-
ever, account for mid-plane stretches resulting from large out-of-plane deformations. The mid-plane stress
distributions were determined using the model above, accommodating large out-of-plane deformations, as
well as arbitrary plate geometries.

Figure 6.5 displays the mid-plane stress distributions in the radial and circumferential directions across
the surface of the plate normalized by the maximum tensile stress. This maximum is at the center of the plate
where the mid-plane stress in the radial and circumferential directions are equal in magnitude and sign. Both
stress components decrease in the radial direction in the same fashion; however, the circumferential stress
becomes compressive at the edge while the radial component goes to zero in order to satisfy the free-edge

boundary condition.

05 1

Ko

(a) (b)

Figure 6.5: Normalized mid-plane stress distribution in a) radial and b) circumferential directions due to

spherical deformations of an initially flat circular plate (Note difference in colorscale).

To study the mid-plane stresses further, the ratio of mid-plane stresses to bending stresses is defined as

EIE!

(6.11)

Figure 6.6 displays this ratio along the radial coordinate at various levels of the loading parameter, I'. It
is apparent that at low amplitudes of deformation (low I'), the mid-plane stresses are negligible with respect
to the bending stresses. However, as I is increased, the mid-plane stresses become significant. At I" = 5.0,
the mid-plane stresses are nearly equal to that of the bending stresses at the center of the plate and the
compressive circumferential component of stress at the edge of the plate is now > 1.5 times the bending

stress.
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Figure 6.6: a) Radial and b) circumferential stress ratios (mid-plane / bending stress) along the radial

coordinate due to spherical deformations of an initially flat circular plate.

6.3.2 Octagonal Plates

For the purposes of this study, octagonal mirrors have been implemented. Therefore, the above analysis
was extended to plates of octagonal shape. The stress distribution was determined using the model outlined
above. Figure 6.8 displays the normalized radial and circumferential components of stress throughout the
octagonal plate. The distribution of stress is similar to that of the circular plate; however, the behavior
towards the edge differs due to the non-axisymmetric shape.

Also of interest here is the effect of patterning the active layer such that smaller initially flat plates
are conformed to the spherical surface. Therefore, the octagonal plate of Figure 6.8 was segmented into
four quadrants along the central axes of the plate. In doing so, the mid-plane stresses change drastically
in order to conform to the new free-edge boundary conditions, as shown in Figure 6.9 (origin remains at
the center of the plate). In the radial direction, large compressive stresses are predicted along the x/y axes

while the stresses near the edge approach zero. In the circumferential direction, large compressive stresses
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are predicted at the edges for § = 45°. A tensile region is also observed in the central portion of each plate.

Oy, O
Gel(ce max)

(a) (b)

Figure 6.8: Normalized mid-plane stress distribution in a) radial and b) circumferential directions due to

spherical deformations of an initially flat continuous octagonal plate (Note difference in colorscale).
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Figure 6.9: Normalized mid-plane stress distribution in a) radial and b) circumferential directions due to

spherical deformations of initially flat sections of an octagonal plate (Note difference in colorscale).

The ratio of mid-plane to bending stress is displayed in Figure 6.10 for the continuous and discontinuous
case above. The radial and circumferential components are considered along the radius of the plate at 6
= 45° (Quadrant II in Figure 6.7). The diameter of the modeled plate, D, was 150 mm and the thickness
was 125 pm. The magnitude of imposed deformation was varied by changing the radius of curvature, R,
subsequently varying I". As the plate is no longer circular, I" was calculated by considering the flat-to-flat
diameter of the octagon. Therefore, r, = D/2 for the continuous case and r, = D/4 for the discontinuous

case. I' is thus defined as
D2

Fcon INUOUS — G 1950 6.12

' S8Rt (6.12)
D2

1_‘discontinumw = % (613)

These values are summarized in Table 6.1 for the considered values of R. Significant mid-plane stresses are
predicted for the continuous case, especially at R = 2.0 m. At this level of deformation the mid-plane stresses
are a factor of 2 higher than the bending stresses at the surface of the plate. The compressive tangential
forces at the edge of the plate are 4.3 times larger than the bending stresses. For the discontinuous case, the
mid-plane stresses at r = 0 are zero in both the radial and circumferential directions due to the free-edge
condition and the geometry of the plate. The radial component of stress increases towards the middle of
the segment, with a maximum at 7 = 0.43. The circumferential component of stress oscillates in sign with

a maximum tensile value at 7 = 0.66.
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Table 6.1: T values for continuous and discontinuous octagonal plates (D = 150 mm, t= 125 pm).

R (m) Fcontinuous Fdiscontinuous

2.0 11.25 2.81
4.0 5.63 1.41
10.0  2.25 0.56

Figure 6.10: a) Radial and b) circumferential stress ratios (mid-plane / bending stress) along the radial

coordinate at § = 45° for the continuous plate (solid) and discontinuous patches (dashed).

6.4 Step 2: Deformation due to Bonding

In this step of the analysis the PZT material is bonded to the backside of the CFRP substrate by first initiat-
ing a no-slip contact formulation, and then the entire assembly is allowed to deform to its new unconstrained
equilibrium condition. The CFRP substrate is modeled as a spherical surface with a 2.0 m radius of curva-

ture. The substrate was defined as an octagon with a diameter of 150 mm flat-to-flat. The 8, 16, and 32-ply



76

Table 6.2: CFRP laminate orientations.
Laminate Ply Number Orientation

1 8 [0°/4-45° /-45° /90°]
2 16 [0°/445°/-45° /90°], + [90°/-45° /+45° /0°],
3 32 [[0°/+45° /-45° /90°]s + [90°/-45° /4+-45° /0°]],

laminate orientations described in Chapter 4 were defined for this study and are summarized in Table 6.2.
Each ply is 30 pm thick and therefore 240, 480, and 960 pum substrates are considered. The properties of the
M55J material were used for this study. The orthotropic material properties are summarized in Table 6.3.
The continuous and discontinuous cases were modeled by defining the PZT plate as a continuous octagon
or as four segments as in the previous section. The octagon is slightly undersized from the CFRP substrate
here at 145 mm in diameter (this is performed in order to accommodate the gaps between discontinuous
plates). A constant thickness of 125 pm was used for all analyses. The material properties of the PZT were

obtained from the manufacturer and can be found in Table 6.3 as well.

Table 6.3: Material properties of 1) unidirectional M55J and epoxy resin (V; ~ 50%) and 2) PZT-5A.
Property CFRP PZT

E, (GPa)  340.0  66.0
E, (GPa) 6.0 66.0
Gy (GPa) 4.2 25.0
V1o 035  0.30

A schematic of the model displaying the discontinuous analysis case is found in Figure 6.11. The coor-
dinate system for the model is defined with the origin at the central node of the CFRP substrate and the x
and y axes along the tangent plane at that location. The out-of-plane coordinate, z, is defined as positive
down, or in the direction of the surface normal at the origin on the concave side of the CFRP substrate. The
PZT plates are located directly above the surface of the substrate in the xy plane. Their relative position
with respect to each other is defined depending on the desired gap width to be modeled. The central regions
of both the CFRP substrate and PZT plates are sectioned off in order to refine the mesh at these locations.
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Figure 6.11: Abaqus model displaying continuous CFRP substrate and four discrete PZT patches modeled

using conventional shell elements (S4R).

6.4.1 Global Deformation

The global deformation of the CFRP substrate after the bonding process was first considered. In this
analysis, both the continuous and discontinuous cases were modeled. For the discontinuous case, the PZT
plates are aligned such that there is a 0.25 mm gap between each other. (Note: the analysis was performed
with alternate gap sizes; however, there was no significant change in the observed global deformation.) The
PZT is deformed to the surface of the CFRP substrate and then “bonded” by initiating the no-slip contact
formulation. The deformation upon release of the bonding constraints is then observed. Figures 6.12, 6.13,
and 6.14 display the corresponding global deformations for 8, 16, and 32-ply CFRP substrates.

From the results it is apparent that there is a significant variation in deformation when considering
continuous/monolithic vs. discontinuous PZT plates for all CFRP substrates. For the continuous results,
depicted in Figures 6.12(a), 6.13(a), and 6.14(a), low-order global deformations are observed. However, for
the discontinuous case, shown in Figures 6.12(b), 6.13(b), and 6.14(b), higher order modes of deformation
are predicted, producing lobed structures at the location of the discrete plates. The amplitude of predicted
deformation is also significantly lower in the discontinuous case compared to that of the continuous case. It
can also be noted that the 16 and 32-ply substrates undergo deformations that have 4-fold, 90° symmetry
while the deformations of the 8-ply substrate display 180° rotational symmetry. This is due to the lack of

isotropy with respect to bending stiffness for the 8-ply laminate as mentioned in Chapter 4.
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Figure 6.12: 8-ply substrates: Global deformation of CFRP substrate after bonding a) a continuous plate or

b) four discrete patches of PZT.
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Figure 6.13: 16-ply substrates: Global deformation of CFRP substrate after bonding a) a continuous plate

or b) four discrete patches of PZT.
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Figure 6.14: 32-ply substrates: Global deformation of CFRP substrate after bonding a) a continuous plate
or b) four discrete patches of PZT.

The variation in deformation between the two simulation cases is due to the variation in mid-plane stress
distributions in the continuous plate vs. the discontinuous patches. At 2.0 m, the necessary curvature change
is large, corresponding to I' values of 11.25 and 2.81 for the continuous and discontinuous cases, respectively.
Therefore, mid-plane stresses are significant, as shown in Figure 6.10. However they are especially dominant
over the bending stresses for the continuous case due to the much greater I' value. The variation in mid-plane
stress is also monotonically decreasing in the radial direction for this case, while higher-order variations are
observed for the discontinuous case. These variations in mid-plane stresses are the source of the “lobed”
structures observed in Figures 6.12, 6.13, and 6.14.

To study these effects further, analyses were performed at lower values of I'. This was performed by
increasing the radius of curvature of the CFRP substrate, R, and thus lowering the required deformation of
the initially flat PZT plates. The deformation after the bonding process was determined at each increment.
For simplicity, 16-ply substrates are only considered here. Figure 6.15 displays the PV deformation of the
substrate after bonding for increasing initial radius of curvature. A significant reduction in the predicted
level of deformation is observed for the continuous case. At R = 10.0 m, the level of substrate deformation
approaches that of the discontinuous case. In this situation, the bending stresses in the PZT plates begin to
dominate over the mid-plane stresses. As the bending stresses are identical in magnitude for the continuous
and discontinuous cases, the resulting substrate deformation after the bonding process becomes similar in
nature.

Figures 6.16 and 6.17 display the mode of deformation for a select subset of these results (R = 2.0, 4.0,
and 10.0 m). As the radius of curvature is increased, the appearance of the lobed-structure produced by the
discontinuous plates begins to disappear. At R = 10.0 m, the mode of deformation approaches that of the

continuous case. This is also due to the decreased effect of mid-plane stresses in the PZT at lower levels of
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Figure 6.15: Peak-to-Valley (PV) deformation of the CFRP substrate due to the bonding process considering
various initial radius of curvatures, R.

imposed spherical deformations.
For further analysis, Figure 6.18 displays the normalized curvature changes associated with the deforma-

tion. These are defined as

AR, = (Ak,)(R) (6.14)
where
9w

with w denoting the deformation of the substrate in the z-direction. From Figure 6.18 it is apparent that
the curvature change is non-uniform across the substrate for all simulation cases. The lowest variation is
predicted for the discontinuous case at R = 10.0 m. For the continuous case, the large curvature changes at
7 = 0 correspond to the high-tensile regions at the center of the PZT plate. For the discontinuous case, this
region is moved to 7 = 0.69, which coincides with the location of maximum tensile stress in the circumferential
direction for the discontinuous PZT patch. A reversal in sign of the curvature change is observed towards
the edge of the mirror substrate for almost all analyses (except for R = 10.0 m in the discontinuous case).
This coincides with the high magnitude compressive mid-plane stresses in the circumferential directions at
the edges of the PZT (approaching 7 = 1). This effect is not seen for R = 10.0 m for the discontinuous case

as the mid-plane stresses are near negligible at this level of imposed deformation.
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Figure 6.16: Deformation of a 16-ply CFRP substrate with an initial radius of curvature, R, of 2.0, 4.0 and
10.0 m (a), b), c¢) respectively) after bonding a continuous sheet of PZT to its backside.
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Figure 6.17: Deformation of a 16-ply CFRP substrate with an initial radius of curvature, R, of 2.0, 4.0 and
10.0 m (a), b), c) respectively) after bonding a four discrete patches of PZT to its backside.
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Figure 6.18: Normalized change in curvature due to the bonding process in the radial direction at § = 45°
for the continuous plate (solid) and discontinuous patches (dashed).



82

6.4.2 Experimental Measurements

Figure 6.19 is a speckle photogrammetry measurement of the deformation imposed on an 8-ply CFRP
substrate after four initially flat PZT plates were bonded to its backside. The plates were bonded using
room-temperature cure epoxy and under the application of 1 atm of pressure (via vacuum bag) with a
mandrel under the CFRP substrate for support. The relative position of the plates was maintained by
taping portions of the edges together using small strips of Kapton tape. The characteristic “lobed” structure
is observed in the measurement at each quadrant of the octagonal substrate similar to those predicted
in Figure 6.12(a). The overall magnitude of these errors is greater than that predicted by the numerical
simulations at 9.7 um RMS and 43.3 pm PV, respectively. It should be noted that measurements were also
attempted for 16 and 32-ply substrates; however, the magnitude of deformation was too low in order to be

captured properly by the photogrammetry system.

Figure 6.19: Measurement of out-of-plane deformation of an 8-ply CFRP substrate after bonding 4 PZT
plates to the backside.

6.4.3 Local Deformation

Local deformations produced at the gaps between each plate were studied next. In order to properly capture
these effects, the model mesh was refined significantly along the centerlines of the CFRP substrate, as shown
in Figure 6.20. 100 pum elements were implemented to an offset of 2 mm from the x and y axes of the
CFRP substrate in order to capture the features at the terminal edges of the PZT. 500 ym elements were
implemented to an offset of 10 mm and a global mesh size of 1 mm was used for the remainder of the surface.
Identical mesh refinements were implemented at the central edges of the PZT plates. This level of mesh

refinement was shown to produce converged results as shown in Appendix C.
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Figure 6.20: Mesh refinement for central portion of CFRP substrate.

Three gap widths were considered for this study: 0.25 mm, 1.0 mm, and 2.0 mm. The local out-
of-plane deformation due to the bonding process was determined for each of the three CFRP substrates.
Figures 6.21, 6.22, and 6.23 present the local deformation at the central 40 mm wide region on the front (con-
cave) face of the CFRP substrate. A high-pass FFT-based filter and the techniques outlined in Appendix A
were used in order to remove the large magnitude global deformations. For this analysis the pass frequency
was set to 1/7.5 mm™!, leaving features with spatial frequencies higher than that value for observation.
Profiles of the deformation at a constant y-value of 10 mm are also found in Figure 6.24.

From Figures 6.21, 6.22, and 6.23 it is apparent that high spatial frequency deformations are predicted
as a result of the bonding process even for small (0.25 mm) gap widths. The deformations are highly local
to the gap region and are negative in sign indicating “valleys” are produced on the CFRP substrate when
studying the front (concave) surface. Interestingly, the deformation amplitude is predicted to be the greatest
for the smallest gap width at 0.25 mm. However, the amplitude of deformation is highly dependent on the
CFRP substrate thickness with the largest amplitudes occurring for the 8-ply substrates. It is also noted
that for the 16 and 32-ply substrates, equal deformation amplitudes are predicted for the gaps oriented
along the x and y axes. However, significant variations are observed for the 8-ply substrates. This is again
associated with the symmetry and mechanical response of the laminate orientations. For the 8-ply substrate
the top/bottom plies have fibers oriented along the x-axis. As a result, the bending stiffness is much higher
along this direction and lower deformations are predicted for the gap perpendicular to these fibers. A
comparison between the deformation profile in the x and y directions for the 8-ply substrates is shown in
Figure 6.25.

The predicted deformation amplitudes range from ~ 5 nm for the 32-ply substrates to ~ 100 nm (peak-
to-valley) for the 8-ply substrates. While these values are small in comparison to the global deformations
imposed by the bonding process (~ 20 - 170 ym), they are highly local in nature. Therefore, the corresponding

slope, and thus curvature of these features, is extremely high.
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Figure 6.21: 8-ply substrates: Local

mm, ¢) 2.0 mm gap widths.
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Figure 6.22: 16-ply substrates: Local out-of-plane deformation after bonding process for a) 0.25 mm, b) 1.0

mm, ¢) 2.0 mm gap widths.
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Figure 6.23: 32-ply substrates: Local out-of-plane deformation after bonding process for a) 0.25 mm, b) 1.0

mm, ¢) 2.0 mm gap widths.
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Figure 6.24: Profile of gap deformation over central portion of CFRP substrate for a) 8-ply, b) 16-ply and

¢) 32-ply substrates..
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Figure 6.25: Comparison of X (solid) and Y (dashed) gap deformation profiles for 8-ply CFRP substrates.

6.5 Deformation Upon Uniform Actuation

As PZT is an active material that can exhibit in-plane strains as a function of applied electric fields, the
effect of actuation on the global and local deformations is of interest to this study as well (a more detailed
study on the actuation properties of the PZT material is presented in the next Chapter). To perform this
study, a specific actuation example was considered where the PZT is strained uniformly in the plane. The
magnitude of induced strain was chosen as 200 pe (1076 strain), roughly 2/3 of the total actuation strain
for the PZT material. In the model this was imposed by assigning an “expansion” value in the material
property definition of PZT and subjecting the entire assembly to a uniform temperature change. This method
mimics the linear piezoelectric response of the material using a thermal expansion analog. Coupling between

piezoelectric and elastic properties were not considered here.

RMS: 902 um RMS: 640 um
PV: 4314 um PV:3164 um

-0.05 0 0.05 -0.05 0 0.05

Figure 6.26: 8-ply substrates: Comparison of global deformation upon actuation at 200 pe for a) continuous

PZT and b) discrete PZT patches.
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Figure 6.27: 16-ply substrates: Comparison of global deformation upon actuation at 200 pe for a) continuous

PZT and b) discrete PZT patches.
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Figure 6.28: 32-ply substrates: Comparison of global deformation upon actuation at 200 pe for a) continuous

PZT and b) discrete PZT patches.

Figures 6.26, 6.27, and 6.28 display the global deformation of the CFRP substrates upon actuation. It
is apparent that the mode of deformation is dependent on the substrate laminate orientation. Astigmatic
deformations occur for the 8-ply substrate while the 16 and 32-ply substrates exhibit spherical modes of
deformation. A similar response is observed between the continuous and discontinuous cases. The sign of
the spherical deformation associated with the 16 and 32-ply substrates indicates that an increase in curvature
is predicted upon positive actuation.

The local deformation at the gaps after the actuation process is presented in Figures 6.29, 6.30, and 6.31
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in the same manner as before. The deformation profiles at a constant y-value of 10 mm are also presented in
Figure 6.32. From the results of this analysis it is apparent that with a positive actuation strain a change in
sign is predicted for the local deformations at the gaps. The deformation now produces local “hills” on the
front (concave) surface of the CFRP substrate. The amplitude of deformation is also significantly higher in
comparison to after the bonding process. Deformations range from ~ 100 nm for 32-ply substrates to ~ 2100
nm for the 8-ply substrates. Symmetry between the gaps oriented in the x and y directions is predicted for
the 16 and 32-ply substrates in this analysis; however, variations are again observed for the 8-ply substrates.

A comparison between the deformation profiles in both directions is shown in Figure 6.33.
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Figure 6.29: 8-ply substrates: Local out-of-plane deformation upon actuation at 200 pe strain for a) 0.25

mm, b) 1.0 mm, c¢) 2.0 mm gap widths.
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Figure 6.30: 16-ply substrates: Local out-of-plane deformation upon actuation at 200 pe strain for a) 0.25

mm, b) 1.0 mm, ¢) 2.0 mm gap widths.
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Figure 6.31: 32-ply substrates: Local out-of-plane deformation upon actuation at 200 pe strain for a) 0.25

mm, b) 1.0 mm, ¢) 2.0 mm gap widths.
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Figure 6.32: Profile of local out-of-plane deformation upon actuation at 200 pe strain for a) 8-ply, b) 16-ply,

and c¢) 32-ply substrates
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Figure 6.33: Comparison of X (solid) and Y (dashed) gap deformation profiles after actuation for 8-ply
CFRP substrates.

6.6 Measurement of Cross-Pattern

Figure 6.34 is a surface measurement over the center portion of an active mirror using a white light scanning
interferometer (Zygo Zemapper). The measurement was performed on an active mirror containing four
PZT plates with a gap width of ~ 0.25 mm. The measurement was filtered by first removing the spherical
curvature and then applying an FFT-passed high-pass Gaussian filter with a 1/10 mm~! pass frequency. A
clear cross pattern is observed at the location of the PZT gaps with a large central peak in the middle. The
shape of this pattern is similar to those predicted by the models above. However, positive displacements
(local hills) are predicted even though the measurement was performed with no induced actuation strain in
the PZT material. From the model predictions above, negative displacements (local valleys) are expected
under these conditions. However, it should be noted that the measurement was performed after the mirror
was subjected to several cycles of actuation. As the subsequent chapter outlines, throughout this process
residual piezoelectric strains can persist in the material. Therefore, while no actuation was prescribed, the
PZT may indeed be in a positive strain state with respect to its initial condition during bonding. It is

believed this is the explanation for the reversal in sign.
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RMS: 15.3 nm
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Figure 6.34: White light scanning interferometer (Zygo Zemapper) measurement of the center portion of a

mirror substrate displaying evidence of the cross-pattern produced from the four discrete PZT plates.

6.7 Tessellated Active Layer

. CFRP
B ezt

1.0 m

1.0 mmI

+ 150 mm

Figure 6.35: Overview of model showing a 1.0 m hexagonal mirror with 150 mm PZT patches arranged in a

continuous tesselation.

The preceding analysis were implemented for mirrors of reduced diameter (150 mm) in order to match the
geometry implemented for experimental efforts. 4 active plates were used to provide quasi-continuous active
layer coverage over the surface of the CFRP substrate. However, larger mirrors are also of interest to this
study. At meter-scale diameters, a large number of active plates must be implemented in order to provide
the same continuous active layer coverage. Therefore, the above modeling techniques were implemented for
a 1.0 m diameter mirror, shown in Figure 6.35. 49 individual hexagonal active layer elements, each 150

mm in diameter, are arranged in a continuous tessellation across the backside of the CFRP substrate. The
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substrate geometry was switched from the previous octagonal shape to the hexagon shown here in order to
accommodate the tessellation. A 16-ply substrate is implemented for this analysis with a 10.0 m spherical
radius of curvature.

To assemble such a structure it would be necessary to deform each initially flat active plate to the surface
of the curved CFRP substrate. From Section 6.4.1 it was demonstrated that this resulted in figure errors
after the two elements were bonded together. However for this case the radius of curvature, R, is much higher
than in the previous studies (R = 10.0 m vs. 2.0 m). With this geometry the bending stresses will primarily
dominate over the non-linear mid-plane stresses as shown in Figure 6.10. Also, from the results displayed
in Figure 6.15 and Figure 6.18 it is expected that the magnitude of the resulting figure deformation would
be in the form of a low-amplitude uniform curvature change. Therefore, for this analysis, the deformation
associated with the bonding process is neglected. This mimics the possible situation where each active layer
is initially curved, having a matching radius of curvature to that of the CFRP substrate.

The figure deformations produced upon uniform actuation of the active elements is studied in detail
here. Specifically, the mid-spatial frequency errors produced due to the discontinuous nature of the active
layer as well as the high-spatial frequency deformations caused by the gaps between each active element
are considered. Uniform 1.0 mm gaps are implemented for this study as shown in Figure 6.35. The active
elements are actuated to a strain level of 200 pe strain as in the previous studies. As shown in Figure 6.36(a),
a near uniform curvature change is achieved upon uniform actuation of the active layer. However, if the
resulting deformation is filtered and the low-spatial frequency errors are removed, higher-order deformations
are observed. This was performed by projecting the shape onto a set of Zernike polynomials [20] and then
removing those of lowest order. Zernike polynomials are only valid over a unit circle and therefore they are
truncated here in order to conform to the hexagonal shape. Figure 6.36(b) displays the figure deformation
after removal of the first 36 Zernike modes. Deformations, local to each active element location are observed

across the entire surface of the mirror.
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Figure 6.36: Figure deformation due to uniform actuation (200 pe strain). a) Base curvature change, and b)

shape after removal of the first 36 Zernike modes.

Features such as these are also observed in [54] for mirrors of a similar design. It was shown that the
magnitude of such deformations is directly proportional to the size of each active element and inversely
proportional to the gap width. Therefore, small active elements arranged in a closely packed pattern are
predicted to produce the minimal amount of deformation. However, the highly-localized deformations due
to the gaps were not studied in [54]. Figure 6.37 displays these local deformations across the central portion
of the mirror. The same techniques were used as in Section 6.4.3 in order to unveil these features. Print-
through of the hexagonal tessellation is predicted with peak-to-valley magnitudes of ~ 220 nm. With smaller
active elements there will be an increased number of gaps and these features will persist across a larger area.

Therefore, a trade between figure errors of varying spatial-frequencies must be taken into consideration.
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Figure 6.37: Local deformations at gap locations due to uniform actuation (200 pe strain).
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6.8 Transverse Shear Effects

The preceding analyses implemented conventional shell elements (S4R) to study the deformation associated
with the bonding process and actuation of discrete PZT patches. S4R elements are considered general-
use elements in that they can accurately capture the behavior of shells of various thicknesses, material
properties, and boundary conditions. They are especially good at capturing the bending behavior of shells.
However, their capability to accurately capture transverse shear deformations is limited. The shear stiffness
of conventional shell elements is formulated based on the overall shell definition (i.e., laminate orientation
and material properties). In doing so, through-thickness changes in the shear modulus of each ply are not
considered. With this formulation a substrate with a symmetric laminate definition will have identical shear
response along the principal directions in the laminate coordinate system. In addition to this, the deformation
of conventional shell elements is defined entirely by the shell reference surface. Therefore, through-thickness
variations in deformations due to transverse shear effects will not be captured. This enforces the condition
that mid-plane normals remain straight throughout deformation.

For fiber-reinforced composites there is a vast difference in material properties parallel and perpendicular
to the fiber direction. The modulus in these direction differs by a factor of 57 as shown in Table 6.3. A
difference in transverse shear stiffness in the direction of the fibers (G13) vs. perpendicular to the fibers
(G23), is also present. Therefore, it is expected that ply-level shear deformations are likely to occur. This
is of great importance when considering edge effects or discontinuities in thickness such as with the local
deformation at the gaps between PZT plates. A large body of literature exists pertaining to the shear
deformation of composite plates [55, 56, 57, 58, 59]. However, the majority of these studies are concerned
with accurate modeling of ply-level stresses due to uniform loading conditions. Local deformations are not
as great of concern. The effect of thickness discontinuities has also been studied [60, 61, 62], however the
majority of the efforts focus on implementing custom elements in order to capture stress singularities.

The method implemented here is to model the CFRP substrate and PZT plates using continuum shell
elements (SC8R). Continuum shell elements are 3D, 8-node elements that model the actual thickness of the
shell instead of defining a reference surface. Each node within the element has displacement DOF's only.
However, the advantage here is that multiple elements can be implemented through the thickness of the shell.
By incorporating an increased number of DOF's through the thickness, initially straight surface normals need
not remain straight due to the unique deformations of each element. In the present study, this allows for
more accurate modeling of the ply-level shear deformations in the CFRP substrates upon actuation of the
PZT plates.

The transverse shear stiffness in the fiber direction, G13, is assumed to be identical to the in-plane shear
stiffness, G12, due to the transversely isotropic nature of the material. Assumptions were also made on the

transverse shear stiffness perpendicular to the fiber direction, G23. Following that from [63], G23 can be
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predicted through the following relation:

E2
G23 = ———. 6.16
2(1 =+ 1/23) ( )

As va3 was not measured for the present study, assumptions were made on its magnitude and a value of 0.5
was used [64]. This results in a value of 2.0 GPa for G23.

A specific example was used to study the effect of transverse shear on the local deformation at the gaps.
The study considered the central portion of a 16-ply CFRP substrate and four PZT plates with a gap width
of 0.25 mm. Figure 6.38 provides an overview of the model. Each ply within the CFRP substrate is modeled
with a unique continuum shell element. The PZT plates were modeled with 3 through-thickness elements.
An in-plane element size of 62.5 pum was used to model the gaps and the surrounding areas. 200 pm wide
elements were implemented for the rest of the model. For simplicity, only the deformation after actuation
was considered here. This was performed as the deformations due to actuation were approximately two
orders of magnitude higher than those obtained from the initial bonding process. In addition, both the
CFRP substrate and PZT plates were modeled as initially flat and therefore it is assumed that the initial

curvature of the CFRP substrate does not affect the local deformation at the gaps upon actuation.

Figure 6.38: Overview of continuum shell model used to capture transverse shear deformations.

6.8.1 In-Plane Deformation

Figure 6.39 displays the deformation in the x and y directions (U and V, respectively) at cross-sections near
the gaps (X, Y = 2.5 mm). The interface of the CFRP and PZT materials is set as the z = 0 surface. By
comparing the results it is apparent that there is a differing response between the U and V deformations.

Highly localized in-plane deformations of the interface ply are observed in the y direction but not in the x
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direction. This is a direct consequence of the fiber orientation of the interface ply and the associated variation
in stiffness. The y-direction is perpendicular to the fiber direction of the interface ply and therefore both
the in-plane and shear stiffness are much lower in this direction. It is therefore evident from this result that
initially straight mid-plane normals do not remain straight throughout the actuation process. This effect is

not captured using conventional shell elements.
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Figure 6.39: In-plane deformation in a) x-direction and b) y-direction due to actuation.

6.8.2 Out-of-Plane Deformation

Figure 6.40 compares the resulting out-of-plane deformation of the bottom surface of the CFRP substrate at
the gap locations implementing conventional and continuum shell elements. The conventional shell element
model predicts a symmetric response for the gaps oriented in the x and y directions while the continuum
shell model predicts a higher level of deformation in the gap oriented in the y direction, perpendicular to the

interface ply direction. The differing amplitude of deformation is a direct result of the local transverse shear
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deformation and the decreased stiffness perpendicular to the fiber direction. In this direction the y-component
of the actuation strain is transferred to the CFRP substrate as a highly local in-plane deformation in the
interface ply. In the x-direction, the actuation strain acts to distort the CFRP substrate through bending.
A comparison of the deformation profiles is presented in Figure 6.41.
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Figure 6.40: Continuum shell element model displaying out-of-plane deformation due to uniform in-plane

actuation of the PZT at 200 pe strain.
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Figure 6.41: Constant x and y deformation profiles due to 0.25 mm gap over central portion of CFRP

substrate. Comparison between continuum and conventional shell models.
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6.9 Discussion of Results

The results of this study indicate that significant global and local shape deformations occur as a result
of bonding multiple flat PZT plates to initially spherical CFRP substrates. Simulations were performed
for 8, 16, and 32-ply substrates corresponding to thicknesses of 240, 480, and 960 pum. The PZT plates
were fixed at 125 um thicknesses. Significant variations in the mode and amplitude of global deformation
were observed as a result of the simulated bonding process when considering a continuous PZT sheet vs.
discrete plates. While lower in amplitude, the deformation imposed by discrete plates takes on a higher-order
mode. It was demonstrated that this is a direct consequence of the large mid-plane stresses associated with
large Gaussian curvature changes. This mode of deformation was also observed experimentally for an 8-ply
CFRP substrate with four PZT plates. Furthermore, relatively low amplitude but high spatial-frequency
deformations are predicted at the gap locations between PZT plates. It was observed that the amplitude of
this deformation was relatively insensitive to the gap width; however, a significant dependence on the CFRP
substrate thickness was observed. Near complete mitigation of the gap deformation was observed for 32-ply
substrates.

The deformation induced by uniformly actuating all PZT plates was studied as well. Through the results
obtained from the global deformation study it was observed that the discrete patches produced similar
deformations in comparison to the continuous sheet. However, the high-spatial frequency errors at the gap
locations increased significantly upon actuation. In this analysis, the gap deformations increased by two
orders of magnitude from the initial bonding process. A relatively weak dependence on the width of the
gap was observed with lower amplitudes predicted for small gap widths. The thickness of the substrate
had a significant impact on the amplitude of deformation with peak-to-valley deformations at ~100 nm for
the 32-ply substrates. However for the application of active mirrors, this is still a relatively high amplitude
error. Therefore, limitations on the magnitude of induced strain in the PZT may be necessary. Design
considerations such as filling the gap to aid in the transfer of actuation strain could be considered as well.

A measurement of the local deformation at the location of the PZT gaps was performed using white-light
scanning interferometric techniques. A clear cross-pattern was evident in the measurement, indicating that
the highly localized deformation due to the gaps is indeed present. The sign of the deformation was opposite
to that predicted by the models; however, it is believed this is due to residual strains in the PZT material
upon many cycles of actuation.

A Dbrief study was also performed in order to study the effects of tessellating multiple active elements
across the backside of a 1.0 m dia. mirror. It was found that under uniform actuation of the plates,
deformations local to each active element were produced. These deformations are in agreement with results
presented in the literature. In these studies it was demonstrated that the magnitude of these deformations
decreased for as the size of each active layer decreased. However, the present study demonstrated that the
highly-localized deformations at the gap locations must also be taken into consideration.

Finally, the effect of transverse shear deformations on the gap deformation imposed by actuation was
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studied for 16-ply substrates. Continuum shell elements modeling each ply of the CFRP substrate were im-
plemented in place of conventional shell elements with a single reference surface definition. Large magnitude
in-plane deformations were observed in the ply located at the interface of CFRP substrate and PZT plate.
The out-of-plane deformations at the gap locations were predicted to vary depending on the fiber direction
as well. Higher amplitude deformations were predicted for the gap oriented perpendicular to the interface

fiber direction as the actuation strain is transferred predominantly through bending in this orientation.
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Chapter 7

Actuation Response

This section provides an overview of the actuation process used to correct figure errors. A description of
the considered active materials along with a characterization of their actuation capabilities is presented. An
analysis used to size the thickness of the active material relative to the CFRP substrate is also outlined. Fi-
nally, a description of the shape error correction process as well as simulation predictions on the performance

of various active mirror designs is presented.

7.1 Active Materials

Piezoelectric and electrostrictive ceramics were chosen as candidate active materials due to their high stiffness,
large actuation capabilities, and availability in thin-film form. These materials have been used extensively

for structural sensing and actuating applications [65, 66, 67, 14].

7.1.1 Piezoelectric Ceramics

Piezoelectric materials are a class of materials that exhibit coupling between electric fields and mechanical
strains [68]. For the present study piezoelectric ceramics are implemented, specifically Lead-Zirconate-
Titanate (PZT). Figure 7.6 displays the tetragonal lattice structure of PZT. Due to the non-centrosymmetric
arrangement of the lattice, a charge separation is created by the positively charged zirconium/titanium ions
and negatively charged oxygen atoms. Therefore, a net dipole moment is present in the lattice. A collection
of lattice structures containing the same sense dipole moments is defined as a piezoelectric domain. In its
base state, the domains throughout the piezoceramic will be randomly oriented and thus there will be no net
polarity in the bulk materials, as shown in Figure 7.2(a). However, under the application of a strong electric
field the piezoelectric domains will orient themselves in the direction of this field, as shown in Figure 7.2(b).
Upon removal of the electric field, a remnant polarization is realized (Figure 7.2(c)). With the subsequent
application of electric fields at magnitudes lower than the poling field, the material will strain as the central
Zr ion is displaced within the lattice, causing it to distort. This is known as the “converse piezoelectric

effect” with the “direct piezoelectric effect” defined as the opposite process (electric fields produced as a
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Figure 7.1: Non-centrosymmetric attice structure of PZT displaying dipole direction.
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Figure 7.2: a) Random domain orientation before poling. b) Orientation of domains through poling electric
field. ¢) Remnant polarization after removal of poling field.

function of lattice deformations).

The magnitude of coupling between the directional strains and applied electric field are defined through
the piezoelectric constants of the material, d. By convention, the d33 component is defined as the strain
produced in the polarization direction under the application of an electric field in that same direction. The
d31 component describes the relation between strains produced normal to the polarization direction due
to an electric field aligned with the polarization direction. Due to symmetry, d32 = d31. For a flat plate
and defining the 1 and 2 directions in the plane and 3 through the thickness, the d31 component describes
the relation between an applied through-thickness electric field and the resulting in-plane strain (assuming

polarization through the thickness).
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Figure 7.3: Directional convention for domain polarization and electric field.

For convenience it is desired to define a sign convention associated with the polarization direction and
applied electric fields. The convention used here is that a positive polarization direction indicates that the
domains are oriented pointing to the top-surface of the plate. A negative polarization direction indicates
that the domains are pointing down towards the bottom surface. A positive applied electric field is one that
has a positive potential at the top surface while a negative field is one with a positive potential at the bottom
surface. This convention is shown schematically in Figure 7.3.

The actuation properties of PZT-5A were characterized using Digital Image Correlation (DIC). Specifi-
cally, the d31 effect was determined by measuring in-plane strains as a function of applied through-thickness
electric fields. The measurements were performed with the sample lying flat on a Teflon film in order to
reduce frictional effects. Conductive electrodes on the top and bottom surface of the samples allowed for
the through-thickness electric field to be applied via a high-voltage amplifier and waveform generator. A

sinusoidal signal with a period of 30 seconds was implemented.
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Figure 7.4: Measured in-plane strain of PZT-5A displaying domain switching due to high electric fields.

Figure 7.4 displays the measured in-plane strain of PZT-5A through the application of high electric fields.
The measurement was performed on a 190 pum thick substrate and the voltage amplitude was set to £ 500
V. The response of the material under these conditions is referred as the “full-field” response as the applied
electric fields are high enough to capture the piezoelectric behavior of the material in its entirety.

Several points have been identified in Figure 7.4, labeled A-F. The material starts out at point A in its
base state with no applied electric field. In this state, the material is poled in the positive direction. Through
the application of a negative electric field (i.e., against the polarization direction), the material exhibits a
positive value in-plane strain. The magnitude of this strain is directly proportional to that of the applied
voltage. Upon further application of this electric field, the material will begin to approach point B. At this
point, the electric field is high enough to cause a complete reversal of the piezoelectric domains within the
material. At the microscale, a snap-through instability occurs where the central ions of each lattice structure
suddenly shifts into its new equilibrium state at 180° from the original location. Macroscopically this occurs
nearly all at once, reversing the domains across the entire substrate. This is evident by the sharp change
in strain at point B. Upon further application of voltage from this point, the strain begins to decrease due
to the reversal of the domain direction. Now the material will exhibit a negative-valued strain as a function
of a negatively applied electric fields. Approaching point C, the actuation begins to saturate and a lower
magnitude of induced strain is realized for increased levels of applied electric field. Upon reversal of the

electric field, the material returns to a near-zero strain state; however, due to the domain switching, it
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possesses a reversed sense polarity. The full-field response of the material is symmetric as evident by the
similar behavior displayed at points D, E, and F but in the opposite direction. Due to its characteristic
shape, Figure 7.4 is known as the “Butterfly Curve” of the material.

Figure 7.4 displays the fact that care must be taken when actuating the material as a reversal in actuation
behavior can occur if the magnitude of electric field applied against the polarization direction is too great.
Therefore, operating limits on the applied electric field must be set. For the present study this was set at
80% of the domain-reversing electric field. For PZT-5A this corresponds to an electric field range of + 0.8
MV /m.
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Figure 7.5: Measured in-plane strain of PZT-5A over operating electric field range (& 0.8 MV/m). a)
Response of material directly after poling showing accumulation of strain and b) centered data after multiple

cycles showing a repeatable but hysteretic response.

The response of the PZT-5A material over the operating electric field range is plotted in Figure 7.5. Two
conditions are presented here. The first, presented in Figure 7.5(a), presents the actuation strain associated
with the first four cycles directly after poling the material. It is apparent through the upward drift in the
strain values that a remnant amount of strain accumulates in the material upon cycling. This is primarily
due to gradual domain reorientation, where a small number of domains will switch polarity until they reach
their final equilibrium state [68]. After four cycles, a remnant strain of approximately 200 p is observed. It
should be noted that this effect is also observed if the material is held at a constant electric field for a period
of time or subjected to mechanical stresses.

If the material is actuated for a larger number of cycles, the accumulation of strain begins to disappear,
as shown in Figure 7.5(b). It is also apparent that the free-strain actuation profile is repeatable over
multiple cycles. However, a large amount of hysteresis is present in the material as demonstrated through

the loading /unloading electric field paths. A difference of 150 p is observed at the zero electric field location
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after only one half cycle is complete. However, the material is observed to return to its initial state repeatedly
if a full cycle is performed. Therefore, if it is desired to have the material return to the same strain/electric
field state a “refresh” cycle should be performed where the electric field is applied to its full extent before
returning to the desired value.

As the actuation response is non-linear, characterization of the d31 coefficient becomes a matter of
preference. Here it is taken as the full-scale strain range divided by the full-scale electric field. With this
formulation the measured d31 component is -375 pC/N. It should be noted that this is approximately 1.75

times the reported value from the manufacturer.

7.1.2 Electrostrictive Ceramics

Electrostrictive materials are another class of materials that undergo deformations as a function of applied
electric fields. However, the mechanism by which this is performed is different than that for piezoelectric
materials. Electrostrictive materials contain centrosymmetric lattice structures (Figure 7.6) and therefore
display no remnant polarization in their base state. However, with the application of an electric field, domains
orient themselves in the direction of the applied field (Figure 7.7). This produces an elongation of the lattice
structure in the direction of the field and a contraction perpendicular to the field. Unlike piezoelectrics, a
reversal in the direction of applied electric field does not reverse the sign of the strain, and therefore the
material can only exhibit one direction of actuation. Also, unlike piezoelectric materials, imposed mechanical

strains do not produce electric fields.
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Figure 7.6: Centrosymmetric lattice structure of PMN-PT.
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Figure 7.7: Schematic of electrostrictive domain orientation. a) Random domain orientation in base state. b)
Spontaneous orientation due to applied electric field. ¢) Return to base state and random domain orientation

upon removal of electric field.
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Figure 7.8: Measured in-plane strain of PMN-PT over operating electric field range.

Figure 7.8 displays the actuation characteristics of the PMN-PT material. The test was performed on a
125 pm thick flat plate of PMN-PT in the same manner as that for the PZT-5A material. The voltage was
applied in a sinusoidal fashion with an amplitude of 4+ 200 V and a 30s period. It is apparent from the results
that the response is greatly different than that of PZT. Firstly, the sign of the in-plane strain is observed
to be irrespective of the direction of applied electric field, as negative strains are measured across the entire
voltage range. Second, the actuation strain is observed to vary non-linearly with respect to electric field

for low field values (< 0.25 MV /m). The response then transitions into an approximately linear regime for
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mid-range fields (0.25 - 1.0 MV/m) and finally another non-linear region is predicted at high fields (> 1.0
MV /m) as saturation begins to occur. The measured d31 coupling coefficient, defined here as the response
of the material in the linear regime (between 0.25 and 0.8 MV /m), is approximately -220 pC/N. A maximum
strain value of -250 p is achievable through high electric fields. This is a factor of ~ 3.5 less than the full-scale
actuation range associated with PZT-5A.

The most noteworthy distinction of PMN-PT in comparison to PZT is the lack of hysteresis in the
material. Both the loading and unloading paths are near identical in the free-state. Therefore, actuation can
be considered a unique-valued problem. This is highly advantageous for precision actuation applications.

PZT-5A was used almost extensively in the design of the active mirror concept and therefore the following
studies will incorporate it exclusively. While PZT exhibits significant non-linear and hysteretic behavior,

the large actuation capabilities and bidirectional response are advantageous over PMN-PT.

7.2 Swurface Parallel Actuation Scheme

In order to minimize the overall thickness of the mirror, a surface-parallel actuation scheme is implemented.
In this scheme, depicted schematically in Figure 7.9, a layer of active material is integrated onto the back
surface of the mirror. Using the d31 actuation mechanism mentioned above, the active material will strain
within the plane under the application of a through-thickness electric field. As the active material is bonded

to the CFRP substrate this ultimately produces an out-of-plane curvature change in the entire structure.

el
EIectrodes\ — Active Layer

! !

Figure 7.9: Schematic of surface-parallel actuation scheme.

CFRP

7.2.1 Sizing of Active Layer

As the mirrors are extremely thin the thickness of the active layer is of particular importance as small changes
in this value can have a large impact on the actuation capabilities. If the active layer is too thick it will
begin to dominate the flexural stiffness of the mirror, while if it is too thin sufficient actuation authority will
not be realized. To determine the optimal thickness of the active layer a linear analysis based on Classical
Lamination Theory (CLT) was performed. Using CLT the resulting curvatures produced by uniformly

actuating the entire active layer can be determined. These actuation curvatures, k, can be determined using
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Zact,top
Npiezo :/ QactdactEdZ (72)
Zact,bot
Zact,top
Mpiezo :/ QactdactEZdz- (73)
Zact,bot

ABD is the overall stiffness matrix of the mirror laminate, Qact is the orthotropic stiffness matrix of the
active material, dact is an array of the piezoelectric coupling coefficients for the active material, zqct,top
and zgct pot are the top and bottom coordinates of the active material with respect to the mid-plane of the
overall laminate, and F is the applied through-thickness electric field. With this formulation the maximum
out-of-plane curvature change can be determined as a function of the thickness ratio between the active layer
and substrate layer defined as

t* _ tactive ) (74)
tcrrp

The three laminate orientations defined in Chapter 4 with 8, 16, and 32-plies corresponding to thicknesses
of 240, 480, and 960 um were considered for this study. The active layer is assumed to be PZT-5A. The
results of the study are shown in Figure 7.10.

The active layer thickness has a significant effect on the maximum attainable curvature change. For small
active layer thicknesses (t* < 0.1) there is an approximately linear increase in actuation capabilities as a
function of active layer thickness. However, as the active layer becomes thicker, the incremental change in
curvature begins to decrease. At specific t* values for each laminate, a decrease in actuation performance
is observed as the flexural stiffness of the active layer begins to dominate. This occurs at t* values of 0.52,
0.6,6 and 0.70 for the 8, 16, and 32-ply substrates, respectively. Therefore, if the objective is to maximize
actuation capabilities the mirrors should incorporate these thickness ratios. However considerations related
to mass should be kept in mind, as PZT is an extremely dense material (p = 7800 kg/m?3). Thick active
layers will significantly increase the areal density of the mirror. Therefore, for the current effort 125 pym
thick PZT was used for all designs. At this thickness, optimal actuation properties are predicted for the
8-ply design. The 16-ply design is predicted to operate at 90% of the optimal value and the 32-ply design at
43%.
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Figure 7.10: Active layer thickness ratio, t*, on maximum actuation curvature change.

7.3 Patterned Electrodes

By discretizing the electrodes on one surface of the active material, varying levels of through-thickness
electric field can be prescribed across the surface. This allows for spatial control in the level of induced
strain. Figure 7.11 displays this phenomenon where the electrodes on a free-standing triangular patch of
PZT-5A have been patterned into four smaller triangular regions. The corresponding in-plane strain of the
entire patch is measured using DIC after applying an electric field of -0.8 MV /m to each region independently.
From Figure 7.11(b) it is apparent that discrete regions of strain are achieved at the four electrode locations.
Very little interaction is observed between each region as evident by the sharp boundaries in the measured

strain values.
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Figure 7.11: Actuation of discrete regions using patterned electrodes.

7.3.1 Optimal Electrode Pattern

For a given mirror construction the shape correction performance is dictated by the actuation electrode
pattern. By changing the number of discrete electrodes as well as their geometry, changes in actuation
properties can be realized. An extensive amount of work has been performed in a separate effort in order
to optimize the electrode pattern design [28, 17]. Figure 7.12 displays a pattern optimized to correct for
astigmatism based errors while keeping the overall number of electrodes to a minimum. The pattern has
been modified in order to conform to the octagonal shape of the mirror for the present study. It was chosen
due to the fact that astigmatism is observed to be the most prevalent mode of shape error inherent to
the CFRP substrates. The thin electrodes at the edge of the mirror are especially good at producing the
non-axisymmetric modes of deformation required for astigmatic corrections. A comparison of this pattern

to more traditional patterns is presented in [17].



Figure 7.12: Optimized electrode pattern displaying unique electrode positions.

7.4 Shape Error Correction
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Figure 7.13: Schematic of shape correction process.

The shape correction procedure, depicted schematically in Figure 7.13, is as follows: the initial shape of a
mirror is parametrized by its out-of-plane coordinate, Zinjtial, Over m equally spaced grid points. Assuming
the mirror has n independent active regions (electrodes), the change in out-of-plane coordinate at these grid
points due to a unit input (i.e., application of 1V) can be determined for each actuator. This is defined
as the influence function of the actuator, Inflj, for j = 1,2,...,n. The n influence functions can then be

assembled into an m x n influence matrix, A, containing the entire actuation capabilities of the mirror. The
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influence matrix is a linear map between the applied through-thickness voltage and the corresponding shape
deformation, §:

Av =34, (7.5)

0 = Zfinal — Zintial, (7.6)

assuming material and geometric linearity and neglecting coupling between piezoelectric properties and stress
state. However for many applications the inverse problem is of interest where the voltage map required to
impose a certain deformation, 8, is desired. In general, this is an over-constrained (under actuated) problem
and therefore the least squares solution to Equation 7.5 is desired. This solution will produce the required

voltage map, ¥, that minimizes the L2 norm, or equivalently the RMS value of the residuals defined as

r=Av 4. (7.7)

The above process imposes zero limitations on the magnitude of applied voltages. However, for active
materials such as PZT there are strict limits on these values. Therefore, a constrained least-squares algorithm
must be implemented in order to handle these conditions. Many existing tools are available in order to
perform this function. For the present study, the built-in function lsqlin in MATLAB was used to constrain
the applied voltages to their operating range (corresponding to a max/min electric field of 0.8 MV/m
(100 V) for PZT-5A).

7.4.1 Numerical Model

The actuation capabilities of the mirrors were modeled using Abaqus CAE/Standard 6.12 using conventional
elastic shell elements with reduced integration (S4R). In the model a thermal expansion analog was used
where the linear coefficient of thermal expansion and a subsequent temperature change was used to mimic
the linear piezoelectric response and applied electric field. Through a custom Python script, the influence
function of each actuator was determined by defining a non-zero expansion value for the actuator of interest.
The expansion value was scaled such that a unit temperature change corresponded to the application of 1
V.

Figure 7.14 compares the central influence function for the 8, 16, and 32-ply designs. The results are
presented for a 150 mm diameter mirror with a 125 pum thick active layer. The amplitude each influence
function has been scaled to its full-scale value corresponding to an applied electric field of 0.8 MV /m (100V).
From the results, the magnitude of induced deformation is observed to decrease as the substrate thickness
increases. This is as expected due to the higher bending stiffness for the thicker CFRP substrates. In
addition, the response of the 8-ply design is observed to differ from the that of the 16 and 32-ply even
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though the electrode pattern is common between all designs. This difference is due to the lack of isotropy
in bending stiffness for the 8-ply laminate. Therefore, the shape of the influence function for this design
displays a lower degree of rotational symmetry in comparison to the 16 and 32-ply designs. Figure 7.15
displays the influence functions associated with the unique electrode positions of the optimized pattern for

the 16-ply design. Peak-to-valley deformations on the order of 6 - 20 um are predicted for this design.
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Figure 7.14: Comparison of central influence function for a) 8-ply, b) 16-ply, and c) 32-ply designs.
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Figure 7.15: Predicted influence functions for a 16-ply active mirror with 125 pm thick PZT.

7.4.2 Predicted Performance

Using the influence functions above, performance simulations can be conducted. Figure 7.16 displays the
results of one such case where the active elements are used to correct initial astigmatic errors. This is
of particular interest to the present study as astigmatism is the dominant mode of figure error for CFRP
substrates. At 5.0 um RMS of initial astigmatic error 55 nm RMS of residual error is present after correction
(considering 95% of the overall aperture). The voltage map required for shape correction is shown in

Figure 7.16(c). At this level of initial error 12 of the 49 actuators have begun to saturate at their maximum
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voltage values (£ 100V), while others are operating at much lower values. The saturated actuators are those
located around the perimeter of the mirror, as these have the greatest influence over astigmatism corrections.

This also coincides with the location of maximum residual errors.
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Figure 7.16: Shape correction results for a 16-ply mirror showing: a) 5 um RMS of initial astigmatic error,
b) the residual error of 55 nm RMS after correction (considering 95% of the overall aperture), and c) the
corresponding actuator voltages required for correction showing a large degree of saturation.
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Figure 7.17: Comparison of astigmatism correction for 8, 16, and 32-ply mirror designs.

Figure 7.17 is a more comprehensive study of astigmatic correction detailing the performance of 8, 16,
and 32-ply active mirror designs by plotting the residual error amplitude as a function of initial astigmatic
error. Several observations can be made from this figure. The first is that for small initial errors (< 1
pm RMS), all three designs have correction factors of approximately 99%. In this regime all actuators are

operating under the + 100V limit. However, as the magnitude of initial error increases, actuator saturation
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begins to occur. For the 32-ply design this occurs almost immediately as the under-sized 125 um active
layer does not contain enough actuation authority in order to deform the stiff mirror substrate. The onset of
saturation is delayed for the 8 and 16-ply mirror designs. The 16-ply design begins to saturate at 5 ym RMS
while the 8-ply design can accommodate 15 pm RMS of initial astigmatic error before saturation. Actuator
saturation drastically decreases the correction capabilities of the mirror, as is evident by the large increase
in slope for each curve. Therefore, it is desired to stay well below this range by reducing the magnitude of

initial error if possible.

we—— —
- ——8Ply
: ................................................ +16_P|y
Lo o e e —e—32-Ply
U =
el N S e ST e e L s T ]
s DN LS N AL OO OO AR SOOI SO ON SO ]
LN ]
o i
S
o 102:_ R e =
10" \ | ! | \ \ \ \ | \
4 5 5] 7 8 9 10 11 12 13 14 15
F AN '-‘ TN - (' \ | \‘ T A r.’:.| i ™ i
7 - W\ g r a4 R A

Zernike

Figure 7.18: Correctability of Zernike modes for 8, 16 and 32-ply mirror designs.

Figure 7.18 displays the correctability of the three mirror designs over various Zernike modes. Cor-
rectability is defined as the ratio of residual error to initial error for each specific mode before actuator

saturation occurs:
( zern

W (7.8)

Correctabilityy, =
k )rms

where Z7¢™ is the k" Zernike mode and r7¢"" is the residual shape error after correction of that mode. It
should be noted that Zernike modes are only valid over a circular domain. To accommodate the octagonal
shape of the mirror designs, a circular domain encompassing the entire mirror substrate was defined and
then truncated to the octagonal form-factor.

Several observations can be made from Figure 7.18. First, the performance of the 16 and 32-ply designs
is near identical over all Zernike modes. This is due to the similar laminate orientation producing near
isotropic substrates. As previously stated, the 8-ply laminate is not isotropic in bending and therefore will
not have the same behavior as the other two designs. A decrease in correctability is observed over all modes
for this laminate. Second, for the 16 and 32-ply laminates the correctability is highest for the change in
bulk curvature, often denoted as defocus (mode 5). This mode is achieved by uniformly actuating the entire

active layer at near equal voltages, as demonstrated in the previous chapter. Therefore, shape errors due
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to differing voltage levels at neighboring actuators do not arise. However, for the 8-ply design the vast
difference in bending stiffness in orthogonal directions does not allow for equal curvature changes upon
uniform actuation. Therefore, the correctability in defocus is significantly reduced. It is also observed that
all mirror designs possess relatively high levels of correctability over the two astigmatic modes (mode 4 and
6). This is due to the chosen electrode pattern as it was optimized for astigmatism-based deformations.
Finally, correctability is observed to decrease for increasing Zernike modes as the finite size of each electrode

limits the ability to correct for higher spatial-frequency errors
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Figure 7.19: Zernike stroke for 8, 16 and 32-ply mirror designs.

The stroke of the mirror for each Zernike mode is presented in Figure 7.19. Stroke is defined as the
maximum achievable RMS Zernike amplitude before saturation of the first actuator:

Stroker, = (Z7™ ) rms 7.9)

s.t. |Vilmaz = 100V

For all modes other than defocus, stroke decreases as the substrate ply-count increases due to the increased

bending stiffness. The defocus mode for the 8-ply substrate is decreased due to its non-isotropic properties.

7.4.3 Orthotropic Actuation

The preceding actuation scheme utilized the d31 component of the active material. In this method, an
in-plane isotropic actuation strain is produced in the material upon the application of voltage. Therefore,
the resulting curvature changes produced through actuation are coupled. This is a relatively poor method of
actuation as certain modal deformations may require curvature changes in one direction only. A method to
increase the figure correction performance is to implement an orthotropic actuation scheme, providing more

independent control over orthogonal curvatures. In this method it is assumed that the material is able to
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exhibit independent strain values in orthogonal directions at each electrode location.

A method to practically achieve such a scheme would be to implement interdigitated electrodes, depicted
schematically in Figure 7.20. With this method, in-plane electric fields are produced, thus activating the d33
actuation mechanism which produces strain in the direction of the field. The direction of applied electric
field can be defined by properly orienting the interdigitated electrodes and thus providing control over the
direction of actuation. Two (or more) layers of active material are necessary for this scheme, with the

electrode directions oriented in perpendicular directions.
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Figure 7.20: Schematic of interdigitated electrodes producing in-plane actuation strains in the direction of
applied electric field.
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Figure 7.21: Schematic of orthotropic actuation concept.

To study the increase in figure correction performance, the numerical model was modified to accommodate
the orthotropic actuation scheme. For simplicity, a single layer of active material was used and the figure
deformations due to radial and circumferential actuation strains were determined at each electrode location
(Figure 7.21). This was performed by defining a polar coordinate system with the origin at the center of

the mirror as well as orthotropic expansion values for the active material. The size of the influence matrix
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is now doubled, as there are now two influence functions for each electrode location.

The radial and circumferential influence functions at a single electrode location are shown in Figure 7.22.
Differing figure deformations are predicted depending on the actuation direction. The radial influence func-
tion produces curvature changes predominantly in the radial direction while the circumferential influence
function produces higher levels of curvature changes in the circumferential direction. Therefore, a higher

level of actuation authority is obtained through this process.
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Figure 7.22: Radial and circumferential influence functions from the orthotropic actuation scheme (Results
shown for 16-ply design).

A comparison of the correctability obtained through isotropic and orthotropic actuation schemes is pre-
sented in Figure 7.23 for a 16-ply design. It is apparent that the orthotropic scheme outperforms the
isotropic method for all modes of deformation. Most notably, a 3.5 increase in astigmatism-based deforma-
tions is observed. Significantly higher levels of correctability are also predicted for higher-order modes, thus

demonstrating the utility of the orthotropic actuation principle.
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Figure 7.23: Comparison of correctability for isotropic and orthotropic actuation schemes (Results shown
for 16-ply design).
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Chapter 8

Mirror Experiments

8.1 Wavefront Characterization

Several methods exist in order to characterize the wavefront of an optical system. The methods considered
here are based on direct slope measurements. The most common is the Shack-Hartmann test depicted
schematically in Figure 8.1. The wavefront under test (i.e., the wavefront propagated from the surface of a
mirror) is passed through a regularly spaced array of microlenses known as lenslets. Each lenslet samples the
incoming wavefront, producing a spot on a CCD sensor. If the wavefront is perfectly planar, a regular grid of
spots will be produced, as shown in Figure 8.1(a). However, if the incoming wavefront is distorted, the spots
will be shifted from their nominal positions. The magnitude of shift for each spot is directly proportional
to the local slope of the distorted wavefront at the location of each lenslet. Therefore, a Shack-Hartmann
sensor can be considered as a linear mapping of wavefront slopes to focal-plane spot displacements. From
the law of reflection, the slope of the mirror surface can be deduced as exactly one half of the measured

wavefront slope. With this knowledge, the mirror figure can be determined through simple integration.

Planar Wavefront Distorted Wavefront
(From Optic) (From Optic) Displaced Spots
B

AT

Regular Grid of Spots
N

i B AT [T

HH // S]] \
HH / el \
HH \ el /

VAV

N 4 N 4
i ENG § Nl T
Microlens CCD Microlens CCD
Array Array
(a) (b)

Figure 8.1: Schematic depiction of a Shack-Hartmann wavefront sensor displaying spot displacements from
a distorted wavefront.

There are several limitations when implementing a Shack-Hartmann Wavefront Sensor (SHWFS) for
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characterization of large optics. The first is related to limitations on the aperture size of the sensor. This is
nominally defined by the size of commercially-available focal plane detectors (CCDs, CMOS). These sensors
typically have a maximum in-plane dimension of ~ 20 mm, and therefore SHWFSs often have apertures
below this value. In order to measure the entire mirror surface, a significant reduction in the size of the
wavefront must be performed. For optics of high-quality, this is often achieved without great difficulty.
However for optics containing significant levels of figure error, challenges arise as it becomes difficult to
obtain the necessary collimated beam required for wavefront characterization. Simply passing all of the light
through the aperture of the SHWEFS proves challenging.

Second, conventional SHWFSs use a windowing technique where the spot produced from a specific lenslet
is assigned to a specific area on the focal plane. The displacement of each spot is then defined relative to
the centroid of these windows. However, if the spot produced from a lenslet enters into the window of its
neighbor, the displacement determination process will fail and the measurement will not be made at that
location. Such a situation will arise if the wavefront slopes are too large in amplitude. Therefore, this
imposes limitations on the range of measurements that can be performed.

The final consideration is related to high spatial frequency errors in the wavefront. In order for each
lenslet to produce the desired spot on the detector, the local wavefront across the diameter of the lenslet
must vary only in an approximately linear fashion. This is true for low and mid-spatial frequency errors
where the characteristic length scale of the wavefront error spans many lenslet diameters. However if the
wavefront slope contains high spatial frequency variations then the wavefront sampled by each lenslet will
not be linear. Ultimately, this will result in aberrations in the shape of the spot produced on the focal plane.
If these aberrations are large, the spot detection algorithm used to determine spot displacements will fail

along with the corresponding wavefront measurement.
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Figure 8.2: Schematic of Projected Hartmann test showing nominal beamlet reflection from a perfectly
spherical mirror (blue) and one with local slope errors (red).

An alternative to the Shack-Hartmann test is a “Projected-Hartmann” test, depicted in Figure 8.2. An
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explanation of the system using a nominally spherical mirror is presented. A diverging beam of light is used
to illuminate the mirror to be characterized. The mirror is positioned such that its focus matches that of
the beam. Under these conditions a collimated beam of light will be produced from the mirror. In order
to measure surface slopes, the diverging beam is masked by a series of small apertures producing discrete
“beamlets”. Each beamlet is reflected off of the mirror and onto a flat projection screen. The mirror is
tilted slightly off axis in order to accommodate the physical size of the screen. If the mirror is perfectly
spherical, a regular grid of spots will be produced on the screen. However, if slope errors exist, the spots
will be displaced from their nominal positions as with the Shack-Hartmann test. The advantage to this test
is that an image of the surface need not be formed in order to produce the spot pattern. The spots from
the beamlets are produced under collimated conditions and the projection screen is the same physical size
as the mirror. A simple external camera can be used to capture the spot pattern on the screen, allowing for
the characterization of extremely large wavefront slope errors. This proved to be essential for the current
effort due to the relatively large amplitude of initial figure error as well as the extremely large actuation

capabilities produced upon actuation.

8.2 Description of Metrology Setup

Figure 8.3 displays the metrology apparatus used for mirror characterization. A ray-trace diagram of the
system is also found in Figure 8.4. The setup is a dual-stage system accommodating both the Projected
Hartmann and Shack Hartmann tests. For the first stage, the Projected Hartmann test is implemented.
Using a fiber laser, re-imaging lenses (L1 and L2), and a beam splitter (BS) a diverging beam is produced
directed towards the mirror under test. Directly after the focal plane of the beam a “Ronchi mask” is placed
producing the required beamlets. A Ronchi mask is simply a glass plate with a series of open and closed
apertures fabricated onto one surface. The beamlets are then propagated off of the surface of the mirror
under test and onto the downstream projection screen. The spot pattern produced by the beamlets is then
imaged using the external camera and compared to a regular grid in order to determine the local slope errors
associated with the test mirror. Figure 8.5 displays a grid-displacement measurement of a highly-aberrated
mirror using the Projected Hartmann setup. The dominating astigmatic error is evident in the pattern of
the spot displacements relative to the nominal grid.

The second stage of the apparatus implements the Shack-Hartmann test. In this stage, the Ronchi mask
is removed and therefore the mirror is illuminated entirely by the diverging beam. The projection screen
is also removed, revealing a flat mirror in its place. The flat mirror sends the collimated light back to the
test mirror, producing a focused beam returning back into the system. This beam is collimated by L2 and
passed through the BS and onto a fold mirror, where L3 and L4 relay the pupil and reduce the diameter of
the beam to fit within the aperture of the SHWFS. This system is a “double-pass” test, as two reflections

off of the test mirror are required. Therefore, the measured wavefront errors are doubled in comparison to
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the Projected-Hartmann test.

Theoretically, both of the stages within the system can be used to obtain initial knowledge of the mirror
figure. They can also be used to characterize the influence functions of the mirror. However, due to the
relatively low dynamic range of the SHWFS, the double-pass system, and the magnitude of initial figure
error for the mirrors implemented in this study, it was not possible to obtain initial knowledge of the figure
error with the SHWFS test. Therefore, the first stage implementing the Projected Hartmann test was used
to characterize the mirror figure as well as the actuation capabilities. It was intended that an initial “coarse-
correction” was to be performed with this system, reducing the figure error sufficiently to pass into the

SHWF'S; however, difficulties arose with this process as well.
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Figure 8.3: Picture of custom metrology apparatus used for mirror experiments.
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Figure 8.4: Ray-trace diagram of custom metrology apparatus demonstrating the two optical paths.

W:// * Measured
s /% + Nominal
————tt 447,
SSese e A
S
i N:.*.‘Jd’ll
NN S s st o @ ¢ IRB B
NN N v v g s L3RRS '.i:
\\\\\\\'\.\m-ﬂ-..xsxx §
SaNANN S Y s ey '.*.’w-\é\\\\
RSN N . ’-'\.\.\\-&\\\\
\\\\\\\ e, wnu‘s“.\\éé\\\
AN R P D ONANNS \\\\
PRSS SR R NI v..‘..-.v\\\x\kk
'\\\\\ 1 § R et AN
E3ERIsSsnassatatay
VI roman
P22 2AAAA At ss
Q2L AAAAAA s
13
. s
LSS A

Figure 8.5: Spot pattern produced using the Projected Hartmann apparatus showing deviations from a

regular grid.

8.3 Verification of Projected Hartmann Setup

In order to verify the figure reconstruction of the Projected Hartmann apparatus, two verification tests
were performed. The first compared measurements obtained using speckle photogrammetry to the Projected
Hartmann test. The mirror under test was a bare CFRP substrate that was cured on a glass mandrel. By
curing on polished glass the replication process was able to produce a relatively smooth front surface on the
mirror. Adequate reflection of laser light was achieved from this surface allowing the Projected Hartmann test

to be performed. Prior to doing so, the substrate was measured using speckle photogrammetry by spraying
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a fine pattern of white paint onto the surface. It was discovered that the applied speckle pattern had only a
minimal effect on the reflection properties of the mirror, and therefore the Projected Hartmann measurement
could be performed even with the speckle pattern applied. This allowed for a seamless transition from the
photogrammetry test to the Projected Hartmann apparatus. Both of these tests were performed with the

mirror mounted in a vertical orientation and thus under the same gravity loading conditions.

Speckle Photogrammetry Projected Hartmann
RMS: 22.4 pm Z (um) RMS: 22.1 ym Z (um)
50

. ’~i§

, 5 ’ 40

Figure 8.6: Comparison of Projected Hartmann measurement and speckle photogrammetry measurement

displaying good agreement over high-amplitude astigmatic modes.

Figure 8.6 compares the measurements made using the photogrammetry and Projected Hartmann sys-
tems. It is evident from both measurements that the dominant mode of shape error is astigmatic in nature.
Good agreement is observed between the two systems with RMS figure errors of 22.1 pym and 22.4 um mea-
sured for the Projected Hartmann and photogrammetry measurements, respectively. At this magnitude of
figure error, significant difficulties would be encountered if more traditional optical measurement techniques
were attempted. Therefore, not only does this measurement verify the accuracy of the Projected Hart-
mann over low-order modes, but it also demonstrates the utility of the system due to its accommodation of
large-amplitude figure errors.

An additional measurement was performed with a mirror displaying higher-order modes of figure error
but of lower amplitude. The measurements were performed on a CFRP mirror with a reflective nanolam-
inate facesheet but with no actuation capabilities (without the integrated active layer). This mirror was
constructed using the fully-refined techniques for CFRP substrate construction as well as the low-stress
nanolamiante bonding process outlined in Chapters 4 and 5, respectively, and is therefore of higher quality.
A commercial high-dynamic range SHWFS (HASO3-76) was used to measure the figure error in an external
setup not depicted here. Care was taken in order to ensure the measurements were performed over the same

aperture diameter (100 mm).
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HASO Shack Hartmann Projected Hartmann
RMS: 2.6 ym Z (um) RMS: 2.4 ym Z (um)
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Figure 8.7: Comparison of Projected Hartmann measurement and Shack-Hartmann measurement (HASO3-

76) displaying good agreement over low-amplitude mid-spatial frequency modes.

Figure 8.7 displays the measurements performed with both systems. It is apparent that the magnitude
of figure error is much lower in comparison to the test performed with speckle photogrammetry. The mode
of deformation is also no longer dominated by large astigmatic errors. Therefore, this comparison is a good
indicator as to whether the Projected Hartmann setup can adequately capture mid-spatial frequency errors.
By comparing the results, good agreement is observed between the two surface reconstructions. There is also
good agreement in the magnitude of measured surface error with 2.4 pm RMS measured using the Projected
Hartmann test and 2.6 ym RMS using the HASO SHWFS. It should be noted that this initial figure error
of ~ 2.5 pm RMS is the lowest measured to date for the current effort. From the results of these two tests,

confidence was gained in the ability of the Projected Hartmann setup to capture a wide range of figure errors.
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8.4 Shape Correction Experiments

8.4.1 Active Mirror Prototype

Figure 8.8: Front surface of fully-integrated Carbon Shell Mirror (CSM) prototype.

Figure 8.8 displays the Carbon Shell Mirror (CSM) prototype used for shape correction experiments. The
prototype contains a 16-ply CFRP substrate, 50um thick reflective nanolaminate facesheet, 125 pum thick
active piezoelectric layer, and 25 pym thick flexible electrode wiring. Surface-mount D-connectors are imple-
mented on flex cables in order to connect the 41 actuation channels to the supporting control electronics.
The mirror is octagonal, 150 mm in diameter (flat-to-flat), 750 pm thick with a measured areal density of 2.7
kg/m?/ including electrode wiring. The prototype shown here represents a significant experimental effort

that directly applies the concepts presented in previous chapters.
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Figure 8.9: Schematic of control system used for closed-loop figure control.

A schematic of the control system used for closed-loop figure correction is shown in Figure 8.9. The
control electronics were implemented from a previous effort [17] and are only discussed in brief here. First,
the initial figure of the mirror is measured using the Projected Hartmann system. The voltage map required
to minimize the RMS figure error is then computed via MATLAB. This voltage map is then sent to a
microcontroller that in turn sends a digital signal to the D2A, producing a low-voltage analog signal that is
subsequently amplified via the high-voltage amplifier (Trek 10/10B). The high-voltage signal is then sent to
a custom multiplexer unit (details of the multiplexer design can be found in [17]). The multiplexer has 42
solid-state switches that open/close on command via the micro-controller. By simultaneously controlling the
amplitude of the high-voltage signal and the state of each switch, the 41 actuation channels on the mirror
can be controlled independently with a refresh rate of ~ 1 Hz. After sending these control voltages to the
mirror the wavefront from the CSM is again measured using the Projected Hartmann. The new figure error

is determined and the updated voltage map required make further reductions to the figure error is computed.



8.4.2 Measured Influence Functions
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Figure 8.10: Measured influence functions using the Projected Hartmann setup.

Figure 8.10 displays the measured influence functions from the Projected Hartmann setup. The spot-
displacements along with the figure reconstruction at each location are presented. Due to edge effects
and errors in the reconstruction process, it was difficult to measure the influence functions of the outermost
actuators. Therefore, they were omitted from the shape correction procedure. The influence function mea-
surements were performed by taking a measurement of the mirror figure in the base state (0 V applied), and
then another after the application of 50 V (half of the full-scale actuation range). A delay of 10 seconds was
implemented between the application of voltage and acquisition of spot-displacements in order to mitigate
the effect of piezoelectric creep. A 0 V base measurement was also required between the measurement of
each influence function as residual strain in the piezoelectric material resulted in figure changes that per-
sisted throughout the test. The peak-to-valley deformations of each actuator range from 5 - 20 ym and are

therefore in good agreement with the numerical predictions in Chapter 7.

8.4.3 Figure Correction

Using the measured influence functions, a closed-loop figure correction was performed. As the Projected
Hartmann system measures spot-displacements directly, the shape of the mirror as well as the actuator
influence functions were defined as spot-displacements instead of figure reconstructions. This eliminated
errors due to numerical integration and provided more accurate control of the mirror. However, minimization
of the reconstructed RMS figure error was still used as the objective function for the controller.

The initial spot pattern produced from the mirror in its base state was measured at the start of the loop
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Figure 8.11: Figure error before and after closed-loop correction displaying 0.52 um of residual error.
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with all actuators set to 0 V. To correct the figure error, it is desired to command these spots to a regularly
spaced grid. The spacing of this grid was allowed to vary arbitrarily throughout the correction loop. In doing
so, the overall spherical curvature of the mirror was allowed to vary, thus defining error as the deviation of
the mirror figure from a best-fit sphere. The optimal voltage map required to perform this function was
determined using a constrained least-squares algorithm (Isqlin in MATLAB) imposing voltage limitations of
4+ 100 V. A gain of 0.2 was implemented in an attempt to reduce the non-linear effects of the piezoelectric
material and 50 iterations of shape correction were performed.

Figure 8.11 displays the mirror figure error before and after the correction procedure considering 80 % of
the mirror diameter (120 mm). A 94 % correction factor is achieved, reducing the figure error from 8.12 ym
RMS to 0.52 pm RMS. It should be noted that one of the actuators experienced an electrical short prior to
the test and therefore was inactive throughout the shape correction procedure. The location of the actuator
corresponds to the location of high figure error in Figure 8.11. Therefore, a further reduction in figure error

would be achievable if this was not the case.

8.4.4 Stage 2 Attempt

Several attempts were made in order to implement the second stage of the metrology system with the SHWFS
(ThorLabs WFS150-7AR). To do so, the Projected Hartmann setup was used to correct the mirror figure
error down to < 1 um RMS. The actuator voltage values were then held constant upon switching to the
second stage. The Ronchi mask was removed from the optical system along with the projection screen.
Adjustments were made to the orientation of the flat mirror in order to pass the beam into the SHWFS
aperture. Figure 8.12 displays the measured spot displacements on the focal plane of the SHWFS. Several
features are observed in this data. First, the spots along the axes of the aperture are displaced large distances
and highly aberrated. It is believed that this is due to the local deformations caused by the the gaps between
the four PZT plates bonded to the backside of the mirror (see Chapter 6). As these are high-spatial frequency
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Figure 8.12: Evidence of high spatial frequency errors at the center of the mirror due to the discrete PZT
plates bonded on the backside of the mirror.

features, the reflected wavefront slope error at these locations will be extremely high as well. The lenslet
array is unable to adequately sample these wavefront slope errors, and thus spot aberrations are produced.
Away from the central axes, the spots are more regularly spaced and less aberrated. However, due to the

features produced at the center of the mirror, an accurate figure reconstruction was not produced.
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Chapter 9

Conclusions

This thesis has presented a novel active mirror concept based on carbon fiber composites and replication
techniques. Additional functional layers are implemented into the structure in order to provide the reflective
layer, actuation capabilities and electrode routing. The mirror is thin, lightweight and exhibits large inte-
grated actuation capabilities. The goals of this research, parallel to the development of this technology, were
as follows: 1) understand the shape errors associated with thin, free-standing composite shell structures, 2)
identify methods of incorporating the various other functional layers into the design, 3) study the actuation
response introduced via active materials, and 4) characterize the ability to correct for manufacturing-induced
errors in an experimental setting. Studies were performed motivated by mechanics intuition and experimental
observations in order to obtain highly-accurate shell substrates suitable for mirror applications.

A summary and discussion of the specific findings of each study is presented below. Unique contributions

as well as identified areas for further studies are then presented.

9.1 Summary of Results

The imperfections associated with ultra-thin CFRP laminates were characterized in an experimental setting
and their effect on shape error analyzed. Two classes of imperfections were identified: those that were con-
stant within the plane of the laminate and those that varied spatially. Those that were constant included
misalignments in the orientation of each ply, uniform variations in the mean thickness of each ply, and
through-thickness thermal gradients during cure. All three of these imperfections were shown to produce
global curvature changes upon cooling from the cure temperature. Variations in the mean ply thickness
were shown to be the dominant factor. Spatially-varying fiber orientations and variations in ply thickness
were shown to result in higher order shape errors. Errors such as these may be of greater concern when
considering applications requiring highly accurate surfaces as they would be difficult to mitigate using me-
chanical constraints or actuation mechanisms. However, it was shown through simulation that increasing
the nominal ply thickness, reducing the cure temperature, and altering the laminate orientation had the

potential to reduce the magnitude of such errors.
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The behavior of thicker laminates containing higher ply counts was characterized by analyzing the in-
plane and bending stiffness of each laminate. The benefit of using thin-ply materials was demonstrated as
near complete isotropy was demonstrated in a laminate of only 480 pum total thicknesses. Such properties
would not be achievable at that thickness using conventional composites and is therefore an enabling feature
of the material. The astigmatic post-cure shape errors of these laminates were also characterized, displaying
a strong dependence on total laminate thickness. Two methods were presented in order to reduce the
magnitude of these effects: 1) a long-duration low-temperature cure cycle, reducing the overall temperature
change and thus thermal stresses developed in the laminate, and 2) a deformable mandrel apparatus, allowing
for the correction of systematic errors. With the implementation of these two process alterations a three-fold
reduction in RMS shape error was realized, reducing the error from ~ 50 ym RMS to 16 pm RMS over 150
mm dia. substrates (considering 16-ply laminates).

A successful method of obtaining an optically-smooth imaging surface was identified through the incor-
poration of a nanolaminate facesheet. Preliminary figure measurements were performed for a free-standing
nanolaminate showing good agreement to that of the deposition mandrel. A low-stress bonding process was
developed in order to integrate the nanolaminate onto the front surface of the CFRP substrate. The process
was empirically derived over multiple trials and refined using experimental observations. Successful bonds
were performed demonstrating complete mitigation of fiber print-through, reducing surface roughness from
49.5 nm to 2.2 nm RMS. A post-bond figure accuracy of 2.4 pm RMS was also achieved using the refined
manufacturing techniques.

Geometry limitations associated with thin active materials necessitate the use of active elements that
are 1) initially flat, and 2) undersized in comparison to the CFRP substrate. Therefore, numerical studies
were performed in order to understand the mechanics behind bonding multiple flat plates to a curved
substrate. The stress distribution produced in the plates from the large spherical deformations was first
determined. Significant, spatially-varying mid-plane stresses were predicted as a result in the change in
Gaussian curvature. Models were then developed in order to simulate the bonding process. It was shown
that the mid-plane stresses significantly altered the mode of deformation produced after bonding as lobed
structures were produced on the CFRP substrate local to the domain of each plate. Deformations such as
these are highly undesirable as they are difficult to correct using actuation techniques. From the analysis it
was determined that a reduction in substrate curvature, and thus mismatch geometry, will reduce the effect
of these errors. The models also demonstrated that local deformations at the gaps between successive plates
were produced after the bonding process and upon subsequent actuation. While relatively low in amplitude
(< 2 um PV), the errors are highly localized, producing extreme curvature changes in the substrate. The
size of the gap between each plate was shown to reduce the overall affected area; however, the amplitude
remained relatively constant. A significant reduction was observed for thicker laminates due to the increased
bending stiffness. Local shear deformations were also observed at the interface between the PZT and CFRP

substrate perpendicular to the fiber direction of the terminal ply.
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The actuation properties of two ceramic active materials were characterized experimentally. PZT, a
piezoelectric ceramic, was shown to possess large actuation properties; however, issues related to piezoelec-
tric creep, hysteresis, and depoling were identified. PMN-PT, an electrostrictive material, was shown to
demonstrate much more predictable actuation characteristics with very little hysteresis. However, this mate-
rial displayed a decreased range of actuation and the response was limited to in-plane compressive strains due
to the mechanism of deformation. Therefore, the material would need to be biased to an offset level of strain
and operated in a relative sense in order to achieve both directions of actuation. Due to simplicity, PZT
was implemented exclusively for experimental efforts. A sizing argument was presented displaying optimal
thickness ratios of 0.5 - 0.7 between the active layer and CFRP substrate. The actuation performance of
various designs implementing 8, 16, and 32-ply CFRP substrates was compared. Astigmatic correctability
factors on the order of 200 - 300 were predicted using an optimized electrode pattern. The 16 and 32-ply
designs displayed near identical performance due to their similar laminate orientations. The 8-ply design
displayed decreased correctability, especially with respect to axisymmetric modes, due to its non-isotropic
bending stiffness. A potential method of increasing the correctability for all designs was presented using an
orthotropic actuation scheme.

Finally, a fully-integrated active mirror prototype was characterized in an experimental setting using a
Projected Hartmann test. The figure reconstruction of the Projected Hartmann measurement was verified
against two external measurements: speckle photogrammetry and a commercial Shack Hartmann Wavefront
Sensor. The system was shown to accurately reconstruct low-order modes as well as mid-spatial frequency
errors, thus demonstrating its utility for the characterization of highly deformable optics. Using this system,
the influence functions of the active mirror prototype were characterized and shown to have similar ampli-
tude to the model predictions. A closed-loop figure correction was performed, reducing the magnitude of

manufacturing errors by 94% from 8.12 pym to 0.52 pm.

9.2 Unique Contributions

Unique contributions specific to the field of lightweight composite shell structures have been made. A
quantitative assessment of laminate and ply-level imperfections was performed for thin-ply materials pro-
duced using tow-spreading techniques. Specifically, variations in ply thickness, fiber alignment and curing
conditions were characterized. By understanding these errors, limitations on surface accuracy have been
identified. These limitations are useful if such laminates are to be implemented in thin structures requiring
highly accurate shapes.

Significant modeling efforts were performed in order to study the bonding mechanics behind thin, multi-
layer, flexible structures of dissimilar initial geometry. The modeling techniques developed here are general
and can be extended to various materials, additional layers, and arbitrarily unique geometries. These tech-

niques allow for accurate modeling of the stress state in each layer after manufacturing. The models also
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allow for subsequent analysis steps to be performed such as actuation or changes in temperature and can
therefore be implemented for a wide variety of applications.

Using the above techniques, specific achievements have also been made in the area of lightweight active
mirrors. The active mirror technology presented in this thesis represents a significant change in design
compared to traditional optics. Structural redundancy in the form of added material or support structures is
replaced by thin, lightweight substrates and large actuation capabilities. While it is desired to keep the overall
level of manufacturing error to a minimum, initial optical-quality precision is not required with this concept.
This relaxes requirements associated with fabrication and thus, simpler processes can be implemented. Non-
traditional materials can also now be used as a result of this design change. Finally, the large actuation range
of the mirror has the potential to correct for errors subsequent to manufacture such as thermal deformations
or material creep. Therefore, in-situ corrections to the mirror figure can be made with this new concept.
Mirror prototypes have been developed at areal densities of 2.7 kg/m? (1/10** JWST), < 1.0 mm total
thickness (1/300t" HST), and with an optical-quality surface finish of 2.2 nm Ra. A post-corrected figure
accuracy of 520 nm RMS has also been achieved, demonstrating a path-forward to diffraction-limited optics
at visible wavelengths. These features, along with the associated simplistic manufacturing processes, are

potentially enabling for the realization of next generation space-based telescopes.

9.3 Improvement of Figure Accuracy

While the achievement of 520 nm RMS figure accuracy is noteworthy for such a thin design, a factor of 5
reduction in figure error magnitude is necessary to meet optical-quality requirements. Through the studies

conducted in this thesis, several areas of improvement have been identified. They are as follows:

e Improved CFRP materials: The thin-ply materials implemented for this study are essential in order
to produce very thin mirror substrates. However, as shown in Chapter 3, significant imperfections
associated with the tow-spreading process are present. Improvements in figure accuracy are expected
if a higher degree of ply thickness uniformity can be realized. Further improvements are expected if
even lower cure temperature resins are implemented, as this would lead to a reduction in the thermal
stresses developed during cure. These two alterations would result in lower levels of astigmatic errors

observed in the bare CFRP substrates.

e Curved active elements: From Chapter 6 it was demonstrated that significant figure errors are produced
when flat active plates are bonded to the backside of a curved CFRP substrate. Therefore, active
elements having a matching radius of curvature to that of the CFRP substrate should be implemented.
At the time of writing, curved active elements made from PMN-PT have been obtained. It is expected
that significant improvements to post-manufacturing figure errors will be achieved as a result of this

switch. However, it was also shown in Chapter 6 that high spatial frequency deformations at the gap
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locations will persist even with initially curved active elements. Therefore, studies related to filling the

gaps to aid in the transfer of actuation strain should be performed.

e Improved actuation capabilities: Chapter 7 demonstrated that the actuation response of PZT is non-
linear, dependent on initial conditions, and hysteretic in nature. Therefore, it is recommended that a
switch be made to active materials with a more predictable response, such as PMN-PT. This carries
with it added complexity due to the unidirectional response of the material. However, methods of
biasing the material can be implemented. In addition, it is believed that the orthotropic actuation
concept presented in Chapter 7 holds significant promise in order to increase the corrective capability
of the active mirror concept. In making this switch, the design of the electrode pattern should be
revisited since it was optimized for isotropic actuation schemes. The combination of these factors is

expected to increase figure correction capabilities immensely.

9.4 Follow-On Work

e Thermal design and characterization: The mirror concept presented in this thesis was developed for
room-temperature applications. Therefore, it is of interest to study the thermal distortions produced
due to CTE mismatches between layers. Changes in laminate orientation, fiber selection, and nanolam-

inate thickness/composition should be considered.

e Larger apertures: It is of interest to create meter-scale mirrors. All processes developed within this

thesis have kept scalability in mind, however challenges are expected to arise with an increase in scale.

e Reduced thickness designs: It is intended to ultimately produce mirrors that are thin enough such that
they can be packaged into a tight initial configuration, deployed to their imagining mode once in orbit,
and then use the large actuation capabilities to correct for any remaining figure errors. This concept
could potentially enable increased aperture sizes for telescopes based on small satellite platforms (i.e.,

CubeSats).
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Appendix A

Spatial Filtering of Surface Shapes

The shape of a surface can be parametrized in the spatial domain by its three-dimensional coordinates such

that
Z(l‘,y) = ho(mvy)a (Al)

where h,(x, y) is a function describing the out-of-plane shape of the surface. For the purposes of this analysis
it is assumed that the surface contains dominating high amplitude, low spatial frequency features as well as
those with high spatial frequencies but comparatively low amplitudes. The later features are of interest for
further study and therefore it is necessary to apply a high-pass filter to the out-of-plane coordinate data.

One method to perform this is through a convolution in the spatial domain such that

hyie(z,y) = ho(z,y) * guap(z,y), (A.2)

where * represents the convolution operation, and giP(x, y) is a function defining the high-pass filter in
the spatial domain. However, it is often more convenient to work in the frequency domain as this one can
define bounds on the frequencies of interest. This can be performed through the use of a Fourier Transform.

Therefore, the filtered data can be defined as

Hfilt(uvv) = F[hO(Qj?y) *ng(x,y)]
= H,(u,v)Gup(u,v),

(A.3)

where F[ ] represents the Fourier Transform, and u and v are the spatial frequencies in the x and y di-
rections, respectively. This is also convenient as the convolution operation in the spatial domain results in
multiplication in the frequency domain.

As it is desired to eliminate the dominating low spatial frequency features, a convenient form of G,(u,

v) implements a Gaussian function in the following manner:

—(u24v?)

Gup(u,v)=1—e€" 27 | (A.4)
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where o is “floor frequency” defining the width of the Gaussian function and therefore the range of frequencies
to be filtered. Ggyp(u, v) is of the form such that the central region of a centered spectra, corresponding
to low-spatial frequency features, is eliminated while leaving the majority of the mid-high spatial features
unaltered. In order to study the shape of the filtered surface in the spatial domain, an inverse Fourier
Transform is used such that

hpie(,y) = FHH pag (u, 0)]. (A.5)

Figure A.1 displays an example of this process using a Fast-Fourier-Transform to switch from the spatial
domain to the frequency domain. The unfiltered data, shown in Figure A.1(a), is a surface measurement
of a substrate containing high-amplitude, low spatial frequency curvature terms as well as lower amplitude
mid-spatial frequency terms. The power spectra, obtained by applying the FFT, is shown in Figure A.1(b)
where the dominant central peak corresponds to the low spatial frequency terms. To eliminate this peak
from the spectra, a high-pass Gaussian filter, displayed in Figure A.1(c), is defined and multiplied with the
spectra. Finally, by performing an inverse FFT the mid-spatial frequency features are revealed, as shown in

Figure A.1(d).
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Figure A.1: a) Unfiltered surface measurement displaying dominating low-spatial frequency curvature terms.
b) Power spectral density (PSD) of surface shape after implementation of FFT. c¢) High-pass Gaussian

spatial filter. d) Filtered surface measurement after implementation of high-pass filter and iFFT revealing

mid-spatial frequency features.
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ABD Matrices of Considered
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Laminate Orientations

Laminate 1: 8-ply [0°/445°/-45°/90°

ABD, =

Laminate 2a: 16-ply [0°/+45°/-45°/90°]25

ABDs, =

Laminate 2b: 16-ply [0°/+45° /-45°/90°], + [90°/-45° /+45° /0°],
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Laminate 3a: 32-ply [0°/+45°/-45°/90°]45

127350 41110 0 0 0 0
41110 127350 0 0 0 0
0 0 43120 0 0 0
ABDs, =
0 0 0 10250 3122 72
0 0 0 3122 9382 72
0 0 0 72 T2 3277

Laminate 3b: 32-ply [[0°/445°/-45°/90°]5 + [90°/-45°/+45° /0°],]2

127350 41110 0 0 0 0
41110 127350 0O 0 0 0
0 0 43120 0 0 0
ABDsy, =
0 9816 3122 O

0 0
0 0 0 3122 9816 O
0 0 0 0 0 3277
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Appendix C

Active Layer Bonding Convergence
Study

As it was necessary to capture very fine features in the analysis of active layer bonding, a convergence study
was performed in order to determine the proper mesh size at the discontinuities between each active plate.
The study was performed for the lowest gap size considered, 0.25 mm. The element width of the CFRP
substrate and PZT plates were refined at the same levels. Figure C.1 displays the results of this study for
element sizes of 200, 100 and 50 pum, respectively. Convergence in the peak-to-valley magnitude as well as
width of deformation is observed at element sizes of 100 um with only slight deviations between the results
implementing 50 pm elements. Therefore, 100 pm elements were used at the gap locations for the remainder

of this study.

I
0_ ]
£ 5f :
£
<
10 —EL: 200 um
—EL: 100 um
—EL: 50 um
15 l 1 l l I
-3 -2 -1 0 1 2 3

X (mm)

Figure C.1: Results of convergence study for PZT bonding process.
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