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ABSTRACT

The integration of piezoelectric actuators into a structure can lead to an active structural
surface that can adapt by bending or straining to different operational conditions. This can
be used to tune desited properties of the active system to their optimal levels. Due to their
fast response time, high bandwidth, and the level of force that the actuator can apply, it has
been proposed that monolithic piezoelecttic materials be used for active structural control.
Monolithic piezoelectric materials for planar actuation have several drawbacks including: (a)
use of the lower 3-7 actuation for planar actuation, (b) low strain before failure, (c) inability
to conform to curved surfaces.

Active Fiber Composites (AFCs) have been developed to address some of these
shortcomings of monolithic piezoceramic materials. AFCs are thin composite plies
comprised of unidirectional piezoelectric fibers imbedded in a thermoset matrix. An electric
field is supplied to the fibets by use of an interdigitated clectrode pattern adhered to either
side of the AFC. The benefits of AFCs include: the interdigital electrode design uses 3-3
actuation offering increased levels of actuation, AFCs allows for anisotropic planar
actuation, the AFCs matrix provides load transfer and load distribution, AFCs allows for
coverage of cutved shapes. A major drawback of the AFCs with PZT-5A fibers is that the
level of actuation is 60% lower than that of the 3-3 actuation of monolithic PZT-5A. This is
due primarily to a small layer of low dielectric matrix material that is trapped between the
electrodes and the high dielectric fibers during manufacturing. This dielectric mismatch
causes a large voltage drop in the matrix thereby reducing actuation. A method that has
been developed to reduce this matrix gap, and thus increasing actuation, is to transfer the
electrode pattern onto plastic sheets, and heat and press the sheets around the fibers to make
Thermoplastic Active Fiber Composites (tmAFCs). tmAFCs also have simpler processing
when compared to AFCs and are reshapeable.

The focus of this research is to analyze, manufacture, and test tmAFCs to be used in
structural control applicadons with the goal of producing high quality and high performance
actuators.

Thesis Supervisor: Nesbitt W. Hagood IV
Title: Principal Research Engineer of Aeronautics and Astronautics
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v. Nomenclature

Nomenclature and abbreviations:

Symbol
A

A,

ne
<

0
o=

O o U

e~ =

&

LS I o> B o R

e

3)

Description
Area

Area of /" material

Electric susceptance
Capacitance

Parallel Capacitance
Matrix of stiffness
77 component of matrix of stiffness

Dissipation factor

Electric displacement vector
7 component of the electric displacement

Displacement

“Strain” piezoelectric matrix
7,/ component of “Strain” piezoelectric matrix

Young’s modulus for an isotropic non-piezoelectric material

Flectric field vector
7 component of electric field

“Stress” piezoelectric matrix

77 component of “Stress” piezoelectric matrix
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Pa

Pa

C/m’
C/m’

m/V
m/V

Pa
V/m

N/mV
N/mV

m/V



I~ “:';N'““‘s,”;F}Igf’ flos Q=
R

N
~,
N—
Lo

A i

2 =2 3
bl

Fibers

=

S 0

Frequency

Electtical conductance

“Voltage” piezoelectric matrix

4,7 component of “Voltage” piezoelectric matrix

Additional constant in Rambergs-Osgood relationship
Thickness of an AFC/tmAFC
Thickness of the active area of an AFC/tmATFC

Thickness of an electrode finger of an AFC/tmAFC

Identity matrix

Current

Direction vectors in the X, Y, and Z directions respectively
Vector of conduction current density

7,/ component of conduction current density

Square root of negative one

Relative dielectric

7,/ coupling coefficient

Length
Length of an AFC/tmAFC
Length of the active area of an AFC/tmAFC

Length of the electrode finger of an AFC/tmAFC
Electrode finger spacing in an AFC/tmAFC

Line fraction of fibers in an AFC/tmAFC
Mass

Number of fingers
Number of fibers

Strain hardening constant in Rambergs-Osgood relations

Normal vector

Real average power
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Vm /N

Vm/N

Pa

A/m?

A/m?



P Electric polatization
P ¢ component of the electric polarization
(0] Reactive power
q Charge
R Fiber radius
R Electric resistance
S Apparent power
S Engineering strain vector
S i/ component of engineering strain vector
s Matrix of compliance
» 7j component of matrix of compliance
T Stress vector
T, 7,/ component of stress vector
T, Glass transition temperature
t Time
u,v,w Displacement in the X, Y, and Z directions respectively
|4 Applied voltage
I Applied DC voltage
Vpp Peak to peak applied sinusoidal voltage
|14 Width of AFC/tmAFC
1774 Width of a volume element surrounding a single fiber of a
AFC/tmAFC
w, Width of active area of AFC/tmAFC
XY, Z Coordinate axes in AFC/tmAIC
03 Coordinate axes in a single AFC/tmAFC fiber
X Electric reactance
Y Admittance
Y, 7, Young’s modulus for a piezoelectric material
Z Impedance
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> I

len

x

Coordinate axes aligned perpendicular to remnant polarization
direction in a piezoelectric material

Coordinate axes aligned parallel to remnant polarization direction in
a piezoelectric material

Unit vectors aligned with the 7,2 and 3 axes respectively

Vector relating measured charge and applied stress in an
AFC/tmAFC

Constant relating measured charge and applied 7 stress in an
AFC/tmAFC

Vector relating measured strain and applied voltage in an
AFC/tmAFC

Constant relating measured 7 strain and applied voltage in an
AFC/tmAFC

Vector relating measured charge and applied strain in an
AFC/tmAFC

Constant relating measured charge and 7 applied strain in an
AFC/tmAFC

Temperature

Ratio of extensional stiffness of a structure to the extensional
stiffness of the actuator

Vector relating measured stress and applied voltage in an
AFC/tmAFC

Constant relating measured # stress and applied voltage in an
AFC/tmAFC

Impermittivity matrix

Zj component of impermittivity matrix
Permittivity matrix

7,/ component of permittivity matrix
Permittivity of free space

The closest distance between the inside of the electrode finger
(y = b, — hy) and the fiber (y = R) for a single fiber

Electric potential
Density

Poisson’s ratio
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C/Pa
C/Pa
1/V

1/v

Pa/V
Pa/V

m/F
m/F
F/m
F/m
F/m

m

kg/m’



o Conductivity matrix S/m

o; 7j component of conductivity matrix S/m
o, Free charge per unit area C/m’

Radial frequency rad/sec
& The closest distance between the electrode fingers and the plane y -

=0 divided by the fiber radius for a single fiber

Notation
XX}

[¥]

I b

[X]

> |

Superscript
D

E

~.

N

Subscript

AFC
DC

tT

Description
Vector “X7-

Transpose of vector “X”

Unit vector “X”
Matrix “X”

Amplitude of X

Complex conjugate of X

Description
Material constant measured at constant electric displacement

Material constant measured at constant electric field
Material constant measured at constant cutrent
Material constant measured at constant strain
Material constant measured at constant stress

Material constant measured at constant voltage

Description
Material constant is for active area of AFC/tmAFC

Material constant is for actuator

Material constant is for entire AFC

Constant value

Material constant is for a e-glass laminated to an AFC/tmAFC

Material constant is for a single fiber volume element of an AFC/tmAFC

Parameter is for the matrix region between the electrode and fiber
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mAFC

Abbreviation

ACX
AFC
cpP

P AFC
GNPT
LaRC-MFC
MIT
MEK
MFC
mpAFC
PVDF
PzZT
tmAFC

Renamed

Items
Polymer Gap

Piezo
Shell Fposxy

Quantity is the imaginary portion of a parameter

Material constant is for the Kapton or the outer layer of matrix
Material constant is for laminated AFC/tmAFC

Material constant is for the matrix

Peak to Peak value

Quantity is the real portion of a parameter

Material constant is for passive structure

Transpose of matrix

Material constant is for entire tmAFC

Description
Active Control eXperts, Inc.

Active Fiber Composite

Continuum Photonics, Inc

conductive polymer Active Fiber Composites
Guaranteed non-porous Teflon

The NASA Langley Research Center Macro-Fiber Composite actuator
Massachusetts Institute of Technology
Methyl ethyl ketone

Macro-Fiber Composite actuator

magnetic particle Active Fiber Composite
Polyvinylidene Fluoride

Lead Zirconate Titanate

thermoplastic matrix Active Fiber Composite

Description

The closest distance between the electrode sutface and the interface
between the polymer and the high dielectric material for an interdigitated
block

Piezoelectric Material

EPON resin 9405/ EPI-CURE curing agent 9470 epoxy
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1. Background

1.1 Background and Motivation

The integration of smart materials into a structure can lead to an active structural
surface that can adapt by bending or straining to different operational conditions. This can
be directly used to tune desired properties of the active system to their optimal levels. Smart

materials are defined in many different ways:'

1. Materials functioning as both sensing and actuating
2. Materials which have multiple responses to one stimulus in a coordinated fashion

3. Passively smart matetials with self-repairing or stand-by characteristics to withstand

sudden changes
4. Actively smart materials utilizing feedback

5. Smart materials and systems reproducing biological functions in load bearing structural

systems

One example of a smart material is a piezoelectric material, such as PZT (Lead
Zirconate Titanate). Piezoelectric materials behave in two different modes. Sensors can be
designed using the direct piezoelectric effect, which is charge generated from an applied
external stress. Using the converse piezoelectric effect, which is strain in response to applied
electric field, an actuator can be built.

For actuation of beams or plates, actuators can be used in two modes, discrete and

distributed actuators, as shown in Figure 1.1.
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Structure to be
actuated

Structure to be
actuated

Desired T — Distributed
direction of : actuator
. actuator Desired i
actuation , .o applying force
applying force direction of Piig e
out of plane actuation P
a large area
over a small
area
Discrete Actuator Distributed Actuator
Figure 1.1 Illustration of a Discrete Actuator and a Distributed Actuator

Discrete actuators act over a small area to generate an out-of-plane displacement.
Displacement for distributed actuators (or strain actuators) primarily occurs in-plane.
Distributed actuators typically have the geometry of thin wafer or plies and are characterized
by a relatively large contact area. Because a thin structure is typically characterized by a
smaller out-of-plane stiffness compared to the in-plane stiffness, typically a single discrete
actuator will generate a larger out of plane displacement than several distributed actuators.
However, distributed actuators can be embedded into a structure without changing the
surface of the structure and can be placed into locations where a discrete actuator cannot be
placed. For example, embedded actuators can be used to perform shape control of rotor
blades without changing the aerodynamic shape of the unactuated blade, where as a discrete
actuator could be used to actuate a flap and thus change the aerodynamic shape of the blade.

The use of distributed actuators has been proposed as the solution to many active
control problems. For example, it has been proposed to use distributed actuators to
suppress the vibration due to buffeting in a F/A-18 tail empennage.” The use of distributed
actuators has been investigated to suppress the vibration of the helicopter rotor blades.****
The role that distributed actuators can play in the reduction of radiated noise in aircraft has
been investigated.”**'" Acoustic control of torpedoes'’ has been investigated. Active
Control eXperts (ACX)® in conjunction with other companies have used distributed
actuators to dampen the vibration levels in sports equipment including skis'?, water-skis'’,

snow boards', baseball bats", and bicycle forks'.

An excellent description of the technology overview of active materials including
monolithic piezoceramic materials and Active Fiber Composites is given in Reference v,
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1.2 Piezoceramic Actuator Background

The three main types of distributed piezoceramic actuators include monolithic
plezoceramic materials, interdigitated electrode monolithic piezoceramic actuators, and
Active Fiber Composites. Thermoplastic Active Fiber Composites are an improvement to
the Active Fiber Composite design. The benefits and drawbacks of each as actuators will be
discussed in turn. Many references regarding standard notation of piezoelectric materials

‘g 18,19,20,21,2223 .24 25
exist.

1.2.1 Planar Monolithic Piezoceramic Actuators

The direct piezoelectric effect is defined as a change in the electric polarization with
a change in applied stress. The converse piezoelectric effect is a change in strain for a free
material with a change in applied field. By applying a voltage to a piezoelectric material and
using the converse piezoelectric effect, actuators can be constructed. Materials displaying
piezoelectric behavior will have the following constitutive relations in engineering matrix

notation as:"*

(1.1)

Where T is the stress vectot, S is the engineering strain vector, E is the electric field vector,
D is the electrical displacement vector, s is the matrix of compliance, £ is the dielectric
matrix, and 4 is the piezoelecttic “strain” matrix. The T superscript indicates measured at
constant stress, the E superscript indicates measured at constant electric field, and the ¢
subscript indicates the transpose. For example for a Hexagonal Crystal — Class 6 mm poled
ferroelectric with the polarization direction in the 3 direction, Equation 1.1 can be written as:

N

D) [&h o 0i0 0 0 0 4 0]F
D, |0 & 0:0 0 0 d; 0 0|E
Dl {0 0 € id, d, d, 0 0 0]|E
S 1|00 Ta, TsETSETSE 0 0 o ||
S;t=| 0 0 dyisk s& o sE 0 0 0 NHILt 12
S, 0 0 d,is5 s£E £ 0 0 o0]|%
S4 0 d15 0 i 0 0 0 Sﬁ 0 0 T4
Ss d15 0 0 : 0 0 0 0 s f; 0 o
Ss) L0 0 0i0 0 0 0 0 sg]lT

“The microscopic origin of the piezoelectric effect is the displacement of ionic
charges within a crystal structure. In the absence of external mechanical stress the charge
distribution within the crystal is symmetric and the net electric dipole moment is zero.
However, when an external stress is applied, the charges are displaced and the charge
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distribution is no longer symmetric. A net polarization develops and results in an internal
electric field. Each unit cell within a material has a net polarization vector. A region of
equally oriented polarization vectors within a material is called a domain. Ideally,
polarization vectors of all unit cells would add up forming one large domain within the
crystal.  However, most commercially available piezoceramics for use as actuators are
polycrystalline. The sum of all polarization vectors of all unit cells results in an electrically
neutral samples as vectors cancel each other out due to their random statistical distribution
of directions.” (Reference 17 pages 21-23) The electrical domains of a piezoceramic material
can be aligned using a poling process. Piezoelectric materials are “poled” under elevated
temperatures and high electric fields aligning the domains of the material with the poling
field. As can be seen in Equation 1.2, Hexagonal Crystal — Class 6 mm poled ferroelectrics
with the polarization direction in the 3 ditection are transversely isotropic with the axis of
anisotropy in the 3 direction. The 3 direction is the direction of the net electrical

polarization or the poling direction. Due to the transverse isotropy, Sg in Equation 1.2 is

not independent of the other material properties.
ses =2(s5i—55) (1.3)

Equation 1.1 can be written in several forms, two of which will be used throughout

this document:

D=¢"E+eS

= = 1.4)
I'=—¢ E+c' S
E=f"D-gT

= N (1.5)
S=¢g D+sT

Where ¢ is the matrix of stiffness, #is the impermittivity matrix, ¢ is the piezoelectric “stress”
matrix, and g is the piezoelectric “voltage” matrix. The § superscript indicates measured at
constant strain, while the D superscript indicates measured at constant electric displacement.
Equation 1.1 is used for piezoelectric materials for testing under stress free conditions.
Equation 1.4 is used for piezoelectric materials under strain free conditions, or in analyses
where displacement and voltage degrees of freedom are assumed, such as finite element
analyses. Equation 1.5 is typically used in power generation applications, and when
petforming piezoelectric composite analyses. The material parameters in Equations 1.4 and

1.5 can be derived from Equation 1.1 by:
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(1.6)

ﬂT _ (QT )‘1 ﬁD =£E —it g — (1.7)

It should be noted that throughout the text the following

oo
(RSN

®,
I

o)

on-standard piezoelectric

symbols will be used:
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T S
T gi. S gi'
K;=- K, =1 (1.8)
80 80
1
YiiE ='iE' Yn‘D = (19)
Sii Sii
E D
S S
o; =—s;g o =—S’—g i#j (1.10)

Where K is the relative dielectric, &, is the permittivity of free space (&, = 8.854 X 10" F /

m), Y is the Young’s modulus, and o'is the Poisson’s ratio. Using Fquations 1.9 and 1.10,

the compliance matrix at constant electric field in Equation 1.1 can be rewritten as:

1o o o 0
A S A
E E
e L% g o g
Yll Yil Y33
E E
E 0-13 0-13 ]
sf=l-28 -2 0 0 0 (1.11)
= A A &1
0 0 0 s O 0
0 0 0 0 sE 0
2(1-07,
o 0 0 0 0 (Ez‘)
i "
ol =c" (1.12)

From Ohm’s law, the conduction current density, J , for a piezoelectric material is

given by:

l,=CE (1.13)

Where g is the conductivity matrix. Although not much data exists, for a Hexagonal Crystal

— Class 6 mm poled fetroelectric with the polarization direction in the 3 direction, Equation
1.13 is assumed to be written as:

(Jf )1 o, O 0 E
(J,),t=| 0 &, 0 lE (1.14)
0 0 o,]|E
( J, )3 3 3
Where the conductivity matrix is the same as an electrically othotropic material. For most

piezoceramic materials, the conductivity is very small compared to many non-ceramic

materials (0= 1-100 pS/m). Resistance measurement for conductivities this low is typically
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difficult due to parasitics, resistive heating, and the fact that some current that appears due to
resistance is due to lags in the permittivity. Itis currently unknown if the conduction current
is a function of the stress or strain state of the material, however there is some research that
may be conducted in this field” Due to the low conductivity of piezoceramic matetials,
typically when modeling and analyzing piezoceramic materials it is assumed that the
conductivity is zero, and thus all charge and current is due to the capacitance of the material.

The electroelastic equations of equilibrium under electrostatic conditions are

presented in Appendix I.

The Military Standard for Piezoelectric Ceramics Materials and Measurements
defines six standard piezoelectric ceramic types, known as type I - type VIL.* In order for a
manufacturer to be able to call its material by the type I- type VI designation each material
type must conform to certain material property specifications. Manufactures are then free to
manufacture lead zirconate-titanate materials using their own proprietary manufacturing
processes that have small variations in material properties with respect to their competitors.
and sell them to the military as a standard material. One of the standard ceramic types
defined in the Military Standard is type 11, also referred to in some literature as Navy type I1.
Type II is “A hard lead zirconate-titanate composition modified to yield higher charge
sensitivity, but one that is not suitable for high electric drive due to dielectric heating. This
material is more suitable for passive devices such as hydrophones. Advantages include
better time stability” (Reference 25 page 5). Material properties for PZT-5A" a material
manufactured by Morgan Electro Ceramics, which conforms to the type 11 standard, can be

found in Table 1.1.

Table 1.1 Military Type II Material Property Specifications?® and PZT-5A Material Properties
Manufactured by Morgan Electro Ceramics?®
Material Property Military Type II Material | PZT-5A Value
Property Specifications
T 1725 + 12.5% 1700
K
T - 1730
K,
d,, 390 £ 15% pC / N 374pC / N
;) - 171pC/N
&, -0.60 £ 8% -0.60
sE - 16.4 pm? / N
T
E - 18.8 pm? / N
S33 pm?/
Conductivity at 25 °C (77 °F), o <10pS/m
Density, p > 7600 kg / m? 7750 kg / m?
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PZT-5A is the most commonly referred to type II material. The chemical
composition of another type IT material is given by Pby ge(Tiy 17:5.52)0.06NDo 02405 > It should
be noted that there are many other piezoelectric materials that do not conform to the
Military Standard for Piezoelectric Materials and that the Military Standard has been canceled

without 1:f:placc=:mo.=:nt.30

Consider a thin planar piezoceramic actuator poled in the 3 direction electoded on
the positive and negative 3 faces as shown below:

Before application of voltage After application of voltage

Figure 1.2 Illustration of 3-3 and 3-7 Actuation of a Piezoceramic Actuator

When a voltage, 1/, is applied to the piezoceramic creating an electric field in the 3
direction, the piezoceramic undetrgoes a positive strain in the 3 direction. This actuation is
known as 3-3 actuation. The piezoceramic also undergoes 3-7 actuation, a negative strain in
the 7 and 2 directions due to the application of an electric field in the 3 direction. It should
be noted that for all PZT based actuator systems 3-3 actuation is roughly 2 to 2.5 times
greater than 3-7 actuaton (average of d;; / d;, for PZT in Reference 28). In order to induce
strains in PZT piezoceramics on the order of magnitude of 1000 Ue an electric field on the
order of several thousand V/mm is required. This limits the thickness of PZT actuators to
be a few millimeters to keep the driving voltages to a reasonable level (kilovolt range).
Because of the limit on actuator thickness, for planar actuation the 3-7 mode is used.

An example of a planar monolithic piezoceramic actuator is the QuickPack’ actuator
manufactured by ACX. “The QuickPack actuator packages piezoelectric materials in a
protective skin with pre-attached electrical leads, producing a highly reliable component with
no soldered wires. The QuickPack actuator's protective skin also provides electrical
insulation and defense against humidity and harsh contaminants.”” A picture of a single

piezoceramic and a four piezoceramic QuickPacks are shown in Figure 1.3.

30



. ™ .

—— W\ O =2 i\ =~
e T Dl— - —
QuickPack QP10N QuickPack QP45W

Figure 1.3 QuickPack Monolithic Piezoceramic Actuators 33

QuickPacks are manufactured from PZT-5A for extensional actuators and PZT-5H
(Reference 27) for bimorph actuators and are poled through the thickness. QuickPacks can
be made to actuate in extension or bending and can be custom made to meet customers
needs. Properties of standard off the shelf extension mode QuickPacks are shown in Table
1.2.

Table 1.2 Properties of Standard Extension Mode QuickPacks and the Single Wafer
QuickPack QP10N32

Material Property Range of All QuickPack QuickPack QP10N

Actuators

Piezoceramic wafer material PZT-5A PZT-5A

Electrode material Nickel Nickel

Piezoceramic wafer thickness 127-254 pm (5-10 mil) 254 pm (10 mil)

QuickPack thickness 254-762 ptm (10-30 mil) 381 pwm (15 mil)

Piezoceramic wafer configurations 2x2,1x2,1x1 1x1

(length x width)

Capacitance 60-165 nF 60 nF

Maximum strain 225-280 pe 262 pe

Maximum voltage 100 -200 V 200V

High field d;, (see note below) -286 to -356 pm/V -333 pm/V

Maximum electric field 0.79 kV/mm 0.79 kV/mm

Maximum operating power 20 W rms 20 W rms

Maximum operating temperature 100 °C (212 °F) 100 °C (212 °F)
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It should be noted that in Table 1.2 4;, is the high field 4,, and was determined by
multiplying the maximum opetating strain times the wafer thickness and dividing by the
maximum voltage. d;, for the QuickPacks at low electric fields cannot be exceed that of the
piezoceramic material &5, = -171 pm / V (Table 1.1). It should also be noted that the
difference in thickness between the QuickPack and the wafer is due to a 63-127 pm (2.5 -5
mil) thick electrically insulating layer bonded to either side of the QuickPack. The actuation
properties of the single wafer 3-7 planar actunator QP10N QuickPack are shown in Figure
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Figure 1.4 Actuation of a Single Wafer 3-7 Planar Actuator QP10N QuickPack

The greatest drawback to using planar monolithic piezoceramic materials as actuators
is their brittleness. Piezoelectric materials can tolerate very low levels of strain before failure.
For example, PZT-5H has a maximum strain of 1300 pe™, and is very susceptible to
cracking. Due to their high stiffness piezoelectric materials cannot conform to curved

surfaces and must be machined to fit curved shapes.

An excellent description of the technology overview of piezoceramic distributed

actuator systems is given in Reference .

1.2.2 Interdigitated Electrode Monolithic Piezoceramic Actuators

In order to increase the actuation properties of planar monolithic piezoceramic
actuators, planar interdigitated electrode actuators have been developed which use 3-3
actuation instead of 3-7 actuation, providing coupling efficiency and higher strain output.
Unlike the 3-7 planar actuator which strains equally in the length and width direction, the 3-3
planar actuators strain more in the direction of the applied electric field (typically the length
direction) than in the width or thickness directions, thus providing anisotropic actuation. An
llustration of an interdigitated electrode monolithic piezoceramic actuator is shown in

Figure 1.5:
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Figure 1.5 Ilustration of an Planar Interdigitated Electrode Monolithic Piezoceramic Actuator

In Figure 1.5, the electrode is bonded to either side of the piezoceramic. A voltage of
alternating sign is applied to the electrodes giving an electric field in the piezoceramic that
alternates in direction. Directly beneath the electrodes, the field is perpendicular to the
surface, however between the electrodes the field is primarily in the Z direction. It should be
noted that the electrodes bonded to the planar interdigitated electrode actuator can be used
to pole the piezoceramic. Thus the electric field is always in the 3 direction, however this
direction is not always aligned with the Z direction.

An example of a planar interdigitated electrode actuator is the PowerAct™ strain
actuator manufactured by Midé Technology and the QuickPack IDE Strain Actuator model
number QP10Ni" manufactured by ACX. A picture of a QuickPack IDE Strain Actuator is

shown in Figure 1.6:

33



e S

1.817

119
&1

o 0"

Figure 1.6 QuickPack IDE Strain Actuator (Dimensions in inches)

Material properties for the QuickPack IDE Strain Actuator model number QP10Ni
are given in Table 1.3

Table 1.3 QuickPack IDE Strain Actuator model number QP10Ni Material Properties3®
Property Value

Size 52.1 x 30.2 x 0.38 mm (2.05 x 1.19 x 0.015 in)
Electrode spacing (center to center) 1.52 mm (60 mil)

Electrode width 0.38 mm (15 mil)

Capacitance 1.02 nF

Maximum Z strain 347 pue

Maximum X strain 123 pe

Maximum voltage 1200V

High field 4;; (see note below) 440 pm/V

High field 4;, (see note below) 156 pm/V

It should be noted that in Table 1.3 4;; and 4, are the high field 4;; and 4;, and was
determined by multiplying the maximum operating strain times the center to center electrode
spacing and dividing by the maximum voltage. d;; for the QuickPacks at low electric fields
cannot be exceed that of the piezoceramic material 4;; = 374 pm / V (Table 1.1). It should
also be noted that the strain in the 3-3 direction is 180° out of phase with the strain in the 3-
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7 direction as was shown in Figure 1.2. The strain versus applied field is for a QP10Ni IDE
strain actuator and a 3-7 strain actuator, QP10N is compared in Figure 1.7:
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Figure 1.7 Comparison of the Actuation of a QP10Ni IDE Strain Actuator a 3-7 Strain
Actuator, QP10N

As can be seen in Figure 1.7, the actuation of the QP10Ni IDE strain actuator is greater than
that of the QP10N actuation for a given applied field. At the maximum electric field the
strain in the IDE actuation is 1.3 times greater that the stain in the 3-7 actuator. This is less
than the theoretical maximum of d;; / d;, = 2.2 (see Table 1.1) due to several reasons. First,
only the volume between the electrodes in the Z direction actuates using 3-3 actuation in the
Z direction. The volume between the electrodes represents 75% (1 — 15 mil/ 60 mil) the
total length of the active length of the actuator. The 3 direction and the electric field
beneath the electrodes are both perpendicular to the electrode. Thus, when the actuator
actuates, the material beneath the electrode actuates using 3-7 strain in the Z direction. This
actuation is 180° out of phase with the actuation in between the electrodes in the Z
direction, and thus cancels out some of the strain due to the 3-3 actuation.

Like planar monolithic piezoceramic actuator, planar interdigitated electrode
actuators have low failure stress and cannot conform to a curved surface due to their large

stiffness.

1.2.3 Active Fiber Composites (AFCs)

AFCs are thin composite plies comprised of unidirectional piezoelectric fibers
imbedded in a thermoset matrix. An electric field is supplied to the fibers by use of an
interdigitated electrode pattern adhered to either side of the fibers. An example of an AFC
is illustrated in Figure 1.8. The benefits of AFCs include: the interdigital electrode design
uses 3-3 actuation offering increased levels of actuation, the AFC allows anisotropic planar
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actuation, the AFCs matrix provides load transfer and load distribution, AFCs allows for

coverage of curved shapes, and the electrical connections are independent of ceramic

damage.
electric
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Figure 1.8 Illustration of an Active Fiber Composite

Active Fiber Composites were first developed at the Massachusetts Institute of
Technology by Aaron Bent and Professor Nesbitt Hagood IV.***  AFCs are being

commercially developed at Continuum Photonics, Inc” (CP) under the trade name
PiezoFlex. Table 1.4 gives the performance data for PiezoFlex AFCs with PZT-5A fibers.

Table 1.4 PiezoFlex Properties*

Property Value

IDE Electrode Substrate Material Kapton®

IDE Electrode Ink Silver

Matrix Thermosetting Epoxy Film Adhesive
Fiber Material PZT-5A Manufactured By CeraNova
Fiber Diameter 250 Microns

Thickness 330 Microns

Line Fraction 85—90 %

533 400x 101" m2 /N

dy; (low field) 150 pm/V
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It should be noted that PiezoFlex actuators can be custom made to meet customers
needs and Table 1.4 gives only sample material properties. An illustration of the wet lay-up
manufacturing process for AFCs* used at the Massachusetts Institute of Technology is
shown in Figure 1.9:
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Figure 1.9 Ilustration of the Wet Lay-Up Manufacturing Process for AFCs*

Much work was done at the Massachusetts Institute of Technology to perfect the
manufacturing process, including work performed by the author not listed in this
presentation. Currently PiezoFlex AFCs are manufactured at CP using a thermosetting film
adhesive matrix using a proprietary manufacturing process.

A major drawback of the AFCs with PZT-5A fibers is that the level of actuation is
60% lower than that of the 3-3 actuation of monolithic PZT-5A giving the AFCs about the
same actuation as planar monolithic piezoceramic materials. (see Table 1.1 and Table 1.4).
This is due primatrily to the fact that a small layer of low dielectric matrix matetial is trapped
between the electrodes and the high dielectric fibers due to manufacturing. This dielectric
mismatch causes a large voltage drop in the matrix thereby reducing the available voltage for
actuation. Another drawback to the AFC design is that the maximum voltage that can be
applied to the AFC is limited to the dielectric breakdown strength of the polymer material,
which is typically much lower than that of the piezoceramic fiber. A third draw back of the
PiezoFlex design is the that it is comprised of an epoxy thermosetting matrix that requires a
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cure time of about 5 minutes,” thus limiting the rate at which PiezoFlex AFCs can be

manufactured.

An excellent description of the technology overview of Active Fiber Composites

Technologies is given in Reference .

1.2.4 NASA Langley Research Center Macro-Fiber Composite Actuator (LaRC-
MEFC)

The NASA Langley Research Center Macro-Fiber Composite actuator (LaRC-MFC),
manufactured by the NASA Langley Research Center is a low-cost, flexible, planar actuator,
with an intedigitated electrode that is very similar to a traditional AFC.** “The LaRC-MFC
retains the most advantageous features of active fiber composite actuators, namely, high
strain energy density, directional actuation, conformability and durability, yet incorporates
several new features, chief among these being the use of low-cost fabrication processes that
are uniform and repeatable. The actuator uses interdigitated electrodes for poling and
subsequent actuation of an internal layer of machined piezoceramic fibers. The fiber sheets
are formed from monolithic piezoceramic wafers and conventional computer controlled
wafer-dicing methods.” * The primary difference between the PiezoFlex AFC and the
LaRC-MFC is the AFC uses piezoceramic fibers and the LaRC-MFC uses a diced
piezoceramic wafer. “The fabrication and use of fiber sheets allows precise handling and
alighment of piezoceramic fibers during subsequent phases of actuator assembly.” * A
picture of a LaRC MFC is shown in Figure 1.10:
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Figure 1.10 Langley Research Center Macro-Fiber Composite Actuator*

Properties of the LaRC-MFC actuator are given in Table 1.5.
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Table 1.5 Properties of the LaRC-MFC Actuator®

Property Value

IDE electrode substrate material LF7062 film

Matrix Hysol E-120HP Epoxy
Wafer material PZT 3195HD>
Average thickness 254 microns

Shorted Longitudinal Young’s modulus (fiber axis) 29.0 GPa

Transverse Young’s modulus 17.9 GPa
Effective 4;; (see note below) 530 pm /V
Effective 45, (see note below) 210pm /V
Poled capacitance per unit arca (1 kHz, 25 C) 155 pC/cm?
Maximum operation free strain 1000 pe
Limit longitudinal mechanical strain (piczoclectric 3000 pe
fiber failure)

Recommended operational temperatare limit 66 °C

The wafer material for the MFCs is PZT 3195°" which is equivalent to PZT-5A sold
by Morgan Electroceramics (Reference 27). For PZT 3195, 4;; = 390 pm/V, d;; = -190
pm/V, Y =53 GPa, Ki, = 1900, and &;, = 0.72.* It should be noted that in Table 1.5 4,

and d, are the high field d;; and 4;,. For this actuator, the high field 4 was determined from
the maximum peak-to-peak strain divided by the maximum electric field (Reference 50).
The s for the MFC will be lower at lower ¢lectric field levels. A comparison of the LaRC-
MFC and other interdigitated electrode piezoceramic actuators is shown in Figure 1.11.
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Figure 1.11 Comparison of the LaRC-MFC and other Interdigitated Electrode Piezoceramic
Actuators*®

It should be noted that in Figure 1.11 the maximum induced stress is the maximum free
induced stress and was calculated by multiplying the stiffness of the respective actuator by
the maximum free strain. In addition, the data in Figure 1.11 does not match the data in
Table 1.5 because the data in Figure 1.11 is not the most current data.

The LaRC-MFC also suffers from the same problems as the AFCs. That is a small
layer of low dielectric matrix material is trapped between the electrodes and the high
dielectric fibers due to manufacturing. This dielectric mismatch causes a large voltage drop
in the matrix thereby reducing the available voltage for actuation. In addition, like the AFC
design, the maximum voltage that can be applied to the LaRC-MFC is limited to the
dielectric breakdown strength of the polymer material.

1.2.5 Magnetic Particle Active Fiber Composites (mpAFCs)

In otder to reduce the eliminate the voltage drop due to the layer of matrix trapped
between the electrode and the fibers, a different concept for AFC manufacture was
investigated, magnetic particle Active Fiber Composites (mpAFCs).”** “To manufacture
mpAFCs, a polymer matrix material (uncured liquid epoxy) is doped with small
ferromagnetic, electrically conductive particles (nickel powder). During the curing process,
these particles would de-mix from the epoxy and were aligned using a magnetic field to
create a three-dimensional electrically conductive network that is frozen into the matrix
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when it is cured” (Reference 45 pages 3 and 4). An illustration of the manufacturing process

of an mpAFC is shown in Figure 1.12.
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Illustration of the Manufacturing Process of a Magnetic Particle Active Fiber

This electrical network of nickel particles provides direct electrical contact between

the voltage source and the piezoelectric fibers. A picture of an mpAFC is shown in Figure

1.13:
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Figure 1.13 Magnetic Particle Active Fiber Composite (Reference 45 pages 166)

Alignment of the magnetic field was supplied using a magnetic template that was
embedded into the curing plate. The magnetic template was constructed using Permalloy 80
in the shape of the electrode pattern. The magnetic template was placed in the center of the
cure plate and epoxy was pored between the fingers of the magnetic template to provide a
cure plate with a flush surface as illustrated in Figure 1.14.

Top View
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o =

— Magnetic template

= Side rails for voltage
delivery

Figure 1.14 Ilustration of mpAFC Cure Plate with Magnetic Template (Reference 45 page 131)

In Figure 1.15 the actuation properties of a single mpAFC are compared to the
actuation properties of three PiezoFlex AFCs:
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Figure 1.15 Actuation Properties of a Single mpAFC Compared to Three PiezoFlex AFCs
(Reference 45 page 225)

It should be noted that a direct comparison between the two different actuators is
difficult because the materials used and the thickness for the two actuators are different, and
thus the stiffness of the two actuators is different. It should be noted that the material
surrounding the mpAFC in Figure 1.15 is much thicker and had less fibers per width than
the PiezoFlex and therefore the mpAFC is a better actuator. The greater actuation of the
mpAFC compared to the PiezoFlex AFC can be attributed to the fact that the electrodes are
in direct electrical contact with the fibers, and thus there is no voltage drop attributed to the
a layer of matrix trapped between the electrode and the fibers which is present in the
PiezoFlex AFCs.

Several problems exist with the current manufacturing process of mpAFCs. Budget
concerns limited the strength of the electromagnets used to generate the magnetic field. In
addition, the heat of the magnets was used to cure the epoxy matrix. Due to the low
magnetic field, the magnets could generate and the low temperature that the magnets could
generate, and epoxy was selected such that it had a low viscosity at room temperature and a
low curing temperature 100 °C (212 °F). A low viscosity epoxy was necessary because,
during the de-mixing process, the particles had a tendency to not fully de-mix, thus leaving
particles between the electrode fingers. This lowered the dielectric breakdown strength
between the electrode fingers, thus limiting the maximum voltage of the mpAFC. Thus, in
order to increase the dielectric strength an epoxy with a low viscosity was selected so that the
magnetic particles would encounter as little resistance during the de-mixing phase of the
manufacturing. The viscosity of the epoxy was further lowered using an epoxy modifier.
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The low viscosity of the epoxy was not enough to eliminate the magnetic particles between
the electrode fingers during the de-mixing, and therefore the line fraction (the number of
fibers per unit active electrode width) was reduced (41%) compared to a standard PiezoFlex
AFC (85-95%). This reduction in the fiber line fraction limited the maximum actuation
strain of the mpAFCs. The low fiber line fraction could be eliminated by purchasing
stronger (more expensive) electromagnets. In addition, due to low cure temperature of the
epoxy, mpAFCs could most likely not survive curing in a composite host structure cured at
176 °C (350 °F). This greatly limits the possible number of structures and environments that
the mpAFCs could be used in. Higher temperature epoxies could be used for curing if the
temperature of curing was supplied not by the magnets, but by a separate heating method
such as inline heaters embedded into the curing mold. It should be noted that like PiezoFlex
AFCs, the rate that mpAFCs are manufactured is given by the cure time of the
thermosetting matrix material.

1.2.6 Conductive Polymer Active Fiber Composites (cpAFCs)

In order to reduce the driving voltages for AFCs, another concept for AFC
manufacturing was being perused, conductive polymer Active Fiber Composites (cpAFCs).”
cpAFCs are manufactured by placing the piezoelectric fibers between two sheets of an
intrinsically conductive polymer, and heating and pressing the three layers together.
Intrinsically conductive polymers are a new class of polymers that can be made selectively
conductive or non-conductive by using a doping process. In order to establish better
contact between the fibers and the electrodes an electrode pattern would be doped into the
intrinsically conductive polymet ecither before or after bonding to the fibers. This would
result in direct electrical contact between the fibers and the electrodes and thus result in
lower driving voltages. c¢pAFCs would have similar actuation levels and driving voltages as
mpAFCs. A schematic of a cpAFC is shown in Figure 1.16.
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Current AFC Design:
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Figure 1.16 Illustration of a Conductive Polymer Active Fiber Composite (Reference 54 page

22)

Mr. Mueller (Author of Reference 54) performed a feasibility study of cpAFC
manufacturing in the Summer and Fall of 2000. After determining the material requirements
for a cpAFC, several intrinsically conductive polymers were selected to be tested. Polymers
were doped using UV-light and were doped chemically. It was shown that conductive
patterning of the electrode was generally feasible, and that the polymer would bind to the
fibers, and thus a cpAFC was possible.

In the Spring of 2001, work on c¢pAFCs was continued by Ms. Hernandez, an
undergraduate in Center for Materials Science and Engineering at the Massachusetts Institute
of Technology, with some assistance by the author of the present work. Ms. Hernandez
helped conduct research into cpAFCs with the Mr. Mueller in the Summer and Fall of 2000.
Manufactures of intrinsically conductive polymers were contacted and were asked to provide
samples of intrinsically conductive polymers that met more stringent and more realistic
material requirements for an AFC matrix material than used in Reference 54. These
minimum requirements for an AFC matrix material are listed in Section 4.2. After talking
with many sales people, researchers, and professors, it was Ms. Hernandez conclusion that
the field of intrinsically conductive polymers were still in the research and development
stage, and that no material currently existed that could meet the needs of an cpAFC matrix
material.”®> Ms. Hernandez and the author of the present work felt that further research
should not be pursued until the field of intrinsically conductive polymers had time to mature.
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1.2.7 Thermoplastic Active Fiber Composites (tmAFCs)

Thermoplastic matrix Active Fiber Composites (tmAFCs) ate being developed in
otder to address some of the shortcomings of AFCs. The primary difference between
tmAFCs and AFCs is that tmAFCs have a matrix that is comprised of a thermoplastic
material and not a thermosetting material. tmAFCs have several advantages over AFCs
including: tmAFCs have faster processing times because the matrix does not need to be
cured, tmAFCs can be reshaped after manufacture, and tmAFC have nearly direct electrical
contact between the electrodes and fibers because the electrodes can be printed onto matrix
ptior to processing. The nearly direct electrical contact between the fibers and the matrix
allows for higher actuation levels of tmAFCs compared to AFCs.

Research into tmAFCs was performed by Mr. Patrick Trapa, who was an
undergraduate at the time, in the Active Materials and Structures Laboratory at the
Massachusetts Institute of Technology. His unpublished research, which will be described in
the beginning of Chapter 4, started in the Summer of 1997 and continued until about June
of 1999. The author of this present work started working on tmAFCs in January of 1999,
assisting in and eventually continuing Mr. Trapa’s research.

1.2.8 Objectives

The objective of this research is to analyze, manufacture, and test tmAFCs to be
used in structural control applications with the goal of producing high quality and high

performance actuatots.
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2. tmAFC Introduction

21 Introduction

The relation between dielectric, stiffness, and Poisson’s ratio of the matrix material
on tmAFC performance is not clearly understood. In order to determine the effect that the
matrix has on the stiffness and the actuation performance of tmAFCs, finite element models
of a CP PiezoFlex AFCs were constructed and the matrix material properties were varied.
These analyses will be presented in Chapter 3. ‘This chapter presents the supporting
information for the analyses in Chapter 3. First, the notation used for the subsequent
analyses is introduced. Then an average estimate of the material properties and standard
deviations for engineering polymers is presented. Finally, the material properties for
PiezoFlex AFCs and PZT-5A are presented.

2.2 tmAFC Geometry and Notation

A tmAFC is comprised of four basic materials, the piezoelectric fibers, the matrix,
the electrode, and layers of matetial with high diclectric breakdown strength. The
piezoelectric fibers provide the actuation authority and carry the majority of the load in the Z
direction due to their stiffness. The compliant matrix acts as a load transfer mechanism
around fiber breaks. The metal electrode provides an electric field to the fibers in the Z
ditection. The layers of materials with high dielectric breakdown strength provide electrical
protection for the surrounding host structure. A schematic of a tmAFC is shown in Figure
2.1.
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Figure 2.1 tmAFC Diagram

In Figure 2.1, the X axis is aligned transverse to the fibers in plane, the Y axis is aligned out
of plane of the tmAFC, and the Z axis are aligned with the fibers. L, W, and 4 is length,
width, and height of the entire tmAFC respectively. L, W,, and 4, is length, width, and
height of the active area of the tmAFC respectively, which will be described in detail below.
Ny 15 the total number of electrode fingers divided by two. In Figure 2.1 there are four
pairs of electrodes. Both electrodes on the left are electrically connected to each other.
Both electrodes on the right are electrically connected to each other. In Figure 2.1 there
exists a layer with a high dielectric breakdown strength on either side of the tmAFC in the Y
direction.

The geometry of one of the electrodes for the tmAFCs is shown in Figure 2.2 with
the important parameters used throughout this document in Table 2.1.
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Figure 2.2 tmAFC Electtode Geometry (In Inches)

Table 2.1 tmAFC Electrode Geometry

Parameter Value

1, (center to center) 6.286 cm (2.4757)
V7, 1.054 cm (415 mil)
L 1.143 mm (45 mil)
1a 191 pm (7.5 mil)
NEingers 56

It should be noted that two electrode types were used for the AFCs/tmAFCs,
copper and silver electrodes on a Kapton substrate. The copper electrodes are
approximately 5 um (0.197 mil) thick with a Kapton substrate thickness of either 12.7 or
25.4 um (0.5 or 1 mil). The copper electrodes had a smooth surface, and appeared to be
manufactured using a sputtering or etching process. The silver electrodes are 25.4 pum (1
mil) thick with a Kapton substrate thickness of 25.4 um (1 mil). The electrode is screen
printed onto a Kapon substrate using a silver based conductive ink. Not much information
is known about the electrodes because the electrodes were purchased prior to the author
starting this research.

There are three important pieces of the electrode geometry illustrated in Figure 2.2,
the pads, the rails, and the fingers. The electrode pads are the large rectangular areas on
cither end of the electrodes. The voltage leads from the voltage source are connected to the

pads using alligator clips, solder, or silver epoxy. The electrode fingers are the name given to
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the many pieces of the electrode that are running horizontally in Figure 2.2. The electrode
rails are the pieces of electrode running vertically in Figure 2.2. The electrode rails connect
the electrode fingers to the electrode pads. As can be seen in Figure 2.2, there are electrode
pads on cither end of the electrode rails, however these are not shown in Figure 2.1 to
increase clarity. It should be noted that in Figure 2.1, I is the width of the actuator across
the area with electrode fingers.

Consider a DC voltage source connected to a tmAFC as illustrated in Figure 2.3.
Positive charge from the high side of the voltage source rushes down the wire and deposits
itself on the electrodes on the left hand side. Positive charge on the electrodes on the right
hand side is attracted to the low side of the voltage source and thus a negative charge builds
up on the electrodes on the right hand side.
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Figure 2.3 Illustration of the Electrode Potential for an Applied Voltage of 17(2)

In Figure 2.3, an electric field exists in the Z direction in the fibers due to the
intedigitated electrode pattern due to the separation of charge. The direction of the electric
field is the direction a positive charge would travel, and thus extends from the positive
electrode to the negative electrode. The electric field in a tmAFC is illustrated in Figure 2.4.
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Figure 2.4 Illustration of the Electric Field in a tmAFC

In Figure 2.4, arrows indicate the average direction of the electric field. The electric
field exists at Y = 0 between the electrodes, however to increase clarity the field is shown to
be on the surface of the tmAFC. In the fibers, this electric field alternates in the positive
and negative Z direction between the electrode fingers. This electric field is the field that
causes actuation in the fibers. Except for poorly manufactured tmAFCs, all fibers will be
under the electrodes and thus all fibers will contribute to actuation. Outside of the fibers,
fringing of the electric field occurs between the tips of the electrode fingers and the rails.
The distance between the tip of the electrode finger and the rail is greater than that between
parallel electrode fingers. Thus, the average electric field (voltage / length) is smaller for the
fringing field than between the parallel electrodes. The charge on the lower electrode, and
some of the axes were removed in Figure 2.4 to increase the clarity of the electric field.

A term that will be used commonly throughout this thesis is the “active area”. The
active area is the rectangular volume indicated in Figure 2.1 by the dotted line and is
indicated with an “.4” subscript. The active area is bounded by ends of the electrode fingers

in the X direction (X = £ W, / 2), bounded by the outermost dimension of the electrode
fingers in the Y direction (Y = # 4, / 2), and bounded by the center of the first and last

electrode finger in the Z direction (Z = £ L, / 2). The dimension 4, will best be illustrated
in Figure 2.5. The active area surrounds the electric field that causes the fibers to actuate.

Another term that will be used commonly throughout this thesis is the “passive
area”. The passive area is any volume in the AFC outside of the active area. Within the

passive area electric field fringing occurs, however no actuation of the fibers occurs.
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Consider a single fiber between two electrodes as shown in Figure 2.5:

Fiber with
radius R

v

Matrix layer or
Kapton

]

Equi-
Equi- Potential
Potential Electrodes
Electrodes
Figure 2.5 Single Fiber in a tmAFC Cross Section

In Figure 2.5, the x-axis is aligned in the direction of the electrode finger, the y-axis is
aligned out of plane of the tmAFC, the g-axis is aligned with the direction of the fiber. The

F subscripts refer to the electrode finger. L is the electrode finger width and Zis the
spacing between the electrode fingers center to center. The geometry is symmetric in Figure
2.5 about the x = 0 plane, the y = 0 plane, and the £ = £/2 plane. The relationship between
L, and Zis given by:

L,= v (1 = Neinger ) (2.1)
It should be noted that in Figure 2.5 there exists on the outside of the electrode fingers
cither a layer with a high dielectric breakdown strength such as Kapton* (for an AFC), or a

layer of matrix (for a tmAFC) that prevents breakdown of the air when a large voltage is
applied to the AFC/tmAFC.

Another important relationship is given by:

y:%‘—hF—R (—RSys——RJ 2.2)

oy



Where ¥ is the closest distance between the inside of the electrode finger (y = A, — /) and
the fiber (y = R). ¥is positive when 4, / 2— bz > R, that is when the electrode finger does
not touch the fiber. ¥is zero when the electrode barely touches the fibers. ¥ is negative
when the electrode wraps around the fiber. For a magnetic particle AFC, or a conductive

polymer AFC, yis equal to —R.

The closest distance between the electrodes and the plane y =0 divided by the fiber radius is
defined as &, were £ is given by:

R
= ;7’=1+% (£20%) 2.3)

Where £ is expressed as a percentage greater than or equal to zero. & and yare illustrated for
an AFC/tmAFC in the following Figure:

Electrode
>» Z
'.\\ S \\ 2
Matrix Matrix Fiber
Electrode

Electrode does not touch fiber y>0 E=100%
X
<

Electrode barely touches fiber y=20 £=100 %
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Figure 2.6 Tlustration of £and yin an AFC/tmAFC

A term that will be used throughout this thesis is the line fraction of the fibers. The
line fraction is defined as:

LF =2 e ® 24)
A
Where LF is the line fraction and Ny, is the number of fibers in the active area. If it is

assumed that the fibers are evenly spaced apart with spacing M/, we can write Was:

=25 (Even fiber spacing ) (2.5)
LF
23 Properties of AFC/tmAFC Materials

The relation between dielectric, stiffness, and Poisson’s ratio of the matrix material
on AFC/tmAFC performance is not clearly understood. In order to determine the effect
that the matrix has on the stiffness and the actuation performance of tmAFCs, finite element
models of a CP PiezoFlex AFC were constructed and the matrix material properties were
varied. Because the composition of the matrix material for the PiezoFlex AFC is
proprietary, the material properties for the matrix material had to be determined from testing
ot estimated. The dielectric, the Young’s modulus, and the Poison’s ratio had to be
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determined before a finite element model could be made of the AFC. First, the average
relative dielectric and Young’s modulus for a polymer is determined by using a search engine
on the internet. Then the known material properties for the PiezoFlex AFC are presented.
Finally, the assumed material properties for the PZT-5A fibers for AFCs and tmAFCs are

presented.

2.3.1 Average Material Properties for an Engineering Polymer

(11

There is no accepted definition of an engineering polymer. One definition is “a
broad term covering all plastics, with or without fillers or reinforcements, which have
mechanical, chemical and thermal properties suitable for use, in construction, machine
components and chemical processing equipment”.” Typically, the phrase “engineering
polymer” refers to a structural polymer (relatively stiff and/or relatively high tensile
strength). Engineering polymers are usually characterized by material properties that are
relatively stable with respect to changes in temperature, stress, and applied field. The
AFC/tmAFC is to be embedded into a host structure that will be in use in a relatively high
load environment and the polymer for the AFC/tmAFC matrix material must survive these
load environments. The AFC/tmAFC matrix will be also subjected to unknown
temperatures and loads during service. Because of this high load environment with a
possibly fluctuating temperature and applied stress, it was assumed that the matrix material
for the AFC/tmAFC should be an engineering polymer.

A search was done on the Internet on the website http://www.matweb.com on
November 11, 2000 to determine the average relative dielectric for a polymer. On this
website there is a search engine that allow the user to search material properties for various
types of materials, however the search engine cannot discern between unfilled polymers and
polymers filled with particles such as glass or graphite. For polymers with a relative
dielectric between 0 and 10 a search was performed in increments of 1. Between a relative
dielectric of zero and ten, 3760 polymers were found and above a relative dielectric of ten,
97 polymers wete found. Figure 2.7 shows the results from the search.
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Figure 2.7 Number of Plastics versus Relative Dielecttic Found on http://www.matweb.com

It was seen that the majority of the higher dielectric materials we filled with either
graphite or glass. From the above plot, assuming that all the material found were unfilled,
(which is not true) the average relative dielectric for a polymer is about 3.6 with a variance of
o = 1.2. The values are assumed to be the average relative dielectric and the vatiance in the

relative dielectric of an engineering polymer.

The Poisson’s ratio for an engineeting polymer was estimated by averaging the
Poisson’s ratios for polymers in Reference.”’ This yields an average Poisson’s Ratio of 0.35

with an approximate range of 0.3 to 0.4

Engineering polymers have a Young’s modulus in the range of about 1 to 5 GPa.
This is the approximate range of the Young’s modulus of the unfilled polymers in Reference
57 (page 158). A search was done on the Internet on the website http://www.matweb.com
on August 28, 2001 to determine the average Young’s modulus for a polymer. As
mentioned previously, the search engine cannot discern between unfilled polymers and
polymers filled with particles such as glass or graphite. For polymers with a Young’s
modulus between 0 GPa and 5.4999 GPa a search was performed in increments of 0.5 GPa.
Between a Young’s modulus of 1 GPa and 5.499 GPa, 4146 polymers were found. Figure 2.8
shows the results of the search.
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Assuming that all the materials found were unfilled (which is not true) the average
Young’s modulus for an engineering polymer is about 2.8 GPa with a variance of 6° = 1.1
GPa’. The values are assumed to be the average Young’s modulus and the variance in the
Young’s modulus of an engineering polymer. It should be noted that above 5.5 GPa all the
materials found appeared to be filled polymers. As the Young’s modulus is increased from 0
GPa to 5.5 GPa the percentage of the polymers found that was filled increased. It should be
noted that the search engine gave results for the maximum tensile Young’s modulus of each
material. Thus for example for carbon fiber reinforced polymers, the search engine gave the
results for the tensile Young’s modulus in the fiber direction.

In Section 3.8, finite element analyses are preformed on a CP PiezoFlex AFC to
determine the effect of matrix material properties on AFC performance. To accomplish
this, the matrix material properties wete varied to numerically determine the partial
derivative of the AFC matetial properties with respect to the matrix material properties. As
discussed in Section 2.3.3, the properties of the matrix material of a CP PiezoFlex AFC are
very close to the values determined in the above material search for an average engineering
polymer. The amount that the matrix material properties are varied are the standard
deviations determined for an average engineeting polymer, as discussed in Section 2.3.3.
Using the data in Section 3.8 allows one to determine the effect of changing matrix material
properties on the performance of an AFC. Because the matrix material properties were
varied by one standard deviation, the designer of the AFC can be confidant that the changes
in AFC material properties represent the bounds on performance for most engineering
polymers.
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2.3.2

Known PiezoFlex Material Properties

In order to determine the effect that the matrix has on the stiffness and the actuation

performance of tmAFCs, the performance CP PiezoFlex AFC was analyzed in Chapter 3.

PiezoFlex AFCs have been tested extensively by CP and MIT.® As mentioned in Section
1.2, PiezoFlex AFCs have PZT-5A fibers embedded in a thermoset matrix. On either side
of the fibers is a layer of Kapton 100 HN® to prevent dielectric breakdown of the air during

actuation. On the interior side of the Kapton, a silver electrode pattern is screen-printed.

Table 1.4 and Table 2.2 summarize the known material properties for PiezoFlex AFCs.

Table 2.2 Known PiezoFlex Material Properties
Material Property Value Test Source
Method
Kapton type 100 HN nominal thickness, A 25.4 um ASTM D- DuPont bulletin G§-96-
(1 mily 374-94 7 (Reference 59)
Kapton type 100 HN minimum thickness 21.6 um ASTM D- DuPont bulletin GS-96-
(0.85 mil) 374-94 7
Kapton type 100 HN maximum thickness 29.2 um ASTM D- DuPont bulletin GS-96-
(1.15 mil) 374-94 7
Kapton type 100 HN film Young’s modulus, E | 2.5 GPa ASTM D- DuPont (8/95) 231302B
882-91 datasheet (Reference 60)
Kapton type 100 HN film Poisson’s ratio, V¢ 0.34 Average of three samples
elongated at 5%, 7%,
10%, DuPont (8/95)
231302B datasheet
Kapton type 100 HN film rclative dielectric 34 ASTM D- DuPont (8/95) 231302B
constant, Ky 150-92 at 1 datasheet
kHz.
Kapton type 100 HN film density, ox 1420 ASTM D- DuPont (8/95) 231302B
1505-90 datasheet
Fiber diameter, 2 R 270 um Reference 44
(10.6 mil)
PiczoFlex thickness, 4 343 Um Reference 58 page 42
(13.5 mil)
Number of fibers for AFC test coupon in 30 Reference 58 page 50
Reference 58, N,
Active width for AFC test coupon in Reference | 8,64 mm Reference ¢!
58, W, (340 mil)
Fiber line fraction, LF 93.8 % Equation 2.4
Active length (finger center to finger center) for | 9.94 cm Reference 61
AFC test coupon in Reference 58, L, (3.9157)
Active width (finger tip to finger tip) for AFC 8.64 mm Reference 61
test coupon in Reference 58, W, (0.340™)
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Finget width for AFC test coupon in 191 pm Reference 61

Reference 58, L (7.5 mil)

Finger spacing (finger center to finger center) 1.14 mm Reference 61

for AFC test coupon in Reference 58, U (45 mil)

Number of fingers for AFC test coupon in 88 Reference 61
Reference 58, Np,,,,

AFC width for AFC test coupon in 13.2 mm Reference 58 page 50
Reference 58, I (520 mil)

Open circuit chord modulus in the fiber 39.3 GPa ASTM D- Reference 58 page 71
direction of the active area 100 € to 500 UE 3039

It should be noted that some discrepancies exist between Table 1.4 and Table 2.2.
The data in Table 1.4 was listed in Reference 42 and is an average of the many types of
PiezoFlex actuators. The material properties for AFCs in Table 2.2 were taken from
actuators measured in Reference 58 and will be used for comparison purposes. . It should
also be noted that much scatter existed in the data for the unlaminated open circuit chord
modulus for PiezoFlex AFCs due to the fact that the tensile specimens were not straight
prior to loading. Less scatter existed in the data when the AFCs were laminated with e-glass
and then tested.”” The additional stiffness of the e-glass was subtracted off using the Rule of
Mixtures,” which is presented in Appendix III. Thus, this is not a direct measurement of

the material stiffness and therefore has some uncertainty associated with it.

2.3.3 Assumed PiezoFlex AFC Matrix Material Properties

PiezoFlex AFCs are manufactured using a dry film resin matrix material (Reference
58 page 38). The matrix material trade name and matrix material properties of PiezoFlex
AFCs are proprietary information of Continuum Photonics. Previously, AFCs were
manufactured using a thermoset epoxy, EPON resin 9405/ EPI-CURE curing agent 9470
epoxy manufactured by Shell Chemicals,” which will henceforth be referred to as the “Shell
epoxy”’. Table 2.3 summarizes the material properties of EPON resin 9405/ EPI-CURE
curing agent 9470 epoxy.

Table 2.3 Material Properties of EPON Resin 9405/ EPI-CURE Curing Agent 9470 Epoxy
Material Property Value Test Method and Notes
Tensile Young’s Modulus 2.8 GPa Reference 9: Cured at 212 °F for 1 hour and then
4 hours at 250 °F, 37% mix ratio
Ultimate Failure Strain 7.5 % Reference 65: Cured at 212 °F for 1 hour and then
4 hours at 250 °F, 37% mix ratio
Relative Dielectric 4.4 Reference 89 page 101 at 23 °C (73 °F)
Glass Transition Temperature | 107 °C DTA measurement by the author: Cured at 15 min at 170

(225 °F) °F and then 4 hours at 250 °F, 37% mix ratio
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It should be noted that in Table 2.3 the test standard for the tensile stiffness and
ultimate failure strain were not given. The measurement of the relative dielectric did not
conform to any test standard nor was the cure cycle given. The testing standard ASTM
E1356-98% was used as a guideline to measure the glass transition temperature, however the
DTA used did not have controlled cooling and thus the standard could not be followed
exactly.

Although the matrix for PiezoFlex AFCs is proprietary, the matrix material
properties are approximately the same as the properties for the Shell epoxy.” The matrix
material properties used for matrix material propetties for the analysis of a PiezoFlex AFC in

Chapter 3 are given in Table 2.4.

Table 2.4 Assumed PiezoFlex Matrix Material Properties

Material Value Source Possible Soutce
Property Range
Young’s modulus, £, | 2.9 GPa Reference 58 page 51 | 1.9-3.9 GPa E,, o using
analyses in
Section 2.3.1
Poisson’s ratio, 0y, 0.35 Section 2.3.1 0.3-0.4 Section 2.3.1
Relative dielectric, Ky, | 3.6 Section 2.3.1 2.5-47 Ky, o using
analyses in
Section 2.3.1
Glass Transition 107 °C (225 °F) Table 2.3 - -
Temperature

2.3.4 CeraNova PZT-5A Fiber Material Properties

PZT-5A fibers with diameters of 140 and 270 microns (5.5 and 10.6 mil) were
purchased from CeraNove for use in the tmAFCs. Five fibers from five different 270
micron fiber batches were selected to determine the variation in the diameter. The fibers
came from batches 410-0867, 410-0868, 410-0869, 410-0870, and 410-0872. The average
fiber diameter was 270 microns (10.6 mil) with a standard deviation of 3 microns (0.12 mil)
and a range of 264 — 274 microns (10.4 — 10.8 mil). The measurement agrees with the
approximate range quoted by an employee of CeraNova, that the range in the diameters of
the fibers is approximately 255-275 microns (10.0 — 10.8 mil)

The low field material properties of bulk PZT-5A are well known,” however due to
the difficulty in testing CeraNova fibers due to their small size, not much is known about
Cera Nova fibers properties. As an approximation, the material properties of CeraNova
PZT-5A fibers are assumed to be the same as bulk PZT-5A. The material properties
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presented in Table 2.5 ate the low field material properties of the constitutive relations
presented in Equations 1.1, 1.4, and 1.5.

Table 2.5 Bulk PZT-5A Material Properties (Assumed Material Properties for CeraNova PZT-
5A Fibers)
Material Property Value Notes Reference
Transverse or lateral coupling -0.344 _ T _E 68
factor, &;, ky = dy [ €53 5,
Longitudinal coupling factor, £;; 0.705 k. =d o JE 28, 68
33 — %33 33 ¥33
Shear coupling factor, &,; = &, 0.685 T _E 28, 68
kis=kyy =ds/\JE Su
Planar coupling factor, & -0.60 k. = \/5‘ k / /1 of 28, 68
P 31 -
Invariant coupling factor with 0.715 &5 68, 69,70,
electric field parallel to polar axis, k.= [1--%
& i3 T
3 €33
Invariant coupling factor with 0.685 85 68, 69
clectric field perpendicular to polar kl _ le — k24 1-Z2L
axis, &; ’ 81T1
T T 1730 28, 68
811/ € (K 1 )
s s 916 S _ T 2 28, 68
811/50(K11) Ku—Kn(l_k15)
T T 1700 28, 68
€33 / & (K33 )
s S 830 28, 68
‘933/ 2 (K33 )
SE 16.4 28, 68
11 pmz/ N
D 14.4 D _ _E 2 28, 68
Sy pm?/ N S _sll(l_k:ﬂ)
cE 121 GPa 28, 68 page
11 5
sE -5.74 pm?/N 68
12
D -7.71 2/N D _ (E E 2 68
Si2 pm?/ Sz = 85 = 8, Ky,
cE 75.4 GPa 68 page 5
12
S 722 pm?/N 68
13
D -2.98 me/N D E E E 68
513 Si3 = Si3 F ks Ky /871 53

61




Cg 75.2 GPa 68 page 5
sE 18.8 28, 68
33 pm? / N
=i (-k) 2
cE 111 GPa 58, 68 page
Ylf 61.0 GPa Y”E - I/SIE] 28, 68
K? 69.4 GPa Yill) — l/sﬁ - Y“E/(l _ k321) 28, 68
Y313‘3 53.2 GPa Y3135 — 1/S3E3 28, 68
Y3§ 106 GPa Y3§ =1/S3L; =Y3§/(1—k323) 28, 68
Shorted 12 and 21 Poisson’s Ratio | 0.35 ol = O.lb; _ O-zEl _ _SIEz/sﬁ
Shorted 13 and 23 Poisson’s Ratio | 0.44 0.1E3 - 0.53 —-_ Slb;/slb;
Shorted 31 and 32 Poisson’s Ratio | 0.38 0.313; — O-Sb; - _ SS/S3E3
gfg: circuit 12 and 21 Poisson’s 0.54 O-lDz - O.ZDI = _SII; /lel
gf;(r)l circuit 13 and 23 Poisson’s 0.21 0.13 SB/S“
gapde; circuit 31 and 32 Poisson’s 0.32 ()'31)1 = o‘ﬁ slS/S33
Sf4 47.5 pm2/N S4E4 - 1/c454 28, 68
Sﬁ 25.5 pm2/N S4D4 _ Sf4 (1 —k125) 68
Cﬁ 21.1 GPa C4E4 — 1/5,4E4 28, 68 page
S:; 44.3 pm2/N S£:6 - I/CéEé - 2(s5 _ slb;) 28, 68
C:; 22.6 GPa Cfﬁ =1/Séi :1/(2(55_512)) 28. 68 page
dy, 171pC/N d, =e, (Sﬁ + S]EZ )+ €33 S1E3 28, 68
€3 54 C/m €3 =djy (C1E1 + CII;; )+ dy; SlEs 26,68
dy, 374pC/N dyy =26y, 555 teg, 53, 28, 68
€33 158 C/m? 3 =2d;, CII:; +d, CsEa 28, 68
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584 pC /N _ E
ds pC/ dis=e; sy 28, 68
2 E
es 123 C/m e = dls ck 28, 68
0.00248 — r 68
833 m / C §n = d33/533
0.00249 - T 28
833 w/ C 833 = d33/533
Density, o 7750 kg/m? 28, 68 page
5
Static tensile strength 75.8 MPa 28, 68 page
(11,000 psi) 7
Compression strength 517 MPa 68 page 7
(75,000 psi)
Polarization field 20kV/mm | Material Type 5A4E Industry Type 5A, | 72
- Navy Type 1l
3.9kV/mm
(50 V/mil -
100 V/mil)
Polatization field 1.6kV/mm | Motgan Electro Ceramics™ 74
(40 V/mil)
Polarization temperature 130-140 °C Morgan Electro Ceramics 74
(266-284 °F)
Depolarization ficld -0.5 Matetial Type 5A4E Industry Type 5A, | 72
kV/mm Navy Type 11
Compressive depolarization stress 30~50 MPa 75
(4400~
7300 psi)
Maximum rated compressive stress | 14~21 MPa 68 page 7
25 °C (77 °F) (2000~
3000 psi)
Maximum rated compressive stress | 21 MPa 68 page 7
100 °C (212 °F) (3000 psi)
Curie temperature 365 °C 28, 68 page
(689 °F) 2
Volume conductivity at <10pS/m 68 page 6
25 °C (77 °F)
Volume conductivity at 10pS/ m 68 page 6
100 °C (212 °F)
Volume conductivity 100 pS / m 68 page 6
200 °C (392 °F)
Polarization 380 28, 68 page
C/ cm? 7
Cocrcive Field 1.2 kV/mm 68 page 7
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(30 V/mi)
AC depoling field at 25 °C ~0.7 28, 68 page
(77 °F) kV/mm rms 7
(18 V/mil
rms)
It should be noted that:
1. The allowed material property range for Navy type II materials such as PZT-5A can be

large, as shown in Table 1.1. In addition, the material properties in Table 2.5 are
dependant on the degree of poling. If the fibers are not fully poled then the material

properties will differ than those given in Table 2.5."

For all the above elastic constants, Reference 28 and Reference 68 agree, except in two
instances. In Reference 68 £;, is listed to three decimal places where Reference 28 lists
k;; to two decimal places. In Reference 68 and Reference 28 g;; is different by a small
amount, 10 m* / MC.

Due to the difficulty in measuting the force in a zero strain condition, most likely, the ¢
data was calculated from the 4 and s data, and small measurement errors in the 4 and ¢

data can cause large errors in the ¢ data.

The open circuit 12 and 21 Poisson’s ratio is greater than 2, however this does violate
the constraint that the sum of the wotk done by all the stress components must be

positive to avoid creation of energy during loading (Reference 63 pages 37-45).

2021 03,03 S1"‘712 031701303 =030y, =1 (2.6)
Where in Equation 2.6, either the open circuit Poisson’s ratio is used for all terms, or the

short circuited Poisson’s ratio is used for all terms.

In the reference given for the static tensile strength, (Reference 68), the static tensile
strength was obtained from bending tests on thin bimorph structures. However, no

details were presented boundary conditions (shorted or open circuit) for the test articles.

The coupling coefficient (or coupling factor) are “nondimensional coefficients which are

useful for the description of a particular stress and electric field configuration for
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k2

conversion of stored energy to mechanical or electric work.” (Reference 23 pages 38-39)
Consider a piezoelectric matetial that is free to deform with no charge applied to it. An
electrical source (such as a battery) is connected to the piezoelectric material resulting in
a stress free mechanical deformation. The coupling factor, £, for static or quasistatic

conditions in Reference 23 is usually defined by its squared, £, as:

Work delivered to the mechanical load

" Work delivered to the mechanical load + Energy unavailable to the mechanical load
This is the case of an actuator where electrical energy is supplied to the actuator in order

to generate mechanical energy. The electrical energy supplied to the piezoelectric

material is given by the denominator of Equation 2.7.

If mechanical energy is supplied to a piezoelectric material, under the right conditions an
electric field is generated, and the coupling factor, £, for static or quasistatic conditions is

defined as:

) Work done on the electrical load

= 2.8
Work done on the electrical load + Energy unavailable to the electric load )

This is the case of a transducer where mechanical energy is supplied to the piezoelectric
material in order to generate electrical energy. The mechanical energy supplied to the
piezoelectric material is given by the denominator of Equation 2.8. In both cases
(Equations 2.7 and 2.8) £ is equal. Thus, & is a measure of the efficiency of the
electromechanical conversion of the piezoelectric material. If the material is not
piezoelectric then £ is zero. If the material is piezoelectric then & must be less than one
due to conservation of energy. Further information on the coupling coefficient and its

. . 77
meaning can be found in References "' and 8

In Table 2.5, two coupling factors exist which are not defined in Reference 23, £, and
k. These are the invariant piezoelecttic coupling factor. “For a given electric field there
is a certain condition of elastic stress which will lead to the highest piezoelectric coupling
factor. These coupling factors may be termed invariant or eigen coupling factors.””
The original derivation for the invariant coupling factors is found in Reference *. For

each crystallographic orientation thete ate 3 invariant coupling factors. (Refetence 79).
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For a Hexagonal Crystal — Class 6 mm poled ferroelectric with the polarization direction
in the 3 direction, the first invariant coupling factor requires one to apply

E =E, =0, E, #0, yielding the invariant coupling factor &,

N
&

T
833

k=1 2.9)

In order to achieve the coupling factor in Equation 2.9, the following stresses must be

applied:”

E E
dyy 53 = dy) Sy,

I,=T,= 3
2d,, sty —dyy (sf; +55)
T,#0 (2.10)
T,=T,=T,=0

The second coupling factor requites one to apply E,=E, =0, E #0, yielding the

k, = /1—351: s @.11)
il .
& N

Where in order to achieve the coupling factor in Equation 2.11, the following stresses

invariant coupling factor &,

must be applied:

T=T,=T,=T,=T,=0
T, #0
The third coupling factor is for E, = E, =0, E, #0, however it equals £, except with

(2.12)

T,=T,=T,=T,=T,=0,T, #0.

In order to avoid the positive creation of energy, it can be shown (Reference 81) that
two of the nine requirements for the piezoelectric constitutive relations for a Hexagonal

Crystal — Class 6 mm poled ferroelectric with the polarization direction in the 3 direction

are that k. and k] are thermodynamically constrained to be less than 1:

ki <1 (2.13)
kl <1 (2.14)
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Because the invariant coupling factor are the maximum coupling factors for a given
electric field, all other coupling factors squared must be less than 1, and the absolute
value of the coupling coefficients must be less than absolute value of the invariant

coupling factors.

8. Material coefficients can be expressed as complex coefficients to account for losses in

the piezoelectric materials:***>%

d=d"-jd' (2.15)

Where the R superscript represent the real terms, the I superscript represents the
imaginary terms, and j is the square root of —1. It can be shown that by requiring the

power dissipation to be positive:™

(s£) (s5) . (s5) L(s5 ) L (h) . (eh) 20 2.16)
(2.17)

(s5) (s2) 2((s8) ) (2.18)
) (

(s5) (eh) ((@)') (2.19)
(s5) () =((dw) )2 (2.20)
(s2) (€7) = ((d15 Y )2 2.21)

1 ! i 1\?
() ((s5) +(s8) )22((s5) ) 2.22)
9. In many common PZT piezoceramics (Navy type I, II, III, V and VI) the following

approximate relations hold:*

ki, =2.0k;
dy; =2.22d,, (2.23)

sy, =1.05s3,
The values for PZT-5A were mostly taken from data measured by MorganElectro
Ceramics. In order to determine if this material data differed greatly from other
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manufactures, some of the data in Table 2.5 was compared to data from three other

manufactures.

Table 2.6 Comparison of 33 values of Navy type I Materials between Manufactures

Manufacturer | Material | k;; dy; ](3T3 )73135 )/313’ Reference
Name (pm/V) (GPa) | (GPa)

Sensor BM500 0.72 365 1750 53 110" 85

Technology

Limited

Staveley NDT EBL#2 0.72 380 1725 55* 114" 86

Technologies

Piezo Systems, 5A4E 0.72 390 1800 52 108" 87

Inc

Average 0.72 377 1740 53 110

MorganElectro PZT-5A 0.705 374 1700 53.2 106 28, 68

Ceramics

Percent 2.1% 1.1% 3.3% 0.2% 4.2%

Difference

* Denotes calculated from £;, and other data

As can be seen in Table 2.6, the MotganElectro Ceramics PZT-5A material data differs form
the average data of the other manufactures by a small amount. The percent difference was
calculated by subtracting the PZT-5A data from the average data and dividing it by the
average data. Therefore, the PZT-5A data in Table 2.5 from Reference 28 and 68 is
assumed to be correct. Other data which is taken from a single source and is difficult to
measure, such as the compressive depolatization stress, and the author has much less

confidence in its value.
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3. tmAFC Analysis

3.1 Introduction

The relationship between the material properties of the matetials in an AFC/tmAFC,
the geometry, and the response of due to stimulus of the AFC/tmAFC is pootly understood.
This is due primarily to the fact that the poling direction of the AFC/tmAFC follows a
curvilinear path, which cannot be determined using analytical methods, and the combination
of the rectangular geometry and the cylindrical fiber makes electrical analysis difficult. Some
back of the envelope calculations exist to determine AFC performance (Reference 34 pages
79-106) however they make assumptions that ignore the length of the electrode compared to
distance between the electrode fingers, and yield AFC stiffness that are incompatible with

> 1In order to determine the effect of the matrix

the Rule of Mixtutes for composites.(’
material properties on the tmAFC, the relationship between material properties, geometry,

and the response of an AFC/tmAFC is revisited.

First, the requirements for optimally performing distributed actuators are presented.
The electric field and electric potential in an interdigitated block is presented next to help
illustrate the electric field and potential in an AFC/tmAFC. Then the electric field and
potential in an AFC/tmAFC is discussed. Approximate relationships between material
propetties, geometry, and the response of an AFC is derived next. A finite element analysis
of reptesentative volume elements is presented next showing the effect of the matrix
material properties on the AFC. An AFC was chosen to be analyzed instead of a tmAFC
because as will be discussed in Chapter 4, various thicknesses of polymer were used for
manufacturing, and thus there did not exist a uniform geometry that could be analyzed for a
tmAFC. It should be noted that although the analysis was performed on an AFC, the results
determined for an AFC remain true for a tmAFC. This is because many tmAFC have a
similar geometry and similar matrix properties to PiezoFlex AFCs.
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3.2 Desirable Attributes for a Distributed Actuator

Given the diversity of active material applications listed in Section 1.1, it is desirable
to define the “best” properties for a longitudinal actuator. In order to determine the best
properties that a longitudinal actuator can have, consider two distributed actuators of length
L, bonded to the root of a thin passive isotropic cantilevered beam, as shown in Figure 3.1.

Discrete Actuator with cross
sectional area 4, / 2

Z
Structure with cross
sectional area 4 Discrete Actuator with cross
sectional area A4, / 2
Figure 3.1 Distributed Actuator Bonded to the Root of a Cantilevered Beam

Let us assume that the actuators are of the same material and are poled and actuated
in the Z direction. The actuators are actuated in such a way that the structure is actuated
quasi-statically in extension and not in bending. Let us also assume that the two discrete
longitudinal actuators have constitutive relations given by Equation 1.2 where the “3”
subscript is replaced with “Z”. The structure is comprised of a passive orthotropic material
with a constitutive relationship given by:

Sxx Sy Sxr Sxz | [Txx
S t=| 89 S Sz [1Tw (3.1)
Sz Sz Sz Sz || Tz

If the thickness and width of the beam and the actuators is small compared to the
length of the beam and the actuators, then the stress in the XX and YY directions can be

assumed to be zero:

Ty =T, =0 (3.2)
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We can also make the assumption that because the structure is so thin that the strain
and the stress in the ZZ direction beneath the actuators is independent of X and Y and the
ZZ strain in the actuators are the same. Using Equations 1.2, 3.1, and 3.2, and assuming that
the electric field in the X and Y directions in zero, the strain in the ZZ direction is given by:

Szz =Sz (TZZ )5 = SZEZ (Tzz )A +d, E, 3.3)
Where the S subscript and the .4 subscript refer to the structure and the actuator
respectively. If the structure is cut in the X-Y plane, the total force in the Z direction must

be zero:

YF,=0
A (T )+ A, (Tz), =0
Where F, is the fotce in the Z direction. Solving Equation 3.3 for the stress and substituting

(3.4

it into Equation 3.4 and the solving for the strain yields:

A
Sp=rwule g __fa_p 65
As Sz + Ay Sz 1+ s S22
A, Sy

Equation 3.5 can be rewtitten using the Young’s modulus of the materials instead of

the compliance, where the Young’s modulus of the two materials is given by.

1 1
Yy =— Y ="F (3-6)
Sz Szz

Where Y is the Young’s modulus. Substituting in the definitions in Equation 3.6 into

Equation 3.5:
d d
Sy = Z_F ZZ 3.7
zz L4 AS YZZ 4 1+ E z ( )
A Yy

Where £ is the ratio of the extensional stiffness of the structure to the extensional stiffness

of the actuator:

el AS YZZ
ST YE 8

YRR
Where Z is a positive number greatet than zero. The functon 1 / (1 + ) is
maximized at £ equals zero, and monotonically decreases as = becomes larger. 1/ (1 + &)
can be thought of as the reduction in the actuation of the actuator due to the stiffness of the
structure. Let us consider two cases. First, let us consider the limiting case where Z'is very
small, but 4,, and E; is finite. This is the case where the extensional stiffness of the
actuator, A, Y. | is infinitely greater than the extensional stiffness of the structure, A, Y,

Therefore, Equation 3.7 can be written as:
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Lim S, =d, E, (3.9)

20

This is the solution for an actuator operating under stress free conditions.

Let us consider the opposite limiting case, where Z'is infinite but both 4,, and E, ate
finite. This second case occurs when the extensional stiffness of the structure is infinitely
greater than the extensional stiffness of the actuator. Therefore, Equation 3.7 can be written
as:

I:Jirf S,z =0 (3.10)
If 4,, and E, are finite, however Z'is infinite, no amount of force that the actuator applies to
the structure will deform the structure.

Let us consider an actuator that has a stiffness in the Z direction that is much greater
than that in the stffness in the off diagonal terms. Let us also assume that when actuated in
a stress free condition the actuation in the Z direction is much greater than the actuation in

the other two directions. For this case, as will be shown in Equation 3.50, e, =Y. d,;.

Equation 3.7 can then be written as:

S — dZZ AA YZEZ E ~ eZZ AA
ZTAYELAY, °T AYE+AY
A +Z2Z S *ZZ At ZZ S L ZZ

If the case arises such that the extensional stiffness of the structure is infinitely greater than

E, 3.11)

the extensional stiffness of the actuator then Equation 3.11 can be written as:

Lim S, =M g (3.12)

A YE 50 < Yzz
In this case, to maximize the strain in the ZZ direction and actuation should be chosen such

that ¢,, is maximized.

It should be noted that in Equation 3.7 the actuator is assumed to be a piezoelectric
actuator. The previous derivation holds true for any active material with a strain linearly
ptoportional to a field variable, assuming one substitutes the appropriate material properties
into Equation 3.7.

From the above cases we can see that if one wanted to maximize the tip
displacement of the structure it would be desirable to have a large Y, , and large stress free
actuation (d,, F;). In the second case, one could either maximize d,, or use an actuator with
a smaller 4,, but with a larger allowable electric field. Depending on the application, if one
wanted to maximize the tip displacement per unit volt it would be desirable to have an
actuator with a large shorted Young’s modulus, and a large 4,;. Applications could exist
where it is desirable to maximize the strain in onc direction, thus the desirable figure of merit
is d,, / d,, It may be the case the force that it is desired the force actuator applies to the
structure is maximized. In this case the figure of merit is ¢;;. Above, only the 1-
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dimenstional case was considered. If the 2-dimensional case of an actuator bonded to a
plate was considered, Equation 3.5 will be complicated with off axis stiffness and
piezoelectric terms due to the fact that S, and Sy must be equal in both the plate and the
actuator. Given that numerous applications exist for actuators it is hard to define what set
of material property are should be the figure of merit to determine the “best” material

property.
In general, it can be said that for many situations where it is desired for the actuation
strain to be maximized, the “best” actuator to use should have a large shorted Young’s

modulus and have a large 4 and ¢ constants, and a large allowable electric field, however the

trade off between the three is dependent on the application.

The conclusions reached for a piezoelectric material bonded to a beam also hold true
for an AFC or a tmAFC. The constitutive relations for an AFC/tmAFC are given in
Appendix 1. If the shorted extensional stiffness of the AFC/tmAFC, Y, , is greater than the
extensional stiffness of the structure, the figure of merit to maximize is the amount of stress
free strain, I, the actuator can deliver (Equation B.62). If the extensional stiffness of the
AFC/tmAFC is less than the extensional stffness of the structure, the figure of merit to
maximize is the amount of stress the actuator can deliver in a strain free condidon, ¥,
(Equatdon B.65). For all cases, it is desirable to maximize the voltage that can be applied to
the actuator.

For AFCs and tmAFCs the figures of merit that will be analyzed are the shorted
stiffness, Y, , the amount of stress free strain, I, the actuator can deliver, the amount of

stress the actuator can deliver in a strain free condition, ¥, and the maximum matrix

electric field.

3.3 Analysis of an Interdigitated Block

Due to its geometry, piezoelectric coupling, and anisotropic material properties,
analysis of an AFC/tmAFC is very difficult to do using closed form solutions. Analysis of
the interdigitated block, as shown in Figure 1.5, is much easier to do and can provide some
insight to the behavior of an AFC/tmAFC. First, the electric field and electric potential for
an isotropic non-piezoelectric interdigitated block is analyzed. Then the effect of a low
dielectric material between the electrode and the high dielectric block is analyzed.

3.3.1 The Electric Field and Electric Potential of an Interdigitated Block

The average electric field due to an applied voltage in an AFC /tmAFC is illustrated
as being straight Figure 2.4. In actuality, between the two electrode finger pairs, the electric
field curves, however this curvature is difficult to illustrate for a tmAFC. To get a feeling of
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the path of the electric field in 2 tmAFC consider an interdigitated block as shown in Figure
1.5. Assume that the block is comprised of a perfectly insulating material that is not
necessarily piezoelectric. If the block is very long with many electrode fingers in Z direction,
and very wide in the X direction, then the electric field in the center of the block can be
modeled as a 2-d field in the Y and Z directions, as shown in the callout of Figure 1.5.

Consider a block comprised of a non-pizoelectric, isotropic dielectric material with
infinite resistivity and petfectly conducting electrodes. If a voltage is applied across the
electrodes in a manner shown in Figure 1.5, then the electrical response of the block can be
analyzed using electrostatic finite elements as shown in Figure 3.2.

Durection of the Average Electric Field ——>

Color Indicates Increasing Electric Field Intensity ———»
L,

Figure 3.2 Ilustration of the Electric Field of an Interdigitated Block

In Figure 3.2, the block has a height to length ratio of 23:90 and an electrode length to
height ratio of 15:46. These are the same ratios for a single fiber in the active area of a
PiezoFlex AFC as listed in Table 2.2. In Figure 3.2, the outer surfaces in the Y direction of
the block were assumed charge free, except at the electrodes. The electric displacement
across a surface of discontinuity is given by:

’;'(22 _Ql)=0-f (3.13)

Where D is the electric displacement vector, 0} is the free change per unit area on the surface

of discontinuity, and the 7 and 2 refer to side 7 and side 2 of the discontinuity respectively.

n is the unit normal vector of the surface pointing from side 7 to side 2. Because it is
assumed that no fringing fields exist outside the block, (D, = 0) and the outer surface are

charge free (0, = 0) the electric displacement perpendicular to the ¥’ surfaces equals zero.
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For an isotropic dielectric material, the relationship between the electric
displacement, and the electric field vector, E, is given by:

D=¢E
.Q:KEOLE

Where € is the permittivity matrix, K is the relative dielectric, and I is the identity matrix.

(3.14)

Because it was assumed that the Y surfaces are charge free, the electric displacement, and
therefore the electric field, is perpendicular to the Y surfaces as illustrated in Figure 3.2.

When a voltage is applied to the block, free charge builds up on the electrodes
supplying an electric field to the interior of the block. The electric field vector is given by:

E=-V¢ (3.15)
Where @ is the electric potential within the body. The electric field vector is in the directon
that a theoretical positive charge would move in. The electric potential must equal the
applied voltage at the electrodes. The electric potential is plotted for the interdigitated block

as shown in Figure 3.3.

Color Indicates Decreasing Electric Potential —>

Figure 3.3 Electric Potential of an Interdigitated Block

As can be seen in Figure 3.3, under the electrodes the potential is nearly constant. Between
the electrodes the electric potential is linear in the Z direction, and therefore the electric field
is constant in the Z direction. This is due to the geometry of the interdigitated block and the
electrodes which is the same as an AFC. The geometry of an AFC is chosen in Reference 34
to maintain a straight electric field in the Z direction between the electrodes while
maintaining acceptable field levels beneath the electrodes. Because free charge exists on the
electrodes, the electric displacement, and hence the electric field, is perpendicular to the
electrodes due to Equation 3.13, as is illustrated in Figure 3.2. At the electrodes:
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neD=0, (3.16)

Where 7n is the unit vector normal to the electrodes pointing into the block.

If one follows an electric field line in the block, the electric field line starts out
perpendicular to the positive electrode (in the Y direction), curves toward the Z direction
beneath the electrode, becomes neatly constant between the electrodes, cutves back in the Y’
direction and is perpendicular to the negative electrode. The electric field is highest at the
edge of the electrode. This is because at corners of electrodes, the free charge per unit area
is infinite and thus the electric field is infinite in an isotropic dielectric material. This is
analogous to an infinitely sharp crack or a point force causing an infinite stress in a structural
member. An electrode that is infinity thin or has an infinity sharp corner can cause the
electric field to be infinite, however in reality neither case can truly exist. An infinite free
charge per unit are is not the same as saying that the charge is infinite, if the free charge per
unit area is integrated over the entire electrode it is found that the charge is finite.

The infinite electric field causes a problem when analyzing the interdigitated block
using the finite element method, because as more elements are added to a uniform mesh the
electric field becomes larger and larger, but only in the elements at the corner of the
electrode. Because the elements becomes smaller and smaller, the capacitance approaches a
finite value. Thus, the capacitance and not the electric field should not be used for a

convergence criteria.

3.3.2 Effect of £ on an Interdigitated Block

Analysis of an AFC/tmAFC to determine the effect of the distance that the
electrode is from a fiber is presented in Section 3.7. Analysis of an interdigitated block can

provide some insight to the effect that & has on the internal electric field of an AFC/tmAFC.

Consider the interdigitated block and the callout shown in Figure 1.5. Using the
petfectly conducting electrodes, we wish to deliver as large as possible electric field in the g
direction to a layer of high dielectric material with zero conductivity. Assume that the
interdigitated block is infinitely wide in the x direction. For this section, let us assume that
on the outer surfaces of the high dielectric material there is a thin layer of polymer with zero

conductivity.

The electrodes of the interdigitated block are E, long, with the spacing between
clectrodes being Zlong. The thickness of the high dielectric material is 2 R and the total

interdigitated block 4, thick. If the block is very long with many electrode fingers in Z
direction, and very wide in the X direction, then the electric field in the center of the block
can be modeled as a 2-d rectangle in the Y and Z directions, as shown in the following

Figure:
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Figure 3.4 Geometry of an Interdigitated Rectangle with a Polymer Layer on the Outside

The interdigitated rectangle shown in Figure 3.4 is a single representative volume of the
interdigitated block shown in Figure 1.5, and therefore there exists an infinite number of
interdigitated rectangles extending in either direction of g, in Figure 3.4. }is defined as the
distance from the outer surface of the high dielectric material to the inner surface of the
electrode. As with the AFC/tmAFC defined in Section 2.2, ¥ can be positive or negative as
will be discussed below. The interdigitated rectangle shown in Figure 3.4 is the same a single
fiber in the tmAFC shown in Figure 2.5 if the round fiber in the tmAFC is replaced with a
rectangular fiber #/wide, and the layers of polymer above and below the electrode fingers
are removed. Therefore, the same symbols used for the tmAFC fiber in Figure 2.5 are the
same symbols used in Figure 3.4. The interdigitated block and rectangle is symmetric with
respect to geometry and materials about the x-g plane. The interdigitated rectangle is also

symmetric with respect to geometry and materials about and the x-y plane at g = 2 2.

We will consider four cases for the electrodes of the rectangle, as shown in Figure
3.5. First is case where a gap filled with polymer exists between the electrode and the high
dielectric material. This is the case where the gap spacing, ¥, is positive. The second case is
where ¥ is equal to zero. For this case the electrodes touches the high dielectric material.
This is the case where ¥ is equal to zero. In the case where ¥ is negative, some of the high
dielectric material is removed so that the electrodes extend into the high dielectric material.
The fourth case is where ¥ is equal to —R. For this case all the material beneath the
electrodes are removed and the electrodes completely cover the ends of the polymer and the
high dielectric material. Because the interdigitated rectangle shown in Figure 3.4 is similar to
the single fiber in the tmAFC shown in Figure 2.5, Equation 2.3 can be used for both the
interdigitated rectangle and the single fiber.
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E= =1+% (£20%) (3.17)

+y Electrode

S ST
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—
Y
N

High Dielectric
Material

Electrode does not touch high dielectric material, ¥> 0, &> 100%

y

A
0

—» < ||

‘L?
T > Z
ER

Electrode barely touches high dielectric material, y= 0, & = 100%

éR

Electrodes pushed into high dielectric material, ¥ < 0, £ < 100%
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Top and bottom electrodes completely touch, ¥ = -R0, &= 0%

Figure 3.5 Ilustration of £and yin an Interdigitated Rectangle

It is assumed that in all four cases the electrodes are flush with the outside of polymer.
Assume that the initially the interdigitated rectangle is completely charge free. A total DC
voltage drop of 2 1/, is then applied to the rectangle, as shown in Figure 3.6.

F
, ;/ Voltage = 1/, Voltage = -1,

Figure 3.6 Applied Voltage to the Interdigitated Rectangle

Because interdigitated rectangle is infinitely wide in the x direction, it is assumed that no
electric fields exist in the x direction and thus the electric potential is independent of x. Due
to geometric and material symmetry and the values of the applied voltage, across the x-g
plane the electric potential is symmetric, and therefore the electric field at y =0 is only in the

z direction. About the x-y plane at ¢ = £/ 2, the electric potential is antisymmetric.

Therefore the electric potential is zero at g = L/ 2 and the electric field at this location is

only in the g direction. If there is no fringing of the electric fields and the surfaces are
assumed to be charge free, the electric displacement is perpendicular to the outer edges in

the polymer at y = +4, / 2. Because there are infinite rectangles extending in either direction
of g, then the electric field in z directon is zero at the outer surfaces (g = 0, L/ 2). As

discussed in Section 3.3.1, the electric displacement is perpendicular to the electrodes. Due
to symmetry, one can solve the electric potential in a “Y4™ model” of the interdigitated
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rectangle shown in Figure 3.4 and apply the solution to the entire rectangle. A V4" model of
the interdigitated rectangle is shown in the following Figure:

Voltage = Vp

T f
: Sy
T - l‘* Lel2 Voltage = 0 /

éR

Figure 3.7 Vath Model of Interdigitated Rectangle

The Y4™ model of the interdigitated rectangle is the portion of the interdigitated rectangle
shown in Figure 3.4 surrounded by the dotted line. In the 4™ model, a voltage equal to zero

is applied across ¥ = &/ 2. It should be noted that the capacitance of the rectangle shown in

Figure 3.4 is the same as the /4™ model.

Using Equation 3.13, we can determine the electric displacement in the y direction at

the interface between the polymer and the high dielectric material (y = £R):

j*[Ds (y=1R,2)-D, (y=1R,z)|=0, (y=1R,2) (3.18)
Where D, is the electric displacement in the polymer, D,, is the electric displacement in the
high dielectric material, and 0f y = 0, g) is the free charge at the interface. If the

interdigitated rectangle initially was charge free, and both the polymer and the high dielectric
material have zero conductivity then free charge cannot migrate through the rectangle, and

thus 0y must be zero. Therefore, Equation 3.18 can be written as:

Dp+j=Dyrj y=tR (319
Let us assume, that polymer and the high dielectric material is non-piezoelectric and is
electrically isotropic. Therefore, using Equation 3.14, Equation 3.19 can be written as:

K, (E;), =K, (Ep ), y=4R (3.20)
Where E is the electric field and the y subscript indicates that the electric field in the y
direction. It should be noted that throughout the following discussion it is assumed that K,
< K. Solving for the electric field in the high dielectric material:

80



(E, ), = %(EP ), y=%R (3.21)

Thus, if the dielectric of the high dielectric material is much greater than that of the polymer,
then the electric field in the y direction in the high dielecttic material is much less than that
of the polymer at the interface. Equation 3.21 will have important consequences for the
interdigitated rectangle and AFCs/tmAFCs.

Using the finite element program ANSYS®, the electric potential of the ¥4™ model
can be solved for. The model was solved for using the geometrical properties given in Table
3.1, which are the same properties for the PiezoFlex AFC in Table 2.2.

Table 3.1 Interdigitated Rectangle Geometrical Parameters Used for the FEM Model
Parameter Value Reference
Y/ 1.143 mm (45 mil) Table 2.2
I, 191 pum (7.5 mil) Table 2.2
b 292 pm (11.5 mil) Table 2.2
¥ Variable
R 135 um (5.3 mil) Table 2.2

The distance between the electrode and the fiber was varied to determine the effect
of the matrix gap, ¥, on the electric potential of the interdigitated rectangle. The relative

permittivity for the two materials was chosen to be:

Table 3.2 Interdigitated Rectangle Geometrical Parameters Used for the FEM Model
Parameter Value Reference
Ky 3.6 Average K for a polymer

(Section 2.3.1)

K, 1700 KL for PZT-5A (Table 2.5)

It should be noted the K chosen for the high dielectric material was that of Kj, for PZT-

5A. However, K1, could have been chosen, (K7,=1730), making only a small difference in
the solution of the electric potential.
The electric potential was solved for using 2-d eight node PLLANE121 electrostatic

elements with voltage degrees of freedom. 22,496 elements were using in rectangular mesh

for a total number of nodes 68,233. This large number of nodes was used to guarantee
convergence of the charge per unit width at the g = Z/ 2 end to within 2 decimal places, the

convergence criteria, as shown in Figure 3.8.
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Figure 3.8 Convergence of Capacitance of FEM for the Interdigitated Rectangle

In Figure 3.8 the percent error in the capacitance per unit width is determined from:

C/W (n Nodes )-C/W (68,233 Nodes)
C/W (68,233 Nodes )

When 68,233 nodes are used to analyze the interdigitated rectangle, the C/W for &= 100%
and 108.1% is 269 and 3,746 pF respectively. A picture of the mesh has not been included
in this work because the mesh does not print well due to the small size of the elements.

Percent Error in C/W =

(3.22)

The electric potential inside the 4" model is shown in Figure 3.9.

e oooooSemmeal
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£=107.4% (y= 10 microns)
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Figure 3.9 Electric Potential Inside an Interdigitated Rectangle with Various Electrode
Spacings

As can be seen in Figutre 3.9, the electric field (Equation 3.15) in the g direction in
the high dielectric material increases as & decreases. When & >100%, the electrode is not
touching the high dielectric material. The closest distance between the electrode surface and
the interface between the polymer and the high dielectric material will be henceforth referred
to as the “polymer gap”. It should be noted that the polymer gap only exists for &> 100 %.
Due to Equation 3.21, the electric field in the polymer gap is very large, causing a large
potential drop in the polymer gap. If one follows a field line from the electrode, though the
polymer gap, into the high dielectric material, and into the g = L/ 2 end, the total potential
drop across the polymer gap and the high dielectric material must be equal to 1/, If the
potential drop in the polymer gap is very high, the potential drop for the high dielectric
material is drastically reduced. Due to the small voltage drop in the high dielectric material,
and because of the large size of Jcompared to polymer gap, the electric field is in the high
dielectric material will be very small. As the electrode comes closer to the high dielectric
material, the potential drop in the polymer gap becomes less and thus there is a greater
potential drop across the high dielectric material, and therefore the electric field in the high
dielectric material increases. When the electrode touches the high dielectric material, & =
100%, and all the electric field lines at the electrode surface in the polymer tend to stay in
polymer all the electric field lines at the electrode surface in the high dielectric material tend
to stay in the high dielectric material. Now the entire potential drop occurs in both the
polymer and high dielectric material, and thus a large electric field is delivered to the high
dielectric material. As & decreases below 100% the electric potential close to the electrode
tends to straighten out in the g direction due to the presence of the electrode. At the g = 7
2 end, the electric field is linear with 3. When & equals —R the average electric field in the g
direction in the high dielectric material is maximized due to the fact that the electric potential
is linear with g between the electrode g = L/ 2, and there is no electric field in the y
direction. It should be noted that once the electrode touches the high dielectric material the
average electric field in the g direction in the high dielectric material is almost equal for all
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cases where the is no polymer gap. When there is a polymer gap then the electric field in the
high dielectric material is very small, and decreases as & increases. This is seen in the plot of

capacitance per unit width for the 4™ model when plotted against &,

4500 — ——

4,000 - e,

500 '\

0% 20% 40% 60% 80% 100%
Distance electrode from center / fiber radius, &

Figure 3.10 Capacitance / width verses & for an Interdigitated Rectangle

The capacitance per unit width was determined by dividing the total charge on the g = /2,
and electrode by the applied voltage, 1 V. As mentioned previously, the capacitance of the
rectangle shown in Figure 3.4 is the same as the %™ model.

For & = 0%, due to the path of the electric field, the total capacitance can be
modeled as two capacitors in parallel, one due to the polymer and one due to the high
dielectric material, as shown in the following figure:
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Figure 3.11 Capacitance Model for &= 0% for the Interdigitated Rectangle

For a capacitor electroded on the ends with a linear potential drop, the capacitance equals
the permittivity times the area divided by the length. For two capacitors in parallel, the total
capacitance is given by the sum of the capacitors. Therefore, the capacitance per width for

interdigitated rectangle for £ = 0% is given by:

g h
CIW = L—DLE [(KD—KP)R+KP ?AJ E=0% (3.23)
Because K, is much greater than K, and R is about equal to 4,/2, Equation 3.23 can be
written as:
£
C/IW=—""-K, R = 0% 3.24
L—LE D 4 o (3.24)

Using Equations 3.23 and 3.24 the capacitance per width fro the interdigitated
rectangle is 4266.7 and 4267.4 pF/m respectively. The finite element solution using 68,223
nodes is C/W = 4293 pF/m, a percent difference of 0.6% for both cases. For all values of
£ <100% , the capacitance per width is about equal. This is due to the fact that the average

electric field in the z direction for £ <100% is neatly independent of &.

As can be seen in Figure 3.10, the capacitance for & > 100% is very small compared
to the capacitance for £<100% . This is because for &> 100%, most of the potential drop

is lost in the low dielectric polymer gap, and thus leaving little potential to generate charge

on the surface of the electrode. Figure 3.12 gives a capacitor model for the interdigitared
rectangle for &> 100%.
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Figure 3.12 Capacitance Model for &> 100% for the Interdigitated Rectangle

Where in Figure 3.12 C,, C,, and C, is the capacitance due to the polymer, the
polymer gap, and the high dielectric material respectively. It should be noted that in Figure
3.12 there is a capacitance is not modeled due to the non-uniformity of the electric field in

this area. The capacitance in the polymer and the polymer gap can be given by:

CP:%KP—LW(hA-zR—zy)
¢ £>100% (3.25)
_&ak, LW
G

2y
The capacitance in the high dielectric region is not known because the electric field in this
region is not uniform. However, it is known that the C), is finite and proportional to K},

times .
C,=¢,K,WC (3.26)

Where C is an unknown constant that is unitless. The capacitance per unit width
for £ > 100% is given by:

(Ce/W)(Cp/W)
(Ca/W)+(Co/W)
Where capacitors in series add like springs in parallel. Inserting Equation 3.25 into Equation
3.27 yields:

C/W=C,/W+

£>100% (3.27)

& Kp L (Cp /W
l-L, g Kp L, +2y(Cp/W)
In order to determine C), consider the case where the electrode touches the fiber, ¥ = 0.
Byl
C/W(y=0)=ﬁ(hA—2R)+ Cp/W (3.29)
E
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Solving for C,,/ W yields:

&K,
l-L,

Thus, if the capacitance per unit width for ¥ = 0 is known, then the capacitance per unit

Cp/W=C(y=0)/W- (h,—2R) (3.30)

width in the high dielectric area can be estimated. Using the FEM results presented in
Figure 3.10 and the result that the capacitance per unit width for ¥ = 0 is 3,746 pF/m, the
capacitance per unit width for the interdigitated rectangle for & > 100% (Equation 3.28) can

be plotted versus &,

4,000 — -
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3,000 |
Cp/W

500 . !
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a |

= \

= , i C/ W from FEM \

o 1,500 |
/ C/W estimate ;

0 +— -———— -—u |
100% 102% 104% 106% 108%

Distance electrode from center / fiber radius, &

Figure 3.13 Capacitance per Unit Width plotted for & for the Interdigitated Rectangle for & >
100%

As can be seen in Figure 3.13, Equation 3.28 provides a very good estimate of the
capacitance of the interdigitated rectangle for & > 100%. The percent difference between
the finite element model and Equation 3.28 ranges between 0% (at & = 100%) and 5.39%.
In Figure 3.13 the capacitance per unit width is plotted versus & for the polymer. As can be
seen C, / W is very small compared to C/ W. Therefore, Equation 3.28 can be written as:

C/W= EOK.P LE(CD/W)
&Ky Ly +27(Cy /W)
The percent error in Equation 3.31 and the finite element model ranges between 0.02% and

£>100% (3.31)

5.45%. Equation 3.31 can be rewritten as:
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K,K,L,C

C/WEEDK L,+2yK,C
+
ple T2V Rp E>100% (3.32)
A 1L TN
CW &K;|C K L

Therefore, if 1 / capacitance per unit width is plotted against & for the finite element

results should be a straight line:

4 e
4
1/(C/W)=41.837 - 41.559 (m/ nF)
3 R? = 0.9999 -/
I ,,l'/
[ ~
= .
E -
= .
s e
1 e
0 ‘ ‘ v J T T
100% 102% 104% 106% 108%

Distance electrode from center / fiber radius, £

Figure 3.14 1 / Capacitance per unit Width versus £ for the Finite Element Results of the
Interdigitated Rectangle

As can be seen in Figure 3.14, when 1 / capacitance per unit width is plotted against & for
the finite element results a straight line is seen with R? = 0.9999, thus validating the

assumptions that went into Equation 3.31.

It should be noted that the capacitive model of Figure 3.12 is very similar to the
assumptions made in the uniform fields model to determine the actuation of an AFC
(Reference 34 pages 84-96). The uniform fields model made an assumption that a layer of
polymer existed between the electrode and the fiber (£ > 100%) thus reducing the actuation
of the AFC and this layer could be modeled as a capacitor. As will be seen in Section 3.7
this assumption is approximately true.

The ratio of the permittivity in the polymer to the high dielectric material, K./ Kp, is
very important to the potential drop in the high dielectric material for &> 100%. As K,/K,,
increases, then the potential drop in the polymer gap decreases, and thus the average electric

field in the g direction in the high dielectric material increases. Thus if & > 100%, to
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maximize the average electric field in the g directon in the high dielectric material one
should attempt to find a polymer with as large a K}, as possible. For £ <100% the average

electric field in the g direction in the high dielectric material is nearly independent of the
ratio K,/Kp. This conclusion holds true for a true for an AFC/tmAFC where the high
dielectric material is the piezoelectric fiber. Further discussion of the fields inside the
interdigitated block and an AFC/tmAFC are presented in Section 3.7.

34 Reduction of the Response of the Active Area of an
AFC/tmAFC to a Single Fiber

As mentioned in Section 3.3, the electric field for a single fiber in an AFC/tmAFC is
similar to that of an interdigitated block. However, the AFC/tmAFC is comprised of several
materials, and rectangular and cylindrical shapes, making the AFC/tmAFC very difficult to
analyze AFC/tmAFC using closed form solutions, and thus approximate solutions and finite
element solutions must be relied upon. Most solutions will involve the single fiber Figure
2.5 because as discussed in Appendix I. The results of a single fiber can be used to
determine the results for an entire AFC/tmAFC if some assumptions are employed.

1. The electrodes are assumed to be perfectly conducting
2. All fields are applied quasi-statically, as defined in Section II1.2
3. The frequencies of the applied field are small such that magnetic forces can be ignored

4. The fibers are straight and evenly spaced in the X direction with spacing W

5. The material and geometry of the AFC/tmAFC is symmetric about the X-Z plane
6. All fibers are within the active area

7. No electric fields occur outside the AFC/tmAFC

8. There are a large number of fibers and electrode finger pairs

9. No electric field fringing occurs outside the active area

10. All strains and stresses are applied uniformly to the active area
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In Assumption 1, the conductance of the electrode is assumed to be infinite. This is
another way of stating that the impedance of the fibets is much greater than the impedance
of the clectrode, which is typically true. In Assumption 2, it is assumed that all fields are
applied quasi-statically. This is to avoid electrical and mechanical resonance’s as described in
Section I1.2. Typically, AFCs/tmAFCs are operated in ranges below 1 kHz to avoid the
generation of heat which can damage the actuator. As seen in Appendix IV, the electrical
resonance’s atre typically above 10 kHz. Assumption 3 is a typical assumption made for non-
magnetic materials in which the applied frequencies are low. Assumptions 4, 5, and 6 ate the
goals for correctly manufactured AFCs/tmAFCs. Assumption 7 states that no electric field
exists outside the AFC/tmAFC. If electric fields are present then it is the goal that they are
small such that actuation of the AFC/tmAFC does not cause electrical damage to the host
structure that the AFC/tmAFC is embedded into. Assumption 8 states that there are a large
number of fibers and electrode finger pairs. If there are a large number of electrode fingers
and fibers effects due to the fibers being close to the edges of the active area will be
minimized. In addition, single fibers can be modeled as if they are surrounded by an infinite
number of fibers in the x and z directions, which is true for the fibers close to the center of
the AFC/tmAFC. Assumption 9 states that no electric field fringing occurs outside the
active area. The electrodes were designed such that electric fields between the electrode
fingers and the rails would be small compared to the fields between the fingers (Reference
34). Because of Assumption 8, any effects of field fringing would be minimized.
Assumption 10, as discussed in Appendix I, is made to reduce the response of the active area
to the response of a single fiber. In general, the end user of the AFC/tmAFC is interested in
only the global response of the AFC/tmAFC, and not how strain varies throughout the
composite. AFCs/tmAFCs also are used in cases where forces and strains are applied across

composite in general, and not point-wise.

If electrodes of the AFC/tmAFC are petfectly conducting, a voltage drop placed
across the electrode pads, the magnitude of the voltage drop is the same across each
electrode fingers. In Figure 2.4 the average electric field for an AFC/tmAFC is shown with
field fringing. However due to Assumption 8, field fringing is assumed to be zero. In Figure
3.15 the average electric field for an AFC /tmAFC is shown without field fringing, where the
arrows in the active area give the average electric field. As can be seen in Figure 3.15, when
a voltage is applied to the AFC/tmAFC, the average electric field is in either the positive or

negative Z directon, as shown in Figure 2.1.
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Figure 3.15 Tllustration of the Electric Field in an AFC/tmAFC Without Fringing

In a conductive body, the electrons are not tightly bound to the nucleus of the
atoms, and the application of an electric field causes movement of the electrons resulting in
a conduction current. In a dielectric body, the electrons are very tightly bound to the
nucleus and the application of an electric field causes the electrons to slightly displaces from
the positive nucleus. This displacement is known as electronic polarization and is illustrated

below.
Electric Field
>
\ Q )
'. .' | ;
\\ "' \\ S
AN /I \"-.__ ’t’,
No Electric Field Electric Field Applied
Figure 3.16 Illustration of Electronic Polarization

Other types of polarization are known as ionic and orientational polarization in
which the bonds between ions stretch and rotate under the application of an electric field.
When the electric field is removed, changes and ions return to their original positions. The
positive direction of the polarization vector is defined as being from the negative polarizing
charge to the positive polarizing charge.

During the poling process, a large electric field is applied under high temperatures,
aligning the polarized domains with the electric field. After removal of the electric field and
temperature, some of the polarized domains return to their pre poling state. Some of the
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polarizations of the domains remain aligned with the poling field yielding a “remnant
polarization”.  Prior to poling, the piezoelectric material is isotropic, but becomes
anisotropic due to the remnant polarization. Figure 3.17 shows the effect of poling on a
piezoelectric interdigitated block.

Electric Field

>

Direction  of
/ Polarization |

Average Direction of Remnant Polarization

Removal of the poling field does not completely realign domains

Figure 3.17 Tllustration of the Polarization Direction During Poling for an Interdigitated Block

The “3” direction in the curvilinear path of following the remnant polarization
vectors the direction. In the case of the interdigitated block, the “3” direction starts out
petpendicular to the positive electrode (in the Y direction), curves toward the Z direction
beneath the electrode, becomes neatly constant between the electrodes, curves back in the Y
direction and is perpendicular to the negative electrode, as can be seen in Figure 3.17. This
yields an average remnant polarization in the Z direction as shown above, and thus it can be
said that the “3” direction is on average in the Z direction. After polarization, the
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piezoelectric block can be actuated. When a driving voltage source is connected to the
piezoelectric block a electric field is introduced into the block following the path of the “3”
direction. If the high side of the driving voltage source is connected to the electrode that
was connected to the high side of the poling voltage source, the electric field is in the
positive “3” direction. If the low side of the driving voltage source is connected to the
electrode that was connected to the high side of the poling voltage source, the electric field is
in the negative “3” direction. If the electrodes are the only source of applied electric fields,
the electric field in the block is always in the positive or negative “3” direction.

After an AFC/tmAFC is manufactured the fibers are not poled, and need to be
poled in order for actuation to occur. Between the electrode fingers, the poling direction is
similar to the poling direction of the interdigitated block as shown in Figure 3.17. However
due to the interdigitated fingers, the average polarization direction alternates in the positive
and negative Z directions as shown in Figure 3.15. Thus, like a piezoelectric stack, the
average remnant polarization direction of an AFC/tmAFC alternates between the electrode
fingers. Like the interdigitated block, when a driving voltage source is connected to the
AFC/tmAFC, an electric field is introduced into the AFC/tmAFC following the path of the
“3” direction. If the high side of the driving voltage source is connected to the electrode pad
that was connected to the high side of the poling voltage source, the electric field is in the
positive “3” direction. If the low side of the driving voltage source is connected to the
electrode pad that was connected to the high side of the poling voltage source, the electric
field is in the negative “3” direction. If the electrodes are the only source of applied electric
fields, the electric field in the AFC/tmAFC is always in the positive or negative “3” direction
for all the electrode finger pairs. This is further discussed in Appendix I.

In the center of the electrodes due to the proximity of two negative polarization
charges, large stresses build up and cracking can occur in the piezoelectric material as shown
below:

|
F=

+

Ve

Figure 3.18 Cracking due to Polarization beneath the Electrode in an AFC/tmAFC
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Like the interdigitated block, the electric field in an AFC/tmAFC is highest at the
corners of the electrode. If the corners of the electrode are infinitely sharp then the electric
field is infinite. In reality, the corners of the electrode are not infinity sharp and thus the
electric field at the corners is large, but finite. This large electric field yields electrical damage
in the AFC, and was seen in electrical fatigue tests of AFCs in Reference 58 (pages 101-110).

If there is no fringing of the electric fields, and due to symmetry of the materials in
the AFC/tmAFC, a voltage drop placed actross any fiber is the same as any other fiber. This
voltage drop creates an electric field whose average direction although alternates in the Z
direction, is always in either the positive 3 direction or the negative 3 direction in every fiber.
Because it is assumed that any stress or stain applied to the active area of the AFC/tmAFC is
uniformly applied, the applied stress and strain in any single fiber is the same as in any other
fiber. Therefore because the applied stress and strain, electric field and electric potential is
the same in every fiber, the response of every fiber is the same, and therefore as described in
Appendix 1, the response of the active area of an AFC/tmAFC can be reduced to the
response of a single fiber.

Consider the single fiber of an AFC/tmAFC in the active area as shown in Figure
2.5. Assume that this fiber is one of many fibers in the active area of an AFC/tmAFC.
Assume that the fiber has a applied voltage of I7(#) on the g = 0 electrode and an applied
voltage of —17(#) on the g = Lelectrodes, for a total voltage drop of 2 T/(#). Assume that
stresses and strain supplied to the single fiber are uniform over the entire fiber. Due to
geometric and material symmetry and the values of the applied voltage, across the x-g plane
the electric potential is symmetric, and therefore the electric field at y =0 is only in the g

direction. About the x-y plane at g = L/ 2, the electric potential is anti-symmetric.
Therefore the electric potential is zero at g = &/ 2 and the electric field at this location is
only in the g direction. If there is no fringing of the electric fields, the electric displacement
is perpendicular to the outer edges in the matrix at y = 14 / 2. Because thete are infinite
fibers extending in either direction of g, then the electric field in g direction is zero at the

outer surfaces (3 = 0, £/ 2). Because there are infinite fibers extending in either direction of

x, then the electric field in x direction is zero at the outer surfaces (x = - Wy 2, W/ ?2). For
reasons discussed in Section 3.3, the electric displacement is perpendicular to the electrodes.
As mentioned in Appendix I, when the fiber is actuated using an applied voltage, the volume
of the fiber does not shear, and thus the displacement in the g direction at g = 0 must be
independent of x and y. Similar arguments can be used to prove:

u(W(2,y,z)=u(x=W/2)
u(-WJ2,y,2)=u(x=-W/2)
w(x,y,0)=w(z=0)
w(x,y.0)=w(z =7)

(T). =0 (3.33)
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Consider the case of single fiber shown in Figure 2.5 where the stress boundary
conditions are assumed symmetric (for example stress free on the x and y boundaries with an
applied stress, T,, on the g boundary). The displacement boundary conditons are also
assumed to be anti symmetric (for example no displacements on the y and g boundaries with
a displacement t# on the edges x = F W/ 2). For this case, the x, y, and g displacements
are anti-symmetric about the y-g, x-g, and x-y planes respectively. The problem of modeling
the displacements, strain, stress, electric potental, electric field, and electric displacement can
be then reduced to a “1/8" model” of the single fiber shown in Figure 2.5.

¥
A

Matrix L/2
Volume, x, y, z
dimensions
Wr2,n/2, 72

1
1
e e

A ] Matrix Layer
: e or Kapton
1

Pid ; ¥
[+ A Electrode
i x, ¥, z dimensions

4\ ] P W72, hp, Lr /2

J ’ ;i
hat/2 ’/ " ER
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Radius R
z

Figure 3.19 1/8% Model of a Single Fiber of an AFC/tmAFC

Due to the anti-symmetry of the displacements and electric potential, # 2, », and @ is
zero on the x = 0,y = 0, 2= U//2, and g = U/ 2 faces respectively. At the electrode a
potential equal to —I” (#) is applied yielding an electric field in the g direction. This 1/8"
model will be used extensively in Section 3.8.

3.5 Rule Mixtures Analysis of an AFC/tmAFC

In Appendix 111, the rule of mixtures for active materials is derived. Using the rule
of mixtures one can estimate the effect of the matrix Young’s modulus on the open and
short circuited Young’s modulus of an AFC/tmAFC. The effect of the matrix Young’s
modulus on the stress free strain per unit volt of an mpAFC is also analyzed.
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3.5.1 Effect of Matrix Young’s Modulus on the Short Circuited Young’s Modulus of
an AFC/tmAFC

Using Equation C.30 and the geometry in Figure 2.5, the Young’s modulus in the Z
direction under a shorted circuited condition for the active area of a PiezoFlex AFC can be

determined, (YZ‘; )A .

(v7), ==5— (3.34)

Where
(¥5) = E, A=Wh,-nR
(r5), = Ex A, =W (h—h,) (3.35)
(Y3€)3=Ya§ A3=7ZR2

Where the 1, 2, and 3 subsctipts represent the matrix, Kapton, and the fibers, the M
subscript indicates the matrix, the K subscript indicates the Kapton, E is the Young’s

modulus, and Y;; is the Young’s modulus of the fiber. Equation 3.34 can be written as:

oy E (Wh -mR)+E (W (h—h,))+Y; (7 R)
(YZZ)Az Wh

(3.36)

Using the geometry and material properties for the PiezoFlex AFC in Table 2.2 and
the fiber properties in Table 2.5, the average Young’s modulus in the Z direction under a
shorted condition in the active area of a PiezoFlex AFC can be plotted versus the matrix
Young’s modulus, E,.:
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Figure 3.20 Young’s Modulus in the ZZ Direction under a Shorted Condition in the Active Area
of a PiezoFlex AFC versus Matrix Young’s Modulus

As can be seen from Figure 3.20, there is only a slight change in the shorted AFC
stiffness as the matrix stiffness is changed. This is because the fibers have a dramatically
higher shorted stiffness than any other material in the AFC. Using Equation 3.36 and
assuming that the matrix and Kapton have infinite compliance (i.e. the fiber is the only
material in the AFC), we see that:

E 2
(%2), = %ﬂ:—) (3.37)
Using Equation 3.36, for the case of the active area of a PiezoFlex AFC, Y,, =32.0 GPa,
using a matrix Young’s modulus of 2.9 GPa. Using Equation 3.37 the short circuited
PiezoFlex AFC Young’s modulus can be estimated, Y’ >, =30.8 GPa, using a matrix Young’s
modulus of 2.9 GPa, yielding a percent difference of 3.6 %. Ignoring all the other materials
in the AFC, Y,, using the fibers only has a percentage difference of 1.2 % to 5.3 % from the
YZVZ given in Figure 3.20, and therefore it can be assumed that the matrix stiffness has only a

minimal effect on the shorted Young’s modulus of the AFC.
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3.5.2 Effect of Matrix Young’s Modulus on the Open Circuited Young’s Modulus
of an AFC/tmAFC

Using Equation C.36 and the geometry in Figure 2.5, the Young’s modulus in the Z
direction under an open circuited condition for the active area of a PiezoFlex AFC can be

determined, (YZiZ )A.

$ia(4:),(55),|

Sl Sa)0-02)) ]
(83T )1 =&y (d33 )1 =0 (k33 )1 =0
(&5 )2 =& (dy),=0 (ky),=0 (3.39)
(€3T3 )3 = 83T3 (d33 )3 = d33 (k33 )3 = ks,

Where € is the shorted permittivity, 4 is the “strain” piezoelectric coefficient, and £ is the

he

(Y;’Z )A = (YZVZ )A + (3.38)

o

w
-

coupling coefficient. Equation 3.38 can be written as:

(Yziz )A = (Yz‘; )A
. [7R*d,vET (3.40)
Whe, (Wh-a R )+e (W (h=h,))+ el (7R )(1- K, )]
Using the geometry and material properties for the PiezoFlex AFC in Table 2.2 and

the fiber properties in Table 2.5, the average Young’s modulus in the Z direction under an
open circuit condition in the active area of a PiezoFlex AFC can be plotted versus the matrix

Young’s modulus, E,;:
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Figure 3.21 Young’s Modulus in the ZZ Direction under an Open Circuit Condition in the
Active Area of a PiezoFlex AFC versus Matrix Young’s Modulus

As can be seen from Figure 3.21, there is only a slight change in the open circuit
AFC stiffness as the matrix stiffness is changed. This is because the fibers have a
dramatically higher open circuit stiffness than any other material in the AFC. Using
Equations 3.36 and 3.38 and assuming that the matrix and Kapton have infinite compliance

and infinite impermittivity, we see that:

Y (7 R?
(v,) sﬁ—(-—) (3.41)
A Wh
Using Equations 3.36 and 3.38, for the case of the active area of a PiezoFlex AFC,
Y;, =62.1GPa, using a matrix Young’s modulus of 2.9 GPa. Using Equation 3.41 the

i

short circuited PiezoFlex AFC Young’s modulus can be estimated, Y, =61.4 GPa, yielding
a percent difference of 1.0 %. Ignoring all the other materials in the AFC, YZiZ using the

fibers only has a percentage difference of -0.3 % to 1.9 % from the Y, given in Figure 3.21,

and therefore it can be assumed that the matrix stiffness has only a minimal effect on the
open circuit Young’s modulus of the AFC. This percent difference is less than the percent
difference for the short circuit Young’s modulus. This is because the open circuit stiffness

of the fiber is higher than the short circuit stiffness.
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3.5.3 Effect of Matrix Young’s Modulus on the ZZ Strain per unit Volt under Stress

Free Conditions for a mpAFC

Using Equation C.36 and the geometry in Figure 2.5, the ZZ strain per unit volt

under stress free conditions for a PiezoFlex AFC can be determined.

Y A(dyYis)
S, (1)=5—E (1) (3.42)
XA (r5)

i=1

Where in Equation 3.42, E, is the electric field in the 3 direction. As seen in Figure 3.9, the
electric field in an interdigitated block is dependant on the parameter & and the electric field
in an AFC will be shown to be dependant on the parameter £ in Section 3.7. In Figure 3.9.
when & = 0% the electric field for the interdigitated block is uniform in the g direction
between ¥ = L. / 2 and 3 = U/ 2. For the mpAFC (£ = 0%) it can be assumed that the
electric field and 3 direction is uniform in the g direction between g = L / 2 and z = U/ 2.
The electric field in the g direction is therefore given by:

14
E (r)= 7% (3.43)

Thus using Equation 3.42 and 3.43, the 33 strain between the electrodes can be determined.

ve) 5.4 (4 %5)

S33 (t)z L"LF ﬁiAl (}/3135 )i (3'44)

The strain in Equation 3.44 is the strain between the electrodes in Figure 2.5. The gz strain

for a single fiber in the active area is the displacement divided by the center-to-center length
between the electrodes. The trelationship between the gz strain for a single fiber in the active
area, S, and the strain between the electrodes is given by:

5.(0= 25 5,0) 545)

Inserting Equations 3.35, 3.39 and 3.44 into Equation 3.45 yields:

(Ty) ___Szz(t)zﬂR2 dy, Yy
ZhT V() L E,(Wh-zR)+E (W (h-h,))+YS (7 R?)
Using the geometry and matetial properties for the PiezoFlex AFC in Table 2.2 and

(3.40)

the fiber properties in Table 2.5, the strain per unit volt under stress free conditions for a
mpAFC can be plotted versus the matrix Young’s modulus, E,;:
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Figure 3.22 ZZ Strain per unit Volt under Stress Free Conditions of an mpAFC versus Matrix

Young’s Modulus

As can be seen from Figure 3.21, the stiffness due to the Kapton and the matrix
reduces the ZZ strain per unit volt under stress free conditions. This is because the extension
of the fibers is fought by the stiffness of the matrix and the Kapton. It can also be seen that
there is a slight change in the ZZ strain per unit volt under stress free conditions of an
mpAFC as the matrix stiffness is changed. This is because the fibers have a dramatically
higher short circuit stiffness than any other material in the AFC.

Using Equations 3.46 and assuming that the matrix and Kapton have infinite

compliance, we see that:

F?Z

n

% (3.47)

Using Equations 3.46 for the case of the active area of an mpAFC, (I},), = 3153 1/GV,
using a matrix Young’s modulus of 2.9 GPa. Using Equation 3.47, the ZZ strain per unit
volt under stress free conditions of an mpAFC can be estimated, (1},), 327.2 1/GV,
yielding a percent difference of 3.8 %. The percent difference between Equations 3.46 and
3.47 for a matrix Young’s modulus of 0 GPa to 5 GPa has a percentage difference of 1.2 %
to 5.6 % respectively, and therefore it can be assumed that the matrix stiffness has only a

minimal effect on the ZZ strain per unit volt under stress free conditions.
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3.6 Approximation of the Longitudinal Stress Output of an
AFC/tmAFC

When an AFC or a tmAFC is going to be used as an actuator for a system, it is
desirable to maximize the maximum force that the AFC or the tmAFC can apply to the
system. Equation 1.4, for a Hexagonal Crystal — Class 6 mm poled ferroelectric with the
polarization direction in the 3 direction, can be written as:

D & 0 0:0 0 0 0 ¢ O0]IE]
D, 0 8131 0 ! 0 0 0 e 0 0 E,
D) |0 0 & ie, e e, 0 0 0||E
A B B v e s e 15
$ T2 r=1 0 0 €3 cg Cﬁ Cg 0 0 0 |4 S2 | (3.48)
L |0 0 eyichch ey 0 0 0S5,
T4 0 €5 0 : 0 0 0 C4E4 0 0 S4
% as 0 0 0 0 0 0 c, O[S
T J L 0 0 0 ' 0 0 0 0 0 ¢ :’56 | S6

Where CUE. is a component of the stiffness, SI.JS. is a component of the dielectric, and

e, is a piezoelectric “‘stress” component. The § supetscript indicates measured at constant

strain, while the E supetscript indicates measured at constant electric field. Comparing
Equation 3.48 and Equation 1.2, one can solve for ¢;; as:

T. d, (s"+s5)-2d,, s
__L 33(11 12) 31913 (3.49)

E|,_, (sfl +sfz)sf3 —2(s1§ )2

For an actuator applying force in the 3 direction it is desirable for e;; to be

€33

maximized. As mentioned in Section 1.2.1, 3-3 actuation is roughly 2 to 2.5 times greater

than 3-7 actuation for a PZT material. From Table 2.5 it can be seen that s is -2.3 and -2.6

times smaller than s/, and si, respectively. Therefore, we can write Equation 3.49 as

approximately:
T;& =5y E3 $=0
d (3.50)
€33 = _% =dsy, Yﬁ
533

From Table 2.5, ¢;; = 15.8 C / m® and from Equation 3.50 ¢;; = 19.9 C / m®. The
assumptions used in Equation 3.50 can be assumed to hold true for the active area of an
AFCs/tmAFCs because the actuation in the Z direction is greater than that in any other
direction, and the stiffness in the Z direction is greater than any other direction. Using the

constitutive relations derived in Appendix I:
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(Ta )A = _(WZZ )A V‘S=0

W), =(Tz), (Y; )A

Equation 3.51 can be derived from Equation B.57 by setting [y, [y, Syys Syz» and Sy, O
zero.

(3.51)

3.7 Capacitance Model of an AFC/tmAFC for £ > 100%

In Section 3.3.2, the capacitance of an interdigitated block with £ > 100% is modeled
using lumped cépacitors. This model is very similar to the uniform fields model used to
determine the actuation of an AFC (Reference 34 pages 84-96). The uniform fields model
made an assumption that a layer of polymer existed between the electrode and the fiber (& >
100%) thus reducing the actuation of the AFC and this layer could be modeled as a
capacitor. ‘This section derives a simple capacitance model for the AFC/tmAFC to
determine the necessary electrical parameters that need to be maximized when attempting to
maximize the strain output of the AFC/tmAFC.

Consider a 1/8" model of a single fiber the active area of an AFC/tmAFC as shown
in Figute 3.19. Assume that no stresses or displacements are placed on the external surfaces
of the fiber, and that the a sinusoidal voltage, I7(#), with radial frequency, @, is applied to the
fiber. As discussed in Sections 3.4 and 3.3.2, the single AFC/tmAFC fiber under stress free
actuation can be reduced to a 1/8" model with an applied voltage of I7(#) on the electrode,
and the location g = L/ 2 shorted. A 2-dimensional illustration of thel/8" model is shown
figure:
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Figure 3.23 Capacitance Model of and AFC/tmAFC with & > 100%

In Figure 3.23, the fiber and the matrix gap are modeled using lumped capacitors Cj
and C, respectively. The matrix gap is defined as the matrix region between the underside
of the electrode and the fiber. 17, I/, refer to the voltage drop across the matrix gap and
fiber respectively, i() and i, i is the current though the voltage source, the matrix gap, and
the fiber respectively. The capacitance of the polymer to the right of the electrode is not
modeled because it is small compared to that of the fibers, as seen for the interdigitated
block in Section 3.3.2. The for an applied sinusoidal voltage, 1/(2), the electrical response in
the matrix gap and fiber are sinusoidal:

V()=Ve” Vy=Vee™ V, - Ve 05

Jjwt . . jot

i(t)=§ej&" i =ice i.=ire

Where the over bar in Equation 3.52 indicates the amplitude. From Kirckoff’s voltage and

current laws:
V()=Ve+Vr (3.53)
i(t)=ic=ir (3.54)
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For a sinusoidal input, the admittance, Y, for a capacitor is given by:

i(1)=YV(r)

(3.55)
Y=jwC
Where C'is the capacitance. Thus, Equation 3.55 can be written as:
ic = jwC,V,
165706V (3.56)
ir=jwC 7 VF

Using Equations 3.54:and 3.56 solving for the magnitude of the voltage drop across the
matrix gap yields:

Ve=Sr7, (3.57)
G
It should be noted that the ratio Cr / C is always greater than or equal to zero. From

Equation 1.2, in order to maximize the amplitude of the strain in gg direction of the

AFC/tmAFC, S.., per applied volt, one should maximize the amplitude of the average
electric field in the 3 direction the fiber, (Ez )F , for a given applied voltage.

5. (B),
1% %
The amplitude of the electric field in the fiber is proportional to the amplitude of the voltage

(3.58)

drop across the fiber:

2V 65
Vv Vv

Therefore, maximizing the amplitude of the strain in gz direction of the AFC/tmAFC per

applied volt is accomplished by maximizing the voltage drop across the fiber per applied
volt.

Inserting Equation 3.57 into Equation 3.53 yields:

Ve __ GG

das 3.60
vV 1+C,/C, 60

Plotting Equation 3.60 yields:
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Figure 3.24 Voltage Drop across a Fiber per applied Volt versus the Capacitance Ratio between
the Matrix Gap and the Fiber

As can be seen from Figure 3.24, Ve / V in Equation 3.60 is zero when C. / Cj is zero and

asymptomatically approaches 1 as C; / C; approaches infinity. Thus to maximize the
actuation per applied volt of the AFC/tmAFC one should maximize C; / C.

The capacitance in the matrix gap is unknown and cannot be estimated easily
because the thickness of the matrix gap in the y direction is a function of x. As mentioned in
Section 3.4, the electric field is not uniform in direction and thus the capacitance cannot be
estimated easily. Because the matrix is electrically isotropic, it is known that the capacitance
of the matrix gap is proportional to the dielectric constant of the matrix gap, K

C,=¢,K, Co (3.61)
Where C is an unknown constant dependant on the geometry of the mattix gap with units
of length. The capacitance of the fiber is harder to estimate because the capacitance of the
fiber is dependant on stresses and the electric fields in the fiber, and is thus dependant on £,
d, and £" of the fiber. If it is assumed that the stresses in the fiber are approximately equal to

zero during actuation, then the capacitance can be written as:
- T~
Co28 K,;Cr (3.62)
Where K3T3 is the 33 dielectric under stress free conditions, and Cr is an unknown constant

dependant on geometry with units of length. Cr should not be dependant on the ratio of
K}, to Kj,, as is typical with solutions with anisotropic dielectric matrices, because the

electric field always follows the 3 direction in the fiber. Thus using Equations 3.61 and 3.62,
Equation 3.60 is given by:
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S (Ky /K3)(Co/Cr)
V. 1+(K, /K5 )(Ce/Cr)
Thus to receive the maximum strain per applied volt for an AFC/tmAFC with &> 100 %,

£>100% (3.63)

one should either find a matrix material with as large a dielectric constant as possible
(maximize K,, / K1) or change the geometry to maximize Cg / Cr (such as decreasing ).

It should be noted that the ratio K, / K3T3 is always greater than zero. By maximizing the

electric field in the fiber, the voltage drop across the matrix gap (Equation 3.57) is
minimized, and therefore the potential for dielectric breakdown in the matrix gap decreased.

Since the two capacitors are in parallel, the stress free capacitance of the
AFC/tmAFC, 7, for £> 100 %, can be estimated by:

c=c, CelCr (3.64)
Cs/Cr+1
Therefore, using Equations 3.61, 3.62, and 3.64:
~ K /KT EG/EF
CT =¢,KL Cr (K /K3 ) £>100% (3.65)

1+(K, /K3)(Cs/Cr)
Thus, increasing K, / K1 increases the stress free capacitance of the AFC/tmAFC to a

maximum of C. Changing the geometry to increase CG/ Cr increases the stress free

capacitance of the AFC/tmAFC to a maximum of C; also. Using Equations 3.63 and 3.65,
one can show that AFCs/tmAFCs with a high capacitance have a high strain amplitude per
applied volt:

C" o< Sz £>100% (3.66)
Inverting Equation 3.65 yields:

1 1] 1 1
—=— ot
" ¢ |K,Cc KLCr

A key assumption in the uniform fields model is that Co is inversely proportional to ¢ + ¥

£>100% (3.67)

whete ¢ is a constant greater than zero which is dependant on the fiber geometry (square,
circular, ect.):
~ A
Coz—0 (3.68)
cty

Where A is the effective area of the capacitance of the matrix gap (capacitance for a
rectangular capacitor = Permittivity times Area / Length). Inserting Equation 3.68 into
Equation 3.67 yields:
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1
= | —C 1T~ E>100% (3.69)
C £, K, Ac & Kyde & K, Cr

Using the assumption in the uniform fields model that the capacitance of the matrix gap is
inversely proportional to ¢ + ¥, the inverse of the capacitance is linear with respect to ¥ for &
> 100%. This assumption will be tested in Section 3.8.4

In Reference ¥, the 2 capacitor model of an AFC/tmAFC with & > 100 % was
extended to include electrical conduction. In this case, free charge from the electrode could
migrate from through the AFC/tmAFC, building up on interfaces between different
materials, such as the fiber and the matrix. This charge buildup in the AFC/tmAFC would
change the electric fields and electric potential within the fiber. The free charge migration
was not instantaneous, but occutred with time constants on the order of hundreds of
seconds. Thus, the model was useful in predicting the electric fields in an AFC/tmAFC
when a voltage is applied for a long time, such as poling, or when a DC voltage is applied to
the AFC/tmAFC. For sinusoidal actuation of the AFC/tmAFC using driving frequencies
greater than 0.1 Hz, no charge migration would occur and the model reduced to the two

capacitor model.

3.8 Finite Element Modeling of the Active Area of PiezoFlex AFCs

In order to determine the effect of the Young’s Modulus, Poisson’s ratio, and
dielectric of the matrix on the actuation properties of PiezoFlex AFCs, a finite element
model of the active area was constructed using ANSYS. A FEM model of the 1/8" single
fiber (Figure 3.19) is shown in Figure 3.25.

Kapton

Electrode

<
X

Figure 3.25 One-Eighth FEM Model of a Single fiber of a PiezoFlex AFC with &> 0, 8400
Elements and 9680 Nodes
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It should be noted that Figure 3.25 is rotated 90° about the g-axis compared to
Figure 2.5 and Figure 3.19. The volume of the AFC modeled in Figure 3.25 represents the

volume in Figure 3.19, which is the same as the volume in Figure 2.5 bounded by x = -}/
/2, x=0,y=0,y=h /2, 2= L/ 2,and g = £ This FEM model was constructed using the
geometry shown in Table 3.3 with the parameters illustrated in Figure 2.5:

Table 3.3 PiezoFlex AFC Geometrical Properties Used for the FEM Model
Parameter Value Reference
VA 1.143 mm (45 mil) Table 2.2
L 191 um (7.5 mil) Table 2.2
W 288 um (11.3 mil) Table 2.2 and Equation 2.5
h 343 Wm (13.5 mil) Table 2.2
hq 292 um (11.5 mil) Table 2.2
¥ Variable
135 pm (5.3 mil) Table 2.2

The distance between the electrode and the fiber was varied to determine the effect of the
matrix gap, ¥ on the actuation of the AFC. The geometry was meshed using piezoelectric 8
node SOLID5 3-d coupled field brick elements with displacement and voltage degrees of
freedom using a static model. x-y cross sections of the mesh was uniform with elements of
varying length along the length of the fiber with most elements being concentrated between
the electrode and the interface between the fiber and the matrix.

It was assumed that the fiber was uniformly poled in g direction along the entire
length of the fiber because a poling direction must be specified in ANSYS. Material
properties for the Kapton layer and the PZT-5A fibers are given in Table 2.2 and Table 2.5
respectably. The baseline material properties and ranges for the matrix are given in Table
2.4, however the material properties were varied in the finite element model to determine the
effect of the matrix material on the AFC. The electrode was assumed to have the same

material properties as the matrix.

The electrode fingers were modeled by applying the driving voltage over a volume of
nodes only in the matrix. This volume of nodes in the matrix was bounded by x = -}// 2, x
=0, y=R+yy=+h, /2 3=0-L 3= & The distance between the fiber and the

electrode, ¥, was varied.
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3.8.1 Finite Element Modeling of the Actuation of a PiezoFlex AFC under Stress

Free Conditions

Consider the case where the AFC is stress free and a voltage is applied to the
electrodes to induce strain. On the outer surfaces of Figure 2.5, the stresses are equal to
zero. The AFC was subjected to a driving voltage of 2000 V between the fingers. This was
accomplished by applying a voltage of 1000 V at the finger and grounding the interface at g

=12

At the areas x = 0, y = 0 and ¢ = 0 the nodal displacements in the x, y, and g
directions respectively were set to zero. Nodal displacements in the g direction at the area g
= [were forced to move together as well as displacements in the x direction at x = - J// 2.

Aty =}/ 2 a pressure and a surface charge equal to zero was applied. Atx=-MW// 2 a free

surface charge equal to zero was applied. The free surface charge is given by Equation 3.13.
These areas of no free surface charge are applied to materials with electrically isotropic
constitutive relations, therefore on these areas the electric displacement and the electric field

perpendicular to the area is zero.

For this case the actuation strain in the xx and g directions is given by:

2u(-W)/2,y.2)

S (x,y,2)= 7 (3.70)
S, (x.y.2)= ____2w(32y,é) 3.71)

Where # and w» is the displacements in the x and g directions respectively. The strain per unit
volt, I for the single fiber and the active area can then be determined from Equation B.75
by setting T = O:

SXX

(Cu)e =T )y =53 (3.72)
S
(T.),=T), = _ﬁ (3.73)

Where 17 is the applied voltage at one of the electrode fingers (1000 V). The factor of 2 is
present in Equations 3.72 and 3.73 because only 1000 V was applied to the 1/8" finite
element model. This voltage is doubled when applied across the entire fiber shown in Figure
2.5. The minus sign appears in Equations 3.72 and 3.73 because the electric field produced
by the applied voltage is in the —g direction, while the remnant polarization is in the +g
direction. Thus, the voltage being applied is in the “negative voltage direction”, as defined in
Section I1.3. This problem could have been fixed by reversing the voltage (technically the
AFC would be running with a DC offset), reversing the poling direction in the finite element
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model (the help for this command was unclear), or by multiplying the values by —1. The
multiplication was the chosen solution.

The effect of the closest distance the electrode is from the center of the AFC divided
by the fiber radius, &, on the stress free actuation of the AFC active area in the X and Z
directions, is shown in Figure 3.26.
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Figure 3.26 Stress Free Actuation of the Active Area of a CP PiezoFlex AFC as a Function of &

In Figure 3.26 it can be see that (I, increases dramatically as the fiber touches the
electrode and quickly increases to a steady state of 307 4 (1 / GV), the value for a mpAFC.
For the active area of a PiezoFlex AFC (T, / (I'yz)4 = -0.43 for all values of £ Using the
data in Table 2.5, for PZT-5A d;, / d;; = -0.46 which is very close to the value of (1), /
(I',,) ., and therefore the geometry of the AFC does not reduce the actuation strain ratio of
the fibers dramatically.

r
(T )y ——043=% (3.74)
(FZZ )A d33
As can be seen from Figure 3.26, if there is a layer of matrix between the fiber and

the electrode (£ > 100 %) the actuation is very low compared to the I, for the mpAFC. In
Figure 3.27 the potential is plotted for a PiezoFlex AFC with £ equal to 105%, 100%, 79%
and 0%.
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Figure 3.27 Electric Potential in the Active Area for a PiezoFlex AFC for & =0%, 79%, 100%,
and 105%

Comparing the four plots, as & decteases, the potential lines straighten between the
fingers and the electric field becomes stronger in the g direction. Because the electric field is
stronger in between the fingers as £ decreases, from Equation 1.2, the actuation will increase,
as seen in Figure 3.26. This behavior of the straightening of the potential lines between the
electrodes was seen in the interdigitated rectangle in Figure 3.9.

The electric potential for &= 105 % (¥ = 5 Microns) is shown in Figure 3.28.
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Figure 3.28 Electric Potential in the Active Area in a PiezoFlex AFC for £ = 105 % (y = 5
Microns)

As can be seen in Figure 3.28, a large potential drop occurs between the electrodes
and the fiber in the matrix gap. This potential drop was seen for values of & greater than 100
% in the interdigitated block in Figure 3.9. For the interdigitated block, the dielectric
mismatch between the polymer gap and the high dialectic material caused a large voltage
drop, and thus a high electric field, in the polymer gap (Equation 3.21). The electric field in
the polymer gap is greater that the electric field in the fiber, and as mentioned in Section 3.4,
is a potential location for dielectric breakdowns. As can be seen in Figure 3.28 the voltage
drop between the electrode and the fiber is approximately 889 V (1000 V — 111.111 V) over
a distance of 5 microns. Therefore, the electric field between the fiber and the electrode is
approximately 178 kV/mm, which is over 100 times greater than the nominal electric field in
the fibers (2000 V / 1.143 mm = 1.75 kV/mm), the applied voltage divided by the center-to-
center electrode spacing of the electrode fingers. For values of & greater than 100 % the
electric field in the matrix gap between the fiber and the matrix can be very large compared
to the nominal electric field in the fibers, and has the potential to cause dielectric

breakdowns, as mentioned in Section 3.7.

As mentioned previously, when & < 100 %, (I,), is nearly independent of & In
Figure 3.26, the approximate (I7;), for an mpAFC is plotted (Equation 3.46). As can be

seen in Figure 3.26, Equation 3.46 does a very good job approximating the strain per unit
volt under stress free conditions in the fiber direction for an mpAFC with a percent error of

about 2.5%. Thus for & < 100 %, (I7,,), can be approximately written as:
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ﬂRz d33 Y3‘;:
L E,(Wh-nR)+E, (W (h—-h,))+Y; (7 R*)

(Cy), = £ <100% (3.75)

From the above discussion it would seem that in order to have the “best” AFC it
would be most desirable to manufacture mpAFCs because they have the highest [7,.

However, AFCs with electrodes that barely touch the fiber (& = 100%) have only 35% less
actuation than do mpAFCs as shown in Figure 3.29:
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Figure 3.29 Reduction in Actuation (Compared to mpAFCs) versus £

As can be seen in Figure 3.29, AFCs with & greater than 100 % barely actuate compared to
mpAFCs, however once the electrode barely touches the fiber the actuation reduction
decreases dramatically. At & about equal to 72 % the actuation is 95 % of the mpAFCs. As
will be discussed in Chapter 4, as £ is decreased more and more, the angle that the electrode
must conform to between fibers becomes sharper and sharper, increasing the chance that
the electrode will break and thus making manufacturing increasingly difficult. When
choosing the manufacturing techniques there is a trade off between the ease of
manufacturing and decreasing & This tradeoff was illustrated in the unconventional and
difficult manufacturing techniques of Reference 53 to manufacture AFCs with =0 %. The
“best” AFC is one that can be manufactured easily and provide the level of actuation
desired. Therefore, a simple manufacturing technique that produces an AFCs with £ less
than 100% is highly desirable.
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As seen in Figure 3.29, for & = 100% and 100.7%, the actuation is reduced 35.4 %
and 83.7% percent respectively compared to an mpAFC. This corresponds with a 0 pm and
a1 um (0 mil and 0.039 mil) gap between the electrode and the fiber. Thus as can be seen

from Figure 3.29, even the smallest gap between the electrode and the fiber dramatically
reduces the actuation of the AFC.

In order to guarantee convergence for the finite element results of Figure 3.26, the
number of nodes was increased undl the change in I7,, would be less than 2 % if the number
of nodes were doubled. The number of nodes used was between 13,200 and 29,438 for a
run time of about 15 minutes to several hours. For ¥ = -7, 0, and 7 microns, the solution for
I, converged more slowly due to the sharp angle of the interface of the matrix between the
electrode and the fiber. In order to prevent the processing capabilities of the computer from
being exceeded, a less strict convergence critetia was selected for the three values of ¥ For ¥
= -7, 0, and 7 microns the number of nodes was increased until the change in I, would be

less than 5 % if the number of nodes was doubled. Convergence of (I,), and Cr (the

stress free capacitance of a single fiber presented in Section 3.8.4) for & = 0% (y = -135
microns) and & = 100% (¥ = 0 microns) is plotted in Figure 3.30
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Figure 3.30 ZZ Strain per unit Volt and Capacitance under Stress Free Conditions versus the

Number of Nodes used in the Finite Element Model

In Figure 3.30 we can see that for £= 0%, (', ) , and Cl converged very rapidly.
This is because the geometry is regular and the electric field is neatly constant between the

electodes, as seen in Figure 3.27. For & = 100%, (Fzz ) , and C; converged much more
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slowly. This is because the sharp angle between the electrode and the fiber causes the
electric field to bend and twist and thus the field lines are non-uniform, as seen in Figure
3.27. These two cases represent the fastest converging and slowest converging cases for the
finite element model. When plotting the results throughout this section, 29438 and 21411

nodes were used for £ = 0% and & = 100% respectively. Although more nodes were used
for £ = 0%, the run time for the finite element analysis was approximately the same for the

twoO cases.

In order to determine the effect the matrix material properties have on the actuation
of a PiezoFlex AFC the matrix material properties were varied and the resulting actuation

was calculated, as seen in Table 3.4. In Table 3.4, the values for £are not at discrete
intervals because ¥ was used in the finite element model and &was calculated after, and a
programming error made some values of ¥ be non-round (the error did not effect the results,

just the value of ). In addition, more cases of ¥ were analyzed in areas where the output

was changing dramatically to reduce the number of runs.

Table 3.4 Effect of Matrix Material Properties on the ZZ Strain per Unit Volt in the Active
Area for a PiezoFlex AFC (in 1 / GV)
3 Y Cp V= | Vu= | B, = E, = K, = Ky =
@my |2FC |03 |04 |19GPa |39GPa |25 4.7
107.4% | 10 17.3 17.3 17.3 17.4 171 12.5 219
105.9% | 8 19.5 19.5 19.5 19.6 19.3 14.0 24.6
104.4% | 6 225 22,5 225 22.7 223 16.3 285
103.0% | 4 27.5 27.5 275 27.7 27.2 19.9 34.6
101.5% | 2 37.6 37.6 37.6 37.9 37.2 27.5 46.9
100.7% | 1 50.0 50.0 50.0 50.5 49.5 37.1 61.6
100.0% | O 199 199 199 202 195 196 202
99.3% | -1 234 234 234 236 232 233 234
97.1% | -3.9 254 254 254 256 252 254 254
93.4% | -8.9 267 267 267 270 265 267 267
78.6% | -28.9 288 288 288 291 286 288 288
49.0% | -68.9 302 305 302 305 299 302 302
8.2% -123.9 307 307 307 310 304 307 307
0.0% -135 307 307 307 310 305 307 307

Where in Table 3.4, v,,is the matrix Poisson’s ration, E;, is the matrix Young’s modulus, and
K, is the relative dielectric of the matrix. Using the data in Table 3.4, the percent change in

(I,,) . per percent change in a matrix material property was calculated:
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Percent change in (T',, ), _0(Ty), x

: : : = (3.76)
Percent change in a matrix material property 0X (1"ZZ ) 4

Where X is the material property in question. Because the data is in discrete points, the
derivative in Equation 3.76 is calculated by using the finite difference equation:

J (FZZ (é’ X ))A - (FZZ (5’ X +h))A _(Fm (5’ X — h))A
dX 2h
Where 2 4 is the difference between the maximum and minimum material property. For

(3ild)

example, when calculating the material property for v, X = 0.35, and 4 = 0.05.

0(I,, (£:035)), (Mz(£,04)),-(T=(£,03)),
IV, 2x0.05

The percent change in (I7,,), per percent change in a matrix material property versus ¢ is

(3.78)

plotted in Figure 3.31.
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Figure 3.31 Percent Change in the ZZ Strain per unit Volt per Percent Change in a Matrix
Material Property versus ¢ for a PiezoFlex AFC

The material data in Table 2.4 for the average value and the range of matrix material
properties for a PiezoFlex AFC was used to determine how much to vary the material
properties for the finite element model. A typical engineering polymer has a Poisson’s ratio
from about 0.3 to 0.4. From Table 3.4 and Figure 3.31 it can be seen that the Poisson’s ratio
of the matrix has very little effect on the actuation properties of the AFC. As expected from
Section 3.5.3, if the stiffness of the matrix is increased or decreased by 1 GPa the actuation is
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reduced or increased respectively as seen in Table 3.4. From Figure 3.31 is can be seen that
the percent change in (I7;,), per percent change in E,, is negative because a higher matrix
stiffness reduces (;,),. The percent change in (I};), per percent change in E,, is neatly
independent of & This is because the voltage supplied to the fiber is independent of E,,
however the actuation (13,), is inversely proportional to E), as shown in Equation C.41. If
this data is extrapolated using a straight line at ¥ = -135 microns, then the difference in (I7,),
is approximately 14 1/GV at E,; = 7 GPa and E,; = 5 GPa (the approximate range in
Young’s modulus of unfilled engineering polymers). This is a very small percentage of the
actuation of the mpAFC (14 / 307 = 4.5%), and thus we can say for an unfilled engineering
polymer that the actuation does not depend greatly on the Young’s modulus of the matrix.

As mentioned in Section 2.3.1, the average relative dielectric of a polymer is 3.6 with
a standard deviation of 1.1. For positive values of ¥, changing the relative dielectric of the
mattix by one standard deviation has a very large effect on the actuation of the AFC. For ¥
= 10 microns the change in actuation is about 25 %. This is because normal to the fiber
matrix interface the electric displacement must be equal and that dielectric mismatch
between the fiber and the matrix causes a large voltage drop in the gap between the fiber and
the electrode. This voltage drop can be approximated by assuming that the gap acts as a
capacitor with a low capacitance in series with the high capacitance fiber, as was done in
Section 3.7. Thus, increasing the dielectric of the matrix increases the electric field in the
fiber (Equation 3.21) and yields a higher output strain (Equation 3.63). For ¥less than zero,
the matrix dielectric has little effect on the actuation of the AFC, because the electrode is
directly touching the fiber and therefore majotity of the field in the fiber is given by the
voltage divided by the length of the fiber. Thus it can be said that changing the matrix
dielectric for ¥ greater than zero has a very large effect on the AFC, but almost no effect for

yless than zero.

3.8.2 Finite Element Modeling of the Shorted Stiffness of a PiezoFlex AFC

A finite element analysis was performed to determine the shorted stiffness in the
active area for a PiezoFlex AFC. The model was similar to the actuation model, Section

3.8.1, except that all the voltage degrees of freedom set to zero, and a 1 MPa compressive

stress was applied over the area at g = &

T, (x.y.l)=-1MPa (3.79)
The shorted ZZ Young’s modulus, (YZ‘; )A and the shorted ZX Poisson’s ratio (O‘ - )A were

determined using:

120



(), = % (3.80)

Sxx
(0% )A e (3.81)
The strains in the AFC were determined using Equations 3.70 and 3.71. The
Shorted ZZ Young’s modulus, (YZVZ )A and the shorted ZX Poisson’s ratio (G;x )A versus &

for a PiezoFlex AFC, (Equations 3.80 and 3.81) are plotted versus & for a PiezoFlex AFC in
Figure 3.32.

70—
Approximate Y', using the rule of mixtures |
=N 60 ] 0380 _¥
> S b
E] g
=) «©
'D —
<} ] o
& _ 0 0360 &
. [+ w
28 S
3 =30 ; &
N Approximate Y'z; N
using the rule of e
B <0 mixtures I bed0 8
T 2
.8 10 - w
w 1
0 : —t— - — ‘ 0.320
0% 20% 40% 60% 80% 100%

Distance electrode from center / fiber radius, £

Figure 3.32 Shorted ZZ Young’s Modulus and the Shorted ZX Poisson’s Ratio versus & for a
PiezoFlex AFC

In Figure 3.32 the approximate short circuit and open circuit Young’s modulus
(Equations 3.36 and 3.40 respectively) is plotted for a PiezoFlex AFC. As can be seen in
Figure 3.32 the approximate short circuit Young’s modulus best predicts the Young’s
modulus for values of & close to 0 % (for an mpAFC). For this case, the electrode partially
touches the fiber and shorting the voltage of the AFCs forces the electric field in the fiber to
be zero. For the case where £ is greater than 100 %, the electrode does not touch the fiber.
When a force is applied to AFC chare is generated at the fiber surface. If the electrode
touches the fiber this charge would be nullified when the electrodes are shorted. However,
if a layer of matrix exists the charge on the fiber surface cannot dissipate if the electrodes are
shorted, because of the assumption of zero conductivity. Therefore, the fibers act as if they
are open circuited and the AFC’s short-circuited stiffness appears to be that of the zero

current stiffness, (Yz’z )A (Equation 3.40).
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In order to determine the effect the matrix material properties have on the shorted
stiffness of a PiezoFlex AFC, the matrix material properties were varied and the resulting

stiffness was calculated, as seen in Table 3.5.

Table 3.5 Effect of Matrix Material Properties on the Shorted Young’s Modulus in the Active
Area for a PiezoFlex AFC (in GPa)
& Y CP Vy = Vy= | E, = E, = K, = K, =
@my |2FC (03 |04 |19GPa |39GPa |25 4.7
107.4% | 10 59.4 59.4 59.4 58.9 60.0 60.2 58.7
1059% | 8 59.1 59.1 59.1 58.6 59.7 59.9 58.3
104.4% | 6 58.6 58.6 58.6 58.1 59.2 59.6 57.7
103.0% | 4 57.9 57.9 57.9 57.4 58.5 59.0 56.9
101.5% | 2 56.4 56.4 56.4 55.9 57.0 57.9 55.2
100.7% | 1 54.8 54.8 54.8 54.2 55.3 56.5 53.3
100.0% | O 413 413 413 40.7 41.9 41.5 41.1
99.3% | -1 38.0 38.0 38.0 37.7 38.3 38.0 38.0
97.1% | -3.9 36.8 36.8 36.8 36.5 371 36.8 360.8
93.4% | -8.9 30.0 36.0 36.0 35.7 36.2 36.0 36.0
78.6% | -28.9 34.7 34.7 34.7 34.4 35.0 34.7 34.7
49.0% -68.9 33.8 33.8 33.8 33.5 34.1 33.8 33.8
8.2% -123.9 33.4 33.4 334 33.1 337 33.4 334
0.0% -135 334 334 334 33.2 337 33.4 334

Were in Table 3.5, v, is the matrix Poisson’s ration, E,, is the matrix Young’s modulus, and

K,, is the relative dielectric of the matrix. Using the data in Table 3.5 and Equation 3.77, the

percent change in (YZVZ )A per percent change in a matrix material property was calculated:
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* Figure 3.33 Percent Change in Shorted Young’s Modulus per Percent Change in a Matrix
Material Property versus ¢ for a PiezoFlex AFC

The material data in Table 2.4 for the average value and the range of matrix material
properties for a PiezoFlex AFC was used to determine how much to vary the material
properties for the finite element model. As can be seen in Table 3.5, changing the Poisson’s
ratio in the range of 0.3 to 0.4 has no discernable effect on the shorted stiffness of the active
area of a PiezoFlex AFC. This is due to the fact that the fiber stiffness dominates the
stiffness properties of the AFC as was discussed in Sections 3.5.1 and 3.5.2. Increasing the
stiffness of the matrix by 1 GPa always increases the shorted stiffness of the active area, as
was seen in Table 3.5. For & < 100 % the percent change in the shorted stiffness per
percent change in matrix stiffness is approximately the same for the mpAFC, 0.025. This is
because the shorted stiffness of an mpAFC is linear with the matrix stiffness (Equation 3.36
), as should be an AFC. For &> 100 %, the active area of the AFC behaves as if it is open

circuited. For an mpAFC the open circuit stiffness is the sum of the short circuit stiffness
and an additional term which is comprised of d,;xY,; and K for each material (Equation
3.40). From Figure 3.33, it can be seen that the shorted stiffness is a complex function of
the matrix Young’s modulus for &> 100 %.

As mentioned in Section 2.3.1, the average relative dielectric of a polymer is 3.6 with
a standard deviation of 1.1. For ¥less than zero, the matrix dielectric has little effect on the
actuation of the AFC, because the electrode is directly touching the fiber and therefore the
fiber acts as if it is completely shorted. For positive values of }, changing the relative
dielectric of the matrix by one standard deviation has a very large effect on the shorted
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stiffness of the AFC. As mentioned previously, for an mpAFC the open circuit stiffness is a
function of 4, Y, and K for each material. For positive values of ¥, increasing the matrix
dielectric decreases the fiber stiffness. Thus it can be said that changing the matrix dielectric
for y greater than zero has a very latge effect on the AFC, but almost no effect for ¥ less
than zero. It should be noted that the percent change in short stiffness per percent change
in a matrix material property for the matrix relative dielectric is smaller for the shorted
stiffness case, Figure 3.33, than is the stress free actuation case, Figure 3.31.

3.8.3 Finite Element Modeling of the Stress per Unit Volt under Strain Free
Conditions of a PiezoFlex AFC

A finite element analysis was performed to determine the stress per unit volt under

strain free conditions in the active area for a PiezoFlex AFC. At the areas x =0, y = 0 and g
= Z/ 2 the nodal displacements in the x, 7, and g directions respectively were set to zero. In
order to apply strain free conditions, all nodal displacements at x = -W// 2,y = b / 2, and g
= Jwere set to zero. The AFC was subjected to a driving voltage of 2000 V between the
fingers by applying a voltage of 1000 V at the finger and grounding the interface at g = &/ 2.

T.. T,, T, the stress in the xx, yy, and gz directions respectively, is given by:

XX J)l)
42Fx (—W/Z,y,z)

T (x,y.2)= 3.82
« (0 3:2) 7 (382
4N F (x,h/2,z
T, (x.y.z)= Z yh(/ 7 ) (3.83)
42F (x, y,&)
T (x,y,2)= : 3.84
Where F,, F,, and F is the nodal force x, y, and g directions respectively which is summed

over the entire area. The factor of 4 is present in Equations 3.82 - 3.84 because a 1/8" finite
element model of a single fiber is analyzed instead of the entire single fiber. The stress per

unit volt, ¥, for the single fiber and the active area can then be determined from Equation
B.78 by setting § = 0:

TLY

(V/xx)p =(V/XX )A =_§—‘7 (3.85)
T,

W), =W =33 (3.80)

(‘//zz )F = (l//zz )A == ;Z‘Z/ (3.87)
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Where 17 is the applied voltage at one of the electrode fingers (1000 V). The factor of 2 is
present in Equations 3.85 and 3.87 because only 1000 V was applied to the 1/8" finite
element model. This voltage is doubled when applied across the entire fiber shown in Figure
2.5,

The effect of the closest distance the electrode is from the center of the AFC divided
by the fiber radius, &, on the stress per unit volt under a strain free conditions for the active

area of a PiezoFlex AFC, is shown in Figure 3.34.
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Figure 3.34 Stress per Unit Volt under a Strain Free Condition for the Active Area of a CP
PiezoFlex AFC as a Function of &

In Figure 3.34 it can be see that (¥,,), increases dramatically as the fiber touches the
electrode and quickly increases to a steady state of 9,218 (Pa / V), the value for a mpAFC.
For the active area of a PiezoFlex AFC, (¥\y), / (¥,;), ranges between —0.05 and —0.04.
For the active area of a PiezoFlex AFC, (¥y)., / (¥;2).4 is about equal to —0.03. In Figure
3.34, the percent error between (¥,,), and the approximation for (¥#;;), (Equation 3.51)

yields a percent error between -4.7% and —13.5%, where the percent error is calculated from:

(sz )A -I'y, Yz';
vz),

The average percent error is —8.6%. This average percent error was calculated by

Percent Error = (3.88)

determining the area beneath the lines plotted in Figure 3.34 using the trapezoidal rule.
These areas were substituting into Equation 3.88 in place of the values to determine the

average percent error. Given the crudeness of the approximation when calculating (¥,) ,
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(all off axis terms are equal to zero), Equation 3.51 yields a good approximation to (¥z;).. It
should be noted that in Figure 3.34, (¥,y),, and more obviously (¥,), appears to have a
slightly different functional form when plotted against & than does (¥;,),, This may be due
to the fact that (¥,,), was used for the convergence criteria, and not (Fix)s 0t (Fiy)a
More likely this is due to the fact that (¥,,), is mostly dependant on fiber properties and

(¥ox)a and (W), are more dependant on matrix properties.

In order to determine the effect the matrix material properties have on the stress per
unit volt under strain free conditions for the active area for a PiezoFlex AFC, the matrix

material propetties were varied and the resulting ('#;,) , was calculated, as seen in Table 3.6.

Table 3.6 Effect of Matrix Material Properties on the Stress per unit Volt under Strain Free
Conditions for the Active Atea for a PiezoFlex AFC (in Pa / V)
g Y cp Vu= | Vy= | Ey = E, = K, Ky
wmy |2FC |03 |04 [19GPa |39GPa |25 4.7
107.4% | 10 979 980 979 1010 957 716 1230
105.9% | 8 1100 1100 1100 1130 1070 803 1370
104.4% | 6 1260 1260 1260 1300 1240 926 1570
103.0% | 4 1520 1520 1520 1570 1490 1120 1880
101.5% | 2 2030 2030 2030 2090 1990 1520 2470
100.7% | 1 2620 2620 2620 2690 2570 2000 3130
100.0% | 0 7220 7230 7210 7470 7050 7140 7290
99.3% | -1 8280 8280 8270 8420 8180 8270 8290
97.1% | -39 8680 8680 8670 8830 8560 8680 8680
93.4% | -89 8930 8930 8920 9090 8800 8930 8930
78.6% | -28.9 9260 9250 9250 9450 9100 9260 9260
49.0% | -68.9 9340 9330 9340 9580 9150 9340 9340
8.2% -123.9 9210 9219 9220 9490 8970 9210 9210
0.0% -135 9220 9200 9230 9500 8990 9220 9220

Were in Table 3.6, V,, is the matrix Poisson’s ration, E, is the matrix Young’s modulus, and
K,, is the relative dielectric of the matrix. Using the data in Table 3.6 and Equation 3.77, the

percent change in (¥;,) , per percent change in a matrix material property was calculated:
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Change in a Matrix Material Property versus &

The material data in Table 2.4 for the average value and the range of matrix material
properties for a PiezoFlex AFC was used to determine how much to vary the material
properties for the finite element model. As can be seen in Table 3.6, changing the Poisson’s
ratio in the range of 0.3 to 0.4 has only a small effect on the stress per unit volt under strain
free conditions. This is because the fiber stiffness dominates the stress output in the ZZ
direction. Increasing the stiffness of the matrix by 1 GPa always decreases the stress per unit

volt under strain free conditions, as seen in Figure 3.35. For ¥ less than zero, the matrix
dielectric has little effect on the stress per unit volt under strain free conditions, because the
electrode is directly touching the fiber and therefore the fiber acts as if the entire voltage
drop is across it. For positive values of ¥, changing the relative dielectric of the matrix by
one standard deviation has a very large effect on the stress per unit volt under strain free

conditions. This is most likely because changing K, has a large effect on (1,), as
. . . . - v
mentioned in Section 3.8.1, and from Equation 3.51, (¥, )A = (Fzz )A (Yzz )A.
3.8.4 Finite Element Modeling of the Stress Free and Strain Free Capacitance of a
Single Fiber of a PiezoFlex AFC and Determination of the Electro-
Mechanical Efficiency
A finite element analysis was performed to determine the stress free capacitance,

C}, and the strain free capacitance, C; , of a single fiber.
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Using the finite element model in Section 3.8.1, the stress free capacitance for a
single fiber could be determined.

r o 24(x.0/2)
Cr=-2
%
Where g is the charge which is summed over the entire area at y = /2. In Equation 3.89,

(3.89)

the minus sign appears because the capacitance is a positive quantity and at g = L/2 the
model is grounded and thus the charge is negative for 17 = 7000, and therefore the negative
sign used. The factor of 2 in the beginning of Equation 3.89 is due to the fact that the finite
element model is a 1/8" model of Figure 2.5. The capacitance of the fiber in Figure 2.5 is
two times that of the 1/8" model (four capacitors in parallel are in series with four
capacitors in parallel).

Using the finite element model in Section 3.8.3, the strain free capacitance for a
single fiber could also be determined. This capacitance was calculated in the same manner as
Equation 3.89.

Cﬁ = = Eq(x‘;y,L/Z)

The effect of the closest distance the electrode is from the center of the AFC divided

(3.90)

by the fiber radius, & on the capacitance for a single fiber of a PiezoFlex AFC, is shown in
Figure 3.36.
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Figure 3.36 Stress Free and Strain Free Capacitance for a Single Fiber of a CP PiezoFlex AFC as
a Function of &
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As can be seen in Figure 3.36, the capacitance for &> 100% is very low, however when the
electrode touches the fiber, the capacitance is almost the capacitance for the mpAFC. From
Equation B.94, Subtracting the strain free capacitance from the stress free capacitance yields

In Section 3.7, it was determined that for an AFC with &> 100%, the ZZ actuation
strain is proportional to the stress free capacitance (Equation 3.66). Plotting the stress free
capacitance versus the ZZ stain per unit volt under stress free conditions yields:
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Figure 3.37 Stress Free Capacitance versus the ZZ Stain per unit Volt under Stress Free

Conditions of a PiczoFlex AFC

In Figure 3.37, several things are apparent. First, the capacitance is nearly linear with strain
thus justifying Equation 3.66. It appears hat this line is composed of two lines, one for & >
0 and & < 0, each with different slopes. It appears that the point for £ = 0 is slightly off.

This may be due to the difficulty achieving convergence for this point, as mentioned in 3.8.1.

As discussed in Section 3.7, using the assumption in the uniform fields model that
the capacitance of the matrix gap is inversely proportional to ¢ + ¥ the inverse of the
capacitance should be linear with respect to ¥ for £ > 100%. In Figure 3.38 the capacitance

for a single fiber under stress free conditions and strain free conditions is plotted versus ¥.
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Surface of the Fiber, ¥, for a PiezoFlex AFC

The two solid lines in Figure 3.38 are lines fitted to the points at ¥ = 8 and 10 km. As can
be seen in Figure 3.38, the capacitance for a single fiber under stress free conditions and
strain free conditions is approximately linear with respect to ¥ for larger values of } greater

than 2 um thus justifying Equation 3.68. However, as ¥ approaches zero, Equation 3.69
appears to hold less and less. At ¥= 6, 2, and 0 wm the percent error between I/ C; and the
fitted lines is —1.2%, -19.7%, -386% respectively. At ¥ = 6, 2, and 0 Wwm the percent error
between 1/ C; and the fitted lines is —1.1%, -17.7%, -233% respectively. The percent error
equals 1 - value for the fitted line / 1/CL. .

The slope for the stress free capacitance and the strain free capacitance lines is equal

(0.0012 1 /(fF pm). Taking the derivative of Equation 3.69 with respect to ¥ and assuming
Ac is independent of yyields:

dy\CT )™ &K, A

Equation 3.91 is independent of ¥ and the properties of the fibers, which may account for

L ( : J~; £>100% (3.91)

the reason that the slope of the inverse of the capacitance for large values of ¥ is

independent on the stress state or the strain state of the fibers. For large values of y, the
matrix gap capacitance dominates the capacitance of the AFC/tmAFC.
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Consider the following conversion of energy from an electrical source to mechanical
work. Originally, a single fiber in an AFC/tmAFC that is stress free has a voltage source
with strength 1, applied to it. After the AFC/tmAFC expands quasistatically, the strain in
the fiber is given by Equation B.75. The fiber of the AFC/tmAFC is now blocked, and then
the voltage source is quasistatically removed. When the voltage is zero the mechanical block
is removed and in its place a finite mechanical stress is applied. This is the same mechanical

2
work cycle used to define the coupling coefficient, (k;3) , in Reference 23 (page 38). For

2
(k;B) , the electric field was applied in the 3 direction, the displacement was blocked in the 3

direction, and the mechanical stress was applied in the 3 direction. For the case of the
AFC/tmAFC, the coupling coefficient k7 is defined as:

Cr=Cy
Cr
Equation 3.92 is of a similar form and uses a similar derivation to the invariant coupling

k. = (3.92)
coefficient k; (Equation 2.9). The effect of the closest distance the electrode is from the

center of the AFC divided by the fiber radius, & on the coupling coefficient kfz for a single
fiber of a PiezoFlex AFC, is shown in Figure 3.39.
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Figure 3.39 Efficiency of Electromechanical Conversion for a single fiber of a CP PiezoFlex

AFC as a Function of &

As can be seen in Figure 3.39, for £> 100 % the efficiency of electromechanical conversion

is very low, however when the electrode touches the fiber (£ < 100 %) the efficiency of
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electromechanical conversion is nearly constant. The efficiency of electromechanical
conversion for the mpAFC is 0.663, which is 7.3% smaller than kl% for PZT-5A. This
difference can be attributed to the fact that the field lines in the AFC ate not straight, and
the AFC must actuate against the matrix and the Kapton.

In order to determine the effect the matrix material properties have on the efficiency
of electromechanical conversion for a single fiber, the matrix material properties were varied
and the resulting kl.23 was calculated, as seen in Table 3.7.

Table 3.7 Effect of Matrix Material Properties on the Efficiency of Electromechanical
Conversion for a single fiber of a CP PiezoFlex AFC

3 Y CP Vu= | Vu= | Ey= E, = K, = K, =
@my |2FC 03 |04 |19GPa |39GPa |25 4.7
107.4% | 10 0.213 0.213 0.213 0.213 0.213 0.182 0.239
105.9% | 8 0.226 0.226 0.226 0.226 0.225 0.193 0.253
104.4% | 6 0.243 0.242 0.243 0.243 0.242 0.208 0.271
103.0% | 4 0.267 0.267 0.267 0.267 0.266 0.229 0.297
101.5% | 2 0.309 0.309 0.309 0.310 0.309 0.268 0.341
100.7% | 1 0.352 0.352 0.353 0.353 0.352 0.308 0.385
100.0% | 0 0.601 0.600 0.601 0.602 0.598 0.598 0.603
99.3% | -1 0.627 0.627 0.628 0.628 0.626 0.627 0.628
97.1% | -3.9 0.640 0.640 0.640 0.641 0.639 0.640 0.640
93.4% | -8.9 0.648 0.647 0.648 0.648 0.647 0.648 0.648
78.6% | -28.9 0.657 0.657 0.658 0.658 0.657 0.658 0.657
49.0% | -68.9 0.662 0.662 0.663 0.663 0.662 0.662 0.662
8.2% -123.9 0.663 0.663 0.663 0.663 0.662 0.663 0.663
0.0% -135 0.663 0.662 0.663 0.663 0.662 0.663 0.663

Were in Table 3.7, v, is the matrix Poisson’s ration, E,, is the matrix Young’s modulus, and
K, is the relative dielectric of the matrix. Using the data in Table 3.7 and Equation 3.77, the

percent change in k3 per percent change in a matrix material property was calculated:
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Figure 3.40 Percent Change in the Efficiency of Electromechanical Conversion per Percent
Change in a Matrix Material Property versus & for a single fiber of a CP PiezoFlex
AFC

The material data in Table 2.4 for the average value and the range of matrix material
properties for a PiezoFlex AFC was used to determine how much to vary the material
properties for the finite element model. As seen in Figure 3.40, increasing the matrix
Poisson’s ratio a positive amount increases the efficiency of electromechanical conversion a
small amount. Increasing the matrix stiffness decreases the efficiency of electromechanical
conversion because the AFC must work against the greater stiffness. Increasing the relative
dielectric of the matrix dramatically increases the efficiency of electromechanical conversion
for £= 100 %, however for & < 100 % increasing the relative dielectric of the matrix slightly

decreases the efficiency of electromechanical conversion.

3.8.5 Finite Element Modeling of the Actuation of tmAFC 20 under Stress Free
Conditions
A finite element analysis was performed to determine the XX and ZZ strain per unit

volt under stress free conditions for the active area of tmAFC 20, (F 5 ) , and (FZZ ) ,»and

the capacitance under stress free conditions for a single fiber, C;. This finite element

analysis was performed to determine if there was a large percent difference between the

actuation properties of AFCs and tmAFC.

This finite element model was the same as the finite element model used in Section

3.8.1 with the following differences in geometry and matrix materials.
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Table 3.8

Differences in Geometry and Matrix Materials between a CP PiezoFlex AFC and

tmAFC 20.
Property PiezoFlex AFC tmAFC 20 | tmAFC Percent
AFC Reference Reference Difference
Thickness, 4 343 um Table 2.2 370 um Table 5.8 -7.9%
Line Fraction, 93.8 % Table 2.2 94.8 % Table 5.8 -1.1%
LF
Height of the 292 um Table 2.2 321 um Assumed see -9.9 %
Active Area, b (h~2 by below
Matrix Young’s | 2.9 GPa Table 2.4 3.2 GPa Table 4.4 -10 %
Modulus, E,,
Matrix Poisson’s | 0.35 Table 2.4 0.38 Table 4.4 -8.5%
Ratio, v,
Relative Matrix 3.6 Table 2.4 3.15 Table 4.4 13 %
Dielectric, K,

In Table 3.8, it can be seen that the percent difference between the properties of the

AFC and the tmAFC are approximately 10%. The percent difference for Table 3.8 equals 1
— tmAFC values / AFC value. The height of the active atea of tmAFC 20 was determined
by assuming that the electrode touches and conforms the fiber, but was not compressed
through the thickness during manufacturing (as seen in Figure 4.27). Therefore, the height

of the active area is assumed to be the diameter of the fiber (270 pm) + 2 times the
thickness of the electrode (25.4 um).

The effect of the closest distance the electrode is from the center of the AFC divided
by the fiber radius, & on the actuation and capacitance of tmAFC 20 and PiezoFlex AFC

under stress free conditions, is shown in Figure 3.41.
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Figure 3.41 Actuation and Capacitance of tmAFC 20 and a CP PiezoFlex AFC under Stress
Free Conditions as a Function of &

As can be seen in Figure 3.41, there is very little difference between the properties of tmAFC
20 and a CP PiezoFlex AFC under stress free conditions, despite the differences listed in

Table 3.8. The percent difference between, (F - ) 5 (Fzz ) - and C§ is =0.27 %, 1.28 %,

and 0.66 % respectively, where the percent difference is calculated from:

107.4%
mAFC 0 AFC

Where x is the material property in question. Due to the small percent differences between
the properties of tmAFC 20 and a CP PiezoFlex AFC under stress free conditions, it can be
assumed that the conclusions reached for CP PiezoFlex AFC hold for tmAFCs.

107.4%

| xdf}

0

(3.93)

Percent Difference in x =1—- |:

3.8.6 Comparison between the Finite Element Model for a PiezoFlex AFC and AFC
Material Data

The comparison between the finite element model and material data is difficult
because the material properties for the fiber and the matrix are unknown and needed to be
estimated. Finite element modeling requires the geometry and material properties to be
known before FEM analysis can be done. The geometry of the actuators modeled using
FEM was chosen based upon test articles used in Reference 58.

In Reference 58 the free strain actuation of an AFC was measured. Using the low
field d,, data for the AFC presented in Section 5.4.2, (d;;)4zc = 196 pm/V for the AFC
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(active area and passive area). Using Equation C.41, the finite element data in Table 3.4, the
geometry in the Reference 58 (page 51), and the Kapton and matrix properties presented in

Table 2.2 and Table 2.4, & for the active area could be determined. Expanding Equation
C.41 yields:

A,(Tz), (Y2),
Yy,), + Ay Ey + A Ey
Where AFC, A, M, and K subscripts indicate the parameter is for the entire AFC, active

r = .
e = 39

area, matrix, and Kapton respectively. Dividing d,, by the center-to-center finger spacing, U
in Table 2.2, yields:

d
(Tuz ) ipe = (——ZZ# =171 nm/mV (3.95)

Using Equation 3.94, (17,) ;z was calculated for the discrete finite element data in Table 3.4.
Using the (17,;) 1 data points above and below the value of (I};) r- in Equation 3.95,
straight line was fitted to the data With this line & for the active area could be determined.
For the AFC data in Reference 58, £ = 100.1 %. To estimate the error, & was determined
using the data in Figure 3.43. As will be described in Section 3.8.7, in order to determine the
effect that assuming a poling direction has on the output of the AFC, finite element analyses
were performed assuming that the fibers beneath the electrode was not piezoelectric. Using
this data, £ = 99.4 %. Thus the finite element analysis predicts for a PiezoFlex AFC & >
99.4 and £ < 100.1 %.

At the time that the finite element analysis was started, Mr. Wickramasinghe (Author
of Reference 58) had plans to measure the stress free actuation and the shorted Young’s
modulus. This data was going to be used to compare to the finite element analysis presented
in Secton 3.8.2. Due to testing difficulties, the open circuit Young’s modulus of an AFC
with e-glass plies on the outside was measured instead. The stiffness contribution of the e-
glass plies was subtracted from the AFC using the rule of mixtures (Appendix III). This
yielded an open circuit modulus for the entire AFC (active and passive area) of

Y;, =39.9 GPa (Reference 58 page 64), which differs greatly than the open circuit modulus
of a single fiber of an mpAFC, ¥, =62.1GPa (Section 3.5.2).

Mr. Wickramasinghe’s stated that the extracted initial modulus data agreed to within
2.7% of his rule of mixtutes calculations. In his calculations, he used an open circuit

Young’s modulus for PZT-5A of Y,; =71GPa (Reference 58 page 64). He also states that
g 33 pag

the short circuit Young’s modulus for PZT-5A is Y;; =62 GPa. Using these two values,

k53, can be calculated:
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Yy =Y5 (1-k3) (3.96)
Using Equation 3.96, £;; = 0.36 for Mr. Wickramasinghe’s data. In Table 2.6, material data
from four manufactures of Navy type 11 material is presented. The Young’s modulus and
k;; data for Mr. Wickramasinghe’s Young’s modulus’ appears to be very different when
compared to the Navy type II data seen in Table 2.6. For example, Mr. Wickramasinghe’s
Y, differs from the average Y,; data in Table 2.6 by 35 %. It is the authors opinion that

Mt. Wickramasinghe’s Young’s modulus data, used in the rule of mixtures, is in error. Based

upon the error in Y;‘;, the fact that the measured Young’s modulus data agrees Mr.

Wickramasinghe’s rule of mixtures calculations using this wrong Y, , and the fact that in

Section 3.5.2 it was seen that the fiber properties dominate the open circuit stiffness data, it
is felt that when the open circuit AFC was tested it was not truly open circuited. Therefore,
it was felt that this data was not good data to replicate using a finite element modeling, and

thus was not compared to.

Mt. Pizzochero at Continuum Photonics was contacted regarding material properties
for PiezoFlex AFCs. He stated that “I would consider Viresh's data as quite accurate in
general, particularly since there was emphasis to characterize performance in the Boeing
application.”” He also noted that “The properties listed on the” PiezoFlex by Continuum
Rev 1.0-AP 8/00 (Reference 42) “sheet are on average the most accurate. As you know,
there is some property variation, mostly due to fiber quality.” In Reference 42, the short

circuit Young’s modulus of the AFC (active area and passive area) is given by (Yz‘./z )AFC =

25.6. Using Equation C.30, the Kapton and matrix properties presented in Table 2.2 and
Table 2.4, the geometry in the Reference 58 (page 51), and the active width of 48 mm

(Reference 90), (YZ‘; )AFC could be determined using the following Equation

(¥5),. = ﬁ[AA (%), + A By + A By | (3.97)

In Equation 3.97, the finite element data in Table 3.5 was used for the shorted stiffness of

the active area. Using this data, it can be seen that (YZ‘; )AFC using the finite element data is

29.5 GPa, 36.4 GPa, and 52.2 GPa for £ = 0 %, 100 %, and 107.4 % respectively, which is
greater than the measured data, (YZ‘; )AFC = 25.6 GPa. Therefore, the finite element model
does not agree with the measured data. It should be noted that in Reference 42 the AFC
data was measured for a smaller fiber diameter, 250 microns, smaller line fraction, 85-90%,
and a smaller thickness, 330 microns, than compared to the data in used in the finite element

model (Table 2.2). The data in Table 2.2 was taken from the AFC data in Reference 58.
These geometric differences may account for the differences in the Young’s modulus.
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In Reference 42, (d;;) 45 is teported to be 150 pm/V, yielding (77,) ir- = 131 nm/m
V. Using the Equation 3.94 and the data in the above paragraph it was determined that & =
100.3 % for these AFCs. Because of the geometric differences between the data in Table 2.2
and Reference 58, and the inability for the finite element model to predict the shorted
stiffness of the AFC, it is felt that analysis for the data in Reference 58 is more valid.

Therefore, the finite element analysis predicts for a PiezoFlex AFC & > 99.4 and £ < 100.1
%s.

3.8.7 Finite Element Modeling Conclusions and Discussion

Using finite element modeling (1) 4, (1 27).4, (Wi as (Wsv)ts (Wz2).a (Yz‘; )A ) (O-ZX )A 5

Cr, Cy,and k., was calculated as a function of & and the matrix material properties Vj,,
E,, and K. As mentioned in Section 3.2, in order to maximize the 1-dimensional actuation

of the AFC, AFCs with (I},).,, (Wy,)s» and (Y )A should be maximized. In general, v, has

little effect on the ZZ actuation properties. Increasing E,, always has slightly negative effect

on (1,,)., (Ws)4 and (YZVZ )A. Increasing K, always has a large positive effect on the ZZ

actuation properties for &> 100 %, however has almost no effect for £ < 100 %. It should
also be noted that decreasing £ to increase the strain per volt, (15;),, increases the stress per
volt, (¥,,) 4 as well, however it has the effect of lowering the stress free stiffness of the AFC.
Decreasing & to increase the strain per volt increases the stress free capacitance of a single

fiber also, thus increasing the power requitements to achieve the maximum strain. Thus
depending on the application, it is not obvious that for the “best” AFC is an mpAFC.

It should be noted that although the analysis was performed on an AFC, the results
determined for an AFC remain true for a tmAFC, as seen in Section 3.8.5. This is because
any tmAFC will have a similar geometry and similar matrix properties to a PiezoFlex AFC.
The effect of material properties and & should produce similar results on 2 tmAFC. An AFC
was chosen to be analyzed instead of a tmAFC because as will be discussed in Chapter 4,
various thicknesses of polymer were used for manufacturing, and thus there did not exist a
uniform geometry that could be analyzed for a tmAFC.

Most material properties appeared to follow a step function pattern with an offset
when plotted versus & In order to test the theory that each of the matetial properties
follows the same pattern when plotted against & the material properties were rescaled using a
parametet, ¢, so that at £ = 0 %, ¢ = 0 %, and at & = o %, ¢ = 100 %. Since no data exists
for &= oo %, data for & = 107.4 % was used. Therefore, ¢ can be defined as:
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Figure 3.42 Rescaled AFC material property, ¢, versus &

As can be seen in Figure 3.42, all material properties when plotted versus & have the same
pattern for all the material properties considered. This statement is true except close to & =
100 %, where a geometric discontinuity occurs, that is for &> 100 % there is matrix gap, and
for &< 100 % the electrode touches the fiber.

It should be noted that all the material properties used in the finite element model
were low field properties, and will change as a function of electric field, and frequency.
Because ANSYS requires the poling direction be specified for the piezoelectric elements, it
was assumed the fiber was uniformly poled in the g direction, which is a good assumption
over most of the fiber, but in actuality is not the case. Under the electrode, the fiber should
be poled nearly perpendicular to its surface, and then curve toward the g direction, as
discussed in Section 3.4. Thus, the calculated values of the effective material properties will
differ slightly from the actual values. In order to determine the effect that the assumption

that the fiber was uniformly poled in the g direction, (17;).4, C:: , and Yz‘./z were recalculated
assuming that the area in the fiber under the electrode is not piezoelectric, that is ¢ = 0,
however all other material properties for the fibers are used. Plotting the strain per unit volt
and stress free capacitance versus ¢ for a single fiber of a CP PiezoFlex AFC for the volume

under the electrode being piezoelectric and non-piezoelectric yields:
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Conditions versus & for a single fiber of a CP PiezoFlex AFC for the Volume under
the Electrode Being Piezoelectric and Non-Piezoelectric

As can be seen in Figure 3.43, if the volume under the electrodes is not piezoelectric then

the stress free actuation and the stress free capacitance is reduced. The percent difference

varies between —12% at & = 107.4 %, to a maximum of —23% at & = 100 %, and decreases

to -8% at & = 0 % for the stress free actuation. The percent difference for the stress free
p

capacitance varies between —8% at & = 107.4 %, to a maximum of —20% at & = 100 %, and

decreases to -5% at £ = 0 %. For the shorted Young’s modulus, the percent difference
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varies between a maximum of —12% at &= 107.4 %, decreases to 1% at £ = 100 %, and is a

minimum of 0% at £ = 0 %. The percent difference is calculated by:

f (not poled )~ f (poled)
f (poled)

Where fis the variable being considered. The average percent difference between (13,),

Percent Difference in f = (3.99)

with the fiber volume under the electrodes poled and not poled is =11 %. The average
percent difference between for C;. and Y, in the same case is —7 % and —1 % respectively.

This average percent difference was calculated by determining the area beneath the lines
plotted in Figure 3.43, and substituting the area into Equation 3.99 in place of /. The area
was calculated by the trapezoidal rule. The length of one of the electrodes divided by the
center to center spacing between the electrode fingers is 0.16. Thus, it is not surprising that
the percent difference is on that order.

The finite element model the material properties for the fibers is constant for all
values of & In order to achieve this the electric field in the fiber must be constant for all
values of & Tn order to do this higher poling voltages must be applied for higher values of £
because of the smaller voltage drop across the fiber, as discussed in Section 3.7. In practice
when an AFC is manufactured, & is unknown, and thus a pre-agreed upon poling voltage is
applied to the AFC. If &is very large then the voltage will be inadequate to completely pole
the AFC, and thus the material properties of the fiber will be close to the unpoled values, as

seen in Reference 70. Therefore when using this poling practice, (Iy;)4 (Woz)ss Cr,and k,

will be less at higher values of & the calculated using the finite element model, and Yy , will

be greater at higher values of &
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4. tmAFC Manufacturing

4.1 Introduction

Active Fiber Composites are composite plies composed of piezoelectric fibers
embedded in a thermoset matrix. An interdigitated electrode is adhered to each side to
deliver an electric filed to the fibers. A high dielectric layer, such as Kapton, is adhered to
the outside to prevent dielectric breakdown. A tmAFC similar in makeup to an AFC except
is comprised of a thermoplastic matrix. Depending on the manufacturing method, some
tmAFCs have Kapton to prevent dielectric breakdown, and some have a layer of

thermoplastic to prevent dielectric breakdown.

A primary goal of this research is to manufacture tmAFCs with high levels of
actuation. Before tmAFCs could be manufactured, the thermoplastic to be used for the
tmAFC matrix had to be determined. This was done by formulating requirements for the
matrix and doing material searches based upon those requirements. tmAFCs have been
manufactured using three methods, which will be referred to as solvent casted tmAFCs,
externally electroded tmAFCs, and internally electroded tmAFC. Each manufacturing
method will be discussed as well as problems and solutions.

4.2 Minimum Requirements for a tmAFC Matrix

In order to determine what thermoplastic polymer to choose to manufacture
tmAFC, the minimum requirements for a tmAFC matrix had to be determined. Using the
analyses in Chapter 3 and the minimum requirements, the search for a thermoplastic matrix

material to be used for the tmAFCs was narrowed considerably.

Several constraints exist on the thermoplastic matrix material for tmAIFCs forcing

the usage of certain classes of polymers. These constraints are given below:

1. The thermoplastic must have a low melt viscosity
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2. The thermoplastic must have a high dielectric breakdown strength
3. The thermoplastic must have a high usage temperature
4. The thermoplastic must have a high dielectric

5. The thermoplastic must have a failure strain greater than that of the fibers

Constraint 1 states that the thermoplastic must have a low melt viscosity. This is due
to the fact that when the matrix is melted it must flow into the pores of the fiber to allow it
to adhere to the fiber. Unfortunately, most plastic manufactures do not provide melt
viscosity data, however many manufactures will classify their polymer as low or high melt
viscosity. Many experiments were done on different materials to determine if a

thermoplastic material could adhere to the fibers as discussed in Section 4.4.

Constraint 2 states that the thermoplastic must have a high dielectric breakdown
strength. During the poling process, the tmAFC is subjected to a constant DC field ranging
from 2 to 4 kV. This field is applied over a length of Z= 1.14 mm (45 mil) giving an
approximate electric field of 1.75 — 3.50 kV/mm. However due to the dielectric mismatch
between the polymer under the electrode and the fiber, the field under the finger can be
much greater than the field in the fibers, as was discussed in Section 3.3.2 (Equation 3.21).
Most polymets have a dielectric breakdown strength in the vicinity of 20 kV/mm however
PVC has a dielectric breakdown strength approaching 50 kV/mm”. Thin samples of
polymer also display a higher dielectric breakdown strength compared to thicker samples
because for a thinner polymer there exists less of a potential for a fatal flaw across its
thickness. Material data for dielectric breakdown strength has much scatter in it due to the
thickness used and the medium the specimen is tested in (air or oil) as will be seen in Table
4.4. Whether a polymer had an acceptable dielectric breakdown strength was determined by
trial and etror. None of the polymers used to manufacture tmAFCs in Chapter 4 appeared
to have an unacceptable dielectric breakdown strength.

Constraint 3 states that the thermoplastic must have a high usage temperature. This
is due to the fact that the tmAFC after being manufactured will be cured into a passive
composite structure to be actuated. Many composite prepregs are cured at either 121 °C
(250 °F) or 177 °C (350 °F). To increase the potential commercial market of the tmAFCs, it
was decided that the usage temperature of the matrix should be at a minimum of 121 °C
(250 °F) with a usage temperature of greater than 177 °C (350 °F) being more desirable. The
usage temperature can roughly be defined as the temperature at which the polymer does not
strain excessively under an applied stress. Polymer manufactures typically provide data on

the Vicat softening temperature or the thermal deflection temperature. Both are a measure
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of the plastics ability to deform a prescribed amount at an elevated temperature under a
defined loading.  Some manufactures provide information on the glass transition
temperature. Below the glass transition temperature the polymer behaves in a solid or
“glass-like” manner. Above the glass transition temperature the polymer becomes highly
elastic. Polymers for manufacturing were selected such that the Vicat softening temperature,
the thermal deflection temperatute, and the glass transition temperature were above 121 °C
(250 °F) when any of these material properties were known.

Constraint 4 states that the thermoplastic must have a high dielectric. Previous
analysis for AFCs (Reference 34 pages 79-124) has shown that in order for the actuation of
the AFC to be maximized the dielectric constant of the matrix must be maximized, as was
shown in Table 3.4 for & greater than 100%. A search on the Internet described in Section
2.3.1 indicated that the average relative dielectric for a polymer is about 3.6 with a variance
of 6 = 1.2. Most manufactures provide dielectric data at one frequency, however different
manufactures provide dielectric data at different frequencies making comparisons between
the polymers difficult. A matrix material with a low dielectric constant can still be used as
long as £ is less than or equal to 100%, as shown in Table 3.4. Because of the difficulty in
comparing dielectric constants, the narrow possible range that the dielectric constants could
be in, and the fact that if £is less than 100% the dielectric of the matrix doesn’t significantly
effect the actuation, the dielectric constant was not used as a criterion for determining the
viability of a polymer as a tmAFC matrix material.

Constraint 5 states that thermoplastic must have a failure strain greater than that of
the fibers. When a tensile load is applied to a tmAFC, the brittle fibers of tmAFC have a
tendency to fail. It is desirable for the matrix to have a higher failure strain than the fibers to
carry the load around broken fibers. The ultimate elongation strain of a polymer lies in a
very broad range, typically between 1% in the case of brittle polymers to 1000% in the case
of elastomers (Reference 91, page 81). PZT-5A can be assumed to fail at approximately the
same strain value as PZT-5H, 1300 ue (Reference 34). For all the candidate tmAFC matrix
materials, the ultimate failure strain of a polymer was greater than that of PZT-5A and thus
the ultimate failure strain proved not to be a drving factor in tmAFC matrix material

selection.

Table 4.1 summarizes the minimum constraints for a tmAFC matrix material
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Table 4.1

Minimum Constraints for a tmAFC Matrix Material

Constraint

Comments

The thermoplastic must have a low melt viscosity to
allow the matrix to adhere to the fibers

Melt viscosity data not typically supplied by
manufactures. Chose polymers whose melt viscosity
was classified as low by the manufacturer. Acceptable
materials determined by manufacturing trial and etror.

The thermoplastic must have a high dielectric
breakdown strength

Maximum electric field is unknown. Most polymers
have a dielectric breakdown strength in the vicinity of
20 kV/mm. Acceptable materials determined by
manufacturing trial and error, however of the
matetials tested none were deemed unacceptable.

The thermoplastic must have a usage temperature
higher than the cure temperature of common
prepregs, 121 °C (250 °F)

Forced the usage of materials with a Vicat softening
temperature, thermal deflection temperature, and glass
transition temperature greater than 121 °C (250 °F)

The thermoplastic must have a high dielectric to allow
for greater actuation

Very narrow range of possible relative dielectric
constants (2-6). Data that is comparable between
manufactures not available. Low dielectric polymers
could perform better than high diclectric polymers if
& was decreased.

The thermoplastic must have a failure strain greater
than that of the fibers to allow load transfer around
broker fibers

The ultimate elongation strain of a polymer lies
between 1% in the case of brittle polymers to 1000%.
PZT-5A can be assumed to fail at approximately the
same strain value as PZT-5H, 1300 pe (Reference 34)
which is smaller than most polymers considered.

Of the constraints listed in Table 4.1, only the first and the third constraint proved to

affect the choice of polymers. As will be discussed in Section 4.4, polymer samples with a
usage temperature of greater than 121 °C (250 °F) were obtained from various polymer
manufactures. These samples were then tested to determine their ability to adhere to the
fibers.

4.3 Solvent Casted PVDF tmAFC Manufacturing

tmAFCs were first developed by Patrick Trapa at the Active Materials and Structures
Laboratory at the Massachusetts Institute of Technology””. Mr. Trapa stated work on
tmAFCs in the summer of 1997 attempting to manufacture a tmAFC with a Polyvinylidene
Fluotide (PVDF) matrix. Mr. Trapa made tmAFCs by solvent casting PVDF onto the fibers
and hot pressing PVDF sheets with silver electrodes screen printed onto them. Many
electrical breakdown problems occurred due to the quality of the electrodes and the solvent

casted sheets.
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For all the solvent casted tmAFCs, Kynar 2801-00” PVDF was used. Material
properties of Kynar 2801-00 PVDF are given in Table 4.2.

Table 4.2 Material propertics of Kynar 2801-00 PVDF

Property Value Test Method
Tensile Modulus 550 MPa- 900 MPa ASTM D638

at 23 °C (73 °F)

Tensile Yield Elongation 10-20 % ASTM D638

at 23 °C (73 °1)

Tensile Break Elongation 200-400 % ASTM D638
Melting Temperature 141 — 145 °C (285 — 293 °F) ASTM D3418

Thermal Decomposition TGA 410 °C (770 °F) -
1% wt. lossin nitrogen

Dielectric Constant at 100 Hz 9.4 -10.6 ASTM D150
and 23 °C (73 °F)
Dielectric Strength 51-59 kV/mm ASTM D149

at 23 °C (73 °F)

Specific Gravity at 23 °C (73 °F) | 1.76 - 1.79 ASTM D792

A range of values for material properties are given in Table 4.2 because the data was taken
from Reference 94 and the values for the 2800-2900 family of polymers. In addition, the
material properties are dependant on the processing of the PVDF. For the solvent casted
PVDF unAFCs, Kynar 2801-00 was purchased in power form. In Section 4.2, it was stated
that a polymer with a high dielectric constant was desirable to increase the actuation of
tmAFC. In Section 2.3.1, a search was done on that showed that the average relative
dielectric for a polymer is about 3.6 with a variance of @ = 1.2. Kynar 2801-00 was chosen
by Mt. Trapa due to its high relative dielectric compared to most polymers, and because it is
piezoelectric and therefore should act as another actuator inside the tmAFC.,

The author started working on tmAFCs in the spring of 1999, using Mr. Trapa’s
manufacturing process as a baseline to manufacture tmAFCs. First a film of PVDF plastic
was solvent casted by mixing Kynar powder into a solution of Methyl Ethyl Ketone (MEK).
This mixture was stitred using an ultrasonic stirrer to fully dissolve the powder. This
mixture was pored onto a glass plate which has a piece of metal shaped like a picture frame
adhered to one side using double stick tape. The solution is poured into the interior of the
picture frame. The MEK is allowed to evaporate leaving a meniscus shaped film, which can
be detached from the glass using a razor. The edges of the film are trimmed and the sheet is
cut length wise to form two sheets that are slightly larger than the desired electrode area.
The thickness of the sheets could be controlled by controlling the mass of the powder put
into the solution. The piezoelectric fibers are then aligned and the ends are glued together
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using 5 minute epoxy” to form a fiber mat to prevent the fibers from moving during
manufacture. The mold is cleaned and 127 micron (5 mil) Guaranteed Non-Porous
Teflon” (GNPT) is taped to the mold. A 25 micron (1 mil) thick piece of Kapton with
cither a copper or silver electrode pattern printed on one side is then placed onto the
GNPT, electrode side facing up. Then a sheet of Kynar is placed on top of it. The fibers
are placed on top next and are aligned so that they fit within the electrode pattern. Another
sheet of Kynar is placed on next and then another electrode face down is placed on top. A
second sheet of GNPT is placed onto the electrode and the top piece of the mold is put on
as shown in Figure 4.1.

Aluminum Mold

GNPT

Solvent casted Kapton Electrodes

Kvnar film

Solvent casted
fibers with 5
minute epoxy
on ends

Figure 4.1 tmAFC Lay-up for Solvent Casting

The mold is then placed into the hot press” and a low vacuum, 686-737 mm of hg
(27-29” of hg), is drawn. A picture of the hot press manufactured by Tetrahedron
Associates, Inc is shown in Figure 4.2.
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Figure 4.2 Hot Press Manufactured by Tetrahedron Associates, Inc

Although not shown Figure 4.1 to increase clarity, the top and the bottom plates of
the mold are spaced apart by springs. These springs are used to slow down the rate at which
force is applied in the hot press. It is also desirable for the mold to be open when a vacuum
is being drawn to allow the air to flow out, and the springs help do this. The press is
commanded to close and then the press is heated up to 218 °C (424 °F), which is above the
melting temperature of Kynar. This temperature is held for 10 minutes to ensure that the
mold is at a uniform temperature, and then the temperature is reduced with the force still
being held, and when the platens of the press reaches 49 °C (120 °F) the force is released.
The force is not released until the tmAFC is cooled from the maximum temperature because
the plastic at the maximum temperature is still molten and severe warping will occur of the
tmAFC while it is cooled down with no load on it. Excess plastic is then trimmed off the
tmAFC and it is ready to test. A top view and cross section of a tmAFC is shown below:
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Figure 4.3 Solvent Casted Kynar tmAFC Top View

Figure 4.4 Solvent Casted Kynar tmAFC Cross Sections

Several problems exist with solvent casted tmAFCs. First, the film would contain
lumps due to solvent and air bubbles being trapped within the film. This is because when
the solvent was allowed to evaporate it would evaporate first on the side exposed to air
forming an outer skin of plastic slowing the evaporation rate of the remaining solvent.
Often time dirt present in the air would also be trapped within the plastic because the sheets
were not manufactured under clean room conditions. Very often electrical breakdown
would occur due to the inhomogeneity of the plastic when 4 kV was applied to the tmAFC
to pole it. In order remove as much solvent as possible, the solution after being poured
onto the glass, was placed within a vacuum chamber and a low vacuum 686-737 mm of hg
(27-29” of hg) was drawn. This method did remove the trapped solvent and air, however as
the air bubble floated to the surface of the film it would pop forming a crater in the surface
of the film thus rendering it useless. In order to release the trapped solvent the film several
attempts were made to dry the plastic by heating the film to an elevated temperature in a
convection oven. Drying did not seem to increase the electrical breakdown voltage of the
tmAFCs and was thus abandoned. Another problem with this manufacturing method is that
the thickness of the plastic film is hard to control to within 25 microns (1 mil). When the
solution with the plastic is poured onto the glass plate with the picture frame, as mentioned
previously the mixture has a tendency to form a meniscus shape with the center of the
plastic being much thinner than the edges, thus giving a non-uniform thickness plastic film
after drying. The films thickness was then measured using a micrometer with at least 9
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measurements at various locations and a curve of plastic mass versus film thickness was
constructed. Because of the meniscus shape of the plastic it was not possible to cotrelate the
thickness of the sheets to the amount of plastic power placed in the mixture to within 25
microns (1 mil.). If too little plastic were used to make the mixture the film the film would

contain holes near the center.

Another problem encountered in the manufacturing of solvent casted tmAFCs is
that the plastic film would often delaminate from the fibers. This is due to the fact the melt
viscosity of the Kynar was so high that the plastic could not flow into the pores of the fibers.
In order to increase adhesion between the fibers and the matrix, a thin layer of Kynar was
solvent casted onto the fibers, after the fibers were bonded together with epoxy at the ends.
The solution of MEK and Kynar had a lower viscosity compared to the melt viscosity of the
plastic and thus would flow into the pores of the fibers. The plastic film could then be
melted onto the fibers without delamination.  This solution, although prevented
delamination, decreased actuation by increasing the distance between the fibers and the
electrodes further (Figure 3.26). Solvents casting the fibers caused them to warp do to an
uneven distribution of Kynar. To reduce the amount of warping fibers would be
individually dipped in a solution with a very small amount, 1%-10%, of Kynar prior to
bonding the fibers together with epoxy. Due to the problems with removing the solvent
trapped within the matrix and the poor actuation, this manufacturing method was not

pursued further.

4.4 Noryl Externally Electoded tmAFC Manufacturing

Manufacturing of externally electroded tmAFCs is very similar to the manufacturing
methods for solvent cast tmAFCs. The first major difference between the two methods are
that with externally electroded tmAFCs the plastic is bought in film form from a
manufacturer instead of being solvent cast. Because the film is usually produced at very high
pressures, any voids trapped within the film are likely to be smaller than voids in solvent cast
films, thus increasing the films dielectric breakdown strength. The minimum thickness of
the plastic film that could be used is given by:

15 pm for 140 pm diameter fibers

(4-7) |
122—"CR ~ 0.22R = 4.1

29 pm for 270 pm diameter fibers
Where #is the film thickness and R is the fiber radius. This minimum distance is determined
from the amount of plastic film required to fill in a square area around half a fiber (two films
are placed on either side of the fiber). This equation gives the minimum thickness required
to fill in the fiber because it assumes that there are no gaps between fibers in the tmAFC,
and it assumes that the metal electrode on the Kapton is infinitely thin and therefore plastic
does not need to flow in between the electrode fingers to adhere to the Kapton. In practice
however it was found that the plastic should be at least 25 microns (1 mil.) thicker than the
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thickness given by the above equation. This allowed the plastic to flow between the
electrode fingers, which are 25 microns (1 mil) thick on the silver electrodes, and between
the gaps between the fibers.

The second major difference between the two manufacturing methods is that with
externally electroded tmAFCs no plastic is solvent casted onto the fibers prior to
manufacturing. This removes the plastic layer that increases the distance between the fiber
and the electrode. As mentioned previously tmAFCs manufactured with solvent cast Kynar
were prone to delamination and thus a layer of Kynar was solvent casted directly onto the
fibers to promote adhesion between the film and the fibers. In order to eliminate this layer a
plastic with a low melt viscosity was chosen. Because this data is not readily available for
most plastics, several manufacturers of plastic film were contacted. The manufactures sent
samples of plastic film that their technical representatives thought would adhere to the
fibers. The material properties of these samples also conformed to the minimum criteria for
the plastic as specified in Section 4.2. 5.1 cm (27) long PZT-5A fiber mats were
manufactured and sandwiched between 2.54 cm x 2.54 cm (17 x 17) samples of plastic that
were cut from the film samples. These were heated and pressed in the hot press at
temperatures above the melting temperature for each individual plastic. An attempt was
then made to insert a razor blade between the plastic and the fibers to determine in a
qualitative way the propensity of the fibers and matrix to delaminate. Most of the plastics
tested delaminated except for Noryl EN265-701" (a modified polyphenylene oxide). A
sample of film was donated by Westlake Plastics”, and more was purchased from them.
Material properties for Noryl EN265-701 is shown in Table 4.3.

Table 4.3 Material Properties for Noryl EN265-701100

Property Value Test Method
Tensile Strength, yield, Type I, 2.0 | 63.4 MPa (9200 psi) ASTM D 638
in/min

Tensile Elongation, break, Type I, | 25% ASTM D 638
2.0 in/min

Unannealed Heat Deflection 123 °C (254 °F) ASTM D 648

Temperature, 1.82 MPa (264 psi),
6.4 mm (0.2507)

Melt Range 227-254 °C (440-490 °F) -

Dielectric Constant, 60 Hz 2.69 ASTM D 150
Dielectric Strength, in oil, 19.7 ASTM D 149
3.175 mm (125 mils)

Specific Gravity, solid 1.08 ASTM D 792
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0.076 mm (3 mil.) thick Noryl film was used to manufacture most of the externally
electroded tmAFCs, although some tmAFCs were manufactured using Kynar film. The lay-
up process for the Noryl externally electroded tmAFCs was the same as the solvent casted
tmAFCs except between the mold and the GNPT a 4.7 mm (3/16” in) piece of silicon
rubber'" sold by McMaster-Carr Supply Company was placed to provide a more even
distribution of force than could be provided by flat surfaces of the mold, as shown in Figure
4.5.

Aluminum Mold

{7 Kapton Electrodes

Fibers with 5
minute epoxy
on ends

Silicon rubber

Figure 4.5 Externally Electoded tmAFC Lay-up

If the composite is pressed between two rigid blocks, as the blocks close the pressure
is applied to first to the thickest parts of the composite, the area at the top and bottom of
the fibers. This puts the fibers in a very high state of stress and potentially breaking the
fibers, thus limiting the maximum amount of force that can be applied. If any fibers are
crossed over the entire pressure is placed upon them, breaking them. The matrix in between
the fibers receives very little pressure and voids can form between the fibers. The silicon
rubber more evenly distributes the force allowing pressure to be applied to the spaces in
between the fibers, thus consolidating the composites better. A top view of an externally
electoded Noryl tmAFC with the Kapton removed is shown below:

Figure 4.6 Externally Electroded Noryl tmAFC
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Two problems occurred with externally electroded tmAFCs. Because plastic film
can only be purchased in discrete thicknesses, the thickness of film that was bought was
thicker that the thickness of film given in Equation 4.1. Because the externally electroded
Noryl tmAFCs stated with thicker than desired plastic films, the electrodes were far away
from the fibers (¥ > 0) and thus actuation performance for these tmAFCs was poor. If the
desired thickness of film could have been obtained, then the actuation performance would
have been equal to AFCs manufactured by Continuum Photonics, however this would have
involved buying an entire production run of film, which due to budgetary constraints was
not possible. The second problem is that due to Kapton’s smooth surface the plastic would
not adhere very well to the Kapton electrode. Delaminations would form between the
electrode fingers. These delaminated areas were locations for electrical breakdowns during

poling.

While attempting to peel off a Kapton electrode from a Noryl tmAFC to
qualitatively determine the strength of the bond between the electrode and the matrix, it was
noticed that some of the silver electrode delaminated from the Kapton and remained
embedded on the surface of the tmAFC. After several cutes, it was determined using a
temperature of 232 °C (450 °F) that the electrode could be transferred with some
reproducibly. During manufacturing, plastic would flow into the pores of the silver
electrode and after cooling would solidify. Because the strength of the bond between the
silver and the matrix was stronger than that of the Kapton and the silver, the silver would
transfer to the matrix when the Kapton is peeled off. In order to prevent dialectic
breakdowns these tmAFCs would requite a coating with a high dielectric breakdown
strength to actuate.

4.5 Internally Electoded tmAFC Manufacturing

4.5.1 Notryl Inernally Electroded tmAFCs

Because of the problems encountered with the externally electroded tmAFC
manufacturing methods with & being greater than 100 %, a new way was sought to reduce
the distance from the electrode to the fiber. As discussed in Section 4.3, Mr. Trapa® had
attempted to reduce the distance between fir fibers and the electrodes by screen printing
silver electrodes onto solvent casted films and pressing the films, electrode sides inward,
directly onto fibers. The electrodes did not have high line quality and had a tendency to
crack when pressed into the fibers and this method was abandoned. This method was
attempted once again, except it was decided that the clectrodes should be made of a single

piece of metal so that when it was pressed into the fibers it would not crack. Two methods
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were attempted, metal sputtering and evaporation. Two electrode masks were made by
cutting a stainless steel shim using a wite EDM process and are shown Figure 4.7:

First Mask

Second Mask

Figure 4.7 First and Second Masks for Printing Electrodes onto Plastic Using Sputtering and
Evaporation

Several thicknesses of masks (5, 10, 15, and 20 mil) were manufactured to see the
effect of mask thickness on the quality of the electrode. The electrodes were made in the
following manner. First, a clean piece of plastic film was placed onto a ground steel plate.
Ground steel was used due to its flatness. The first electrode mask with the fingers was
placed on top and eight magnets were used to hold the mask down flat. The steel plate was
then placed in the sputtering machine or evaporator and the finger were printed onto the
plastic. Then the process was repeated, replacing the first mask with the second mask and
aligning the crosshairs. 0.1 um copper electrodes were manufactured using the sputtering
process. Due to the small area of the sputtering targets compared size of the electrodes only
a small part of the electrode could be made at once, and thus the sputtering process was
abandoned.

Electrodes were also manufactured using an evaporator process. A 2000 A
aluminum thick electrodes using a custom built thermal co-evaporator at the Center for
Materials Science and Engineering (CMSE at MIT) is shown below.
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Line due to multiple
masks

Stray aluminum
Electrode finger and

rail magnified
Figure 4.8 2000 A Thick Aluminum Electrode Evaporated onto Noryl

Although the electrodes are thinner than the copper/Kapton or the silver/Kapton
electrodes, tests on two specimens showed that 9800 volts are required to breakdown 2000
A aluminum electrodes at room temperature. If thicker electrodes are required 4000 - 6000
A thick aluminum or silver electrodes could have been possible to manufacture. Only 2
electrodes were made using this method before the evaporator required maintenance and

was inoperable for several weeks.

While waiting to the evaporator to be fixed, another idea was hit upon to
manufacture electrodes embedded into Noryl. This method combined the externally
electroded tmAFCs with the transferred electrodes with Mr. Trapa’s idea to place the
electrodes directly against the fibers. Electrodes were first manufactured by transferring the
electrode pattern from the Kapton to the plastic film. Then fibers could be placed between
the sheets of plastic with the electrodes facing inward and heated and pressed together. The
force used in the transfer process for the externally electrode tmAFCs was limited to low
forces to prevent the fibers from breaking. Much higher forces could be used to make the
electrode if the electrodes were made prior to making the tmAFC, thus guaranteeing the
matrix flowed into the pores of the electrode. The electrodes and Noryl were sandwiched
between silicon rubber in the mold. The mold was then heated to 232 °C (450 °F) with
about 22.2 kN (5000 lbs) applied to the mold under a vacuum. After the mold is cooled, the
Kapton is peeled off leaving the electrode pattern flush with the thermoplastic surface. The
process for making the electrodes was over 95% successful. An electrode transferred to

Noryl is shown below.
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Figure 4.9 Top View and Side View of an Electrode transferred to Noryl

As can be seen in Figure 4.9, the silver transfer to the Noryl is complete.

The fibers with 5 minute epoxy was manufactured and were heated to 274 °C (525
°F) and pressed between the Noryl electrodes, with the electrode side facing the fibers as
shown below:

Mold

GNPT

Noryl film with
electrodes printed

onto one side Fibers with 5

minute epoxy
on ends

Silicon rubber

Figure 4.10 Manufacturing Method for Internally Electroded tmAFCs

Two internally electroded tmAFCs were manufactured with electrodes on either side
of the film, yielding a total of four electrodes. Because the electrode was on the outside the
electrodes could not be actuated without a dielectric coating on the tmAFCs. These fibers
prepoled capacitance higher than any previous tmAFC (362 and 326 pF). Figure 4.11 shows
a cross section of an internally and externally electroded tmAFC.
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Figure 4.11 Cross Section of an Internally and Externally Electroded tmAFC

From the figure above it can be seen that the electrode are nearly touching the fibers
over a large portion of the fiber. From the above picture it can also be seen that the
electrodes can break at places where there are gaps between the fibers. For most of the
electrode fingers seen under the microscope there was no breaks in the electrode. Figure
4.11 does not represent the majority of the electrode fingers, however it was shown to
illustrate a break in the electrode. The electrodes can also break at locations where fibers
cross over due to the stretching of the fibers as shown below:

Figure 4.12 Fiber Breaks at a Fiber Cross Over in an Internally and Externally Electroded
tmAFC

Noryl tmAFCs would often times have a permanent curvature after being removed
from the mold. This curvature is due a lack of symmetry through the thickness in the
tmAFC. When the internally and externally electroded tmAFC was flattened cracks would
occur in the plastics due to the brittleness of the matrix. Due to Noryl’s low heat deflection
temperature, 123 °C (254 °F) (Table 4.3) and brittleness, another thermoplastic matrix

material was sought.

4.5.2 Ultem 1000 Internally Electroded tmAFCs

Ultem 1000'" (an amorphous thermoplastic polyetherimide), manufactured by
General Electric Plastics was selected due to its ability to adhere to the fibers and its high
usage temperature allowing Ultem tmAFCs to be used in 177 °C (350 °F) cured composite
structures. Ultem 1000 usage in high temperature cured composites is limited to 200 °C (392

3

°F) due to its thermal deformation temperature.'” Ultem 1000 has a repeatable unit of

Cy;H,,O4N, and is shown in Figure 4.13:

157



. i}
IO TO

Figure 4.13 Repeating unit of Polyetherimide!04

Material properties for Ultem 1000 are given in Table 4.4.

Table 4.4 Ultem 1000 Material Properties

”
QO

Property Value Test Reference
Method

Tensile modulus at 1 mm/min 3.2 GPa ISO R527 | 105

Compression modulus 3.31 GPa ASTM D- | 103
695

Poisson's ratio 0.38 Test 106
method
not stated

Tensile strength, yield, type 1, 3.2 mm sample 105 MPa ASTM D- | 103
638

Tensile elongation, yield, type 1, 3.2 mm sample 7 % ASTM D- | 103
638

Tensile elongation, break, type 1, 3.2 mm sample 60 % ASTM D- | 103
638

Relative dielectric constant at 100 Hz 3,15 ASTM D- | 103
150

Relative dielectric constant at 1 kHz 3.15 ASTM D- | 103
150

Dielectric breakdown strength in air 1.6 mm sample 33kV/mm | ASTMD- | 103
149

Dielectric breakdown strength in oil 1.6 mm sample 28kV/mm | ASTM D- | 103
149

Dielectric breakdown strength in ¢il 3.2 mm sample 20kV/mm | ASTM D- | 103
149

Density 1270 ASTM 103

kg/m? 792

Heat deflection temperature, 1.82mpa, 6.4mm specimen, 200 °C ASTM D- | 103

unannealed 648

Maximum forming temperature 316 °C Test 107
method
not stated

Molecular weight of repeating unit 592.61 Test 104

g/mol method

not stated




4.5.2.1  Ultems 1000 Electrode Manufacturing Procednre

The method for manufacturing thermoplastic electrodes for the Ultem tmAFCs was

determined after many manufacturing experiments. The manufacturing procedure is similar

to the electrodes manufactured with Notyl described in Section 4.5.1.

Electrodes for the Ultem tmAFCs were manufactured in the following mannet:

1.

Cut 3 sheets of 7.6 ecm x 15.2 cm (37 x 6”) GNPT

Cut 2 pieces of 4.8 mm (3/16”) thick silicon rubber to the dimensions of 12.1 cm x 6.3
cm (4 %47 x 2 127)

Cut two pieces of Ultem matrix to 5.1 ecm x 11.4 cm x 102 um (27 x 4 /27 x 4 mil)

Clean a top and bottom electrode using acetone and methanol. This is accomplished by
soaking the electrodes in a dish of acetone for about 5 to 10 minutes, then removing the
electrode and spraying acetone on it, rubbing the electrode with a lint free cloth to
remove any excess dirt, and then swish in a dish of methanol or isopropyl alcohol for 15
seconds. Dry the electrodes by hanging them vertically so that the solvent can drip off,
taking dirt with it, in an environment where the air is constantly moving, such as a fume
hood, so that dust cannot redeposit itself onto the electrodes. The electrodes should be

dried until all the solvent is removed (about 30 minutes).

Clean the Ultem in a moving ait environment using alcohol to remove grit. This is
accomplished by swishing the Ultem in a dish of methanol or isopropyl alcohol for 15
seconds and then hanging them up to dry in the same manner as the electrode. Do not

spray acetone on the Ultem 1000 because it degrades the polymert.

Place the mold in the same moving air environment as the electrodes as the Ultem.

Wipe the mold using alcohol to remove grit.

While in the moving air environment, place the materials in the mold the mold in the

following manner:
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Ultem 1000 film

/> Kapton Electrodes
facing Ultem 1000

Silicon rubber

Figure 4.14 Manufacture of Ultem Electrodes

The steel mold, referred to as the “Press Plates”, used for manufacturing the Ultem 1000
electrodes, is shown in Figure 4.15:
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Figure 4.15 Press Plates used for Electrode Manufacturing (Dimensions in inches)

The two steel press plates were machined to form a top and a bottom for the mold, and thus
the mold was symmetric through the thickness. In Figure 4.15 there are eight counter bored
holes. These holes are used to hold die springs to space the mold apart during electrode
manufacture. These springs prevented the mold from closing too quickly when the force is
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applied. Four springs were typically used, and required about 311 — 400 N (70 - 90 Ibs) to
close.

8. Place the mold into the hot press and use the following cycle for bonding the two

materials together:

Table 4.5 Hot Press Parameters Used for Electrode Manufacturing
Step Temperature | Temperature | Force (Ibs) | Force rate | Time
(°F) rate (Ibs /min)
(°F/min)

1 430 500 300 32000 10 min
2 430 500 5000 32000 30 min
3 150 500 5000 32000 10 sec
4 120 500 1500 32000 10 sec
5 End End End End End

It should be noted that in Table 4.5 the temperature rate and the force rate is greater
than the heaters and the hydraulics of the press can produce. The press heats at a maximum
rate of about 20 °F/min, however temperature rate monotonically decreases as the
temperature of the platens increases. Thus, programming the press at a temperature rate of
500 °F/min forces the hot press to heat and press should heat as fast as possible. At least
1334 N (300 lbs) is placed on the mold during at all times. If the plastic is heated to
temperatures around the heat deflection temperature of the polymer, (200 °C (392 °F) for
Ultem 1000, Table 4.4), the polymer will deform out of plane during heating. It is theorized
that the stresses that were trapped in the film during manufacturing are relived upon
reheating, thus causing deformation. Thus, an out of plane pressure must be maintained on
the plastic during heating and cooling to ensure that it remains planar. Vacuum, although
used for several electrode manufacturing runs, proved to be unnecessary, and was

abandoned.

9. After the bonding cycle in the press, the electrodes are removed, and the Kapton is
peeled from the electrode leaving the entire silver electrode embedded in the Ultem

1000. This yields the following results:
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Kapton Before Transfer Ultem 1000 Before Transfer

Kapton After Transfer Ultem 1000 After Transfer

Figure 4.16 Electrode transfer from Kapton to Ultem 1000

The best transfer results occurred when the direction that the Kapton is peeled is at a
45-degree angle to the electrode fingerers. The quality of the electrode could be judged by
the amount of electrode transferred. TFor a good quality electrode the silver would
completely transfer from the Kapton to the Ultem 1000, and require a minimal amount of
force to peel the Kapton off the Ultem 1000. Poor quality electrodes have some silver that
remains attached to the Kapton, and require larger amount of force to peel the Kapton off
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the Ultem 1000. For poor quality electrodes, the Kapton ecither rips or some silver remains
attached to the Kapton. Typically, when some of the silver remains attached to the Kapton,
it is around the corners of the electrode pads or the edges of the electrode fingers. If the
above instructions are followed, then good quality electrodes will be made about 95% of the
time.

When the tmAFC are manufactured, the top and the bottom electrode at put
together face to face. In order to apply a voltage to the electrode a conductor needed to be
bonded to the pads on the electrode. This conductor must extend outside the electrode to
allow an electrical hookup. Several attempts were made using wires and pins to supply a
voltage to the electrode, however the following proved to be the most reliable method.

10. Cut 4 pieces of 2.54 cm x 1.27 em x 203 micron (17 x ¥2” x 8 mil) copper shim stock. If
the shim is bent on the edges, use a large cylindrical weight to flatten the edges by rolling
it over the copper shim. Use gloves when handling the copper because fingerprints etch

the outer surface of the copper increasing their resistance.

11. Wipe the electrode surface of the thermoplastic electrodes with isopropyl alcohol.  Set
the thermoplastic electrodes, electrode side up, onto a piece of GNPT. Clean the copper

with isopropyl alcohol also.

12. Mix some Duralco 122 conductive epoxy'™ in a pan. Place a small blob of epoxy onto
the ends of two electrode pads on each electrode. The epoxy should be placed such that
when one electrode is placed on top of another (face to face) none of the epoxy blobs

line up.

13. Set copper strips onto the epoxy, covering only half the length of the pad. The copper

should stick out of the sides of the electrode.

14. Set a piece of GNPT on top of the copper, and then set weights on top of the copper
and allow to dry for 24 hours.

After the epoxy is dry and the GNPT is pecled off, the thermoplastic electrode
should look similar to the following:
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Figure 4.17 Thermoplastic Electrode with Copper Pads Bonded to it

It should be noted that several types of conductive epoxy were tried, including silver
and nickel based conductive epoxies, however due to its high maximum temperature limit,
260 °C (500 °F),'” and low viscosity, Duralco 122 conductive epoxy proved to be the best.
At least 30 electrodes were manufactured using this epoxy and not once did the copper pad
debond from the electrode, which happened with other conductive epoxies.

Several things are to be noted about the about the manufacture of the electrodes.
First, the use of silicon rubber is very important to the manufacture of the electrodes. The
silicon rubber applies a uniform pressure to the electrode. If the manufacturing is done
without silicon rubber often times some areas get more pressure than others, and then the
plastic does not flow into the pores of the silver electrode, and when the electrode is peeled
from the Kapton the silver electrode remains attached to the Kapton. This manufacturing
cycle has a tendency to degrade the silicon rubber, causing it to acquire a permanent set and
the rubber becomes sticky. The shape of the set is that the center of the rubber becomes
thinner than the edges. Each time the rubber is used, less and less pressure is applied to the
center of the electrode because of the set, and thus the rubber should only be used about 4
or 5 times before being thrown out. It should also be noted that the cleaning of the Kapton
electrode is very important to the bonding cycle. Kapton electrodes that a not cleaned
according the above instructions has a tendency to not completely transfer to the Ultem
1000. This might be because dirt in the pores of the silver electrode prevent the Ultem 1000
from flowing into the electrode. It also may be that acetone degrades the bond between the
Kapton and the silver electrode allowing for transfer. The Kapton with the silver electrode
should be washed with methanol or isopropyl alcohol because acetone dissolves Ultem 1000
and traces of acetone on the electrodes result in a poor bond between the silver electrode
and the Ultem 1000.
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It should be noted that the maximum temperature used to bond the electrodes, 221
°C (430 °F), to the Ultem 1000 is between the heat deflection temperature, 200 °C (392 °F),
of the Ultem 1000 (see Table 4.4) and the glass transition temperature of the Ultem 1000
measured in Section 5.2.2, 221 °C (431 °F). The quality of the bond is very sensitive to the
temperature used during the bonding. Manufacturing tests were performed using slightly
higher temperatures, however the Kapton could not be removed from the Ultem 1000
without damaging the polymer. It is theorized that at the maximum steady state temperature
in the mold exceeded the glass transition temperature of the Ultem 1000 and the Ultem 1000
flowed into the pores of the Kapton. During cooling the Ultem solidified bonding the two
together, and thus making the removal of the Kapton nearly impossible. If the temperature
is too low the Ultem 1000 will not flow into the potes of the silver, and thus the two will not
bond together.

If a bonding run was performed and the silver electrode did not completely stick to
the Ultem 1000 and the silicon rubber seems very degraded it would be replaced for the next
electrode manufacturing run. If however the silicon rubber was not degraded, the press
temperature in steps 1 and 2 would be increased 2.8 °C (5 °F) on the next electrode
manufacturing run. If the Kapton was difficult to remove from Ultem, the press
temperature in steps 1 and 2 would be decreased 2.8 °C (5 °F) on the next electrode
manufacturing run. For most electrodes manufacturing runs the press temperature was
between 216 °C (420 °F) and 221 °C (430 °F). Variations in the manufacturing temperature
can be attributed to variations in the ambient temperature. This indicates that the
manufacturing of the Ultem electrodes can be performed in a very tight temperature range,
about 218 £ 2.8 °C (425 £ 5 °F).

Because the temperature of the bonding process is so critical, the actual temperature
inside the mold was investigated. When the press is operated, the heating of the platens are
controlled using thermocouples embedded within the platens. The temperature commanded
by the press is not the temperature between the mold. In order to determine the
temperature between the plates of the mold during the electrode manufacture, two
thermocouples were placed between the outer pieces of GNPT in Figure 4.14, with all other
pieces removed. One thermocouple was placed in the center of the mold, and one was
placed in the corner. Then the press was run in the same cycle used to manufacture the
electrodes and the temperature of the press platens and thermocouples were measured.
Thus, the relationship between the commanded press temperature and the temperature
measured inside the mold for the electrode manufacturing cycle was determined. After this
test was performed, the two thermocouples inside the mold were calibrated by boiling liquid
chromatography grade water with impurities of less than 0.1 ppb and the temperature was
measured using the two thermocouples. Then the water was partially frozen and the

tempetatute was measured using the two thermocouples. It was assumed that the
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temperature readout of the thermocouples could be recalibrated using a linear function. The

temperatures measured using the aforementioned calibration process are given in Table 4.6.

Table 4.6 Calibration Parameters used for Figure 4.18
Known Value Center Corner
Thermocouple Thermocouple
Freezing Point 39 oF 47 °F 47 °F
Boiling Point 212 °F 187 °F 188 °F

Using the calibration parameters used in Table 4.6 a linear recalibration function was

determined. To check the validity of the calibration process, the ambient air temperature

was measured using a mercury thermometer and the thermocouples.

The ambient air

temperature was 75 °F when measured with the thermometer and 80 °F uncalibrated when

measured with both the thermocouples. Using the calibration function, the ambient air

temperature was 74.4 and 74.1 °F measured with the center and the corner thermocouples.

The relationship between the commanded press temperature and the temperature

measured inside the mold using the recalibrated thermocouples for the electrode

manufacturing cycle is shown in Figure 4.18.

Temperature (°F)

Figure 4.18
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Several things can be seen in Figure 4.18. First, the temperature in the center of the
mold and the corner of the mold is essentially the same, and thus the sample can be assumed
to be at a uniform temperature. Second, the temperature in the center of the mold lags the
temperature of the platens of the press. This because the heat of the platens must travel
through, 1 piece of GNPT, two 3/8” steel plates, 2 more pieces of GNPT, the mold, 2
pieces of silicon rubber, and 2 more pieces of GNPT. Because of all the thermal losses, the
maximum temperature inside the mold is less than the maximum temperature on the platens.
When the platens are commanded to be 221 °C (430 °F), at steady state, the actual
temperature at the center of the mold is 213 °C (416 °F) and the edge of the mold is 210 °C

(411 °F). Thus, the optimal temperature for manufacturing the Ultem 1000 thermoplastic
electrodes was approximately equal to the average of the glass transition temperature, and
the heat deflection temperature.

If another polymer is to be used other than the Ultem 1000 one should select a
polymer with a low enough viscosity between the thermal deflection temperature and the
glass transition temperature so that it can adhere to the electrode and not to the Kapton.
Second, when adhering the polymer to the fibers, the glass transition temperature should be
exceeded to guarantee a good quality bond. It should also be noted that the center of the
mold is at a steady state temperature for approximately 20 minutes. If the electrodes were
going mass produced, this time could be reduced to potentially less than a minute. Further
decreases in production time could be realized if a faster heating and cooling process could

be used.

Some manufacturing runs were preformed to increase the production of Ultem
thermoplastic electrodes. Eight electrodes were manufactured at the same time in the same
mold with no failures. This mass production of electrodes was done several times. Ten
electrodes were attempted once, however the film and the GNPT shifted in the mold and
some of the electrodes had no pressutre on them during the cure, and the electrodes did not
stick to the Ultem.

4.5.2.2  Lay-up of the timAFC

Before the Ultem tmAFCs were manufactured, 140 wm (5.5 mil) diameter fibers
manufactured by CeraNova* were used for the tmAFCs. These fibers had problems with
straightness and were very hard to align and insure that the gaps between the fibers were
small. As seen in the internally and externally electroded Noryl tmAFCs, electrode breaks
could occur at small gaps between the fibers. 270 um (10.6 mil) diameter fibers were
purchased from CeraNova. These fibers were straighter and easier to align thus reducing the
gaps between the fibers. These fibers were used for all the Ultem tmAFCs.
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The bonding of Ultem 1000 thermoplastic electrodes to the PZT-5A fibets occurred

in a manner similar to the Noryl internally electroded tmAFCs.

1.

Tape a piece of GNPT to a piece of glass. Count out 37 fibers 270 um (10.6 mil)

diameter fibers and place them on the GNPT. These fibers should be approximately
15.2 em (6”) in length.

Line up the fibers side by side using a razor blade making sure none overlap. The gaps
between the fibers should be small. Fibers that are not straight or short should be set

aside and replaced with new fibers.

Mix some 5-minute epoxy in a pan. Using a stick, scoop up a blob of 5-minute epoxy
onto the end of the stick. Spin the stick back and forth using the centrifugal force to

hold the epoxy on the end of the stick.

Hold the stick about 2.5 cm (1”) above the ends of the fibers. Allow the blob of epoxy
to drip off the end of the stick onto the GNPT next to the fibers. As the epoxy is
dripping, move the stick across the fibers so that epoxy covers the ends of the fibers.
Never wipe the epoxy onto the fibers, nor touch the fibers with the epoxy on the end of

the stick. This oftentimes makes the fibers move.

Cover both ends of the fibers with epoxy. The blobs of epoxy should be approximately
14 cm (5.57) apart.

Allow the epoxy to dry for at least 15 minutes.

Peel the fibers with the epoxy off from the GNPT. The fibers with the epoxy on the
ends will henceforth be referred to as the “fiber mat”. If necessary use a razor blade to

pty the fiber mat from the GNPT.

A fiber mat comprised of 37 270 um (10.6 mil) diameter PZT-5A fibers with 5-minute

epoxy on the ends is shown in Figure 4.19.
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Figure 4.19 Fiber Mat Comprised of 37 270 um (10.6 mil) Diameter PZT-5A Fibers with 5-
Minute Epoxy on the Ends and Breaks in the Fibers

8. Check the fibers to make sure all the ends of the fibers are epoxied. If necessary, repair
the fiber mat by applying another epoxy blob. The epoxy blobs should be at a minimum
of 12.7 cm (57) apart. If they are not the fiber mat cannot be used. Also check for
breaks in the center of the fibers. Breaks in the centers of the fibers, such as the ones in

Figure 4.19, cannot be repaired and thus the fiber mat must be discarded.

9. Place the fiber mat into an environment where the air is constantly moving, such as a
fume hood. While wearing gloves, hot the fiber mat by one of the epoxy blobs. Spray
the fibers on both sides using a spray bottle of acetone followed by isopropyl alcohol.

The goal is to douse the fibers to have any dirt present drip off with the solvents.

Experiments were done spraying the fibers with a can of pressurized air''’ to remove
dirt and dust. Often times eyelashes would be caught between the fibers and the air could
not remove them. Also using the can of pressurized air required a delicate touch, if the
handle was squeezed too much the fiber mat would vibrate with too high of an amplitude,
breaking the fibers.

10. Dry the fiber mat by suspending them vertically so that the solvent can drip off taking
dirt with it, in an environment where the air is constantly moving, such as a fume hood,
so that dust cannot redeposit itself onto the fiber mat. The fiber mat should be dried

until all the solvent is removed (about 30-60 minutes).
11. Cut 2 sheets of 7.6 cm x 15.2 cm (3” x 67) GNPT

12. Cut 2 pieces of 4.8 mm (3/16”) thick silicon rubber to the dimensions of 12.1 cm x 6.3
cm (4 %7 x 2 V2”)
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13. Cut two pieces of Ultem 1000 to 10.2 cm x 2.5 cm x 152 um (4” x 17 x 6 mil). One of
the long sides should be cut such that is very straight, however the other three sides can

be cut less exact.

14. Clean thermoplastic electrodes, the GNPT, and the Ultem 1000 strips. This is
accomplished by soaking them in a of isopropyl alcohol for about 5 to 10 minutes, then
spraying isopropyl alcohol onto the pieces to remove any excess dirt. Dry the pieces by
hanging them vertically so that the solvent can drip off taking dirt with it, in an
environment where the air is constantly moving, such as a fume hood, so that dust
cannot redeposit itself onto the pieces. The pieces should be dried until all the solvent is

removed (about 15-30 minutes).

15. Place the bottom portion of the mold in Figure 4.15 in the place where the fibers and the
materials for the lay-up are drying (the environment where the air is constantly moving).

Wipe the top sutface with isopropyl alcohol to remove any dirt.

16. Lay-up the materials on the bottom portion of the mold in the following manner:

1” wide Ultem
1000 film Ultem 1000
Electrode facing
up
GNPT

Silicon rubber

Figure 4.20 Lay-up of the Lower Portion of the tmAFC

The 1” wide Ultem 1000 film should be placed onto the Ultem 1000 electrode such that the
straight edges touch the tips of the electrode fingers, as shown in the following illustration:
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Figure 4.21 Placement of the 17 Wide Ultem 1000 Strips on the Upper Surface of the
Thermoplastic Electrode

17. Using a soldering iron to poke holes between the two films, thermally weld the 17 wide

Ultem 1000 strips to the electrode in several places. Do not touch the iron to areas

above the electrode. Doing so could potentially cut though the electrode.

18. Rest the fiber mat on the electrode in the trough formed by the 17 wide Ultem 1000
strips. The strips prevent the fibers from moving out of the active area during the
manufacturing process, thus guaranteeing that all the fibers are in the active area. The
strips also prevent the electrode fingers from bending at a 90° angle when wrapping

around the first and last fibers.

The mold in Figure 4.15 was constructed so that it was 12.1 cm (4.75”) wide. This
was to allow the epoxy on the ends of the fibers to stick out of the ends of the mold. When
placing the fibers on the electrode it is best to minimize horizontal movement of the fibers.
Moving the fibers back and forth on the electrode causes silver to rub off the electrode and
deposit onto the fibers. This provides a potential electrical breakdown path.

19. Place the top electrode onto the fibers aligning the electrode fingers of the top and

bottom electrode.

20. With a soldering iron, thermally weld the top electrode to the 17 wide strips in several
places. This prevents movement of the top electrode with relation to the bottom during

the bonding.
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21. Place the GNTP, silicon rubber in the mold in the following manner:

Fibers with 5
minute epoxy
on ends

Electrode facing
down
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Figure 4.22 Lay-up of the Upper Portion of the tmAFC

22. Put the springs into the mold. Wipe the upper portion of the mold with isopropyl

alcohol and place on top.

Many manufacturing experiments were performed to determine this procedure for
manufacturing tmAFCs. The procedure described above was used for most Ultem 1000
tmAFCs. The entire lay-up should be done an environment where the air is constantly
moving. This minimizes the dust and dirt that is deposited on the fibers and the electrode.
Dust and dirt present on the fibers provided a dielectric breakdown path during poling,
which caused breakdown in at least fifteen Ultem 1000 tmAFCs. Strict adherence to the

above procedure is necessary to resolve this problem.

4.5.2.3  Bonding of the Fibers to the Electrode in tmAFCs

Before any of the tmAFCs could be manufactured, tests had to be preformed to
determine the temperature and the pressure to be used for the manufacturing. Several
failure modes were discovered for tmAFCs when manufacturing solvent casted tmAFCs and
externally electroded tmAFCs. Each failure mode shall be listed, and if a value for the failure
mode is known, it will be given.

1. The fibers fail in compression when an external pressure of approximately 689 kPa (100

111

psi) is applied to them."" This failure occurs when the pressure is applied transversely to

the fibers.

2. There exists a compressive pressure at which the electrode fingers break when pressed

into the fibers, as shown in Figure 4.11. This pressure should decease as the temperature
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at which the electrode is pressed increases, due to the fact that the thermoplastic
provides less support to the electrode when the thermoplastic is a rubbery solid or is
melted. Below the glass transition temperature of the thermoplastic, the compressive
failure stress of the electrode is much higher than above the glass transition temperature.
This is because the thermoplastic is a glassy solid below the glass transition temperature,

preventing deformation of the electrode.

There exists a temperature at which the thermoplastic matrix thermally fails. As will be

discussed in Section 5.2.3, the temperature at which 5% of the Ultem 1000 decomposes

by mass is approximately 475 °C (887 °F), depending on the heating rate.

There exists a temperature at which the binder in the electrode in the thermoplastic
matrix thermally fails, and thus the electrode stops acting as a conductor. As discussed

in Section 5.3, this temperature is greater than 316 °C (600 °T) for Ultem 1000, the limit

of the apparatus used to heat the samples.

In order for the top and the bottom electrode to adhere to each other, the glass

transition temperature must be exceeded during manufacturing of the tmAFC. For
Ultem 1000, as measured in 5.2.2, the midpoint glass transition temperature is 221.4 °C

(430.5 °F).

In order for the thermoplastic to adhere to the fibers, the thermoplastic must be melted
so that it can flow into the pores of the fibers during manufacturing. When the
thermoplastic is cooled down, the thermoplastic solidifies, locking into the fibers. The
tmAFC does not need to be completely heated to the melt temperature of the
thermoplastic.  However, the thermoplastic must be heated to a high enough
temperature so that the viscosity of the thermoplastic is low enough to allow it to flow
into the pores of the fibers, else the electrode debonds from the fibers as shown in
Figure 4.23. The temperature at which the viscosity of the thermoplastic is low enough
so that it can flow into the fibers is a function of the pressure (increased pressure

decreases the temperature needed), and the rate at which force is applied (the shear rate).
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Figure 4.23 Delamination in an Ultem 1000 tmAFC

Based upon experience it has been seen that the electrode appears to fail at a lower
pressure than does the fibers due to the large number of electrode breaks seen under the
microscope and the relatively few fiber breaks. Using the above failure modes, a failure plot
illustrating the relationship between the applied pressure during the bonding of the tmAFC
versus applied temperature can be drawn:

Pressure
A
Fibers fail -
= 690 kPa :

I

Electrode

L)

I

mechanically fails :
I

tmAFC debonds T

4
|
! T

Glass transition Electrode Matrix Temperature
temperature thermally fails thermally fails
221 °C > 316 °C =475 °C
Region tmAFCs
should be made in

Figure 4.24 Failure Plot Illustrating the Relationship between the Applied Pressure During the
Bonding of the tmAFCs versus Applied Temperature

In Figure 4.24 the pressure at which the electrode mechanically fails and the pressure at
which the tmAFC debonds is shown linear with temperature. In reality is not true, however
it is the most convenient way of illustrating the relationship. As can be seen in Figure 4.24,
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there exists a pressure and a temperature at which tmAFCs should be manufactured,
however because the pressure at which the electrode mechanically fails and the pressure at
which the tmAFC debonds 1s unknown, the limits of this region are unknown.

Consider process of the bonding of fibers to the electrode in a tmAFC. The tmAFC
is heated to a temperature above the glass transition temperature, and the electrodes and the
fibers are pressed together. If this pressure just greater than is what is needed to consolidate
the composite, but small enough not to break the electrode fingers, all the fingers will be
intact. If all the electrode fingers are intact, then each piece of fiber between each electrode
finger will receive voltage when a voltage is applied to the electrode pads, and thus the
capacitance of the tmAFC will be maximized (because the fibers have a much higher
capacitance than does the matrix). If the pressure is increased up to the point before a single
electrode finger is broken, the capacitance of the tmAFC will not change. If the capacitance
is increased further, breaking several electrode fingers, when a voltage is applied to the
electrode pads, the voltage is not delivered to all the fibers, and thus the capacitance will be
reduced. As the pressure is further increased, more and more electrode fingers are broken
until all the fingers are broken. At this point, the capacitance of the tmAFC should be at a
minimum because the only pordon of the tmAFC that provides capacitance is the low
dielectric matrix.

Using the layup presented in Section 4.5.2.2, several tmAFCs were manufactured
using different applied pressures. The pressure is the average pressure applied to the
tmAFC, equal to the maximum applied force divided by the area of the silicon rubber. After
each tmAFC was manufactuted, the parallel capacitance was measured. It has been seen that
specimens with a high parallel capacitance (Cp) typically have a high level of free actuation'”.
Figure 4.25 is a plot of parallel capacitance and magnitude of impedance verses the applied
average pressure for Ultem 1000 tmAFCs manufactured at 260 °C (500 °F).

175



1200 — — e ————— 680

[ ] ] I
I
A A

1000 ° : ! u 50 =
: ° : :
o 1 i —=
— - 1 | N
n LW Hee 3
800 | | - 40 =
g = Electrodes: Electrodes i Electrodes g
z o Inot broken, partially : completely =
£ ¢ 600 ! broken : broken 30 8
SIS | 1 E
8o 1 1 i
5 g 1 ] 1 o
-] 1 I i ! @
LA N AR
s | l = ||Z|] 5
| I [
200 ] 1 10 =

= 1 1

: | ] 1

1 | [ ] I

oL —wm ='sm = — — . 0
0 20 40 60 80 100 120

Average Pressure (psi)

Figure 4.25 Parallel Capacitance versus Applied Pressure for Ultem tmAFCs Manufactured at
260 °C (500 °F)

It should be noted that in Figure 4.25 not all the tmAFCs were manufactured using
fibers from the same batch. In addition, some manufacturing parameters were changed such
as the thickness of the electrode (3 and 4 mil electrodes were used) and the length of the
matrix used to bond the electrode to (4.25”, 4.5”, and 4.75”). These parameters were
changed due to availability of materials, and attempts to fix minor manufacture problems

such as the thermoplastic bonding to the side of the mold.

As can be seen in Figure 4.25, as the pressure is reduced the parallel capacitance
increases and the magnitude of the impedance decreases. This increase in the parallel
capacitance is because at higher load levels there is a greater chance to break fibers and the
electrode. About 311 - 400 N (70-90 Ibs) is required to close the mold and thus pressures
less than 8.4 psi (100 lbs / (2.5” x 4.75”)) was not used for manufacturing. In order to
produce tmAFCs with the highest capacitance it is most desirable to manufacture tmAFCs
with as low a pressure as possible, as seen in Figure 4.25. For the majority of the tmAFCs,
the following cycle was used for bonding the fibers and the electrodes in the hot press:

Table 4.7 Hot Press Parameters Used for Bonding the Fibers and the Electrodes in the Hot
Press
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Step Temperature | Temperature | Force (lbs) | Force rate | Time
(°F) rate (Ibs/min)
(°F/min)

1 425 500 80 32000 10 min
2 500 3 100 32000 10 min
3 150 500 100 32000 10 sec
4 120 500 80 32000 10 sec
5 End End End End End
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Figure 4.26 and Figure 4.27 shows a top view and cross section of a tmAFC.
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Figure 4.26 Top View of an Internally Electroded Ultem tmAFC

Cross section of electrodes

Figure 4.27 Cross Sections of the Fibers between the Electrodes and the Electrode of an
Internally Electroded Ultem tmAFC

As can be seen in Figure 4.26 and Figure 4.27, there is intimidate contact between
the fiber and the electrode. By fitting a circle Figure 4.27 and estimating where the electrode
touches the fibers, using Equation 2.3, one can estimate that & is approximately 75% for the
tmAFC. In Section 3.8.6, using material data and the finite element analysis it was
predicated that for a PiezoFlex AFC £ > 99.4 and £ < 100.1. Thus, the tmAFC in Figure
4.27 has better electrical contact between the fibers and the electrode, and should therefore
be a better actuator (see Figure 3.206), if the material stiffness and the geometry of the two

actuators were the same.

Several things should be noted about bonding of the fibers to the electrode in
tmAFCs.

1. Thirty-two Ultem 1000 tmAFCs were made using the mold in Figure 4.15. These were
labeled in order tmAFC 1-31. Due to a record keeping error, there was two tmAFC 7’s,
and thus the second one was renamed tmAFC 7a. Eleven more Ultem 1000 tmAFCs
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were manufactured using a mold with an internal vacuum chamber as will be shown in

Figure 4.29. These tmAFCs were labeled, in-order, tmAFC A — K.

Most of the Ultem 1000 tmAFCs, after tmAFC 7a and prior to tmAFC 22, failed during
poling due to dust and dirt being trapped between electrode fingers. The dust and the
dirt provided a path for dielectric breakdown. Ultem 1000 tmAFCs made prior to
tmAFC 8 were made with a coupling agent as described below. It could not be
determined if the reason for these tmAFCs failing during poling was due to dust and

dirt, or the coupling agent reducing the dielectric breakdown of the tmAFC.

tmAFCs 22-31 were made using vacuum below 686 mm of hg (27" of hg) or with no
vacuum at all. This was because the vacuum chamber of the hot press had leaks. The
vacuum chamber is a welded steel box open on the bottom with doors on two sides that
sits atop the base which houses the hot press controls. The vacuum chamber
surrounding the platens of the press and is shown in Figure 4.2. When the hot press was
manufactured, the open side of the vacuum chamber was bolted to a plate that is
connected to the base. Between the vacuum chamber and the plate there is a silicone
sealant, such as RTV'® which is held in place by the weight of the vacuum chamber
(approximately 700 lbs). Due to the cycling of vacuum during the manufacturing of
tmAFCs, the RTV seal was stressed and eventually broke in two places. As the press
was used more and more the tip in the RTV increased, making a larger and larger hole.
Efforts were made to plug the hole by covering it with epoxy, and other materials,
however the size of the leak kept increasing. Vacuum pumps that could pull a vacuum at
greater and greater flow rates were used in an attempt to counteract the leak, however
the leak kept increasing. Eventually the required flow rate of the vacuum pump was so
large that a vacuum pump could not be found to overcome the leak and still be driven
with 110 V. The final size of the leak was approximately 1 m (3’) when it was decided
that the vacuum chamber could not be used anymore. It was estimated that it would
cost approximately $10,000" and at least 1 months time to fix the leak using an o-ring.
This cost was greater than the budget for the entire semester, and even if the leak was
fixed there was no guarantee that there were not more leaks internally in the press (most
specifically around the actuating piston that passes through the bottom of the vacuum

chamber).
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An attempt was made to manufacture tmAFCs with little to no vacuum and 10 tmAFCs
were made in this fashion (tmAFCs 22 - 31). Although most of these tmAFCs showed a
high pre-poled capacitance, every tmAFC broke down during poling. It is felt that air
was trapped between the fibers during the manufacturing process, and this air would

break down during poling. Voids between the fibers can be seen in Figure 4.28

Figure 4.28 Voids and Electrical Breakdowns between Fibers in tmAFC 22

4.

In an attempt to get around the problem of the leaking vacuum chamber, a new mold
was manufactured. This mold was comprised of two aluminum plates similar to the
press plates in Figure 4.15. A steel plate with four grooves for o-rings was placed

between the aluminum plate, as shown in Figure 4.29:
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Figure 4.29 Mold with Internal Vacuum Chamber used for tmAFCs A-K

The purpose of the steel plate was to form a vacaum chamber around the tmAFCs
samples. Silicon rubber o-rings were placed in the groves in the steel plate and a vacuum
was drawn though the hole in the end of the steel plate. tmAFCs A — K were
manufactured using the mold in Figure 4.29, and the same lay-up in Figure 4.20 and
Figure 4.22. Due to budgetary concerns, only one o-ring per side was used. The mold
with the internal vacuum chamber had two major drawbacks. First, the mold would
squeeze together when the vacuum was applied, thus increasing the pressure on the
tmAFCs. In order to minimize the squeeze that the vacuum applied, 10 die springs were
placed around the outside of the mold to increase the stiffness. A second problem is
that the o-rings added an unknown stiffness when attempting to close mold, and the
steel plate prevented the operator from seeing the tmAFC. Thus, the pressure required
to close the mold and just barely touch the sample had to be determined by trial and
error. tmAFCs A — K were manufactured toward the end of the research, however the
11 samples were not enough to completely characterize the mold to the point where
good tmAFCs could be made with it. It is theorized by the author that at the time that
tmAFCs A — K were manufactured there was a problem with the force transducer in the
press. Some samples pressed at a lower force appeared to be completely crushed, and

some samples pressed at a higher force appeared to be pressed with too little force.
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Most Ultem 1000 tmAFCs were made using a processing temperature of 260 °C (500
°F). One tmAFC (tmAFC 24) was manufactured using a processing temperature of 288
°C (550 °F), however it appeared slightly brownish in color, and its pre-poled
capacitance was approximately 10% below that of tmAFCs manufactured at 260 °C (500
°F). This tmAFC was manufactured without vacuum and therefore the change in color
was due to oxidation which occurred due to the lack of vacuum used for this specimen.
Several tmAFCs were manufactured at 274 °C (525 °F), however the data was

inconclusive whether the pre-poled capacitance changed.

For some tmAFCs, pieces of high temperature silicon rubber (Reference 101) were
reused. It was discovered later that exposing the silicon rubber to 260 °C (500 °F)
temperatures caused a permanent set in the rubber in areas of maximum stress, making
the rubber thinner in the center. Thus, when the rubber was reused the actual pressure
on the tmAFC was less than the pressure that was on the previous tmAFC, which may
account for some of the scatter in the data in Figure 4.25. New pieces of rubber were

used for most of the later tmAFCs.

In order to promote the adhesion between the fibers and the matrix, fibers were dipped
in a solution containing coupling agent and liquid chromatography grade water with
impurities of less than 0.1 ppb prior to use in the composite. These fibers were used in
tmAFCs 1 - 7a. The coupling agent was Silquest A-1120 Silane'"” manufactured by
Witco Corporation. The coupling agent was mixed 6% by mass with the water.
tmAFCs 1 - 3 were manufactured in a manner similar to the tmAFC described in
Section 4.5.2.3, except a maximum temperature of 218 °C (425 °F) was used. tmAFCs 1
- 3 had problems with delaminations so the temperature that the tmAFCs were
manufactured at was increased to 260 °C (500 °F). In order to determine the minimum
amount of coupling agent requited five tmAFCs (tmAFCs 4 - 7a) were manufactured
with 6% to 1% coupling agent by mass. In none of the tmAFCs was delaminations seen.
It was then thought that perhaps the coupling agent was not responsible for the lack of
delaminations, but the increase in temperature was. More tmAFCs (tmAFCs 8-31) were

constructed without coupling agent and delaminations were not seen in any of them.
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5. tmAFC Testing

5.1 Introduction

Several tests were petformed on the constituent materials of tmAFCs, tmAFCs, and
AFCs. Stress-strain tests, glass transition temperature testing, and thermal decomposition
testing were performed on Ultem 1000. The decomposition temperature of silver electrodes
embedded in Ultem 1000 was determined by heating the electrodes and measuring their
impedance. Two tests were performed on tmAFCs, capacitance testing and actuation
testing. Each will be discussed in turn.

5.2 Testing of Ultem 1000

Three tests were petformed on Ultem 1000, Stress-strain tests, glass transition
temperature testing, and thermal decomposition testing. Stress-strain tests were performed
on Ultem 1000 to determine the Young’s modulus. The glass transition temperature of
Ultem 1000 was measured to determine the minimum manufacturing temperature for the
electrodes. Thermal decomposition testing was performed on Ultem 1000 to determine the

maximum processing temperature.

5.2.1 Young’s Modulus Measurements

Five tests articles were cut from Ultem 1000 film manufactured by Westlake Plastics.
The specimens had a nominal thickness of 0.051 mm (2 mil), an average width of 2.3 cm
(0.89”), and a length of 30.1 cm (11.9”). The specimens were cut perpendicular to the
direction that the film is unrolled. A piece of double stick tape was placed on either end of
the test article 250 mm (9.84”) apart. These pieces of tape were used to help align the test
article in the grips of the Instron 5542 universal electromechanical testing machine'® load
frame with an initial grip separation of 250 mm (9.84”). The grips used in the testing
machine were flat grips that were rubber coated (Instron part number 2710-004). The grips
of the testing machine were then actuated to pre-buckle the specimen slightly and the load
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was zeroed. The test specimens were then pulled at a strain rate of 0.1 mm/(mm min) and
thus the rate of grip separation was 25 mm/min. The test was performed from 0 N (0 Ibs)
to 49.5 N (11.1 lbs) which coverers 99% of the range of the load cell used (Instron patt
number 2530-437). This test conformed to the ASTM D-882-97: Standard Test Method for

4

Tensile Properties of Thin Plastic Sheeting'’. A typical stress versus displacement plot is

shown below:

Stress (MPa)
N
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Figure 5.1 Stress versus Displacement for Ultem 1000 Specimen 3

At a displacement of about 1.8 mm in the above plot, there is a slight toe region due
to the take up in slack of the specimen. In Figure 5.1, the stress in not linear with respect to
displacement over the entire range of displacement. Because there is no visible yield point in
the above data, it was assumed that the stress-strain relationship was given by a Ramberg-
Osgood relationship (Reference 57 pages 532-535):

T (T
S'EJ{E] (.1)

Where S is the strain, T is the stress, E is the Young’s modulus, # is the strain hardening
exponent, and H is an additional constant. In order to compensate for the toe region, data
near the region of the toe was neglected. The displacement was then fitted to:

1

d-d, =3+(3)" (5.2)

L E \H
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Where 4 is the displacement, 4, is the offset in displacement due to pre-buckling the
specimen, and L is the gage length of the specimen. Figure 5.2 shows the data fit for

Specimen 3:
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40
35 -
g 30|
S 25 |
(]
@ 20 + Y = T ) ‘
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Figure 5.2 Stress versus Corrected Strain For Ultem 1000 Specimen 3

From the five specimens the average material properties were determined:

Table 5.1 Average Material Properties for Ultem 1000

Material Property Average Standard Deviation
E 312 GPa 0.082 GPa

" 0.452 0.025

H 796 MPa 103 MPa

This Young’s modulus is very close to the value of 3.2 GPa as tested by General Electric
(Table 4.4).

5.2.2 Ultem 1000 Glass Transition Temperature Measurement

A single sample of Ultem 1000 was measured using a Pyris 1 DSC (Differential
Scanning Calotimeter) manufactured by Perkin-Elmer.'® A sample of Indium was tested at
a rate of 20 °C/min in the DSC to insure accuracy. The melting peak and the mass
normalized enthalpy of fusion differed from the standard values by less than 0.2% and 0.3%
and thus the DSC was considered accurate and did not require recalibration. Two
Aluminum PE#0219-0041 Solid Sample Pans and lids manufactured by Perkin Elmer were
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then placed in the DSC and were tested at a rate of 20 °C/min from 150 °C to 250 °C to
determine a baseline curve. This baseline curve was subtracted from the Ultem 1000 data to
remove the heat flow due to the sample pans.

A roll of 0.051 mm (2 mil) film of Ultem 1000 film was purchased from Westlake
Plastics” and cut into 6.35 mm ('4”) diameter pieces. These pieces were placed into a pan
with a lid that was manufactured by Perkin Elmer for a sample mass of 13.716 mg. The pan
with the sample was placed into the DSC on one side with an empty sample pan and lid on
the other. The sample was heated from 150 °C to 250 °C at 20 °C/min to remove any
thermal history. The sample was then held at 250 °C for 10 minutes and then cooled from
250 °C to 150 °C at a rate of 100 °C/min. The sample was held at 150 °C for 10 minutes

and then heated from 150 °C to 250 °C at 20 °C/min. Figure 5.3 shows the endothermic
heat flow as a function of temperature for the second heating ramp. For all three runs of the
DSC (indium, baseline, and Ultem 1000) the samples were tested in an inert gas (helium) to
prevent side reactions of the samples at high temperature. The helium purge gas was
flowing at a rate of 20 ml/min.
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Figure 5.3 Endothermic Heat Flow versus Temperature for Ultem 1000 for the Second

Heating Ramp

Ultem 1000 is an amorphous solid and thus no melting or crystallization occurs
during heating. Therefore, the change in the heat flow shown in Figure 5.3 is due to a
secondary transition also known as a glass transition. “Above T,, the amorphous phase
shows a high mobility leading to high elasticity and deformity. On the other had, below T,
most polymers behave like rigid solids, and are frequently brittle (glass-like).” (Reference 91
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page 47) Thus, with the value of the glass transition temperature one can determine the
minimum processing temperature to manufacture the tmAFCs. The glass transition
temperature also provides an upper bound on the cure temperature of a composite structure
that the tmAFC can be cured into. From the second heating ramp the following critical

temperatures were determined for the secondary transition.

Table 5.2 Critical Temperatures determined form the Secondary Transition for Ultem 1000
Extrapolated Onset Temperature 2181 °C (424.6 °F)
Midpoint Temperature or Ty 221.4 °C (430.5 °F)
Extrapolated End Temperature 224.7 °C(436.5 °F)

From this test the glass transition temperature, T,, was determined to be 221.4 °C

(430.5 °F) for Ultem 1000. This test conformed to the ASTM D-3418-99: Standard Test
Method for Transition Temperatutres of Polymers by Differential Scanning Calorimetry.""”

5.2.3 Ultem 1000 Decomposition Kinetics

Thermogravimetric tests were performed to determine the Arrhenius activation
energy for Ultem 1000 using a thermogravimetric and differential thermal analyzer,
TG/DTA-320."° Approximately 100 test articles were punched out of Ultem 1000 film
manufactured by Westlake Plastics using a punch and die set. The specimens had a nominal
thickness of 0.051 mm (2 mil) and a nominal diameter of 4.76 mm (3/16”). The specimens
were heated under a vacuum in a vacuum oven at 149 °C (300 °F) for over 12 hours. These
drying parameters were chosen based upon the recommendations in Reference ' which
recommends drying Ultem 1000 at 149 °C (300 °F) for 4 hours. After the specimens were
dried while waiting to be tested, they were placed in a jar with desiccant. Specimens

remained in the desiccated jar for a maximum of three hours.

Throughout all the tests nitrogen was used as a purge gas flowing at a rate of 150 ml
/ min. For testing specimens at temperatures below 600 °C (1112 °F), an aluminum testing
pan was used for testing (Part number SSCO00E030 Open Pan 05" manufactured by
Seiko). For testing specimens at temperatures above 600 °C (1112 °F), a platinum testing

pan was used (Part number 50-024 PT ©»5-Pan'® manufactured by Seiko).

Prior to testing, the TG/DTA-320 was calibrated according to the manufactures
specifications. A sample of indium and a sample of zinc was tested at 5 °C / min and the
melting onset temperature was determined. Using the two measured melting temperature
and the known temperature points of 156.60 °C and 419.47 °C (313.88 °F and 787.05 °F),
the temperature readings of the TG/DTA-320 was calibrated to the zero order and the first
order. The thermogravimetric sensitivity was calibrated by testing no specimen and then a
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platinum pan from 30 °C to 564.5 °C (86 °F to 1048 °F) at 40 °C / min. Using 6 points of
the measured mass for these two tests, the mass readings of the TG/DTA-320 was
calibrated to the zero order and the first order.

Four thermogravimetric tests were performed on Ultem 1000 for heating rates of 3,
5,7, and 10 K / min. For each test, four pieces of Ultem 1000 film were placed into the
aluminum pan. Because the pieces of plastic had a tendency to stick together and because
the films were hard to manipulate with tweezers, and thus it is possible that more than four
pleces were tested at a time. Two empty pans were placed in the TG/DTA-320, and once
the machine had cooled below 50 °C (122 °F) and several minutes had passed, the mass was
zeroed. One pan was then removed and the sample was placed into it. The sample was
placed into the machine, and after several minutes had passed, the mass of each specimen

was measured. The initial mass of each specimen is recorded in Table 5.3.

Table 5.3 Initial Mass and Starting Temperature for Thermogravimetric Tests of Ultem 1000
Heating Rate 3K/ min 5K / min 7 K/ min 10 K / min
Initial Mass 4652 pg 4896 ug 4650 g 3505 g
Starting Mass | 4685 pg 4916 pg 4666 g 3536 ug
Starting 450 °C (842 °F) 425 °C (797 °F) 450 °C (842 °F) 425 °C (797 °F)
Temperature

The samples were then heated up to the starting temperature. At the starting
temperature, the samples wete held for 3 minutes to equilibrate in temperature and then the
data was recorded at 0.5 Hz. At the end of the isothermal hold, the starting mass is
measured. According to the ASTM E-1641-99: Standard Test Method for Decomposition
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Kinetics by Thermogravimetry, ** the allowable sensitivity of the electrobalance is + 50 pg.

The difference between the initial and starting mass is within the allowable sensitivity. A
heating rate of 10 K / min was performed first, and then a heating rate of 5 K / min.
According to the ASTM E-1641-99 standard, specimens should be “equilibrated at ten times
the heating rate in kelvins per minute below the known decomposition temperature.”

Because the decomposition temperature was not known, the samples were equilibrated at
425 °C (797 °F), which is greater than ten times the onset of decomposition. The 3 K / min
and 7 K / min testes were performed next starting at 450 °C (842 °F) to reduce the testing
time. The samples were heated at a controlled heating rate up to a desired level of 575 °C
(1067 °F). 575 °C (1067 °F) was selected as the maximum temperature due to the
temperature limit of 600 °C (1112 °F) of the aluminum pans. The machine was not
commanded to go to 600 °C (1112 °F) due to a “glitch in the software or the controller that
would stop the test plus or minus 20 °C before the end of the run.”'®  The machine,

although commanded to heat the sample to 575 °C (1067 °F), stopped heating the samples
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at approximately 542 °C (1008 °F) due to a software or a controller glitch. The mass of the

sample is versus temperature for temperatures above 450 °C (842 °F) is plotted in Figure
54.
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Figure 5.4 Ultem 1000 Sample Mass versus Temperature for Temperatures above 542 °C (1008
o
)

After the tests were performed it was realized in order to determine the constants for
the Arrhenius reaction, the samples should have been heated up to a point where the
decomposition mass was constant as a function of temperature. Previously samples had
been heated up to 575 °C (1067 °F) due to the maximum temperature limit of the aluminum
pans. An additional test was performed at 10 K / min using a platinum pan which had a
temperature limit of greater than 1500 °C (2732 °F), the maximum temperature of the
TG/DTA-320. The other three heating rates we not redone due to the prohibitive cost of
the platinum pans, and the fact that if only a single reaction occurs during decomposition,
the Char Yield is a constant material property'”. The Char Yield is the fraction of
nonreactive material in the sample'”’; and is defined as:

Char Yield =& (5.3)
m,

where #; and m; are the initial and the final steady state mass of the specimen. The second
10 K / min test was performed in a manner similar to the previous tests, except that the
starting temperature was 430 °C (806 °F) and the hold time was 2 minutes. The initial mass
of the sampes was 3410 pg. The sample was heated at 10 K / min up to 1095 °C (2003 °F)
at which time the test was stopped because the plastic exhaust tubing was starting to melt. A
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plot of the mass versus temperature for the second 10 K / min sample is shown in Figure
5.5.
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Figure 5.5 Mass versus Temperature for the Second 10 K / min Sample

As can be seen in Figure 5.5, at 1095 °C (2003 °F) the mass of the sample still had not
approached a steady state. The mass appears to be approaching a steady state at 900 °C
(1652 °F) when the mass loss rate starts to increase. This may indicate a second reaction
taking place in the Ultem 1000 above 900 °C (1652 °F). The mass at 900 °C (1652 °F), 1846
Ug, was selected to be the final mass, there by giving a Char Yield of 54.1%. Using this Char
Yield, the final masses for the other four samples could be determined, and the mass loss
could be determined. The mass loss versus temperature for the five samples is plotted in

Figure 5.6.
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Figure 5.6 Mass Loss versus Temperature

Where the mass loss is defined as:

m(T)—m,

m, —myg

Mass Loss = (5.4)

Where 7(T) is the mass at temperature T. As can be seen from Figure 5.6, the assumption
that the second 10 K / min specimen was fully decomposed at 900 °C (1652 °F) is
approximately true. A second thing that should be noticed is that the two curves for the 10
K / min samples do not line up. This might be because the pans were very difficult to place
in the sample holders of the TG/DTA-320 using tweezers. Because the pans are so small,
sometimes the pans were placed in the sample holder a little crooked, and therefore the
bottom of the pan did not touch the top of the sample holder completely, thus giving an
imperfect thermal contact between the two. The arms of the sample holder are very fragile,
so not much force can be applied to the sample pans to insure that they are seated correctly.
The pans were placed into the sample holder using tweezers, and if it appeared that the pans
were not seated correctly they were removed and placed in again. It is possible that the pans,
although appeared to be seated correctly, were slightly crooked giving imperfect thermal
contact. This may have occurred for the first sample tested at 10 K / min. As can be seen
from Figure 5.6, the mass loss for all the samples appeat to have the same shape, except for
the first sample tested at 10 K / min. Therefore, the data for the first sample tested at 10 K

/ min was neglected from the final calculations.
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The temperature at which 5%, 10%, 15% and 20% decomposition was determined
for each of the curves in Figure 5.6. The decomposition temperature was determined by the

mass loss at a given percent decomposition. This mass loss is given by:

mg — Percent Decompostionx(ms —m,.)

Mass Loss = (5.5)

ml
The decomposition temperature for 3, 5, 7, and 10 K / min for 5%, 10%, 15%, and 20%

decomposition is given in Table 5.4.

Table 5.4 Decomposition Temperature for Different Heating Rates and Percent
Decompositions
Heating Rate

Percent 3K/ min 5K / min 7 K / min 10 K / min
Decomposition (Second Run)
5% 479.83 °C 490.77 °C 491.53 °C 510.44 °C

10% 487.87 °C 498.60 °C 501.46 °C 516.46 °C

15% 493.20 °C 503.65 °C 507.47 °C 520.55°C

20% 497.20 °C 507.37 °C 511.72°C 523.65 °C

The log of the heating rate, P, is plotted versus the inverse of the decomposition
temperature for 5%, 10%, 15%, and 20% decomposition in Figure 5.7.
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Figure 5.7 Log of Heating Rate versus the Inverse Decomposition Temperature
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As can be seen in Figure 5.7, the for each mass loss rate the data falls along a single
line, except for one point at each mass loss rate. This data point cotresponds to a heating
rate of 7 K / min. It is possible that the pan for the 7 K / min heating rate was not seated
properly. Thus the data for the 7 K / min was not used in the final calculations.

The Arrhenius activation energy, E, and the pre-exponential factor, .4, were
calculated for Ultem 1000 using the methodology described in the ASTM E-1641-99
standard, and are given in Table 5.5.

Table 5.5 Arrhenius Activation Energy and the Pre-Exponential Factor for Ultem 1000 at for
various Percent Decompositions

Percent ALogf / | Arthenius | Uncertainty | Pre- Uncertainty

Decomposition | A (1/7T) Activation |in E exponential | in Ln(A)
Energy, E (k] / mol) %th;r, (1 / min)
(k] / mol) n(4)

(1 / min)

5% -9976 178 4 23.5 / min 0.6

10% -10925 197 3 272 0.5

15% -11575 209 3 29.6 0.4

20% -12078 219 3 315 0.4

The data is not independent of the percent decomposition because the
decomposition of Ultem 1000 is governed by several reactions instead of a single Arrhenius
reaction. As seen in Figure 5.5, it appears that the first reaction starts at about 510 °C (950
°F) for a heating rate of 10 °C / min. A second reaction appears to occur at approximately
556 °C (1033 °F), and a third relation appears to occur at approximately 900 °C (1652 °F).
However all of the data points in Table 5.5 were below where the second and third reaction
occurred. As mentioned previously it was assumed that at 900 °C (1652 °F) that the reaction
was complete, and the mass at this temperature was selected to be the final mass. Using this
final mass the char yield was determined for each of the other heating rates and the final
mass for the other heating rates was calculated. As seen in Figure 5.5, at 900 °C (1652 °F)
the reaction appeared to be slowing down, however it had not fully stopped. This selection
of the final mass may have caused the activation energy to not be independent of the percent

decomposition.

This test conformed to the ASTM E-1641-99: Standard Test Method for
Decomposition Kinetics by Thermogtravimetry, except in two aspects. First, three reaction
rates were used to calculate the Arrhenius activation enctgy instead of four as called for in
the standard. Second, due to what appears to be several reactions of the Ultem 1000, it was
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assumed that at 900 °C (1652 °F) that the reaction was complete, and the mass at this
temperature was selected to be the final mass. This selection of the final mass may have

caused the activation energy to not be independent of the percent decomposition.

It can be seen from Table 5.4 and Figure 5.6 that the temperature at which
decomposition occurs is about 475 °C (887 °F), depending on the heating rate. This

temperature gave an upper bound on the maximum processing temperature

5.3 Thermoplastic Electrode Testing

Silver electrodes embedded in Ultem 1000 were heated and the impedance of the
electrodes was measured to determine the decomposition temperature of the electrodes.
Three 76 wm (3 mil) thick Ultem 1000 electrodes were tested. First, the impedance of the
samples (R and X) was tested in the HP 4194A Impedance / Gain Phase Analyzer.™ The
samples were tested at an applied rms voltage of 1 V at 1 kHz, for with 256 averages, and a
integration time of “MEDIUM”. Alligator clips were soldered to the top portion of a 2.54
cm x 1.27 ecm x 381 um (17 x 0.5” x 15 mil) piece of brass shim stock. Two of these shims
were placed into the jaws of the 16047C Test Fixture'® attached to the HP 4194A and
clamped, leaving the alligator clips exposed to air. When testing the impedance of the
electrodes, the electrodes were held in the air using the alligator clips. The alligator clips
were connected to the same spot on two electrode pads. The alligator clips were connected
to the pads on opposite ends of the electrode rails (Figure 2.2). For each Ultem electrode
two tests can be performed, one on cach electrode rail. Thus for the three samples, six tests
could be performed. Five tests were performed because one of the electrode finger pads

was damaged during manufacturing.

The samples were placed on a thin aluminum plate covered with GNPT. The
samples were covered with GNPT and placed in the hot press, which was preheated to the
desired temperature. Heating occurred at 204, 227, 249, 271, 293, and 316 °C (400, 440, 480,
520, 560, and 600 °F). Two 35.6 cm x 35.6 cm x 1.6 cm (14” x 14” x 5/8”) aluminum plates
were placed on top and the samples were pressed and heated for 10 minutes. It typically
took about 5 minutes for the press to heat up again to the desired he temperature. After
heating, the samples and the plates were removed from the press, without cooling them
down. The plates and the GNPT wete lifted from the sample. Two of the tested electrodes
were damaged after handling after heating them at 293 °C (560 °F), leaving only 3 electrodes
to test for the 293, and 316 °C (560, and 600 °F) tests. After heating, the samples were left
to cool to room temperature on the aluminum plate, and then the impedance of the samples

was measured in the same manncr as was at room temperature.

The resistance and the reactance at 1 kHz of the Ultem 1000 electrodes, after heating

for 10 minutes is shown in Figure 5.8:
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Figure 5.8 Resistance and Reactance Measured at 1 kHz of Ultem 1000 Electrodes versus

Applied Temperature

As can be seen in Figure 5.8, the resistance of the samples did not change dramatically when
exposed to the temperature. For the three samples that were not damaged, prior to heating,
the average resistance was 0.88 Q. After heating the average resistance of the three samples
was 0.85 €, a percent change of —3%. The reactance of the samples did change when
exposed to the temperature. Because the electrode is comprised of silver, which is a
conductor, the reactance is due to stray capacitance and inductance. Small changes in the
position of the electrode when testing can contribute to changes in the reactance. When the
samples where heated, removed from the press, the aluminum plates lifted, and the samples
were allowed to cool down, the samples would stress relieve and wrinkle. Wrinkling should
not change the resistance of the electrode, however the reactance of the electrode should
change. An example of this is when the impedance of a straight wire is compared to the
same wire with a loop in it. For the straight wire, the resistance and the reactance should be
small when measured at low frequency. When the same wire has a loop in it, the resistance
should not change dramatically, however now the wire is a single loop inductor, and thus the

reactance should increase.

Because there were no dramatic changes in the impedance of the Ultem 1000
electrodes after heating, it was felt that heating the electrodes below 316 °C (600 °F) does
not significantly degrade the electrode.
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5.4 tmAFC Testing

Two tests were petformed on tmAFCs, capacitance testing and actuation testing.
capacitance testing was performed on tmAFCs to determine the prepoled parallel
capacitance under stress free conditions. It has been seen in the past that specimens with a
high prepoled parallel capacitance have a high level of actuation. Actuation testing under
stress free conditions was performed on tmAFCs and AFCs to determine level of strain

output of the actuator.

5.4.1 Capacitance Testing

After each tmAFC was manufactured the parallel capacitance was measured using
the CP-D measurement function of the HP 4194A Impedance / Gain Phase Analyzer. As
stated earlier (Section 4.5) it has been seen that poled AFC/tmAFC specimens with a high
parallel capacitance (Cp) typically have a high stress free actuation per unit volt. An
AFC/tmAFC with a higher parallel capacitance has a smaller ¥ and thus will have a higher
level of actuation (Figure 3.37). When fully poled the stress free relative dielectric of PZT-
5A increases 24% (Reference 76, percent difference for data for &; = 0 and 0.78).
AFC/tmAFCs have a lower stress free parallel pre-poled capacitance than after poling.
Poling an AFC/tmAFC typically increases the stress free capacitance by about 15 to 20%.
Specimens with no increase in capacitance during the poling process, or a decrease, typically
breakdown or have very poor actuation when poled. Because it is known the poling
increases the stress free capacitance, and that the stress free actuation is proportional to
capacitance, the pre-poled capacitance can be used as an indicator to tell if the AFC/tmAFC
is will produce high actuation, and thus time should be spent poling and testing the actuation
of the AFC/tmAFC.

Below is a table summarizing the pre-poled parallel capacitance for the various AFC
and tmAFC manufacturing methods for AFCs and tmAFCs manufactured by the author
using the electrodes presented in Figure 2.2:

Table 5.6 Highest Pre-Poled Parallel Capacitance for various Manufacturing Methods for
AFCs and tmAFCs manufactured by the Author

Manufacturing Method Fiber Diameter Highest Cp at 400 Hz.
Epoxy based AFC 140 microns 387 pF

Noryl Externally Flectoded tmAFC | 140 microns 28.2 pF

Noryl Internally Electoded tmAFC | 140 microns 362 pF

Ultem Internally Electoded tmAFC | 270 microns 1181 pF
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Unfortunately, a direct comparison between the two fiber diameters is difficult
because the distance between the electrode and the fibers is not known, however the
relationship can be estimated. First, it is assumed that the capacitance of the AFC or tmAFC
is due entirely to the fibers, and not to the matrix. The difference between the 140 and 270
microns diameter fibers is 1.93, thus the area of the 270 micron fibers is 3.72 times greater
than the area of the 140 micron fibers. For all the AFCs the electrode size is the same and
thus the active width of the electrodes is the same, therefore only 51.8% as many 270 micron
fibers will fit between in the active are as will the 140 micron fibers, assuming that the line
fraction is the same. Because the capacitance is proportional to the number of fibers times

the area of the area of the fiber the following relationship can be written.

C o« Number of fibers x Area of fibers

Coroum ibers _ Number of 270 pm fibers v Areaof 270 um fibers 1 » 3.72
Cisom vers  Numberof 140 pm fibers ~ Areaof 140 ym fibers  1.93 1

(5.6)

Coro um fibers — 1.93xCy, um fibers

Thus, the capacitance of the 270 micron fibers AFCs and tmAFCs should be about
1.93 times that of the 140 micron fibers AFCs and tmAFCs. Therefore, if the Ultem
tmAFCs were manufactured with 140 micron diameter fibers it would have a capacitance of
about 612 pF. Therefore, the internally electroded tmAFCs with the Ultem matrix produces
the highest parallel capacitance and thus should have the highest actuation. It should be
noted that the AFCs and tmAFCs in Table 5.6 are listed in chronological order of
manufacturing. As time progressed, the molds and the manufacturing techniques employed
became better. If some of the lessons that were learned in the later manufacturing studies
were applied to the eatlier manufacturing studies the capacitance of the earlier manufacturing
could probably be increased. More capacitance data for AFCs and Ultem tmAFCs is
presented in Figure 4.25 and Appendix IV.

As time progressed, the testing rigs and capacitance testing techniques became
better, thus increasing the accuracy and repeatability of the measurements. For the epoxy
based AFCs and the Noryl based tmAFCs, wires were soldered, clipped using alligator clips,
adhered using silver epoxy to the electrode pads. Because the leads were flexible, open
compensation could not be performed directly across the AFC/tmAFC because the wires
were either permanently attached, or would move when the sample was being unattached,
thus altering the open capacitance of the leads. To reduce stray capacitance, the wites were
often times cut to a short length, and thus the sample needed to be rested on the table to
petform the measurements. The Ultem 1000 tmAFCs had metal tabs adhered to the
electrode using silver or nickel epoxy, as described in Section 4.5.2.1. Alligator clips were
soldered to the top portion of 2 2.54 cm x 1.27 cm x 381 um (17 x 0.5” x 15 mil) piece of
brass shim stock. Two of these shims were placed into the jaws of the 16047C Test Fixture
attached to the HP 4194A and clamped, leaving the alligator clips exposed to air. When
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testing the capacitance of the Ultem tmAFCs, the tmAFCs were stood uptight and the metal
tabs of were gripped in the alligator clips. After testing the sample, an open compensation
could be performed without moving the electrodes simply by removing the sampled. A
short compensation could be performed by placing a brass bar across the alligator clips.
This test rig proved adequate for testing of the pre-poled capacitance and the post poled
capacitance of the Ultem tmAFCs. For the epoxy AFCs and the Noryl tmAFCs and some
of the Ultem 1000 tmAFCs, the capacitance was measuted using the Cp-D function at 400
Hz for with less than 16 averages, an integration time of “SHORT” or “MEDIUM?”, and an
rms voltage of 0.5 Volts. For most of the Ultem tmAFCs, the admittance (G-B) was
measured from 100 to 1000 Hz in 100 Hz increments. 256 measurements were taken at
each data point and averaged, using an integration time of “LONG”. An applied voltage of
1 Volt rms was used to increase the retutn current to the HP-4192a, making the current
easier to measure. Open/short compensation was performed on most of the Ultem 1000
tmAFCs. It should be noted that despite the increases in quality of the testing rigs and
improved capacitance testing techniques, the capacitance measurements typically changed a
few percent when the wites or the poorer techniques were employed. This is because
capacitance of AFC/tmAFC is typically between 500 pf and 1.2 nF, which is greater than the
open circuit capacitance of the HP-4192a with the 16047C Test Fixture, which is on the
order of 1-10 pF. The improved measurement increased the accuracy of the resistance
measurements of the AFCs and tmAFCs, however because the resistance is typically very
large and the meaning that the resistance plays in the actuation of the AFCs/tmAFCs is
pootly understood, the resistance measurement is typically ignored. This mote accurate
resistance measurement was used for a new method of reducing the capacitance data is

described in Appendix IV.

This test, although using the ASTM D-150-98 Standard'™ as a guideline, did not
strictly follow the standard due to the fact that the capacitance due to the unguarded
electrodes was not taken into account due to the odd geometry of the specimens.

5.4.2 Stress Free Actuation of tmAFCs

As mentioned in Section 3.2, one of the desirable properties to know for a
distributed actuator is the ZZ strain per unit volt under stress free conditions. Measurement
of the stress free actuation for AFCs/tmAFCs was performed using a laser interferometer.

The stress free actuation of AFCs/tmAFCs was measured using a ZMI 1000
interferometer system.”  Specimens were placed on a flat table with one end of the
specimens clamped to the table. Prior to actuation, a retro-reflector is clamped to the end
opposite of the clamp. The electrical leads of the specimen are connected to a 0.1 mHz —
100 MHz PM 5138 Function Generator'*? and a Trek Model 664 10kV 20 mA amplifier."’
Data is collected using a custom VI written for LabVIEW." A detailed description of the
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actuation tests can be found in Reference 58 (pages 73-86). During the test, velocity,
current, and voltage data is recorded. The velocity data is converted by the system into
displacement data, which is recorded.

Actuation is typically measured for comparison purposes with an applied sinusoidal
voltage, I/, with no dc offset, 1/, at 1 Hz. The methods used to reduce the actuation
data are presented in Reference 58.

Many tmAFCs, after being manufactured, have a curvature due to residual thermal
stresses. Actuation of tmAFCs cannot be measured with the above technique, because of
the curvature the mirror rotates out of plane causing the laser beam not to return to the
photo detector. The tmAFCs are laminated with 1 ply of E120-155 e-glass'™ on either side
to reduce their curvature. Figure 5.9 shows a comparison of the peak-to-peak actuation
strain, S,p, for internally electroded Ultem tmAFCs laminated with 1 ply of e-glass on either
side, and the peak-to-peak actuation strain for three AFCs, manufactured by Continuum
Photonics laminated with 1 ply of c-glass on either side at MIT, versus peak-to-peak voltage,
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Figure 5.9 Comparison of Pcak-to-Peak Actuation of Laminated tmAFCs with Laminated

PiczoFlex AFCs Manufactured by Continuum Photonics actuated at 1 Hz.

Data was not recoded for tmAFC 20 poled at 2000 V for a peak-to-peak voltage of

2000 V due to an operator error. The laminated CP AFC data was measured in Reference
136

As can be seen in Figure 5.9, the Sy, is essentally linear with respect to 17 for low
levels of 775 As 17, is increased, the peak-to-peak actuation strain becomes nonlinear with
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Vpp. As Vpp is increased further, the AFC/tmAFC starts to depole and the actuation strain

is reduced. The tmAFCs were manufactured and poled using the following parameters.

Table 5.7 Manufacturing and Poling Parameters used for tmAFCs in Figure 5.9
Actuator | Electrode Rubber Area Maximum Maximum Maximum
film Force Temperature | DC
thickness Poling
Voltage
tmAFC 10 | 102 pm (4 mil) | 645cm? (10.0in?) | 111 kN (250 260 °F (500 °F) | 3kV
lbs)
tmAFC 15 | 102 um (4 mil) | 64.5 cm? (10.0 in?) 0.445 kN (100 260 °F (500 °F) 4 kV
lbs)
tmAFC 17 | 102 um (4 mil) | 76.8 cm? (11.9 in?) 0.445 kN (100 260 °F (500 °F) 2kV
Ibs)
tmAFC 20 | 76 pm (3 mi) | 768cm? (11.91n?) | 0556 kN (125 | 260 °F (500 °F) | 2kV
Ibs)
tmAFC 22 | 76 uym (3 mil) | 76.8cm? (11.91in%) | 0.556 kN (125 | 260 °F (500 °F) 2kV
Ibs)

From Figure 5.9, it can be seen that the actuation strain several of the tmAFCs is

greater than that of the CP AFCs for a given peak-to-peak voltage. Direct compatison

between AFCs and tmAFCs cannot be done because the matrix material and geometry of

the two actuator types ate diffetent. A comparison between the AFCs and the tmAFCs in

Figure 5.9 is shown in Table 5.8:
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Table 5.8 Comparison of tmAFCs with AFCs Manufactured by Continuum Photonics

AF C/ N Fibres ""/:4 LF N Fingers N Fingers W ]1 EM

tmAFC Active

tmAFC 10 | 37 105 mm | 94.8% | 562 56 1.64 cm 440 m 3.2GPa
(415 mil)e (646 mil) | (17.3 mil) (464 ksi)b

tmAFC 15 | 37 10.5 mm 94.8 % | 567 56 1.63 cm 416 um 3.2GPa
(415 mil)? (642 mil) | (16.4 mil) (464 ksi)®

tmAFC 17 | 36 10.5 mm 92.2% | 56 54 1.68 cm 441 pm 3.2 GPa
(415 mily (661 mil) | (17.4 mil) (464 ksi)®

tmAFC 20 | 37 105mm | 94.8% | 562 56 2.30 cm 370 um 3.2GPa
(415 mil)? (906 mil) | (14.6 mil) (464 ksi)®

tmAFC 22 | 37 105 mm | 94.8% | 562 56 1.70 cm 369 um 3.2 GPa
(415 mil)s (669 mil) | (14.5 mil) (464 ksi)®

AFC B13 30 8.6 mm 93.8% | 88d 88 1.32 cm 342.4 um 29 GPa
(340 milyd (520 mil)® | (13.48 mil)e | (421 ksi)f

AFC B14 3()¢ 8.6 mm 93.8% | 884 88 1.32 cm 342.1 um 2.9 GPa
(340 mil)¢ (520 mil)* | (13.47 mil)e | (421 ksi)f

AFC B15 30¢c 8.6 mm 93.8% | 88d 88 1.32 cm 342.4 um 2.9 GPa
(340 mil)¢ (520 mil) | (13.48 milye | (421 ksi)*

a: Figure 2.2

b: Table 4.4

c Reference 58 page 50

d: Reference 61

e: Reference 136

f: Table 2.4

In Table 5.8, N

ibers

is the number of fibers, I, is the width of the active area, LF is
the line fraction of fibets, Ny, is the number of fingers, IV is the laminated sample width, 4
is the non-laminated sample thickness, and E,, is the Young’s modulus of the matrix.
Dielectric breakdown occurred in tmAFC 17 during poling at 2300 V. The breakdown was
drilled out and filled with epoxy and tmAFC 17 was repoled at 2000 V for 20 minutes at 100
°C (212 °F). All the tmAFCs were poled at 20 minutes at 100 °C (212 °F) in either heated
silicon oil or in a convection oven. It should be noted that the laminated sample width for
tmAFC 20 is large compared to the active width due to the fact that laminated tmAFC
samples are difficult to cut, so the tmAFCs was cut a little wider to avold crack propagation
into active area. From Table 5.8, we can see that although the two actuator systems have
different numbers of fibers, the line fraction of fibers is the about same. In addition, the

thickness of the two-actuator systems is about the same for most of the actuators. The

electrodes have the same electrode finger width and center-to-center spacing, 191 um (7.5
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mil) and 1.14 mm (45 mil.) respectively (Figure 2.2, and Table 2.2). For the AT'Cs and the
tmAFCs, the fiber diameter, 270 um (Table 2.2), and the Young’s modulus, 53.2 GPa (Table

2.5) is the same because the fibers wete obtained from the same manufacturer.

We can compare the actuation of the two actuators by assuming that the actuators
are long thin 3-3 actuators electroded at either end. From Equation C.41, the ZZ strain of a
laminated AFC/tmAFC is given by:

Sum (l‘)— AF (Y3§ )F
“ Ar(V5), + Ay Ey + A Eq+ A B,
Where the F, M, K, and E subscripts refer to the fiber, matrix, Kapton, and E-glass

(C). V() (5.7)

respectively, and the LLAM superscript refers to fact that the ZZ strain is for a laminated
AFC. If both the strain and the voltage are sinusoidal (which is true for low voltages) and
in-phase, then the strain and the voltage can be written as:

Lam

S5 (1)="2-
v 2 (5.8)
V()=T2E"
Inserting Equation 5.8 into Equation 5.7 yields:
A (15)
Sp = ” (FZZ )F Vep 4.9)

A, (Y3§)F+AM E,+A E,+AE,
The ZZ strain per unit volt for a laminated AFC/tmAFC is given by:
m m E
Lamzsil:g (t)zs;; - Ap (Y33)F
” 4 (t) Ver  Ap (Y3I33 )F +Ay Ey + Ay Ey + A B

Assuming that the actuation strain is uniform along the length of the active area of the
AFC/tmAFC, I, for the fibers is given by:

(Tz), (5.10)

_(dy),
(Cz), = 7 (5.11)

Assume that the fibers I, is unknown because the electrode is at an unknown distance

fiber. Solving for I, of the fibers yields:
(Ty),=oly" (5.12)

Where @is a unit less ratio given by:
[AF (YE), + Ay Eyy + A B+ A EEJ

B (4 (), ]

(5.13)
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@ can be thought of as the reduction in the actuation of the fibers due to the passive
materials in an AFC/tmAFC.

If one wanted to compare the actuaton between several AFC/tmAFCs with
different widths and materials, then one should compute the effective 17, of the fibers for

each of the actuators. I, of the fibers is an effective I, because it takes into account the
distance that the electrode is from the fibers and the degree of poling of the fibers. In
general, the assumption that the strain and the voltage are in phase is not true. However,
this assumption was made for the AFC data taken in Reference 58, and the same assumption
will be made here in order to compare the tmAFC and the AFC data.

The equations for the cross sectional areas for materials in the AFCs and tmAFCs to
be used in Equation 5.13 are listed in Table 5.9:

Table 5.9 Cross Sectional Areas of Materials in the AFCs and tmAFCs.

Material AFC tmAFC

Fiber AMC = N ( RAFC )2 AMAFC _ NmaFC ( RImAFC )2
Matrix AA/;FC - h&argacm WAFC _ AI/:FC _ AI?FC A}t\:InAFC _ hlx,rz;:;c W mAFC _ A;mAFC
Kapton A;FC =2 h;(wc W AFC A;{mAFC =0

E-Glass AI?FC — QW AFC h, A;;mAFC = QW mAFC hE

Where the Unlam subscript refers to the unlaminated AFC/tmAFC, and Ay is the thickness
of the Kapton. Because the e-glass has a net resin cure, the thickness times the stiffness for
the e-glass is a constant (Reference 58 pages 155-159).

h, E, =114pmx21.9 GPa=2.50 MN/m (5.14)
In Equation 5.14, the nominal thickness for e-glass is used, 114 um (4.5 mil), instead of the
actual thickness, 101 um (3.995 mil), because the nominal thickness was used to calculate the
Young’s modulus of the e-glass in Reference 58 pages 155-159."

In Figure 5.9, the peak-to-peak strain appears to be nonlinear with the peak-to-peak
voltage. Assume that the peak-to-peak strain is a function only of peak-to-peak voltage.
Taking a Maclaurin series of the laminated peak-to-peak strain about I = 0 yields:

dsh 1d* S
m Lam
S,IJ; =Spp (VPP - O)+|:_d_££—v _0:|VPP +{57‘&§f’

PP

Vi, 4 (5.15)
Vpp=0
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At zero voltage, the actuation strain of the actuator is zero. The linear term in Equation 5.15
can be thought of as the piezoelectric term, and the quadratic term in Equation 5.15 can be
thought of as the electrostricitve term. Thus, Equation 5.15 can be rewritten as:

Sk = T8V +ma" Vi + - (5.16)
Where m=2™ is the effective electrostrictive term for the laminated actuator. mg" is
effective in the sense that the resulting electrostrictive term may be due to high field non-
linearities in the piezoelectric fibers, a decrease in the stiffness of the matrix or e-glass of the
actuators as the strain is increased (Figure 5.2), or an increase in the phase difference
between strain and voltage as voltage is increased. Dividing through by 1%, and dropping all
higher order terms in Equation 5.16 yields:
S
Ver

In Equation 5.17, at low voltages, VPZI,> is less than V,,, thus the piezoelectric term ]_‘Zm

=2 +ma" Ve (5.17)

dominates the strain. I'32" can be thought of as the low field piezoelectric term for a
laminated actuator. From Equation 5.17 it can be seen that plotting the laminated peak-to-
peak strain divided by the peak-to-peak voltage should yield a straight line. Replotting the

data in Figure 5.9 in this manner yields:
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As can be seen in Figure 5.10, the laminated peak-to-peak strain divided by the peak-
to-peak voltage is linear for all the actuators up to a peak-to-peak voltage of 1000 V. Above
this voltage, the laminated peak-to-peak strain divided by the peak-to-peak voltage becomes
non-linear due to repoling of the actuators. Using Equation 5.17, T'Z;" and m_" can be

determined for the data with a peak-to-peak voltage of between 200 V and 1000 V

Table 5.10 Actuation and Pre-poled Capacitance Data for AFCs and tmAFCs in Figure 5.9
AFC/ DC Virgin Cp | Virgin D ran me R’ of
tmAFC Poling | Measured | Measured Linear
Voltage | at 400 Hz. | at 400 Hz. Fit
tmAFC 10 1kV 966.395 pF 0.0126389 579 ne/V 29.7 pe/V? 0.988
tmAFC 10 3kV 966.395 pF 0.0126389 106.0 ng/V 55.6 pg/ V2 1.000
mAFC 15 3kV 1125.31 pF 0.0128427 119.6 ng/V 68.0 pe/V? 0.998
tmAFC 15 4kV 1125.31 pF 0.0128427 125.0 ng/V 62.6 pg/V? 0.992
tmAFC 17 2kV 1105.88 pF 0.0125025 103.1 ne/V 50.1 pe/V? 0.980
mAFC 20 2kV 1156.47 pF 0.012780 141.6 ng/V 100.4 pe/V? 0.999
tmAFC 22 2kV 1061.82 pF 0.0144418 119.6 ng/V 39.4 pe/V? 0.960
tmAFC 22 25kV 1061.82 pF | 0.0144418 59.3 ne/V 81.5 pe/V? 0.996
AFCB13 ? ? ? 95.9 ng/V 36.6 pe/V? 0.997
AFC B14 ? ? P 112.6 ng/V 47.6 pe/ V2 0.991
AFC B15 ? ? ? 110.0 ne/V 45.4 pe/V? 0.995

In Table 5.10 the parallel capacitance and the dissipation are measured prior to the
samples were poled (i.c. the fibers wete in the virgin state), and prior to any breakdowns in
tmAFC 17. The virgin parallel capacitance and the virgin dissipation are not known for the
CP AFCs. In general, the higher the virgin parallel capacitance the higher the actuation,
however for the tmAFCs in Table 5.10, the number of fibers, and material thickness are
different making correlation between the two difficult. Several of the tmAFCs were poled
twice to see the effect of poling on the actuadon. tmAFC 10 was poled at 1 kV and again at

3 kV yielding an increase in T'hy" of 45%. In tmAFC 15 increasing the poling voltage from

3 kV to 4 kV with an increase in Tha" of only 4.3%. This may because the polarization for

tmAFC 15 at 3 kV is neatly saturated, and thus increasing the poling voltage has almost no
effect on actuation. tmAFC 22 was poled at 2 kV and 2.5 kV with a decrease in actuation of
about 50%. This drop in actuation may be due to a dielectric breakdown in the sample

damaging some electrode fingers or rails.
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Using the data in Table 5.7 - Table 5.10, and Equation 5.12 and 5.13, the low field

actuation of the fibers, (Fzz )F .can be determined

Table 5.11 Comparison of 17z for the Fibers of Laminated AFCs and tmAFCs

Specimen Ll 7] (FZZ )F

tmAFC 10 Poled at 3 kV 106.0 ng/V 1.87 198.2 ne/V
tmAFC 15 Poled at 3 kV 119.6 ng/V 1.85 221.7 ng/V
tmAFC 15 Poled at 4 kV 125.0 ng/V 1.85 231.9 ng/V
tmAFC 17 Poled at 2 kV 103.1 ne/V 1.92 197.9 ne/V
tmAFC 20 Poled at 2 kV 141.6 ng/V 2.20 311.7 ne/V
tmAFC 22 Poled at 2 kV 119.6 ng/V 1.87 2238 ng/V
AFC B13 95.9 ne/V 1.81 173.4 ne/V
AFC B14 112.6 ng/V 1.81 203.6 ne/V
AFC B15 110.0 ng/V 1.81 199.0 ng/V

In Table 5.11 it can be seen that all of the tmAFCs have higher reductions in the actuation
of the fibers due to the passive materials, @, compared to the AFCs. The tmAFCs have as
high as or higher values of (Fzz )F compated to the AFCs. This can be attributed to the
fact that the electrodes of the tmAFCs touch the fibers over a greater area than do the AFC,

and thus the tmAFCs are better actuators.

It should be noted that using data from Reference 58, the non-laminated CP AFCs
B13, B14, and B15 have a low field actuation, I,, of 167.8, 180.5, and 177.8 ne/V
respectively, which is higher than the average AFC I, (Reference 42) of 131 ng/V. Thus,
some of the laminated tmAFCs have nearly the same actuation as a non-laminated average
value AFCs.

Two problems exist with comparing (Fzz )F for between the AFCs and tmAFCs.

First, it assumed that the AFC/tmAFC is a 3-3 actuator and thus the equations in Appendix
III are applicable. In Appendix III, it is assumed that the electric field is uniform in the Z
direction. This assumption is true for the AFC/tmAFC except under the electrodes, where
the electric field is perpendicular to the electrodes. The second problem that exists when

comparing (Fzz )F is that in order to calculate (Fzz ) PR (Y;; )F must be known (Equation
5.13). When one compares (FZZ )F between actuators one is comparing the degree of

poling between the actuators. Both (Fzz )F and (Y3§ )F are dependant on the degree of
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poling of the fiber (Reference 76), and thus a fiber Young’s modulus under shorted
conditions must be assumed. A better method for comparing the actuators would be to test

the shorted stiffness of the actuators to determine (Y;B: )F and then use this value when

calculating (T, )F. This data was not known for the CP AFCs and thus (Y;j )F was not
calculated.

I, was calculated for the entite AFC and tmAFC, not just the active area. In
general, I, has both a real and imaginary component thus giving actuation curves with
hysteresis as seen in Figure 5.11.
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Figure 5.11 Actuation of tmAFC 20 Laminated With Two Plies of E-Glass at 2200 and 3000
Volts Peak-to-peak

Figure 5.11 shows the actuation of tmAFC 20 which was laminated with one ply of
e-glass on each side, driven at 2200 and 3000 Volts peak-to-peak. At 2200 Volts peak-to-
peak in the above plot an oval hysteretic actuation loop can be seen. The fact that a
hysteretic loop exists for the AFC can be expanded because the piezoelectric constitutive

83,82,138,139,140,141

relation contain both real and imaginary components. As the voltage is

increased to 3000 Volts peak-to-peak, one can see the onset of depoling due to the cusp at —
1500 Volts. It should be noted that tmAFC 20 was poled with 2000 Volts.

The laser interferometer system for measuring displacement had several problems:

1. The displacement measured using the Zygo model 7702 laser used with the ZMI
1000' interferometer system had a serious drift issue, because velocity is integrated to
determine displacement, causing errors. This limited the length of the time that the

displacement could be measured because the error in displacement is cumulative.
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The laser introduced a phase shift to the displacement data that appeared to be a
function of the number of data points taken and the period. This problem was
discovered when step voltage was applied to an AFC. At the moment of the switching
of the voltage, both the measured voltage and the current would occur at the same time,
however the step in the displacement would occur at a different time. Thus, the phase
of the displacement could not be trusted, and therefore only the peak-to-peak strain

could be used.

The laser had an internal temperature control system that would attempt to keep laser at
a fixed temperature to reduce false displacement readings due to small temperature
fluctuations. Internal heaters cycled on and off inside the laser changing the length of
the laser slightly. This produced a petiodic displacement signal of about 100 nm, which
is the lower bound of the laser. Unfortunately, the displacement versus voltage plots

looked very garbled for some of poorer performing AFCs/tmAFCs at lower voltages.

Because the current signal was so small, during actuation, the current could not be

measured using the current output of the Trek Model 664 10kV 20 mA amplifier.

It was discovered that the Trek amplifier produced a small 60 Hz. and a 300 Hz. signal
on top of the voltage signal commanded by the function generator. This caused higher
harmonic actuation of the AFCs/tmAFCs, increasing the noise in the displacement

signal.

The table used to hold the specimen and the mirror did not prevent the specimen from
bending out of plane duting actuation, causing problems for some specimens with slight

curvatures due to manufacturing,

The specimens were aligned by eye with respect to the laser, and sometimes the
specimens were slightly misaligned. The actuation of the specimens could be measured,
the specimens removed and remounted on the table, and the actuation would be

measured again with slightly different results.

As mentioned in Chapter 4, not many quality tmAFCs were manufactured due to

equipment failures and monetaty constraints. Those tmAFCs that survived poling without

dielectric breakdown, proved to higher actuation than the average AFCs manufactured by
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Continuum Photonics, despite the fact that tmAFCs have a higher matrix stiffness, and a
smaller active width to sample width. This actuation data proves that tmAFCs supetiot to
thermoset AFCs can be manufactured.
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6. Summary, Conclusions and
Contributions

6.1 Summary

Active Fiber Composites (AFCs) have been developed to address some of the
shortcomings of monolithic piezoelectric materials. A major drawback of the AFC design is
that the level of actuation of the AFCs is about 60% lower than that of the 3-3 actuation of a
monolithic piezoceramic material. This is due primarily to a small layer of low dielectric
matrix material trapped between the electrodes and the high dielectric fibers due to
manufacturing. This dielectric mismatch causes a large voltage drop in the matrix, thereby
reducing actuation. A method that has been developed to reduce this matrix gap, and thus
increase actuation, is to transfer the electrode pattern onto plastic sheets, and heat and press
the sheets into the fibers to make Thermoplastic Matrix Active Fiber Composites (tmAFCs).
tmAFCs have simpler processing when compared to AFCs and are potentially reshapeable.
The focus of this research has been to analyze, manufacture, and test tmAFCs to be used in

structural control applications.
6.2 Conclusions

6.2.1 AFC Analysis

The relation between dielectric, Young’s modulus, and the Poisson’s ratio of the
matrix material on AFC/tmAFC performance is not cleatly understood. Several analyses,
including rule of mixtures analyses and finite element analyses, were performed on a
PiezoFlex AFC to determine the effect of the matrix material properties and the distance the
electrode is from the center of the fiber on AFC material properties. These AFC properties
include: the XX and ZZ strain per unit volt under stress free conditions, the XX, YY, and
ZZ outputted stress per unit volt under strain free conditions, the shorted ZZ Young’s
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modulus, the ZX Poisson’s ratio, and the stress free and strain free capacitance. Using this
data, an electromechanical coupling coefficient, equivalent to ki23, was calculated for a

PiezoFlex AFC. For the range of matrix material properties analyzed, only the relative
permittivity has an effect on the actuation performance of a PiezoFlex AFC when the
electrode does not touch the fiber, £ > 700 %. When the electrode touches the fiber, & <
700 %, the actuation performance of a PiezoFlex AFC is nearly independent of the matrix

dielectric properties. Due to the similarity between the matrix material properties between a
PiezoFlex AFC and a tmAFC, the conclusions reached for an AFC hold true for a tmAFC.

6.2.2 tmAFC Manufacturing

Solvent casted tmAFCs, externally electoded tmAFCs, and internally electoded
tmAFCs have been manufactured using Kynar 2801-00 PVDF, Noryl EN265-7, and Ultem
1000 matrices. Due to the intimate contact between the electrode and the fiber, Ultem 1000
internally electroded tmAFCs have the highest levels of actuation. Internally electroded
tmAFCs are manufactured by embedding a silver electrode into a piece of thermoplastic film
to form a thermoplastic electrode. The piezoelectric fibers are then placed between the
thermoplastic electrodes, electroded side inward, and pressed to form internally electroded
tmAFCs.

6.2.3 Testing

Differential scanning calorimetry and thermogravimetric tests was used to determine
the minimum and maximum temperatures for manufacturing Ultem 1000 tmAFCs. Testing
indicated that manufacturing should occur between 221.4 °C (430.5 °F) and 475 °C (887 °F).
Impedance testing was performed to determine at what temperature decomposition of the
thermoplastic electrode would occur. Testing indicated that the thermoplastic electrode
does not degrade below 316 °C (600 °F).

Capacitance testing and stress free actuation testing have been performed on
tmAFCs. Ultem 1000 internally electroded tmAFCs have shown the highest levels of
capacitance and actuation. The few Ultern 1000 internally electroded tmAFCs that survived
poling have shown actuation exceeding that of some AFCs manufactured by Continuum
Photonics, thus proving the tmAFC concept.
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6.3 Contributions

6.3.1 tmAFC Manufacturing

The main contribution of this body of work is the analysis, design, manufacturing
and testing of Thermoplastic Matrix Active Fiber Composites, tmAFCs. tmAFCs have
simpler processing when compared to thermoset matrix AFCs and are reshapeable.

A major drawback of the AFC design is that a small layer of matrix material trapped
between the gap between the electrode and the fiber drastically reduces the level of actuation
of the AFC. Due to the dielectric mismatch between the low dielectric matrix and the high
dielectric fibers, a large voltage drop occurs the matrix gap, thus reducing the electric field
and actuation 1in the fiber.

Internally electroded tmAFCs have been developed to have the electrode nearly
touching the fiber, thus reducing this matrix gap, and therefore increasing actuation.
Internally electroded tmAFCs are manufactured by embedding a silver electrode into a piece
of thermoplastic film to form a thetmoplastic electrode. The piezoelectric fibers are then
placed between the thermoplastic electrodes, electroded side inward, and pressed to form
internally electroded tmAFCs. The few internally electroded tmAFCs that survived poling
have shown actuation exceeding that of some AFCs manufactured by Continuum Photonics.

6.3.2 Thermoplastic Electrodes

A novel manufacturing technique for manufacturing silver electrodes embedded in a
thermoplastic film was developed. Silver electrodes printed on Kapton were transferred to
thermoplastic film by placing the two into a hot press, and heating and pressing them
together. After cooling, the Kapton could be peeled off the thermoplastic film leaving the
silver electrode embedded in the thermoplastic film, yielding a thermoplastic electrode with
the silver electrode flush with the surface of the thermoplasdc film. Thermoplastic
electrodes were made using Noryl EN265-7 and Ultem 1000. Ultem 1000 thermoplastic
electrodes were made with a 95% success rate. Testing indicated that the Ultem 1000

thermoplastic electrode does not degrade below 316 °C (600 °F).

6.3.3 AFC/tmAFC Analysis

Several analyses, including rule of mixtures analyses and finite element analyses, wete
petformed on a PiezoFlex AFCs to determine the effect of changing the matrix material
properties. These analyses showed that when the electrode touches the fibers, the actuation
of the AFCs is about equal to that of a magnetic particle AFC (mpAFC) (Refetence 45), and
the actuation is nearly independent of the diclectric of the matrix. When the electrode does
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not touch the fiber, the actuation is highly dependant on the dielectric of the matrix and the
AFCs actuate very pootly compared to mpAFCs.

Internally electroded tmAFCs have been developed to have the electrode neatly
touching the fiber, thus reducing this matrix gap, and therefore increasing actuation.
tmAFCs require simpler manufacturing techniques when compared to mpAFCs, yet as
shown in the finite element analysis, have nearly as high a level of actuation.

6.4 Recommendations for Future Work

6.4.1 Matrix Materials for tmAFCs

Other thermoplastic materials should be explored for use as a matrix material for
tmAFCs. Polymers with a high usage temperature would allow tmAFCs to be used in higher
temperature applications, and thus increasing the potential market share of tmAFCs. A
good candidate for a new polymer is PEEK' manufactured by Vitrex USA Inc. PEEK has
a continuous use temperature of 240 °C (464 °F),'* which is higher than the glass transition
temperature of Ultem 1000. Manufacturing of tmAFCs using PEEK were attempted,
however it was experimentally found that the temperature limit of the press, 316 °C (600
°F), could not melt the polymer. Polymers with low mechanical loss should be investigated

as well to reduce the power requirements for driving the tmAFCs.

6.4.2 tmAFC Electrodes

In otder to facilitate mass production of tmAFCs, as many unnecessary
manufacturing steps should be eliminated as possible. One unnecessary step is the bonding
of brass or copper to the electrode pads to allow an electrical hookup to the tmAFCs. This
step is cutrently required because using the current electrode design the thermoplastic
electrodes ate placed in the tmAFC face to face, with the top and bottom electrode pads
aligned. Because the electrode pads are sealed in the tmAFC, there is no way to deliver a
voltage to the electrode without bonding some form of conductor to the pads and sticking
the conductor out of the tmAFC. The electrodes should be redesigned such that part of the
electrode is exposed allowing for electrical contact, and thus eliminating an additional

manufacturing step.

6.4.3 tmAFC Manufacturing

Due the fact that the force applied to the tmAFC during the bonding of the fibers to
the electrode is not independent of the applied vacuum, it is recommended that tests using
the mold with an internal vacuum chamber (Figure 4.29) be abandoned. Before the failure
of the vacuum chamber, tests using the pressing plates (Figure 4.15) produced many high
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capacitance tmAFCs, and several tmAFCs with very high actuation. If more tmAFC
research is to proceed it should be using the pressing plates. This would require the vacuum
chamber be fixed first.

tmAFCs were manufactured using high-temperature silicone rubber (Reference 101)
sold by McMaster-Carr Supply Company. In the McMaster-Carr catalog, the rubber is listed
as having a temperature limit of 316 °C (600 °F). This temperature limit appeats to be
temperature at which the rubber can survive at only for short periods. After used for a few
cures at 260 °C (500 °F), the rubber degrades and must be discarded. A better product is
Airtech 1050 Rubber manufactured by Airtech Advanced Materials Group.'* Airtech 1050
Rubber has a temperature limit of at 316 °C (600 °F)'*" and does not appear to degrade
dramatically or acquire as large a set at 260 °C (500 °F).

6.4.4 AFC/tmAFC Displacement Testing

8 the author

While doing research on single crystal fiber Active Fiber Composites,
tested the displacement of AFCs using a different system than the ZMI 1000 interferometer
system used in Section 5.4.2. The displacement was measured using a Nano-DVRT'®
manufactured by MicroStrain Inc. The DVRT was custom designed to measure
displacements with a range of 200 wm with a minimum displacement of 25 nm. This DVRT
system could measure displacements with no drift and no phase shifts, which were critical
problems with the ZMI 1000 interferometer system. To supply the voltage to the AFCs, a
Precision Workstation manufactured by Radiant Technologies Inc™™ connected to a Trek
609A Amplifier' was used. Unlike the amplifier used in Section 5.4.2 which the current
signal always appeared as noise, the Precision Workstation was specifically designed to
measure the current for 1pF to 50uF samples at frequencies up to 2.5 KHz."*? Using this
system polarization loops of piezoceramic samples were measured with high accuracy. A
fixture was designed by the author to measure the charge and displacement of an
AFC/tmAFC using the Precision Workstation and the DVRT. A methodology was
developed to reduce the charge and displacement data into complex capacitance, real
resistance, and complex I’ This data was not included in the work because it was not used

to take data for tmAFCs.

The DVRT system with the Precision Workstation does have several drawbacks
compared to the ZMI 1000 interferometer system:

1. The Trek G09A amplifier becomes unstable above 400 Hz.

2. The Precision Wotkstation outputs a constant 20 to 30 mV signal, with a minimum step
voltage of 20 mV. When connected to the Trek amplifier, the DC signal is amplified to

20 to 30 V, with a minimum voltage step of about 20 V.,
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3. The output voltage uses the Integer function instead of the Roxnd function.

4. The Digital to Analog converter reads a minimum voltage step of 1.22 mV, limiting the

minimum charge and displacement that could be measured.

5. For the Hysteresis and Piegqo measurement tasks, the time period for an output voltage

cycle must be less than 30 sec.
6. The maximum number of points for the voltage output must be less than 1000.

7. The minimum time difference between output voltage points is 0.01 msec, thus the time

period is truncated after the second decimal place.

The ATC charge and displacement data gathered using the Precision Workstation systcm
with the DVRT, in the authors opinion, was superior to than could be gathered using the
ZMI 1000 interferometer system. The Precision Workstation system with the DVRT should
be used for all AFC testing despite its drawbacks. Correct sampling size and use of
intelligent input voltage cycles minimize the drawbacks of the Precision Workstation system
with the DVRT.

6.4.5 Tensile Testing of AFCs and tmAFCs

In previous research, tensile testing of AFCs was performed using an Instron 8501™

series tensile testing machine with hydraulic gtips. The Instron 8501 was not an ideal system
for testing AFCs with, due to the size of the sample in relation to the size of the grips, high
frequency vibratons imparted onto the samples due to the hydraulic actuators, and the range
and accuracy of the stroke and the force. In Section 5.2.1, the author used an Instron 5542
universal electromechanical testing machine (Reference 116) to perform tensile testing of
thin sheets of polymer. Tensile tests were performed on tmAFCs to see the quality of the
force and stroke data. The data proved to be of excellent quality with very low noise. This
data was not included in this body of work because the test did not conform to any testing
standard, nor were loading tabs applied to the tmAFC. The Instron 5542 is much easier to
use and program than the Instron 8501, and it is the authors opinion that further tensile tests
of AFCs and tmAFC should be petformed using the Instron 5542, The Instron 5542 cannot
be used to perform high frequency fatigue tests because the actuator for the Instron 5542 is
opetated by an electric motor, which is limited in the frequency and stroke when the force is

applied.
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6.4.6 Future tmAFC Concepts

Due to a plastics ability to be teshaped, it is possible that planar tmAFCs can be
manufactured and then reshaped to fit the necessary application. One Ultem 1000 tmAFC
when manufactured had a very large curvature in it. This tmAFC was sandwiched between
steel plates, placed in an oven, and heated above the glass transition temperature for several
hours to remove the thermal deformation. After removal from the oven, it was seen that the
thermal deformation had been decreased by about half. Using methods such as this, tube
shaped or “S” shaped tmAFCs could be manufactured.

Experiments were performed on two Ultem 1000 tmAFCs to determine if tube
actuators could be made. The tmAFCs were placed on an aluminum plate covered with
GNPT. An aluminum rod covered with GNPT was heated to 260 °C (500 °F). The rod
was rolled over the tmAFCs transversely to the fiber direction in an attempt to make tube
shaped actuators, however a large curvature could not be induced in the tmAFC. A
potendally better way of making a tube shaped actuators is tape a tmAFC to an aluminum
rod covered with GNPT. The rod and the tmAFC is vacuum bagged and heated in an oven
above the glass transition temperature of the polymer. A vacuum is slowly pulled on the bag
to cause the tmAFC to wrap around the rod thus forming a tube shaped tmAFC. In theory,
if the tube was tight enough, and the electrodes survived the process, a tmAFC stack could

be made.

In order to use AFCs in large-scale structural applications (such as full scale
helicopter rotor blades), many AFCs are required. It is desirable to reduce the number of
electrical leads to the AFCs to decrease the possibility of dielectric breakdown between the
leads and reduce the required structural volume required for the leads. In order to reduce
the number of electrical leads, larger volume AFCs are more desirable (larger length, width,
and thickness). In otder to make AFCs with a larger volume either AFCs need to be bonded
and actuated together or AFCs with larger diameter fibers needs to be used. Due to the
increase in the passive area due to the bond layer between the actuators, and the multiple
layers of Kapton, the passive atea of bonded AFCs is greater than AFCs with larger diameter
fibers, and thus bonded AFCs will have smaller actuation. The strength of a fiber is
inversely proportional to the area of the fiber, thus making larger diameter fiber AFCs less
attractive, as seen in Reference 58 pages 62-63. Another option is to make a tmAFC using
multiple layers of small diameter of fibers, with a thin layer of polymer between the layers.
This would have the benefits of high strength fibers with a smaller passive area compared to
AFCs bonded together. A two layer tmAFC was manufactured using the same processing
discussed in Section 4.5.2.3 to determine if the possibility of manufacturing such an actuator.
Between the two layers of 270 um (10.6 mil) diameter fibers was a 76 Um (3 mil) thick layer
of Ultem 1000 with an electrode on either side. This thermoplastic electrode was

manufactured by embedding an electrode in a 76 m (3 mil) thick layer of Ultem 1000 in the
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same manner discussed in Section 4.5.2.1, then flipping the electrode over and embedding
another electrode onto the other side. Figure 6.1 shows the cross section of the two-layer
tmAFC.

Fibers in a two layer tmAFC Electrodes in a two layer tmAFC

Figure 6.1 Fibers and electrode in a two-layer tmAFC

As can be seen in Figure 6.1, the electrodes touch each side of the fibers in the tmAFCs.
When trimming the excess polymer around the sides of the tmAFC, the knife slipped
cracking four rails and some fingers of the tmnAFC. This tmAFC was poled at 2000 V at 100
°C (212 °F) for 20 minutes, however the tmAFC broke down after about 5 minutes where
the crack in the finger was. After the tmAFC was sectioned and looked at under the
microscope, it was seen that many electrode fingers were broken during the manufacturing
process, most likely due to too large of a pressure being applied to the tmAFC during
manufacturing. Due to the large number of fibers needed to manufacture two layer
tmAFCs, only one two-layer tmAFC was manufactured.
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Appendix I. Equations of Quasi-

Electro-Static Electro-Elasticity

I.1 Introduction

In this Appendix the equations of electro-elasticity, which are used throughout this
body of wotk, ate presented. It is assumed that magnetic fields present in a body are
negligible, and thus the quasi-clectro-static approximation holds. It is also assumed that the
deformation of the body is small such that the small strain approximation holds. First, the
linear equations of equilibrium for a quasi-electro-static body with finite conductivity are
presented. These equations are then reduced for a body with zero conductivity. Finally, the

constitutive relations for a non-piezoelectric and isotropic materials are presented.

1.2 Equations of Equilibrium for a Quasi-Electro-Static Body with
Finite Conductivity Undergoing Small Deformations

In Reference 89, the equations of equilibrium for a quasi-electro-static body with
finite conductivity are derived for large deformations. On pages 81-82 in Reference 89, the
equations of equilibrium are reduced assuming that deformations of the body are small.
These equations in rectangular coordinates x,%3, are listed below. It should be noted that

x,), are structural and not material coordinates.

Conservation law for electric charge and current densities

.a_p_-f_.*-z.lf:o

ot
apf+a(‘,f)x+a(Jf)y+a(‘]f)z
at ox oy 0z

(A1)

=0
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Gauss’ law

_V_'D:pf
oD, 9D, 9D,
+ + =0,
dx dy 02

Conservation of linear momentum

aTH+8TXy+asz+f _ @
ax "oy oz *TPor
oT, 9T, 0T, %y

AT A IR Y 4
ox "oy T TP
oT, 9T, 9T *w

z 4 + 2 +f2:,0_2
dx dy 0z at

(A.2)

(A3)

Where J ;s 1s the conduction current density, D is the clectric displacement, T is stress, O, is

the free charge per unit volume, 0 is the density, fis the applied body forces, and #, », and w

are the displacements in the x, y, and g directions respectively. The following additional

definitions are helpful when solving the equations of equilibrium.

Definition of electric field, E

E=-Vgp
g=-09; 905 90;
dx dy~ 0z
Definition of electric displacement, D
D=¢,E+P

(A4

(A.5)

Where @ is the electric potential, €, is the permittivity of free space (8.854 X 10* F/m), P is

the polarization vector, and I, j, and k are the unit vectors in the »x, y, and g directions

respectively. Under the small deformation approximation, the engineering strain, 5, is given

by:
du av ow
s =2 s, =2 s =2Y
¥ oox Yo dy “ dz
g _wdv o dw du o dv du
¥ dy dz dx 0dz dx 0y

Consider a surface of discontinuity between two materials, as shown below:
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Material 2
~ + Surface Charge of

Material 1

Figure 1.1 Surface of Discontinuity between two Materials

In Figure 1.1, n is the unit vector normal to the surface pointing in the direction from
material 1 to material 2. It is also assumed in Figure 1.1 that there is a free surface charge, o,

present between the materials. Across surfaces of discontinuity, the following must hold:

1. Displacements are continuous across a surface of discontinuity

2. The electric potential is continuous across a surface of discontinuity. This is another way

of stating that:

nx(E,~E,)=0 %)
Where E, and E, are the electric field vectors in materials 1 and 2 respectively at the

surface of discontinuity. If material 1 is a perfect conductor with a voltage [ applied to

it:

¢, =V (A.8)
3. Stresses normal and perpendicular to the surface of discontinuity are continuous

4. The electric displacement normal to the surface of discontinuity is given by:

n'(Qz -D, )= Oy (A.9)
Where D, and D, are the electric displacement vectors in materials 1 and 2 respectively at

the surface of discontinuity. If material 1is a perfect conductor then:

neD,=0, (A.10)

5. The charge entering, leaving, and building up on the surface must be conserved:
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~ do
n((L),- (L )1)+_3sz0 A1h)

Where (l ; )1 and (i f )2 is the conduction current density vectors in materials 1 and 2

tespectively at the surface of discontinuity. Using Equation A.9, Equation A.11 can be

written as:
ﬁ{(if ), (<, )1+%(22 —Ql)}o (A12)

It should be noted that the total current, 4 (conduction current and polarization current)
though a surface 5, (7 is positive outward) is given by:

i=g§(Jf+aa?}d§ (A.13)

The chatge, ¢, on this surface is given by:

j=—1 (A.14)

I3 Equations of Equilibrium for a Quasi-Electro-Static Body with
Zero Conductivity Undergoing Small Deformations

In Reference 23, the equations of equilibrium for a quasi-electro-static body with
zero conductivity under going small deformations are presented. These equations in are the

same as the equations presented above for the finite conductivity case, however the

conduction cutrent density J , is zero. Without any form of electrical conduction, there is

no way for free charge per unit volume, @ to build up in a body, and there is no way for free
surface change, 0, to build up on material interfaces that are not connected to a voltage
source, except in the presence of nuclear radiation. In the absence of nuclear radiation, ¢

and 0, must be zero. Under this condition, Equation A.1 becomes redundant.

L4 Non-piezoelectric and Isotropic Constitutive Relations

In Section 1.2.1, the constitutive equations for a piezoelectric material in engineering
matrix notation is presented (Equation 1.1) and described:
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D,/ |0 & 0i0 0 0 d; 0 0|[E
Dl |0 0 &hid, dy dy 0 0 0 |E
S| 0 70 a, TsETSETE 0 0 o ||T
S0=1 0 0 dyish, s& os; 0 0 0T (A.15)
S, 0 0 d,ist s& s5 0 0 0|1
S| |0 45 010 0 0 s5E 0 0||T,
S| |ds 0 00 0 0 0 si 0%
Ss) L0 0 0i0 0 0 0 0 SET

From Ohm’s law, the conduction current density, J ,, for a piezoelectric material is given by

(Equation 1.13):

(Jf )1 o ¥

0 07(E
(J,),t=| 0 o, 0 |iE (A.16)
0 0 o,4||E

(/)

For a non-piezoelectric, orthotropic material, 4 equals zero. Equations A.15 and A.16 can be

written 15 independent material constants:

S, Sy S s 00 01T
S, Sp Sy Sy 0 0 0T
) Ss _| S Sum Sy 0 0 O {T?,> (A17)
S, o 0 0 s, O O[T,
S 0 0 0 0 s O ||
S L0 0 0 0 0 54|75
D, g, 0 0 ||E
ID,l=[0 &, 0E, (A.18)
| D; 0 0 &y|l|E
(Jf )1 o, O 0 E
(J,),1=| 0 on O |{E, (A.19)
0 0 o4]|E
( J, )3 3]s
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For a mechanically isotropic material, Equation A.17 can be written with 2 independent
material constants:

S, I -v -v 0 0 0 (T, )
S, -v 1 v 0 0 0 T,
S;| 1|-v v 1 0 0 0 T,
=— S (A.20)
S, E|0 0 0 2(+v) 0 0 T,
S 0 0 0 0 2(1+v) 0 T,
S¢ | 0 0 0 0 0 2(1+v) |1y

Where E is the Young’s modulus and v is the Poisson’s ratio. For an electrically isotopic

non-piezoelectric materials, Equation A.18, can be written with 1 independent material

constant:
D, e 0 O]E
D,;=|0 ¢ O0|iE, (A.21)
D;, 0 0 ¢€||E

Where € is permittivity. Oftentimes, Equation A.21 will be written in terms of the relative

dielectric, K:

D, K 0 0][E
D,t=¢g|0 K 0JE, (A.22)
D, 0 0 K||E

For an electrically isotopic non-piezoelectric material, Equation A.19 can be written with 1

independent material constant:

(A.23)

Q9 o o

Where o'is the conductivity.
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Appendix II. AFC/tmAFC

Constitutive Relations

I1.1 Introduction

In this Appendix, the constitutive relations for the bulk material properties for an
AFC/tmAFC will be determined. The reduced constitutive relations for a piezoelectric 3-3
actuator will be used for illustrative purposes.

I1.2 The Reduced Constitutive Relations for a Piezoelectric Rod

Poled and Actuated in the 3 Direction

Consider a rod of length L with a uniform cross section area .4. The rod is

electroded on two opposite ends as shown in the following figure:

X

A
’euz—)(—mei

>

Cross N

sectional Yy

area A

Vir)
(__
i(t)
Figure I1.1 Illustration of a 3-3 Actuator
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The rod is connected to a voltage source 1/(#) which supplies a current () to the
piezoelectric material. The actuator is poled in the g direction and the majority of the
electric field is in the g direction. The constitutive relations in matrix engineering form are

given by:

{s}=[¢" {E}+[a] {T}
{P}=[d{E}+[s" T}

Equation B.1 is expanded out in matrix form in Equation 1.2 for a Hexagonal Crystal —

B.1)

Class 6 mm poled ferroelectric with the polarization direction in the 3 direction. For the
following discussion the piezoelectric material is assumed to be of this type.

Consider the point of view of the user of the piezoelectric rod. If the user wants to
prescribe a voltage to achieve a certain level of strain or stress output, then the rod is being
used as a 3-3 actuator. A user of the 3-3 actuator is then concerned about the level of
voltage and current needed to achieve the desired stress and strain outputs such that the
proper power supply can be selected. They are also concerned with the maximum voltage
that can be applied to the actuator, the depolarization voltage, the effect of the frequency of
the voltage on the output of the actuator, and the effect of temperature on the output. If the
user wants to achieve a certain level of voltage or charge given an applied stress or strain,
then the piezoelectric rod is being used in a sensor. If the user wants to achieve a certain
level of power output (a function of voltage and current) then the piezoelectric rod is being
used in an energy harvester configuration. In all these cases, the user is not concerned with
the electric field or the electric displacement; they are however concerned with the voltage,
charge, and current. Therefore, it is desirable to recast Equation B.1 in terms of voltage,

charge, and current.

In order to recast Equation B.1 in terms of voltage, charge, and current, the positive
sense of the voltage must be defined. Consider the poling process for a virgin (never has
been poled) 3-3 actuator as illustrated in the following Figure.

2 : + X =
, | 4 T - 4o
| :
e I Y
_I || | || I
- - o Rl R
Ve V,

Vitgin piezoelectric rod before being connected to DC | Charge rushes down wires depositing itself onto
voltage source, 17, electrodes of piezoelectric rod
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Electric field inside of piezoelectric rod forms due to After removal of the voltage source, if electric field is
separation of charge strong enough, the piezoelectric material polarizes in
the direction of the electric field (the 3 direction)

5 T, — . pl oot

y - BE B i ot T
+ | - [ et o
+) =P B S T e L
'y :

i T > _| """"""""" _|

Poled piezoelectric rod connected to a time varying Applicaton of an electric field in the same direction of
voltage source the 3 direction causes an extension strain in the gz
ditection. Application of an electric field in the
opposite direction of the 3 direction causes a
compression strain in the gz direction.

Figure 11.2 Ilustration of the Poling Procedure and Actuation of a 3-3 Actuator

In Figure I1.2 a virgin piezoelectric rod is connected to a DC voltage source, with strength
17,. As soon as the circuit is completed, charge rushes down the wires and deposits itself on
the electrode. This initial movement of charge causes a large instantaneous current. The
charge on the electrodes causes an electric potential to be setup inside the piezoelectric

material. This electric potential, @, is given by:

\%
o(xy2t)=0(2)="72 B.2)

Where L is the length of the actuator, and g is the longitudinal coordinate. The charge
causes an electric field internally in the piezoelectric rod, E, that is given by:

E=-Vo=—"TLi-— 3
== ox dy~ 0z 5
o V, \» V,»
E=—|-2Lz|k=—"k 4
- az( LZJ L By




Where ;,} and k are the unit vectors in the x, 9, and g directions respectivally. The voltage
is applied for some time and if the electric field is large enough, after removal of the electric
field a remnant polarization P remains inside the piezoelectric rod. The direction of the
temnant polarization defines the “3” direction or poling direction, which in this case is in the

—k direction, that is opposite of the g direction. Further discussion of the poling procedure
for an AFC/tmAFC is given in Section 3.4.

Now a time varying voltage source, 1/(2), is connected to the actuator with the high
voltage side connected to the wire that was previously connected to the high voltage side of
the DC poling source, and the low voltage side is connected to the wire that was previously

connected to the low voltage side of the DC poling source. The electric potential is given
by:

40}

o(xy.21)=0(2)=—~ (B.5)

The electric field is now given by:

_ V@),
E=——~k B.6)

The electric field in the “3” direction is the projection of the electric field vector onto the

vector in the direction of the poling direction, 3:

A Lk
E=L3. L
3.3 —ke—k B.7)
Vit
g VO

In this case, if a positive voltage is commanded from the time varying voltage source, an
electric field in the direction of the poling direction is induced, and an extension gg strain is
seen. If a negative voltage is commanded from the time varying voltage source, an electric
field opposite of the direction of the poling direction is induced, and a compression gz strain
seen. Thus, a positive voltage direction can be defined.

A voltage in the positive direction causes an electric field

in the same direction as the poling direction in a 3-3 actuator ®.5)
This definition also allows us to define the positive and negative electrodes.
The positive electrode is the electrode that B9

the remnant polarization points away from
If the 3-3 actuator is never repoled during actuation, the positive electrode is the electrode to
which the high side of the voltage source was connected to during poling. In Figure I1.2, the
positive and negative electrodes are at 3 = L/2, - /2 respectively. The positive direction of
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the current, #(), is therefore from the high side of a voltage source connected in the positive
voltage direction into the positive electrode, as shown in Figure 11.2.

We will assume henceforth that stresses and strains are constant throughout the 3-3
actuator. We will also assume the actuator is actuating quasi-statically. Quasi-static actuation
is defined by: “the frequency rage which there is no appreciable spatial variation in stress or
electric field. The specific rage depends somewhat on the mechanical O of the specimen,
but in general the etror will be less than 1% and 0.1% respectively, if the frequency is less
than one tenth of 0.03 times the lowest resonant frequency of the specimen.”(Reference 23
pages 38)

If these electrodes are the only electrodes used to apply voltages with, only an
electric field in the 3 direction can be applied, therefore E, = E, = 0. Using Equations B.7
and B.8, Equation B.1 can be rewritten as:

D,=D,=0

el
D3:%V+d3171+d317;+d337}

a3
S, dL [sE 5 sE 0 0 0T
S, % sp sEosE 0 0 0|7,
Si| _ PR sh sh s, 00 0 ﬁT3
ST o o o £ o oz
L " 3
S 0 0 0 0 0 s OE T (8.10)
Se 0 L0 0 0 0 0 s4](Ts
0

Where 17 is the time varying voltage connected in the positive voltage direction. The electric
displacement is of little use to a user of a 3-3 actuator, however the charge on one of the

electrodes, or the current, is. The charge on the positively electrode is given by:
qu)=j@Q-n)dA B.11)
s

Where n is the normal of the electrode into the piezoelectric material, and 4A4 is the

differential area of the electrode. From the definition of the “positive electrode”, n= 3, and

therefore Equation B.11 can be written as:
g@)=[(D,33)dA=[D, dA= AD, (B.12)
s s

Because the same electrodes are used for the poling and actuation, only the electric
displacement in the “3” direction is used in Equation B.12. The charge on the positive

electrode, ¢, can be written as:
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T

q=Ag—Ii3‘V+Ad317] +Ad, T,+Ad,,T, (B.13)
The current in the positive direction, 7, is given by:
d T
i=d_pEn AV g Ay pa, 4,40 (B.14)
dt L dt dt dt dt

T
E . . .
The term A% is the stress free capacitance of the 3-3 actuator, and can be written as:

CT=€3T3% (B.15)
Thus, Equation B.1 can be written for a thin 3-7 longitudinal actuator as:
L
S, dL st 55 s5 0 0 0](n
S, —i‘— s, shos, 000 0 |T,
S3>=<@>V+ sLsh Sk (1)2 0 0 T3> B.16)
S, I 0O 0 0 s, 0 0T,
Ss 0 0 0 0 0 s, 0]
S, 0 0 0 0 0 0 s5 T
0
g=C"V+Ad, T +Ad,T,+Ad,T, B.17)
dv dT, dT. dT,
i=Cl —+Ad; —+Ady, —2+Ad,,—> 18
a1 T iy D (B.18)

Writing Equation B.1 as Equations B.16 - B.18 gives the user of the 3-3 actuator the
relations between all the variables of concern. However rewriting the Equations in this

manner does have the downside of making the Equations unsymmetrical.

I1.3 General Reduced Constitutive Relations for a Longitudinal
Actuator

As with the piezoelectric rod, the end user of a piezoelectric longitudinal actuator is
concerned with the relation between stress, strain, voltage, charge, and current. Thus, it is
desirable to write generalized constitutive relations similar to Equations B.16 - B.18 for a

piezoelectric longitudinal actuator.

In Section I1.2 the reduced constitutive relations for a piezoelectric rod poled and
actuated in the 3 direction were derived. Let us consider a piezoelectric material used in a
system of passive materials and passive circuit elements to actuate in a longitudinal fashion.

The term “piezoelectric actuator” will be used for entire collection of passive and active
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materials. The piezoelectric actuator for example could be comprised of the piezoelectric 3-
3 rod shown in Figure 11.1 with a passive dielectric layer acting as insulation on the outside.
As another example, the piezoelectric shown in Figure II.1 could have electrodes with a
finite resistance or capacitance. An AFC/tmATFC is a system of piezoelectric materials and
passive materials that actuates in a longitudinal fashion. Hence, the entire AFC/tmAFC

package can be referred to as a piezoelectric actuator.

As in the previous section, it will be assumed that stresses and strains are constant
throughout piezoelectric actuator. It is assumed the piezoelectric actuator is actuating quasi-
statically as defined in Section I1.2. It is also assumed that the piezoelectric material in the
actuator is poled after the actuator is manufactured (that is the piezoelectric materials are not
poled prior to being integrated into the piezoelectric actuator). We can now define the
“positive voltage direction”

A positive voltage outputted from a driving voltage source

connected in the same manner as the poling voltage source (B.19)

(high side to high side) is a voltage in the positive direction
Equation B.19 implicitly assumes that the piezoelectric materials were poled after
manufacturing with the same electrodes used for actuation, and the piezoelectric materials
were not depoled or repoled during its use. Equation B.19 also allows us to define the

positive and negative electrodes.

The positive electrode is the electrode that the high

side of the poling voltage source was connected to (520
The positive direction of current is from the high side of the poling voltage source into the
positive electrode.

For a piezoelectric actuator, strain is linearly proportional to stress. Because the
actuator is piezoelecttic, the strain is linearly proportional to the electric field, which is
linearly proportional to the applied voltage. Thus, the strain for a piezoelectric actuator can
be written in a manner that is similar to Equation B.16:

{s}=[s"Jr}+{r}v

v v v v 1% v r (
Sxx Syxxx  Sxxrvv Sxxzz Sxxz Swxxz Sxxxy Tix Fyx
v v v v v v
Syy Sary Sy Sz Svz Sz Seeor || I Iy 2
S v v v v S v T r (B.21)
zz | _| Sxxzz  Svzz Sz Szmyz Szazxz Szaxvy V| ]z (V )
S \4 1 \'4 \'4 SV SV T F
Yz Sxxvz  Svvz  Szziz Swwz YZXZ YZxy vz vz
v v v v v v
Syz Syxxz  Svmz Szaxz Svzxz Sxaxz Sxaxy Ty, Ly,
v v v v v v
Syl | Sxxxr Srxy Sz Sy Sxzv Sxnr Ty Uiy

Where S is the engineering strain vector, T is the stress vector, 17 is the voltage drop across
the piezoelectric actuator (where the voltage is applied in the positive sense), 5" is the

“shorted” compliance, and I"is a piezoelectric “strain” vector.
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The actuator being considered is comprised of piezoelectric material. The current
output from a piezoelectric material is lineatly proportional to the stress applied to it.
Because a piezoelectric material is a dielectric material, the current that passes though the
piezoelectric material is proportional to the derivative of the voltage with respect to time, as
is a capacitor. Typically piezoelectric matetials have a resistively that is very high and
therefore it can be assumed that the resistance is infinite. It is possible to construct a
piezoelectric actuator with a finite resistance (a finite inductance is possible also, but will not
be considered here). For a resistor the current is proportional to the voltage. Thus, the

current for a piezoelectric actuator can be written in a manner that is similar to Equation

B.18.
e

d d d d %)
1% T T, T, :
=CT —+® X 4+ ) z

¥ odt " odr 7 dt

Where 7 is the current flowing through the actuator, R is the resistance of the piezoelectric
actuator, C' is the stress free capacitance, and @ is a piezoelectric constant. Integrating

Equation B.22 with respect to time yields the charge on the positive electrode.
t
q(t)=q(t)+[i(T)ar (B.23)
fo

q(t)zq(t0)+CTV(t)+|_<DJ{T}+j ‘_’-g_)dr
(B.24)

q(1)=q(t)+CV(1)+ Py Ty + Py Ty + D5, T, +,[ ()

Where £, is the initial time, g(Z,) is the charge on the positive electrode at time 4, and Tis a
dummy variable of integration. Equations B.21, B.22, and B.24 are the general reduced

constitutive relations for a longitudinal actuator.

I1.4 Reduced Constitutive Relations for a Rectangular AFC/tmAFC

In this section the reduced constitutive reladons for an AFC/tmAFC will be dertived.
It is assumed the AFC/tmAFC is actuating quasi-statically as defined in Section IL.2. It is
also assumed that the piezoelectric fibers in the AFC/tmAFC are poled after the actuator is
manufactured. As in the previous section, it will be assumed that only the global stresses
and strains are of a concern, and are constant throughout the AFC/tmAFC. This is not to
say the stress and strain does not vary throughout the composite. Stresses inside the
AFC/tmAFC include stresses due to manufacturing, stresses due to material property
mismatch during actuation, and stresses due to applied stress and strains at the boundary.
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However, the only stresses and strains that the end user can control are those on the surface
of the actuator. As shown in Appendix III, the material properties of the reduced
constitutive relations alteady take into consideration the effect of internal stresses on the
strain and charge output of the actuator. Thus, the stresses and strains in the constitutive
relations represent the global stresses and appatent global strains on the boundary, however

these stresses do not represent the actual local stress and local strain state at each point
within the AFC/tmAFC.

Consider the rectangular AFC/tmAFC shown in Figure 2.1. In the active area of the
AFC/tmAFC the piezoelectric fibers are poled and an application of a voltage induces an
actuation strain to occur. Outside of the active area the piezoelectric fibers are not poled,
and therefore act as a passive material. In terms of the needs of the end user of an
AFC/tmAFC, constitutive relations for the entire actuator are desirable. However in terms
of analyzing the AFC/tmAFC it is more desirable to determine constitutive relations for the
active area of the AFC/tmAFC or constitutive relations for the volume surrounding a single
fiber as shown in Figure 2.5. In this section, we will examine the constitutive relations for an
entire AFC/tmAFC, the active area of an AFC/tmAFC, and the volume of a single fiber of
an AFC/tmAFC. We will first derive the constitutive relations for the active area and of a
single fiber. Using these constitutive relations, the constitutive relations for an entire
AFC/tmAFC will be discussed. In each case, the constitutive relations will be of the form
of Equations B.21, B.22, and B.24.

For the active area of the AFC/tmAFC the shown in Figure 2.1 the constitutive
relations are given by Equation B.21:

{s},=[s" ] {r}, +{ThVv

Sxx s ;xxx 3 Y(XYY &) ;xzz s ;xn s ;xxz Sxxxy Ty Iyx ]

Syy S;XYY SI"/YYY s;'/ﬂz Sx\f/m s)"lyxz Sx‘/,yxy Ty |

Sz |5 oz Sz Swm Smn Sma Swmv | Tz 4 Iz v)
Syz s ;xyz s ;’/YYZ S gzm S )erz s 1szz s IVZXY Ty, Iy, A
Sxz s ;/rxxz S ;'/sz S szz s }‘jzxz s ;D(Z s ;zxy Ty, Ly,

Sxy A _S;xxy Sx‘//yxy Svaxy S}szr s;zxy S;yxy in Ty | A Cyy Ja

(B.25)

Where the A subscript indicates that the constitutive relation are for the active area of the
AFC/tmAFC, and an AFC subscript will be used to indicate the constitutive relations are
for the entire AFC/tmAFC. For a single fiber, Equation B.21 can be written as:
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{s}, =[s" AT}, +{Th v

SU s:c/wf s:xyy s.lt/xzz S ,‘t/xyz 5 :xxz s xXxxy Txx Fxx

Syy S:’-/Yyy s;/yyy s;/}’ZZ S;/yyz S;,xz S)"/.YX)’ T)’y F)’)’ (B 2 6)
J SZZ L= S:xzz s )‘)/yzz 8 ;/zzz Srzyz S:zxz s:zxy TZZ + FZZ (V ) .

S)’Z SZXYZ s;'/yyz s:zyz S;/zyz s;xz S;/zxy Tyz F ¥z F

SXZ S:c/xxz S)‘:yxz s:zxz S;zxz Sj‘c/:’xz s:zxy TXZ sz

SXY JF _s)‘c/xx.v S;/yxy s:zxy s;/zxy srzyz s;/y)fy AF TXY F Fx.v F

Whete the I subscript indicates that the constitutive relation is for a single fiber of an
AFC/tmAFC, and S is the engineering strain. As was discussed in Section 3.4, if it assumed
that the electrodes are perfectly conducting then the voltage applied to the AFC/tmAFC
equals the voltage drop across the electrodes in the active area, and the voltage drop across a

singe fiber, therefore:

(Ve =), =(V), =V
Consider the response of a single fiber, or the active area of an AFC/tmAFC. If no stresses
are applied to the body then T = 0. When a positive voltage is applied, the AFC/tmAFC
extends in the Z direction and on average contracts or extends in the X, Y. Due to
symmetry of the materials and the applied voltage, the AFC/tmAFC does not globally shear,
although local shearing may occur. This indicates for both the active area and the single
fiber volume that:

(F}Z )A = (FXZ )A = (FXY )A = (Fyz )p = (sz )F = (ny )F =0 (B'27)

Consider the case were the AFC/tmAFC is short circuited Because the materials

and the geometry of the AFC/tmAFC in the active area is symmetric in the X, Y, and Z

directions, and balanced in the Z ditection, when a tensile stress is applied in the XX

direction the AFC/tmAFC strains only in the XX, YY, and ZZ directions, and does not

globally shear. The same argument applies for a loading in the YY and ZZ directons.

Therefore due to symmetry, extension and shearing for the active area are decoupled as
shown in the following equation.

S xx s ;XXX s ;xw s ;xzz 0 0 0 Ty Uyx
Syy S ;/(XYY s )"/m' S ;'/yzz 0 0 0 Ty e
v v v
) Sz = | Sz Snzz Szz VO VO vO ) Ty - Iz Ly (B2
Syz 0 0 0 Syzvz  Syzxz Svzxy Ty, 0
Sxz 0 0 0 s )‘:zxz S ;zxz ) ;zxy Ty, 0
Sewia L O 0 0 Sy Syzxr  Syrxy 1 D)y L 0],

The same symmetry argument holds true for a single fiber, and therefore extension and
shearing will also be decoupled in Equation B.26.
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In the active area, the materials are symmetric in the X, Y, and Z and balanced in the
Z direction, however the principal axes for the materials are not aligned with the X, Y, Z
directions for all the materials. As mentioned in Section 3.4 the 3 direction for the fiber
varies from the Y direction under the electrodes to the Z direction between the electrodes.
This indicates that shearing in one direction may not be decoupled with the other directions
locally. However, if one considers many electrode fingers and fibers in the active area, the
polarization direction appears to be primatily in the direction of the fibers, and therefore
small variations in the polarization direction cancel themselves out,” and thus:

(S)"/zxz )A = (S}VZXY )A = (S;/(zxy )A =0 (B.29)

Therefore, Equation B.28 can be written as:

Sxx —S;x Se e 00 0 ] Tix Uyx

Sy Syy Sy Sy, 0 0 0 Ty |

Sz L _ Sz S Sz 0 0 0 Ty - Iz v (B.30)
Sy 0 0 0 s, 0 O I, 0

Syz 0 0 0 0 sy O 1, 0

Swl, L0 0 0 0 O s;y_A Twl, L0,

In Equation B.30, contracted notation is used for the compliance matrix. “Consider a
composite plate comprised of a cross weave of fibers. Although the fibers run in two
directions and the fibers longitudinal axis varies sinusoidaly, on a local scale shear strains
may be coupled, however when the composite is viewed in its entirety as a plate the shear

strains are decoupled from each other” (Reference 154).

The active area of the AFC/tmAFC is comprised of many single fibers surrounded
by matrix between two electrodes. Thus, the single fiber is a representative structure for the
active area. If a stress is applied uniformly over the surface of the active area, then the same
stress is applied to each individual fiber, therefore:

(), =), (B.31)
Using the same logic, if a uniform strain is applied to the active area then the same strain is
applied to each individual fiber, and therefore:

(S )A = (S )F (B.32)
Thus, Equation B.30 gives the relation between stress, strain, and voltage for an individual

fiber or the entire active area.

[s"1o=ls" ), (®.39)
{r}, ={r}, (B.34)
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Consider the relationship between charge, current and voltage presented in Equations B.22
and B.24. For a single fiber

9r (1)=r () + G2V ()+ (@), (T ), +(@, ), (T ), +(@.), (T2),

" ((Dyz )F (T” )A +(@, )F (Ty, )A + ((ny )p (Txy )A +j0' Vlgj) dT .39

. 1% dv darT, dT dT.
lF:R_"l'C;'d_t'i'((Dxx)F[ dfx_} +(q)W)F( d:Y] ( zz) ( ZZ\J
F A A A
(B.36)

(o), G2 oG] o),

In a Hexagonal Crystal — Class 6 mm poled ferroelectric with the polarization direction in

the 3 direction, T, and T; stresses cause changes in the electric displacements in the 7 and 2
directions. This is because shear stresses cause shear strains which rotates the polarization
vector away from the 3 direction into the 7 and 2 directions. Small shear strains do not
rotate the polarization vector enough to change appreciably in 3 direction and thus small
shear stresses do not cause changes in D;. In a single fiber of an AFC/tmAFC, an applied
electric field always follows the 3 direction because the same electrodes are used for poling
and actuation as discussed in Section 3.4. Thus, the primary source of charge on the
electrodes is due to D, in the fibers. In addition, in the fiber volume in Figure 2.5, the
electodes at ¢ = 0 are at equal potential, and the fibers at g = Lare at equal potential,
however the two potentials are different at each end of the fibers. Thus, when a shear stress
rotates the polarization vector small charge could build up on the y = 4,/2 electrodes,
however any charge on these electrodes is countered by charge on the y = -4,/2 electrodes
and because the top and bottom electrodes are at equal potentials, the charges cancel out.
Therefore, shear stresses do not cause charge to be generated, and thus Equations B.35 and
B.36 can be written as:

gr (1)=ar (1) CrV ()4 (R0, (T ), + (@), (B ), + (@), (T2),
O, o

F

iF={::)CT G (dT"Xl (%)( ] +H(®.), (dT”]A ®.38)

When a voltage is applied, or a stress is applied, each fiber between each electrode generates
change. Due to conservaton of charge, these charges sum up to give the total charge
generated in the active area:

NFin m-'l NFibem
= > X 4-()) (B.39)

i=l j

235



N, nger. INFbc

= Y X i (i) (B.40)

=l j=l
For uniform stresses, strains, and voltages, the charge and current generated by each fiber is

the same, thus:

qA (t) = (NFingers - 1)(NFibers )qF (t) (B41)

qA (t) = qA (tO )+C,I 14 (Z)+ ((DXX )A (TXX )A + (q)YY )A (TYY )A + ((I)ZZ )A (TZZ )A
N _f 14 (T)dT B.42)
iA (t) = (NFingers _1)(NFibers )lF (t) (B43)

.V _pdV AT,y dT,,

A=R_+C ( xx) ( j ( YY) ( j ( zz) [ = j (B.44)

Whete: !
C; = NFibers (NFingerx - 1)C; (B45)

RF

RA - NFiberv (NFingers - 1) (B46)
((I)XX )A = NFibers ( Fingers 1)((I)xx )F <B47)
((I)YY )A = NFibers ( Fingers 1)((I)yy )F (B48)
((I)ZZ )A = NFibers ( Fingers 1)((1)11 )p (B49>

The Young’s modulus will be indicated by the variable Y. At constant voltage the
Young’s modulus can be calculated from:

1
v o_ v o_ v o_
Yoy =—— Yy =— Y, =— (B.50)
XX Sy Szz
The extension strains and stresses in Equation B.30 can be written as:

1l oy _Oy
P Yoo Yoo Ya| o r
XX O')‘,/X 1 O_}Vz XX XX
SYY = - YV ;/7 ——Y—V TYY + Fyy V (BSl)
S Yy Yy YY T F
ZZ ] A ZZ ) A ZZ ) A
_Ox Oy L
Y, Y, Y, |

Where & is the Poisson ratio under a shorted condition. It should be noted that the matrix

in Equation B.51 is symmetric and thus:
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J

oy o', . o
W = ?,— iL,j=X,Y,Z i#]j (B.52)
13 A A

Equation B.30 can also be written in the form of Equation 3.48:

ry=[" ] {sh -V ®.53)

Ty C;x Cyy ¢z 0 0 0 Sxx W

r, Cyy ¢y ¢, 0O 0 O Syy Y.,

T, L ek, ¢, ¢, 0 0 0 S,, N ¥, v (B.54)
1, 0 0 0 ¢, 0 O Syz 0

Ty, 0 0 0 0 ¢, 0[S 0

Ty, LO 0 0 0 0 oyl Swls LOJ,

Where ¢ is the stiffness under a shorted condition, and ¥ is a piezoelectric “stress” term

whete:

[1=0 T B:55)
¥}, =[s* ] {13, (B.56)
The values for ¥ can be determined using Equation B.55 from:
2
+Dyy (S)‘//Y Sz _(Sl‘//Z) )_FYY (S;/Z Skr ~Sxz Siz )_Fzz (S)Yy Sz = Sxv s}‘:z)

2 2 2
v v L A O A N S A R N
Sxx Syy Szz T 28y Sxz Sxv ~ Sxx (SYZ) Syy (sz) Szz (Sxy)

(l//xx )A =

Ty (S;z Syr = Sxz Svz )+Fyy (S;x Sy _(s;z )2)_rzz (S;/rx Syz = Sxr S;z)
(l//yy)A= V)Z_SV(V)Z v(v)2

v vV R
Sxx Sy 572+ 28y, Syz Syy —Sxx (SYZ v \Sxz ) T Szz \Sxy

2
Vv oV R A N vy v
Ty (SYY Sxz T Sxy Sz )_FYY (SXX Syz = Sxy Sxz )+ Iz (SXX Syy —(SXY) )

( ZZ)A: 2 2 2
' AEREEAES

vV vv .y _v{(VvY_
Sxx Sy Szt 287 Sxz Sxr — Sxx (Syz) Syy \Sxz zz

W)y =Wxz), =Wy ), =0

(B.57)
Inserting Equation B.55 into Equation B.42 yields:

0u()= 0,0+ v @)+, g5}, + [ ar .59
Where:

C,=Ci-| @], {v}, (B.59)
{a}, =[c"] {23, (B.60)
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Inserting Equation B.55 into Equation B.44 yields

V. _sdV ds
iy =+ Ol +L ], {dt} (B.61)

Where C’ is the strain free capacitance, and A is a piezoelectric constant. Equations B.58

and B.61 are useful when determining the charge and the current for an actuator that is

blocked.

The constitutive relations for the active area of an AFC/tmAFC are reprinted in the
following Equations:

{s},=[s"] {1}, +{r},v (B.62)
a2 ()=, ()+C1V ())+] @ | {T}, +jV(T) 363
LV L rdV dT
A—RA+C - +L J{dt} (B.64)
=" {8 - (B.65)
a2 ()=, (6)+CSV () +| A {8}, +j-$dT ®.66)
.V de
N +C; L_J{ } (B.67)
Where:
(] =[], (B.68)
{w}, =[¢"] {3, (B.69)
C,=Ci-| 2], {v}, (B.70)
{A}, =" ] {2}, B.71)
and
—s;x S;Y Sxz 0O 0 0]
Sy Sy &, 0 0 0
[SV] |5 s s,y 0 0 0 B72)
Ao o0 0 s, 0 0
0 0 0 0 s, 0
0 0 0 0 0 sb|
||, =|Ty Tw Tz 0 0 0] B.73)
|®], =Py Py Py 0 0 Of B.74)

For a single fiber the constitutive relations are similar to Equations B.62 - B.67:

238



{8} =[s" ] 1} AL v
ar (t)= g5 (1) +CLV (1)+| @ | {T}, +jL’IQdT

iF:RL+cT-d_" @ J{ }

F

{T}F = |:C :|p {S}F _{W}F 4
g, (1) =4, (1) +CSV (1)+| A |, {81, +jV1§T)dT

G,

(1), =(T),
($),=(5),

84 (1) = (N singen =1) (N i )5 (2)
i (1) = (N ingers =1) (N s i (1)
[ 1=0s" )

{r}, ={r},
][],

{r} ={¥}

Ch = Niipers (N
C3 = Niinrs (N ringers =
Rr
N i (Npi,,ge,s -1)
{®}, = Nrtnrs (N tingers ~1L{@],
{A}, = Nipers (N pngers =1){AS,

Ci - C; —L(I)JF {l//}r

whetre:

Fingers -

4=

(B.75)
(B.76)

B.77)
(B.78)
®B.79)

(B.80)

(B.81)
(B.82)
(B.83)
(B.84)
(B.85)
(B.86)
(B.87)
(B.88)
B.89)
B.90)

B.91)
(B.92)

(B.93)
(B.94)

The constitutive relations for an entire AFC/tmAFC should be similar to Equations

B.62 - B.74, however the constitutive relations are dependant on the materials that exist

outside of the active area, and the configuration of the electrodes.

If the materials,

geometry, and electrodes of the passive region of the AFC/tmAFC are symmetric about the

X axis, Y axis, and Z axis the constitutive relations will be of the same form as the active

area. If the materials, geometry, or electrodes are not symmetric then it is possible that

extension-shear coupling, shear-shear coupling, or charge-shear coupling can occur. It
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should also be noted that the material properties measured using the active area will be
different from those measured for the entire AFC/tmAFC. This is because in the
AFC/tmAFC fringing of the electric field occurs in the passive region between electrodes,
and the stiffness of the passive region restrains the actuation of the active area somewhat.
For all the AFCs and tmAFCs analyzed, fringing is neglected, and the amount of restraint
due to the stiffness is approximated using the rule of mixtures, which is presented in
Appendix III. Thus in this body of work, it is assumed that the constitutive relations for the
AFCs/tmAFCs is of the same form as Equations B.62 - B.74.
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Appendix III. Rule of Mixtures for

Active Materials

I11.1 Introduction

Often times in structural analysis, an engineer is presented with the material
properties for components of a composite material and asked to determine the material
propetties for the composites. Short of finite element modeling, there exists no method for
determine the exact properties of the composite, however there are many approximate
methods. One of the simplest methods that can be used to estimate the composite bulk
properties from the material properties of the fibers and matrix is to use the Rule of
Mixtures.”

Consider a composite laminate composed of N materials with the X, Y and Z axes
centered on the composite. Let the dimensions in the X, Y, and Z direction (thickness,
width, and length) of the composite be W, 4, L respectively as shown in Figure III.1. The
location of each material is independent of Z. Let us assume that the materials are
symmetric across the X-Z and Y-Z planes and the Z = # L. / 2 faces of the composite are

electoded. Each material 7 has a cross sectional area of 4, in the X-Y plane.
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Material N
Cross sectional area, Ay

Material 1
Cross sectional area, A;

Figure II1.1 Illustration of Composite Laminate Analyzed using the Rule of Mixtures

The deformation in the X, Y, and Z directions is labeled #, », and » respectively.
Each material in the composite can be piezoelectric or non-piezoelectric and each material is
assumed to have no conductivity. The constitutive relations for each material 7/ in
engineering matrix form (see Equation 1.5) are given by:

{e} =[#" |{P} [} {7},
{s}=[e] (D} +[s" | {T},

Where the 7 subscript indicates that the material property is for material 7 and the # subscript

(C.1)

indicates the matrix is transposed. For non-piezoelectric materials /g/; = 0. Let us assume
that the 3 axes for each material is aligned with the Z axes of the composite, and that each
material is either isotropic, or transversely isotropic with the axes of isotropy in the 3
direction. Thus if one of the materials is for example a Hexagonal Crystal — Class 6 mm
poled ferroelectric then the polarization direction is also in the 3 direction and its
constitutive relations are given by:
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E, T 0 0110 0 0 0 -g, 0D
E, 0o B 0i0 0 0 -g 0 o0 ||
E| | 0 0 Bii-g8 =&y 8y 0 0 0 |ID
S 0 0 gy I ST sh sh 0 0 0 ||T,
iS56= 0 0 gy st oshos2 0 0 0 NG (€
S; 0 0 &3 S Sh 53 0 0 0 T3
S, 0 g Oi0 0 0 s3 0 0|
S| | 0 0.0 0 0 0 s 0T
SS) Lo o o:io0 o o0 o0 0 s&]||T]

For the purposes of the following calculations all of the values in equ;tions C.1 and
C.2 will be assumed to be measured at low fields and at low strains. Let us make the

following assumptions:

1. The composite is very thin in the X and Y directions relative to the Z direction. (b <<
I, W<<L) and thus the Z ditection can be considered infinite relative to the other

directions.

2. Assume that no body forces are applied to the composite, and that deformations will be

quasi-static.

3. Let us assume that any forces applied to the composite are applied in the 3 direction and

will be only applied at the Z =+ L / 2 ends.
4. Assume that any voltages will be applied at the Z=* L. / 2 ends.
5. Assume that there are no applied charges on the X-Z and Y-Z faces.

6. Assume that the materials are perfectly bonded together.

From assumption 3 we can assume that there will be no inertial forces and thus mass
times acceleration terms will be neglected when summing forces. From assumptions 1-5, if
we make a cut anywhere in the X-Y direction the fields, stresses and strains must be the
same if we cut the composite anywhere else in the X-Y direction. Thus, E, D, §, and T are
independent of Z.

Let us make four further assumptions

7. Because the composite is so thin, assumption 1, it is assumed that the stresses in the 7

and 2 directions in all materials are zero, thus:
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(), = (%), =0 ©3)

8. Because of assumptions 1 and 5 let us assume that the electric displacement in the 7 and

2 directions in each material is zero:

(D), =(D;), =0 €4

9. Because of the above assumptions, the fact that the materials are symmetric through the
thickness of the composite and the above constitutive relations, the composite globally
will not undergo bending or shearing. Since we are not looking for great accuracy in the
stresses in each material let us assume that no shearing will occur in the individual
materials and thus the stress, strain, electric displacement, and electric field are functions

only of Z and time, #
The constitutive relations for each material reduces to:

{1558} {5 _g} {IT)((:))} )

The strain in the 3 direction, §, is given by:

5Oy =——

Where ; is the displacement in the Z dlrecnon in material . The electric field in the 3

aw, (z,t) o)

direction is given by:

{£,(0)} =-22 (Z’t) ©

Where ¢, is the electric potential in the Z dlrectlon in material 7z Let us assume that the

independent variables of the displacement and the potential can be separated:

w,(z.1)=[Z, ()T, ()] (C8)

?, (Z’t) - [Z¢ (Z)T,,, (t )], (C.9)
When the composite is cut in the X-Y plane, in order for every section to have the same
strain field and electric field then the following must be true:

w, (z,1)=(C,+C, z), &’ (C.10)

¢, (2:)=(C,+C, ) e’ (€11
Where C,; C,, C,, and C,, are constants for material 7 and the displacements and potentials

are assumed to be harmonic. From assumption 6, because the materials are perfectly
bonded together at each point Z the displacements must be the same. Therefore:
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14)1 (Z,t)= w2 (Z,t)z e = Wi (Z,t)= o= WN (Z,t)z w(z,t) (C12)

In order for this to be true:
w(z,t)=(C,+C,z)e’ (C.13)
In the above equation the subscripts have been dropped. By a similar argument we can

write the potential in material 7 as:
¢(z,1)=(C,+C, z)e™™ (C.14)
Because each material is perfectly bonded together, when the composite is strained

in the Z direction each material must undergo the same amount of » deformation at every
time # Thus, the strain in the 3 direction for each material will be equal:

5,00} =15, O} == {5, 0}, =5,()=C, e 1
By the same arguments, the electric field in the 3 direction for each material will be also be

equal:

{E,0)} ={E@0)},=={E@0)}, =E({)=-C, (C.16)

The constitutive relations, Equation C.5, for each material reduce to:

Rollza=ls 2B e

These material constants can also be converted to the material constants in Equation 1.1:

(D), | _[e, 4y {Ea(t)}
{sam Hd } (.(), “9
(832),.:[-'[%1 (@J,:(%l (s5) =(s2) + %i (C.19)

(v) =(—i—)f 20

833
All of the values in Equation C.18 are assumed to be measured at low fields and low strains.

Another constant, the coupling coefficient can be determined form the above constants:

(k3) = ds )z( g ] (€.21)

T E D AT 2
€33 533 833 B3 + 833

Thus, we can write Equation C.17 as:
L (t) P 2% Y?f Yig 55 (t)

Let us apply a force, F(#), in the 3 direction on the Z = £ L./ 2 ends. Then by
summing forces in the Z direction at Z = L/2:
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F(t)- [{T, (0)}, dxdy- [{T; (1)}, dxdy == [{L, (1)}, dxdy=0  (C23)

SO} =F0) c29

Inserting the constitutive relations for T from Equation C.22 into Equation C.24:
N N
S, (VXA (¥) E ()X A (4 Yi5), = F (1) (C.25)
i=l i=1

I11.2 Composite under Short Circuit Condition with a Time Varying

Force

Let us consider the case where the electrodes at Z = £ / 2 are shorted and a time

varying force is placed on the composite. Thus, the electric field in the 3 direction is given
by:

E;(1)=0 (C.26)
Therefore, we can write:
N
S, (1) A(Ys) =F (1) (€27)
i=1
The average applied stress in the composite is given by:
(T, (t))Avmge =hW F(t) (C.28)
Thus
hW
S,(1)y=—(T, (t ))Awge (C.29)

E
2 A (Y33 )i
i=1
Thus, we can write the average Young’s modulus in the 3 direction under a shorted

condition as:

1 %
() = 2 A ), (€30)

ITL.3 Composite under an Open Circuit Condition with a Sinusoidal
Force

Let us look as the case whete the composite is placed under a sinusoidal force with
an open circuit condition at the ends. The current entering the Z = -L. / 2 electrode is given
by:
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i(t)= ?{ag;t(t)}m = ilA 9 (Dgt(’)),» =

=5 A @H) 505 (1-8)8) B0 -0

Which in the open circuit condition the cutrent is zero. Since S;(?) and E,(#) are harmonic

(C.31)

with frequency @

0= Ja)(‘z::A, (d33 Y3§: )i S; (t)+ 2’41 ((1_k323)€3Ts )l. E, (t)) (€32

or

YA (ds TS

E (1)=-F"= S, (t) (C.33)
i§=; A: ((1 _k323 )83T3 )l.

Thus, we can substitute this back into Equation C.25:

hW (T, (¢
S3 (t)___ _ ( ( ))Avemge _ (C34)

N S ax) |
YA (r5), + [
2. 2 A((1-K)es ),

Thus, we can write the average sttiffness in the 3 direction under a open circuit condition as:

2 e = [ZA (e )}[ZA o )ngAi - ) } €33)

hW{;A,- (ki) ) }

2
4%@”

(
A1-2)e) |

Il MZ

—_

{

(C.36)

-

AN

(%33 Dcompote = (5 o *
hw [

1

I11.4 Free Actuation of a Composite under a Sinusoidal Voltage

A third case of intetest is the free actuation of the composite under a sinusoidal
voltage applied at the Z = +L. / 2 ends. Let us assume that the voltage at Z = L / 2 is zero
and at Z = -L. / 2 the voltage is given by:
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(o(z=——§—,t)=\/0 e’ (C.37)

Thus, we can write the voltage in the composite as:

L-27
21)=V el C.38
o(z1)- [ ZL] 39
The electric field is given by:
dp(z,t .
E,(1)=-—22 q’(z ). ‘z’eﬂ‘” (C39)

Thus we can write using Equation C.25:

< Vi jet <
F(1)=S5, (024(&?);;06’ DA (d 1) (C.40)
i=1 i=1
Under free actuation no stress is applied to the composite, thus F(?) is zero, however there is

stress internally in the composite due to the mismatch in material stiffness and properties:

YA(dnrs) DA(dsYs)

S, (t)=%—ej‘”' = == E;(?) (C41)

Sa(s)  Sa)

i=1
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Appendix IV.Power Absorbed by an
AFC/tmAFC for Low Electric
Fields

vl Introduction

In this Appendix, a derivation is presented for the power absorbed by an
AFC/tmAFC for low electric fields. The putpose of this Appendix is two fold. First, this
derivation is presented to highlight the electrical behavior of the AFC/tmAFC as a function
of frequency. Second, the derivation is presented to explain the method of measuring
capacitance of the AFC/tmAFC that differs from previous work (Reference 34 pages 159-
160).

IV.2 Model of an AFC as a Complex Resistor and Complex
Capacitor in Parallel
Considerer the capacitor and a resistor in parallel shown in Figure IV.1:

R

—AAA—

Oo—— | ——o0

C

Figure IV.1 Resistor and Capacitor in Parallel
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Assume that that the resistor and capacitor has both real and imaginary parts:

R=R.-JjR, D)

C=C,-jC .
Where R is the complex resistance, C is the complex capacitance. The subscripts R and [
indicate the real and imaginary portions of the value and ; is the square root of -1. It is
assumed that the imaginary portion of the capacitance and resistance are multiplied by a -1
to make each of the terms in Equation 1.1 positive when fitted to most experimental data,
as will be shown in Equation D.9. As mentioned in Section 2.3.4, a specimen can have a
complex capacitance if the permittivity of the material can be modeled as a complex number.
Although not mentioned extensively in literature, a specimen can have a complex resistance
if the conductivity of the material is complex.' Furthermore, “there is nothing in nature to

preclude the existence of a complex conductivity”."

The definition of the admittance, Y, is given by:

Y=G+jB D.2)
Where G is the conductance and B is the susceptance. For a material that can be modeled as
a resistor and capacitor in parallel, the admittance is given by:

1
Y= 7 +jwC D.3)
Where @ is the radial frequency. Inserting Equation D.1 into Equation D.3, the admittance
is given by:
R R
Y=-%+CUCI+]' ——7-1—2'+CI)CR (D4>
(R +R7) (R +R7)

There are several things to notice about the admittance in Equation D.4. Both the real and
the imaginary parts are linear with frequency. In addition, both the real and imaginary parts
of the admittance are non-zero at @ = 0. AFC B40 manufactured by CP, was placed in a
HP-4192a impedance analyzer (Reference 128) and the admittance versus frequency was
measured, as shown in Figure IV.2.
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Figure IV.2 Admittance and Error Bars versus Frequency for AFC B40 Manufactured by CP

G and B for low frequencies up to about 700 Hz. are both linear with respect to frequency
and both appear to have a small but non-zero intercept. At about 700 Hz. it appears that a
resonance occurs in the AFC that seems to affect the conductance but not the susceptance.
For the data in Figure IV.2 and the following figures, 256 measurements were taken at each
data point and averaged, and the integration time on the HP-4192a was set to “LONG”.
Increasing the number of measurements averaged increases the precision of the
measurement. Also increasing the integration time from “SHORT” to “MEDIUM” to
“LONG?” increases the precision of the measurement. An rms voltage of 0.5 Volts was used
for all measurements, unless noted. Increasing the rms voltage, from 0.5 to the maximum of
1 Vi for the HP-4192a, does not change the data significantly. However, a large applied
voltage allows for a large current signal, making it easier for the HP-4192a to measure. For
frequencies below 1 kHz, open-short compensation only slightly changes the measured

quantities. However, as frequency is increased open-short compensation becomes necessary.

The error bars in Figure IV.2 is the measurement accuracy calculated for both G and
B using the equations given in Reference.””” These Equations are for an integration time of
“MEDIUM?”, and greater than four sample averages, and an voltage level of 1 Volt rms.
These measurements were petformed for a longer time with significantly more averages so

that the actual measurement accuracy etror in both G and B should be less.

For the AFC, for low voltages we can write:
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AFC
RR

GAFC — - Fcz +a)CIAFC
AFC A
(RR +R; )
D.5)
AFC RIAFC AFC
B™" = ( AFC2 AFC2 TGy
Ry +R; )
The impedance, Z is defined as:
1 .
Z= —)—,— =R+jX (D.6)

Where R is the resistance and X is the reactance. The resistance and the reactance for the
AFC is then given by:

RAFC B GAFC
GAF02 +BAFc2
AFC (D7)
X AFC — B

Assume that two lines can be fitted to the conductance and the susceptance data:
G, =G, 0+G, D3
B,,=B,w+B,
Where the FIT subscript indicates that the data is fitted, the » subscript indicates the slope
and & represents the intercept. Comparing Equation D.5 and Equation D.8 the real and
imaginary resistance and capacitance can be determined from the fitted data.

Gy =B,

¢ =G,

__G

" G’+B?

—_ Bb
' G*+B?

It should be noted based upon experimental observation, G,, B,, G,, and B, are typically

D.9)

R

positive for admittance measurements of tmAFCs and AFCs. Thetefore, when defining the
capacitance and the resistance in Equation D.1, a negative sign was included in front of the
imaginary portion of the capacitance and the resistance to make the values of Ry and R,

positive quantities.

Using above data in the 100 Hz. to 500 Hz. data range and Equation D.9, we can
determine Ry, R, G, and G, for this AFC, as shown in Table IV.1.
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Table IV.1 Complex Resistance and Complex Capacitance for AFC B40 Manufactured by CP

Quantity Value
Ry 17.15 MQ
R; 62.77 MQ
Cr 899.4 pF
G 51.08 pF

Using the values in Table IV.1 we can predict G and B as a function of frequency for AFC
B40 Manufactured by CP.

120 i i | -+ 6000
100 e g -~ - %o - -1 5000
. | - ; :
80 e e e S + 4000
B*°=148nS +(2 7 /) 0899 nF | |
@ : : . %)
£ 60+ - - -+ 3000 £
(0] . = G — m
| . :
e | Predicted -
7T, 3 S T . g‘ 8- - - -f 2000
] g ;; B Predicted |
20 | - -1 et R SRR 1000
B G*© =4.05nS +(2 z ) 0.0151 nF
0 — s IR
0 200 400 600 800 1000
Frequancy (Hz)

Figure IV.3 Admittance, Error Bars, and the Prediction of Admittance versus Frequency for
AFC B40 Manufactured by CP for Frequencies between 100 and 1000 Hz.
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Figure IV 4 Admirttance, Error Bars, and the Prediction of Admittance versus Frequency for
AFC B40 Manufactured by CP for Frequencies between 100 and 10,000 Hz.

The theory that the admittance of an AFC is given by capacitor with both a real and
imaginary portion and a resistor with both a real and imaginary portion in parallel predicts
the response of an AFC fairly well over a large frequency range, as can be seen in Figure
IV.3 and Figure IV.4. The author has seen that Equation D.5 fits the low field admittance
behavior (typically below 500 Hz.) of an AFC or a tmAFC, using PZT-5A and lead free
piezoelectric fibers. Equation D.5 also fits the low field admittance behavior of an MFC*
(two specimens tested). For several tmAFCs, and one of the MFCs the intercept of the
conductivity was negative. For a frequency range of 100 Hz. to 500 Hz., the R’ value for the
conductance 0.9998 and the R’ value for the susceptance 1.0000. Although data for a CP
AFC is for this example, these methods hold true for other types of AFC. Two electrical
resonances occur in AFC B40, one at about 700 Hz. and one greater that 10,000 Hz.
Equation D.5 appears to hold true up to about 5,000 Hz.

Another CP acturator, specimen AHZ-14, was tested in the HP-4192a impedance
analyzer from a frequency of 100 Hz to 1 MHz. In order to reduce the measurement error
over the entire frequency range a four-terminal pair'™® configuration was used to measure the
impedance of the specimen. In order to minimize electric fields in the specimen and wiring
due to surrounding equipment, the specimens were placed within an aluminum box, which
was grounded to the ground of the coax cables of the instrument. Suggestions for designing
the box were given in Reference 158. To minimize stray measurements between the leads of
the box connected to the specimen, a ground plane was placed between the specimen
separating the leads of the box and the rails of the specimen. The impedance of the box
without the specimen in an open circuit condition and then in a shorted condition was

measured over the desired frequency range using the same conditions used to measure the
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sample to compensate for the impedance of the box. The admittance of Specimen AHZ-14

was measured using 1 Vi, using the following parameters:

Table 1V.2 Complex Resistance and Complex Capacitance for AFC B40 Manufactured by CP
Frequency Frequency Step Number of Cycles | Integration Time
Range Between Measured Averaged

Points
100 Hz to 1 kHz 100 Hz 256 Long
1 kHz to 10 kHz 100 Hz 16 Long
10 kHz to 100 kHz 500 Hz 8 Long
100 kHz to 1 MHz 5 kHz 8 Long
8 kHz to 12 kHz 10 Hz 4 Long
31 kHz to 35 kHz 10 Hz 4 Long

255




3.0 Hr“ —— : —————————"
i - 80
25 i
- 70
2.0 60 B
5 -
%) =
I :50 >
=15 1 5
> 40 o
— B w
: &
1.0 i - 30 o
IV
i | - Phase of Y 120
0.5 - !
+10
0.0 ¢ " f 1 f — 0
0 200,000 400,000 600,000 800,000 1,000,000
Frequancy (Hz)
80 p———————— — ' — 3.0
- 2.5
2.0
%) %)
=2 15 £
0] m
1.0
105
o W S : =1 —— 0.0
0 200,000 400,000 600,000 800,000 1,000,000

Frequancy (Hz)

Figure IV.5 Admittance for Specimen AHR-14, Manufactured by CP, for Frequencies between
100 Hz. to 1 MHz.

In Figure IV.5 several things are evident. First it can be seen that the magnitude of
the admittance appears to be linear with frequency, and phase angle is nearly constant over

the entire frequency range, except at several resonance’s.

In order to test the theory that the admittance of an AFC is given by capacitor with
both a real and imaginary portion and a resistor with both a real and imaginary portion in
parallel at frequencies below 100 Hz., specimens B40 and AHR-10 were tested in an
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Schlumberger Technologies 1260 Impedance/Gain-Phase Analyzer." The second AFC,
also manufactured by CP, was laminated a ply of e-glass of on either side at MIT. The
Schlumberger Technologies 1260 Impedance/Gain-Phase Analyzer has a frequency range of
10 uHz to 32 MHz, however the sensitivity of the impedance analyzer is drastically reduced

at lower frequerlcie's.l(’0

Specimens B40 and AHR-10 wete placed within the 1260 Impedance/Gain-Phase
Analyzer and the impedance was measured over a frequency range of 1 Hz. to 1000 Hz.
using 5 frequency steps pet decade. The impedance was measured using a 3 volt amplitude
signal for 1000 cycles at each frequency step, with a 50 cycle interval per frequency

measurement. The admittance for specimens B40 and AHR-10 for frequencies between 1
Hz. to 1000 Hz. is shown in Figure 1V.6 and Figure IV.7.
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for Frequencies between 1 Hz. to 1000 Hz.
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fot Frequencies between 1 Hz. to 100 Hz.

Several things can be seen in Figure IV.6 and Figure IV.7. It should be noted that
the data for the susceptance, B, for both samples is linear with respect to frequency. At a
frequency of 300 Hz. internal switching of the electronics of the 1260 Impedance/Gain-
Phase Analyzer occurs. This causes the values in the vicinity (about £50 Hz.) of 300 Hz. to
be in error slightly. This was confirmed by measuring the capacitance of a highly accurate 1
nF capacitor. As the frequency is reduced below about 100 Hz., the conductance, G,

appears to deviate from the linear form, as shown above. As the frequency is reduced, the

259

B(S)

Admittance and Error Bars for Specimens B40 and AHR-10, Manufactured by CP,



etror of the Impedance Analyzer drastically increases, as indicated by the error bars in Figure
IV.6 and Figure IV.7. For cxample for a 1 nF capacitor, for a frequency range of about 150
Hz. to 1000 Hz. the capacitance measutement error is 0.2%, 15 Hz. to 150 Hz. the
capacitance measurement error is 1%, 1.5 Hz. to 15 Hz. the capacitance measurement etrot
is 10%, and below 1.5 Hz the error is greater than 10%'®. Extrapolating from the errors
given in a chart in 160, for a 1 nF capacitor between 0.15 Hz and 1.5 Hz the capacitance
measurement etror is between 50% and 100%. In the above figures, the extrapolated error
for the resistance and the capacitance is graphed as 50% error. For a frequency range of 1
WHz. to 10 kHz., a resistor with a resistance between 100 k€2 and 1M, the measurement
error in the resistance is 0.2%, for a resistance between 1 M and 10 MQ, the measurement
error in the resistance is 1%, for a resistance between 10 MQ and 100 MQ, the
measurement error in the resistance is 10%.'" For resistors with resistances greater than 100
MQ, extrapolating from the etrors given in a chart in 160, the measurement error is between
50% and 100%. Given the above discussion, it was assumed that the AFC can be modeled
as a resistor and capacitor in parallel, and thus the error in G and B, Gg,,, and Bg,,, could be
modeled by inserting the measured values plus or minus the measurement error of the
resistance and the capacitance, Rg,,, and Cp,,, into Equation D.5, ignoring the imaginary
terms.'®' The error for G and B is then given by:

G —_ ¢IzError
Error —
RMe(zxured (1 i RError ) (D10)
BError = i w CMeasured CErmr

In Figure IV.6 and Figure IV.7it can be seen that although the error below for the
lower frequencies increases dramatically, the data forms a continuous curve. The
measurement error discussed in Reference 160 might be for a single measurement. 1000
measurements were taken at each frequency, and the measurement errors may have canceled

each other out.

The complex resistance measured in the above measurements is due to one or a
combination of several possibilities. First, it is possible for the AFC that the conductivity of
one of the materials is complex. Second, because the impedance is so large for the
specimens it is possible that the measured complex resistance is due to limitations of the
machine. However, open and short compensation was performed and the calculated errors
were very small. ‘Third, the polarizability of each material in the AFC/tmAFC may be
separated into four different parts, electronic, ionic, orientational, and interfacial polatization
with each providing a contribution to the total polarization of the material over different
frequency ranges.'” Between 100 Hz and 1 MHz it is possible that several of these
polarization mechanisms dominate, however at lower frequencies at different set of
polarization mechanisms dominate causing the material to appear to have what appears to be
a complex resistance. Fourth, in Reference 89 an AFC is modeled as a resistor and a
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capacitor in parallel which in series with a resistor and a capacitor in parallel, a series lossy

163 In this circuit three

capacitor. The admittance for this circuit is derived in Reference
distinct regions exists, a mostly capacitive region for high frequencies, a mostly resistive
region for low frequencies, and a transition region. For an AFC the mostly capacitive region
could be less than 100 Hz, and thus using the HP Analyzer, the admittance data could
appear in a linear from with both G and B with an offset, and thus the mostly resistive region
and the transitions region would never be seen. This is the most likely reason for the
complex tesistance, however the author could neither prove nor disprove the seties lossy

model due to a lack of accurate equipment that could measure below 100 Hz.

Iv.3 Cp-D Measuring of an AFC/tmAFC

In Reference 34, Cp-D values for AFCs are measured in the HP-4192a at 400 Hz.,
where Cp is the parallel capacitance and D is the dissipation factor. In this case the HP-
4192a assumes that the article being measured is a capacitor in parallel with a resistor, both
which only have real portions. This case is the same as the previous case except that in
Equation D.5 €, and R, are assumed to be zero.

In order to determine how C; and R; are functions of Cp and D first let us look at
Equations D.1, D.2 and D.3. The admittance, if it is assumed that C; and R, are zero, is

given by:
Y=G+jB=-IEl—-+ja)CR D.11)
Thus conductance and the susceptance is given b;:
1
Gapc = E; D.12)
Byre =0 Cy

Thus, a measurement of the admittance at any frequency gives the real resistance and the
imaginary capacitance. Cp is equivalent to the real capacitance.

C,=Cp D.13)
D, the dissipation factor, is defined as:
R G 1
DzTan(é‘):m:H:—Q— (D.14)

Where Q is the quality factor and § is the angle between the imaginary axis and line that
connects the origin to the impedance when the impedance is plotted in the complex plane as

shown in Figure TV.8.
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Imaginary Axis Imaginary Axis

A
Z=R+jX
< » RealAxis € A
R eal Ax p i Real Axis
X b
v Z=R-jX
d has the same value for both cases
Figure 1V.8 Definition of the Angle 8
Thus, the dissipation factor is given by:
R 1
== (D.15)
|X| CrRyo
Therefore, the real resistance is determined from:
R, = L (D.16)
¥ CpDw '
Using Equation D.7 and setting R, and C, to zero yields.
R, D
=% ____-plx |2
AFC 1+ CER o Xrel wCp(1+D*)
. CiRyw 1

AFC ™

1+CiRy0*  @Cp(1+D*)
The real resistance and the real capacitance was measured for AFC B40 manufactured by CP
using Cp and D at 400 Hz., and the results are given in Table IV.3.

Table IV.3 Real Resistance and Real Capacitance from Cp and D at 400 Hz. for AFC B40

Manufactured by CP
Quantity Value
R, 23.74 MQ
R 0
Ca 905.5 pF
G, 0
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Plotting the data in Table IV.3 versus frequency
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Figure IV.9 Admittance and the Prediction of Admittance using Cp and D at 400 Hz. versus
Frequency for AFC B40 Manufactured by CP for Frequencies between 100 and
1000 Hz.

From Figure IV.9, we can see that measuring Cp-D for an AFC or tmAFC does not
accurately predict the low field conductance of an AFC. Comparing the data in Table IV.1
and Table V.3 we can see that the value for the capacitance differs by about 0.7% (0.7 % =
905.5/899.4 — 1) and resistance differs by about 38% (38 % = 23.74/17.15 — 1). Therefore,
a single measurement of Cp-D cannot be used to adequately describe the low field behavior
of an AFC/tmAFC as was done in Reference 34.

Iv.4 Model of an AFC as a Real Resistor and a Complex Capacitor
in Parallel

In References 4 (pages 63-74), an AFC was modeled as a complex capacitor in
parallel with a real resistor. The results of this case are the same as the model of an AFC as a
complex resistor and complex capacitor in parallel however R, is zero. Setting R, equal to

zero in Equation D.5 yields:

1
Gyc =—10C,

R, D.18)

B,pc =0 Cy

263



Using Equation D.18 to fitting the data for frequencies between 100 and 500 Hz. in

Figure IV.2 for AFC B40 manufactured by CP yields:

Table IV .4 Real Resistance and Complex Capacitance for AFC B40 Manufactured by CP
Quantity Value

R 246.9 MQ

R, 0

G 905.8 pF

G 15.1 pF

Plotting Equation D.18 using the data in Figure IV.3 yields:
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Figure IV.10  Real Resistance and Complex Capacitance versus Frequency for AFC B40

Manufactured by CP

For a frequency range of 100 to 500 Hz., the R’ value for the conductance 0.99980
and the R’ value for the susceptance 0.99993. The model that predicts that the AFC can be
modeled as a complex capacitor in parallel with a real resistor, does yield a high R’ for AFC
B40, however it does not model other AFCs and MFCs as well. The measured resistance is
246.9 MQ, which is nearly four time greater than the magnitude of the resistance for the
model of complex resistor in parallel with the complex capacitor, in Section IV.2. In Section

IV.2, the magnitude of R equals 65.07 MQ (= /R +R?).
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IV.5 Power Absorbed by an AFC/tmAFC

We can determine the power absorbed by the AFC using the circuit in Figure IV.1
and resistance and capacitance in Equation D.5. If it assumed that the voltage applied to the
AFC is given by:

V =V, Cos(wt)
V =Re(V,e )=V, £0

Whete 17, is the amplitude of the voltage signal and not the rms amplitude. The final term
164

D.19)

in Equation D.19 is in phasor notation ™, which shall also be used in the next equation. The

complex current is given by:

R R
[=YV=|—22—+0C, +j| ——+—=+w0C; | |X(V, L0 (D.20)
(RS +RP) | (RE+R) (4 <0)
The apparent power is defined as:
S=<vr
2

Where the star superscript represents the complex conjugate. The real average power
absorbed by the AFC is given by:

P:Re(S):—;-Voz[RRR2+a)C] D.21)

It should be noted that P is the average of the instantaneous power, p(#), over many cycles:

P=lim— " p(t)dt (D22)

=lim .
n—oo nT I

Where # is the number of cycles and T is the period of the voltage. The imaginary portion

of the complex power, Equation .20, is known as the reactive power, (, and is given by:

1 R,
=Im(S)=—=Vy| 5L +0C, 23
Q=Im(8)=-_V ( R+ R ] (D.23)
The magnitude of the average complex power, Equation D.20, is given by:
R " (R i
Sll=--— +wC, R _+oC 24
Is]= \/[R e ) (Rzmlz ] (D.24)

Again, Equation D.24 is not the instantaneous magnitude of the complex power, but is the
average of many cycles. In Figure IV.11, the average power absorbed divided by the
magnitude of the voltage squared is plotted for AFC B40:
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Figure IV.11 P/ (1/)? vs. Frequency for AFC B40 Specimen from CP

The above data was measuted using a peak-to-peak voltage of 0.5 volts rms. When the AFC
is exposed to higher fields the admittance of the AFC changes due to the fact that the
material constants are a function of electric field. Therefore, the high field behavior of the
AFC is not captured with this model.
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