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Deformations of Piezoceramic-Composite Actuators
Adel Benhaj Jilani

(ABSTRACT)

In the past few years a new class of layered piezoceramic and piezoceramic-composite actuators,
known as RAINBOW and GRAPHBOW, respectively, that are capable of achieving 100 times
greater out-of-plane displacements than previously available has been developed. Prior to the de-
velopment of RAINBOW and GRAPHBOW, large stacks of piezoelectric actuators, requiring com-
plicated electronic drive circuits, were necessary to achieve the displacement now possible through
the use of a single RAINBOW actuator. The major issues with both RAINBOW and GRAPH-
BOW are the prediction of their room-temperature shapes after processing, and their deformation
response under application of electric field. In this research, methodologies for predicting the man-
ufactured shapes of rectangular and disk-style RAINBOW and GRAPHBOW are developed. All
of the predictive analyses developed are based on finding approximate displacement responses that
minimize the total potential energy of the devices through the use of variational methods and the
Rayleigh-Ritz technique. These analyses are based on classical layered plate theory and assumed
the various layers exhibited linear elastic, temperature-independent behavior. Geometric nonlinear-
ities are important and are included in the strain-displacement relations. Stability of the predicted
shapes is determined by examining the second variation of the total potential energy. These models
are easily modified to account for the deformations induced by actuation of the piezoceramic. The
results indicate that for a given set of material properties, rectangular RAINBOW can have critical
values of sidelength-to-thickness ratio (L,/H or L,/H) below which RAINBOW exhibits unique,
or single-valued, spherical, or domed, shapes when cooled from the processing temperature to room
temperature. For values of sidelength-to-thickness ratio greater than the critical value, to a tri-
furcation in the temperature-curvature relation, RAINBOW exhibits multiple room-temperature
shapes. Two of the shapes are stable and are, in general, near-cylindrical. The third shape is again
spherical, but it is unstable. Similarly, disk-style RAINBOW can have critical values of radius-to-
thickness ratios (R/H ) below which RAINBOW exhibits axisymmetric spherical room-temperature
shapes. For values of R/H greater than the critical value, disk-style RAINBOW exhibits two stable

near-cylindrical shapes and one unstable spherical shape. Moreover, it is found that for the set of



material properties used in this study, the optimal reduced layer thickness would be at 55%, since
the maximum change in curvature is achieved under the application of an electric field, while the
relationship between the change in curvatures and the electric field is kept very close to being lin-
ear. In general, good agreement is found for comparisons between the predicted and manufactured
shapes of RAINBOW. A multi-step thermoelastic analysis is developed to model the addition of
the fiber-reinforced composite layer to RAINBOW to make GRAPHBOW. Results obtained for
rectangular RAINBOW indicate that if the trifurcation temperature in the temperature-curvature
relation is lower than the composite cure temperature, then a unique stable GRAPHBOW shape
can be obtained. If the RAINBOW trifurcation temperature is above the composite cure tempera-
ture, multiple room-temperature GRAPHBOW shapes are obtained and saddle-node bifurcations,
or limit points, can be encountered during the cooling to room temperature of [0°/RAINBOW],
[RAINBOW/0°], and [09/RAINBOW]. Rectangular [RAINBOW /0°/90°] seems to be less likely
to encounter saddle-node bifurcations. Furthermore, the unstable spherical RAINBOW configura-
tion is converted to a stable near-cylindrical configuration. For the case considered of disk-style
GRAPHBOW, three stable room-temperature shapes are obtained and the unstable axisymmetric
RAINBOW configuration is also converted to a stable near-cylindrical configuration. For both
rectangular and disk-style GRAPHBOW, the relationship between the major curvature and the
electric field is shown to be very close to being linear. This characteristic would aid any dynamic

analysis of RAINBOW or GRAPHBOW.
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Chapter 1

Introduction

1.1 Introduction

Piezoelectrics are defined to be materials that either generate a charge when subjected to a mechan-
ical stress, or exhibit a dimensional change when a charge is imposed on them. The latter effect
is very similar to the dimensional change in a material that accompanies a temperature change.
Jaffe et al. [1] and Haertling [2] refer to these two modes of behavior of piezoelectric materials
as the direct and indirect modes of operation, respectively. These two modes of operation make
piezoelectric materials ideal for use in numerous applications. Indeed, these materials have the
ability to sense their surroundings and respond as necessary to changes in their environment, and
are often referred to as smart or intelligent materials. The simplest example of a smart material is a
bimetallic strip [3] which can be used in a thermostat to control temperature. The principle behind
a bimetallic strip thermometer relies on the fact that two different metals expand at different rates
as the temperature changes, causing the strip to bend as shown in Figure 1.1, thereby producing
out-of-plane displacements. For a positive change of temperature, bending occurs towards the side
of the metal with the lower coefficient of thermal expansion. On the other hand, for a negative
change of temperature, bending occurs towards the side of the metal with the higher coefficient of
thermal expansion. By bonding two different metals together, a simple electric device can be made

to control temperature. Referring to Figure 1.2, if the device were being used in an oven, then
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Metal 2 displacement
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\j

Figure 1.1: Thermal bending of a bimetallic strip (After [3]).

metal 1 would be chosen to expand more than metal 2 to cause the strip to bend downward and
away from the electrical contact when the desired temperature is reached, thereby stopping power
to the electrodes. In a refrigerator, metal 2 would be chosen to expand more than metal 1 to cause
the strip to bend upwards as the temperature rises, making contact so that current would flow,
thereby starting a refrigerator pump. On a much wider scale, the use of smart materials in the
form of piezoelectric materials includes vibration cancellation and optical positioning in aerospace
systems [5, 6, 7], active control of boundary layers along leading edges [8], the suppression of aircraft
cabin noise [9], the elimination of panel flutter [10] and tail buffeting [11] in fixed-wing aircraft,
and vibration elimination in helicopter rotor blades [12, 13, 14]. In the last fifteen years, the use of
piezoelectric ceramic materials as actuators for small (< 20um) and precise movement devices has
undergone considerable investigation and development [15, 16, 17, 18, 19, 20, 21]. More recently, it
has become more evident that these devices are needed in newer applications such as linear motors,
cavity pumps, switches, loud speakers, noise canceling devices, variable focus mirrors, laser deflec-
tors, and other devices that require very large out-of-plane displacements (> 1000um (40 mils))
[22]. The direct extensional strain in most piezoelectric ceramic materials is at best a few tenths
of one percent [22]. Hence, a means of amplifying this strain is essential to their successful use in

these applications that require large out-of-plane displacements.

Lately, a new class of piezoelectric ceramic devices that are capable of achieving 100 times greater
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Figure 1.2: A bimetallic strip thermostat (After [4]).

out-of-plane displacements than previously available (> 1000um) and sustaining moderate pres-
sures (0.6 MPa (85 psi)) has been developed through cooperative agreement between NASA-Langley
Research Center and Clemson University, Clemson, South Carolina [23]. This new type of piezo-
electric ceramic device is known as RAINBOW (Reduced And INternally Biased Oxide Wafer)
and is commercially available from Aura Ceramics, Inc., Minneapolis, Minnesota [23]. RAINBOW
is a fundamental advancement in the area of piezoelectric actuators and affords potential for ap-
plication in vibration/noise-suppression systems, pointing and positioning devices, speakers and
microphones, and fluid transfer pumps. RAINBOW technology received a 1994 R&D 100 Award
as one of the year’s most significant new products. Prior to the invention of RAINBOW, large
stacks of piezoelectric actuators, requiring complicated electronic drive circuits, were necessary to
achieve the displacement now possible through the use of a single RAINBOW actuator. In addition
to their wider range of strain-stress characteristics than other commercially available lead-zirconate-
titanate (PZT) piezoelectrics, RAINBOW actuators have advantages over the conventional ones
in terms of simplicity, quick processing, ease of fabrication, surface mountable configuration, low
cost [22], and long term reliability, this latter point referring to the fact that delamination may be
less of an issue than with actuators made by bonding layers of metal, adhesive, and piezoceramic

together.

A RAINBOW actuator is produced by chemically reducing one side of a conventional lead-containing
round or rectangular piezoelectric wafer, such as PZT, at an elevated temperature. This process

is depicted in Figure 1.3 for a rectangular wafer. In this process, the piezoelectric wafer, which
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is on the order of 0.1 to 0.5 mm thick (5-20 mils)and up to 50 mm on a side (2 in.), is placed
on graphite block and inserted into a furnace preheated to 975 °C [24]. While at high tempera-
ture, along the interface between the piezoceramic and the graphite block, oxygen is removed from
the piezoelectric wafer, creating a wafer that possesses a primarily metallic lead layer (the chem-
ically reduced, or oxygen-deficient, layer) and an unreduced piezoelectric ceramic layer [24]. The
wafer then has bimaterial properties, i.e., differences in thermal expansion coefficients and Young’s
moduli between the two layers. When cooled to room temperature, because of the difference in
the material properties between the reduced and unreduced layers, the RAINBOW device deforms
out of the plane of the originally flat wafer, much like the bimetallic strip, creating an internally
stressed structure. Figure 1.3(c) shows the cooled shapes observed as a result of this reduction
process. The shape can be cylindrical, with the generators of the cylinder oriented in either of two
directions, or it can be spherical-, or dome-, like. This latter shape is difficult to identify because of
the rectangular geometry. The actual shape observed depends to a large degree on the processing
time and dimensions (sidelengths, thickness) of the wafer. Of course processing time determines
the thickness of the reduced layer, so the shape actually depends on the relative thicknesses of
the reduced and unreduced layers. When electric field is applied through the thickness, creating
additional dimensional changes in the piezoelectric ceramic layer, the internally stressed structure
exhibits additional out-of-plane displacements which are several orders of magnitude greater than
those of the starting piezoelectric material. These are due simply to the bending action of the
device. Hence the terminology ‘RAINBOW bender’. Round benders are made in a similar fashion,
and the shape seems to depend again on wafer dimensions (radius, thickness) and processing time,

and the cylinders or dome are the two shapes observed.

A variant of a RAINBOW bender is produced by re-heating a RAINBOW bender to the cure
temperature of a graphite-epoxy fiber-reinforced composite material and bonding single or multiple
layers of composite material to one side of it. Once the composite layer is added to a RAINBOW
actuator and cured, the temperature is returned to room temperature. Additional internal stresses
are induced due to the mismatch in material properties between the unreduced ceramic, reduced
ceramic, and the composite layer, producing a deformed stress-biased device which can also ex-
hibit large out-of-plane displacements. This new form of material, known as GRAPHBOW, may

have advantage over RAINBOW materials in terms of load bearing capacity, resistance to dam-
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(a) Piezoceramic wafer and graphite block

Unreduced piezoceramic layer
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(b) The result of heating at 975 C for about 1 hour

(c) Possible shapes of wafer cooled to room temperature

Figure 1.3: Steps for manufacturing RAINBOW actuators.
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age, and long-term reliability, since the composite layer acts as a backing and keeps the ceramic
layers together in case cracks form in the piezoceramic layers. (Though the words RAINBOW
and GRAPHBOW are acronyms, hereafter, for convenience, they will be treated as nouns. The
noun can be referring to a material, as with steel, or a device, as with RAINBOW actuators.

Furthermore, it will be assumed that the singular and plural forms are the same.)

A major issue with both RAINBOW and GRAPHBOW is the prediction of their room-temperature
shapes after processing. With GRAPHBOW, the shape of the RAINBOW is altered upon re-
heating and adding other layers of material. With both round and rectangular actuators, as has
been mentioned previously, the room-temperature shapes appear to be a function of the dimensions
and the thicknesses of the reduced and unreduced layers. A predictive tool to explain this behavior
would be quite useful, and it could aid in design. Also at issue is the deformation response when
an electric field is used to actuate the material. These deformations are what are used for vibration
suppression, positioning, etc. and understanding their nature is of primary importance. Therefore,
the research discussed herein has two objectives. The first objective is to develop a methodology for

predicting the manufactured shape of RAINBOW and GRAPHBOW. The methodology should be

able to accommodate material properties of the reduced and unreduced layers, and composite layers,
wafer thickness, wafer radius, for the round devices, and wafer length and width, for the rectangular
devices, the thickness of the various layers, and the temperature change. For GRAPHBOW, the
temperature to which RAINBOW is re-heated to cure the composite layer is also an important
parameter. The second objective is to develop a methodology for predicting the deformations of

RAINBOW and GRAPHBOW to actuation of the piezoceramic. Again, the methodology should

be able to accommodate all the important geometric and material properties.

In the chapters to follow, a number of predictive analyses are developed. They are all based on
finding approximate displacement responses that minimize the total potential energy of the devices.
This is done through the use of variational methods. For predicting the manufactured shape, the
energy is due to the thermoelastic strain energy generated as the device cools from the processing
temperature to its service temperature. For predicting the deformations of the manufactured shape
due to actuating the piezoceramic material, additional energy due to the indirect mode of operation

of the piezoceramic material is included. Approximate solutions are sought because the problem is
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inherently geometrically nonlinear. Generally when cooled from the processing temperature to the
service temperature, the out-of-plane deformations are at least several times the thickness of the
wafer. This is an indication that geometric nonlinearities can be important and should be included.
Inclusion of geometric nonlinearities, or nonlinearities of any kind, greatly complicates the problem
and more than likely leads to intractable governing equations which require appropriate solution
techniques, such as finite-element or finite-difference approaches, for obtaining numerical results.
Hence the approximation is made early on, in the form of a Rayleigh-Ritz approximation to the
displacement fields. The Rayleigh-Ritz procedure is aided by the fact that the cooled shape of
the devices can be either cylindrical or domed. Such shapes can be represented by well-behaved

functions of the spatial coordinates.

Since nonlinearities are being considered, it would not be surprising to have more than one room-
temperature shape predicted for a given set of conditions. Linear systems have single unique
solutions, but nonlinear systems may have more than one solution. Accordingly, an examination
of the stability of the predicted shapes is considered. While minimum states of the total potential
energy are being sought, maximums of the energy, which correspond to unstable shapes, may be
inadvertently found. This can be determined by studying the stability of the shapes predicted.
The study of stability is a direct extension of the use of variational methods. Whereas the shapes
that minimize, or maximize, the total potential energy are found by considering the first variation

of the total potential energy, stability is studied by examining the second variation.

Though there are a number of similarities among the various analyses presented, the predictive
tools for the rectangular devices are based on analyses in a Cartesian coordinate system, while the
predictive tools for the round or disk-style devices are based on a polar coordinate system. All
analyses are based on classical layered plate theory. All analyses assume the various layers exhibit
linear elastic temperature-independent behavior, including the effects of orthotropy. For the fiber-
reinforced composite layer added to RAINBOW to make GRAPHBOW, orthotropy is certainly
important. However, the piezoceramic wafers might show some signs of orthotropy due to the
manner in which they are manufactured [22]. More important, the predictive tools developed can
be applied to devices containing metallic layers, such as THUNDER, and metals can display 10-15%

orthotropy due to roll forming. Any orthotropy at all will lead to preferred directions of response,
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so it must be included from the onset. Moreover, on the global scale RAINBOW is considered
to be made of a reduced piezoceramic layer and an unreduced layer; however, on a smaller scale,
since the reduction is a diffusion-based process, there is actually a gradient of material properties
between the reduced and unreduced layers. If desired, this gradient region can be modeled by
introducing one, two, or more additional layers, each with spatially uniform material properties.

For that reason, the present theories are made to account for a multi-layered approach.

1.2 Road Map to Remaining Chapters

The next chapter discusses the development of the model for rectangular RAINBOW. The assump-
tions in the model to predict the manufactured shape are discussed, as are the expression for the
total potential energy, including thermally-induced strain effects, the stress-strain relations, the
strain-displacement relations, the approximate displacement fields of the Rayleigh-Ritz approach,
equilibrium, and stability. Then, the additions to the model to include piezoelectric-induced de-
formations are considered. Numerical results are presented to illustrate the influence of geometry,
including the thickness of the reduced layer, on the manufactured shape. Numerical results are
also present to illustrate the changes in manufactured shape due to application of an electric field

through the thickness of the device.

Chapter 3 considers rectangular GRAPHBOW. Again, the model for predicting its manufactured
shape is presented, but the model is more complicated than the model for RAINBOW due to the
step of adding the composite layer at the elevated cure temperature of the composite. This requires
a multi-step thermoelastic analysis. The influence of adding one or more composite layers on the
final manufactured shape is investigated using numerical results. Comparisons with RAINBOW

are made.

Chapter 4 again considers RAINBOW, but for disk-style geometries. The basic foundation of the
model for predicting the manufactured shape and piezoelectric-induced deformations of disk-style
RAINBOW is the same as for rectangular RAINBOW, except the analysis is conducted in polar
coordinates. The assumed displacement fields are then functions of the radial and circumferential

coordinates instead of rectangular coordinates. The chapter examines the influence of radius-
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to-thickness ratio and reduced layer thickness on the manufactured shape. Also, the effect of
radius-to-thickness ratio and reduced layer thickness on the piezoelectric induced deformations is

considered.

Chapter 5 considers disk-style GRAPHBOW. The model presented in Chapter 4 is extended in a
straightforward fashion to accommodate the incorporation of the composite layer at the elevated
cure temperature of the composite. Again, a multi-step thermoelastic analysis is used to obtain
numerical results for various GRAPHBOW with different composite layer arrangements, and com-
parisons are made with their RAINBOW counterparts. Finally, in Chapter 6, conclusions of this

research work and recommendations for future work are specified.



Chapter 2

Rectangular RAINBOW Actuators

2.1 Introduction

In this chapter, a discussion of the theory developed to predict the manufacturing and piezoelectric-
induced deformation characteristics of rectangular RAINBOW is presented. Discussed are the
key assumptions, the stress-strain relations, the strain-displacement relations, including geometric
nonlinearities, total potential energy, and variational methods. A discussion of the results predicted

by the developed theory, as well as their implications, is given.

2.2 Model Definition and Assumptions

Figure 2.1 illustrates the specific problem being considered and defines the z-y-z coordinate system
used for analysis. Figure 2.1 describes the details of the layer numbering scheme. The rectangular
actuator is assumed to be made of multiple thin layers of orthotropic materials, and each layer is
assumed to be homogeneous. The layers can represent unreduced or reduced piezoceramic material
(PZT), or some rule-of-mixtures combination of these two to represent a region of diffusion, and
there are assumed to be N layers. In Figure 2.1, the device, which is flat at its reducing temperature,
deforms out of plane upon cooling due to the asymmetry of the layer material properties with respect

to the device’s geometric midsurface. It is assumed that the out-of-plane deflections develop only

10
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Figure 2.1: Analysis of rectangular RAINBOW in the z-y-z coordinate system.

because of the differences in the thermo-elastic properties of the individual layers. The deformations
are assumed to be reversible and only a function of the temperature difference between states. When
flat at the reducing temperature, the device has inplane dimensions L, by L, and is of thickness H,
which is greatly exaggerated in Figure 2.2 for clarity. The location z=0 is the geometric midsurface,
here taken to be the reference surface. The lower and upper boundaries of layer 1 are located at
z=z,=—H/2 and z=z;, the boundaries of layer 2 at z; and z3, and in general, the boundaries of
the k" layer at z;_; and z;,. Layer no. 1 is assumed to be at the negative-most z position. Upon
cooling from the flat configuration of the reducing temperature, shown in Figure 2.3(a), the actuator
deforms into one of the shapes given by Figures 2.3(b), (c), and (d). Of these shapes, it is assumed
that the shape observed for any temperature is the shape that minimizes the total potential energy
of the device. In an attempt to predict these shape characteristics, classical layered plate theory
is extended to include geometric nonlinearities through the von Karman approximation to Green’s

strain measures. This extended theory is thus based on the following major assumptions:

the displacements are continuous throughout the layered actuator,

e the Kirchhoff hypothesis, which states that every straight line in the plate that was originally
perpendicular to the plate middle surface before deformation remains straight and perpen-

dicular to the deflected middle surface after deformation, is valid,

the von Karman approximation to Green’s strain measures is used,

the material is linearly elastic, and the thermoelastic properties are independent of tempera-
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Figure 2.2: Geometry and nomenclature of rectangular RAINBOW considered.

ture,

e the through-the-thickness stresses are small in comparison to the inplane stresses, i.e., the

plane-stress assumption is assumed valid, and,

e the temperature changes are assumed to be uniform, i.e., independent of the spatial coordi-

nates.

2.2.1 Total Potential Energy

Since it is assumed external tractions are not important during the cooling process, the total
potential energy, including the effects of thermal expansion, is given in general form by Fung [25]

as

II

/ wdV ol (2.1)
Vol
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(©) (d)

Figure 2.3: RAINBOW shapes: (a) flat at the elevated reducing temperature, (b) a dome, or
spherical, shape at room temperature, (c) a cylindrical shape at room temperature, and (d) another
cylindrical shape at room temperature.
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In this equation
1 .
w= 5 Cyneijen — Piye AT, 4,5,k 1=1,3 (2.2)

where w is the strain energy density. The Cjj;; are the elastic constants of the material and the
B;; are coefficients related to the elastic constants and the coefficients of thermal expansion of the
material. The ¢;; are the strains in the material and AT is the temperature change in the material

due to cooling from the reduction temperature. The stress components are

aw . .
% = G = Cuamien ol 4,k 1=1,3 (2.3)
where
Jij; = ﬁijATv i,j=1,3 (2.4)

Equation (2.2) can be then rewritten in the form

1 .
W = 5(0’03 - Jij;)eija ,] = 173 (25)

Enforcing the plane-stress assumption by equating 0;3=0, i=1,3, and changing nomenclature so

_ _ _ T _ T T _ T
that 011 = 04, 0922 = 0y, 012 = Tay, O1; = 0y, O39 = O

y» and JfQ = Tg;, the total potential energy,

II, may be rewritten as

+£z_ +L_y +&
1 2 2 2 T T T
II= 51 . o . (02 — 0y )ex + (0y — 0y ey + (Tay — Toy)Vay)dw dy dz (2.6)
) 2 2

where integration is over the volume of the actuator. The strains in the energy expression are given

by the Kirchhoff hypothesis as

€z = €5+ 2ZKS

€ = €, +2Ky (2.7)

— o o
Yoy = 7wy + z’%wy
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The quantities €7, €7, vz, and k7 us ke, are the reference surface strains and curvatures,

Y z s K

respectively. The reference surface quantities are functions of z and y. Including the effects of

moderate rotations, the reference surface strains are

o . Ou® 1,
@ = Ox + 2ﬂ$
o o’ 1 _,
€y = a—y + §ﬁy2 (28)
o L fou O 0 no
Tay T3 (83/ * 8:6) B
where
ow° ow°
o _ _ o _ __ 29

are identified with cross-sectional rotations. The reference surface curvatures are given by

) 082 0w°

r or  Ox2
opy O*w?°
o _ _ 2.10
Ry oy Oy? ( )
0 03° 2,,,0
o = 032 N ﬂ _ 28 w
Y Oy ox 0x0y

The quantities u°, v°, and w® are the total displacements in the x, y, and z directions, respectively,

of the reference surface.

Equation (2.8) represents the principal departure from classical layered plate theory and includes
the usual approximation associated with thin-plate theory when employing the nonlinear geomet-
ric effects in the strain-displacement relations. These approximations assume the elongation and
shearing strains and the squares of the rotations are the same order of magnitude, but this order

is small compared to unity [26, 27].

Because of the plane-stress assumption, the stress-strain relations in Equations (2.3) and (2.5) can
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be written as

Or — Q_ll(ew - awAT) + Q_12(6y - OéyAT) + Q16(7wy - awyAT)

oy = ng(ew — a, AT) + Qgg(ey — oy AT) + Q%(%y — 0y AT) (2.11)

Toy = Qie(€x — AT + Qag(ey — yAT) + Qe (Vay — Cay AT)

or
o = Que+ Q126y + Q16’Yzy — Ug
or = Quex +Quey + Qa6Vey — 0y (2.12)
Toy = Qieex + Qaoey + Qo6Vay — ij;,
where
ol = (Quaz + Quaay + Qp0yy) AT
Jg = (Ql?aw + Q_22ay + Q26awy)AT (213)
sz;, = (Qi60 + Qasry + Qeetzy) AT

In the above the Q’s are the reduced stiffnesses and the a’s are the coefficients of thermal expansion

T

y» and 71" have the physical interpretation of

in the z-y coordinate system. The quantities J:;F , O
being the thermally-induced stresses at a point if the device is fully constrained from deformation.

All of the material properties in Equations (2.11)—(2.13) are, of course, layer-dependent.

Substituting the strains from Equation (2.7) into the energy expression given by Equation (2.6)

leads to

1 +%& +L2_y +% T o o T o o
H:_/ / / [(00 — 0T)(€2 + 252) + (0 — 0T) (€2 + 219)

2 ) _Lg _Ly _H
2 2 2

+ (Tay — TzTy)(’ng + zmgy)} dr dy dz (2.14)
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Integrating with respect to z, through the thickness, results in

1 t% 3 . . .
I = / / ) {(Nw — NJAT)e] + (Ny — N AT)€) + (Ngyy — N, AT)72,

+ (M, — MEAT)KS + (M — MIAT)k + (M, — Mg;/AT)Hgy} dwdy (2.15)

The quantities Ny, Ny, Ny, M, M,, and M,, are the force and moment resultants, respectively,
and N T N T Ng;/, M T M T and M T are the effective inplane unit thermal loads and the effective
unit thermal moments, respectively, [28]. These are strictly material properties and will be defined

shortly. The force and moment resultants are defined by

wlm

H

NwE/t; opdz = Alleg—l—AlgeZ—|—A16’)/gy—|—311/€g—I-Blgliz—l—Bl@'Hgy—NEAT (216)
v A

NyE/ o aydz = Algeg—l—AngZ—l—AQ(j’)/gy—l—BlgHg—I-BQQHZ—I—BQ()'FLgy—NyTAT (217)
v A

waE/ o Twydz = A166g—I—AQGGZ—I—AG@")/:y—l-Bl@'Hg—I—BQ()'HZ—|—B66/£gy—Ng;AT (218)
v A

MwE/ o 20zdz = Bllfg‘1‘3126;+3167gy+D11Hg+D12HZ+D16/§gy_MgAT (2.19)
o A

MyE/ zaydz = Blgeg—I—ngez—l-Bg(j’)/gy—l—DlgHg+D22/€Z+D26/€gy—MyTAT (220)

ZTwde = 31662 —I—B%eg —|—B66’)/gy—|—D16/£g —|—D26/€Z —|—D66/€gy — ij;/AT (2.21)

wlm

In the above, the A’s , B’s, and D’s have the usual definitions associated with laminates [28]. The

effective unit thermal force and moment resultants are defined as [28]

A~ + —_ —_ —
N, = / (Quiaw + Qu2ay + Qieiay) dz (2.22)

Sl

ol

Sl

(Qu20z + Qa2 + Qa60iay) dz (2.23)

2)
N
[
—
ol

Sl

(Qi60rs + Q60 + Qestay) dz (2.24)

=,
&N
[
—
oz

Sl

(Quiaz + Qraay + Qr60ry) 2dz (2.25)

=

N

M
—
olg T
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. +5 _ _
MyT = / u (QlQaa; + Q2200 + Q26Oﬁ1;y) zdz (2.26)
2
R
Mggy = / u (Q16Oé$ + Q2601 + Q660é$y) zdz (2.27)
2

Since the present work deals with devices made of ceramic layers that are orthotropic in the analysis
coordinate system, Q16, Q26, and 0y are identically zero. As a result Aig, Aze, Big, B2e, Dis,
Dog, Ng;/, and Mg;/ are all zero.

2.2.2 The Rayleigh-Ritz Approach

The Rayleigh-Ritz approach uses approximate displacement fields which are then substituted into
the expressions making up the total potential energy. With the approximate displacement fields,
the functional forms are know to within a number of constants. Based on the observed shapes in

Figure 2.3, the out-of-plane displacement field, w°(z,y), can be approximated as
o 1 2 2
w’(z,y) = 5 (az” + by”) (2.28)

where a and b are to-be-determined constants and represent the curvatures of the device in the x
and y directions, respectively. This functional form includes either cylindrical shape or the dome
shape. Also, as a result of the shapes shown in Figure 2.3 and the deformed cross-section illustrated

schematically in Figure 2.4, the inplane displacements u°(z, y) and v°(z, y) are approximated as

a’x®  abxzy?

0 _ _ 2.29

wla,y) = er— : (2.29)
b2 3 b 2

Clay) = dy— - = (2.30)

Here ¢ and d are additional to-be-determined constants. The four constants, a, b, ¢, and d, will be
determined by minimizing the total potential energy. The approximation to u°(x,y) is based on
the afore-mentioned fact that in deforming from a flat shape at the reduction temperature to any
of the shapes in Figures 2.3(b), (c), or (d) at room temperature, most of the u°(z,y) displacement

is due to the device developing curvature in the x direction. However, there is a component of
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Flat at Curie ! X
temperature Z O | A
U=p sinB- X X=pH
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Curled at room u°

temperature
Radius =p

Figure 2.4: Kinematics of a flat device deforming into a cylinder (After [30]).

u®(x,y) due to inplane thermal strain because of the temperature decrease, and that is represented
by the constant c. Finally, use is made of the assumption of negligible inplane shear strain. The net
result is the functional form given by Equation (2.29). Similar arguments lead to the expression for
v°(z,y) in Equation (2.30). The inplane displacement component approximations are more fully

discussed in [29, 30, 31], which consider a related problem.

The expressions for the approximate displacement fields are substituted into the strain-displacement
and curvature-displacement relations, Equations (2.8)—(2.10), and these, in turn, are substituted
into the expressions for the force and moment resultants Equations (2.16)—(2.21), and into the
expression for the total potential energy, Equation (2.15). The integrand of the total potential
energy expression is then a function of material properties and geometry, the four constants, and
xz and y. The energy expression is integrated with respect to x and y over the dimensions of the
device, i.e., L, by L,, resulting in a purely algebraic expression for total potential energy involving
material properties, geometry, and the four constants. The first and second variations (first and
second derivatives, in this case) of the total potential energy are then taken with respect to a, b,
¢, and d. As the first variation must be zero for equilibrium, the result is four nonlinear algebraic
equations for a, b, ¢, and d. These are given in Appendix A and they can be solved and numerical
results obtained for specific values of material and geometric parameters. Stability is evaluated by

checking the positive definiteness of the second variation. Since the problem has been reduced to
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an algebraic one, the second variation can be written in the form

ba
= sa 6b 6 od || C ] ib (2.31)
C

od

The matrix [C] is given in Appendix A and the study of stability reduces to examining its eigen-
values. If all eigenvalues are positive, the equilibrium solution is stable, otherwise the equilibrium
solution is unstable. All of these mathematical manipulations are accomplished with the aid of the

symbolic manipulation package Mathematica® [32].

2.2.3 Piezoelectric Effects

As the primary uses of RAINBOW involve the application of an electric field through the thickness
of the unreduced piezoceramic layer to produce a dilatational strain, which it turns causes a change
in the shape of the device, it is of value to use the above model to predict those changes in shape. To
that end, the total potential energy of Equation (2.15) is modified to include the effective force and
moment resultants produced by the electric-field-induced dilatational strains in the piezoceramic.
Since the electric field effects are in addition to the temperature effects discussed in the last section,

the expression for strain energy density becomes
1 .
w= §Cijkl€ij€kl — Bijei; AT — ejjreij By, 1,7,k 1=1,3 (2.32)
where e;;, are the piezoelectric moduli and Ej, is the component of the electric field vector E in

the k*" direction. The stress components for a piezoelectric medium are

Ow .
= 3 = Cijki€l — Jij;» — 05, 1=1,3 (2.33)
€ij

where

o = eijubr, i,5,k=1,3 (2.34)
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The electric field vector E is derivable from a scalar electric potential ¢, namely,

ob .
E = — =1,3 2.35
oz, (2.35)

In the present case the electric field will be applied through the thickness, so the only nonzero
component of E is 3 = —g—i =F, = —%. The voltage V' between two points located at z = z;

and z = zo is related to the potential difference according to

V = ¢(21) — ¢(22) (2.36)

Since the formulation considered is for a state of plane stress, for an orthotropic piezoelectric
layer the e;;i’s of Equation (2.32) can be related to the Q11, Q12, and Q92, and d3; and dsa, the
piezoelectric constants in the z-y-z coordinate system [33]. The following terms are then appended

to the total potential energy expression:

H

Nsz = /—;2 (Q_udgl + Q_lgdgg) Ezdz (2.37)
A e

NyEEZ = / o (Q12d31 + Qggdgg) E.dz (2.38)
A e

M$EE2 = / o (Q11d31 + Q12d32) E.zdz (2.39)
A e

MyEEZ = / o (Q12d31 + Qggdgg) E.zdz (2.40)

z
where d31 F, and d3oF, are the dilatational strains induced in the piezoceramic in the x and y
directions, respectively, due to application of electric field in the z direction, E,. The electric
field effects are modeled analogously to thermal expansion effects and it is obvious where these
terms go in the energy expression of Equation (2.15). It should be noted that the reduced layer
contributes nothing to the integrals of Equations (2.37)—(2.40), as it is assumed ds; and dso are
zero for that layer. It is assumed that the displacements resulting from the temperature change
plus the application of the electric field are also approximated by Equations (2.28)-(2.30). The

computation of the first variation, and the resulting governing equations, and the second variation,
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and the resulting [C] matrix, follow the steps outlined in a previous section. For this portion of the
problem the change in the constants a, b, ¢, and d relative to their values corresponding to room
temperature are computed as a function of the electric field strength. This provides a measure of

the shape change due to application of the electric field.

2.3 Assumption of Isotropic Properties

To a very good first approximation, the piezoceramic material being studied here is isotropic,
though in the previous sections assumptions have been made for orthotropic material behavior.
Assuming the material properties are isotropic greatly simplifies the equations of Appendix A.
Taking advantage of this, to more conveniently examine the influence of RAINBOW geometry
and material properties on the room-temperature shapes, the four nonlinear algebraic equations
are reduced to two simple nonlinear non-dimensional algebraic equations. This is done by solving
Equations (A.3) and (A.4) for ¢ and d in terms of a and b, substituting them in Equations (A.1)
and (A.2), assuming both piezoceramic layers are isotropic and that their the Poisson’s ratios are

equal, and by using the following transformations to nondimensional quantities

h

H, Er
H Q@ = Qr — Qo, Er/o = (241)

Y A=qH, B=bH, h= =

L
lw:ﬁa ly:ﬁa

where the subscripts “o” and “r” denote unreduced (original) and reduced piezoceramic layers,
respectively. Also, the thickness of the reduced layer is given by H,., the o’s are coefficients of ther-
mal expansion, and the E’s are extensional (Young’s) moduli. The two non-dimensional algebraic

equations are given by

AB* (I3 + 1;)(1 = h+ E, ,h)? + 1440ATE, ;oha(h — 1)(1 + v))

+240(1 + h(h® — 4h* + 6h — 4 — B, /,h*)(E,;, — 1))(A + Bv) (2.42)

BA* (I + 1;)(1 — h+ E, ,h)* + 1440ATE, ;,ha(h — 1)(1 4 v))

+240(1 + h(h® — 4h* + 6h — 4 — B, ,h*)(E,/, — 1))(B + Av) (2.43)
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2.4 Numerical Results

To illustrate the results predicted by the theory, consider a rectangular RAINBOW consisting
of a reduced (layer no. 1) and an unreduced piezoceramic layer (layer no. 2). The relevant
material properties and thicknesses are given in Table 2.1. These material properties data were
provided by Dr. W. L. Vaughn of the NASA-Langley Research Center [34]. It was noted in
the experiments involving measurement of the coefficient of thermal expansion using a push-rod
dilatometer that the coefficients of thermal expansion of the reduced material and the unreduced
material did not differ above the Curie temperature, Tc=340 °C. Therefore despite the 955 °C
temperature difference between the reduction temperature (975 °C) and room temperature (20 °C),
only the difference between the Curie and room temperatures is important in producing the shapes
at room temperature. A discussion of the measurement of material properties of the reduced and
unreduced piezoceramic is provided in section B.1 of Appendix B. Figure 2.5 depicts schematically
the problem being considered. Note that the polarity of the unreduced material is indicated.
Figures 2.6 and 2.7 illustrate a typical behavior of RAINBOW described by Figure 2.5, Table 2.1,
and Equations (2.28)—(2.30), as it is cooled from the Curie temperature of the piezoceramic to
room temperature. Specifically, in Figure 2.6 the parameters a and b of Equations (2.28)—(2.30),
which represent the curvatures of the device in the z and y directions, respectively, are shown as a
function of the temperature, 20 °C corresponding to the room temperature. Figure 2.7 illustrates
the actual shape of RAINBOW at a few selected temperatures from Figure 2.6. It is assumed that
Ly, Ly, H, and H,/H are 63.5 mm (2.5 in.), 38.1 mm (1.5 in.), 0.381 mm (15 mils), and 0.35,

respectively.

Table 2.1: RAINBOW material properties.

Properties Original PZT | Reduced PZT
Thickness (um) 247.65 133.35
E (GPa) 44.4 29.9
v 0.377 0.381
a (1076/°0) 2.13 8.41
ds1 (10712m/V) -190 -
d3o (10712m/V) -190 -
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Figure 2.5: Schematic of the rectangular RAINBOW considered.

Referring to Figure 2.6, point A represents RAINBOW flat at its Curie temperature (a=b=0).
As the temperature is reduced, the device develops equal negative curvatures in both the x and
y directions. These equal curvatures represent a dome shaped device. As the temperature is
reduced further below Curie temperature, the dome becomes deeper and deeper. At a temperature
corresponding to point B, the temperature-curvature relationship trifurcates into branches BC, BE,
and BD. For this specific device the trifurcation temperature is 267 °C. The trifurcation occurring
at point B is referred to as a supercritical pitchfork static-bifurcation in the temperature-curvature
domain because the branches AB, BC, BD, and BE have the geometry of a pitchfork at point B.
Reducing the temperature below the 267 °C level, solution path BC represents a change from the
spherical shape to a shape which has more curvature in the y direction and less in the x direction.

At room temperature the solution represents a shape that has seventy times the curvature in the

y direction as in the x direction. If the curvature in the x direction were zero, the solution would
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represent a right circular cylinder. This however, is not quite the case here and the terminology
near-cylindrical is used. If instead of following path BC, path BD is followed, the solution represents
a shape with more curvature in the = direction and less in the y direction. At room temperature
the solution is similar to the solution represented by path BC but with the roles of the curvatures
in the z and y directions interchanged. That is, the curvature in the y direction is seventy times
the curvature in the x direction. Finally, if path BE is followed through the trifurcation point,
the spherical shape deepens even further. A stability analysis reveals the important details of
these three paths. Specifically, paths BC and BD represent stable equilibrium shapes, and path
BE represents unstable equilibrium shapes. Therefore, the shapes represented by path BE will
never be observed. The shapes represented by paths BC and BD will be what is observed when
RAINBOW are actually fabricated. In theory, a device with a shape represented by path BC can
be changed to the shape represented by path BD by a simple snap-through action. That is, by
holding a device when it is in the shape represented by path BC by opposite edges and applying
opposite moments, the device can be forced into the shape represented by path BD, and vice versa.
This is accomplished by what can be referred to as a snap-through action, i.e., the shape can be
force-snapped from one near-cylindrical configuration to the other. A snap-through action occurs
because the one near-cylindrical configuration only has to be deformed so far, and it will then
dynamically move in a sudden fashion, i.e., snap, to the other configuration. This is related to the
storing and subsequent releasing of potential energy. Actually doing this, however, may be an issue

because of the brittle nature of the material.

Figure 2.7(a) illustrates the shape of RAINBOW at a temperature just above the trifurcation
temperature, point B. The shape is a stable spherical one and note that the two horizontal axes
in the sub-figures of Figure 2.7 are the x and y coordinates (origin at the geometric center of
the device) divided by the respective side-lengths of the device. The figures reflect, however, the
correct aspect ratio of the actuator, i.e., L,/L;=0.6. Figure 2.7(b) depicts the device at the room-
temperature condition corresponding to point C. As can be seen, due to the rectangular geometry
of this particular example, the device looks quite cylindrical, with generators in the x direction.
Likewise, Figure 2.7(c) depicts the device at the room-temperature condition corresponding to
point D. Finally, Figure 2.7(d) shows the unstable spherical shape at room temperature, point E
in Figure 2.6. This sphere is deeper than the one of Figure 2.7(a) and it is interesting to note that
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the depth of the spherical shape of path ABE is not linear with temperature.

Finite-element analyses, using the commercial code ABAQUS [35], were conducted to simulate the
cooling of RAINBOW from Curie temperature to room temperature. Because there are multiple
equilibrium configurations, once the trifurcation temperature is reached, ABAQUS must be coaxed
to continue on a particular equilibrium path to obtain the different shapes at room temperature.
To force ABAQUS to follow a particular path, a slight imperfection in the initial shape of the
device was introduced. With slight imperfection, ABAQUS would follow one of the two stable
paths, namely, path BC or path BD. Thus, to obtain the room-temperature shapes of RAINBOW
considered, two series of finite element calculations were conducted. For each finite element analysis
a mesh of 256 8-node-shell elements (S8R5), which allow transverse shear in the element, was used.
The RAINBOW was free on the edges, but clamped at the node at the geometric center of the
device. A constant temperature change was applied at the nodes. The displacement field and the

OHO

curvatures Kg, Ky

and kg, of the device were computed by ABAQUS at every node. It was found
that the curvatures are actually not constant over the device surface, the largest deviations from
being constant occurring at the edges. In Figure 2.6, the curvatures evaluated by finite element
analysis at the node at the geometric center of the device are indicated by the label ABAQUS.
In general, good correlations can be observed between the two theories, and thus the curvatures
computed by the present theory are good estimates for the average curvatures of RAINBOW.
However, it was not possible to exactly determine the trifurcation temperature using ABAQUS,
since it was not possible to obtain all of branch BC in Figure 2.6. To overcome this, a temperature
increase rather than a temperature decrease was used. However, this resulted in other problems,
namely, the fact that when the solution was coaxed to follow the path CB, it would jump to path
DB as the heating temperature approached the trifurcation point B. Moreover, it was not possible

to coax ABAQUS to follow the unstable path BE. Thus, information about the unstable shape

could not be obtained.

2.4.1 Effect of Geometry on Room-Temperature Shape

It is of interest to determine the influence of rectangular RAINBOW geometry on the characteristics

of the shapes at room temperature. In particular, it is of interest to know how sidelength influences
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the shapes. Though there is a large range of geometries possible, Figures 2.8-2.10 illustrate one
of the important features of the dependence of the room-temperature shape on geometry. In these
figures the curvatures in the x and y directions at room temperature are plotted as a function of
RAINBOW sidelength. For convenience, the axes in Figures 2.8-2.10 have been nondimensionalized
by using RAINBOW thickness, H, as a scaling parameter. The aspect ratios in Figures 2.8-2.10 are
fixed at L,/Ly=1, L,/L,=1/2, and L,/L,=1/5, respectively, while the reduced layer thickness to
total thickness ratio, H,/H, is kept constant at 0.35. Referring to any of these figures, moving from
small (small L,/ H) to large RAINBOW, it is seen that the relationship between room-temperature
curvatures and sidelength changes from being single-valued to being multiple-valued. For small
sidelengths, denoted by the range A’ to B’ in Figures 2.8-2.10, the actuator is predicted to have
but one room-temperature shape. That shape is spherical and the shape is stable. At a sidelength
corresponding to point B’, the relationship trifurcates into branches B'C’, B'E’ and B’D’. This is
interpreted to mean that for sidelengths greater than the value corresponding to point B/, RAIN-
BOW exhibits multiple room-temperature shapes. For sidelengths considerably larger than that
corresponding to point B’, one of these shapes is near-cylindrical, with a large curvature in the x
direction and practically no curvature in the y direction. The other shape is near-cylindrical but
with practically no curvature in the x direction and a large curvature in the y direction. Both of
these shapes are stable. When in one near-cylindrical shape RAINBOW can be snapped through
to the other near-cylindrical shape. The third shape is spherical and it is unstable. Thus there is a
critical sidelength-to-thickness ratio. For the cases considered in Figures 2.8-2.10 the critical values
are 69, 81, and 82, respectively. Hence, the larger the aspect ratio L,/L,, the lower the critical
sidelength-to-thickness ratio. However, as the aspect ratio is made smaller and smaller, the critical
sidelength-to-thickness ratio seems to converge to the value 82, above which RAINBOW exhibits
multiple room-temperature shapes even for a very small aspect ratio (L,/L, ~0.01). For RAIN-
BOW with a sidelength-to-thickness ratio just slightly larger than the critical value, the behavior
of RAINBOW shapes is somewhat unusual. The two stable shapes are similar in appearance to
each other and forcing them from one shape to the other would not require much force. In fact,
the shape may change by simple handling of RAINBOW. In some sense, the two shapes are not as
far apart as, for example, the two near-cylindrical shapes for the case L,/H > 150 in Figures 2.8—

2.10. Moreover, the nondimensional curvatures in the x and y directions tend to be independent of
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the aspect ratio L, /L, for considerably large sidelengths (L,/H > 200). For reference purposes,
Figure 2.11 illustrates the behavior of RAINBOW described by Table 2.1, Equations (2.28)—(2.30),
and Figure 2.5 with L,/L,=1, L,/H=100, and H,/H=0.35, as it cooled from the Curie tempera-
ture of the piezoceramic to room temperature. Since the value of L, /H for RAINBOW of Figure
2.11 is 100, a value greater than the critical value L,/H=69, RAINBOW exhibits multiple room-
temperature shapes. For this specific RAINBOW the trifurcation temperature corresponding to
point B in Figure 2.11 is about 188 °C. This compares with a trifurcation temperature of 267 °C
for the device in Figure 2.6, which has an aspect ratio L, /L,=0.6.

The existence of a critical value of L,/H could lead to other unusual or unexpected behavior.
Unknowingly, RAINBOW may be manufactured that has a geometry very close to the critical
value. If two RAINBOW are manufactured with this geometry, they may behave quite differently.
Specifically, though the trifurcation point is mathematically exact, manufacturing of RAINBOW
is not exact and small variations in material properties, variation in layer thicknesses, nonuniform
cooling, and other such realities of manufacturing will no doubt influence the results. The effective
sidelength-to-thickness ratio of one RAINBOW may be just slightly less than the critical value, and,
due to manufacturing variations, the effective sidelength-to-thickness ratio of the other RAINBOW
may be just slightly greater than the critical value. These two ‘identical’ RAINBOW will not

behave the same way.

2.4.2 Effect of Reduced Layer Thickness on Room-Temperature Shape

In addition to the effect of geometry on room-temperature shapes, it is of interest to determine
the influence of the reduced layer thickness on the characteristics of the shapes of RAINBOW at
room temperature. Figures 2.12-2.14 illustrate the most important features of the dependence of
the room-temperature shape on reduced layer thickness. In these figures the curvatures in the x
and y directions at room temperature are plotted as a function of reduced layer thickness. Again,
for convenience, the axes in Figures 2.12-2.14 have been nondimensionalized by using the total
thickness, H, as a scaling parameter. The aspect ratios in Figures 2.12-2.14 are fixed at L, /L,=1,
L,/L,=1/2, and L,/L,=1/5, respectively, while the sidelength-to-thickness ratio, L,/H, is kept

constant at 100. In these figures, it is seen that the relationship between reduced layer thickness
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and room-temperature curvature changes from being single valued to being multiple valued and
again to being single valued as the reduced layer thickness is increased from 0 to 100%. For small
reduced layer thickness, denoted by range A; to B; in Figures 2.12-2.14, RAINBOW is predicted
to have but one room-temperature shape. That shape is spherical and it stable. At a reduced layer
thickness corresponding to point B, the relationship trifurcates into branches B1C;, B1E1, and
B1Dj. On the other hand, at a reduced layer thickness corresponding to point B, the relationship
changes from being multiple valued to being single valued, as depicted by branch BsAs. This
is interpreted to mean that for reduced layer thickness between the two values corresponding to
point By and By, RAINBOW exhibits multiple room-temperature shapes. One of these shapes
is near-cylindrical, with a larger curvature in the x direction than in the y direction. The other
shape is also near-cylindrical but with a larger curvature in the y direction than in the z direction.
The third shape is spherical and it is unstable. For reduced layer thicknesses smaller than the
value corresponding to point B; or greater than the value corresponding to point By, RAINBOW
exhibits one stable spherical room-temperature shape. For the cases considered in Figures 2.12-
2.14 the critical values corresponding to point By and Bs are 14% and 91%, 20% and 86%, and
21% and 86%, respectively. Hence, the smaller the aspect ratio L,/L, is, the larger the critical
reduced layer thickness corresponding to point B; is and the smaller the critical reduced layer
thickness corresponding to point By is. However, as the aspect ratio is made smaller, the two
critical reduced layer thickness values corresponding to points B; and Bs tend to converge to
21% and 86%, respectively. Hence, for RAINBOW with L,/H=100 and reduced layer thickness
between 21% and 86%, these devices will exhibit multiple room-temperature shapes independent of
the value of the aspect ratio L,/L,. Moreover, Figures 2.12-2.14 indicate that at 55% of reduced
layer thickness, the maximum major curvature and the minimum minor curvature are achieved.
For the sake of comparison of the characteristics of the shapes of RAINBOW at room temperature,
the results shown in the previous section in Figures 2.8-2.11 are reproduced using a reduced layer
thickness of 55%. These results are depicted in Figures 2.15-2.18. In Figures 2.15-2.17, the critical
sidelength-to-thickness ratio L,/H corresponding to point B’ are 64, 75, and 76.5, respectively.
These values are lower than those corresponding to 35% reduced layer thickness. Figure 2.18
indicates that the trifurcation temperature corresponding to point B is 208 °C, 20 °C higher than
the one in Figure 2.11.
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Figure 2.12: Room-temperature shapes of rectangular RAINBOW as a function of reduced layer
thickness H,/H (L,/L,=1, L,/H=100).
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Figure 2.13: Room-temperature shapes of rectangular RAINBOW as a function of reduced layer
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The existence of critical values of reduced layer thickness would add more complexity to the un-
usual and unexpected behavior of RAINBOW. Indeed, during the manufacturing of RAINBOW,
a variation in the reduced layer thickness due to nonuniform reduction process will no doubt in-
fluence the room-temperature shapes. Two RAINBOW with the same geometry and with reduced
layer thicknesses close to a critical value may behave quite differently due to small inconsistencies

between the two.

2.4.3 Application of an Electric Field

Figure 2.19 illustrates the relationship between the change in curvatures relative to their room-
temperature values, Aa and Ab, as a function of the electric field strength for the range EF=+41.5
MV /m. It is assumed that RAINBOW is in a shape represented by a large negative curvature in
the x direction and a smaller negative curvature in the y direction, point D in Figure 2.11. The
polarity of the unreduced piezoceramic material is assumed to be as shown in Figure 2.5 and the
sign of E is such that for positive E the potential of the unreduced piezoceramic is higher than
the potential of the reduced piezoceramic. A positive E thus produces contraction strains in the
unreduced piezoceramic in the x and y directions. Since the reduced layer is composed of the
solid products of the reduction reaction, i.e., conductive metallic lead and the oxides of Pb, Zr
and Ti which form along with the unreduced material [36], the reduced layer is considered to be a
conductor and its piezoelectric coefficients d3; and dgo are assumed to be zero. The piezoelectric
coefficients of the unreduced piezoceramic are given in Table 2.1. As can be seen in Figure 2.19, a
reasonable change in the major curvature, Aa, can be achieved with a moderate field strength. For
the case considered, a positive F tends to flatten RAINBOW in the x direction. It should be noted
that the relationship between Aa, the major curvature, and F is very close to being linear, and
to a first approximation, the relationship between Ab, the minor curvature, and E is also linear.
The slight nonlinearity in the relation between Ab and E may be unimportant since this curvature
is smaller in magnitude than a. The linearity of the relation between E and Aa and Ab could

be important and considerably simplify other analyses, e.g., analyses of the dynamic behavior of

RAINBOW.
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Figure 2.15: Room-temperature shapes of rectangular RAINBOW as a function of geometry
(Ly/Ly=1, H,/H=0.55) (counterpart to Figure 2.8).
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2.4.3.1 Effect of Geometry on the Piezoelectric-Induced Deformations

The results shown in Figure 2.19 for the case of Figure 2.11, RAINBOW with L, /H=100, L, /L,=1,
and H,/H=0.35, can change dramatically if another RAINBOW is considered which has a value
of L,/H=T70, a value closer to the critical value of 69. Consider again Figure 2.8, but as shown
in Figure 2.20, this time with two specific values of L, /H noted. For L,/H=100, the values of a
and b are those shown by the points C, D, and E in Figure 2.11. This value of L,/H is sufficiently
removed from the critical value of L, /H=69 and the effect of applying a E=+ 1.5 MV /m was shown
in Figure 2.19. A value of L, /H=70, though, is quite close to the critical value. For this case the
values of the room-temperature curves are denoted by C”, D”, and E”, the latter representing an
unstable equilibrium shape. If an electric field of E=+ 1.5 MV /m is applied to RAINBOW with
L,/H=170, the results shown in Figure 2.21 are predicted. This figure is more complicated than
Figure 2.19 because of the potential for a change in shape due to the applied electric field, and
because curvatures rather than the change in curvatures are plotted. If RAINBOW has a room-
temperature shape represented by point D” in Figure 2.21, then a negative F results in an increase
in magnitude of curvature a¢ and a decrease in magnitude of curvature b. That is, RAINBOW
becomes more cylindrical, with a negative curvature in the z direction dominating. If, on the other
hand, FE is positive, a qualitative change in shape of RAINBOW is possible. Again referring to
Figure 2.21, as F increases from zero at point D", the value of a becomes less negative and the value
of b becomes more negative. When the electric field strength reaches a value represented by F”,
the two curvatures have equal negative value. The shape is spherical. A further increase in electric
field strength to point G” continues to result in a spherical shape, but one that is somewhat less
deep. If at point G” the electric field strength is decreased, the spherical shape begins to deepen
again. At point F”, RAINBOW can follow path F/C” or F”D”. If RAINBOW follows path F”"D”,
it will return to the original shape as E approaches zero. If it follows path F”C”, RAINBOW will
assume the ‘snapped through’ room-temperature shape when E approaches zero. Essentially, the
application of the electric field has the potential for changing the character of the shape. Obviously,
the closer L,/H is to the critical value, the more readily this can be accomplished with minimal F.
However, the closer L,/H is to the critical value, the less distinct are the two room-temperature

shapes corresponding to points C” and D”, i.e., the shapes are not ‘far apart’. In the context of
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Figure 2.21, the closer L,/H is to the critical value, the closer points F” is to E=0. Of course, if
the electric field is applied when RAINBOW has a spherical shape at room temperature, the radius
of the sphere can be made to increase or decrease, and RAINBOW could be made to move through

the trifurcation point.

2.4.3.2 Effect of Reduced-Layer Thickness on the Piezoelectric-Induced Deformations

It is of interest to determine the influence of the reduced layer thickness on the characteristics
of the piezoelectric-induced deformations of RAINBOW at room temperature. Figure 2.22 illus-
trates the very important features of the dependence of the piezoelectric-induced deformations on
reduced layer thickness. In this figure the change in curvatures in the x and y directions at room-
temperature are plotted as a function of reduced layer thickness under applied electric fields of
0.25, 0.5, 1.0, and 1.5 MV/m. Again, for convenience, the change in curvatures in Figure 2.22
has been nondimensionalized by using the total thickness, H, as a scaling parameter. The aspect
ratio and the sidelength-to-thickness ratio of RAINBOW in Figure 2.22 are fixed at 1 and 100,
respectively. In this figure, it is seen that the maximum absolute change in the major and minor
curvatures, Aa and Ab in this case, can be achieved when the reduced layer thickness is in the
range of 14% to 18% or 88% to 91%, depending on the value of the electric field. However, at
55% of reduced layer thickness a local maximum in Aa and a global minimum in absolute value
of Ab occur. The sudden change in the values of Aa and Ab in the ranges of 14% to 18% and
88% to 91% of reduced layer thickness is due to the fact that in these ranges a trifurcation in the
room-temperature shapes occurs, as shown in Figure 2.12. To further investigate the behavior of
the curvatures under applied electric fields, the change in curvatures are plotted in Figure 2.23 as a
function of applied electric field for selected values of reduced layer thickness. Figure 2.23 indicates
a minor change in the reduced layer thickness within the range of 14% to 18% can considerably
change the piezoelectric-induced change in curvatures, as the results corresponding to 14% and 17%
of layer thickness are showing. Indeed, in the ranges of 14% to 18% and 88% to 91% of reduced
layer thickness, the relationship between the change in curvatures, Aa and Ab, and the electric
field, F, is nonlinear due to the sudden change in Aa and Ab, as shown in Figure 2.22. Such

nonlinearity can considerably complicate the dynamic behavior of RAINBOW. In view of these
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observations, the optimal reduced layer thickness would be at 55%, since the maximum change in
the major curvature Aa is achieved while the relationship between Aa and Ab and FE is still very

close to being linear.

2.5 Chapter Summary

In this chapter, a model for predicting the room-temperature shapes of rectangular RAINBOW
has been developed. The assumptions adopted to develop the model, the expression for the total
potential energy, including thermally-induced strain effects, the stress-strain relations, the strain-
displacements relations, the approximate displacement fields of the Rayleigh-Ritz approach, equi-
librium, and stability were discussed. The model was easily extended to account for piezoelectric-
induced deformations. In general, the model presented was shown to have a good agreement with
the finite element results obtained using ABAQUS. The present analysis was shown to have several
formulative and computational advantages over finite element analysis. These advantages include
simplicity of formulation and the relative ease of extending the model to include piezoelectric-
induced deformations; in contrast to ABAQUS which requires a three-dimensional analysis to
model the piezoelectric-induced deformations. In addition, the formulation of the method is quite
straightforward, and the bulk of the computational effort can be completed in much less time
than the finite element analysis. The results presented in this chapter indicate that the predicted
room-temperature shape for rectangular RAINBOW can be either near-cylindrical or spherical.
Furthermore, for a given set of material properties of the reduced and unreduced piezoceramic,
there exists a critical value of sidelength-to-thickness ratio (L,/H or L,/H) below which RAIN-
BOW exhibits spherical shapes when cooled from processing temperature to room temperature.
This is interpreted to mean that for values of sidelength-to-thickness ratio greater than the crit-
ical value, RAINBOW exhibits multiple room-temperature shapes. Two of the shapes are stable
and are in general near-cylindrical. The third shape is spherical and is unstable. The present
model is able to predict the three room-temperature shapes simultaneously; on the other hand,
ABAQUS has to coaxed to follow each solution. For sidelength-to-thickness ratios larger than the
critical value the two stable shapes become near-cylindrical. The existence of a critical value of

sidelength-to-thickness ratio suggests that care should be taken when designing rectangular RAIN-
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BOW actuators. Indeed, if two RAINBOW are manufactured with a geometry that is very close to
the critical value, they may behave quite differently. Specifically, manufacturing irregularities such
as small variations in material properties, variation in layer thickness, or nonuniform cooling may
shift differently the effective sidelength-to-thickness ratio of both RAINBOW and hence result in
two ‘identical’ RAINBOW which will not behave the same way. Furthermore, the present analysis
reveals the existence of two critical values of reduced layer thickness which adds more complexity to
the unusual behavior of RAINBOW. Indeed, it shown that for a reduced layer thickness bounded by
these two critical values, RAINBOW exhibit two stable near-cylindrical shapes and one unstable
spherical shape. However, if the reduced layer thickness is outside the interval bounded by the
critical values, RAINBOW exhibit a unique and stable spherical shape. Thus, the variation in the
reduced layer thickness due to nonuniform reduction will no doubt influence the room-temperature
shapes. The extension of the model to account for piezoelectric-induced deformations shows that
the relationship between the change in curvatures and the electric is very close to be linear. This
finding is very important since it makes the analysis of the dynamic behavior of RAINBOW much
simpler. Moreover, it is shown that the application of the electric field has the potential for chang-
ing the character of the shape of RAINBOW with L, /H close to the critical value i.e., RAINBOW
could be made to move through the trifurcation point. It is found that for the set of material prop-
erties used in this study, the optimal reduced layer thickness would be at 55%, since the maximum
change in curvature is achieved under the application of an electric field, while the relationship

between the change in curvatures and the electric field is kept very close to being linear.

To validate the model developed in this chapter, rectangular RAINBOW were manufactured and
comparison between the predicted curvatures and the measured curvatures are made. A detailed
discussion of the comparison is provided in section B.2.1 of Appendix B. In the next chapter, an
extension of the present model is made to simulate a multi-step thermoelastic analysis to predict
the room-temperature shapes of rectangular GRAPHBOW, as well as their deformation response
under application of electric field. The extended model will be used to investigate the influence of

composite layer arrangements on the room-temperature shapes.



Chapter 3

Rectangular GRAPHBOW Actuators

3.1 Introduction

In this chapter, an extension of the model described in Chapter 2 is developed to predict the
manufacturing and piezoelectric-induced deformation characteristics of rectangular GRAPHBOW.
The extensions to the model are discussed, and numerical results are presented to illustrate the
qualitative and quantitative characteristics of the room-temperature shapes, as well as piezoelectric-
induced deformation characteristics, of GRAPHBOW. The influences of adding composite material

to RAINBOW are emphasized.

3.2 Modeling Definition and Assumptions

Figure 3.1 describes the process used to incorporate one or more thin layers of fiber-reinforced
composite onto RAINBOW. Please note the temperature nomenclature. First, RAINBOW is man-
ufactured as described in Chapter 1. It is cooled to room temperature and removed from the
reducing chamber. Then, graphite-epoxy fiber-reinforced prepreg material is applied to one side
(or perhaps both sides). The RAINBOW actuator with the prepreg applied may then be vacuum
bagged for curing the composite in an autoclave, or conceivably, the RAINBOW actuator and

prepreg may be put in a hot press for curing. In any case, the temperature is raised to T, the
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curing temperature of the particular prepreg being used, and perhaps vacuum and pressure are
applied. These conditions are held for a period of time to cure the composite. After fully cured,
the composite’s elastic and thermal expansion properties develop, and the composite layer bonds
to the ceramic. The now-GRAPHBOW actuator is cooled and any pressure or vacuum released.
The room-temperature shape is most likely different than the original RAINBOW shape. Since
the incorporation of the composite layers is done at lower temperature than the reduction with
carbon, a multi-step thermoelastic analysis is developed to model the addition of the composite
layers. As with the analysis of RAINBOW, the analysis is based on the total potential energy
approach along with the Rayleigh-Ritz method. All the assumptions in section 2.2 are considered
to be valid for GRAPHBOW. Continuity of the displacements through the actuator is tanamount
to assuming there is no slippage between the composite layer and the original RAINBOW. Also,
it is still assumed that the deformation state is only a function of the temperature of that state.
Because of this, the room-temperature shape of GRAPHBOW will be predicted based on the fol-
lowing scenario: RAINBOW is cooled from the Curie temperature of the piezoceramic, T¢, to the
cure temperature of the composite, 7*. It is assumed that the composite layer is bonded stress free
at this temperature, and then the RAINBOW /composite material combination is cooled to room
temperature. After this, if desired, an electric field is passed through the piezoceramic to cause

further deformations.

Figure 3.2 describes the geometry and nomenclature of the problem considered. The first N layers
are assumed to be thin layers of orthotropic materials (reduced and unreduced piezoceramic) with
thickness, H, and the next M layers represent additional layers of fiber-reinforced composite ma-
terial with thickness H,. Layer positions, locations of the upper and lower boundaries of the k"
layer, i.e., zx and z_1, sidelengths L, and L,, and the analysis coordinate system are the same as

for the RAINBOW analysis.

3.2.1 Total Potential Energy

To obtain the expression of the total potential energy of the manufacturing process described in
Figure 3.1, the following logic is adopted: The total potential energy of GRAPHBOW at room

temperature is equal to the total potential energy due to a temperature change AT¢ in the N +
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M layers (unreduced piezoceramic, reduced piezoceramic, and the composite), minus the total
potential energy due to a temperature change AT™ in the composite layers. Alternatively, the total
potential energy of the GRAPHBOW actuator at room temperature may be considered the sum of
the total potential energy of RAINBOW due to the temperature change from the Curie temperature
to the curing temperature, AT™*, plus the total potential energy of the RAINBOW //composite
material combination due to temperature change from the curing temperature to room temperature,
ATc — AT*. Potential energy is not created in the composite until the temperature is below the
cure temperature, 7*. With either interpretation, using Equations (2.1)—(2.5) and enforcing the

plane-stress assumption, the total potential energy is given by

1 -f'%l +L7y IN4M o . . )
H:§/_£& /_L_y L {(0-1:_0-1:)(61:—1_ ZHJJ)—I_(O-y_O-y)(ey—i_ZHy)
2 2 o

+ (7_$y - Tg;)(’)/gy + Zﬁgy)} dz dy dz (31)

The stress components superscripted with a “T” denote the equivalent stresses due to thermal
effects. Care must be taken when integrating II through the thickness, since not all layers are
present at all temperatures. The strains and curvatures in the energy expression are given by
Equations (2.7)—(2.10). The location z = z, = 0 is taken here to be the reference surface of the
originally two-layer flat RAINBOW and the quantities u°, v°, and w® are the total displacements in
the z, y, and z directions, respectively, of the reference surface. Expanding the stresses in Equation

(3.1), we obtain the following relations

o = Qules — 65) + Q12(6y — 65)
-0 Ty L O T
oy = Qu(ez — &)+ Qaley —€) (3.2)
Tey = Q66(7ﬂﬁy - 75];)
where €Z | eg and %Ty are the equivalent strains due to thermal effects and the fact that strains in the

composite are nonzero only below the cure temperature. The assumption of material orthotropy
in the z—y analysis coordinate system is used in Equation (3.2). This means that the composite

layers to be added have their fiber aligned either with the z- or y-directions. Equation (3.2) can
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be rewritten as

o = Ques+ Q126y — Ug
~ ~ T
oy = Qu26z + Q22¢y — 0y
~ T
Ty — Q667wy — Ty
where
T ~ T, A T
o, = Que, + Q26
T ~ T, A T
oy, = Qu26; + Q¢
T 5 T
Toy = Q667ay

57

(3.3)

Since at room temperature the temperature in the piezoceramic layers is changed by ATg, due

to cooling from the Curie temperature, the equivalent strains in the two layers of RAINBOW are

given by
6£(PZT) = a;ATc
T
Cyprzr) ~ oy ATe
7§y(PZT) = ayATc

The equivalent strains in the composite layer are defined by

6g(C’on’Lposite) a$(ATC - AT*) + 6;

631;(Composite) O‘y(ATC - AT*) + 6;:

T * *
7wy(Composite) = O‘wy(ATC — AT ) + Yy

(3.5)

(3.6)
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E3
Yo

through the thickness of GRAPHBOW results in

where €, €, and -, are the strains computed at temperature 7. Integrating with respect to z

L Ly
1 +3 3 ‘ * V *
m o= 5/L / {(N. = NTATo - N)e + (N, — NFATe - Np)es
% I3

+ (wa - N(EI;JATC - N;y)7.(t)y + (Mw - MEATC - M;)’%O

T

+ (M — MIATo — M) + (M, — MEATe — M;y)/@gy} dzdy (3.7)
where
H+H, N
N, = / opdz = A11€5 + Avs€] + Bkl + Biak) — N ATe — N (3.8)
OH-}—Hc
N, = / oydz = A1p€d + Apyed + Biakl + Bysk — NI AT — N (3.9)
OH+HC .
Ny = /O Taydz = Agevay + Beskly — NayATe — N2, (3.10)
H+H, N
M, = /O 20,dz = B11€} + Bia€) + D11k$ + Diokl — M ATc — M (3.11)
H+H, N
M, = /O 20ydz = B1o€) + Bag€) + D1gkl + Do) — M ATc — My (3.12)
H+H. .
M, = /O 2Teydz = Bevg, + Deers, — My, ATo — M, (3.13)
and
H+H, ~
N = /H opdz = A €5" + Afoel" + Bi K0T + Biyklt — N *AT™ (3.14)
H+H, ~
N = /H opdz = Ajgeq" + Adgey” + Bigky + Bigky' — NyT*AT* (3.15)
H+H, .
Ny, = / Taydz = Afeyoy + Bighy — Npy AT™ (3.16)
HH A
M = /H . 20.dz = B} € + Bio€l* 4+ D k3" + Digrl — M AT* (3.17)
H+H, N
M; = /H 20.dz = Biyel + Bio€d® + Digk" + Dokt — M, *AT* (3.18)
H+H. .
My, = /H 2Taydz = Bigyoy + Digrioy — My, AT™ (3.19)
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Also, the effective thermal force and moment resultants are defined as

) H+H, B
NI = / (Quiow + Qra0y) dz
0
) H+H, B
NI = /0 (Q204 + Qa20yy) dz

H-+H.
o _
wa / Q66awydz
0

) H+H. B
M = / (Quiog + Qroay) zdz
0
) HH. -
MyT = / (ngaw + Qggay) zdz
0
) H+H.
M:Z;/ = /0 Qe60yzdz
) HH. -
NI* = / (Quicg + Qraoy) dz
H
) H+H. B
NI = / (Q204 + Qa20yy) dz
H
A H+H. _
Ng;/* = /0 Qe60ydz
) HH. -
MI* = / (Quiog + Qroay) zdz
H

H+H. B
(Qr20z + Qa20ry) zdz

S
Y
Il
e

H

H+H,

~NTe _

sz = / Qe60yzdz
0

In the above, the A’s, B’s, D’s, A*’s, B*’s, and D*’s have the following definitions

+
Aij = Z Qz] zk - zk—l)
k:i

1 N

B;; = 5 (Qij)k(zl%_zl%—l)
k=1
| N+M

D;; = 3 (Qij)k(z;?;—zg?;_l)

k=1
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(3.20)
(3.21)
(3.22)
(3.23)
(3.24)
(3.25)
(3.26)
(3.27)
(3.28)
(3.29)
(3.30)

(3.31)

(3.32)

(3.33)

(3.34)
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NAM
A = > (Qi)y (2k — 201) (3.35)

*
B, =

Y Qi) (=) (3.36)
Di; = % (Qig) (2 = 2ii1) (3.37)

Note well the indices on the various summations.

3.2.2 The Rayleigh-Ritz Approach

For applying the Rayleigh-Ritz approach, the displacement fields for GRAPHBOW are assumed to
have the same functional form as for RAINBOW, i.e., Equations (2.28)—(2.30). Again the values
of a, b, ¢, and d are sought by using the first variation of the total potential energy, and stability is
evaluated using the second variation. The procedures are identical to those discussed in Chapter

2.

3.2.3 Piezoelectric Effects

To study the deformations due to applying an electric field to the unreduced piezoceramic, the
total energy expression of Equation (3.7) is modified to include the effective force and moment
resultants produced by the electric-field-induced dilatational strains. Hence, the following terms

are appended to the total potential energy expression:

. H+H:. B
NEE, = / (Qu1ds1 + Q2d32) E.dz (3.38)
A H+Hc _
NJE, = / (Qi2ds1 + Q22ds2) E.dz (3.39)
0
~ H+Hc _
Msz = / Q11d31 + Q12d32) Ezzdz (3.40)
0
R H-+H. _
MyEEZ = / Q12d31 + Qggdgg) E.zdz (3.41)
0
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It should be noted that only the unreduced piezoceramic layer contributes to the integrals of
Equations (3.38)—(3.41), as ds3; and dsz are considered to be zero for the reduced layer and the
composite. Again, it is assumed that the displacements resulting from the temperature change plus

the application of the electric field are approximated by Equations (2.28)-(2.30).

3.3 Numerical Results

To illustrate the results predicted by the present theory, consider the rectangular RAINBOW dis-
cussed in Chapter 2 with L, =63.5 mm, L,=38.1 mm, H=0.381 mm, H,.=0.35. The temperature-
curvature relation is shown in Figure 2.6. Assume a single layer of graphite-epoxy composite
material is applied to the reduced side of RAINBOW. Assume further that the composite material
cures at T*=177 °C. With this arrangement, layer no. 1 is the composite, layer no. 2 is the reduced
layer, and layer no. 3 is the unreduced layer. The fibers are aligned with the x direction of the
analysis coordinate system, and hence the composite layer is considered a 0° layer. The assumed

properties of the composite material are:

E, = 155.0 GPa

E, = 121 GPa

Gia = 4.0 GPa

v = 0.248

o = —0.018x107¢ °Cc!
ay = 24.3x107% °Cc!

thickness = 0.127 mm.

where 1 is the fiber direction.

Figure 3.3 illustrates the behavior of this particular GRAPHBOW, which is assigned the nomen-
clature [0°/RAINBOW], as it is cooled from the composite cure temperature 7*=177 °C to room
temperature. For temperatures greater than T, the results of Figures 2.6 and 2.7 apply. Specifi-
cally, in Figure 3.3 the parameters a and b of Equations (2.28)-(2.30), representing the curvatures
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of GRAPHBOW in the z and y directions, respectively, are shown as a function of the temperature.

Figure 3.4 illustrates GRAPHBOW room-temperature shapes.

Referring to Figure 3.3, the solid and dashed lines correspond to the stable and unstable equilibrium
solutions, respectively. At a temperature lower than 7%, the temperature-curvature relationship
of GRAPHBOW is depicted by branches C*Cy, E*E;, and D*D1DsD3D4D5. The solution paths
of branches BC, BD, and BE from RAINBOW in Figure 2.6 are included for direct comparison.
Reducing the temperature below 7™, solution path C*C; represents a near-cylindrical shape which
has more curvature in the y direction than it does in the z direction. At room temperature
[0°/RAINBOW] has 1230 times the curvature in the y-direction than in the z direction. Compared
to RAINBOW, [0°/RAINBOW] has much more curvature in the y direction than in the x direction
on this branch, i.e., 1230:1 vs. 70:1.

If path D* to Ds is followed, then as the temperature is gradually decreased from T* the curva-
tures follow the path until the temperature corresponding to point Do is reached. Here, a jump
occurs from the stable branch D*D1Ds to the stable branch D3D4Ds5. As the temperature is de-
creased beyond the temperature corresponding to point Do, the curvatures a and b follow the
curve DyD5. Consequently, as the temperature is slowly decreased, the equilibrium configuration
of [0°/RAINBOW] changes continuously except at the critical temperature corresponding to point
Dy, where it experiences a discontinuous (jump) change. At point Dy, a saddle-node static bifur-
cation occurs. Note that point Ds is a point of vertical tangency. Because saddle-node bifurcation
points are locations of vertical tangencies, they are called tangent bifurcations. Further, because of
the geometry at such points, they are called turning points. Yet another name for these bifurcation
points is limit points [37, 38]. Therefore, the saddle-node bifurcation at point Do is a discontinuous
bifurcation. At room temperature the solution at point Ds represents [0°/RAINBOW] that has
52 times the curvature in y direction as in the x direction. Alternatively, if [0°/RAINBOW] is
heated from the room temperature condition (point Dj5), the curvatures a and b follow the curve
DsD4D3. At the temperature corresponding to point Ds, a jump occurs from point D3 to point
D;. As the temperature is increased beyond the critical temperature corresponding to point Ds,
the curvatures a and b follow the branch D;D*. Again, there is a discontinuous bifurcation at

the saddle-node bifurcation point D3 at which the curvatures of [0°/RAINBOW] are discontinuous.
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Note that in the range of temperature between points Do and Dg, the realized deformation response
of [0°/RAINBOW] depends on the direction of the temperature change. This phenomenon is called
the hysteresis phenomenon. In the range of temperature between points Do and Ds, two stable
branches of equilibrium solutions, originating from point D*, coexist. Therefore, this interval is
referred to as an interval of bistability [39]. In the bistability interval, there are two stable and one

unstable equilibrium solutions for each value of temperature.

Finally, if path E*E; is followed, the unstable spherical shape of RAINBOW at T™ changes to
a stable spherical shape once the composite layer is added, and as [0°/RAINBOW] is cooled to
room temperature, it changes from the spherical shape to a shape which has more curvature in
the y direction and less in the = direction. At room temperature the equilibrium configuration of
[0°/RAINBOW] represents a shape that has 1000 times the curvature in the y direction as in the =
direction. That is, the room-temperature shape is near-cylindrical and much like the configurations
represented by points C; and Ds. In fact, it is quite interesting to note that adding a composite
layer with fibers in the = direction leads to three configurations, i.e., Cy, D5, and E1, that have very
little curvature in the z direction. This is in contrast to the original RAINBOW which can have
configurations with a major curvature either in the y direction, i.e., C, or in the x direction, i.e.,
D. Furthermore, the unstable spherical configuration E for RAINBOW has been “converted” to a
stable near-cylindrical configuration E;. None of these configurations can be ‘snapped through’ to
another configuration. These three similar configurations and the “conversion” are illustrated in

Figure 3.4.

3.3.1 Effect of Geometry and Composite Layer Arrangements on GRAPHBOW

Room-Temperature Shape

The representative example described in the previous section has shown that incorporating a single
layer of 0° fiber reinforced composite onto the reduced piezoceramic layer of RAINBOW has intro-
duced saddle-node bifurcations in the temperature-curvature relation, resulting in a discontinuous
(jump) qualitative change in the features of room-temperature shapes. Such behavior is undesired
if GRAPHBOW is to be used as an actuator. On the other hand, the addition of the 0° layer

of composite resulted in all three equilibrium configurations being near-cylindrical. Hence, it is of
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great interest to investigate the influence of other composite layer arrangements, their position with
respect to the two piezoceramic layers (bonded to the unreduced piezoceramic, or bonded to the
reduced piezoceramic), and the aspect ratio of the device on the temperature-curvature relation
of GRAPHBOW. For that purpose, three cases of different aspect ratios L,/L,=1/2, 1, 2 and
three types of composite layer arrangements [0°], [09], [0°/90°], are considered. The behavior of
these GRAPHBOW designs with L,/L,=1/2, L,/L,=1, and L,/L,=2 is illustrated in Figures
3.5-3.10, Figures 3.11-3.16, and Figures 3.17-3.22, respectively, as they are cooled from the com-
posite cure temperature 7*=177 °C to room temperature. Referring to Figures 3.5-3.22, as in past
sections, the solid and dashed lines correspond to the stable and unstable solutions, respectively.
In these figures, the curvatures in the z and y directions have been nondimensionalized by using

the RAINBOW device thickness, H, as a scaling parameter.

In Figures 3.5-3.10, at a temperature lower than 7™, the temperature-curvature relations of GRAPH-
BOW are depicted by branches A*A;. The solution paths of branches BC, BD, and BE from
RAINBOW are included. These figures indicate that GRAPHBOW equilibrium solutions are single-
valued, the trifurcation that occurred to RAINBOW at temperature corresponding to point B is
eliminated, and no saddle-node bifurcations (points of vertical tangencies) are encountered. These
figures also indicate the sensitivity of the temperature-curvature relation to GRAPHBOW geome-
try. The GRAPHBOW of Figure 3.3 had values of L,/H and L,/L, of 167 and 0.6, respectively,
and resulted in the rather complicated temperature-curvature relation shown. The GRAPHBOW
of Figure 3.5, with L,/H and L,/L, of 100 and 1/2, respectively, results in a much simpler

temperature-curvature relation.

In Figures 3.5-3.10, the room-temperature equilibrium solution is indicated by point A; and the
corresponding values of curvatures are tabulated in Table 3.1. In Figure 3.5, a single 0° layer of
composite material is bonded to the unreduced side of RAINBOW. With this arrangement, layer no.
1 is the unreduced layer, layer no. 2 is the reduced layer, and layer no. 3 is the composite. At room
temperature the equilibrium configuration of [RAINBOW /0°] represents a shape that has 7 times
the curvature in the z direction as in the y direction. In Figure 3.6, a single 0° layer of composite
material is bonded to the reduced side of RAINBOW such that layer no. 1 is the composite, layer

no. 2 is the reduced layer, and layer no. 3 is the unreduced layer. The room-temperature shape
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of [0°/RAINBOW] is a cylinder-like shape that has 18 times the curvature in the y direction as
in the x direction. Figure 3.7 illustrates the temperature-curvature relation of [RAINBOW /09],
where two 0° layers of fiber composite material are bonded to the unreduced side of RAINBOW.
With that arrangement, layer no. 1 is the reduced layer, layer no. 2 is the unreduced layer, layer
nos. 3 and 4 are the composite. The behavior of GRAPHBOW in this case is similar to the one
shown in Figure 3.5, except the fact that the curvature in the y direction becomes positive while
the curvature in the x direction is negative, resulting in a slight saddle shape. The ratio of the
absolute value of the curvature in the = direction to the curvature in the y direction is 12. Also, it is
interesting to note that the branch A*A; for x direction curvature in Figure 3.7 is closer to unstable
RAINBOW branch BE than in Figure 3.5. The behavior of [03/RAINBOW] shown in Figure 3.8 is
not much different than [0°/RAINBOW], shown in Figure 3.6, except the fact that the curvature in
the x direction is slightly larger in magnitude. The curvature in the y direction is much the same,
resulting in a ratio of the curvature in the y direction to the curvature in the x direction equal to
9 rather than 18. Referring to Figure 3.9, bonding [0°/90°] layers of fiber-reinforced composite to
the unreduced side of RAINBOW results in a shape that that has a ratio of curvature in the y
direction to the curvature in the x direction equal to 1.8. This is a shape that is more spherical
than cylindrical. It is worth mentioning the fact that branches A*A; in Figure 3.9 are close to the
unstable RAINBOW branches BE. On the other hand, bonding [0°/90°] layers of fiber-reinforced
composite to the reduced side of RAINBOW results in a shape that has 14 times the curvature in
the z direction as in the y direction. Figures 3.5-3.10 indicate that the relationship between the
GRAPHBOW curvatures, a and b, and the change in temperature is close to being linear. Because
of cross-ply construction (fibers in the = and y directions), GRAPHBOW shown in Figures 3.9 and
3.10 might be quite tough and damage tolerant.

Figures 3.11-3.16 illustrate the behavior of GRAPHBOW with L,/L,=1 as they are cooled from
the composite cure temperature 7*=177 °C to room temperature. With L,/L,=1/2, there is a
geometric bias. Then adding 0° or [0°/90°] composite layers adds a material bias. Here there
is no geometric bias, since L,/L,=1. Adding 0° or [0°/90°] composite layers adds the only bias
there is. It is interesting to note that with L,/L,=1/2, the trifurcation temperature of RAINBOW
is lower than the cure temperature of the composite. Thus the temperature-curvature relations

for GRAPHBOW in Figures 3.5-3.10 each branched from the single point A*. In contrast, with
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L,/L,=1, the trifurcation temperature of RAINBOW is higher than the cure temperature of the
composite, so there are multiple branches to the temperature-curvature relations of GRAPHBOW
in Figures 3.11-3.16. At a temperature lower than 7™, the temperature-curvature relationship of
GRAPHBOW are depicted by branches C*Cy, E*E;, and D*D;. The room-temperature equilibrium
solutions are indicated by points C1, D1, and E; in Figures 3.11-3.16 and the corresponding values of
curvatures are tabulated in Table 3.2. These figures indicate that bonding composite layers either to
the unreduced piezoceramic or to the reduced piezoceramic leads to three stable room-temperature
GRAPHBOW configurations without encountering any saddle-node bifurcations during cooling.
The unstable RAINBOW branch BE is stabilized and the “converted” stable branch is E*E;. In
Figure 3.11, bonding a 0° composite layer to the unreduced layer of RAINBOW results in three
similar room-temperature configurations, i.e., larger curvature in the z direction than in the y
direction. These three configurations are all near-cylindrical and curvature ratios corresponding to
points C1, D1, and E; in Figure 3.11 are 6, 13, and 28, respectively. On the other hand, bonding
a 0° composite layer to the reduced layer of RAINBOW, as shown in Figure 3.12, results in three
similar near-cylindrical room-temperature shapes with larger curvature in the y direction than in
the x direction. The curvature ratios corresponding to points Cy, D1, and E; in Figure 3.12 are 42,
21, and 28, respectively. The behavior of RAINBOW /0$] shown in Figure 3.13 is not much different
than [RAINBOW /0°], shown in Figure 3.11, except for the fact that the curvatures in the = and y
directions are somewhat lower in absolute value. The behavior of [05/RAINBOW] shown in Figure
3.14 is similar to the [0°/RAINBOW], shown in Figure 3.12, except for the fact that [03/RAINBOW]|
has more curvature in the x direction. Referring to Figures 3.15 and 3.16, the bonding of [0°/90]
composite layers to the unreduced layer can to result in room-temperature shapes that are more
spherical than cylindrical. However, the behavior of [RAINBOW/0°/90°] shown in Figure 3.16
is not much different than [RAINBOW /03], shown in Figure 3.13. It is interesting to note that
in Figure 3.15, the room-temperature equilibrium configuration corresponding to point D; is a
spherical shape with a ratio of the curvature in the x direction to the curvature in the y direction
equal to 0.95. This shape is very similar to the unstable RAINBOW shape corresponding to point
E. Furthermore, Figure 3.16 shows that branch E*E; almost coincides with RAINBOW unstable
branch E*E for the curvature in the x direction. Both Figures 3.15 and 3.16 indicate that the

relationship between the change in temperature and GRAPHBOW curvatures is close to being
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linear.

Figures 3.17-3.22 illustrate the behavior of the GRAPHBOW devices with aspect ratio L,/L,=2
as they are cooled from T™ to room temperature. As the temperature is decreased from T™ to
room temperature, the temperature-curvature relations of GRAPHBOW are depicted by branches
C*C1C9C3C4Cs, E1EsE*EsE4Es, D*D; in Figure 3.17, C*Cy, D*D1D21, D3Dgs, D3Dy, E*EqE3;,
EsoE4Es5 in Figure 3.18, C*Cy, D*Dy, E*E; in Figures 3.19, 3.21 and 3.22, and C*Cy, D*D1Do1,
D3Ds9s, D3Dy, and E*E; in Figure 3.20. As can be seen, the temperature-curvature relations are
quite complex. The curvatures of the room-temperature equilibrium configurations are tabulated
in Table 3.3. The points with subscripts 2 or 3 refer to saddle-node bifurcation points. The points
with subscripts 21, 22, and 31, 32 refer to points on branches that are likely to meet at saddle-node

points with subscripts 2 and 3, respectively.

Figure 3.17 indicates that bonding a 0° composite layer to the unreduced layer of RAINBOW results
in saddle-node bifurcations during cooling if the solutions are originated from C* or E*. Actually,
it interesting to note that at 7™ two new equilibrium solutions E; and E3 are created once the 0°
composite layer is added. The solution originating from D* does not experience any saddle-node
bifurcations during cooling. In Figure 3.18, the equilibrium solutions originating from D* and E*
encounter saddle-node bifurcations, and at room temperature four stable equilibrium configurations
and one unstable equilibrium configuration, originating from D*, are obtained. Similar behavior
occurs in Figure 3.20 when two 0° composite layers are bonded to the reduced layer of RAINBOW.
In Figure 3.19, although saddle-node bifurcations are not encountered, the slope of path C*Cj is very
steep at around 7'=100 °C, indicating that a saddle-node bifurcation (point of vertical tangency)
tends to occur. It is interesting to note that for larger GRAPHBOW (L, /L,=2), the saddle node-
bifurcations are likely to occur during the cooling, except for the cases of [RAINBOW /0°/90°] and
[0°/90°RAINBOW], where the bonding of [0°/90°] to either the unreduced piezoceramic or to the
reduced piezoceramic tends to eliminate the saddle-node bifurcations seen in the other cases. For

smaller GRAPHBOW (L, /L,=1/2 or 1), the saddle-node bifurcations are absent.
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Figure 3.13: Temperature-curvature relation of rectangular [RAINBOW/03] (L,/L,=1,

L,/H=100, H,/H=0.35).



Adel B. Jilani Chapter 3. Rectangular GRAPHBOW Actuators 80

T T T T T T T T T
L /H=100, L /L =1
0 X Yy X
Tk
o
—
T
X
< -2
£
|
x
£
(0]
5 31
B
2
3 — Stable
— - Unstable
—Ar ___ RAINBOW }
o [Og/RAINBOW]
_5 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Temperature, T (°C)
T T T T T T T T T
L /H=100, L /L =1
0 X y X
D
Tk
= E
T
X
< -2
£
L
£
(0]
2
E C
3 D, Stable
E Unstable
A G RAINBOW
! —_ [0)RAINBOW]
_5 1 1 1 1 1 1 1 1 : 1
0 20 40 60 80 100 120 140 160 180 200

Temperature, T (°C)

Figure 3.14: Temperature-curvature relation of rectangular [05/RAINBOW] (L,/L,=1,
L,/H=100, H,/H=0.35).



Adel B. Jilani

Chapter 3. Rectangular GRAPHBOW Actuators 81
T T T T T T T T
L /H=100, L /L =1
0 X y X
c
El
B
o 1
N D, 7
2 E
T
X
< -2 .
=
|
X
£
(&)
20 l
E D
& — Stble
_alb — - Unstable N
— RAINBOW
— [RAINBOW/0/90°]
_5 | | | | | | | |
0 20 60 80 100 120 140 160 180 200
Temperature, T (°C)
T T T T T T T T
L /H=100, L /L =1
0 X y' X
D
o5
ro=1F D
S gl
T E,
X
e !
5 . o :
L T =177"°C - -
£ :
(&)
20 l
E C
& — Stable
_al — - Unstable |
— RAINBOW
— [RAINBOW/0°/90°]
_5 | | | | | | | -
0 20 40 60 80 100 120 140 160 180 200
Temperature, T (°C)
Figure 3.15: Temperature-curvature relation of rectangular [RAINBOW/0°/90°] (L,/L,=1,

L,/H=100, H,/H=0.35).



Adel B. Jilani Chapter 3. Rectangular GRAPHBOW Actuators 82

T T T T T T T T T
L /H=100, L /L =1
0 X y X
)
o
—
I
X
< -2
=
|
x
£
(0]
5 31
g
2
3 — Stable
— - Unstable :
—4r — RAINBOW : 7
— [0%90°%RAINBOW] |
_5 Il Il Il Il Il Il Il Il Il
0 20 40 60 80 100 120 140 160 180 200
Temperature, T (°C)
0
o5
|9| -1r
T
X
o2f
£
L
=
()
S -3r
g
2
3 —— Stable
— - Unstable
—Ar ___ RAINBOW }
—— [0°/90%RAINBOW]
_5 Il Il Il Il Il Il Il Il : Il
0 20 40 60 80 100 120 140 160 180 200

Temperature, T (°C)

Figure 3.16: Temperature-curvature relation of rectangular [0°/90°/RAINBOW] (L,/L,=1,
L./H=100, H,/H=0.35).



83

Chapter 3. Rectangular GRAPHBOW Actuators

Adel B. Jilani

olq®IS €670°0- | TITGT- | ©o19®IS | 69L1°0+ | 6851~ | Q1q®IS | 09F€0- | LST16°0- | [MOINIVH/006/00]
2[qe3S 8EYST- | ¥PCL0- | °19%IS 6PV T- | SI60°1- | °I9®3IS 9716°1- | 8187°0- | [006/00/ MOANIV Y]
Olqess | L9¥8'E- | ¢L8C0- | °I9®iS 696F°¢- | TP8F'0- | °I9®IS | PLVIT- | €6€T°0- [MOINIVY/S0]
o[qels | L¥PI0- | L06S'T- | °19®3IS 0600°0- | €IL8'T- |  2I9®IS 190T°0- | STSET- [50/ MOENIV Y]
°19®IS 18707~ | SPPI0- | °I9®IS 0Tg6'¢- | 868T°0- | °19®3Ss | LLLT¥~ | 000T°0- [MOINIVY/ 0]
olqess | L0P¢0- | T9¥0°C- | °I9®3S 6LL1°0- | ¢€0€°C- | °I9®IS ¢00€°0- | OTE8'T- [,0/ MOINIVY]

olqessur) | 6¥4¢1- | 67SC 1~ | °I9®3S VOTC0- | TS6C €~ | °2I9®IS 166¢°€- | ¥0TZ 0~ MOANIVYH
opess | (o—01) | (e=01) | s | (e 01) | (c01) | @®s | (g01) | (g01)

Anpqesg | FXq | gX0 | Aaqqers | H X q | H XD | AGRIS | H X9 | HXD [PLIDIRIN

L oIy uryeursio uomnjog | (7 wolij SuryeurdLio uonnog | ;) WoIl Sur)eursLo uoInjog

(9T°¢-TT°¢ son81 01 10J01) T="7 /7 Yam s901a0p MWOGHJIVYHD SNOLIRA JO S9IMIRAIND 8INJRISdWII-TI00Y] :Z°¢ S[qR],




Adel B. Jilani Chapter 3. Rectangular GRAPHBOW Actuators 84
T T T T T T T T T
L /H=100, L /L =2
X y X
0 C
i E
a
21t
T
X
©
[, C5
5 |5
X -2+
£
(&)
E
D
g 1
© 5L — Swble
— - Unstable
—— RAINBOW
D — [RAINBOW/C’]
_4 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
Temperature, T (°C)
T T T T T T T T - T
L /H=100, L /L =2
D X y X
0 1
~ -
S
~ _1 _ 7
T
X
o)
%
= oL
£
(&)
5
Iy
b
ju
© ;b — Stable
— - Unstable
—— RAINBOW
c — [RAINBOW/C°]
_4 | | | | | | | | : |
0 20 40 60 80 100 120 140 160 180 200
Temperature, T (°C)
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3.3.2 Application of an Electric Field

Figure 3.23 illustrates the relationship between the change in GRAPHBOW curvatures relative to
their room-temperature values, Aa and Ab, as a function of the electric field strength for the range
E=+1.5 MV/m. It is assumed that the GRAPHBOW device is in a shape represented by a large
negative curvature in the y direction and a smaller curvature in the x direction, point C; in Figure
3.3 (Ly=63.5 mm, L,=38.1 mm, GRAPHBOW=[0°/RAINBOW]). The polarity of the unreduced
piezoceramic material is assumed to be as shown in Figure 2.5. Figure 3.23 shows that a reasonable
change in the major curvature, Ab, can be achieved with a moderate field strength. For the case
considered, a positive E tends to flatten the [0°/RAINBOW] actuator in the y direction. As can
be seen in Figure 3.23, the relationship between Ab, the major curvature, and F is very close to
being linear, and to first approximation, the relationship between Aa, the minor curvature, and F
is also linear. The slight nonlinearity in the relation between Aa and E may be unimportant since
this curvature is smaller in magnitude than b. The linearity of the relation between E and Aa and

Ab could simplify an analysis of the dynamic behavior of GRAPHBOW actuators.

If GRAPHBOW is assumed to be in a shape corresponding to point Dj in Figure 3.3, then the
relationship between the change in its curvatures relative to their room-temperature values as a
function of the electric field strength for the range E=4+1.5 MV /m is illustrated in Figure 3.24.
Again, as can be seen in Figure 3.24, a positive E tends to flatten the [0°/RAINBOW] actuator
in the y direction and that the relationship between Ab, the major curvature, and F is very close
to being linear. The change in the minor curvature, Aa, is somewhat higher than in the previous
case, but nonetheless it is small in magnitude and is unimportant. However, it is important to note
that for point Cq, Figure 3.23, Aa is positive for positive F, while for point D5, Aa is negative for
E. Although the GRAPHBOW equilibrium configuration corresponding to point D5 in Figure 3.3
encountered a saddle node bifurcation at point Dy, the application of an electric up to +1.5 MV /m
did not generate a sudden change in the shape, this due to the fact that the saddle node-bifurcation
at point D3 is away from room temperature. However, an electric field strength of +1.5 MV /m can
push [0°/RAINBOW] into the bistability zone (D4D3) and with the coupling of outside factors, such
as change in temperature of service environment, can result in GRAPHBOW jumping to another

shape with different features. Hence, proper care has to be taken when designing GRAPHBOW
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actuators. Finally, GRAPHBOW is assumed to be in a shape corresponding to point E; in Figure
3.3, and the relationship between the change in curvatures, Aa and Ab, and the electric field
strength for the range F=+1.5 MV/m is illustrated in Figure 3.25. Figure 3.25 indicates that the
relationship between Ab, the major curvature, and F is very close to being linear; however, the
change in the minor curvature, Aa varies quadratically with E, but since it very small in magnitude
it is negligible. This quadratic variation, however, is quite interesting; and provides a contrast with

Figure 3.23 for point C;, and Figure 3.24 for point Ds.

3.4 Chapter Summary

In this chapter, a multi-step thermoelastic analysis has been developed to model the addition
of the composite layer. Numerical results were presented to illustrate the influence of the com-
posite layer arrangements on the room-temperature shapes of GRAPHBOW. It was found that
if the RAINBOW bifurcation temperature is lower than the composite cure temperature then, a
unique stable GRAPHBOW shape is obtained for the case of L,/H=100 and L, /L,=1/2. These
shapes are near-cylindrical with larger curvature in the x direction than in the y direction for
[RAINBOW/0°], [RAINBOW /04], [0°/90°/RAINBOW], and with larger curvature in the y curva-
ture than in the x direction for [0°/RAINBOW] and [03/RAINBOW]. On the other hand, the shape
of [RAINBOW /0°/90°] is more spherical. For larger GRAPHBOW (L,/H=100, L,/L,=1), the
RAINBOW bifurcation temperature is above the composite cure temperature, resulting in three
stable room-temperature GRAPHBOW shapes. The unstable spherical RAINBOW configuration
has been “converted” to a stable near-cylindrical configuration. The influence of the composite
layer arrangements on room-temperature GRAPHBOW shapes seems to be similar to the case
described above, except the fact that instead of having a unique room-temperature, three similar
room-temperature configurations, which might be very hard to distinguish as being different, are
obtained. For GRAPHBOW with L,/H=100 and L, /L,=2, the bifurcation temperature of RAIN-
BOW is much larger than the composite cure temperature, resulting in saddle-node bifurcations
during the cooling to room temperature of [0°/RAINBOW], [RAINBOW/0°], and [03/RAINBOW].
From the results shown in this chapter, [RAINBOW /0°/90°] seems to be less likely to encounter
saddle-node bifurcations. The presence of such bifurcations in the behavior of GRAPHBOW is
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undesired if GRAPHBOW are to be used as actuators. Finally, it was shown that the relationship
between the change in the major curvature and the electric field is very close to being linear for
GRAPHBOW even in the presence of saddle-node bifurcations, if they are far away from room tem-
perature. However, if the saddle-node bifurcation is close to room-temperature, the relationship
will likely not be linear. In some cases, the change in the minor curvature can vary quadratically

with the electric field, but since the variation is very small in magnitude it is not important.

In the next chapter, the model for predicting the manufactured shape and piezoelectric-induced
deformations of disk-style RAINBOW will be presented. The methodology is similar to the one
developed in Chapter 2 for rectangular RAINBOW, except the analysis is conducted in polar

coordinates.
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Figure 3.21: Temperature-curvature relation of rectangular [RAINBOW/0°/90°] (L,/L,=2,
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Figure 3.23: Variations of a and b as a function of E for rectangular [0°/RAINBOW] (refer to point

C; in Figure 3.3).
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Figure 3.25: Variations of a and b as a function of E for rectangular [0°/RAINBOW] (refer to point

E; in Figure 3.3).



Chapter 4

Disk-Style RAINBOW Actuators

4.1 Introduction

As has been shown in the last chapter, the geometry of rectangular RAINBOW and GRAPHBOW
benders is quite important in determining the manufactured shape of the devices. As there are so-
called critical length-to-thickness ratios, the geometry influences not only the manufactured shape,
but also the actuation characteristics. This chapter examines disk-style benders, and since the disk
provides a distinctively different geometry relative to the rectangle, differences in response might
be expected. As with the last two chapters, this chapter discusses the theory developed to predict
the manufacturing and piezoelectric-induced deformation characteristics of disk-style RAINBOW.
Discussed are the key assumptions, the stress-strain relations, the strain-displacement relations,
including geometric nonlinearities, total potential energy and variational methods. With the disk
geometry, a possible deformation is one that is axisymmetric. Further, if geometric nonlineari-
ties are assumed to be of negligible importance, then the conditions governing the axisymmetric
problem are described by ordinary linear differential equations, which can be solved in closed
form. In this chapter these axisymmetric solutions are developed and studied, in addition to the
non-axisymmetric solutions. Qualitative and quantitative information regarding the deformation

characteristics predicted by the developed theory is given.
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4.2 Modeling Definitions and Assumptions

Figure 4.1 describes the geometry and nomenclature of the problem. RAINBOW is assumed to
be made of N thin layers of orthotropic materials, and each layer is assumed to be homogeneous.
The disk device radius is R and the total thickness, which is greatly exaggerated for clarity, is
H. The layers can represent reduced and unreduced piezoceramic material. As seen in the figure,
cylindrical coordinates are used, with r, 6, and z being the radial, circumferential, and through-
thickness coordinates, respectively. The location z = 0 is the geometric midsurface, here taken
to be the reference surface of the originally flat disk, and 6 is measured from the z axis of a
rectangular coordinate system. The lower and upper boundaries of layer 1 are located at z =
Zo = —% and z = z; and the boundaries of layer 2 at z; and 2o, and in general, the boundaries
of the k*" layer at z;_; and 2. The radial, circumferential, and out-of-plane displacements of
the reference surface are denoted u®, v°, and w°, respectively. Figure 4.2 illustrates the problem
in question and defines the coordinate system in the study. Figure 4.2(a) illustrates RAINBOW
flat at the Curie temperature. As RAINBOW cools from the Curie temperature, the through-the-
thickness asymmetries in thermoelastic properties in the individual layers cause the actuator to
deform into one of the shapes given by Figures 4.2(b), (c), and (d). The out-of-plane displacements
are accompanied by inplane displacements (radial and tangential), but these are not evident to
an observer. Figure 4.2(b) shows the cooled RAINBOW in an axisymmetric dome-like shape,
and Figures 4.2(c) and 4.2(d) show RAINBOW in near-cylindrical shapes. All the assumptions in

section 2.2 are considered to be valid for disk-style RAINBOW.

4.3 Axisymmetric Solution

If the individual layers in Figure 4.1 are assumed to be isotropic, the stress-strain relations and
the final expression for the total potential energy simplify considerably. Additionally, it is possible
to have axisymmetric response. Such a condition is characterized by having no circumferential
displacement, v°=0, and having all response variables independent of #. For this situation, the
first variation of the total potential energy leads to ordinary differential equations. In this section,

axisymmetric solutions of disk-style RAINBOW are considered. For the axisymmetric condition,
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Figure 4.2: Disk-style RAINBOW shapes: (a) flat at the elevated reducing temperature, (b) ax-
isymmetric dome-like shape at room temperature, (c) a near-cylindrical shape at room temperature,

and (d) another near-cylindrical shape at room temperature.



Adel B. Jilani Chapter 4. Disk-Style RAINBOW Actuators 100

the total potential energy for RAINBOW, which is assumed to be flat at the piezoceramic Curie

temperature, and is then cooled, can be expressed as

1 R 27 p+H/2
IT = 3 / / / (o — o)e, + (o9 — JT)eg] rdrdfdz (4.1)
o Jo

—H/2

where the integral is over the volume of the layered device and the stresses and strains have their

usual notation. The stress-strain relation for a given isotropic layer is

r 14 r— aAT
ml_| @ e (4.2)
o rQ Q eg — aAT
or
opr = € +1vQ)ep — ol
Q Qeo (4.3)
oo = vQe + Qeg— ol
In the above
E T
Q= T2 and o' = (1+v)QaAT (4.4)
—v

where F is the extensional modulus of the isotropic material and v and « are the Poisson’s ratio
and the coefficient of thermal expansion, respectively. Due to the condition of axisymmetry and

isotropy, there are no inplane shear effects. The inplane strains are given by

_du L ow\®
6T_8r 2\ Or 0=

where the second term in e, reflects the nonlinear effects due to the rotations associated with

(4.5)

RS

out-of-plane displacements being greater than the disk thickness.

Because of the Kirchhoff hypothesis, the displacements are given as

u(r,z) = u°(r)+2z82(r) (4.6)

w(r,z) = w°(r)
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where the out-of-plane rotation of the reference surface, 32, is defined by

gotr) =~ 200 (4.7

Substituting the displacements of Equation (4.6) into the strains of Equation (4.5) leads to

er(r,z) = €Xr)+zrl(r
(r,2) (r) ( (4.8)
eg(r,z) = €g(r)+zrg(r)
where
. du® 1 (dw®\® , dB°  d*w®
61, == + — /QT - = -
dr 2\ dr dr dr?
(4.9)
, B ldw
€ = — = - __
0 r 0 r r dr

where the underlined term represents the effect of geometric nonlinearities. Substituting the ex-
pressions of Equations (4.8) and (4.9), in turn, into the total potential energy expression, Equation

(4.1), and integrating through the thickness, and with respect to 6, results in
R
= w/ {(N,—NT)€& + (M, —M7T)k2 + (Ng—NT)e§ + (Mg—M")kg} rdr (4.10)
0
In the above, the force and moment resultants are given by

+4 .
N, E/ ’ erz:Ae?—I—A,,eg—l—B/q?—l—B,,/@g—NTAT
_H

2

+ A
Ny = / . opdz = A,€S + A€y + B,r2 + Brj — NTAT

wlh

o (4.11)
M, = / * 20,dz = Be® + Bye§ + Di + Dykg — MTAT
H
2

+4 .
My = / H2 209dz = B¢ + Bej + D,k + Dr§ — MTAT

2

The As, Bs, Ds, N T and MT are strictly functions of layer material properties and geometry and
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are given by

N
A = Z 2 (2 — 2k—1)
- 1— 12 k k-1
k=1 k
N
v By
Al, = Z 1_ y]% (Zk — Z]g_l)
k=1
N
1 By 9 9
B = 52 1 _V]%(zk — Zjt_1)
k=1
N
1 v Eg 9
B, = 52 1 _V]%(zk — Zj-1)
k=1
N
1 By 3 3
D = gzl_yg(zk—zk_l) (4.12)
k=1
N
1 v Eg 3
D, = g;; 1 _V]%(zk — Zj-1)

where the subscripts on the material properties merely identify the material properties with a

particular layer number.

Substituting the strains of Equation (4.9) into Equation (4.11), then Equation (4.10), and taking the
first variation of Equation (4.10) with respect to u°® and w® results in the following Euler-Lagrange
equations and boundary conditions which govern equilibrium:

d(rN,)
dr

—Ng=0

(4.13)

d (d(er) —I—TNrdw
dr

—My) =0
dr dr 0)
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and at r =0 and R

(rNy)6u® =0
M, °
(% + 7N, d;‘; - Mg) §w® = 0 (4.14)

dw®
rM,)é =0
(rMy) ( dr )
The expression in parenthesis in the second equation of Equations (4.13) and (4.14) can be iden-
tified with the transverse shear force resultant. The underlined terms in the equations denote the
contributions of the geometric nonlinearities. At r = R the terms in parenthesis in the equations
of Equation (4.14) should be set to zero, as that represents a traction-free outer boundary of the

disk. From kinematic arguments, u°, w®, and dw®/dr (=—32) should be set to zero at » = 0. The

problem is thus completely specified.

4.3.1 Linear Case

If the geometrically nonlinear terms in the reference surface strain in Equation (4.9), and hence in
the equations of Equations (4.13) and (4.14) are eliminated, the equations governing equilibrium

become

2 3 2
Al @2 @Tu  pfpdw dw dw)
r r dr?2 dr

(4.15)

du d?u d*w dBw dPw  dw
B - — o2 D(r—+422—— —r>— 4+ —) =0
< u—l—rdr r dr2)+ (r ) + 2r 03 rer + dr)

where the superscript ‘o’ has been dropped for convenience of notation. The solution to these
equations is
Cl

wl(r = =1 l
(r) ;oar (4.16)

w’(r) = af +abr? 4+ a4 In(r)
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where ¢& 1s cll, aé, aé, and aé are constants and the superscript [ denotes the linear solution. The

kinematic conditions at r = 0 require that
di=adh=dl=0 (4.17)

and the traction-free conditions at » = R lead to

<BMT—DNT+MTB,,—NTD,,) AT
B2-AD+2BB,+B*-AD,— A, (D+D,)

(4.18)
(AT~ BNT 4 NIT 4, — NTB,) AT
2(B2-~AD+2BB,+ B>~ AD, - A, (D+D,))

The linear problem is thus solved in closed form.

4.3.2 Nonlinear Case

When the geometrically nonlinear term in the strain-displacement relation of Equation (4.9), and
thus the underlined terms in Equations (4.13) and (4.14), are retained, the problem is more difficult
to solve in closed form. However, approximate methods can be used. Two such methods are used

here.

4.3.2.1 Shooting Method

The first method used is strictly a numerical method and relies on formatting the governing equa-
tions as first-order differential equations. The particular approach is effective for solving a two-point
boundary value problem (r=0, r=R) and is called the shooting method. If the transverse shear
force resultant @, is formally defined by

1 d(rM,) B o
@ =7 (U v - ) (419
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then the definition can be rewritten as

d(rM,)
dr

=rQr + My +rN, 3] (4.20)

After substitution for the strains in Equation (4.11), and dropping the superscript ‘o’, the force

and moments resultants can be rewritten as

2
N, = ( +ﬁ)+Au+Bdﬁ’"+B&—NTAT
dr dr
52 dﬂr Br T
N—A,, A B, B,~~ — NTAT
(4.21)
52 U dﬁr ﬁr T
M, =B B,—+D D——M AT
(d +50)+ St D+
2
Me—B( ﬂ)+B + D, dbr D&—MTAT
dr dr r

Solving Equation (4.21) for du/dr, dB,/dr, Ny, and Mp in terms of Ny, My, u, 3., NTAT, MTAT
and substituting the expressions for Ny and My into Equations (4.13) and (4.20), respectively,

yields a system of six nonlinear first-order equations:

dN., 1 [(
dr ~ (B2—AD)r
+ A, ((BMT-DNT)ATr+BM,—DN,+(3,D—2Bu)B,—Bf,D,)

— AD)(BB,— NTATr+ Au)+ DuA,*— BS,B,*

+ B,AMTATr4+BNTATr— AM,+BN,+AB,D,)+ AuB,?

dQ,
dr 0
aM, 1 - o ,
i (BP—AD)r [( AD) (B, (D+rN;)+7(Q,—M" AT)+Bu)+AB,D;
+ B,((BMT-DNT)ATr+BM,+D(uA,—N,)+D,(Au—2Bg,)) (4.22)

— D,((AMT—BNT)ATr+AM,—BN,+BuA,)+(3.D—Bu)B,?
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dr
du

dr

dp,
dr

where

(BNT— AMT)ATr— AM,+B(N; +uA,) — (BB, — Au) B, + AB,D,
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_ﬁr
1
2(B*2-AD)r

2DN, —2BM,—2BMTATr+2DNTATr+2Bj,D,

[H(B*-AD)B,*r —2DuA, —23,DB,+2BuB,

(B2—AD)r
M’ = TN’I’
M, = rM,
Qr = TQT

The boundary conditions are as with the linear case, namely,

u=0, w=0, and [B,=0 at r=0
N.=0, M,=0, and @Q,=0 at r=R

106

(4.23)

(4.24)

Approximate solutions to the above system of differential equations and boundary conditions are

obtained using an IMSL multiple shooting method subroutine (DBVPMS) [40] which avoids the

serious ill-conditioning problems encountered when having to compute a Jacobian.

4.3.2.2 Rayleigh-Ritz Method

The second method used is the Rayleigh-Ritz approach used in the previous chapters. Since there

is no a priori reason to expect the solution to the linear problem to approximate the solution to

the geometrically nonlinear problem, extending the functional form of the approximate solution is

in order. In that context, then, the solution could be assumed to be of the following form:

u®(r) =cir +cor? and  w°(r) = agr® 4 azr®

(4.25)
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where the superscript ‘o’ has been reintroduced. The coefficients ¢y, ¢3, as, and a3 are solved for
from the four algebraic equations that result from setting the derivatives of the total potential
energy with respect to cj, c3, ag, and a3 to zero. The issue to be considered when adding more
terms to the expressions for u°(r) and w°(r) is whether the addition of one more term to each
expression changes the behavior of the predicted variation of u°(r) and w°(r) with r, or whether
the addition of one more term changes the value of w°(r) at, for example, r = R. If additional terms
make little difference, then the problem can, in some sense, be considered converged. Convergence
of the solution and the influence of geometric nonlinearities on the axisymmetric response will be

discussed in the next section.

4.4 General Solutions

In this section, the approximate theory for predicting the non-axisymmetric room-temperature
shapes of disk-style RAINBOW, as depicted in Figure 4.2(c) and (d), is presented. The axisymmet-
ric case of the previous section is included as a subset of possible solutions for the non-axisymmetric
case. Again, approximate displacement fields and the Rayleigh-Ritz approach along with variational
methods are used to minimize the total potential energy. The axisymmetric solution is included
because it may well represent a maximum energy state, an unstable condition. Thus combining
non-axisymmetric and axisymmetric solutions provides a new view of the axisymmetric solutions.
This view was not possible with the model developed in the last section, since the axisymmetric

solution was the only one considered.

4.4.1 Total Potential Energy

Assuming the Kirchhoff hypothesis is valid, the radial, tangential, and out-of-plane displacements

are given, respectively, as

u(r,0,2) = u’(r,0)+26;
v(r,0,z) = v°(r,0)+ 2065 (4.26)

w(r,0,z) = w(r,0)
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where

o 1 o
g0 = ~Ow and 5 — 10w

4.2
or r 00 (4.27)

are identified with the the out-of-plane rotations of the reference surface. Furthermore, assuming
that the the out-of-plane deflections develop only because of the asymmetries in the material prop-
erties relative to the geometric midplane of RAINBOW, the total potential energy can be written

as

1 R r27 H/2 . . .
I== / / / {(or — 0} )er + (09 — 05 )eo + (19 — Tyg)vro} dr db dz (4.28)
2Jo Jo Jomy2

The strains in the energy expression are given by the Kirchhoff hypothesis as

& = € + 2Ky
€ = €+ 2K (4.29)
Yo = Yro T ZKre

The quantities €7, €g, 75, and k7, Kg, Kkyy are the total reference surface strains and curvatures,
respectively. The reference surface quantities are functions of r» and 6. Including the effects of

moderate rotations, the reference surface strains are

o __ 8uo 1 or2
€& = or + 5 (ﬁr)
10v°  w® 1 9
9 = = —+ = (33 4.30
€ r 96 + r + ) (ﬁ@) ( )
o 10u®  0Ov° ° 0 0
71’0 - ; 80 + a,r - ? + ﬁrﬂ@

where the underlined terms are the von Karman terms reflecting the nonlinear effects due to the
rotations associated with out-of-plane displacements being greater than the disk thickness. These
approximations assume the elongation and shearing strains and the squares of the rotations are

the same order of magnitude, and this order is small compared to unity. The reference surface



Adel B. Jilani

curvatures are given by
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86,‘,’__82100
or  Or?
1 19438 10w® 1 0%w°
Yo 100 _10vT_ 1O
r r 00 r Or r2 00

1987 N a7 _ 2 0uw®  28%w°
r 00 or  r2 00  rorod

1 0
_;ﬁﬁ +
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(4.31)

Expanding the stresses in Equation (2.3) in the -6 coordinate system, and enforcing the plane-stress

assumption, the following relations are obtained:

Or

<&

Ty

or

where

Qu1(er — €X) + Qu2(e — €} ) + Qr6(ro — 1)
Q2(er — €X) + Qaz(ep — €} ) + Qa6(ro — 1)

Queler — €) + Qas(eo — €5 ) + Qos (o — Vig)

or = Qi + Qraeg + Q16%~0 - UTT

o9 = Q26 + Q2€g + Qo6Vro — UgT

o = Que6r + Qo€ + Qo67ro — T,?(;
U;?F = Qnez + Queg + Qw%?;
Ug = Quez + Q226£ + Q26’YZ;9

T 2 T 2 T 2 T
Trg = Qee€r + Q26€g + Qo6Vrp

(4.32)

(4.33)

(4.34)
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The Qij terms are the transformed reduced stiffnesses, where the values 1 and 2 are associated with

the r and 6 directions of RAINBOW, respectively. The thermally-induced strains are defined by

e = o AT
6 = AT (4.35)
7,7,:9 = aAT

where «;., ag, and a,¢ are the thermal expansion coefficients in the r-6 coordinate system. Sub-
stituting for the strains from Equation (4.29) into the energy expression given by Equation (4.28)
and integrating with respect to z, through the thickness, leads to

2w
o = / / — NTAT)€ + (Ng — NFAT)e§
+ (Nyp = NpAT )7 + (M — M AT)e] (4.36)

4 (M — NTAT)KG + (Mg — M%AT)H?G} drdf

The quantities N,., Ng, Ny9, M, My, and M, are the force and moment resultants respectively,
and N T N T Ng;,, M T M T, and M T are the effective inplane thermal loads and the effective

thermal moments, respectively. The force and moment resultants are given by

+a )
N, E/H o,rdz
-2
+2 \ ~ \
Ny E/ ’ opdz € NF
_H .
iz < Ny
Ny E/ Trodz .
_n A B Ny | A A
M, = / ’ zopdz [B] D] Ky M,
_H .
i K My
Mg = /_% zagdz \ H?G \ M,?(;
1
M,y = /H 2Tredz
2
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where
Apn Az Ase
[A] = | A5 Az Asg (4.38)
Are Az Ase
Bi1 Biz Big
[Bl = | Bia Ba Bag (4.39)
Bis B¢ Bes
D11 D12 D
[D] = | D12 D32 Dag (4.40)
D1 D2 Des
Also, the effective thermal force and moment resultants are defined as
o
N, = /H (Quicr + Qu209 + Querrp) dz (4.41)
-3
o
Ny = /H (QlQar+Q22a0+Q26C¥r0) dz (4.42)
-3
R
Nyg = /H (Quer + Q2609 + Qesrrg) dz (4.43)
-3
. +5 _ _
M = /H (Quiar + Qr20 + Qr60rrp) 2dz (4.44)
-3
R
My = (Qu20ir + Qo209 + Q260179) 2dz (4.45)
_u
2
. +5 _ _
Myy = (Quer + Q2609 + Qeoarrg) 2dz (4.46)
_H

2

In the above, the A’s, B’s and D’s have the usual definitions associated with laminates [28].
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4.4.2 The Rayleigh-Ritz Approach

As in past sections, the three components of displacement are approximated for use in the Rayleigh-
Ritz approach. Here functional forms in the cylindrical coordinates system are required. The three

reference surface displacements components u°, v°, and w® are approximated by a functions of the

form

K 2L

u’(r,0) = Z Z cijrt cos(j0) (4.47)
i=1 j=0,2
K 2L

vo(r,0) = Z Z d;jr sin(j6) (4.48)
i=1 j=2,2
K+1 L

w(r,0) = Z Z a1 cos(j6) (4.49)
=2 j=0,2

where K and L are positive integers and a;;, ¢;j, and d;; are to-be-determined constants. These
displacement fields are constructed based on physical grounds. Indeed, they account for both
axisymmetric (power series of r, when j=0, see Equation (4.25)) and the near-cylindrical (power
series of r + > power series of r x cos(j#), j = 0,2, ..., L) equilibrium shapes observed in Figure
4.2. Furthermore, it was reasoned that since the inplane strains contain the squares of the the
derivative of the out-of-displacement w?°, the u°, v° displacements must have twice the order of

o

0 terms as in w°. Finally, based on kinematic arguments, it was concluded that u°, v°, w®, and

Ow®/dr should be zero at r = 0.

The expressions for the approximate displacement fields are substituted into the strain-displacement
and curvature displacement relations, and these, in turn, are substituted into the expressions for
the force and moment resultants, and into the expression for the total potential energy. The total
potential energy expression is then a function of material properties and geometry, K(5L/2 + 2)
constants (K(L/2+ 1) a’s, K(L+1) ¢’s, and KL d’s), and r and 0. The energy expression
is integrated with respect to r and 6 over the dimensions of RAINBOW, resulting in a purely
algebraic expression for the total potential energy involving material properties, geometry, and the
K (5L/2+2) constants. The first and second variations of the total potential energy are then taken

with respect to a;j, b;;, and d;;. As the first variation must be zero for equilibrium, the result is
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K(5L/2 + 2) nonlinear algebraic equations for a;j, b;j, and d;;. These are given by the following

expression
K+1 L 2L
sm=Y" 3 ot + L o 5% 5 > a0 = (4.50)
12j02 =1 j=0,2 11322

The above equations can be solved and numerical results obtained for specific values of material
and geometric parameters. Stability is evaluated by checking the positive definiteness of the second

variation. The second variation can be written in the form

6a20

bax+1 L
dcio
6T = Saz---Saxsn 1 Sero---Se ar Sdva---6dic o || C | : (4.51)
ock 2L

odq2

ddk 21

The study of stability reduces to examining the eigenvalues of the matrix [C]. If all eigenvalues are
positive, the equilibrium solution is stable, otherwise the equilibrium solution is unstable. These
calculations, which were done with the aid of the symbolic algebra package Mathematica® [32], are

much more complicated than the rectangular case.

4.4.3 Piezoelectric Effects

To study the deformations due to an applied electric field through the unreduced piezoceramic, the
total energy expression of Equation (4.36) is modified to include the effective force and moment

resultants produced by the electric-field-induced dilatational strains. Hence, the following terms
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are appended to the total potential energy expression:

H
NFE, = /22 (Qu1d31 + Qu2ds2) E.dz (4.52)
2
H
NJE, = / : (Q12d31 + Qa2d32) E.dz (4.53)
A e
MTEEZ = / . (Q11d31 + Q12d32) E.zdz (4.54)
A g
M;?EZ = / o (Q12d31 + Qggdgg) E.zdz (4.55)

2

It should be noted that only the unreduced piezoceramic layer contributes to the integrals of
Equations (4.52)—(4.55), as d3; and ds2 are considered to be zero for the reduced layer. Again,
it is assumed that the displacements resulting from the temperature change plus the application
of the electric field are approximated by Equations (4.47)-(4.49). The computation of the first
variation, and the resulting governing equations, and the second variation, and the resulting [C]

matrix, follow the steps outlined in the previous section.

4.5 Numerical Results

4.5.1 Axisymmetric Solution

In this section numerical results from the exact linear and approximate nonlinear axisymmetric
analyses will be presented to demonstrate the influence of geometry and geometric nonlinearities
on the manufactured shape of disk-style RAINBOW. This, of course, assumes only the dome-like
shapes result from the manufacturing process. It is also assumed the two piezoceramic layers are
stress-free at the piezoceramic Curie temperature (T =340 °C) and that internal stresses do not
develop above that temperature. The material properties and thicknesses are given in Table 2.1
and a schematic of cooling the disk-style RAINBOW is shown in Figure 4.3. Two specific disk-
style RAINBOW actuators will be discussed for the purpose of determining the sensitivity of the
room-temperature shape to the geometric parameters. The two actuators have a radius R of 25.4

mm (1.0 in.) and 12.7 mm (0.5 in.), respectively, and a reduced layer thickness to total thickness
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T=975C T=T,=340C T=20%
Cooli ng to Cooli ng to or or
Curletemperature room temperature
Oxidation & Reduction RAINBOW disk still flat RAINBOW disk at room temperature
(Top View) (Top View) (Top View)
)

Original PZT (PZT,)

o H- HI Polarlty
Original PZT (Unreduced PZT)
[
%

Reduced PZT (PZT,)

Reduced PZT

(Side View at Curie Temperature)

Figure 4.3: Schematic of disk-style RAINBOW considered.

ratio of H,/H=0.35.

Any functions that satisfy the kinematic boundary conditions of the problem can be used as ap-
proximations in the Rayleigh-Ritz method for the nonlinear analysis. As the sophistication of these
functions increase, the accuracy should also increase, hopefully converging to the correct solution.
To study convergence for the nonlinear problem considered, a series of functions with an increasing
number of to-be-determined coefficients is used. Each coefficient is multiplied by a power of the

radial coordinate r. The five pairs of solutions considered are as follows:

e~
ot
(=2}

u = cror and  wf = agr?

3

=~
(@)
Y

ug = c1o7 + coor?  and wy = asor? + asgor

3

2 2 4
ug = c197r + coor” + c30r° and wg = agor” + a30r3 + aqor

5

—~ —~ —~ —~ —~
’ = ’
(@) (@)
=) o
SN— SN— SN— N— SN—

4
’LLZ = cior + 0207"2 + 0307"3 + C4()7"4 and ’U)Z = a207"2 + CL307"3 + a4or” + aso”

2 4 2 4 6
’LLg =197 +Co0T —i—Cg()?"g “+cq07 +C507"5 and wg =aoqT +CL307"3 +aqoT +CL507"5 “+agor

The above five pairs of functions will be used to study the axisymmetric room-temperature shape

of RAINBOW with radius R=25.4 mm. Figure 4.4 illustrates the convergence characteristics of the
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five pairs of functions. In Figure 4.4, the out-of-plane and radial components of displacement relative
to the flat configuration at Curie temperature, w°(r) and u°(r), are plotted as a function of radial
position, . Shown for comparison is the exact linear solution for the same device. From Figure 4.4 it
can be seen that one-term approximation, Equation (4.56), is not quite sufficient. However, it should
be pointed out that since the one-term nonlinear approximation and the exact linear solution are
quite different, the one-term approximation to the nonlinear problem does reflect the influence of the
geometric nonlinearities. However, it is not a particularly accurate approximation. Adding another
term, as in Equation (4.57), changes the results. The three-, four-, and five-term approximations
are in close agreement, and it is clear that five coefficients in each functional approximation are
sufficient. Needless to say, using a one-term approximate solution in the Rayleigh-Ritz method with
geometric nonlinearities deleted will give the exact linear solution. The five-term approximation,

Equation (4.60), will be considered converged and will be used herein.

To examine the influence of radius on the room-temperature shape of disk-style RAINBOW, another
device with a radius R=12.7 mm is considered in Figure 4.5. By taking note of the coordinate system
in Figures 4.1 and 4.2, it is seen when looking at Figure 4.5 that the out-of-plane component of
displacement is negative and thus represents a device that has deformed into a dome shape at room
temperature where the center of the device is upward relative to the edges. The predictions of
the exact linear analysis, Equations (4.16)—(4.18), and the nonlinear analysis computed using the
shooting method and the Rayleigh-Ritz method using the expressions in Equation (4.60) are shown
in the figure. Also, for purpose of comparison, the predictions from the commercially available
finite-element code ABAQUS programmed to include geometric nonlinearities are also shown. As
can be seen, all three nonlinear predictions agree very well with each other, and they differ from
the predictions of the linear theory. For the device with R=25.4 mm, relative to the nonlinear
analyses, the linear analysis predicts about 142% greater out-of-plane displacement at the outer
edge of the device. On the other hand, for the outer edge the linear analysis predicts 38% less radial
displacement than the nonlinear analyses. Because of the smaller value of out-of-plane displacement,
the nonlinear analyses predict a flattening of the dome shape relative to the linear analysis. In
addition to the smaller value of displacement, the distribution of the out-of-plane displacement
with radial position r is different with the nonlinear prediction. The format of Figure 4.5 allows

for direct comparison of displacement components of both devices, and it is seen that decreasing
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Figure 4.4: Convergence of the Rayleigh-Ritz method for axisymmetric room-temperature displace-
ments of disk-style RAINBOW (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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the radius of the device results in decreased displacements. Furthermore, for the smaller device
(R=12.7 mm) there is a closer agreement between linear and nonlinear analyses. Specifically, the
linear analysis over-predicts the out-of-plane displacements by just 30% and not as much flattening
is predicted as for the 25.4 mm radius device. It is is felt that the disagreement between linear and
nonlinear analysis is roughly proportional to the ratio of radius to total thickness, R/H. Materials
being the same, the smaller this ratio is, the more closely linear analysis will predict the out-
of-plane displacement. It should be noted that the Rayleigh-Ritz method was programmed with
Mathematica® [32] and was rather straightforward and executed quite quickly.

Note that the nonlinear effects for the 25.4 mm radius device are strong and stability can be an
issue. Generally, the loss of stability for a static equilibrium configuration means there could be
another static equilibrium configuration for the problem for the same conditions, here the given
temperature change, that is stable. In the case of disk-like devices, the alternate stable static
equilibrium configuration could be a non-axisymmetric one. As shown in Figure 4.2, it has been
observed that for some conditions disk-like RAINBOW deform into configurations other than domes
when they are cooled from the Curie temperature. Hence, the predictions of the 25.4 mm radius
RAINBOW must be viewed with caution, as the axisymmetric dome shape is unstable, as will be
shown in the next section, and would never be observed. Thus, an axisymmetric analysis would be
irrelevant and, in fact, misleading. In the next section, numerical results of the non-axisymmetric

analysis are presented.

4.5.2 General Solutions

To illustrate the convergence characteristics and results predicted by the general nonlinear analysis
using Rayleigh-Ritz method, consider again the 25.4 mm radius RAINBOW of Figure 4.4. To
study convergence for the problem considered, a series of functions with an increasing number of
to-be-determined coefficients is used (refer to Equations (4.47)—(4.49)). The three sets of functions

considered here are as follows
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14 term-approximation (K=2, L=2)

wiy(r,0) = CL207"2 + CL307“3 + (a22r2 + a32r3) cos(20)
uy(r,0) = cior + caor® + (c1or + cor?) c0s(20) + (c1ar + c247?) cos(46)
'Ui)4(7", 0) = (d127" + d227"2) Sin(20) + (d147" + d247"2) Sin(49)

35 term-approximation (K=5, L=2)

2 4
wis(r,0) = agr + azor® + agor* + asor® + agor®

—I—(a22r2 + asor® + agor* + asor® + a62r6) cos(20)
u3s(r,0) = cior + caor? + ezor® + caor® + esor”
+(c127 + c2or? + c32r® + caor? + c507°) cos(26)
+(c1ar + c2ar® + c347® + caar? + c547°) cos(46)

v35(r,0) = (dior 4 daor® + dgor® + dyor® + dsor®) sin(20)

+(d1ar + doar® + dsar® + daar* + dsar®) sin(46)

85 term-approximation (K=5, L=6)

2 4
wgs(r,0) = agr” + azor® + asor* + asor® + agor®

+(agor? + azor® + ager? + asor® + agar®) cos(26)
+(agar? + azar® + agrt + asar® + agar®) cos(46)

+(aser? + ager” + aser” + aser” + ager’) cos(66)
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(4.61)
(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)
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2 4
ugs(r,0) = cior + coor” + c30m> + cagrt + csor®

+(c1om + Coar? + 3913 + cqor® + c591°) cos(26

)
+(c147 + coar® + c3ar® + caar® + c547°) cos(460
+(c167 + cogr? + c367> + cagrt + cs6r°)
)

(26)

(46)

cos(60)

+(c1sr + casr® + c3sr® + casr + cssr”) cos(86)

+(c1107 + €210 + 3107 + caror® + c5107°) cos(100)

+(c1127 + o191 4 c3101° + cq19mt + €5127°) cos(126) (4.68)

v35(r,0) = (dior 4 daar? + dsor® + dagr* + dsor®) sin(20)
+(d1ar + doar?® + dsar® + daar* + dsar®) sin(460)

+(dig7 + cogr? + d3gr® + dagr? + d56r5) sin(60)

(

+(d1sr + cosr? + dagr® + dygr® + dssr®) sin(86)

+(d110r + do1gr? + dzyor> + dg1or? + ds107°) sin(108)
(

+(dy1or + d2127"2 + d3127"3 + d4127"4 + d5127"5) sin(l?@) (4.69)

Note that the axisymmetric portions of the 35- and 85-term solutions are identical to Equation
4.60, the approximate solutions which are considered fully converged. To dramatize the conver-
gence characteristics of the Rayleigh-Ritz method, the above three sets of functions will be used to
predict the room-temperature displacements at the outer edge, i.e., at r = R. Figures 4.6—4.8 illus-
trate these displacements. Shown for comparison is the solution from the commercially available
finite-element code ABAQUS programmed to include geometric nonlinearities. The displacements
evaluated by finite element analysis at the nodes located at the outer edge (r = R) are indicated by
the label ABAQUS. Figures 4.6—4.8 show that there are three equilibrium configurations at room
temperature. In these figures, the horizontal line solution corresponds to the dome-like axisymmet-
ric configuration and the other two solutions correspond to the near-cylindrical configurations. The
cooling scenario of disk-style RAINBOW will be discussed in the following paragraphs. Because
there are multiple equilibrium configurations, once the bifurcation temperature occurs, ABAQUS
must be coaxed to continue on a particular path to obtain the different configurations at room tem-

perature. To force ABAQUS to follow a particular path, a slight imperfection in the initial shape of
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RAINBOW was introduced. With slight imperfection, ABAQUS would converge to one of the two
stable solutions. To get ABAQUS to converge to the axisymmetric solution below the bifurcation
temperature, the nodes at the edge were forced to have the same out-of-plane displacement. Thus,
to obtain the room-temperature shapes of RAINBOW considered, three series of finite element cal-
culations were conducted. For each finite element analysis a mesh of 36 6-node triangular (STRI65)
and 360 8-node doubly curved thin shell (S8R5) elements [35] was used. Both types of shell elements
allow transverse shear in the element. RAINBOW was free on the edges, but clamped at the node
at its geometric center. A constant temperature change was applied at the nodes. From Figures
4.6-4.8, it can be seen that the 14-term approximation, Equations (4.61)—(4.63), is not sufficient
enough to achieve accurate approximations. Adding 21 more terms, as in Equations (4.64)—(4.66),
greatly improves the results. The 85-term approximation is in excellent agreement with finite-
element results, and it is clear that using K = 5 and L = 6 in Equations (4.67)—(4.69) leads to
very accurate results. As can be seen in the three figures, the out-of-plane displacement converges
the most quickly, and the two inplane components of displacement converge less quickly. It should
be noted that the ABAQUS results were computed using shear-deformable theory, whereas the
Rayleigh-Ritz-based theory is a non-shear deformable theory. The excellent agreement between
ABAQUS and and the 35- and 85-term solutions strongly suggests shear deformations are not an

issue in this problem.

Figures 4.9-4.13 illustrate the behavior of a 25.4 mm radius disk-style RAINBOW as it cooled
from the Curie temperature of the piezoceramic to room temperature. Specifically, in Figures
4.9-4.13 the parameters a;; of Equation (4.49) are shown as a function of the temperature. For
convenience, the coefficients a;; have been nondimensionalized by using RAINBOW thickness, H, as
a scaling parameter. These parameters are considered because they describe the out-of-plane shape
of RAINBOW, the most visible aspect of the deformation. Specifically, these parameters define
the curvatures. For simplicity and ease of interpretation of the results, the 35-term Rayleigh-Ritz

approximation was used to obtain numerical values of the a;; coefficients of Equation (4.64). These
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Figure 4.6: Convergence of the Rayleigh-Ritz method for the room-temperature outer edge out-of-
plane displacement w® of disk-style RAINBOW (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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coefficients can be substituted in the following curvature equations

kS = —(2a90 + 6azer + 12a4072 + 20as0r> + 30aeor?)
—(2a99 + 6azar + 12a427? + 20a52r> + 30ag2r*) cos(260) (4.70)
kg = —(2a90 + 3ager + dagor? + Sasor® + 6a607"4)
+(2ag2 + azor — asar® — 2a2r*) cos(26) (4.71)
Kpg = 4(ag2 + 2aszer + 3agor? + dazer® + 5a627"4) sin(20) (4.72)

to obtain quantitative predictions of the curvatures s, kg, and k,. Figure 4.14 illustrates the
actual room-temperature shapes of disk-style RAINBOW obtained using the Rayleigh-Ritz 35-

term approximation.

Referring to Figures 4.9-4.13, point A represents RAINBOW flat at its Curie temperature (a;;=0,
i=2,6, j=0,2). As the temperature is reduced, the 35-term Rayleigh-Ritz approximation develops
single-valued nonzero coefficients agg, aso, a0, aso, and agy with the other coefficients (age, asa,
a42, as2, ag2) being zero. These nonzero coefficients represent curvatures which are independent
of # and the equilibrium solution is thus a dome-like axisymmetric shape. As the temperature is
reduced further below the Curie temperature, the axisymmetric shape deepens. At a temperature
corresponding to points B and B’, the coefficients asg, asg, a0, asg, and agg bifurcate into branches
BC and BE, while the coefficients ags, asa, a2, ase, ags trifurcate into branches B'C’/, B'E/, and
B’C”. For this specific device the bifurcation temperature is 198 °C. The bifurcation occurring at
point B is referred to as a symmetry-breaking static bifurcation in the temperature-a;g coefficients
domain because it leads to the creation of asymmetric solutions (the non-axisymmetric solutions
in this case). The bifurcation occurring at point B’ is referred to as a supercritical pitchfork static
bifurcation in the temperature—a;o coefficients domain because the branches AB’, B'C’, B'E/, and
B’C” have the geometry of a pitchfork at point B’. Reducing the temperature below the 198 °C
level, solution paths BC and B/C’ represent a change from the dome-like axisymmetric shape to a
non-axisymmetric shape, with the largest out-of-plane displacements occurring at 6 =0 and 0 =7
and the smallest occurring at § = /2 and 6 = 37 /2 (Figure 4.14(a)). If instead of following paths
BC and B'C’, paths BC and B'C” are followed, the solution represents another non-axisymmetric

shape with smallest out-of-plane displacements occurring at § = 0 and 6 = 7w and the largest
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occurring at § = w/2 and 6 = 37 /2 (Figure 4.14(b)). At room-temperature the solution is similar
to the solution represented by paths BC and B'C’ but with roles of curvatures 2, x§, and %, out
of phase by a 7/2 angle. Finally, if paths BE and B'E’ are followed through the bifurcations points
B and B', respectively, the dome-like axisymmetric shape deepens further (Figure 4.14(c)). It is
important to note the magnitudes of coefficients agg, ase, a — 40, a4, aso, as2, ago, ag2 relative to
coefficients agg and ags. The coefficients agg and ago are the dominant terms in the approximation

for w°(r, ).

A stability analysis reveals the important details of these three pairs of paths. Specifically, paths
BC, B'C’, and B'C” represent stable equilibrium shapes and paths BE and B'E’ represent unstable
equilibrium shapes. Therefore, the shapes represented by paths BE and B'E’ will never be observed.
The shapes represented by paths BC, B'C’, and B'C” will be what is observed when RAINBOW
actuators are actually manufactured. Furthermore, paths B'C’ and B’C” represent shapes with the
same total potential energy and neither one is more likely to occur than the other. In practice,
imperfections in the device will cause one path to be favored relative to the other. A RAINBOW
with a shape represented by paths BC and B'C’ can be changed to the shape represented by paths
BC and B’C” by a snap-through action.

Figure 4.14(a) depicts disk-style RAINBOW at the room-temperature condition corresponding
to points C and C’. As can be seen, RAINBOW device has a near-cylindrical shape with the
maximum out-of-plane displacements occurring at § = 0 and # = w. Likewise, Figure 4.14(b)
depicts RAINBOW at the room-temperature condition corresponding to point C and C”. This is
another near-cylindrical shape with the maximum out-of-plane displacements occurring at § = /2
and 6 = 37/2. Finally, Figure 4.11(c) shows the unstable dome-like axisymmetric shape at room

temperature corresponding to point E and E’ in Figures 4.9-4.10.

Figures 4.15-4.19 illustrate the convergence characteristics of the a;; coefficients for the three
sets of functions. Again, from these figures, it can be seen that the 14-term approximation is
not sufficient enough to obtain accurate answers; however, it is able to predict the bifurcation
point to within 12 °C (8.5% of ATeriticai=—142 °C). These figures also indicate that the 35-term
approximation is enough to predict an accurate calculation for the bifurcation temperature. For

T > 150 °C (AT > —190 °C), all the branches in Figures 4.15-4.19 corresponding to the 35-
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Figure 4.9: Temperature-curvature (agp and agz) relation of disk-style RAINBOW (R=25.4 mm,

H=0.381 mm, H,/H=0.35).
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and 85-term approximations coincide. The results obtained using the 35-term approximation for
T < 150 °C are less accurate than those for T' > 150 °C, because of the overly-stiff characteristics
inherent in the Rayleigh-Ritz method. Moreover, in Figure 4.15 the calculations of asy and aso,
the dominant terms in the curvature expressions, are almost the same for both the 35- and 85-term
approximations. Since the 35-term approximation takes much less computational effort than the
85-term approximation, it is more efficient and is used to carry out the numerical calculations in

the sections to follow.

4.5.3 Effect of Geometry on Room-Temperature Shape

It is of interest to determine the influence of disk-style RAINBOW geometry on the characteristics
of the shapes at room temperature. In particular, it is of interest to know how the radius influences
the shapes. Figures 4.20-4.24 illustrate one of the most important features of the dependence of the
room-temperature shape on geometry. In these figures the parameters a;;, defining the curvatures,
are plotted as a function of RAINBOW radius. For convenience, the axes in Figures 4.20-4.24 have
been nondimensionalized by using RAINBOW thickness, H, as a scaling parameter. The reduced
layer thickness to total thickness ratio, H,/H, is fixed at 0.35. Referring to any of these figures,
moving from small (small R/H) to large RAINBOW, it is seen that the relationship between room-
temperature curvature and radius changes from being single-valued to being multiple-valued. For
small radii, denoted by branches AB and A’B’ in Figures 4.20-4.24, the 35-term Rayleigh-Ritz
approximation predicts single-valued nonzero coefficients asg, asg, a0, aso, and agg, with the other
coefficients (ag2, as2, as2, asa, ag2) being zero. The nonzero coefficients represent curvatures which
are independent of # and the equilibrium configuration is thus a dome-like axisymmetric shape,
and it is stable. At a radius corresponding to points B and B’, the coefficients agg, asg, ao,
asg, and agg bifurcate into branches BC and BE, while the coefficients aso, ags, a42, ase, and ags
trifurcate into branches B'C’, B'E’, and B’C”. This is interpreted to mean that for radii greater
than the value corresponding to points B and B, RAINBOW exhibits multiple room-temperature
shapes. For radii considerably larger than that corresponding to points B and B’, one of these
shapes is near-cylindrical, with a large curvature ¢ occurring in the #=0 direction and practically

no curvature k2 in the =m/2 direction (Figure 4.14(a)). The other shape is also near-cylindrical
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Figure 4.16: Convergence of the Rayleigh-Ritz method for the curvatures (agy and asz) of disk-style
RAINBOW (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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Figure 4.17: Convergence of the Rayleigh-Ritz method for the curvatures (a49 and a42) of disk-style
RAINBOW (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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Figure 4.18: Convergence of the Rayleigh-Ritz method for the curvatures (asy and as2) of disk-style
RAINBOW (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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Figure 4.19: Convergence of the Rayleigh-Ritz method for the curvatures (agy and ag2) of disk-style
RAINBOW (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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but with practically no curvature k2 in the §=0 direction and a large curvature ¢ in the O=m/2
direction (Figure 4.14(b)). Both of these shapes are stable. These two shapes are similar, but with
the roles of curvatures k7, kj, and k2, differing in phase by a 7/2 angle. The third shape is dome-
like and it is unstable. Thus there is a critical radius to thickness ratio. For the case considered
in Figures 4.20-4.24 the critical value is 44.3. For RAINBOW with a radius to thickness ratio just
slightly larger than the critical value, it would not require much force to transform one shape to the
other. In fact, the shape may change by simple handling of RAINBOW. For reference purposes, the
value of R/H for RAINBOW in Figures 4.9-4.13 is 67 (R=24.4 mm, H=0.381 mm), a value grater
than the critical value. The existence of a critical value of R/H could lead to unusual behavior.
Unknowingly, RAINBOW may be manufactured that has a value of R/H very close to the critical
value. If two disk-style RAINBOW are manufactured with this geometry, they may behave quite
differently because of small variations in material properties or thicknesses, nonuniform cooling,

and other such defects in manufacturing.

For the record, Figures 4.25-4.29 illustrate the convergence characteristics of the a;; coefficients
vs. R/H for the three sets of functions in Equations (4.61), (4.66), and (4.69). Again, from these
figures, it can be seen that the 14-term approximation is not in complete agreement with the 35-
and 85-term approximations; however, it is able to predict the critical value of R/H to within
4.3% of the converged value R/H=44.3. As the number of terms in approximation is increased,
the critical value of R/H converges to the ‘exact’ value from above. This verifies the general
trend that the Rayleigh-Ritz method provides an upper bound on solutions when the potential
energy is being minimized. These figures also indicate that the 35-term approximation is enough to
predict an accurate approximation for the critical value of R/H. For R/H < 50, all the branches
corresponding to the 35- and 85-term approximations are coincident. The results obtained using
the 35-term approximation corresponding to higher values of R/H (R/H > 50) are less accurate
than those corresponding to R/H < 50, because of the overly-stiff characteristics inherent in the
Rayleigh-Ritz method. The error may be made as small as desired by increasing the number of

terms in the approximation, which is reflected in the 85-term approximation.
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Figure 4.20: Room-temperature shapes (azp and agg) of disk-style RAINBOW as a function of

geometry (H,/H=0.35).
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Figure 4.21: Room-temperature shapes (asp and age) of disk-style RAINBOW as a function of
geometry (H,/H=0.35).
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Figure 4.22: Room-temperature shapes (aqp and a42) of disk-style RAINBOW as a function of
geometry (H,/H=0.35).
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Figure 4.23: Room-temperature shapes (asg and as2) of disk-style RAINBOW as a function of
geometry (H,/H=0.35).
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Figure 4.24: Room-temperature shapes (agp and ag2) of disk-style RAINBOW as a function of
geometry (H,/H=0.35).
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Figure 4.26: Convergence of the Rayleigh-Ritz method for the room-temperature curvatures (asp

and asz) of disk-style RAINBOW as a function of geometry (H,/H=0.35).
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Figure 4.27: Convergence of the Rayleigh-Ritz method for the room-temperature curvatures (a4
and a42) of disk-style RAINBOW as a function of geometry (H,/H=0.35).
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Figure 4.28: Convergence of the Rayleigh-Ritz method for the room-temperature curvatures (aso
and asz) of disk-style RAINBOW as a function of geometry (H,/H=0.35).
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Figure 4.29: Convergence of the Rayleigh-Ritz method for the room-temperature curvatures (agp
and agz) of disk-style RAINBOW as a function of geometry (H,/H=0.35).
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4.5.4 Effect of Reduced Layer Thickness on Room-Temperature Shape

In addition to the effect of geometry on room-temperature shapes, it is of interest to determine the
influence of the reduced layer thickness on the characteristics of the shapes of disk-style RAINBOW
at room temperature. Figures 4.30-4.34 illustrate the most important features of the dependence
of the room-temperature shape on reduced layer thickness. In these figures the parameters a;;
are plotted as a function of reduced layer thickness. Again, for convenience the axes have been
nondimensionalized by using RAINBOW thickness, H, as a scaling parameter. The radius-to-
thickness ratio in Figures 4.30-4.34 is fixed at 67. In these figures, it is shown that the relationship
between reduced layer thickness and room-temperature curvatures changes from being single valued
to multiple valued and again to single valued as the reduced layer thickness is increased from 0 to
100% of total thickness. For small reduced layer thickness, denoted by branches A;B; and A}B] in
Figures 4.30-4.34, RAINBOW is predicted to have but one room-temperature shape. That shape is
an axisymmetric dome shape and it is stable. At a reduced layer thickness corresponding to points
B, and Bj, the coefficients agg, aso, a0, aso, and ago bifurcate into branches B;C; and and B1Ey,
while the coefficients agg, asa, as2, ass, and age trifurcate into branches B} C, B{CY, and B{E}. On
the other hand, at a reduced layer thickness corresponding to points Bs and B}, the relationship
changes from being multiple valued to being single values, as depicted by branches BoAs and B,AS,.
This is interpreted to mean that for reduced layer thickness between the two values corresponding
to points By and B and points By and B, RAINBOW exhibits multiple room-temperature shapes.
One of these shapes is near-cylindrical, with a larger curvature 2 in the §=0 direction than in the
§=m/2 direction. The other is also near-cylindrical, but with the roles of curvatures k2, kg, and
k¢, different in phase by m/2. The third shape is axisymmetric and it is unstable. For reduced
layer thickness smaller than the value corresponding to points By and B or greater than the value
corresponding to points By and B, RAINBOW exhibits one stable axisymmetric room-temperature
shape. For the case considered in Figures 4.30—-4.34 the critical values corresponding to points B;
and B/ and points By and BY, are 14% and 92%, respectively. Figures 4.30-4.34 indicate that at a
reduced layer thickness of 55%, the maximum values (major curvature) and the minimum values
(minor curvature) of a;; are achieved. For the sake of comparison of the characteristics of the shapes

of disk-style RAINBOW at room temperature, the results shown in Figures 4.9-4.13 and 4.20-4.24
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of sections 4.3.2 and 4.3.3, respectively, are reproduced using a reduced layer thickness of 55%.
These results are depicted in Figures 4.35—4.44. Figures 4.35—4.39 indicate that the trifurcation
temperature corresponding to points B and B’ is 217 °C, 19 °C higher than the one in Figures
4.9-4.13. In Figures 4.40-4.44, the critical radius to thickness ratio R/H corresponding to points
B and B’ is 41.3. This value is lower than the one corresponding to 35% reduced layer thickness,

which results in a critical radius to thickness value of 44.3.

The results discussed above show that the existence of critical values of reduced layer thickness could
add more complexity to the unusual behavior of disk-style RAINBOW. A nonuniform reduction
process during the manufacturing of RAINBOW will no doubt influence the room-temperature
shapes. If two RAINBOW with the same geometry are manufactured with reduced layer thickness

close to a critical value, they may perform differently due to small inconsistencies between the two.

4.5.5 Application of an Electric Field

Figures 4.45-4.49 illustrate the relationship between the change in the coefficients a;; relative to
their room-temperature values, Aa;;, as a function of the electric field strength for the range F=1.5
MV /m. It is assumed that RAINBOW is in a shape represented by a large curvature 9 in the
6 = 0 direction, point C’ in Figures 4.9-4.13. The polarity of the unreduced piezoceramic material
is assumed to be as shown in Figure 4.3 and, as in Chapters 2 and 3, the sign of E is such so
as to produce contraction strains in the unreduced piezoceramic in the r and 6 directions. The
piezoelectric coefficients of the unreduced piezoceramic are given in Table 2.1. As can be seen in
Figure 4.45, a reasonable change in the major coefficients, Aasg and Aags, can be achieved with
a moderate field strength. For the case considered, a positive E tends to flatten RAINBOW in
the # = 0 and 6 = 7 directions. Figures 4.46—4.49 indicate that the coefficients Aaso, Aagg, Aase,
and Aagy behave in an opposite way to Aasg and Aass, i.e., they decrease with a positive £ and
increase with a negative K. However, since the variations Aase, Aaygg, Aasz, and Aagg, are small
compared to variations Aagy and Aass, the behavior of RAINBOW is, to a large extent, governed
by the variations in ap and age. It should be noted that the relationship between Aa;; and E is
very close to being linear, which makes the task of analyzing the dynamical actuation of disk-style

RAINBOW much simpler.
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Figure 4.30: Room-temperature shapes (azp and agg) of disk-style RAINBOW as a function of
reduced layer thickness (R=25.4 mm, H=0.381 mm).
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Figure 4.31: Room-temperature shapes (azp and age) of disk-style RAINBOW as a function of
reduced layer thickness (R=25.4 mm, H=0.381 mm).
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Figure 4.32: Room-temperature shapes (aqp and a42) of disk-style RAINBOW as a function of
reduced layer thickness (R=25.4 mm, H=0.381 mm).
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Figure 4.33: Room-temperature shapes (asg and as2) of disk-style RAINBOW as a function of
reduced layer thickness (R=25.4 mm, H=0.381 mm).
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Figure 4.34: Room-temperature shapes (agp and ag2) of disk-style RAINBOW as a function of
reduced layer thickness (R=25.4 mm, H=0.381 mm).
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Figure 4.35: Temperature-curvature (agp and asz) relation of disk-style RAINBOW (R=25.4 mm,

H=0.381 mm, H,/H=0.55).
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Figure 4.36: Temperature-curvature (asp and asz) relation of disk-style RAINBOW (R=25.4 mm,

H=0.381 mm, H,/H=0.55).
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Figure 4.37: Temperature-curvature (a4p and a4s) relation of disk-style RAINBOW (R=25.4 mm,
H=0.381 mm, H,/H=0.55).
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Figure 4.38: Temperature-curvature (asp and asz) relation of disk-style RAINBOW (R=25.4 mm,
H=0.381 mm, H,/H=0.55).
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Figure 4.39: Temperature-curvature (agp and agz) relation of disk-style RAINBOW (R=25.4 mm,
H=0.381 mm, H,/H=0.55).
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Figure 4.40: Room-temperature shapes (azp and agg) of disk-style RAINBOW as a function of

geometry (H,/H=0.55).
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Figure 4.41: Room-temperature shapes (asp and age) of disk-style RAINBOW as a function of
geometry (H,/H=0.55).
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Figure 4.42: Room-temperature shapes (aqp and a42) of disk-style RAINBOW as a function of
geometry (H,/H=0.55).
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Figure 4.43: Room-temperature shapes (asp and as2) of disk-style RAINBOW as a function of
geometry (H,/H=0.55).
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Figure 4.44: Room-temperature shapes (agp and ag2) of disk-style RAINBOW as a function of
geometry (H,/H=0.55).
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Figure 4.45: Variations of agp and age as a function of E (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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Figure 4.46: Variations of agp and ags as a function of £ (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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Figure 4.47: Variations of a49 and a42 as a function of £ (R=25.4 mm, H=0.381 mm, H,/H=0.35).
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4.5.6 Effect of Geometry on the Piezoelectric-Induced Deformations

The results shown in Figures 4.45-4.49 for the case of Figures 4.9-4.13, RAINBOW with R/H = 67
and H,/H=0.35, can change dramatically if a disk-style RAINBOW is considered which has a value
of R/H=A47.5, a value closer to the critical value of 44.3. The value of R/H = 67 is sufficiently
removed from the critical value of R/H=44.3 that the effect of applying a E=+ 1.5 MV /m results
in the linear relations shown in Figures 4.45-4.49. If an electric field of E+ 1.5 MV /m is applied to
RAINBOW with R/H=47.5, the results shown in Figures 4.50-4.54 are predicted. These figures
are more complicated than Figure 4.45-4.49 because of the potential for a change in shape due
to applied electric field, and because coefficients a;; rather than Aa;; are plotted. If disk-style
RAINBOW has a room temperature shape represented by points Cs and Cf in Figures 4.50-4.54,
then a negative E results in an increase in the magnitude of a;;. That is, RAINBOW becomes
more cylindrical, with increased k¢ curvature in the # = 0 and § = 7 directions. On the other
hand, if F is positive, a change in the overall shape of RAINBOW is possible. Again referring to
Figures 4.50-4.54, as E increases from zero at points Cg and Cj, the values of agg, aso, a40, aso, and
ago decrease in magnitude, and the values of ase, ass, a4e, ase, and age tend to go to zero. When
the electric field strength reaches a value represented by Bs and Bj, the shape of rainbow becomes
axisymmetric dome. A further increase in electric field strength beyond points B3 and Bf results
in an axisymmetric dome shape, but one that is less deep. If the electric field strength is decreased,
the axisymmetric shape begins to deepen again. At points B3 and Bj, RAINBOW can follow paths
B3C3 and B5C5 or B3Cs and B5C5. If RAINBOW follows paths B3Cs and B5C4, it will return
to the original shape as E approaches zero. If it follows paths B5C%, RAINBOW will assume the
‘snapped through’ room-temperature shape when F approaches zero. Thus, the application of the

electric field has the potential for changing the overall character of the shape.

4.5.7 Effect of Reduced-Layer Thickness on the Piezoelectric-Induced Defor-

mations

It is of interest to determine the influence of the reduced layer thickness on the characteristics of
the piezoelectric deformations of RAINBOW at room temperature. Figures 4.55-4.59 illustrate

the important features of the dependence of the piezoelectric-induced deformations on reduced
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layer thickness. In these figures the change in a;; at room temperature are plotted as a function
of reduced layer thickness under applied electric fields of 0.25, 0.5, 1.0, and 1.5 MV/m. Again,
for convenience, the axes in Figures 4.55—4.59 have been nondimensionalized by using the total
thickness of RAINBOW, H, as a scaling parameter. The radius to thickness ratio of RAINBOW
in these figures is fixed at 67. As seen in Figure 4.55, for coefficient ass the maximum change
occurs in the range of 14% to 17% or 89% to 92%. However, the maximum change in age the
leading coefficient in the curvature expressions, is very sensitive to the exact value of H,/H in the
ranges, due to the steepness of the slope of the relation. Furthermore, the changes in coefficients
asa, a42, as2, and agy are also very sensitive to the exact value of H,/H. This sensitivity is due to
the fact that in the neighborhood of the two ranges, a bifurcation in the room-temperature shape
occurs, as shown in Figures 4.30-4.34. The existence of bifurcation points in these ranges can lead
to unexpected behavior of RAINBOW, such as sudden changes in curvatures, when an electric field
is applied. It is, therefore, best to stay away from these two ranges of H,/H. On the other hand, as
seen in Figures 4.55-4.59, the maximum absolute change in the coefficient a;;, with the exception
of ags, can be achieved when the reduced layer thickness is 55%. A local maximum for the change
in ags occurs at 55%. In view of this, the optimal reduced layer thickness would be at 55%, a value

far removed from the critical values.

4.6 Chapter Summary

In this chapter, a model for predicting the room-temperature shape of disk-style RAINBOW has
been developed. A discussion of the assumptions adopted to develop the model was presented.
The methodology was similar to the one developed for rectangular RAINBOW except the analysis
was developed in polar coordinates. The model for disk-style RAINBOW was shown to have an
excellent agreement with the finite element results of ABAQUS. Again, the present analysis is shown
to have formulative and computational advantages over finite element analysis in terms of the ease of
extending the model to account for piezoelectric-induced deformations and the computational effort.
The results shown in this chapter indicate that the predicted room-temperature shape of disk-
style RAINBOW can be either near-cylindrical or axisymmetric. As was the case for rectangular

RAINBOW, for a given set of material properties of RAINBOW, there exists a critical value
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of radius-to-thickness ratio R/H below which RAINBOW exhibits a unique axisymmetric stable
room-temperature shape. For values of R/H greater than the critical value, RAINBOW exhibits
multiple room-temperature shapes, two of which are in near-cylindrical and the third shape is
axisymmetric and is unstable. Comparison between the results of the present model and the results
of the linear analysis indicates that the nonlinear geometric effects are important and should be
included in the strain-displacement relations. The results presented in this chapter also reveal the
existence of two critical values of reduced layer thickness. For a reduced layer thickness bounded by
these two critical values, RAINBOW exhibits two stable near-cylindrical shapes and one unstable
axisymmetric shape. On the other hand, if the reduced layer thickness is outside the interval
bounded by the critical values, RAINBOW exhibits a unique and stable axisymmetric shape. Hence,
for RAINBOW with a value of R/H or a reduced layer thickness that is close to the critical value,
irregularities in manufacturing will no doubt influence the room-temperature shapes. The extension
of the model to include piezoelectric-induced deformations indicates that the relationship between
the change in the dominant terms defining the curvatures (Aagy and Aagz) is very close to being
linear with electric field strength. As was the case for rectangular RAINBOW, it is found that
the optimal reduced layer thickness would be at 55%, since the maximum change in the dominant
coefficients is achieved while maintaining the linear relationship between the dominant coefficients,
asp and aos, and the electric field. This value seems to be dependent on the material properties of

RAINBOW rather than its geometry.

Comparison between the predicted and the manufactured shapes of disk-style RAINBOW is pro-
vided in section B.2.2 of Appendix B. In the next chapter, the present model is modified to predict
the room-temperature shapes of disk-style GRAPHBOW and their piezoelectric-induced deforma-

tion characteristics under application of electric field.



Chapter 5

Disk-Style GRAPHBOW Actuators

5.1 Introduction

The main objective in this chapter is the extension of the model described in Chapter 4 for pre-
dicting the manufacturing and piezoelectric deformation characteristics of disk-style GRAPHBOW.
The discussion of the extension of the model of disk-style GRAPHBOW is condensed because of its
analogy to its counterpart for rectangular GRAPHBOW described in Chapter 3. Numerical results
corresponding to the formulations in this chapter are presented. The primary qualitative and quan-
titative characteristics of interest are the room-temperature shapes and the piezoelectric-induced

deformations of disk-style GRAPHBOW.

5.2 Modeling Definitions and Assumptions

Figure 3.1 describes the process used to incorporate one or more thin layers of fiber-reinforced
composite onto RAINBOW. As in Chapter 3, a multi-step thermoelastic analysis is developed to
model the addition of the composite layers. Again, the analysis is based on the total potential
energy approach along with the Rayleigh-Ritz method. Figure 5.1 describes the geometry and
nomenclature of the problem considered. The first N layers are assumed to be made of thin layers

of orthotropic materials (reduced and unreduced piezoceramic) with thickness, H, and the next M

186
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Figure 5.1: Geometry and nomenclature of a disk-style GRAPHBOW device considered.

layers represent additional layers of fiber-reinforced composite material with thickness H.. The ¢
angle shown in Figure 5.1 is the angle that the composite fibers make with the x direction. Layer
positions, locations of the upper and lower boundaries of the k" layer, i.e., 2z, and z;,_1, radius R,

and analysis coordinate system are the same as for the disk-style RAINBOW analysis.

5.2.1 Total Potential Energy

Using the same logic adopted to obtain Equation (3.1), but using polar coordinates, the total

potential energy is given by

1 R 27 pznym T T
HZE/ / / {(or = aT)E + 2k9) + (09 — 07 ) (€] + 21)
0 0 2o

+ (7o — 7'3;)(’)/1?9 + zm?(,)} rdr df dz (5.1)

Again, the stress components superscripted with a “I” denote the equivalent stresses due to thermal
effects. The strains and curvatures in the energy expression are given by Equations (4.30) and
(4.31). Since not all layers are present at all temperatures, the integration of II through the
thickness should be carried out with care. The location z = z, = 0 is taken here to be the reference

surface for the original two-layer flat RAINBOW device, and the quantities u°, v°, and w® are the
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total displacements in the 7, 6, and z directions, respectively, of the reference surface. Expanding

the stresses in Equation (5-1), we obtain the following relations

or = Qule—€)+Quales — &) + Qus(1ro — Vo)
o9 = Qualer — € )+ Qarler — ) + Qas(1ro — V) (5.2)
79 = Queler — € ) + Qao(en — ) + Qos(vro — 77p)

where €, €] and ~, are the equivalent strains due to thermal effects and the the fact that strains

in the composite are important only below the cure temperature. Equation (5.2) can be rewritten

as
or = Qui€r + Q1260 + Q167Vro — UTT
o9 = Quaer + Qg + QoeVro — 4 (5.3)
o = Que6r + Qo€ + Qo67ro — T,?(;
where
UrT = Qnez + Queg + Q16’YZ;9
o5 = Qe + Qaej + Qae7rg (5.4)
Tq?(; = Que€r + Q%eg + Q6673;

Since the temperature in the piezoceramic layers is changed by AT¢, the equivalent strains in the

two layers of RAINBOW are given by

eppzr) = Ao (5.5)

’Yﬁg(pz:r) = o9ATc
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In similar fashion to equation (3.6), the equivalent strains in the composite layer, assumed to be

graphite-epoxy, are defined by

T
71’0(Composite)

T
€r(Composite)

T
€0(Composite)

Oér(ATC —
Oég(ATC —

[679] (ATC —

AT*) + ¢

AT*) + ¢

AT*) + 74

(5.6)

where €, €5, and 7, are the strains computed at temperature 7. Integrating with respect to z

through the thickness of GRAPHBOW results in

II

- //2”

+ (M — MeT ATy

where
H+H.
N, E/ ordz
0
H+H.
Ny E/ opdz
O H+H.
Nyy E/ Trodz
0,
H+H.
M, = / zopdz
OH+m.
My = / zopdz
O H+H.
M,y = / 2Tredz
\ 0

— NTATc — NY)e8 + (Ng — NFATe — Nj)eg

)% + (M, — M ATc

— Mg)rg + (Mre

€

€

[B] Vro
[D] Ky
K

L Fro

MEAT —

— M;)ry

:9)/@?9} rdrd0

N;
N,
e
M
My,

ATo —

(5.7)

(5.8)
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(5.10)

(5.11)

(5.12)
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Also the effective thermal force and moment resultants are defined as

SrT*
M,y

— — — & 55— S—

T

H+H, B B
/ (Quiar + Q20 + Qiv0) dz
0

H+H, B B
(Qr2ar + Q22009 + Q26010) dz

=
+
o

(Qec + Qo609 + Qesirg) dz

=
+
o

(Quay + Qr2ap + Qiparg) 2dz

=
+
o

(Q12Oér + Q22Oé¢9 + Q%‘Oérg) zdz

=
+
o

(Q6c + Qasas + Qesairg) 2dz

=
+
o

(Qllar + Q12Oé(9 + Qmar(;) dz

(QlQar + Qa0 + Q%ar(;) dz

m\
T
+
o

H+H.

.

(Qre0n + Q2609 + Qesirg) dz

H+H, B B
(Quicw + Qr209 + Qrirg) 2dz

.

(Qu20r + Qa2 + Q260rp) 2dz

m\
T
+
Jo

H+H, ) )
(Quear + Qo609 + Qpcrre) 2dz

.
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(5.13)
(5.14)
(5.15)
(5.16)
(5.17)
(5.18)
(5.19)
(5.20)
(5.21)
(5.22)
(5.23)

(5.24)

In the above, the matrices [A], [B], and [D] and the A’s, B’s, D’s, A*’s, B*’s and D*’s are defined

in Equations (4.38)—(4.40) and (3.32)—(3.37), respectively.

5.2.2 The Rayleigh-Ritz Approach

The displacement fields for GRAPHBOW are assumed to have the same functional form as for

disk-style RAINBOW, i.e., Equations (4.47)—(4.49). Again the values of a;j;, ¢;;, and d;; are sought

by using the first variation of the total potential energy, and stability is evaluated using the second

variation. The procedures are identical to those discussed in Chapter 4 with Equations (4.50) and

(4.51).
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5.2.3 Piezoelectric Effects

To investigate to deformation characteristics due to applying an electric field through the unreduced
piezoceramic, the total potential energy expression of Equation (5.7) is modified to account for the
effective force and moment resultants produced by the electric-field-induced dilatational strains.

Thus, the following terms are appended to the total potential energy expression:

. H+H:. B
NPE, = / (Q1ds1 + Q2d32) E.dz (5.25)
. H-+H. B
NFE, = / (Qi2d31 + Qa2d32) E.dz (5.26)
0
~ H+Hc —
MTEEZ = / Q11d31 + Q12d32) E.zdz (5.27)
0
~ H+Hc —
M;?EZ = / Q12d31 + Qggdgg) Ezzdz (5.28)
0

Attention should be brought to the fact that only the unreduced piezoceramic layer contributes to
the integrals of Equations (5.25)—(5.28), as d3; and ds2 are considered to be zero for the reduced
layer and the composite, and that the assumed displacements resulting from the temperature change

plus the application of the electric field are approximated by Equations (4.47)—(4.49).

5.3 Numerical Results

5.3.1 Effect of Composite Layer Arrangements on GRAPHBOW Room-Tempera-
ture Shape

To illustrate the results predicted by the present model and to study convergence of the Rayleigh-
Ritz method, consider the disk-style RAINBOW discussed in Chapter 4 with R=25.4 mm, H=0.381
mm, and H,/H=0.35. The relationships between temperature and the coefficients agg, age, asp,
as2, G40, @42, as50, a2, and agg and age are shown in Figures 4.9-4.13. Recall, from Equations
(4.70)—(4.72) that these coefficients describe the curvatures. Assume a single layer of graphite-
epoxy is applied to the reduced side of RAINBOW. With this arrangement, layer no. 1 is the

composite, layer no. 2 is the reduced layer, and layer no. 3 is the unreduced layer. The fibers
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are aligned with the x direction (refer to Figure 5.1), i.e., the composite layer is considered a 0°
layer. The material properties of the composite are given in section 3.3. A convergence study of
the Rayleigh-Ritz method is made by assuming the layer of composite is present from the onset of
cooling of GRAPHBOW, as opposed to adding the layer of composite partway through the cooling
cycle and then continuing to cool. This approach is taken because of the difficulty with developing
an ABAQUS model whereby elements are added after cooling partway through the cooling cycle.
This essentially means the case is considered where T = T, i.e., in Figure 3.1 AT* = 0. The
AT considered was ATo=-157 °C and the out-of-plane, radial, and circumferential displacements
of the outer radius are compared for three sets of approximations, Equations (4.61)—(4.69). Figures
5.2-5.4 illustrate the convergence characteristics of the three sets of functions. For the finite-
element analysis, the mesh, type of elements, type of loading, and boundary conditions used are
the same as those described in Chapter 4. As it can be seen, increasing the number of terms in
the approximation greatly improves the results. Since the 35-term approximation takes much less
computational effort than the 85-term approximation, and compares very well with the ABAQUS
results, it is used to obtain numerical values of the a;; coefficients which can be substituted in

Equations (4.70)—(4.72) to compute the curvatures of GRAPHBOW for given r and # coordinates.

Considering a more realistic case, a multiple-step temperature change case, Figures 5.5-5.9 illustrate
the behavior of the disk-style [0°/RAINBOW] described above, and by Figures 3.1 and 5.1, as it is
cooled from the composite cure temperature T*=177 °C to room temperature. For temperatures
greater than 7™, the results of Figures 4.9—-4.13 apply. Specifically, in Figures 5.5-5.9 the parameters
a;; of Equations (4.70)-(4.72) are shown as a function of the temperature. Figure 5.10 illustrates
GRAPHBOW room-temperature shapes. For comparison, the room-temperature shapes of their

counterpart RAINBOW from Figure 4.14 are included.

Referring to Figures 5.5-5.9, the solid lines and dashed lines correspond to the stable and unstable
equilibrium solutions, respectively. At a temperature lower than T, the temperature-a;; relation-
ship of GRAPHBOW is depicted by curves with rectangular (Solution I), triangular (Solution II),
and circular (Solution III) symbols. The solution paths of branches BC, BE, B'C’, B'C”, and B'E/
in Figures 4.9-4.13 are included for direct comparison. From Figures 5.5-5.9, it is observed that the

coefficients a;; along the three solution paths, Solution I, Solution II, and Solution III, are single-
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valued. A stability study shows that the three GRAPHBOW room-temperature shapes shown in
Figure 5.10 are stable. Hence, the unstable branches BE and B'E’ are stabilized and the ‘converted’
stable branches are given by Solution III. Figure 5.10 indicates that bonding a 0° composite layer
to the reduced layer of RAINBOW results in three similar room-temperature configurations, i.e.,
larger k, along the §=m/2 and #=37/2 directions than along the =0 and #=n directions. These
three configurations are all near-cylindrical and exhibit larger out-of plane displacements than their
RAINBOW counterparts. It is quite interesting that the unstable dome configuration is eliminated
by the addition of the 0° layer. This behavior was seen with rectangular RAINBOW. Again, it is

important to note the relative magnitude of the coefficients asg, age, asg, ase, etc.

In Figures 5.11-5.15 a single 0° layer of fiber reinforced composite material is bonded to the unre-
duced side of RAINBOW. With this arrangement, layer no. 1 is the reduced layer, layer no.
2 is the unreduced layer, and layer no. 3 is the composite. The room-temperature shapes of
[RAINBOW/0°], as shown in Figure 5.16, are three stable near-cylindrical shapes with larger s,
along the #=0 and #=r directions than along the f=n/2 and 6=3x/2 directions. These larger
curvature directions are different than for the case when the composite is bonded to the opposite
side of RAINBOW, Figure 5.10. This is somewhat surprising in light of the increased stiffness in
the 0° direction in both cases. The two configurations corresponding to Solution I and Solution II
exhibit smaller out-of-plane displacements than their RAINBOW counterparts. This is also differ-
ent than the case of Figure 5.10, where the addition of the composite layer led to larger out-of-plane

displacements for all three solutions.

The behavior of [05/RAINBOW], shown in Figures 5.17-5.21, is not much different than [0°/RAINBOW],
shown in Figures 5.5-5.10. The three stable near-cylindrical shapes are shown in Figure 5.22.
Moreover, the behavior of [RAINBOW /03] shown in Figures 5.23-5.28 is similar to the behavior of
[RAINBOW/0°], shown in Figures 5.11-5.16.

Referring to Figures 5.29-5.33 and 5.35-5.39, bonding [0°/90°] composite layers either to the
reduced layer or to the unreduced layer seems to produce similar behavior. In both cases the
room-temperature shape of Solution I is dome-like and the room-temperature shapes correspond-
ing to Solution IT and Solution III are near-cylindrical with a larger k, along the #=7n/2 and

0=37/2 directions than along =0 and f=r directions. All of the room-temperature shapes of
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[0°/90°/RAINBOW] and [RAINBOW/0°/90°] are stable and are shown in Figures 5.34 and 5.40,
respectively. The behavior in both cases of [0°/90°] composite layers being added to RAINBOW
appears to favor the dome-like behavior. In Figures 5.34 and 5.40, comparing the solution of C
and C’ with Solution I, it is seen that the dome-like behavior is induced by the addition of the
[0°/90°] composite layers. Comparing the solution at C and C” with Solution II, it is seen that
the cylindrical shape of C and C” is less pronounced when the [0°/90°] composite layers are added.

And Solution IIT returns to a large degree the dome-like behavior of E and E'.
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Figure 5.5: Temperature-curvature (agop and agy) relation of disk-style [0°/RAINBOW] (R=25.4
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Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 200

5 \
—
— 9y
— RAINBOW
47 c (o) ]
— [0°/RAINBOW]
—-m— Solution | (stable)
—a- Solution |1 (stable)
_o- Solution Il (stable)
3 2
2 |
o 1 g
Q
)
T ,
X E
g 0
m('f)
T
X
& -1F
o Q' .
) |
_27 Phe - ]
E .7 . .
-3 T'=177°C- 8
C
_4 — N -
c
-5
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.6: Temperature-curvature (aso and age) relation of disk-style [0°/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 201

2 I
_ 340
c —
— RAINBOW
15k — [0°/RAINBOW] i
. —m— Solution | (stable)
—a— Solution Il (stable)
c _o Solution 111 (stable)
1- 2
E ~
0.5
’TA
o
Z
[32]
T .
X E
o 0 o
-
T
X
o
-05r B
-1t T'=177°C- s
-15r B
o
-2 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.7: Temperature-curvature (aso and asz) relation of disk-style [0°/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani

Chapter 5. Disk-Style GRAPHBOW Actuators

— %

— %

— RAINBOW

— [0°/RAINBOW]
—m— Solution | (stable)
—a— Solution 11 (stable)
_o Solution Il (stable)

T'=177°C-

4
3F ¢
27
17
¢
o
)
<t
T .
X E
o
cd.no
<-
I
X
(@)
o
_1,
_2,
E
C
_37 c
-4
0

Figure 5.8: Temperature-curvature (aso and as2) relation

40

60 80 100 120 140 160 180
Temperature, T (°C)

mm, H=0.381 mm, H,/H=0.35).

200

202

of disk-style [0°/RAINBOW] (R=25.4



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 203

0.2 \
—a,
— a62
— RAINBOW
) — [0%RAINBOW]
0.15F ¢ ~m— Solution | (stable) 7
—a- Solution 11 (stable)
c _o- Solution 11 (stable)
01f
0.05
R NN - S
IO
2
n
I ,
x E
0
e
o-
I
X
3
©
-0.05
-01f
c
-0.15} f
-0.2 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.9: Temperature-curvature (ago and ag2) relation of disk-style [0°/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani

(@ AtCand C

o v
X (mm) 20

() AtCandC

04 ;'Eig —
4 SN
s AN
14 s RIS
PSS
£ 0 ariincasappla
£ o] rmiississ
o
=

o v
X (mm) 20

o v
X (mm) 20

~20 y (mm)

N\
N

0+
SRR
ey
14 “‘“
—
IS
E-2]
Q
B
_3 d
4L

20
0

=20 y (mm)

Chapter 5. Disk-Style GRAPHBOW Actuators

(d) Solution | a room temperature

=
N

SOSON .

S

N W W
== AN

o v
X (mm) 20

i
=R
S -
=

—=_=

‘--

7

V.o

fl
889999,/
s

15999 il
i

277

2N
22 )

ZZ

N"I"llm
'Q'O/'I 1]
Nt
T
O'illl
"

IR
N Q.
N
N '
=
<2
L7

S
S—o=o

<2

<2
<>

o v
X (mm) 20

¥
h:s

- 4

<

0
X (mm) 20

204

Figure 5.10: Comparison of room-temperature shapes of disk-style RAINBOW and [0°/RAINBOW]
(R=25.4 mm, H=0.381 mm, H,/H=0.35) (refer to Figures 5.5-5.9).
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Figure 5.11: Temperature-curvature (azo and age) relation of disk-style [RAINBOW/0°] (R=25.4
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Figure 5.16: Comparison of room-temperature shapes of disk-style RAINBOW and [RAINBOW /(7]
(R=25.4 mm, H=0.381 mm, H,/H=0.35) (refer to Figures 5.11-5.15).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 211

15 \
— %y
_— a22
— RAINBOW
— [0)/RAINBOW]
—m— Solution | (stable)
L —a— Solution |1 (stable) B
_o Solution Il (stable)
o
05 ‘ 7
A =
a
T E
mﬁ 0 .
T .
X
I E ?
S | E - —m = = & & & e = o — it
= //—
— / ]
-0.5|- / 7
/
C =
¢
b T'=177°C~ -

-15 \ \ \ \ \ \ \ \ \
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.17: Temperature-curvature (ago and ass) relation of disk-style [03/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 212

5 \
— a,
— a,
4L ¢ — RAINBOW H
. [OZ/RAINBO\N]
—m— Solution | (stable)
—a— Solution Il (stable)
—o- Solution Il (stable)
3, .
2, ]
17 —

2 2 -
a, xH? a,xH?(10 5

-3F T'=177°C- -
C
— 4 — . -
C
_5 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.18: Temperature-curvature (aso and agg) relation of disk-style [03/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 213

2 \
— 4,
< — 3
— RAINBOW
. [Og/RAINBO\N]
151 —=- Solution | (stable) 7
—a— Solution Il (stable)
c —o- Solution Il (stable)
17 ]
E ~
0.5
’TA
o
Z
[32]
T .
X E
o 0
.
T
X
o
-05r B
_17 ]
-15 T'=177°C- -
c
-2 | | | | | | | | |

0 20 40 60 80 100 120 140 160 180 200
Temperature, T(°C)

Figure 5.19: Temperature-curvature (aso and a42) relation of disk-style [03/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 214

4 T
— %
— %
— RAINBOW
— [0)/RAINBOW]
3P ¢ = Solution (stable) i
—a— Solution 11 (stable)
_o Solution Il (stable)
2,
1,
¢
o
)
<t
T ,
X E
o
(d.n O
--
I
X
(@)
o”
_1,
_2,
E
c T =177°C-
_37 c —
-4 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T (°C)

Figure 5.20: Temperature-curvature (aso and asg) relation of disk-style [05/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 215

0.2 \
— %
—
— RAINBOW
— [0°/RAINBOW]
015 ¢’ 2 k
c —m— Solution | (stable)
—a— Solution 11 (stable)
c _o Solution Il (stable)
0.1
0.05[-

a,x H® a, H® (10_10)
o
m.

-0.051-

-0.151 7

0.2 \ \ \ \ \ \
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.21: Temperature-curvature (ago and age) relation of disk-style [05/RAINBOW] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 216

(8 AtCand c (d) Solution | a room temperature

0 - -20 0 ' =20 y(mm
x (mm) 20 y (mm) X (mm) 20 y (mm)
(b) AtCand c (e) Solution Il at room temperature
0+ ;’i’ SZTIN i,ll 7 S 3;;;3;;‘._ N
P 4 SN IS S I
el 85990, v KA A RO
-14 RV ltinsgess %07 % -1+ XIS
RS SRR
£ W 7 ‘“’0’0“0’,’"’1‘!”" X
o) it R hagsgloy
= ' J] .

0
X (mm) 20

0
X (mm) 20

o7 \ o1 ;'z;;'o';ﬂin
IR Ul ON
14 “‘:“::::ii\g“ -14 g ’W:
_ : _ T
£ £ AT
E -2 E-24 an
o; 0;
-3+ -34
2
41 20 2l 0

0

-20 y (mm) ~20 y (mm)

0
X (mm) 20

0
X (mm) 20

Figure 5.22: Comparison of room-temperature shapes of disk-style RAINBOW and [05/RAINBOW]
(R=25.4 mm, H=0.381 mm, H,/H=0.35) (refer to Figures 5.17-5.21).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 217

1 T
—_— a20
— a22
— RAINBOW
o8- —— [RAINBOW/G)] H
c ~a- Solution | (stable)
- Solution 11 (stable)
_o- Solution Il (stable)
0.6 -
041 =
o~ 0.2 =
S)
I
X E
c:sﬁ 0
T
X
o
('GN
-0.2F -
£ ______ - - =
A | 4 B
E— /
-0.4F , =
-0.6F -
C * 0
T =177°C-
c
-0.8F -
-1 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.23: Temperature-curvature (ago and ag) relation of disk-style [RAINBOW/0°] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 218

5 T
— 8y
— 9y
c — RAINBOW
4r —— [RAINBOW/O]] .
—m— Solution | (stable)
—a— Solution Il (stable)
_o- Solution Il (stable)
3 ]
2 2
A 8
o
2
NI , AAA A A A A A B’
x E A-AAA A
0 J _— . ), |
(5% W
o~ B — / o
I E_ p B
X o=
& -1 - .
-2+ - ]
E .7 .
-3F T =177°C- f
C
_47 . .
C
-5 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.24: Temperature-curvature (aso and agg) relation of disk-style [RAINBOW /03] (R=25.4
mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 219

2 \
—a,
C" I a42
— RAINBOW
. [RAINBOW/O‘;]
L5r ~a- Solution | (stable) ]
—a- Solution 11 (stable)
c _o- Solution Il (stable)
1,
E
05|
'TA
o
Z
mI
X E
m‘# 0
-
T
X
&
-0.5-
_1,
-151-
c
-2 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.25: Temperature-curvature (aso and as2) relation of disk-style [RAINBOW /03] (R=25.4
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Figure 5.26: Temperature-curvature (aso and asg) relation of disk-style [RAINBOW /03] (R=25.4
mm, H=0.381 mm, H,/H=0.35).
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Figure 5.28: Comparison of room-temperature shapes of disk-style RAINBOW and [RAINBOW /09]
(R=25.4 mm, H=0.381 mm, H,/H=0.35) (refer to Figures 5.23-5.27).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 223

15 \
— 9y
— a,
— RAINBOW
— [0°/90°/RAINBOW]
—m— Solution | (stable)
1 —a— Solution Il (stable) 2
_o Solution 11 (stable)
o
0.5 .
A A A R R
cﬁ\ A A A A A N N -
o
Z
T E
0 4
o o
T
X
o
< E 3~ o—6 6 ——0=—V=—=V- 88—/ —§ R~ R~ 37 -——B
/
-0.5[- b
c
¢
-1+ T'=177°C- -
-15 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.29: Temperature-curvature (ago and ags) relation of disk-style [0°/90°/RAINBOW]
(R=25.4 mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 224

5 \
— 9y
— a,
— RAINBOW
47 c (0] 0 7
— [07/90°/RAINBOW]
—m— Solution | (stable)
—a— Solution |1 (stable)
_o_ Solution 11 (stable)
37 =
27 ]
£ 1F 8
o
)
(\II B’
X E
c:s% 0 oo
NI e o S S— — — — — — — — — — — S & =
x — - - B
o _ - -
o -1} - .
-2+ -7 B
E .7 .
-3+ T'=177°C- 7
C
_47 B .
C
-5 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T(°C)

Figure 5.30: Temperature-curvature (agp and age) relation of disk-style [0°/90°/RAINBOW]
(R=25.4 mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 225

2 \
— 4
c’ —_
— RAINBOW
15- — [0%/90°/RAINBOW] i
’ —m— Solution | (stable)
—a— Solution |1 (stable)
c _o- Solution Il (stable)
1
05
’TA
o
Z
T
X
o 0
.
T
X
o
-0.5
-1
-15
-2 | | | | | | | | |

0 20 40 60 80 100 120 140 160 180 200
Temperature, T(°C)

Figure 5.31: Temperature-curvature (aso and a42) relation of disk-style [0°/90°/RAINBOW]
(R=25.4 mm, H=0.381 mm, H,/H=0.35).



Adel B. Jilani Chapter 5. Disk-Style GRAPHBOW Actuators 226

4 T
— %
— %
— RAINBOW
3l — [0°/90°/RAINBOW] |
C —m— Solution | (stable)
—a— Solution |1 (stable)
_o- Solution Il (stable)
2 2
1+ i
s
o
)
<t '
I B
X E
S0 S eI
«-
I . L e A T A S © S - S— S— S o S o S — B ?
"5 S A A A S
-1+ - - ~ -
-2F - i
E _-_
c T =177°C-
_37 c —
-4 |
0 20 40 60 80 100 120 140 160 180 200

Temperature, T (°C)
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5.3.2 Application of an Electric Field

Figures 5.41-5.45 illustrate the relationship between the change in the coefficients a;; relative to
their room-temperature values, Aa;;, as a function of the electric field strength for the range F==+
1.5 MV/m. It is assumed that the GRAPHBOW device is in a shape represented in Figure 5.10(d)
(R=25.4 mm, H=0.381 mm, H,/H=0.35, [0°/RAINBOW]). The polarity of the unreduced piezoce-
ramic material is assumed to be as shown in Figure 4.3. Figure 5.46 depicts the room-temperature
shapes of [0°/RAINBOW] under electric field strength of + 1.5 MV /m. For comparison, the room-
temperature shape of [0°/RAINBOW] from Figure 5.10(d) is included. Figure 5.46 shows that a
reasonable change in the major curvature can be achieved with the application of electric field of
+ 1.5 MV/m . For the GRAPHBOW considered, a positive E tends to flatten the GRAPHBOW
actuator along the #=7/2 and #=37/2 directions. However, a negative F tends to increase the
curvature k, along these directions. As can be seen in Figures 5.41-5.45, the relationships between
aso and ase, the major terms in the curvatures, and F are very close to being linear. To first
approximation, the relationships between the agg, age, a40, a42, aso, as2, ago, and ags, the minor
terms in the curvatures, and E are also close to being linear. The slight nonlinearity in the relation
between asg, ass, aq0, a42, aso, as2, ago, ag2 and F may be unimportant since these terms are much
smaller than agg and azs. Again, the linearity of the relation between E and Aa;; simplifies the

extension of the present model to study the dynamic behavior of GRAPHBOW actuators.

5.4 Chapter Summary

In this chapter, a multi-step thermoelastic analysis has been developed to model the incorpora-
tion of the composite layer onto disk-style RAINBOW. A special case was considered for which
T = T* to make it possible to compare results with results obtained using ABAQUS. The results
presented indicate that there is an excellent agreement between the results obtained using the
present model and those obtained using ABAQUS. Moreover, the numerical results presented in
this chapter reveal that 25.4 mm radius [0°/RAINBOW] and [0§/RAINBOW] exhibit three similar
stable room-temperature configurations that are near-cylindrical (larger k, along the § = /2 and

6 = 3w /2 directions than along the # = 0 and 6 = 7 directions) that have larger out-of-plane dis-
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placements than their RAINBOW counterparts. On the other hand, the room-temperature shapes
of [RAINBOW/0°] and [RAINBOW /0%] are near-cylindrical but with larger k, along the 6 = 0 and
0 = m directions than along the 6 = 7/2 and 6 = 37 /2 directions and with the smaller out-of-plane
displacements than their RAINBOW counterparts. It is interesting to note that bonding [0°/90°]
composite layers either to the reduced layer or unreduced layer of RAINBOW results in one stable
dome-like shape and two stable cylinder-like shapes with larger k, along the § = 7/2 and 6 = 37 /2
directions than along the 8 = 0 and @ = 7 directions. The relationship between the dominant
coefficients in the curvature expressions (agp and asz) and the electric field was shown to be very

close to being linear.

In the next chapter, conclusions regarding the present study are made and recommendations for

future work are specified.



Chapter 6

Conclusions

In this work, a number of predictive analyses were developed to determine the deformation charac-
teristics of the manufactured shape of rectangular and disk-style RAINBOW piezoceramic actua-
tors. These analyses were based on developing approximate displacement responses that minimize
the total potential energy of these layered actuators. This was accomplished through the use of vari-
ational methods along with a Rayleigh-Ritz approximation to the displacement fields. All analyses
were based on classical layered plate theory and assumed the various layers exhibited linear elastic,
temperature-independent behavior. Since the out-of-plane deformations of these actuators when
cooled from the processing temperature to room temperature are several times the thickness of
the actuator, geometric nonlinearities were important and were included in the strain-displacement
relations. The Rayleigh-Ritz procedure was aided by the fact that the cooled shape of the devices
can be either near-cylindrical or domed. Based on physical observations, these shapes were repre-
sented accordingly by reasonably well-behaved functions of the spatial coordinates. The presence
of geometric nonlinearities implies the possibility of having more than one room-temperature shape
predicted for a given set of parameters. For that purpose, an examination of the stability of the
predicted shapes was considered. This was achieved by examining the second variation of the to-
tal potential energy. Although, the methodology for predicting the room-temperature shapes of
rectangular RAINBOW was similar to the methodology used for the disk-style RAINBOW, the
predictive tool for the rectangular devices was based on analyses in a Cartesian coordinate system,

while the predictive tool for the disk-style devices was based on a polar coordinate system. These
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models were then easily modified to account for piezoelectric-induced deformations.

Both models presented in Chapters 2 and 4 are shown to have good agreement with the finite ele-
ment results obtained using ABAQUS. The present models are shown to have several formulative
and computational advantages over finite element analysis. These advantages include simplicity of
formulation and the relative ease of extending the model to include piezoelectric-induced deforma-
tions. This is in contrast to ABAQUS, which requires a three-dimensional analysis to model the
piezoelectric-induced deformations. In addition, the formulation of the present analysis is quite
straightforward, and the bulk of the computational effort can be completed in much less time than

the finite element analysis.

The numerical results presented in Chapters 2 indicate that for a given set of material properties,
rectangular RAINBOW can have critical values of sidelength-to-thickness ratio (L,/H or L,/H)
below which RAINBOW exhibits unique, or single-valued, spherical, or domed, shapes when cooled
from the processing temperature to room temperature. For values of sidelength-to-thickness ratio
greater than the critical value, RAINBOW exhibits multiple room-temperature shapes. Two of
the shapes are stable and are, in general, near-cylindrical. The third shape is spherical and is
unstable. Similarly, results in Chapter 4 show that disk-style RAINBOW can have critical values of
radius-to-thickness ratios (R/H) below which RAINBOW exhibits axisymmetric room-temperature
shapes. For values of R/H greater than the critical value, disk-style RAINBOW exhibits two stable
near-cylindrical shapes and one unstable axisymmetric shape. The existence of these critical values
suggests that care should be taken when designing RAINBOW actuators. Indeed, if two RAINBOW
actuators are manufactured with a geometry that is very close to the critical value, they may behave
quite differently. Specifically, manufacturing irregularities such as small variations in material
properties, variation in layer thickness, or nonuniform cooling may result in different effective
sidelength-to-thickness ratio or radius-to-thickness ratio. Hence, two ‘identical’ RAINBOW will
not behave the same way. Moreover, the present study reveals the existence of two critical values
of reduced layer thickness. This adds more complexity to the unusual behavior of RAINBOW.
Indeed, it shown that for a reduced layer thickness bounded by these two critical values, disk-style
RAINBOW exhibit two stable near-cylindrical shapes and one unstable axisymmetric spherical

shape. However, if the reduced layer thickness is outside the interval bounded by the critical values,



Adel B. Jilani Chapter 6. Conclusions 245

RAINBOW exhibit a unique and stable axisymmetric spherical shape. Thus, the variation in the
reduced layer thickness due to nonuniform reduction will no doubt influence the room-temperature
shapes. The extension of the model to account for piezoelectric-induced deformations shows that
the relationship between the change in curvatures of rectangular and disk-style RAINBOW and
the electric field strength is very close to be linear. This is an important character, as it makes the
analysis of the dynamic behavior of RAINBOW much simpler. Moreover, it is found that for the
set of material properties used in this study, the optimal reduced layer thickness would be 55%,
since then the maximum change in curvature is achieved under the application of an electric field,
while the relationship between the change in curvatures and the electric field is kept very close
to being linear. Considering the defects in the manufacturing of both rectangular and disk-style
RAINBOW, the predicted results shown in Appendix B agree qualitatively with the experimental

results.

In Chapters 3 and 5 a multi-step thermoelastic analysis was developed to model the addition of
the fiber-reinforced composite layer. Numerical results were presented to illustrate the influence of
the composite layer arrangements on the room-temperature shapes of GRAPHBOW. It was found
for rectangular RAINBOW that if the bifurcation temperature is lower than the composite cure
temperature, as is the case, for example, with L,/H=100 and L,/L,=1/2, then a unique stable
GRAPHBOW shape is obtained. This shape is near-cylindrical with larger curvature in the x direc-
tion than in the y direction for [RAINBOW/0°], [RAINBOW/09], [0°/90°/RAINBOW], and with
larger curvature in the y direction than in the z direction for [0°/RAINBOW] and [03/RAINBOW].
The shape of [RAINBOW/0°/90°] is more spherical.

On the other hand, for different geometry, for example, L,/H=100, L,;/L,=1, the RAINBOW
bifurcation temperature is above the composite cure temperature, resulting in three stable room-
temperature GRAPHBOW shapes. The unstable spherical RAINBOW configuration has been
“converted” to a stable near-cylindrical configuration. Thus the influence of the composite layer
arrangements on the room-temperature shapes of GRAPHBOW with L,/H=100, L,/L,=1 seems
to be similar to the case with L,/H=100, L,/L,=1/2, except the fact that instead of having
a unique room-temperature, three similar room-temperature configurations, which might be very

hard to distinguish as being different, are obtained.
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For GRAPHBOW with L,/H=100 and L,/L,=2, the bifurcation temperature of RAINBOW is
much larger than the composite cure temperature, resulting in saddle-node bifurcations during
the cooling to room temperature of [0°/RAINBOW], [RAINBOW/0°], and [03/RAINBOW]. It is
interesting to note that rectangular [RAINBOW /0°/90°] seems to be less likely to encounter saddle-
node bifurcations. The presence of such bifurcations in the behavior of GRAPHBOW is undesired
if GRAPHBOW are to be used as actuators. Finally, it was shown that the relationship between
the change in the major curvature and the electric field is very close to linear for GRAPHBOW with
saddle-node bifurcations which, if they do exist, are far away from room temperature. However, the
change in the minor curvature can vary quadratically with the electric field, but since the variation

is very small in magnitude, it is negligible.

The results presented in Chapter 5, which focused specifically on disk-style actuators 25.4 mm
(1.0 in.) in radius, revealed that [0°/RAINBOW] and [09/RAINBOW] exhibit three similar stable
room-temperature configurations and are near-cylindrical, with larger k, along the # = 7/2 and
0 = 3w /2 directions than along the # = 0 and 6 = 7 directions, and that have larger out-of-plane
displacements than their RAINBOW counterparts. On the other hand, the room-temperature
shapes of [RAINBOW/0°] and [RAINBOW/09] are near-cylindrical, but with larger k, along the
6 = 0 and 0 = 7 directions than along the § = 7/2 and 6 = 37/2 directions and with smaller out-
of-plane displacements than their RAINBOW counterparts. It is interesting to note that bonding
[0°/90°] composite layers either to the reduced layer or unreduced layer of RAINBOW results in
one stable dome-like shape and two stable near-cylindrical shapes with larger k, along the § = /2
and 6 = 37/2 directions than along the § = 0 and 6 = 7 directions. The relationship between the
dominant coefficients in the curvature expressions (az and ag2) and the electric field was shown to

be very close to being linear.

The development of these predictive analyses is expected to greatly aid many current research efforts
in the area of piezoelectric actuators. The high promise of these analyses suggests the following

future activities:

e fabricate RAINBOW with reduced layer thickness ratio H,/H of 55%,

e investigate the experimental piezoelectric-induced deformation response of RAINBOW with
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H,/H=14%,

o fabricate GRAPHBOW and verify if the unstable dome configuration disappears and becomes

stable near-cylindrical,

e investigate the experimental piezoelectric-induced deformation response of GRAPHBOW

with saddle-node bifurcations that are close to room temperature,

e explore the deformation response of RAINBOW and GRAPHBOW devices when the thermal

strains are function of temperature, such as in Figure B.3.
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Appendix A

Equilibrium Equations and Stability
Matrix for Rectangular RAINBOW

Actuators

Equilibrium equations
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Appendix B

RAINBOW Devices: Experimental
Results

B.1 Measurement of Material Properties

Rectangular and disk-style RAINBOW were manufactured by Dr. W. L. Vaughn at NASA Langley
Research Center. The size, thickness, and reducing time for the RAINBOW actuators are given
in the next sections. The RAINBOW actuators were made of PZT-5A piezoceramic material.
The moduli of elasticity of the reduced and unreduced piezoceramic were obtained by performing
compression tests on reduced and unreduced piezoceramic bars (see Figure B.1). The load-strain
curves of unreduced and reduced bars are shown in Figure B.2. The geometry, mass, density, slope
of the load-strain curves, and compression modulus of each bar is tabulated in Table B.1. In the
table, the 5A- bars are unreduced and the R- bars are reduced. The computed moduli are based
on the load-stain curves in the range of 5 to 40 lbs of load. (In this appendix the units cited are
the units that were used in the actual measurements). The bars were loaded lengthwise as shown
in Figure B.1 and a one-inch clip gage was used to measure strain. From Table B.1, the average
Young’s modulus and its standard of deviation for the unreduced and reduced bars are 6.44 Msi
and 1.37 Msi, and 4.34 Msi and 0.57 Msi, respectively. Although measurements of strain were taken
for loads up to 100 lbs, one unreduced bar was loaded up to 750 lbs without failure. The R- bars

255
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..................

y

Figure B.1: Compressive loading of piezoceramic bars.

were reduced for 36 hours at 975 °C using a carbon block in an air furnace. A witness bar was

used to track the reduction.

To obtain measurements of the coeflicients of thermal expansion of the reduced and unreduced
piezoceramic, a LINSEIS dilatometer was used to measure the change in length in three piezoce-
ramic bars (L x W x W, L/W=6): PZT5A-1 (unreduced, L=24.73 mm), PZT5A-3 (unreduced,
L=21.12mm), and PZT5AR-1 (reduced, L=22.42 mm). The temperature ranged from 20 °C to 600
°C. The rates of change of temperature for PZT5A-1, PZT5A-3, and PZT5AR-1 were 2 °C/min, 3
°C/min, and 3 °C/min, respectively. Figure B.3 shows the relative change in length as a function
of temperature for the three specimens. Since the experimental data of AL/L for PZT5A-3 and
PZT5AR-1 were obtained using the temperature rate 3 °C/min, they were used to evaluate the
thermal expansion coefficients for the unreduced and reduced piezoceramic. It is seen from Fig-
ure B.3 that at a temperature greater than the Curie temperature, Tc=340 °C, the relationship
between AL/L and temperature is very close to being linear. The experimental results of AL/L

were thus extrapolated for temperatures above 600 °C to 970 °C. It is obvious from Figure B.3
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Figure B.2: Load-strain curves for the unreduced and reduced PZT5-A bars.
Table B.1: Geometric and material properties of unreduced and reduced PZT-5A bars.
Specimen | Length, L | Average Wy | Average W2 | Area | Mass | Density | AP/Ae | Modulus
(in.) (in.) (in.) (in.2) (g) (g/cm3) | 105x (Ibs) (Msi)
5A-8 1.501 0.2497 0.1504 0.0375 | 7.0786 7.67 2.48 6.61
5A-8-1 1.501 0.2497 0.1504 0.0375 | 7.0786 7.67 1.80 4.80
5A-9 1.502 0.2498 0.1501 0.0375 | 7.0684 7.66 2.33 6.21
5A-10 1.501 0.2496 1.493 0.0373 | 7.0348 7.68 3.03 8.13
R-1 1.492 0.2482 0.1493 0.0370 | 5.4546 6.02 1.69 4.56
R-2 1.490 0.2481 0.1494 0.0370 | 5.4546 6.02 1.77 4.78
R-3 1.490 0.2477 0.1498 0.0371 | 5.3476 5.90 1.37 3.69
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that for temperatures greater than 340 °C, the thermal expansion coefficients, slopes of AL/L vs.
temperature, for the unreduced piezoceramic (PZT5A-3) and the reduced piezoceramic (PZT5AR-
3) did not differ that much. However, at temperatures lower than the Curie temperature, the
difference in thermal expansion coefficients was significant. It is thus expected that the majority of
the manufactured shape develops as RAINBOW is cooled below 340 °C. Therefore, instead of using
a temperature change from 975 °C to room temperature to predict the room-temperature shape, a
temperature change from 340 °C to room temperature is used. Additionally, the theory developed
to predict the room-temperature shape of RAINBOW and GRAPHBOW depends only on the dif-
ference in free thermal strains from one temperature to the next, not on the exact cooling path.
Therefore, the thermal expansion data are interpreted as providing an effective thermal expansion
coefficient between 340 °C and room temperature. Thus, «,, the thermal expansion coefficient of
the unreduced piezoceramic, and «;., the thermal expansion coefficient of the reduced piezoceramic,

are taken to be 2.13x107% °C~! and 8.41 x1076 °C~1, respectively.

B.2 Comparison with Experimental Results

B.2.1 Rectangular RAINBOW Devices

The reduced layer thickness, H,, was determined using the experimental data reported by Haertling
[36]. For a given reducing time, the reduced layer thickness was obtained from Figure B.4, which is
reproduced from [36]. Figure B.4 shows that the reduced layer thickness increases at a near linear

rate with reduction time.

To measure the room-temperature out-of-plane displacements of each of the manufactured RAIN-
BOW, a simple dial-gage, mounted in a vertical milling machine was used (see Figure B.5). The
milling machine table normally used to hold the material being milled was used to hold the RAIN-
BOW specimen with double-sided adhesive tape. The table could be moved horizontally known
amounts in the z- and y- directions, and thus the out-of-plane dial measurements as a function
of known z and y location could be recorded (see Figure B.6). In Figure B.5 the out-of-plane
displacements, being the vertical displacements, are seen being measured at every 0.125 in. in the

x and y directions to within 0.0005 in. of accuracy. For RAINBOW devices for which L, is equal to
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Figure B.3: Experimental evaluation of thermal expansion coefficients.
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Figure B.4: Effect of reduction time on the reduced layer thickness (reproduced from [36]).
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Figure B.5: Measurement of out-of-plane displacements for a 2.5 in.x1.5 in. rectangular RAIN-
BOW).
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0.25 in., measurements of the out-of-plane displacements were taken in the z direction only along
y = 0 axis. As can be seen in Figure B.5, the measurements were made on the convex side of
the specimens. Once the out-of-plane displacements were measured, they were fit to a polynomial

equation of the form
w(z,y) = e12% + Eoy? + 32y + C4x + 5y + Ce. (B.1)

A least-square fit of the measured out-of-plane displacements was used to determine the six co-
efficients of the above polynomial. The coefficients ¢, ¢2 and ¢3 represented the curvatures 2,

k2, and k2, respectively, and the coefficients ¢4—Cg accounted for rigid body rotations and out-of-

Yy zy>
plane displacement of RAINBOW relative to the measurement fixture. These coefficients could be
used to account for any arbitrary tilt of the specimen relative to the milling machine axes due to

misalignment in mounting the specimen on the milling machine table.

In Table B.2 the measured curvatures are compared with predictions obtained using the model
developed in Chapter 2. Table B.2 also includes geometric data regarding the specimen, including
the computed critical length-to-thickness ratio. The estimated thickness of the reduced layer, based
on the reducing time, is also shown. Although Table B.2 shows some discrepancies between the
values of measured and predicted curvatures, in general there is a qualitative agreement between the
results, i.e., if a spherical shape was predicted, a spherical shape was observed, if a near-cylindrical

shape was predicted, a near-cylindrical shape was observed. The measured x2, is very close to

Y
zero for all cases, indicating that the shear strain v7, is negligible, which supports the assumption
adopted in the development of the model in Chapter 2. The two RAINBOW devices for which there
is a qualitative disagreement, samples 6-3 and 6-4, happen to have values of L,/H somewhat close
to the critical values. Thus, unexpected behavior might occur. Samples 6-1 and 6-2 also happen to
have L, /H close to the critical values, but it was not possible to confirm discrepancies between the
measured and predicted curvatures, as no measured curvatures in y direction were made due to the

narrowness of the specimens. A whole-field optical technique might be better suited for measuring

the shape of narrow specimens, or all specimens for that matter.

As an example of the sensitivity of the predicted results to material properties, Table B.2 is repro-

duced using a,=10.5 x 1076 °C~1, a value 25% higher than the one used in Table B.2. This case is
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considered since the quantity (o, — ) is expected to be the most influential term in controlling the
governing equations for the curvatures a and b (refer to Equations 2.42 and 2.43). For that reason,
a hypothetical variation of 25% in «, is made to test its influence on the qualitative character of
the room-temperature shapes of the RAINBOW samples. Indeed, Table B.3 indicates the increase
in a; by 25% changes the character of the room-temperature shape of sample 6-4 to qualitatively
match the experimental one, though it did not favorably influence sample 6-3. The increase in a.
seemed to make the predicted values of curvatures closer to the experimental ones for samples 5-3,

5-4, 7-3, 7-4, 8-3, 8-4, and 9-4.

To further understand the discrepancies between predictions and measurements, sample 5-3 was
sectioned along x = 0 and z = 1 in. and a microscope was used to obtain micro-graphs of
polished cross-sections in the neighborhood of the center (y=0) and the edges (y = £0.75 in. of
the specimen). Figure B.6 shows these cross-section coordinates. Specimen 5-3 was selected for
sectioning because it was one of the larger specimens and perhaps provided a more typical cross-
section region. The six micro-graphs obtained are shown in Figures B.7-B12. These figures show
a visible and abrupt interface between the reduced (dark) and unreduced (light) piezoceramic and
reveal that this boundary is not smooth. Furthermore, Figures B.8, B.9, B.11, B.12 reveal that at
the edges of the specimen the piezoceramic may not be reduced, indicating that the diffusion of
oxygen does not reach these areas, and hence preventing the occurrence of the reduction process.
This means around the outer edges of the specimens there is no layering effect with the material
properties, i.e., the material properties are the same through the entire thickness. To investigate the
effects of unreduced edges shown in the micro-graphs, the models described in the main text were
modified to account for these manufacturing characteristics. The logic adopted to obtain the total
potential energy of the modified rectangular RAINBOW is described in Figure B.13. Essentially,
as shown in the upper portion of the figure, RAINBOW with an irregular interface between the
reduced and unreduced layers, and an edge effect, shown on the left, is idealized as shown on the
right. The lighter and darker shaded materials actually represent volumes of material, as the model
has depth into the page and there is an edge effect on all four edges. This idealized model is then
analyzed using superposition of three simple parts. Part 1 is the smaller volume consisting of just
two layers of material, reduced piezoceramic (PZT,) and unreduced piezoceramic (PZT,). Part 2

is the the entire volume and consists of only unreduced material. Part 3 is a smaller volume and
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Figure B.6: Cross-section coordinates of RAINBOW sample 5-3.

contains only unreduced material. The total potential energy, II, for every part of the modified
RAINBOW is as defined in Equation 2.15, except the limits of the integral vary accordingly to
the part considered, and the A’s, B’s, and D’s in Equations 2.16-2.27 should match the material
shown as a subscript of II. The subscript abbreviation ‘RB’ is used for RAINBOW. To illustrate
results of the modified model, the curvatures in the x and y directions of sample 5-3 and 5-4 were
recomputed using L}, /L,=95%, Ly /L,=95%, and ;. = 10.51 x 1075 °C~!. The result is x2 and Ky
are +0.00165 in.~! and -0.26840 in.~!, respectively for sample 5-3, and +0.00359 in.~! and -0.32167
in.~! for sample 5-4. Hence, it can be seen from Table B.3 that the presence of the edge effect

makes RAINBOW flatter.

B.2.2 Disk-style RAINBOW Devices

Twenty disk-style RAINBOW were made at NASA Langley Research Center. The geometric prop-
erties of these specimens such as radius, thickness, and reduced layer thickness are tabulated in
Table B.4. If the ZOy number in Table B.4 is 1, it indicates that a zirconate block was placed on
the top of the unreduced piezoceramic during reducing process. However, if the number is 0, it
indicates no zirconate block was used. The critical value of the radius to thickness ratio, based on

these properties and the analysis of Chapter 4, is also reported on Table B.4.
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Figure B.7: A polished cross section of RAINBOW sample 5-3 in the neighborhood of x =0 and

y=0 (magnification factor=100).
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Figure B.8: A polished cross section of RAINBOW sample 5-3 in the neighborhood of x =0 and
y=-+0.75 in. (magnification factor=100).
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A b
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Figure B.9: A polished cross section of RAINBOW sample 5-3 in the neighborhood of x =0 and
y=-0.75 in. (magnification factor=100).
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Reduced layer

I nterface

Unreduced layer

Figure B.10: A polished cross section of RAINBOW sample 5-3 in the neighborhood of z =1.00 in.
and y=0 (magnification factor=100).
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No interface
Reduced layer

I nterface

Unreduced layer

Figure B.11: A polished cross section of RAINBOW sample 5-3 in the neighborhood of z =1.00 in.
and y=+0.75 in. (magnification factor=100).
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| nterface

Unreduced layer

Figure B.12: A polished cross section of RAINBOW sample 5-3 in the neighborhood of z =1.00 in.
and y=-0.75 in. (magnification factor=100).
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Figure B.13: Description of the modified model to account for manufacturing defects of rectangular
RAINBOW.
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Table B.4: Geometric properties of various disk-style RAINBOW devices.

Graphite
Radius | Thickness Reducing Block
Specimen R H R/H | (R/H)critical Time H,./H | ZOy | Diameter
(in.) (mils) (minutes) | (%) | Used (in.)
1-1 0.5 10 50 44.3 30 34 1 2
1-2 0.5 10 50 41.4 45 51 1 2
1-3 0.5 10 50 44.3 30 34 0 2
1-4 0.5 10 50 41.4 45 51 0 2
2-1 0.5 15 33.3 44.3 45 34 0 2
2-2 0.5 15 33.3 41.4 68 51 0 2
2-3 0.5 15 33.3 44.3 45 34 1 2
2-4 0.5 15 33.3 41.4 68 51 1 2
3-1 0.5 20 25 44.3 60 34 1 2
3-2 0.5 20 25 41.4 90 51 1 2
3-3 0.75 15 50 44.3 45 34 1 4
3-4 0.75 15 50 41.4 68 51 1 4
4-1 0.75 20 37.5 44.3 60 34 1 4
4-2 0.75 20 37.5 41.4 90 51 1 4
4-3 1.0 15 66.7 44.3 45 34 1 4
4-4 1.0 15 66.7 41.4 68 51 1 4
5-1 1.0 20 50 44.3 60 34 1 4
5-2 1.0 20 50 41.4 90 51 1 4
10-1 0.25 15 16.7 44.3 45 34 1 2
10-2 0.25 15 16.7 41.4 68 51 1 2

274
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Figure B.14: Photo of RAINBOW sample 4-2 (lead beads visible).
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Figure B.15: Measurement of out-of-plane displacements for a 1 in. disk-style RAINBOW (sample
4-3).



Adel B. Jilani Appendix B 277

To measure the room-temperature out-of-plane displacements of each of the manufactured disk-
style RAINBOW, the device was sanded lightly on the reduced side to remove the deposit of lead
beads. Again, the vertical milling machine set-up was used to measure values of the out-of-plane
displacements in the r-6 coordinate system on the concave side of the specimens. Figure B.14
shows the concave side of a disk-style RAINBOW device. The lead beads, which were a result of
the reducing process, are visible. These also occurred on the rectangular specimens, but since the
convex side of those specimens was measured, the presence of the beads did not hinder displacement
measurements. As shown In Figure B.15, the disk-style RAINBOW was centered with respect to
the concentric circles of the measurement fixture. The out-of-plane displacements were measured
at every 30° for r=0.125 in. and r=0.25 in., 15° for r=0.375 in. and r=0.5 in., and 7.5° for r=0.625
in., r=0.75 in., r=0.875 in. and r=1.0 in. Once, the out-of-plane displacements were measured,

they were fit to a Fourier series of the form

w(r,0) = dgo+ ai1r cos(d) + byyrsin()

Y _ 4. _
“+agor” + CL30T3 + aqor” + CL50T5 + CL60T6

Ql

2, - _ 4, - _
217" + a327"3 +aqr + a517"5 + a617"6) COS(H)

+ 5247"2 + 5347"3 + 5447"4 + 5547"5 + 5647"6) Sin(49) (B.?)

A least-square fit of the measured out-of-plane displacements was used to determine the a@;; and Eij
coefficients of the above approximation. This approximation contains general Fourier series terms
(sines and cosines) up to order 4 to account for any irregularities in the room-temperature shapes
of RAINBOW due to manufacturing defects not accountable by using just a cosine series. The

approximation also accounts for rigid body rotation and displacement of the specimen relative to
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the measurement fixture. For comparison, Figures B.16-B.34 illustrate the predicted and measured
room-temperature shapes of disk-style RAINBOW samples listed in Table B.4. Illustrating the
deformed shape, as opposed to just comparing curvature numbers as was done for the rectangular
RAINBOW, is done because of the more complicated expressions for curvature for the disk-style
RAINBOW devices. No experimental results are available for sample 3-2, as cracks developed in

the device and caused it to break.

With the exception of Figures B.16, B.21, and B.23 (samples 1-1, 2-2, and 2-4, respectively),
the figures indicate that there is a qualitative agreement between the room-temperature shapes
predicted using the model of Chapter 4 and the manufactured ones. To study the cross-sectional
characteristics, sample 4-2 was cut along the diameter aligned with the z direction (6 = 0, 7) and
micro-graphs of polished cross-sections at the rim (outer edge) of RAINBOW and at the center were
taken. The three micro-graphs are shown in Figures B.35-B.37. Figure B.37 reveals that at the
edge (r = R) the piezoceramic is not layered. Furthermore, Figures B.35 and B.36 show that the
reduced layer thickness is irregular, which is in contrast with the assumption adopted in the model
developed in Chapter 4. It is interesting to note both RAINBOW samples 1-1 and 1-3 have the same
size, thickness, and reducing time, but the ZOy number is different, indicating that the reducing
process was different. Surprisingly, the manufactured room-temperature shape of sample 1-1 is a
domed-shape but the shape of sample 1-3 is a near-cylindrical shape, as shown in Figures B.16 and
B.18. More surprisingly, Table B.4 indicates that samples 1-1 and 1-3 happen to have a radius
to thickness ratio of R/H =50, which is close to the critical value 44.3. Any irregularities in the
manufacturing, such as inconsistencies in the reduced layer thickness, can change the character of
the room-temperature shape for RAINBOW with R/ H close to the critical value. Indeed, the room-
temperature shape of sample 1-1 is re-predicted using a reduced layer thickness to total thickness
ratio of H,/H=24% to represent the influence of the irregularities in reduced layer thickness, and
is depicted in Figure B.38. Figure B.38 indicates that the new predicted room-temperature shape
is a domed-shape. This matches the character of the manufactured room-temperature shape. This
leads credibility to the idea that the irregularities in reduced layer thickness have the effect of an
overall smaller reduced layer. Since the reducing time of samples 1-2 and 1-4 is longer than for
1-1 and 1-3, their radius to thickness ratio R/H=50 is somewhat further from the critical value of

41.4. Therefore, thickness irregularities would not have as much influence. Figures B.16, B.17, and
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B.20-B.23 suggest that an increase in the reduced layer thickness, can change the character of the

manufactured room-temperature shape from a domed-shape to a non-axisymmetric shape.

The qualitative discrepancies between the predicted shape and the manufactured shape was orig-
inally thought to be due to the fact that the value of «, used in the model was lower than the
actual one. To investigate the influence of ;. on the disk-style RAINBOW, the value of «;,- used in
the model is increased by 25%, and the new predicted room-temperature shape was compared with
the manufactured shapes of samples 2-2 and 2-4 in Figures B.39 and B.40, respectively. Compar-
ing these figures with with Figures B.21 and B.23, respectively, it was concluded that an increase
of 25% in the thermal expansion coefficient of the reduced piezoceramic, «;., does not cause the
predicted room-temperature shape of samples 2.2 and 2.4 to change character. The configuration
remains domed-shape. This is due to the fact that the radius to thickness ratio for samples 2-2 and
2-4 is 33.3, a value lower than the critical value of 41.3. By further examining samples 2.2 and 2.4,
it was found that the reduced layer was not axisymmetric with respect to the geometric center of
the devices, resulting in an effective orthotropy of the RAINBOW material. Since the model devel-
oped in Chapter 4 accounts for orthotropic materials, an effective orthotropy of 20% in the reduced
layer was introduced by increasing the extensional modulus and coefficient of thermal expansion
by 20% in the x direction relative to their values in the y direction. The resulting new predicted
room-temperature shapes of samples 2.2 and 2.4 are shown in Figures B.41 and B.42, respectively.
These figures indicate that the qualitative agreement between the new predicted room-temperature

shapes and the manufactured ones is, in general, good.

Finally, to model the unreduced edge effects, the present model was modified using the logic shown
in Figure B.43. To illustrate results of the modified model, the room-temperature shape of sample
4.2 is re-predicted using R'/R=90% and it is depicted in Figure B.44. A comparison of Figures
B.28 and B.44 indicates that the presence of unreduced edges causes a flattening in RAINBOW
sample, as it did in the rectangular RAINBOW case.
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(a) Predicted room—temperature shape
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Figure B.16: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 1-1.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape
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Figure B.17: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 1-2.
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(a) Predicted room—temperature shape

(b) Manufactured room-temperature shape
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Figure B.18: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 1-3.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape
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Figure B.19: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 1-4.



Adel B. Jilani Appendix B 284

(a) Predicted room—temperature shape
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Figure B.20: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 2-1.
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(a) Predicted room—temperature shape
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Figure B.21: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 2-2.
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(a) Predicted room—temperature shape
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X (mm)

Figure B.22: Comparison of predicted and manufactured room-temperature shapes of RAINBOW
sample 2-3.
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(a) Predicted room—temperature shape
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Figure B.23: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 2-4.
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(a) Predicted room—temperature shape
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Figure B.24: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 3-1.
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(a) Predicted room—temperature shape

(b) Manufactured room-temperature shape

Figure B.25: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 3-3.
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(a) Predicted room—temperature shape

(b) Manufactured room-temperature shape

Figure B.26: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 3-4.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape

Figure B.27: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 4-1.
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(a) Predicted room—temperature shape
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Figure B.28: Comparison of predicted and manufactured room-temperature shapes of RAINBOW
sample 4-2.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape
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Figure B.29: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 4-3.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape
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Figure B.30: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 4-4.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape
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Figure B.31: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 5-1.
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(a) Predicted room—temperature shape
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(b) Manufactured room-temperature shape
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Figure B.32: Comparison of predicted and manufactured room-temperature shapes of RAINBOW

sample 5-2.
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(a) Predicted room—temperature shape

> — y (mm)
X (mm) 4 6

Figure B.33: Comparison of predicted and manufactured room-temperature shapes of RAINBOW
sample 10-1.
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(a) Predicted room—temperature shape
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Figure B.34: Comparison of predicted and manufactured room-temperature shapes of RAINBOW
sample 10-2.
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Figure B.35: A polished cross section of RAINBOW sample 4-2 in the neighborhood of » = 0 and
6= 0 (magnification factor= 100).
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Figure B.36: A polished cross section of RAINBOW sample 4-2 in the neighborhood of r = R and
6 = 0 (magnification factor= 100).
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Reduced layer
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Figure B.37: A polished cross section of RAINBOW sample 4-2 in the neighborhood of r = R and
6 = 7 (magnification factor= 100).
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() Predicted room—temperature shape (Hr/ H=24%)
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Figure B.38: Comparison of predicted (H,/H=24%) and manufactured room-temperature shapes

of RAINBOW sample 1-1.
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(8) Predicted room~temperature shape (o =10.51 x 10 “6och
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Figure B.39: Comparison of predicted (o 10.51 x 1076 °C~!) and manufactured room-

temperature shapes of RAINBOW sample 2-4.
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(8) Predicted room~temperature shape (o =10.51 x 10 “6och
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Figure B.40: Comparison of predicted (o 10.51 x 1076 °C~!) and manufactured room-

temperature shapes of RAINBOW sample 2-2.
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(a) Predicted room-temperature shape (20% orthotropy in the reduced layer)
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Figure B.41: Comparison of predicted (20% orthotropy in the reduced layer) and manufactured
room-temperature shapes of RAINBOW sample 2-2.
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(a) Predicted room-temperature shape (20% orthotropy in the reduced layer)
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Figure B.42: Comparison of predicted (20% orthotropy in the reduced layer) and manufactured
room-temperature shapes of RAINBOW sample 2-4.
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Figure B.43: Description of the modified model to account for manufacturing defects in disk-style
RAINBOW.
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(a) Predicted room-temperature shape (R'/ R=90%)
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Figure B.44: Comparison of predicted (including unreduced edges) and manufactured room-
temperature shapes of RAINBOW sample 4-2.
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