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ABSTRACT
REDUCTION OF THERMAL DEFLECTION AND RANDOM RESPONSE OF
COMPOSITE STRUCTURES WITH EMBEDDED SHAPE MEMORY ALLOY AT
ELEVATED TEMPERATURE
ZHIWEI ZHONG

Old Dominion University, 1998
Director: Dr. Chuh Mei

A feasibility study on the reduction of thermal deflection and random response of
the composite structures using shape memory alloys (SMA) at elevated temperatures is
presented in this dissertation. The characteristics of SMA are introduced and the
structural problems, static and dynamic, of SMA fiber reinforced composites are
investigated. The stress-strain relations are developed for a composite lamina with
embedded SMA fibers. The finite element system equations including shape memory
effect are derived. A consistent two-step solution procedure is developed for solving the
static and dynamic problems of composite structures with embedded SMA fibers subjected
to combined acoustic and thermal loads. With the consideration of nonlinear material
properties of SMA and geometrically nonlinear deflection, an incremental technique and
the Newton-Raphson iteration method have been employed to determine the static
response of the SMA embedded composite structures.

Thermal buckling behavior of composite plates with and without embedded SMA
has been studied first. The results show that the change of the austenite start temperature
of SMA results in the increase of the critical buckling temperature of composite structures

with embedded SMA. The study of thermal deflection of SMA hybrid composite

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



structures has revealed that the thermal deflection can be reduced by changing the volume
fraction, prestrain, austenite start temperature of SMA, as well as stacking sequence and
boundary condition of structures.

The random response analysis of SMA hybrid composite structures indicates that
the random response of composite structure with embedded SMA can be significantly
reduced by combining proper percentages of SMA volume fraction and prestrain and also
altering the austenite start temperature. Thus the benefits of using SMA will maintain the
originally designed optimal aerodynamic efficiency at high temperatures during cruise and

result in lower noise and longer service life.
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CHAPTERI1
INTRODUCTION AND LITERATURE REVIEW

The characteristics of Shape Memory Alloys (SMA) are introduced in this chapter.
The structural problems, static and dynamic, of SMA fiber reinforced composite structures
are investigated. Based on the results from analysis, the potential applications on
aerospace vehicles using SMA are revealed.

1.1 Introduction

Many alloys are known to exhibit the shape memory effect. These alloys include
the copper alloy family of Cu-Zn, Cu-Zn-Si, Cu-Zn-Sn, Cu-Zn-Al, Cu-Zn-Ga, Cu-Al-Ni,
Cu-Au-Zn, the alloys of Ag-Cd, Ni-Al, Fe-Pt and others. Nickel-Titanium alloys (Ni-T1)
are the most common Shape Memory Alloys (SMA). The Ni-Ti alloy series was
developed in 1965 by metallurgists Buehler and Wiley of the U.S. Naval Ordinance
Laboratory with a United States Patent. The generic name given to this series of alloys
was 55-Nitinol, derived from Ni (Nickel)-Ti (Titanium)-NOL (US Naval Ordinance
Laboratory now known as the Naval Surface Weapons Center). The 55 refers to the
nickel content (weight percent) in the material composition although it can change
between 49 and 57 percent. Several other laboratories made early significant
contributions to the understanding of the Nitinol, in particular the Battelle Memorial
Institute and NASA.

Shape memory alloys exhibit a characteristic phase transformation from martensite

to austenite, initiating at the austenite start temperature T: or A, and asymptotically ending

The journal model for this dissertation is ALAA Journal.
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at austenite finish temperature Te A shape memory alloy in the low temperature
martensitic condition (T<Ts), when plastically deformed and the external stresses removed,
will regain its original (memory) shape when heated. This characteristic is called the
Shape Memory Effect (SME). Shape memory effect is attributed to the material which
undergoes a change in crystal structure known as a reversible austenite to martensite
phase transformation. For example, strains of typically up to six percent can be
completely recovered by heating the Nitinol above the austenite finish temperature.

The transformation temperature of SMA can be altered by changing the
composition of the alloy as shown in Fig.1.1 [1]. It is explicit that with only three weight
percent change of Nickel, the transformation temperatures can vary from

—-50°C to 175°C for Nitinol. This characteristic enables the designers to determine the

composition of Nickel much more flexibly to satisfy the requirements of applications. The
solid-solid phase transformation also gives an increase in Young’s modulus by a factor of
three or four and an increase in yielding strength approximately ten times as shown in
Fig.1.2 [2].

Shape memory applications for structures can generally be divided into four
groups: free recovery, constrained recovery, work production (actuators) and
superelasticity. These groupings are made according to the primary function of the
memory element, but are useful in defining common product screening criteria, pitfalls and
engineering design parameters. The Free recovery group includes applications in which
the sole function of the memory element is to cause motion or strain. For example, one

could cool a wire into the martensite regime, bend it to a new shape, then heat to recover

the original shape.
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The constrained recovery group includes applications in which the memory element is
prevented from changing shape and thereby generates a stress. In this case there may be
some free recovery before contact is made, but the primary function of the memory
element is to generate or induce a stress. The actuator or work production group includes
applications that are those in which there is motion against a stress and thus work is being
done. The ideal case would be a wire or spring which lifts a weight when heated (and
perhaps drops the weight again when cooled). More often, the memory element works
against a biasing spring. The superelastic or pseudoelastic group includes applications
that are isothermal in nature and involve the storage of potential energy.

Many studies have contributed to the development of the products and
applications using different characteristics of SMA. These studies will be reviewed in the
next section entitled Literature Survey. Generally, the behaviors of SMA are dependent
on temperature. Thus temperature becomes a very important factor when discussing the
applications of SMA. Since the expected aerodynamic heating on the skin panels of the
future high-performance flight vehicles, such as the High Speed Civil Transport (HSCT),
Advanced Tactical Fighter (ATF) and Reusable Launch Vehicle (RLV), will cause the
panel temperature to exceed the austenite finish temperature during supersonic/
hypersonic cruise, SMA will be ideal for such an application. Meanwhile the high panel
temperature will result in large geometrically nonlinear deflections of the skin structure. It
is expected that SMA can play an important role in the reduction of deflection of panel
structures at elevated temperatures. This research extends the study of SMA
characteristics and applications on using the nonlinear material properties of SMA as well

as reducing large geometrically nonlinear deflections of structures by the use of SMA.
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Shape memory effect employed in this study belongs to the category of constrained
recovery which can be obtained by embedding initially elongated SMA fibers or wires at
low temperature (T<T:) in conventional fiber-reinforced advanced composite panels such
as graphite-epoxy. Hence the SMA is constrained and prevented from changing length
when heated. The strain due to the initial elongation is called prestrain. Thus, after the
SMA is heated above Ty, a large tensile stress is generated in the SMA from the tendency
to recover its initial elongation. This tensile stress is called recovery stress as shown in
Fig.1.3 [2]. It is explicit that the recovery stress is a nonlinear function of prestrain and
temperature. The established constitutive relations and computational methods are to be
employed in the presented aerospace application.
1.2 Literature Survey

1.2.1 Characteristics of Shape Memory Alloys

Since shape memory alloys were first revealed in 1965, a great deal of effort was
expended over the next ten years in characterizing the material and developing new
applications to exploit its remarkable shape memory effect and its unusual mechanical
properties. Basically, shape memory effect can be described as follows: an object in the
low-temperature martensitic condition, when plastically deformed and the external stress
removed, will regain its original (memory) shape when heated. The process, or
phenomenon, is the result of a martensitic transformation taking place during heating.
Although the exact mechanism by which the shape recovery takes place is a subject of
controversy, a great deal has been learned about the unique properties of this class of

materials in the past twenty years [3-5]. It is clear, however, that the process of regaining
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the original shape is associated with a reverse transformation of the deformed martensitic
phase to the higher temperature austenite phase.

Of the many alloys that demonstrate the shape memory effect, Nitinol has been
investigated predominantly. For this reason, the properties of Nitinol will be used as the
generic SMA properties in this study. The unusual memory behavior is limited to Nitinol
baving near-equiatomic composition. Plastic strains of typically six percent may be
completely recovered by heating the material so as to transform it to its austenite phase.
Restraining the material from regaining its memory shape can create stresses of 60,000 psi
with the yield strength of martensitic Nitinol being approximately 12,000 psi [2]. It is
these force and displacement capabilities that are exploited for electromechanical actuators
[61.

Substantial progress has been made in understanding the nature of the shape
memory effect. A lot of literature has been published over the past twenty years
presenting detailed thermal, electrical, magnetic, and mechanical characteristics of this
unusual alloy [7-11]. Because of the unique characteristics of SMA material properties, it
is expected that numerous advantages can be gained by using SMA in smart structural
applications.

1.2.2 SMA Fiber-Reinforced Compoesite Structure

Since the characteristics of SMA have been widely used in scientific areas, only the
applications corresponding to the second group are reviewed here. SMA fiber-reinforced
hybrid composites are defined as the conventional advanced composite materials such as

graphite/epoxy that contain embedded SMA fibers or wires which have been aligned in the
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same direction as the graphite fibers. Various aspects of integrating SMA elements into
host composite materials and desired properties has been developed [12-20].

As mentioned previously, the application of SMA corresponding to the second
group is constrained recovery which means that the SMA elements are prevented from the
shape change even though the external condition such as temperature is increased. A
large tensile stress is generated in the SMA due to the constraint. This stress can be used
to alter the static and dynamic behaviors of composite structures with embedded SMA
fibers. For static analysis, several methods as well as solutions have been proposed to
solve the thermal buckling and deflection control problems.
1.2.2.1 Buckling Control

The static characteristics of SMA fiber-reinforced composite structures are
primarily governed by their stiffness. The SMA are prestrained and activated to generate
significant phase recovery forces in order to increase the in-plane strain energy which in
turn increases the critical buckling load of the SMA reinforced composite structures. A
finite element model of Nitinol reinforced plates [21] has been developed to describe the
interaction between the external loads, operating conditions and the geometrical and
physical parameters of the composite plate and the Nitinol fibers. This model predicted
the critical buckling loads of Nitinol reinforced plates and then was used to study the
buckling characteristics of Nitinol reinforced composites. It was found that reinforcing
composite plates with Nitinol fibers can dramatically enhance their critical buckling loads
even when these plates are clamped on all their edges. The mathematical models had been
developed [22] to enhance the critical buckling loads of long slender beams by using shape

memory actuators which are mounted externally on the beam. Based on these developed
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mathematical models, a closed-loop, computer-controlled system was designed and
implemented to control the buckling of simple beams. The testing of a computer-
controlled system demonstrated the feasibility of the active control system in preventing
the buckling of a flexible beam. The results of an experimental study of buckling of
composite beams with embedded Nitinol fibers in resin sleeves have been presented [23,
24]. In these experiments, SMA fibers were electrically activated and heated in response
to pre-set deflections of the beam indicating buckling. Tensile recovery forces induced in
the SMA brought the buckled beam back to the straight position. It was shown that the
buckling load could be increased by a factor of three, as a result of activation of SMA.
Experimental results were found to be in close agreement with the finite element solution.
Application of SMA fibers in resin sleeves to control lateral buckling of composite
beams has been reported [25]. The resuits obtained by the finite element analysis were in
an excellent agreement with experiment data. Consequently, some theoretical and
experimental methods of solving structural buckling problems have been developed, and
the results were shown for a particular group [21-25]. But the dependence of the material
properties of SMA on the temperature and the thermal effects of the structures due to the
change of temperature were not considered in their finite element analysis. Thus,
improvement of the finite element model is needed when the SMA fiber-reinforced hybrid
composite structure is subjected to a combination of acoustic and thermal loads. As
follows from the studies in [21-25], SMA fibers can successfully control lateral buckling
of beams. A classical model for processing buckling analysis of SMA embedded
composite rectangular plates had been proposed [26]. The results revealed that SMA

fibers are stiffened within a composite to alter the critical buckling load of the structure.
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However, they considered only the effects of SMA recovery stress but neither the
temperature effect of the composite matrix nor the temperature dependent material
properties of SMA. It is more likely that this classical model can not be used for the
applications of SMA in high- performance flight vehicles.

1.2.2.2 Deflection and Shape Control of SMA Embedded Composite Structures

As one of the important characteristics, the shape memory alloy embedded in
conventional composite materials will generate the recovery stress when it activates. The
recovery stress can return a structure to its original shape after being deformed by a load.
In the deflection control area using SMA, the deflection control concept has been
proposed [27]. The deflections of a centrally loaded clamped-clamped SMA hybrid
graphite/epoxy plate (10x10x0.03 in.) with a 15% volume fraction of Nitinol prestrained
to 3% were measured. When activated, the SMA elements can reduce the deflection by as
much as 30%. The recovery stress induced from SMA reduces the beam’s deflection
similar to pretensioning a loaded cable in order to reduce the cable’s deflection.

The theory of hybrid composite plates using micromechanics based on the
mechanics of materials approach (rule of mixtures) has been presented [28]. The
temperature effect of the composite matrix and the temperature dependent material
properties of SMA were ignored. The solution of the bending problem was obtained for a
simply supported symmetrically laminated plate by the Rayleigh-Ritz method. In addition
to bending, the paper presented results illustrating that SMA fibers can affect natural
frequencies, mode shapes of free vibrations, acoustic transmission, and buckling loads of

composite plates.
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The use of SMA wires to reduce radial expansion of an internally pressurized
composite cylinder has been investigated [29]. In the cylinder deflection control concept,
SMA wire is continuously wrapped around or within a composite cylinder much like
filament winding the composite reinforcing fibers. The SMA is anchored only at the wire
ends. When heated, the SMA attempts to recover against the inner composite layers and
internal pressure which constrain the shape recovery. Consequently, the SMA recovery
force effectively applies an external pressure to the cylinder reducing the internal pressure
induced radial expansion. However, the previous work [27-29] dealing with the deflection
control using SMA is not concerned about the temperature effects on matrix material
which may play a very important role.

The one-dimensional constitutive theory of modeling the behavior of SMA [11]
has been employed to solve the problem of control of geometrically linear and nonlinear
deformations of beams using SMA actuators [30]. Cylindrical bending of a laminate
consisting of outer piezoceramic layers and an inner SMA (Nitinol) layer was studied [31].
It was shown that energy is lost during the cycle of the applied electric field as a result of
the stress-induced martensitic transformation. The investigation of tension/compression,
bending and torsional deformations of composite beams, as a result of activation of SMA
wires, using a simple analytical model and experiments has been reported [32].

The problem of an optimal distribution of SMA stiffeners-actuators to reduce
static bending of sandwich panels was addressed [33]. An optimum design was based on
the requirement of minimal transverse deflections of the panel subject to a constraint on

the volume of the SMA material.
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Deformations and local stresses in a SMA hybrid composite consisting of Nitinol
fibers embedded within an elastic matrix were considered [34]. The solution utilized the
multi-cell micromechanical method, a constitutive theory for SMA, and a three-phase
concentric cylinder model for evaluation of local stresses. The results illustrated that
substantial longitudinal strains may be induced in a SMA composite, even if the volume
fraction of SMA fibers remains rather small (30%). The magnitude, and even the sign of
local stress, were shown very sensitive to the martensitic fraction in SMA fibers.

A distribution of temperature in hybrid composites with SMA fibers activated
represents an important issue. The investigation on deformation of SMA fiber reinforced
composite structures arises for the possible applications such as high-performance flight
vehicle under the combined thermal and dynamic mechanical loads. To the best
knowledge of the author, there is no literature existing in solving thermal deflection or
thermal postbuckling of SMA embedded composite structures.
1.2.2.3 Dynamic Response Control of SMA Reinforced Compoesite Structures

The dynamic response of composite structures with SMA can be changed by the
variation of SMA volume fraction, SMA prestrain, or external condition such as
temperature and load. A lot of contributions have been made to address the applications
of SMA in this area. One analytical approach was formulated and results were generated
[26, 35-39]. Generally, the activation of SMA fibers resulted in the changes of overall
stiffness of the hybrid composite as well as the modification of its natural frequencies and
mode shapes. It was shown that the natural frequencies of a quasi-isotropic hybrid
composite plate of graphite/epoxy and Nitinol/epoxy lamina could be increased by 73% as

a result of the activation [37]. This solution was based on an assumption that the
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recovery tensile stress in embedded SMA fibers was equal to 280 MPa, while thermal
effects on the composite material (thermally-induced stress and a degradation of the
properties) could be disregarded. In an experimental study [40], the natural frequency of a
graphite/epoxy beam was increased by 200% as a result of the activation of Nitinol wires
that constituted only 15% of the beam volume fraction. A beneficial effect of SMA fibers
on dynamic characteristics of beams was shown [41]. The problems associated with an
application of SMA for an active vibration control in flexible structures were discussed
[42]. SMA fibers were applied to control flexible linkage mechanisms using temperature
controlled variations of the elasticity modulus of SMA [43]. One-dimensional constitutive
theory of modeling the behavior of SMA and the first thermodynamic law were employed
to illustrate that SMA wires can effectively reduce vibrations of a cantilever beam [44].

A novel design of SMA actuators for hybrid composites has been introduced [45].
The SMA wire (fiber) was placed in a resin sleeve eliminating a direct contact and bonding
between the active material and the composite medium. The concept was applied to the
active control of vibrations of composite beams. The solution incorporated thermal
effects due to heating of SMA fibers. Finite element procedures have been developed and
accounted for both thermal and mechanical effects and their interaction. Analytical results
that were in a close agreement with experiments illustrated a potential for the control of
natural frequencies. A utilization of both the stiffening and the energy-dissipation
mechanisms of SMA fibers has been considered [46]. This enabled them to control
vibrations of composite beams over a broad frequency spectrum optimally. Experimental
and analytical research on dynamics of composite beams reinforced by Nitinol fibers

embedded within resin sleeves have been continued [47]. In particular, the problem of an
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unintentional thermal activation of Nitinol fibers, as a result of the activation of selected
fibers, and the consequences for dynamic characteristics of the structure has been
discussed [48]. However, in the dynamic analysis of the particular team [46-48], the
dependence of the material properties of SMA on the temperature and the thermal effects
due to the change of temperature were not paid enough attention.

The active control of rotating open profile beams using SMA has been considered
[49]. The beams considered in [49] included composite and SMA layers, the latter being
constructed of SMA fibers embedded within a resin matrix (thermal effects on the
composite material and thermally-induced compressive stresses were disregarded). As
was indicated in the paper, even 13% volume fraction of SMA changed the fundamental
frequency of a clamped graphite/epoxy beam by 34%. In addition, it was shown that
SMA can guarantee constant frequencies of graphite/epoxy I-beams in the broad range of
rotational velocities.

The experimental results for plates with SMA actuators mounted on the edges has
been presented [50]. Such mounts suggested as an alternative to embedded SMA
actuators represent an interesting approach that many enhance a feasibility of practical
applications of SMA. One of the advantages of mounts is a possibility to reduce thermal
effects on the main structure, while providing an easy access to SMA elements. The
results presented for three different types of boundary conditions illustrated that the
natural frequencies can be significantly increased as a result of the activation of the edge
mounts. In particular, the fundamental frequencies increased in the range from 26% to

51%, dependent on the boundary conditions.
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An effect of SMA fibers in silica tubes on the natural frequencies of composite
beams has considered [S1]. The analytical frequency solution that employed the stress-
strain curves obtained experimentally was in a close agreement with experimental
frequency results. The conclusions included a necessity to cycle SMA wires to achieve
their stable performance as actuators. The fundamental frequency was increased by 22%
even as a result of the activation of a single 22-mil diameter wire. The activation of 25
wires of the same diameter resulted in a 276% increase in the natural frequency.

The reduction of vibrations of rotating machinery by a “stiffness scheduling”
achieved by changing the stiffness of SMA wires has been proposed [52]. The
transmissibility of Nitinol springs and a utilization of their high intrinsic damping have
recently been considered [53]. Experimental evidence reported in the paper indicates that
significantly improved properties can be achieved in SMA springs compared to their
counterparts manufactured from steel or INCONEL. The vibrations of a sandwich panel
with SMA fibers embedded within resin sleeves and positioned at the middle plane has
been considered [54]. It was shown that the fundamental frequency can be kept equal to
or above the frequency at room temperature. An optimized nonuniform distribution of
SMA fibers was even more beneficial for the control of the frequencies.

SMA material can be used in changing the dynamic characteristic of the structures.
This makes SMA widely applied to various areas. However, for high-performance flight
vehicles and aerospace sonic fatigue applications [55], the structures in most case
undertake thermal and random loads. Thus the dynamic response of such structures
subjected to the thermal and random loads becomes most important in evaluation of

dynamic behavior of these structures. In the author’s view, there is no literature existing
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to solve the dynamic problems for SMA fiber-reinforced composite structures under the
thermal and random loads.
1.2.3 Nonlinear Material Properties

The material properties of SMA are nonlinear functions of temperature and
prestrain. Large recovery stresses are induced in the constrained structures when SMA
fibers are embedded and activated under a certain condition. This induced stress is also a
nonlinear function of temperatures and prestrains. Thus approaches to solve structural
problems with nonlinear material properties are needed when dealing with SMA
applications. Many research results dealing with the deflection control using nonlinear
material properties exist in the literature {56-61]. A finite element analysis procedure of
large elastic-plastic transient deformations of simple structures has been proposed [56-58].
The assumed-displacement finite element approach, which is based on the principle of
virtual work (displacement) and D’Alembert’s principle, is applied to analyze the large-
displacement, elastic-plastic, strain-harding, transient, Kirchhoff-type responses of general
curved beam and the dynamic responses of cylindrical shells to transient loading. The finite
element method has been applied to obtain solutions for two-dimensional (axisymmetric or
plane) wave propagation problems including the effects of finite strain and material
nonlinearities [S9]. The finite element method which employs a convected co-ordinate
technique and a direct nodal force computational scheme of considerable efficiency has
been developed for the transient analysis of large-displacement, small-strain problems with
material nonlinearities [60]. The detailed formulations were given for a plane, constant
strain triangular element and a Euler-Bernoulli beam element. Several solution techniques

such as Newton-Raphson method, direct minimization of the total potential, incremental
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stiffness procedure and static perturbation method have been discussed to apply on the
nonlinear problems [61]. These methods and techniques are very helpful in the analysis of
SMA applications.
1.3 Objective and Scope

The major objective of this dissertation is to investigate analytically the feasibility
of using shape memory alloys to reduce the thermal deflection and random response at
elevated temperatures for a hybrid composite laminate under thermal and acoustic loads.

The documentation of the present research is organized as follows. Chapter I
presents an overview of characteristics of SMA and provides a review of using SMA to
improve structural behaviors performed by other researchers. Chapter II presents the
development of the constitutive relations for a SMA fiber reinforced lamina. These
relations include the factors of SMA material properties and temperature effects on both
SMA fibers and matrix materials. Also in Chapter II, the finite element formulation with
the effects of nonlinear material properties is derived based on von Karman large
deflection theory and the first order shear deformation theory. Chapter III presents a
consistent two-step solution procedure for structural response for thermal and random
excitation loads. This procedure results in solving two sets of equations, a set of nonlinear
static equilibrium equations and a set of linear dynamic equations. For nonlinear material
properties, the incremental method is used, that is the material properties are treated as
constant within each small increment in temperature. The Newton-Raphson iterative
method for solving nonlinear algebraic equation is employed for thermal deflection in each
temperature increment. Chapter [V presents the numerical results and discussions for four

types of analysis: thermal buckling, thermal deflection or postbuckling, vibrations about
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thermally buckled position, and random responses under acoustic excitation and thermal

load. Chapter V presents conclusions and future work from this study.
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CHAPTERII
FINITE ELEMENT FORMULATION

In this chapter, the equations of motion with consideration of large deflection and
nonlinear material property are derived for a composite plate with embedded SMA
subjected to a combined thermal and random excitation loads. The thermal load accounts
for an arbitrary spatial distribution and steady-state temperature rise, i.e, AT=AT(x, y, 2).
The random load is considered as a uniformly distributed stationary band-limited white
noise. For the combined thermal and acoustic loads, a consistent two-step solution
procedure is employed. In addition, because of the nonlinear material properties of SMA,
the incremental method is used for the equilibrium equations in determining thermal
deflections. For each small temperature increment, the thermal deflection and
corresponding stress are first determined with the material properties which are
approximated as constant. Then the thermal deflection and stress are updated and treated
as initial deflection and stress for the next increment. Thus, the initial deflection and stress
resultants are to be taken into account. The following theories are used and assumptions
are made in deriving the equations:
1) Initial state of deformation, which consists of initial transverse deflection wo(x, y) and

in-plane deflections u«(x, y), ve(x, y),

2) Initial state of stress {Go}, {To},
3) In-plane recovery stress from SMA, {c},
4) Arbitrary temperature distribution AT(x, y, z),
5) von Karman large deflection theory, and

6) Composite materials with transverse shear deformation.
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The three-node triangular Mindlin plate element (MIN3) with improved transverse
shear is employed in this study. The linear stiffness and mass matrices for the MIN3
element were developed by Tessler and Hughes [62].

2.1 Displacement Functions

A typical MIN3 element is shown in Fig. 2.1. Generally, for a plate structure, the
node displacement vector {w} consists of transverse bending, rotation, and membrane
displacement components. In MIN3 element, the displacement functions of the middle
surface are u, v, w and the normal rotations are wx and yy about x and y axes due to

bending only. The displacement field can be written in the following form

u=u(x,y,t)+zy,(x,y,t)
v=v(x,y,t) +zy (2,y,1) 2.1
w = w(x,y,1)

Thus, the nodal displacement vector is defined

w} =, Llwliw, 1] 2.2)
= [[wi, W2, W3 LW W2 s Wiess Win s W25 W LG 1,15, v,, v, v5 -

where the subscripts b and m denote transverse bending deflection and in-plane deflection
components, respectively.

The displacement distribution within an element is described by interpolation
functions and can be written in the form [62]

w(x,y,t) =[H, I{w,} +[H., v}

=[4.&.&1w,} +[L, L, L, My, M, M, 1{y} 23)
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v.(x.y,0) =[H_ v} =14§.5.5.0,0.01{y}
v, (xy,0)=1H, Ky} =[000,5.5.51{y}
u(x,y,t) =[H, {w,} =[4.4,%,0,0,01{w,}
v(x,y,0) =[H, J{w.} =[0,0,0,§,5.51{w,.}

(24)

where &,&,,& are the area coordinates , and the transformation between x, y and §; is

1 1 1 1]&
xXr=lx X G[e
y N »n »lé&

and hence, 2.5)

& 1 NLYy; =X, Va—Y; X3-X% |1

&= XhH—X):s V=N X—XH[X
24

& XV, =X K-V H-x ]|y

where A is the area of the triangular element, (x;, y5) are the coordinates of the node i, and

24=(x; —x )5 — ) = (% —x)(y, — »)
L, =%(b3N4 -b,Ng), L, =%(b1Ns —-bN,)

1 1
L, =—8-(sz6 -bN;), M, = g(ast -a;N,)

1 1
Mz = E(a3N4 —a,N,), M3 =§(01N5 -azNG)

(2.6)
N,=46,6,, N;=45,8,, Ng=4¢,¢,
a, = X3y, a, =X, a, =X,
by=yn, b=y, b=y,
X, =X =X, Y;=y Y,
k'I'm!
-I fagdd=24 Q2+k +7+m)! @7
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2.2 Nonlinear Strain-Displacement Relations

The strain-displacement relations in the von Karman sense are given as

-3

{e}= 82 = {e’} +z{x} (2.8)
Yy

where {¢°} is the in-plane strain vector and {x} is the change in curvature vector such
that

2
u, w,/2 w.W,,

oQ 2
{8 }— v..V + w.)’ /2 + w.ywa.y

u,+v, wow, w.W,, +W, W,

= {en} + g} +{e3} (2.9)

Wy,x
{x}= Ve, (2.10)
Voy tVWer|

where the displacement functions of the middle surface, #, v, w, are measured from the
initial deflection position shown in Fig. 2.2, and the subscripts m, b, and o denote the in-
plane strain components due to membrane, bending, and initial deflection, respectively.

The transverse shear strain-displacement relations are given by

_ 7,-: _ w,y Wx
V}—{rz}_{W,}+{vr,} (2.11)

where the “,” denotes derivative with respect to the next subscript.
By using finite element displacement functions for MIN3 element, the membrane
strain and curvature vectors can be expressed in terms of the nodal displacements. The

linear membrane strains become
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Fig. 2.1 A Mindlin Triangular Plate Element (MIN3)
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Fig. 2.2 An Initial Deflected and Stressed Plate
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2(H.]
{eu}=|  $A]  fwad=[CJw) 2.12)

£l4.]+ (4]

The nonlinear membrane strains become

w0 w 1
(et} =3 0w, o} - 2lekey
ww, | (2.13)
= 5[9]([C'.¢]{Wb} +[C,, H¥})
and the membrane strains due to w and w, are
w,. 0
1= 0 w b
{eo}= o w'y} (2.14)
Wo'y w
=[0,)[C, 1{w,} +[C,, H¥})
where the slope matrices [0] and [0.] and the slope vector {G} are
w, 0 w,, 0 ]
[0] =0 Wb [ao] =| 0 W,,
w,ow, WoyWor |
L _[£[# ]] F;[H,.]
{G} = { } [ Wy g+ 4 (2.15)
W,y @[HW] { } %[va]_{ }
=[C,s I{w, } +[C,, ¥}
It is clear that the following relation exists
Wo , 0 w w, 0 w
[eligr=| 0 w,, w"}: 0w, w"“‘}
Wo, Wo, ’ W, W, ’
=[6kG,} (2.16)

=[O1((C s {0} +[Cyp ¥, })
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The change in curvatures are

{v}=[C.Kv} (2.17)

The transverse shear strains become

)= [[H ]J{w,, [ H ””{w} [Caltwo} +IC, My} 219)

where the strain interpolation matrices [C_1[C,L[C,, L[C;1[C,] and [C,,] are
related to the area coordinates and the nodal coordinates. These matrices are given in
Appendix A.
2.3 Stress-Strain Relations of a SMA Embedded Composite Lamina
A representative volume element of a SMA fiber-reinforced composite lamina is
shown in Fig. 2.3. The element is taken to be in the plane of the plate. The composite
matrix, for example graphite/epoxy, has the principal material directions 1 and 2, and the
SMA fiber is embedded in the 1-direction.
In order to derive the constitutive relation for the 1-direction, it is assumed that a
stress o, acts alone on the element (o, =0) and that the SMA fiber and composite
matrix are strained by the same amount, g (i.e., plane sections remain plane). The 1-

direction stress-strain relation of the SMA fiber can be described as

=Elg +o0,, T>T, (2.19)

or
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o, = El(& - a,AD), T<T, (2.20)

where Ts is the austenite start temperature and o is the thermal expansion coefficient.
The Young’s Modulus E. and the recovery stress o, are temperature dependent,
indicated by superscript (*). The recovery stress o, is also dependent on the prestrain &,
which relates to the recovery strain of SMA. For Nitinol, o, and E_ can be determined
from Figs. 1.2 and 1.3, respectively. Similarly, the one-dimensional stress-strain relation
in the 1-direction for the composite matrix can be expressed as

Oim = Ern(& - @,,AT) @:21)

The resultant force in the 1-direction (o, = 0) is distributed over the SMA fiber

and composite matrix and can be written as

04y = O Ay +0 1A (2.22)
where(a,,4,), (oy,,4,) and (c,,.4,) are the (stress, cross section area) of the entire
element, SMA fiber, and composite matrix, respectively. Thus, the average stress o, is

G, =0V, +0,,V, (2.23)
where v, =A_/4, and v_ = A4_/ A, are the volume fractions of SMA and composite
matrix, respectively. When T>Ts, the SMA effect is activated and the one-dimensional
stress-strain relation in the 1-direction becomes

o, =(E.§ +o,)v, +E, (§ -, ATV,

2.24

where

E;=E,v_+E)v, (2.25)

im " m
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When T<T;, the SMA effect is not activated and the stress o, is

o,=FE,§—(E.ay,+E v )AT

] 1.81 (. 1 @i V) (2.26)
=E,(§ - AT)

where

. (Elmalnvu + E:a:v:)
a‘ = Eo
1

(2.27)

A similar constitutive relation may be derived for the 2-direction by assuming that
the applied stress o, acts upon both the fiber and the matrix (o, =0). Thus, the one-
dimensional stress-strain relations in the 2-direction for the SMA fiber and the composite
matrix become

0,, =0, = E (&, —a,AT) (2.28)
and

c,, =0, =E, (5, -a,AT) (2.29)
respectively. The recovery stress does not appear in Eq. (2.28), since the SMA fiber
prestrain &, and recovery stress o, are considered to be a 1-direction effect only.

The total elongation is due to strain in the composite matrix and the SMA fiber
and may be written in the form

Aigy = Aty + A6y, (2.30)
Thus, the total strain becomes
& = GV + 67, @31)

Since o, = E_ (5, — a,AT), Egs. (2.28) and (2.29) may be substituted into Eq. (2.31) to

give
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=22 @ AT
6.2 - E: az
(2.32)
_%Y, O'ZV O’z v )AT
Ex EZ i

Therefore, the modulus and thermal expansion coefficient in the 2-direction become

. E, E

2m™'s
E, = (E,. ,+Ev ) (2.33)
and
a,=a,Vv,+tay, (2.34)

Expressions for the hybrid composite Poisson’s ratios and shear moduli follow from
similar derivations.

The constitutive relations for a thin composite lamina with embedded SMA fibers
can be derived using a similar engineering approach to give

O, -Ql.l Q:z 0 & O':
o,p=0y 05, O +4 0 v, —[0] v AT, T>T, (235)
£ 0 0 Qs.s Y2 0

4 . -
o, O, O

L ] *
0, (={0n Oxn

T2 0 0 Ou |\ 0

1% 2
Ts) | O Oss 7:3}

where [0],, and [Q*] are the reduced stiffness matrices of the composite matrix and the

A

& (—Ya, (AT |, T<T,

3

(2.36)

.

and

composite lamina, respectively. The [Q*] matrix is temperature dependent and is

evaluated using the previously derived relations as
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Qi = 1~ pott,
g - Mok B
~ bty 1 o,
. E,
On =12 l‘xzzl‘n
0% =G,
0, =Gy
0 =G,
(E th3) = (E vy tho )V, +(E] 1)V, (2.37)
and
(E;,Gy,.G;,,Gry) = b, GiaaGs: GnaGis Guulh:) (2.38)

(E2n:Gr2msGioms Gz )V, +(E;,G WV,
where the p’s are Poisson’s ratios and the G’s are the shear moduli. The thermal
expansion coefficients a, and . are derived in Eqgs. (2.27) and (2.34).

The stress-strain relationships for a general orthotropic lamina with embedded
SMA in nonprincipal coordinates such as x and y can be obtained using an engineering

approach. The stress transformation equations for the stress in the xy-coordinate system

can be written as
o, cos’ sin’ @ -2cosfsind || o, o,
o,r=| sin’@ cos’ @ 2cosfsin8 Ho,r=[TT"40, (2.39)
| |cosfsin@ —cosOsin@ cos’H-sin®8 |1, T,

where O is the lamina orientation angle.
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The strain transformation equations for the strain in the xy-coordinate system can

be written as
£, cos’ 0 sin® @ —2cosfsin@ || ¢, £,
g, p=| sin’@ cos’ 2cos@sin @ g =[TTY & (2.40)
Yo /2| |cos@sin@ —cosfsin@ cos’@-sin’8|\y,, /2 Yul2
thus
O, & gn Q. éls &
o, =[TT'O'Il & (=19 Z» Q4|5
T Y5'2) Qi O Qe (7

(2.41)
B B
e Q;s Qs.s "3
where the @; are the components of the reduced transformed lamina stiffness matrix

[Q.] , which are defined as follows:

Oy, cos* 8+ Q;, sin* 8+ 2(Q;, + 20, )sin’ fcos’ @

\ + 0}, — 405 )sin’ @cos’ @ + O}, (cos* 8 + sin* 6)

cos’ @+ 0} sin* @

1

{

| ©f © ©
]
S

0, = (O - O}, —20% ) cos’ Osin8 — (O, — Oy, - 205,) cosBsin’ @
0,, = 0},sin* 6+ 0}, cos* 6+ 2(Q;, +20, )sin* cos* 0

0,, = O, sin’ 8+ 0}, cos’ 9

0, = (05, - 0}, — 20, )cosBsin’ @ - (0, - Of, —20;,)cos’ Osind
0, =0

0, = (05 -~ 0)sinfcosd
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0., = 0}, cos’ 6 +Q,sin’ @
0., = (0., - 0},)sinfcosd
0., = O, sin® 8+ O, cos* @ (2.42)
0. = (O, +C5, — 20, -20.,)sin® Bcos® 6+ O, (sin* 6 + cos* 6)
0,,=0,=0,,=0,,=0,,=0,,=0,,=0,, =0
or
[0 1=[1T'[Q"NTT" (2.43)
Similarly,
a, cos’ 8 sin® @ —cosfsinéd ||a;
a, r=| sin*@ cos’ @ cosfsinf Ka, (2.44)
a,| [2cos@sin@ -2cosfsind cos’P—sin® G|l 0

2.4 Constitutive Relations and Resultant Laminate Forces and Moments
Consider a thin composite lamina; for example, graphite-epoxy, having an arbitrary
orientation angle 8 and with SMA fibers embedded in the same direction as the graphite
fibers. The stress-strain relations for such a lamina in the principal material directions are
derived in Section 2.3. The stress-strain relations for a general k-th layer with an

orientation angle 6, become

e | [o: a,
{o}, - {o,}. =[?], g, ¢+ a.; va-|[0l{a, | va| ALT>T, (249)
7” t"y k a“y m k

and
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& ] [a:
{o}, — (0.} =[?]k &, t—{a,} AT, T<T, (2.46)
r-‘)’ a:y k
o, 0Ll :
c—{t e =22 =2 =10, 2.47
{r}e — {7} [QI, stl{ z} (0.1 {r} (2.47)

where [E], [-Q_:] and [@]_ are the transformed reduced stiffness matrices of the
composite lamina and the composite matrix, and {c.} and {t,} are the initial stress

vectors, respectively.

The resultant force and moment vectors of the SMA fiber-reinforced composite

plate are defined as
(N, =[" (0}, 0,2
2 (2.48)
(R} = I_m{:”} dz
or
N\ [4* B*][e"] [NI] [Ng) [N,
M| |B* D*||«x +M:-MAT+M6
(2.49)

(R} =[41r} +{R,}
where the laminate stiffness [A*], [B*], [D*] and shear stiffness [A]] are all temperature
dependent. The elements of these matrices, assuming midplane as the reference surface,

are defined as

hi2 —o

4= (O, i,j=12,6

- hi2 —3 oL
Byj = I—h/z(Qj)km’ 1’.] = 1,2)6
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Dy =[" (@), i.j=126

A, =[" @, ij=45 (2.50)
The recovery in-plane force {N'}and moment {M} vectors are dependent on
temperature and prestrain (see Fig. 1.3). The vectors {N,},{M_ }and {R,} are the
force, moment, and shear force vectors due to initial stress {c.}, respectively. The

recovery and the thermal in-plane forces and moments due to the SMA recovery stress

and the temperature change, respectively, are

({vr}{ae)) = _fm :; va(L2}z, T>T,

T (2.51)

Vi

=0 T<T

s

(V) M) = [ 1[0 1 e, } va| ATOE,  T>T  @52)

) m k

({Vur LM }) = [Q ai AT(L2)dz, T<T, (2.53)

)/
2.5 The Principle of Virtual Work

The virtual work done by internal and external forces is written as
= [(186°}™ (N} + (6)" (M} + By} (RY)dA @.54)
and

W, = | [5w(p(x,y,0) — phw ) + Su(—phu,,) + (~phv , )ldA (2.55)
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where p(x, y, #) is the external force, p is the mass density of the laminate and B is a shear

correction factor which is defined later.

As mentioned in Section 2.3, superscript (*) indicates temperature dependent. The
laminate stiffness [A*], [B*], [D*] and [4] are all temperature dependent. In the
following deductive procedure, the (*) is dropped for convenience. The virtual in-plane

strains, curvature and shear strains can be expressed as
{ex} = -;-[G]{G}, {0e;} = %5([0]{0}) =[0{&G} (2.56)

{6e°} = {w,}[C, 1" +{ow,} [C, T [6]" +{ow}[C,, T [6)
+ow,} [C,1'[6,] +{ow}'[C,, I [6,1

(2.57)
{N} =[ANe} +[Blix} = {Nyr } +{N;} + {N,}
=[4][C, Hw.} +%[A][9]([C.¢]{Wb} +[C,, Xu}) +[A1[01[C,. 1{w,, } (2.58)
+[4]I61C,, v, } +[BIC,J{w} = {Ny } +{N]} +{N,}

{ox}" = {8y} G, T (2.59)

{M} =[Bl{e°} +[DYix} - (M, } + {M]} + {M,}
=[BIC, {w.}+ %[31[9]([6},] {w,} +[C,, Kw}) +[BIO1[C,. 1{w,,} (2.60)

+[BIGIIC,, Ky} +[DIC Ky} — {M, } + (M} +{M,}
{87} ={w,} [C.T +{oy}'IC, T (2.61)
{R} =[4,)[C, {w, } +[4,1[C,, iy} +{R,} (2.62)
The virtual work principle gives

oW, =W_, (2.63)
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where after substituting the appropriate expressions the following results are obtained:

W. =

mt

[, (3 (V) +(8) (M) + B3y (R

= [, (60} [CT QAC. 1w} + STANGIC, 15 ) + 5 TANIC, , )
+[ATONC 1%} +LANONC o 1} +BIIC, 1) = (Nar} + (N} + N, )
+ (60, ) [C, (6] (ANC, 1w} + S TAUGUC, Jow,} + LANIIC,, 1w
+HATGIC, 1%} +LAUGNC 0, 1w, } +BUG, 1w — (Vg ) + (NS} + AN, )
+OYYIC oy T [6F MANC 1%} + 5 ATGNC,a 1%} +5 TAGC, 1)
+[ANOIC, 1%} +LANGNC Wy, } +BIIC, W) ~ (Mg} + (NS} + AN, )
+ (80} IC (6,1 (AIC.1w..} + 5 TAIOUC, 100y} + TAIBIIC,, )
+[ANGIC 100, } +[AUONC 0, v, } +BUC, 1) ~ (Vs ) + (NS} + AN, )
+HOWYIC,y T I6,F (ANC 10} + 3TAIGUC,. 0%, )+ SLAIGTIC, v
+HATOIC, 105} +LAUONC o, W, } +BIC,JW) — (Vg + (NS} + (N, )
+8WYIC, T (BIC, 1w} +5TBUENC 0 10 )+ SIBUIIC,, 1w

+[BIGIC,, l{ws, } +[BIONC,, Ky, } +[DIC, H{yw} — My} +{M]} +{M,})
+B{ow, } [C, I ([AC, 1w, } +[4,)C, Hw} +{R,})
+BLow) T [C, T [ AC, 1w, } +[A4C,, Ky} +{R, })}aA

and

W, = [ [50(p(x,3.1) ~ phw ) + Bu(-phu,,) + S(—phv , )JdA
= [ (6w, YT {H,} + (8w} {H,, }X(x..1) - ph(LH, }, } +{H,, }{(#})
— ph{dw YT ({H Y H,1(%,}) — ph(w, } (H,}[H,1{%,})}d4
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2.6 Element Equation of Motion and System Finite Element Equation
Using virtual work principle Eqgs. (2.54), (2.55), (2.63), the equation of motion for

the MIN3 plate element can be derived as

[m), [mL, o©0 |[%] [lo o o (k) [k [k ||[w
ml, [ml, O R@r+fl0 [k], [kln|+|lt]s K1 [kl.|{v

0 0 [m, (¥, \|0 [Kl., [¥l.| {[K]w [K)ny, O

bl [hyrl, O] [I£L (KL, O] [[kL (41, Of)[w]
[kNAT].é [kNAT]V 0f- [k: ].a [k: ]y - [kc]yb [ka']v 0 | 4
w

’

vV

o o o | o o oo o o)|w)
([l L, o] [kl kL, ])(w
+ il L), O+AkL. [kl Of[{w
L o 0o o0 0 o o))|w,
1 (—[nle]b [Plyaly O [[rly) [Pk, O Y 7Lk, [PL1m || |%:
+§ [y, ). [nl,], O|+|[nl,),. [nly]l, O+{[nL], [nL], [n,]),. v
(g O 0 0 0 0] |[ny]., [nL],, 0 w,

+§ [n2],, [»2], O
0 0 0

0
l'[n2],, (2, Ol(w,
14
Lw"l
(P, 0 | 0 0 (2.5 [{Pareds
=1{p, (O}, ¢+ {pu}.f— 8}, 1= 1{P:3e 1~ B, 1 {Paro}e
0 {pAT}m {p:}m {pc}m 0 O

or in the compact form

(Pods| | (Pl
{Pote [ 1 (Pl
0 0

(2.66)
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[m) {9} + (k] + [k, 1 - Deyar 1+ 0671+ [k, 1+ 21, 1+ ATk, Dw}

+3([nly, ]+, 1+ [nL,){w} + 2n2]{w) (2.67)

= {p, 0} +{px} — (P}~ (P} — (P} + {Par} — (P} — (P}
where [m], [k} and {p} denote the element mass, linear stiffness matrices and load vector,
respectively, and [nl.], [nlym], [nlm], [nli] and [n2] denote the first- and second-order
nonlinear stiffness matrices, respectively. The subscripts b, y and m denote the
transverse, rotation and in-plane components, respectively. The subscripts s, T, 0, G, T,
NAT and AT, Nm, Nb, | and p denote the stiffness matrices and load vectors which are

related to transverse shear, initial shear stress {t.}, w,(x,)), {0.}, {0,}, {N,} and AT,

{N.}(=[4Kea}), {N,}(=[Bl{x}), and distributed load p(x, y, t), respectively. The
shear correction factor is defined as [62]

p=— 2.68)

Jk

1+0.5§

It is assumed that the rotary inertia effect is negligible for relatively thin plate (a/h>50).
The expressions for element linear and nonlinear stiffness and mass matrices and load
vectors are given in Appendix B.

Summing or assembly of the contributions from all elements (matrices with lower
case letter) results in the global matrices (denoted by capital letter). The system finite

element equations after applying the kinematic boundary conditions can be written as
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ML (M), O |[F 0 o 0 (K.l [KL, [KL.|||%
(Ml,, [M], O p¥,r+|10 [K], [K].|+[K]) [K], [Kla|jY?

+
0 0 [(ML|I7.) (|0 (K, [X.| |[K)ls [Kl, O [
([(Kyarl, [Kaarky 0] [IKL KL, O] [IK.L [K.L, O]\[
~|{(Kwrhe [Kurly O|-|[K1. (K1, O|-|[K.}e [K,], O|J¥
g O 0 0 ] 0 0] ] 0 oy,

[ [VLL (VLL, o] [IKL (KL, O
S|IVLle INL], O|+[[Kl, (K], O
0 0 o 0 0 0

\

[Nl [Nk, 0] [[(N,] [Nk, O)\(#)

+% (N1, [Nl,], O0|+/[N,]. [Nl O|{¥;
l o 0 0 0 0 o) |#,]
1' 0  [NLL, [NLL.|®) [In2, (~N2L, O
+5|Vile [NL],  [NL], ¥ +5|[N2], [N2], OfY¥
M) [Ny, O |, 0 o o|m,
(P,(0)}, 0 0 0 (o] [Pads] (B3] [(2abhs
=P, t+{ Py P =3B =3B, t =PI £+ (B = (B0}, =3 (Bu)y
0 (Pt UEY.) 23 0 0 0 0
(2.69)
or it can be written as
(oW, W)}
= [MYW} + (K1 +[K, 1~ [Kyar 1+ K] 1+ K, 1+ (K, D)
+1[N1J{7} + {[N2)W} (2.70)
(P}~ (P} + (P} + (P} +{P} = {Par,} + (P2} + (P}
=0

where (W} =[W,,'¥,W_] and the other subscripts have been specified. The transverse

shear [K,] and the first order nonlinear [N1] stiffness matrices can be written in the form

as
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[K,1= J.(Ak)D (2.71)
assembly+

condition

[Nl]= D .(Inl, ]1+[rl,,]1+[nl,]+[n1,]) (2.72)

assembly +
boundary
condition

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

CHAPTER IIT
SOLUTION PROCEDURE
In this chapter, the governing equations for the four types of analyses are derived
from the system equations of motion, Eq. (2.70), and they are solved in sequence. The
four types of analyses are: 1) thermal buckling; 2) thermal postbuckling deflection; 3)
vibration of buckled plate, and 4) random response about the buckled position.
3.1 Static and Dynamic Equations
The system of equations, Eq. (2.70), is a set of nonlinear ordinary differential
equations with respect to timet. A novel solution procedure is presented in the following
to determine thermal postbuckling deflection and random vibration of thermally buckled
composite plates with embedded SMA fibers. The solution of a set of differential
equations, Eq. (2.70), is thus assumed as the sum of a time-dependent solution and a time-
independent solution, that is
Wy ={w}, + W)}, @G.1)
where {W(t)}: is the time-dependent solution whose physical meaning is the small
oscillations about the thermal postbuckled position {W},, where {W}, is the time-
independent solution whose physical meaning is the large thermal postbuckled deflection.
Substituting Eq. (3.1) into Eq. (2.70) and neglecting the higher order terms of {W(t)}. for

small amplitude random vibration, the following two sets of equations are obtained as

(K14 K. )~ [Kog 4 I LK 4 KDY, + INTL 07), +5IN21, 07,
= (P}~ (P} = (B}~ (P} + {Pus} — (P2}~ (P}

(3.2)

and
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[MI{#}, + (K1+[K, ]~ [Kur 1+ (K 1+K, 1+ K, DO}, +[N1L, 7}, +[N2], 7},
={F, (1)}

(3-3)
where the nonlinear stiffness matrices, [N1], and [N2], depend linearly and quadratically
upon the thermal static displacement {W},. The detailed derivations to obtain Eqgs. (3.2)
and (3.3) are given in Appendix C.

The total plate response is at any time t the sum of {W}, and {W}: according to
Egs. (2.70) and (3.1). A close examination of Egs. (3.2) and (3.3) reveals three aspects of
the solution process. First, Eq. (3.2) is a set of nonlinear algebraic equations which
represents a time-independent solution for the governing equation, Eq. (2.70). Second,
Eq. (3.3) is a set of linear differential equations which represents a time-dependent
solution for the governing equation, Eq. (2.70). Finally, Eq. (3.2) has to be solved first to
determine the thermal postbuckling deflection {W},. The dynamic response {W}, can be
obtained from solving Eq. (3.3).

3.2 Increment Stability Equations

It is necessary to study the stability of the composite plates with embedded SMA
because the temperature effects cause a stability problem in the plates. The adjacent-
equilibrium criterion [63] can be used to investigate the stability of a given equilibrium
configuration, {W.}. For given small increments to the adjacent equilibrium position

{W}o>{W.}+{AW} 3.4)
{®(W.+AW)} can be expanded by using a truncated Taylor series as
(D, + AW)}

= (O(,)} +[Z W) |(aw} 3.5)
=0
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where the incremental quantities {AW} are arbitrarily small and {®(W.)}, Eq. (2.70), is in
an equilibrium configuration. From Eq. (2.70), the total differential of {®(W)} is

{do(w)}

. 3.6
= ([(K1+[K, 1= [Kyar 1+ [K, 1+ [K, ]+ [K, ]D{dW} +d(%[N1]{W} +-;:[N2]{W}) ©0)

The term d(%[N 11{W} + %[NZ] {W}) had been proven to have the following form [63]

d NP} +SIN217Y) = (V1] + (N 2D W) G

Thus based on Taylor expansion, the stability equation for the system equation, Eq. (3.5)
of equilibrium can be derived as
((K1+[K,1 - [Kyyr 1+ [K 1+ 1K1+ IKDIARS + ([N1), +[N2),){AW} = 0 (3.8)
or
[Keal. (AW} =0 (3.9)
where the tangent stiffness matrix [X,_ ], is
(K., = (K1+K, 1 [Kyor 1+ (KT + K1+ KT+ N, +[N21,)
and the tangent stiffness matrix [K,_],, [N1]. and [N2]. are evaluated at the equilibrium
configuration {W}..
3.3 Thermal Buckling
A linear thermal buckling analysis is carried out first to determine the critical
buckling temperature 7, = AT, + T, where T. is the reference or ambient temperature.
Equations governing the thermal buckling are obtained by first neglecting the extension-
bending coupling, the nonlinear bending force, the initial deflection and the initial stress

terms from Eq. (3.8), thereby giving
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W,
([Ksl—[KWJJr[K:]«»[mN.].+[K,L>{‘:;} =0 (3.10)

Furthermore, from the linear system equation in membrane (see Egs. (2.69) and (3.2)), the

following relationship is established
(KM} = (Brda (B, G.11)
where
[K,1=[g ,?] [K,],=[§" ';”J
. - K.

The first-order nonlinear stiffness matrix [N1ym]. is linearly dependent upon the in-
plane displacement {W.} which can be expressed from Eq. (3.11) at a given AT(x, y) as

{u,n} = [Km:rl({PAT }m - {I)r‘}u)
= W (AD)} - .},

(3.12)

where {W_(AT)}=[K,]"'{P,}, is Ilinearly dependent upon AT, and
W.}.=[K,T'{P’}, is a constant vector, and it is independent of temperature change.
Thus the matrix [Nlm]e is the difference of two matrices. The first matrix [N1,_ 1,7,
which is linearly dependent upon AT, is evaluated with {Wgx(AT)}, and the second matrix
[N1,,]., which is a constant matrix and independent of temperature change, is evaluated
with {Wa}. as
[Ny, ). =[Ny, 1 - [N, ], (3-13)
Since both matrices [K,,,] and [N1,,],, depend linearly upon AT, Eq. (3.10)
can be expressed as an eigen-problem

(K, 1+[K]- [N, ] +[KL{F} = A0Kr |- INLLe)8} (3.14)
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The critical temperature change corresponds to the lowest eigenvalue A and is
given by AT = AAT, and {¢} is the corresponding thermal buckling mode. The
following items are directed for special attention: 1) Since the matrices in Eq. (3.14) are
all temperature dependent, an iterative scheme has to be implemented to achieve a
converged AT« at A=1.000+0.001; 2) For antisymmetric angle-ply and symmetrically
laminated composite plates with non-zero thermal bending load, and unsymmetrically
laminated composite plates, the solution from Eq. (3.14) is referred to as a reference
critical temperature, (AT,),,, .

3.4 Thermal Postbuckling/Deflection

Equation (3.5) is the governing equation to determine the thermal postbuckling or
thermal deflection with a certain thermal load for AT>AT. or (AT ), and it contains both
temperature dependent material effects due to SMA and geometrical nonlinearity due to
large thermal deflection. With consideration of nonlinear material properties of SMA, the
incremental computational method is employed. That is, in each small temperature
increment, the material properties of SMA are considered as constant. The initial
deflection and stress are updated shown in Table 3.1.

Table 3.1 Incremental solution procedure for thermal deflection

Increment | Initial deflection Initial stress | Newton- | Converged Stress in
number {Wo} {oo} Raphson | deflection {W} | increment
Process {c}
1 0 0 - {W} 1 {0’ } 1
2 {Wh {oh - {W}2 {o}2
3 {Wht{W}2 {oh+{c}2 - {W}s {o}s
k {Wht..+{Whe | {oht+..+{c}x1 - {Wh {c}«
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With the consideration of large thermal deflection, the nonlinear stiffness matrices,
[N1], and [N2],, linearly and quadratically depend upon the thermal displacement. One
effective approach involves the application of Newton-Raphson iterative method within
each small temperature increment. Thus, for i-th iteration, the Newton form of Eq. (3.2)
or Eq. (3.5) can be written as
(K. l.({AW},),., = {AP}, (3.15)
then [Kia]i+1 and {AP};. are updated by using
((#},).. = (},), +({AW} ), (3.16)
The solution process seeks to reduce the imbalance load vector {AP}, and consequently
{AW},, to a specified small quantity (107°). The iteration tangent stiffness matrix and the
imbalance load vector are
[Ku) = [K1+[K, 1~ [Kyr 1+ [K]1+[K, 14K, ]+ [N1], +[N2],, (3.17)
and
(AP}, = (Py} — (B}~ (P}~ {P}+ {Pr,} ~ (P2} - (Py)
- (K)+[K )= [Kuur 1+ [+ K ]+ [K D)., (3.18)
- S INTL 07, - 2IN2L, 07),

The linear buckling mode shape, Eqgs. (3.12) and (3.14), normalized by a scale
factor for symmetric laminates, or the linear thermal deflection (by dropping the nonlinear
terms) from Eq. (3.2) for unsymmetric laminates is usually taken to be the initial trial
solution for Eq. (3.15). A flowchart for determining the thermal postbuckling deflection is

shown in Fig. 3.2
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Implement temperature increment
Do k = 1, T(elevated), ntp

Apply Newton-Raphson to obtain {W}i

YES v

Reconstruct [Kun] and {AP}

\

W} converge? NO

Output the deflection {W}i

A

Update {o,}, '{‘Co} and {W,}

Increment temperature

NO

Stop

Fig. 3.2 Computational Method for Determining Thermal Deflection.
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3.5 Vibration of Buckled/Deformed Plate

Equation (3.3) is the governing equation for dynamic response of composite plates
with embedded SMA fibers. It can be seen that the converged tangent stiffness matrix
[Kun] as shown in Eq. (3.17) is exactly identical to the sum of stiffness matrices in the
dynamic equation, Eq. (3.3). Thus the vibration equation about the thermally buckled
position {W}, becomes

M1}, + (Ko 1}, = {P,(0)} (3.19)
This feature gives a great advantage of solving the dynamic equation, Eq. (3.19), only the
mass matrix [M] needs to be formed. There is no need to assemble system stiffness
matrices by considering the effects of SMA recovery stress, thermal stress and thermal
deflection from each element using the conventional approach. The computational time is
greatly reduced. For free vibration, dynamic equation, Eq. (3.19), is a generalized linear
eigenvalue problem and can be written as
o/ [M]{g,} =K. 1{4.} (3.20)
where @, and {¢,} are the natural frequencies and mode shapes of vibration. Thus the
natural frequencies of vibration and mode shapes about the thermally buckled/deformed
position {W}, are obtained from the solution of Eq. (3.20).
3.6 Random Response of Buckled Plate

3.6.1 Random Displacement Response

The random displacement analysis of a thermally buckled plate with embedded

SMA is performed to determine the root-mean-square (RMS) maximum deflection and
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power spectral density (PSD) functions. The dynamic equation is shown in Eq. (3.19),
and the natural frequencies o, and mode shapes {¢.} of vibration are obtained from the
eigenvalue problem, Eq. (3.20). The truncated modal transformation form, using the

lowest N modes, can be written in the following form
7}, =2 {$}q. =[¢lg} (3-21)

Substituting Eq. (3.21) into Eq. (3.19) and considering the modal damping simultaneously,
a set of uncoupled modal equations with reduced degrees of freedom can thus be derived
as

4, +25w4, +o,9,=f,, r=12,..N (3.22)

where the modal mass, stiffness and force are

m, = {4} [M1{g,}
k,={$) [Kalg} (3-23)
fr=@} (PO} m,

and ¢, is the modal damping ratio which can be obtained experimentally or estimated from

similarly supported structures.
The plate is assumed to be subjected to Gaussian white noise uniform random load

P,(t), the cross-correlation of modal amplitudes can be determined from Eq. (3.22) as

Elg,q.)=[_S,(@)H,(@)H,(-w)do
(3.24)
=[G, WH.(NH.(-1)df
where § (@) and G,(f) are the two-sided and one-sided spectral density functions of

the uniformly distributed acoustic excitation P,(¢), respectively, and the relation is
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G, (f)=4x8,(®), jfor o =2nf (f20) (3.29)

The one-sided spectral density function of the acoustic excitation P,(f)has a
transformation from a sound spectral level (SSL) as

G,(f) =84216x 10€"=149 (3.26)

where the unit for sound spectral level is dB and the unit for G,(f) is (psi)/Hz.
The complex frequency response function is

1

Ale)= m (o} - + 2ig,0,0) (327)
The cross-correlation of modal amplitudes from Eq. (3.24) is
G,(f)s,0, +¢,,)
E = £ = 3.28
42 (@~ A s.00,@ +ol)+ G teDwa ] O
and the correlation matrix of the system nodal amplitude becomes
ELW}, (W} 1= [9)EL{g} (g} 1Y (3:29)

The root-mean-square nodal deflection can be obtained from the diagonal value of the
above correlation matrix, and the root-mean-square maximum deflection is determined

from
RMSTWZ,] = mex. (| E|[(): ]) (3:30)

where E[(W,)}] are the diagonal terms of Eq. (3.29).

The power/deflection spectrum density can be determined from the following

equation
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G,q. =G, (NH (N)H,(-F)

(3.31)
[G.1=[41IG, 1¢Y

3.6.2 Random Strain Response
As the displacement random response is determined in Section 3.6.1 for a given

combination of thermal and random loads, the element strains can be obtained using Egs.
(2.8), (2.9), (2.10) and (2.11). For a linear random vibration of thermally buckled plate,

the strain-displacement relations can be expressed as

u, Vyx
{e}=1 v, t+z w., t={}+z{x}
u_y+v'x l/ly'_‘,-l-lllx.’r

=[C. 1w} +2AG Ny}

Y[ _ Wy V.
3 '{rz} “{w,}+{wy} (3.33)

=[C,1{w, } +[C,, v}

(3.32)

where the strain interpolation matrices [C], [C,], [C,] and [C,,] are defined in
Appendix A.

By using truncated modal transformation, the modal equations for element strain
can be derived as

{e} =[C, 1w, } +AC 1w} =D ((C,1{8.}, +4C,1{8,}.)a,
! (.34)

=Y {&},4,
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7} =[C, 1w} +[C, I{w} = D ((C,1{a}, +[C,1{4,}.)4.
= (3.35)

=>{r}q

where the modal vectors {4 },, {g,}, and {¢.}, can be obtained from the r-th mode {¢:}

shown in Eq. (3.20).

Thus the random response of element strains can be determined as

El{e} (e} 1= 2.2 (e}, (€} Elg,q.] (3.36)
Ery iy 1= 2 X (), (7} Elg,q.] (.37
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CHAPTER IV
NUMERICAL RESULTS AND DISCUSSION
4.1 Computer Program Validation and Mesh Convergence
4.1.1 Thermal Buckling and Thermal Deflection
For the computational test, an eight-layer simply supported rectangular graphite/
epoxy composite plate with stacking sequence (0/90/90/0), is considered. The dimension
of the plate is 15x12x0.048 in., and the ambient temperature is 70°F. The critical buckling

temperature and postbuckling deflections are compared with the results in {64]. The same

data are obtained.
For thermal buckling: AT.=1236°F
. . . AT W,
For maximum thermal postbuckling deflection: AT 1.13 - 0.244
AT, h
AL 1.62 W =0.524
AT, h

a

4.1.2 Random Response and Strain Validation
The plate used in [65] was analyzed as a validation example. The dimension of the

plate is 15x12x0.04 in., and the material properties are:

Young’s modulus E=10.5x10° psi

Mass density p=0.2588x10"* Ib-sec’/in.*
Damping ratio £=0.01

Poisson’s ratio v=0.33
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The results obtained by the present study and in [65] are shown in Table 4.1. The
random results from [65] are shown for comparison. Because different elements are
used, there are small differences between the results for maximum transverse deflections.
However, it is demonstrated that the computer program for thermal buckling, deflection

and random response analyses is valid.

4.1.3 Mesh Convergence

In order to guarantee the accuracy of the result in computation, mesh convergence
is studied. A quarter plate model of the eight-layer simply supported rectangular
orthotropic laminate (15x12x0.048 in.) with the stacking sequence of (0/90/90/0), is
considered. The ambient temperature is 70°F. The results of critical buckling
temperature, maximum thermal deflection, and the lowest two natural frequencies at
170°F are shown in Table 4.2. It can be seen that the results are very close and the
difference is less than 5% for 4x4, 5x5 and 6x6 mesh.

4.2 Thermal Buckling and Postbuckling/Deflection Results

The results shown in this dissertation were generated for an SMA fiber-reinforced
composite laminate, where the graphite/epoxy composite was treated as the matrix. The
in-plane support boundary conditions are that the in-plane displacements, u and v, are
equal to zero on all edges of the rectangular and triangular plates. The following material

properties were used in the analysis:
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SMA-Nitinol [2] Graphite/Epoxy

T, 100°F (37.78°C) E, 22.5(155)
T, 145°F (62.78) E, 1.17(8.07)
E® From Fig. 1.2 G,, 0.66(4.55); Gz 0.40 (2.76)
G" 3.604 Msi (24.86 GPa), T <T, Vip 022

3.712(25.6), T>T,
v 03 p 01458 x107°(1550.07)
P 06067 x10~1b—s" /in.* (6450ke / m’) @ —004x107(-007x10~)
a 57x107/° F(1026x107°/°C) a, 167x107°(30.1x107)
4.2.1 Thermal Buckling

The thermal buckling problems for the composite plate with and without SMA
have been solved first. The eight-layer simply supported rectangular orthotropic laminate
(15x12x0.048 in.) with the stacking sequence of (0/90/90/0), is considered. The full-plate
is modeled with a 10x8x2 mesh (160 MIN3 elements) as shown in Fig 4.1. Results shown
in Table 4.3 are presented for a laminate with no SMA fibers (v,=0) and for three SMA
prestrain values £=3, 4 and 5% for each nonzero SMA volume fraction (v,=10, 20 and
30%). Itis seen that when the austenite start temperature T,is 100°F, the critical buckling
temperatures of the plate with SMA fibers are lower than the plate without SMA. This is
caused by the relatively low modulus of the SMA fibers in relation to the graphite/epoxy
matrix they are replacing, and the SMA fibers are not activated when the temperature is
lower than T,, However, the austenite start temperature can be altered to 70°F by

changing the Nickel composition in the SMA fibers as shown in Figure 1.1. Thus the
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critical buckling temperature of the plate with SMA becomes higher than the plate without
SMA. This is due to the activation of SMA. The results show that the shape memory
effect has a great influence on the critical buckling temperatures of composite structures.
4.2.2 Thermal Postbuckling Deflection

The thermal postbuckling deflections of the composite structures with and without
SMA have also been investigated in this section. The composite plates with different
stacking sequences, volume fractions of SMA, prestrains of SMA and boundary
conditions are studied.
4.2.2.1 Orthotropic laminate

The simply supported eight-layer graphite/epoxy orthotropic rectangular laminate
with the stacking sequence of (0/90/90/0); is considered first. The dimension of the plate
is 15x12x0.048 in. The plate is simulated with 10x8x2 mesh (160 MIN3 elements). The
austenite start temperature is 100°F. Figure 4.2 shows the maximum thermal postbuckling
deflection behavior of the composite plate without SMA. It is seen that the maximum
normalized deflection (Wm/h) reaches about 1.923 at 200°F. The maximum deflection
results presented in Figs. 4.3, 4.4 and 4.5 are for a laminate with three prestrain values
&=3, 4, 5% for each nonzero SMA volume fraction (v,=10, 20 and 30%). Comparing to
the plate without SMA, the thermal deflections of the plate with SMA are much smaller.
The Wao/h is 0.672 for v,=10% and 0.193 for v,=30% at 200°F while the prestrain is 3%.
4.2.2.2 Non-Orthotropic Laminate

The simply supported rectangular 15x12x0.048 in. laminate with a stacking
sequence (0/45/-45/90), is considered. The full plate is modeled with 10x8x2 mesh or 160

MIN3 elements. The austenite start temperature is 100°F. The maximum plate deflection
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versus temperature of the plate without SMA is presented in Fig. 4.6. In Fig. 4.7, the
maximum thermal deflection versus temperature for a laminate with prestrain £=3% and
SMA volume v,=10% is presented. It is seen that the thermal deflection of the plate with
SMA has much reduction after the SMA is activated.
4.2.2.3 Unsymmetric Laminate

For unsymmetric laminates ([B]20), the linear stiffness and the first-order
nonlinear stiffness matrices due to [B] and the thermal and recovery bending loads are
taken into account. The thermal deflection curves are no longer bifurcation for the plates
with or without SMA. These are demonstrated clearly in Fig. 4.8 for the (0/90) laminate.
The simply supported rectangular plate is modeled with 10x8x2 mesh, and the dimension
of the plate is 15x12x0.048 in. The austenite start temperature of SMA is 100°F.
4.2.2.4 Boundary Conditions

In this section, the rectangular laminates are modeled with 10x8x2 mesh and the
austenite start temperature of SMA is 100°F. Figure 4.9 shows the maximum thermal
deflection versus temperature for a 15x12x0.048 in. rectangular (0/90/90/0), laminate in
clamped and simply supported boundary conditions. The clamped plate is stiffer than a
simply supported plate. The critical buckling temperature for the clamped plate is higher,
and the thermal deflection is smaller. Maximum deflections for the same plate with SMA
in clamped condition are shown in Fig. 4.10. It is noticed that the deflection peaks for the
simply supported plates around 100°F shown in Figs.4.3, 4.4, and 4.5 no longer exist for
the clamped case. In addition, the critical buckling temperatures for the clamped laminates
with SMA are much higher as shown in Fig 4.10. For the High-Speed Civil Transport

(HSCT) presently under development, the skin panel temperatures would potentially reach
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350°F at cruising. It is thus clear from Fig. 4.10 that the thermal deflection can be
completely eliminated with v,=10% and £~=5% (or v,=20% and &~3% which has a critical
buckling temperature To= 456.42°F).

Figures 4.11 and 4.12 show the maximum thermal deflection versus temperature
for a 15x12x0.048 in. rectangular (0/45/-45/90), laminate in simply supported and
clamped boundary conditions, respectively. Compared to the simply supported condition
in which there is a deflection peak at T, for the plate with SMA, there is no deflection
peak shown in Fig. 4.12 for the case of clamped plate with and without SMA. The case of
the SMA embedded plate with 3% prestrain and 20% volume fraction is also studied. The
critical buckling temperature is so high that the thermal deflection does not exist when the
temperature is below 350°F.
4.2.2.5 Isosceles Triangle

The isosceles right triangles with stacking sequence of (0/45/-45/90)s with all
edges simply supported and all edges clamped are studied. The plate is simulated with
144 MIN3 elements as shown in Fig. 4.13, and the austenite start temperature is 100°F.
For simply supported edges, the critical buckling temperatures are 40.5 and 230.5°F for
the laminate with no SMA, and 10% SMA fibers and 3% prestrain, respectively. The
critical buckling temperatures are 130.9 and 320.6 °F, respectively, for the clamped
boundary condition. The maximum thermal deflections versus temperature are shown in

Figs. 4.14 and 4.15. Thermal deflections do not appear for temperature below 300 and

390 °F for the simply supported and clamped cases, respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.2.6 Effect of SMA Transformation Temperature T,

In Section 4.2.2.1, the thermal postbuckling behaviors of the SMA embedded
orthotropic rectangular laminate with stacking sequence of (0/90/90/0)s and simply
supported boundary condition have been presented. It is seen that the existing thermal
deflection peaks around 100°F limits the application of the SMA hybrid composite
structures for the high speed flight vehicles subjected to combined acoustic and thermal
loads between ambient and 350°F (use HSCT as an example). However, those deflection
peaks can be eliminated.

As mentioned earlier, the transformation temperature T, (austenite temperature)
can be altered with the changing of the weight percentage of Nickel in SMA. From Fig.
2.1, when the weight percentage of Nickel is at 55.625%, the transformation temperature
is shifted to 70°F. The alter of transformation temperature results in the change of critical
buckling temperature. Thus the thermal deflection behavior is affected. Figure 4.16
shows the maximum thermal deflections versus temperature for the simply supported
rectangular (0/90/90/0), SMA embedded plate with the prestrain £=3, 4 and 5% for the
SMA volume fraction v,=10%. The dimension of the plate and the mesh size are the same
as in the Section 4.2.2.1. The transformation temperature is 70°F rather than 100°F. The
thermal deflection peaks around 100°F as shown in Figs. 4.3, 44 and 4.5 have been
completely eliminated here. The cases in which SMA prestrains are 3, 4 and 5% and the
volume fraction is 20% have also been studied, and the critical buckling temperatures are
much higher than 350°F (see Table 4.3), and the thermal deflections disappear in these
cases when the operating temperature is lower than 350°F. Thus, the SMA which

contains 55.625% Nickel, has the potential use in the applications for HSCT.
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4.3 Vibration of Thermal Buckled Plate

4.3.1 Simply Supported Rectangular Laminate

A simply supported 15x12x0.048 in., rectangular (0/90/90/0)s laminate with and
without SMA fibers is studied in detail. The mesh size is 10x8x2 for the full plate and the
transformation temperature is 100°F. Figure 4.17 shows the first two natural frequencies
versus temperature for a laminate without SMA. Between the ambient and the critical
buckling temperature, the plate remains flat and the two natural frequencies decrease. The
fundamental frequency reaches zero at the critical buckling temperature where the plate
losses the stiffness. When the temperature is higher than the critical buckling temperature,
the thermal deflection increase in bifurcation form and the first two natural frequencies
also increase. There is a crosspoint of the natural frequencies between 120 and 125°F, and
the frequency corresponding to mode (2,1) becomes the lowest frequency. Higher
frequencies and modes can also be obtained from the Eq. (3.20).

The vibration behavior of the same composite plate with SMA has been studied in
three cases which include 3% prestrain with 10% volume fraction, 4% prestrain with 20%
volume fraction and 5% prestrain with 30% volume fraction. The austenite start
temperature is 100°F. The first two natural frequencies versus temperature are shown in
Figs. 4.18, 4.19 and 4.20. It is observed that the thermal deflection of the plate, prestrain
and volume fraction of SMA, Young’s modulus and recovery stress of SMA and
temperature all play a very important role in the dynamic response of the structures.
When the in-plane force, which is affected by the above factors, becomes tensile, the
stiffness of the structure increases and so do the frequencies. Otherwise the stiffness and

the frequencies of the structure decrease. In addition, during the complete temperature

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

range studied, the lowest frequency is always corresponding to mode (1,1) rather than
mode (2,1) for plate without SMA.
4.3.2 Clamped Rectangular Laminate

The thermal deflections versus temperature for the clamped 15x12x0.048 in.
rectangular (0/90/90/0), laminate have been shown in Figs. 4.9 and 4.10. The austenite
start temperature is 100°F. It is clear that the clamped plate is more stiff than the simply
supported. The critical buckling temperature is much higher and the thermal deflection is
smaller for clamped case. The first two lowest natural frequencies versus temperature for
the clamped plate without SMA and with 10% SMA fibers and 3% prestrain are shown in
Figs. 421 and 4.22. For plate with SMA, it is seen that the lowest natural frequency
never goes to zero before T,, since the tensile in-plane force induced by the SMA recovery
stress can overcome the compressive in-plane force induced by the change of temperature
at T,. Both natural frequencies increase when the temperature is greater than T, until the
in-plane compressive force from the change of temperature becomes dominant. The
overwhelming compressive in-plane force causes the decrease of the natural frequencies
until the critical buckling temperature is reached. For the plate without SMA, the mode
corresponding to the lowest frequency has changed from mode (1,1) to mode (2,1)
between 150 and 175°F.
4.3.3 Isosceles Triangle Laminate

Dynamic response for an isosceles right triangle 12x12x0.048 in. plate with
stacking sequence of (0/45/-45/90), shown in Fig. 4.13 is studied. The full plate is
modeled with 144 MIN3 elements. All three edges with simply supported and all three

edges with clamped boundary conditions are considered.
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Figures 4.23 and 4.24 show the first two natural frequencies versus temperature
for the simply supported laminate without SMA and with 10% SMA fibers and 3%
prestrain. It can be seen that there is no crosspoint of the two lowest frequencies during
the complete temperature range. For the plate with SMA fibers, the lowest natural
frequency does not go to zero before and at T,=100°F.

The natural frequencies for the clamped case are shown in Figs. 4.25 and 4.26.
Because of the rather high critical buckling temperature for the plate with SMA, the
lowest natural frequency never goes to zero during the complete temperature range
studied. This implies that the plate is rather stiff with the SMA effect. Thus the dynamic
response of the plate from external excitation would be greatly reduced within the
temperature range.

4.4 Random Response
4.4.1 Effect of Number of Modes

In order to evaluate the convergence characteristics of the present modal analysis
formulation and determine the required number of modes for accurate random response
predictions, an eight-layer simply supported graphite/epoxy rectangular laminate with the
stacking sequence of (0/90/90/0), is analyzed. The dimension of the laminate is
15x12x0.048 in. The mode numbers N=1, N=2 and N=4 are used in study. Because the
uniformly distributed pressure load p(x, y, t)=p(t) is applied to the plate, the anti-
symmetric modes are not included. The quarter plate is modeled with 5x4x2 mesh or 40
MIN3 elements. The material properties, mass density and damping ratio used in the

study are:
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Young’s moduli E=22.5x10°%, E;=1.17x10° psi
Shear moduli G12=G%=G5=0.66x10° psi
Poisson’s ratio vi12=0.22

mass density p=1.45x10"* Ib-sec’/in.*
damping ratio =0.02

The RMS(Wmax/h) at 100dB are shown in Table. 44. The first 10 frequencies and
corresponding mode shapes are shown in Table 4.5. The result shows that the use of four
modes obtains converged displacement and strain results. Therefore, four modes are used
in the following analysis.
4.4.2 Simply Supported Rectangular Laminate

The random response of a simply supported rectangular laminate with a
graphite/epoxy matrix is investigated. The dimension of the laminate is 15x12x0.048 in.,
and the layup is symmetric (0/90/90/0),, The SMA transformation temperature is 100°F.
The full plate is modeled with 10x8x2 meshes. For the plates with SMA, the dynamic
response is affected by the components of stiffness due to SMA ([K]) and due to recovery
stress of SMA ([K']). The test data shown in Fig. 1.2 indicate that the Young’s modulus
of SMA is lower than that of the composite matrix. This resuits in the plate becoming less
stiff when SMA fibers are embedded. The increase in the dynamic response, observed in
some cases, is due to the relatively lower modulus and higher mass density of the SMA.
On the other hand, large in-plane tensile forces are induced by the recovery stress of SMA,
and this effect will reduce the dynamic response of the plate. For the simply supported

rectangular plate with SMA discussed here, the minimum thermal deflections occur at
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about 170°F (see Figs. 4.3 to 4.5). Thus the random response of plates at 170 °F may
become more important for the potential use of the SMA. The root-mean-square (RMS)
of the maximum deflection versus sound spectrum level (SSL) for the plate without SMA,
with 3%, 4% and 5% prestrain and 10%, 20% and 30% volume fraction of SMA are
shown in Figs. 4.27, 4.28 and 4.29. It is seen that the dynamic response Wmax/h of the
plate with some of the lower SMA volume fractions and prestrain, such as the case with
10% volume fraction and 3%, 4% and 5% prestrain of SMA, is actually greater than that
of the plate without SMA . In these cases, the recovery forces induced by SMA are not
sufficient to overcome the loss of stiffness due to the lower modulus and higher mass
density of SMA fibers. However, the plate with 20% and 30% SMA fibers and 3%, 4%
and 5% prestrain provide ample recovery forces to significantly reduce the dynamic
response of the plate. It is shown that significant dynamic response attenuation can be
achieved with SMA volume fraction of twenty percent or more.

The power spectral density (PSD) of the maximum deflections and strains at 170°F
and 100dB are shown in Figs. 4.30-4.35 for ten cases: no SMA, 3% prestrain with 10%,
20% and 30% SMA, 4% prestrain with 10%, 20% and 30%, and 5% prestrain with 10%,
20% and 30% SMA. Although the plate with SMA is less stiff than the plate without
SMA at temperature less than T,, the modes of the SMA fiber-reinforced plate exhibit the
amplitude reduction gradually and have shifted to high frequencies at temperature higher
than T,.

Figure 4.36 shows the total maximum deflection of plate with no SMA fibers and
for three SMA prestrain values £~3, 4, and 5% for each nonzero SMA volume fraction

(v=10, 20 and 30%) at 170°F and SSL=100 dB. It clearly indicates that the six
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graphite/epoxy plate with SMA volume fraction of either 20% or 30% and €~=3, 4, and
5% are all acceptable designs. Compared to the plate with no SMA fibers, those plates all
give smaller amount of maximum RMS random deflections as well as thermal deflections.
4.4.3 Effect of Transformation Temperature T,

As indicated in Section 4.2.2.5, the alter of the transformation temperature results
in the critical buckling temperature change and affects the thermal deflection behavior of
the plate. It is thus expected that the behavior of dynamic response of the plate with SMA
will be affected also. Figures 4.37, 4.38 and 4.39 show the RMS maximum deflections
versus temperature at 300°F for the simply supported rectangular (0/90/90/0), SMA
embedded plate with the prestrain value &=3, 4, and 5% for the SMA volume fraction
v,=10 and 20%. The dimension of the plate is the same as the one in previous section.
The transformation temperature is 70°F rather than 100°F. It is seen that the plate without
SMA fibers exhibits significantly reduction of dynamics response because of the additional
stiffness due to the fact that the plate is thermally buckled. Adding 10% SMA with 3, 4
and 5% prestrain to the plate increases the dynamic response since the recovery forces can
not make compensation on the loss of stiffness due to the modulus deficiency of SMA.
However, addition of the 20% SMA provides ample recovery forces to reduce
significantly the dynamic response, even though the plate is no longer thermally buckled.

The power spectral density (PSD) of the maximum deflections and strains at
300°F and 100dB are shown in Figs. 4.40-4.45 for seven cases: no SMA and prestrain 3, 4
and 5% for 10 and 20% SMA fiber. It is seen that the SMA finer-reinforced plates tend to
reduce the amplitude of dynamic response gradually and shift the response to high

frequencies.
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The total maximum deflection of plate with no SMA fibers and for three SMA
prestrain values €,=3, 4, and 5% for each nonzero SMA volume fraction (v,=10 and 20%)
at 300°F and SSL~=100 dB is shown in Fig. 4.46. Although the large thermal buckling
deflection of the plate without SMA results in the enhancing of the stiffness of the plate,
the continuously increased thermal deflection, however, limits many aerospace
applications. With 20% SMA are embedded in the composite plate, it not only completely
eliminates the thermal deflection and also significantly reduces the dynamics response with
5% SMA prestrain at this temperature. It is shown that the composite structures with
twenty or more percent of SMA fibers can greatly reduce the random response due to
acoustic excitations. Thus it can enhance the service life of high speed flight vehicles.

The applications of composite structure with embedded SMA are dependent on the
volume fraction, prestrain, and temperature range of SMA. In most general cases, the
change of volume fraction and prestrain of SMA can improve the behavior of SMA hybrid
composite structures and thus alter the application range. The RMS of the maximum
deflection versus temperature at 100 dB for the plate without SMA, with 3% prestrain and
10% volume fraction, and with 5% prestrain and 20% volume fraction of SMA are shown
in Figs. 447 and 4.48. The transformation temperature is 70°F and the dimension of the
plate is 15x12x0.048 inch. It is seen that the RMS of the maximum deflection of the plate
with 3% prestrain and 10% volume fraction of SMA is larger than that of the plate
without SMA in most temperature ranges. This is due to the difference of the modulus
between matrix and SMA material and the recovery stresses induced from SMA fibers are
not enough to make compensation. The appearance of the peak of the RMS of the

maximum deflection limits the application range only between ambient temperature and
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120°F. However, for the plate with 5% prestrain and 20% volume fraction of SMA, the
RMS (Wmax/h) is smaller than that of the plate without SMA within the entire operating
temperature range. There is no peak of RMS (Wmax/h) and thermal deflection existing
within the operating temperature range. Thus this optimal configuration can be potently

used for high-performance flight vehicles.
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Table 4.1 RMS (Wmax/h) and maximum Micro-strain for simply supported

isotropic plate

SSL =1 N=2 N=4

(dB) Max. Max. Max.
Wmax/h Micro- Wmax/h Micro- Wmax/h Micro-strain

strain strain

110 1.04 64.5 1.04 80.5 1.07 77.7 | [65]
1.03 87.4 — —_— 1.03 112.0} present

120 1.89 213.2 1.89 274.5 1.96 259.2} [65]
1.90 256.5 — — 1.91 361.0] present

N=number of lowest modes

Table 4.2 Mesh convergence study for the simply supported (0/90/90/0), plate
(at 170°F for thermal deflection and frequencies)

mesh 3x3 4x4 5x5 6x6
AT, 12.431 12.367 12.332 12.311
Wyr/h 1.283 1.671 1.796 1.839
o, 179.38 167.38 167.42 172.80
02 277.70 272.60 273.36 273.54
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Table 4.3 Critical buckling temperatures AT, for the simply support (0/90/90/0), plate

Vs, %0 &, % T, °F

100 70
0 0 12.36 12.36
3 10.36 179.1
10 4 10.36 2142
5 10.36 269.8
3 8.78 390.2
20 4 8.78 466.4
5 8.78 591.4

3 7.52 —

30 4 7.52 —
5 7.52 —

Table 4.4 Convergence of RMS (Wmax/h) and maximum micro-strain at 100dB with
number of modes for simply supported (0/90/90/0), plate

No. of Modes N=1 N=2 N=4

RMS(Wmax/h) 0.9648 0.9484 0.9484

Max. Micro-strain 87.69 84 .82 84 82
RMS Emax
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Table 4.5 Natural Frequencies (Hz) and mode shapes for simply supported (0/90/90/0),

plate
Ist 2nd 3rd 4th Sth
47.988 27322 355.32 467.82 616.61
(L,1) 2.1 (1,2) 22) G.D
6th 7th 8th 9th 10th
765.15 799.67 906.23 1065.2 11449
(3,2) 2. 3) (1,3) G,3) 1,5)
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CHAPTER V
CONCLUSIONS

A feasibility study of the use of shape memory alloys on changing the behaviors of
the thermal buckling, thermal postbuckling deflection, vibration and random vibration of
composite structures subjected to a combined acoustic/thermal loading has been
presented. The constitutive relations for a composite lamina with embedded SMA fibers
have been developed. These relations include the factors of SMA material properties and
temperature effects of both SMA fibers and matrix material. Based on von Karman large
deflection theory and the first-order, shear-deformation theory, the finite element
governing equations with the effects of nonlinear material properties of SMA are derived.
The three-node Mindlin plate element with improved shear deformation has been used in
the computational solutions.

In order to solve the system equation of motion, the total response is assumed to
be the sum of static and dynamic components. Substituting the total displacements into
the system equation of motion and regrouping the terms, the equation is of the form
F({W})=G({W}:). The left hand side of the equation is time independent while the right
hand side is dependent of time. Therefore, the only possibility for both F and G to exist is
that both F and G equal to zero. Thus, the two equations are obtained.

A consistent two-step solution procedure has been developed for solving the static
and dynamic problems of composite structures with embedded SMA fibers subjected to
combined acoustic and thermal loads. With the consideration of nonlinear material
properties of SMA and geometrically nonlinear deflection, an incremental technique and

the Newton-Raphson iteration method have been employed to determine the static
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responses of the SMA embedded composite structures. For the solution of dynamic
equation, a modal transformation is used to reduce the number of equations and uncouple
the equation of motion.

Thermal buckling behavior of composite plates with and without embedded SMA
fibers has been studied first. The critical buckling temperature of the plate with SMA
fibers is slightly lower than that of the plate without SMA while the austenite start
temperature of SMA is 100°F. This is because that the SMA fibers have relatively low
modulus compared to the matrix material and the shape memory effects are not active
when temperature is lower than T,, However, by changing the Nickel composition in
SMA, the austenite start temperature of SMA can be altered to 70°F. The change of the
austenite start temperature results in the increase of the critical buckling temperature of
composite structures with embedded SMA and creates the optimal design area for the
composite structures which can potentially be used for high speed flight vehicles.

As one of the most significant contributions to the present research, the study of
the thermal postbuckling deflection of SMA hybrid composite structures has revealed the
possibility to reduce the thermal deflection of structures at elevated temperatures by
changing the volume fraction, prestrain, austenite start temperature of SMA, as well as
stacking sequence and boundary condition of structures. The results indicate that the
thermal deflection can be completely eliminated for the plate with proper prestrain and
volume fraction of SMA. In addition, with the change of austenite start temperature from
100°F to 70°F, the critical buckling temperature can be shifted well above the operating
temperature (300°F) in most cases and thus the thermal deflection can be totally eliminated

within the entire operating temperature range. This effect could be useful in practical
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applications by maintaining optimal aerodynamic configuration and eliminating snap-
through motions.

Vibrations about the thermally buckled position of the SMA hybrid composite
structures has been studied. The purpose of this study is to understand the vibration
behavior of the composite structures with embedded SMA fibers and to obtain the natural
frequencies and mode shapes which can be used in the solution procedure for random
vibration analysis. The results reveal that the characteristic of SMA plays an important
role in the dynamic response of structures. The mode shape corresponding to the lowest
natural frequency can be changed from (1,1) to (2,1) for the plate without SMA, however,
this never happened for the SMA fiber-reinforced composite structures.

The random response analysis of SMA hybrid composite structures is a significant
contribution to the present research. An ideal SMA fiber-reinforced composite structure,
which can be used for the application to high performance flight vehicles, is to have no
thermal deflection at all and very small dynamic response subjected to the combined
thermal and acoustic loads. The present investigation of random response provides a
design methodology for the SMA hybrid composite structures to meet the application
requirements. Although the dynamic response of plate with some of the lower SMA
volume fractions and prestrains is actually greater than that of the plate without SMA
fibers, significant dynamic response attenuation may be achieved with SMA volume
fractions of thirty percent or more when the austenite start temperature of SMA is 100°F.
The RMS maximum deflection increases for some SMA volume fractions because of two
factors: the modulus of the SMA fibers is relatively low, even at high temperatures; and

the recovery forces induced by small volume fraction of SMA fibers is not sufficient to
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overcome the loss of the buckling stiffness. The other effective method to eliminate the
thermal deflection and reduce the random response of SMA hybrid composite structures is
to alter the austenite start temperature. The results indicate that with the change of
austenite start temperature from 100°F to 70°F, the thermal deflection can be completely
eliminated and the random response can be greatly reduced within the entire operating
temperature range considered, even with a small volume fraction of SMA. These benefits
will: 1) maintain the originally designed optimal aerodynamic efficiency at high
temperatures during cruise, and 2)result in lower interior noise and longer service life.

The applications of SMA fiber-reinforced composite structures create a lot of
research area. Following the present research, the investigation on panel flutter using
SMA hybrid composite structures and the study on superelastic characteristic of SMA

material and its application are the open topics for future research.
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APPENDIX A

FORMULATIONS FOR STRAIN INTERPOLATION MATRICES
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APPENDIX B
THE ELEMENT MATRICES
Linear stiffness matrix
k], = | [C,F'[DIC, a4 ®.1)
k), = ] [C, T [BIIC. 4 B2)
k1, = [ [C.TIBIC, 4 (B.3)
k], = ] [C.Y[4C,J4 ®B.4)

Linear stiffness matrix due to wo(x, y)

k.3, = [ IC. T [, 1414, ]IC,. }i4 (B.5)
[£,1y = [ [Co T (8,17 [BIC, 4 + | [C,.I'[6,7 [41[8,]C,, k4 (B.6)
(k,La = [ [C,. T[4 1 [4IIC,. A (B.7)
(k.), = [ [C,T[BIG,MC,J4 + [ [C,, T'[6,] [41[6,]C,. 4 (B.8)

k.1, = [ [C,,, I'[6,]"[BIIC, 4 + | [C, T [BUGC,, }dA

+[ [C,, (8,1 [41[6,]C,, 14 &2
€,y = ] [C,, 16,1 [41[C, Jdd (®8.10)
[k} = [ [C.T16T141IC, Jad ®.11)
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Linear stiffness matrix due to {N,,}

levsr), = [ [Co T [N IC, o4 (B.13)
kvsr by = [ [CoT [N IIC,, 1A (B.14)
levarlyo = J [Cp '[Nz IC,. Jo4 (B.15)
kvsrl, = [ [Cop T[N M(C, JoA (B.16)
Stiffness matrix due to {N '}
[k}, = [ [CL.YIN]IC,. 14 (B.17)
[k Ly = [ICLT IN;IC,, WA (B.18)
(k) = | [Cy TN, IC,n Ja4 (B.19)
(«1, = | [C,, T[N IC,, 14 (B.20)

Stiffness Matrices due to {N_}

[k.), = | [CLTIN, JIC,. 14 (B.21)
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First-order nonlinear stiffness matrix
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First-order nonlinear stiffness matrix due to {N,}(=[Bl{x})

[Pl 1, = [ [CLTIN,NC,, 4 (B.40)
[l Loy = [ [C 1IN, IIC,, 14 (B.41)
(M) = [ [C,, T'IN,JIC,. J4 (B.42)
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Second-order nonlinear stiffness matrix
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[r21,, = [ IC,, V(6 [AI6NC, 14 (B .46)
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Linear stiffness matrix due to shear
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(k) = B[ [C, T4,]IC, 4 (B.50)

£, = B] [C, TT4]IC, a4 ®.51)
Mass Matrix

[m), = [ [H.Y h{H, Y4 ®.52)
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(ml,, = [ [H.Y pHH,, A
(ml,, =] [H,,1 ph{H,)MA
(m), = [ [H,, ] phlH,, 4

[ml, = [, ((H,1+(H,D" ph((H,1+[H, DaA
Load vectors due to distributed force p(x, y, ¢)

{p,}, = [ [H,T p(x.y.1)dA

(2,0, =] [H,, T p(x.y,0)dA
Load vectors due to {Nar}

(Par}y = [ [C,T (M, }dA

(Partm = [ [CaT (N}
Load vectors due to recovery stress {c. }
(P}, = [C,1 (M })an

(P} =] [CIT(N]}au
Load vectors due to initial stress {c,} and {1}

{p.}, =[ [C,T (M, }d4
{Po}m =] [C.T (N, }dd

(P}, = B[ [C,T (R, }a4
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(B.53)

(B.54)

(B.55)

(B.56)

B.57)

(B.58)

(B.59)

(B.60)

B.61)

(B.62)

(B.63)

(B.64)

(B.65)
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(.}, =B IC, T (R, }d4 ®.66)
Load vectors due to coupling between {Nar} and w,

{Pur}s = [ [CuT 16,1 {N ;}dA (B.67)
(Paro}y = [ IC,, IO, (Nyp )t (B.68)

Load vectors due to coupling between {o'} and w,
(po}s = [ IC,T16,17 (N a4 (B.69)
{p.}, =] [C,, I 16,]" {N]}d4 (B.70)

Load vectors due to coupling between {c,} and w,

Pots = [C TIO,T (N, JA ®B.71)

(Pu}y =] [C,, FIO,1 {N,}ad (B.72)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



138

APPENDIX C
DERIVATION OF SYSTEM STATIC AND DYNAMIC EQUATIONS
The solution of the system equation of motion, Eq. (2.70), can be assumed to be
the sum of a time-independent solution {W}, and a time-independent solution {W},
W=, + {7}, (C1)
Substituting Eq. (C.1) into Eq. (2.70) leads to
[MIPY, + B7))+ (K1 +IK, 1~ (Ko 1+ IK T+ (K, 1+ (KXW, + 7,)
+3IN1,. (W}, + 7},) +5IN2),. (P}, + 7)) (C2)
= {P,()} +{P} ~ (B}~ {P} - (P} + {Pur,} - (B} - (P}
where subscripts s and t, [ ], and [ ];, denote that the corresponding nonlinear stiffhess
matrix is evaluated by using {W}, and {W},, respectively.
In Eq. (C.2), the nonlinear stiffness matrices [N1],.. and [N2],. are evaluated in
Appendix B, and they can be separated as [64]
[N1],., =[N1], +[N1], (€3)

[N2),., =[N2], +[N2], +[N2], +[N2], (C.4)

s+

then, Eq. (C.2) can be rearranged as

(M1}, +((K]+[K, - [Kyar 1+ LK 1+ [K, 1+ (KD,

+3[N1], 7}, +3[N2], 7},

+3 (N1, (7}, + N1, {7} ,) +3((N2], +[N2]. (W), + (W},) +3[N2), (W}, +5[N2], (73,
+([K1+[K,1- [Kur 1+ [K] 1+ K 1+ K. DS,

+3[N1L (W}, +3[N2), 7},

= {P, (N} + {Par} — (P} - (P} — (B} + (P} — (P} - (P}
(C5)
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From the rearrangement of element level equation shown in Appendix B, the following

relations are established and proved
[N1L{W}, =[N1], {7}, (C.6)
[N2], =[N2], (€7
[N2].{W}, =[N2].{W}, (C.8)
[N2]. (W}, =[N2L{W}, (C9)

Substituting Egs. (C.6), (C.7), (C.8) and (C.9) into Eq. (C.5) leads to
F({W},)=G({w},) (C.109)
where

F(7},) = (K1+[K,]- [Kur 1+ K1+ [K 1+ [K DY,

+SINTL 09, +5IN2L07), 1

(B} +H{BY + (P} + (P}~ (Par} + (P} + (P}

G((W},) = [MI}, + (K1 + (K, ]~ [Kyar 1+ [KTT+IK 1+ K, D,
+[N1, W}, +[N2),{W},
+3[N1L, 7}, +3[N2], 7}, +[N2], (7},
-{F, (1)}

(C.12)

In Eq. (C.10), function F({W},} is independent of time while function G({W}.} is time
dependent. Therefore, the only possible solution for F({W},} and G({W}.} to exist is that
both F({W},} and G({W}.} equal to zero. Thus the following complete static and

dynamic equations are obtained.
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(KT+IK, 1~ [Koar 1+ T+HK, 1+ (KDY,
+%[NI],{W’}, +-§[N2]_‘{W}, (C.13)
= (B}~ {E"}~ (B}~ (B} + (P} - (B} - (B}

and

(M1}, + (K] + (K, ]~ [Kusr 1+ K1+ K T+ KD,
+[N1], {7}, +[N2){W},

+3[N1L W3, + (N2 {7}, +[N2], 7},

={F,(1)}

(C.14)

where the subscript [ ], denotes that the corresponding stiffness matrix is evaluated with
static deflection, [ ]« is determined by static deflection and dynamic deflection and [ }; is
evaluated with dynamic deflection. Neglecting the higher order terms of {W}, in Eq.
(C.14) for small amplitude random vibrations, the simply dynamic equation can be
obtained as

M1}, + (K] + (K, 1- [Kur 1+ KT+ K1+ KD,

+[N1, (W}, +[N2L{W}, (C.15)
={F (1}
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