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(ABSTRACT)

The main purpose of this report was to test séweramon viscoelastic polymers
and identify key attributes of their applicability a small aircraft landing gear system for
improved damping performance. The applied visaiglalamping treatment to the gear
was of a constrained layer type, promoting incréasear deformation over free surface
treatments, and therefore enhanced energy dissipaithin the viscoelastic layer. A
total of eight materials were tested and analyz#agucyclic loading equipment to
establish approximate storage modulus and lossrfdeta at varying loading
frequencies. The three viscoelastic polymers ltathe highest loss factor to shear
modulus ratio were chosen and tested using a eaetibeam system. A Ross, Kerwin,
and Ungar analysis was used to predict the logerfa€ the cantilever beam system with
applied treatment and the predictions were comptareaperimental data.

Customer requirements often govern the scoperaeddity of design in many
engineering applications. Limitations and constigisuch as cost, weight,
serviceability, landing gear geometry, environmefatetors, and manufacturability in
regards to the addition of a viscoelastic dampiagttment to a landing gear system are
discussed.

Based on results found from theoretical and expenmial testing, application of a
damping treatment to a small aircraft landing ggatem is very promising. Relatively
high loss factors were seen in a cantilever bearsifople single layer constrained
treatments for very low strain amplitudes relativestrains seen during loading of the
landing gear. With future design iterations, damgdevels several times those seen in
this document will be seen with a constrained imeait applied to a landing gear system.
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Chapter 1

Introduction

This report provides a final summary of the progresmde over the past year on
the study of passive viscoelastic constrained lagenping, specifically applied to high
stiffness structural members. Viscoelastic maleaae materials which dissipate system
energy when deformed in shear. This research hasde variety of engineering
applications, including bridges, engine mounts, mre&e components such as rotating
shafts, component vibration isolation, novel sprdegsigns which incorporate damping
without the use of traditional dashpots or shockoalbers, and structural supports. This
research adds to significant published work in t@ansed layer damping treatments used
to control vibration on thin, plate-like structurefiere pressure is the dominant forcing
function. The main focus of this research has keedevelop a successful design of
small aircraft (400 Ibs.) landing gear where sudasigh considerations as weight,

aerodynamics, and operational environment neeeé taken into consideration.
1.1 Research Goals

The goals of this research program at VirginiahTieclude the following:

- To develop a landing gear design for a small dircr@ which a
viscoelastic damping treatment could be appliedrprove dynamic
response

- To experimentally gather data to determine dampngperties of
several viscoelastic polymeric materials

- To formulate a reliable prediction of damping penfance based on
accumulated data of damping materials

Craig A. Gallimore Chapter 1: Introduction 1



- To successfully extrapolate data from tested medteto formulate the
best solution for a passive constrained layeroakstic treatment to

the aforementioned landing gear

To successfully satisfy these goals, several commoexpensive damping
materials were chosen and tested and viscoelastiterial theory used to find the
damping properties of each material based on aclateau cyclic loading test data.
Theoretical damping predictions based on calculdedping properties are formulated
and compared against experimental results found feo cantilever beam with a
viscoelastic damping treatment. Lastly, the appion of a constrained layer viscoelastic
damping treatment to an aircraft landing gear swussed accounting for weight, cost,
serviceability, manufacturability, aerodynamic e#ncy, and operational environment

design considerations.

Craig A. Gallimore Chapter 1: Introduction 2



Chapter 2

History, Development, Modeling, and Applications of
Viscoelastic Treatments and Materials

The damping of structural components and mateiglsften a significantly
overlooked criterion for good mechanical designhe Tack of damping in structural
components has led to numerous mechanical faibwesa seemingly infinite multitude
of structures. For instance, the problem of insight damping and unstable vibration
was even recognized by the Roman Empire in the earituries A.D. Roman officers
would train their regiments to march out of cadewbde going over bridges so as to not
excite a resonance mode of the bridge, which coliilchately lead to catastrophic failure
and the loss of hundreds of soldiers. Howevemesacientific work in the area of
damping is known to have taken place as early @asl#80’s. Few scientists, such as
Foppl, Zener, and Davidenkoff, investigated the pisg of metals (Jones, 2001). As
World War Il approached, there was undoubtedly graent in the area of damping
materials, but publications were sparse becauskeeomass mobilization and rapidity of
the scientific community. The first major advancemsein the application and use of
materials which could applied as a treatment, seria@ embedded, which enhance the
damping characteristics of structures and compenditt not occur until the 1950’s.
During this time, many scientists were investiggtithe properties and mechanical
behavior of polymeric materials (Jones, 2001). sRarsd Kerwin were among the first to
formulate an analytical method of layered dampnegtments (Ross, 1959). Also during
this period Mycklestad had the first publicationvestigating the complex modulus
modeling of damping materials in 1952 (Jones, 20@Lyignificant spur in this direction
Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 3
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of research was from the aerospace industry. @&irenanufacturers and designers were
seeking a way to reduce vibration and noise trassion through aircraft fuselage panels,
without a significant increase in weight. Additadly, as time neared the mid 1960’s,

NASA funded research for thin, lightweight films wh could be used for the same

purpose of damping in rocket housings.

From the early 1970's to present day, there hasn baelarge, almost
overwhelming, ongoing investigation into dampinghteology. Though there were few
new developments into modeling of damping materialsch advancement in enhancing
the damping properties of materials and extendeglicgtions have been found.
Furthermore, a plethora of technical papers antbht@ks have been published alongside
the development of damping technology, making itlfaeasy for an up-and-coming
scientist or engineer to access technical dataleatetical information.

Since it was discovered that damping materialddcte used as treatments to
structures to improve damping performance, theselde®n a flurry of ongoing research
over the last few decades to either alter existimgerials, or develop entirely new
materials to improve the structural dynamics of ponents to which a damping material
could be applied. The most common damping mageaaailable on the current market
are viscoelastic materials. Viscoelastic matergas generally polymers, which allow a
wide range of different compositions resulting iiffedent material properties and
behavior. Thus, viscoelastic damping materials bandeveloped and tailored fairly

efficiently for a specific application.

Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 4
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2.1 Typical Applications and Viscoelastic MaterialCharacteristics

Many polymers exhibit viscoelastic behavior. \dslasticity is a material
behavior characteristic possessing a mixture ofeptly elastic and perfectly viscous
behavior. An elastic material is one in which thex perfect energy conversion, that is,
all the energy stored in a material during loadmgecovered when the load is removed.
Thus, elastic materials have an in phase streasis&lationship. Figure 2.1a illustrates
this concept. Contrary to an elastic material,reghexists purely viscous behavior,
illustrated in Figure 2.1b. A viscous material sla®t recover any of the energy stored

during loading after the load is removed (the phasgle between stress and strain is

exactly% radians). All energy is lost as ‘pure dampindzbr a viscous material, the

stress is related to the strain as well as thenstae of the material. Viscoelastic

materials have behavior which falls between elastid viscous extremes. The rate at
which the material dissipates energy in the formheat through shear, the primary
driving mechanism of damping materials, defines efffectiveness of the viscoelastic

material. Because a viscoelastic material fallsvben elastic and viscous behavior,
some of the energy is recovered upon removal ofdae, and some is lost or dissipated
in the form of thermal energy. The phase shiftveein the stress and strain maximums,
which does not to exceed 90 degrees, is a meabthre materials damping performance.
The larger the phase angle between the stresdrand during the same cycle (see Figure
2.1c), the more effective a material is at dampng unwanted vibration or acoustical

waves.

Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 5
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Elastic Stress-Strain Behavior
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Figure 2.1. a)Elastic stress-strain behavidr) Viscous stress-strain behaviar) Viscoelastic stress-
strain behavior.

Because viscoelastic materials are generally petgmthere is enormous
variability in the composition of viscoelastic miagés. This will be discussed in more
detail in relation to properties of viscoelastic terals, namely complex moduli, in
section 2.1.1, but some typical materials which wed for damping are presented in

Table 2.1.

Chapter 2: History, DevelopmeMindeling 6
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Table 2.1 List of common viscoelastic polymeric materials
(Jones, “Handbook of Viscoelastic Damping,” 2001).
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Acrylic Rubber

Butadiene Rubber (BR)
Butyl Rubber
Chloroprene

Chlorinated Polyethylenes
Ethylene-Propylene-Diene
Fluorosilicone Rubber
Fluorocarbon Rubber
Nitrile Rubber

Natural Rubber
Polyethylene

Polystyrene

Polyvinyl Chloride (PVC)
Polymethyl Methacrylate (PMMA)
Polybutadiene
Polypropylene
Polyisobutylene (PIB)
Polyurethane

Polyvinyl Acetate (PVA)
Polyisoprene
Styrene-Butadiene (SBR)
Silicone Rubber

Urethane Rubber

Viscoelastic polymers are generally used for lowpkiade vibration damping such as

damping of sound transmission and acoustical wdkesugh elastic media.

typical applications of the polymers presentedabl€ 2.1 are shown in Table 2.2.

Craig A. Gallimore
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Table 2.2. Some common applications for viscoelastic materials

Common Viscoelastic Material
Applications

Grommets or Bushings

Component Vibration Isolation
Acoustical Damping of Planar Surfaces
Aircraft Fuselage Panels

Submarine Hull Separators

Mass Storage (Disk Drive) Components
Automobile Tires

Stereo Speakers

Bridge Supports

Caulks and Sealants

Lubricants

Fiber Optic Compounds

Electrical and Plumbing

2.2 Modeling of Viscoelastic Materials

Unlike structural components which exhibit fairlgtrait-forward dynamic
response, viscoelastic materials are somewhat whffreult to model mathematically.
Because most high load bearing structures tenthpdeiment high strength metal alloys,
which usually have fairly straight-forward stressasm and strain-displacement
relationships, the dynamics of such structuressample to formulate and visualize. An
engineer or analyst need only take into accounv#éinging geometries of these structures
and the loads which are applied to them to accyravedel the dynamics because the
material properties of the structure and its conept® are generally well known.
However, difficulty arises when viscoelastic matsiare applied to such structures.
This difficulty is mainly due to the strain ratergfjluency), temperature, cyclic strain
amplitude, and environmental dependencies betweeniscoelastic material properties
and their associated effect on a structure’s dyosin{Jones, 2001, Sun, 1995).
Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 8
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Additionally, many viscoelastic materials and thgstems to which they are applied
exhibit nonlinear dynamics over some ranges of d@f@ementioned dependencies,

further complicating the modeling process (Jon8§12.
2.2.1 Properties of Viscoelastic Materials

Mycklestad was one of the pioneering scientistis the investigation of complex
modulus behavior of viscoelastic materials (Jor&®)1, Sun, 1995). Viscoelastic
material properties are generally modeled in threglex domain because of the nature of
viscoelasticity. As previously discussed, viscettamaterials possess both elastic and
viscous properties. The moduli of a typical videséc material are given in equation set
(2.1)

E: =E+HE"=E'(Q+ih) 2.1)

G =G+HG"=G'(1+ih)
where the *' denotes a complex quantity. In eguatset (2.1), as in the rest of this
report, E and G are equivalent to the elastic madlaind shear modulus, respectively.
Thus, the moduli of a viscoelastic material haveimaginary part, called the loss
modulus, associated with the material’'s viscousabien, and a real part, called the
storage modulus, associated with the elastic behatithe material. This imaginary part
of the modulus is also sometimes called the lost®faf the material, and is equal to the
ratio of the loss modulus to the storage modullise real part of the modulus also helps
define the stiffness of the material. Furthermbugh the real and imaginary parts of the

modulus are temperature, frequency (strain ratgjlicc strain amplitude, and

environmentally dependent.

Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 9
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2.2.1.1 Temperature Effects on the Complex Modulus
The properties of polymeric materials which areduas damping treatments are
generally much more sensitive to temperature thatals or composites. Thus, their

properties, namely the complex moduli represented bG, and the loss factdr, can

change fairly significantly over a relatively smaédéimperature range. There are three
main temperature regions in which a viscoelastiten can effectively operate, namely
the glassy region, transition region, and rubbegian (Jones, 2001, Sun, 1995). Figure
2.2 shows how the loss factor can vary with tenipeea

The glassy region is representative of low temjpees where the storage moduli
are generally much higher than for the transitionrubbery regions. This region is
typical for polymers operating below their brittiansition temperature. However, the
range of temperatures which define the glassy regioa polymeric material is highly
dependent on the composition and type of viscdelasdterial. Thus, different materials
can have much different temperature values defitivegr glassy region. Because the
values of the storage moduli are high, this inhtyecorrelates to very low loss factors.
The low loss factors in this region are mainly doethe viscoelastic material being
unable to deform (having high stiffness) to the samagnitude per load as if it were
operating in the transition or rubbery regions vehiie material would be softer.

On the other material temperature extreme, thbexbregion is representative of
high material temperatures and lower storage modtdiwever, though typical values of
storage moduli are smaller, like the glassy redioa material loss factors are also
typically very small. This is due to the increaglreakdown of material structure as the

temperature is increased. In this region, theoakastic material is easily deformable,

Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 10
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but has lower interaction between the polymer chamthe structure of the material.
Cross-linking between polymer chains also becomelgsa significant property as
temperature is increased. A lower interaction betwthe chains results in the material
taking longer to reach equilibrium after a loadamoved. Eventually, as the temperature
hits an upper bound critical value (also known las flow region temperature), the

material will begin to disintegrate and have zeffeative loss factor and zero storage

modulus.
3
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Figure 2.2. Temperature effects on complex modulus and logsifacaterial properties
(Jones, “Handbook of Viscoelastic Damping,” 2001).
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The region falling between the glassy and rubb@gions is known as the
transition region. Materials which are used foagtical damping purposes generally
should be used within this region because los®factse to a maximum. In more detail,
if a material is within the glassy region and theperature of the material is increased,
the loss factor will rise to a maximum and the ag@ modulus will fall to an intermediate
value within the transition region. As the matetemperature is further increased into
the rubbery region, the loss factor will begin @il fwith the storage modulus. This
behavior is illustrated in Figure 2.2. Therefoiteis extremely important to know the
operating temperature range during the design pbéase host structure to which a
viscoelastic damping treatment will be applied Isat the viscoelastic treatment will be
maximally effective.
2.2.1.2 Frequency Effects on the Complex Modulus

Like temperature, frequency also has a profoufecebn the complex modulus
properties of a viscoelastic polymer, though to acimhigher degree with an inverse
relationship. The three regions of temperatureeddpnce (glassy, transition, rubbery)
can sometimes be a few hundred degrees, more thnarimg a typical operational
temperature range of an engineered structure. tlitrange of frequency within a

structure can often be several orders of magnitudde frequency dependence on

complex moduli can be significant from as lowlds® Hz to10° Hz, a range much too
wide to be measured by any single method (JonéH,)20Furthermore, relaxation times
after deformation of a viscoelastic material canabgwhere from nanoseconds to years
and will greatly effect one’s measurement methoeisecially at low temperatures

(Jones, 2001, Sun, 1995).

Craig A. Gallimore  Chapter 2: History, DevelopmeMipdeling 12
And Applications of Viscoelastic
Treatments and Materials



Frequency has an inverse relationship to compleodutn with respect to
temperature. At low frequency, the storage modrtdilow and the loss factors are low.
This region is synonymous with the rubbery regibiglf temperatures). This is due to
the low cyclic strain rates within the viscoeladtiger. As the frequency is increased, the
material hits the transition region where the Itagor hits a maximum value. As the
frequency is increased further, the storage madulease as the loss factor decreases.
Thus, the transition region is again the rangeedudency for which a material should be
chosen to correspond to a host structure’s typparating range. Figure 2.3 illustrates

this behavior.
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Figure 2.3. Frequency effects on complex modulus and loss fawtderial properties
(Jones, “Handbook of Viscoelastic Damping,” 2001).
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2.2.1.3 Cyclic Strain Amplitude Effects on CompMrdulus

The effect of cyclic strain amplitude on polymedgomplex moduli is highly
dependent on the composition and type of the palymarticularly the molecular
structure (Jones, 2001, Sun, 1995). Experiments Baown that the complex moduli of
polymers generally behave linearly only at low aydtrain amplitudes (Jones, 2001).
There are, however, polymers such as pressuretigensidhesives, which exhibit
linearity even at high cyclic strain amplitudeshee polymers usually have very few
cross links between long, entangled polymer chaiffi$erefore, the low interaction
between these chains seems to have an effect olindaa behavior over wide strain
amplitude ranges (Jones, 2001). However, mosbglastic polymers used in typical
damping applications behave nonlinearly at highistamplitudes. This nonlinearity is
very difficult to model accurately and involves yecomplicated theories and a
significant number of tests, many more than foedincomplex modulus behavior, to
gather data sufficient to establish trends forec# material (Jones, 2001, Sun, 1995).
2.2.1.4 Environmental Effects on Complex Modulus

The environment plays a significant role in altdnor engineering applications.
Temperature ranges, climate, amount of rainfallioect exposure to sunlight, as well as
foreign substance exposure (such as petroleum pigdalkalis, harmful chemicals, etc.)
are necessary design factors to take into congiderdor any outdoor engineering
project. The same holds true when consideringyapgpla viscoelastic treatment to an
engineered structure. Temperature dependenceeobetiavior of viscoelastic complex
moduli has already been discussed. But dependirtgeapplication, polymer type, and

composition of the material, exposure to foreighssances must also be addressed. Oils
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and other petrols can penetrate into some mateaiads alter the behavior as well as
jeopardize the bond between a material and the dinstture, something which will be
shown to be very important. Therefore, it is intpat to study the effects of these
foreign elements on the behavior of the materialciwill be used in a particular
application. Some elements may be more importhah tothers depending on the

operating environment, so these elements shouttithel highest interest of the designer.
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Chapter 3

Analytical Mathematical Models and Viscoelastic Thery

There have been several analytical methods deselgpce the late 1950’s to
predict response of damped systems. Some of thie papular methods include those
developed by Ross, Kerwin, and Ungar (Ross, 199@gpd and Markus (Mead, 1969),
DiTaranto (DiTaranto, 1965), Yan and Dowell (Ya®72), and Rao and Nakra (Rao,
1974). However, the development of finite elemawftware has increased the accuracy
and precision of estimations of the dynamic respsrtd damped structures. For fairly
simple structures, analytical methods can be used aubstitution for finite element
predictions. Furthermore, finite element packagesoften computationally expensive,
something that might not be needed for dampingigtieds of simpler systems. In this
case, a simple code or program can be written im@ting an analytical method to
derive a simple, sufficiently accurate damping mod&s the complexity of the system
increases, however, finite element formulationsusthde strongly considered as the
boundary conditions and system parameters may piavaifficult to define using a

simple analytical based formulation.
3.1 Ross, Kerwin, and Ungar Damping Model

Ross, Kerwin, and Ungar developed one of the eadiamping models for three-
layered sandwich beams based on damping of flexwaes by a constrained
viscoelastic layer. They employed several majsuagptions, including (Sun, 1995):

- For the entire composite structure cross sectlmretis a neutral axis

whose location varies with frequency
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- There is no slipping between the elastic and visstie layers at their
interfaces
- The major part of the damping is due to the shegawfrthe viscoelastic
material, whose shear modulus is represented byleonguantities in
terms of real shear moduli and loss factors
- The elastic layers displaced laterally the sameusarno
- The beam is simply supported and vibrating at amaafrequency, or
the beam is infinitely long so that the end effentsy be neglected
These assumptions apply to any constrained layempoly treatment applied to a
rectangular beam. Figure 3.1 shows an examplermysthich the Ross, Kerwin, and
Ungar (RKU) equations could be applied to. Thimilzate beam system is also the lay-
up for the cantilever beam used for materialsrigdfater in this report.

CoNSTRAINING
LAVERZ
Sy

5 )

D Rl i

VISCOBLAST(C
LAYER

HOST S$STRUCTURE

a)y UWNDEFoR MED

L) DERoRMEWD

Figure 3.1. Three layer cantilever beam with host beam, viszsiig layer, and constraining layer clearly
defined.
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Comparison between experimental data and this yhieave shown that results from
theory correlate well to experiment (Ross, 195B)e model is represented by a complex

flexural rigidity, (EI)*, where the *’ denotes amplex quantity, given by

i

(ay:a@+aw+am_?2“;m
12 12 12 1+g,)

+ E\jh\/(h\/s - D)Z + Echc(d - D)2 (31)

(d- D)

l+ga,)

+E_h,D?

. MjL E.h.(d - D)

where D is the distance from the neutral axis efttiree layer system to the neutral axis

of the host beam,

| ER.- )+ gERN+ERD

EN -+ + g (ER +E +ED)

_h +h
h, = > (3.2)
g = G,
" Ehhp!
d:m+m;m

In these equatior,,E,, E, andh_, h,, h, are the elastic moduli and thicknesses of the
host structure, viscoelastic layer, and constrginayer, respectively. The term, is
known as the ‘shear parameter’ which varies fromy \@wv when GV* is small to a large
number WhenGV* is large. The term ‘p’ within the shear parameteihe wave number,

namely then™ eigenvalue divided by the beam length. The shasameter can also be

expressed in terms of modal frequencies by
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where w,is the n" modal frequency an€, are correction factors determined by Rao

(Rao, 1974) and are given in Table 3.1.

Table 3.1. Rao correction factors for shear parameter in Riguations
(Jones, “Handbook of Viscoelastic Damping,” 2001).

Boundary
Conditions Correction Factor
Mode 1 Mode 2+
Pinned-Pinned 1 1
Clamped-Clamped 1.4 1
Clamped-Pinned 1 1
Clamped-Free 0.9 1
Free-Free 1 1

Additionally, a more detailed analysis using thes® Kerwin, Ungar (RKU)
equations will be presented in the analysis portafnthis document allowing for
correction factors. This system of equations bdlthe main method of analysis used in
the remainder of this report.

3.2 Beam Theory Methods of Analysis

Several other methods of analysis have been deselby authors like Mead and
Markus, DiTaranto, Yan and Dowell, and Rao and Balall of which rely on either
Euler-Bernoulli beam theory or principles such asual work, often resulting in sixth-
order linear homogenous differential equations. ouldh these analyses are useful in
many applications, they are often specific or measily applied to a special type of

boundary condition or loading function. Kalyanadaram (Kalyanasundaram, 1987)

Craig A. Gallimore Chapter 3: Analytical Mathenl 18
Models and Viscoelastic Theory



and Buhariwala (Buhariwala, 1988) also developed ased beam theory models of
viscoelastic structures. Kalyanasundaram analyaed predicted dynamics of
viscoelastic structures using the Timoshenko beamthod. Buhariwala used
d’Alembert’'s principle and the principle of virtuavork to predict dynamics of
viscoelastically damped structures. It will be whahat the RKU equations, when used
with other vibration analysis tools, are easiemtanipulate and provide very simple,
sufficiently accurate predictions of structural gang.
3.3 Rayleigh Quotient Analysis

In undamped vibration theory, the Rayleigh Qudtiena useful method for

estimation of modal frequencies of a system. Thglé&gh Quotient for an undamped

system is given by

L
g @l
RY, ()] = w; == = (3.4)

L T
m(x)Y,? (x)dx REF

0
where Y. (x) is an approximated mode shape, is a modal frequency,,,, is the
maximum potential (strain) energy, afgd.- is a reference kinetic energy. A complex

version of the Rayleigh Quotient was developed bgvik (Torvik, 1996), where he used
complex approximations of the mode shapes. Thdtieg Complex Rayleigh Quotient

is derived from the equations of motion and givgn b

WAM{u} = L{u}
L
{u}T L{u}dx
3.5
W=o o (3.5)
{u}" M{u}dx
0
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whereM andL are complex matrix symmetric linear operators whietlude spatial

derivatives. The terms in these matrices depentherderivation of the equations of
motion of the system. The second equation in (B3he complex Raleigh Quotient.
The {u} terms are vectors containing complex mokapes. If real quantities are used in
the Complex Rayleigh Quotient (CRQ), the equatietuces to modal strain energy, or

the real form of the Rayleigh Quotient.
3.4 Fractional Calculus Analysis

Fractional calculus and the fractional derivativere developed by Liouville in a
paper from 1832. Fractional calculus is a branthmathematics which studies the
possibility of taking real number powers of diffatial operators. This concept can also
be applied to viscoelastic analysis as used bydyaghd Torvik (Bagley, 1985). It is
also the primary method of analysis used by Jomed,Nashif and Henderson (Nashif,
1985). The foundation of the fractional calculusdal is found in accepted molecular
theories governing mechanical behavior of viscdaelasiedia (Bagley, 1985). The
analysis of structural responses can be calcultdedany loading having a Laplace
transform. Thus, the responses are always reafincmus, and causal functions of time
(Bagley, 1985, Jones, 2001). When compared tor aiinegent methods, the fractional
calculus model has two significant advantages.stfthere are not a large number of
derivative terms as with the method of trying tlate time dependent stresses and strains
through time derivatives acting on stress andrstiialds. Second, a complex frequency
dependent modulus, as in the Rayleigh quotient adetbften does not satisfy specific

mathematical relationships between the real angimaay parts of the modulus.
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3.5 Partial Viscoelastic Treatments

Damping treatments can also be applied in a par@ner, namely, to specific
points in a structure rather than the entire stmect An analysis of partially damped
structures was developed by Moreira et al. (More2@06). Partial constrained layer
damping treatments have two significant advantagesy lower additional mass and
stiffness, and more importantly can be just ascéffe at damping as a complete
treatment if the correct application areas areetmd) Moreira found that if the
viscoelastic layer is located near a neutral plahe¢he structure (i.e. sandwich type
structures) the layer must be placed on nodal amx@se shear deformation reaches a
maximum on the neutral axis. Alternatively, if thiscoelastic layer is located far from
the neutral plane (i.e surface treatments), mofera@tion is expected on anti-nodal
areas since flexural deformation of the host stméctreaches a maximum (Moreira,
2006). Intuitively, this makes sense because timgoy mechanism of viscoelastic
damping is shear. Thus, if damping material isliado host structure areas having the
highest surface strains, the partial treatment wtillze the areas of the structure having
the majority of the strain energy within the sturet resulting in maximized damping for
a partial treatment. Moreira’s method utilizes emergy balance between the strain
energy of the entire structure and the strain gnefgthe treated area. This ratio is

deemed the Modal Strain Energy Ratio, given by

.
sere VKUY, 3.6)

{7} [KK7},
Where{f}, is ther" modal shape vector, [K] is the finite element stiffs matrix for the

host structure, anfK, ib the stiffness matrix of the structure with apglviscoelastic
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treatment. This ratio should, in general, be maeah so that the modal strain energy of
the covered area is as close to the modal strarggrof the entire structure. However,
this is somewhat difficult because the coveragasadepend on the mode of vibration.
Therefore, it is difficult to design an effectivearpal viscoelastic treatment for a
broadband application. Though this analysis sefamy straight-forward, deriving the
stiffness matrices in the Modal Strain Energy Rasiccomplex for more complicated

structures and IS best solved using finite elemensoftware.
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Chapter 4

Damping Considerations for Landing Gear Applicatiors

The design of landing gear with respect to stmattdamping using viscoelastic
materials poses a unique kind of problem. Trad#&idanding gear often implement
shock absorbers and dashpots. However, these camizocan be bulky and heavy,
affecting the aerodynamic efficiency and flight érof aircraft. Additionally, there are
usually a host of customer requirements specifith project and application which
generally govern the scope and intensity of thegeghase of the landing gear. With

these factors in mind, the role of a damping tresincan be discussed in more detail.
4.1 Impact of Aerodynamics and Weight on Damping Teatment

Aerodynamics and weight are two significant consewhen designing landing
gear. The gear of any aircraft should be streadl@nd optimized so that the gear is not
only as lightweight as possible, but also has aimahfrontal profile to minimize drag
during flight. Lightweight materials should be sko when possible so that the weight
addition of the gear to the aircraft is at a minmueffectively increasing the maximum
flight time of the aircraft.

In this particular application, the damping treath should be as thin and
lightweight as possible, while still contributinglarge amount of damping to the gear.
This significantly narrows the field of damping maals which should be used,
effectively eliminating high density polymers, tlgtu their damping may be quite
significant over the small range of effective viiwma modes a landing gear will

experience during landing. Additionally, this ingd that a viscoelastic polymer should
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be chosen which has the highest loss factors amelskoshear modulus available at lower
vibration modes, further narrowing the availabléeston of materials. Additionally,
viscoelastic materials generally have better dampinhigher modes because the strain
rates, which depend on modal frequencies, are high€&he configuration of the
viscoelastic material will be dependent on the getoynof the host structure. The host
structure needs to be properly designed so thaitibnly has a minimal frontal profile,

but that its profile is minimally affected by thddition of a damping treatment.
4.2 Landing Environment on Damping Considerations

The damping treatment for the landing gear disdiss this report is to be
applied to a 400 pound fixed wing unmanned aeedlsle which operates in all forms of
weather conditions, including rain, sleet, snowydsgoreign chemicals, direct heat or
sunlight. Additionally, because the vehicle is @mmed, there are no pilot corrections
for terrain or surface variability. The aircrafoudd land on grass, concrete, asphalt,
packed dirt, or even snow or ice, each having affe friction and coefficients of
restitution.

Many different viscoelastic polymers have varioesistances to the elements. As
previously mentioned in section 2.1, viscoelastitymers and their properties can be
engineered and manufactured for a multitude of iipeapplications. Fortunately, the
same is true for environmental resistance. Marsgoelastic polymers are designed
specifically for outdoor environments and are tasisto harsh chemicals like alkalis or
mild acids, moisture, oils and solvents, and soraeegen flame retardant.

An unmanned aerial vehicle is often subject toislehdynamics on the extreme

boundaries of its design envelope. The UAV mus$tutate and act on flight speed,
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approach angle, wind conditions, and flap adjustsiem some of the most adverse
environmental conditions. This often results ie thrcraft having a ‘heavy’ landing

causing a higher than normal impact load on thelitgpgear and fuselage. Thus, a
viscoelastic treatment should be designed in sughyaas to account for factors of safety
and extreme landings. The treatment should besspamough as to not significantly
increase the weight and aerodynamic drag of theradir but also robust enough to
handle the most extreme vibration a landing gedlrsse in the most extreme operating

conditions.
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Chapter 5

Instrumentation and Data Acquisition

There are two testing and data acquisition systesesl in this research project.
The first is a cantilever beam system for charadéon of various damping materials
used as prospective solutions for damping a caetiléype spring design for aircraft
landing gear. The second is a cyclic loading nrazhised to extract the viscoelastic
properties, namely the complex moduli, of variowstenals.

The data acquisition system for the damping chiaraation rig is presented in
figures 5.1a and 5.1b. Figure 5.1a shows the géflenwv of information through the
data acquisition system (DAQ) while Figure 5.1bwstdhe actual components of the

DAQ.

Accelerometer

Analog Input

N

Laptop

Power Supply Computer

Figure5.1a.Shows the flow of information from the transduceaes signal express software.
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b)

Figure 5.1b. Shows the DAQ in its entirety with all components.

The transducers used were PCB (Piezoelectronicgleh®801D1FB206/M001 single

axis accelerometers shown in Figure 5.2.

Figure 5.2. Photograph of accelerometers used in cantilevanlieating.
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The accelerometers were powered by PCB model 478&tdble power supplies. The
power supplies are tunable in that they can bestefjuto offset the analog voltage seen

by the acquisition program. A photograph of thevposupplies is shown in Figure 5.3.

Figure 5.3. Photograph of power supplies used to power acaaleters.

The power supplies fed analog signals throughchahnel National Instruments (NI)

9239 analog input connected to a Hi-Speed NI USBearashown in Figure 5.4.
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Figure 5.4. Four channel analog input and NI USB carrier.

Finally, LabVIEW’s Signal Express 8.0 was used ttlect and analyze data from the
accelerometers. Signal Express was configuredtteat 6000 samples at 1000 Hz for
data analysis.

Viscoelastic material samples were tested usingekactroPuls E1000 cyclic
loading machine shown in figure 5.5a and 5.5b. hEsgecimen was loaded into the grips
of the machine (Figure 5.5b) and cyclically loadadtension and/or compression to
generate stress-strain plots of the loading histfryeach viscoelastic material. The
ElectroPuls machine is capable of controlling ttrais rate and strain amplitude of each
test, with an upper frequency limit of 300 Hz. €88-strain behavior and the extraction of
viscoelastic material properties from tests coneldiatith the ElectroPuls machine are

explained in Chapter 6.
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Figure 5.5. a) Photograph of ElectroPuls E1000 cyclic loadinghiae. b) Photograph of ElectroPuls
E1000 grips with sample viscoelastic specimen Idddetesting.
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Chapter 6

Experimental Determination of Viscoelastic Material
Properties

The stress-strain relationship for a viscoelasiaterial under cyclic loading takes

on the form of an ellipse shown in Figure 6.1.

STRESS
'y

SR s
2

Figure 6.1. Stress-Strain hysteresis loop for linear viscoalasaterial
(Jones, “Handbook of Viscoelastic Damping,” 2001).

The stress-strain relationship for a linear visast material is given by

E" de

|uf dt

s = (E'HE")e=E'e+ (6.1)

since i|w{e=% for harmonic motion (Sun, 1995). Again, note tteain rate, or

frequency, dependence on the stress within theeiastic material not found in stress-
strain relationships for metals in the elastic oegi As mentioned in section 2.1.1, the
loss factor is the ratio of loss modulus (imaginpayt of the complex modulus) to the

storage modulus (real part of complex modulus)thinhabove equation, E’ represents the

Craig A. Gallimore Chapter 6: Experimental Detenaiion 31
Of Viscoelastic Material Properties



storage modulus, synonymous with the elastic madfdu metals. Sun and Lu explain
that the area enclosed by the ellipse in Figurassejual to the energy dissipated by the
viscoelastic material per loading cycle. Additibpathe slope of the major axis of the
ellipse in Figure 6.1 is representative of theagermodulus of the viscoelastic material.
Thus, E’ is easily found from the hysteresis pliostoess and strain.

From Figure 6.1, it should be noted that the gangltape of the ellipse does not

change for small variations of the maximum straimphtude,e,. However, the shape

does change as the loss factor changes (i.e. tiee ellipse and outer ellipse in Figure
6.1 are tests at the same frequency but diffetesminsamplitudes). Thus, the ratio of the
minor axis to major axis of the ellipse can be uasda measure of damping (Jones,
2001). However, this ratio is not the loss facbthe material. To find the loss factor of
the material, the data generated using the ElegtsoP1000 can be used to find the
energy dissipated per cycle of loading for eachcogtastic material. The energy

dissipated is given by the path integral

2plw de
W, =osde= s adt = pE" € (6.2)
0

It is also important to find the peak potential yyewithin the material during a loading

cycle. Peak potential energy is given by
U= % E'e (6.3)

From the energy dissipated per cycle and the petdnpal energy the loss factor can be

found to be
W n
=N _E (6.4)
200 E
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Another method of measuring the properties of \e&xstic materials was formulated by
Lemerle (Lemerle, 2002), but the analysis used lny &d Lu is accurate and relatively
simple by comparison.

6.1 Viscoelastic Materials Testing

The design of this landing gear system, as in n@hgr engineering projects, is
heavily dependent on customer requirements. Wemtodynamics, cost, and most
significantly reliability and operability are alesous concerns which must be accounted
for during the design phase. Cost, reliabilityd gredictability, in particular, are the
main foci of this section. Eight different dampintaterials where chosen and tested,
each having different material properties and dwt@nms. Seven of these materials were
chosen because they are common rubbers, availalalienast any polymer distributer.
Additionally, because they are common, they arermothe cheapest because they are
manufactured in the highest quantities. These commbbers have little to no damping
property documentation and are generally used fonpls vibration isolation
applications. After testing, all materials were@rid to be sufficiently predictable in their
dynamics, and all are very reliable because of tiigh durability.

The materials chosen for testing were various egadf butyl, nitrile, vinyl,
silicon, and SBR rubbers. Table 6.1 lists all mate tested as well as a summary of

their known preliminary properties before testing.
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Table 6.1. Materials tested and analyzed for landing geariegipiity.

Materials Tested Durometer  Density [g/cc]
Butyl Rubber 60A 1.25
Silicone Rubber 30A/50A 1.54
SBR Rubber 70A 1.61
Buna-N/Nitrile Rubber 40A/60A

Vinyl Rubber 70A

Dyad 601 44A 1.12

6.1.1 Modal Analysis of Undamped Cantilever Beam

Prior to each material being tested, the modajjueacies of the undamped
cantilever beam, shown in Figure 6.2, must be deteyd so that a modal analysis
prediction of damping can be executed. The follmuinodal analysis was conducted for

a beam having a .375 inch square cross section asedpof 4140 “Chrome-Moly” steel

(r= 7860%). The beam was 14 inches in length and had a perssnit length of

.7135§.
m
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Figure 6.2. Undamped cantilever beam used for damping matehmeacterization.

In this order, once the modal frequencies are kndhe materials can be tested at these
frequencies, their properties (Moduli and loss dest determined, and thicknesses of
damping layers found using a MATLAB program (sepaplix A) to predict effective
damping at each mode. Lastly, actual tests cacapeed out using the thicknesses
predicted from MATLAB to find a correlation betwedheoretical and experimental
results.

To find the modal frequencies of an undamped wei beam with a tip mass,
simple modal analysis can be used. By using dleaet beam mode shape (Meirovitch,
2001),

Y, (X) = A sinb,x+ B, cosb,x+C, sinhb, x+ D, coshb, x (6.5)
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where A, B, C, and D are modal constants of eactiensbape Y(x), approximated modal

frequencies can be found. The paramétes related to the modal frequency by

pt = MM
' El

(6.6)

By using the boundary conditions of a cantilevearbewith a tip mass, namely

Y(0)=0
Y'(0)=0
Y'(L)=0 (6.7)

ku=7%pwu)

with each of these boundary conditions synonymaughe displacement, rotation,
moment, and shear within the beam, respectivelygeta of four equations can be
formulated to solve for the constants A, B, C, &ntbr each mode. Additionally, these
boundary conditions assume that the tip mass hgssweall rotary inertia compared to
the beam. This set of equations is found by dffiéating equation (6.5) three times and

applying the appropriate boundary condition. Thesuiting set of equations is

0 1 0 1 A
1 0 1 0 B
- sinbL - cosbL sinh oL coshbL C =0
- cosbL+M bLsinbL sinbL+M bLcosbL coshbL+M bLsinhbL  sinhbL+M bLcoshbl D

In this set of equation¥ ZEL where M is the mass of the tip mass, m is the mpass
m

unit length of the cantilever beam, and L is thegté of the beam. By taking the
determinant of the leading matrix in the above #équaset and setting that determinant

equal to zero, the roots of the resulting sinudcédmation will yield thebL values for

which the equation set is satisfied. These ro@glee non-trivial solutions which can be
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used to find the modal frequencies of the cantildeam shown in Figure 6.2. M =1,
that is the mass at the tip is equal to the masshefbeam, the resulting modal

frequencies are presented in Table 6.2 for theffis modes.

Table 6.2. Modal frequencies of first five modes for cantilebeam with tip mass M=mL.

Modal Frequency Modal Frequency
Mode Beta L (rad/s) (Hz)
1 1.248 177.128 28.19082057
2 4.0312 1848.111 294.1362495
3 7.1341 5783.74 920.5115881
4 10.2566 11883.378 1891.299947
5 13.3878 20383.47 3244.132748
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Chapter 7
Testing of Materials Using ElectroPuls E1000 Cyclid.oading
Machine

A total of seven materials were tested in the tEbduls E1000 cyclic loading
machine at frequencies of 1, 5, 10, 15 and 28.19 Hze first four frequencies, namely
1, 5, 10, and 15 Hz, where selected for testingstablish trends and ensure that the data
for the first modal frequency was accurate. Frbe hodal frequencies listed in Table
6.2, 28.19 Hz corresponds to the first modal fregyeof the cantilever beam analyzed in
section 6.1.1. However, the ElectroPuls has a mami loading frequency of 100 Hz
where sufficient strains within the sample can beasured accurately. Thus, only the
data for the first modal frequency of each matesaiple will be analyzed in the
following sections. This is sufficient, becauseentapplied to the aircraft landing gear,
the most obvious, and therefore more prominentanyos will occur at lower frequency,
much lower than 294 Hz at the second mode. IIsis @asonable to say that so long as
the material is not operating within the glassyioagof frequency and temperature,
damping of vibrations at the second mode and alaNde much greater than damping
at the first mode. Thus, the damping values ptesefor the first modes of vibration in
the materials will generally be lower than the sgagent modes, making the damping of
first mode vibrations the driving factor in the agsof the gear.

The storage modulus, shear modulus, and loss fastoe determined for each
material at each frequency. The method of analysis generalized in section 6.0, and
will be extended to the method of parameter detestron for each material in the

following sections. One of the seven materialsit@idd nonlinear viscoelastic behavior,
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SO variations or approximations in the method ictiea 6.0 were made to approximate
material properties. Additionally, for the cyclicading tests at 28.19 Hz, the primary
frequency of interest, the materials were assuncethethave as linearly viscoelastic
materials, so the analysis used in section 6.0icseiftly describes the relationship
between the stress and strain of the viscoelasitenal.
7.1  Analysis Methodology and Testing Assumptions
Each test sample was loaded into the ElectroPalshime with a configuration
shown in Figure 5.6b. Upon testing the sampleifégrént frequencies, Microsoft Excel
was used to analyze the data taken by the transdwagéhin the ElectroPuls. The
generated data consisted of time, load, and pasitibhe position is in reference to the
position of the grips used to secure the testlartaring data sampling. The load and
position measured by the ElectroPuls were then exes to engineering stress and strain
within Microsoft Excel. For this conversion, sealemajor assumptions had to be made:
1. The stress is uniform throughout the cross seatibthe material and the
approximation that stress is equal to the loaddediby the original cross
sectional area hold
2. The strain is uniform throughout the length of specimen and is equal to the
change in position of the grips divided by the rad length of the specimen.
Neither of these approximations is entirely acaifat reasons which will be discussed.
However, for the purposes of this report, they saarfficient to provide accuratelative
results. The purpose of this testing is not tadpo® and publish exact material data for
each material. This would have been possiblerdirstgauges or extensometers were

available to accurately measure the strain withengample. However, it is the purpose
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of this testing to provide a relative comparisorse¥eral damping materials. Though the
material data may not be exactly accurate due ¢oasumptions made above, each
material was tested and analyzed using the sameogetnd assumptions. It inherently

follows that each material can be compared wittotider materials because they all fall

under the same assumptions and experimental efifbus, the best damping materials

within the set of those tested can be establighedigh the data may not be as accurate if
more precise testing methods could have been used.

The assumptions stated above are not entirelyraector several reasons. The
first is that the material is being held in placedsips which produce a lateral stress at
locations near the grips. Thus, the material aafonger be assumed to be in a perfect
state of uniaxial stress. However, at locationsffam the grips (center of the test
specimen), the assumptions are reasonably accur@itee second reason is that no
material is completely homogeneous or isotropiatigaarly polymers. There are
always variations in the structure of a materiangie no matter how precise the
manufacturing methods. Unlike metals, polymersndb have predictable patterns of
microstructure. Rather, they are a mixture of lentangled chains of random order and
length. For the purposes of this report, it isuassd that each material is homogeneous
and isotropic, so only two material properties meeded to describe a state of stress and
strain. These material properties are the elast&torage modulus, and Poisson’s ratio,
which for most of the test materials is assumedbdovery close to .5. Because the
materials are assumed homogeneous and isotropie, the elastic modulus, or storage

modulus, is known from the tests, the shear modetdusbe found from
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_ F
20+ uw)

(7.1)

This equation should be found in any undergradoegehanics of materials textbook.

As a further disclaimer, it should be noted tmaho way does the data presented
in the following sections exactly match the matepi@perties of each material. Rather,
the data presented in the following sections isstablish relative trends and approximate
numbers so that the best damping material to applgn aircraft landing gear, the

ultimate goal of this report, can be identified.
7.1.1 Extracting Data using Microsoft Excel

As mentioned in section 7.1, during each testa deds recorded to Microsoft
Excel for analysis. After the conversion of loaddaposition to stress and strain,
respectively, analyses had to be carried out to fire work done per cycle, the storage
modulus, maximum strain amplitude, and loss faasang the theory presented in section
6.0. However, direct integration to find the wat&ne by the viscoelastic material, or
energy dissipated as heat, per cycle is imposbitause of the nature of the data taken.
In order to find the energy dissipated per cyctpiation (6.2) in section 6.0 is equivalent

to

N N
W, =osde= (si,;,-5,)Dg = (Siu-5)(€.- €) (7.2)
i=1 i=1
where N is the number of samples taken ands a static pre-stress on the material.
The storage modulus of the material at a givegueacy (independent of strain

amplitude) is found by examining an engineeringssdrvs. strain plot. The storage

modulus is the linear trend of the data, shownigufe 7.1, given by a trend line. The
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storage modulus is equivalent to the slope of tlagomaxis of the ellipse generated by

the loading of the material.

SBR 70A Stress vs. Strain - 5mm,5Hz
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Figure 7.1. Example plot of stress and strain for SBR 70A Ruble&end line slope gives storage
modulus.

Sample loading curves for a material at two différequencies are shown in Figures
7.2a and 7.2b. Additionally, the correspondingsdrvs. strain curves for Figures 7.2a
and 7.2b are shown in Figures 7.3a and 7.3b, ragpc This illustrates how the shape,
and inherently area, of the ellipses change wittyimg frequency. As the ratio of the
minor to major axes of the ellipse changes witlgdency, so does the loss factor.
However, a change in strain amplitude does not laavienpact on the damping factor of

a material so long as the frequency is held cohstan
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Loading curve for SBR 70A Rubber Loading Curve for SBR Rubber 70A - 15Hz
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Figure 7.2. a)Load versus time plot at low frequendy) Load versus time plot at high frequency
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Figure 7.3. a)Stress versus strain plot for Figure 7.BaStress versus strain plot for Figure 7.2b.
7.2 Butyl 60A Rubber Testing

Butyl rubber is a synthetic rubber produced byypwrization of about 98%
isobutylene with about 2% of isoprene. Butyl rubisealso known as polyisobutylene or
PIB. It has excellent impermeability and its lopglymer chains give it excellent flex
properties. Butyl is often used in making adhesivagricultural chemicals, fiber optic
compounds, caulks and sealants, cling films, etadtfluids, lubricants such as 2 cycle
engine oil, as a gasoline/diesel fuel additive, amdn chewing gum. The first major
application of butyl was tire inner tubes becausiscexcellent impermeability to air. It
was chosen for testing because it is very commah exiremely cheap, while still

providing excellent flexural and damping properties
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A sample of butyl rubber having a rectangular sresction was loaded into the
ElectroPuls E1000 and loaded at 1, 5, 10, 15, &ntb2Hz. As discussed in section 7.1,
storage modulus and loss factor data were foundh ftbe data generated by the
ElectroPuls machine. Table 7.1 shows the stiffraggkloss factor data at the frequency

listed above.

Table 7.1. Butyl material properties as a function a frequency

Storage
Frequency Modulus Shear Modulus Loss
[Hz] [MPa] [MPa] Factor
1 5.5556 1.889659864 0.1121
5 6.2841 2.13744898 0.14299
10 6.6737 2.269965986 0.1841
15 7.6246 2.593401361 0.2415
28.19 8.5503 2.908265306 0.4332

Furthermore, Figure 7.4 shows the trends of logtofaand storage modulus with

frequency.
Modulus and Loss factor versus Frequency for Butyl Rubber
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Figure 7.4. Storage Modulus and Loss Factor data for butyl eabilot shows data in Table 7.1.
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It is seen from Figure 7.4 that both the storageluhe and loss factor increase with
increasing frequency. Over this relatively smadigiency range, the loss factor almost
guadruples its value as the frequency is incred®ed 1 Hz to 28.19 Hz. The storage
modulus of the sample also sees fairly signifiganteases from 5.55 MPa to 8.55 MPa,
about 1.5 times the original value at 1 Hz. Basedhe low frequency and moderate
temperature (the materials were tested at room e@emtyre of about 70 degrees), the
material is most likely operating in its rubberygien. Butyl rubber typically has a
service temperature range of about -13 — 248 dsdfabrenheit. At higher frequency it
should be expected that the loss factor will cargirto rise along with the storage
modulus into the transition region, where the las$or will reach a maximum value and
begin to fall towards the glassy region. The gjeranodulus will continue to rise through
the glassy region and taper to a maximum valueiwithe transition region as the
frequency is increased.

At the first modal frequency of the undamped daméir beam, butyl was found to
produce significant damping. The stress-straim dat a one second time interval with
tensile loading at 28.19 Hz is shown in Figure 7The hysteresis loop is shifted upwards

along the stress axis because of a small staticgatevithin the sample.
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Butyl Stress vs. Strain at 28.19 Hz
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Figure 7.5. Hysteresis plot for Butyl 60A rubber at 28.19 Hz.

The slope of the trend line shown in Figure 7.%Bejsresentative of the storage modulus
of the butyl sample at the first modal frequenddditionally, in order to formulate a

value for the loss factor using the theoreticallgsia presented in sections 6.0 and 7.1.1,
one loading cycle of the material had to be isodatemely an additional parameter in
equation (6.4) where the energy dissipated oveetitiee time interval (1 second) is over
28.19 cycles. Thus, the average total energyphitsil over one cycle is equal to the

total energy dissipated over one second dividetheyrequency. That is

Wo _E (7.3)
200 E

where nowW, is the energy dissipated over a full one secotetval or 28.19 loading

cycles. W, is still calculated using equation (7.2) in sectibl.1.
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7.3 SBR 70A Rubber Testing

SBR rubber, short for styrene-butadiene rubbeg synthetic copolymer rubber
developed in the 1930’s. It is produced in a sampolymerization process as butyl
rubbers, but of a slightly different molecular make It is one of the more cost effect
rubbers to manufacture and was first produced tmwt for the dwindling natural
rubber resources. SBR rubber is used in automate® belts and hoses, for machinery
and engines, gaskets, and break and clutch padsehicles. It is also often found in
some children’s toys, caulking compounds, sponged.floor tiles. It is one of the more
widely produced rubbers in the world and, like Ihutyas chosen for testing because of
its low cost and relatively high flexural and dangiproperties. From a manufacturing
standpoint, SBR is as easy to produce as butylemliut often for a much cheaper price
because of the materials used and the fact timtitopolymer, needing very little of the
more expensive rubber materials to make it an gdecubber.

As with the other six damping materials, a sangfléSBR having rectangular
cross section was loaded into the ElectroPuls machnd loaded at 1, 5, 10, 15, and

28.19 Hz. Table 7.2 gives the storage moduli asd factors at these frequencies.

Table 7.2. SBR stiffness and loss factor data for cyclic logdiests.

Storage
Frequency Modulus Shear Modulus Loss
[Hz] [MPa] [MPa] Factor
1 7.2807 2.476428571 0.0647
5 8.1663 2.777653061 0.0826
10 8.5415 2.905272109 0.09335
15 8.8745 3.018537415 0.1163
28.19 12.331 4.194217687 0.2374

Figure 7.6 gives a graphical representation ofidia presented in Table 7.2.
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Modulus and Loss Factor Data for SBR 70A Rubber
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Figure 7.6. Storage Modulus and Loss Factor plot for SBR rulaisea function of frequency.

From Table 7.2 and Figure 7.6 it can be seen f{ila, butyl, there is a significant
increase in both the storage modulus and loss rfaadothe frequency is increased.
However, the maximum damping factor, the paramettenost significant interest, hits a
peak value of only .2374 within the testing freqeerange. This value is about half that
of butyl, making it a relatively poor choice fotanding gear application when compared
to other materials tested. Notice, however, thatmheasured storage modulus values for
SBR are significantly higher than that for butyihis is expected because the SBR has a
durometer rating of 70 shore A, while the butytased at 60 on the A scale. It will also
be shown that SBR rubber has one of the largesesabf storage modulus among the
other test materials at all frequencies testedollibws that there is a trade-off between
stiffness and damping. If the stiffness of a dtitesis high, the natural damping of that
structure will inherently be low because the suitgtis prone to recover energy upon
unloading, making it more difficult to damp out usmted vibrations. Fixed landing gear
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structures, like the one of interest, are genenadly stiff. Metals are a perfect example
of high stiffness materials which have very low ¢gémg. Composites, however, are also
very stiff, often much stiffer than metals, yetytgenerally have higher damping because
of a multitude of different damping mechanisms suwh interfacial damping and
frictional damping (Birman, 2002, Markley, 1988,r®aanos, 1991), which are outside
the scope of this report.

At the highest testing frequency of 28.19 Hz, skress-strain plot for SBR 70A

rubber is shown in Figure 7.7.

SBR 70A Stress vs. Strain at 28.19 Hz
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Figure 7.7. Hysteresis plot of stress and strain for SBR 708bar at 28.19 Hz.

This figure was analyzed in the same manner asahhbttyl rubber in the preceding

section, where the total energy dissipated oveotieesecond test interval is divided by
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the number of cycles (28.19) and applied to themheutlined in section 6.0. Again, the
elliptical shape of the plot, characteristic ofcaslastic materials, is shifted upwards due
to a small static preload of the test material ptooload cycling. Additionally, it can be
seen from Figure 7.7 that the SBR 70A rubber sample cyclically loaded in tension
due to the positive strain values. There is a lspwtion of the data showing negative

strain, indicating a small portion of the loadingtbry as compressive in nature.
7.4 Buna-N/Nitrile 40A Rubber Testing

Nitrile rubber, or Buna-N, is a synthetic copolymebber of acrylonitrile (ACN)
and butadiene. This type of rubber falls into thile-butadiene family of rubbers
which consist of unsaturated copolymers of 2-prepénle and various butadiene
monomers including 1,2-butadiene and 1,3-butadiefiéie varying compositions of
nitrile rubbers allow it to be very resistant téspfuels, and other chemicals. This makes
it an excellent material to manufacture rubber gkv Additionally, nitrile rubbers are
used in the automotive industry to make oil harglhoses, seals, and grommets. Nitrile
rubber also has a wide temperature range (aboub-4020 degrees Centigrade) making
it an excellent material choice for both high awavItemperature applications. By
varying the composition of nitrile rubber, it caa made more resistant to oils and acids,
but will have inferior strength and flexibility. RIS aspect of nitrile rubbers makes it
particularly appealing for an aircraft landing gesoplication. During operation, the
material will undoubtedly come in contact with fige substances such as oils, petrols
and fuels, and perhaps strong acids. Thus, aassesto these foreign substances will
increase the longevity of such a damping materiating operation, effectively

increasing the service life of the landing gear.
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Two samples of nitrile rubber, each having difféardurometers, were tested in
the ElectroPuls machine. This section presenta@omoduli and loss factor data of a
nitrile rubber having a 40 durometer rating on #hecale. The sample was loaded at 1,
5, 10, 15, and 28.19 Hz. Table 7.3 gives the titan from the experiments at the

frequency mentioned.

Table 7.3. Storage Modulus and Loss Factor data for Buna-IKi&litubber 40A.

Storage
Frequency Modulus Shear Modulus Loss
[Hz] [MPa] [MPa] Factor
1 2.2917 0.779489796 0.047551
5 2.2487 0.764863946 0.06903
10 1.9368 0.65877551 0.0928
15 1.8604 0.632789116 0.15608
28.19 4.5533 1.548741497 1.0346

Figure 7.8 gives a graphical representation ofidia in Table 7.3.

Modulus and Loss Factor Data for Nitrile 40A Rubber
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Figure 7.8. Storage Modulus and loss factor data for Buna-Milllitubber 40A.
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This plot shows some interesting trends not seegitier SBR or Butyl rubber data. At
lower frequency, the loss factor slowly rises whiiie storage modulus slowly falls. But
at the first modal frequency (28.19 Hz) of the ungad cantilever beam, there is a sharp
spike in both the storage modulus and loss fadtdreomaterial. This could indicate that
the material is entering its transition region whéoth the storage modulus and loss
factor rise until the loss factor hits a maximuntuea Also, notice the large loss factor
and lower storage modulus of nitrile 40A when comepato either SBR 70A or Butyl
60A. The loss factor of nitrile 40A is over doulbfeat of butyl 60A and quadruple that of
SBR 70A at the first modal frequency. This makestitrile rubber the best material so
far for the damping of a landing gear system. Atke high loss factors combined with
the environmental resistances of nitrile rubbenrgegithis family of rubbers excellent
applicability to a landing gear.

At the first modal frequency of the cantilever tveahe stress-strain plot for

nitrile 40A rubber is shown in Figure 7.9.
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Buna-N/Nitrile 40A Stress vs. Strain at 28.19 Hz
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Figure 7.9. Hysteresis loop of stress and strain for nitrild4Qbber.

This plot shows that the material was loaded irhldehsion and compression. It should
be noted that though the slope of the ellipse gatiee from the trend line in Figure 7.9,

the absolute value of the trend line slope is thewalent storage modulus of the material
at a given frequency. The data is mirrored becafise necessary change in reference
point in the ElectroPuls because of material sardpteensions. This data was analyzed
in the same fashion as the butyl rubber in secti@where the data for a complete one
second time interval was used to find the totatgyeéissipated over that interval divided

by the number of cycles. This allows an averagagndissipation per cycle to be used

rather than isolating the data for any one cyclenduthe one second interval.
7.5 Buna-N/Nitrile 60A Rubber Testing

A second sample of nitrile rubber have a duromet&0 on the A scale was also
tested. This sample of nitrile rubber offers thene environmental resistance properties
Craig A. Gallimore Chapter 7: Testing of Materials 53

Using ElectroPuls E1000 Cyclic
Loading Machine



as the 40A sample, but is slightly “harder” in dueter. Table 7.4 gives the properties

of the materials at the frequencies of interest.

Table 7.4. Storage Modulus and loss factor data for Buna-Nilldi60A rubber.

Storage
Frequency Modulus Shear Modulus Loss
[Hz] [MPa] [MPa] Factor
1 9.8999 3.367312925 0.10893
5 11.357 3.86292517 0.13383
10 11.498 3.910884354 0.1774
15 10.557 3.590816327 0.206423
28.19 11.842 4.027891156 0.6490

The data in Table 7.4 shows that the sample of §l@de rubber is much stiffer over the
entire testing frequency range, often tripling wer quadrupling the storage modulus of
nitrile 40A at the lower frequencies. Figure 7illistrates a graphical representation of

the data in Table 7.4.
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Figure 7.10. Storage Modulus and loss factor plot versus frequéor nitrile 60A rubber.
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From Figure 7.10, there is no obvious trend betwst®nage modulus and frequency.
The data seems to oscillate slightly. Howeverread line would show that there is
generally a small increase in storage modulus witheasing frequency, as is apparent
with many other materials analyzed in the previgestions. The loss factor data
however, shows a steady increase in value witreasng frequency. Furthermore, after
comparing the loss factor data between nitrile 40 nitrile 60A rubbers, nitrile 60A
shows higher loss factors at the lower frequendies,a lower loss factor at the first
modal frequency of 28.19 Hz. This suggests thatilrile 60A rubber has not yet hit a
transition frequency where the loss factor wouldibéo significantly rise. Figure 7.11

shows the stress-strain plot for nitrile 60A atlZ8Hz.

Nitrile 60A Stress-Strain Plot at 28.19 Hz
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Figure 7.11. Hysteresis plot of stress and strain for nitriléA\G0bber at 28.19 Hz.

Figure 7.11 also shows that the material sampleleaed in tension after a static tensile

preload was applied. The data shows a negatine tsecause the data is mirrored about
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the stress axis due to a change in reference pausged by the dimensions of the sample.
From this plot, a storage modulus of 11.842 MPa ahakss factor of .6490 were found
by using the theory presented in section 6.0. Bemwthe nitrile, butyl, and SBR rubbers
which have been analyzed, both of the nitrile rutgzanples hold the highest loss factor

values at the first modal frequency.
7.6  Silicone 30A Rubber Testing

Silicone rubber is a polymer that has a backbdn&ilicone-oxygen bonds, the
same bond found in quartz, glass, and sand. S8édicobbers offer good temperature
resistance, often having operational temperatw@®s £55 to +300 degrees centigrade.
Silicone rubber is also resistant to ozone, andvitilet radiation, making it an elastomer
of choice for extreme environments. However, silie rubbers often have very low
tensile strength, making it less desirable for @ailbns involving high loads.

A sample of silicone 30A rubber was loaded inte EectroPuls machine and
tested at 1, 5, 10, 15, and 28.19 Hz. By physitsection, silicone 30A rubber is very
“sponge-like” and easily manipulated by applyingaithand loads. This is contrary to
many of the other rubbers, all of which have muigfhér durometers. Upon loading of
silicone 30A in the ElectroPuls, load and positotata was gathered and was used to

generate the storage modulus and loss factor datenarized in Table 7.5.

Table 7.5. Storage Modulus and loss factor data for silicona Bubber.

Storage
Frequency Modulus Shear Modulus Loss

[Hz] [MPa] [MPa] Factor
1 4.8319 1.643503401 0.0916
5 4.1329 1.405748299 0.056277
10 4.1077 1.397176871 0.06234
15 3.9549 1.345204082 0.07847

28.19 0.9363 0.318469388 1.4316
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Additionally, Figure 7.12 shows the storage mod@and loss factor data for silicone 30A

plotted against frequency.
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Figure 7.12. Storage Modulus and loss factor data for silicob& Bubber.

This plot shows a relationship between storage nusdioss factor, and frequency unlike
any of the materials analyzed in the previous easti As the frequency increases, the
storage modulus shows a significant decrease, whemnodulus values are the lowest of
any material tested. The loss factor slowly insesawith frequency and then spikes
sharply at or around 28.19 Hz. The loss factoa diat silicone 30A is among the lowest
of any material tested at lower frequency, and thgikes to a value at 28.19 Hz more
than 14 times the initial loss factor value at 1 HEhis indicates that silicone rubber is

perhaps the best damping material analyzed, hakigh loss factors and very low
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moduli, giving a large ratio of imaginary to rearts of the complex modulus. Figure

7.13 shows the cyclic loading behavior of silic@®A at 28.19 Hz.

Silicone 30A Stress-Strain Plot at 28.19 Hz
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Figure 7.13. Silicone 30A cyclic stress versus strain relatiopstt 28.19 Hz.

Due to the negative strain values, the silicone 3@Aterial sample was loaded in
compression after a tensile static preload wasegplRather, the material was preloaded
in tension and then allowed to relax slightly tmeeate the plot in Figure 7.13. The loss
factor at 28.19 Hz was higher than any other maltéeisted, more than double the loss
factor of nitrile 60A rubber and about 1.4 times tbss factor of nitrile 40A rubber.

As a final note on silicone 30A, during testing tme cycle at 1, 5, 10, and 15
Hz, the material showed a fairly significant noelim loading behavior, shown in Figure

7.14.
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Silicone 30A Stress-Strain Plot for 10 Hz
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Figure 7.14. Example of loading nonlinearity of silicone 30A héy.

This figure shows a loading behavior which has bo#tding (top curve) and unloading
(bottom curve) as concave upwards. For most viastie materials tested in this report,
the loading behavior was that of Figure 7.1, whbeeloading curve was concave down
and the unloading curve was concave up, forminglapse. Because of this unusual
behavior relative to the other materials in theorgpan average storage modulus was
calculated. This average storage modulus wasltpe $rom the preload origin to the
maximum load point in the loading curve (point obxamum strain). This average
modulus value was then used in equation (6.4) kutze the loss factor. The energy
dissipated during the cycle, however, was calcdlatethe same fashion as all other

materials.
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The nonlinear behavior in Figure 7.14 is mostlikeaused by the relatively large
strain amplitudes. Most viscoelastic materialsilexmonlinearity at large cyclic strain
amplitudes, as discussed in section 2.2.1.3. Th&imum elongations seen in the
silicone 30A test sample for loading at 1, 5, 1d 45 Hz were on the order of 5-8%,
resulting in all plots showing varying degrees ohimnearity. However, for 28.19 Hz,
the cyclic strain amplitudes were very low, haveagnaximum elongation between .2-
.3%, about 25 times lower than tests at lower feegies. The low strains seen in the

28.19 Hz test result in linear behavior.
7.7 Silicone 50A Rubber Testing

A sample of silicone 50A rubber was also testadguthe ElectroPuls machine.
This sample of silicone rubber had a slightly higderometer of 50A and exhibited
greatly decreased damping when compared to tleoisdi 30A sample. Table 7.6 gives

the storage modulus and damping value for siliced® at 1, 5, 10, 15, and 28.19 Hz.

Table 7.6. Silicone 50A modulus and loss factor data.

Storage
Frequency Modulus Shear Modulus Loss
[Hz] [MPa] [MPa] Factor
1 2.8811 0.979965986 0.0263
5 2.7351 0.930306122 0.03476
10 2.468 0.839455782 0.043799
15 1.6567 0.563503401 0.10541
28.19 2.8274 0.96170068 0.37729

These results are further illustrated in Figuré7.1
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Silicone 50A Modulus and Loss Factor Data
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Figure 7.15. Storage Modulus and loss factor data for silicoD& Eubber.

Figure 7.15 shows a steady decrease in storagelusodiih increasing frequency from 1
to 15 Hz. However, the storage modulus spikes araund 28.19 Hz. The loss factor
shows a steady increase with increasing frequeridyis suggests that the material has
not yet entered the transition region. The maximoss factor found was .37729 at
28.19 Hz. This loss factor is lower than thattsfsilicone 30A counterpart, butyl, and
both nitrile rubbers. The shear modulus, howeigestill much lower than butyl and both
nitrile rubbers. The predicted effectiveness bf@ne 50A will be compared to the other
damping materials in Chapter 8.

Like all other materials analyzed in the precedssgtions, the maximum loss

factor was found at the highest frequency corredponto the first modal frequency of
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the undamped cantilever beam, which will be thejestibof discussion in subsequent

sections. The stress-strain plot for silicone $0Bber is shown in Figure 7.16.

Silicone 50A Stress-Strain Plot at 28.19 Hz
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Figure 7.16. Cyclic loading history of silicone 50A at 28.19 Hz.

The material was loaded in compression for theicyohding test, which is evident by
the negative strain values. Furthermore, the mddukilicone 50A are greater than the
moduli of silicone 30A at all test frequencies. iSTivas expected because of the higher
durometer. Silicone 50A also shows smaller losstofs than silicone 30A at all
frequency except 15 Hz. This could be caused byathount of scatter difference in the
data, evident in Figure 7.16 for silicone 50A angluiFe 7.13 for silicone 30A, as well as
the trade-off between stiffness and damping. FBhatter affects the average value for
the energy dissipated per cycle, which is usedtoutate the loss factor of the material.
The larger the scatter in the data, the larger dbeiation of the average energy

dissipation per cycle from the actual energy detsgm for an exact cycle.
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7.8  Vinyl 70A Rubber Testing

Vinyl polymers are a group of polymers derivednfrowinyl monomers. The
backbone of a vinyl polymer is made by extendingagbon-carbon double bond to a
chain where each carbon has a single bond with ehds adjacent neighbors in the
chain. Vinyl polymers are most commonly used inCP{polyvinyl chloride) tubing,
popular in plumbing and ventilation systems. Th&ye also used to make vinyl records,
the predecessor to compact discs. Vinyl polymeesnaost commonly used to make
plastics which are also a stiffer damping matehah its rubber counterpart.

A sample of vinyl rubber having a 70A durometerswidaded using the
ElectroPuls machine at 1, 5, 10, 15, and 28.19 Hg.shown in Table 7.7 and Figure
7.17, vinyl rubber does produce excellent lossoiacthigher than SBR 70A and even
other materials which have lower durometer. TRkignost likely due to its differing

microstructure from the other rubbers tested.

Table 7.7. Modulus and loss factor data for Vinyl 70A rubber.

Storage
Modulus Shear Modulus Loss
Frequency [MPa] [MPa] Factor
1 10.144 3.450340136 0.0929
5 11.748 3.995918367 0.13798
10 11.957 4.067006803 0.1786
15 9.8326 3.344421769 0.2349
28.19 19.134 6.508163265 0.5441

The storage modulus of the vinyl 70A rubber is mbaher than the SBR 70A, having
the same durometer, at all test frequency. The fastors are much higher, often
doubling those of SBR 70A. This suggests that tilgher stiffness and higher loss

factors are attributed to the bond structure anddbtype between atoms and polymer
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chains within a rubber. Thus, the ability of a ematl to damp out vibrations and

dissipate energy is highly dependent on the mianogire and type of the material.

Vinyl 70A Modulus and Loss Factor Data
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Figure 7.17. Storage modulus and loss factor data for vinyl T0Bber.

From Figure 7.17 and Table 7.7, the storage moduotusases from 9.8 to 12 MPa from
1 to 15 Hz. But at 28.19 Hz the storage modulugpsi significantly by over 7 MPa. The
loss factor, however, shows a fairly linear trendhwirequency. Because the vinyl
rubber is very stiff, but has only moderately highs factors, the ratio of loss factor to
shear modulus is still relatively low when compatedhe other materials.

Vinyl 70A rubber has the fourth highest loss facib 28.19 Hz and is bettered
only by silicone 30A, nitrile 40A, and nitrile 60dut of the seven materials tested on the

ElectroPuls cyclic loading machine. However, italso the stiffest material tested at
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28.19 Hz, suggesting that it will not offer as mutdimping performance as polymers

which have about the same loss factor, but muchienshear modulus.
7.9 Soundcoat Dyad Material Data

All seven of the materials loaded in the ElectisRuyclic loading machine were
common rubbers available at almost any polymerribdigbr. Soundcoat Company
produces specialty products for acoustical and atidn damping applications.
Soundcoat Dyad is a line of product having threféedint grades, namely Dyad 601,
Dyad 606, and Dyad 609. Each grade is intendedifterent temperature ranges, with
Dyad 601 for lower temperatures and Dyad 609 fer dipper extreme temperatures.
Typical applications of Soundcoat Dyad are maripgliaations with steel and aluminum
vessels, electronic equipment like disk drives amass storage systems, engines and
transmissions, machine tools, and aerospace atrafaiapplications.

Soundcoat Dyad offers some unique benefits whicinymother specialty
materials do not. Dyad will damp any thicknessyadtal while achieving significantly
high loss factors. It has excellent chemical agdthesistance. The three grades can also
be combined (laminated) to broaden the effectivemlag temperature range. For
instance, grades 601, 606, and 609 can be bond#gdtbeback to achieve significant
damping levels over a broader temperature rangeahg one material alone, effectively
combining each materials operating temperatureeravith the other two materials. For
instance, if all three materials were laminated #asted at a single frequency as the
temperature was slowly increased, at least onenkamilayer would always be in its
transition region, offering maximum damping. Ththey two materials would be

operating in either a glassy region, if the testeimgperature was less than the minimum
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operating range temperature, or in a rubbery regidhe testing temperature was greater
than the maximum operating range temperature. Bbémavior is illustrated in Figure

7.18.

Figure 7.18. Combination of loss factor over broad temperatarge by laminating damping materials
(Soundcoat, Dyad Material Data Sheet, 2001).

Table 7.8 lists the three different types of Sowaddyad as well as their temperature

ranges and durometer values.

Table 7.8. Dyad material properties from Soundcoat (Sounddopad Material Data Sheet, 2001).
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From Table 7.8, Dyad 601 offers a temperature rangéar to that which would be seen
by a landing gear system on an aircraft flying ettively low altitude in multiple
environments. It also has the lowest stiffnessragitbe three Dyad grades, illustrated by
its elongation percentage at break of 600, as agethe lowest durometer. Additionally,
Figure 7.19 gives loss factor and shear modulus atatemperature versus frequency for

Dyad 601, 606, and 609.

Figure 7.19. Dyad loss factor and shear modulus data at temperédr Dyad grades 601, 606, and 609
(Soundcoat, Dyad Material Data Sheet, 2001).

Figure 7.19 further illustrates that Dyad 601 hias highest loss factors of the Dyad

products at the temperatures and frequencies thdinig gear will experience. Figure
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7.19 was generated by Soundcoat Company, so thiegted material samples in the
ElectroPuls machine was not necessary.
When loaded at 28.19 Hz at 77 degrees Fahrerthgire 7.19 shows that Dyad

dynes

601 has a loss factor @éf=.6 and LOG G’ = 7.1 >
cr

(1.259 MPa). Dyad 601 has a

material loss factor closest to Buna-N/Nitrile 6@4bber, but a shear modulus closest to
Buna-N/Nitrile 40A. This makes Dyad 601 the makwith the third highest damping
performance of all materials in this report. Hoeewnitrile 40A rubber is still predicted
to produce higher composite system loss factorauserof its smaller shear modulus at

28.19 Hz.
7.10 Damping Material Conclusions

Per the cyclic loading tests using the ElectroRubchine and the Dyad loss
factor data courtesy of Soundcoat Co., the bestoelastic damping materials were
selected for testing using the cantilever beamesystliscussed in section 5.0. It was
found that not only was the loss factor important determining the damping
performance of a material, but the storage andrsheduli were equally as important, as
they help form the real part of a complex flexuraidity formulated by the RKU
equations. Thus, materials which have high logsofa and low shear modulus are
desired for a landing gear application becausedtie of imaginary to real parts of the
complex flexural rigidity will be maximized. Theolfowing section is dedicated to
isolating the three best damping materials perdidta collected via the cyclic loading
tests and to compare the predictions of the RKLaggs to an experimental cantilever
beam test where actual materials are applied toamtilever beam and tested.
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Chapter 8

MATLAB Predictions and Trends

In this section, a simple MATLAB program utilizinthe Ross, Kerwin, and
Ungar equations for a damped cantilever beam id tseredict the loss factor using
Soundcoat’s Dyad 601, Buna-N/Nitrile 40A, and sitie 30A, the best damping
materials found by cyclic loading tests. These emals were found to be the best
materials to apply to a landing gear because thegiyzce the highest composite system
loss factors of all eight materials for a visco@tasayer thickness between 1 and 3
millimeters. This fact is shown in Figure 8.1, wiethe composite system (host
structure, damping material, and constraining lpyless factor is plotted against
viscoelastic layer thickness using RKU analysis #&mel MATLAB program found in

Appendix A for reference.

Figure 8.1. Cantilever Beam loss factor versus viscoelastieddlyickness for all damping materials
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The MATLAB program takes inputs of shear modulusl ahastic modulus in units of
Pascals, thickness of the host structure, thicknésise constraining layer, and width of
the constraining layer, in this case the same démearas the thickness of the host beam.
In Figure 8.1, the constraining layer is 1.31 mrd enthe same for all materials.

The program generates a plot of damping factothef composite system as a
function of the thickness of the damping layer floe three best damping materials of
sections 7.1 through 7.9, namely Dyad 601, BunaiNi® 40A, and Silicone 30A
rubber. All plots and figures are for the first dab frequency of the cantilever beam.
Furthermore, a short analysis of how the thickreess$ stiffness of the constraining layer
affects composite loss factor will be given at &mel of the MATLAB predictions for the
damping materials. For sections 8.1 through &8, Host structure thickness is .375
inches (.0095 m), thickness of the constrainingtasaries between .8 mm (.0008 m) and
.96 mm (.00096 m), and the elastic moduli of thstlstructure and constraining layer are
209 GPa (4140 Steel) and 68 GPa (Aluminum TO), aetygely. Furthermore, the
damping treatment was only applied to one sidé@fcaintilever beam prior to testing. If
another constrained treatment were applied to pipesite side of the beam, resulting in a
symmetric damping treatment, the damping wouldogffely double.

8.1 Using the RKU Equations to Predict Damping

Being able to predict effective damping of a dimoe pre-fabrication is a
necessary process when dealing with structural degnpThis section is dedicated to
showing how the RKU equations can be used for &leaar beam with a tip mass equal

to the mass of the beam. By definition, the RKWatpns, given in equation sets (3.1),
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(3.2), and (3.3) and below for convenience, formaula complex flexural rigidity of a

damped constrained layer beam system
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Additionally, #, is the modal loss factor associated W@th. The loss modulus is

r

dependent on the mode because of frequency depmndenioss modulus. To find the
loss factor of the composite system (host beam pdagriayer, and constraining layer),
one only need take the ratio of the imaginary & parts of the complex flexural rigidity

(Hao, 2005), namely

_Imag(El")

h composite — *
Real(El )

(8.1)
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This loss factor now incorporates the loss factdhe damping material into dynamics of
the composite system, effectively giving an appration of the rate of energy loss per
cycle of the composite system. Thus, the complexiuh and loss factor data for the
damping materials tested in this report can be wsduhd the loss factor of a cantilever
beam system.
8.2 Dyad 601 Damping Prediction

The parameters taken from Figure 7.18 for Dyad &048.19 Hz and 77 degrees
Fahrenheit where used as inputs into the RKU egusitin the MATLAB program.

These parameters are a loss factorigf  ar@l a shear modulus of LOG G’ = 7.1

dynes
crr?

(G’'=1.259 MPa). Figure 8.2 shows the trend betwdamping layer thickness

and composite loss factor for a steel cantileveanbavith an aluminum constraining
layer. The figure presented shows the predicted factor for the system used in the
tests: a host beam of 3/8” (9.53 mm) square 41€él sod, and a .96 mm by 9.53 mm

constraining layer.
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Figure 8.2. Cantilever beam loss factor as a function of Dyadl thickness.

This plot shows that for relatively small initialdreases from .5 mm of the viscoelastic
layer thickness, there are significant increasedaimping up to about 2 mm. After the
thickness of the damping layer passes 2 mm, theases in damping begin to taper off
slightly as the viscoelastic layer thickness isr@éased. This suggests that more
significant damping increases can be gained withauth weight addition to the landing

gear for thin viscoelastic layers (~.5mm — 2mm).
8.3 Silicone 30A Damping Prediction

The material properties found in section 7.6 weseduas inputs into the
MATLAB prediction program. The results of the MAAB prediction are shown in
Figure 8.3. The RKU equations predict very shamgraases in loss factor for small

increases in damping layer thickness for low thedsndamping layers, about .5mm to
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2mm. This rapid increase in loss factor at lowcoaastic layer thicknesses is much
more pronounced than for Dyad 601. Thus, the migstificant increases in damping
will occur for low additions in weight caused byetldamping layer to the cantilever

beam.

Figure 8.3. RKU Prediction of cantilever beam loss factor dsrection of damping layer thickness for
silicone 30A rubber.

To generate Figure 8.3, the constraining layektiess was measured to be .8mm rather
than .96mm as for Dyad 601. In the following cleapihere cantilever beam tests are
analyzed, the constraining layer thickness of th&TMAB prediction exactly matches

that of the beam tests.
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8.4 Buna-N/Nitrile 40A Damping Prediction

The material properties for Buna-N/Nitrile 40A falim section 7.4 at the first
modal frequency of the cantilever beam were usedhpists to the RKU MATLAB
program to generate a loss factor prediction amation of viscoelastic layer thickness.
Figure 8.4 shows the resulting trend. Unlike tiheme 30A prediction in the preceding
section, there is no significant increase in l@ddr for small increases in damping layer
thickness, but instead a steady increasing trenldssf factor with increasing damping

layer thickness.

Figure 8.4. Loss factor trend for cantilever beam system asation of viscoelastic layer thickness for
Buna-N/Nitrile 40A rubber.

Like the silicone 30A prediction, a constrainingda thickness of .8 mm was used to

generate Figure 8.4. It is evident from Figure ®4t nitrile 40A rubber produces the
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lowest loss factors for low damping layer thicknessl the highest loss factors for
thicker damping layers. Thus, it is a better mateio use for applications where a
thicker damping layer is required. For a landirggapplication however, nitrile 40A
will be the least effective damping material betw@&yad 601 and Silicone 30A because
the damping layer should be kept as thin as passiltiile still achieving maximum

damping for low increases in gear weight.
8.5 Constraining Layer Effects on Beam Loss Factors

This section analyzes how the constraining layeduhgs of elasticity and
thickness affect the composite system loss factolevkeeping the material properties of
the viscoelastic damping layer constant. FiguBesBhows the general trends of system
loss factor as a function of variable constrainiager thickness and modulus of
elasticity. For variable thickness, the plot wanerated using silicone 30A complex
modulus properties, a constraining layer elastiduhas of 68 GPa, and a frequency of
28.19 Hz. For variable constraining layer elastiedulus, the plot was generated using
silicone 30A complex modulus properties, a consingi layer thickness of 1.31 mm, and

a frequency of 28.19 Hz.
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Constraining Layer Elastic Modulus and Thickness ef fects on System Loss
Factor

Constraining Layer Thickness [m]
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Figure 8.5. Effects of elastic modulus and thickness variabit constraining layer on system loss factor.

Figure 8.5 illustrates that both parameters sigaiftly affect the loss factor of a beam
system. However, the system loss factor produgetthdd RKU equations is much more
sensitive to constraining layer thickness than ange in the elastic modulus. This was
expected because of the higher order of the constgdayer thickness terms in the RKU
equations. The thickness of the constraining |lamyears as a cubic while the elastic
modulus has a power of unity.

In regards to a landing gear application, by iasheg the thickness of
constraining layer, the weight of the gear will ie@se significantly. However, by
changing the material to one with a larger elastadulus, significant gains can still be
seen without a significant increase in weight, deli@g on the material chosen. For

instance, if the constraining layer material israed from aluminum to steel, as in the
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elastic modulus range in Figure 8.5, this resuita loss factor of about 2 times that of
aluminum for constant thickness. Steel is abotiin@s as dense as aluminum, meaning
if aluminum was substituted for steel at the samekhess, essentially doubling the loss
factor, the weight of the constraining layer wouldrease 3 fold. But if the aluminum
constraining layer is increased to double its oagithickness, effectively doubling the
weight of the constraining layer, the loss factan @lso be doubled. However, this is
only true for relatively thin constraining layerickness. So in order to see the same
increases in loss factor either the constrainirygranaterial is substituted for a much
stiffer material, or the thickness of the layer ¢@nincreased. If the constraining layer
material is changed from aluminum to a much lighteuch stiffer material like a carbon
fiber or fiberglass, then thinner and lighter coaisting layers can be used to achieve
much higher loss factors than with heavier, saftetals. It is more advantageous, from
a landing gear design perspective, to increasentisulus of elasticity of the constraining
layer material so long as the density of the makesi lower than the original material.
By using lighter, stiffer materials, both the thigss and stiffness of the constraining
layer will enhance the damping treatment while mizing the addition of weight to the

gear.
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Chapter 9

Cantilever Beam Testing

Upon completion of the material property deterrtiorg selection of the three
best damping materials per the cyclic loading temtsl MATLAB prediction using the
RKU equations, cantilever beam tests were carrigdusing the cantilever beam system

shown in Figure 9.1.

Figure 9.1. Cantilever beam system used for experimental lst®f determination.

The cantilever beam was 14 inches in length andtoacted of 4140 “Chrome-Moly”

steel. It had a tip mass equal to the mass ofLghinch beam. This beam is the exact
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beam analyzed using modal analysis in section 6.\WHose approximated modal
frequencies are shown in Table 6.2. The accelemmes glued to the cantilever beam
tip mass and then tied to insure accurate dataecasded.
9.1 Loss Factor Measurement of Undamped Cantilevdseam

Before the addition of damping layers to the daméir beam, the loss factor of the
undamped beam was determined. The instrumentatiimed in section 5.0 was used
to gather data for analysis using Microsoft ExcElrthermore, once the data had been
plotted for acceleration vs. time, the logarithrdecrement could be taken to determine
damping factors (Meirovitch, 2001). These damgdmgors could then be used to find

the loss factor. The logarithmic decrement is gilg
1%
d=—In — 9.1
N (9.1)

where N is the number of cycles between acceleratialues x, and x,. The

acceleration values are shown in the sample aet®lerversus time plot in Figure 9.2.
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Figure 9.2. Example acceleration versus time plot and valuesi@@ to compute logarithmic decrement.

Once the logarithmic decrement was determineddémeping factor and loss factor were

determined by

a
2=
}4[02 +d2
9.2)
h=2z

This is a straight-forward and accurate method etkignining the loss factor for the
cantilever beam. It should be noted that the fastr, /7, is only two times the damping
factor, z, at resonance frequencies. But it will be shoWwat tthe cantilever beam
vibrates very close to its first modal frequencyakmg this relationship relatively

accurate.
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Three tests were conducted on the undamped beamthen frequency of

oscillation and loss factors determined for each. t& he results are concluded in Table

9.1.

Table 9.1. Experimental Frequency and Loss factor data foammkd cantilever beam in Figure 9.1.

Test Accel Point 1 Accel Point 2 Time 1 Time 2 Frequency Log Loss
Number [V] V] [s] [s] [Hz] Decrement Factor
1 0.286215 0.199697 0.04774 | 1.18606 26.35 0.01199 0.0038
2 | 0296216 | 0.203667 | 0.06634 | 1.20528 | 2634 | 0.01249 | 0.00397
3 | 0283473 | 0198163 | 0.06944 | 1.20776 | 2635 | 0.01196 | 0.00381

From Table 9.1, it is seen that the average ex@siah vibrating frequency is 26.35 Hz.
The calculated first modal frequency of the bearsaation 6.1.1 was 28.19 Hz. There is
a difference of about 7.0% between the measurequérecy and the first modal
frequency of the beam. However, the beam, in dttuaoes not vibrate at the first
modal frequency, but rather, there are a combinaifan infinite number of modes for a
continuous system each having a different “weigtitich, when combined using modal
analysis, produce the actual frequency and dynaaofittsee beam. The largest contributor
to the difference in calculated modal frequencies the measured frequency of vibration
of the beam was the neglect of rotary inertia mnodal analysis in section 6.1.1. What
Table 9.1 does illustrate, in all certainty, isttttee frequency of vibration of the beam is
very close to the first modal frequency, meaning flist mode has a much larger
“weight” in the combined dynamics of the beam tlaawy other mode. Said differently,
the first mode is the most prominent mode in theadyics of the beam.

The loss factors of the undamped beam vary by?4 dhere the maximum loss

factor is .00397. Because the beam does not yet &a applied damping treatment, the
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loss factors are very low. Steel, as well as notiseér metals, have inherently low loss
factors because of their high stiffness and higlduhes of elasticity. Having a high

stiffness makes them recover almost all of the ilup@nergy after the load is removed.
Thus, once a damping treatment is applied and aedlin the following sections, it was

expected that the damping and loss factors wouddtlyrincrease.
9.2 Dyad 601 Cantilever Beam Test Results

A strip of Dyad 601 was epoxied to the cantileveain shown in Figure 9.1 and
constrained by a .96 mm thick aluminum layer. Tastilever beam was excited by hand
into transverse motion (pure pending) and allowedsibrate freely for a period of 6
seconds. During this time, accelerometer databeasy collected at 1600 Hz. A sample

plot for the acceleration data for Dyad 601 is shanFigure 9.3.

Dyad 601 Cantilever Beam Acceleration Plot

15

0.5

Voltage [V] (99mV/qg)
o
13
>
1.37
145 %
1.52
1.6
1.67

-0.5

-1.5

Time [s]

Figure 9.3. Acceleration data versus time for Dyad 610.
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A total of three tests were carried out to insweusate data was being recorded and to
compare relative damping values from test to téssummary of the results found from

the Dyad 601 cantilever beam tests are shown iteTaB.

Table 9.2. Dyad 601 Cantilever beam test result summary.

Test Accel Point 1 Accel Point 2 Time 1 Time 2 Frequency Log
Number [V] V] [s] [s] [Hz] Decrement Loss Factor
1 1.381299 0.066459 0.64356 | 1.5593 27.3 0.1214 0.03863
2 | 1.000353 | 0.099029 | 1.66346 | 257362 | 27.4677 | 0.09595 | 0.03054
3 | 1086331 | 010941 | 1.98586 |2.89602 | 274677 | 0.09182 | 0.02922

Test 1 shows a fairly large loss factor when coregdo the other two tests, but will be
shown to still correlate very well to a loss fagboedicted by the RKU equations.

Figure 9.3 shows some very interesting behavidhat there is a reverberation of
the initial vibration of the beam at about t = Z@®ds. This is caused by the cantilever
beam having almost identical frequencies of vibratin the x and y-directions,
perpendicular to the z-axis along the length ofitbam. By adding a constraining layer
and a damping layer, the stiffness of the beamgpetipular to the treatment face will
increase slightly, causing the beam to vibrate ifigure 8” or elliptical pattern rather
than a linear back-and-forth motion. Each of theeterometers had a slight sideways
sensitivity, meaning that though they are singles @ccelerometers, they will pick up
slight movements in a perpendicular direction. sTieiverberation in Figure 9.3 is caused
by the accelerometers outputting signals due tostleways motion of the cantilever
beam. Thus, the logarithmic decrements and lagsralisted in Table 9.2 are average

values over the time interval of vibration. Thssai reasonable approximation because the
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viscoelastic layer will damp out vibration in anyettion, albeit delayed in this case by

the dynamics of the beam.
9.2.1 Dyad 601 Experimental and Theoretical Correlation

Per the composite loss factor for the cantilevanbeiven by the RKU prediction in
section 8.2, Table 9.2 shows very close correlatemveen experimental and theoretical
loss factor results. From Figure 8.2 given by Ihad 601 RKU prediction, it was
estimated that a 1.31 mm Dyad 601 layer (as meadtom the experimental cantilever
test) produced a composite loss factor of .0297afdream width of 9.53 mm and a
constraining layer of .96 mm by 9.53 mm. The ageréss factor produced by the
cantilever tests was .0328, a value differing fribr@ prediction by 9.47%. This average
loss factor for Dyad 601 is about 9.5 times the fastor of the beam with no treatment.
By a treatment weight addition of about 12 grarhe,loss factor of the beam was
increased almost 10 fold. Ultimately, the testess|factor values prove that the RKU
equations produce very accurate predictions. Hewdlhe RKU equations are meant to
be an upper bound approximation, meaning they asq@arfect energy conversion based
on the properties of a given viscoelastic materialWhy, then, is the average
experimentally determined composite loss factoagrethan the predicted value? The
material used to bond the Dyad to the beam anccémstraining layer is a specially
formulated semi-flexible epoxy, which inherentlyriias small damping properties. In
fact, this epoxy, called B-Flex, was specificallyrrhulated for the bonding of Dyad
materials to host structures to improve the dampinthe Dyad polymer. Thus, there is
often a slight increase in damping because of tititian of several semi-flexible bond

layers which also promote damping.
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In general, the bonding layer should be of compgaraiffness to the host
structure, causing minimal slip between the hostcstire and damping material at the
bond interface. B-Flex epoxy is still very rigi®rapared to the Dyad material, but
because it was specifically formulated for Dyad enats, it was used in the beam tests.
Nevertheless, the experimental and theoreticallteesarrelate extremely well for Dyad
601 with only about a 9.47% difference between tbecally determined loss factors and

those which were found experimentally.
9.3 Silicone 30A Cantilever Beam Test Results

A strip of silicone 30A rubber was sandwiched betwéhe steel cantilever beam
and the aluminum constraining layer and excitedvibrate. During vibration,
accelerometer data was recorded and analyzedda&mping factors and loss factors of
each test. A total of three tests were conductedhe cantilever beam using silicone
30A. A sample plot of one of the tests is showrFigure 9.4 and a summary of the

results from all three tests is provided in Tah 9
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Acceleration vs. Time for Silicone 30A Cantilever B eam Test
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Figure 9.4. Acceleration vs. time plot for silicone 30A cantiée beam test.
From Figure 9.3, there is a slight reverberationsaillation as discussed in section 9.2.

Table 9.3. Acceleration and loss factor data for cantilevearheests for silicone 30A rubber.

Test Accel Point 1 Accel Point 2 Time 1 Time 2 Frequency Log Loss
Number [V] V] [s] [s] [Hz] Decrement Factor
1 1.936445 0.47227 1.61758 | 2.56246 26.46 0.05644 0.01796
2 | 2606792 | 0624275 | 08773 | 182528 | 2637 | 005717 | 0.0182
3 | 260566 | 0592756 | 05156 | 146258 | 2637 | 00592 | 0.01885

From the MATLAB prediction, a damping layer thiclgseof 1.51 mm and a
constraining layer thickness of .8 mm should predaccomposite system loss factor of
.0361, about two times the loss factors seen ilera3. However, this does not imply
that the RKU equations or the material propertestl from the cyclic loading tests are
erroneous. The RKU equations, as well as manyr @halytical methods of damping

prediction, assume there is a perfect shear tramsaveen the cantilever beam and
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viscoelastic layer. This means that there is rpatl the bonding interfaces and that the
viscoelastic layer is shearing according to theattyics of the beam. Additionally, the
bonding layer should be of comparable stiffnesthéostructural member to be damped,
meaning the adhesive should be fairly rigid anff. stHowever, it was found during the
bonding of the silicone to the steel beam and alumi constraining layer that silicone is
very difficult to bond to metals with a bonding éayhaving comparable stiffness to the
steel beam.

Several different grades of epoxy and cyanoacrylatere used and no sufficient
bond was formed. One and two part silicone adlessand RTV’'s were used with
limited success. The best bond between the sdicnrbber sheet and the metal
components of the cantilever beam was made by usimgneral grade, clear RTV
silicone adhesive sealant most commonly used fandiog weather stripping in
automotive applications. However, this RTV adhesi&s well as almost all other RTV
adhesives, formed a very rubber-like bond, causingh of the shear normally found in
the viscoelastic layer to occur in the adhesiveedayThus, the fundamental boundary
conditions found in the RKU equations are no longatisfied because there is an
imitated slipping effect between the viscoelastigelr and the steel and aluminum faces it
was bonded to.

Phrased differently, if the bonding layer is vetifand thin, the magnitude of
the vector from one point on the steel beam tadigcent point on the viscoelastic layer
at the steel-silicone interface should not changind vibration. If the bonding layer is

very soft and rubbery, the magnitude of this vectodl change. This concept is
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illustrated in Figure 9.5 for visualization. Thaidkness of the bonding layer is

exaggerated to illustrate the effect.

Figure 9.5.Deformation of rubbery bonding layer during bending

With a rubbery bonding layer, the magnitude of théctor will change as the beam
vibrates, essentially causing a slip conditionha steel-silicone or aluminum silicone
interface. This rubbery bonding layer decreasesetfiectiveness of the silicone as a

damping material and results in the relatively logs factors seen in Table 9.3.
9.4 Buna-N/Nitrile 40A Cantilever Beam Test Results

Cantilever beam tests similar to those carriedfouDyad 601 and silicone 30A
were also done using a nitrile 40A viscoelastietayThe layer was measured to be 1.17
mm with a constraining layer thickness of .8 mmheTheam was excited to vibrate in
bending with a sample acceleration versus timegiotv in Figure 9.6. The logarithmic
decrement was taken for each of three sets of eredrin data and the loss factor

calculated from each. The results are summarizddble 9.4.

Craig A. Gallimore Chapter 9: Cantilever Beam Tiagt 89



From the RKU prediction, it was estimated that taatilever beam loss factor

would be .0181, about half that of either silicd3®@A or Dyad 601. However, from

Table 9.4, it is seen that the average loss fauftdd122 differs from the predicted value

of .0181 by about 32.6%.

Acceleration vs. Time for Buna-N/Nitrile 40A rubber
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Figure 9.6. Sample acceleration vs. time plot for Buna-N/NatdlOA.

Like silicone 30A, achieving a strong, stiff bondtlween the nitrile rubber and the metal

surfaces was impossible. Rather, the bonding lesges very rubbery, causing much of

the shear to occur in the bonding layers rathar thahe nitrile 40A layer.

Table 9.4. Acceleration and loss factor data for cantilevearheests for Buna-N/Nitrile 40A.

Test Accel Point 1 Accel Point 2 Time 1 Time 2 Frequency Log Loss
Number V] [V] [s] [s] [Hz] Decrement Factor
1 1.249442 0.44799 1.47064 | 2.59408 26.7 0.0342 0.01088
2 | 1949579 | 061839 | 1.32246 | 245086 | 26,586 | 0.03827 | 0.0122
3 | 2517485 | 0704957 | 15872 | 27187 | 26513 | 0.0424 | 0.0135
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In order for accurate and representative loss factues the nitrile rubber needed to be
securely bonded to the metal surfaces of the beaincanstraining layer. The bond
inadequacies did not allow the nitrile 40A to daoy the vibration and oscillation of the

beam to its full potential.
9.5 Cantilever Beam Test Conclusions

The three best materials found from the RKU préahs, with material properties
found from cyclic loading tests, were bonded tdeelsbeam and constrained by a thin
piece of aluminum along the length of the beamwds found from these tests that the
material properties of the damping layer were raiags the most important factor in
damping out vibrations. Though silicone 30A anulilei 40A showed higher loss factor
to shear modulus ratios than Dyad 601, they didpnotide the expected damping per
the RKU prediction. The bond between the viscdiglarsaterial and the adjacent metal
layers was determined to be the limiting factormpnmoducing effective damping of the
beam. Additionally, because approximate loss faetod storage modulus data was
found per the cyclic loading tests, the discrepabetween the approximate complex
modulus values for the silicone 30A and nitrile 4@i0 contribute to the error seen
between RKU theoretical composite system loss fa@nod the system loss factors found
from experimental cantilever beam results. Thegwaximate complex modulus values
vary from exact values by perhaps as much as 208ctalthe assumptions made in
section 7.1, namely that the stress is uniform sxtbe entire cross sectional area of the
test material and that the strain is uniform altrglength of the test material.

Dyad 601, produced by Soundcoat Company, had aadigdformulated epoxy to

help bond it to metal surfaces. This bond was dotm be both strong and stiff,

Craig A. Gallimore Chapter 9: Cantilever Beam Tiagt 91



effectively eliminating any significant slip at thsteel-Dyad and aluminum-Dyad
interfaces. This allowed the Dyad to shear prgparid resulted in both significant
damping as well as the RKU prediction to be aceurdoth silicone and nitrile rubbers
could not be bonded to the metal substrates byffaesbugh adhesive. The rubbery
bonding layer of the silicone RTV did not allow te#icone or nitrile rubber to shear
properly, voiding their effectiveness as dampingtenals. Thus, despite the better
measured damping properties per the cyclic loatests in section 7, Dyad 601 proved
to be the best damping material when experimentadiied on the cantilever beam.

In regards to a landing gear, bonding betweemy#ae structural materials, in this
case 4140 steel, plays an even more significaettt@dn bonding in the cantilever tests
because of the amplitude of deflection of the géldre gear of interest in this report was
designed to deflect (change in height) severaleaacmuch more than any tip deflection
in the cantilever tests. With higher deflectiorddmgher strain in the steel gear, the
problem of delamination, or separation of the wedastic material from the gear
structure, becomes a looming problem. If the bogdayer is too stiff, it is subject to
crack and shear off of the gear material, which vahder the damping layer useless.
However, if the bonding layer is too flexible, iflMnot transfer shear forces effectively
to the viscoelastic layer as seen with silicone 208 nitrile 40A. Therefore, the B-flex
epoxy, a semi-flexible yet strong adhesive laygthe most promising bonding material
for use in the gear. It showed excellent perforceaim the cantilever tests and is the

bonding material of choice in the application oflamping layer to the landing gear.
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Chapter 10

Landing Gear Geometry Considerations

Up until this point, only simple cantilever beanstte have been studied in
reference to effective damping using viscoelastatamals. However, a simple cantilever
design would be impractical for the particular eaft application from which this
research spawned. Figure 10.1 illustrates a lgndeaometry similar to that which will
be used as the new gear design on the aircrafitefeist, as well as high strain energy

areas with intensity scale shown on the left hade sf the figure.

Figure 10.1. Basic landing gear geometry showing vertical logginint and high strain energy areas.
The geometry shown in Figure 10.1 is still a cangr type system, but the geometry

makes it much more difficult to effectively applydamping layer because of curved
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surfaces and bend radii. Viscoelastic materidls the rubbers and specialty dampers
studied in this report are generally manufacturethe largest quantities as sheets. This
makes them easy to apply to flat surfaces withouthralteration in the geometry of the
sheets. Additionally, constrained layer applicagiare even more difficult due to the
necessary manipulation and rigid bonding of a stiffistraining layer to a viscoelastic
material. Thus, a solution to this problem is proposed, aitfiothis solution is much
more difficult to accurately model for reasons whwaill be discussed.

Application of the relevant viscoelastic materials section 8 providing
maximally effective damping would be difficult tply if the material was kept in sheet-
like form. However, if these sheets were cut ildng, narrow strips they could be
applied as a wrap. The application of the treatmesuld be slightly more tedious, but
the resultant damping very similar to a complegatinent. Also, if the constraining
layer were made thin enough, though this is undekr(see section 8.5), it could also be
cut into thin strips and applied as a successfoktraining layer, making the treatment
more effective than a free layer treatment.

The difficulty in modeling comes from the bondirayér, something that up until
this point is assumed very thin and flat. The bogdiayer would cover the outer surface
of the gear host structure, but would also haveled component bonding each section
of wrap to its adjacent sections. Additionallyisthelical bonding layer inherently means
there would be gaps between each wrap, effectivedking the treatment a partial
constrained layer treatment, something signifigambre difficult to model than a simple
layer attached to the free surface of a cantildeam. The helical component of the

bonding layer, however, is relatively negligibleit lis nevertheless another component to
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account for in an accurate damping prediction & ¢fear geometry. Recall that the
purpose of this report is to study and determiree iest common damping materials
which could be used as a damping treatment for all stmcraft landing gear. The data
taken from these materials can then be extrapolttedther cantilever type systems

without the need to explicitly analyze the dampafidghe gear.
10.1 Round versus Square Material Geometry

The influence of a damping treatment applied tantbversus square rod is two
fold. The first issue is a matter of mass and Weig/NVeight on an aircraft should be kept
to a minimum to maximize the flight time and aenodmic efficiency of the aircraft.
Secondly, because damping via viscoelastic maseisadlependent on shear, the distance
of a damping treatment to a neutral plane shoulatba reasonable maximum, while
keeping any increases in mass and drag within pilopgs.

Round rods have lower cross sectional area thamareqrods of the same
minimum cross section distance. Thus, round ratierently have lower mass for the
same length and material of rod. They are, theeef@ better choice for a landing gear
material geometry than square rod. Additionallgni a design and manufacturing
perspective, round rod is easier to shape and fioam square rod, making it cheaper and
faster to fabricate landing gear from round stock.

From a damping perspective, round rod does natrdfie same amount of
damping per volume of damping treatment as squade rA damping treatment need
only be applied to the flat faces of a square rbwclv are furthest away from the neutral
plane of the structural material during loadingaichieve good damping. However,

damping material would need to be applied to theesnircumference of a round rod and
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this does not even achieve the same level of dagrgsna square rod with less damping
material. More damping can be achieved with sguad using less material because
there is a larger surface area having larger bgnslirains than round rod. With round
rod, it is seen from Figure 10.1 that there isia #trip of area, highlighted in red, having
large strains. This strip is the area of the nadhiest away and parallel to the neutral
plane during loading of the gear structure. Beedhere is a low surface area having
large strains, the viscoelastic treatment wouldehlaw effectivearea in which it could
utilize the strain energy of the area to dissipatergy. With a square rod however, if
bent and loaded in the same configuration, thera msuch larger surface area having
large strains. Therefore it is not only the shedhin the viscoelastic material, but also
the volume of material which has large shear withm damping layer. To increase the
volume of material with large shear, the treatmmnface area should be increased and
applied to areas having the largest strain energmsnoting the largest possible shear
per volume within the viscoelastic layer.

Though square rod is initially more massive thannd rod, round rod is a less
desirable material from a design perspective becabtitarger additions in weight from a
damping treatment and constraining layer and becduschieves less damping per
volume of material than square rod. The additioihaeight by a damping material and
constraining layer to a round rod often nullify wdager weight advantage round rod had
over square rod. Additionally, more damping maies needlessly added to areas close
to the neutral plane of round rod, resulting in wwdsmaterial because the shear
deformation of the treatment layer becomes smakerl to the neutral plane. As the

shear deformation decreases with the distancedmd#utral plane, the material is no
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longer effective at damping vibrations of the hsisticture because shear deformation is

the primary mechanism of damping in viscoelastitemals.
10.2 Landing Gear Design Conclusions

It has been shown that though round rod is injtilEdss massive than square rod,
the damping of a round rod is much less for theesaatume of damping treatment than
a square rod. The aircraft of interest in thisorefs approximately 400 Ibs, so the gear
material was initially chosen to be 3/8” diamete¥e$ rod. From Figure 10.1, a small
material diameter was chosen to minimize drag. désign process in determining
deflections and loads of the gear was facilitatedNSYS finite element software.

The transition to square rod ultimately affects tesign and dimension of the
gear as a whole. In bending, square rod has arlfliexural rigidity than round rod for
the same material and minimum cross section distafite deflection and damping of
the gear were of primary concern, so to keep tlileac®n upon loading a constant, the
dimension of the square rod can be reduced to ntlaathof the initial design using round
rod. Because the materials were kept the samg tloaicross sectional area of the square
rod needed to be altered in order to produce aifédxigidity matching that of the initial
design using round rod. Thus, a square rod hatiagame deflection of round rod can
be used where a much more efficient, weight sadargping treatment can be applied in

a much simpler fashion.
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Chapter 11

Summary, Conclusions, and Recommendations

The purpose of this report was to provide a bks@vledge of constrained layer
viscoelastic damping and to identify the best vidastic damping material to apply to a
landing gear while considering customer requiremestch as cost, weight,
aerodynamics, environmental factors, and dampirdgcifeness. Eight viscoelastic
materials were chosen because of their low costdamability. They were tested in an
ElectroPuls E1000 cyclic loading machine and arrggnanalysis was used to determine
their approximate elastic moduli and loss factoftiese material parameters were then
used to formulate a damping prediction of a camtitdoeam using the complex flexural
rigidity from the Ross, Kerwin, and Ungar analysi$he three best materials per the
RKU analysis were Silicone 30A, Buna-N/Nitrile 40and Dyad 601. These materials
were laminated to a cantilever beam and testedxperenentally determine the loss
factor of the beam and then compared to the RKUligtiens. Dyad 601 showed the
best damping performance and correlation of expenal and theoretical loss factor
results. Silicone 30A and nitrile 40A rubbers skdwsub-par performance due to the
difficulty in bonding these rubbers to metal sugs.c

In the application of these damping materialshi® landing gear, these materials
are more efficiently bonded to flat surfaces. Thsguare rod is a choice material
geometry because less damping material can be Oadiedéhe surfaces furthest away
from a neutral plane than for a round rod, wheeedamping material must be wrapped
around the entire circumference of the rod. Addiilly, should round rod be bent into a

similar configuration as Figure 10.1, more dampingterial, and therefore more mass,
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must be added to the gear to achieve the same dé\addmping as a thinner damping
layer applied to the faces furthest from the nésngface of a square rod.

The aerodynamic efficiency will decrease slightiya transition from round rod
to square rod due to gear faces perpendicularetdréie stream during flight. However,
during the cantilever tests, only one side of thatitever beam was laminated with a
damping layer prior to testing. If both front arghr faces of a gear bent with square rod
are laminated with a treatment, a constrainingri&igeing a cross section of a half circle
can be laminated to the viscoelastic treatment.is Will increase weight by a small
margin, but will greatly reduce the drag of thergaad increase the loss factor due to a
thicker constraining layer.

11.1 Future Work

The first step in applying the conclusions foundhis report is to fabricate and
test a landing gear with an applied damping treatmpreferably Dyad 601. The
structural member, steel rod, of the gear is clagmprelatively simple to fabricate. Thus,
several different gear structures can be made adiffesent damping treatment can be
applied to each, perhaps with a stand-off layellify,e1998), or spacer layer between the
metal and damping material to promote increasess#s within the layers, and therefore
better energy dissipation, within the damping lay&ach gear can then be fitted to the
aircraft and drop tested to isolate the best result

The bonding of the silicone and nitrile rubbers viasd to be the limiting factor
of damping in the cantilever beam tests. Howelseth silicone and nitrile rubbers are
easily molded or extruded around structural membHra silicone or nitrile extrusion, or

even a mold encapsulating the metal of the geatlardfilled with a pressurized flow of
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viscoelastic material, could be applied to the gdarcture, much better damping may be
achieved. This would effectively eliminate any lbeby bonding layers with silicone or
nitrile rubbers and would also increase the intitwacbetween the gear surfaces and the
damping layers.

As an alternative solution to using metal as tinectural component in the gear,
fiber enhanced viscoelastic polymers could alsoubed (Alberts, 1995). A fiber
enhanced viscoelastic polymer is a series of tkinjctural fibers like carbon or
fiberglass, encapsulated by a viscoelastic materi@ series of strands having a
configuration similar to that of a frayed cable kkble used as the basic structural
member of the gear. These strands could thendm®glin a pressurized mold, having
the geometry of the gear in Figure 10.1, whereguidi viscoelastic material could then be
injected around the structural fibers encapsulativem in a viscoelastic matrix. This
would increase the contact surface area betweesttbetural fibers and the damping
material as well as significantly reduce weight.nyAloss in aerodynamic efficiency
would also be eliminated as the gear could takéhershape of the bare metal structure
of Figure 10.1.

Possible problems may arise in that the structfib&rs would not be able to
accommodate loads on the extreme end of the landjear design envelope.
Additionally, the damping material may need to b#es to help handle a small portion
of landing loads to assist the steel or composiers woven throughout the gear
geometry. Though the cost of fabricating this gewy be slightly higher than for a

metal gear, it is a viable solution for producingear with high damping, providing an
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effective, lower weight and more aerodynamic edfintimaterial substitute for traditional

shock absorbers.
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Appendix A: MATLAB Programs

Damping Predictions
functionLF = RKU_Loss1(E_v,G_v,H_s,H ¢, T _c¢)

%This function uses the RKU equations with inpdtselastic and shear
%modulus of the viscoelastic material, thicknesthefstructural member,
%thickness of the constraining layer, and widtlhef constraining layer
%and outputs composite system loss factor as difunaf varying
%yviscoelastic layer thickness.

L =.3557;%meters
E_s = 205E9%Pascals
E_c = 68E9%Pascals

omega 1 =177.128prad/s
rho_s = 7800%kg/m”3

1;
1;

i
k
LF=1];

for H_v =.0005:.0001:.009527
| s=H s™/12;1 ¢=T_c*H_c"3/12;
zeta = sqrt(rho_s*H_s"2*omega_1"2*L"4/(E_s*));S)
H31=H_v + .5%(H_s+H_c);
H21 = .5*(H_s+H_v);

g = G_V*L"2/(E_c*H_v*H_c*zeta*sqrt(.9));

D = (E_v*H_v*(H21 - .5*H31) + g*(E_v*H_v*H21 4€_c*H_c*H31))/((E_s*H_s +
S5*E v*H v+ g*(E_s*H_s + E_v*H_v + E_c*H_c)));

El =E_s*H s"3/12 + E_v*H_v*3/12 + E_c*H_c"3/1E_v*H_v"2/12*((H31 -
D)/(1+Q))...
+E_s*H_s*D"2 + E_v*H_v*(H21-D)"2 + E_c*H_¢KH31 - D)2 -
(.5*E_v*H_v*(H21 - D) + E_c*H_c*(H31 - D))*((H31 D)/(1+q));
LF(i) = imag(El)/real(El);

i =i+1;
end
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H_v =[.0005:.0001:.009527];

plot(H_v, LF), xlabel('Viscoelastic layer thickne@s)'), ylabel('System Loss Factor')
title('Loss Factor vs. Viscoelastic Layer ThicknéssFirst Modal Frequency (177.128
rad/s)")

Constrained Layer Effects
functionLF = RKU_Loss CL1(E_v,G v,H s,H v,H ¢, T ¢)

%This function uses the RKU equations to predieingfes in the loss factor
%of a composite beam system for varying constrgitager elastic modulus
%and thickness. Each section of code holds onablar(modulus or
%thickness) constant and varies the other.

L =.3557;%meters
E_s = 205E9%Pascals

omega_1 =177.128; %rad/s
rho_s = 7800; %kg/m”3

1;
1;

i
k
LF=1];

for E_c = 50000000000:1590000000:209000000000
| s=H s™/12;1 ¢=T_c*H_c"3/12;
zeta = sqrt(rho_s*H_s"2*omega_1"2*L"4/(E_s*));S)
H31=H_v + .5%(H_s+H_c);
H21 = .5%(H_s+H_v);

g = G_V*L"2/(E_c*H_v*H_c*zeta*sqrt(.9));

D = (E_v*H_v*(H21 - .5*H31) + g*(E_v*H_v*H21 4€_c*H_c*H31))/((E_s*H_s +
S5*E v*H v+ g*(E_s*H_s + E_v*H_v + E_c*H_c)));

El =E_s*H_s"3/12 + E_v*H_v"3/12 + E_c*H_c"3/1E_v*H_v"2/12*((H31 -
D)/(1+Q))...
+E_s*H_s*D"2 + E_v*H_v*(H21-D)"2 + E_c*H_¢KH31 - D)2 -
(.5*E_v*H_v*(H21 - D) + E_c*H_c*(H31 - D))*((H31 D)/(1+g));
LF1(i) = imag(El)/real(El);

i =i+1;
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end

E_c1 =[50000000000:1590000000:209000000000];

i=1;
k=1;
LF =

E c =68E9;

for H_c =.0005:.0001:.009527
| s=H s™/12;1 ¢=T_c*H_c"3/12;
zeta = sqrt(rho_s*H_s"2*omega_1"2*L"4/(E_s*);S)
H31 =H_v + .5*(H_s+H_c);
H21 = .5*(H_s+H_v);

g = G_V*L"2/(E_c*H_v*H_c*zeta*sqrt(.9));

D = (E_v*H_v*(H21 - .5*H31) + g*(E_v*H_v*H21 4E_c*H_c*H31))/(E_s*H_s +
5*E_Vv*H_v + g*(E_s*H_s + E_v*H_v + E_c*H_0)));

El=E_s*H_s"3/12 + E_v*H_v"3/12 + E_c*H_c"3/1E_v*H_v"2/12*((H31 -
D)/(1+qg))...
+E_s*H_s*D"2 + E_v*H_v*(H21-D)*2 + E_c*H_¢H31 - D)2 -
(.5*E_v*H_v*(H21 - D) + E_c*H_c*(H31 - D))*((H31 D)/(1+Q));
LF(i) = imag(El)/real(El);

i=i+1;
end

H_c =[.0005:.0001:.009527];
LF1,
E ci,

plot(H_c, LF, E_c1, LF1), xlabel("Constraining Layéhickness (m)'), ylabel('System
Loss Factor')

title('Loss Factor vs. Constraining Layer Thickn&sslmm Damping Layer at 28.19
Hz"
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