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ABSTRACT

i

2-“An experimental apparatus for measuring the material
damping properties of a beam specimen is described. The
apparatus, called Tuneable Excitation Launch Mechanismg¢_ . . ;
TELM) measures the free decay of free-free beams launched !
into free-fall in a vacuum. Aluminum 2024-T3 specimens are
tested with results following the Zener model for specimens
with a fundamental free-free frequency above the relaxation
frequency. However, specimens with a fundamental free-free .
frequency below the relaxation frequency show a high degree ., T
of stress dependence. Frequency range was 17 Hz to 358 Hz ( (&) sui g
and stress range was 0,5 KSI to 17 KSI. Graphite/epoxy _ . . .
BS1/3501-6 laminates were also tested. For'iéié}IEminates,
material damping ratio of approximately .0005 as found for
_ frequencies va ing from 45 Hz to 237 Hz. The_ damping wagwu\(tqm cui
N neither stressﬁﬁh frequency dependent. For ([90]g)laminates, 't N
) the damping ratio ranged from .0055 to .0066 frequency :
ranged from 42 Hz to 143 Hz. Damping ratios fOf(lgg]ij}_ﬂﬂﬂwf
specimens were independent of stress, Metal matrix——
specimens with graphite fibers, magnesium matrix, and either
titanium or magnesium foil were also tested. Damping ratios
ranged from .00039 to .00099 depending upon the lay up,
frequency, and possibly the stress range involved.<t7
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CHAPTER 1

INTRODUCTION

To characterize the dynamic behavior of any structure,;

; 1= the properties of that structure must be known. These
‘ i include not only the mass and stiffness, but also the
structure's damping characteristics. To determine the

damping of a structure, the sources of dissipation must be

understood. Sources of dissipation can be divided into two
broad categories, external and internal. External sources

include active control systems, aerocacoustic effects caused |

by moving through a fluid, and loss of energy at the
suppofts through either friction or transmission into the
supporting structure. Internal sources include friction
occurring within the structure and the damping
. characteristics of the materials used in the structure.
With large flexible space structures the importance of
the internal sources of damping is increased. An active

control system will probably not be able to control all of

the flexible modes of a large space structure. In fact, a
closed loop control system can cause higher modes that were .
initially stable to become unstable; this effect is known as
spillover. In the space environment the aeroacoustic and

support dissipation mechanisms do not exist. This leaves

only the internal forms of damping to dissipate disturbances

10
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in the higher modes, and prevent spillover from causing an

instability in the structure. Of the forms of internal

" damping, material damping will be investigated in this

study.

There have been many different techniques and
geometries which have been used to measure materi?l
damping. The three most common techniques are the free
decay method, the resonant-dwell method, and the half-power
bandwidth method.> This study will use the free decay
method, Of the dif{ferent geometries, each has certain
advantages and disadvantages. One geometry is to cantilever
the specimen.lo,ll,lz A problem with this method is
ensuring that the specimen stays perfectly fixed at the
clamped end. If the specimen does not stay fixed, there
will be a damping effect caused by friction at the support.
A method often used to reduce this effect is to machine the
specimen and support from the same larger piece of
material. This is not practical with composite specimens.
Similar difficulties exist in the double cantilever.?,

In order to eliminate fixity uncertainty at the ends, a
free-free geometry is often us2d. The obvious problem with
this is supporting the free-free specimen in a gravity
field. Usually this is done by supporting the beam at the

8

nodes. However, there is still some effect due to the

nodal support. In order to eliminate the requirements for




supperts, a method of measuring the damping of a free-free
specimen in free-fall will be used in this Etudy report. An
apparatus that provides this capap}lity exists at MIT and
has already been used for previous studies iﬁ this field.l,2

The materials selected for study were tﬁose that are
used now are being developed for space applications.
Aluminum was chosen since it is used in many structures.
Also, since a large experimental data base already exists,
it can be used to validate the apparatus. Due to the high
strength and low mass, composite materials are already in
use on space structures and were therefore chosen for
testing. There is a limited data base on the damping
characteristics of composite materials. As a third
class of potential space structural materials, the damping
characteristics of several metal matrix materials, composed
of graphite fibers, magnesium matrix and either titanium
or magnesium foil, will be examined.

There has already been a significant amount of study
done on aluminum by other researchers. Granick and Stern,
who used double cqntilever specimens tested in both air and
vacuum, did not find material damping to be stress
dependent in their vacuum results., 4 Also, their data dig
show damping values slightly higher than. those given by the
theoretical Zener mnodel. 5 However, they did not test
specimens with natural frequencies below the Zener
relaxation frequency.

12
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¥ Substantiating this trend, no stress dependence is seen in
i .= the data taken by Mohr.2 Like Granick and Stern, Mohr found ;
P }E ' damping values slightly higher than the Zener curve for ]
i f; ‘ specimens with a frequency above the relaxation frequency.

However, for a single specimen below the relaxation

frequency, the value of damping did not decrease as

A TR (W P

ke k

suggested by the Zener mcdel. ‘“This study will examine

alumirum specimens with frequencies below the Zener

relaxatior frequency.

e P kL

Work done by other researchers with composite materials

is harder to correlate since 1t it reported in many | j
: different ways and all the information concerning a

i ) particular composite tested is not always provided. Schultz

- and Tsail® found that damping depended upon fiber

orientation and would transform as the complex part of the

elastic modulus. However, their error between theory and

experimental results ranged from 14% to 37%. Putter, :
Buchanan, and Rehfieldl? showed that damping depended upon §

temperature, humidity, and ply orientation. Adams and !
8

dea ks

Bacon® demonstrated & very strong correlation between

e e el . -

fiber wolume fraction and damping. They also showed a

relationship between beam slenderness ratio and damping,
which correlated well with their theory on composite

damping. Mohr found damping for angle ply laminates to be

Fa
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only slightly dependent on stress and frequency. Mohr

reported reliable data only on the damping of [t45]25

E ' gspecimens. This study will concentrate on [0]g and [90]g
| ‘ ' -
; graphite/epoxy specimens made from AS1/3501-6 for
: correlation with data gathered by Mohr. '
T
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CHAPTER 2

EXPERIMENTAL DESIGN

2,1 Description of Apparatus

An experimental apparatus has been developed in the
Space Systems Laboratory (SSL) at the Massachusetts
Institute of Technology to quantify material damping of
candidate specimens for space structures. The apparatus,
called the Tuneable Excitation Launch Mechanism (TELM),
lofts the specimen into free-fall. This eliminates the
effects caused by support and excitation interactions., The
apparatus is contained within a seven foot tall circular
vacuum chamber. The vacuum eliminates any aerodynamic¢ drag
effects. The specimen to be tested is placed on a spring

loaded launcher. The launcher lofts the specimen into

free-fall. During the launch, the acceleration forces cause -

the specimen to deflect. Strain gauges on the specimen
measure the deflection as the specimen vibrates. The
apparatus was developed by Vorlicek1 and Mohr? with some
additional modifications made for this study. A complete
analysis of the launch dynamics was done by Mohr,?2

At the time of Mohr's work the apparatus consisted of a
spring loaded launcher that would loft the specimen into

free-fall. The springs were compressed by hand and an

electromagnet maintained the launcher in a “cocked"

et o heniie L b M b il e
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position. The amount of compression in the springs and the

distance the launcher could travel could be varied. The

' compression was changed by turning a threaded rod that ran

vertically through the launcher and had a steel plate
attached to the bottom. The electromagnet held the steel
plate when the launcher was cocked. The travel distance was
varied by moving a small nut up and down the threaded rod.
When the electromagnet relessed the launcher, the springs
forced the launcher up. The adjustable stopper nut would
impact a "striker plate" and stop the launcher, (fig 2.1)
At the same time the specimen was lofted into free-flight, a
terminal block was also lofted upward. This block served as
an attachment point for strain gauge wires that came from
the specimen. (fig 2.2) The entire apparatus was enclosed
by a six foot tall circular vacuum chamber made of plexiglas
with an inside diameter of two feet.

Based upon the experiences of Mohr, a number of changes
were made in the design of the apparatus. One of the
biggest problems encounterec was that the chamber had to be
opened up between each run 0 reset the launcher system.

The chamber then had to be pumped down again to the proper
vacuum before the specimen could be launched. If the entire
system could be reset and the launcher settings adjusted
from outside the chamber, the time between tests could be

reduced. To do this four subassemblies of the TELM had to

s vrasin L.
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be modified or developed:
1, The cockiﬁg mechanism was modified.
2. The stroke adjustment mechanism was modified.
3. A mechanism to reset the specimen on the l:auncher
following each test was developed.
4, A mechanism to drive the terminal block on a
trajectory identical to the specimen was developed.
A subassembly was designed that would automatically
compress the springs to recock the launcher. The
electromagnet which holds the launcher in the cocked
position had previously been fixed tc the bottom of £he
chamber. In the new modified design the e¢lectromagnet was
mounted on a plate, (fig 2.3) This plate had ball nuts
mounted on each end with worm screws running through them
allowing for controlled vertical translation of the
electromagnet assembly. To reset the system, a small motor
would turn the set of worm screws and translate the

electromagnet upward until it touchea the steel plate on the

bottom of the threaded rod. The magnet would then be

energized and hold the steel plate that was connected to the
launcher by a threaded rod. The worm screws would be
energized, drawing the electronmagnet and launcher downward,
compressing the springs. The worm screws were stopped at

the point when the proper compression was achieved,




Another subassembly was designed that would
automatically adjust the point at which the launcher would
' be decelerated so as to achieve the proper launch velocity.
The previous adjustment was done by turning by hand the nut
cthat was located on the threaded rod. This nut would impact
the "striker plate" that was at a fixed height, and the
launcher would stcop rapidly, lofting the specimen upward.
In the new design, the nut now would impact a hollow shaft
that is set in the striker plate. (fig 2.4) This shaft
could be moved up and down to set the height where the
- launcher way decelerated. A DC motor with a gear tt;in
turned the shaft. As the shaft turned, it would translate
vertically through the striker plate.

A third subassembly was dev2loped that would pluace the
specimen back onto the launcher after a test so that it
could be lofted again without the need for the operator to
break the vacuum and handle the specime¢n., The lower section
of the plexiglas chamber was replaced by a steel section,
This section had two ports through which mechanical arms
could be mounted, Each arm was sealed by 0O-rings at the
ports. Each aim *ad four doegrees of freedom and a small
claw on the end. These arms were only marginally
effective. 7The arm was difficult to control since the

vacuum would constantly try to pull the arm in, and the

claws did rot have much dexterity. In particular,
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if the specimen. became entangled in the strain gauge wires
the arms could not untangie it. The arms were removed and
the ports sealed after one of the covers for the 0-ring
seals cracked and begah to leak, For the remein&et of the
tests, the vacuum was releasead following the test and each
specimen manually reset on the launcher.

Another problem encountered bty Mohr was that the wires
connecting the strain gauges to the terminal biock often
broke. These breaks were usually caused by the terminal
block not matching the trajectory of the specimen. At other
times the magnet holding the terminal block would release
prematurely, snapping the wires, Mohr was using 24 inch
long, 39 gauge, enamel coated wire leading from the terminal
block to the specimen.

To solve the problem of the terminal block not matching
the trajectory of the specimen, a fourth new subassembly was
designed. This subassembly replaced the terminal block with
a smaller block on a wire and pulley system, driven by a DC
motor. (fig 2.5) Because of th: high initial torque
required to acce.erate the block, followed by an essentially
free-wheeling system, a special motor was needed. When
lofting the lightest weight specimen with the maximum spring
compression, the terminal block would be -accelerated to 16.4

feet per second in 13.86 milliseconds. This is an average

19




acceleration of 36.8 "G's". The motor had to have an
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electrical and mechanical time constant below 13,86

milliseconds, and sufficient torque to accelerate the

terminal block pulley system with the raquired force. A

RVl

printed cirncuit pancake motor was chosen that met the

et it A tabmimt ] Bl

performance requirements of the system, :

The motor was controlled by an 8 bit microprocessor.
The microprocessor would send a velocity profile to the
motor controller, which then would match this profile. The

micrprocessor also would control the electromagnet that was

"holding the launcher down. The microprocessor gave the

A AP AT TG T A TR T T

flexibility of changing initial velocity of the terminal

block and allowing for a delay between terminal block

acceleration and magnet release. This delay was necessary
when launching at some of the higher stress settings. The
maximum delay used was .0l seconds. A flowchart and copy of
the microprocessor program is found in Appendix A.

The problem of the wire breaking was not completely %
solved, although strain gauge wire reliability was
improved. The strain gauge wires were shortened to 18
inches and were soldered onto a four inch section of :
standard telephone cable at the terminal block end. The |

terminal block had a two-way female telephone plug mounted

20




on it, One side of the plug received ihe telephcne cable
with the strain gauge wires mounted on it. The other side
was attached to a ten foot long telephone cable, similes: to
that found on a standafd desk phone., As the ter;inal . ack
would travel up and down, this telephone cabie would be

stretched then would retract. There were fewer problems

TR I IR T oI Y = B T T - 1+

with wires breaking with this setup. Most breaks occured

e dut 1S

when the specimen would land and bounce in the bottom of the
chamber.

Other changes made to the apparatus were of a fairly
minor nature. The vacuum plumbing was redesigned to allow
more than one device to be run by the same vacuum pump. A

separate release valve was also added. Styrofcam padding

was put in the bottom of the chamber to cushion the specimen

when it landed. Spacers were designed to be put under the

springs so that the amount of compression could be

increased. A complete parts list is found in Table 2.1.

2.2 Specimens

The specimens tested were small beams. They varied in
length from 5.3 inches to 20 inches and in thickness from
.023 inches to ,062 inches. All specimens ware
approximately one inch wide. The specimens were made of

aluminum, graphite/epoxy composites, or metal matrix

21
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composites. Aluminum was tested to validate the system and

to validats a theoretical model of material damping. The

' graphite/epoxy and metal matrix were tested to develop a

data base on damping values and to validate theoretical
models.

A total of 24 specimens were tested during this study.
In addition to these tests, the results of tests run by Remy
Malan from June to August of 1982 will be reported. A
summary of Monar's work will also be included., All the

specimens were instrumented with BLH FDE-25-35-ES strain

-gauges. These gauges were mounted on the top and bottom

surfaces of the specimen at the midpoint. The gauges were
connected to the telephone wire by three 18 inch long, 39
gauge, enamel-coated wires.

In an effort to reduce the effect of the strain gauge
wires on the damping characteristics, a series of tests were
run with the strain gauge wires mounted near the center of
the specimen next to the strain gauge, and alternatively
with the strain gauge wires mounted at at the location of
the node of the first free-free mode shape. (fig 2.6)
Depending on the size of the specimen and the type of tests
in which the specimen was used, the wires were attached at

the specimen center or node as noted.
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There were nine aluminum 2024-473 specimens tested. The

dimensions of these specimens are listed in Table 2.2, The

specimens were chosen to represent different frequencies

along the theoretical Zener curve. The surfaces were sanded
and cleaned prior to initial testing to reliebe machining
stresses., Over the course of collecting data, most of these
specimens became slightly scratched. This was due to
impacting the side of the chamber or bouncing off portions
of the launcher when landing at the end of a test.

Specimens Al-1, Al-2, and Al-3 were tested with both center
mounted wires and node mounted wires. Specimen Al-4 was
tested with center mounted wires. Specimens Al-5, Al-6,
Al-7, Al-8, and Al-9 were tested with node mounted wires.

In addition to these tests, results of Mohr's aluminum .ests

will also be reported for comparison.

There were ten graphite/epoxy specimens tested. The
dimensions of these specimens are listed in Table 2.3. The
specimens were fabricated from AS1/3501-6 pre-preg tape.

The lay up sequence and curing cycle were done according to
standard TELAC procedures. These procedures are summarized
in Appendix B. All of the [0]g specimens were cut from the
same laminate sheet. One of these specimens was then cut to

successively shorter lengths to vary the frequency. One

- [90] g specimen was used and cut to successively shorter

23
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lengths to vary the frequency. The lengths for the [90],4
specimens were chosen to obtain essentially the same
frequencies as those tested in the [0]lg specimens. To
minimize moisture effects, the specimens were tested within
three weeks of initial fabrication and were stored in a
zero-humidity chamber following fabrication and between
tests. In addition to these tests, a summary of tests done
by Mohr on [£45]zs graphite/epoxy will be included. The
specimens Mohr used are listed in Table 2.4,

There were three metal matrix composites tested. The

- dimensions of these specimens are listed in Table 2.5,

These specimens were provided for test by HR Textron.

Details of fabrication are not known,

2,3 Data Collection and Reduction

The general data collection and data reducticn systems
were the same as those used by Mohr. The strain gauges were
mounted on the top and bottom surfaces of each specimen., A
complete analysis of the strain gauge bridge circuit is
contained in Appendix C. The bxidge voltage time history
was recorded on a digital oscilloscope and the data points
saved on floppy discs. There were 4096 points stored on
each test. The time interval between points varied
depending upon the frequency of vibratioﬁ. A minimum of

twventy points per cycle was used to insure accurate digital

24
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representation of the waveform,

The data was then transfered to a compﬁter system and

' digitally filtered. The digitial filter program was based

upon an equal ripple routine. AThe filter waé used as a low
pass filter to remove higher modes and systeh noise. The
filter parameters were chosen so that the mid-point of the
transition band was approximately the same as the mid-poit
between the first free-free frequency and the seocnd
symmetric, or third free~free, frequency. Other parameters
were chosen so as to maintain approximately 75 filter
coefficients. Some characteristics of the filtering are a
significant phase shift, no frequency shift, and a possible
small amplitude gain. This gain was a function of the
smoothness and width of the transition band and varied from

specimen to specimen. The amplitude gain was never more the

7% of the amplitude and normally less than 2%. Both the

unfiltered data and filtered data will be presented in this
report,. When there is no stress dependency, the filtered
data will be used for analysis since it usuélly provides a
smaller standard dgviation in damping results. When there
is a stress dependency, the unfiltered data will be
examined. A comparison of a typical data file that is

unfiltered and the same file filtered are found in figures

25
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2.7 and 2.8, A copy of this digital filter program is on
file in the SSL at MIT,
The unfiltered and the filtered data was then subjected

to a least-~squares curve fit of an exponentially decaying

sinusoid

u(t) = A e"%wt gin (ut + ¢) + B |
where A = amplitude

¢ = damping ratio c/cqp

w = frequency

¢ = phase angle

B = DC offset
In the fit routine, A, 7z, w, ¢, and B are al)l free
parameters. The program, called LSMARQ, is based on the
work of Marquardt.15 A copy of the program is on file at

the MIT Information Processing Center,

2.4 Test Procedure

The same test procedure was used fcr all specimens:

a) 1Initial compression and stroke adjustments were
determined for the particular specimen and stress level
using the procedure outlined by Crowley and Mohr .16

b) The specimen was placed on the launcher and was

checked to ensure it was sitting level.
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¢) The chamber was closed and evacuated to

approximately one torr. The chamber was then sealed off
_ from the pump. : A
| : d) The plate with the electromagnet was drawn up to %f

the steel plate attached to the launcher, and then drawn

é back down until the desired compression was obtained.

oot Cls

' e) The hollow shaft going through the center of the

striker plate was adjusted for the proper stroke.

f) The microprocessor was initialized for the desired

cigld body velocity and the desired delay between the

i e sl b g i ¢+ et e

et oo sl S At

terminal block acceleration and magnet release,

s s 7

g) The oscilloscope was set to collect data.

—

oate

h) The microprocessor program was executed,

i
accelerating the terminal block and releasing the L

electromagnet., The electromagnet release pulse was used
as the trigger pulse for the oscilloscope.

i) The data was visually inspected on the

R T e SRR ot B s
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t

oscilloscope, and if no problems were noted (broken wires,

specimen hitting side of chamber) the data was stored on i

floppy disc.

j) The atmosphere was readmitted and the procedure was

repeated.

k) If specimen trajectory and terminal block

et M it kbbb s

trajectory did not match, the compression and stroke

&djustments were modified, or the microprocessor program

constants were changed.

27




CHAPTER 3

EXPERIMENTAL RESULTS

3.1 Validation and Configuration Tests

The first series of tests were run to ensure that the
experimental apparatus was providing data in agreement with
previous results., This was done by testing thre« of the
aluminum specimens that Mohr tested.? During these
tests, these specimens had the strain gauge wires attached

at the center of the specimen, as in Mohr's work. The

‘values for Al-1, Al-2 and Al-3 obtained are from the

filtered data found in Table 3.1. Mohr's values for these
aluminum specimens are given in Table 3.2
In an effort to reduce the possible effects of the

strain gauge wires, a series of tests were conducted with
the same three specimens, but the strain gauge wires were
attached at the location of the node of the first free-free
frequency. The results of these tests are found in Table
3.3. Average values for Mohr's tests and the center wire
and node wire tests are compared in Table 2.4. The average
value was usually lower and the standard deviation usually
smaller using node wires. However, for specimen Al-1, the
average value and standard deviation were slightly higher

with node wires. Following these tests, the decision was
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made to use node wires in all tests, except when the mass of

the specimen was greater than the mass of sbecimen Al-1, or

‘ when, the same specimen would be tested at different

frequencies, causing the node to shift,

3.2 Aluminum Tests

Testing was now done on the remainder of the aluminum
specimens. All of these specimens had node wires except
specimen Al-4, the twenty inch long specimen. This specimen
was.the heaviest specimen tested. Since this specimen was
the longest tested, it was most likely to hit the side of
the chamber during flight and tumble. Experience showed
that center mounted wires were less likely to break when the
specimen tumbled than node mounted wires. This was also a

factor in deciding to use center mounted wires with specimen

. Al=4, The results of these tests are found in Table 3.5.

Specimens Al-5, Al-6, Al-7, and Al-8 have only unfiltered
data presented because of the high degree of stress
dependence. Specimens Al-4 and Al-9 have filtered data
presented since they did not exhibit stress dependence,.
Table 3.6 contains data collected by Malan using
specimens Al-6 and Al-~7, This data was analyzed using
Mohr's procedures. This data will be used with the data in

Table 3.5 for the analysis of the aluminum specimens.




3.3 Graphite/Epoxy Tests

To develop a data base and validate theoretical models

" for graphite/epoxy composite damping, experimental tests
must be conducted on a variety of ply lay ups, frequencies,
and stress levels. To remove the effect of shear coupling
terms, only symmetric lay ups have been tested
initially.2,8,12 Mohr tested [0)g and [:45],¢ specimens.
However, his data for the [0ig specimens was suspect because
of specimens curvature and strain gauge debonding. This

study tested [0lg and [90)g specimens so that, with Mohr's

[£45] g, damping data on three different symmetric ply lay
ups were available. Each specimen was tested at a variety
of stress levels. Different frequency specimens were tested

with each lay up. All graphite/epoxy data was filtered.

Tests were run on three different groups of
« aphite/epoxy specimens. The first group of specimens,
[0)g-1, [0]g-2, [0]g-3, and [0]g-4, were tested to determine

the eproducibility of results. They were all cut from the

ettt kMl et e

sar- laminate of graphite/epoxy [0]g and had similar
dimensions. The four specimens were all tested at the same
stress levels., Specimen [0]g-4 had wires attached at the

center, since it was used for frequency tests later. The

other three specimens had wires attached at the node.

Results of these tests are found in Table 3.7.




The next group of tests were using specimens [0]1g-4, i
[01g-5, [0)g=6, and [0]g-7. These tests were to determine
" the frequency dependence of the graphite/epoxy [9]3-
Specimens [0]g-4, [0]345p (0]g-6, and [0]g-7 were formed by
cutting specimen to successively shorter lengths. which

increased the frequency of vibration. An equal amount was

cut from each end. of the specimen. This left the strain
gauges still mounted at the center of the specimen, Strain

gauge wires were also mounted near the center, since the i

location of the node would change each time the specimen was
cut. Results of these tests are found in Table 3.8,
The last group of graphite/epoxy tests were done using

H specimens [90])g-1, [90]g-2, and [90]g-3. These specimens

were manufactured at the same time as the [0)g i

graphite/epoxy specimens. The strain gauge wires were b
attached at the center of each specimen. As with the %

previous group of tests, the shorter specimens were made by

cutting down the longer specimen, thus changing the i
frequency. Also, the strain gauge wires were attached at
the center of each specimen. The lengths of these specimens

were chosen so that each would vibrate at approximately the

same frequency as one of the [0]lg specimens. The stress

levei chosen for these specimens was to match the strain
level of the corresponding [0]lg specimen's tests.
Limitations of the
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TELM prevented testing a specimen that matched the frequency
of specimen [0]g-7. Results of these tests are found in
Table 3.9. The results of Mohr's [t45],4 tests on

different frequency specimens are found in Table 3,10.

These specimens were also obtained by successively cutting

down the longest [:45],5 specimen.

3.4 Metal Matrix Tests

The two metal matrix specimens with titanium foil,
P100/A291C/Ti and P55/AZ91C/Ti, were tested with center

wires attached. The original plan was to test these.

specimens at different frequencies by attaching tip weights

to the specimen. This was attempted with one of the
specimens. However, due to its increased mass, the specimen
was damaged by impact with the launcher when it landed.

This damage had not occurred when tip weights were not

used. No further tests were made with tip weights on any of
the specimens.

The metal matrix specimen with magnesium foil had wires
attached at the node. This specimen was not as stiff as the
other two specimens, therefore, it was tested over a much
broader range of strain values,

All of the data reported for these specimens is
unfiltered. No stress values are reported for these
specimens. The strain values were measured on the outer
surfaces of the foil on each of the specimens. Results from
these tests are found in Table 3.11l.
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CHAPTER 4
ANALYSIS
In this chapter theoretical models that pre;ict

material damping for metals and composites will be
examined. The experimental results from Chapter 3 will be
compared to these.theoretical models to determine the
validity of the theory. Aluminum results will be discussed
first followed by graphite/epoxy. The damping in metal
matrix specimens will be analyzed using both metal and

composite models.

4.1 Theoretical Model of Damping in Metals

The earliest models of material damping in metals used

a dashpot in parallel with a spring. (fig 4.1) This was

-known as a "Voight solid".3+5 However, it was found that

this model did not adequately predict the experimental
results.3'S In particular, the response of the system at
high frequency oscillations was incorrect.

A later model had a spring in series with the dashpot,
and the two of them in parallel with another spring. (fig
4.2) This model, known as a "standard linear solid", gave
much better results.3'> This model predicted the damping
would be at a peak for a frequency that w;s a function of
the spring and dashpot values, and would decrease for
frequencies that were either greater or less than the peak

frequency.
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Z2ener proposed that the actual mechanism that was

occurring was heat flow in the metal. According to 2ener,

" when the material vibrates at low frequencies, the

temperature gradient in the specimen remains approximately
zero, resulting in a nearly isothermal process. When the
material vibrates at high frequencies, the strain in the
material oscillates from compression to tension a%d back
again on a time scale shorter than that with which heat can

flow through the material resulting in an adiabatic

process., So at very low and very high frequencies the total

_heat flow in the material approaches zero, However,.there

is an intermediate range of frequencies where heat flows
through the material. This heating is a form of energy loss
and is a mechanism that causes material damping in metals,
The frequency at which maximum heating occurs corresponds to
maximum damping and is known as the relaxation frequency.
Zener's development was for body-centered cubic and

face-centered cubic materials.5

He did not address the
applicability of this theory for ény other crystal
structure. However, it may be¢ possible to extend this
theory to other crystal structures which have the same
atomic packing factor, For example, hexagonal close-packed
has an atomic packing factor of .74, which is the same as
for face-centered cubic.®

A full mathematical development of Zener's theory is

found in Appendix D. The final equations used to predict
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material damping are pfesented below. One of the advantages

of this theory'is that it can predict the material damping

' based upon known material properties. According to Zener,

the damping ratio can be expressed by

¢ = azET WwT (4.1)
2c 1 + (wt)

where
¢ = damping factor
a = coefficient of thermal expansion
E = Young's modulus
T = absolute temperature
¢ = specific heat/unit volume
w = frequency of vibration
T = relaxation time

and the relaxation time can be found by:

N

L O 42)

sz
where
h = specimen thickness

k = thermal conductivity

The inverse of 1 is the relaxation frequency, the frequency
where maximum damping will occur. Notice that this theory
predicts that damping is independent of stress level until

the yield stress is reached. Also, the relaxation frequency
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changes depending upon the thickness of the specimen. This
model will be used to correlate with the aluminum

" apecimens. It will also be used in the analysis of the

metal matrix composites, The material constants used in
these equations weve obtained from the MIL Handbook-5C, Vol

1, September 1976, 14
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4.2 Analysis of Damping in Aluminum

2al

The theoretical model proposed by Zener will now be
compared to the experimental results. Frequency and stress

dependence will be examined. Finally, possible explanations

for discrepancies between the theory and experimental
results will be discussed.

A plot of all the aluminum specimen's damping ratio as j

a function of frequency are found in figure 4.3. For
frequencies above the relaxation freguency the average
values and one standard deviation bars are shown. For
frequencies below the relaxation frequency the range of
values are shown. The upper limit on these ranges should
not be considered as a maximum value of damping, but rather
as the value obtained for the maximum level of stress at
which the specimens were tested.

The aluminum specimens were observed to have very
different behavior depending upon whether'their frequencies

were above or below the relaxation frequency. All of the

specimens tested with a frequency above the relaxation
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frequency showed no stress dependence as can be seen by
examining Tables 3.1, 3.2, 3.3, and 3.4, The average
damping ratio of these specimens followed the Zener curve,
which corresponds to results obtained by other Q;searchers.

The specimens with a frequency below thé relaxation
frequency showed that damping was highly stress dependent
and their damping. ratios did not follow the Zener curve. A
plot of the specimens with a frequency below the relaxation
frequency is found in figure 4.4. Points shown on this plot
represent an average value of damping ratio over a range of
+5 KSI for the sbecimen represented. This plot shows that
the damping ratio was increasing with increasing stress for
all four of these specimens. However, the value of damping
at very low stresses may be the same for all specimens. The
damping ratio is constant or slightly increasing until
approximately 8 KSI when the damping begins to increase
rapidly with stress.

No research conducted on specimens with a frequency
below the relaxation frequency could be found for beams in
vacuum. Granick ;nd Stern tested specimens that had
frequency as low as 15Hz., However, because of the thickness
of these specimens, all frequency vataes were above the
relaxation frequency. Mohr tested one specimen that had a
frequency slightly below the relaxation frequency. The
damping ratio of this specimen was significantly greater

than the predicted Zener value,
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The reason for this deviation from the Zener theory is
not clear. This is the region where Zener said the
" vibrations would cause isothermal heating through the
é : specimen. Either the heat is being dissipated as it flows

from one side of the specimen to the other, or another

phenomenon is occuring. The possibility of yielding in the

t
E specimen was investigated. Yield stress for aluminum
B .

2024-T3 is 42 KSI., Granick and Stern found that damping

it shda s e e ke

ratio increased for aluminum 2024-T4 when tested at stress

levels above 35 KSI, but none of the specimens in the :

‘current investigation were tested above 20 KSI.

4.3 Theoretical Models of Damping in Composites

Material damping of composite materials cannot be

treated in the same way as metals. Composites are neither

o i b e < L al

isotropic nor homogeneous, so properties change depending j
upon the fiber orientation, volume fracticn, and materials %
used. For this study, three different models of composite 3
damping will be used in the analysis of damping in ’
graphite/epoxy and metal matrix specimens. The results

obtained using these methods will then be compared.
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For this study,. three different models of composite damping
will be used in the analysis of damping in‘graphite/epoxy
and metal matrix specimens. The results obtained using
these methods will theh be compared.

The first model will be a Rule of Mixtufes

- calculation®
g = Ve oge v Vo To (4.3)
when
Vg = fiber volume fraction
Vp = matrix volume fraction
tg = fiber damping ratio
¢m = matrix damping ratio

In this case, it is assumed that the damping in the matrix

is much greater than the damping in the fibers, therefore,

. the damping can be approximated by

A

(4.4)
This model is independent of fiber orientation and fiber
damping characteristics.

The second quel was proposed by Hashin’ and is based
upon a transformation of complex moduli. This model assumed
a unidirectional composite, although the composite principle

axis did not need to be aligned with the .specimen

longitudinal axis. Hashin also assumed the fibers were

'
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brittle and therefore did not contribute to the damping.
Because of this, the imaginary part cof the fiber modulus is

" zero. Hashin started with a Rule.of Mixtures equation for

complex moduli

*
Ell = Ef Vf + Em Vh (4;4)

i

He then separated this into real and imaginary parts

R R

Ey; = Eg vf + Ep vm (4,5)

Eyy” = Ep” Vp (4.6)'
‘The loss tangent is defined as the imaginary part of the
modulus divided by the real part of the modulus, and is

proportionai to the damping ratio. The leoss tangent for ttre

composite is then

I
E v
tan GE = m mﬁf (4,.7)
Ef Vf + Em Vm

Now rearranging terms and substituting in the value of the

loss tangent for the matrix

8 I
m
tan Sm =;-§—- (4.8)
m
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gives the equation

tan 6
tan GE = — m (4.9)
£

Since the loss tangent is proportional to the damping ratio,

we have an expression for the damping ratio of the

!: compousite:

R
E
b
b
[y
‘

4
st RV, - - (4.10)
En Vm ]
where Tm = the damping ratio of the matrix Q
E¢ = Fiber axial Young's modulus :
En = Matrix Young's modulus

ve = fiber volume fraction

vm = matrix volume fraction

e e el b L

The third model was proposed by Adams and Bacon and is

‘"based upon a combination of Hashin's equation using the
complex moduli and the shear stress caused by flexure.®

- This model is also restricted to unidirectional composites.

.

In this model the specific damping capacity ‘of a composite

, in the sum of the axial damping capacity, found using
Hashin'sequation, énd the shear damping capacity. The shear
damping capacity is the result of the energy dissipated in

each cycle because of shear. A complete derivation of this

Y o R T ST
et ekl it el W st ot

shear damping capacity is found in the reference by Adams

and Bacona.
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ratio, so the

The damping capacity is proportional to the damping

equation for the shear damping ratio is:

2
! : L/2 a3 w (4.11)
" G2 S C 3/ &
0 X :
ts T 2 : 2
. 2 (3 w) ax + 12 (/2 (3 w) ax
0 ax5 By h2 0 ax_r
w =.mode shape
h = specimen thickness
L = specimen length
Ey;™ Composite Young's modulus along primary
axis
G12= Composite shear modulus
g12= Longitudinal shear damping ratio

4.4 Analysis of Damping in Graphite/Epoxy

questions will

resultswill be

these factors.

When analyzing the damping in graphite/epoxy, there
were a series of questions to be addressed. The first
question concerned the reproducibility of rgsults. Next
were the gquestions of stress, frequency, and fiber |
orientation dependence of damping. Finally the validity of

the theoretical models was to be checked. Each of these

be discussed, and where applicable, the

compared to that of other researchers. All

tests were performed at roc- temperature and near zero

moisture content to remove any dependence of damping on

42
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The first gquestion dealt with the reproducibility of

the results. When composites are made there are often tiny

' voids, broken fibers, and misaligned fibers that can

possibily affect the characteristics of a specimen.9 To
investigate the effects these non-uniformities might have on
damping, four specimens were constructed to be as' similar as
possible, [0)g-1, (0])g-2, [0]g-3, and [0]g-4. These
specimens were cut from the same sheet of laminate with
nearly identical dimensions. Therefore, four specimens had

nearly the same frequency of vibration. 1In all four

-specimens, the damping ratio was not dependent upon stress.

The average values and the standard deviation were
approximately the same for all four specimens, as can be
seen in Table 4.1. Although the difference between the
highest value of damping ratio and lowest value of damping
ratio is .00013, or 25% of the damping ratio; the largest
standard deviation is only .00009, or 18% of the damping
ratio.

The next questions was to determine frequency
dependence of the damping ratio in [0]g graphite/epoxy.
Specimen [0]g-4 was cut to successively shorter lengths,
thereby changing the frequency but keeping the volume
fraction, width, thickness, and internal non-uniformities of
the specimen constant. There was little change in the

damping ratio with frequency as can be seen in Figure 4.5,
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The average value of damping ratio along with a one standard

deviation bar, and the highest and lowest value obtained for

each speciman are plotted in figure 4.5, 1In each of these

tests of [0)g specimens, damping ratio was independent of
stress level. Putter, Buchanan, and Rehfield found a value
of ¢ = .00062 for their [0],, specimens of graphite/epoxy
which compares very well with these values,12
Another set of tests of material damping as a function

of frequency were conducted with [90)g graphite/epoxy.

Again the longest specimen was cut to successively shorter

"lengths. As can be seen in figure 4.6, material damping

does depend on frequency in the [90]g specimens. Increased
frequency leads to increased damping. lowever, again there
was no stress dependence for the damping ratio of a
particular frequency specimen.

The r .t question was whether the damping ratio
depended on fiber orientation. The results of the [0]s
tests and the [90]g tests will be used along with tests
conducted by Mohr on [t45],5 specimens.? There are
currently few theories that predict damping for other than a
unidirectional composite. Schu.tz and Tsai had studied the
relaticnznip oY Eiber orientation, but limited themselves to
unidirectional lay ups. By using Mohr's .[:45],4 data,
this study will b- nsing symmetric lay ups. A plot of
Mohr's data is f.» .d in figure 4.7 for four frequencies, As
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can be seen by comparing figures 4.5, 4.6 and 4.7, there is

an order of magnitude difference in damping‘ratios between

" the [0]g and the cther two orientations for the freqguency

and stress ranges testéd. Notice that the sﬁress ranges
tested in the [90)g specimens were set to cofrespond with
the strain levels tested in the (0]; specimens. The values
for three fiber orientations at approximately the same
frequency are shown in figure 4.8.

The final qQuestion was how well does theory match the
experimental results. 1In all three theories, the value of
damping for the matrix is needed. Unfortunately, the
manufacturer of the pre-preg tape used in the graphite/epoxy
specimens did not have any information on the damping

characteristics of the epoxy. In order to still test the

theoretical models in at least a limited fashion, the models

were used to back calculate a value for the matrix damping,
assuming the fiber contributed no damping. The values from
each specimen were then compared to each other to see if the
values of matrix damping were approximately'the same value,
Consistent values pf matrix damping calucuiated from
different tecsiz in this manner would be a necessary
condition for verification of the analytic model. Since
these theories are all limited to unidirectional composites,

the [%45),5 data will not be used.
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Applying the three theories of damping in
unidirecticnal laminates to the damping values for [0]4-1,
[(0)g-2, [0)g-3, and (0] g-4 yields back-calculated values for
matrix damping for each specimen and theory. These values
and their average are found in Table 4.2 The average will
be used as a reference value for comparison with pther test
results,

Values of matrix damping can also be found from the [0]4
specimens of differing frequency, as shown in Table 4.3.

when applying the three theories for composite damping, the

" values obtained are all close to the reference values for

the appropriate theory as derived from the specimens of
similar geometry. There is a trend in all three theories
towards slightly lower values of matrix damping with higher
frequency.

Finally the [90)g frequency specimens are used to
obtain matrix Jdamping values (Table 4.4). The results are
significantly different from the reference values of Table
4.2, Not surprisingly the values for matrix damping are
increasing with frequency just as the specimen damping
value did. The rule of mixtures method gave values that are
an order of magnitude different from the referenceaverage
values. The other two theories gave values below, but
within 20% of, the ref2rence average values, Also, the
effect of shear is virtually unnoticable in these specimens.

Therefore there is no difference in the values for tha two
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theories using complex moduli, one which accounts for shear

damping and the other which omits this effect.

In an effort to determine how accurately these theories

predict damping, it is'interestinq to compare the matrix

damping back-calculated from theory with actual measured

values of damping for other epoxies. Georgi quotes a matrix

damping value of .01l and Schultz and Tsai have values of
.0162 and .0193 for the frequency range that was tested in
their experiments. These values are lower than the values
obtained here. However, since those values are for a
different epoxy, definite conclusions can rnot be drawn.
One other significant result is that the real part of
the composite mo§ulus is significantly below the modulus

obtained from static tensile testing. This is in agreement

with results obtained by Turnerl3, By using the frequency

of vibration, specimen dimensions, and mass, the real part

of the modulus can be back-calculated using the relation

3 2
E = __!_E;_EE_ . (4.12)
(22.373)°I

where

M = mass

L = length

w = frequency of first free-free mode

I = moment of Inertia
The calculated values of the real part of the modulus are
found in Table 4.5.
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4.5 Analysis of Damping of Metal Matrix Material

The daca for damping in metal matrix material will be
" examined to datermine what trends are evident, and will be
) i compared with the theoretical models discussed in this
report.
The data for the two specimens with titaniuq foil,

P100/A291C/Ti and P55/AZ91C/Ti, showed no stress level

TR T

dependency. This is shown in Talble 3.11, However, the

strain range involved was fairly small due to limitations of

G- g - - I oA

the TELM. The specimen with magnesium foil, P100/A291C/Mg,
: | - showed a very slight stress dependence. This was over a

strain range of 36 us to 176 us as shown in Table 3.11.

Stress values are not reported because the stress

distribution through the metal matrix is not known,

Frequency dependence could not be tested for any of these
specimens since only one specimen was provided, and its
geometry could not be altered. The order of magnitude of

the damping ratio for all of these specimens is the same as
both aluminum and [0]g graphite/epo#y.

The damping ratios for all of the specimens were
compared to theoretical Zener values for magnesium A291C,
which is the matrix being used. This was done by assuming
the specimens are made entirely of magnesium, but have the
same dimensions as the ones tested. The theoretical and the

actusl damping ratios for esach specimen are plotted in
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figure 4.9. The two specimens with a frequency above the

S relaxation frequency, P100/AZ91C/Ti and P55/AZ91C/Ti, J

' - exhibit the same characteristics that aluminum showed. That
is no strain dependence, and a value slightly above Zener's
predicted value., The specimen with a frequency below the
relaxation frequency, Pl100/A291C/Mg, does not behave the way
aluminum did. The average value is slightly below the !

predicted Zener value, but the lowest extreme is well below

the Zener model value. The much larger standard deviation ;
for this specimen can be at least partly attributed to the

fact that this specimen was the lightest specimen tested.

Therefore, any experiement interference due to the apparatus

would probably have a greater effect on this specimen than A

on any other, It should be noted that the Zener theory is

based on a crystal structure of body-centered cubic or

" face-centered cubic, and magnesium is hexagonal close

packed. Therefore, the Zener model may not be appropriate

for magnesium,

To adequacely compare the experimental results with

theoretical models for composite damping, more information

e e o At e tt

on the specimens is required. 1In particular, volume

P

fraction and shear modulus are needed, and the effect of the

foil must be determined. Since no details on the

s WA Y e

manufacture of the metal matrix specimens were available,

some assumptions were made. First, the only speéimen used

for theoretical validation was the specimen with the
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tagnesiun foil, PlOd/Az9lc/Mg. The specimens with titanium
foil involved too many unknown quantities, whereas the

" specimen with the magnesjium foil was at least limited to

g T S AN

just two materials, graphite fibers and magnesium matrix and

L

foil. The fiber volume fraction of this specimen was

estimated at .15 using a rule of mixtures calculation on the

r

T

modulus

RPN

R
A

Eyy = Bg Ve + Ep Vo (4.13)

where Ej) Wwas back-calculated from the fregquency of

vibration. The specimen was assumed to be unidirectional

‘with the composite principle axis parallel to the specimen

longitudinal axis. Finally, the shear modulus was assumed

equal to that of the magnesium shear modulus. .

The results of using the theoretical models of

composite damping are found in Table 4.6. The value used

for the matrix damping was the theoretical Zener value. The

rule of mixtures calculation is close to the experimental

results, while the complex moduli and shear effects theories
are significantly greater. This difference could be due to
the theory leaving out some effect, the value for magnesium

damping being wrong, or characteristics of the composite

PP PRI RORIP

assumed for the calculations being in error.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS 1

e

5.1 Conclusions

The experimental data leads to the follbwing
conclusions:

1. Material.damping in aluminum 2024-T3 follows the

PP R T ISR

Zen2ar curve for frequencies above the relaxation frequency.

In this region the damping is independent of stress level up

ks

to approximately 16 KSI, or 1500 us,

2. For frequencies below the relaxation frequency,
aluminum 2024-T3 does not follow the Zener curve. There is
a strong dependence on stress levels as low as 8 KSI, or

750 us, and a slight frequency dependence. There appears to

be a lower bound in the damping that is approximately the

S U TR SO /IR

same as the maximum value for damping that the Zener model
predicts.

3. Material damping in graphite/epoxy [0]g was found
to be independent of stress and indepandent'of frequency.

Damping ratios ranged from .049% to .064% with an average of

.056%. The stress range tested was from 0.3 KSI to
12.8.KSI, 20 us to 775 us, and the irequency range was from
45 Hz to 237 BHz. |

4, Material damping in graphite/epoxy [90]g was

independent of stress and slightly dependent on frequency.
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increasing with increasing frequency. Damping ratios F

ranging from .55% to .66% were obtained. The stress ranges

M, AU TR T e L

" were from 0.009 KSI to 0.84 KSI, 7 us to 675 ps, and the

frequency range was 43 Hz to 143 Hz.

Bl o R Ll

5. Dynamic modulus for graphite/epoxy [0]g was
approximately 15% lower than static modulus. Dynamic ' 5
modulus for graphite/epoxy [90]g was also approximately 15%
lower than static modulus.

6. Hashin's theory for damping in unidi:ectional

o Ravihitl: . AN e, SRMRECL L L R

i composites gives consistent values for matrix damping when

"applied to graphite/epoxy [0]lg and [90]g. No statement can
be made concerning whether the addition of shear effects is

beneficial or not.

7. Damping ratio for metal matrix P100/AZ91C/Ti is

independent of strain over the range 17 uys to 47 uys. A

value of .039% damping ratio was found at a frequency of 494

Hz.

8. Damping ratio for metal matrix P55/AZ91C/Ti is

et

e e et

K i : independent of strain over the range 37 uys to 61 us. A
: value cf .039% damping ratio was found at a frequency of 401
Hz,

9. Damping ratio for metal matrix P100/AZ91C/Mg may be

slightly dependent on strain over the range 36 us to 176 us

o R AR, I N ST AT U 1wt
| S " S A i 1t 1o

52

e s o




) TP

b
%
b

:
¢
A
!_'

T VRt S

An average value of .099% was found at a frequency of 138

Hz.

5.2 Recommendations

l, Further testing should be done on aluminum
specimens with frequencies below the Zener relaxaFion
frequency. Stress ranges from near zero to near &ield
should be investigated.

2, Other metals with cubic crystal structure should be
tested to determine whether they follow the Zener curve.

3. Further testing should be done with unidirec¢tional
graphite/epoxy specimens that have a lower slenderness ratio
to determine the validity of the use of shear effects when
predicting the composite damping ratio.

4. The value of the damping ratio of the epoxy resin
should be determined, With this value the theories
involving complex moduli could be validated against
experimental data.

5. A theoretical mcdel for predicting compcsite
Jamping that is vali¢ for othe: than unidirectional
composites should be developed.

o, Further study of metal matrix composites should be
done to increase the dat: base and tc detarmire if the
damping charactefistics should be modeled‘as thoae Qz 2 pufe

metal or those of a composite.
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Device

Vacuum Pump
Vacuum Gauge
Microprocessor
Electromagnet

D. C. Motors

Tachometer
Controller

Power Supplies

- Battery

(for strain
gauge excitation)

Strain Gauges

Oscilloscope

TABLE 2.1

EQUIPMENT LIST

Manufacturer

Kinney

Stokes

S.D. Systems
Edmund Scientific
Globe Industries
Photocircuits
Barber Coleman
PMI

ORD, Inc.

Kepco

Power/Mate
Power/Mate
Heathkit

Globe

BLH Electronics

Model Number

KD-30

276AA~Lo7

280 Starter Kit

71936

SO 9667
J9M4H/U6

CYQM 43210-41-5

uéeT
MP-1
ABC 15-1 M

PT - 15A
BPA - 10 D

GC626

FDE-25-35-ES

Nicolet Instruments . 206
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SPECIMEN

Al-1l *
Al-2 *
Al-3 *
Al-4
Al=5
21-6 **
Al-7 **
Al-8
Al-9
Al-1Q***

* specimens also tested by Mohr

TABLE 2.2

ALUMINUM SPECIMENS

LENGTH
IN
18.00
14.00
6.00
20,00
18.94
14.00
10.00
8.00
6.00
10.00

WIDTH
IN
1,00
1.00
1.00
1.00
1,00
1.00
1.00
1.00
1.00
1.00

THICKNESS
IN
.062
. 062
.062
.062
.031
.031
.031
.031
.031
. 061

** specimens also tested by Malan

*** specimen tested only by Mohr

SPECIMEN

(0)g-1
[0]8-2
[0]g=3
[0]g-4
[0]g=5 *
[0]3-6 *
(0]g=7 *
(90] g-1
[90]8_2 L X
[90] g-3 **

* gpecimen [0]8-4 cut to a shorter length
#* gpecimen [90]8-1 cut to a shorter length

TABLE 2.3

GRAPHITE/EPOXY SPECIMENS

LENGTH
IN
17.75
17.78
17.75
17.75
13.88
10.00
7.88
9.66
7.34
5.31

WIDTH
IN
1.01
0.99
1,01
1.00
1.00
1.00
1.60
1.00
1.00

1.00

THICKNESS

. IN
.042
041
.042
.043
.043
.043
.043
.041
.041
»041

MASS
SLUGS (10~3)
3,409
2.652
1.136
3,789
1.794
1.326
0.947
0.758
0.568
1.894

MASS

SLUGS (10~3)

1.297

1,245
1,291

1.301
1.020

0.735
0.579

0.683
0.519

0.375
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TABLE 2.4 ‘
| MOHR'S [$45),5 GRAPHITE/EPOXY SPECIMENSZ

mass/unit length = 7,331 x 10”3 slugs/in.

Specimen Leﬁgth Width Thickness
; : (in) (in) (in)
(245541 18.00 0.99 .041 .
[£45]p¢-2*  14.12 0.99 .041 3
[£45]26-3*  10.00 0.99 .041 i
[145]23*4* 5.97 0.99 .041
*Specimen [$45],5~1 cut to a shorter length i

TABLE 2.5

METAL MATRIX SPECIMENS j

SPECIMEN LENGTH WIDTH  THICKNESS MASS
IN IN IN SLUGS (1073)

P100/AZ91C/Ti  6.00 1.00 .044 0.624

P55/AZ91C/Ti 6.10 1.00 .045 0.630

P100/AZ91C/Mg  8.00 0.96 .023 0.363

hm e B
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TABLE 3.1

DAMPING IN ALUMINUM SPECIMENS WITH CENTER.WIRE ATTACHMENT
(VALIDATION TESTS)

; Specimen Frequency Damping Ratio Stra%n Stress
i rad/sec : 4 107 KS1
Lo Al-1 248.5 .001222 1060 . 11.1
i Al-1l 248.5 .001226 1078 11.3
s Al-1l 248.3 .001191 1078 11.3
P Al-1 248.3 .001210 1084 11.4
P al-1 248,3 .001201 1127 11.8
k Al-1 248, 2 .001257 1144 12.0
' Al-1 248.4 .001273 1148 12,1
E Al-l 248.2 .001264 1150 12,1
Al-1 248.2 .001184 1195 12.5
Al-1 248,0 .001293 1215 12.8
Al-1 248,2 .001282 1221 12.8
Al-1l 247.9 .001094 1227 12.9
Al-1 247.9 .001241 1230 12.9
Al-1 247.9 .001210 1282 13.5
Al-1 248.0 .001235 1289 13.5
Al-1 247.7 .001323 1310 13.8
Al~-l 247.7 .001203 1362 14.3
Al-1 247.8 .001227 1368 14.4
Al-1 247.4 .001145 1399 14.7
Al-1 247.5 .001183 1448 15.2
Al-1 247.6 .001245 1458 15,3
Al-2 412,3 .0009700 174 1.8
Al-2 412.2 0011247 175 1.8
Al-2 412,2 .0009872 175 1.8
Al=-2 412,3 .0009432 176 1.8
Al-2 412.2 .0010359 190. 2.0
Al-2 412.3 .0009261 196 2,0
Al-2 412.3 .0009631 192 2,0
Al-2 412,3 .0011157 193 2.0
Al-2 412.2 .0010474 207 2,2
Al-2 412.3 .0010089 211 2.2
Al-2 412.1 .0011759 3i0 3.3
Al-2 412.2 .0012268 314 3.3
Al-2 412.2 .0010622 329 3.5
Al-2 412,2 .0010060 341 3.6
Al-2 4)2.1 .0011863 342 3.6
Al-2 412,2 .0011916 348 3.6
Al-2 412.2 .0010756 -361 3.8
Al-2 412.2 .0009992 371 3.9
Al-2 412.1 .0011543 378 4.0
Al-2 412,2 .0011888 384 4.0
Al-2 412.2 .0011510 395 4.1
Al-2 412.2 .0009927 403 4.2
59
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' 1
i TABLE 3.1 (Continued)
i DAMPING IN ALUMINUM SPECIMENS WITH CENTER WIRE ATTACHMENT
; (VALIDATION TESTS)
? Specimen Frequency Damping Ratio Stra%n Stress ]
; rad/sec T 10~ KSI )
| Al-3 2247 0004349 18.9 .20 |
; Al-3 2247 .0004690 19.0 . .20
f Al-3 2246 .0003677 20,3 .21 ;
5 Al-3 2246 .0005095 20.4 .21 1
E al-3 2246 .0005404 21.7 .23
E Al-3 2247 .0002231 22.0 .23
4 Al-3 2246 .0002529 22,2 .23
1 Al-3 2246 .0006915 24.1 .25 ,
L Al-3 2247 .0004535 26.5 .28 ]
i Al-3 2247 .0005094 31.0 .33
Al-3 2247 .0004707 31,5 .33
Al-3 2247 .0005079 33.6 .35 1
Al-3 2247 .0004353 35.6 .37 3
Al-3 2247 .0003631 37.0 .39 :
Al-3 2247 .0004720 40.7 .43
Al-3 2246 .0003275 44.5 .47 :
Al-3 2246 .0003905 48,2 .51 '
s
1 ,
[ !
H
1 i
3 2]
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TABLE 3.2

SUMMARY OF DAMPING IN ALUMINUM SPECIMENS WiTH CENTER WIRE
ATTACHED AS REPORTED BY MOHR? °

Specimen Frequency Damping Ratio Stress
rad/sec T KSI
. Al-1 248.8 .00120209 13,94
Z .00111602 12,74
: .00118282 11.58
é : .00111504 7.73 ]
: .00111425 7.08 _
: .00112549 6.50
Al-2 411.4 .00105498 18.09 :
.00103198 15,82 i
.00102788 13,70
.00101322 6.99
.00103550 6.13 ,
.00106383 5,32 5
.00104420 5.07 :
.00106423 4.39 :
.00108520 3.89
Al-3 2246 .00037952 2.17
' .00039311 1.95
.00029632 1.86 !
.00030515 1.77 1
.00030319 1.72 3
.00034681 1.58 3
.00025401 .93
.00031441 .89 ' ;
.00031991 .84 ;
Al-10 807.2 .00665232 9.03 ?
.00065044 7.62 :
.00063527 6.54 :
.00059834 3.71 g
.00063423 3.25 ;
.00067457 2.85
.00069104 1.26
.00062124 1.08
.00062533 .94
i
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; TABLE 3.3

E ' DAMPING OF ALUMINUM SPECIMENS WITH NODE WIRE ATTACHMENT

]

| Specimen Frequency Damping Ratio Straén Stress

rad/sec z 107 KSI

: Al-1 249,1 . +0012501 558 5.9 !

i Al-1 249,0 .0011928 580 6.1

X Al-1 249.0 0012324 581 6.1

. : Al-1 249.3 0012643 591 6.2

f Al-1l 249,1 ,0012541 594 6.2

£ Al-1 249,0 .0012205% 616 6.5

L Al-1 249.0 .0012485 618 6.5

1 Al-1 249,3 0012421 629 6.6 4

§ Al-1 249,1 .0013190 632 6.6 ]

k Al-1 249.0 »0012002 654 6.9

x Al-1 249.2 .0012303 669 7.0

e ‘Al-1 248.4 +0013093 1160 12,2 ]

: Al-1l 248,32 .0013141 11¢3 12,2

£ Al-1 248.3 .0012111 1172 12,3

- Al-1 248,4 .0011969 1177 12,4

i Al-1 248,.2 +0012429 1236 13,0 é
Al-1 24R,2 0011442 1237 13.0 j
Al-1 248,2 .0012298 1246 13,1 ‘
Al-1 248.2 .,0012851 1251 13,1
Al-1 248.1 .0011092 1317 13,8 §
Al-1 248,0 .0012081 1324 13,9 i
Al-1 248.1 +0011092 1331 14,0 !
Al-1 248.0 .0012300 1335 14,0 !
Al-1 248.0 0012521 1335 14.0 :
Al-1 248.0 »0012509 1349 14,2 :
Al-1 248.0 .0012974 1349 14,2 :
Al-1 247.9 .0012129 1421 14,9 3
Al-1 247.8 .0012978 1421 14.9 ;
Al-1 247.8 »0012980 1439 15.1 i
Al-1 247.8 ,0013103 1439 15,1 i
Al-1 247.6 .001215) 1516 15,9 j
Al-1 247.6 .0011758 1529 16.1 i
Al-1l 247.6 .0012390 1533 16,1 . !
Al-2 412.5 .0009685 200 2,2 .
Al-2 412,.2 .0010852 208 2,2 "
Al-2 412.4 .0009689 209 2,2 ;
Al-2 412.5 .0009626 213 2,2 !
Al-2 412.4 .0010525 216 2.3 !
Al-2 412.2 .0010565 226 2.4 i
Al-2 412.4 .0010496 227 2.4 !
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DAMPING OF ALUMINUM SPECIMENS WITH NODE WIRE ATTACHMENT

Specimen

Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-2
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
al-3
Al-3
aAl-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3
Al-3

Frequency Damping Ratio

rad/sec

412.4
412,2
412.4
412,5
412,3
412.4
411.9
412,2
412.4
412.0
411.9
412,.2
412.3
412.0
411.8
411.9
2249
2249
2246
2247
2248
2246
2248
2247
2247
2247
2247
2248
2248
2249
2248
2248
2250
2250
2249
2249
2248
2249

14

.0010013
.0010300
.0011030
.0010279
.0011055
.0010733
.0011006
.0011318
.0010118
.0010596
.0011922
.0011614
.0010330
.0010996
.0012359
.0010204
.0003404
.0004235
.0001802
.0002103
.0000988
+0003704
.0001742
.0004038
.0002429
.0002188
.0001996
.0004310
.0003921
.0003920
.0003504
.0003976
.0003850
.0004083
.0004038
.0002446
.0003949
.0003373

63

TABLE 3.3 (Continued)

Strajn

107

235
246
246
250
360
368
393
395
400
410
431
433
435
449
474
492
16.5
17.5
18.9
20,2
20.8
20,9
22,1
23,9
26.4
27.7
29,8
47.6
48.6
51.3
52.3
53.8
54.9
55.3
57.9
58.7
59.5
59.9

Stress

KSI
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SUMMARY OF ALUMINUM DAMPING RESULTS IN VALIDATION PROCEDURE

SPECIMEN

Al-l
Al-2
Al-3

TABLE 3.4

CENTER WIRES
(MOHR'S RESULTS)

.00114
.00105
+000324

CENTER WIRES

(CURRENT TESTS) (CURRENT TESTS)

.00123
.00107
.000436

NODE WIRES

.00124
+00106
+000326
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Specimen

Al-4
Al-4
'Al-4
Al~4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-4
Al-5
Al-5
Ai1-5
Al-5
Al-5
Al-5
Al-5
Al-=5
Al-5
Al=-5S
Al~5
Al-6
Al-6
21-6
Al-6
Al~6
Al-6
Al-6
Al~-6

TABLE 3.5

MATERIAL DAMPING IN ALUMINUM SPECIMENS

Freguency Damping Ratio

rad/sec z

201.,5 . .0013330
201.4 .001049%¢
201.5 .0012644
201.4 .0012506
201.4 .0012720
201.3 .G013179
201,4 .0013318
201.4 .0012444
201.3 .0012590
201.2 .0012302
201,53 . .0012080
201.0 .0012182
200.9 .3013000
200.9 ,0013018
200.8 .0012413
200.8 ,0012641
200.8 .0013044
200.7 .2013012
200.7 .0012254
200,6 ,0013000
200.6 .0012353
111, .0023742
110.9 .0026207
110.8 .0025151
120.6 .0027838
110.5 .0030827
110,4¢ .0035275
110.4 .0030750
110.5 .0036301
110.2 .00327109
109.9 .0046911
110.0 .0045881
203.1 .0017529
203.8 .0014728
204.1 .0014586
203.7 .0018114
203.6 .0017429
203.7 .0016393
203.7 .0014547
203.9 .0015092

65

Stra:r
10-6"

748
786
807 .
813
820
857
861
862
897
902
567
1056
1101
1106
1110
1160
1166
1169
1201
1222
1227
812
891
910
951
953
1002
1012
1021
1044
1118
1138
762
811
825
829
835
844
863
870

Stress
KsI
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MATERIAL DAMPING IN ALUMINUM SPECIMENS

Specimen

Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al-6
Al~-6
Al-7
Al-7
Al-7
Al-7
Al=7
Al-7
Al-7
Al-7
Al-7
Al-7
Al-7
Al-7

N

TABLE 3.5 (Continued)

Frequency Damping Ratio

rad/sec

204.0
203.6
203.5
203,5
203.5
203,8
203.8
203.8
203.4
203.4
203.4
203.3
203.,8
203.4
203.2
203.3
203,2
203.6
203.2
203.2
203.1
203.0
203.1
203.4
202.7
202.6
202,7
203.1
401.8
401.1
401.1
401.3
401.2
400.9
401.3
401.6
401.1
401.3
401.8
401.0

r

.0016279

.0016514
.0018751
.0018245
.0017841
.0016685
.0015918
.0016180
.0019003
.0018181
.0018255
.0019362
.0018016
.0019694
.0020630
.0020519
.0020465
.0017430
.0020985
.0019965
.0022239
.0022421
.0022816
.0018531
.0027940
.0028403
.0028035
.0021601
.0023094
.0018953
.0017787
.0016206
.0010469
.0014825
.0016050
.0017002
.0017389
.0020965
.0024713
+0014023

66

Strajin
10‘g

876
877
891
896
908
929
927
934

938

941
942
944
944
956
964
968
982
1016
1018
1022
1023
1028
1043
1092
1129
1136
1151
1182
127
133
137
137
140
146
147
154
154
155
155
156

Stress
KSI
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TABLE 3.5 (Cecntinued)

MATERIAL DAMPING IN ALUMINUM SPECIMENS

T S LT T e

} L o Specimen Frequency Damping Ratio Stra%h Stress :
P : : rad/sec r 10° KSI 3
i - 3
L Al-7 401.,2 . ,0017644 157 1.6 »
DL Al-7 401.3 = ,0015503 164 1.7 A
b a1-7 40C.8 .0015355 - 165 1.7 i
Al-7 401.7 .0013991 172 . 1.8 . %
Al=7 401.2 .0018520 175 1.8 3
: Al-7 401,0 0014520 176 1.8 ]
RS . Al-7 - 461.4 .0314C05 181 1.9 i
S Al-7 400.9 - ,0011129 183 1.9 4
b " Al-7 401.2 .0022535 185 1.9 i
L " Al-7 401.8 .0022209 185 1.9 ;
; Al=7 401.6 .0013619 193 2.0 i
! - Al-7 401.6 0017822 205 2.2 3
;- Al-7 401.5 .0017285 211 2,2 :
b - Al-7 401.2 .0011245 223 2.3 ;
A | Al-7 401.5 .0612266 225 2.4 '
P ' Al-7 401.6 0017737 237 2.5
: Al-7 401.5 .0018741 242 2.5 ‘
Al-7 401.3 .0015076 250 2,6 ]
Al-7 401.4 .0012160 250 2.6 f
A1-7 401.4 .0015682 271 Z.8 :
: : Al-7 401.2 .0016233 280 2.9 |
. Al-7 401.4 .0015185 281 2.9 :
: Al-7 401.3 .0022020 283 3.0 ;
; / Al-7 401,56 .0021877 291 3.1
Al-7 401.3 .0019517 300 3.2 i
Al-7 401.2 .0016583 313 3.3 K
o Al-7 401.3 .0021546 336 3.5 |
¥ Al-7 40i.5 .0020008 344 3.6
e : Al-7 401.4 .0012991 351 3.7
0 - Al-7 401.2 .0017513 361 3.8
t . al-7 401.4 .0019537 409 4.3
| Al-7 461,2 .0016680 414 4.4
¥ Al-8 629.8 .0015605 53.9 .57
I Al1-8 €29.8 0016412 56.0 .59
j Al-8 629.1 .0016005 57.1 .60
- Al-8 629.4 .0015679 59,7 .63
i Al-8 629.6 .0013071 65.3 .69
: Al1-8 629.9 .0014613 68.6 .72
: Al-8 629.1 .0016640 69.9 .73
- Al-8 629.4 .0015567 72.3 .76

b [T 4 g v Ty
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Specimen Frequency Damping Ratio

Al-8
Al-8
Al-8
Al-8
Al-8
Al-8
Al-8
Al-8
Al-8
Al-8
Al-8
.Al-8
Al-8
Al-8
Al-8
Al-8
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-S
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9
Al-9

AAALE RS bk h AU

TABLE 3.5 (Continued)

MATERIAL DAMPING IN ALUMINUM SPECIMENS

rad/sec

625.8
629.4
629.3
629.1
628,9
629,2
629.0
629.5
628.9
629.1
629.0
623.3
628.8
628.9
629,0
629,2
1124
1124
1124
1125
1124
1124
1124
1126
1124
1124
1124
1125
1124
1126
1124
1124
1124
1125
1124~
1124
1126
1124
1124
1124

4

.0016538
.0015245
.0014057
.0C14127
.0021124
.0021001
.0017491
0021136
.0021307
.0020656
.0017661
.0019459
.0020045
0016661
.0020501
.0018178
.0010544
.0013609
.0012261
0015241
.0010906
.0010744
.0013507
.0011738
.0011601
.0019941
.001G723
.0011617
.0011815
0011342
.6009598
.0012332
0012643
0012126
.0011600
.0011824
0011223
.0012407
.0011329
0011592

-

3 A78’7
83.7

84.9 .
88.4

133
135
143
145
273
175
17¢
189
225
226
228
241
27.6
34,0
34,6
37.4
44.6
45,1
45.4
45.4
46.2
46,4
49.4
50.8
57.9
58.4
52.4
€0.u
60)2
60,7
62.9
64.2
7"108
78.6
751
10.0

Stra%n

" Stres
KS1I

.83
.88
.89
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TABLE 3.5 (Continued)

»’E

MATSRIAL DAMPING IN ALUMINUM SPECIMENS

. Specimen Frequency Damping Ratio Strajn Stress
b . rad/sec z 10~ KST

Al-9 1124 . +0013650 82.4 . .87
Al-9 1124 .0012566 84.C .88
Al-9 1124 .0014108 84.1 .88
Al-9 1125 . 0013116 102 1.07
Al-9 1125 .0014539 116.1 1.22
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TABLE 3.6

MATERIAL DAMPING IN ALUMINUM AS MEASURED BY MALAN
Speciwner. Frequency Damping Ratio Strajn Stress
rad/sec 4 107 KSI 1
Al-6 203.9 .00211 927 10.2
Al-6 203.7 .00213 983 10.8
Al-6 203.5 .00212 1048 11,5
aAl-6 203.5 .00253 1086 11.9
{ Al-6 202.6 .00318 1087 14,4
: Al-6 203.2 .00240 1116 112.2 C
$ Al-6 203.1 .00277 1168 12.7
i Al-6 203.0 .00262 . 1203 13.1
: Al-6 202.9 .00280 1260 13,7
E Al-6 202.6 .00331 1292 14.1 .
B Al-6 202.5 ,00342 1375 14.9 L
: Al-6 201.8 .00417 1467 15.8 ;
Al-6 201.8 .00430 1535 16.6
Al-6 201.1 .00668 1603 17.2 ;
Al-6 200.6 .00604 1704 18,2 ]
Al-6 200.8 .00584 1766 18.9 4
Al-7 402.0 .00152 303 3.4 -
Al-=7 402.0 .00160 353 3.9 |
Al-7 402.0 .00149 388 4.3 |
Al-7 402.0 .00158 425 4.7 §
Al-7 401.9 .00178 469 5,2 ?
Al-7 401.8 .00195 571 6.4
Al-7 401,1 .00197 634 7.1
Al-7 401.1 .00216 720 8.0
Al-7 400.9 .00227 804 8,9
Al-7 400.6 .00248 930 10.3
Al-7 400.3 .00278 . 1032 11.4 i
Al-7 400.0 .00328 1105 12,2 ]
al=7 399,8 .00343 1464 13.4 ;
Al-=7 398.2 .00550 1475 16.1 z
Al=7 398,5 .00507 1557 17.0 g
1
i
i
70




Specimen

e e MR T ) o i

(0)g~1
(0] g-1
;o [0)g-1
; [0]g=-1
i [0]g-1
i (0] g-1
¢ [0])g-1
' [0]g-1
' [0)g-1
. (0] g-1
[0]g-1
(0)g-1
(0)g-1
[0)g-1
[0)g-1
(0] g-1
[0)g-1
(0] g-1
(0}g-1
(0] g-1
[0)g-1
(0)g-1
[0] g-1
(0] g-2
(0} g-2
(0) g-2
(0] g-2
[0) g-2
(0] g-2
(0] g-2
(0] g-2
(0] g-2
[0) g-2
[0]) g-2
[0] g-2
(0] g-2
(0] g-2
(0] g-2
[0]g-2
[(0)g~-2

BEL L b L i

ML o e L sadald

R A S U P

Frequenc
rad/sec

289.5
289.5
289.5
289,5
289,5
289.5
289.5
289.4
289.4
289.4
289.4
289, 4
289.0
288.9
288,9
288.9
288.9
288.,9
288.9
288.9
288.8
288.8
288.8
284.,3
284.3
284.3
284.5
284.3
284.3
284.3
284.3
284.2
284.2
284.2
283.9
283.9
283.8
283.8
283.8
283.8

TABLE 3.7

DAMPING IN ([0])g GRAPHITE/EPOXY SPECIMENS

OF SIMILAR DIMENSIONS

y Damping Ratio Stra%n Stress

T 10© Ks?t
.0006746 469 7.61
.0006908 471 7.66
.0006581 477 7.74
.0006383 487 7.90
.0005192 488 7.93
.0006757 490 7.96
.0006699 496 8.06
.0005268 506 8,22
.0005706 506 8,22
.0006261 509 8.27
.0006855 515 8.37
.0005900 523 8.50
.0006022 694 11.27
.0006111 701 11,38
.0006287 711 11,54
. 0005943 , 712 11.56
.0006136 719 11.67
.0005931 725 11,77
.0005981 737 11,96
.0006271 737 11,96
.0006927 749 12,17
.0006322 762 12,37
.0005868 763 12,40
.0005659 572 9,45
.0005722 583 9.64
.0006285 584 9.66
.0006387 588 9,72
.0005781 590 9.76
.0006023 602 9.95
.0006418 604. 9,99
.0006101 609 10,06
.0005221 610 10.08
.0005606 623 10,30
. 0005584 630 10.41
.0004566 748 12,37
.0004805 748 12,37
.0004095 764 12,63
.0004794 766 12,66
.0004582 768 12,70
.0004294 772 12,76
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DAMPING IN (0] g GRAPHITE/EPOXY SPECIMENS
OF SIMILAR DIMENSIONS

Specimen

[0)g-2
[0!3‘2
[0) g-2
[0] 5-2
[0]g-2
[0)g-2
[0]g-3
[0] 8"3
[0)g-3
[0 -3
[0]g-3
[0]g-3
[0] 8-3
[018_3
(0] g-3
[0)4-3
[0]g-3
[0)g-3
[0]g~-3
[0]g-3
[0]g-3
[C]g-3
[0} g-3
[0)g-3
{0)g-3
[0])g-3
[0] g-3
[0] 8"’3
[0] g3
[0] g-4
(0] g-4
{0)]g—-4
(0] g—4
[0]8-4
[0} g—-4
[0)g—4
(0] g—-4
[0)g—-4
[0]) -4
[0]3'4

Frequency Damping Ratio

rad/sec

283.7
283.8
283.7
283.7
283.7
283.6
288.8
288.8
288.4
288,.8
288.7
288.8
288.7
288.7
288.7
288.3
288.7
287.9
287.9
287.9
287.8
287.7
287.,7
287.7
287.8
287.8
287.6
287.7
287.7
301.5
3C1.5
301.5
301.4
301.4
301.4
301.5
301.4
301.4
301.4
301.3

B

4

.0005931
.0004263
.0004693
.0004251
.0004167
.0004174
+00064902
.0005773
.0006513
.0006226
+0006775
.0005936
.0005910
.0006091
.0006904
.0006107
.0005900
.0006509
.0006406
.0006959
.0006649
.0006229
.0005809
.0007025
.0007065
.0007397
.0006286
.0006561
.0005572
.0007554
.00C4765
.0004794
.0004072
.0005409
.0006642
.0004766
.0004315
.0005520
.0004859
.0005076

72

TABLE 3.7 (Continued)

Stra
107

783

786 .
787 -

791
805
812
463
465
476
480
480
482
497
498
500
513
514
650
670
671
675
682
694
696
698
710
722
726
738
504
510
516
526
528
528
532
539
545
549
549

n Stress _
KSI 3

12.95
12.99
13.01
13.08
13.31
13.43
7.38
7.42
7.60
7.66
7.66 3
7.69 i
7.93
7.95
7.98 !
8.18
8.19 :
10.37

10.69 |
10.70 !
10.77 !
10.88
11.06 ’
11.11 :
11.14
11.32 i
11.51 )
11.59 %‘
11.77 !
8.34 !
8.42 :
8.53
8.70 - |
8.73 -
8.73 :
8.79
8.90
9.00
9.08
9,08

KXY
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Specimen

(0] g-4
(0] g-4
(0)g~4
(0) g~4
(0] g-4
[0)g-4
[0la‘4
[0)g~-4

{0) g-4
[0]g=4
(0] g-4
[0] a—¢

TABLE 3.7 (Continued)

DANMPING IN [0]3 GRAPHITE/EPOXY SPECIMENS
OF SIMILAR DIMENSIONS

Frequency Damping Ratio Stratn Stress
rad/sec 4 : KSI
301.3 .0005076 554 9.16
300.8 .0005849 732 12,909
300.8 .0005392 739 12.21
300.8 .0005009 750 12.40
300.8 .0005380 752 112.43
300.8 .0004080 754 '12.47
300.8 .0005184 763 12,62
300.7 .0004224 774 12.79
300.7 .0004884 776 12,83
300.7 .0005373 788 13.02
300.6 .0003500 791 13.08
300.8 .0004590 771 12.75
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TABLE 3.8

DAMPING IN [0]g GRAPHITE/EPOXY SPECIMENS
OF DIFFERENT FREQUENCIES

| . Specimen Frequency Damping Ratio Stta‘gn Stress
; rad/sec 107 KSI 1
(0] g=4 301.5 .0007554 504 8.34 ;
(0] g-4 301.5 .0004765 510 . 8.42
[01g~-4 301.5 .0004794 516 . 8.53
(0] g-4 301.4 .0004072 526 8.70 :
(0] g-4 301.4 .0005409 528 8.73 1
[0]) g=4 301.4 .0006642 528 8.73 '
[0] g-4 301.5 .0004766 532 8.79
[0} g-4 301.4 .0004315 539 8.90
[0) g-4 301.4 .0005520 545 9.00
[0) g-4 301.4 .0004859 549 9,08
(0] g-4 301.3 .0006586 549 9,08 ;
[0) g-4 301.3 .0005076 554 9.16 '
(0] g-4 300.8 .0005849 732 12,09
(0] g-4 300.8 .C005392 739 12.21 j
(0] -4 300.8 .0005009 750 12,40 i
0] g-4 300.8 .0005380 752 12.43 ;
h [0] g-4 300.8 .0004080 754 12.47
(0] g-4 300.8 .0005184 763 12.62
[0) g-4 300.8 .0004590 771 12,75
(0] g-4 300.7 .0004214 774 12.79 :
(0] g-4 306.7 .0004884 776 12.83 1
(0] g-4 300.7 0005373 788 13.02 i
[0] g-4 309.6 .0003500 791 13.08 :
. : [0]g-5 486.0 .0006693 96 1,57
' [0]g-5 486.0 .0006603 102 1.65
l ; [0} g-5 485.9 .0005696 104 1.68
L (0] -5 486,1 .0006739 107 1,74
Pt (0] g-5 485.0 .0005622 108 1.75
P (0] g=-5 486.0 .0005920 112 1,81
b (0] -5 486.1 .0006234 113 1.84
S 0] g-5 486.0 .0006069 119 1.93
A [0)g-5 486.0 .0004088 120 1.94
o [0]g-5 485.7 .0006423 300 4.87
. [0}g-5 485.8 .0005891 313 5.09 .
| i [0]g-5 485.8 .0005397 319 5.18 !
Yo [0)g-5 485.7 .0006047 319 5.18 ~
; i [0]g-5 485.7 .0005525 323 5.25 i
. i [0]5-5 485.8 .0005290 331 5.38 ]
; [0]g-5 485.7 .0006256 337 5.47 i
? [0)g=5 485.6 .0006859 339 5.51 @
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Specimen

(0] g~5
[0)g=5
0] g-5
(0] g=5
(0] -6
(0] g-6
(0] g-6
i0]g-6
{0) g-6
{0} g-6
[0)g-6
[0] g-6
(0)8-6
(0] g-6
[0)g-6
(0] g-6
(0] g-6
(0] g=-6
(0)g-6
{0} g-6
(0] g-6
[0] 3‘6
(0] g=6
(0] g=6
(0] 3-6
[0) g-6
(0] g=7
(0] g-7
(0] g=7
[0]) g=7
[0] =7
(0] g=7
(0]g-7
0] g-7
(0] g=7
(0] g=7
(0] g-7
[0)g=-7
(0] g-7
(0] g-7

TASLE 3.8 (Continued)

DAMPING IN {0}y GRAPHITE/EPOXY SPECIMENS
OF DIFFERENT FREQUENCIES .

Frequency Damping Ratio
rad/sec

485.6
485.7
485.8
485.7
932.1
931.7
931.2
932.0
930.8
931.0
931.5
931.6
932.0
931.6
931.5
930.8
931.1
931.6
931.5
931.3
931.5
931.6
930.7
931.3
931.5
931.1
1492
1490
1492
1492
1492
1491
1493
1492
1492
1491
1491
1492
1491
1492

14

. 0006827
.0006220
.0005505
.0006181
. 0005031
.0005431
.0005381
. 0004550
.0006058
.0004749
.0006479
.0004219
.0004223
.0005359
.00040601
.0005069
.0005960
.0004216
.0005670
.0003783
.0004565
.0004914
. 0005875
.0004020
.0005200
.0003901
.0005272
.0007195
.0004741
.0006782
.0004107
~0005564
.0005788
.0004750
.0005000
.0004888
0004440
.0004098
.0007615
.0003376

75

Strajn
107

343
351 .
357
364
160
165
167
175
175
182
186
188
190
190
192
193
200
203
205
206
207
209
2)6
222
228
240
16.4
19.2
21,9
23.0
23.4
25,9
26,5
28.2
31.1
49,3
57.3
63.9
€8.6
72,2

Stress
KSI

5.57
5,70
5.80
5,92
2.55
2.64
2.67
2.80
2.80
2.90
2.97
3.00
3.03
3,03
.06
3.07
3.10
3,22
3.23
3,29
3.31
3,34
3,45
3.54
3.64
3,83

10.26
0.30
0.35
0.36
0.38
0.4l
.42
0.45
0.49
0.78
0.90
1.02
1.09
1.15




Specimen

(0]g-7
% [0]g=7
4 [0)g=7
? [013‘7

Table 3.5

*Entries for

TABLE 3.8 (Continued)

DAMPING IN (0]g GRAPHITE/EPOXY
SPECIMENS OF DIFFERENT FREQUENCIES

Freguency Damping Ratio

rad/sec 14
1492 0004627
1492 .0005058
1491 .0005374
1492 .0004931

76

Strain Stress
107 KS1I
74.1 1.17
81.9 1,29
85.9 1,36
94,5 1,49

specimen 4 are the same as those found in

il i
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TABLE 3.9
DAMPING IN [90), GRAPHITE/EPOXY SPECIMENS
AT DIFFERENT FREQUENCIES |
a
Specimen Frequency Damping Ratio Strajn Stress
rad/sec 4 107 MPA
* [90) g=1 267.1 .0053468 250 0.32
(9G] g~1 266.9 .0050876 270 0.34
[90) g-1 267.0 0053947 272 0.35
[90) g-1 267.1 .0055529 281 0.36
g [90] g-1 267.1 .0057677 337 0.43
J (90) g-1 267.1 .0053905 338 0.43
: [90] g=1 267.2 .0052550 345 0.44
; [90] g-1 267.2 .0057623 346 0.44
] [90] g1 267.0 .0051192 351 0.45
[90] g-1 267.0 .0054131 364 0.46 :
[90] g~1 267.0 .0055037 379 0.48 1
[90) g-1 267.1 .0054688 385 0.49 |
(g0l g-1 267.0 .0054883 454 0.58 |
[90] 4-1 266.9 .0056325 457 0.58

[90]) g-1 267.1 .0056554 462 0.59
(90])g~1 266.8 .0057862 465 0.59
[90] g=1 266.9 ,0053833 469 0.60
(90]) g-1 266.9 .0052813 487 0.62
[90) g-1 267.0 .0052863 512 0.65
[90] 5-1 266.9 .0055454 512 0.65
[90] g1 266.9 .0057574 615 0.78
[90)g-1 267.2 .0055679 617 0.78
[90] g~1 267.0 .0054131 627 0.89
[90] g-1 267.0 .0056052 676 0.86
[90) g-2 466.0 .0057347 42.6 0.0¢6
(90)g-2 465.4 .0059775 43.8 0.0€
[90]) g-2 466.0 . 0054839 44.6 0.06
(90]) g-2 465.8 .0055738 50,4 0.07
[90] g-2 466.4 .0054561 73.3 .09
[90] g-2 465.9 .0058398 75.¢ - 0.10
[30]) g-2 465,5 ,0063127 76.6 0.10 ' 1
[90]) g-2 465.9 .0068251 76.9 0.10 o
[90] g-2 465.8 .0058512 84.6 0.11
(90] g-2 465.3 .,0069536 87.3 0.11
[9C) g2 466.4 .0065889 104 0.13
[90] g-2 466.3 .0055976 125 0.16
[90] g-2 466.3 .0057851 125 6.16
(90) g-2 465.9 .0059192 131 0.17
[90) g-2 465.6 .0057376 135 0.17
[90]) g-2 465,7 »0062473 136 - 0.18
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E TABLE 3.9 (Con*irnued)

: DAMPING IN [90)g GRAPHITE/EPOXY SPECIMENS

% AT DIFFERENT FREQUENCIES

; Specimen Frequency Damping Ratio Straén Stress %

i rad/sec C 10° MPA

' [90]) g-2 465.8 .0058262 145 0.19

‘ [(90) 5-2 456.0 .0060157 159 0.21

: [90] g-2 456.2 0062432 187 0.24

i [90] g-~2 466, 4 .0060565 213 0.28

- [90) g~2 466.7 .0060985 215 0.28
(80]4-3 900,7 .00€9376 6.6 0.01
[90] 4-3 899,7 .0068057 16,3 0.02
[90)g-3 90C, 3 0063978 19.5 0.03
[90]) g~3 900,2 .0062527 20.7 0.03
[90)g-3 900,0 .0062194 20.9 0.03 i
[90] 4~3 900.3 .0064791 23.3 0.03 é
[5014-3 858,3 0062643 23,5 0.03 i
[90] 4~3 899.8 .0067832 56.9 0.08 !
(9014-3 900.5 .0064307 ' 59.6 0.08 |
[90]1g-~3 300,2 .0062533 65.3 0.09 |
[90]5-3 900, 3 0074783 €5.7 0.09 :
[90) g~3 899.6 .0063316 69.9 0.09 ?
(90] -3 897.8 .0060260 71.¢ 0.09 g
(90]) g~3 899.9 .0066946 190 0,25 :
[90]) g-3 899.4 .0074402 194 0.26
[90)5-3 299.9 .0068847 207 0.27
[90) g-3 899.8 «00€9451 208 0.27

78
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TABLE 3.10

DAMPING IN [$45],¢

GRAPHITE/EPOXY

AS REPORTED BY MOHR

Specimen Frequency
rad/sec
[:45]25-1 17.95
[:45]25-2 29,62
[145]25-3 54.16
[£45],5-4 171.04

79
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Damping Ratio

14

0.56106
0.56141
0.52858
0.50938
0.53829
0.53370
0.57932
0.52164

0.54658
0.54771
0.56623
0.53853
0.549¢5
0.58294
0.54304
0.54768
0.55437

0.61403
0.59543
0.65245
0.59023
0.65308
0.57386
0.57014
0.57035
0.55876

0.66985
0.66675
0.66152
0.65074
0.66334

0.65958.

0.64098
0.65802
0.65043

Stress

KSI1

6.33
5.75
5.39
5.00
4.94
4,66
4.24
4,24

6,02
5.25
4.50
3.87
3.61
3.35
2.94
2,73
2,07

5.03
3.25
2.41
1.82
1.11
1.08
1,04

0,60

0.34

1,547
0.959
0.633
0,555
0.393
0.260
0.239
0.160
0.106
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TABLE 3.11
i DAMPING IN METAL MATRIX SPECIMENS
3 Specimen Frequency Damping Ratio Strain E
% rad/sec T 10°
; P100/AZ91C/Ti 3105 ,0003922 16,2
; " 3105 .0004864 18.3
: " 3106 ,0003400 27.2
f " 3103 ,0003715 29,0 :
1 " 3106 .0002981 30.4 ;
: " 3106 .0003081 30.9
? " 3105 ,0003472 32,2
: " 3103 ,0003956 32,7
" 3106 .0003268 33.8
" 3106 ,0004557 34,2
" 3105 .0004371 36.0
n 3103 .0002876 36.5 ;
" 3106 ,0003329 36.9 f
" 3106 ,0003564 37.3
" 3102 .0004365 41.3
" 3105 .0004969 41.4
" 3106 .0003689 41.5 ]
" 3101 ,0003817 47.0 ‘
P55/A291C/Ti 2522 ,0003951 36.9 i
" 2522 ,0004798 41,2 i
" 2522 .0004060 42.6 ]
" 2523 .0003463 43.8 i
" 2523 ,0004010 45.9 ;
" 2522 ,0004243 45.9 |
" 2523 ,0002936 46.6 ’
" 2522 ,0004712 47.5 |
" 2523 .0003196 47.5 ;
" 2522 ,0002406 49.4 :
" 2522 .0004589 50,8 ;
" ‘ 2524 .0004058 51,1 i
" 2522 .0004049 51,4 i
" 2522 ,0003764 53,0
" 2522 ,0003479 55. 4 "
" 2522 ,0004131 58,7 1
" 2522 .0004416 60.1 :
P100/AZ91C/Mg 864.5 .0007114 36.0
" 864.9 .0011479 42,9 ﬁ
" 866.1 .0007313. 52,5 ;
!

" 864.7 .0013566 55.5

80




TABLE 3.11 (Continued)

DAMPING IN METAL MATRIX SPECIMENS

)

Specimen

P100/AZ91C/Mg
"

:
L
!
i
£
¥
4
i

864.6
866.0
865.4
865.4
866.0
865.5
865.3
865.5
865.4
865.6
865.2
865.4
865.2
865.4
865.5
864.6
865.4
865.1
865.,4
865.3
865.3
864.9
865.0
865.3
865.4
865.5
864.7
864.7
865.4
865.1
865.2
865.3
865.3
865.3
865.0
865.5
865.1
865.4

8l

OF SIMILAR DIMENSIONS

Frequency Damping Ratio
rad/sec

4

.0004546
.0007374
.0005412
.0005043
.0007726
.0011916
.0006603
.0007063
.0006131
.0005553
.0012930
.0008314
.0005203
.0007139
.0010888
.0012904
.0010172
.0009475
.0010872
.0012739
.0012971
.0012565
.0010617
. 0009967
.0012724
.0007652
.0006888
.0011913
.0010676
.0010801
.0010760
.0008469
.0011036
.0009552
.0010482
,0010371

.0011503 .

.0012328

Strain

10

57,7
59,5
62,7
63.1
67.6
67.7
70.4
71.0
79.3
82.1
84.8

86.5 ’

89.9

92.5

94.7

98.1
102,3
106.4
107.0
108.5
108.8
111.5
113.2
115.1
117,0
119.,2
119.4
121.7
124,1
130,0
132.5
132.5
134.1
134,7
135.4
137.8
137.9
145.6
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TABLE 3.11 (Continued) 2
% DAMPING IN METAL MATRIX SPECIMENS !
4
! Specimen Frequency Damping Ratio Straén
% rad/sec z 107
! P100/AZ91C/Mg 864.8 0012102 151.1 :
: " 865.3 .0007924 152,2
s " 865.4 .0010207 158,0
P ' " 865,4 .0011128 161.4 i
4 : - “ 865.3 .0011930 161.8 J
: " 864.7 .0011327 162.5 ‘
: " 865.1 .0010898 162.8
: " 864.8 .0007412 164.9 j
N " 865.7 .0012266 167.9 i
L " 865.3 .0007903 175.7
j
1
|
i
;
]
]
i
}
!
i
3
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TABLE 4.1

COMPOSITE DAMPING OF SIMILAR SPECIMENS OF (0lg

BT T s "

SPECIMEN FREQUENCY DAMPING RATIO STD DEVIATION

i Hz , (1072) (1077)

§

: 1 46.0 0.622 0.048

% 2 45.2 0.512 0.082

o 3 45.9 0.642 0.047

% 4 47.8 0.514 0.090 %

= j
1
§
{

TABLE 4,2

DAMPING RATIO OF MATRIX MATERIAL AS CALCULATED
FROM DAMPING OF SPECIMENS OF SIMILAR GEOMETRY

SPECIMEN RULE OF COMPLEX COMPLEX
MIXTURES MODULI MODULI +
SHEAR
1 .00104 0.0389 0.0384
2 .00085 0.0326 . 0.,0322
3 .00107 0.0394 0.0389 f
: !
4 .00086 0.0327 0.0322 "
|
AVERAGE " .00096 0.0359 0.0354 '
FOR SPECIMENS
OF SIMILAR
GEOMETRY
83 j




1

‘A

B ;.mth{w
i

|

E ;
] . .
i TABLE 4.3 ]
: |
! DAMPING RATIO OF MATRIX MATERIAL AS CALCULATED
E FROM DAMPING OF (0]g SPECIMENS OF DIFFERENT FREQUENCIES
E SPECIMEN RULE OF COMPLEX COMPLEX
' MIXTURES MODULI MODULI +
¢ SHEAR 1
: 4 .00086 0.0327 0.0322 S
E 5 .00100 0.0375 0.0367 !
£ :
, 6 .00082 0.0303 0.0291
' 7 .00087 0.0317 0.0297 _
; AVERAGE .00089 0.0331 0.0319
REFERENCE
! AVERAGE FOR
SPECIMENS OF 00096 0.0359 0.0354
SIMILAR GEOMETRY !
(FROM TABLE 4.2) ;
1 |
[ H
i b !
¥
5 |
§ f
8 ?
£
ot 84
1
3

ey i e e i
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4
TABLE 4.4 ]
§ DAMPING RATIO OF MATRIX MATERIAL AS CALCULATED ,
; FROM DAMPING OF (90])g SPECIMENS OF DIFFERENT FREQUENCIES |
| |
; SPECIMEN RULE OF COMPLEX COMPLEX
; MIXTURES MODULT MODULI +
] SHEAR
| 1 .00913 0.0268 - 0.0268 |
: 2 .01001 0.0298 0.0298 f
; 3 .01103 0.0336 0.0336 ;
3
AVERAGE .01006 0.0301 0.0301 !
|
REFERENCE
AVERAGE FOR .00096 0.0359 0.0354
SPECIMENS OF
SIMILAR GEOMETRY |
(FROM TABLE 4.2) i
;
|
1
|
: |
1
!
|
i
i
: 1
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TABLE 4.5
DYNAMIC YOUNG'S MODULUS FOR GRAPHITE/EPOXY

SPECIMEN VALUE DERIVED FROM VALUE FROM TURNER VALUE

o W ————"
T & TR T

IN PLANE EXTENSIONAL  FLEXURAL (GPA)
TESTS TESTS
(GPA) (GPA)
(0] g-1 130.0 112 98
; [0) g2 130.0 114 98 !
; (0] g-3 130.0 110 98 |
; [0) g=4 .130.0 114 98 g
: (0]1g-5 130.0 112 98 1
X [0) g=6 130.0 110 98 ;
i (0]1g-7 130.0 109 98 ;
[90)g-1 10.5 8.8 7.9 i
[90] g-2 10.5 8.9 7.9
[90]g-3 10.5 9.1 7.9 z
TABLE 4.6

DAMPING OF P100/AZ91C/Mg METAL MATRIX SPECIMEN

+ e AL s

THEORY THEORETICAL & DIFFERENCE FROM :
VALUE EXPERIMENTAL VALUE ;
RULE OF MIXTURES .00089 -10.1 i
COMPLEX MODULI .00273 175.8 2
COMPLEX MODULI %
+ SHEAR .00273 175.8 s
2 ENER ,00105 6.1 !
EXPERIMENTAL AVERAGE .00099 0.0 %
]

86
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Figure 2.1 Tuned Excitation & Launch
Mechanism, {(TELM) as used by Mohr
Prior to Modification
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SPECIMEN WITH STRAIN GAUGE WIRES
MOUNTED AT THE CENTER

lff 2242w

]
: =%

!‘ 4 —ﬂ’lh'ﬂ—
. SPECIMEN WITH STRAIN GAUGE WIRES
r MOUNTED AT THE NODE OF FIRST
FREE-FREE MODE
Figure 2.6 Specimen Configuration
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Figure 2.7 Unfiltered Strain Mata vs. Time
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Figure 4.1 Conceptual Damping Model
of a Voigat Solid
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Figure 4.2 Ccnceptual Damping Model
nf a Standard Linear Solid
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b
1 ALUMINUM 2024-T3

i
1
J4 - |
10 I Rang » of values ;
i .Mean and Standard
! Deviation
o 4
g ;
' !
X !
; |0~3— ‘
z )

- 1 :
10 —-J 7.0 Q.0 g

-
-
i et i 4 ottt st 1o e

- Figure 4.3 Damping Ratio vs. Freguency for Aluminum
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g DAMPING RATIO VS. STRESS FOR SPECIMENS WITH FIRST
FREE-FREE FREQUENCY BELOW ZENER RELAXTION

7 [~ FREQUENCY
d : a
R SPECIMEN FREQUENCY
6= * A1=-5 100 H:2 4 a
' Al-6 64H2
_ a Al-7 32Hz o
sl 7 Al-8 i8Hz2 °
RS
a
el a
P +
2 ® &
~’ + PY a
+te o4
¢ K
2
X% % ©0 L
%00 Jo o aad
| -
0 | | 1 | B ] | | | J !
) 2 4 6 8 10 12 14 T T 20. ;
STRESS (kS1)
i
. Figure 4.4 Damping Ratio vs. Stress Level for
Aluminum ' ;
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: . GRAPHITE / EPOXY [O],
o= i
0.8~ v v
v
? © - Mean
06— v
(]
g I - 1 Standaré
Deviation
oy
| A
04 a v - Extreme Valu : :
a '
02—
00 | | ] | { | | .
o . 50 100 150 200 250 300 350

FIRST FREE FREQUENCY (HZ)

Figure 4.5 Damping Ratio vs. Frequeacy for [0]
; Graphite/Epoxy
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V. _ Extreme Values i
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‘ . Figure 4.6 Damping Ratio vs. Freguency for
; [90]8 Graphite/Epoxy '
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DAMPING RATIO VS. FIBER ORIENTATION

S o o
1 I |

¢ DAMPING RATIO (1073)
N
[

.t 1 + {1 1}
O 10 20 30 40 50 60 70 80 90

[£6] FIBER ORIENTATION

Figure 4.8 Damping Ratioc vs. Fiber Orientation
for Graphite/Epoxy Specimens in the Freuguency
Range 140Hz to 170Hz

101

] —— et v
[P TPty e - ccuim . -




!"“F B S N T j
|
!
E Specimen m/wg
b
’l P100/AZ91C/Ti 10.2
I P55/A291C/Ti 9.3
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Figure 4.9 Damping of Metal Matrix Specifnens vs. Frequency

102

,
PRV,




'
P . -l IR

APPENDIX A

MICROCOMPUTER PROGRAM

A flow chart of the microcomputer program and the
interrupt handler, along with the actual assembly language
listing are in this Appendix. The interrupt handler was run

at 200Hz.

BEGIN

INITIALIZE
CONSTANTS

v

INITIALIZE INTERRUPT
VECTOR TABLE

Y

ENABLE INTERRUPTS

CONTINUOUS LOOP

A

END

Figure A.l1 Program Flow Chart
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INCREMENT TIME COUNTER

DECREMENT MAGNET RELEASE COUNTER

: CHECK FOR YES | |
;, MAGNET RELEASE RELEASE ;
E COUNTER = ZERQ MAGNET |
3
H
CHECK YES i

‘ VELOCITY PROFILE :#::)

; STATE = 1
CHECK YES VELOCITY a
TIME = PROFILE PROFILE |
STATE 2ERQ STATE = ONE

TIME

SEND Vg TO CONTROLLER

- 3

RETURN FROM INTERRUPT

Figure A.2 Interrupt Handler Flow Chart
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Figure A.2

V=V0+at
-+
\

SEND V TO  TROLLER]

YES
SEND 0 TO
CONTROLLER

\

HALT

RETURN FROM INTERRUPT

Interrupt Handler Flow Chart (Continued)
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VELOCITY CONTROLLER

0000
0003’
0004’
0005’
0034
0007

0008°
000A*
000t
00OE /

2100
2101
2102
2103
2104
210%
2104
2108

00107
0013
0014
0017/
0018~
001B’
001C
001F
0021
0023/
0025
0027/
0024’
002D’
002F
0031

C3 009A’

00
00
00
00
00

0000
0010’
0000
0000

3A
3C
32
4F
3A
3D
32
20
3E
b3
3E
32
3h
FE
28
SA

2104
2104
2108

2108
09
FF
9F
01
2108
2105
01
18
2102

e e e ——— e~ v

s e - ——

RAY SHEEN

ABLE?

t
1ERO
VINIT
ARUCEL
CONSY
TINE
STATE
hunKYl
NAG

}

i

L
TRAJS

AAAL

WACRO-80 3.37  O8-May-80 FABE 1
TITLE  VELOCITY CONTRULLER  RAY SKEEN
,280

SKIF 10 EXECUTANLE COUF

P INIT

NOF

NOP

NOP

NOP ,

NOP ,
INTERRUPT VECTOR JABLE

Dy 0 INOT USED

DM TRAJ  FCHANNEL 1 INTERRUPT MWANDLER
DN 0 INOT USED

DY ° INOT USED

VARIABLE LIST

EQY 21004
EQU 21014
-au 21024
EQU 2103K
EQu 2104
EQU 2100H
EQU 2106H
EQU 2108M

$NOTOR ZERO <BIH>

FINLTIAL VELOCITY <S4H> (RFM/1000)325
$ACCELERATION TINE <A0> MSECX(200/3000)

$ACLCELERATION DUE TD GRAVITY
$TINE CUUNTER 200 HZ
1STATE VARIABLE

116 RIT DUMNY VARIAKLE
JWAGNET RELEASE SEQUI NCER

CHANNEL #1 INTERRUPY HANDLER

LD A (TIME)
INC A

LI (TIKE)»a
LD CrA

LD Ar(HAG)
DEC A

LD (MRG) 1A
JR NZraAAA
LD AsOFFH
QUT (9FH) 2A
LD Arl

LD (MAG)rA
LD Ar(ST1ATE)
P OIH

Ji- ZvRUN

LD As(ACCEL)

106

1GET THE TINKE COUNTER
SINCREMENT
1SAVE THE NEW TIME

iGET WAGNET RELEASE COUNTER
IDECRENENT 17

1SAVE 1T

JIF NGT TIME YET THEN GO
$MAGNET RELEASE

tRELEASE MAGNCT

{RESEY COUNTER

1SAVE IT

fGEY STAYE VARIARLE
SCUMFARE IT 70O 1

$IF IS 1 THEN JunF

$6ET ACLEL

o at b e s e e emn

RSP TP NSNS
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VELOCITY CONTROLLEK RAY SHEEN'

0034
0035
0037’
0039’
003C*
003F’
0040’
0043
0044
0044
0047

0049

. 004C*

004F *
0032
0055
0056
0057/

0058
005A
0058’
0osSh’
003E’
0060
0061
0063’
0044’
0064
0047’
0069’
0066’
0046C*
0060’
004E’
0070
0072’
0074
0073’
0077/
0078’
0078’
007¢C’
0070
0080’

BY

20 0%
3t o1
32 2105
3A 2101 CONT!
47

3A 2100
80

n3 €
FB

ED 4D

21 2106 RUNS
01 2103
11 2104
Cp 00Ct’

Chk 38
Chr 38
ce 38

s 38

1F

CB 38

iF

Cp 38

1F

CR 38

iF

47

Ch 78

20 06

3E MO

90

ED 44

47 :
3A 2101 ADDEM?
80

aF .

3A 2100

81

MALRD-80 3.37

cP ¢ .
JE NZPUDNT
LD ArQ1H

LE (F1ATE)»A
LD AY(VINIT)
Lh Br&

LD AV(ZERD)
ADD Atk

OUT (FER)I 1A
El

RET!

LD HLoDUMHYY
LD BC:CONST
LD DEVTIKE
CALL RULT
LD ar(HL)
INC HL

LD Br(HL)
DIVIDE BY 128
SRL B

RRA

SRL 3

RRA

SRL )

RRA

SRL B

RRA

SRL B

RRA

SRL B

RRA

SRL 3

RRA

LD BeA

RIT 7+B

JR NZsADDEM

LD A;11010000B

SUR B

NES

LD DA

LU Ar(VINIT)
ADD Ard

LD CiA

LD A:(2ERD)
ADD AsC

- 107

0H-Hau-80 FAGE 1-1

JCHECK A3ACNST CURRENT TINE
FIF NOV SAME THEN SUNTIMUE

1SAVE THE STATE AS |

$6GET INITIAL VELOCITY
$SWITCH REGISTERS

$GET THE MOTOR ZERO OFFSET
VADD OFFSET

$SEND IV

$ENABLE IRTERRUFTS
$RETURN

1ADIRESS OF MULTIPLICATION RESULT
$AUDRESS OF CONSTONT

iADDRESS 0F TIKE

FHULTIFLY THEM

$6ET LOW BYTE OF RESULY

$ADDRESS UF HIGH RYTE

$6ET HIGR RYTE OF RESULT

JSWITCH REGISTERS
$CHECK IF 11'S NEGATIVE
SIF NOT CHANGE IV :
$158 UR 28102

JFIND THZ DIFFERENCE
$6ET THE 2°'S CORPLEMENY
1SAVE 1T

$GET INITIAL VELOCITY
1ADD EN

$SAVE IN C REGISTER
$8ET OFFSET FOR D TO A
$ADD OFFSET

it 1 A A 4N e e e+ Wt <

i
%
{

i e bt i
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3
VELOCIIY CONTROLLER RAY SMEEN MACRO-80 3.37  08-Nay-80 PAGE 1.2 ,
0081’ D3 9E OUT (9EH)+n ISEND IT
3
! ' SEE IF IT’'€ FINISHED :
S . ' i
; 0083*  3a 2101 LD Ar(VINIT) $6EY VINIT , 1
J 0086° U4 08 ADD A8 THIGHER VELOGCITY BECAUSE OF LAG |
‘ 0088’ ED 44 NEG 12°S CONPLEMENT OF VINIT i
008A’ 99 cP C ICUHPARE THEN ;
0083° 20 03 JR Z:510P $IF ERUAL, THEN STOP ‘
: : 008D*  FB El JEMABLE INTERRUPTS !
’ 008E* ED 4l KETI IRETUKN i
3 3 .
i i STOP IV ;: %
- - 1
‘ 0090’  3A 2100 STOP: LD A+(ZERD) IROTOX ZERO :
0093 D3 9E OUT(PEH) 1A 1SEWD IT ;
0095’ 3 80 LD Ar1BOH IMABNEY ON !
00¥7° D3 9F GUT (9FH) sA
0099 24 HALT ISTOP THE PROGRAN
. i
; PROGRAM INITIALIZATION
}
, 009A’  3E 00 . IHIT: LD A+QON
i 009C’ 32 2104 LD (TIKE) $SET TINE YO ZERD ;
: 00YF’ 32 210% LD (STATE),A $SET STATE VARIABLE ;
00A2’  3E 80 LD AsB0H }MAGNET DN VALUE ‘
0044’ D3 OF OUT (9FH)ra ITURN MAGNET ON
00A4*  3E 98 LD A110013000B GKAVITY CONSTART -104 j
00AB’ 32 2103 LO (CONST)en 1SET CONST ;
i ’ §
) i SET CTC CHANNEL i
§ ;
00AR’ 21 0008’ LD HL»TABLE FINTERRUPT VECTOR TABLE ANDRES: i
, 00AE’ 7T LD AsH JGET HIBH BYTE i
. 00AF’ ED 47 LD IyA iSTORE IT I
00¥1° 7D LD Asi $6GET LOV BYTE )
00B2’ D3 84 OUT (84H) A ISEND JT o
0084’ 3E A7 LD Ar101001118 JCONTROL WORD FOR CIC ‘

EIT 7 - ENABLE INTERRUPY
BIT & - USE INTERNAL CLOCK
BIT 5 - CLOCK AT 7800 W2

W 3e W we W we W W
S chm i i 4 1 s

BIT 4 - DISREGARD y
BIT 3 ~ START COUNTING NOW j
CF BIT 2 - TINME CUNSTART FULLOWS |
e BIT 1 =~ ZERO CHANHEL i
‘- |
! i
|
i !
p ok i
t
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VELOCITY CONTROLLER

00Ré”
ouse’
00RR’
oesC’
OORE

00K

00Cy’
00C2’
0023’
00C4’
09C5’
00Ce’
ooc?’
ooce’
0o0CyY’
Q0LR’
once!’
coceE’
50Dp0°
oop1’
0003’
(1) -}
cobhé’
o pe’
OGDA’
oonC’
O0DE”’
HoOLo’
0OEL’
0oL’
DOES’
O0ES’
VOES’
00EA’
00ED’
COEE’
O0EF’
00F0’
00F1’
00F2’

D3
3E
| ]
ED
3 )

ie

FS
cs
3
1)
)
1
ax
AF
57
1€
ce
)
9
]
cs
1
28
s
30
c»
20
81
c»
o
19

c2 3

c3
72
23
77
23
b1
Ci

8
27
%
5€

o8
A
[}

2F
1A

%
30
Fo

40
F1

2F
14

0%
&
eoce’

RAY SHMEEN

LOOP:
¥

§
}
KULTS

NULT2?

HULT3E

NULTA?

HULTS?:

TR T RTINS, EEMITEN s m Temr .t

NACRO-80 3,27

08-Hay-80 PAGE 1-3

RIT 0 - HUST BE 1

QUT (B3H)r&
LD Ar3Y

OUT (B3H) »A
1% 2

£l

JR LOOF

$SEND 1T

$TINE CONSTANY FUR 200 HZ

$CEND 1T

¥ INTERRUPY MOOE 2
$ENARLE IRTERRUPYS

$60 FOREVER

KULTIPLICATION SUBROUTINE

FUSH AF
PUSH BC
$USH IE

LD Ar(B0)
LD Bt

L0 A«DEY
LD Cot

XOR A

LD Do

LD E«d

BIT 01k

JR ZoHULTI
SiB C

SRA A

RR D

DEC €

Jit 2+HULTH
SRL 3

JE NCHHULT2
BIT J¢)

JR NZYHULTY
ADD A:C
SRA A

RR D

OEC E

JR ZoHULTS
SRL 3

JP MULT2
LI (HL)+D
INC WL

LD (HL) 24
DEC HL

PUP DE
FOP 3C

109

$SAVE FEGISTERS

$FETCH ARG 1
17ETCH &RE6 2
$CLEAR AGCULULATOR

$SET LGUP COUNTER

JWE'RE AT ZEKD» DD WE STAY THERE
}1F S0» JUST SHIFT ARQUND

{ELSE SUBTRALT ARG 2 FROM PRODUCY
$SHIFT PRODUCT RIGHY

{DECRENENT LOOF COUNTER

$BAIL OUT 1F DONE

IROTATE ARG 1 RIGHT

$1F NEXT RIT 15 2ERU» BRANCH
}IF WE'RE AT 1 DO WE STAY THERE
$1F 80 JUST SHIFT PRODULY

JELSE ADD ARG 2 TO PRODUCY
$SHIFT PRODUCT KYGHT

{DECRENENT LOOP COUN{ER
IRAIL UUT IF DONE
tROTATE ARG 1 RIGHT

$D0 1T AGAIN

$SAVE FROMUCT

IRECOVER REGISTER?
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. VELUCIFY CONTRULLER  RAY SHEEN NACRU-80 3.7  08-Nau-B0 PAGE  1-4 ;

: ‘ ' |

L 00F3’ F1 POP WF ;

g 00F4’  CY RET !

. :
& i THAT’S ALL FOLKS !
: ]

E . END i
i
{
i
3
]
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APPENDIX B

; GRAPHITE/EPOXY LAYER.ING SEQUENCE AND CURING CYCLE

" The stacking sequence for the curing cycle of

graphite/epoxy laminates is shown below:

3 top plate i

AN STTTEEEERNNNTCSY Y| b

1'

A S S SN S /L//cure plate

1, Guaranteed non-porous teflon
2., Peel ply

3. Laminate

4., Porous teflon

5. Bleeder paper

Figure B.1 Stacking Sequence
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The curing cycle was as follows:

% Time Vacuum Ext. Pressure Total Pressure Temp.
; (min.) (psi) (psi) : (psi) (°F)
F
;
g 0 14.7 0 14.7 100
[ :
g 20 14.7 85 100 110 o
~ . i
i 35 14.7 85 100 249 i
: 95 14.7 85 100 240 f
1i0 14.7 85 100 350
230 14.7 85 100 350 ?
250 14.7 85 100 160
255 0 0 0 75
!
+
!
g k.
'
§
112
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Appendix C

STRAIN LEVEL DETERMINATION

L D L e aa

Consider the Wheatstone Bridge Circuit where initially

AR = Ol

; : Rp1

< +
A"
U/

Figure C.1 Wheatstone Bridge Circuit

Rs' RBl’ and RB2 can be varied to ensure the potential

between nodes 1 and 2 is initially zero.

therefore v, = vV, (C.2)
Rl i
but vV, = \'4 (C.3) :
2 Rl + R2
since AR = 0 ;
then Vl = -R"'—R. v (C.4)
1 2
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Now as AR becomes non zero

R1 + AR
2 Rl + R2

so Vo = V1 -V R
or V¢ = "R +R, "V

we define Rl = R2 = R
= - AR
SO V0 7R v

From the definition of gauge factor

AR/R _ AR
AL/L Re

2

=

"
£}

where ¢ is the strain le el.

Substituting equation C.9 into eqguation C.8 gives

« . GF ¢
Va — Vv

if V0 is amplified by a gain, A, the relationship botween

Vémp and the strain level, ¢ is
A V GF
Vanp 2 €
114

(C.5)

(C.6)

(C.7)

(C.8)

(C.9)

(C.10)

(C.11)
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ADDPENDIX D

DERIVATION OF ZENER EQUATION

Assuming a metal behaves as according to Zener's
theory, we can vwrite the following relationship for stress

and strain.

a, 0 +a, o= b1 € + bze (D.1)
If Eq. (D.l) is divided by a;, three new independent con-
stants are introduced.

o+ 1 o=E_ (g + T £) (D.2)

m
o

Where the relaxed modulus, Ep, is equivalent to the static

Young's Modulus, E. The t's are the relaxation times for

stress and strain.

Now suppose both ¢ and ¢ are equal to zero, then Eq.

(D.2) reduces to

o+t o=20 (D.3)
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which has che solution

-t/'re
o(t) = g © (D.4)

Similarly, if o and o are set equal to zero, the solution to

Eq. (D.2) reduces to

-t/to
e(t) = €y © (D.5)

Equations (D.4) and (D.5) show that stress and strain
exponentially approach equilibrium conditions.

Now suppose that in a very shorE time interval, at, a
solid receives a finite stress increment Ao, and therefore a

finite strain increment Ae¢. Then Eg. (D.2) becomes

= Ae
bo At + T FF At Ep (8¢ at + T4 IE At) (D.6)

Now integrate (D.6) and let At approach zevo. As At
approaches zero the first expression on each side of (D.6)

goes to zero. The integral becomes

T Ag = ER T, Ae (D.7)
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or,
!
E bo = E  Ac (D.8)
|
|
i Where E, is called the unrelaxed elastic modulus, defined !
; i
if by
i |
[ {
i ‘o |
) EU = ER -T—-E- (D.9) i

If however, stress and strain are cyclically loaded, or

if the solid is undergoing free vibration, then

a(t) = o, elvt (D.10a)

e(t) = ¢, elvt (D.10b) |

Placing (D.10) into (D.2) gives ,

Lt (1 + imte) o9 = Eg (1 + iuta)co (D,11) |

Rearranging gives ]

b ‘
} 1 + der 3
! 9 * ER T+ Tt %o (D.12) |
b C

v ! 1
f
3 i
% i
! 117
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or
- ]
, 9 Ec €5 (D.13)
5
E where (1 + iwro
- Ec = BR T:-—l_urr: (b.14) | i

Ec is defined as the complex modulus. j

Separating (D.14) into real and imaginary parts gives

l + % v_ 7 wT . "~ wT
E = 2‘ g + i o < Ep (D.15)

2
1l ¢+ 0" l + w T

From Eq. (D.13) it can be shown that strain lags behind
stress., This lag is a function of frequency, and the 3
relaxation coefficients 3 and Teo The angle which !

strain lags behind stress is defined as §. The tangent of §

is called the damping factor, g, and is equal to the

imaginary part of the complex modulus. The damping ratio,

t, is one half the value of g.
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B

L
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o -,e‘-ww?a b

,Ec = E, (1 +1 g) (D.16)
Im [EC]

tan § = g = gTg (D.17)
c

g = °2 2 - (D.18)
l + w(t )
€ [+

"Define T as the geometric mean of the two relaxation times.

= . 1/2
T (1'c rg (D.19)'

Define E as the geometric mean of the two moduli E, and
ERr-

s - 1/2
E = (Eu Egp) (D.20)

Placing Egs. (D.19) and (D.20) into (D.18) gives

E. - E -
g =4 _F ( 2 _5) . (D.21)
E 1 + 0 1 ’
119
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Thus. we can see the relationship bstween damping ratic, ¢,

and frequency. Equation (D.21) is presented in Chapter IV

‘as
g (u2 ET) Wt -
§ =35 = 53 . (D.22)
2¢c 1 + 0w 1
where
E - E 2
u R _a ET (D.23a)
= c
E
T =t (D.23b)

Equation (D.23a) is derived using thermodynamic

properties of metals. See Ref, 5 for the derivation of this

equation.
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