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ABSTRACT

An ultrasonic pulse generstor was constructed with a variable
pulse width ranging from 4 microseconds to 10 milliseconds and a
repetition period varying from 15 milliseconds to 5 seconds. The
oscillator had an almost continuous range from 500 kilocycles to
18 megacycles per second.

Its epplicability in studies of internal friction of metals

was demonstrated with a single crystal aluminum sample.
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I, INTRODUCTION

The use of ultrassonic waves, consisting of frequencies above
20,000 cycles per second, has risen to & high degree of popularity
in both research end presctical applications. The pulsed ultrasonic
wave, employing echo techniques, has proved its use in attenuation
and velocity studies of liguids, gases snd solids.

The importance of the ultrasonic pulse generstor as applied to
the studies of sttenustion in solids is expressed excellently by
Gransto and Licke (1). They state that the possibility of
gathering information regarding the behavior of dislocations in
internal friction studies by the use of the ultrasonic pulse method
seems to have been overlooked. One advantaege of this method is
that detes regarding the frequency dependence of the internal
friction, which cen be importent in determining the validity of
existing theories, can be made in the range from 3 to 300 megacycles
per second.

The purpose of this research was twofold. First, as an ultrasonic
pulse generator was not asvaileble in this laboratory, the construction
of such apparstus, employing a wide range of frequencies, a variable
pulse width and repetition rate, was necessery. Such a device allows
research to be conducted in fields other then that considered here.

Second, this work wes concerned with demonstrating thet with this
apparatus, echoes can be obteined in a single crystal of aluminum. From
these echoes, it is possible to obtain a measurement of the internal
friction of the metal. These measurements, in turn, can be utilized to
verify existing theories of internasl friction. One such theory is that

of Granato and Lucke {2), which predicts a definite dependence or



the internsl friction on the frequency of the ultrascnic pulse.
Niblett and Wilks (3) point out in their review erticle on

internal friction, that various frequency dependences have been

found experimentally. A more detailed description of the theoretical

frequency derendence of the Granato end Lucke theory and previous

experimental results are given in the section entitled REVIEW OF

LITERATURE.

AN



II. REVIEW OF LITERATURE

It hes been observed that if any form of mechanical vibration is
applied to a metal sample, the vibration of the sample decreases
exponentislly to zero after the applied vibretion is discontinued. The
phenomena which account for this absorption of energy are called
collectively the internal friction. The internal frictiom, 1/Q,is

related to the logsrithmic decrement, A, by

A=m/Q (2.1)
The logarithmic decrement in turn, is defined as

A= AW/2W (2.2)

where W is the total vibrational energy of the specimen, exclusive of
thermal vibrations, and AW is defined as the energy loss per cycle.

A theory which has received much sttention in trying to account
for the source of this internal friction is baesed on the presence of
dislocstions in the lattice. Essentislly, dislocations can be divided
into two classes, edge dislocations end screw dislocations, with the
edge dislocation being of main concern here. This discussion of edge
dislocations is based on similar material from Seitz (4), Kittel (5)
and Read (6).

One of the basic definitions encountered in working with
dislocations is that of the Burgers vector. Given a cube of materisl,
as shown in Figure 1, it can be sliced so thet s surface S, bounded by
a closed curve C, is formed. Now imagine the atoms on one side of the

surface to be displaced a vector distance'a by some applied forece.
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Fig. 1. Model for defining Burgers vector,
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If 4 is not parasllel to the cut surface, this relative displacement
will cause either a gap or an overlap to be formed between the two
helves of the cut surface. This can be corrected by either the
addition or removal of etoms, depending on whether a gap or an overlap
is created. The material is then rejoined and the original displacing
force relexed. The result is a strain in the crystal as a consequence
of the relestive displecement. C then forms what is known ag a
dislocation ring, and'a being called the Burgers vector. This dis-
placement need not be parellel to the surface, S, but if it is, S is
called the slip plsne, and 4@ for most practicel purposes is the edge
of a unit cell and in the direction of slip.

Consider now a normal array of atoms in a crystal lattice, as
shown in Figure 2. If slip occurs in cne of the planes of atoms,
thet is if the atoms of one plene move relative to those in an adjacent
plane, the result is an edge dislocation ag shown in Figure 3. Note
that slip has occurred in only pert of the slip plane, for if all atoms
had been displaced the same amount, the resulting lsttice structure
would be identical to the original structure. This type of dislocation
derives its name "edge" because of the extension of a row of atoms at
the side of the cubic lattice due to the slipping process.

This same sort of figure could be obtained by introducing an extra
vertical plane of atoms at the center of the top half of Figure 2.
Hence it can be seen thst the lattice is under compression in the upper
helf plane and tension in the lower half plane.

Figure 3 can be thought of as a c¢ross section of Figure 4, with
DA corresponding to an edge of a plane in Figure 4. The plane formed

by DABC corresponds to the surface S in Figure 1 and is called the
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Fig. 3., Slipped crystal lattice.
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slip plane. The dislocation line lies along DC and conseguently is
in the slip plsne. For an edge dislocation, the dislocation is
perpendicular to the slip direction, which is, in turn, parallel to
the Burgers vector.

As was mentioned in the INTRODUCTION, one theory which relies on
the dislocation line accounting for the internal friction, is that of
Granato end Lucke (2). Their model consists of & dislocation line
having a total length Ln, referred to as the network length. The
network length, assumed to be the same for all dislocations, is
subdivided into smaller lengths, L, by impurity atoms. These impurity
etoms hold their respective points of the dislocation line in a fixed
position, a process referred to as "pinning" the dislocation line.
Other points of the dislocation line are free to move, with the ex-
ception of the end points of Ly, which sre held fixed by the crystal
network. A diagram of this model is shown in Figure 5A.

If one applies a stress varying sinusoidally, for exsmple a sound
wave, the dislocation line will behave as a vibrating string as shown
in Figure 54, B, and C. If the stress is large enough, the dislocation
line will breek away from the impurity stoms as shown in Figure 5D
and E, eventually collapsing to the original form as shown in Figure 5A.
This type of model gives rise to two effects which can account for the
loss of energy and hence the internal friction. First, there will be
a loss of energy due to the damping of the vibrating segments of the
dislocetion line. Second, if the stress is plotted versus the strain
for the breaksway process shown in Figure 5D and SE, a hystersis curve
results. The area enclosed in this curve gives the loss of energy for

this process. It is assumed then that the total logarithmic decrement
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can be expressed as s linear sum of the two terms, 1) the damping term,
A1, and 2) the hystersis loss, 4y.

Granato snd Liicke show in their derivetion of Ay and Ay thet Ag
is independent of the strain amplitude snd dependent on the frequency,
while AH is independent ot the freguency and dependent on the strain
amplitude. Here, AI is of primsry interest.

The dependence of AI on the freguency was approached by Gransto
and Liicke (2) by two different methods. First, they sssumed that the

distance between impurity stoms wezs a constant value L. This leads to

_ MM
D[(l - 2)2 4 02/132}

A (2.3)
where A is the dislocation density, Q = w/w,, where ® is the applied
frequency and w, is the resonant frequency of the dislocation line,
and A, = 8GaR/(Cm3). Here G is the sneer modulus, a is the lattice
spacing, C is the tension per unit length due to the bowed out disloca-
tion line, and D = woA/B. A is the mass per unit length of the dis-
location line, end B is the damping constant per unit length.

A plot of the normelized decrement, AI/(AOALz), versus the
normelized frequency, ®w/wy, is shown in Figure 6. There are seen to
be two families of curves, one for large damping, D<<1l, and one for
small damping, D>>1. The dependence of the decrement on the freguency
can be seen easily from the graph, with the maximum occurring at w = w,
for smell damping end at w = wo2A/B for large damping.

The second method was to assume that the distance between impurity
etoms is not & constant value L, but obeys & distribution function

such that the number of loops having a length between L and L + dL
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various values of the damping constant, assuming the
distance between impurity atoms is constant.
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is given by

N(L) dL = 'l—eﬂi'—zlﬂc-l dL (2.4)
I

where Lo is the average loop length between impurity atoms. The
dependence of the amplitude independent decrement as s function of
frequency was calculasted and plotted by Granato and Licke (2) for this
distribution of loop lengths. The results are shown in Figure 7 where
it can be seen that the lerge maximum that occurred at resonance for
small damping has been greatly reduced while the meximum at which the
large demping occurred has been shifted to smaller frequencies.

If the frequency of the applied stress is much smaller than the
resonant frequency, Granato and Licke (2) show that the amplitude
independent decrement depends aspproximately linearly on the frequency

as given by

~ QoA (Le )4 (51 )Bw (2.5)

A
I 2

where (2 is a factor which depends on the orientation of the erystal.

Calculstions were made to determine the shape of the theoretical
curve for the normalized decrement versus the normelized freguency for
a sample of aluminum. The value of D for asluminum wes calculasted to
be 10~1 from the equation D = ®WoA/B. A in this equation 1= given oy
Gransto and Lucke (2) as A = ﬂpaz, where P is the density of the metal
end a is the lattice spacing. The values used to calculate D, elong
with the source from which the numerical values were taken, are given

in Table I.
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location line

(average value)

Source of
Symbol Definition Numerical Value
Numerical Value
Handbook of
p Density 2.7 gm/ce Physics and
Chemistry
Lattice Handbook of
a 4.04 x 10~8 em Physics and
Spacing Chemistry
Mass per unit
length of the Formula from
A = mpa? | dislocation 138 x 10-16 gm/em | Gransto and
line Licke (2)
Resonant
frequency of G;:anato and
N the dislocation | 875 MC/sec Lucke (1)
line
Damping constant
per unit length | 1.1 x 10=5 Granato and
B of the dis- gn/(sec cm) Lucke (1)

Teble I. Values.used to calculate D = wyA/B for aluminum.
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The maximum dasmping in aluminum is calculsted to occur at 66
megecycles per second (1). With this information, the value of D
given above and the curves of Figure 7 as a guide, the normalized
decrement versus the normslized frequency for aluminum was obtained
gnd is shown in Figure 8.

A frequency range of 1 to 16 megacycles per second, corresponding
to w/wy between 1.13 x 107> and 1.8 x 10”2 is indicated on Figure 8.
It csn be seen that, theoretically, one would expect a linesr de-
pendence on the frecuency for the amplitude independent internsl fric-
tion at the low end of the frequency range. As the 16 megacycle
point is spproached, the curve begins to resch its maximum value and
the linesr dependence no longer holds.

Of course, it must be remembered that the D curve chosen depends
strongly on the velue of B, which is known only approximately. A
smeller B would indicate a strict linear dependence on freguency by
maeking D larger and increasing the position of the meximum decrement
for large demping. A larger velue of B would decreasse the value of D
and decrease the position of ®Wpsx putting the meximum of the decrement
in the frequency range from one to sixteen megacycles per second.

In an erticle by Alers and Thompson (8), B for copper is shown to
vary linearly with tempersture, ranging from O to 7.5 x 1074
gn/(sec cm) for a temperature range of 0° to 30C° K. Another cal-
culetion of B by Alers and Thompson (8), mede from their frequency
dependent data, indicated & value of 1 x 1074 gn/(sec cm) at room
temperature. They state that the reasons for the differences between
the values of B for the two calculations is unknown. Since the work

done here was st room temperature, it was concluded that the value of
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B chosen for aluminum to make a theoretical cslculstion was at least
of the proper order of magnitude.

In the theory proposed by Granato and Lucke (2), it is noted that
no mention of a dependence on temperature is made for the internsl
friction. As was explained above, Alers and Thompson (8) find a
temperature dependence through the demping term B. Besides this
temperature dependence, it was noted by Alers snd Thompson (8) that
the measurements of the decrement and modulus change, AG/G, where G
is the shear modulus, versus temperature, are different for kilocycle
and megacycle studies. Alers and Thompson (8) support Wilks (9) in
the idea of a thermsl relaxation process accounting for the above
differences. According to Wilks (9), there will be some depinning of
the dislocation line from impurity atoms which will occur in & mean

time, t, related to the temperature T by

t = A exp(Q/kT) (2.5)

where k is Boltzman's constant, A is a constant, and Q is the activa-
tion energy. If the period of the applied stress is of the order of
the mean relaxation time t, depinning will occur. This has the effect
of increasing the average loop length and hence affecting the value of
the decrement and the modulus change, since the decrement depends on
the fourth power of the loop length and the modulus change depends on
the square of the loop length.

Alers and Thompson (8) and Wilks (9) point out that the difference
between the decrement and the change of modulus depends on the frequen-
cy. The relaxstion time seems to be of the order of magnitude of the

periods of frequencies in tne kKilocycle range. rrequencies in the
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megacycle range appear to have periode too short compared to the
relasxation time to account for any increase in loop length by de-~
pinning. For this reason, Alers and Thompson (8) point out that there
is some doubt sbout the validity of the Grenato and Licke theory in
the kilocycle range.

A plot by Alers and Thompson (8) of the frequency versus the
smplitude independent decrement, for a well annealed copper crystal
between 10 and 80 megacycles per second, shows good agreement with
the theory of Gransto and Licke (2). The only difference is in the
position of the meximum. This might be expected as this position
depends strongly on the value of B and, hence, the tempersture.

As the relaxation time depends on the temperature, & study was
made of the datz given by Alers and Thompson (8) and the samplesg
given by Wilks {9). Indications were that at room temperature and
for freguencies in the megacycle range, this thermal relsxstion
process would not affect any experimentsl work done.

In their review article, Niblett and Wilks {(3) state that
experimental verificetion of the frequency dependence of the amplitude
independent decrement is not st sll conclusive. Hiki (10) measured
the internal friction of single crystals of lead et a fundamental
frequency of 64 kilocycles per second and at a third hermonic and
found thet the smplitude independent internal friction was proportional
to the frequency in the tempersture range of 140° to 220° K. Hikate
and Truell (11) found that the amplitude independent internal friction
was proportional to the frequency st five and ten megacycles. Working
at a fundamentel frequency of 39 kiloecycles and & second harmonic of
78 kilocycles per second on a single crystzl of copper, Norwick (12)

reported that even though his results were scattered, the amplitude
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independent internsl friction appeared to be independent of the
frequency. Experimental datas given by Takehoshi (13) on poly-
crystalline copper indicated no frequency dependence of the amplitude
independent internsl friction between one and ten kilocycles per
second. Bordoni's (14) work on polycrystalline copper found little
chaenge in the amplitude independent internsl friection between the
frequency range of 1.8 kilocycles per second to 6.5 megacycles per
second. Ileasurements by Graneto and Truell (7) on germanium single
crystals displayed the linesr dependence on frequency of the amplitude
independent friction, but as Niblett end Wilks (3) point out, germsnium
is & semiconductor; consequently these results may not be typical of
metals.

It can be concluded that the general results are inconsistent
regarding the frequency dependence of the amplitude independent
internsl friction. The kilocycle measurements ss performed by Hiki
(10) and Norwick {12) were done by use of the composite oscillator.
The main disadvantage of this method is thst only harmonics of the
fundamental frequency cen be used. When a harmonic is employed, the
positions of the meximum stress of the standing waves shifts relative
to the positions of the maximum stress for the fundamental frequency
and other harmonics. As the dislocation density may not be uniform
throughout the semple, experiments of this type may not yield the
true frequency dependence.

The pulse technique, which relies on a burst of ultrasonic waves,
and not on a standing wave pattern, has & definite advantage in
messurements designed to test the frequency dependence of the amplitude

independent internal friction. Here, the pulse width must be much
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greater than the period of the ultrasonic wave to insure a sufficiently
narrow Fourier spectrum.

Of the references mentioned above on the experimental results
regsrding the freguency dependence of the amplitude independent
internel friction, only those performed by Granato and Truell (7),
Alers and Thompson (8) and by Truell and Hikata (11) made use of the

pulse technique.
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III. EXPERIMENTAL TECHNIQUES

The pulse echo technique, as described by Roderick and Truell
(15), can be used to measure the internal friction of a metal sample.

In using this method, a piezoelectric crystal is cemented to the
sample surface with a metal electrode placed on top of the piezo-
electric crystal. When & pulse from the ultrasonic generator is
applied to the electrode, an oscillating electric field is established
in the piezoelectric crystal, causing it to vibrate mechanically.
These vibrations are transmitted to the sample as waves which travel
the length of the specimen, are reflected at the free end, and travel
back to the piezoelectric e¢rystal. Here the mechanical vibrations
are transformed into an electrical pulse by the inverse piezoelectric
effect. This pulse is amplified electronically and displayed on an
oscilloscope. The wave, which was reflected at the transducer, travels
down and back the length of the specimen, where again an electrical
impulse is amplified and displayed on the oscilloscope. This process
continues until the wave is completely attenuasted and a new electrical
pulse from the generstor is applied to the electrode.

If the complete set of reflected pulses or echoes is displayed on
the screen of the oscilloscope, the results should exhibit an
exponential decey of amplitude, as shown by Granato and Truell (15).

The envelope of the pulses displayed can be expressed as

E = E, exp(-avt) (3.1)

where E, is the electrical amplitude of the first echo. This equation
is true provided the reflection coefficient is unity on both faces of

the sample. Here, v, is the velocity of the wave in the medium, t is
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the time the wave treveled in the specimen, and o is the attenustion
coefficient. Taking log)p of both sides of this equation yields the

following expression.
20 logyo(Eo/E) = 8.68xvt (3.2)

20 log;o(Eo/E) gives the attenuation of E in decitels with respect to
Eo. Hence the sttenustion cen be plotted versus the time t of travel
to obtain 8.68av, the slope of this line. As the logsrithmic decrement,

A, is relsted to the stvenuevion coefficient, @, by
A = av/f (3.3)

the logarithmic decrement can be calculated. Here f is the frequency
of the wave.

The procedure, then, consists of applying a pulse of ultrasonic
waves of the desired frequency to the sample, photographing the
exponential decay on the oscilloscope, finding o« from the graph of
attenuation versus time, and calculeting the logsrithmic decrement
from the above relation. This procedure is repeated for as many
frequencies as desired.

As the frequency range of interest here was from 1 to 16 mega-
cycles per second, X cut quartz crystals, having fundamental fre-
quencies of 1.0, 1.2, 1.5, 1.8, 2.2, 2.7, 3.3, and 4.0 megacycles per
second were purchased from a commercial supplier. The 1.0 and 1.2
megacycles per second crystels were one inch in diameter while the
rest were 1/2 inch in diameter. Their surfaces were polished to allow
higher hermonics to be generested. Only odd harmonics were generated,

as even harmonies cancel in the quartz erystal (14).
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A block disgram of the equipment is shown in Figure 9. As the
amplifier used here began to lose gain for frequencies above 1 mega-
cycle per second, it was used as an intermediate frequency amplifier
in a heterodyne detection system. Here the frequency of the incoming
pulse is mixed with that of a local oscillator to produce a difference
frequency in a range to utilize the gain of the amplifier. For example,
if a 16 megacycle pulse were used, & local 15 megacycle oscillation
mixed with the 16 megacycle pulse would produce a 1 megacycle pulsed
oscillation. This allows the maximum gain of the amplifier to be
employed.

As can be seen from the block diagram, an electrode rests on the
piezoelectric transducer. The transducer, in turn, was fastened to
the sample by use of a Dow Corning silicone compound having a vis-
cousity of 2,000,000 centistokes.

There are two basic techniques which can be used when employing
the pulse method. In one, the specimen to be tested has a diameter
large compared to that of the piezoelectric crystal. In the other, the
piezoelectric crystel diameter is of the same size as thst of the sam-
ple. In the first method, one assumes that the specimen appears as
an unbounded medium, so that the boundaries have little effect on the
attenuation of the ultrasonic wave. This method has been analyzed
both experimentally and theoretically by Siki, Truell and Granato {17].
The decay pattern is found to be non-exponential due to beam spreading
and diffraction affects.

The second method, referred to as the cylindrical wave guide
technique, ideally should have no losses other than those due to the

intringsic properties of the sample tested. Redwood (18) shows both
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analytically and experimentally, that this method yields a decay
pattern thst is non-exponentisl due to two reagons. First, the
different modes excited in the sample form an interference pattern.
Secondly, the conversion of longitudinal waves to transverse wzves
end vice versa, st the side boundaries, produce trailing pulses, due
to the different velocities of transverse and longitudinsl wsves,
which remove energy from the main pulse.

The cylindricsl wave guide technique has the advantage that the
sample does not have to have dimensions which are so large as to be
impracticael, in contrast with the first method. Thie technique was
chosen for use here.

The sample to be tested was a single crystal of aluminum,
purchased from Semi Elemente Inc., Saxonburg, Pennsylvania. The single
erystal, 99.995% pure, was 4.0 inches long and had a diasmeter, uniform
to within one ten thousandth of en inch, of 1.00 4+ .0l inches. The
end faces were flat end parallel to within .00l inch. To obtain the
maximum effect of the dislocations present, the cylinder axis was
oriented to within 1° of the 110 axis, the slip direction for aluminum.

For the experiment, the single crystsl was held secure in a holder
shown in Figure 10. The holder consisted of a block of aluminum at
the center of which were turned two concentric circuler holes. This
formed a lip on which the single crystal could rest, and allowed the
sample to have an air boundary over the greater portion of its end
face. The base of the holder was surrounded on three sides with sheet
aluminum to which two coaxial connectors were fastened. One of these
coaxial connectors served to bring the ultrasonic pulse to the sample,

and the other to transmit the echoes t0 the amplifier either directly
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or through the heterodyne mixer. The ground terminal of the coaxial
connector wss connected directly to the holder. As the sample made
contesct with the holder, the sample became the second electrode for
the piezoelectric erystal., The electrode which delivered the signal
from the generstor to the piezoelectric crystesl was placed on top of
the crystal and was constructed of bronze, 1/8 inch thick end 1/2
inch in dismeter.

Mason (19) illustrates a typical result of the cylindrical wave
guide technique observed on a one inch diameter crystel of aluminum at
a frequency of 5 megacycles per second. This is shown in Figure 1l.
The effect of the interference modes can be minimized by the use of
an electrode which has a slightly smaller radius than that of the
sample tested. This arrangement gives echoes that decay exponentially,
with the trailing pulses being smzll enough as to contain only a small
amount of the total energy of the pulse. Good experimental data is
obtsinable for frequencies above five megacycles per second on a one
inch diameter aluminum crystal. For this reason, the electrode was
chosen to have a diemeter of 1/2 inch, while the diameter of the
single crystal of aluminum was one inch.

One other criterion was followed in chosing the diameter of the
semple. Mason (20) states thet experimentsl evidence indicates that
the pulsed longitudinal ultrasonic wave will be distorted to such a
degree thast trsiling pulses will be produced which become negligible
compared to the main pulse only when the diameter of the sample is
twenty or more times the wave length. A one inch diameter crystal of
aluminum is found to obey this criterion for frequencies sbove five

megacycles per second.
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The only other losses considered here sre: 1) loss due to grain
boundery scattering, 2) loss due to the end faces being non-parallel,
%) reflection losses at the free end of the sample, snd 4) reflection
end absorption losses in the medium bonding the quartz piezoelectric
crystal to the sample.

The loss due to scattering is dependent on the wave length end
hence the frequency of the ultrasonic wave. As a single crystal was
used here and there were no grasin boundesries present, a loss of this
type was not expected.

Gransto and Truell (7) point out that if the faces of the sample
being tested are not perallel, the wave front of the plane ultrasonic
wave will become distorted, causing a loss which is dependent on the
wave length and hence the frequency. For this reason, the faces of
the semple were made flat snd parallel to within .00l inch.

Of the last two losses possible, Redwood and Lemb (21) state that
the losses at the free end of the sample are small enough to be
considered negligible. In this same article end in another by Redwood
{(18), a method is outlined to measure the losses due to the reflection
and sbsorption of the ultrasonic wave at the medium bonding the piezo-
electric erystel to the sample being tested. It is stated in both of
these articles, thet this loss may be as high as one decibel, but is
usually of the order of & tenth of a decibel.

In an experiment wnicn is concerned only with observing the
frequency dependence of the amplitude independent decrement, en
absolute measurement of the attenuation is not necessary as long as
the loss for each frequency tested is the same. For this reasson, the

last two losses mentioned above are considered uniform for all
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frequencies tested asnd es having no affect on the messurements. Those
losses which are frequency dependent, as first pointed out, are assumed
small enough not to affect the velidity of any data.

If we consider only measurements for the strain amplitude inde-
pendent decrement, it is necesssry to know the order of magnitude of
the strain developed. The equation (19) for the strain of the quartz

crystal, S), due only to an applied electric field, Ex, reduces to
Sy = dy) Ex (2.4)

where dj; is -2.25 x 10710 em/volt. The maximum potential of the
pulsge from the apparatus constructed here was of the order of 1,000
volts pesk to pesk. For a field, E, of 1,000 volts/em, the strain,
S1, 18 2.25 x 10~7. As this crystel vibrastes sgsinst the single
crystal of aluminum, the strain can be considered no larger than 10-7.
Niblett and Wilks (3) show graphically, thet the strain amplitude
dependent internal friction occurs for strasins in excess of 10‘6, S0
thet theoreticslly it appesrs that one could expect only the amplitude
independent decrement to be thst quantity measured with the use of a
1,000 volt pulse.

Experimentally, Alers and Thompson (8) state that in their work
with copper, a voltage of .7 to 400 volts peak to peak was applied to
a quartz transducer and the resulting attenustion was strain amplitude
independent.

For this resson and for fear of fracturing the quartz crystal by
use of a pulse having a thousand volts pesk to peak, an sttenuastor wes
placed in the circuit to reduce the pesk to peak voltage of the pulse

to below 400 volts. Hence with the use of these low voltages, it can



be safely sssumed that any data obtained can be for strain amplitude

independent conditions.
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Iv. EQUIPMENT

The block diagram of the electronic equipment, consisting of s
power supply, pulser, oscillator, ettenuator, mixer, local oscillator
end amplifier is shown in Figure 9. The amplifier was constructed by
Koelling (22).

The pulser and oscillator were adapted from a design by Skudrzyk
(23). The equipment can be broken down into four mesin parts. These
are the thyratron pulse circuit, the multivibrator, the cathode
follower and the oscillator, shown in Figures 12, 13, 14 and 15 re-
spectively. The values of the components are given in Table II and
I1I. The 480 volt plate supply for the pulser and the oscillatcr was
obtained from a dusl regulsted power supply, a product of Kepeco Labs
of Flushing, New York. This supply has a range of 0-600 volts D. C.
snd 0-250 milliamps.

The pulser, which forms the first three of the above mentioned
stages, was built sccording to the specifications of Skudrzyk (23).
The same oscillator was used, but various combinations of cspacitors
and inductors were used to give the desired frequency range.

The pulser is intended to give a repetition rate ranging from
1 pulse every ten seconds, to one pulse every 40 microseconds, with
a range of pulse widths from 1/3 of a microsecond to 100 milliseconds.
It was found experimentally, that the repetition rate range was from
1 pulse every 5 seconds to one pulse every 15 milliseconds, with a
range of pulse widths of 4 microseconds to 10 milliseconds. It was
assumed that the reason the characteristics are not as good as those

established by Skudrzyk (23) is that long leads may have introduced
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1 meg-ohm, 1/2 watt
500 kilo-ohms, 2 watts
400 kilo-ohms, 1/2 watt
1 kilo-ohm, 1/2 watt
100 kilo-ohms, 2 watts
50 kilo-ohms, 1/2 watt
10 kilo-ohms, 1/2 watt
2 kilo-ohms, 1/2 watt
5 kilo-ohms, 2 watts
50 kilo-ohms, S watts
3 kilo-ohms, 5 watts
50 kilo-ohms, 1/2 watt
180 kilo-ohms, 1/2 watt
5 kilo-ohms, 20 watts

500 ohms, 2 watts

Table II.

180 ohms, 1 watt
22.5 kilo-ohms, 10 watts

200 ohms, 1/2 watt

- 1 meg-ohm, 2 watts

180 kilo-ohms, 1/2 watt
3 kilo-ohms, 10 watts
500 kilo-ohms, 1/2 watt
400 kilo-ohms, 1/2 watt
30 kilo-ohms, 1/2 watt
50 ohms, 1/2 watt

5 kilo-ohms, 20 watts

1 kilo-ohms, 20 watts
50 ohms, 1/2 watt

75 kilo-ohms, 5 watts

kilo-ohms, 1/2 watt

Values of resistors for generator.




C1- 0.1 mf, 600 v

Cgo- 25, 50, 100, 200, 400 mmf;
0.001, 0.003, 0.01, ©.05,
0.2, 0.5, 2 mf, 600 v

C3z- 50 mf, 50 v

C4- 50 mmf, 1,000 v

C5- 10 mmf, 1,000 v

Co- 50 mmf, 1,000 v

Cp=- 8 mf, 250 v

Cg- 0.01 mf, 1,000 v

Cg= 100 mmf, 500 v

C10~ 8 mf, 450 ¥

Ci11- 1 mf, 450 v

Cig- 0.2 mf, 250 v

Ciz- 0.5 mf, 600 v

Cy4~ dependent on frequency
C15- 66-1,700 nmf end 20-135 muf
Ci1g- 0.02 mf, 100 v

Cyp= 100 mmf, 100 v

Cig- 0.2 mf, 600 v

Ll- according to frequency

Lo- according to frequency

Table III. Values of capscitors and inductors for generator.
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added capacitance and inductances which change the operating char-
acteristics of the circuit. As the results obtained were in a region
of satisfactory working conditions, no time was spent on the redesign
of the circuit.

In the thyratron circuit, as shown in Figure 12, C;, R; and Rp
are used for a horizontal display of the input if this is desired.

The besic function of the thyratron circuit is to determine the pulse
repetition rate. Essentislly, a current charges one of the capacitors
in the bank of capacitors lsbeled Co. The charging process continues,
the rate of charging determined by RzCo, until the plste potential of
the thyratron becomes large enough to allow the tube to fire. This
charging time then determines the time between pulses and hence the
repetition rate. The bank of capacitors Cp, along with the cathode
biasing resistor Rg, allows control over the repetition rate. A4s Rg
controls the potential of the cathode, an adjustment on Rg will deter-
mine the potential at which the plete will fire by changing the rel-
ative plate to cathode potentisl. The rest of the circuit consists of
biasing resistors, differentiating circuits and a diode which forms the
pulse fed into the multivibrator.

The operation of the cathode coupled multivibrator shown in
Figure 13 can be outlined in the following steps. Let us consider
that initially the 6L6 is conducting, while the 6AG7 is not. If a
positive pulse is applied to the grid of the 6AG?7 from the thyratron
circuit, the result is to cause this tube to conduct. Since the
capacitor Cg or Cg and Cg in series cannot discharge instantaneously,
the decreasse in the plate potentisl of the 6AG7 is seen by the grid of

the 6L6 as a drop in potential. This is due to the grid current
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through Rjg and Rjg. At the same time, the csthode potential of the
6L6 increaces because of the conduction of the 6AG7 through Rjg. This
helps the grid to cathode potential to increase and shuts off the 6L6.
As the capacitor discharge of Cg or Cg and Cgy in series becomes complete,
the grid current through Rjg and Rjg goes to zero, sllowing the grid
potential of the 6L6 to rise to the cut off level and begin the 6L6
conducting. The increase of current through Rjg is sufficient to raise
the cathode potential of the 6AG7 so thet the grid cathode voltage
drops below the cut off level. As the 6AG7 ceases to conduct, the
plate potential of the 6AG7 incresses. Since Cg or Cg and Cg in series
cannot charge instentaneously, a grid current through RlB and ng
increases the grid potential of the 6L6 aiding the conduction. This in
turn continues to increase the cesthode potentisl of the 6AG7 due to the
increase of current through R,g, driving the 6AG?7 to a non-conducting
state. Hence the original condition is re-established, the 6L6 con-
ducting and the 6AG7 shut off. With another application of a positive
pulse from the thyratron circuit, the above process is repeated.

Just as the revetition rate is developed in the thyratron circuit,
the pulse width is controlled in the multivibrator circuit by the
time intervel the 6L6 is non-conducting. This time is the RC time
constant given by Rjg and Rjg in series, and Cg or Cg and Cg in series.
Control over the pulse width lies in the variable resistor Rjg and in
a switch which determines whether Cg is used singly or in series with
Cg. A more complete description of multivibrators can be found in Ryder
(24).

The rest of the multivibrator circuit consists of biasing re-

sistors, and capacitors to maintain constant voltages. The circuit
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consisting of Rjya, C7, Rz, Rg and Rg keeps a fairly constent potential
on the grid of the 6AG7. It is found experimentally, that Rg can be
sdjusted so that the multivibrator does not function. This is expected,
since if the grid potentiasl is made negative enough the positive pulse
from the thyratron circuit is not large enough to begin the 6AG7 con-
ducting.

The pulse from the multivibrator, taken off the plate of the 6L6,
is fed to the grid of the 6CB5 in the cathode follower circuit. This
increases the flow of plate current, thus increasing the cathode
potential due to the biasing resistor Rgj. As the pulse dies out, the
cathode returns to its originasl potential, thus forming a pulse on the
cathode of the 6CB5, which is fed to the oscillating circuit. The
function of the cathode follower is to act as an impedance transformer,
as the output impedance of the multivibrator is high compared to the
input impedance of the oscillator. If a mismatch of impedances
between the multivibrator and oscillator were allowed, there would be
a considersble loss of power. As is shown in the schematic of the
cathode follower in Figure 14, the heater is supplied with a 200 volt
D. C. positive potential to keep the heater from arcing over and
breaking down the heater insulation.

The pulse from the cathode follower turns the oscillator on and
off which then produces the pulse of ultrasonic waves.

The main concern with the oscillator, as shown in Figure 15, was
that of finding the proper capacitors and inductors in the tank circuit
to give the desired frequency range. The rest of the oscillator
consists of biasing resistors and capscitors to maintain constant

voltages.
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If attention is focused on the tank circuit, as shown specifically
in Figure 16, Bastman (25) shows thet the resulting frequency cen be

given as

eq

where L is the plate inductance and Ceq is the equivalent capscitance
of the rest of the tank circuit. Examination of the tank circuit of
Figure 16 shows that L, is the plete inductor or L in the sbove
equation. The rest of the components, Lg, R, G5 snd Ryg have to be
combined to form the equivalent capacitance, Ceq' This was done by
examining the combination of the impedances of the above components.

The resulting Ceq is given as

(R + Rgg)? + 1/(4mR£2C152)
R2/C15 - (2nf)2Lp [(R + Rpg)2 + 1/(zm2f20152)]

Substituting this value of Ceq into equation (4.1) and solving for f,

we obtain

1 R?/C15 + (1/C15°%) (L - 13) ? (4.3)
2m(R + Ryg) L+1)

Given any inductor or capacitor, this equetion allows the correspond-
ing frequency to be calculated.

The oscillator was constructed using two variable capsascitors,
having renges from 66 picofarads to 1700 picofarads, (labeled large

capacitor) and 20 picofsrads to 135 picofarads (labeled small

caspacitor) for Cis. A switch in the circuit gave the experimenter a
15
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Fig. 16. Tank circuit of oscillator.
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choice of either of these capsacitors.

A total of five air wound coils, each mounted on a plug-in unit,
were used singly with either of the above mentioned capacitors. Kach
coil was divided by & center tap to form the corresponding plste
inductor, Lj, and grid inductor, Lo, as shown in Figure 16. The use of
the five inductors with either of the two capacitors gave an almost
continuous range of frequencies from 500 kilocycles per second to 18
megacycles per second.

The dimensions, total inductance, number of turns on the grid snd
corresponding inductance, number of turns on the plate and correspond-
ing inducteance, of the five coils used are listed in Table IV. The
first three coils were obtained commercially, while the last two coils
were hand wound. In Table V are the calculsted frequencies found by
use of equation (4.3) for the various coils along with the experi-
mentally determined frequencies. The calculeted freguencies were
evalusted by using the largest and smallest values of esch of the two
veriable capscitors with each of the five inductors. The experi-
mental frequencies are tabulsted in terms of the widest range of
frequencies found for pulse heights below 400 volts pesk to peak, for
each coil with each of the two variable capacitors.

As can be seen from Table V, the experimental fregquencies lie
close to the range of the frequencies calculated by the use of
equation (4.3). Experimentally, it was found that the whole range of
the varisble capacitors would not always produce oscillations. This
was thought to be due to an unfevorasble feed back restio, that is, the
ratio of the number of turns on the grid inductor to the number of

turns on the plete inductor.
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Coil

Dimensions
of
Coil

Totel
Inductance

Turns
on
Grid

Grid
Inductance
Lo

Turns
on
Plste

Plate
Inductance
L1

10" long
3" diameter
80 turns

127 mh

8.9 mh

72

114 mh

iI

10" long
1-1/4"

diameter
80 turns

23¢3 mh

«16 mh

72

21 mh

111

3" long
1" diameter
30 turns

6+47 mh

<32 mh

27

5.8 mh

3-1/4" long
1" diameter
20 turns

«06 mh

17

1.95 mh

1-1/4" long
1" diameter
7 turns

«72 mh

«1l4 mh

«43 mh

Table IV.

Inductance coils.
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Calculated Frequency Experimental
Frequency
frequency | frequency |frequency | frequencyjfrequency | frequency
for for for for range range
Coil Cls—-- Cl5--—- Cls--- Cls--- for for
20 mmf 135 rmf {66 mmaf 1700 mmf small large
capacitor | capscitor
1.0 50
MC/sec 1C/sec
I 1.8 .610 93 178 to to
KC/sec MC/sec MC/sec MC/sec | 1.3 1.2
¥C/sec C/sec
2.4 1.3
¥C/sec MC/sec
II 4.0 1.5 2.16 420 to to
MC/sec MC/sec ¥C/sec MC/sec | 3.8 3.0
MC/sec ¥C/sec
4.7 4,0
MC/sec MC/sec
III 7.2 2.8 4.0 .815 to to
¥C/sec MC/sec ¥C/sec MC/sec | 7.15 6.1
1C/sec 1C/sec
77 6.7
MC/sec MC/sec
v 12.6 4 .85 7.0 1.37 to to
MC/sec MC/sec MC/sec MC/seec | 11.0 9.5
KC/sec MC/seec
12.5 10.0
MC/sec MC/sec
v 24.0 9.1 13.2 2.56 to to
MC/sec MC/sec ¥MC/sec MC/sec | 18.0 16.6
MC/sec MC/sec
Table V. Experimental and calculated frequencies for five coils.
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Detailed experimental work on the last two coils yielded in-
formetion on the importance of the feed back ratio. Many combinations
were tried and two conclusions were drawn. First, if the number of
turns on the grid was too small, there was no pulsed oscillation.
Second, if the number of turns on the grid was too large, the os-
cillator would feed back to the pulser, destroying the control over
the repetition rate. As was suggested by Skudrzyk (23) a feed back
ratio range from 1/6 to 1/20 was found to give the best results.

With coil number V, it was found thet no matter what feed back
ratio was used, there were pulses which did not destroy control over
the repetition rete and those that did. This combinstion was a
function of the setting of the attenuator and the frequency, determined
by the setting of the veriable capacitor. The frequency range given
in Teble V for coil V includes only those frequencies where control
over the repetition rate was obtainable.

For the last three coils, there was not a one to one correspon-
dence between the pulse width produced by the pulser, and the pulse
width of the output of the oscillator. The pulse width of the os-
cillator was always shorter than the pulsed produced by the pulser.

It appeared that the time of shortening on the pulsed oscillation was
the time necessary for the voltage to be applied to the oscillator tube,
before it would begin its oscillations. To obtain pulses of longer
durstion, the pulse width was adjusted by use of the controls of the
multivibrator.

The capacitor labeled Cj4 in the oscillator circuit shown in
Figure 15, has its value dependent on the frequency. As described

by Skudrzyk (23), the time constant RpyCy4 is of some importance, for



48

if this time constsnt is too large or too small, blocking may occur,
causing the pulse to appear sinusoidally modulated. To eliminate the
possibility of this occurring, Skudrzyk (23) states that Cy4 should be
greater of equal to 20/(fRpy). Each plug-in coil used was equipped
with its own Cj4 capecitor which is listed in Table VI, along with the
value of 20/(fR24) for the lowest and highest frequency attainable for
a desired coil. As can be seen from Table VI, the values of Cy,
gatisfied the above conditions. Experimentslly no difficulity wes
encountered, indiceting that a proper choice of capacitance had been
made.

The ultrasonic pulse generator was found to work very satisfac-
torily for the experiment attempted here. Smaller inductors were
experimented with to try to obtain frequencies in excess of 18 mega-
cycles per second, but without success. For frequencies to exceed
that of 18 megacycles per second, it is suggested that smaller
cepacitors, smaller coils, and consideration of the redesign of the
circuity with regard to assembling of the components be made.

Because the output of the ultrasonic generator was approximetely
1,000 volts peak to peak, an attenustor was installed in the oscillator
to reduce the output to the range from 150 to 400 volts peak to pesk.
This was necessary to insure amplitude independent strains in the
sample and to insure against fracture of the quartz crystal as mentioned
in the EXPERIMENTAL TECHNIQUES section.

The attenustor consisted of a ten position switch and nine one
watt resistors. Experimentally it was found that the attenuated
voltages for the different positions of the switch were affected by

the frequency at which the oscillator operated. At higher frequencies,
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Lowest Highest
Cis Experimental |{Experimental
Capacitor Frequency Frequency
Coil|  Used 1 th 20/(£y Ro,) |20/(fph Roa)
I 4 x 10-9 .50 MC/sec |1.3 MC/sec¢ |1.3 x 10-? |5.,14 x 10-10
farads farads farads
IT | 1.5 x 10°9{1.3 MC/sec {3.8 MC/sec |5.14 x 10-10 |1,75 x 10-10
farads farads farads
III | 1.8 x 10-914.0 MC/sec {7.15 MC/sec |1.67 x 1010 |9,3 x 10-11
farads farads farads
v | 1.8 x 10°9{6.7 MC/sec |11.0 ¥C/sec [9.95 x 10-11 (6,05 x 10~11
farads farads farads
v 1.0 x 1072]10.0 MC/sec {18 MC/sec  |6.66 x 10~1l |3,7 x 10-11
farads farads farads
Table VI. Cealculated and experimental values of Ci4.
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there was a merked attenustion of the pulse ss compared to that of
lower frequencies. This effect was due to the close proximity of the
resistors in the switch, inducing an effective capacitive and inductive
coupling of these components which depended directly on the frequency.

The ettenuator instelled in the oscilletor wes used with an
externsl attenustor to reduce the output of the oscillator to 1/2 volt
peak to peak to test the mixing cireuit. As wss explained in the
EXPiER IMENTAL TECHNIQUES section, a mixer circuit was constructed to
use in conjunction with the amplifier because of its loss of gain
above 1 megacycle per second. The schemstic for the mixing circuit
{26} is shown in Figure 17 while the velues of the components are
given in Teble VII., The 150 volts D. C. was supplied by two 75 volt
batteries connected in series, while & 6 volt D. C. battery supplied
the hester voltage of the 6AK5. Since the amplifier waes sensitive
to low frequencies, it did not discriminate against A. C. ripple.
Hence batteries were used to eliminate the ripple always present in
electronic power supplies.

These 1/2 volt pulses were successfully mixed for all frequencies

from 5 to 16 megacycles per second.
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Table VII.

Ry~ 27,000 ohms
Rp- 4,700 ohms
Rz- 560 ohms

Rg- 10,000 ohms

C1- 40 mmf
Cg- 0.0022 nf
Cz- 0.047 mf
Cgq- 0.02 mf

Cs- 0.038 mf

Values of components for mixer cireuit.
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V. EXPERIMENTAL RESULTS

Echoes from the single crystal of aluminum were observed on the
oscilloscope for frequencies of 1.0, 1.2, 1.5, 1.8, 2.2, 2.7 and 3.3
megacycles per second. Drawings of the photographed echoes are shown
in Figures 138, 19, 20, 21, 22, 23 and 24. The echces, as photographed,
were not eas distinct as the lines indicated in Figures 18 to 24, but
appeared to have & width grester than expected. This appeared to be
caused by trailing pulses which seemed almost as large as the return
signal of the desired echo. For the 3.3 megacycle transducer, the
photograph was not very distinct because of the low gain of the
amplifier at this frequency. Although pulses were observable, only
the main envelope of the decay was actually plotted for this frequency.
The echoes in this case were just & little lsrger then the noise of
the amplifier.

It will be noted in the disgrsms that sll the echoes shown were
not spaced uniformly as would be expected. The actual time for the
trip down the single crystel and back was expected to be in the order
of 40 microseconds. In some cases, the echoes appeered to be separated
by about this velue; and, st other times, the only echoes which could
be distinguished above the noise of the amplifier appeared to be
gseparated by times longer than 40 microseconds. The other echoes
were assumed to be indistinguisheble in the noise level of the amplifier.

It was attempted to excite the harmonics of the transducer, but no
results were obtainable. This was thought to be due to any or a com-
binstion of three ressons. First, there was the possibility that the
harmonics were not excited st sll. Secondly, if the harmonics were

excited, the return echoes masy have been too smgll to re-excite the
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quartz transducer. Third, the mixer may not have been able to mix
and detect the small signal returned from the single crystal.

There was a phenomenon which, at first, led to the belief that
the harmonics were being transmitted to the ssmple. The normal
response observed on the oscilloscope with the generstor detuned from
the harmonic freguency was a continuous wave with a frequency of
approximately .2 megacycles per second. When the pulse generator was
adjusted to within the frequency of the harmonic of interest, there
was a definite increase in amplitude of this wave, which decayed
exponentially with time. As the decay of the continuous wave resembled
the expected decay of the pulsed echoes, it was first though that the
echoes from the sample were the cause of the decay pattern. This
decay was dismissed as possible sttenuation data of the sample for the
reasons in the following paragraph.

Because of the relstively high frequencies of the harmonics, the
mixer and local oscillstor were used to supplement the amplifier as
explained in the EXPERIMENTAL TECHNIQUES section. It was observed
that the decay pattern discussed above was independent of whether the
local oscillator, which fed the mixer, was on or off. Hence, the
echoes could not be the cause of the observed decay pattern, for
without the local oscillator in operation, the mixer could not produce
a pulse in the frequency range where it could be amplified sufficiently
to be detected on the oscilloscope. This conclusion was further
substantiated when the decay pattern was observed when the signal
from the transducer was fed directly to the amplifier.

The finsl proof thst this observed decay pasttern was not due to

the return echoes of the sample was that this same pattern was observed
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when the transducer was placed on a thin sheet of metsl.

It was also noted that the frequency response of the decay
appeared to be broad as compsred to the pulses which were actually
obtained at lower freguencies.

With these facts, it was concluded that the observed decay was
an electricel ringing produced in the circuit as the harmonie fre-
quencies of the quartz crystals were approached.

As wes described in the EXPERIMENTAL TECHNIQUES section, the
asttenuation in decibels was plotted versus the time (in microseconds)
the wave traveled in the specimen in order to determine the attenuation.
Although these plots are not shown here, it was found that the points
were S0 scasttered that an accurete straight line approximetion was
impossible. The best straight line approximstion possible was made
and the logerithmic decrement was plotted agasinst the frequency. The
points were sO scattered that the data on the attenuation of the single
crystal could yield no accurate results.

An exasmination of the echoes as shown in Figures 18-24 indicates
the reassons why the final decrement versus frequency did not yield
accurate results. It will be noted in comparing these diesgrams that
for Figures 18 and 21, the first echo obtained during the time of 100
to 150 microseconds is large compared to the following echoes, giving
a good idea of the decay. For the rest of the figures, the echoes
were not measursble until after 200 microseconds when most of the decay
had already taken place.

The reason why some of the earlier pulses were not observed in
some cases was due to the cheracteristics of the amplifier. After

being overdriven by the input vcltege, the time required for the
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amplifier to return to normal opereting conditions varied from 100

to 200 microseconds. An effort wass masde to reduce this time both by
adjusting the controls of the amplifier and by replacing critical
capacitors in the circuit itself but with no success. The data shown
here wes the best obtained.

Another reason why one would not expect this dats to yield accurate
results was esteblished from Mason (20) in the EXPERIMENTAL TECHNIQUES
section, It will be remembered that the criteron for good data was
that the sasmple diameter be twenty times grester than the wave length
used. For a one inch diameter crystal as used here, this criteron

is obeyed only for frequencies above 5 megacycles per second.
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VI CONCLUSION

The experiment conducted here was not successful in obtaining data
accurate enough to esteblish any velidity to the theory of Gransto and
Licke with respect to measurements of the logarithmic decrement versus
the frequency. The main concern with correcting this problem lies
mainly in the amplifier. First, the recovery time after being overloaded
is too long for this type of experiment. One would like to look at
the second echo returning, which would be about 80 micro-seconds after
the original pulsed oscillator excites the quartz crystal. Secondly,

a very limiting feature of the emplifier was its loss of gain above 1
megacycle per second. To test the Granato and Licke Theory, one would
like to begin at 1 megacycle and work up. The use of a mixing circuit

is possible, a&s tried here, but & broad band amplifier is much more
desirable. Third, a gain higher than 4,000 would be even more desirable.
For this, of course, one could go to tuned operation of the amplifier (22)
which gives gain up to 65,000.

In another sense, this experiment can be considered to be most
successful in thet the ultrasonic pulse generator was constructed and
proved its applicability in reseesrch of this type. The experimental
frequencies obtained from the pulsed oscillation did lie within the
limits of the theoretical cslculations.

It was definitely proved that echoes were obtained from the sample
which displayed the oscillating characteristics observed by other ex-
perimental workers. This method, with improved instrumentation and ex-
perimental technique, can prove to be of wvelue in gathering information

regaerding internal friction and dislocation theory.
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