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EFFECT OF VIBRATION FItEQUENCY ON THE 
IN1'NAL FRICTION OF cOID-WORID cOPPa 

INTRO UCTION 

The internal friction of ateria1s is importent for two rea8ons. 

First of all, an engineer is in a better position to choose the proper 

material in a problem involving vibration if he has a knowledge of 

its thrnping characteristics. $econdly, internal friction is proving 

to be especiafly inportant to the physicist in formulating theories 

of matter. The dislocation theory owes much of its advance to such 

studies. 

Damping, or the nonelastic behavior of materials, comes about 

because of the phase difference between the applied stress and the 

resulting strain. It is, therefore, reasonable that the anglo by 

which the strain lags the stress should ' oe a measure of the internal 

friction, 04, p. 3) 

If the stress is a function of time, 

o- = 
î;- e 

where, 

¿b' j the angular frequency of vibration 

&i;- j the stress amplitude 

then the strain will be of the form, 

/ . 

_Lvt 
6 E, - 

) 
e 

where E is the strain 

6,i the component of strain in phase with the stress 
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E is the component of strain out of phase with the 

stress. 

The angle between the stress and the strain will then be, 

62 / 
arct,an /, 

For the usual case the damping is small enough so that the 

tangent of the angle may be considered equal to the angle. 

It would obviously be quite difficult to set up an experiment 

in which this phase angle wou'd be measured directly. However, if 
the Internal friction is independent of the amplitude of vibration, 

it may be shown that the phase angle is equal to Q where this para- 

meter is defined as the ratio of the "half widtht' of the resonance 

peak to the resonant frequency. The "half width" is defined as the 

frequency difference between the two points on the resonance curve 

which have an amplitude of one-half the square root of two times the 

maxiimium amplitude. The term, Q, is of value even if the internal 

friction varies With amplitude, because it may be used for compara- 

tive purposes. It is used extensively in internal friction work. 

The relationship between and Q_l Is shown by Nowick (h, 

p. 8) in the following manner. Consider a specimen in forced vibra- 

tion in such a manner that its equation of motion is 

M.+K(l+i) x 

where, 

M is the mass of the member 

K is the spring constant of the member 

Fi is the amplitude of the forcing function 
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is the angular frequency of vibration 

t is the time 

X, , and iare the displacement, velocity and acceler- 

ation, respective1, of the maiiber. 

The differential equation may be solved by assuming a solutiou 

of the form 

X X0 eit 
where mai be complex. 

Substitution of this into the differential equation gives as a result, 

X 
Fi/M 

o 
- 2ì ) 

+ a 

where 'k-'-- is the natural frequency of the systt. 
The real quantity, 

I 

2 
(Fi/1)2 

X0 - 
(iv w 2 4 

forms the equation for the resonance curve. 

The values of the frequencies and which allow 11d2 to be 

one-half its maximum value Will be seen to be euch that 

(- Wa 
'1 

which is defined as 

The parameter Q_l is used in tests involving forced vibration 

of the specimen. In the case of tests involving free vibrations with 

damping the logarithmic decrement is used as a measure of the internal 

friction. It is defined as the natural logarithm of the ratio of 

successive amplitudes. it is found to be ?T tiznes the elastic phase 

constant (, p. U). 



The theory of d1s1ocatiorhas been developed to predict the 

failure of 5ingle crystals to have the theoretical shear strength. 

Its use has extended to many other sections of solid state physics. 

One type of dislocation is shown in figure 1. This is called ari edge 

dislocation or a Taylor-Orowan dislocation (6, p. 1)4). It may be 

thought of as the boundary of a slipped area or as the edge ol' an 

extra plane of atoms. This type of dislocation is characterized by 

the slip direction being perpendicular to the dislocation. A screw 

''ector 

Figure 1. A plane of atoms normal to an edge dislocation. 



or Burgers dislocation is defined as one in which the direction of 

slip is parallel to the dislocation. This gives a condition in which 

the plane of atoms is an unending one forming a screw. A slipped 

surface on the interior of a niotal will cisist of edge dislocations 

in some sections and screw dislocations in others. 

Dislocations seem to be able to be pinned by impurities so 

that they Will not move. The interaction of dislocation stress fields 

niay cause the pinning f the dislocation, or they may interact with 

one another to destroy the imperfection cìpletely. 

The amount of energy di8sipated by a metal in vibration by 

internal friction has been found to be dependent upon the foflowirig 

factors: the kind and condition of the viaterial, the anplitude of 

vibration, the frequency of vibration, and the mode of vibration. 

In a viscoelastic material the damping is thoight to be due to 

wtLat 18 called "dynamic hysteresis'. L viscoelastic material is one 

ihiøh may be described by a differential eqimtion involving stress, 

strain and their time derivatives, whether or not there is permanent 

set of the material from an applied stress. Moat viscoelastic mate- 

riais encountered in practice are Itanelastic)* An anelastïc material 

is material whose stress.-strain equation is linear and thich will 

not receive a permanent sat when a stress is applied and removed. If 

a load is very slow].r applied to and removed from an anelastic mate- 

rial, no hysteresis will result. However, if the loading is done 

rapidly, hysteresis will result due to the time dependence of the 

stressstrain equation. This gives rise to the name dynamic 

hysteresi&. (I p. 23) 



A. material which is not viscoelastic may show internal friction 

by that is called "static hyteresi&'. Here the material may be 

thought to slip instantaneously at the time of the application of the 

stress. That is, as ari increment of stress is applied the zecessary 

dislocation motion happens fast enough to keep the xnaterial in an 

equilibrium condition at all times. aemaval of the stress does not 

allow complote return of the material to its original condition; that 

is, permanent set results. This hysteresis is independent of the 

time required for a cycle and is, therefore, caUed 0static hyster- 

esis". 

Since the differential equation describing an anelastic mate- 

rial must be linear, the internal friction is found to be amplitude 

independent, In fact, all viscoelastic material seems to result in 

more or less amplitude independent internal friction. On the other 

hand, the internal friction associated with static hysteresis may be 

amplitude dependent, usually increasing 4th amplitude. 

Because of the time dependence of the stress-strain curve of 

a viscoelastic material, the internal friction is frequency dependent. 

The two mechanisms discussed are associated with the type and 

condition of the material at the time of test. k third mechanism not 

associated with atomic rearrangements of the material ïs that of 

thermoelastic internal friction which is dependent on the type of 

test performed. 

When a metal is compressed (9 p. lOO) its temperature wiU 
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rise because of the work done upon it. Similarly, sections or material 

under tension will have a reduced temperature. A reed vibrating transe' 

versely will then have one of its edges cooler and the other edge 

warmer than the average when in a deCiected position. If the £re- 

quency of vibration is low enough compared itith the conductivity of 

the material, the proces3 Will tend to be isothermal. If the fre 

quency is high, the process will tend to be adiabatic. The isothermal 

and adiabatic processes are reversible and no damping is expected. 

At an intermediate frequency there is an irreversible condition in 

which damping may occux This has been shown experimentally (9, p.100). 

A similar condition may exist within an individual crystal. Here 

again there is a frequency which iU give mEdmum dmpirig; however, 

due to the variation in grain size and orientation, the peak is much 

broader. 

The techniques used in measuring internal friction are varied, 

but in general they may be ouped as to the type of stress induced. 

The test may be run with some sort of torsional pendulum in which the 

specimen is used to support a fairly large mass. The stresses induced 

are torsional and the readings are usually made of free vibrations to 

determine the logarithmic decrement. The frequencies used here are 

of the order of one cycle per second. 

The second type of test involves the transverse vibration of 

a reed. The reed is usually driven in the audio-frequency range by 

some type of electromagnetic transduoer The stresses are alternately 



compression and tension due to the bending of the reed. Readings may 

be either to deteraine the resonance curve or to observe the amplitude 

decay of free vibrations. 

In the third technique a reed is vibrated longitudinally in 

the kilocycles per second range using capacitive or electromagnetic 

coupling or by means of the piezoelootric effect using quartz orys- 

tais. 

Previous to the work of O'Halloran (, pp. 1-31), littlo work 

had beon done ori the effects of cold work on the internal friction 

in polycrystalline copper at lower frequencies. Lawson (3, pp. 330- 

33 ) worked with spectroscopically pure copp in longitudinal 

vibration at O kilocycles and found that as the specimen was sub- 

jected to higher and higher stresses the internal friction rose at 

first and then fell to a value above the value at the annealed condi- 

tion. The valuo of the logarithmic decrement for the annealed condi- 

tian was found to be about 2x103. 

Rasiguti and Hirai (1, p. 10814.) found a similar maximum in the 

case of single crystals of copper in the same range of frequency. 

Nowick (h, pp. 6-9) gives a qualitative theory which predicts the 

maximum values associated with these results. 

O'Halloran (, pp. 1-31), vibrating a copper reed transversely 

at about cycles per second, found that f cold work of compression 

of 1800 lbs/in2 and 3600 lbs/in2 the internai friction decreased. 



Cold working to S1OO lbs/tn2, however, brout the internal friction 

back to a value above that of the annealed reed. He calculated that 

the frequency at i.thich the thermoe1astc maximum in internal friction 

due to the thickne8s of the reed should occur would be less than 82.2 

cycles per second. (The author believes that he found an error in 

the measurement of the thjc1es of the read which would require 

that this frequency be more of the order of 266 cycles per second. 

The calculations showing this are in the appendix.) 

OHaUoran suggests the following explanation for his results. 

Cold working a material produces dislocations in the material but 

thermal currents (associated with the frequency of vibration) free 

the dislocation before the applied stress may do so. Once this hap- 

pens the dislocation may become bound and not take part in the stress 

vibration. This would predict a decrease in internal friction with 

cold work. The increase on reaching 5Li.00 lbs/in2 is attributed to 

reaching the yield point with a consequent change in grain size. 

Therefore, it was the purpose of this work to confirm 

O'flallora&s results and to deteznine by studies at other frequencies 

if the above theory is valid. 



The apparatus used in this investigation was essntiaUy that 

used by O'Halloran (S, pp. 8-15), as desigred by Jeweil (2, pp. 1- 

109) and as shown in Ligure 2. The system consists of a vacuum 

chaniber in ihich are located a large lead inaes for holding the reed 

and a symmetrical transducer for driving the reed. The end oÎ the 

reed was observed through a window in the chamber by means of a 

microscope which was converted foD the purposes Measmements of 

extreme positions of the reed and frequency of vibration allowed the 

determination of the parameter, Q1. 

Visual observation of the amplitude of the vibration was 

accomplished by using a signal frcn a strobotac flash lamp which was 

one-half the frequency of the signal used to drive the reed. Thus, 

the reed would appear to be stopped in some position of its vibration. 

By s1ifting the phase of the signal the extreme position of the reed 

could be picked up. A reversing swItch in the transducer circuit was 

hen used to observe the other extreme position. The distance 

between these points was measured using a 12. power filar eyepiece. 

Two objectives were used. Calibration of the microscope was made, 

using a micrometer stage. The 16 mm objective had a magnification 

such that 100 units of the filer eyepiece were 0.073 ¡mn. In the case 

of the 8 mm objective the corresponding value was 0.035 mm. Illumina- 

tion was by means of' a stroboscope lamp triggered by a one-shot 



Figure 2. The apparatus as assembled for operation. 



multivibrator and firing into the vertical illuminator of the micro- 

scope. At higher frequencies the stroboscope 1np would not Lire, so 

the ratio of reed frequencr to 11umination frequency was maintained 

at a higher value. This had the advantage that the z'eversing switch 

was not needed. The phase shift was sufficient to pick up the 

maximum amplitude positions in both directions. 

Inasmuch as changes in frequency must be known accurateLy, 

the signal used to drive the reed was taken from a navy U. 10 
crystal calibrated, radio frequency oscillator. The range of this 

unit in its low scale is 12S to $0 kilocycles per second with 

accuracy to the fifth place. This signal was then fed to a video 

amplifier from which it was supplied to a bank of binary scalars, 

It is the function of each of the 16 units of the scalars to divide 

frequency in hale. Thus, almost any desired frequency may be ob- 

tamed by connecting at the proper scalar. 

The sgna1s from the scalai' approach a square wave. Since it 

is desirable to have a sine wave, the signale muet be fed through 

integrating circuits. The resulting signal was so low that aznplifi- 

cation was required for both signals. In the case of the transducer 

circuit the amplifier was an R.C.A. fifty watt, push-pull audio type 

amplifier with 6L6's in parallel in its output. Lt higher frequen- 

cies a preamplifier was necessary. This amplifier was one existing 

in the laboratory It was built around one 6SJ7 and one 6JS and had 

its own power supply. 



The first ampliZier in the atrobotac circuit was built accord- 

ing to the d1agraii in figure 3 . The secor an1ifier and the one- 

shot m1tivibrator were mounted in the same chasis 'with this unit. 

The potentiometer in the phase hift1ng network had to be changed 

with changing fraquencier to give satisfactory selectivity. As the 

frequency went up the resistance necessary to give the desired phase 

shift decreased. kt LO cycles per second a resistance of one 

thousand okuTts was sufficient. 

Both Jewell and OtHallorarl were troubled With vibrations being 

trsnsndtted to the reed from the building. This difficulty was 

overcome by mounting the vacuum chaiiber and iicroseope unit on one 

and one-half inch of sponge rubber. The natural period in roll of 

the unit as a whole was then about one second. Thus, the trans- 

mittance to the reed of anar vibration near its natural frequency was 

szrall. 

The apparatus seems to have a natural frequency near 276 cycles 

per second. In the first tests run at this frequency noise could be 
heard and vibration could be felt at many points in the unit. The 

logarithtnic decrement determined then was about ten times that of 

the other runs. By mounting the vise on rubber it could be isolated 

from the rest of the unit. The screws holding the vise in position 

laterally had to be padded with rubber also. Under these conditions 

the vise seemed to shift very sli1y if the compression of the rubber 
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w;s not the same on either side. With these corrections, satisfactory 

data were taken. 

During the early tests it was found that the microscope was 

shifting position. This was corrected by replacing the clamping bar 

and the pressed-wood base. A one-eighth inch aluminum base was made 

which gave very rigid operation. 

For the first tests a thick optical quality cover glass was 

used in the observation window of the vacuum chamber. However, when 

it was desired to use the 8 mm objective, this cover glass was found 

to be too thick to allow focusing. The window was then made of * 

very thin cover glass. These windows were formed from standard 5/8 

inch diameter cover glasses on a belt sander. 

PROCEDURE FOR THE PREPARATION OF THE REED 

For the first three frequency tests the reed used is believed 

to be the same as the one used by O'Hafloran (S, p. 17). For the 

intermediate frequency of the three the reed was merely cut off and 

filed smooth. The frequency of the third reed was the second mode of 

the intermediate frequency. In cold working the reed O'Halloran used 

a eecond reed to reduce the load applied to the individual specimens. 

It is believed that this reed was used for the last two frequency 

teste. The impurity content of the reeds is unknown. 
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Annealing was accomplished in an evacuated shadow caster cham- 

ber as s1own in figure ì&. The reed was not clamped to the electrodes 

but masses of about ten grams each were placed on each end to insure 

good contact. A current of about liLO amperes was passed through the 

reed ror 6 seconds followed by 200 amperes for iS seconds This 

brought the sample to a dull red glow. The length of time varied 

someWhat with the length of reed; the brightness of the specimen 

being the criterion of good anneaiin. The specimen was then allowed 

to cool for from one to three hours. 

Cold working was done on the Baldwin Testing }lachirie in the 

Mechanical Engineering Laboratory, as shown in figure 5. The ranges 

of this machine are such that only the one reed was stressed at a 

time. The cold working was limited to the ffective length of the 

reed by using a pair of ground pera3lel blocks . In using this 

machine, care must be used so that the load is not suddenly applied. 

This may be prevented by moving the loading table above its bottom 

position before the loading is started. 
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I 

i-: 

Figure i. The reed as mounted for annealing. 



Figure . The reed undergoing cold work. 



TBT PROCEDURE 

Prior to testing the oscillator wa allowed to warm up for at 

least one hour so that lt would be nore stable. 

The reed was annealed as indicated above and mounted in the 

vise. The vacuum pump would usually bring the system down to a 

satisfactory vacuum of one mm of mercury in about 3.5 minutes, and 

readings could then be taken. 

The time, date and transducer voltage were recorded for each 

run. Lt first the readings were taken by setting the oscillator to 

the desired frequency, measuring the distance between the extremities 

of vibration and plotting the point on the resonance curve k great 

number of points were taken near the resonant point to find the 

maximum amplitude. This value was then multiplied by 0.707 and the 

filar eyepiece crosshair was set l'or the half width points. Then by 

shifting the phase and frequency at the same time it was possible to 

find the half width points. The amplitudes were measured at these 

points for a check. This procedure was extremely time-consuming, 

taking about one hour to take one point . Data for a typical run are 

shown in table I in the appendix. Eiough readings were taken to show 

the variation of internal friction with amplitude. 

The reed was then cold worked the necessary amount and a stai- 

lar series of runs taken. The rate of loading during cold working 

was such that the entire load was applied in about one minute. The 



reed was not annealed between cold work runs. Only at the beginning 

of each group of runs was this done. 

After taking a reaeonablo araount of data in the manner 4e 

ecribed above, it was decided that it would be just as accurate to 

follow a procedure in which the maximum amplitude was found by vary- 

ing the frequency and phase shift. Using this procedure, the time 

per point was reduced to around $ minutes on the average. Data for 

a typical run are shown in table Il of the appendix. 

RESULTS 

The data for all rims are included in the appendix in table 

III. Runs 7 through 22 were made at about I cycles per second 

using the same reed O'Halloran (S, p. 17) did in his work. Figure 

6 shows these data plotted together with O'Hallorants. O'flalloran 

used lees magnification in an attempt to get more light. It is 

thought that the differences are due to uncertainties in the exact 

value o magnification in work. These data are also 

shown in figure 7. 

Runs 23 through I2 were made on the reed at its fundamental 

frequency of SbO cycles per second for conditions from annealed to 

61j.00 lb/in2. In runs 13 through 17, 2 through % and 61 through 
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87, this work was repeated with fair agrenent extending the cold 

work to 9000 lb/in2. The latter set of runs is shown in Ligure 8. 

Rune 18 through Sl and 56 through 60 were made using the 

above reed in its second mode. The amplitudes were so small that 

the accuracy was not sufficient to determine the effects of cold 

work. 

Figure 9 showe the data from runs 88 through 121 which were 

23 

made on a reed vibrating at 85.5 cycles p' second. The data from 

runs 122 through 167 which were made at about 276 cycles per secid 

are shown in figure 10. The cold working in this case was extended 

to 18,000 lb/in2. 

The material cut from the reeds after runs 22 and 121 was 

mounted for microscopic comparison. The grain sizes of both samples 

were classified as appromately 16 grains per square inch under a 

magnification of 100 diameters. 

The 514 cycles per second reed showed very much the same 

resulte that O'Halloran found except that the 5h00 lb/in2 curve 

seems to go through a minimum. No suggestion is proposed for this 

difference. 

The 276 and 5140 cycles per second reeds show the same down- 

ward trends O'Ralloran found, but a minimum is not reached. From 

this it would appear that the riøe found in the internal friction of 

the Sb cycles per second reed with cold work was not due to a 
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Figure 10. Internal friction versus 

strain amplitude for a 276 cps reed. 



reachIng o the elastic limit a suggested by O'Hafloran but due to 

ne other, as yet unexplained, factor. It also appears that vibra- 

tian in the regioi of the maximum thermal currents is not a major 

contributing factor in the apparent decrease o internai friction 

with cold work. 

After completion of the experimental work of this investiga- 

tian, the work of Weertman and Koehier (8, pp. 62-63l) s found in 

the literature. This work, together with the data for the .5 

cycle runs, suggests one possible reason for the apparent decrease 

in internal friction. Weerthan and loehler studied the effect of 

cold work on the internal friction of single copper crystals at 

about 38. kc with strain amplitudes of the order of lO. They found 

that the internal friction went through a maximum as the other inves 

tigations had done, but they also found that by going to high enough 

cold work the internal friction dropped below the values for the 

annealed condition. 

The stress at Which maximum internal friction occurred was 

found to be a function of the strain amplitude. This stress was 

found to decrease with strain amplitude. 

Weertman and Koehior (8, pp. 628-631) advanced the following 

theory to predict this result. Consider a short section of a long 

dislocation so that end pinning may be neglected. This section of 

the dislocation may vibrate under the action of the stress variation 
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in the material. Assume that the force due to the interactions With 

other dislocations is * force tending to restore the dislocation to 

its equilibrium position and of a value GKx and where G is a constant 

depending on the dislocation array, N is the nuziiber of dislocations 

per unit volume and z is the displacønent of the dislocation section 

from its neutral position. Further assume that there is a restoring 

force, Gx, due to impurities which is constant for a given aipli- 

tude of vibration. 

The equation of iiìotion of the dislocation in forced vLb*ti 

may be written as 

e Bc 4 GN Oo)x F cos w t 

where, 

14 is the effective mass per length 

B is the constant for the dissipative force 

F is the amplitude of the applied force 

L) j the angular frequency of vibration 

X, and are the displacement, velocity and accelera- 

tian, respectively, of the dislocation. 

G, N and G0 are described above. 

If the slip plane is at I$° to the plane to which the stress 

is applied, and if the direction of slip makes an angle of hS° With 

the normal to those planes, the force, F, may be evaluated as 

where a- is the amplitude of the applied stress and a is the inter- 

atomic distance. 



If this equation is solved, the tots]. energy dissipated in 

one cycle may be found to be 

Z 2 5 cí' 
/6 (G0 MZ*/ 52Z 

The logarithmic decrement is found to be 

777J72 j3 ¿J 
/ 5ZW2 

where E la Young's modulus for dislocation-free material. 

The te M -may be neglected because of its small magnitude 

compared with that of GN. 

The decrement is seen to go through a maximum as the number 

of dislocations is increased. Since cold wklng is thought to 

increae the number of dislocations, this agrees With the fact that 

the internal friction has been found to go through a maximum when 

plotted with cold work. If the derivative of the logarithmic decre- 

ment is taken with respect to the number of dialocatlon, the condì- 

tien for maximum damping is 

Q2N = G 4 

where 4 is the number of dislocations at maximum damping. 

From this the maximum value of the logarithmic decrement is found to 

77E a2 Arn 
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The term, G0, ie thought to decrease with 8tzaîn amplitude due 

to the tearing away of the dislocation from some ot the impurities. 

This would indicate that internal friction would Increase with in 

creased strain amplitude. Further, the maximum internal friction 

would occur at a lower number of dislocations as the strain amplitude 

is increased. This means that less cold work would be necessary to 

reach this maximum conditiot. Weertinan and Koehier indicate that 

for their work the value of G is much greater than Bu 

in light of the foregoing theory, it would seem that in *OSt 

of the runs the internal friction was on the decreasing side of the 

maximum. The 8S. cycle reed shows the internal friction of the 

cold-worked samples passing through that annealed sample, 

presumably after the internal friction has gone through a inadm. 

Note that as the strain amplitude increases, the amount of cold work 

giving the same internal friction as the annealed condition de- 

creases. This would indicate that the amount of cold work required 

to give the maximum logarithmic decrement would decrease with in- 

creasing strain amplitude. It would seem that future tests should 

be made at lower cold work stress and ler strain amplitude. 

From the Weertman and Koehier theory it seems entirely possi- 

bis that the inaxinium in internal friction will be small enough to 

escape observation. The term, Bv which loads to the appearance 

of the msxja.ia, was considered amali even at 38.5 ko. It would se 
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that in this test the term might be small enough to be neglected. 

The data for the 8. ope reed indicates that this ay not be the 

case, however. 

The SS0S ope reed at lower strain np1itudes indicates ae 
what the same trend to a minimum that was noticed in the 5L cpa reed. 

However, no sugestion is advanced as to its cause. 

During the course of the work on cold worked reeds, a fairly 

rapid shift of the resonance peak was noticed. This change seemed 

to take place whether the reed was vibrating or not. Data taken to 

indicate this are shown in figure U. The shift is toward a higher 

resonant frequency, as would be expected, since the reed was being 

Uannealedfl at roam temperature. 

This shifting of the resonance peak made it difficult to pick 

up the low frequency halt width point because the resonance curve is 

quite steep on that side. However, this did not harm the accuracy 

greatly because the other half width point could usuaUy be taken 

quite rapidly. 

It would be of advantage to use some sert of locating pin to 

be certain that the effective length of the reed did not vary between 

cold working. The effects of cold working on Young's modulus could 

then be studied also. 

It is interesting to note that the internal friction asso- 

ciated with the 276 cpa reed was the highest, as would be expected 

from the thermoelastic currents. 
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[$OJ1 

The apparent decrease in the internal friction with increased 

cold work does not seem to be associated with the fact that the tests 

were run near the maximum frequency for internal friction from 

thermoelastic currents * 

It is proposed that the amount of cold working and the strain 

amplitudes of this investigation were too high to effectively deter 

mine if internal friction goes through a madmimi when plotted with 

cold work. It is suggested that future work be done at lower amounts 

of cold work and ].ier strain amplitudes. 
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DATA FOR A TYPICAL RUN M&DE; BY TH FIRST PROCEDURE 

Run J.? 

(51f C5 - W1b/1n2) 

7i05 Pt4 ' ., July 214, 1914 
Chaiber Pressure - Approximately 12 microns 
Transducer Voltage - O.3h5 volts 

Oscillator Left Reading Right Reading 
Reading _Í. Microscope of Microscope Difference 

3I2l.O 386. S59.7 173.2 
3)423e0 379.0 S66.O 187.0 
312.O 371.0 77.O 206.0 
31i28.O 352.0 S92.3 210.3 
3131.O 336.6 611.0 27h.h 
3h3i.o 323.2 623.6 3ooJ 
3i37.O 318. 629.0 310,S 
3LhO.O 321.6 62.2 302.6 
3138. 320.0 628.0 308.0 
338.O 319.7 629. 309.8 
3L37.S 318.S 630.0 3U.S 
3I37.3 319.0 63o.0 311.0 
31i.37.? L37 63o. 3)1.8 
31437.9 319.0 631.0 312.0 

Uee 31337.9 as resonant frequency 

312 X .707 = 220.6 
6314319 *90 
9O/2 * 

1474UQ 'S8 

Oscillator Left Iteading Right Reading 
Reading of Microscope of Microscope 

3I2S.L 365.0 
3i$2.3 36.O 583.7 

Oscillator Oscillator 
Reading Frequenc 

31437.9 222,670 
312.3 223,090 
3125,I 222,310 

-1 223,090 - 222,300 3.50 x 
222,610 

Difference 

220.0 
218.7 
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flATA FOR A TYPICAL RUN NADE BY THE SECOND PROCEDURE 

Run 69 
(14O Ope - OO lb/in2) 

11*10 A.L, August 9, l9b 
Transducer Voltage - 3 volte 

Oscillator Left Reading Right Reading 
Reading of Microscope of Microscope Difference 

0%8.7 bOS.5 61t9.0 2143. 

X .707 l72.]$I 

1 6I9 loShJ 

iO.S/2 S27.2S 

27.2 86 613.3 

Oscillator Left Reading Right Reading 
Reading of Microscope of Microscope Difference 

OSIl.14 114i.2 613.3 169.1 
c$S1.6 W3.o 6U.1i l68.I 

OSSI4.9 W2.1 613.7 171.6 
0%7.8 It2.1 633.7 171.6 

Oscillator 
Reading 

OSS8 .7 
055h .9 
O67 .8 

Oscillator 
Frequency 

336 , S20 
136 ,L1O 

136,790 

-1 : 136,790 - 136,11O 2.78 
136,520 
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TLBLE III 

DATA FOR RUNS OF PHIS INVESTIGATION 

Iun No. 
Frequency 

Ceps) Cøndition 
Strain Amplitude 

X io Q1 X lo3 

Reed Dimensions (Mounted) - 92. in x 6. mm x .81 mm 

I 14 Annealed 3.17 3.18 
2 S1 " 2.62 3.00 
3 S14 n 2.02S 2.73 
Ii. S14 1]J4O lb/in2 2.53 2.33 
s 51i ' 1.l7 2.6 
o I4 3.13 2.6 
7 514 Annealed l.h7 2.66 
8 h n 2.2 2.93 
9 u 2.98 3.25 

10 st $1 3.25 3.2]. 

u 54 1800 1.915 2.5]. 

12 54 n 2.89 2.82 
33 Sb p 3.314 2.87 
114 3600 1.96 2.30 
15 1# ft 2.72 2.12 
16 514 s, 3.514 2.51 
17 54 5h00 1.23 3.50 
18 514 

0 1.89 3.37 
19 s1 u 2.325 3.li]. 

20 5l N 2.60 3.14 
21 51i " 2.92 3.16 
22 51 " 0.985 3.55 

Reed Dimensions (Mounted) - 2 mm z 6.5 mm x .81 mm 

23 5140 Annealed 1.955 I.27 
214 Sbo u 2.51 1.77 
25 510 1 3.25 5.147 

26 5140 ' 1.3% 3.97 
27 5140 1800 2.07 3.149 
28 5140 2.33 3.79 
29 5140 0 2.62 3.93 
30 5140 2.914 3.26 

31 5140 0 3.36 14.52 

32 5140 3600 1.585 3.155 
33 5140 2.30 3.68 

314 5140 2.92 14.05 



TABLE III (Cont 'd.) 

frequency Strain Amplitude 
Ql X lO Run No. (eps) Condition z iø-3 

s SILO 3600 3.8 I.12 
36 14O 14OO 1.89 2.81 
37 14O n 2.9! 3.27 
38 hO 't 3.88 3.71 
39 f;140 61oo 2.2! 3.80 
liD 140 u 3.09 3.30 
141 h0 u 3.62 3.52 
I2 ShO 't 1.67 3.00 
I3 Sbo Annealed i.17 3.18 
14h ShO 1.81 3.97 
¿45 Shø u 2J9 
h6 Sbo ' 303 5.28 
ia 5L0 n 0.735 3,10 
¿8 31a0 't 0.603 1.92 
L9 3I20 0.75 2.10 
50 3I.20 " 0.383 1.23 
51 3I20 " 0.715 1.92 
52 5140 1800 1.37 
53 ShO H 2.1 3.93 
54 5i10 n 1.3 3.35 
55 5130 n i.27 1.92 
56 3h20 " O.1h7 1.38 

57 3I20 'I 0.65 1.93 
58 3120 " O.517 1.885 
59 31420 n 0.376 1.56 
60 3I20 t, 0.615 2.07 
61 5140 ft 1.92 3.635 
62 5140 3600 1.91 
63 s4o u 2.61 3.72 
61. 50 0 3.12 1.01 
65 50 1 3.72 
66 5140 

tI I.59 h.62 
67 3120 O.103 1.835 
68 510O 1.05 2.78 

69 140 I.Ì7 .78 

70 510 1.88 3.00 

71 50 2.26 3.15 
72 
73 

5140 

5l0 

8 2.80 
3.23 

3.3 
3.145 

714 5I0 U 3.714 3.89 

75 5140 14.27 14.03 



TABLE lU (coNTtD.) 

Iun No. 
Frequency 

(ope) Condition 
Strain Amplitude 

z io-3 q-1 z 103 

76 $10 7200 O.91S 2.77 

77 n n 1.7S 2.89 
78 ft n 2.3h 2.93 

79 n 
s 2.9ti. 3.29 

80 I n 3.S7 3.68 

81 n ft k.12 3.73 
82 tt 9000 O.93 2.63 

83 0 II 1.80 2.71 
84 n u 2.S3 3.3$ 
8 n 3.18 3.2$ 
86 s s, 3.6ta. 3.1 

87 0 s b.18 3.59 

Reed ti1rnenions (Mounted) 72.5 mm z 6.9 n x .81 

88 - irror in run 
89 J, ,l 

90 85J Annealed 0.893 2.17 

91 0 1 1.13 2.165 

92 n 
u 1.11 2.22 

93 tI 1 1.65 2.51 

9 'J 
u 2.00 2.51 

95 n 
n 2.87 3.38 

96 n 1800 1.07 2.38 

97 n n 2.76 2.91S 

98 1* n 2.50 2.89 

99 u u 2.07 2.66 

100 u H 1.585 2.60 

101 II i, 1.39 2.Sh 

102 II t. 1.233 2.1i9 

103 n *1 0.927 2.13 

1OI s n 0.685 2.26 

105 - Error in rim 
106 65.5 3600 O.1405 2.265 

107 8 t 0.725 2.32 

3.08 n 
W 1.11 2.32 

109 n t, 1.1i35 2.Ih 

110 8 tI 1.765 2.55 

lu p u 2.07 2.66 

112 n 
li 2.32 2.72 

13.3 
u n 2.69 2.89 

ii1 
st 5h00 0.371 2.26 
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TABLE III (CONVD,) 

Frequency Strain Aiipitude 

-' No. (epa) Condition x 1O Q- x 

11 8. S1400 O.74 2.37 
116 s 0 L1LL 2J3 
117 s, n 1.!s 2.S 
118 0 n 1.82 2.6O 
119 0 n 2.1 2.66 
120 0 2.S 2.68 
121 ft 2.82S 2.77 

Reed Dimensione (Mounted) 140.7 n x 6.9 z .81 u 

122 276 Annealed O.? 3.53 
123 's n 0,763 3.53 
1214 $ n 1.69 14.31 

125 ft H 2.614 5.09 
126 n n 3.1]. 5.145 

127 N ft 3.78 6.08 
128 n u 14.36 6.145 

129 1800 0.1437 3.26 

130 0 n 0.908 3.514 

131 0 n 1.71 398 
132 ft s, 2.39 14.62 

133 0 ft 3.53 5.140 

1314 0 n 14.20 5.90 
135 n 3600 0.5145 3.3 
136 n n 0.9143 3.65 
137 0 n 1.70 14.08 

338 n t 2.63 14.58 

139 0 0 3.148 14.80 

1140 0 n 14.35 5.37 
1h]. ft ft 2.62 14.58 

1142 0 0 3.78 5.30 

1143 - Error in run 
3)414 Error in run 
:1)3 S n 

114 6- ft 

114 7- K 

114 8- n 

)J49 276 51400 1.1485 3.714 

150 ft 

s 3.09 14.38 

151 1* 0 2.39 14.02 

152 0 't 0.91 3.52 
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PABLE XIX (coNr'D.) 

Frequency Strain mpitude 
Q z Run No. (cps) Cidition X 1O 

]S3 276 S1400 14.22 14.?) 

114 n 7200 0.1498 2.97 

1% 0 1* 0.867 3.25 
156 9 n 1.58 3.146 

15? n n 2.85 14.03 

i58 n 1 14.142 14.69 

159 8 9000 0.2 3.09 

160 0 'I 0.995 3.16 

161 n n i.685 3.1414 

162 t n 3.143 14.02 

163 n n 14.5 14.33. 

1614 'i 3.8000 1.08 3.16 

165 0 2.03 3.1414 

166 3.16 3.80 

167 0 li.89 14.28 



CALCUlATION 0F THE FREQUENCY FOR 
MXIMUN THERNOELASTIC INPERNAL FRICTION FOR THE COPPER REED 

The following properties of copper were taken from the Netala Refer- 
ence Bock (7, p. 

Density * 8.92 g/cc 

Thermal Conductivity - 0.92 cal/cm2/eec/°C/cm 

Specific Heat - 0.0928 cal/g/°C 

Thickness of reed - 0.081 cm 

r (Thermal Conduot&yity) - i 

(Specific ffeatj (Density) (iickness)2 ' p' 
loo) 

f : /2 ('O.O92tjÇ.2) 1.081)2 : 


