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SUMMARY OF RESULTS AND CONCLUSIONS

The mean damping capscity of steel over a stress range of

several hundred pounds per square inch is & physical property of

the material’ "the value of which can be checked accurately by

£

successive tests on the same specimen, with the apparatus and

method developed in the course of this investigation.

The results of the damping capacity test can be duplicated

sccurately for successive specimens of the same material.

There is a strong possibility that although the general irsnd
of the stress-damping capacitiy relationship may follow a simple law,
the true relationship for a material such as steel is exiremely

complex and somewhat erratic.

The stress-damping capacity relationship indicates that for
steel the damping does not follow the viscous frietion lam,.although
for low stresses the assumption of constant damping would not bve far
in error.

In the case of brass, the internal friction was practically

independent of stress for the stress range covered in the tests.

The damping capacity of the specimens tested was found to be a
function of the maximum torsional stress set up in the specimen
rather than a function of the maximum shear stress or of the

maximum normal stress.



(6) In the case of materials whose damping capacity decreases
with decressing stress, the spparent damping capacity measured
from a s0lid test specimen is lower than the true specific

damping capacity of the material.



INTRODUCTION

A. Internal Priction in Solids

When a solid material is strained, there is, associated with the
work done by the straining forces, & dissipation of energy in the form
of heét._ This dissipation of energy is due to the presence of internal
frictional forées which tend to resist the motion of the material.

Imagine a specimen of a solid winich has been subjected to & com-
pletely reversed stress cycle, as illustrated by the stress~strain
carve of Figure 1. The area underneath the curve from O to A will
represent the work done on the
epoecimen per unit volume, by

the straining forces. The area

Sress 7

underneath the curve from A to
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unit volume done by the elastic

restoring forces. This work,

however, will De less than that
Figure 1. ‘ done by the straining forces by
the amount which has been dissipated as heat by the frictionml forces.
From the figure, it will be seen that the area of the loop ABCDA repre-
sents this frictional loss for the complete cycle. This so-called
"elastic hysteresis loop" is thus entirely analogous to the hysteresis
loép obtained in the magnetization curves for various magnetic materials.
The common structural métals, with the notable exception of cast-

iron, have such a small dissipation of energy that the hysteresis loop



cannot be detected by the usual methods for meésuring stress-strain
relationships. A consideration of the consequences of tnis internal
loss in the case of vibration of thevmetal indicates that such & loss
must be present, however, even for very small strains of the material.
Suppose that & specimen of the material is made in the form of a
cantilever spring, whose end is transversely deflected and then
released, g0 that the spring executes free vibrations. During the
vibration of the spring each element of the surface material passes
through = completely reversed stress.cycle of the type shown in Figﬁre 1.
The loss of energy in each cycle will be manifested in this case by a
decrease in the amplitude of the vibration. Now, no matter how small the
initial displacement or stress in the specimen may be, it seems unlikely
that the spring would vibrate forever, even if the small amount of air-
resistance present were completely eliminated. It is thus very probable
that for any stress cycle, no matter how small, there is some energy
dissipation.

Referring again to Figure 1, it will be seen that there cannot be
an energy loss unless there is a permanent deformation of the material
as represented by the strain OB in‘the diagram. We may thiis conclude
that such a stress as an "elastic limit® which corresponds to & siress
at whicii there is no permanent deformation of the material, has no
physical existence, and that similarly Hooke's Law is only relatively
trué, but can never be exact. There is, therefore, & simple explanation
for the fact that measurements of increasing accuracy have always lowered
the experimentally determined values of elastic limit and proportional

limit for the varinus structural materials.



B. Practical Importance of Internsl Friction

The practical importance of information as to the amount of internal
friction in metals may be summarized under three headings:

(1) 1In maﬁy cases, the internsal friction of the metal itself is the
anly factor wiich limits the amplitude of foreed vibrations of
machine parts or of structures. ZExsmples are turbine blades, the
hulls of ships, and transmission wires.

(2) fThere is reuson to expect anoumalous values of the total internal
friction for entire parts or structures which contain internal defects
sach as cracks, inclusions, etc.. Hence there is a strong possi-
bility that the measurement of the internal friction might form a
simple and quick non-destructive test of complete structures and of
castings, forgings, and similar parts (Ref. 15)*.

(3) Since the amount of internal friction present is a physical
oroperty of the material, there is reason to expect a correlation
between that amoant of internal friction and other physical
properties, especially other dynamic properties, of the material.

In such a case the internsl friction test might prove to be simpler,
quicker, more sasccarate, or more sensitive than the tests available
for the other properties.

C. Methods of Specifying Internal Friction

Two quantities have been widely used as measures of the internal
friction loss in solids. The first dsfines the smount of internal

friction, or the damping capacity, as the ratio of the energy lost per

*Numbers in parentheses refer to the Eibliography.



cycle due to friction to the fotal strain energy of the material at its
maximum strained position in the cycle. This quantity is called by
Féppl the "specific damping capacity" and is generally given the symbol
VY. (Ref, 12). The second method imagines that a specimen of the
material is executing free vibrations, and takes the logarithmic decre-
ment, S » of the vibration as a measure of the energy loss.

Both methods heve the advantage of being dimensionless numbers, and
of being easily obtainable from experimental data. There is no
practical difference as to which number is used since, as is shown in
Appendix I., the specific damping capacity is numerically Jjust twice the
logarithmic decrement.

Throughout the present paper, the specific damping capaecity, ¥ ,
usually referred to as "demping capacity’, will be taken as the most
useful means of presenting data for the following ressons:

(1) It is a dimensionless number.

(2) It has & physical sisnificance,since it is an energy ratio.

(3) It can be found easily from experimental work.

(4) It can be compared easily with other measures commonly used

for damping capacity, especially so for the logarithmic decrement.

(See Appendix II.). |

(3) It has significance for any method of testing, whether vibra-

tions are involved or not.

Reason (8) is the advsntage of the specific damping capacity over the

logaritimic decrement.



D. liethods of Measuring.Damping Capacity
There are five methods which have been used for the experimental
determination of damping capacity:
" (1) %The stress-strain diagram can be determined experimentally,
and the area of the hysteresis loop thus can De measured directly.
(Ref. 2,10,21.).
(2) The amount of heat generated in the specimen as it is
supjected to stress reversals can be measured. (Ref. 25).
(3) It cen be shoﬁn that if a rotating centilever bear is trans-
versely loaded at the end, the effect of internal friction will be
& small deflection of the end of the beam in a dirsction perpendicular
to the transverse loading. This deflection of the material is thus
& measure of the amount of internal friction in the material. (Ref.
29,30,31).
(4) The behavior of the material under conditions of forced vibra-
tion at warying frequencies can be snown to give a measure of fhe
demping capacity. The forced vibrations may be longitudinal (Ref,
9,38,46), transverse (Hef. 5,15,17), or torsional (Ref. 5,6).
(5) From a curve showing the decay of free vibrations of a specimen,
the logerithmic decrement and, hence, the damping capacity, can be
computed directly. The vibrations may be transverse (Ref. 2,19,23,
24,35), or torsional (Ref. 11,12,19,26,40,43,456).
The first two methods mentioned involve consideraole difficulties as
to epparstus end accuracy of measurement. The greatest care must be

taken in the construction and operation of the apparatus in order to attain



results which éompare at all in accuracy with the other methods.

The third method has the adventage that the relationship hetween
damping capacity and freguency can be shown directly. The sige and
form of the specimen required, however, for sufficient accuracy in the
determination, would seem to make this method impractical for any
large~scalé investigation.

Host of the work which has been done has been either of the forced
or of the free vibration type. The ususl method of conducting forced

vibration measurementis has béen

to excite the specimen by mesns

Ly Spociticd D of a consiant energy, variable
) _1'_ o Pmaex.
$ frequency source, and to plot
X
% the resulting resonance curve.
X

Cesorent #7eg. The smaller the amount of

/‘/‘eyuency L

internal friction, the narrower
Figure 2. will be the resonant peak. The
width of the resonance curve at some specified percentage of the maximum
amplitude then is tsken as a measure of the damping capacity.
This method has the adventage that the demping capacity can be
measured accurately for very low stresses in the materisl.
There are two objectiong which can be raised in connection with
this method:
(1) Since the magnitude of the stress cycle is continuously
changing, it is not possible to study the variation irn the damping
capacity with stresg. Since stress appears to be one of the most

gignificant variables involved, ihis represents & serious limitation.



(2) Thelrelationships between the shape of the resonance curve and

the true damping capacity of the material depend on the type of

relatiqnship which exists between stress and damping capacity. Since
- this stress-damping capacity relationship is not known in general

for a particular material, there is some question as to the physical

interpretation of the resonance curve.

The first objection could be overcome by maintaining a constant
amplitude of vibration at the various frequencies by changing the energy
input to the specimen. From the energy-freguency resonance curve, shown

in Flgure 3, the dsmping capacity

could be found.

1§ The simplest of all of the
\i methods consists of obtaining a
§ record of the decay of free
N é%anw”L{{%eyl vibrations of & specimen of the
#regeency material to be tested. Given the
Figure 3. amplitude-time curve, the damping

capacity at any stress may be quickly and accurately determined. Since
this is the method chosen for the present investigation, complete details
of the method and of its advantages will be taken up later.

E. The Results of Previous Investigations

Apparently the first mention of the phenomenon of internal friction
is to be found in the works of Lord Kelvin. (Ref. 28). KXelvin's attention
was directed to the subject by observations made by some of his students
who were experimentally determining the perlods of vibration of torsional

pendulums, using as elastic members wires of various materials. The



students noted that the rates of decay of the vibrations were markedly
different for the variocus materisls. They also noted that for the same
material, different decay times would be obtained on Mondays than on
Fridays, the "rest" which the material got over the weekend, after a
busy week of testing, gpparently having some effect on the physical
properties of t.he material.

Kelvin saw the convenience of the torsional pendulum as a means
of measuring internal friction, and performed severaml simple experiments
from which he drew the following conclusions:

(1) The relationships between damping capacity and the frequency

of vibration were found to be such that the internal damping forces

could not be viscous in character, that is, the damping forces

could not ve assumed to be proportional to the velocity of sirain.

(2) The previous stress history had a marked effect on the damping

capacity.

(3) The general conclusion was reached that there can be no change

in the shape of & solid, no matter how small, without some loss of

energy as heat.

Since modern investigation has shown that Kelvin's conclusions were
essentially correct, it is unfortunate that many of the later investigators
were apparently unfamiliar with his work. The greater number of investi-
gators from Xelvin's day down to several years ago, begen their study dby
assuming that the internal friction was viscous. For the case of viscous
friction the specific demping capacity is a constant of the material

independent of the magnitude of the stress. Most of the early experiments,



therefore, coﬁsisted of messurements of this "constant". Very unfortun-
ately, some of the investigators adopted, as a means of recording their
data, methods based on the assumption of viscous friction, so that not
only are the conclusions which they drew from the data incorrect, but the
data are of little use. It may be shown, for example, that if the damp-
ing is viscous in character, the time required for the amplitude of a

free vibration to decrease to one-half of its original value is equal to
1.386

¥ x frequency

friction law, however, data collected in the form of one-half amplitude

If the materisl itself did not follow the viscous

times would not be very informative.
If viscous friction is assumed, it can be shown that the specific
damping capacity should be directly proportional to the fredquency.
(Ref. 31). While Kelvin's simple experiments indicaied that this was
not the case, the matter was finally settled in & most convincing way by
the work of A. L. Kimbail. (Ref. 29,30,31). Using the ingenious rotat-
ing beam method devised by him, and outlined ms method (3) above on page 5,
Kimball found that there was & large frequency range in which the damping
was essentially constant. The results of Kimball's tests may be summarized
as follows:
(1) The specific demping capacity is independent of frequency over
a large range. Thus internal friction is not viscous in character.
(2) While there was some variation in the measured damping capacity
with the loazd on the beam, the damping capacity could be considered
s essentially independent of the stress in the range of stress
covered by the tests.
(3) The following empirical law was found to represent the facts

for all materials tested:
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. - '
aW'= éfdz where:
AW = 1loss in energy per cyéle due to internal friction.
Om = maximum.stress.
'f' = Wgolid friction coefficient® = SE , when E is the modulus

of elasticity of the meterial.
For this solid friction.law the gpecific damping capacity is a constant
for any one material.

The work of the later investigators, done in all cases either by
maans of forced or free vibrations, has indicated that there is a
definite chenge in the damping capacity with stress. The most common
means of presenting data, therefore, at the present time, is to plot
specific damping canacity versug stress.

There are few investigatore who have reported the results of similar
tests on similar materials, It is thus difficult to compare directly the
results obtained by the various investigators. The type of agreement
tha@ is foand is indicated in the following table. In each case thé
reported results have been converted to svecific damping capacity, %,
if necessary.

[ = Specific Damping Capacity

Forster & ¥im- Canfield (1928) Iokibe & Voigt (1892)
Material X8ster ball Torsion Bending Sakai  Torsion Bending

. 0068 0.060 0.052 .0121  0.00164

Alunioum 0.000092 0 0.011 0

Copoer 0.0071 0.0100 0.061 0. 050 D.00152 D.00084 0.00143
Nickel 0.0144  0.0084 0.000212 0.00218 0.00354
Tin 0.0108 0.250 0.0220 _ 0.0258
Zinc 0.0015  0.040 0.0116 0.0121
Iron 0.00112 0.0160 0.052  0.04l 0.00256

Brass 0.0096 0.048  0.038 0.00062 0.00135
Bronze 0.0064  0.048 0.054 0.00062 0.0020
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In 811 casss the in#estigators have felt it possible to call the
damping capacity of the material-a.constant, variations with stress
apparently being small if detected. In most cases this is because the
tests were made only in oﬁe narrow siress range.

It will be noted that not only does a &ide variation exist between
the values, but the variatioﬁs themselves show little consistency. For
example, copper is shown by Pérster & Kdster to have approximately one-
nalf the damping capacity of nickel, while Kimball's results show just
the reverse. In the comparison of torsion and bending carried out by
both Canfield and Voigt, no consistent pattern of behavior can e
discerned.

A more complele summary of the actuasl data obiained Ly the various
investigators may be found in 2 recent paper by Kimball (Ref. 33).

The differences indicated in the above table, however, are not
entirely inexplicable. It is now Xmown thal very slight changes in the
structure, composition, state, and previous history of the specimen may
have large effects on the damping capacity. It may well be that the
iarger portions of the discrepancies in the comparison of the talle are
actaal differences in the physical properties of the materials tested.
There are, in addition, many variable fuctors connected with the damping
test, whose control is either not mentioned along with the ezperimental
work, or which have been treasted in entirely different ways by the
different investigators. Some of these uncertain factors will be dis-

cussed later in connection with the present investigation.
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The work of numerous investigators, however, has established some

facts about the general behavior‘of damping capacity which it may be

well to summerize here:-
(1) The damping capécity is independent of frequency over a large
range.
(2) The damping capacity is dependent on the magnitude of the stress.
In general the danping capacity increases with stress, although in
some cases the opposite occurs. There is evidence to suppose that
for very small stresses the damping capseity is essentially constant,
but is still of an appreciable smount.
(3) The damping capacity increases with temperature. It has been
suggested by Brophy that an apparent rise in damping capacity at
high frequencies may be a temperature effect, since heat is being
generated in the specimen by internal friction faster than it can be
dissipated by the supports.
(4) The small amount of work which has been done on the problém of
correlation of damping capacity with other physical pronerties seems
to indicate that there is no general relationship between damping
capacity and tensile strength, hardness, endurance limit, or impact
resistance of the material. This negative conclasion should not be
conglidered as firmly established.
(5) Some of the previous work indicates an increase of damping
capacity with an increase in grain size, although this was not shown
for all metals.
(6) High damping capacity in steel is accompsnied by low notch

sensitivity, and vice versa.
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The experimental wofk on damping capacity has suffered in general
from a number of defects which have very seriously limited the usefulness
of damping capacity data to the engineer. These defects may be grouped
under two headings.

Iﬁ the first class are grouped the variable factors and the
uncertainties in the measurement of damping capacity. Practically every
damping investigation uses not only different types of instruments, but
even entirely different methods. Zach of these methods and each of the
instruments has certain inherent variable factors and errors, which not
only make it difficult to interpret the data from any one method, but
make it practically impossible to compare the results of the various
investigators.

In the second class we group uncertainties as to the nature of the
material being tested. In no cases have the results of complete physical
and metallographical tests been available to supplement damping tests.

It must be required in all cases, in which the attempt to correlate damp~
ing witn other properties is to be made, that complete tests of tensile
strength, endurance limit, impact strength, struetare, grasin size, ete.,
be available.

The determination of the damping capacity of =a metal, and the
‘attempt to correlate it with other properties, is a process involving a
very large number of variable factors, and unless these variable factors
can be controlled properly, there can be very little confidence in

conclusions drawn from the data.
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From one point of view the larze discrepancies in previously
publisiied work may ve looked upon se fortunate. The damping capacity
is apparently a very sensitive property of the material. ~For this

reason, once it is understood, it becomes an even more interesting

property to the engineer.
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THE PRESENT INVESTIGATION

4. The Object of the Present Investigation

The present investigation was originally planned as a study of the
correlations between damping capacity and other physical properties of
metals. A study of previous work, however, indicated that so little
was known about the damﬁing tést itself, that it would first be nec-
esgary to develop a relimble method of measuring the damping capacity
of the metal.

The first problem, then, which it was considered should be solved,
was the problem of establishing satisfactory techniques for the measure-
ment of demping capacity. This involves both the design of an apparatus
which would eliminate as many of the variables as possible, and a care-
ful study of the variable factors which remain.

Accordingly, the following list of problems of a fundemental impori-
ance was conmpiled:-

(1) The selection of the best method of measurement for the tyﬁe

of investigation planned.

(2) An evaluation of the various instrumental errors:-

(a) The effects of clampiﬁg.
(b) Air resistance. |
(¢) TPFoundetion losses.

(8) An experimental study of the reproducibility of results on the

same specimen.

(4) A comparison of the results for different specimeng of the

same material .
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(8) The effects of stress distribution in the specimen.
(6) The nature of the relaiionship between damping capacity and
stress.
(?7) An experimentai study of the =ffects of combined stresses in
the specimen.
(8) The effect of the previous history of the material on the
results.
(a) Heat treatment.
(b) Cold-working.
(¢) PFatigue.
(d) Corrosion Fatigue.
(e) Impact and repeated impact.
(9) The effect of temperature on results.
(10) The influence of the size and form of the specimen,
(11) & comparison of the results of the various methods of
measurement.
The present investigation has been limited to & study of certain aspects
of the first seven pointe mentioned.

B. The Selection of the iMethod of iNeasurement

Of the possible methods of mezsuring damping capacity, the only
tmo which were seriously considered, for reasons mentioned mnove, were
the forced vibration and the free vibration methods. Of these two
méthods, the free vibration method was considered to he the method which
would permit the study of more of the variables involved. The particular
advantages of the free vibration method for an investigation of this

kind may be summarized as:-
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(1) The damping capacity may be found zs a function of stress.

(2) A relatively large range of stresses may be coversd.

(3) The results way be interpreted easily by methods which make

no assunptions as to the type of damping enccuntered.

(4) The appsratus is simple and can be designed for almost any
degres of accureacy with little difficulvy.

(8) The tests can be made guickly. This is an important advantage
if any large scale attempt is 1o be made 1o correlate damping
capacity with other properties.

C. Tne Design of the Apparstus

In the aesign of the apparatus, the attempil was made to arrive at
an instrument which would not only make it possible to study as many of
trie variavles as possible, but also one -which would be convenient enough
in operation to 2e of practical use in an engineering sense. The degree
of success in fulfilling these warious requirements can be evaluated
from the following discussion of the design features of the comuleted
instrament. (See page 18 for the comvplete leyout of the apperatus.)

(1) 1t was decided that the free vibrations would be of the

torsional typs. This makes it possible to use cylindrical specimens

of & tyne that can be accurately snd inexpensively made. By conm-
bining axial snd torsional stresses, a large variety of combined

stress situations can be studied ezsily. (page 19.)

(2) The Design of the Specimen (vazes 20 and 21.)

(a) The specimen was made large enough so that it represents
& trae sample of the wmaterial to Le tested, and small encugh

s6 that it is inexopensive and easgy to handle.
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(b) 7The specimen can be completely made in a lathe. Reasonable
inaccuracies in the ~orkmanship have no effect on tne convenience
of the test or ou the results obtained,

{¢) The dimencions of the specimen and of the apparatus give
& frequency of vibration &t which it is essy to make the
required msasurements, and wuich corresponds to frequencies
often encountered in the operation of machine parts. It was
considered that the independence of frequency and damping
capacity in the range of frequenciss in question had been so
firmly established by the work of previous investigators, that
the question would not nave to be studied further. Hence, no
effort waes made to design the instrument for sny one particular
aatural frequency. Similarly, the differences in frequency

for various materiels duse to taeir different elasticities,

were not considered to be of significance.

() ‘ihe ends of tne specimen were sufficiently enlarged so
that the clamping device introduces no uncertain stresses at
points where they might ue objectionable. The stresses may be
determined esccurately in that portion of the specimen which is
derormed under test. (pages 20 and 21.)

{e) The clemping device, & thresded collet chuck, (page 20)
mukes it possitle to obtain positive claaping action over a
considerable porticn of the specimen by means of the wedging
setion of the threads. fThe method has the further adventagze

that the chucks and specimen are symmetricazl with respect to
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the axis of torsional vibration. It was experimentslly
ascertained that the specimen would turn in the threads before
the cpllét would turn in its tapered hearing surface, =nd that
the forece required to turn the specimen in the chuck was meny
times in excess of the maximum possible force which could be
applied to the specimen in normal operation of the instrument.
(f) The specimen can be made either sclid or hollow, with no
other changes. Thus the effects of non~homogenecas stress
digtribution may be directly compsred with the homogeneouns case.
(3) The specimen can be subjected to any combination of axial
tension or torsinnal stress without being disturbed in any way. The
torsional stress set up is controlled entirely by the current in the
solenoids, and the axial tension by the weights hung on the specimen
by the flexible cable. (page 19.)
(4) The seme inctrument can be used for forced vibration studies,
it being necessary only to supply the solenoids with an alternating
current of variable frequency. Thus a direct comparison of free
and forced vibrations can be obitained in the same instrument without
the necessity of disturbing thé specimen in any way.
(8) The optical system used meésures the amplitudes of the vibra-
tion without introducing any appreciable demping into the system.
This is =& considérable advantage over systems using mechanicel
levers, friction scribers, induction bridges or any other type of
electro~-dynamical devices ﬁhich may introduce more demping into

the system than is to be measured in the specimen. The only other



possibility would éeem to be a system whick measures the change
in the capacity of a condeﬁssr, since in this case the only damp-
ing forces would be the practically negligible electrosta;ic
forces between the condenser plates.

The megnetic circait used to apply the initial twist to the
specimen does not introduce damping ianto the system. During free
vibrations the solenoid circuit is open, so thzt even if a szall
amount of magnetization were retained by the core, no damping
forces would result.

(8) The opticel system used may be adjusted to give any megnifi-
cation desired. By changing one lens the length of the optical

path can be changed over‘very wide limits. ZFor very large magnifi-
cations, provision is made for the use of a double or triple
reflecting system. Specially ground flat mirrors of a high degrsze

of accuracy are available for use in such a system.

(7) Although the stress range possible with the present equipment

ig large, it was thought desireble for the present investigation to
limit the stress range to values of from about 400 1b. per sd. in.

to 1500 1b. per sq. in. Host of the work which has been done with
forced vibrations has been done in the low stress region, say from
0-100 1b. per sg. in., while most of the work done with free vibra-
tions has been, largely because of inadequacies in the measuring
equipment, in the high-stress range, from 5,000-30,000 1b. per sq. in.
It was thought, therefore, that by conducting the present experiments

in the mediur stress range, not only the studies of the variables



involved would be.of interezt,‘but the actusal wvaluses themselves
would be of some significaﬁce,
(8) The time required to set up the specimen in the instrument
and to mske the test is reasonably short. Ordinarily 15 minutes
should suffice for the complete test. The method thus compares
in point of time required wvery favorably with other msthods of
physical testing, most of which reguire st leasst ss much time, and
many of them much lenger. This point becomes of importance when
the question of a large-scale investigation of the correlations
between damping capucity and other physical properties is discussed.
With certain simple changes in the method of mounting the
mirror on the specimen the convenience of operation may be further
increased.

D. The Adjaustment and Opsraticn of the Apparatus

After the instrument was constructed, measurements were made to
check upon the proper adjustnent and operation of the apparatus. The
method of balancing the torque applied to the specimen was as follows:
The instrument wes assembled with the specimen in place and two dial-
gages, of the type which can be read to 1 inch were mdjusted

50,000
on the freme of the instrument so that they indicated the displacements

of the two solenoid plungers on dismetricelly opposed points of the
vibrating disc. The soulenoids were then energized, and the one which
gave the lerger force was noted. The solenoids were then connected in
parallel, & smull resistance r (page 18) being comnected in series

with the stronger coil. The value of this resistance was then changed
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until the dial gmges indicatasd equsl digplaczments. It was then sssumed
that the disc was being subjecﬁed‘to rotation only, with & negligible
smount of translation due t¢ electricsal unbalance ¢f the solenoids.

The optical system was checked agminst the dial-gage readings,
agreeﬁent being obtained within the zccurscy required.

A test run was made next on g specimen to check the general adjust-
ment and operation of the instrument. The speed of tke recording film
was increased‘so that the wave shejpe of the vibration cocwld be observed
clearly, and the 1light beam was blocked out in ite zero position, so
that a zero line would appear on the record. The specimen was then
twisted through a relatively large angle and released. The resulting
record showed that the vibration was symmetrical about the zero position,
and the wave form indicated no irregularities of any kind in the vibra-
tion. It was thus concluded thet the instrument wes in proper working
order.

In makiﬁg the actual tegts on the specimens, the following precautions
were taken:-

(1) In mounting the specimen in the instrument, care was taken not

to stress the specimen any more than necessary. Two round pins were

prassed through holes in the side frame o1 the machine into diametri-
cally opposed radial holes in the periphery of the vibrating disc,
so that the lower chuck could be tightened without subjecting the
_Specimen t0 torsional stress.

There were not enough pains taken, however, with the design of

this clemping mechanism. It is probable that some of the specimens
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were subjectsd to highér torvzicnal =nd Landing stresses during
ingertion i the machine, than were applied later by the apparatus
itself. This is a feature vhich should be improved in Tuture de-
si¢ns, since & previous stressing of the material would be expectesd
to have some effect on the damping cupacity of the material.

(2) 4 first record was taken at & very low maximum stress, =znd
other records vere_taken at successively higher initial displace-
aents. Tnls procedure enablss one to study tne eifect of previous
stressing of the materisl on the damping test.

In the present investizution tols procedure was followsd only
for those specimens which had bsen inserted without telang over-
stressed.

(3) The iaitisl twist was apnlied slowly to the specimen by
gradually iacreecsing the current in the solenoids by umeans of the
rneostat (R on page 18). an increased stress due to a sudden
initial losding of the specimen was thus avoided.

(4) In tae combined stress study the axizl loads were apnlied
successively, without unloading the specimen at any time. The
gpecimen wags not subjected, therefore, to cycles of axisl stress.

The axial loads were applied as gradusily and ss carefully as
nessivle, in order to eliminate impact and vending in the spescimen.
The type of record obiained from the instrument may be seen on

pages 28 to 32. These samples zre full-size prints made directly from
the negative as 1t came from the instrument. The damping capacity can

thus be accurately cnecked frow the samples tnenselves.
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The three strips on any one page represent s continuous rscord,
which has been cut up for convenience.

The records of pages 28 and Eé show, respectively, the damping in
a s0lid and a hollow specimen of the same material. The increased
gpparént damping of the hollow specimen may be seen clearly. The
records on pages 30 to 32 snow the damping of brass in three stress
reglons.

E. The #ethod of Computation

As is shown in Appendix I, the specific damping capacity P may
be very easily found from the vibration decay curve, since
a4y
= 2 =
7 J
For the materials tested,
it was observed that the damping
X capacity was low enough so that
. 2
“—————‘2: for a small number of vibrations

the amplitude of the vibrétion

could be assumed to decrease

Amp//%ua’e

linearly. The decrease in
amplitude in any one cycle was
found accordingly by dividing the total decrease in fifty cycles by
fifty.

The record was first counted off into groups'of fifty cycles esch,
and the amplitude of every fiftieth vibration was measured by means of
diwiders and a scale. When measuring the amplitude, the fiftieth cycle
was mlways compared with neighboring cycles to insure against the

measurenent of an acnormal cycle.
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The decrease in amplitude osr cycle was then computed and tie
logarithonic decrement was found by dividing this decrease per cycle by
the mean amplitude of the group. In no casses did the amplitudes change
enodgn in any group to necessitate s distinction between ine mean
anplitade and the smplitude at any point within tne fifty cycle group.

The avove operations were comvined into a computation sheet, vy
mezns of wailch the specific damping cazpacity zs a function of stress
may ve qulckly found. A computation sheet for one of the sample curves

1g siOwn as page 3D.
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THE ARSULTS OF THL INVESTIGATION

A. Accuracy of the sethod zaud Instrumental losses

The first guestions studied involved the errors ianhereal in lhe
instrament and in the methods of msasaresment and coamputation.

(1) The Clamping Method

As mentioned azvove, it was found that the force required to
slin the specimen in the chuck was many times greater than the
maximum force which could uve applied to the specimean Dby the
apparatis. That the slijping, 1f any, was actually negligible,
was indicated, first, by the fact that the results for the same
speciimen could be checked closely, and, s=scond, by the fact that
the damping mezsared for some of tne specimens was extremely low,
of & magnitude which left no possipility of any considerable
zdditional loes in the supports.

{(2) Poundation Lusses

The energy lost in the instrument foundetion is a function
of the amplitude of motion of the foundation. Since the instrument
was securely volted to a oesavy sapgle iron vhich in fura was fastened
rigidly to a heavy concrete wall, such foundation losses cannot
possibly be apprecisble. Here, again, the extremely low values of
damping which were measured for some of the specimens, indicates
that the energy dissipation in the instrument itself must e very
low, (sce page 42).

The work of #linn & Norton (Ref. 11) has demonstrated experi-

pentally that foundation losses can be made entirely negligible.
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(3) Air Damping

| The work of several of the previous investigators (Ref. 5)

has shown that for the type of materials under test the damping
effect of the air is negligible. In the present case the air damp-
ing is known to be low, since it must be less than the smallest
demping capacity messured by the instrument. Since the smallest
damping capecity measured falls just on the limit of the computa-
tion errors, no corrections for losses of any kind need to be

made, (page 42).

(4) Measurement and Computation Errors

An overall check on the accuracy of the amplitude measure-
ments from the record and on the computation method in general was
obtained in the following way:

The amplitudes of the fifty cycle groups were picked from the
record and recorded on the data sheet in such a way that the record
itself was not marked. The computations were then carried completely
through and the damping capacities and stiresses were recorded. On
the following day the procedure was repeated, a completely independent
set of readings being obtained, and a new set of damping capacities
and stresses being computed from the new data. The two sets of
damping capacities were then compared, and the differences between
the two determinations ai the smme stress were computed for a dozen
or 80 stresses. The mean difference in the damping capacity was
then found.

This procedure was repeated for four different records, chosen

to cover various amplitudes, frequencies, and general appearance of



records. The mesn differences in the damping capacity were found

‘to be:
Record Numﬁer Mean Difference
1 0.0004
2 _ 0.0003
3 0.0002
4 Ol .0003

Hence the error in the computed damping capacity due to measurement
from the record and to computation errors would seem 1o be about
0.0003. Since the damping capacities of most of the materials
tested is many times this value, it is believed that this accuracy
is sufficient for the present investigation.

Since the damping capacity of one of the materials tested was
found to be sbout 0.0003, it is probable that the method of messure-
ment of the amplitudes of vibration from the film is the limiting
factor in the accuracy of the present equipment. |

As was shovn before, the losses in the instrument are less
than 0.0003 Therefore, the overail accuracy of the determination
of the dasmping capacity in the present study can be said to be of
the order of 0.0003.

The small circles which mark the plotted points on the curves
of the succeeding pages have diameters of approximately 0.0003, so

that the degree of accuracy of the data is indicated on the curves.
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B. Discussion of Results snd General Conclusions

‘The data supporting the conclusions swsmarized at the beginning of
thie paper will now be discussed, taking up the points in the order in
which they appear there.

(1) The curves and data of pages 40, 41, and 43 show the results

obtained by making identical tests on the same specimen at different

times. In all cases the specimen was completely removed from the
instrument between tests, and in most cases the specimen was turned
up-side down before re-insertion. With the present arrangement of
the optical system the mirror must be removed when the specimen is
taken out, hence eny undesirable mirror movement or misadjustment
would also be indicated by these tests.

It vill be noted from the curves that the different runs check
closely as far as their general features are concerned. Although
several fairly learge discrepancies occur in the case of steel No. 1
for the individual points, it is clear that the average values of
damping capacity over a stress-range of several hundred pounds per
square inch agree very closely. In all cases the check on mean
damping capacity is well within the limits of accuracy of the
measurements.

We may thus conclude thst the mean damping capacity of the
steel over a stress-range of seversl hundred pounds per square inch
is a physical property of the material whose value can be checked
accurately by successive tests on the same specimen.

(2) The two steel specimens marked steel No. 1 and steel No. 2

were made from the same bar of steel. (Photomicrographs showing
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RESULTS OF TESTS ON X4130_ STEEL

Repeated damping tests were also made on & specimen of X4130
steel, furnished by the Kobe Company.

The demping capacity of this metsl was so low that the amplitude
did not decrease enough during the time covered by the test to make
it possible to plot & very extensive stress-damping capacity curve.

Two teete were made, the specimen being removed from the instru-
ment between tests. The mean demping capacity over a stress range of
from 700 to 900 pounds per square inch was found to be:

Test No. 1 -

L}

0.0003.

Test No. 2 - 0.0003.

i}

These values are just on the limit of experimental errors, and
are interesting as an indlcation of the maximum possible leoss which

occurs in the instrument.
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the structure of the steel and brass specimens are shown on page 65.)
From the data of page 40, it will be seen that the mean damping
capacities over the range of stress covered by the tests check
exactly for the two differsnt specimens. Hence we may conclude
that the mesn demping capacity of the material over a stiress range
of several hundred pounds per square inch is a physical property of
the material which can be checked for successive specimens with
good saccuracy.
{3) It will be seen from all of the plotted curves that the stress-
demping capacity relationship is not a simple one, but that it
apparently varies in a most erratic way. The departures of ihe
individusl points from a smooth curve following the general trend
of the date are in a number of cases many times greater than the
experimentally determined mean error. Furthermore, the departures
have proved to be reproducible. On page 44, for example, it will
be noted that the same low point in the damping capacity is found
at a siress of 760 pounds per square inch for several different
axial loadings of the specimen, and the same low spot is picked up
again in the repeated test of page 40. Examination of ths curves
showing reproducibility of results, pages 40 and 41, will reveal a
number of instances when large departures from the mean damping
capacity have been exactly duplicated.

From these observations it would appear that there is a strong
possibility that the true relationship between stress and damping
capacity, for a material of a structure similar to that of steel,

iz of an extremely complex nature.



A farther study of this particular peint, using more accurate
measuring methods, and trying the effects of annealing, cold-work-
ing, etc., on the relationships, would be most interesting.

(4) For the steel specimens the general trend of the stress-
damping capacity relationship is towards lower damping capacities

at lower stiresses. This is seen most clearly for the hollow speci-

- men, page 41 or 45, which, as will be shown lster, gives a better
picture of the damping capacitiy of the metal than the solid specimen.

The damping capacity of the brass specimen, page 41, wsas
essentiamlly constant, no marked decrease at the lower stress being
evident within the accuracy of the present investigation.

{(8) The results of the combined stress study may be seen on pages
43, 44, 45, and 46.

Pages 43, 44, and 45 show that the axlal load has no measurable
effect on the stress-damping capacity relationship.

On page 46 the damping capacity is plotied versus the maximum
torsional stress set up in the specimen, the maximum normal sitress,
and the maximum shear stress, for ihree different combined stress
conditions., It is immediastely evident thaut the damping capacity
for this type of loading is a function of the torsional stress and
not of the shear or normal stress.

The nature of the combined stress calculations is shewn in
Appendix ITI.

(8) A comparison of the results obtained on the solid and on the
hollow specimens may be made by referring to pages 40 and 41. The

mean damping capacity of the hollow specimen below 1000 pounds per
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square inch is 0.0034, while for the same siress range the solid

'speeimen shows a mean damping capacity of 0.0022. The solid

specimen, therefore, has an apparent damping capacity of approxi-

nately 65% that of the hollow specimen. Part of this difference

can be accounted for by the following considerations:

We establish the following notation:

4

I

ci‘ N
"

2 0N &

Y

Y

%,

RN

fl

Outside radius of the specimen.

Ingide radius of the specimen.

Radius of an elementary cylindrieal shell.

Shearing stress at the radius .

The maximum shearing stress in the specimen at /= £ .
Length of the deformed portion of the specimen.

Loss of energy in the specimen in one cycle due to
internal friction.

Strain energy of the specimen.

True specific damping capacity of the material at the
stress 72v .

Specific damping capacity of the solid specimen as

ay

g
Specific damping cepacity of the hollow specimen as

computed from Y4 =2

computed from % =2 %9 .
%%9/ by definition (see Appendix I.).

Modulus of elasticity in shear.



Consider a circular cylindrical

~ element of the specimen of radius , ,
thickness </ , and length .Z .
The strain energy per unit volume at

a stress & is:

e L

EG
also r
2 = —/e—-J‘
tms /= _s r<
T Z2eed
The totml sirain energy for the shell is: _JZ P
2 2 _ - LS
aw = /g‘é‘zé’ﬁ//ﬁ”ﬂdr 4 = zo%
Since ?Vé'= 1552/ the loss in energy during one cycle is:
7 e Lfé
)= Y —-——ngg ridr = Y- G/é riar

Thus the total loss in energy per cycle for the hollow specimen

will be:
V.4

2
AW = gz’é/wrj.ffdf
A,

In order to evaluate this integral, the function 24?y mast be
known. The nature of this function may be seen by referring to
the stress-damping capacity relationship for the hollow specimen
where it will be noticed that a stiraight line will represent the
facts closely. |

Thus, we may assume:
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: R
The, s
i AW = Zoz | (ard £ &5 Yy

£

= Mi(f" r BIRT_ ag®_ B5R7)

GR*? SK Z s
| € =4 Z
elso = 2 z — ls? (e? %)
w Geg/r ar X -
(‘.
- % (D), - ap ZELETRY

SR (R*— %)

For the solid specimen set & =O

Thus:

For the present specimen:

s
2.

0.1250 in.

]

0.09375 in.

Substituting these values in the above expressions, we have:

Y
%

Comparing the two expressions, it will be seen that both represent

A+ 0.8956 B S

A+ 0.800B5

straight lines having the same ¥ intercept, but that the slope
of the hollow specimen is about 10% greater than the solid specimen
slope. Hence the values of damping capacity at any point for the

anlid specimen would be expected to be about QO% of the $rae damping

capacity of +he hollow Specimer.
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The damping capacity as measured by a solid specimen would
- be expected, therefore, to be about 80% of the true damping
capacity of the metal.

This theory thus indicates that the apparent damping capacity
measured for a solid specimen should be lower than that measured
for a hollow specimen. The discrepancy between the amount of
lowering actually observed and the calculated amount may be due in
part to: (1) the #dditional machine work done on the hollow speci-
men may have had an effect on the damping capacity; (2) the rela-
tionship between stress and demping capacity below about 400 pounds
per square inch was extrapolated on the curve. If the function
were to behave differently at low stresses, the above analysis
would De in error.

Further experimental work comparing solid and hollow specimens

would be desirable in order to clear up these questions.
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APPENDIX 1.

Derivation of the Relationship between Specific Damping

Capacity and the Rate of Amplitude Decay. (Ref. 31)

e The strain energy stored up
\:‘S\ in a vibrating elastic
§ system can be expressed as:
N W= Ky*?

where: y = the amplitude of the vibration.

X = & constant depending on the mass,
elastic properties. and dimensions
of the vibrating body.

thus: >
W= &Ky +ay)
we= ky°
where ¢ tay , y are the amplitudes of successive cycles.

AWs= W -1 = K[(93+ yay +Aay°)— yZ]
for small damping, the Ayaterm may be neglected.

aw = (x)(2yay)

= Ao Kk)(ayay)
w yrr

- 24y
Y= 27

The logarithmic decrement & is defined as:

S = /O_?e 9;43
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Expanding the 1ogarithm in 2 series, we have:
. 2 3
/+ 87 ) = f__y— L4y L ray ...
/0,9,/ y) ' e(y)’t:s(‘y‘j%
for small' damping, the higher powers may be neglected.

thus: = 4y
. S <

and | s ed
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APPENDIX I1I.

Relationships between Various Quantities

Used in Charscterizing Damping in Elastic Systems

Various authors have used a number of different expressions to
measure the damping in mechanicel systems. A comparison of some of

the formulas frequently met with in the literature follows:

NOTATION:
/3’ = viscous demping constant, damping force = ([a’) (velocity).
/ = damping index used by seismologists in their instruments.
A = spring constant.
/M = mass.
X = displacement or amplitude of vibration.

AY = decresse in amplitude during one cycle.
S = logarithmic decrement.
aw

energy dissipated by the damping forces per cycle.

W = total energy of the system at the maximum amplitude of any

particular cycle.

<

"gpecific demping capacity".

€ = n"solid friction coefficienti.
& = modulus of elasticity.
{f = resonant freguency of the system.
af, = width of the resonance curve at the amplitude x.
(! = ‘"sharpness of tuning" of an electric circuit.
Z, = time required for a vibration to decay to 4 of its original

amplitude.
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The follbwing relétionsbips may be shown to exist betwsen the above
quantities (relaxionships marked with a star* depend on a viscous frie-
tion relationship.)

* = -vé-
(1) =
If h =1, the demping is critical, hence values of h will indicate

the % of critical damping.

(2)* J}:;;ZZZz
QZnnAf%ZZ

(3) = Vloge xiav
“”* 8- shy
2
(5)* S = ﬁz__é_’p
(8) S = -;ﬁr (Smot/ a%m7m@y)
(7)* AW: 4/7."szz¢nrﬂ)(1
g
£ XKmax
(8) W= =
A
(9) Y= W
(10) S = g%
A
(ll) ﬁW: EZ,..,,
(12) O = fE,
' T (4’5%”)
(13)* =I5
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(14)* S= 7
(15)* @ :dg;fxm
"
(16)* J= _;_r
(17)* - | = %%95_ Tope 2 = 0c93)

Summarizing the various ways in which the logarithmic decrement

can be written, we have:

X+AAX w» ax - 2 _ Zﬂa/ﬂp_ 2B "
S = /2%22 X T X emit £ B ]A4In£j/?Z

fE-V——Z & = " e

— 7 _ 693
R T
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APPENDIX III.

Combined Stress Computations

The stress situation at the surface of the specimen as it is

subjected to both axial loasd and torsion may te shown as:

&, |

%,

Y
Oy
The Mohr's circle representation of the stress on any inclined

plane will then bhe: Vo

RN

T O
A T
y

[ ez
From this circle the formulas for the maximum shear and the maximam

normal stress are seen to be:

In the present case:
Axial loed #1 = 22.6 1lb.

Axial load #2

45.2 1b.
Total weight of disc, etc. = 3.0 1b.

Area of the specimen = 0.0316 sq. in. (nollow apecimen).



and the formulas become:

fase 1. No axial losd:

Omax. = zfr
4 (w?l ot(’a//:c,c/c«
5”67‘00//3 inclvaed,
vamax. = @;

b
Case 2. One axial load
é .
O = 593 +Yim93)e i “in®

oo = w0303 7,2

Case 3. Two axial loéds:

Torae = /118 + V7 178)%% T2 e

Pimar. = r108)%0 722 4

In all cases:

7~ = Lea @ where 4 diamster of the specimen.
ry = 2 Z

f = totel angle of twist in radians of
a specimen of length Z.
& may be written in terms of the deflection of the light beam and the
dimensions of the optical system.

For example, in the case of the steel specimens:

%y, = 633 X 4.z 2

where x is the double amplitude of the vibration as measured on the

film.
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