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ABSTRACT

A summary of the current knowledgze on the subject
of internal friction is presented. An experimental
investigation of the variation of specific damping capacity
with torsional stress for three metals is desoribed, It is
found that the epecific danmging capacity can be represented
b? & constant term plus a term linear in stress amplitude,
Calcuvlations are made of the effect on specific damping
capacity of type of stress and of non-unifors Aistribution
of stress; the calculations are corpared with the available
experimental data. An expression is proposed to describe
the manner in which snergy digsijation varies with straas
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NOMENCLATURE

experimental constants
width of beam

viscous force coefficient
constant

diffusion constant
diffusion distance

tensile modulus

base of natural logarithms
force

frequency

torsional modulus

heat of thermal activation
depth of beam

moment of inertia

J-1

spring stiffness

length of specimen

bending moment

- figure of merit

gas constant

uter radius of torsion specimen
inner radius of torsion specimen
absolute temperature

elastic energy

longitudinal coordinate of beam
vertical coordinate of beam
amplitude of vibration
horizontal coordinate of beam
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phase angle

coefficients of energy dissipation
shear strain

logarithmic decrement
normal strain

bending deflection

radius

normal stress

shear stress

relaxation time

specific damping capacity

circular frequency



I, INTRODUCTION

The conventional representation of the relation
between stfass and strain in a solid material is a curve
guch 8 that shown in Fig, 1, obtained from measurements
of strain taken as stress is slowly increased, ‘ost such
curves are supposed to include an slastic vortion, OA,
witbin which the material returns *to its original, unstrained
state upon removal of the =zpplied stress., For static purposes
it is uswally adecuate to assume that, within this elastic
rangs, the stress and strain are uniguely related, i.e.,
that beth loading and unleading teke place along the curve
QA@ If this were true the net wﬁrkkéong in a cloged cgyele

of stress between the limits Oy and -0 would be given by --

P
bt
e

§O‘-«de =0
since etress and strain are in phase throughout the cycle.
nen the stress Gy is sxcesded, the material will sustain
a permenent deformation, OBY, upon removal of all stress,
as shown in Fige 3., This higher range of stress is called
the plastic range. If the stress be reversed, it is seen
that the condition of zero strain correspondis to a finite
negative stress. A complate cycle of stress betwesn the
limits Gy and -0 will trace the leoop BB'B''B'''B, In this
cycle the strain is not in phase with the stress and an
acacunt of energy is dissipsated which is propor tional to the
to the area of the loop. Because of its similarity to

1



Steess, 0

Figure |,

Stress, 0

Strain, €

Stress-sirain curve of an elastic solid

Sirain, &

Figure 2. Stress-strain curve of & plastic solid



theough stressestrain cycles of the general tvpe shown in

tion of vibrational

Filg, 2, and the continuous diss

enerzy lis attested to by the gradual decay of the vibration
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amplitude, Carsful e:

the supporting and surrounding media have besn minim
show that a swall energy loss peresists. Since it is un=
motion would continue lindsefinitely even in
absence of externsal losses, it 1ls zseumsd that
dlegsipated internally in & cyele of stress no

g 4,

its amplitude, This reasoning and the fact

of increasing accurascy have usvally lowex

the experimentally=determined values of the elastlic limits

4 to argue that the
lagtic 1limit does not exist, i.e., that there is no stress

anent dee

é-fi

below which a maeterial will not sustain & pars
formation (3,3).
That this is not necessarily true can be sesn by

8 e & - EI—. o . L TEE i . N P *
considering the system shown in Fig, &, & model of visco-

varenthesss refer to the

anid of this thesis.
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Figure 5. Variation of energy loss with frequency



gbress ¢ycle. According to this concept, the permenent or

tress and girain are uniguely

O]
ad

attention to the

nent deforwation uson

elagtic range ls the absence of a

reroval of load and that absence of & permanent deformation

does not imply & linsar relaticn betwssn stress and estrain,

nor sven a single-valued relation, cefines the property
of & selid by virtue of which stress and sirain are not
uniguely related in the slastic range as "anelasticity"®,
Energy dissipation is but one of the manifestations of an-
elasticity, of which others are recoverable creep, elastic

&

after-gffect, anl variaticn of dynexic modulus,




ntele

e

4 3 >

< o & 0
A D &
el v A ;

Xs ] =5 ap 3 -
B = I« B ¢ B ) {w
b o &4 =} o] -

A

in
3
i

65 (6), one of th

]
o]

42
O
ﬁ P £ e
£4 & o 23 8 4 (. N bt h
A wpef 3 -3 . 4
=4 [ E @ g
o b2y b TR < Mm » ‘w.w
3 b2 o] xm Es iy . wam,
=Soo® = 9 g o B~
42 = A ard L@ ] @ s 4
H - a g4 =
@ WMM [ 5 - =t
-

2%

cs
he on
faily

s ree of

e use of guant:
o

3 @ MM o~

i : L ogf)
) mmw @ o} > ,an
M.w %4 o 4] 7] ot P
o o O w e © al - S
] 51 = W et b it ke

Fot e © S0 Ty 45 ! -
= B4 =4 fer] s 4 K5

gﬁ

4
=
&

&
fetis
2]
ort ¢

3

tre

of
2
£
<

rep

& w4 R B o
i i ] ) o) o e} N
3 g W g b 4
I M9 g o 0
o ad Lo B ¢ Pon o
ol m@ g

ih
s
e
jat

Cort

i el S
beg ) %
=) (6 T e
] =] o E& o
e =54 ik =g [ L

s
.
i
J
2

Y
EA e

E"}’f

i o e
pes o
N a i« . S
[A] O @ H g

i)
c

nal frieti
i
4

strength,

the
@



3 3 $u 43 (=]
o=t bl o mm & .
: = b ! ] e o =
&4 o = s g ‘
i [ e el m 5
= = 42 - h = i

a w 0 @

a o . Pt
"% ?n.s% va % MWEM t .Wu AH.W
@ ] @ = S =
o ™ o
& gt e o 2
4 b o -

rhon

o0
4]
h]
el ; ,
KR o = %4 : I~
sy oy ik & &
o.g o = it ok e
o o] ¥ il 84 3 5
= i ) & fo gl &3
h Aw m A3 i L2 3
43 e ord ) a
O Y o] @ U o N
fas] & os=d i 42
=4 £ 3
53 o 42 28 n
s = & W
fet) 4 g [
“I I
42 [, i ¢ & f
iy 3! L 3 y
=] & 4 =
55 . . =
+2 4 +* i g
o o - 3
Kol w fO e
£ 4+ SN a0 o
] 0 by}
4 ar 7 pc)
Gy o = o
4 $ %% SH o
g
i, P g ) gl »)
i MW WM a;
gt ey e it
+2 5 2 @ .
I B poe
o = o 4 - A o
o o0 i o b= e 3
¥ £ o e &=

%

surfaces
s
1
aal ity

® & 3 e 4
: F e ps 1S 3] el
R g w @ = KR S g8 B 03




Etin

=
3

stion

¢

&

i £y

N
st

£

foroer

aracter iy

"

)

< &

)

Yn +AY
( n‘:&n .

Qn

En =

‘!

b
g
ot
w0




e
pre.

Amplitude ,y — &y,
\ {
| [\ //ﬁ\i MV
/ | \ 1"/

Figure 6. Amplitude-time curve for a free vibration
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V=26 = 21TQ"=21T%¢£ = 2T tanox (8)
In gpeaking of internal friction the value of

which ies independent of stress amplitude cither method ¢f
measurament is zppronriste and thess relations may be used
interchangeably. When the value of the internal friction
ig & function of the stress amplitude, however, measurenments
by the resonance=curve method are meaninglees since the
stress amplitude varies markedly during the test., For this
reagon and since the concept of an energy dissipation per
cycle is equally valid for fres or forced vibration, the
spe¢ific damping capacity will be used as the measure of

internal friction in the following pages.



D,  RESULTS OF PREVIOUS INVESTIGATIONS

Until recently the nature of internal friction and
the factors which influence ite nagnitude were lwmge rfectly
understood, Tn 1941 Kimball published & review (18) of the
state of knowledge on internal friction vp to that time,
Taoulation of the results of investigations over the pre-
ceding 50 years proved cerrelation impossible; as Hudson (3)
points ocut, wiere one investigator reports that copper has
twice the specific demping capacity of nickel, another in-
vestigator resorte just the reverse,

In the licht of present=day knowledge this confusien
is not surprising; the results of the different investigators
are not properly comparable four two reasons., Firet, the
methods and egaipwent used to measure the internal friction
were not the same, Different sizes and forms of specimen,
different frecuencies ani stresg amplitudes,; diffsrant tyres
of stress were used, Seccnd, the materials being tested
were not comparable, since ~2erposition, structure, mechanical
properties and past stress history were not specified.

From the work of many investigators, however, the
following facts could ve establishad: |

le At verv low stress the internal fricticn was

independent of gtress amplitnde and dependent on
freguency.

o

A% higher stress the internal friction wes a

B3
o

function of stress awmplituds and independent
el

nf ZUeUency.

14
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5, Intsrnal friction varied with temperzture,
4, No general correlation of internzl friction
=i th other material properties had been found,
5, A quantitative treatment, due to Zener, was
available for tw mechanisms of energy dissi=-
pation operative at low stress) these were
macroscelric and microscople thermal flow, which
will be descrived below,
Tn +he ten vears since the appearance of Kinballls review
tremendous advances have bsen made in the understanding of
internal friations A recent monograph (23) by Zener provides
an outline for a brief description of the current knowledge
of anelastic effects,

ANRTLETIC EFFECTS

An imy&rt&nt mechanigm of ralexation in metals is
that of thermal d4iffusion, Ralsing the temperature of a metal,
at constant pressure, cauvses an increase in volume, Con=
versely, the sudden application of tension will lower the
temperaturs, ocausing heat to flow into the wetal from its
surroundings. As the temperature digtribution thus produvced

relaxses, a amall extension will take place, with

the result that strain lags bebind stress and cnergy is
dissipated, This effect was first cbserved experimentally

sitz and

in the trensverse vicration of fine wires by Benn:

lotger (54). The thecretical explanation, due tc Zener,

4

Otlsg, and HBuckolls (85), shows that the mechanism is char-

acterized by a relaxation time which is the time required

for heat tn flow tetween rasicns of extre temperaturs., In
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the casa nf the wire, this distance 1lg the Adlzmeter and

the relaxation time i3 given hy

T = C ‘%Z (o

wherse T = relaxation time

&9
et

C = constant

d = diameter of wire
D = thermal diffusion constant

When the results were plotted against the dimen=-
; dz "
sionless product D a curve of the

was obtained (f= frecuency of vibration).

&

tvre shown in Fig. 5

In the case of transverse vibration, the differsnce
of temperature was caused Dy the inhomogeneous distrivution
of astress typical of bending. Reasoning that stress in-
homogensity might also be caused by elastic anisotropy in
a polyerystalline metal, Zener (36} developed a theory of
damping by int@rcrystalline thermal currents, which waeg sup-
secquently demongtrated experimentally by Randall, Rouse, and
Zener (11). Here the distance between regicns of extreme
temperature is the average dimension of the grains in the
me tal; otherwise the theory is similar to that for macro-
scopic diffusion, Kimball (18) states that damping by
thermal diffusion doess not occur in torsion expsriments
since rure shear invelves no dilation of the mestal lattice,
This is true with respect te macroscopic diffusion; howevar,
Entwistle (37} bhas recently shown cxperimentally that elastic
anisotrony in torsion specimens can bring about the normal

stresses necessary tw produce a measurable internal fricticn
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47
dues to microscopic thermal diffusicon,

Ag Kimball points out, demping bv thermal diffu-
silon is not important in an engineering sense for two Treasons:
first, although the maximum value of the specific damping
cayacity associated with transverse thermal currents is of
the order of 102, an iron reed vibrating at 1000 aveles
per second could be only ,007 inch thick to resalize such
an amount of damplng; second, the maximum value of the
specific damping capecity associated with intercrystalline
thermal currents is only of the order of l@“éﬁ

The theory for a second anelastic wechanism was
formulated by Gorsky (28), who vointed it that atomic
diffusion was subiect to the same types of differential
acuations and boundarv conditions as thermal diffusion.

The squilibrium state of an unstreseed solid solution
corresnonds to 4 rendom digtribution of the sclute atows,
When stress fluctvations exist within the svstern, this
correspondence no longer holds, Thus, where an increase

in the concentration of solute atoms causes an expansion

of the lattice, equilibrium conditions under the influence
of an ilmpressed dilation will necessitate an increase of
concentration, The necessary increase of concentration will
occur thrcugh atomic diffusicn, constituting a relsxation of
stress at constant gtrain, The relaxation time for this
@rcéess ig given by Fguation 8, the distance d in this case
belng the distance between regions of stress inhomogeneity

and D the atomic diffusion coefficient., There has besn no
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1.
senonstration of this mechaniswk becavse of sxperimental
difficulties zssociated with long relazaticn timss.

The third anelastic mechanism ls & result of the
magnat&el&stié coupling, or magnatostrictive sffant as 11t
is sometimes called, in ferromagnetic metals, Even though
the cverage wagnetization in & specimen be zero, =lementary
recions called domaine retain finite magnestizations,
aiignad al ong the sasy directions of magnetization of the
lattice, When an externsal stress is ayplﬁeds the internal
gtrains shift the directions of sasy wagnetlzation; changing

the overall magnetizatlion of the specimen, Ag the magnati-

zation of the spesimen changes, the
responsible for the dissipation of ensror cre set up, of

netic flux within the gpecimen

0

ush récnitude that the

snetlise flux

e

i

®

initially unchangsd, Gradual diffusion of me
takes place, Serritting relaxation of the magnetic fisld
stiength, The relaxation time for this process 1s also plven

the dlstance cover which

el

by Equation (8), in which now d is
the flux mmet diffuse ani D the rmagnetic diffusion constant,
Since this mechanisw “epends upon rsorientation of dowmeins,
alisnment of the domadins by o gtrong external flsld should
suppress it; expsriment shows this to oo the casge, This
typs of internal friction has been observed bv Brown (39);

the mamnitude of the gpecific danping capacity assoclated

Tha ordsr-=disordsr transt

alleve 1s the source of & fourth anslastic mechanism, This
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mechanism depends on the fact that ordering is accompanied
by a change in lattice dimensions which depends, at equi-
lioriuvm conditions, upon the amount by which the temperature
is below & critical value, Changes in lattice dimensions bw
meane of Inpressed strainsg conversesly alter the squilibriurm
orier, and the time delay asseciated with the sstablishment
of eguilibrium leads to anelasticity in the wanner described
under atomic diffusion, The relaxation time is of the ords
of 107 seconds.

The fifth type of anelastic effect results from
the stress-induced preferential distribution of sclute atoms
in & metallic solid solution. A striking sxawmple of this
was gziven by Snoek {13), who found a sharp peak at AC% ¢
and 1/8 cycle per sacond in the internal friction of annsealed
iron containing small amcints of carvon and nitrogen, This
nazk mmwplafely disappsarsd when the iron was treated to
remove the carbon and nitrogen; when swall traces of carbon
and nitrogen were raintroducsd, the peak reappsared. Snoek's
theory assunes that the 5arbon and nitrogen atoms occupy
interstitial positions at the centers of the cibe faces and
at the centers of the oubse sdges of the o-iron lattice,
These positions have tetragonal axes of symmetry parallel to
the principal axes of the lattice, The interstitial position
is closer to those iron atoms which lie along the tetrasonal
#%is; conseguently, the presence of s lute atoms in thess
Positicns will cause greater elastlc dilstortion &l ong this

~direction,
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In an unsteessed specimen the interstitial solute

e

¢

w
ek

—t

will b

&
&
&

distributed squally among the positions on

4
@&
<t

the thrses tetragonal axes, When the tensile stress is

{

applied in the direction of one of the tetzmgonal axes,
the probability thet a solute atom will lie in cone of ths
oositiong along this axis is incresssd, A finite time is
reguired for the solute atoms to diffuse inte these pro-
ferrsd positions and, as a result, strain lags vehind stress,
vThis phase lag produces the various anelastic effects; in-
cluding internal frioction. A&lthousgh specific demping capa=—
cities as nigh as .08 have been cbserved for this type of
internal frieticn, its engineering applications will probably
not e numerous, sincs the relazation time for the basic
meohanism involved is hishly sensitive to ftemperature,

A1l ﬁf,ﬁh@ machanism listed above were described in
connection with homogeneous waterials; anelastic effecis ars
also possible in non-homogeneous systems, Imagine an isolated

in an elastic matrix:

region of viscous character snb
if 2 sgtress be applisd to the matrix, the @tf@é% across the
visgcous regilon will graduslly relax, When the stress is
renoved from the boundarv of the matrix, the viscous raglon
will be stressed in & sense negative to that o»f the original
stress, ©Such & systew will sxhibit the proverties of the
gsimple model of Appendix 4,

Poe

nle real counterparts of the viscous reglons
dasorivad above are the slip pands formed in metal crystals

by nlastic deformation, Internal friction is usually increaged
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by prior plastic deformation, although investigators are
not in agreement as to whether the internzl friction thus
introdue=4 hasg the frequency-dsnendence cheractaristic of
anelasticity.

A mere definitely sstablishned counterpart of the
"vigcous regions® is the network of grain boundariss in &
polverystalline metal, Several investigators (30, %1)
have observed I@lative movement bstwssn grains extendsd
slowly 2% high temperature and found no relative movement
when similar extensions were repidly produced at roomw
temperature, indicating that the grain boundaries behave
in & viscous manner,

Vigscous flow at the grain boundaries during vibration
would necessarily dissipate energy, the energy disslipated
%eing;proyurtiﬁnal te the wroducet of the relative displace-
ment and the shear stress across the boundarv. A% low tem-
peratures the viscosity would be high and the rvelative dis~
placemant therefore low, At high temperatures the viscoslty
will be low so thaet the shear stress across the grain boundary
will ve relaxed, &1 Intsruwediate fLemperatures, where voth
factors have significant magnitude, the dissipation would ba

expected to have & maximum value, The exigtence of this

maximum has baen chesrved experluwsntally in aluminum by

K& (15, 16} at a temperature »f approximately 28520, the

Y

frequsney he2ing 0.8 cycles per second. The maximur specific
darping ceraolty for this case wag 0.55; howevser the wsalue
is very sensitive to temveraturs and may not prove to be

useful in practical application,
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The anelastic effects are convenlently sunmmarized
by means of a relaxation spectrum, an exawmple of which is
shown in Fig, 8,

PLASTIC EFFECTS

The principal contributions to internzl friction
at large sﬁresé~amglitm@es ars cheracteristically indepsndent
of fremency and dependent upon stress amplitude; thess effscts
ars usually attributed to plastic iafarm&tign@ This type of
internzl friction, although of considerable practical interest
in esngineering, has not yet been subjected to the intensive
fundamental study that the anelastic effects have recelved,
Since saveral of the anslastic effects are the result
of polycrystalline structurs or of ferram&gﬁatiam, Read (33,
33, 24) has studled plastic deformation invgingle orystals
of nen-ferromagnetic metals, His results dsmonstrate that
the internzal friction caused by plastic deformation is
amolitude dspendent and frequency indspendent; over & liwited
initial renze nhe found the internal friction to be a single-
valued function of strain amplitude, Overstraining the
orystal, howsver, increased the internal friction measursd
in supsequent tests, He also found that the increase thus
produced could be removed by annealing the spescimen. In
zino crystals, in fact, the increase of internal friction
produced by cold=work gresvally disappears at room tempera-
turs, corresponding to the room—temperature resoftening of
this metal. Zenar, Van Winkle, and Wielsen (353) found that

the internal friction of cold=worksd bvrass oould be rejgucad
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by a low=temperature annealing which 4id not affect the
nardness of the metel, Lawscn (36) obssrved that the in-
ternal friction of polycrystalline copper zaached a maximam
and then decreased as the gpeclmen was subjected to increas-
ing amounts of cold=work,

These phenomsena have been interpreted qualitatively
by Swift and Richarason (37) in terms of dislocation theory,

y,

an account of which is given by Seitz and Read (38). Accord-

2

ing %n this interpretation, internal friction arises frow

the wmotion of disleocations through the metallic crystals,

thae strain-independent coumponent of the internal friction
being & function of the total number of dislocations initially

present in thes lattize, It is supposed that not all dis-
locations can b= moved with sgual facility, consequently ase

ths stress amplitude increases the number of active diglo-

cations inmr@agasw The increass of internal friction afte

overstrain is the rasult of the formation of new dislocations;

annealing permits these dislocations to diffuse out of the

2

ontrivute to internal

AN

lattice, Since the dislocations which ¢
friction are those most readily moved, they czn be removed

at btemperetures too low to affect the wore slugglish dlslo-

sations assoclated with strain-hardsaing, Ths meximum and
subseguant secline in ihe velue of internsl friction with
extansive cold werk osan be explaeined by an lncreass in the
nuwiber of dislocations to and bevond a polnt whers they bexin

i

ntharfs motion. Sevarsl

%o interfers with atbannts
Fm oo w3 - U, [ - 5 o K
{14, %8) have besn made at »lacing sueh & thsory on a guan—

“ 3 B R - P T pmd Y YT s o
Ritative besla, without conplets success,



35

A nunber of éngin@@ring invegtigations have been
made in the past decade, among which can be wmentioned that
by Contractor and Thompson (40), These investipators
showed that the esnergy lcss in the direct-stvlius recording
wachanism of the Foppl-Pertsz avearatus for the measurement
of internal friction wes in many ceases several times the
eneryy ﬂiéﬁip&tiwn bgihg masanred, This finding is signi-
ficant since the tulk of ths sngineering data avallanle prior
to this study was cbtained bv means of the Foppl=Parts Ly
of apraratus., Hudscn (2) made several refinements in the
construction of an apparatus for measuring internszl friction

in torsional vibration and showed that the superposition of

5

a steady axial stress upon the alternating shear strass did
not zlter ths value of the internal friction. Cottell,
Entwistle, and Thompson (32) repeatsd several of the refine-
ments of Hudson and “onuuctwi tests in vacuum to measure alir
damping, As a result of thelir investigation they conclwisi
that, for a metal of low internal friction such as aluminum,
the lossss in a Foppl=-Pertz apraratus might amount to 500
times the intrinsic snergy dissipation in the specimen,
Schabt&éh and Fehr (41), using specimsns in the
form of tuning forks, recorded data for z group of turbine
allovs et high stresses and at both room and elevated ten-
paratures, Robertson and Yorpiadis (3}, using & novel method
developed by Lazan (31), made dirsot measurements of =n2rg)
dissipation as & function of stress auplitude for a varlety

of materials; they concluded that ths snergy dissipation, which



they attributed to plaestic effects, is proportional to the
third power of the stress amplitude,
The present writer (43) investigated the internal

friction of & porons metal produced by powder metallurzy;
the specific damping capacity and its variation with stress
were found to be not unlike those of conventional metals,

Two papers have been published regarding the quan-
sitative use of internsl friction data in engineering design
caloulations, Cemant (43) weds an approximate caleculation
for the vibration of a turbine blade, bassd upon the
assumption that the specific damping capaclity varies as the
souare nf the maximum stress, Since the experimental evidence
for such a variaticn is meager, the consequences of other
assumed variations are of intereat, Marin and Stulen (44},
in an attenpt to evaluate the relative importance of internal
friction and fatigue strength in the design of resonant
menbers, calculated the energy Alssipation in a vibrating
cantilever beam. Theif calowlation was made on the bhasis of
static beam theory and, siance no experimental confirmation
is available, the value of the resuvlt is guestionable,

The various types »f internal friction are summarized
in Tigure 9, together with such informetion as might assist

in isolating then experimentally,
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11 THE PRESENT INVESTIGATION

A,  OBJECTIVES

The surmary of the literature given in the preceding
section indicates that knowledge of internal friction is still
not in a gf&te in which it can be put to qentitative use
by the desglgn engineer or the stress analyst, Even such
meager date as are available are of largely comperative value
for lack of 2 cquantitative treatment, Ideally, it would bLe
dasgirable to have reliable date, obtained oy nmeans of a
standari test, which could be applied to a variety of situe
ationg such as are to be found in wodern mechaniocal and
structural designs, TFor this purpose 1t would be necessaiy
to know the variation of internal friction with the tvpe of
stresg, with the magnitude of stress; and with the distri-
pution of stress, In order Ho isclate these effects it would
be desirable to maintain close control over such varisbles =o
compeosition, structurs, and past history of the materials
used in the exverimsnts.

With the general objective of rendering the damping
in an engineering dssign calculable, it was decided to in-
vestigate these three aspects of the problem, A secondary
objective was to extand the previous study (43) made by the
writer on the internal friction of porous metals,

The cbjectives of this investigation may be summarized

1. To stuly experimentally the relation between

a8
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internal friction and stress amplitude in two
metals in the runge of medium stress,

To study the effect on internal fricticn of
shress distribution by comparing results from
gsolid and hollow ftorsional specimens of identical
material,

To study the effect on internal fricticn of the
type of stress by combering results from flexural
and torsional vibration of specimens of identical
materizl,

T study the internal friction of a porous metal,
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B, EQUIPMENT AND METHOD QF TRERTS

The apparatus used for the measurements of specific
dawping capaclity in torsicnal vibration was that developed
by Hudson (8)., The system is represented in Figures 10;

baslcally it consists of a torsional vendulum and an optical
recording syst@ﬁ% The specimen, of which Figure 11 is a
typlcal example, forms the torsion member, It is attached
by means of thrsaded collet chucks to an inertia mewmber at
ite lower end and to & rigidly mounted frame at its upper
end, & permanent record of the vibration @mglltuie is pro=
duced by a light beam focused on & moving strip of photo-
graphlc paper, the displacement of the light beam being
proportional to the angle of twist of the specimen,

The method of testing was to give the pendulum an
initial deflection by means of armaturss attached to the
inertia member and deflection coils attached to the frame,
and to record the decav of amplitude of the free torsional

vibration produeced oy cpening the deflection coll cirouit,
Hinor modifications were wmade to the originsl apparatus to
make Possible larger torques and deflections without
mechanical interfersnce betwsen arrature and coil structure,
Calivration of the records was direct since ths record am-
plitude is eqgual to twics the rroduct of the angular de=-
flection of tne speciwmen and the length of the optical

lever,
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Figure 11.
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Calewlation of Svecific Demping Capscitv: Combining

Equations 4 and &, we finl that the speoific darping can

be approximated by

+ = 2 &30 (10)
9n W
The arror of approximation is less than 1 percent for all
measurements reported‘in this thesis, Since in everv sase
the ampllitude decrement, Ay, , betwesn successive cycles
was too swall for accurate measurement, the averags decre-
ment rer ovele over & zroupn of 50 cycles was used., The
experimsntal records were counted off into groups of 50
cyeles, andi the amplitudes of every fiftieth cycle were
measured, From these data the average decrement ber oyels
could be cbtained, The amplitude in the expression of

Eaguation 10 waa taken &8s the mean amplitude of the group,

& sample caleulation is shown on page &4,
o
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SAMPLE CALCULATION SHEET

Record No. 27 Specimen No, 16

Cvele Amplituis Difference Hean £mnl, T .
o. 1073 in. 1073 in. 13078 in._ _ ¥ 1bs/in?

G 3071
437 2853 00613 1380

B0 8637
361 A454 RelelTor) 1155

7,
[

100 3372

-3

R79 a41l34 . 00533 1040

150 1994 .

2843 1873 00818 913
300 1751

=Q1 1651 « 00486 80b
250 1550

170 1465 . 00464 713
300 1380

144 1308 00435 ©35
550 1338

121 1178 200411 573
400 1117

112 1061 C0453 517
450 1005

g1 260 LO0Q379 467
500 914
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Ceo THE MATERIALE TESTED

In order that comparisons might be wade; two nmetals
were gelected which have been investigated in recent studiles,
Both Schabtach and Fehr (41) and Robertson and Yorgiadis (3)
report experiments on & low=carbon and a chromiuwemolyo-
denum eteel; for this reason SAE 1033 and SAE x=4130 steels
were chosen, Complete physical and chemical properties of
these materials as tested are given in Table I; photo-
micrographe showing their micro-ztructures constitute
Figure 13.

The porous metal tested was an 60% iron=-30% nicke?
alleoyv, produced by mixing the powdersd metals with ammonium
bicarbonate as a porosity-producing agent. The mixed
vowders were cowmpacted under a pressurs of 80,000 lbs/sq,ing
and sintered at 3400° F, The average porosities of the

individual specimens are given in Table IT.



TABLE I
PHYSICAL AND CHEMICAL PROPERTIES OF STEEE SPECIMENS

PHYSICAL PROPERTIES

SAE 1033 SAE_x-4130C
Ultimate tensile strength 80,000 1b/in®  $0,500 1b/in?
Yield strength 56,500 10/in® 86,000 1b/1a%
Elongation in 1 1/4 in, 34% 18%
Reduction of area 64% 58%
Roockwell hardness B8l B84

e

NOTE:s All specimens were stress—relieved 1 hour at 600V F

after machining,

CHEMICAT, COMPQOSITION

SAE 1083 SAE x=4130
Carbon 0,16% 0,33%
Manganese 0,93% 0.58%
Phosphorus 0.081% 0.080%
Sulphur ‘ 0,033% 0,031%
Silicon 0.33%
Chromiun 1.04%
Nickel 0,.36%
Molybdenum 0,36%

Copner 0,16%
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X 100 Nital etch
SAE 1022

SAE X-4130

Figure 12. Microstructure of steel specimens
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TABLE II

POROSITY OF IRON=NICKEL SPICIMENS

Specimen Vo, Percent Ammonium Parcent
Bicarbonate added Porosity

1G’ o 18.3
11 Q 17.3
13 | 0 16,0
13 5 239.3
14 5 28,7
15 5 8¢5
16 10 38,7
17 10 39.1
18 10 37 6



III. RESULTS OF TiE EXPERIMENTS

e . F.d

A, _DESGRIPTION OF THE RESULTS

The results of the experiments are presentsd in
Figures 13 through 19, Figures 13 and 14 are plots of
gpecific damping capacity versvs maximum torsional stress
for sclid specilmens of SAE 10382 and SAE x-4130 respectively..
Corresponding results for the hollow cylindrical specimens
are given in Figures 15 and 16, Figures 17, 18, and 19
represent the results for the porous umetals, each figure
pertaining to an alloy of different porosity.

Inspection of these figures showe that the data
appear to digperse about lines of positive x-intercept and
positive slope., The data for groups of three stesl speci~-
mens of scolid cross-section 1lis close enough to zether that
they may be represented by a common line, With a gingle
exception, referred to belcow, the date for repeated tests
on the same specimen may be represented by a commen line,
In the case of the porous metals the Jifferences betwesn

specimens of the same nominal poresity are great snough

o

that the results for these specimens are treated separatzly.
The date for Specimen 13, Figure 18, appesr to define
two lines having the same intercept but different slopes,
The reeultes of the first tesst at low stresses have & low
slops whils tho zresults of th=s zecond test, at higher stressas,
have a creater slope.
Hean lineg were fitted to the data by the method of

laast squares; the calouleated slopes and intercept are tabulated

38
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in Taekle IIXI. These values ars used in subsecusnt

&

numerical calculatisons based upon the experimental results,
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Specific damping capacity ~ X 103
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‘ Symbo! Specimen No.  No.Tests —
0 13 2
+ 14 3
X 15 2
0 l | |
500 1000 1500 2000 2500

Maximum shear stress, Ibs/in?

Figure 18 . Specific damping capacity vs. maximum
shear stress , Iron-Nicke! alloy (29% porosity)
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Symbo! Specimen No. No. Tests
o 16 2
+ 17 2
x 18 2
0 | ! |
0 500 1000 1500 2000 2500

- Maximum shear stress, Ibs /in®

Figure 19. Specific damping capacity vs. maximum

shear stress, Iron-Nicke! alloy (39% porosity)
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TABLE TITT

SLOPES AND INTERCEPTS OF MFAN LINES IN FIGIREC 14 THROUGE &0

dy¥

3 ay (]
Ficure No, Specimen No, '*6%;53% SgL;Lﬁa_
13 @8, 2%, 30 C.ed C.56
14 31, &3, 32 0.28 0,57
15 36 C.73 .51
16 39 C.05 C.61
17 10 Gl 0. 3¢
11 a0 Q.70
13 &,0 C.64
18 13 1.5 # § 0.sC
% OQSG
& 1.6 C.78
15 1.6 0.64
§RY 16 Qo ©eS
17 Bed 3.3
18 6.8 2ol

* See conment in text,
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B, _ACCURECY OF THE RESULTS

| In discussing the accuracy of the experimental
results, it is necessary to distinguish vetween errors
caused by losses of enargy other than internal friction and
srrars invelved in measuring from the records and calculation
cf the results, Extranecus losses of energy may take the
form of losses to the specimen supports, lossss to the
surrounding air, or losses in the recording system.

In the tests, the specimen was tightly clamped at
either end in threaded collet chucks, It was demonstrated
by Hudson(3) that the torguse required to elip the specimen
in the chuck was wany times that developed by the apparatus.
The upper chuck was Arawn into & heavy frame which in turn
wag solidly bolted to & masslve concrete pler; the amplitude
of moticn of the foundaticn and canseqpantly the energy lost
to the faunﬁétign ars believed to be negligible. This view
is supported by the fact that Hudson made consigtent measure-
mente of specific damping capaclty with this apparatus as
low ag 3 x 10™%,

Cottell, Entwistle, and Thompson (33) have investi-
gated the air damping in an apparatus of this type with the
aild of & vacuum chamber, Their results indicate that the
specific denping capacity assoclated with alr fricticn for
the size and frecuency of the present machine will be about
4 x 1&“5, a completely negligihle guantity in comparison ic

the values reported in this thesie,
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Since the recording system emplovs a beam of
reflected light, no damping is expected in this phase of
the tests. Although the armatures used to give the speci-
ren its initial deflecticon unﬁoubteﬁly retained some
permanent ragnetisation, the solenoid coll circuit was
open during the t2st so that energy was not dissipated
in generating currents,

The records of the torsional tests were nmeasured
with a comparator graduated in units of 10-9 inch; reaiings
were estimated to 5 x 10™% inch, Trial showed that the
maximum amplitude on the photographic record could be
located within * ,5 x 10™% inch, Since two such measure-
ments must be made for the determination of each record
double-ampl itude and since each decrement is the difference
between sucogssive double=zuplitudes, the error of the
measured decrements is of the order of * 3 x 10™% inch,

The error in the calculated value of specific damping
capacity thus varies with the size of the decrement., When
decrements of the order of 100 x 10°¢ inch are involvesd,

the error will e ¥ 3 percent; when decrements of the order
of 10 x 1079 inch are involved the error will be * 20 percent,

Az & check on the preceding estimate, repsated measure~
ments were made on two records to determine the reproduci-
bility of the results calcoulated from a given photographic
record., Two reccrds were chosen, one in which the specific
damping capacities were avuroximately 3 x lG°3 and another

-in which they were in the neighborhood of 5 x 10~%, It was



ol
found that in the first record the mean difference of tho
values calculated in successive trials was 1 x 107%; in
the second record the mean differsnce wes &4 x 10“4. Since
these values represent larger percent errors than those
egtimated above, they will be considered the errors in-
volved in calculaticn from the rhotoorzihic records,

The abselute error in the caslcoulated stress values
is no less than that invelved in the assumption *hat the
tensile modulus for steel is 30 x 1&6 l&}inag all stress
caleulations are based on this figure. Torsicnal stresses
are subject to an additional waximum error of * 1 percent
due to uvnaveoidable t@ierances in the measurement of calil=
bration lengths,

The relative error in stress values will be somewhat
less, c@zxeﬁﬁenﬁing to the error of record double-amplitude
measurenent, The maximum relative error for torsional stress

is therefore lesg than 0.5 percent,
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IV, THE PREDICTION OF SPECIFIC DAMPING CAPACITY
In the Introduction it was emphasized that the
anelastic behavicur ¢f solids was characterized by a phass
difference between stress and strain. If the angle by
which strain lags stress is &, the energy dissipated by a
unit volume in a closed cycle of gtress can be found in
the following manner,
Let
T= T, sin (Wt +)
(11)
¥ = 0,5 wl
Substituting Ecuations 11 in Equation 1, we find

the energy dissipated ner cyele

AW = ST;sn@MHa)d(&smuK) (12)

Performing the integration, we bhave

Aw = T To ¥, sinox (23)
Since the anelastic effect is amall, it is still
approximately true to say that stress is proportional to
strain, Cowmbining Equation 13 with Hooke'ls Law, we dbotain
Aw = L0 To (24)
That is, the energy digsipated is prozorticnal to the sine
of the vhage angle and to ths somere of the maximurm strese.

The specific damping capacity for the unit volume is found

2
by dividing Equation 14 by the elastic eneray densityﬁqéééi,

V¥ = 27 sin (15)
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(Note that Equaticn 15 is aquivalent to Equaticn & since
sino= tane for small o )}

Ecuation 15 serves to makz clsar what is meant by
"internal friction independant of stress amplitude®, The
equivalent statement, that snergy dissipaticn is proportional
to the square of the stress auwplitude, is perhaps more
descriytive,

It is shewn in Appendix A that tan o is a function
of the freguency of vibration: ccnse@uently Equation 15 is
not adecuate to describe the type of internal fricticn most
important in engineering applications, Many investigators
have suggested that for plastic effects the energy dissi-

pation per unit volume per cycle varies according to 2 law

of the form

AW = C ,\_A’l ‘ (18)

Kirball and Lovell (43) gave 3 as the value of the exponent;
Lewis (46) proposed the value of 2,33 Rowett (7) and Robertson
and Yorgiadis (3) found that their data were best described
by an exponent of &,

In order to investigate the appliczbility of such
a law, we shall calculate the specific damping capacity of
& torsion specimen subject to Equation 1&, Consider a
specimen of radius R and lsngth 1, vibretine as in the
experiments described above, The total energy dissipated

-
i

is obtained by intesrating Foguaticn 1€ over the valuras of

i

the gpecimen:

Q.
Z(aw) = | cT"-2n 8 pdp
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Hoting that T= Bﬁf‘nn and performing the integration,

the avove aexyregsicn bhecomes:
n

T (aw) = 2R Qe 1“‘?_

The mwaximuom elastic enerpy is found in similar fashion:

2
QQT

W = So -z—é 'ZT\'QPdP =
Combining these expressions, we find that the specific

damping capacity ist

n-2
¥ = ner Tm an
Bquation 17 is vlotted in dimensionless form in
igure 30 for values of n from 2 to 3. Gomparisen of these
curves with the experimental results shows that the date
cannot be described by & single T lation of the form of
Equation 17, Since the data appear o follow a law of

+hae form

¥ =A s BT | (18)
it is evident that two terms of the form of Eguation 17
are necessary, one in which n is ecqual to 3 and one in
which N is 3, It is proposed, therefore, that th@‘enﬁxgy

disgipation is given by = law of the form

‘"Q

Aw = T +pT> 19)

Az & consecguence of Equation 1¢, we have; correésponding to
Boguation 17:

= + 8& ” iy
From the correspondisnce betwsen Fouaticns 18 and 20, 1t is

kossible to compute the constants OLEHKEfS in Eguation 1%,
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These values zre given in Table IV for the SAE 1085 and

BAE x=4130 stasls,

It is noteworthy that the above relation is not
a function of svecimen size, but depends only upon the

A

material constants and the maximum torsional stress,



TABLE IV

CALCULATED VALUES OF INTERVAL FRICTION CONETANTS

Material < e e
SAE 1083 2.7 x 10-4 2.9 x 10714

SAE x=4130 1.2 x 10~ 3,0 x 10™14



58
If & uhmti@ﬂ 19 is & valid expression for the
energy dissivation ner unit velume per cyecle, then it should
be possible to calculate the specific damping capacity for
2 hollow specimen from the constants given in Table IV,
Consider & hollow cvlindrical specimen of outer radius R,
Inner radius r, and length 1, vibrating as in the experiments
daeseribed above, The total energy dissipaticon is calcoulated
by inteprating Equation 1% cver the volume of the specimen:
Z(aw) = J (xT +p,”3)'2ndep
= R[S (- ST - +28 (1L T, 2]
The maximum elastic energy is:
W= T E
Y’4' Tm
= _ITQ_ZQ ( ""é’d,)'z'é—

Combining the foregoing exoreesions, we obtalin the specific

-Zﬂdep

damping capacity:

l"(VQ\s -~ £y

The only difference betwesn this expressicn and Equation 20
ig in ths slope; the intercept remains the same, The change
in glope depends ubon the ratic of inner to ovter radiuvs and
ig independent of the specimen size,

The hnllow specimane tested had an outer radius of
185 inch and an inner radius of .084 inch,

r/Q_z -094/.‘2_5 = . (5
1 =(5)
L =15y
Accordingly we should expect the hellow torsional results

[FRRLS)

to lie along a line haviang the same intercept but 12 percent

greater slope then the solid torsional results, The



€6

5
experimental resulte for solid and for hollow torsion
speclimens are compared in Figure 31,

In the comparison the nredictions are¢ confirmed
to the extent that the intercepts agree within the un-
certainty of the calculated values, The change in slgre
ig minus 10 percent in one case and plus 40 percent in the
nther, Since the uncertainty involved in calcoculating the
slope frcm/ﬁata of the observed scatier is of thes same order
as the sought —= for change in slcpe, it appsars that the
norral errors inherent in the dawmping test are greater than

thie change of internsl friction due to non-uniform stress

distributions such ag were obtained in the present experi-

wmants,
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CONVERSTION FROM SHEAR TQ NORUAL ESTRESS

Modern theories (38) of the plastic properties of
solids describe the baslec vrocess in plastic deformation
as one of shearing. In speaking of enerpy dissipated by
plastic action, therefore, shearing stress ls reparded as
fundamental, In order to calculate the specific damping
capacity in practical situations, however, it would be
desiravle to have an expression for snergy dissipation in
terms of normal stress,

It is logical to assume that the energy dissipated
by plastic action is proporticnal to the distortion of the
cryvetal lattice and that, therefore, o normal stress ampli-
tnde which produced the same lattice distortion as a glven
shear stress amplituies would cause the same energy dissgi-
ration., The eguivalence of normal and shear stress from
the standpoint of distortion is given by the distortion strain
enersy theory {(47) for the strength of materials, According

to this theory the relation hetween sheer and normal stress

for egual distortion strain ensrgy is

T=51T7T ¢ (32)
The assumption that ensergy dissipation is proportional to
dlstortion strain ensruv is supported by the findings of
Rovertson and Yergiadis (%), who resorted that their data
on energy dissipation in shear and in normal stress cycles

could be reconciled by a relation such e Eguation 45 in

which the constent variei between 51 and 60 for steels,
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LA

&dditional support for this theory ig provided by the work

of Bridgman {(48), who found no plastic defermation after
On the basis of Equation 23, we can rewrite

Equation 19 in a form sultable for normel strase:

in which

o' = (577)°0C = .333 X
(34)

B' = (.577)3F5 = .192 8
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CALOUTATION OF SPECIFIC TwiPING CAPACITY TN BENDING

With the ald of Equation 23, 1t 1s possible to
compute the specific damping capacity for a beam in bending
vivration. In the following calculations, siuple bear
theory is used and the effect of transverse shearing force
is neglected,

Consider a free-=free beam, as shown in Figure 23,
vibrating in its fif@ﬁ syrmetrical mode, The total snergy
ﬁisgipatidn may be found, in theory, by integreting Fqguation

&% gver the volume of the beam:

L

S (aw) = S (c®+g'a?)dv (45
v
The stress is given by

MY

g = 1

sl since

M) = E1 g o)

)

we can express the varlaticon of moment along the lLength of

the bean in t2rrs of the moment at the midpoint:

" [ 13
Moy _ £ £ ® - f&®)
M@ £"0) E'©
in which the bars indicate the dimensionless form of the
variableg, Substituting these relaticons in Equation 0

the integral Lecomss

_ M2 8 % B _
S (aw) =2 ["I_] So_(%_f% $%3) wdxdyd=

+2p [M(o)]?» : 5% S% £ o2 dx dy d=

Parforming the intsgraticns and anting thaet Mo = ©9m

I n
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Figure 22. Sketch of a free-free beam
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N
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distribution of normal stress
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experiments with free-fres beauns
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() dx
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&7
on fine threads, Straln msasurements were wmade with bondszli-
wire wmges gamenteﬁ to the beam at mid-length; the strain
gipnals during vibration were amplifisd and displayed on a
cathode=ray tubs, from which they were recorded on &5=-milli-
meter film, At the very lJow stress levels attained in these
tests the errors inhesrent in the determination of specific
dawping capacity were sufficient to obscure the small changes
predicted by the theory. The calculation is of vealue, however,
in that it points out the smallness of the corrections to
internal friction which are to e expeoted on the basis ol
non=-uniform stress distributions.
Experimentael datae is avallable in the work of

Schabtach and Fehr (41) on tuning forks, which anyvroximate

the vibration of an ideal cantilever bear, It is of interest,

B

therefare, to calculate the specific damping capacity for :
cantilever beam, The calculation proceeds as does that for
the free=fres besm with the axception that a new moment-
distribution function, 9(X) , is reqguired., Fouation 39 1is
thug replaced by

\ Jfgtod1
= = *x
o= 2B * xF3 fsfbodi- Om

The ratio of the integrals in F%uatlon 41 is computed in

(31)

Table VI, Substituting this ratio and Equations s4 ints
Fruation 31, we have for the cantilever, in terms of the

sxperinental torsion constanis:

¥ = 666E XX + LM EXB *xOp (33)

Tuls relation is glotted in Figure 25, using the expsrimental
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values of<1.and!p for SAR x=4130 steel, The small cireles
represent Schabtach and Fehr's data for SAE 4140 steel, a
material of vary similar combeosition and properties,

It was mentioned above that Robsrtson and Yorgladis
(3) vroposed that energy dissipation is provortional to the
cube of streseg amplitude, Tf this theory be applied to the
specific damping capacity of the cantilever bean, the result
is & single term identical to the sscond term on the right-
hand side of Egetion 31, For purposes of comparison, such
& line has besen drawn through the origin in Figure 33& using
the experimental value of,s‘ given for SAE x-4130 stesl by
Fovertson and Yorgladis.

It is apparent from Fisure 33 that the numerlcal
value of @' given by Robertson and Yorgiadis is not oonsie-
tent with the beam data of Schabtach and Fehr, The dis-
crepancyv is sd great as to sugzest that these investigators
ney have observed some phenomenon quite different from those
congidered in this study, particularly in view of the fact
that ths material which they used was of almost identical
couposition and condition as the materials used in this
study and by Schabtach and Fehr., This wide disparity between
the results of two wodern investigetions, conducted with
careful attention to extranecus energv losses and calculaticn
errors, is indicative of the state of knowledge of internal
friction at high stress amplitudes,

The scale of Fisure 33 does not permit a clear choice

between a cublc law of ensrgy dissipation on the one hand
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and a square=wlus-cublic law on the other, To choose
wetwean the twe reguires dependable data in the mediunm
stress regicn; this data is provided by the experiments
reported in this thesis, Furthermore, the bulk of the
@viﬁ§nce cited in the Intreduction is to the effect that
the specific ﬁ&m§ing‘capacity does not approach zero as the
stress amplitudis spproaches zeroy This fact is accommodatszd
by the sguaxenplus-cﬁbia hypothesis. Finzlly, the logilcal
extension of the square-plus=cublc law, together with
numer ical values presented in this thesis, is seen to give

a reascnabl

=

accurate preduction of the available data. It
therefore seesmws reascnable to believe that the eneryy dissi-
ration due to plastic effects is descrived by a law of the

form

aw = T+ T2 (19)
it should be added in resgervation that the foregoing
gtaterment is based upon an observed linear varistion of
specific damping capacity in the medium stress range, The
extent to which this condition may be satisfied in wetals

ether than those studlied is beyvond the scope of this thesis,
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NTeCURSTON OF POROUS METAT, RFSULTS

Inspection of Figures 17, 18; and 19 shows that there
igs little coneistency in the values of slops and intercept
hetwesn lines representing suppesedly ildentical materials,
Tor is there & correlaticn between the differences cf'the

mean lineg and the minor diffsrencsa of porosity within each

4

group of specimens, This characteristic of the porous metals
has been reported previcusly by the author (43); after radig-
graphic examinaetion of the specimens it was concluded that
the differsnces conld not be attricuted to macroscopic defects
within the material,

L wmore provables explanation is te bs found in ths
structure-sensitivity of internal friction, The dotted lines

ganne region in Figurs 24 indicate that

for the alpha plus
the &1lay.0f which the porous specimens were composed (30
percent nickel) is subjeet to & sluggish transformation
at low temperatures, After rapid cooling the structure is
martensitic; after very slow cooling it consists of alpha
and gamma phases. Since the transformation involved is
sluepigh, variation of structure vetwssn individual specimens
is to be expected., This variation of structure is a possisle
reason for the cbservad lack of agrsement of internal
friction for nowinally identical porous nzhala,

o explanation is avallable for the difference between
the results of successive t2sts on Specimen 1%, Read (33)

found thet the internal fristion of singls orvetals of zinc
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increaged after vibration at large strain amplitudes;
however, the lncrease was gradual and cccurred after many
nore oyoles than the few hundreds to which Specimen 13 was
subjected in the first test. Hanstock (13) obsevved a change
of thﬂfnwl frietion in an slwminum alloy during continuous
vibration. Here the change was asscclated with an induced
precipitation-hardening and ftook place over 108 or more
srnles, If the observed effect were due to a property of
the pvorous metal or to a characteristic of the expsrimental

apparatus,; more then ons ogcurrence would be expacted since

corous metal specimen was subjected to two or mors tests,

(U]
&

(&
ja g
‘T‘ ]

It was thersfore concluded that the effect was an abaormal

one and that it does not alter the general nature of the resultes

The maasursed valuss of gpecific damping capacity for
porous nickel=irecn are not abnormally higher than those for

ron alloys stuiled in this investigation. Seolid

o
ag
&
o
O
[
t.h
el
oo

nickel=iron specimans were not avallebls for couparison,
art of the differsnce rayv Ha accounted for by considering

the fact that the stress customarily used in connection with

porous metals is an apparent stress, computed os if the porous

metal werse a continuous, isotropic solid. Actually the
material contains many pores of irregular size and shale and

the true stress is much higher then the apparent stress, Con~

szquently, if the solid metal of which the porous specimen is

composeldl behaves as did the solid metals tested, the internal
friction will be incrsased as a result of the higher stras:
Bral, The detailed anclyels of the microscopic distrioution

of stress in the porous metal is bevond the scope of this study.

@
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.

On the basls of the zbove

T the porous metele

zeneral , the internal friction of

oo

in
rs to follow the same type of law as does that of the

ADDEE
solid metals tested, 1t is concluded thet no special mache
anisms of gnergy dissipation are active in the porous metal.
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Y AND CONCLUSIONS

The regulte of this investigation may e

as follows:

B

& comprenensive review of the literature on internal
friction ia Fresented, with particular erphasis on
gontrivetions within the last da2cnis, This review in-

dlcates thet fthere arz a mamber of mechanisms which

contribute to internal friction and that +the relative

of these mechanisms changes with frequsency
of vibration, with tempsrature, and with type and
megnitude of stress, These facts explain in part the
lack of agrsement in the experimental data availables
in the literature, It is concluded that most of the
pechanisms of internal friction are not irpertant for
purneoges of suglnsering waﬁign at the veswal desipn
stressss,
Txperimental evidence ig presgented which indicates that,

for thres materiale and within a range of 500-4000

' @ s . . . .
Ls/in® max imun shearing stress,. the specific damping

y

capaclity in borsicnel vibration is given by an expression

o

i

of tha form:

Y.':A*'B’Tma-x

Calmlations are presented on the effsct of non-uniform
&

strees digtrivuticn on specific damping capacity for
several forms of zyecimen, in 2 form suiltabple for compar-

igon with expsrimsnt, It is shown that the specific
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damping capacity does not vary m&rkeﬂly with non-
uniformity of strass distrivution because it 13 the
motient of two guantitiss which vary with stress

7y

ylitude in siwmilar fashion. The differences in

spoeific damping capaclity predicted by the thesory wers
go swmall thet they wers ocbeoured by the errois inherant

low stress attainsd

in careful sxperiments on torsional specimens of hollow
cross=section and on free=free heans,

The specifio damping capaclty for a cantilever heam is
calouvlated from the exparimental data on torsional
vibration and the caleulated result is shown to ve in
agreemsnt with beam data from the literature,

hs a result of the sxperimesntal meagurements and the

caleulations, 1t is prepessed that the energy dissipation
per unit voluwe par ovele In & matal vibrating &t high

stress amplitudes is given by an expression of the forwm:

AW = oc'rz+/3’r3
Exparimental results are ;

capacity of a2 porous metal and the reasones for wide

varistion therein are discussed,

presented on the specific demping
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TASTIO

APPENDIX At DERIVATION OF THE VARTATION OF AWK
SAL, FALCTLON #ITH FREGUENCY

The model of the visco=zlastic solid desoribed

in ths Introduction is reproduced velow with the addition

of a coordiinate svetem

Ka
A" %A

o
r

9 -~ F

AW

K, e

Trhe emuations of notion are:

F-Kx —Kz(‘x-\j) =0
(2]
@)

K2(X-4y) ~cg =

Yliminaeting v from these esguations, we obtain:

. C . _ . K sz_ - ey

Eouation B can be wrltten in the forwm:

F+ToF = Mg (%+T5%) (¢)
using the notation

Te = %(-_L y, relaxation time al constant stran

C KoKz " m " "
T = X —— r
Tc- sz o) St esS
Mg = K, , the reloxed modulus
M, = Ki+K; jthe un- v A
It is gsen that
T

M
Te M
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Bouation D is identical with Foustion 50 of 2

monograph (55

To investiezate the internsl friction, we let:

. (x)
Y = Xo eA.wt

il

Substituting Eouations R in

e

guation €, we obtain, afte:
simplifyine:

Fo=m %,

(F)
in which

1+ hiwTg
771 = MQ — )the complex modulus
| +iw0 'Te )
A convanient peasurs of internsl friction is the
tengent of fthe angles by which strail

lags ¢
tanzent 1ls ziven by

stress, which

the ratic of the imaginary <nd real

lex modulus,

t s -Te) (a

an «x = -
1+ W3 TsTe

L= Y .~ ~ a\2
12 M= MMy~ and Y = (TsTe)
ation G apuears

for

5 ey £
in tns form:

Mu-Me wT
tan o« = ™

arintion of tan o0 with ths ensionless vroduct WY
AR 1B
¥ ’»T‘Jj;»fl(¢ L i

: D,
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