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FOREWORD

This repesi was prepared by the D“Mﬁma\? of Mechonics and Matsilals,
Untvarsity of Minnesota, urder Office of Nava! ch conitaet No. NE-OMR-£6207.
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Air Forca fiase, Ohio.
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ASSTRACT

A general treatment of the demping fleid Is presenied decling w/ith factors
invelvad In the experimesial determingiion cf the damping properties of materials, rarﬂcu!cr'!y
at englneerliyg siress leveis.  The relotionshlps among damping, eiasticlty. and tatigue are
discussad. The research program ai iive Univertity of Minnesota in this fieid i» described, and
the resuiis of past work are reviewed. Data obtainecd from rotating caniiiever beam tests at
moem Sampsraiure ars presented en the damping, elasticlty, and fatigue preperties of a varlety
of meitalilc msterlals over a wide rangs of strsizes. The damping ond elasticity data wers
dgained ot a freguency of 20 rpm. Tha axistzice of @ damping cycllc siress sensitivity iimi:
for oll materlals tosted is thown. Vurious strass history effects I;qvo the cyclic strass sensitivit
Iimits orx Indicatad. Slupes for the !cgarithmic plot of damping vs. stress are Investigaty
thraughout the range of test stresses saplcysd. Dynomic strem=tiraln curves are presanted erd
the varlation of dynomic modulus of siasticliy o a funcilon of stiess for ine various matarisls
ls Indicaied. CTomparison: cre mads ameng the demping and elasticity properties of the
materials. An approximate reiaticaship betwaen damping and the fatigus snel remlle strengths |
is shawn, Problems ro be studind In ?uturo Investinaticne cre mentloned. An Appendix !s
Included In which equaiions are develeped for Interpreting rotating cantllever bsam data so
that the sffssiivs isngin of speciman filisrs, and specific demping energy and dynamic secant
wedulus of elasticity may be caicuiated.
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To uid in slurifying thess factors and correlating rive aeneral behavior of meteriais urder cyclic

1. INTRODUCTION

The properties of moieriais under susrained syeiie stresm of both eamient end
vaiighle svgnltude have recsived corsiderable attentlon in the poat, =t the sltuatlen remeing
uncomfortably confused.  Also, Hhisre Is Jaconslstency In the ilterature regarding the effects cf
testing varishies, sotably stress megnitude and stress history, on the dempling properties of

ais, and the genera! Interpretation of demping and its significance l:i enginsering design.

stvass (o égﬁnod"by thelr ‘dynamic' properties), @ broad program of study Is ewimantly In
at the Univenity of Minnesota. One phass of this program i concerned with: the
on of, and cormelation among damelng capasity, dynamlc modulus of elasticlty,
and dynamic sires-cteain. charcéistlztics of materiais under wzinined cvaile stress of
censtant gad gradusily ! “sreasing magnitude. . The aroxi program alse includes e s3talled
y of the varlables which affect damping energy.

v Tho scecific cbjsctives of the work cavared In this paper will be dissused after |
pries work has been roviewed.

~
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{ . REVIEW OF PRICR WORK

2.1 General

For saveral decodes verious invesrigaton ove been concamed with the demping
procerty of materiais, or their ability to dissipaie vibrational energy. From ihese studies msny
conflicring and oftein directly contrsdistory statements have resuited, not only In r=zs:d o the
facters Gitecting demping, but also in compailsons of the relative cumping properties of various
meterlals. No it will 58 made here to present a comblets survey of the volumnous mass

of ilterature avallable In this field, for severai summoriss ef the pilneipal resuits of orlor
tnvastigations have beon pubiizhed in recent years. Among thess ar2 the publications of
Kimball {1), Haifleid, Stanfleld, znd Rotharham (4), Thompson (3), Fotter (4), and Linacre (8). -
A discasion wiii be glven, however, of varlous factors Invelvad in the exrarlwental
detormination of damping pariicularly ot the higher siress leveis, i

T e et a8 i I T D I < a2 ) A

2.2 Exprasslons for Dampira |

A compiicating factor in reviewing prior work is In the difsrent methods employnd
for exprassing the dizssization of vibrationol enargy. Potter (4) presentr. an able discussion of this
probiem and explains that ot least eight units hove besn piepezed and used for :stotlng i

wbes o imnblbmtitosal.. Comma ~lf thue o ccmsscclacme of M cmccamce Ve A b L e s
WGW WY v T W T TS IR W IITWER WIS WONWIWESITISS T Ytiw wnrwegg y CWBIRE IV TTITIN G WITINOED

others g;lvc the relation between the energy losses end the elastic snergy !nvelved.

Twe materials with equa! anergy lossss in cbhiolute vaive will behava differently
If thalr eimstic enargles differ. For exumple, the rate of vibration decoy In o motsiial depends
not only on the damping ~nergy, but also on its moduius of eiasiicity. Here the ratio of the
urorgies Involved In daisplng and elasticity is the importani facior rather thon thelr akwiute
valves. On the other hund Is the practical consideration that a given machine componant may
S required to disslpsts o glven amount of vibictional smergy inpui resulting from wme
characterlsiic of the appiication and vet coniribute 1i1tle clasticity to the system. !f the part
is able to do this for vibrationa!l strass amplitudes within the aliowabie failgue strength of the



matarial . then the materlal 12 satisfaciory for the anplicotion. in this coss, consideration of
e ecbesivie energy dimipated !s Important. Furthermers, in e analysls of the resonance

Teiponie of mwinbens it 18 alio desirable, If not swentlal, to consider the absoiute energy

disipation.of the oarts. Ms'ga-:-a for daciing with this preblem sie ovitined [n racent papen
by Cochara: {2} and Lozan (7).

i summary, for a determination of the affact of different veriablas upon the

domplirg ability of a given material, either of ths two methods of expreuing darping discussed
abovy | satisfactory. When diffgrent materlals zrs to be campared, Lowevar, for applications

§ v

involving sirsiies remote from peasible fatigus fallure, then expremions whick involve the ratic

of domping o slatic energy are sultable because the relative modull of elasticity ars thus
eyrsidered. For applications in which snergy dlssipation within the material Is important In
order to keep resoneni stresses ond amp!itudes within sofe values, then axpressions for damping
in tenne of absolute snargy are desirable. At the some time, howsver, considsration must be
given to the =2!stlve slastic moduii and also to the fatigus strengths of the different materials.

Expraasions which have been used mcst wideiy for reiating ithe damping end

-alastic energles are the terms “logarithinic decrement" and "specific damping copuc:’t& " fﬂn
of two

“logarithmic decrameni is the natural ézggm’n_vp of the ratio of the maximum cmpliitude . )
suzcusslve cycies of @ freeiy vibroting body. The term “specifie damping capacity” is dsfined
w the rafio of ihe energy ics per cycie to the potential energy of maximum siress.

For an expression of absuiuie enurgy, Foppi (8) definss “dumping sspaciiy” @
the omount of work dissipated into heat In a uni¥ volume of material during o eomp:{toly
reversad cycle of unit stress. "Internc! friction” as used by Zener (?) refers to the capacity
of a :uild to convert Its mechanical energy of vikratlon into Internal energy. - Theré are
cbjections to bath of thasa definiticns becouse, es Thempson (3} points out, they pertially

commit themselves to expicnations of the phenomsnon which is not =t present well understood.

A terin which may be used o express absolute energy without such Interzretive
definition Is mereiy "damping enargy” which refors iv the snsrgy dissipated ror cycle of
reverssd stress. In recent papers by Lezan and his co-workers this has been employed with
warisus sastrictive adlectives. “:dgl damping erargy" Is used to refer to the total enercy

b A . 8L _ A% __

! oA |5 L« T it S S S oo it 0. A_Pe__ A L._.ab
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s the energy abeorbad per unit volume of stressed material per cycie. This, like the totel
darsning enargy, Is not < basic unii sincs i} depends on the type of spacimen a« weil as the
stres distribution employad In the teits. . Flnaliy, the Swmic “ipe th

e distrl ple ¥, the Smic “specific damping sneigy” s the
vibrationai energy dusipated per cysle per cuclc Inch of maierial undar conditions of
uniform siress.

2.7 iLow and iilah Stress Damping _
Misunderstandings and confusion in regard to the importence of ditfferant test

cema®alh s e B Al . B Ml f s 8 AL 22
VI IS IUS oSyl FT W SITW STISSERIge we  sevwans

e tamccacblambane o dU - Ao Slald
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This wos the result In some cases of the faijurs %o d!:ﬂngdol\bofwun differances In tha modsz of

eneray disslpatizn ai low stresses, up to a few hundred psi, and that i stress levels of
snginzering Importance. . Low siress damping s causad chiafiy by microscepis and macrescopic
themosiastic offscts, by diffuslon, ard In csstaln moterials by magnetic effects. At high

viremes, aithough ihese ‘saove manticnad affects stlil coniribute to the total, the major partion

e nses Al

of ths casrgy dimipaisd 12 the resuit of plastic deformation. A lucld discussion of thase various

cauies of energy dislpaticon is preseniad in a ssries of ariicies by Darilng (10).

»
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} The resuits of many of the aarlier invasiieatars ales contaln conflicting inclieations
mgordini, e relative dereping propertia: of various materials. In some 2ases, this rasvited
from fallure ‘o compers the ziopertiss using the 2ome svenmtitativz hals of wecsviement.
Foi sxample, compaiison of the logarithmic decramant of marerial: =f widely different modull
of elasticity wili glve o differant relative order for a sst cf materials than when they are
Swapaied on fhe basis of spacific dampina sanargy for o given sfiess. . The major source of
disagreement, howaver, in the comporaiive rating of the damsing properties of meterisle,
crohobly arcse from fallure to conirel properly one or more of Qio ﬁgnigecam veriebias in the
experimentai work. Under certain conditisns, o* least, past work has shown ikat the foilowing
factors may significantiy affact the domping properties of a moterici: frequency, strezs
amplituds, previous stvess history {number of cycles at o given stress), temperciura, and
surreunding mogneiic flalds. in much of the provrous experimental weik performad In the kigher
rangs of sitess, oie or more of these factors wers ignored In ottempis te determine the
significence of another varicble. . Since the effect of these factors on the damping property
vories with the materlal, 1t 1 clear that omisslon of tha!s contro! in tssilng widely different
moterials could produce very confiletiag resuits In the relative propariies of the materials.
Following is a discussion of sevarc! of the Important test varlables.

£ ww—srIsowme T T

2.3 Effsct of Frasusncy

A study of tha literature an damping indicata: that the ztress level of mecurement
Is an important considaration in a determlnetion of the eff~:zi of frequancy. Discussions of the
fraquoncy affect are to ba found In ths reviews by Kimball (1) aid Thompsen (2), among other:.
The exzerimenial ressults of various investigeters summarlzed by Kimhall show beyend question
that fraquency doa: have an impoiicui effact on the mc:?nimdo, of domping In the region of very
low strassss. Zyner {11) has presenied a theery for this frequancy effect which checks
closmly the expurimantal results of Bennewitz and Rotrer (12). His theory indicatss a maximum
in damping to be axpesisd ot a definite intermediate frequency depsiwiing an ihe thermosissiic
oF oiher propertias of ths materlal.

in the reglon of higher stresies where energy dissipation by plastic action baccmes
the maicr facter in damping, the effect of frequency I different then i ihe iow siresses. The
werk cf Hopkinson and w?ﬂ oms (13) initlaily sugnssred that there might be about @ 30 per cent
decreass in the hysteresls ai speed: appic<imately 128 cycles par secend az compared with that
sder statlc conditlons. However, the results of Rowett (14) or thin-walled tubes in torsion
demcnitrated ihat the encrgy dissipated ie practically the sams at high cnd low speeds. He
reovaluated the data of Hopkinson and Willlams, ond by using mors pracise methods of
caleulaiion hs showad that their stei’ = and dynamic rasults agread clesely.

Severai other lii-esiigators have since examinea the effect of frequency in the
nighst stress iongs. The recults of some of these wiil be mantioned. Kimball acad Lovell (15}

in thair avnarimantal sturdy of alchinan diffarant motarlals fmotsle  —laee saliclatd sobboas,
and wooa) Tound the logarithmic dacrament to bs untirely indepandsnt of frsguency of strees
or strain veloclity for froquencies between tac & thres sar minute up io fifty per sacond, the
entirs ronge Invastioatad, A-curding to Foppi (35, iRers iz no frequency efiact axcant ar very
inw frequencles for matarials subject to cresp, whes: the fraquency is 5o low that the strain
vslosity and cresp valecity are of the same order of magnituds. Gemant and Jacl-won (16}
sivdied the Internal damping of seveiul solid dielestiic matsrials, Ebonlte, Trollin, quariz,
glass, and woued. cver a frequency range of 0.3 to 10 cyclus per second . and found ne effsct,
Gemuni {17) noted no signiticent variation in the domping of a steel tube at frequencies
betwaesn 300 and 34L0 cycies per second . Contracior and Thompsor. {18) in work on a varisty
of steels found no effect on domping over the frequency iange of 430 to 790 cycles par minute.

3
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Tha sxceirimants of Roberison and Yormiadlie (10} an iveite, Bakelies, slimvosd

_____ g - - Bekelits, plivesd, wesrsslum
alloys. a nlekel alloy, a carbon stee!, und on alloy atee!, Indicated that the domping copasity
of materlais is independsni of Trequency of siressing. Thelr tests covared the range frem 10 to
70 cycles psr second. It should ke noted that !n most of tha shudles described above, the
frequency range lnvesiigaied was noi iarge.

. ~ A few experimenters obseived < frequency 2ffect in the high stres range . but
this mcz have bsen coused by fallure to prevént variation in stress emplitude or tamperuiure ot

the different frequencie:. - Since both of thess factors hcve a malor infiuence on high stress
dampina. the effect shesrved may hove hean the result of twe or thisce facter; insteed of

PIWI® VIS WE Wi

fraquercy alone. In a simiiar fashion, however, the faliure of some of the praviously menticned

investigators to olserve a rea! frequency effect may also hove resuited ficin a femperature
variation during the tests.

2.6 Effect af St-ess Amplitude

in reviewing the resuits of prior investigations, Thompson (3) shows o perticulariy
patternless bshavier among varlous mevericis for the reiationth:ip between damping capacity and
stras magniturie . . This may be due principaiiy tc tha failure of some axparimentsrs to control
one or more significant iést varlables, for certuin of the siudies hzve sivown a much ciearer
picturs of the 3Ffuct of stises magnitude. Mopximon and Willioms {(13) were among the first to
demonstrate the atrese degandency. They found the energy laie per cvile to wary approximetely
cs the fourth pows: of the strets ampiituda in diract streze basty on a cronkshaft steel. Rowatt {14)
in torsion tests on a2n snnealed hord-drawns stee! In the form of thin-wallsd dbes showed the
variation fo be approximaiely Gs the ihird power of wress. Kimball ard Loveli {15) in roiating
haom to3ty on varloue mararials ladicoted an spproximate variation as the sccond powsr of stress
for ths gighteen materials testad. biit they nated that ad the aimctle Iimi¢ is approached, the
domping segins i rice a? 0 much more rapid rate. The meny pepers of Ludwlk and Lehr on this
Wojeci are reviewsd by Vitovse and Laxen {(20). Their dute show thot the curvs of damping
energy pictisd a8 a function of stress, for both iow and high comping matsilals, exhibits en
Inlttal portlon of relatively constant or slowly Increasing damping foilowed by a rapld rise
ksyond g given stress value . . Spaeth (21), In a :ummery of previous work, indicates that this
generai behavier It followed by both farraus and non-ferrous materials,

For much of the work reported o the offsct of stress mognituds, iinear seales
were used 1o graph the resuite. With *he damping plotted as envigy lots per eyels. the resulis
gererally satisfy squared or cublc curves o= Indicated above. In many coses. howsver, ths
domping I3 exaressad In terms of ‘ogarithmic decremen® or o3 Y , the ratio of the domsing
encray to ‘he moximum elisiic enaray. in such casss, a veriofion of demsing snsigy loss with
the square of stiess gives o constant logarithmic decrament of vibrotion because the slastic
enargy is aiso proportionai io ine squire of ihs sivess. For ¢ cubic dependen:y of damping on
stress, the logarithmic decrement or ihe energy ratic oloited linearly versus «tross has a ot alght
lina precertionc!ity with atrets. Ven Hewdabamnt (29} Fanal (R) - Maedield Sisastcid od
Rotherham (4}, Controcior ond Thompson (13), Kuiisy ond Yorgladls {23}, and Honstock and
Murray (24), to mention some of the lave:stipaters, employsd fgﬁs mathod of ploitins tact
rseuits. The excct siress relaiionshin I difficulr o determine Tor much of this work, although
it cppears ihat for most materials the varlarien Is ¥ on exponent great>- *hon the second power

~d - etroes
W I SV ISeD e

The tendsnicy of the more recent livestigatsrs is to wee logaiithm! s soules In nlot-
ting ths resuiis. Thus Lazon (Z3) in t2nsicn and direc! sirses tasts on plastics uiing o rasancnce
methed . plotted rasononcs cimplificaiion facior versus stress, anc indica*sd an exponent greater
than 2. Kutsay and Yorgiadis (23) on a magnesium alioy in forsion sicd Lazan and Yongiadiz {26
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In further ‘ests on plustics In tension used the sam= rescasnse methed and faund mn sroonent of
o?pre.nlmo'oly 3 for both series of fesis. Yorgiadis and Robs-tson (27 in direct stress tasts on
slvwood demonstrated an axponant of approximataly 3, Rebert2on and Yorgladis (19), piotting
damping loss per cycle versus stress to logarithmic scales, pressnt avidence that the vorlation
sheuld be as the third power of strews for a wids varlaty of materiais from plasties ¢= ailoy
steul. Later work by Sauer and Ol'ghant (28} on plosties dissgresd with the vaiue of 3 for the
stress exponent found by the procseding lavestigstors for a given piastic. They 2entend that
the proper exporsni is approximateiy 2,3. Thoy mention that, consideiit g scatter, this vaive
of «n,mogt fits the data of Robertsen anc Yorgladis for this materia! as w2ii or better than the
expor=unt 3.

To summoarize these recults, damping tests made in Jirecr stisss, flexure, and
tonsion, oy temperature rise, rotating beam, decay, ond rascnonce mathads, Sver a considereh!s
rangs of tast frequencias. on both solid and hallow spcclmens, on a wids vorlety of materlals
from wood to cllcy stesls, Indicate that ot ieast in an intermediate strem r=ngs, the damping
energy varies with stress itude to a powsr In the range of 2 10 3. Whether the exponent
le the same for all materisis for direct, flexural, and terelonai stresses; whathsr In 2 glven
matericl it verles with the type of test; whether for « givan typs of shessing It varles with the
materlal; thess and other: are questions siiil to be answersd by further rescarch.

The sudden rise in damping bavond o cerrain eriticai sirasy, refecred o orovisyus!y

in the work of Ludwik, Luhr, Kimball and Lovell, and othars, wos investigated by Emy (24)
whe piattad Kis reaulss on ¢ varlety 7 simais io iogarifhmic scaiss and showed thet kis damping
snerey data sctisfled exconsntici relationships with siress both above and beiow ¢ "guasi=critical®
stree2 for o glven mataital. He found the dissipation ts vary approximately as the third power
of the streas helaw 2nd as abeut the tenth power above the criticai siress upon fivst looding the

cimen. .For the second isading he obtained a verietion approximatsly s the shath r
s v= anc proeticaiiy no on in sxponent below the quasi-critical stress. Hanstock ond
Muyrray {24) show that  very sharp critleal stress axisis for aluminum clloys above vhich the
damplng rises at a rupid rote.

An importani daviction from the damping-stress reiationship discussied pravieusly
for the range beiow c=ny cililcal stress, has been noted ”Z sevara! Investigators ﬁ work on
certain ferromagnetic materials. A revizw of the sffsct of fsrromosnctiem on damping is
given b{- Poiter (4). A siudy by Becker and Komatk! {30} showed that the damping of *orsional
cectlictions In stwel wires is raduced to chout a tenth by applylng o Scﬁgitudinormgmﬁc fisid.
Kareton (1) found that the mechanlcal damping of o farro-mognetic body is greatiy affected if
the body Is magnetized to a degree below the saturation value. He showea that the damping
is dus to eddy currants which arlse in the osclilating body through variations In mesnstization
and whicn ure coupied witn the mechanical oscillations. The effeci of steady cnd aiiemating
magnetic fislds on the damping-strozs relationshls for two cominericui sieels is shown by
Parkei (32) who ploiied ihe disensicnises notie of domoing o slcstic snergy e u Tunciion of
#ies3, linseriy.  His surves for o Ci=vio sveel display an incraces ond then a decrsaca whan
pivtted versus stress. The ensrgy loss was found to he lower at all stresses when a sieady fleld
wei proseni and to docreass still further in the precance of an alterncting fleld.

Receni data by Cochardi {33) concerning o high-strength ferromagnetic aiioy
also indicates a paak in the curve of logarithmic decrement versus boi;ilanc! strass socurilng st
on Intermediate valus of strass vwhan testad in the absence of o magnaric fiold, With the flald,
the peak is eiiminciad ond the decrement incroc:es steadily with siress. Cochordt concludes
that the snergy disslpeted Tor cunstant stress conditions, by the maonetostrictive effect, which
ionvasanis the princlpai :aurce of domping in high-strsngth ferromagnetic alloys, is found to
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incrmese in prapartion e the thivd sawsr of the strass slmost oo fo tore arltlan! volus ard ts
ve Doy : = Simest up fo some 2l vt

X €= y F T O 3 a ». .
roms!n snsniisily constant ihereafier,

2.7 Effect of Sireyy History
Amsas those whe shdlad ehe offeot

ve T

/ ad tha 4 £ vrazs Lisiory upon dampliig capacity in the
higher range of strezaes wes Lugwik (34) who obsurved firat an Incrscae and rhen o decrease with
nustar of evelec In the snergy disstostion for & Sr=Ni stea! subjected fo fatigue stressing ai
oonstent stress amplitude, He empleyed a method in which the tempsreiure rive in the spacimen
is measured. For a carbon steel at the higher stratees ke obmrved @ continuous Increase In the
fowiperaiure iisé o (racturs. in other ‘ests on various atesis Ludwik and Schey (38) cheerved
results similar to inai in the Cre-iNi sieni. in thess, thay mecsured the area of The hyv:teresis
leop after Intervais of applled stiess cycies, Read (36) cheerved nn incisme in the logarithmic
dacrement for @ single crystal of zinc with time of vibration when the strain ampiitude was

. Mrick .ond Phillips (37) ond Lazen (25) noted a dacreass in damelngs during tha
vibratlen of siing aluminum alioys. Stainlez: 29! turbine Slades were found b biiimmn and
Srinkara (38) to have dec in damping a8 @ result of lona seivice. Wiikas {37} mada
terts en four gos turbine bucket materlals conducted at eievaied temperatures. Hs found that
two materials with extrems!y Ligh initlel d=uning tended tc lose a large portlsn of it with
Tiiing ilme. Tns oiner murericis showed damping chonge: of os iarge ae 25 per cent. Isth
inuraGalng and dacraaslng trends with sireas history ware ahsarved | Mast of the data wers tokan
Beiow the fatigue strengths, Honstonk and Murray (24) found that an aluminum aiioy heat
treulsd io @ condition of optimum mechonical properties ircreased in d'qﬁ»lm capacity during
vibration. Two aluminum clicys contalning n slum, Investigatad by Hanstack {48}, dsciecied
in the ratlo of damping te siastic energy uniil ,cllun oesuied In constant stress fatigue Sssts.
Other instances of a chaings In domzing properties during high siress faiigue iesiing nave aise
baon reported. :

Brick and PhRilitzs (277 studisd dhongs: ln ths Jamplng of Alciad 2487 alloy

durlng the courss of fatigue tests. By meons of dacey tasts, they determined the relat!snship

betwaen specific damping and stress after various numbers of cycles at lavels cbove and below
the fetigue strangth .  Fatigue streising above the andurcncs !l dhamiv decreased the ing

ot high siresass. Ag failure beccme Imiminant, 1.6., fatlauc cracks wsre propagoted ints the
sgiz; the domping at low stresee: s:ectly increased. They atioclated ihe cbesrved changes
with work hardaning and zrack!

¥ .
.l o

Hensteck and Murmy (24) in axnlalalng the chaiges in Jemping of aluminum alloy:
with eontinued altermaiing siressing at ¢ vaiue dbvve a certain crifisa! stres also aitslbuts the

~-changes to strain hardening and iatigus. They m:cciate atisln herdaning with a gradus!

decreaae snd progressing fatigus fallure with o gradusi incisass in damplina capeciiv. Thew

‘postulats that increass in damping occurs ae o result of the formation of fatiaus cracks,

Mg (R WARIGNGHION May BO saristactory for The Giuminus ailoys, it wonld appsar unable

io expialn fully such o bohavior o en incrscs in domping foilcwed by a decreate befors follure
or some of the other campiox patterns which hiove baen ouserved recently in the effsct of siress
history on dampling.

-~ N “._ : : e -
2.8 Tamping ans Fatigue

Cartain of the eariier axperiments were Eerfomad to deteimine if the fatigee limit
of o meterisl is indicaied by o marked chongs In the domping prapariiss. A raview oy Vitovec
ond Lazan (20) summarizes ihe resuites of numerous investigoters dealing with ths raina i

of buth high ond low sivess damping to the fotlgus propertles of o matsilal. Changes in iow
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stress demping as an indicarion of faiigus are not considered rellcbis beczuss of the sanalt!

of this proserty to many factois other than fatigue stressing. Vhe review msniicnes above,
however, doec i=Sicate ihat there may be some sonnection betwesn the fatigua strength
ond the sudden Inereass In domping af o particular lavel In the high stress regizn diszussed

1. 1
previsualy,

_ Among ihess who considered stress history in the Invastigation of tha reietlon of
changes in damping te faiigue strength were Brick and Phillips (37), Dorey (29), and Hanituck
(40}. 2:ick ond Phlilips found that stress hlsiory wis o facter In the damping-stress relaticnsh!s.
Dercy elio domortraiad this dapendence for steals, but diowsd that for hie materials the vaive
of the "aquasi-critical” strass wos not offectad by stress history. The stress of which a repld
increase in domping occurs wa: aund, in ganeral, to be below the fatlgue strengths for
both fsircus and non=ferrous matserials. Foppi &3 indicated this in his work, but pointed out that
some specimens withstood many million reversais slightly above the critlcai deformation point,
nnd o he did not connect it wiih ihe iarsionel fatigue sirength. Srophy (4) studied ihe mietion
betwsen demping caraclty and fatigus, but drew ne general conclusicas from his tes: results,
s=ying only Mot hign damping capacity is wuctly cssociated with iow fatigue iimits. Thie s
dependent upon the material, however. '

To gereraiize, ¢ sossibie associction is indiccted between changes In high stress ;
dafplng es @ funeiion of siress mapnitude end/cr stress hlutsry and Impending fatigus fallurs,
but more worl i5 necded te clerify any such assoclation.

2.9 Domping and Elasticity
in any study ¢f the damplna capacity of a material, knowledgs of the dunamls

stiffness hohavior Is also destrable. For Interpretation of damping daia by certain metheds of
dotermination, It is necesscry to make cortoin assumaticns concerning the nathiss =6 the dunamlc

modulus of eiastieity. It Is often Ssumed for thiz purposs and for cther applications that the
dynamic modulus hes @ constani value identical with the stetic meduius of o materlal. in
gensai this is not true, for the dynamic moduius of elasticity or the ratlo of atress to strain
sitestive during a vibratlon is usually iower than the static moduius, but may under certain
conditions bs grecter than that vaive.

T e——

. Lazan (25) pretents a discussion of four main reasons for the deviaticn betweer ’

the dynsmic and statlc mwdiil of elasticity. Thess aru iemperaiure increass caussd by damping,
hysterssis-ioop distoriions, coid werking, and tharmedynomic sffects. Because of dissination

of part of the vibretionai anergy through hect. cyciic stressing of matsrials may raise their
temper=tuio.  Since the mschanical properties of materlc!: are e funcilon of speciman
temporaturs, the cynamic medulus of elasticity alw deviates from the static vaive. This foctor
hos oniy @ smaii infivence on the dynamic moduli of metaliic materials, but in generai an

impartant ona in the cose of nlastic:

A materia! whick dlspiays o curved stress-strain . reiationship or a significant
hysieresls |oo'i:;n a glven stres: range does nof posess a constont moduius of slasticity. The
varlation in the fangent or secant moduivs during o Cycie of sirazs depends on the area within

..... 2sls loop and, therefere, incracies with incrsaslng magnitude of stress. The dvnomic
modulus of elastlelty for o alven sirsss cyclo. which associates the cltamating strsss with the
curresponding alterncting stroin, is  meen wicant modulus. Maieriais possessing high damping

soaaelty should havs o lewer dynamic than siailc Yongent moduius oz the siress increasss. Dus

to this facter cione, in mstzis which show the domylng increaslng rupidly ofter a given valus
of sirass; tha dyncmic modulus shou!d beain to decrease rather sharpiy af the same point.

L= hugtaraeie laa
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A third facier “'fﬁeﬂm ﬂn dynamiz inedulue o the netlan af the auells stras
piscmaancine $ Gy ..ue iwsl. In wmasals this faium in soidd working of e mateital which can

ssus 3 miner chonse In moduive of alaﬂcl'y tn certuin alloys, furtharmore, the cyelic stress
<ar csceisraie the orocess g’ nntmcl and precipitaiion, wee Honstacic (d0), whick in
ome 2236 mey olso ecuse & changs in . Thess effects would probably cavse only a

‘ssfaﬁ::-.y sl changs.

Wiy, ins defeiRingiion of e stetic ioad=defiection curve of a material croceeds
slowiy snough to permit the W‘m that fhe spocimen is always i room tempsrature, The
vatic modulus of enwlcity Is sthus amsntiolly the lsothermal vaive. During cyclic stressing,

hewavas, ihe aliemaiing straina may occur teo rasidly o aiiow thermai equilibrlum to Le

oiv:-zim, ond the vibiation is more nearly adiaowi’s in nature. This behavier resuires the
imen o underge cyclic temperature ch ot ihe vibration freauency. These mnge'gmse
cevse contrection and expansion In spacimein, resulting in ﬂ\o oﬁocﬂvo or adiabatic
N -oim ollﬁhﬂy higher then ite isothemac! vclue. For mest materials, however; the
dl Horance be beizasn dymamic ond static moduti due to this cause 1 only of the order of cna per
cont.

In meny of the low stress dampina capasity or Interns! frlstlan studias she

variotion of the eiactic moduii were aim datermined. Mowavar, few of the Investigators
concerned With high shress domsing dacli with the dynamlc muinlm of siastloliv unttl mare
TWCON? ysars. Amona thote who pretented deta on the varlation of émlc modulus of olasticity
with strsse I Lozon (25) whe showsd thet the desrease in the madulue of rigidity with siness for
'wﬂam piosiice o= S0 e much as 40 per cent below the static modulus. For an aiuminum
ollay, iowever, his daia iaé!ee’:é z rzlstively constant dynamic modulius of elasticity over the
'$iven ronge Investigatod. Koty and Yorgiadls (23) in {orsion tests on fwe memes!um aiioys
sweed The effect of uaid work {rumbar of forigue cveles at @ given siross) ci the dynamic
motvlus of rigldity, Amcng oﬂmr observatlons, *hey concluded Vor the matarials tested that
the damping scpaeliy increases and dynamic modulus of rlgldltr decrecss: wiih --m\smiv? stress,
cnd thot domping capacity decress=: and dynamis modulus of rigldity increcsss with cold worklng.
~Ssrivon end Vorgiadis {19) ebmined daia on the variation in ﬂn dyncmic mo-‘.n-.-s of e!aﬂlclty
of varlous matarials with stress ampiltude. They fourd thet the 571‘___"“_ modutus of rigidity
deorgases for SAE X412C  steei and a mognesium aiicy as the stress Increases. |i is significant
that the curv“ ore relctively sonstant for ¢ range of stress ampiitudes and then begin to duviate
rother sharpiy downward. iz behavior is tc be expectsd in certaln cases s mentioned
ﬁ-.-vgeully S!m!!n; Sehovier wes &kic'nae o e ’:r.;!;..-;.:...::-;;!;,;. Sy woduii o
elastinlry 7ar SAE 2’.-‘.'.30, G magnesium alisy, and bakeiite. Lirtie discussion of thass resuits
wear m‘emd by *he cuthon.
W0 Slagrieity and Fatiave

o row, lf any, of the previous invastigations have ottampted to associate any point

on e uynumss OGUIUS VErsus 3iress surve with the fatigus iimit of a mntoriai. bui sevarul
inves?inator: kuve notad a nﬁ:llhla econnactian hatuwinan itha Eablaa 12ants 8. " T
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ths dynamic stiffness esavidenced by = dynamis stress-strain o ioﬁ‘%-"--nm curve. ihe
raview by Vitaves and Lazan (20) supmciizes -!'.- woik in ihis Tieid by Smith (€2}, Gough (43},
U‘WOI'M“U ‘“[, m m (v.,t,, SRONg ofh‘m. Thp eggnr]n\.‘ugg e_'y-:mo__l_- tn 2 oo .--._l: shos AL-
dynomic proportienal limie le =~ letle hisher than ’he ‘.:41,.;.; Hmlt, that i. uwes agnm..,m?ex
vﬂlwn for the fatigue ilmit for both stesls and cetaln nontfaeiious metais, but nof for Gium m.m
siiovs. i-le-.-:a‘.a-, in comidering *he relationship beiween dynemic ‘rgg-t-?i!cmn imit aned
the qulguc limit, the severai fociors which affect the proportionai iimit must be carefully
waighed. Amsng these are strain-hardening effects cautsd by sires; history, sffect of strais
rata, and as !n all oroportiona! limit Jeterminations, the ac:;::*- of tasting which affacts
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clecr picturs of the mssociction %o’iwun dymmic siiffness and farigue .

Early work was zoncernsd with the devslepment of new, rotatlng beam equipmeni
and re resonance v!braﬂon nwachines for the ntod of the damping, olaﬂchy and fatigue properties
of maiwrisis. A Initlsl s Sy Lazan (46) describad the rotating beam equipment and reported
on the dynamic properties o( m{!d steei ceiermined inrough I use. Te:t data indicated the
cl\cnﬁn n dcaplng capaciiy and dymmlc modvulus of elasticity of hot-roiied mild stesi durlng
e f-.-.‘!suo test. In ..---s.m, uydu. i Dalow approximaiely &0 per ceni of the fatigus iimi
hoe ittle affact on Gamping and o!m"cﬁ?', whoroa stross appiled betwsen this newly named
eveile strezs sonaltivlde timis :..-.d the (anigue Lmit inGiwsssd nmpmg as mucn as 2500 par cent
md reduced the modilus o much (as 11 par cont. Using equaiions wrlvso from hysteresis loop

EQ.!‘.‘?QE;D‘ It was shawn hat the decisoss in dymmls moaviue of 'lm"Gll‘f cun be PM:CI’G
wlt‘! raasonable accuracy from the !ncrease In damping capacity. - Exploratory tests on variabls

sire histories. overicading, underioading, rest, speed, and oiher variables warc described.

A later Investigation by Lezan and Wu {37) more intensivs!ly studied the dynomic
propeartiay of miid staal at dynamic siress ieveis in the range from approximately 40 to 120 per
cent of the fatigue iimit. In this siudy, as in the previous onc,; measurements ware made on the
domping and silffnuss sroperties dur-nq the course of fatigue tests Gi constant stress. Data on the
effec? of several impertant tes! variables such as stress magnitude, hlitory, frequency, end reat
ware cbigined. . The oxzsiouco ot a cwilc strese sonsitivity (imit for the damping nroo.nun of
miid stegi wos confirwed. This is a siress below which damping is independent of stress history.

. For mild .%aol the iccation of tha cyclic strest sensitivity limit was reporied as cpproximately

80 per cent of the fatigue iimit. “Above this stress in this waterial the camping genaraiiy
Increaws aad the dynamic modulus of slast!clty decreases with strass history ot a glven stress
Iov-!. Furthermar: o ;‘e.-wncad increme In th- rate of change of damping with stress occurs
ot the wycilc aivess senaiiiviiy iimii in miia sieei.

Dynamic stress-sissin reiations were sl studied in detali in the work on mild
steei dy Lozan cnd Wu. Th.y fourad that the dynamie pranartions! imit of tha virgin specimens
wes naor the fatigue sivengih of the milc atoei They sbiarvad that the dc...,.%w and dynomic

modulus of thia materlal ore Insensitive to frequen ey m!ow the dyramic proportional limlt, but

‘ore d.mnd.né an framuancy chave 14, They found ol sires nufOfv naa an effect on the

ayﬁﬁ?“c proﬁcﬂami -}iﬂl"' GM 'i'l. timit d.CI’.m-n -J"l- -uml\-r :\5 a.u.. ﬂtdnl-- l'-: .b.::;:,-

above the cyclic sivess sencitivily iimit. The tnqmncy investigation covered tie range trom
©0.05 te 10,000 cycles per minute. Fisquency sensiiivity dara wers 2!z presented in terms of
shain rate and fiow stress .

The effect of temperaiyrs on fh dynamils sropertiss of several heat-resistant
materials wos studied by Lexzen and Damer {48} in the high stross region using the roiating beam
syvipment cdupted 43 clevotea 'gmp-'ew:e ok dues. Variaus paiterns were obszrved in the

behavior of i damping and zisstic!ty pioperiizs during the consiant siress reus carried out of
sngineering stross ievals of i~om and verlous elevased tamoaratures. for cii matsrials and at
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all rsmparatures investigaiz<i, the enomy dissipared by dempirs incrwasad rldly with siven
at values ciose o tha faiipue “rength of s materlal. Cycllc stress senaltivity Um!ts ware not
dsterminad for thess materials; all the vests viere carried cut at higher streswas, - Exponants for
the varlation of damping with strass determined from the resuits of thass fests varlad for the
different matericls ot the diffarsnt temparstures fiom values as low a2 szsicaimately 2 to ac
hish == 2% in ohe case.

Vailous paiterns ware observed by Lazan and Damer in the voriation of dampl
Guiing @ ovarsd cyclic sines test of a givan level. Depending upsn ths motericl and the
temperature, "2 damping energy may decrecse, remein the same, Increase, or have a complex
paiiem of increeie and decrsase, of decrodasa and Increcse, os the number of siress cycies is
indrecsed. Therd was o reguicr behavio, for all materlais, and cha of substentiai magnitude
were found %o toke picce at stremes helow: the fatigue strengths. In general, the changes in
dynamic modulus of elasticity were reciprocsl to the changes in damping snergy. All of the
domping end olestielly seadings were taken at a fraquency of 20 cycles per minuts, zad o
effoci of frequency vras Investigaied.

A mere datalind study of the effect of temperature on the dynamic properties of a
particuiar materiei wes mocs v Damar and Laros 149) . (80) ielan tha bact eactotams alla.. N_1KE

o . cw'er

- This moterial we investlamed ot thize temparahuress room, 1350 F, and 1300 F swer a wider

ttram range then in the stud; luet dezerlbed, The rsaults reveclad the exlstence of o cyelle strase

Cevw peve

teraltivity limit for damping at Gll three ‘empararures with roughly simiiar demping=-strass
ralotionabioe f2- umnstched nsclawms. The cyciic stress semsitiviry iimit oecurred between
approximati!y 65 and 85 per cent of tha fatigue strength ct a given tempesaiure. Damping was
faend o vory aesrly as the cube of fie stress magnitude at all three ismperatures for stresses
below the cvalic atress semaltivity limit. 2yond that strees, the damplng curves at ail thise
tamaarGuiss Were ageinoppmlm:'o‘i’, linear on a iog damping versus iof stress plet, but with
mtch steepor slopes In most cases. . The sicpas were In ths ranae of from 4 to 10, with the value
dopsading =0 the siress hlilory and tempsrature. A 1500 F, stress history hed oniy a smali effect

“on daraplag abeve the cycils stress sonsltivity limit; at 1350 F, the damping decrecsad with streis

Lo _o____.

nisiery, and i ivom temperature, doth increasing and de.e.re.c_:—..ng tendencies were cbserved
apiinding on the level of stress above the cyclic streis sansiiivity iimit,

Chongas in the dynamic moduive of elasticity of N=-155 wers also noted in tha
wark by Demer ond Lazen. The curves of dynamic modulus verius sitess showed *kat ot 12350 F
an! room temperciturs thers wan a prorounced decrease In moduius beginning at stressee reughly
70 - 78 por cant of the fatlgue sirength, but ot 1300 F the dynamic moduius changed iittls up
the fatlgue strength . At highar siresses thers wos an Inlilal decreass followad by & mecusis~
cble increase in dynamic modulus as o result of strazs histary.

Tess ware 2lzc mads on N-155 uslng notched spocimens. Wik ihese, up to the
soint where cracking eccurrad during the fotigue veet, stra:s hisvary bod ns sffect on damplng

5 ; 7
or stiffness even at tha highest stress empiey;d. The exponant of the loa domoing varsus loa

stress rsictionship for the notched specimusis weas approximately the same ot gii three tamper-

. -
Gruras. 3.0.

of N=155 at the three tesi iemperatures was sought In this study. At 1500 F the Satlous sirength
of the unnotehed specimans wes very sicss i the dymam!c oropcilional limir, whersas ab the
othar tua tamperatures it = Gi a sitess approximaisiy 20 par cent ahove the preporiional limit.
Other portions of the study Incinded work on the detasiion of crocking in tha ant
anaiysis of the stiffneszs choracteristize of noiched spacimans, and invastia:
banding fatigue notch sensitivity at the thrss tempercturss.

An mmsozlation batwesn the dynomls oracortlonal limit an
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V. SPECIZIC OBJECTIVES OF INVESTIGATION

Datarm minctien of the asnarallty of certein of the obsarvations meade In the oraviaue
work on miid stes! and ihe heai-resistant cuoyo, ar< pessible expianation for the uhovlors
reted wers chosen es the nsxi phase of the broad investigation et the Unlversity of Miansssia.
1» was declded to acoly i rotaiing beam damping, -!osﬂe:ey, and fotigus tests, ct room
tempergtute, wing a 'fixed frequency for the damping aivd slasticity observations, to materials of
vivious typas, extanding the tesis over a wids range oF stress to determine, if poulblo » any
;mm iaws of bebavior which may exist. By corsful conirel of varlous facters found to afTect

nping and dynamic modvius it was hapea 'o uncever 'r-‘e-“!-‘“.ci‘:s in tlw "ew”a of some

e Adrd Rl e 4o
wlzsis bsoasbiantocs S5 Wat o 10 wwny any mmutw Penavior i‘l WAOE In NG WOrK OF oiners.

est cparind haraln Is confined v the properiias under sustalned cyciic strem of constant
m!huin

TG T Y W ey ©

: TM tpecific objectives of this Investigatien of a group of various metallic
sngimesring materials were:

(a) 10 study the variztion of damping an dpm!c madulus with ztress hisiory
over & wide range of siress magniiuda:;

(b} to investipate the generality of the sxisisnce of o syclic siress sensitivity
{imit as chbegrvad for SAE 1020 ste=i (47);

{e) to compare the relative damping and silffness properties of the vailous
mtorluls;

&) to corulo'c the changes in damping with the changs: In dynamic medulus;

{e) to discover any possible roiatif.wmlp sstwenn the domping or stiffnas

nmrﬂn M 0&- ‘:bl:."s :ncaquwo

_Invastigation of the effect of frequency on the dynamic properties of matericls is
ot :;w-;arad ta this PP .

-t
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V. EXDERIMEMTAL PROGRAM

§.% Vet Materlola

 Hoterlals chaser i3 study were groy cast iron: Sondvik stee!. al hich carbon

matoriol, !n hoth the mﬂml!zed and the ‘qusnched ond temparad :ﬁdh%ora., =755

neat-resistant ulloy; 248-14 aluminum aiiey; 1-1 masasctim allas. ond ZAE 1020 g55!, &7

comparlssn purposes. . This selectisn was made to provide a vorlety In type @ well & 6 sovei
[ %ld- rangs of fatigue strengths.

..“
¢I' 0

Catells on the chemical compasition, procsising, ond thermal ireatment of the
matericis cre given In fabie i, ?%va stetlc phialeal prszertfs: amtained in standard tension mn
n?onod In Tabla 11, Thesa voluas cre the average of two or ‘mors tests. .In = ,.reporlrg
Sanavik sieei materials It wes Intended to cbtain both the ncrmalized and the quenchss and
fempered blanks with ihe same hardnew. This goai weas not exactly achleved; ?he BHN for °!==
narmolizsd pleces was epproxlmwy 388 md for the guenched ond umrgd iot, 415

3.2 7set Seecimens

. , Unnotchad ,‘ és' ai iesf specimens of ie typs shown in Fig. 1 were used in
his weik. in the ngun !he dimensions of the pecimens wed {~r such maierial.
Various man sizes were | nsd order that the required lzads might ba within the limirations
ef ke =_:‘.-‘§=-.-;- .......:.. S. - The :,‘;-u wens weio iapered o that mr the caatiiever icading
by the a-.aauﬁa, 'be witace of the antlre langth of the test sestion would be

2lected fo the sams pest men.

scimens were carefully prepcred s as Yo assure a smoett: spsclman surface

free from cold vmrn-vd intsrnal m.u lpo'!mcru were machined and then polished with
sueeglvely finer abrasivass in sush o “‘ay that fine scratchet romaining were In @ longitudina!
alrsciion. For addivional detaile un the preperution of the unnotched pecimens ses Appendix

A. The ipecimans were not given any thormai treaiment after machining.

5.3 oﬂgﬂ& _

Receni pub!lccﬂom {44}. (47) hevs glven detalled descripticns of ihs rotating

comllovvr ecuipment -npiom in parformlng the fatigus tests. The methods for daterimination
of ine esmping and eiasiici ty pmpemos trom noomc- taken during the course of weh sonstont
stress tests ore exslsingd In deial! in Appenciz B of this report.

Each of the saven materials was tested in the mtqﬂng boam domping, eios! feity,
and fﬁﬁt’_‘m_-'_ machivzs . ‘_:“.‘!!‘_’.‘"““, SNSTSY and d, oc\.ll‘\t umv!u- or wu.nut:lly' ‘iiiﬁ measuie< oF
Intervels durlng sach constan! stross magnituds Tatlgue tesi. agv-r-a siress izvels in the vicinity
of e Tarigue fimit or v iong time tatigus strangth were usod S determine the 5-N curve.
Tests cbova the fatigue limit were carrled io failgus fracture, wharea- tests below the fatigue
=it wers '5"!!?3:‘:"’“‘ in mout emesz. yniii the dampling energy did not change significaniiy
with ‘fﬁﬁb‘? of strem '-vc'e: Far :‘.:::—!. ats ln the icw stress range, one o two sDecimens
of 2ach material were ed to obtaln de-nn ng volust ot several difarent stress lswa!s.

The cisneral procedurs for canduciing the constant load -otﬂ?!ng carh! ver beam
fan aue foais Hus hlﬂn dimflmd in "TOV‘OUS wbllcuﬂo-':, (46}. \47\ , and wiil bs T
here, It a‘wuid be aoted, howover, thet all of the readings for .-A......x..- and slasticlty wers
taken ar Z0 pm. Various testing zpeeds in ihe range from 20 to 1500 rpm were uiad batween

iz
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reasings in Me coune of the fatlous text: for ffsiani paiicds in the iife of G pecimen in

ordar i ksap the lcwer sivess teils ts a reasenable duration.
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Wie  BATERIMEIN 1AL RESULTS

6.1 Fatigue Prooerties

£__ae_

Sral §-a‘“ fatigue curves ior aii marerials tested in this study are show:

In Pig. 2. Sisae s plofied (o o iogarithmic scaie to fociiitutn comparison of the materials
with widsly dififeiani Taiigue propurries. The plotted polnts iepresent cyclei fo complote

fracture. The fotigue strengths at 2 x 107 cycies, as deierminud from thets curves, re given
in Taple 1. . i!_ .g!eouid 09 noted that relctively few soecimens wiiie used for sach curve, thai

iPeSinwns OF Giirsieni Jiomeiers ware vested for the varlous mataricls, and tha! the testing

we € w

1psed empioyed vz:ad in the ronge from 20 te 1500 rem. Ohviscusly, the groy lren tested was
Lot 8

? SF S Wigh strenath . but no attems! was made to sscure the ogiimum materliel in each clags
for these i#sis, :

6.2 Doamping Propucties

Definstion meciuremants made £n a target In the end of the loading orm aitached
i ine rolaiing beom specimen, upon reversal of direction of rotation. orovide data for deter-
mingin the totai damping energy in in-ib oar cycia being dissipated ! iha sniire specimen.
Sinze the test saction is subjected to rotatirg hending corditions, the stress variss from zsic
the center to 2 maximum at the outer periphery. Thus, total demging energy Is not c b
weasuremant of damping snergy sinc) i7 depends on the ivpe of wecimen and the e

distributisn. . Furtherinore, the fotal damping Includes alic the energy dissipation in the fillets.

(4

ic

Ths data of Fig, 3, for ons of the mataricls, are prsssnied io show the type of
original data obiained ir thete issis. In this figure, sach curve shows the dumping data
obtalnad during @ fotigus test on o single specimen. it is to ba rotod ihat the damping is

ynaffected by numbsr o7 Sycies below a certaln value of stress.  Above this iimiting str=ss the

dimning changes significantly even in those specimens which did not %ail In more than 30
million cycies of stiess.

) for the oths Gis inverrigsied, dif ‘ :
were obicined c: chown in Fig. 4. D pace limitations, the original ohservations have

ue
been omitted from this figure and only the curves themselves are shown. One sharastaristic

comman 7o aii of these materials is that in the lower stress ranges, the damping is unaifected
By siress history. This indicates o cyclic sirass sensitivity iimit for each of the matesiais tested.

farent patterne for the damsing behavior

iy

=]

Abowe the cyclic stiess senaiiiviiy Himits the morarinic dieniny ns manasst stetioote.

o3 a o - N o - N P H . . - b . e
w wmmevios 10 fegaid fo the manner in which the duamping changes with siress history. In the
czes of 1020 sisa!, av with the quenched ond tampered Sondvik stss!, sustained cyclic stress of

0

: 24 A
constant magnitude giaducily increcss: the demsing un io the point of falivre or to a point
whars Somping bacomes sicbilized. For the aiuminum clioy and gray iran the veverse occurs;
i i by sustained cyc!le strews. For the normalizad Sondvik sies!

ond the J-1 mognesium olloy the cyclic stress ~auses first an increase ond then a decrease in
the damoing. Such dieimilarity a: the abovs, and even sti!l different parrarns ware previcusly

" =is in e nigh stress veglon. Although, in mosi cases. ‘he
: puitern of Chiange for a given maierial is independent of sirass lave!, this iz not chways
wuz.  For exomple, with N-135 oi sivesses above the cyclic stress sansitivity limit but below

b
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axld balaw the evallc ei.an sanslth oity IImie. 1t 1s i..aaﬁdni te ramomher thet theea rams

RTFTVIF L TITE S e

alsayt 110 por sent of the fatigua iImit, cyc!ls strom coues @ desrasza In damoing . wheraos .
1 hlgher iiewes ihe reverse is trua.

ia, Appandix 8 of this paper a method s describad for corwerﬂne ﬂw | da
onendy Gota preseniee in Fig:. 3 and 4 to maclifle dampling energy. As ussd hers, spesi c
~{rg saemgy ls ihe energy abrorbed per cubic Inch of mareriai undor conditions of vniform

dlnct straw. 1 15 the derping associatad wiik @ glven unit strem and is expressed in in-ib per
cu lﬁ- aar cvcle.

Specific domping energy date for the various materiale are shown in Flg. 3 In the
form ¢f a iag-icg diogram a8 o funciion o7 2tress. The vaives in the high stress ianges were
dergrmined from date shown in l‘!ﬁ. 4. For the lowar range of stress, considerabiy beicw e
cycllc nivess uml!lvltr limit, the domping date were obtalned by tesiing individuai sp=cimens
at wsg?os stress ievais. This pfocodun is valld since In this range there is no offect duo ic
sivens histery.

A" n\ tha saimét an Lanm damalna and al adlaif

AN rojeing nwom, (e ...;‘;.._ elagtiaity uare abteined ot 2 oy

The oravieus investigation of m sieal {4 wed na frecuency effect In the range
tho cyr.!!: ghraca sc'%em‘d‘w fim A faw csn!e!\E'orv tests. howaver. indicats In the case of

scme ofher metsrisis, mmly mesms um cnd alumafwm, that important &+ IQUSHY efiecs mey

g 02 wamna mhisined -t N ———,
"

3

a=d #= reiotive properties of thes, ~aiiols are only for itis freaue cy of 20 eycies zsr mls nute.
The effect of fimauuncy on ths S memic pioperiies oi materiais wili be repoiisd In & -umoquom

DACET s

Tweie ez vers! smﬂ&lﬂ vheraateristles of the igsi:iiz shown in "i" 5 which
theuld be smphasized. Pirst, as previc:sly ncted. apparantly ail of ihe mahflcis tesiad
dissiay ¢ cyclic stress %mmvlrv limit for domplng. For the magnestum and aluminum allavs,

cvg's@ strese ssmaitivity lmlr ls not shamly defined. The occuracy of ifs detcrmlnc'lon

s laigely on the aumber of specimens tesied In that streu range md upon ?‘ﬁ. scatter in

tha deu’picw scte. For gray iron, stress history hes the amailest affact of any of the mcfe.'ie.s
shown. in the high siress rangs wimh this mararicl mers 2rs 2aly relaiively smail changes n

Gamping dus to this fentor. The lece tor = any definite syelic strass sensitivity Ilmlt or this
maiserisl is m fore difficult, '.;e cyciic ztress sansliivity limit shown in Fla. 5 for ihis

materiai iz &x : aporoximate value @ “‘e'?a!m from the soiid specimen iest resulte. Tha locatlon

of this cirgss for ine mognssium and aluminum olisys Is mors reilable than for gray iron, but

“lll noet 1o :mci“ly &l’.m!-‘éﬂ as ln 'nﬂ [ade "7 ] A‘-% O‘A ﬁ'l\'e!‘ ’3"”!'\"5 m"'c.: w}n'em %:-is mfa G.‘
b anme o8 Do ? oAl _a_

Snangs oF aamping wiinh stress is much mers ,.:f»m;unccd af the cycuc sirees sansitivity limit.
The enomvimate stress values ai thess oolats ure givsn InYable Il ciong with the reiio of thie
siress io the fatigue strength at 2 x o7 syctes for each ma'crlcl Yhae iatios vary from .5 for
J=1 meagnssiom fc i.i for e q.-e...,.._d ani fampom Sandvik .tool Tha lotter case is the

l

L

!E?:e S ""‘33«“ “"ivuv QL-G ‘j"i‘ o .vuigﬂv"“’ e RSl u!s“uvs uw fqrt g iii'éngv"s nle
'v'i'a%'u‘ﬁi sf =S ciflc il‘i‘i‘ﬁi‘a:ﬁ‘ imﬁ:iv for the variaus mataricls af the cvcl.c strmas seneivivis .m-u
we given and they range from 2.8 in~ib per cu in. per cycle for cg;-nc.hod ond temperad Sandvik
staal to 0.0V5 !a-!b por cu in r cycle for J-1 mogeediom, it is Itgresting o note that 1020
stes! sl he Glumiias e!se-i bevs very nsarly tha smns values for siross il of the eyallc

sirew sen=itivize Hinii and ciso for damping ensrgy ot thai poini.

A seseaé imnariant feqiurs of Fig. § which should be observed is thar far sach
metsrion the slope of ¢ .oy spermc damping ensrgy versus log stvess ra..aﬂendsip is constant
balow tha cyclic strsss sensltivit ty Havit In the stiess range Investizsisd, as for as the natating
Mm m"ﬁod 6 gﬁ'mlm n.l'nnpinﬂﬁnn !I Mi. [ 5 mamsbmis T%‘?o "m"&nd f‘ ‘. Qru,ai !a _.

::
llealted in the low stiess rengn of darmping measuremenis dus fo the exirsmsiy wmall horlzonta!

e
N

I — -
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=2 sive in i s iengn peiow the cycisc stress sanaltlviiy iimit are chown In Fig. &
The recson for the unceriainty of the lozation of this polnt for aray lren end the aluminem =

m..;ma%un ciicys In which the damping changs =t that solnt 13 net abrunt is cbvious from
oxaminaiion of this figure. :

T

It _should be recollsd ihai diuipation of snwipy due to magnato-elastic efisch

Sisciuzaed by Fotter (4), Parker {(3Z}, and Cm".mdt (33), may result In urtcln fsrromagnetic
wieis dispiaying ¢ demelng peak or pleieau in the lower siress range when tested in the

ense of a meanetic n.ld Such behavior weuid be gM!?‘.L‘!crnri'i ?sj ;%?3“ downinFiz. 8
the alioys tested. If suck behavlor is characterlitie of ina ferrcmagnatia materisis testad
his program It wes of toc smail ¢ moeanitude, o7 cocurred at *aa lawr 5 stvess to bo detacted
’W tha Ma"..’-.a dsam machine. Of couris, nc .m.h behavior weuld & ouibis in tha case of

CWTOFOUS inSterials Testea .

sTEge

gF-

The slope velues for the . loTrlthml' "mplnaﬂtm curves i Fig 5 are mvaﬁ In
Tmle! ". leﬂevltv 'll th:fuﬂﬂ rs“ub dam_'qunc mnnuun fass hin bad f.

wwmiige w sStew ':v"r----- uml" 'b’l'lw iy
thy lowsai sirase ror.ga wouid '-'m‘:%- ihess voluas of siope somewhat guestiona abia. They were,

havever, wwuw my doia umcm-q G o vimarion ‘!acnv dﬁm,ulnn mm-L..... "'.'.'.':.".?!‘,' betlng
Jevel e—;ad For each material ihere was ciole agreement bgnwe-n fhe siops vaives okizined
57 the thus metheds Tho valvss wars oa foilows: nomellzed Sanduiie wimai . 2 As NLIER

— S SmeTw —', e ' '
2.5; ey lron, 2.4; quonchod and temorred Sandvik stee!, 2.3; and 2.0 for 1020 .;,.;.g: !
245-74 owm-maﬁ, and J~i mmslum. The vaiue shown foi iN=155 is lower than the velue

of 3.9 nmm ln prevlom publicatlznas {39). (50}, This results from further .b. ﬂaﬁ cs«.;uv fesi=
being carried oul o this maieiisl sver o widsr strazs range then In the sarlier invesiloation,
The sireiphi line portions of the data for the verious materials, of coursa, Indlcute that the

j Ing onergy increcss: as ¢ oowsr funcHe of 'b strass. Thus; In tha reclon helaw the
syclic siress sensitivity !Hmi? the relationship may be shown ass

pzJs” g
where D = specific demning energy
| S = stress amplitude ’
J,n = constants (values fer n wsrs given in the above paroaraph) 5
;?rue-“ﬂi’pe or exponent vaives aoisinad in this study are not In exact agresment

wiﬂ\ cenclusion of Robaerisen and Vamlod 419) whe, o= g_fse!!.ﬂ_!"‘ maentionsd, fsund that
dﬁmpﬁng capacity of enginsering matarials under boith shearing and normai sivcises below

the y!s!d sirength an. for complately reversed strass is dirsctiy proportions! to the third power

of the stiasz amnlltude. Their vaive: ware shiainzd ot .L.f..;m: fiewuencies (cpproximarety 10
s 13 C,\-lau e 3-‘::&?'1‘!) !'tﬂ!‘ 'h& dﬁ?e "" 'he Armesn gr‘:'-:«---n-wéﬂe‘ qo..-v.-r 5‘\.\: hn&‘nsv

conciudad that the demplag cepaciiy of materlals is indenardent of the frequorscy of sh’ess.ng

Excapt for gray lron, the rate of chunge of damping with stress cbove the c-,'-!!c

sifass ansii‘iviv:, Limit iz mueh gisaiar for the famcus maiericis fhan for aluminum and magnesium,
The mcst fapiu acissse In ddmirug above the cvchc strecs undolygf/ Hanls o ’.:'3:‘.’!!‘-‘:;‘3..3 L
10Z5 sigs! = the nomallzed Jandvik steel. In Tobie ii are given the ran ange of exponenis of
slopas of straiait ilnes on the icgarithmic semping-stress piot which anproximate the curves
for ihe various materialg in the h!gi\. stress rongss. CGray iron sxkibil s lowest values with a
anmasfiais e ol o~ 2 —~aa 1O = -

manimiun of roughly 3, wherens 1020 siesi indicates relationship: upproaching an exponent of
cperoximately 2t %57 certaln of the curves for equal strees history. Above the cvclic stiass

<

-t
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wam?w.ey iimif . sress Riafary bas the m-mmo affact on the mum af tha auanchad nn:

tomowcad Slndvlk stoal, . 1020 stee!, and aluminum in the high stres rangs . The affect cf
repsated cysiss of of atress 1s the loet !r. e 5oie of N-1828 =24 jray fion.

6.3 chgaelm of Damoing Properiies

Whaa somaparsd on o0 ...q*.ﬁu siveis basls in the range boiow e s,..;' tiass
ser“'e"h,' Hamlts, .:.-a-,f wen :!::p!;,. the grootest damplng ablilicy with megneslvm, o ."a!msm,

&2 1200 steol folicwing In that Sider. 1t 1s to be nored that on this bosls Wrﬁm.!.. the
ragion below that In walch siraee history has an offssi, ine demping cepacity is Fpioximately
inverssiy propsriional fo the failgue strsrgihe of e material,

A mathod of comparing the relative demping properiies of materlals while
recagni=ina thatr dNEocont Lot gus strcanths s shawn n Fla, 4a which uses os an abscissa the
'ogciﬂ\m of the ratlo of fest stress to fatigue strength. On is basls of comparison the orde: of
the different materials Is changed from that of Fio. 5. In tha low stress region the high carbon
siwal In bah conditions of hect treatmer! dlg!cys greater damping thon gray iron which is a#lii
iu;:i’ii ic ihe emev mGiEriGis, A me $iT288 iTIIS O oNe nd cwnpuwg enargy is mmn-u‘m vpon
shras nistery But !n gensrs! ol of the materiais except cluminum and magneiiuem display
;“:tg. St 'ﬁ ciier o icig S -mtorv fhan does giay iron. the damping voluss of the
cyclic stress sensitivity iimits for the varicus materie’s and the range of domping at the fatleuo

Py SISy \ Gy

Frengin eie glven in Tabie ii.

,

=Fl:. &, the éard far ail of the maiarials tested fall In a relat! i
'“‘-d in ‘%:J*ango below the Syciic sirem sensitiviiy limits. - Equaiions of tha oppmi
v is band ares

T a 92-5
v e

LR

!-N

iA\
At 4 e ¥4

1

©

= 0.4 F$:0  (iower iimi)
whers R, = the raila of test stress to fatigus strength ot 2 x 107 cycies
D = specitiz domping energy in .n-Ib per cu in. por cycie
This band satisties the dats of Fiz. Sc ovar the rence of raties from G.1 te 0.7.

The effsci of the heat rreciment on the behavier of the Sandvik sfeei Is intaresiina.
When plotted e In Fig. 6a, the 2:ta show slr-.._ -4@? r? properties In t'w lower rarnjo of
strass. Since the ev'ciic. stress sens i!‘vst) 1imis iz balow atigue iimit for the normalize
materiai and above ii for the quenched cd tempered matericl, It Is seen thot ihs Jamoinn ot

a ratia of stress to fatigue atrength of 1.0 Is muck grastsr for the sarmalizesd matorial.

A comp wison of the damglng crogartios which takes Inte account the differeni
mf*nus propari !ﬁs of the materials is shown in Flg. én. Here, the wacific dq:r*!*'- I plo aad
for each maotertul o5 o function of atraln o the suter flhers. For agus! stratn velues of loss
than 8.00! in. oar ln., gray lfon is ssen to d!zs‘.’p e = gracter amount of encrgy than a any of ihe
othar materiais. ah. “.tmn-:!.nm aiioy & __ig_agggg the laast snsray far = givon ualt strain in thie
-"Gg'gis‘n"u. .v‘\i;vgn o unit stvaln v‘fm T =e§.§ 13} :‘s:---: = Avresy SEnRITIVi? ty imh
wd aof the fail igue sirangth at 2 x l(\fe:.c las ars | 4 in i. Ths nerrowness of the
band fon the narmalized Sondvik stee! In Fig. &b, @ comzarad with thef in Fig, 60, ! duo
ta the foci that for thie mcteriol,- the curve for o etreas history of 20 cycles wos omitted i

R o et IRt i s Shey 9 e

e




'i!; é QMU are ﬁ!ﬁfhﬁt‘ e o Ziimmtian af ==:;» emdia ol awali

whbomla banmesee of taa.cSiaiaxs A0
T3D03 £ SRS erw e ¢ w9 SINGASES tRTWINT W E

U XL 1] "ASH.

Frem the comparisons of the domplng picpertiss presented, it appears *hat rating

w1 ae to thelr \*!my to disipate vibrational energy af engineering strese leveis must
~ sonvideraiion of stress _mognitude, ‘fatigue sh—q,m, ana stiffress. A boid afaeamsnt

mc? o é .,...'aﬂes has higﬁif damning than ansther 1 22on o 55 rother monlag-m with

consldaiation of ihe cbove foctors. Failure o eomidar tham has probahly hean a ramon Cm-

the many.conflieiing opinions and reports found in the llieraiure regarding the rslat!ve damping

\:’ ‘.“EEQ’»‘Q !!l_!’f‘fiﬂl. .

4.4 Elasticity Properiies

() ic stresi=sirais curves in benaing as obrained from ‘he varﬁeol defiection
reading: tedken during the w?lgoo tests are given in Fi 7. Thus, the suives shown for each
moterial cre the sampssits of ths wmeuiis from many i arent specimens. The straln scals was
obtained in each case by camnaring tha inltiai porticn of thc dynomie Sanding curva with the
inltlal portion of the static moa-vrﬁ!ﬁ tem-ea surve and aswm?m‘ no diffsience betwean the
steiie medyius and s dynamls modulus In this rangs.  The materlals displaying the greatasi
deviation fiem linewiiy ore giny 31\03\. 1020 stooi N-155, and ths nornalized s.-_..-_._.g.k staei;
axcopt. far grey iron. “ﬂ“'.“‘.'l'- e =-9n!“‘-'*-uu daviations oc cur “niv af sirames ohiove the
failgus stonain 'n each cuss. Voive: far the opproxismte dynamic parportionsi Ilmlts =rs

: 35, These vcluss wers ioken from o large 225l worklng ploi and rharsfsrs ware

given In Tosls i,
daiarminad more <l

¥ emsii deviations from {inearity up to stresses
2. The guanched and tompeiad Sendvik

ossos aboit :sO per cani ..bovo ti.. .aﬁags
n stiffomns is dispiayed by the 1020 steei

opproximainiy iw ; =
steei aise shows !eﬂs daviation from iiresrt
scsngth, The ==stp i ior

und the least by the -1 mognesiuz: ailsy.

e defieciion daic obisined during the rotating beam fatigus tests may b
converted to vilyes of ovarage secant dunamic modulus of elasticity by usw of the anuloo glven
in Aspandlx B. Thov ara sollead ‘average’ velues becciusa they ors dstermined from vaives of
floe!!an ebralned .'sm nndlng tests in which mly the outur tibars are atresssd o a maximum.
Thess vmuu for moduius 57 slasticity, sxpressed i par ceni of aach matarial's Initiai stsiic

tanoeni mw.m.., gre piofind in ?!g 3a e a function of meximum reversed be-wims siress. In_

------ ~ -vv-v--vvl

TS S 7""‘ anwu =o uuuuut snungm af 2 x 107
cycies. The varicus fatigue s'rengm saiuss ore Indicated In Fig. g, and th me damplng evelic
sivoss sansifivity iimits are shown in both figures. Vaiuves for the ratlo of the approximate
dynamic proscrticnc! limit to the fatigue strength and to Hhs dumping cyclic stress ﬁasmvley
timit for oa" material ars glven In Table 11,

- The points shown in Fig. 8 for the stari of ihe siress hisiory aifeci on dynamic
mosive wo Wi Gesiespund Llusaly wiin ine vwivss given in Tabie o) ror the approximate dynamic
preportional limit in the cawe of grcw iron, J=1 magnesium, ond 245-T4 aluminum. This may be
o reai sifect or meisly G result of scatter coused Sy tha limitation of Insirument sensitivity or
e une of Sifizeant ss-;-"-s‘.s fo obiain the curve for soch materiol. For the chovs materials,
for wiiich the increome of ummpmn wm\ stress at the cyciic stress semf? vity iimit i nor
pronounced, the rg'ﬂaﬂm of stres history -ffec* on dynamic moduius is alse difficuir to
d@’mrm!-\g Ths pe z

'l

u

Inis shown o thersio ] “’"’)' uypfuncmuas.
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stesl, the sene lof as ussd In thess tests, s glven 1 S pravious peper by Lazen and Wy (47}
In that paper they praesnt the resuits of tests Tllustrating the depondomu on stress histery ci the
&

$, the dymemic praporiianal limll, and athar dynamie characteristice.

static proparticne! fimit
Thay shew for this esials

A, -Beiow the syells stres seasitivlly limih
1. Both tha statlc and dynsmls strass—<traln survss colnclde.
Z. 3oin ore independent bf siress him
3. Nalther the static nor the dynamic p.*nporﬂomi limit is reached.

8. . Bstwesn the cyclic stress semsitivilty limit and the futigue !imit:
i. Soiy fhe staiic and dynamic siress=sirain curves coincide for the vimm
- specimen.
Z. Nodmor the siafic ws dyaanc prenartionci limlt ie reached for the
* virgin spacimsn.
. Under sustined cyclic strass
{a) Beth the statlc and dvncmlc propartioncl limit decrease, the
farmer more than the lattsr.
{b) :hn statlc 4 "ﬁd dynamic strems-strein curves eraductiy deviate
jroTs -%V! amear,
(c) in saite of thase change:. the Iailtial tengent meduius of
elasiteaity remalns unchei ged.
thun ﬂnt.dl&eus.ad grsder -' e.‘:@vc

C. ASeve the fotlgus limit, the bebavier luslmlics
£

fnt!gmv H.fm

2. The fangent modulus ar Jero sirae: dess nor remcin constani, But
geasuaiiy decrsasos under sustalned cyelle tress,

. Due 1o the eimiiarity in the damplng and clasticity behavior betwesn nersslize

Sandvik sisei and 1020 stee! 16 might be exnacted that similar changes to those cutlined abovs

would alse ocoui with the normalized higher carbon stsa!. N-155 is similar to the abova two
m<ieriaiz In that the damping cvcl!c stiase »ns!ﬂvlty limit end the stait of the stress hisiory

atfact on the dﬁw’ﬁ!a modutus of falas iclty wers fousrd ¢ secur ot spproximately the same itrass,
eui Boin are Balow iﬁg vmasw stunmm- course . iha svun- strass sancl¥ivivy Ilmit i3 not at
the ideniiss! sires for these mctsriais nor qr me tome ratic cr sirse: 10 ror-§e= ::rci"‘ th. Sandvik

P = ab
sisel in the avenched and tempered sondition wouid wwom fc possess singiuiar dynamic sirsss-

strain characteristics, for although sirnas H-tory bsgin: to oxcrt mwasureable oﬂ‘ccf on boit: damp-
fng and dynamic moduius ot cpprsw!mnly ths same stvess, this sasurs abovs ihe fatigus imit,
This was not observed in any othes materic! izstad, For the mognesium and aluminum ciloys tive
cnpreximate dynamlie preportional iimits oceur quite far chove "'a vaives dstermined tor the
cycilc strass nnmlvlty Iumlta, but the dynamic propoitional limit Iz Soove ths fsiigus strength
in the cas of the aluminum u.-u, and beiow the fatigus strangth in the case of the mcgnes".:"
alloy. The difficultias In datermining the cvelle «trass sansitivity limiis and the dynamic

n—’ﬁg.md!moi limitz for thass matertats ; meks ::‘,.v, goints somewnal gussiton asio. %i would sopear
desircaic in ihe 'mum i poﬁéﬁ'n the same s of dymmu; siress—siraln sivdy on the other madsricls

u-n

Qs was caiiied our l.\y Lozan end Wu wim 1020 sisel.

The velues of dynamic modulus of eiasticity which wers discusesd ubove Gis
callsd ‘averags’ vaives secuuse, as exclainad previsusiy. they were deiermineds veiuves of

- i . 3 i e e 2
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- that the deviations ¢f the dynamle soduius of elusticity from the statle weulus wouid e even

maie obrupt then the beheuiar hewn in Fig. 8.  Such veiuss migh c
Sy mewut of sicaiialty. Werk Is in prograss on metheds for determining such specifle
vaives frez. beading deflaction data shtained with soiid ecimans

future specific rather than average dynamic medulus data w!!! crobably ba reparted.

€.3 Rolationship Between Damping and Other Phvsicc! Properties

As saintud cut in the review oy Potter (1), =ttempts have long been moda to
Seiteivie dampirg copacity with such ether physical nioperties o hardnest, impact resistance,
tonslle iim'\"th, and fztigue reslitance. . These have been generaiiy unsuccesiful excapt thet In
any one siea! the damolng canacity has twen fourd to vary Inversely with te:sile strength and
fatigue strength. Brophy (41). f

;I

4
iy
i
i
g
H

]

Ao

... . Tnedlificuity in finding;any such genaral correlation for a varioty of materlais 1
praaniy Gue 0 The denendence of the doinping property on so many diffsrent fastors such as
sires mwgnitivde, sirews histery, tesiing frequency, temourature, grain size, mognectic flelde.
neat freciment, ofc. Sinca.the effacts of thess varichies moy be dlasimilar In diffarent matesigis

_——c== e WISr IyeEN Ivwmieoy

it ls probably of litiie vcive io seek any single property with whick io correlate damping. An

SopiOXImMGTS NGO ip is betier than none ot oii, howaever, 56 an aomoi was Mmade af such &

. InTe
read from Flg, 5

ar @ URiT 2hnin e
. -

X

strece f 6000 pol, from Fig. 60 ot @ stress ratlo of 0.4, and from Fig, &
4 In, par In. in €GCH Case inesy abicissa values wars chasen w1 5y to faii
Ssics ne sywav sersivivily iimita for ail fiis materials. The firsi % of values compars:
the demclng of the materlals ai constent stress; the sacond, of censtant ratle of test siress to
tatlgue sivangih; and the third, ot constant stialn.

2 il ore given specific damping energy veiuas for the various materlals

) ‘D
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%
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»
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the tenalls Slicagih, yisld sirsngih, fotigue strength, sporoximate dynamic properiionai fimif,
#tress ct the.cyclic siress senaitivity limit, cad static medulus of elasticity, In seeking a correia-
fion. Thare .is apparently no reasonable escelation between the damplng of constant straln
and any of thew +fx parameters. Using the othar metheds of comparitun, approxim=ia correiations

The three st of valuss 2o cbtalned were pictind using logarithmic szaias versis
2 : P ng icge

were noted for iwo of the paremsters. Fyw the ssven wmcieriais tested, the dato for snacifls
damalng ot equal stress plotted on this log-lug basls wers found to satisfy approximaie siraighi
lings both as o fuiiction of tensiie strenath and cliz Faligus stverg*h. in each cess, ths Jdaipiing
Increased with o dscreese in strength o8 shown ir Fig, 9. If ths same shaps is assumed for al.r
of tha hyareresis isops, then the width of the leoy i greatest for the maverial of lowest tanciie
strength. The data for the derping of the materiais ai  constant rario of test stress to fatigue
strangth ploited on = iog-log basls a1 a function of futlgue strangth, Fig. S, or tansiie sirength,
Fig. ¥B, saricty approxirote straight iinse except for giay iron. . The data for this material fall
awove the cuives Tar the sthar materiais. Cn his basis of siiess iatie, the demsing increcis:
with fatigus strength er tentlle strength. The behavior Indicates thet, avan though iis widih of
the hysteresis loop s narrew for the matarials of high tensile sirength, grsater arscs are obtainsd
dus ta ihe grecier heighi of the ioops.
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his investigstion concemed with

The resuis: of :
prepartiss of vearei maraiiic meterls

1. Within the senltivity of tha satetina ke mathod for the mossuramant

of demping in ihe iower ranae of s*retass . the varlmlng o7 snantfle

-

damping esnergy with stress setizfies tha squstien:

where: D

L}

the specific damping energy,
$ = the maxlmum value of alternoting strem, ond

Jand 5 = comiaonts depending on the materls! .
. Tha law glven cbove appiies for each maieriai tested in the renge beiow o
certaix critical strme: rxmad the cyclis o0 !

ST SI® Wy

Pmmn amaalat -::..

¥

Beicw ihe cysiic stress sensitivity IIm!, srqas history has no obeervable

- offact o domplng, whils sbove it, the demping enargy ls dspandent on
the stress hlstery. Curves are presented to show the variction of spacific
domping eneray with constant cyclic strees history |

= wrreww veteswy F =

TSes SSTBINIY

(7]

4. Tor cii the matsricis testad, the valuo of ths axponert n obtaingd from )
sutaiing Boom Sote end checksd by @ vibration decay mathod varles ha-
twsas 2.0 ord 2.4 in the range below the cietis wtrace somaltiviiy Himlt.

- e e

This is somewhat iower than the value of 3.0 rei-oried By several inves-

Himlt, the rete of change of damzing with
certeln materials, particulcily ihe weels and

: 3 e somawnal s marksd in the slu-
minum alloy, and It s iemt In the magnesivm aiioy and in gray cast iren.

6. If the ralatlonship given under 1. beiween damplng and siress is used o fie
roughly the curvas dbove the cyclic strses sensitivity llmir, values of the
exponent n are fouid as high as 20 in the case of 1020 steel.

. 1 i st iy i DU O U S
7. Thore is no contistant cattars of chanae 1o doonotoo cbouo o ColH e

sensitivity iimit for all of the varlove materlals when tested undsr comstant
cyslle stroas. - There Is o tendency for the damping as o funsticn of siress

histary ¢= lacosage in the caza of the stesls sscrame in the case of

Io®Iis

gray iron and the nonferrcus materlels. Boti
s .
ot various siress leveis.

rEiic of sivess af the siraes semitivity iimi

sof constani for aii of the materisis. 1t voriss fn
¢ ihs magnesium all
psied condition.

iy
ggwd

3 4
- the Sandvik steai in the suenched and
five materials tested it
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G.&and 0.9. Acawaie jocation of this poine is diffleuis far ey tran
aid the nenferraus matarials dus oo seattsr in the deata ot the lower

9. The reletlve demolng properiles of the various materlals tesied depend

1 PR
l-;"ﬂ Given on ﬁ'
R

n th; ordo -;f highest douplﬁq

i Stress Equei Katio of Equai Stxaln  Damping ot
Crasr  2=low QSSU S/F5 Beiow T35L  Beiow TSSL kS
1 Gray Iron Sandvik (N) Irein Sandvik (N)
2 J=-1 M Sandvik (Q-T) Zg MN-155
3 245-74 Al Gray iion N-155 020
4 1020 ~155 Sondvik (N)  Sandviik {G-T)
5 ~M=133 W20 Sendvik (@-T; Gray iron
é Sandvik {iN) 245-74 Ai 243-T4 Al 245-T4 Al
7 Sandvik (@=T)  J~1 Me 11 Mg 3-1 Mg

One pou‘bi =use for the disogreament of various invastigaiors on ihe
relaiive raitngs of w..ws ua‘.‘.s:.ais s e uss of aifferant boses of
csawarison. A second cause it the fuiiyre 1o coniri daniflannt saet
varizbies In the exparimental werk .

in  refwiing bencing have no

it raiwgths, the dmiplrﬁ veiiz sitess
sensltivity Ilnlh, ear static tensiis strengths for all mater als tested.
Foi the itewis snd RN~i 55 ihe dyramlc proporticael iimit falis within 20
per cent of the domping cyclic siress ssnsltlvity limit. For the nonfan"au-
materials the dynomlc proportionai Himit Is apparsatly above the cyclic

strass w_dﬂv!bv limis. in nnﬂnn thaea ohearuntisas 16 shald ba ramembersd

that the vaiues ubtained for the d:azmic proportional limlt are for several

recsans :..’:Iv mnmzlu-u#.

fAn
WIS IWY WCeT S Wt =e0 ¥

1. Ar their respeciive fatigy s%rangihs,. none of the mmo-iols, wiﬁa
excep!!on of gray s n Gverage ia“yncm‘u'c moduius at emsi'c
iowsr than 93 per ¢ éﬁ? of its static modu-us. for gray lron ihe dy..«a.-!c
vaius i3 approximately 10 per cant be'aw the stafic veaive. Dot in this
paper on oiid specimens of m! iid siee! show o deciscie In averaos dimamis
ﬁndulm of oniy 3 per cani ot fhe fatigue strangth. Tests on hoiiow speci-
mens of the some materia! {47) show a corrsiponding '*ec.sase in average

uma’mc moounus OI’ il m. cani. Ins dacraces in t“““' o e "’\_ "~Qu|usl

v&\'c}i m.ﬁhf be OMO‘RP'J from direct lfrgg«_« tmate \e}a = ﬂ-‘e w‘o{. mc'men
cross~section is at the sams stvezz; would bs sven graater.

I
‘l

12. The nonlerrous materlcls suffer little -.-}-ﬁnge in
subjectad (o stressee wnl. abnve thaly failon

——ewe s ;

medull of elasticity are the least affecicd |

anmd lo 8ob_d
-umla‘l‘::; s TSsrow.
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: - The Guiw for e domping enargy O In lin=ib per ou in, per sisls for alt
matericls tested, plohed e fm-c jon of ™he TGiia of iest citess fo ine
fatlaus strongth a0 2 x 10V oyale: MF. =iz stieficd by 2 lund the llmin
of which, sve piven by the liness

D =20 g?.s
D =0.4 a§-°

This bond serisflas the data (n the renge of ratlcs from 0.1 10 0.7,

i4, A rison of the relative downping Fiopaert i siress below the

= W s TT 1i3

cyclic stress nm’ﬂvlty l!mm lnd!cctss ?lw& rh. dom;m energy dacreesas
with an increass in the fotigus and tenslls shargths of the varlaus mais-
rlals. The daniping energies conguisd on ths basls of saua! ﬂ:.... of siTess
te futl, sm th show an Incrsase with both tha fatigue ard tenille

sire i is Basis, gray iron displays o dumpmq en=rgy far above
curva:s mﬂn!y!-u the dota tor the other mareriais tasiea.
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APPENDIX A

DETAILS OF SPECIMEN PREPARAVION

QJ-

$5-74 A'mﬁmum, d=% Masnaeliom, 1020 Stes!, ond Cray iron.

':i‘

cimerss

Prapared by: John Stulea Co., Gibsonic, Pa.

Procedure:
1. - Tuemi
‘muguié G.050 in. ovemize,
Light cut to 0.015<0.020 in. over, feed 0.002 ia. p2r rev,

2. Grindiss
l..owﬁ ground 5 C.003-0.004 in. oveicize In ! pou,

- Finldh araunmd te 0,002 in. over In | pass, lonaltvsinal feed (.0015

in. per rev.
VWiania 4 la ...... A I1MN_NL_NJAyR Ai_ e,  elooe_ R

C TTIIwwes v wwes B> Imw ww FCI TRIANIImy W W ITle Wl"ﬁo
oy |

Cooiant: IyGOFAﬁm\ 8.

Pojlsh!

Ferformed by ‘lexibie bslt on oscillating am traversing fesi section
durln,q siow or fest memian of spscimen 1o produce zcretcha: In
spscimen ruanlag a alieciions of 45 or i35 dag. ¢z 'cr..!?udmal
axis, or opproximatal, paraliel to it de &adlm on specimen spasd

Beits usad wars arit . IW, . 900, and b (¢ r.aemarv\ A
3\‘:';!; :53"- ""9 3.*-'-! : oW ‘----u-vl ap--gﬂ wars Uﬁd 1+ mnnuzn\uv

the marks from previous stec, .Fiaal scraich dirsctions were
- parellei to iongitudinai axis.
- Reguiar sarkarundum and specloi belts preparad by Stulen were used,

Pispared by: Metal Procssiing Dapartment f vhe Uinlvensity of Michigan, Ann Arbor, Mick.
pre

und in NACA RM S1A04 (49).

-Spacimene:  Sandvik Stael, in both conditions of heat trsctment.

treparad by: . Sendviken lemivsiks, AL:S:&»'HR {turning and grinding) and the Dapartinent
, of Marhnnine and Maiariole. Lintuareisy of Minmsents Mlascsnalie
Minn, ’

. Turm

ugn=d ic i3 mm. ciometer on fest section uviing corbide tippad 100! .
Depik of cut 2 mm. Fasd. 0.13 mm. ger revoiuiion.

Finizh turzing to size Ea;!v:.‘!ng ai!cwmce fcf geinding viing kigh soved
steol tool with 0.2 mm. cut. Foed 0.7 m . perrev.
27
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2 indinge
Tooe: ground te 9.34 - $.75 . m. on test section with feed of .13 mm.
per umh.sti@-.fe;

3. Paiirni
r%-d by conirciled-pressure nait naltahi:

u-e Lazon and Wy (-‘,7}.
“ innshaM m Wi’ 2'& uf'\‘ u w 'h k.mf' illbl’iwnf.
“im;il polish done w!th 4@ grit beir, gome ! ".I-m'_. approximately
0.0CH5 in. removed on diometsr in each grinding step.

'hi
wese

lil
p
ii
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APPERDIX 8

DAMPING AMD ELASTICITY EGRUATIONS FOR INTERPRETING

iric ROTATING CANTILEVER BEAM TEST

al Cosebonle acad P oo
. - eI AWT" T NS T INRINSID MITWT l.ll-_
& s a constant In rotating besim dampling equation.
L. = mleroscopa constant, In. / div,
C, Ci, C2, C3 = corstanis in rotating beom alasticity equations.
D = :pesific damping energy cssociated with a g.von unit stress, In-th
per cu In. per eycls, This, the maost baslc unlt for spec!‘"
Samping energy, it the energy chaorbed per cuble Inch of materlai
undsr conditions of uniform stres.
Oa = average dcmp!m o-nrgv chaorbed per u unlt t volume of stressed material
per cycie m-aa.s per cu in. per cycie; Un = Do/ V. m.. is not o basic
’c‘ﬁﬁp 1] Unit since, for a given mcz"u‘u '-'. the vaive of Da aoporm
on the sires: distributica, For nmeI. the sams matsrial undar thg
some mauximum strass (scme D) woul dhplay o highar Dy under rotaflng
bending than under reverse bondlng in 339 plane. Nots: D wes the
7 mbs! used for the Gverage < \‘\nllpll‘ in soine pievious puuilcmmm
M.A\ (47) . (4B).
Co = total dsmping energy obsorbed by specimen per cycle, In-ib / cycis.
Dot = tore! damplng ersrgy dissinated In fillets, in=lk / cycle.
Dot = total damping srargy diu?poi #d In tapered psrticn of specimen.
dy = dlistance from centsr of spacimen to target, ir.
E = madulue of e!e."!c!?\;, tantinn or comerazzion, pei.
Bg; = static rangant modulus =f elesticity, psl.
B9 = spaciflc dynemic secani modulus of slostislty psl; the valuz cusociuted
withi a specific strass or that under uniform stissz conditions.
E4. = average dynemic secant moduiue of slasticity, rei; this is the average
or offectivs value for tha specimen In whick "atl strassas from zero ic

&

»

e u

maximum may be present. Note: £g wos the symbol used for the cver=-
agz dynamic modulus In some praviou wb!!cuﬁon (48}, 37y, (4b).

Mo/ /it = U,,/i} = taiio of motion ot canier of gravity of extension
i and e wu...ua- s 5 ?% = mofion of tha meauring targsi.

e o 8 e — AN B0, 0 &
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totel iorlzontel traveres! (upon revemsal of Slisciion of reiution of

Gsraien Gim) of The cenier oF greviiy of 10Gaing =5 Gaa weiTNY
?o, in.

total Borizer 1 - wveral ot meauring target, in.
totai herizontal ravenssi at inemurlng target, microscops dlv:siafu

coe-.-..em in dempina-atrane gguaiion; the domping ereray at = s'rou
of | mal,

totai effective longth oi specimen, in.. L = Ly Lg.
m"i-c‘-u '\1‘;"‘.‘“' ﬁf Pk. fuin L“;.Q:?._‘;gg‘! nl'ﬁh. in.

goge-iangrh, or lengih of struight tupsrad portion of speciman, In.

constant In the dumping=stras oquatlon; the slope of Dy vs..5¢
islatlonchip, ot @ given sives, on icg-log plet.

total a2tual weighi of extension arm assembly, ib.
ictal effactive weight of exrension arm assembiy. Ib.
redlue of cutsids fibare of spacimen ot test section, In.
ratio of test strags to fotigus strength ot 2 x 10' sy«.!&‘.
radioi distance fram axis of =wlmn, ln.

ur!t romac! fiber stress ot any point In spoclmni =i,

moximum unit normal sivess ot outside flbors of test section of
speciimeis, Poie

"vemcal“ defiectlon at centor of gravity of weight P, in. Noter
In the case of the tiilng table machine, this deflection ls maasurad
in the verticsl plane but in o direciicn perpeidicular fo ika table.

"vertical" rdatiastion o messuring torget In.

“w-

total eifactive volume of specimen contributing vo the dlwipation of

of the snergy D, cu in.

ang!e between loading arm axis and verticai direciion, Jwy.
loading angie for low stress dymamic deflaciion test, deg.
londing angle for regular fatiges test, dog.

angle beitwesn axis of tilting iohla ana vartical direction, des.

cngle betwseen loading arm axls end tiiting table, deg. Note: ¥ = @ -0

»

Ly
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2. 2 Ezuctisai for Convertine Experimeatal Dotz 22 Toia! Specimen Dewping, &

The outar reglens uf the rotating cantilever boam spscimen are subjected tc
reveiied ayclle strase; torslon on the top surface, zeic stres: of e horlaontal positlane,
and compression ut the boiiom suifese. Rsferring to Fiz. iT, o given peint on the outer
surfacs of the speclimen will tvense clreuli G=K-A-B-L-C=D during rotarian; siress A
Is Impoeed when the poin? Is ai the iop position ond stress C when the point reaches the
eoiiem poiiticn. Al posiiions D and B the surfuce has & dafinite strcin !though sub-
locted (o zaro sirecs, whareos at points K ond L the suifuce maisriei ks zere sirain ¢ie
inocgh subiecied tn o deflalle strais. Ths preience of a hystaresis icop, which ap:amn"!y
axists in @il motariaiz cvan ot very low sireises, therefore rex:!ts in an arguler chift be-
twenil the axis of zere bonding stress and the axle of zers banding straln. This shift s
the caws of the horizontel ‘:aversel illusirated in Fig. 13,

- Explaining further the raason for ths horizontal travensa!, sine migni comsider
the ibers at A In a pcaition of maximum terstle stress and etrcln and thoss at € in a simllar
pssltion for compression. Afrer 737 of rotarion from this pesition the fihgis which ars at
A ars thea Gt zs7o siress bui ore eiongaied over thelr unatrassed lenath by kg straln OB,

- 3 & a e Tmecic wy §
The fiderc which ware at C than huva sans 20 b mactd.f —_—

" : mve sare gdracs, bl ra2ldUSl Sompiessive sirain ane are
shortoncd cver their umsirassed lsngil by sirsin OD. The lengtnening of the fibors on
oae side of the specimen ond sharteninz of thase on the sther s/ ls ars rusponsivis for the

e — O IWIM Dt IW Wi
leteral displacemant of the anid of tha rotatiag contllever beem. On ravanial of direciion
o iviation of the specimen, the !sterai dispiacement is in the opposite diraction. The sum
of ime two disnlacements Is the horlzontai travensal 11luetrated In Eig. 11,

, -Thet ¢ herizontal travsreal must axist ond s amocioted with hwearasts domalng
Is alio appaisn! fiom siiil ancther point of view. The sresence of o hysterel; | ndicatss

that the spacimer Is chsorblng energy proporiional to ihe area with!s the hy;e resls loop.

‘This encrgy absorptlon cai bo assoclated with a issliiing torque which requirss 2 horizontai

traversal of the loading walght in ihet direction which will clways crente a resisting tarqus
on the systam (to rioht fo; counterciockwise rotation facing the rarget @ shown in Fig. 11
and to ths left for clockwise rotatlon). Thus, the totai ensigy absorsed by the tpecimen in

la.=lb 237 cxcls dus to domplng within the specimen i

Do = Zw{rerisiing torque)
= 270, Ho'2
s WP, 8-1}
In terms of displacemants ot the targst instead of at the center of gravity of
the loading ann, the ctovs squaiion becomes:
D, =wG P, H 8-2)
The ratlo, C, depends on the position of the sffsctiva centsr of rotation of ihe

tc the center of the spscimen {longlitudinaiiy) particulerly siacs the rotlc of suacimen is
to extensior arm length is smali. Thersfocre, ths ceniar of rotatian of = cx:znslon arm |

extension arm during specimen deflectic.. The location of this point wes found 1o
:

aseumed o ke ot the senter of ths specimen for remons of simpiicity, an sssumption which
involvas an ervor of less than | parcent.
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o Ecuetion 5-2 apnilss to the horizontsi sateting spindie amasbiv shown in

m i3, in which Pg Is the offaciive walght of th2 inading am smeatly, For the tilting
& METHInS @iso 41\0\9& in Flg. 17, the offective moment produsinra weighi lat

?é = ?3:7‘ _Gt_

- Thus for fiss tiiting tetle machine, the sxpremsica for B, baesien

Ten & m.2\
“wr - WS

e
- Singe the maximum cyciic etrass, S, In the specimen is pragortional te P sin @,
ﬁ- Vet i domping crpacity is proportional to S, H. Therefore, for @ givan spacimen shepe,

9 Yava
5. A=2 mby be rewritien:

Co 5 st So K (8-4)

with the constont being dependent only on the 1pecimen shape ond the tyne of macking used
In the tests. .

For the actual iests rur In the ishorciory, the tohie ensls, o7 1a read feox o

"o e W

so8in mhch'd to ﬂoo machine. -The coreuticn angle, ¥, which accounts for the increase in

3 _® .

iy W Sws 1o he swecimen sefisciion, may BC obiaineG from: -
Y 2 ofc tan -g-e

If displacement Is usad In mierscans divisions, M., then the expression fo:
rofol demnise bacome: : T ;

B, 552 B H Cysin (Cy) (®-5}
and i & constent is ckosen Leving ihe velves
B = 786 P Cpiain (Sy)
e the axaresslon for foial damping auring @ test wi constant stress is:
. DG s B ?g; (i-ﬂ)
i &

The SZOVS SApiesion Gives e ioici damping for The entire spacime: {straight
taparad section plus fillats), it Is daslrch!s, hoviever, to obtain a quentity which & -

dependsit of the shape and stress distribution of the specimen. 3sfais deriving an axpresslon
by which the total damping, = glver by EG. 3-£ nicy be conrvorted te spactfic damping D,

it is necessary to investigate, fint, e re!ctionship between © and D, in o specimen with~
st fillets, and sucandiy, to determing the cage~ienarh cauivoiant o the Fillats for tha
PRCIMENS WDC N TRHE QCTUOI TeSti. IRSis Faciars wiil be faiten up In order in the followling

B 3 Beistiashis B

Soacimnn W

rween Tolal Demsing tnogy and Specific Dezaping Energy in 6 Solid
13908 o7 LS When 0 - & I ; -

Tae relationailips obtelned beicw refsr to cyiindrical specimen: undar conditians

of comiont maximum rotuiing bonding stress aiong the langth of ths specimen. For ths symhboir
wsd refer to Fig. 12, The cwsumption It made In this section thai rhs speciiis demping cneray,
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D, Tt a constont ctrem histery and iespsiuivie may e represenied By e sSueTichi
TejSR &-7)

Recent work indicates ikat tha ralailonship betwesn duwpln_g and streze oy be mors campli=

cated in coricin stress ranges :.d for certain inaterials fihan that Indicated bvy Eq. 8-7.

Therafare, = Snstizs 8.5, which follows, a grap . doal meinod is pressated so thet this
mg!lﬂod relationchip need not be eaumd ovor "the whele stresz range. The total dumping

If tha ancclmen .u.hl--s.a bc raverses sirees U6t

-

L

a s [p dv oAy T
Bo=jDdV e DT @-8

B

. Zor the rotat!ng b2 test the voiume-siress function, of which "‘v, w5 is the tioas, may be

determined os indicst=d Ssicw for a 32iid anscimen of length L. With rerrence io Flo. 12

] .) P s -~
< “'%‘so ond O T 5 K

. y
) s = H 9 "!.
\' :ww* L -“!r-:r:-R" L=
' &‘o -:“l-,'
- @i 4
AV 'v‘
—_— 2 el &
d %
Svbsiiiurion in Eq. 8-8 gives 2_, tha tolai damping energy in the specimen, for o meximum
strass equal to 5,
V_ ‘s°
o | ‘.
gg:z-s-g“ ] (8-9)
Substliviing ihe ssvies expression B/ Tor U in kq. -7 gives:
Vo fsn PR——_Y
Do =25 " 3 5™ a8 ®-10)
iRiz =ADrEssION INregroted isfucss fo1
2V, J 83
P, = —HTT B-17)
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- provided o llnear relotionship exiats batween log Dy and log 3. :

3t Iz smeeenry, however, io detannine o gege-length equivalent, gs for ths Sllets io be

17 e apecifie dewim is to be determine at a srexs suuit S S, then:
D zJsh .

and Ea, B-~11 boooreg; 2N D

“e W2 - {8-12) '
fram wiidh . o \ |
nez B
T % (8-13)
Assuming 6 tircer rslatlansblp lbetwaen log D and isg 5, then fq. B=12 indicates .

snanifia

that the total dampling energ; of the specimen Is aquc! 2 = constant muitints of iz smasific
damalng D for 4 censtant spucimen niective volume .  Solving for the ssectfis damping,
q..8-13 provides ¢ mathed for obtalnlng the specifle dumsing from ihe toial damping curve

.-“@r

F ol .

Comparisor of Bz, 8=7 and 8-1] indicater that tha 1~ !
ol specitic demping have the same 5! value n.
pe 9 ope.vo

comma-.o B b _al . -~ 8
s ved 1 aIli) TOTSE

4

8. 4 Datormination of the Gage-Length Equivalent of the Snacimen Filles:

A prestiaal difflsulty in the uwss of £q. 812 rew!ts from the fuct thot sracimens -
with fllets are used In the actual teste. The ‘otal damplng which is measured (and evaluated
from £5. B-5), therefors, le not that due 1o the stralght tapared postlon of the Test ssacimen
sions, for which ihe maximum stress at the sutsr fibars is constant, =7 inciudes aiso the .
enamy dizizaisd Sy ine fliieis on both ends of the sacimen. Tive moximum fiber stress aleng
The fiiis®s docroases ropidly from S; as the diamsier incraasas. Furthennore, the energy dissi-
Hon docresses ot Gn aver greater rate since the demping is a nower Siacilon of the stvess.

added fo ihe length of the straiche ioneccd nortton, Ly, of the tsit ssacimen in order to Soter-
mine the affective langth, L, which s used in szleulating the cffactive volune, V, for the |

Sacimen.

Ay
\vegrTwe
d

Alssrmus o i ieiminaiion of Mme demping ansigy o ihe filiets bacomes
rotier Involvad and the results would bae sumbercis o vis since ihe damping energy dissipat:d
B G givan elemsnt of Siiss section slonn the flllet le a funstinn bath oF 1o oo Tie e oo

4 = e 2 - i = &
aiong Hs Tilet and i the stress distrisution st the eaattan, Eucthurmcis  the variailon of
danping with stress ic not, for c!! mitesials, o simpie functior: of the stress. Therefore, en

roximaiion to the gago-iength aquivaiani for the fiilets ssems best made by a method of

soiution inveivi rophica! Iztsarziion. The steps foiiowed in one stch method ~ra
ng grap 2 opt /

._
L, J
o
oN

V. The Bllas wabimos one 20030 500 fncisumniar siicss perpenaicular fo
the toacimen Gxia and of arbitvary thickness, o2 shown in Fig, 12,
2. The average muximum strew for each slice In percent of the maximues
et ziress, S, is computed from the sestion moduius for the dizmeter
&t inc center of the silzs and the loading moment extsting =t that section,
- The approiindi s voiume of eoch siics is conputed from the Jiamester of
the conter of s slica,

10

i

i3



4, In ordar tc determine the enssgy <t fsalpation in each silce. an amumn-
fion is mode regarding the variciion of damping with atreas. In many
-mt*orleim "-waanpy imesstigated, the tatai demaizs | m . ths specimen
= .-e!s:ad io ine stress By the peneml tomula“l; .in some

coiss, s discussed In the bndz oF ﬂ\ls report, m . maw. faflma
"h. dg,n,yplm beie.v!-“ L‘-‘.!s‘v‘- s -‘.“‘- = simm'n 37 mlm, in which
range ckmpim is unaffected oy ztm kisiory, whiie ubove thi: rarge
the ssme form of amﬂon In mmnxlnmh-lr antieflad .......n7 wisk e
ferent vaiues of J and n fur each fixed numher of cycl-s in the stress
klstory. In any evsni, fur an opproximate ceﬂ\eﬁ'c-\ for the enarsy die-
slnated In the flllats, It ':wf’-::.;' coaews maa.m.- to msume sush a varl-
atlon bomm the !{:ﬁomc damplng and the siress as shat givan ahove.
Ca ?iie basls of this amumotic, the reictionship between icial cmnsing

and the maximum t7ress in the specimon wiii eiso have the sama e
ufblalant N - -This foct 15 obvlow fiem :q. $-12 which shows ﬁo obees
Somtant wuit ipia of D.

£, Ths smeigy diclpated in the s'wigh% taraiaa porﬂun of tha spswtmen (ar

en asumed S, nsay bo calculoted \srapfoyiaa £§. 8-13; from:

”~a 2 " s
Yot TREZY Vi €-14)

tll "’

‘s 18 the Voium of the siraight topaiad puition of the eclid spaciman,
§imiiar mannsr, ihe ene ycm- ted in sock siica of f
Sssumed 5& may be calulated from the volume of the sl
maximums 3tr¢u ior the slice in psrcent of S_ .
7. The sum of the snargy lost 1n all the z!tces B totaled to glve D ;. the tolal
/ _

of’
SR2GY diisst m?ﬁ iné !'!- f“lll':o

8. The oqu!valo-.t langth of the two fillets Ia terms of leanth of the st ..!-.e
tapored poriion of thy lpoc!?n may be calculatsd from:

5"‘ L 8-13)

The ckove procodnm Is carried out for various «sumad relarionships of D snd S,
mm it for straight iines of varisus siones on a leg D vs. log S plot. In rhis manner suffi=
sleni values are obisined 1o make a plof of the gage-iength equivaient of ihe fiileis vi. n

f°" ik type E.jboclmen amployed in rn- recrs . Such a pizt is thown in Ha. 4 tor the type
E snedimean

({3

L

Py
p

wese v W

thie investination, As sbes-ved "Gﬁ: *his gicph, < ch haige in s ope from
nadtona? msulh In o chana= In M~!n.- agulvelent of from 3-. h. o 8.1F in.
Th!- corresponds o a change of from about 19 po reent to about 11 perceni of the length of
the srraight taperad poriion of o typs E specimen.

=
a
Vs

1l1 4
.u"' 1

When psrforming the actual dmp! ats, tho totad damning valuss @ ob~
*alned from Ee. !-'6 are plot‘e from sxperimerta! dolii In ihe farm of a Do-S,~N diagram
":!.'.‘.!!‘:: = .:‘:.. 2 o R A ’ NI 1 ZWGS . 3T TN r.mncmlmn mnwﬁon totai damp~-
Ing and meximum test stress in the apacumen Iz found ic be o siralght line on the Ic.g-!*sq
p!c! of B_ws, 3 then the correspanding = .atiomi-ip betwaen sgacific dmplng an unit
:.iﬁsa €. Rem tha‘tome slape, =. ﬁ;e 9099%5»3'?? aq‘; velent of tha Ml % FiGy be .vg-cm-o

fiow s curee for the particulor specimen shewing | L va. log n. The sffactive volume, V,
of the ioiid spaclmen is ihsn computed from:

!

>
.g~

L e
=3 (L L) {#-16)
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) 1, ROWEVeT, the olsarved reiationshir @i L_ V.5, for ihe material belng
shudiod I3 o GU-'V‘.“-‘; Hee ong log=-log oot or b nads P o TWo ‘lW"‘" i porhom of
different slcee. then o ..,,,...Afml--, i necmuary to. determing the aoge-length 2qulv-
clart b "“ ’% ‘..%ﬂ‘d dlscussed daove. Tns way of vs‘ﬁémsug a@n N vaiue witn which (0

make the determinailon in such & cass is by wsing a secant sicps measured from the plot
d 'M D- e . im 3 & -A‘M Sasna ﬂ#ﬁ!'r”\l Anlics s tha las ua‘!n e mm tmdaw Sas I'L-

..... TESEp Vel wes T TTWSRRAT- WIS W Clegp CTWIW WS Wi iTWWY TV e

meaersmeni ot the slopo valua. Obviously this methad lavoives iome uncertainty; how=
aver, since this is an approximatios: oaly In @ zarraction to the arlalnal dete, it is theugie
te be sufflclently pracise for the surpnsa,

I
if the D_va. S curves for soch numbar of cycis: in ths stvess history of the

cacimen have dlﬂcmn% i!opo values on the log-log piot above the ¢ /eH sip m ummvhy
Hestt. than a different goge-length eauivalent for ehe filieis shouid bs sppiied for s=ch
cuive wnd for ®ach strsss velue on the curvs in converting from D, ic O, In practice, how-
avar, %% 5sac be done eniy for a few streses to obtaln enough points for sketching In the

- oo am

WYIVD e

8.5 Gnymcgl Mathod for Determining Specific Damping From Total Domp!nq for Various

:_9 Yo ‘3 Relotlonshlps
I some cases th. iog O_ vi. log 5 suive obtalned experiment=liy can be
aﬁ'ﬁ‘ax:m:md ky o sizaight iine thr out fhe rance ol itress invastigated. In other In-

siancss ke aaia muty @ straignt iine nletlomnm c.e«ly oniy over a certain sivess iangs.
Thic ronoe wuslly axtand: from the lowes? stresse; invesiigaies uo e approximately 70 to
90 percent of the fatigue atniaﬂ\ for the materiai. -For soms watsrials, e cuive jor ©

f iven stress history then curves 'i\’iiialy L-pwotd ond continues In apprsximately o stral the
iins, but of =,-m‘- Ligher i:Wﬁ ihon af the lower siresses. Ofien, the curve for sach aumbsr
of cycles in ihe stress hisiory has o different slepe. In othar Irztancss, matarlals are en-
countered for wivich the curves for loa Dy ve. log S ot GPVe o cartaln linear range, are
curvad iines of siowiy but eerrmuwsly lu&mlm slopa In stil] other casas, for example,
swvtaricis having high moansic-striction damping, the specifiic damplag vi. eiresi curves
may even display a pronsuncad plateau boyond a cxrtaln stress.

in couss whare ths log slops a Is constant throughout the wbeis giroes rargs;
then apoclﬂc domping vaiues may be computed irom the axperitents!iy sbiained iotal damp-
g | valuss by the use of Eq. B-13 mlc‘!mh!pu are required, howwor, for the conversion

of D, #0 D in the cozas wh:-:e ™ % Lo ¥s. iog S ..:a*!r-*s%a!,, (H apamm-mud By iwo

ltmlukt linne af diffarent sica !,',“.’

cress

sitess but ther: hes ex inc recsing va
insiances is given below.

Sma &amm lv-s

-l
WS Thee TSNS TEN TeaT Up 8 & camain volus of

of n at the hlohor n've-fes . A methed for uze in such

Ag pfovlously oxplained, the total damping In o member subjected io reversad
cyclic siress !s glver by Eq. B-8:

5, =Jo av = [ £Lus

Ear oqr'; ke a compressar blode bcvmg o comnllzotad strons distribution,
3 ume=stress function must ba deteimined fiom deu;;ﬂ deta wnd | icading informatian
Of by Sirsci macsurements. in thase | :mtance«, ﬁg, In the uquaﬂon above, may be henuied
g;ruph!ce'iy. Far the cop of the rofsiing zmnﬂeve: Saw, however, mm oxprsuia'~ for
t2tai damping & fer e maximum 47535 equai to I was shown | by te. 8-% io wes

T
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o

[z V4

a,,z;rj DS ds

Whon T cen bo exaosxed @ o simple mathai. tice! function cf the streem, ther no dif-
fisuity is ancounterea, for m"!g‘e“a“wd intagration 15 poesibie. For tha cases to be
conslieied now, hewzvar, T can rot be expresed a3 a simnic mathematicai funetian
) ts-d the lmv‘gwl seanot be eadlly evolusted mathematically. #: alternctive
groghicai srecedure s outlined boiow.

vv"h Nf'f.ﬂ“?@t’lﬂ. ‘5' ' DA?I » ss-'oqa'q ne GM D'

Da; Do, -:.c.c00 Dy, are definod & c??ic valiog o?totcl dampmg cmi‘ ¥ D’e, e
spacifie damping energ gy, D, u-.,ri@?lvouy, i the spcific sirsssas, 31, 59/, 83/ civeess- By,
ineny D vs.. 5 ulcﬂomhip, ﬁ linearity may be casumed up to a coil

cm stnu S:, this
strass be!c sslected iow 2r to moke "M... error ia thls csumstlen | fsslgnificent. In this
OL- = -.

range the rslatlonship botwesn spacific damping and stress is sarisfied by:

= 4 5

iam
.

‘Tae e-—:...—: # of the D curve in his range is identicai re that for the D
curve, and the specitie damping values may be compuied by the vse of & €q. B-13. Eo-
yond the atress ere the % =z lnearity ne longer oxisn, the dats satisfy o different funetian
for D and Application of Eq. 8-13 Is na ionger valid.

For convanlon 5f ths 0y data to D values beyond ihe lnss: rangs, consider
the foiiowing. Using tim noiation in Vig. 15 and appiving Eg. B-9:

2y 2
- - o - ? e.an
Dc&i = ', eo.i § dS (5 LKl
S.f—i do
g S _!
L7 r;‘- l'Q
£ H £ .
8 = ...3,2! { Oy 5 dS *J 10, § dS (8-18)
02" 2 |l o s, ' ¢
4 lJg 1
I i
in the NOVG wmﬁom s it wsed to 6umnc'a 0 funetinn of etress Sare e mad D
i wsee o Iesignais o differeat funciion of stress fors, g 5§89 Then upoa winﬂ.o ™
the vaiuve of ine infegic! from Bg. 2417 laic £q. 5-18 thars redulis the raiciionship.
vi 2V S's
D ,-.al D - .-2 f - > <« ds fa=t%)
02 " T2 Yl 2 1| | i we Ry
W S
2 24 S=

|ll G le'ﬂl ‘ﬂ"’dfﬁ’!ﬁn ‘ﬂ Whlt‘!‘ ‘L“ gw'ﬂnrnw;m- ‘l

wmsume, w!’h«w@ s!gnsflc-m wreor ﬂ‘wt, ovaraz mall Ine nerement in sirass, O has o siraight jine

relatiorzhin with S va a linesr plui, ihen the integral of £q. B-19 may be reducsd as shown
low. Faorhis dcumsion, refar 1o Flg, 15,

7 vamil csemecale
22 2re small cnough o

'

v ™~
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Py
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H 332 $ 45 = mamend of anee under D8 diagres batwoan S' ond 52
J X about n!:cu sriain,
- s% )
j -
/D +D #s +3\
\ \" 2 )
2 /

a : )
2(D 5;-D, s;)
Dyt 2 o ~. Dy

VA 54§ ‘ (20

This egquation then may be wed to dateimine tis vailues forDy Ir ihe stress range beyond
the reglon of ‘m"i'hmlt: linearity as lllustrated in Fig. i5. 27’50 smeuof ths !...srvolﬁ_‘

the mare masurata is. !a 2.0 Having ampomnad B, 1 thon ;a;s“.i” to datarmine Dn by

OM sune Oqzmﬂqu, Tthe 04, sis., @& indicatad by the aenaral amuntlon shour fov | ;’2...- "

wews vV IR *WTE

infig. 13, This steowise Procats mae B checked perlodicaliy by graghically Int i
L l?m-m o !nn_l!a;hd by 82 8.9 4 porios iy By g7 i 1y infegrating

Tho.moduius of slesticivy, E, of the test spacimon materiai is direc:i iy pro=
pertiena! to tlio riiio of the effactive mamear mroducing ioed, P ein 8, 22 sh3 yerticai

dof!oct!en, U, o= dsfined previcwiv. Thuss

1%

c.l

-
msem
"

g‘ch

m

"

I4m s an
o=s1)

The sorsiani, C, depenc: on the efisctive specimen imzm , tha moment of inertle along
Its length, ond the location of the contar of gravity of the loading wolpht + P. Since

ihe specimen sirexs T2 2rcportionsi fo ¥ sin 8, the maduius may alse ks exj=emsed as:
€ = C! % (?‘_22)

e gp mmm maab—a b A B 7. AL- N

2 WS o I cwIwey TNy -\'.n‘ Fll"l P @ Slvw BISE® 1% Buteraey ‘\““‘lu A‘
-!utlclfy, €,,¢ Wherem i the Deam is roioting and recsiving cveiic strass, then tha modulus
oi elmticlty celrulcrw tvom U is the dynamic value Ey,,.

The Annetant © wmnu b :‘_‘Q-mf..-_‘ e su-..- P17 7 St S N 0 G S ST

e = mee i we =il NG ivw e\ wwmisrmiees 1200
o¥ the clastic daflection curve by the doubia Integration me ......m. {b) cclculstion of the
maximum acflection by o gmpn-cm momeni~area mathod, and (2} sxparimartal detarmina

tlon «f :li. bvuiuunn fv- van omfil’i’l"ﬂ I-"G’ ta 7“9 sftari of an actual tast O ?!'.L,‘;‘:';’, ??:e
SRPTT iwGE e o proves io be the mosi wash vl -

» The doubie inftegration method becomes rather tedious ond camplex for certsin
thepes of specimans . it provse e he (oo !er&g“‘w fa: peactico! vze In mast coses,



IR | SEE:

dlacussad in Sstail in the Appendix to
A -

. 'i a2

Ths craohwai momant-area methad i3

raferoancs hn'ﬁ fn veaina thae .-nm".;:«n Zasani=t=t Lio caathed 1t s s

ey e =3 = 5 avee ey BINZ
mzﬁnmoiy sccurats mocsur m-'--is ba made of specimen dimenslane, slnce tha cua
is criticaily depsndent 2= ths specimen iengih and dicmaters.

E.

(it is mom accurata, tharefore. for most types of spacimens to dstarming the
corsiant 'C, which Is emsenticlly a spesimen stiffves constant, b expairimento! methods.
Two wch nmisodu have becn wccmgiiv used: a) es“- rmination of the naturai frequeney
af vibration of the mecimen-exieniion cim systam during a low stroes viheation decay ot
gner to starting the eyclic siras test and {b) @ermimeian of the defisctlon curves for smaii
strassms before the cyciic stress 23! is started.

Tho defiaxiion methad is f:;;s.a-:’. svar tha vikratlen method bacause o zaee of
epplicetion and reilahkility of rasuite. For a determination of the pecimen consiant by thi-
mathod, 5 demping-fatigus specimen Is sei up in the jesting mchla\e m the usuai manner Sor
ad lc test. Before the actuai vest is started, however, rsudligs of veries! daflection
Gt tne taiest are made for various angle sattlnas up to strawss of about 50 percent of the
oxpoevgd tatigue !imit of the materlal. These fasi: may be performsd on a non-ret=tng

2si=9n or on o roiating specimen, for In the meterials lw--uﬁquud thers i3 ne dsiscrabl
1ffmrence hatwoan tha etatic zad madyll ia Mo i e

ool
VN -‘"" AT

le haw the mi-‘?%ﬂ "‘*ﬁ’lﬁn !l')w'v nn\u.vnr b iz
in the amall diamste: seclmzr} which Introduens run-ous in !he .shesquem Gy‘:%fﬁ! ’es

i
4.
rm

1!

When the vertical rergst defiection m sadtings are plotted as & function of the sins
oi thy teble anais, the points fall ane stralght !ine. it is, therefore, nlm‘lvcly easy
astablish @ curve with @ smaii number of poln%s. At a convenlent valus of the sins, the
&tiib"ﬁ‘; is racd fl'oll‘l the curve. Twa carreciiona .3'.:!“ he mnnltad oo abt. s ..___,5-._._-

The correction cnﬁaa sheuld be cdded to the tabie cngla o ve tn.a Iecdlng aﬂqloﬁ’ '
discussad In iha ssctien decling with damplne. The sece ":'.‘ serrection i roqutred becavis

of the fact that the dofiacnaﬁ = memuisd Includes not only that dus ic bending in the
epeclmn buf qlne that dua i i' iy in tha lelnts, In the extension arm, and in the #i¢=
ing tabla ltasi?. The m-«.s-z!i:-_‘ iihration corraction” for thess attsr factors Is determinad
pricy to specimen testing by mcklng dofloctlon 1823 on & glven machin né v with g dummy speci=
men mounted in poiltion. The defieciion dus io e joints, em, ond tabie msy be isoiciec
by wbtrocﬂng from these dafleciion readings o calculated dufluciton at  ihe targei dus io

boundlng in the dummy spec_!mn. hm, aftss < correcting the angle and correcting the caservad

low sivess deflection .'aadirms. onstant, Prepertionat to a spacimsn mgg}e constant, may
be obtalned from: .
SRR
C, =24 (8-22)
sin 9

The subsciipit are intended o indicate tha correcied values cbtained from the low strea
d.ﬂ.r*!lm taed e san tha --A...I Dinal ol o

Ve ———— -U\ TIIW WTIWEST LD m‘.llmlb .

actual foik; s gt s "i‘vaf ‘a..l« Ik R uu'u.i‘s uﬂ g and a c«orrac;tecr Uisese iR

s A ZU o ¥ test tast =

Svsiags dynmnic weduius of elasiicity may then be o..—arrﬁ.'!eg from each observa:ion of

vertizal target osition py substitution ing i
sin @
s et (824
Eda CZ LS T
et
39
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," ii n i!..' o \ '
shg ) -25)
Edﬂ \\ \39 sin “3 /' Uf:‘% (8-25)
N C3
E&‘ = .i,.i:_ (3-26)
= tast

Sinco the chvnﬁﬁ in doﬁocﬂon ...\..,-v"lly sncounterad durlng ths course of a
test w a glven ¢ --ma angle ora, in ganerai, imufiicient o cause on a;:prau chie change
in G.i sif 2f ke facrors grouped In brackei: woove vy Be comBined 1o @ SoRSISRT
Cg, 7 ' fvat o :h:gi. divielon sufiices tc senvert fram ihe vartical deflection meusured at
a given Rumbser of eycias to the camspon“lv-e dynamic modulus of elasticity value.

12 should be poinied out that the dynamic em..-ll values obielnsd are secant
vai sew ﬂlm they are datermined from maximum strein recdies such 25 1huss comrespsnding

i) 5«;?&‘“ A in Fia. in,
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TABLE i -~ THEMICAL COMPGRITICN PRSDUCTION, AIND THEATMEN|
P 1 i
~Nems of | Sourca Chemical Lomposiiton, Froduciion anG Haas jreatmant
Mavi=sig ser cent
Sandvik | Seravikens Jorn- 11.02C Cr, 0 0.98C, O.TZéMn, Ho2 rolind bar stock, 1 in. hex
Sieei varks Aktiebolag 10.24Mo, 0.2251, 0.014S, 1of ucid open heorth steal. Norm:
(N} Sandviken, Swedenl$.028P, “.Q;....., $.GINI lolized be rasletance r*siing e
(bai) Fo 1905 F. Cooled In 3l alr,
Sendvik | Sandvikens Jerm- |1.02Cr, 8.98C, 0.28Mn, iMo! roiisd bar stock, 1 in. hex,
Stee| verks Aktlebsiza 10,24Mo, 0. 225! 0.0143, |of acid u,,-em hearth stec!. Heat~
(&-T) | Sardviken, swedcm().um 0. 02Ca, 0. OIN!, ad to 1903 F, =usnskad ! ot
(bai) Fo et 1515 F (15 minvtes o heat) .
Drawn ot 1075 F for 1 hour.
1020 | Crucivla Steal 0.3100.8Mn; 0,152 Mot relied bar siosk 1-5/8 in.
Sizai Cs., Syrecuse, 0.25C, 0.035 {mox} 8, diamater of slsciric mnod
- &= 2 1Y ri .
New York .45 {moxj ¥, ibal) Fe steel, soeciaiiy contralied for
unlformity and clemnling::,
N=135 unlverso- Cyclops |21.7Cs, 19.4Ni, 19.0C0, |15 .5 ligoi hommer csgaod to2in
Alle Stesi Corp., z.70~’na. l 90W 1.74Mn,square . Railed *o § In. rounds
m:d!.v‘eglw' fn‘au b‘olwn’ an"° ) p-ix G? -‘i‘:‘v‘:‘-%—fg .F: wut.f
0.14N, 32,1 {dai} F= guanched from 2200 F . Aglrns
traqtment - i~90 For 18 hrs.,
air conied
o _
-
Cray ; Stmaigni Line 3.0, 2.4881, 0.75Ma, [i~1/41n. x 20 in. reguiar arb!-
fren Foundry & g~ 0.245P, G.i335, 92.758 tretion bare o o: .—:e.
I e
- ﬁz-«z--' s W !
45-T4 | Aiuminum Corpor- |{4.20Cu, 1.46Ma, 0. &Mn‘lﬂc..ad bore 1-1/8 in. dlometer,
Aisminum | Giion of America, 10.30Fs, C.1481. 0.07Zn, Isolution heci ireaied ai 715 F.
i i New Kaminaron, [G.02Cr. 0. 0ZTi, {kal) Al | '
anmyivcnio

Dow Chemicai
Company, Mid.

land, Michigan

Cu, .005 (max} Fe,
5&1313

{ba!l}

41

7.2t0 5.8A1, 0. 410
i 87, -.03’*&*x§ St
0.15 {min) An, .05 {mo>?

D, I—

Uﬁed Ve lllii Cf)HGl"Oll,

Exirudad burs 1 5/8 in. diameter,|
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TTavee
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