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1 nn:'nODUCTtON 

".the phUc:u101ht.~a1 c nn.;::ept cf the funde.mun~al unity ,,f na~ural ph«uiom 

ena h t f,iut iv quirin1 .,:!fJ;Htrime<n':a.1 suppoPt ir£ tbe fl>tutly of the de!ormadcrt 

of m.tal~ On the a tomic l•·.r~l tbe mee anismo by wbkh metab defor l1 

in eta tir: \oadh1a <:: .ree!p and fatigue ;a re identfoal, but thcth~ 1ir<uJ off ect in 

a r:HH.~~ni ml <eu d~penda on the 1THH1y hltt'~related g"ornetrieal. and tfa'lft 

d pendent v riab'le!i chlar&ctodsUe, of the teat. 

$till pbenorrHIDl'.'J}Ogieat El\l'idence <>£the IJ(.)Z-~ Obtained in A !t!tudon 

teet tnf).y be expe .. ~ted to gi•-e lnh.u:·mad.ttn of a b;ude nature U tbe \fariabiee 

tn !.t*aHng tn.·e rr.intri~h.ed. In the pra1ent work a deforr.n don modol is 

as1n.u'.ned &.$ " foundation upon wbkb to t:C>r"relat • the eifett1 n! ttt1lii e aud 

c yd k foa<hng 

'lbe m~cbBnieat i• roperUci:t of u .. ;wium. ~J'e of paJ>ti ~·u .. a:r inter~st 

eince lih lhe tire_, of wt•iHng the ~c1>nomic qt.ill fltfon of uranium ae fl 

svlh.~ tu.el is HmH.,d by dhtcn"tion {'lf the fuel eltiun~nu , lltlbith MC:<HuHt~t._,• 

cxpe1uuve t"e I':>c:ttssina; aftc1" ii;bOr• i'.l:'rt1.dhi1.Hon ilmes. 



1. .Loads ,tpf ,l;JQCb em.au magnitude tut all cry$tallitee plWi 
all inter .. ceyatailine ct.11atto:r a.re 4Yd&tl!!ti~U1• &t.1'airui.d. 

II. ElaGtic d.$forn1aUona ot n"l.o,st ot, the c1>yst~Wtelh accom .. 
pamed by plastic Wor1i1aUon• of c•rtciu patta ol the mate:rb.l 
(either cry•talUne o:tr iu.te:r,·~•:JtV'•talUne matt.~s:) • .tand coupled in 
such a \v&y that upan ualioadifts the '"'"·'.:.bnen. pr~tke.Uy l"1.u1un1cuJ 
it.e 01riginal tcrn:h ,~cni•ider~d in bulk, iu •pecimen eU.11 be-
~veo as p•u:·lecU')' elastic, ~lt®'*gh an elaaUc dter•Cidfect may 
·be oboerved,. 

lll.. El&eti(t delormati.,ru~ ot certain lt:l'J&talU.tci:a, ag&i:o Q.(; .. 

companied by p!aattic ddor1;;tatl11n:u• bi oth,.r p&l"le ~£ um matedal: 
'but wit.h the latt~n· p1tepcmdoJ'ant to au.eh a deg'f'e~ thial upon un .. 
loading the ela.atically attained cry11taWtcu1 bavci aot sufficient 
power to brin1 the· 1pechile:n back to itt or,tpaal fo:rrn.., .Hence a 
peJ"rnane.nt ;et will be ob•«n•vabte abe bi the exterior- form of 
the sr1edmen. 

JV.. Plaudc de:iOifmAtlotllt oeetlr to au.ch A d.egr•e that tho 
elatdc ~lem1;s1t• QO longer !orm •tarou1a .. eonn•ction1• i:rotn 
~ end of tb.e to•t piece to the other of Guflieiont etrengih t.o 
w.i:t:bst.•Gd the load.. App1'.ateiable yielding tteta in •. 
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Tho epnnaa Band B• repreuent the ela•tU;ally atr ined bulk o o 

epecbnen. A repr<lteents A pbuitk ap-:>t, a.net C represents tbe elaotic 

action ol the plastic region and its hnmec.date •ul'r0Ulldtn1a. Aa alternate 

load• are applied to tbe moocl, the pl••tic region et~ain hall'dens and the 

amplitude ol the plaetic t:rain dcu:rea•••, "3.pproachina ceiro ht a geo ... 

metric progrerud.on. "l'hUt> the maxim.um etreea that can ~ developed in 

region A ie limited; U ihe atl'eae at tr ctw:o is leae than the nuudmum 

atreaa, A i a and a era.ck fof'mo, if not. t.be eyattu1' can witb.ita.nd an 

ind.4linite num.bel:' ol. cyclee wilhl.>ut failul'o .. 

'rbe analy ia described above neglect• any Bau.acbbiger e!fect in 

A, eo that an element of atr ui hardeniog oc~uu• with e&~b strews l"O• 

vereal. Thia i.s hi diaagreement with the r•oulta of ordinary axial ton"" 

idle and compl"eoaive test.a, auch a.a ·those podormed by Sacha and 

Shoji (&}on bra.01 1ini;le cryalala a.nd b·t WOGlley (7) on p<>l'~cry•talliue 

copper. A.:eot'dina t~ :&anett (8) tho occ::ul't"encQ of a Bausching•lf ctleet 

·n polyc:ryata.11 e m•ta1a c-an be aacr-ib d to the t>eeidwd &be•• tate in 

the inetal after the first load.ins cycle:. 

The t'elation o! hyGtereais to fatigue ta di:ecu&sed by Oo~gh {j) and 

by Cazaud (9). In •ome m t l• a:n initially 1arae loop ocHatllcHt with 

eye Ung. appitoaeb!ng a stab lo f oa-rn, and !racture doe a a01 :oecur. though 

the loop ir,.y have coneider blc at"e&. Uthe applied .trese range b too 

great, only a tf'ansient dect'cHuae in area occ:u11'•• how v•r, enc<: eded by 



• ria l a foi- U n 



tt waa found tha.t i.f the tram1iUon were n1Ado at low •tl'&ina to a higher or 

lowel" r~t~ the altered cut>Ve u~nd•d to con~orae with the cu.:rvo which 

would have b•en prod.~ced by de!or~:nation at th~ e:eeond st.f'ain re.le: 

a.lone. Tbe c~rv•• did not eon.verae if the trattl!liUan were m•d~ at la:rge 

atraina, however. 1'be autht>i•• concluded tut the large.- ttll'cuuuuJ ob-

tairum !or a given strain at higher- strain ratos are due to the aecumutation 

of exceas disto.l'tione and that th• ata.bUity ot tbea.o distorUtuia lncreaac.t 

with •h•aio, ex,plabun1 t.he failure ul the cuJ"ves to converge. 

Thi• work lead• to Che pi-eiumt view that &tl"tUUJ in a monotouic 

tension teet is not a tunction 01:lly of ttl'Ain, atlJ.'ain re.te and tempcn.·4t.ure 

but le lnilll•nced 'by prior litre.in. hl•tory. 

Ur&aium in the alpha phase, ii unueual b4,u.:&u.t:C1t ct !t• o-.t"tbQrbombic: 

~•yatal &t!fu.ctu1-e., a lattice: al lower .;y.nu-ru!tli'y than tho fandUa.r meta.ls, 

which ha U etui~4 by Jacob (14) to a de10l'nt$d ~xa.gonal ~losu\'-•p&clted 

structure. Its etl:"ue>tul'e b unique, in that two o! tbe fou~ Atom• of the 

unit ceU tend to form. covalent bond• Vt•it:h ueigbbol"iog atom a, uo th&t tbi= 

•t:rucb.u:e ls nut wholly m.etallle. ln ftv.ldition. QrAAium <t~biU: am.ieotropy 

iu many of it• p·hJsical prapertie1. particula.Jrl.y tMrrnW. expanaioA (15). 

Cahn (15) ob~ined coa.r.s"""l".rdned metal by rocJ>y1talli$ta.tion after 
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'I'a.ble l i• adapt411d from data prcuu:nted ln the Ha.ndbook. r o analyeia 

of rnpu.dtie• i• .1iven, altbougcb carbon c:ont,eat ese.rt• a cor:usiderable 

influence on the tn.ecbanieal properties oi ur•mum (H). 'I'he duta re .. 

p().rted arc !r;)m dilfet"•nt lola, presumably. 

Ten.sue t<Opertiea for \U'aah.un, ;-,h!termined a• aa average valu !or 

six eyelet a.re pre•e.nted by Le""i& (11). Sin<:• the •&n1e m&tt:<rial '1.'38 

uaed in the pree•nt woitk, theae proportiea 41'1' listed under Matel'lale 

and Jo.pparat\UJ. 
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'11. OBJECTIVES 01'"' 1NVES'l'10A TlON 

Tbe objective of tbc analytical invoadgaUca waa to de11cr1bc the de-

formation ol a polye•y•talline metal under static~ repeated load• by 

meat.HJ of a mechanical model« 

Tbo puJ"poae of the •XJMrirnental work watt to gain, insisht into the 

tundamantal pr-oce•••• wbieh 1owrn the deformation ol urauium under 

botb eta.tic ud ~yelic:•l loadin&• atld ta detor:o.\'lifl>:.e the applicflbiUty ~ the 

theoretical model to the ddormatiiCtn ot uranium. St>ecUieaUy, .bs{ormatian 

wa• eot.lgllt c:oncernin.1 the behavior of utanium under reverted and t•-
peated loading. and the elied• of strain i-ate aad of reeting. 
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STRESS - STRAIN CURVE 
THE ELASTIC ELEMENT 
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Fig. 4 Action of proposed model in reversed loading: 

effect of constant elastic limits 
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foUowa frorn. th• natnre of the model and d.01u not :rcqW.r"' the dditio~l 

a.t&tu.i"llltion 0£ th4'rnud aoftenin1 wbi.;h ia nece11u;ary to the .&piJUcation 

of O:r<lwa1'.J'• mod.al to thi• ph.enom.eaon. 

It th$ cla•tie limit of the wfl:laker elca.~u~t ln the two-eleinent yatan.l. 

.'Gecri.'bed above. i!il aU0<wed to vary. pronou.n~ed ¢hanaee occur in the be.: 

ha.vier of the •Y•teni.. Fta. S indicates the 11beJo .. straia di&$J1f&.m for the 

model U th elastic limit ·£the wttakel' element in.creaeea (aolid Une) or 

det:reaso,. (dashed line). 

in the fir•t uao the loop ua.rl'owe rapidly. eon.versi.ni toward the 

lints de1cribed by the elaatk: 11.)edrtHHl aa a UmU1ng form.. A stable loop 

la evidently iu:;.po•s.tble in tb.is case. U, on the other hand. the elastic 

limit of th we&kei- eltu:nent decreao4H c:;.;.ntLn:~aUy, the weaker ehu11ent 

approa.chea a pul'ely pl •t.i~ situation. th average loop lfhtmus. toward 

the en:ain a.&ie. Tb.is occu.rrenee of thie bcha.vio:r in a pol)H:ry•talline 

metal i• deacri.bed by Cauu.d (9}~ Stnce a r.egatlve elA•tic etreagt 1at;ks 

physical eipifiea.nizo tho . ecreaeing elastic lbuit may be aaaumed t 

approach =tero, aitov whf.cb a eometric a.p~ro eh to stability occur• a.a 

Ulust:rated in '"'ig. 4, where a. corurtant elastic Uulit in the woa.kel' n1einbe1 

VI e Q.8l$Ul'.'i"t u. 
Slight cban,e• in the elastic limit. of the weaker member may th\us· 

alter tho behavioJt of t.he model trer.nel'ldoualy. ln the ca we• where the 

elastic limit is c-.>natant <>t: graduaUy inc.-oaaef tM d layed fracture 
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STRAIN 
Fig. 5 Action of proposed model in reversed loading: 

effect of varying elastic limits 



cha..-actedatic of !ati1ae will occur \vhen the maxhnum te1H.iile au·e•• in 

the w•a.ker elemeri.t bafJ risen to the baeture valu•. lf UU.tl valu.e !iQ:& 

wlthin. tho limit.in& in.c,-eaea o! •t:re•.•· !"racture doe• not: occur au thi11 

cae• if the :fracture stros1 ie g:reatel"' than tlle Uinitioa inc::reaee of 1Jt,re1.H. 

In aU Of the precedin,g ditn::uiUfiOC the mod.~1 WG.i; iU!t8\L'Ued to Oil 

brought tD equal strains in torudtua and c.1;1mpJ"esaion. u. on ttle other 

band, the mr.ldel ia b1"ou1ht to 1U lliAmO total load (and. average stra1u) in 

each aenee the increaitiiaa plaeddty of tbe weadu.tr murnbel' and corrfuipond .. 

ing dec.reaae rd the aw;~'l'D-B& •tre11 at a ,givort strain mu.st be <:01.l."lpcuun\ted 

by incre~utin,g atralru,i ic order to 8\lpport the load.. In tbh <.UUUl frattu:e 

may oec\U' ~V"Ofl if the 11la.,•Uc UmU: of th" we~kor elEtment ce<.i:etuve», 

but could not oceur if tho yield point. is con~ta.nt, oi- b1crtta.eoa ci.:m.tiuuQn&l)l'. 

The tn.bdd's beb.avhu· undel' repeated 1oadins, not iUtuiJtrued here, reveo.la 

tbe pl"eaenee of a hyetcureaia loop and a pl'o1:res.sive l"eduction ol lo.op 

area with nun1'ber of. toa.-0.in; eyeloe. 

ln •um .. mary, a model whi::ute elcu:r.i.ents -.rQ alraicefd eq,ui¢1.lll' ln r•-

aporuiie to egternal loade exhibit& c~.d.ain phenomena. <::h.cu:acterlatk of 

tbe d•torma..Uon of po.lycryatalUne metal~ ia &ta.tie ~nd eye.Uc loa.dtns. if 

the elastic utr• fith oi itw stro:nger rnem\H:rs is not e~eeded. Thtt&o 

phenor:aena inctudc tne itl'~l.UH•&t:r.ain ~urve, tha «11hutUc dtel:'·ellect. 

bysteroab. the redu.ction of loop area with ropeated loadicg. t~e 

aau•chingqr effect, ~nd fa.tiau.o faUure. 'Ihe: analyd• ta idmU~r t~ that 
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followed by Qrowao io bis widely known •Theory of Fa.tiaue•, but ditlel"a 

le &everal im!l<U~t~u1t tt.esumptio'1a .. 

No attempt ha• been made to correlate the action of spedffo parte 

.oi the model to tho behavior Qi the atr-1Jetui-al elements in a po1ycryat41line 

metal which operate in defort•)&tlou. ~oreovel!'. the anal.yd•~- been 

treated a.s a problam in atattca: the time-dependeru::e ol plastic flow m.a.y 

dominate the procecH ot c.leforrnation ic t:a.aet where the )'&\G of straining 

it c:onaidorabie. and the incorporation of thie relation•hip in the action 

oi the model 1'ml.y proVid~ valuable hlaipt into the ineelanlama of de .. 

(ot'm.ation in meta.la. 



rod and hea,t treated la the bet& ~ilnlJe . Tbit ma.t.eJrlal !a de scribed by 
/ 

mato1tia1, from whicb lb tollowhtg d.tt.ta WfH'e obmla~4: 

Modulv.1 of Ela•tidty (averaga valH ior e:la tonal• cycles): 

revolutions) at t.botU 19,,0:CO pill.. Tae data 11h.owe- eonold(trablo ecatter. 

a.net it 1m bnpcuudble to a.aeertain it tiw endm:"an.ce limit to.- an iwlnite 



afae. The apecimene w•i'• 2 '3/8 incboa long and '3/8 inch in dia.meteJ' on 

the ends. w ch w~rc threaded with 16 th:read.a per inch.. The t!educ d 

section of the •pedmen was r.f . ?SO inehes in d.la.m.eter ad 11/Z inches 

long.. The proportion• 0£ this •P"dmen are eub•tantia.Uy thoeo rec:om .. 

:'!Ondo<.t by the A._s. T. M. !or co:inpreaidoa teats. ao that the epocbnen 

was adapted to reversed axial loading. 

B. Appar tu.s 

A 60, OOO~lb. Baldwin-Southwark univereal testing ma.cbine with a 

Tate ... J;mel'y lo indicator wae used in the te•t•.. Only tho lowo•t load 

~a.nae wae used, fo:r which the manuf~cturer•e eotimo.te ot accuracy is 

O. 2 p1u; ~ent of full •<:ale, or ti! poun41. The <z:-:uu-:bitte waa equipped with 

a miei-oformer automatic l.oad .. atrain :re<:order lot" u.•• with the Micrc; .. 

fonncnr exte11eometer, an indu.ct.ance strata gag• witb a one .. iiM:h 1a1e 

lenst}l and a inultipllcation ratio of 10(.Hhl. The amalleat strain division 

on the recordtn• cha.rt represented Q. OOQl inches, and nra.in incre nt• 

e;f one tentb We valt.io e;ould be o.tln1a.ted with aecuraey .. 

R~aiatance (SR ·4} strain as.,• were applied to several of the •pee~ 

irnen• to provide more accurate atJtain m aeuremcnt1. U•tng a Bald'«fin 

atrain recorder •train b;\cre.uionte of lv microincb.ea could be read. At 

att"aiu ratee ar atcl" than about o. 0005 incbe• per inch ,_,. minute tho 

Accu:r,cy of the meae\u·ement !a lb. ite by the mabillty of the operator to 
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1\'oad the inttzru.ment. 

Two apedm•tt1s woi-o aubj~cted to cyclic l<>ading usin1 both tvP•• of 

1a1oe, the strain 1aae bein1 mounted 90" flf'om the gas., lenJth 11;rewa 

of the 'Microtorme• eltt4nwomeeer.. For epedmen B-ll, the 1tl!'Ain to the 

l'\".UUdm~"'n load of tb$ cyc1• wa11 the same tor ea.ch devic:e. but the loading 

&tld unloading curves I.or the reeiatanco atrai.n ga;e data lay within the 

loop dote:rmined by the Mtcu•oio-rmer, and tho loop area waa 6. J per cent 

le1,s. The dWeYence11» were greater fo-r the second loadbig cycle, the 

loading 1train mGaeu:red 'by the SR ,,.4 gage bein3 8, 2 ptH' cent ltU'SOl't 

while tlw loop area wa.• about 8 per cent Iese .. 

·The differeneea in l'eau1ta are pr()bably due laursely to unequal 

atraltua around the cbcu.mfereneo ot the epeelmec. lmtial con1p.reu1u1tve 

1tra!na at 1tre1u~ee up to 4, 000 pat wore meaawred with a resistance 

atra.in aas-e OSJ specimen lQ!4 during the fh'•t tetu.dou cycle, indicatin1 

that the specim•n• :nay have ba4 eccentric loadin1. The fact that thia 

initial comprcuuJivo •train we.a removed at a relatively lo.w tatl'tUUf in .. 

dica.tea that tbe ec:cel'atri¢U:y ln the imtiai. foadin1 eou:ld not ccmt..ributa 

all of the oluuu·ved difle:tencee in •tl'ain and tb'lt these differences are 

lat"acly due to the inboinoaeneity of the specbnen. 

Sku.:e th• JitliGJ-o.formol' extenaometer meaauee tbe a:verage of two 

diametrically opposite 1traine,, thh elfect i• largely compensated. A 

further !ndicatioc that \ttlequ.al plastic etrain• may oecu., i• the fact 
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th t r loc n th exten om er pr due: con 'der· e ch e i the 

r of t e hy tereei in a rep ted lo· d n t st. 

ln order to cure i 1 loading in compre aion two adaptere r 

achined from lo -carbon t el. These ad pter• are cylindrical. l 7 / 

inch in meter nd 11/Z inches in ·ght. A 3/ i ch h le l nch d 

as drille in one f ce nd thre ded to rec ive the sped~ len. bile th 

n was l c din he lathe to inaur .-erpendicularity betweea 

thi end nd the xi of the apecime . The specimen was thus loade 

throu h th tbr ads nd it w s ot e cessary to face the end s of the 

sp cim n. 

dial age a u e to me ure ad moveme t £or l r e l tic 

d f ormatio s but t e olong4lti na mea ured in this w 'I were un• h factory t 

as co siderabl lost motion ia ree nt even at large o da. er pe du 

to th edgin action f th grip . h re the s ecimen beg to 

yi ld wit little increa in oad this effect may decrease, but no me n• 

of c m ari oi r availab 

'fhe icroformer exten om tor w found to me sure eompre sive 

str ina eatisfactorily. 
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AU oi the t.eeting wa.e done at roon.1. temperatct1ro and at oonetant 

etr in r .tos. The atrain rate wa.a r.tlCH'loured by Umlng t.be rotation of th 

ior the f;maU.eet atra1n interval on tho chart (U . OOOJ in. /in .. ) to paea 

At A 1train rate o! O. 00i.)'.) in. /in. /min. , the variation io rate over 

aueceaeivc strain interval• wa• lee• than + 10 por cent. while at the -
higheet rate of strain, 0. 0060 in. /ln. I mb1. 1 relative error• of ! 20 pf!~ 

cent wore probable. Th4!) error in the aver ae si:rain rate over tbe t}n.tire 

the loading cyclee were performed at a etra.tn rate of O. C.H.l~ in. /in. /min. 

to maintain accl.lracy. 

breguladUee wer obacrved at time• le the initial parta of the 

loa.db1a and unloading curve•; whether thia was due to faulty technique or 

to butt motion hi the mechanical liQkage of the extensomoter wae not. 

aacertained~ The beat reault1 wore btained when the 1.aao •crew were 
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lb/in. 1 in tlle ene:rgy determined. Som eubjectivo ei-ror could not bo 

eliminated, however,. and eca.tter in the da1Q. are probably due ha part to 

Tho enorgy 3toied olastieally in a l.oa.dina cycle ts likewise equal t\> 

I 

the line representing tbo maldm.um strain a.ttd the etrain itxia, and was 

the origin of the lo&d•etrain curve cbtaiaod with the Microfo"mer r corder. 

In addition, ur n:tum doos not cnibit a definite proport.iona1 rang • To 

obtain a. :i:nea.eure of the rigidity of. tho spedmen which was independent of 

tUee lactol"e, a secant modul1H bt the load intel"val from 250 to ·1so lb. 

waai arbitrarily clw1Gn.. 'l'hi• corresponds approximat~ly to the atreet 

interval l:rom soon to 1!>00() pai. The secant n1odub14 J. a tbt!' slope of the 

so•osa increment beina divided by the train interval to obtain the alope 

probable orror ia dC'termil'llng the elope wae about .., • per cent. 'l'a'ble -
4 ehowa the •cattcr obtained with a typical t~at. 



Vll. EXPERIMENTAL RESU.LTS 

Tbil"teen specimen& in aU were teetod UM<'f' different conditions of 

loadin; as shown in Table a. The data preaented were obtaiut1d !rom the 

initial loadin cyd~. Con•iderable dUferences between speci:r•len teated 

under the 1a.rr.1.e Qond!tiona a.J'e obaerved. Spech.nena 10. u. and U 

illuatitate this bregularhy. Tb4 variat on in loop area (etoJ'ed eneray) 

seem& to be c:orurlderably greater than the variation in the unloadina 

curve., reflecte in tho elaetic: ellergy; tbia io confirmed by other invoe .. 

tiga.tor~ . Specimen• u. 14 and ?ta.re Crom a. 1u!!eond elug. 

The energy p11.1•ameter s are not given !or specimen l becaueo of 

difficulty with the extensometor.. Similarly, the va.luea o;{ stored and 

ela•tic ener1y tor epo<:imen 7 a.re liable to bo ln error. The 1'fleet of 

irre;ularltiea ln tbe initial pa.rt• ot tbe loading and unloading curvee i 

relatively great ln the em.all loop• obtaiGed witb theae spedmens. At 

larger atl'eseea the re'lative effect db:nh:ltehee, a11 Uie looparea ittcrease11. 

Table 1 illustrates the variation ot the secant .t:nodulua for aix 

rovcrtala ol etrees at 40, 000 psi for epedn";\en 1.. The specimen p:reviouely 

bad been subjected to 25 cychts of :teversod toadin; at 30, 000 pei. and J 

cycles at 15. 000 poi. 
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abao..rbed in each loading cyclo fo.r t:peclQ1en. U. PreviQ\la!y tho apecbnen 

had bel!)n aubjected to 79 10tH1iag eyclea at*" 111•1.d.n ;rAte f:)f o. 0003 iii. /in../ 

nun, but the hyct.el"~•b loop bad nDt 4:ttalned a atablo fori-i1. Au .approx .. 

b:nately lin••r relation waa a111tuned and e.trai1ht lh1ee we.re dJ'awn for 

eaeb straio rate by the metho.d o.t least sq~t-eo. The line ie omitted for 

tho poi:n.ttJ correaporidina to 0,. 004v in •. /in. /min, due to the poor 

dl•tribution ot these points. Tb• percentage dU.£eronce 'between the 

average ordinate i::>i eaieb lice and. the ave-ras• ordinate oi. the UPJ>Cr Une 

in th• ranse cl. cycles ehown was, then dete:rmined. These pere.,ntag•• 

indicate tbe chat1f10 in the •n.etgy absorb•d rolatJve lo that. Absorbed .at 

the baae :rate of o. OO!'U tn. /in. /mln. 

In J'ia. 1 l t.be percenta.;e diffe;rencea in .abao:rbe:d enersy ~~v· beon 

plotted agamat 1tra..1ii rate.. A eimi,lar teat wruJ in.a.de on epec.:imen 14 

aftol" 38 ten,1Ue loac.H.n1 c1·d.ee at O. 0011 in. !in. /min. ltur+uf£iciel\t d;ata 

wet>• gathered to permit an a~cuJ'at.e eatintatio.u o£ the ~!.,~t• cf atrain 

.rate in this ca1e:: the data 1• shown in Fig.. 11 oaly io caatiru1 tb.e general 

trend. 

There did cot Qi.ppear to be any c:h&nso in the ela•ti~ cn1ei.ru recovered 

pei" !oa~ cycle 1o:r specimen u. ae the Mirlnontal straight line in l'i5. H 

lndicatea. Moreover,. no change :in the •ecant moduhi• o! epedmen U 

oceur»~d durmg thit teat. 
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Stgnifkant tncreaeea in t.he loop area, lndka.ting an inc.r•ate in the 

energy abuorbed by the apedn:ien occu.J' if the apecirnon i• reeted 

previoualy. Fig. lZ •hows this eife¢t fol" •pcu:.b"•'UH1a U and 14. 



Vlll. Dl.:>ClJSSlON OF RESULTS 

CompA:ri.aon O'f the secar.i.t mcdulu ior an iniUal loading in eitbei: 

eense, give'n in 'l'a.ble 2' with tb viilues btained after a load.ing 1n the 

opposi.t . ••uie indicate• a con id11ra.bl •ottenb1;. Thie b..,havio:r parallel• 

trua lowerin of the yield point (&uschinger efiect) in !e.-roue metala. 

The arnount of this ao!temng would appear to b~ UmUed aecording to 

t e data ln 'la.ble l ud J"i • 1. The an-~ount ol data. prcuumted doea 1ot 

juotiiy the ccnclueion that no furtber Bau11chin.ger efioct oe.cue; on thtt 

c: u&ra:ry. if tb Bau.eebi:naer effect ia. th~ i-csult ol residual stl'e••••· it 

u y b• a•swned to be pi-esen.t untU pl etic flow i• c;.c>mpleted. l 'bi did 

not occi:r.J' in the .fan;e of cycles investigated. as dh~euaeed below. 

Fig. 7 der.nonet1ates that. the aecant modulue apprQachea a <.:On•tant 

v lue for the fir•t loading i .abhor tenao. ShnU.ar res\tlh ar• report d 

by Oouch (3). Tbe 1arse su:attel' in~ values of the secant ruodulua for 

the eec(ltnl loading iu each 1ru>nte l• i>r~bably due to th~ dif.fkulty of 

m acu:rin these large slo ea on tbe loa.d•ttrain diaaram. 

Fig. ? indicate• tho 1radual reduction lo eneray absol"bod by th• 

apedrnen (i. •· • J.oop &l'Oa) ~n re;,)eaied teneilq 1<>.adln to a i:ons ant 

maximum st:reae. The abaot"bttd en.er y i• equ.a.l to the ~ork of phuJtic 

chdorrnation, • no energy ha irttevere!bly abeorbed by a pededly •Ul.$tiC: 

body. The reduction in abaorbed energy thua re,pr· tents tho incre ;ain1 

elasticity of the spechtHim .• which. howev•u~, tn.creas•• at~ de¢rea.ein3 
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rate. Whether this tlecretuae i a t:raneient one followed 'by an iru::reaeing 

,loop until fra.ctu~~. or a g'l'athud appl!'oac:h to a a~ble forni ie not known 

definitely, although thca former view ia supported by the f.llct that tho etreas 

level is eonaidet'ably hlgher than the endurance bmit in rotatina bendin1. 

The energy stot'ed e1a1tic:aUy dul'ing eacb cycle - that h, tbe ouergy 

released by the specimen durin; unloading .. d111u:reases only aliahtly aftel" 

the stfcond loading cycle, as shown in Fig. 9., The aee:min.g coiu.radi~t,ion 

with the olu•ervat.ion that the ela1tkity le inc:reAeins l• due to tho _fact tut 

the final part of tho unloading cuJ've becomes moi-e Marly verti<;al with 

repet!tiotut of load. For specimen 14 the contraction on uftloadhig iu th~ 

fir•t cycle was o. OOJZ8 in. /in •• while the <:ont:raetion in tho eocoud cyclo 

was 6. 00316 in., /in. and in tho thi1'ty tbbd "1ycle waa O.fJQ310 in. /in. Thia 

etraigbtening in the final part of tho tinl<>Adins curve, eorreapoftdtna to a 

dhr..inisbing ela•tic after ... effect, ta thu• largely eompleted by the eecond 

cy<'le. Fi5. S illustrate& tbia offeet .. 

Since th work ot el&stic de.foi-mation 1'4tt'.na.itua aubat utta.lly conatant, 

the total work of de!orn.iation. which ia equal to tho eum of the -energies 

of lu.atic and plastic dof ormca.tiou.. decreaaea a.pproxin1ately a• the latte•. 

:thigh t.re aes considerable plaetk now at c:onatant load. (creep) 

w · 11 observod. the rate of flow beina at £ir•t raptd. then dee .. eaeing until 

co now WAS perceptible alte:- 10 mln. Small 'lfitt"iaUona in the delay betwe~n 

lo ding and unloadit'lg miabt be expected to affect the loop area considerably 



therefore. A 54 per cent hu::rease in loop area wa.1 obtained in specimen 

13 by ·maintaim:ag the etresa at itt maximwn value. 5.5. 500 pei. for 10 min. 

To elii:r.inato this 1ou:rce of error s(:veral coneecuUve loa<.Un1s w11re 

m.ade in. which the 1upe:rior eti-eee wae maintained lo min. •o tha.t the 

(:reap in each eaae would 10 practically to completi.on, but the•• loopa 

exhibited even mer() scatter than the nor?%1a1 loops. 

Pla1tic flow does not occur solctly at the peak st:reaa of the eyelet 

Table 4 indicate• a alight increase in the aeeant modul\la, indicatin3 the 

progrcuur ..,_, !low and strain hardening. P'ipre1 9 and 10 illu•trate the 
' ·'f 

mar ed reduction :f.n p1aatlc deformation nt higher strain ratee, 1howin1 

the ti ne .. dependence of pla•t!c flow. The diffet"ecce in area eannot ho 

attributed entirely to cr~op occurling at the ma:dm-um atreee.. 'Ihi• was 

abown by a elm:ilaf' variation in &l'fUl of cycle• made at d.i:Uer nt sir iu 

rates but with the nUlximum atz>eaa maintained 10 min. for each cycle. 

•~mentioned abov•. 

It should be noted th.at tho reduction in plastic detorma.don in.-

dicated above wae det•n•mtned ft)r &pecimens wbieh had bcren prevloualy 

ioaded. Thia relation. did not hold for the first loading cycle, as ean be 

eon born the dat in Table 2. Neitho.r the olaatic. energy recovfin:ed per 

cyclo nor tho olope of the •eeant Une ch&ngod with •train rate. Fig. 10 

shows tho behilviol" of tho elal;tie ener;y; the data !or the secant modulu• 

.... not siven. 



representative of the rnattn.•ial thau the loading curve. 'fhia i.a a corollary 

to the fact mentioned in the section on Experimental Reau1t that the 

aHected by the strain rate in the preceding cycle. H, aa VA•ilyev (U) 

distortion& n1uat have been diesipated in the interval between eye.lee. 

vleibly. Fig. 11 l'f!Veala :rapid initial lose of elastieity. thi• recovery 



.. so .. 

between cyclee 1t wa.a not a.1eertained if the t>J"ecedia,1 cycle repreeented 

atable atate to~ the rat~ of •train ernpiQyed in tho teat. Theref::ure, it 

ia questionable whether the effect of rest ls to prod\ico an initial i-eductian 

of area. £oll01.\•ed by incru.etng au.·ea,, or Uthe area continuouely in.creaae1, 

the '~educti011 being du. to the instability of the previous cycle. Gough (3} 

report a wo:-k on tto•l which indicate a an initial aoft..Ung if teated i.r:n ... 

mediately &ft•r overatrain, followed by a recovery of elasticity. lt 

would saea.i tha.t an oppoeite effect Ch:eur• ill uranhu:n, since the ef:fect of 

time is io produce a i<:>ftening rather than incJ"eaaed ola.atic::ity. 

'l'bo etr~•··•traia data obtained with the sa ... 4 ..... etaoc;• •train 

aaae tndicate tho Umit of propo':'Uon Uty for tbla material to be 

cortab:al; l••• tun lOOO psi (•pedmoa S). and probably 1~u• than 500 

pai (apoehnen 12). 
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lX. SUM. (ARY AND CONCLUSIONS 

Teats were mec!e in revtn•t1ed loading and io 't'opea.tod ten1Uo load· 

mg on Chhteon epec:itmtne of roUO<:t, a.lph&•uramui'f• at t'oom temj'Hlra.tw-e .. 

Constant 111tr:a.hl rate• s-antms bom o .. OUui in .. /in. /min. too. G060 in. /iu. / 

n1tn. were employed. The data obt.,ined lead• to the .follGwias eoudutiono 

fo!' the tna.te:1>ial teated; 

l. The pltopordou.l Umit tor' thit n1a:terial, li i\ e:xb'~te, probably 

Yee below SOG p•i. 

a. Tho ela.titic ec•n·1y l"ecovered per loadiu3 cycle appear• to be 

almost enttoly a l\lndfon ol 1ti-e~uo it ia not altered appreciably 

by repea.ted loading or by va.,-yin.g atralu J>&.te .. 

3. The elastic etun·gy recovered en u.nloadm1 is a moro reprtu1cmtative 

quantity than the wo~k of plaatk deformation, as the va.!'ia.tiou for 

different apec"""neu ii leas. 

+. Thct work of plastic d:eiorrnut.on in u. J'epeate4 loading teat do .... 

crease with the uuml;.nu: of repetition• of load and with lo .. 

creasing $tl'ain rate .. 

5,. Tbe •eee.nt modulus from $, 000 to l.S,. OGO pet approa.chee a 

$table value in reve:ra~d loa.tli'a3. 

6. l\e&Uft.i between cydee of :rape&tCld tensile loading resulted tu a 

pa.nial lo•s o.f the euuitt!eity acqu.lretd dul!'irJ.S tho previous cycling. 

Tho•e conduaions. exc~tlng 1. al'e etdcUy applicable only for the 



at:rain rat(;)s and cyele range• investi;ated. ln addition,, tbe:ee coac.l:uaions 

t'X'i.\Ult be qw.\U.fled •• valid within the linute of acc\lracy of tho proc•dui"e. 

St.Ace in la.Us~ faili.rre, the failure of fl. mi¢ro#eopi4 volume of material 

may b• critical, ev•n very 1U.g,bt differcn1cee in aue1:eedins loru:li.bi cydea 

may b-e sisnificant. 

No d.efinite cor.u:lueion can be d:.rawn l"(JQA:rt.Uag•the relative Vlif;tidit.y 

of the models pl!'Ot;toeed here atb:I by Orowaa. Although the mod.ela dilier 

baekally, supplementary aft#U.tnt'tion1 muat: be 1uppU.~d in bot~ concept. 

J.n order to .apply them to aetua.1 de.to:rmation. Fol' •xample, time· 

dependonee i• not con.-idered in either view. 'l'hct1• au.pplemontary 

toruddera.:U.otu• ril'obably modUy the basic: miechanism to a coneidtu•.able 

degree and rendtn· tho thoo:des dlUkt.Ut to verf.iy e:mpedmentaUy. 
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• TOPICS FOl\ FURTHER Il'-l'V£$T1GAT10N 

As an application of t o pi-opo•od modol of de!or:nation. an attempt 

was made to determine the dbtdb"tJ.tion of eladie •t•tmgtha of the 

opel"ative dei'ormation elements in a polycry t~lline specimen. C na1der· 

ation of Fig. l tndicatea q\lalitalively that the cbnge iJ'l slope ol. the 

average atree1 .. &trai11 cur, .. e dopend.G on the relative nwnbetl" of elcunent~ 

io. the elastic and plaetk et .... tes. 

A quantitative relati<>~ botw~eu tbe dtstdbution of elaatle atrenaths 

and. the cuwaturo of tho streaa ... .stratn cut"VO wae dev~lopod and applied 

to lbo curve• for two apecimeu. Thtt r au.lb did not prove or disprove 

the relation. however. as tho actual dist:ri.bution of at~ngth• wa• un .. 

known. Uthe operative element• in a pulycry1ta.Uice met.1.l aa-e ••aume.d 

to be individual Ct"yatals, the distribution ol arain size ml&bt be o tained 

by p.lanimetoring :and the t'elativ• •trougth~ dett:?J'min,ea by applyina the 

relation proposed by Sb LlwJ<enee Bragg, who uppoee the elastic 

st.~ensth ol n individual rain to be ln'lleraely proportional to it •iae. 

Tu e.xporiment.al data iwUcate trends that should be inveatisa.ted 

furtbor. For example,, the effect of :rl:tet on t1pecimena ett"ainod at dif ... 

fet-ent rate• m!gbt be atudied a.et aa itu::lkation of the atreaaea in uced. 

Jn this WOt"k beat mlsht be empl!'.Jyed to speed the aging proccusa. 

In sene.-al the author feela tut the pararneter• available in the 

rd!Aary terudbn toet, eopeei.Uly tho.to invotvin4 enel."IY, ahould b 



investigated. furtbctr,. poiudbly with the goal of .cGrrelaU.ns static &nd 

latipe fa.il~roe. ln additiota the by(itaroaie loqps of a metal might bo 

etudied durina the course oI the teat by th• Uff of osc:Ulographic equtp ... 

ment. 
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