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I. INTRODUCTION 

The o-oalled. "elaetic propertiea of materials•' together 

wtth an appropriate aatet1 factor ueually torm the bae1a tor 

moat design conaic1era.t1one. The elaatio propertiea, though 

well defined, are not always repreaentat1ve ot the deforma-

tion taking place in a S.ven atruotura_l component. It ia a 

11 .known tact that plastic ct1on can take place 1n some 

material• well below the elastic l1m1ta by the mechan1am of 
creep. It 1a also observed that most nonferrous material do 

not exhibit, atr1<?tly apeald,ng, elaat1c propert1••· .Ssttmatee 

of approximate valuea of the px-opert1ea tor design calcula-
t1ons muat be made on the baa1e ot euch standardized technique• 

the yield strength and the secant modulua. When the 

structural component 1n service ia e~bJecte~ to cond1t1ona 

and env1ron:nents other than those typ1oal or a laboratory 

specimen the burden of eurv1val reets on the choice ot an 
appropr1ata aatety factor. Eeonom1ce and human aafety 1mpose 
aer1oua limitations on the safety factor, so often regarded 

s the "catch-a11°. 

Aircraft wetght and safety eona1derat1ona brought to bear 

the need or more soph1at1cated thinking toward the problem ot 
repeated loading.. UDlere>WI 1nveat1gationa relative to the 
etteota or cyclic loading on l1ght•we1ght high-strength 

matex-ial resulted. Literature published f'rom the 1nveet1ga-
tiona preaented uaetul design data an some 1ntormat1on which 



contributed to a better underetanding of the proble or cyclic 

at aa • 
The rec nt advent ot t nuclear reactor has provide . the 

need for rene al o interest• in cyclic treasea whe the 

baa1o problema remain unsolved and turther aggravated by 

materials and env1ron: nt • A power reactor 1n no 1 pera-

tion undergoe& continuou thermal cycling, 1mpos1ng on 1te 

varied component a w1de apectnam or cyclic tre a 
Uranium an 1ta environment 1n a reac or 18 pr 

1tuat1ons .• 

ex pl • 

In an effort to obtain n overall solution or the atrea 
proble ar1a1ng 1t 1a neoeaaary to 1aol te an examine the 

intluence ot each or the contr1but1ng tac tor • Recently" 

g at numbera or 1nveat1ga ore have de lt with the tracts or 
high t mperature cycl1c t ea on uranium. Inveat1gat1ona 

tor the moat part hav d alt only with high atre a lev la 

for short durations, c11eregard1ng the 1mpl1cat1ona u.ggeated 

by fatigue conaider tiona, 1nvolv1.ng mo erate to low atreeaea 

tor xtended perioda. 

Thie 1nveatigat1on ealt with the ex~riment l findings 

lative to the fat1gu.e character1st1cs of uran1um. Teets 

were conducted on normal and alloyed uranium tro 25 to 

6oO" c 1n a controlled atmosphere. The reaUlt or aucb te ta 
are p a nte in th ro or the :fam111 r s-N d.1agram an 
empirical relation hip .. Particular con 1d r tion aa given 

the m1croatructural er eta or damage and the atat1at1cal 



aspects oft scatter with application to the theoretical models 
ot fatigue .. 



In 1902 EwinS and Humphrey (1) outlined the proc a ot 
fatigue based on nl1croacop1c ot>servatione. Since that t1me 
the overall p1ctul"8 or the p~eas haa remalned bas1callf un-
changed" For a ductile material tbe proces3 1a eonaS.dered u 

taking place 1n three stages, perhapa aome\'ihat analogous to 
the three t;tagea ot creep. The tl1l'ee atase:s al"e: 

St,ge 1. The material &utters bulk defo:rmatton upon 
loe.d1ngi 11p and tn. reeulting d1oor1entat1on of eeystala 

takea place. 
stye 2. Slip l1nee become more numerous and broaden 

1nto What are termed ao elip bands oriented 1n the Oat:le 
general di.rection rut tt!8X1nlum •hear. A l1m1t ia reaqhed for 

th1a process 1n a looalJ.Hd area and 11JU.bm1croe(:opie cracking 

enauea. 
Stye l• Cracke Join, deoreaaing the ettect1ve load 

carrying croaa-seotion to a point where ra.ilura takea plaoe. 
From the l1terature it ap]:M!Jal"e4 dif'ftcult to uoerta1n 

quantitativ 11 the extent of damage a particular stage pleyad 
in the ovel'all role of 4eformat1on anO. failure. This atemmed 
from the fact that each uvest1gator ueed a.a a cr1tar1on for 
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the oceurrenc ot a particular etage obeervat1one which were 
conv n1ent or cona1atent w1th the detect1on equ1pinent 
employe .. The detection of a crack: eeveral microns 1n length 

appears poea1ble with an electron m1croacope lfhe:reaa the 

optical mlerosoope is capable or obaervtng cracks only 1t 

they have a m1n1mum length of several thouaanOtha of an inch. 
Failure may be dea~"l.ated by the detection of a orack or a 
predetermlned length, an amount of extension or d&tlection, 

or by complete aeparatton with t~actutre. The var1oua method• 
ot crack detection have been d1acuaaed by Dener (2) who has 
elao eum.-nartze.d tbe ertect ot certain var1ablea on the length 
or the various stagea ot the rat11ue procesa aa followai 

a. m.ter1al. DUI number at el1p ayate.ma, pur1ty, 

number of pb&H$ pNaent; grain a1n, homcgene1ty ot the 

atructure and heat treatment ot a material would be expected 
to affect tbe operat1veneae or a particular stage. 

b.. SP!cimen ai and shapg~ The atreaa gradient.a 
determined by a1u and abape are important 1n crack growth. 

It 1s known that tbe cnaracter1et1os or orack.tng ror smooth 
and notched apec1mena ere quite d.1fferent.. Specimen aur.f oe 
conditions considered 1:nportant tta1ng arguments baaed 
on the saine reas<:ming. 

c. Loa4l.ng. The method or load app11cat1on 1a 1mpo:rtant 

due to the varlat1one 1n the atato ot atreaa on the eurrac 
an<l 1n the body or tbe apeotmen. Specimens t.ated under 
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constant zr.aximum atresa ott strain amplitude would obviously 

not aasum.e the au.e rate of crack propagation a.a one tested 

tmder constant moment o:r load. 
d. Freenoz <:>t loadi§. Detomat1on mark8 on the 

aurf acee or tat1gue spec1tn$na d1aplay a pronouncedly d1tter• 
ent appearance tor teat trequenoies above a certain or1t1cal 
value, one might suspect that 1nauft1cient heat d1sa1pat1on 
at higher fl'equenc1ea could produce a temperature r1se tn the 

epectmon. 

•· Teniptrature. Temperature etteota act to vary the 
) 

physical propertiea ot material aa well a.a accelerating 
corroa1ve act'ion or test env1ronmen1i:aJ. 

Many .theories ot tat1gue nave been proposed in an attempt 
to explain the bae1o proaeaeee observed, mentioned in the 

preceding aectton. The maJor1ty ot theor1ets have oonoen• 
trated their etrorte on the t1ret and aecond stages ot the 
fatigue process. No one theoey haa come oloae to providing 

even a partial a.newer to the volum1noua exper1mental .findings 
on record. 

The importance ot plaatio 1nhomogene1t1ea tn bystereeu, 
elastic after-working, and tatigu.e waa pointed out bJ' Gough 
and Hanson ( 3) • x .... ray photographa eupported a eonoluaion 
stating that alternating otre•••• could produce 1ocal1eed 
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pl tic c tormat1on {strain hard.eni ) without caus 
macroacopic strain. 

vi ibl 

A quant1tat1ve tneori ot t 1lure wa d vel <1 by Orowsn 
( 4). theory WU ba on work hard ning or looa 1 
structural umo· ogene1 1e a1tunted in an l 10 Ul'round 

a illu trat 4 through tM use ot ehanical del.. The 

" el con 1ate~ or a ple tic mber 1n eri • w1 h an tia 
mb r coupled 1n parallel with two larger e t1c ber • 

pl tio mber p eented tavor bly or1 nte crystal 
in a polyccyatall ma rial, so that the applied •tree , 

a- , waa greater than the yield atresa, <J 1 , tor the particu-
lar ey tal but not ater than the yield st as tor the 
urround1ng mat rt . Th:rougb the ua of aev ral e pl1f71ng 

aa&Ull4Pt1on - th theory 
ex.per n al fin<1inga. 

tor -N relation hip w 

xtended to coount for mtVl1' 

ultlnS alytioal x.p ea1on 

, 

er - <Ty 
An• ln---...-... 

a-:. -m 
(l) 

A •constant, et.feet ot ·train hal'denins 

n • cycle to t 11\U'O, baaed on araok11 

CTi • maximum t s ot the inhomogeneity due to applied 

atre a 
ot • tr oture tre {constant for a 1ven material) 
a-1 • 71ald stress (constant tor! a g1ven matex-1al). 
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qu t1on brought about the xia nc of t o rang a or 
tor oon id r t1on1 a and n r e. 

It Of w g ater than <Tm, fracture waa not poaa1bl , 
correaponding to th range.. l a than a: 1 

ra.c t took pl ce n Uff ci nt wo had 

occW"l t rai he a plied a- to CT , cor p nd 

to the un e range. ett ct ot thermal softening re 

co 1 an analya1 which ulted in a gativ work 

hard n pheno non. Concl d t t the 
· t ct or h rma.1 . ot ning . o 1ncre th aai'e 

1r t ot 1nfluenc uant1t1.ea ma d con tant. 

he 0 8h1 t th 

r up or own, e nd on t inf'l nc1 anti-

tie 
A t oey of t tig ba on t 

propo d ey chlin (5). An q tlon 

ialoc t1on t o 
vi lo d rel tin 

the nd nee ot th number or cycle to t 11ure o treee, 
ra trequ ncy ot l .................. ia. 

quat1on, 1n ll..cr.'.L.-,.~ or t author•• no ncl tlll"e, 

lo • log 

H • oycl to r 11ure 
w 
h 

t c olic t 

• lanck'IS con tant 

a 

(2) 
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M • oraok gro th r craek ourc neceaaary tor f 1lure 
k • Solt mann • constant 
T • temp ratux-e , °I 

ta • ac 1ve.t1on nergy to produc a di locat1 n 
x • ratio of distance . twe n atoms 1n lip d.1 -ot1on 

~o in erplanar pao1 o.r lip pl a 

v =volume 
r • fraot1on; Norw1ck an chlin (6) 

o-i • itnum t nail at:ree 
c • proportionality con tant, ... l.attng "t'a to a;/ 2 
Ta • av r reeolv d shear t &a for- polyc.ey tall1n 

cl.: n 

q • s a oona ntration tactor, 
A quant1tat1v cor lat1on t n tat1gu and o p w •us-
& ted to x1at. 

3. +n.' mretation ot tat¥ result• 
Ji 

veral alternat1vee hav b •n otte d 1n planning 
tat testing prognun, nding on the gree ot scatter 

o rv 1nit1 111 1n s p rticular t ting aitu.ation. It the 
fir t; t teat points how good cont1nu.1t;y through a re or 
le a un1to d1atr1but1on on S•N di rwn; procgu•~'O 

iv n 1n t A.S .. T •• manual on tatigu.e teeting 1a ug-

·~ a ( 7). U ont1nu1ty 1 not v1denc , ting thould 

pl d. to t compatibl with 1"0%'thcom.1ng 
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tat1 1cal ysia. U Willly a nu.mb r or e 
ate t a g1ven tre l vel providing aev r 1 up 

throughout t cyclic a1re • 

S att r 1n t d · appear to an nt teatu 

ot at1Sue, the pendlng on the n t or t ter1al 

a t c nd1t1 n of ting. In oat itu t1ona t 
lat r 1mposee gre r etr1ot1on • ea 01 lly 

l v env1ro nta are pre ant. 
t t1at1oal con 1 ration can r oualy a.rrect he 

v id ty or c ncl 10 drawn fro fatigu reaulta 7 1e 
c 1th mo t exper nt finding ~ 

11 re.tu 1 with 1t et ti t1c l 

natu • It 1 t 1rly well tat1 tic ot 
moat accur ely ov rned by a l c o 

1 tr1but1on rel t1otl$ 1p. 

a t o tic 1 au·gwnent en · etat ts.eel appro eh 
ot Cr r (8). Pru enthal (9) has bown t 

di tr1but1on to l normal. 

N) J 

• to tion of Uran1 

• (3) 

r 1u.m xiata in thre phaeea. The alph pha , h1ch 

41 pla;ra an WlU ual orthorho bic ory t l atruot , tran ro . 
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to the beta phase e.t 663• o. '?he beta phase is reportedly 
tetragonal and tri.tnatorme to the body centered cubic gamma at 
770• C. Uranium melt.a at 1130• C and bo11e at 3700 to 4200• 

c. TM alpha phase ie particul.arly unique since two of tour 
atoms 1n a unlt cell tonn covalent bonds with atoms 1n 

neighboring c•lla. 
The oetormation or uranium takeo place more predominantly 

by the procoao of twt.nn1ng up to approximately 350 ° C, a.tter 

which alip predouiinatea. The slip •Y•tema or uranium aa awn ... 
mal'ized by Holden {10) are liat$d 1n order ot decreu1ng 

importance and eerta1.nt7. 

plane 

010 

001 

110 

001 

direction 

100 
100 

110 
100 

Tbe 010 plane 1s noted a.a the plane or easieet glide a1nce the 

atrong covalent oonde would not be broken bJ alip on this 
plane. The low value ot y1eld atreaa tor uranium ( 450 pet) 
may be accounted to tbi&. Slip on the other alip 1yatems 

l1ated do require -.veranoe ot the covalent bonde, which 

oould account for the 110 plane being favored at the elevated 
temperature& \<dletie the bond.a are more eaaify broken. 
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2 • cJum1cal proe-pt1 

A rather complete d1acu.aeion of the mechanical properties 
.. ot uranium wae given by Holden ( 10) in uTh Phy ic 1 Metallurgy 

ot: Uran1um0 • chan1oa1 propert1 a ·re •en 1t1ve to purtty, 

grain size and oM.•ntation, and st te ot eo1d work (f br1oa-
t1on) • For re son of brevity. only the propertiea or t 

heat trea d alpha uraniwrit w n tate4t will be or tn reat. 

tJraniwn behave aem1plaat1o lly, displaying a poorly de-

fined proportional limit, 1t et all, .in that the atreaa-atra1n 

curve of the first lo in; how curv tiure at extremely lo 
etrea es ( ...--500 psi) {11). For thie aeon d1tt1cult)' 1 
encount red 1n obtaining eonai&tent value. of Young•a odulu • 
An ave e tor values obtained rrom both tension and co -
p asion is 17 .o x 1011 dyne:a/em11 (10). Elaatio oonatent• 
obta1 o by ultrasonic techn.1 11! • and reported by quex- (12) 
are 

Shear Modulua 
Young•a Modulua 
Bulk Modulu 
Poi on•a Ratio 

The ettect or 1ncre aing t 

t ahear modulus and Young'a 
near 300° c. 

8.34 x 101 ~ 4ynea/om2 

20.5 x lOl. 1 d.ynea/om 
12.6 x 1011 dyne /cm• 
0.23 .. 

r tut'G 1s to decrea. e rap1dl:r 
dulua with a diaeont1nu1tJ 

The damping c.apac1ty plotted veraua temperatl.U"le aa 



observed by Maring r (13) inorea a gr-adually to approximately 
200• C, falls ott 1 tly to 350• C, then 1nc a ea rapidly 

up to the trana:f onnatton temper tu .. Grain ounda.ry relax .. 
tion wa.a auggeeted ror the rapid 1ncreaae above 350• c. 

Hardn4e veraws temperat\lft al o dtaplaya the d1at1not 
ak 1n cont1nt.t1ty t approximately 350• c. 1cker'• hard• 

neae nwnber (10 kg load) reporte'1 from data bJ Chubb (14) 
decreue t om 230 to 70 going from 0 to 350° C, an4 fro 70 

to 10 tro 350 to 663° c. 
Some typ1oal valuea fo~ the tensile propertie are given 

aa tollowa {lO)i 

· ter1al 

Alpha rolled 

t -qu ncbed 
ta anne le 

Y1~14 t~nath 

(~ per cent 
oft'eet) , pe1 

30 ... 35 x 10° 

2$-35 x 1011 

Ten tie a~re!Jith 

ps1 

10 ... 95 x io• 
55 ... 65 x ld' 

l,q!!15a~toq. 

per cent 

Propert1• ot the p rtioular uranium uaed in tb1a in .... 

eat t1on given 1n the section on m teriala. 

b tfeot ot te rature on the tenail properties 

to lower the yield atNngth t~'l'l 35 x io• to 4 x 10~ pet., and 

t ul t1mat4 trength from 90 x lO to l x le>° p 1 in the 

mperature range of' O to 6oo • C. Uranlwn <:tieplqa br1ttle-
duot1le trana1t1on lightly abov room temp rature. epending 

o puritY1 fabrication and the like. Th large var1at1 1n 
t l'1tpor d data ot the var1o pro rtiea 1a att:r1buted. to 
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this phenomenon, Work on impact strength is aleo cont1~ 

of th1s fact. 

The creep beha~1or of uran1wn has been atw:u.ed exten11vel1 
resulting in a large amount of 1noona1atent d.e.ta. It le be• 

liev d that the J.ncona1ateno1es are due 1n paxwt from ett•cta 
ot thermal-cycling growth which ocour in elevated tem.;>$rature 
teats from ellght var1at1ono (i' a• e) 1n temperature control. 
From creep Naulta performed at Battelle (15) it 1• obaerved 
that an abrupt change 1n atNs• to produce a given creep rate 
exiats 1n 300-400 ° e t•11J;aeratu.ft ~ange, the aame apparent 
anomaly ae was observed tor otbet* properties. 

The only reported cona1<l•rat1on given to the fatigue 
atrength or Ul"aniwn was by Cott~ (16) who atud1ed the etteots 
ot large etx-ain cyclea oa.using tailure at eeveral thouaand 

eycl••· 
It wiU be noted tbvoughout the l1teratun that abrupt 

changes in mechanical prope~t1ea near 300 • were aleo obaerved 
tor ll'l8.n¥ othcu• physical propertte•.. Thermal oon4uot1v1ty, 

temperature-!nduoed erumgea 1n volume, and growth rate ror 
thermal cyc11ng are such examples. 
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A. AnalYt1oal ObJeotive 

The obJeet1ve of the analy:tioal investigation wu to 
deacrrlt>e the detot'l'nation ot pol7ceyetallimt uranium undt!U' 

fatigue 1oadtng (eo:nplet.ely reversed rotatinS ben41ng) in the 

tom ot an emp1r1oal equat.ion relating the variables etresa,. 

cycle1, and bemperature. By th1a mea.na it waa proposed to 
torm a baa1& ot compar1aon ot uranium 1n t.ta natural tate 
with that or an alloy, by attaching pbya1cal a1gn1ttcance to 
the mathematical te=a. of the equation obtalned. It was hoped 

that cotorelatton might be tound betwoen the claa•ical 
theoretical models an4 empirical reaul ta, 1n orc.ter to provide 
a&iitional Juet1f'1cat1on tor propoaed mecban1ama of tatigu.e. 

Expertmental ~ ulta of S•N phenomena were oought to 
provide design or1te:r1a in p:rimery application.a ot uranium as 
a nu.clear .fuel. Spee1f1¢ Wo1'Itat1on waa desired concerning 

the behavior of uranium under completel.y rever ed cyclic 

1oa.41ng tllroU6hout the Ul$$tul delitign range of terdPCtr&tu.re 

( o-600 • c}.. l?attt1.cula.r empha&1 waa d1l"ected toward observing 

the $ffeots ot fatigue damage on the m1oroetruotu.N; in 

order to gaJ.n insight into the tundanental proceaaes which 
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gov•X"n the d•rormat1on ot urantwn. and to quantitatively •1t1-
mate th& relative 11t• remaining atter a given percentage or 
the lite expectano1 had been reached .. 
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IV. MA'lBRIALS 

The teriala u ed in th1s inveetJ.gation were natural 
uranium (commonly retel'r8d to as normal uranium} and a low 
percentage ohrom1um alloy o uran1wn. As received, the 

material waa 1n the torm of l.4 1.nch 41ameter slugs. The 

chemical epec1f1cat1ons ot the natural uranium ae given by 

the fabricator were, bue on iapur1ty content, le11 than 

one per cent c, Cl,. Cr, Si, B, Mg, Mn, Ni and N. The com ... 
poe1t1on or the chrom1wn-uran1wn alloy wa• not available. 

'!'he tene1le propert1ea of normal uranium as reported by 

Iewie (17} were .. 

Modulus or elaat1c1tyt 
Yield etrengths (0.1 per cent ortaet) 
Ultimate strergtht 

Reduction 1n area; 
Elongation 1n one inch= 

• 

21,aoo,000 paii. 

33,500 pa1 
91,200 psi 

9 pJr cent 

8 per cent 

chan1cal properties tor the chrom1wn•uran1wn alloy were 
not available. 

The variation ot modulus ot elaet1c1ty with temperature 
tor the same material aa reported by Hunter (18) 1a given in 
Pig. 1. 

1 Average value tor •ix conaecut1ve oycl•• in tension. 
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V. EXPSRIMBNTAL PROCEDURES AND APPARATUS 

A. S c1..men Preparation 

1. .. ch1n1f?a 

The fatigue &pec1.mena were t'abr1oated. by aaw1ng the 

uranium a lug long1 tu 1nally into four quarters. Each quarter 
was machined into a rod 4 inches long and o.467 (+ 0.0005 ... 

0.0000) 1nohee 1n d1 ter. 1ll9 m1daect1on of the rod W· • 

t\U'necl to 0.252 (z 0.001) inches 1n d1amewr., which correapond• 

to the minimum die.me r ot a till t With a 2.s 1nch ra.d.1u.e. 
h1n1ng t4tehn1ques were employed wh1ch utilised apec1al Jigs 

ana future neceeaary to produce aatietaotocy tiniahe• on 
.tatigue eample teat e ctiona. Replaceable carbide tool ttpa 

ided 1n machining and were u.aed tn t1nal tum1ng operat1ons. 

keepJ.ng undesirable tool marks to a minimum. 

The procedure ue d in polishing the te1t aect1on ot a 
fatigue specimen we.a 1m1lar to that employed 1n preparing 

tallurg1eal samples for m1ol'Oaoop1o obeervat10n. Rough 

po11 h1ng waa accompli he uaing ailicon carbide paper. 

ste.rt1n8 w1th 320 grit and £1n1ahing w1tb 600. Final poliah• 
1ns wa done with 600 gr1t lev1gated aluml.na followed by 

0.3 micron aynthet1c aap!Ure (Linde A). 
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Commercial polishing equipment was not adaptable to .the 

geometey ot the :fatigue specimen aurtace to be pol1ahed, thua 

it waa necessary to construct l.dtable pol1ab1ng apparatua. 
The a.pparatu conai ted of a 5·1nch die.meter whe 1 1 inch 

t-s1de covered with sort robber pad (tire}. The "'heel served 

to hold l-incn w1d atripa of the $1l1con carbide paper or 

v lvet miorocloth in a manner cons1atent with the geottietry o:t 
the ta.t1gu specimen fillet. With the fatigue epeoimen 

mounted betwe-en centers !n a lathe and rotating_, the rotatinS 
pol1ehing wheel ~a held aaainet the specimen fillet to pro-

duoe the desired action. The direction ot polishing a 

1nd1cat by m1croaoop1c abras1on wae adJueted by varying 

the relative angular veloclt1ea ot the apeoimen and the 

polishing wheel. A croae-hatched pattern ot abraa1on de-
airable 1n poli:sh1ng waa accomplished by reveraing the 

direction ot rotation ot the apec1men. The pol1ah1ng 'Wheel 

waa driven by a.n electric dr1ll mounted on the tool poat ot 
the lathe. Power to the drill waa aupplied by a poweratat, 

provi 1ng ape d var1 tion or the pol1ah1Jli wheel. A working 

tup ot the appa.ratua 18 shown 1n Fig. 2. .Results uaing 
the tbod outlined were cOOiparable to thoae obtained ueing 

conventional metallurgical equipment and techniques. 

El vated temper tare fat1sue testing pos a <11tt1cult1ea 



• 
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w n the material i& subJect to OXidAtion. Uraniwn 1a euch a 
r:lal, sutfering extena1v oxidation even at roo tempera-
• It tollowa then that protection from the a.tmoephere 

muat b provided. Without interruption during fatigue teattng 
tor periods luting as long 4 months 1n ndurance limit 

tems.nat1one. A procedure ror p ~ction develo 1n 
the cours or thia 1nveattgat1on wl'.lich 1.nvolv d enca e. nt ot 
the speolmen in a fl x1ble cap ule capable of with tand1 

cy lie t ae and expo to th atmo&pl'MU"e at te r -

tu 1n exo ot 600° c (19). 

The flexible cap ~l cone1ated ot a aect1on or bellow 
and cloeed length& or tu 1ng l<1ad to e ch na. Jig. 3 
ahow a section as e.mbly ot th.e capsule c onenta b fo and 

attar fa.bri c t1on and a view with the apeo1men included. The 

capaule w embled and fabrica d around t spec n 
using hiold.ed arc l :1,ng chnique ,. Inert arson hi h 

aervea to support t~ arc wai> ultilnately aled 1n t_he c p ule 

with th epeeimen. 

Type 310 eto.1nl el thin walled tubirli (0 .. 500 1n 

outa1de diametet' by 0.018 111 wall) w cut into l 9/16 1n 

c tions. On end t th . tub w flared to 3/4 1neh 

d . tel" 1n a sp1nn1ng oper tion to match a corre pon 
tlare on each end ot the llowo. A al1[&ht t r was :f'onned 
1n the flal'ed nd of the tube~ The eap . wh.j.Qh oloae oft the 

nd o the tube punc and formed trom o.o~o 1n 



F!g. 3.. sect1oned. tlex1ble ca.paule oomponenta before 
and atte:r welding ... the exterior or a f'lex1ble 
capeule and a 1eot1oned aaaemblJ w1th apecimen 
inoluded 
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tainleas etee l eh& t in hand opera. ted die. They re P ... 

welded to the fla d tube before tinal a sembly of the 
capeule. Th& r1e~ible portion or th capsule wu a tainleaa 

s+- el thin·•wall d se loaa bellows, having a. l/2 inch 1n-

s1de and a 3/4 1noh outside diameter. A ect1on 1/4 1noh 

long, with 16 ~t1V$ convolutions was used.. Th . end con ... 
volutions :ere formed to match the !'la.re on the tube. 

Componenta or the fleilble c.apaule wore assembled by pl cing 

the bellow; over the mid-notion of the specs.men and hen 
pre 1ng the flared tu onta the epeetmen •a ahouldera. The 

pre o fit of the tlax-ed tube on the specimen shoulder w 

ce a_ey to insure ood mechanical coupling with the fatigue 
machine coll ta. ln thia state the oapaul sem'bly waa 

aled. 111 a welding chamber .specially de tsne for th1a 

purpose. 

The welding oba.>nber was a 6·1nch diameter tube mount.d 

parall l to it long.t.tu<U.nal u1n w1.th a comb1nat1on ight 

glaaa and ace sa port on one s.t.de. Power conneotiona were 
made through plex!glaae <l1sk& wh1ob provided insulation t:.n<t 

oonstitu d tha ends ot the chamber. The wo:rk was held and 
rotated by a drive meohaniam providing ooll$tant ular rota• 
t1on at peeds .Crom l/3 to 3 rpm, ca ehown 1n Pig, 4. The 

le¢trod remained atat1onaey during welding operat1ona. Ita 
po 1t1on wa adjustable trom outa14e the oham er. A tty" 

titttng provided facilities for vacu tion, purg1.ng and 
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v nt t y te • A chan1c J. ro p a.a to 

vaouate tl chamber, prov 1ng pre su c naia nt with t 

ontent or p 1ng {eeveral of 
ury). pow r upply u d conGu d o a 1 r 

l ctrio 1 el' at 1.5 to 15 l'8& do, conneo in 

parallel with a l r high r uency arc star r .. In th 

mo appl1oat1 t hi.th requeney arc faoil1 t atart-

1nl arc thou to ohing t l otr to t del1ca 
. or .. A block 1 .r o the appa:ratua 1 iv n 1n • 5. 

l .. 

tatigu machinee u d we c n true d at 
the or tory and we ot t 1.m.ply UPPo~ otat 

, e u1p d with ft.trnae 

te•t • 818.ht chines 
inv t . t1on. 

oontroll r for lev t 

re avail le tor the 

f o 
t be 

ticular te t er1es was eta.rte th atig 
wa alanc and c l1brate ro:r the pro r 

rature etting. 

The thod or lane involved inaerting r id haft 

( l/2 1nch <U.eme r dr1ll tock) into the t• t h1ne 

coll t d core11 the lev tion or he rotating by 

an of a low po r tele co renc tars t. The 
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rigid. specimen wa• tn.n repb.ctd by two halvea ot tbe llt"'an1u.m 
apeclmen and the beam was ad.Justed to th& observed target 
reference by an appropriate addition of pan weights (:t 0 .. 02 
l'b.}.. Both refel'$noea were taktr1 tiitn the beam Ntating, 
bavtng ~ttatn.d an equilibrium flow ot aupport bearinS 
lubricant., 

the teat temperature was eatabl:lahed ws.1ng a t.neno• 
couple plaeed ep~imately' 1/l6 incb from the m1nim.\un teat 

aect1on di-a.mater or the apeo!men.. Th(t fuma<>• controller wu 
eat at a correepondtng temperature by adJu.atment ot a 
potent10lt\ete~ and JX'*Or•ts.t.. 1rernperature cal.ibrat1on waa made 

with the specimen 1n motion~ allowing approx1mate1J' 48 houra 
tor temperature eq,u111b:r1wa to be rea.obed. The obaerved 
vanat1.on in temperature at conditions or equil1br1um wa.a 

The proced.ure tor a tarting a test vu ae rollowa. The. 

peo.tmen waa 1110Untad 1n the lllaOhine an4 l:u.--ought up to tempera .. 
ture. 1'he apectr.nen waa then. Mt to i-otating •1th an 1n.1t1al 
20 pe:r cent greater dl:'1ve motor oontrol sett!ng than would be 

necea•&ry to tnaintain a normal teat speed. Thia wae done to 

pua a.a rapidly as poaaible through the reaonant trequenctea 
(3500 to 4~ rpm,) of the fatigue macblne•' after which the 

speed wu care.fully reduced to 5000 ~· Load weighta were 
a.pplied ai'ter' temperature equ111br1wn had been rea.ohed. with 
the spec1.men 1n motion. A eount down procfl<l.ure wu uaed 1n 
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ynohronizins the application of "81ghta end the zeroing or 
the revolution oounter. 

Th machines were au.tomat1call7 ahut. ort upon fracture 
or a given pre-s t a.mount ot beam deflection. 

2. Tena11e 

AX1al cyolic tensile teste were performed on a 60,ooo 
lb Baldwin· outhwark tiydra.ul1c un1VfU'$al testing machine with 

a T t -Emery Load Indicator. A aldwin- outhwa.rk m1cr<>to:mer 

xtenaometer with a l-1n gage length and a mu.lt1p11oat1on 
ratio of 1000 to l was ueed 1n conJunot1on w1th a tN •-

t:ra1n corder. The tensile teeta were conducted at room 
emperature. 

c. M1oroanalya1s 

1. Etch;n& 

Ionic bombard.ment waa used to produce an etched surface 
on th test aeot1on ot th tattgue specimen to enable atu 
or fatigue damage ot miorootl"UCture. Ionio bombardment had 
particular advantage ove~ the more common ohem1cal and 

electrolytic tcheu, and produced well delineated grain 
boundaries. Chemical and electro1yt1cal etchanta which were 

tried oaueed aevere preferential attack on 1mpurit1ea, 
p).'tOduce excesaive ata1n1ng and ave rise to a questionable 
corrosive ohemioal env1ronment*1 hiatory. 
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The techniques and basic equipment employed were 

· esoribed by C~laon (20).. Br1e.fly, the proceaa 1nvol d the 

rem.oval of eurtaQe . ter1al by the bombardment with argon 
ions which ~ accelerated through a volt e potent1al 1n 

glow d1scharse tube. D1reot appl1oat1on ot vailable equip· 

nt coul not be made cause o the geo try of tlle t tigue 
pee n, Apparatu •nis ea~d and constructed to rm!t 

place~ nt or the fatigue a~cimen 1n the path of the 1on1ze 
am.. By an& of a rotating eal the fatig cimen 

rotat in the beam, hav~ 1ta longitUdinal a.x1a normal to 
the path ot the accelerated ions. ·The epeoimen serve as he 

cathod w1 l t appropri t el otr1oal connection 'being made 

thro the l:"Otating aeal. A voltase potential of' 6 kv w 

quire to produce the de aired re ul ta• drawing a current 
of 5 ... 10 m1ll1 res.. A photograph ot t!W apparatus 1e shown 
1n ig .. 6. The procedure t'ollowe wae to eve.ouate the 

1acherge tube to a 1n1mum torepUJnp pr$oauret purge with 

argon, then djuat a controlle\l argon leak to maintain 

appro t ly 15 m1crona o n rcucy pree ure. Volt e 

then gr ually appl1e 1n a manner to maintain the 15 mic:ron1 

or roucy pressure • Thi proce . laated tor an 1ncub tion 
riod or about 15·30 minute ,, Initiation or cbing wa 

1ndicated 'by an ebrupt drop in eurNtnt and :iadden dar't"..ening 

or the glaos discharge tube. Etching w completed in 

appro.xilr.a ly 15 m!.nutea from th time ot 1n1t1at1on1 at r 



Pig. 6. Ionic bombardtnent etching cha.-nber 
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wh1eh a cooltng period or at least an hour was allowed before 

removing the apeaimen. 

2. ~o~acopy 

M1oroaeop1c ob(lervationa were made uotng a metallurgical 
microscope with photograph1e attachments and carbon arc 
11lwn1nat1on. In the study of fatigue damaae on m1cro-
atruotu.re it waa deairied to record the location or a part1cu• 
lar obaervat1on rel tiv to a given reference on the fatigue 

apeo ilr.en. The conventional mic:roaoope etage was tound 
ntirely unsuitable due to the geometry of the area to be 

v1ewed. A stage wa• constructed which provided referenced 
acceea to any area on the teet section or a &pectmen. It 
wu designed so that the plane or the urea b4ttng v1•we4 
always remained normal to the line ot sight or the obJect1ve 
and at a rued distance from 1t. The stage 1a ahown 1n 

Fig. 7. 
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VI.. DISCUSSIOl OF VARIAB!BS INTRODUCED BY *l'EOHNIQOES 

The resisting moment developed bY the flexible capsule 
relative to the specilllen waa evaluated, a1nce it waa con-
sidered a1gn11'1cant 1n determ1ning the actual atreaa to which 
the specimen waa subjected... A d1reet analytical method ot 
correlating the relative momenta was not apparent due to the 

variation ot craaa-aeotion for both the capaule and t1-

·~c1men as a function or diets.nee along the 1ong1tud1n l 
uia<I A graph1oal method wu applied which ahowed that the 

moment developed by the capsule was about 0.1 r cent or the 
total X'eaiating moment. The eftect waa neglected 1n oalcu-
lating the etreaa 1n the epecimen .. 

It was observed that a. change 1n temperatuN or the argon 
gas sealed in the capsule wou.ld. be accompanied by- a change 1n 

preaaure, reaulttng 1n an axial atreaa which would be 

tranaterred throUgh the apecimen. The tena1le stress waa 
caloul.ated to be 380 P•1 1n an extrema oaae, tor e. tempera ... 
ture ehange from 25 to 600• c.. Ttle •11m1nat1on of the effect 

by nveral method.a wae ooneidel'ed, reaultJ.ng 1n aer1o• 
Um1tat1ona on the •ldinS technique•. No corrective action 
wee taken, since the ettect waa a1gnit1cant only at h1gh 

temperaturea, where the flexural atreeaea wre low. 

Pre•• titting the capaule end.a onto the ahoulder• ot a 
specimen introduced a abort tw oompAtaa1ve etreaa. '1'he 



magnitude of the a trees was calculated in an elq)eriment using 
SR ... 4 atrain measuring: eqt.tipr.'lent. The stl'eas d.ue to the press 

tit ot the capsule on the epectmen tihoulders was a.dJuated on 
the bas1a or machining tolerances ao that it did not exceed 
1500 psi. Thia magnitude of atreae did not seem to wart'8llt 

special oonside:ration relative to the bUtoey ot the material. 
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VII. RESULTS 

A. Preeentatton ot S-N Data 

The teat eond1t1ona and env1ronmenta were maintained 
conetant$ aa cloaelt a1 poaalble, tor all or the s-N deter-
mination• or the inveettgatton. Stnoe eight elevated tempera-
ture fatigue teat.lng maoh1nea Wl'e available tor the 

1nveatigat1on, testa at a given temperature were oondu<:ted 

on one particultu> machine. la.ch machine wu cheeked for 

proper temperatU»e cal1bi-at1on pe:t1od1oa1!7 using tho aarne 
eta.ndat'd thel'tUOCOUple. 

Streea ,calculations Wl"e made ue1.ng the flexure tol'mUla· 
Eq. 4, wh1ob 1a aubJect to th41 1lm1tat1ona u d1acuaaed by 
Murph;t ( 21) • 

St • flexural etre•• (psi,. kei • lOOO pai) 
M • moment 

• L P (1n .... lb) 

L •moment am (in)* 

P • load (lb) 

0 • <lo/2 

C.0 • minimum te1t eeot1on diameter (1n) 

(4) 

... 

•The mom&nt am tot.t all aimply supported teating machines 
wae fixed at eight inohea. 

• 
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I • moment or inert1a or ti. orose-aect1onal area 
1T d • 

• · 2 · ( 1n4 ) from which 64 

11 re is designate 1n thi 1nveet1gat1on by a given 
amount ot specimen deflection determined by the automatic 
fatigue chine hut-ott. In general it wa• observed that 

tor low tresoea ta1lunt by -0omplete separation (i'r cture) 
occurred betore critical deflection. At high at%'18ase , 
part1eularly at l.evateu temperatures, cr1t1oal deflection 
p dominated u the mo4e ot ta11UJ'e. 

1. Nof!ll!l uran1~ 

'the data or s-N l'esulta ar. 11ated in TableG 6 and 7. 
As waa noted previously by other authors the propert1ea ot 
uranium vary cona1derably depend1ng on prtor h1atory. 
tabr1cat1on, 1mpur1tiea, and the 11ke. re too, obvioua 

• 
d1acrepanc1ea in the data occur which may be ttr1buted to 
structur l d1fferences 1n the uranium slugs. For this reason 
a material destgnat1on number ts included to identity a 
part1oule.r apecimen l'elat1ve to the alug from Which it was 

chined. All or the normal uranium epeoimena were machined 
t~ 4 ... 1.noh elugs, 11eld1ns four- apeoimena eaoh. s-N 
d1agJ."aJll& ~lotted from the data at the varioua temperatures 
are given 1n Figa. 8 through 12. 
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In orde~ to determine the erteot or enca,paulatton on 
fatigue ;.re. ults, bot11 enca.psulated and unprotected apeo11rana 

were run at room temperature to provide a compa .. 1son. un-
protected peo1niene were teated 1n cantilever type rotating 

beam machines, w.herea.s encapsulated speoimena tested at room 

temperatu..."'1e Wl'e ub.1 oted to the same te&t1ng proe dure u 
elevate<J t st • Re.aulta aN e.aJ ind.1cated 1n Pig. 8. 

The maxtmum .fitr.:uts Wh1ch oan be applied indef1n1tely 

without p1*0du<>tns f atlu.re is commonly called the endurance 

11mit .. Hero, endurance limit (Se) 1a a.saocia~d with the 

maxJJnwn strees applied fov 500 (108 ) cycle• without producing 
failure. The range ot atresa between the maximum tressed 
epec1rnen wh1th &urv1vect 500 ( 104 ) cycles. and the minimum 

atressed specimen wh1oh d.14 not aurv1v$ :lr.J. g1ven 1n 'table l 
and plotta<1 1n Fig .. 13. 
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Fig. 13. Variation of endurance limit with 
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2. Chromium-u.raniu.-n · lloz 

S-N data an tabulated 1n Table 8 and plotted 1n Ftga. 
14 through 19. 

Room temperature :reeulta were obtained fl'Om unprotected 
speo 1.mena 1n the aame manner u tor normal ut"an1wn. Alloyed 
epeeimena were mach1ned from eight- ineh aluga, yielding eight 
epecitneha each. 'l'h9N did not appear to be atru.ctura.1 d1tfer-

ncea 1n ello~ed alugs or auch magnitude as wae noted for 
noi-mal uranium.. 

The availability of the ohromiwn-uran1um alloy was 
11m1 ted, whieh aocou.nte for the small number of specimen& 

tested, apec1ally at room tempera.tu.re and 400° c. 
Endurance lim1 t tree& ranges are lia ted 1n Table 2 and 

plotted 1n F1g. 20 .. 

'l'able 2. Endurance limit& tor chromium-uranium alloy 

mperature ( • C) 

25 
150 
300 
~00 

500 
600 

Streos range (ka1) 

49.0 - 50.0 

37 .. 4 - 39.5 
3 •• 0 ... 34.9 

.... 20. l 

9 .0 - 10.2 
3.6 - 4 .. 1 
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B. St t1..,t1eal 

In ord r to t rmiM u t1ta.t1v 11 th eg o ao tter 
as oc1 d 1th the ex r ntal mp lo 1n 

the !nv tig tio , ourt n spe¢ ..... ,"""·f.U WEU."e test d under t 
co d1t1 .. Th· eohni<iue follo lar to t t 

by Freu nth l {9). Tabl 9 l1ate t. o e ... 

and the 

t d ror eatter 
plott po 1t1on& of th e c 

rm1nat1on. 1th a 1 .itod number of' 
na te 1t i d.U'f'1oult to tabl18h t .. 

at on 1p from h!ch t calculation of erro 
ov rn • To obtain an approx:t:rnatio tor the f ncy 

n ity or oyol to ail a oumul t!v di r1 tton curve 
w pl tt from t data, 

lo a.rithm of oycl . to tail 

in lg .. 21. 

was plot d v r us c ulat v 
lat1v t quenoy~ X: , on probability pa r. ~ 1ven 

by r t1o 

m is the rank t n ord& d ob rvationa. Sin J(4 

eo pond to t area un er th normal di vl'•1but1 n curv 
boun by ppropr'iate 11m1t , t normal distribution curve 

ay obtained from the c lative d1str1but1on curv • 

ao )t · Sx dx . 
-oo 

(6) 
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Iog 9 • 5~75555 
~(log N • !og N)8 • 0.11811 
n • 14 

0- . 0.09180 

tog N • 5.75555 i 0.09180 • 

In a simply- upporte t-otat.tng beam fatigue machine the 

pee n au.b oted to con tant bending moment throughoat 
te te t oction. Thua,. the t so at a point ·on aurf ce 

ot t teat ectlon var1e 1nveraely aa the diamete~ cubed. 
In ob rving the su.rtac ot the te t s otion m1eroscop1o lly, 

w prev1oU$ly deacrib 1 an are ot particular J.n t 

may be la ti ve to the di ter of the spec n by 

· ana of the geometry involved, which 1e Ul trated 1n 

F Jig.. 23. The relationship be tween v J.ewing position and 

<:u.t:itim01te·r iB 1 ven by 

(\ • do + 2 ft ( 1 ... (W8 j\t) • (10) 

Combin1r.lg Eq • (10) and {4) gives t.-ea 1n ter.. o viewtng 
poaitiOn .. 

• l 
v{ 0 + 2 R (1 ... ooa it'))* 

• (11) 

The rrect 
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Fig. 23. Geometry for determining the location of 
fatigue damage relative to stress 
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stw11e at 150, 300, and 400° C using annealed normal uttan1um 
epecimans at stresses \'rhere failure was induced in the range 
ot 10• to lo" c7oles.. In oroer to maintain correlation be-

tween obaervatiOtUJ rrpm one specimen to another, certain 
cl"1t81"1e. were establ1ahed wh1oh we~ somewhat analogous to 

the three stages of fatigue oited 1n sec. II.. In terms ot 
etreaa, they wet*e• 

1. The loweat stress at which localized plaatic deto 
tion was detected. 

2. The lowest stress at which cracks were observed. 
3. The stress corresponding to .fraoture. 

It will be noted that the preceding <:r1ter1a baffd on 

m1croaoop1o observations arG $U.bJect to considerable peraonal. 
b1aa on the part of the obaerYer. Typical .x-e:ference photo· 

graph• were used. lour aets of observat1ona were made on 
each specimen halt, at ninety de&t"ee 1ntervala. 'l'l'le maxtmwn 

and the minimUm eorreaponding d1ametera were uaed to calcu-
late streana which seemed to eatabl1eh a range or band by 

which the in1t1at1on of a part1cular phenomena 1• repreaented. 
Reaulta of t~ te-ste which are Si~n 1n Table 10 in the 

Appendix have been plotted 1n Pigs. 24, 25, and 26. 

It 1& obaerved that the band width 1n c1olea tor 
1n1t1at1on ot ore.eking for 300~ o result• ahown in Pig. 25 

1e somewhat oomparabl• to ~ soat~r band for the aame range 
of cycles to failure obta1nod 1n the t$1t eeriea tor aoatter 
determination. 
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Spee1mens tested for m1c~-elU.Un1nat1.0n were &'lfl(taled 1n 
a ~h vacuum. apparatus at 625• C for 48 hot.Wa to el!.mlnate 

ea cnuon as pos~iblo the oold woriting ettec.ta produce<& during 
machininS.. Tho etteets ot annealins ~ etch!ns ean be aeen 
by a oompartaen ot too f atjgue atl'Ongtba at a part1oular 
temperatu.re aa g1ven 1n 11gts. 24, 25, Md .26 with thoM given 
1n Pigs. 9., 10, and ll. 

seqµe.nc~ photographs given 1n Pig. 27 show surface 
etructure typieal ot that observed 1n acanning the teot 
nct1on or a spe.ctmen through a range ot atress representa-
tive of no damage to fraoture.. These !Ucrophotographe were 

• 
obtaSned from a;>ecimen M • 2. 

It was observed that du~ing ionic bonibardir'Jnt (etch1ng), 

a thin film was depoa1ted on the etched aurtace or the apec1-
men. Spectroaraph1c analysu or the .film showed que.lltat1vely 

the presence of aluminu.m, a!lS.con, iron, copper, and small 
traces ot other elements moat Of which cm.tld be attributeel 
to varioue components in th4 t.Uacbarge cha-~r ~ The tilm 

attecte4 ox:tdation rea1atanee ot the etched aurt'ace, provid-
ing excellent pztoteot1on ti-om atmo•P1ler1c corrosion at 
ambient temperatuwa tor extended pett1o<la (several monthe). 
Su.bJectinS the etclled GPOQimen to el•vate'1 tomperaw.re 
rat1gue teatin; ~dueed the etfeot1v•ne•• of the pr-otective 
t.tlm. OX1d•tton of the teat eection aurtaoea prioCffded 
rapidly (in aeconda) upon removing a apeoimen .rrom the 



Pig. 27. Sequence photomiorograp.h (200X) ot damage 
relative to atreae tor apecimen M-a, cycled 
to tallunt 1n 79,Soo cyolea at 150~ c 
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24(34.78ksi) 
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flexible capeule. M1or.:>aoop1a examinatton ot a teat section 

surface ahowed a complete oolo:r apoctru.11 with 1nd1v1dual 

graino. d18playing d1tterent colors in a moaa1o pattem. 
Ropreeentat1v• color photomlcrographe have been included 
1n Se¢. VIII. 



VIII w DISCUSSION 

It waa desired to isolate and control as many b.8 poasible 
or the numerous var1ablos associated with fatigue, 1.9-ith tbe 

intention that atrese and temperature be the only varubles 
ad.Justed 1n a part1oular determination. X>1l!gent eftorte 

were dinitoted at improving the uaual methods and techniques 

ot fatigue toat1ng to 1ncrense the representativeness or 
teat reeulta. 

The a.pproacb taken in S•H detenninations or uranium wae 
comparablo to the ooma:ercial type fatigue tests applied to 
the more oommon structural material:;.. tn M.e respect 1t did 

vary baaS.eally, hence further cono1'1erat1on appears note-
worthy. There baa not been much attention given the high 

temperature tat4...-ue propertiea of n.ietala which in the.meelve 
do not poaaeeo a super1o.r ability to withstand high teQPera-

ture corroa1on. More consideration haa been given creep and 

tena1le properties ainee 1t 111 usually c•oumed that they 

control the limiting .a1tuat1ona tor ta11ure. Slevo.ted 
temperature creep and teneUe properties are otten compared 

to extrapolated room tempei-atu.re tatig'~ propertiea to form 

the buie or dea1gn atreaa 11.uts. The attitude taken toward 
the re 1stance ot uranium to t"ailure appea,n to be an 
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exception, eince 1ts oor s1atanee to corroa1on deems 1t 
highlJ unsat1eractory ror high temperature ppl1cat1ons 1n 

en unprotected state. When uranium metal 1e used u a nucle r 
fuel it is 1nva1'1ably protected 'W a cladding ot later1al 

having auperior reautanoe to corrosion.. It follows than 
that fatigue testing 1n a controlled atmosphere 1a moat con-
a1atent with intended service conditions. and a.lao reaults 1n 
the elilrainat1on of corroa1on as a fatigue variable. 

In view ot the relat1voly few mat.r1ala euJ..ta.ble or the 

Meda or the many current and projected hl,gh temperature re-
quirementa, 1t is reaaonable to aaawne that additional a1r.d.lar 
appl10at1ons will ar1ee 1n meehanical testing altuat1o • 

Room teJ?lP(trature reaulta were, :for oompar1aon, obtained • 
u•ing both protected. (enoapoulated) and unprotected apec1-
mens; a.e lndicated 1n Pig. 8. A diatinet Variation 1a ... n 

1n the acatter ot the data relative to the cond1t1ona ot 
testing. Scatter 1n i-eou.lt• ror ~Qapaulated apecimene u 
extremely low, eo that one ifl1Sht conclude tbat the ert•ot or 
the controlled atmoapheric environment waa to dec"'aee 
scatter even at room temperature. DUcl'edittng th18 oonolu-
aion somewhat ia the tact that unprotff ted •~oJ.men• were 
teated 1n cantilever rather than 1n the ailnply supported 
type fatigue maoh!nea, wher.t the poaa1b111ty tor variation 
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in the appl1 ben 1ng mo nt 1 a.ter, and could account 

1n part for the reator oatter. Actually, the scatter ob ... 

erved tor the unprotecte spec1ttene 11 relatively no reater 
than that seen throughout the literature tor many mater1ale. 

The 1.mportance o surfnoe structure 1n ratigu cannot 

be ov r-err.phasized, !nee the tre s tn1J.Xil occur at the 

surtace where fracture 1& 1n1t1ated. Aeeelerated by the 

d1&s1pat1on of plastic energy of cycling, oxidation could 

penetrate the urfac several thouaandtha of an 1ncb during 
the period or testing to affect a change 1n propeI"tU • The 

unusually excellent continuity 1n results for encapsulated 

epec1mens e.ppea.ra to conti:rm this atatement. 
Another intereating anomaly ia evW&noed by the ro m 

tempe:rature re&ulta shown and concern.a three ence.paulated 
peo:l,.mena ma hined from the same olug. For thtUMJ $pee n 
a11Ul"e took piace nt a number of cyolea a o t n time& 

~ater than was expected.. The l.ttl1fo-rtn 1nereue 1n fatigue 
strength for thece speoimena would lead one to auapect that 
structural Q.1fterenc s existed among the slugs <>t uran1 
from which spec1..'rierus were machined. ft..ardneae maaeure nt 

made on the corresponding epecimena .1n an ertort to detect 
structure var1at1onu were 1noonolua1ve. Microsoopto compar1• 
aon of r.epresentat1v sectioned apeo1lnene d1d ehow an apparent 
variation in oxygen content. The solubility l.1.ln1t for oxygen 
in uranium is a.bout 20 ppm, thua the pl"ec1p1tated oxygen 



obeervod 1n the tortn or uranium oxide cotti.pounds provides an 
indication of: oxygen content for the o.ake ot comparison. 'I'be 

o.x1 p rttolea talt'..e the ro~n ot a cubic structure as can be 

seen 1n the photomierographe 1nolu.dod. 

Considering the meo~ 0£ olip and tw1nning 
associated with plaat1c. d.etormat.ton. one llUght euppoae that 

ox1.db Pat"tiolea act as PinninS agent• at di.oloaaUon &1tea to , 
decreue the operativem..eo ot defol"f"..atwn syatenw, thereby 
1noreaa1ng fatigue strength. 

Intr1ns1o d1acontinu1t1es were oona1dered to exist 1n the 

s ... Ji ulte starting at approximately 10° cycles a.t roOUl 

twnpcratu.re tUld contimi.tng beyond 108 cyclea at 500° c.. tfh1a 

etteot is ottcn neen 1n s-N -nel.'llts for ferrous ttietals and ia 
commonly referred to a.a the '*knee" 1n the S-N curve. The 

break is uuualls' more abrupt than thet obeerv~a here, and 

the lowest &~u at wh1cb it ocel.U.'*8 1s tr-o endurance limit. 

Fatigue tests or nortnal uranium were run et 6oo<> C; 

boW9ver. reeul ta were 10 eJ:Tatic that tes·tj.ng was aw.!pended. 

At thia temperatu.N tt l1a4 •uspeeted that boat generated 
w1tbin the apecimen could rai&e the· spectmen temperatu.J."9 to 
the phaa trarutfomation temperatu:-e ( 663 ° c), 1n which case 

rre.t1c xeaults eould be xpe()tefl,. At at:\Y rate the endurance 

limit would probublJ a.t inoet be only evex-al bundl'*ed psi, as 

oan be seen by eJttrapolattrlg enduratWe l.tm1t ~ rou.s tempera• 
tur. re ultf.l. aiven 1n Fig. 13 .. 
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Considering :further the results of Fig. 13, one oba rves 

a sl1Sht break 1n tho curv n ar 300 ° C. Thia b ak is 
1nhe nt to a nu.mbe:r or t . phyaio propert1 ot uranium,, 

some of which are stven 1n Seo. II. several qual1tativ 
arg nto are given regard~ re ons tor 1to presenee • 
. a.rl!.er re no o to t."le act that h1Sh temper ture 

l1p favored the (110) lip system> whet'e onda are o 
asily severed, WM n low temperature slip requires ver-
ce or bonds on all. except thO (010) nyete • Also 

aoc1. te.d with th1 · not 1 that t\f1nning dominates de• 

ormat1on at temper turea below t b:reak tempera.ttire · a 
. l1p abov , however, the change 1n meohan1& . porte ly oe 

not truce place in au.oh an abrupt trana1t1on.. In d1t1on to 
these facto, it 1& known that reocystall1zat1on tekfots plaQe 
at abou.t 400• C which coul<l act to hi.Ct the Qisoont1nu1ty 

temperature, depend of cour e on the 1n1t1al state of the 

material. Add1t1onal ev1denco of the anomaly u .aeen in 

Seo .. IV. 1n the vaP1 ion of modu.lue ot elaat1c1ty with 

Mathematical repreaenta.tlon or the fatigue reaulta w 
ought to aid 1n apply~ these .find1n8e to h1$her etre a a11 

o pi:-ov1 e me.ans of corl."'4tlat1ng resulta with other 
ohan1cal propertiea and to teat the applioabtlity or the . 

various theor1ea of fatigue. An emp1r1cil relat1onah1p waa 
obtained Which descr1 d the dat 1n term& Of (flexure 
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tress), (cycles),, an T {temp rature}.. A linear 

g · anion \' ppl ed to 

log N • - a lo s + A • (12) 

c;onatant along i h their :;ectivf) deviations a 

b low e.rut plo ted v r ua te rature 1n 1gs. 28 

'l'abl ;. Vari tion or lope and 1n rcept 1th rat 
tor Eq.. \ 12} 

'1' mp. Slope v1at1on Int re pt D v1 t1on 
0 c - a: CJ" 

25 12.511 0.706 62.750 3.223 
150 10.197 l .glit. 51 .. 258 5. 89 
300 .. 820 o .. 11 48.553 2.712 
400 s.1ao o .. 8 .. / 40 .. 195 3.742 
500 7.369 .365 35-540 1.4 2 

The tho lea,et queres waa pplied to t data 1n 'f le 

3, hioh 1 hown gr phically 1n • 28 an 29.. The ... 

ulti p1rioal equation 1 

T) log S + 77 .37 
(13) 

• 

The l 1t1nS v lue ot N at a particular t :mper ture tor 
hich • { 3) applicable 1a obt 1ned by &ubatitut t 
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relat1onsh1P for endurance limit ; 

(14} 

t n tr Fig. 13, into Eq. {13). Pig. 30 le a plot or q. 

(13) ror the var1ou temperatures tested indicating the range 
tor which fit was obtained. 

A degree ot co1"I"elat1on exists between yield strength 
(0.2 per cent offset) (10) and endurance 11m1t veraua 
temperature. Thr hout the te perature range 25 to 500 • C 
the curves for the two properties are parallel, th en• 

durance l1m1 t cu?"Ve 1ng approximately 5 tca1 lese.. 1nce 

yield strength 1a an arbitrary zneaaurement 1t 18 not triotly 
a measure of elastic propert1e • The endurance limit has 
been hown to be more dJ.rectl.y related to the proportional 
11.mit. It muat or cour6e be realized that the endurance 
limit carries with it the 1mpl1cat1ons or wor hardening and 
thermal aorten1ng through aucceaaive cycling, and the pro· 
port1onal 11m1t doea not. Alao, uranium doea not d18play a 
proportional range in th$ first cycle of atreaaJ however, 
repeated cycling 1n tenaion only ahowa a con.1derable in-

crease 1n y1eld etrength (u much as 100 per oent) and alao 

develop& more of a proportional range ot •treaa (17). It ta 
believed that a stable form ot hyatereaia loop 1• attained 

after a number of completel.J reversed cyclAta. 

Room temperature results tor completely reversed axial 
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ns1on and compre s1on te ts, shown 1.n F1g. 31 {reproductions 
ot th actual autograph1o atres -strain eurv a given in 

Flgs. 46 and 47) 1 can represented by 

• \15) 

With t exc ption of t tirat loading, only minol" varia-
tion 1n the character! tic curv tor:n c ho ob rv d. 
Variation 1n th tension and comp as1on curv a for a particu-
lar eycl was cons1de d 1ns1gnif1cant, a1ne 1t w within 

' tbe 11mita or tl'le accuracy or t measure. nta. A very elight 
1na a in alo is en from the first through the tourth 
c7cl , indicating t occur nee or progresatve strain 
he.rd ning. The constant for Eq .. (15) •re obta1ned 
greph1c lls tor oyol s two, t~e, and our nd are g1v n 

below. 

Table 'L Var1at:1on of lope and 1nterc pt w1th cyolea tor 
EQ, ( 15) 

Cycl . no. Slope Intercept 
b B 

a 0.120 2 .. 73 x lo• 
3 0 .. 111 2,77 )t 10• 
4 0.755 3.44 x 10• 
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tested at room temperature 



flexure qu tion u e to cal.Qulat be 1ng tree 1n 

tatigue w 1n t proportiona r • 
r ct 1 co nly 1.gno d tio 1 appli d to 

atre s abov the limiting valu • Be aus or the 1m lie ... 

tions 1nvolv d, t re ul oan b 

x to odulu • Thi a.ppro ch 

con 1 ion 1 the ction or 
during nding. Fl xural c p tud1es ot 

uran1um hav shown ha th1a condition te ati fied 11 into 

t or e re (22). 

w1 t a1 or • {15), 
fl XU quation oan 

ppl1c bl rorm of the 

Con ider th geo t of 

plane circular ction of e b am 1n nd1ng a follow i 

y 

---Ey y 

x. • r coa 
y .. r ain 

dy • r co d 
d •2xc1y 

2 r2 0018 d. 

• 



?he reeiating moment developed in the d1.fferent1al 
1 given by 

Combining Eq. (15) with the relationship ro Ey ob-

tained from geornetey yield.a 

tram whieh 

or 

A b 

~ • 2 s B ( E~ y) V da 

0 

b ff/a 
"' 4 B ( ~a) cb-t:t r ainl:>+l e co e & d & 

f,) 

at y • 0 1 

{16) 

(17) 

(18) 
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T olution of the integr l takes the form ot a ta 
tunat on 

v/2. 

(m,n) • 2 5 ( 1n t) ·• (coo t)atl•• dt 

0 

r {m) f {n) 

f (m+n) 

pr Viding that m > o~ n < «> 

How, 
2111 .. l • b ... i .. 

or m • b + 2 , nd n 3/2 
2 

uch that 

Letting 

M • 2 B 0 11 E b c f 
r(7.+2) .r< ;2> 

r(~ + 3;2) 

.a o E- b _ r.: [ r (7 ) 
c c " .. r (b;5) . 

(19) 

(20) 
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and 

tr.en 
M • k c.. b . ' o " (21) 

plac f c bJ S from :sq. (15) give the fl Jture 

equation 1n ~ mocU.tied form. tor t aem-plaatic mat rial aa 
tollo a, 

or 1n te~ or t ela tic tlexuro t:rea 

r(7J 
lt r (T ) • 

(22) 

{23) 

The mod1t1c tion factor ,,,_.-evaluated tor the third cycl 
of the axial atrea -etra n re ulta given 1n Table 4 1 

r . o .. a5 

Substituting the re•ulta ot Eq. (22) 1nto q. (12) g1v 
the at a mod1f l d s-N relatlonebip 
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log N • .. a lo 
Sp 
-+ r 24) 

01'" 1n ms of train 
Eb 

log N • ... log -y- +A • (25} 

• 25 1 een to b a u tul an ot eecrtbing t 

t tigue latlonship 1n t rma or atra1n tor J.ven t mpera ... 

ture and con equently prov 1ng le 1t1nlat oc ua to t 

rou report on a re t Jn.an)' 

material hav dealt with t appl1o bility of quation or 
the to or . (25) l tiv to oon ta.nt strain litu 

teats. Re ult y Low (23) ho d th t at tor 
ver l mat :r1al could b fit to a ple lo c ve~au 

lo N . tr 1ght lin plot .. Th rm l cyclic fatig d ta 

1 o commonly p a nted by the po r curve of Eq.. (25}. 

'lb1 tact 1e noteworthy b cau e or th 1m11 .1 y 1n tre 

oond1t1o tor the . l fatigue ehanic l nd1ng rt 
Th t rad~ nt wh1oh occur 
t rm 1 treas a1tWttio cor pond to the therm 

rad1ent, imposed by h t tvansr r eonu1dorat1one. The con .. 

ppear b e1c to the ru.d nt or th proble or 
rm1n1ng t h r 

ohanical te ta. 
to "ail of uraniu through 

lt 1 1ntereat1ng to no that 11' the ul iven 1n 

• 

.. (2 ) a xtra.polat to o q rter or a cycle ( • 0 .25) 
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tree of 98.5 ka1 is obtained for room ternperature, which 

1• within th range or value& 11 t d for t ultimate ten 11 

trength. However, t modified fl xure equation wae derived 

tor atre s-atrain charaeteri t1o other than tho e ot the 

t1r t loading, thua it y be more aaonable to extrapolate 
• to • 0.75 where olo proX1m1ty · 1 exist With th 

ucceas1ve cyclea. At thi value of N the resulting atre a 

1 90.3 k 1 .. 

2 .. . Chromium-uranium allol 

Inapect1on of the S•N diagrams i'rom 25 to . 600• C ahowa 

everal chara.cter1 tic curve shape • Room temperature and 

iso• C eem1-loga1"1thm1c plots display two diseontinuou 

tra1ght line gmenta character1z d by th 11knee" ment1o 

rev1ously. Th curve for 300 and 400 ° C clo J.y reaembl 
the normal uranium results, 1n that they do not show an 
abrupt break on the ae1n1 ... 1oe;ar1thm.1c plot . 1v hundred and 

600• c reaulta arie or the same form ae those tor 25 and i50• 
c, although the1 have le a abrupt d1aoont1nu1t1ee at far 

greater nwnber ot cycl.ea (10• cycle•), 1f at all. 

In an ttempt to obtain an emp1r1ca.l representation ot 
the at , evera.l rems or power equations were employed with 

only limited succeea. It was tound that the beat overall 

repreaentat1on co~ld be obtai.ned by f1tt1ng the data to the 
relation hip 
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(26) 

The slo s and intercepts along with their deviations are 

listed 1n 'l'abl 5 and plo ted in 1g • 32 and 33. No attempt 
wa made to obtain exp ss1ons tor their variation with 
temperature d to th 1r di continuou natu • Th l1m1 
data avail ble tor t thod of least quares at 25° C plus 
the questionable appl1cal:>111ty or the exponential model t 

300 and 400° C would obv1ou ly di credit any conclus1ona 
drawn ... gard1.ng t pre.eence of th1 discontinuity. The 

fact &till rem.a.ins that this anomoly 1t typical or a great 

number or proport1e or uran1wn. The d1Gcontinu1ty seen 1n 

the normal uranium w near 300° c, but with chromium· 

uraniwu alloy 1t ia clo r to 400° c.. Thia is conai tent 

w1'th the oor sponding increue 1n ndurance l1m1t v r ua 

temperature tor th& chrom1wn-uran1um alloy. 1nce pro-
gressive st.rain hardening and strain eg1ng are lieved to 

be fUn amental 1n the mechanism or fatigue, 1t tollowe that 
he break 1n the curve could arise tro a gradual tran 1t1on 

rrom one of these rate controlling proceaaes to another. 
Purtber evidence or thia fact may be seen 1n the variation 
1n enduranc• l1m1 t vera~ :reo1procal tenipe.ra t\lre ( •g; ) shown 

1n Pig. 34, wh .re to~ temperaturea above approximately one-

halt the melting po1nt (Tm) the rate or change 1• constant. 
It 18 gene~ lly accepted fact that tor moat matel'iala the 

activation enei-sY tor s lf 41ttus1on ta constant above 
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Variation of slope with temperature for Eq. 
(26) (chromium-uranium alloy) 
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Table 5. V1 r.110 tton of slope arid i~ te cept l·ith .empera tu 
tor Eq. (26) (cnro um- ran1wu al oy) (s in k 1) 

25 
15 
300 
400 

500 
600 

~10 
-s 

o. 53 
0.,103 

0.121 
0.231 
0.184 
0,203 

v t1on 
0-g 

0.023 

Oc.Oll 

0.002 
0.034 
0.014 
0.023 

In re pt 
G 

l3.o69 0.559 
.93l 0.211 

l0.164 0.028 

12.938 o.446 
10.091 0.101 

9.104 0.118 

o halt t e lt,'l.ng point. Thi ppeara u1gn1tio nt eime 

tn st~ 1n g1. phenomenon ~ oo directly a oc1 ted with 
d1ttusion. 

'l'l tre •&train o raot ri.:: tj,oe from co pl tely -

v r~ed axial test or thfJ chror.t1wn-u .. . n1um are al o t~und to 

o ey th log s ... logE relatioMhip except tor th tirot load• 

with nonnal urani~ onllf slight variation oan 

b obaerv d 1n th suoce 1ve load 07cleG fo~ enroznium-
ran1 • Reproctuet1Qns of the or in.al autographic l d-
tr. in ourv n re: shown in F e. 48 nd 49. Log verau 

loge tor the fourth cycle is plotted 1n Fig. 35 along with 
th oomparabl"' renults or norml uranium. It 1$ noted tnat 

d s of parallel1 ex1 t tween·tn two result • 'l.'h 
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Axial cyclic tension and compression load-
strain curves, cycle No . 4 for normal uranium 
and chromium-uranium alloy tested at room 
temperature 



.... E: relat1on&h1p evaluat tor the alloy from Fi .. 35 i 

• 

Th tlex.ure mod1f1o t1on !'actor r evaluated for I:> • 

0.78 1 ?"". 0.87 uoh that 

• 

Extrapolating q. (.26} tor room tenu>erature data giv n 1n 

(27) 

(2 ) 

Table 5 giv value of atre s uoh 1 s than t v lue tor 

ult te ten 11 tre&a 1n axial t ns1on. lnsuft1c1 nt s-
reaulta in t £1ni lite region ot at at 25° C 1 -

11.f'te further di owsaion. 

In th1a investigation 1t waa des1rec1 to •t rm1ne t 
tt ct of fatigue damag on m1crostructure.. !'hu 1& con-

e1derod itnportant for e veral a ons.. First,, rrom a 
Pheno.1 nolog1oal po1nt of view 1n support of the labor tory 

attitude taken 1n t t1gue test1.ng, it 1 de ittable to make 

tundal ntal obs rvattona to eupport baa1o &tud1e which q 
ult tely ea.ti ry the qu at tor th baa1o ch.an! nm ot 
fatigue. Seoond, for purpo or de 1gn application ot 
rat1gue data it ie important to know ore ot tt.e action ot 
tatigu.e than th treao h1ch can be applied ind f ini ly 

without producing fracture, since obviously d.Oatgn components 



97 

are uauall.7 not tntended. to la t 1ndef1n1 te lY. For this 

re on t f1n1t life range of treas &hould be g1ven ore 

attention than the mere determination ot cycle> to tallure a 
a function of &treas. 

The conventional method or determining the aate dealgn 

limits 1n the 1'1n1te &trea range 1 involve and ti.me con-
suming. It f'9qu1rea int the complete determination ot the 

s .. N curv .. Then a number of apectmena are run at a g1ven 
atres tor v r1ou rraot1ona of their life, 11t1mated fr;>m 
the s ... N curve obtained.. Saoh pecimen la then rerun at the 

endurance limit. Specimens wh1ch autfered damage in the 

pre tress test will tail fore the endurance number ot 
cycle ; thos not surr ring damage will not tail.. Thua the 

highest rraet1on of cycles to failure corNaponding to a. 
peo1men untr ctu 1n the nduranoe l1m1t test 1 oon-

aidered to the 0 d e po:t..nt". This proc aa 1 ,repeated 

for v 10 treas 1 v l from which a !'damage linen can 

ventu.ally b obtained. Tho t~o eorrespondtns to a 
p8X't1cular number ot cycle to de.o.age may then be cona1dere 

tor design application. 

Tr~ s 1nf'ormat1on wa sought 1n this 1nveatisat1on 
u 1ng microscopic observations or de.mag to valuate the 
"damage line •1 .. Thi technique doe not ~quire apeoimena 

ot . r than those uafr in the S-N det rmine.t1on. Ita 
re t t isadvant e te a rrom the uneert 1nty of optical 
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erack detection and the sulting arduous task of ae nn1ng. 
This di advantage is somewhat lesaend by h u e ot two 

crit ria ror do.mag ,. localized pl atio de.formation and er ck• 
1ng, which may be re onably considered a the 11m1ts or 
daniage. The teobhl.que requires turtbe:r that the micro• 
structure 1n1t1ally b a tree as possible trom the ettecta 
ot cold.-work1ng 1 which would usually 1mp1y annealing. In 

addition there 1 the neceacity ot tehirlg hich could 
poaeibl.7 1ntroduc additional un eaire variable•. t wa 

felt that the method of etching mployed in this 4.nvestig -

tl.on provided a minimum 1tuat1on, and no attempt was mad 

to study 1t atteet. 
Straight line logarithmic representation is gtven the 

reaulta ahown 1n Pigs. 2 , 25, and. 26. Note the parallelism 

at 150 and 300• c, and the convergence at 400• c. Th latter 

ight be 1nte.rpreted 1n terms or the action of recry&ta111aa-
t1on which beg1M near 400• c.. Further v1dence or t.hi 

erteot can be seen 1n the photomJ.crographs included. Scatter 
in the damage data plott d 1 fairly consistent 1lf1th that 

obeerved tor traoture. '?he ranges ot obeerve4 values tor 
damage were 1nalucled to provide an 1ndex ot the symmetry of 
derorm.ation relat1v to the m1.n1 wo test ot1on 1ameter 
ot the epecimen, 

The mode of tatigu detonnat1on ia en to vary with 

temperature for the range of temperature 1nveat1gated. 
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This tact la evidenced 1n tbe following color photom1cro-
grapha. 

At 150• c cracking followa the paths of deformation 
marking, and 1a there:fore observed to take place on an 1ntra-
ceyatall.ine baa1a.. Fig. 36 18 illustrative or thia point and 
further eyp11:1ea the results ot t.. sequence photomicrographs 

shown 1n Pig. 27 wr:J.tre the p1"esence or cracks 1 not read.1.ly 

app~nt. The individual coloration of the ceyatale pro-

vide a dcf 1n1te record ot c:ey tal boundar1ea M4 t.hua an 

accurate ana ot tre.cing deformat1on otherwise lo t 1n the 

photomicrograph$ due to the l1tilit d depth ot 1'1eld in aa 

ot hjghl:V disru.pted ccy tal structure. not the ' ll efine 
deformation marlte at i50• c. 'i'bey axse observed to beco 

les distinct aa the teat temperature 1 tncxieaaed. Fig. 37 

ehow th termination or a crack within a cry&tal and 1.ndJ. ... 

catea the operat1venesa or many deformation eyotema a it 
branches to torm a 0 Y". Thia 1o a.lao videnced 1n .Pig. 38 
where a crack ha8 trav ra o. a portion o.f a crystal 1n ·an 

irregular p th# tollow:il'lg the d1reot1on or deformation 

marktng • 

.Fig.. 39 bu been included to illustrate the typioal 

und ed. m1orostructut*$ of epeoitnena used· 1n this investiga-

tion. The 1dual plaatio deformation Geen het'Q oould not 

readily be eliminated, and. 1 probably due to the anisotropy 
ot thennal expansion in uranium oau.&1ng plastic flow during 



F1g .. 36. Fat~ue damage in normal w:-an1wn teated at 
150° c 1 &howing 1ntraoeyatalline crack1.ng 
and well de.tined deformation marking (200X) 

F!S .. ,37. Termination or a tat~ue c,rack .1n normal 
uranium teated at 150 O ( 500X) 
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Pig. 38. The irregular path or a crack 1n normal 
uranium teated at 150° C (lOOOX) 

Pig. 39.. Typ1eal undamaged iu.croatructw:. or normal 
uranium (200X) 
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cool.tng from the annealing tempera.tlll'e. 
At 300• G the same gener l oharacter1at1oa observed at 

150° c are present, a may be aeen 1n Figa. 40 and 41. De-

formation marks are still fairly distinct, although 1n ao 
oryatala an 1noreaeod amowit ot mo;ie unitorm local detorma-
tion ia ob$erved. Thu might be attx-1bu.ted to the 1noreaaing 

numbex- of active da.for.oati n sy4Jtems operatingj requ1rin& 
leoa act1vat1on energy at this temperature and/or to tM 
ertecta or annealing and reecyatall1zat1on 1ndu.eed by 

local1~ed plastic enel."6¥ d1a&1pat1on 1n the rorm ot heat. 
It is interesting to note t~ apparent d1aresard for oryatal 
boundaries that de1'ormt11t1on tak.&$ in progl'essing from one 
ccyetal to another, which 1& still :rurther evidence ot add1-
t1onal def9rmat1on systems acting w1th increasing tempera-
ture. cracking at 300 • c, aa 1lluotrated 1n Pig. 41,. 

progresses 1n both an 1ntGroeyatalline and 1ntracryatall1ne 

manner# but to g:.ater extent t>v the latter. 

Plaat1c detonnat1on at Jtoo• c, ahown :1n Fig. 42, takee 

place almost exclus1vely 1n the manner menttoned tor 300• c 
aa an exception. De.formation marking la not distinct> but 

appears rather as a more or leaa untrorm tragmentation of 
the crystal tJu.rtace. 4nlG f:l.ne light•coloNd deformation 
lines aeen are thought to be a result ot plaot1o tlow 
ooeurxaing during cooling ti-om the teat teniperat~,, and/or 
during the hand.11.ng involved in removing a SP\\Cimln from 



Flg. 40. Fatigue d~e 1n normal uranium teated 
at 300° C ( 200X) 

P1g .. 41. Fattgue cracks 1n normal uranium teated at 
300° C (200X) 
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Pig. 42. Fatigue damage in nonna.l uran1um tested 
at 400~ C (200X) 

Fig. 43. IntercryE»talline cracking and grain 
rr~ntation 1n normal uran1wn teated at 
400 a (200X) 
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1ta oa.peule.. Cracld.ng at 400• c takee place predominantly 

along the bou.nda.1 .. iea aa can be obeerved 1n Fig. 43. Cracks 

wbloh de.veloped 1n apeclmena tUAed 1n eycl1e temperature 
growth stud1ed tor uranium at the same temperature were alao 
obeerved to progrees in th1a ~" (24). The tenn grain 
boundary melting wae ae~oc1ated. w1th th1& phenof.'l'(tna.. In 

addition 1t WfilS noted tha.t thermal cycl.1rlg below 300• C 
pro<luoed only ll$gligible growth. WhOt<eao above 400° C sub-

stantial growth we observed,. fhiD may be ~arded u addi-

tional support tor the reasons given prev1ously 1n d1scuas1ng 
the d1soont1nuity 1n results 1n the 300 to 400° C tempera-

ture range.,, Fig. 44 ehon miorostructu.ral damage typical or 
tractu~ at 400° c, and 1nd1oatea a lesser degree of locali-
zat1on or detonna.tion at this temperature a.a compared with 
150 anO 300• c. The overall ceyatal otruotu.re shown here 
may- be eharacte~1zed by the effect& or thermal softening. 

Aaper1 t1ea such au seen in Pig. 45 were observed 

ocoastonuly 1n the microstructUN of 400° c teet apeo1men • 

CAli"el'ul exams.nation at high 1~1ttoation shows ev1<1ence of 

an extrwU.ng ac t1on ghere th1n aheets of mater1.al have oaz•d 
out ot the defomat1on band.a, Thee thin eheeta are very 

fragile and can eaa1ly ~ &haken looae, which cou.ld account 
tor their lnfrequ.ent detection 1n this 1nvest1gat1on... un-
accounted ror metallic particle• were often tound in the 
bellow& during the removal ot t1peo11l1a1H1 tram the1r capsules. 



Fat ue deformation at fracture in normal 
uran1wn teated. at 400° C ( 200X) 

113 .. 45.. Aeper1t1ee axtructed from det'onnation banda 
in normal uranium teated at 400• C {500X) 
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Their preMno• might be attribu.ted to th18 pheno.non. Thia 
extruding action wu obMrved 1n tatSgue etl.ld.1•• ot alwninwa 

by Por•yth (25) who terud the action deacr1bed aa .. al1p 
band extl'U.81on". The phenomenon••• conaidered or 1nwreat 
from the atandpoint ot supporting evidence tor conolua1ona 
drawn involving the prooeaH• or looal1Md therraal aott.ntng. 
It 1• •uai••ted that th1• prooeaa play& an important role 
relative to the initiation or orack• 1n tatlgue. 
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IX. SUMMARY AND CONCLUSIONS 

Rotating beam t~ fatigue tests were run on natural 
and lloyed uran1wn 1n the te rature range 25 to 600° c • 
.From s ... N data and 1ntovmat1on obtained trom alli.ed exper1 ... 
ment a number of oonelusione nlaf be dr.awn regard.1ng the 

fatigu eharacter1at1cl:l or ura.ru.wn. 
The method or eneapsulat1on was found to be an etfeot1ve 

means ot providing specilnen oxidation protection tor elevated 
temperature fatigue testing.. Scatter 1n normal ux-an1wn room 
temperattU'ie data wu marKedly reduced. uatng encapsulated 
specimen • 

Apparent atruotural variations 1n the virg1n matftrial 
artected a large variation (lo per cent) 1n the fatigue 
strength of nonnal uranium. £xper1Ir.ental support ror this 
statement 1• based on m1croacop1cally observed var1at1ona 1n 

oxygen content. s ... N curvee tor normal uranium 1n the finite 

lite range or .et.reas oan be represented by the power ourve 
relat1on&h1p · 

where both the slope and. 1nterc•pt are shown to be tempera• 

ture dependent. Their variation with temperature ia approxi· 
mately lU.ar as is alao the case tor the variation or 
endurance limit with blmperature. A d1acont1nu1ty 1n the 
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variation or these parameter-a with temperature near 300• C 
was observed. This erteot 1a typ1f1ed by ailnilar obaerva-

t1one involving temperature var1at1on ot numeroua other 
mechanical and physical propert1ea ot the u.me material. 

The fatigue strength ot a low chromlwn-uraniwn alloy 

waa found to be auper1or to that ot normal uranium. The 

affected increase is greater at low temperatures than at high 
temper tu.ree and \lan be illustrated by e. compar1aon of 
endurance limits. 'l'he reap«90tive va.luaa tor normal and 

alloyed uranium are appro.x1mately 29 and 48 kai at a5• c, 
and 5 and 10 ke1 at 500• C. S-N results tor tht:t chromium· 
uranium alloy in the t1n1 te l1fe range o.r a treaa may be 

deeor1bed by the exponential relat1oneh1p 

N • G• e·&S 

where the slope and 1nt.,rcept a.re again temperature depend.ent. 

The treq\iency di tr1but1on ror cyelee to failure 10 to 

a Cair approx1mat1on log-normal for normal uranium at 25 ka1 

and 300° c. 
The m1erosoop1c techn1qu '1Sed to determine fatigue 

damage cr1ter1a for normal uranium ts effeot1ve ae deacr1bed .. 
Results obtained tot" cracking and fracture a• criteria for 
failure are parallel on log s ... log N plots below 300• c, and 

above th1a temperature they converse as a function or cycles. 
Fatigue da: e at 150° C appears 1n the orm of d1at1nat 
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defonna.tion b d• ( lip and twinn:tng banda).. At 400° C 
detorm.ation takes t ~orm of triate crystal urrac •· 

A combination of both torn:ia ot da.rnage 1G en · t 3 ' • C .. 

Intra ry t lline ex•ack predo in.a below 350• C 

1n roryata111n crack abov thia te, rature .. 

The tre •strain eharaot r1 tica or aucees iv cycl a 

or·co p t ly rever d 1al loadinS ot normal and chromium-

lloy uranium n'J81' repl'Geened by 

S •B E 

with the xception or t rirat loading. Thi rel tionahip 

wa verir1ed xperimentall.y at room temper tu an tor 
st a up to approxi.. t 1Y 6 1 tor f QUI" cycl • modi• 

tio tion or th tl xure equation can b formulated which is 
appl1c ble to em1-plaetic materials wh1eh po traig t 

1 log - E- charac ri tic • Extrapolation of norm l 

uranium roo. tem: r t ratigw da a to a traction ot a 

oycl • on t ba 1 of ·b modified flexure t . ·a , ;vl ld 

ult oompar ble to t ultima tena1l trength of tbe 

ma. rial. 
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X. SVGGBSTIONS OR FUR1mm INVESTIGATION 

It 1a felt that d1tional 1ntol"mat1on relative to the 

ettecta ot corrosion on tho ratt.gue properties or metala 
w0t.tld be desirable • ~ super alloy• bave been developed 

to reo1at 1"a1lure under extreme emperature and environmental 
cond1t1ona. It would be ot more than academic 1ntereat to 
determlne vhe'ther :rea1atance to failure 1a bn:>Ught about by 

the 1ncl"ll&ae 1n reai&tance to corN111on or b1 an overall 
improvement 1n reatatance to deton!1Dt1on, or both.. Such .s.n-
tormation ehould certa1nly. atilnulate ~ advancea ot high 
temperatUl"e metallurv in developlng new mater1a.la. tende4 
application ot the methoda developed ror oorroa1on prot.ction 

1n tbo course ot thia inveattgation 1a auggeated. 
Since 1t waa eeen that ~ fatigue propertiea ot uranium 

at room temperat1m1 can be related to the oorreapondina atl'918• 

atra1n charaot.rat1Ca, tt would appear worthlfhlle to deter-
.m.1.ne 1r U. ooi-relation extated at elevated ~mperaturea. 
Th.a ·would require that elevat4td temperature axial C¥Cle 

t.enaion and oompreuion ••ta bft conducted. Suitable con-
rolle atmoapher1t testing tac1lit1•• tor both axial tenaton 

am compnteaion are non'1x1atent1 howvei-, 1t ia believe 
that an appropriate encapa\llat1on technique could be 

•tteot1vely em.ployed. 1.1rther ver1f1cat1on ot correlation 
might be evaluated. by running con1tant atrain ampl1Wde 
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fatigue tests to obtain results !'or eompar1eon with the 

constant moment teeta.. Such a compar1oon could provide 
access to the behavior ot prosreas~vo atra1n hardening 
through auccasaive cycling in fatigue. 

• 
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A. Tabulated Data 

T ble 6. 8-N data for normal uranium (protect d pecimen ) 

Spec1- Temper .. ter1al M1n1mwn 1 xure Cycle to 
n tu re de igna- test eotion streaa tailure 

no. ( oc) t1on diameter (ksi) (x10•) 
(in) 

l 25 Q-l 0.252 J/ 28.00 500. a 
2 25 Y•l 0~252 29.29 500. 
3 25 L-1 0.250 29.99 6.6721 
4 25 L•l 0.251 33.50 1.2700 

~ 25 Y•l 0.252 36.92 0.3300 
25 Y-1 0.252 40.74 0.1045 

1 25 y ... 1 0.253 45.29 0.0395 
8 150 l·l 0.251 23.19 750. a 
9 150 c-1 0.251 20.10 505. a 

10 150 y 0 .. 252 22.15 302.9209 
ll 150 c ... 1 0.250 21.12 196.3309 
12 150 y 0.2~ 25.29 3.2776 
13 150 c-1 0 .. 2·5 2~.00 2.6246 
14 150 0-1 0.251 2 .34 1.402~ 
15 150 0-1 0.2~ 30 .. 55 0.331 
16 150 0-1 0.2 9 35.63 0.1000 
17 150 M ... l 0.252 42.01 0.0075 

18 300 x 0.252 16.04 1~-
a 

19 300 Q 0.250 13.82 6 o. a 
20 300 T 0 .. 250 ii.21 186.8045 
21 300 x 0.252 l .59 102.2063 
23 300 Q, 0.249 20.06 2.4695 
24 300 T o.a48 22.17 0.7432 
~g 300 x 0.250 24 .. 25 0 .. 3080 

300 x 0.252 25.97 0.1280 
27 300 K-1 0.250 a1.3a 0.0848 
29 300 J.\. .. l 0 .. 251 33.50 0.0215 
30 300 K-1 0.248 32.59 0.0112 
31 300 K·l 0.251 37.36 0.0048 

aDenotee no failure. 
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Table 6 (continued) 

Spec1- Tempera- Material Minimum Flexure Cycles to 
men ture deaigna- teat section stres& ta1lure 
no,. { "C) t1on diameter (ks1) (xl08 ) 

. ' 'inl iiJ • 

32 400 H-1 0 .. 248 9.35 508.0055 
33 400 H-1 0.248 l0 .. 68 398 .. 8400 
34 400 G•l 0.249 13.20 13.3910 
~g 400 G•l 0.252 11 .. 97 5.564a 

400 A-1 0.236 11.16 5.1124 
37 ltOO ,A ... l 0.21;9 14.78 0.9211 
38 400 M·l 0.249 17.42 0.2825 
~ 400 P•l 0,251 20.61 0.1281 

400 P·l 0.252 22 .. 91 0.0321 
41 400 P-1 0 .. 250 25.03 0.0110 

42 500 I-1 0 .. 243 5.11 222.1862 
!~ 500 I ... l 0.250 5.6o 62 .. 3542 

500 J?•l 0.2~1 6 .. 96 30.6250 
45 500 l-l 0.2 8 6.14 26.7240 
46 500 i'•l 0 .. 248 8.01 3.0635 
~A 500 F-1 0.246 10.4'0 0.6111 

'°° M•l 0.251 15.46 0.0468 
49 500 M·l 0.252 20.37 o.ooao 
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T ble 7. -N data for no 1 uranium (room temper ture 
unprotected pecirotns) 

Speo1· Minimum Bending Flexure Cy'clee to 
n test eot1on moment atreaa tailure 

no. d1amet r (in-lb) (k81) (x10•) 
(in) 

1 c o.a52 39,.3 25.0 501.2303: 
2 A 0.2~ 41.3 21.0 502.6620 
~ B 0 2 8 40.3 27.0 7.,05~9 

0.254 44.3 2~.5 i1.4oes 
5 D 0.252 44 .. o 2 .o 2.1529& 
6 J 0 .. 247 41 .. 4 28.0 504.1130 
i K 0.249 4; .. 8 29.0 7.9008 

L 0.252 4?.5 29.0 47.8751 
9 A 0.251 6.5 30 .. 0 5.1954 

10 c 0 .. 252 4 .7 31.0 191.6250 
11 J 0.252 48.7 31 .. 0 12.3018 
12 K o.aso 47.4 31.0 65.64~4 
13 A 0.250 49.0 32.0 1.26 5 
14 D 0.253 50.4 32.0 9 .. 4150 
15 A 0.252 55.2 35.0 l.0389 
16 I 0.252 54.9 ~~:g 2.6678 
ii D 0.252 59.8 o. 93§ 

l; 0.2~ 58.9 38.0 i.54ir 
19 B 0.2 8 59 .. 9 40.0 l.3654 
20 K 0.244 sa.a 41.0 0 .. 1284 
21 J 0.248 63~0 42.0 0.0960 
22 I 0.251 65.1 42.0 0.0675 
as I 0.244 61.0 43.0 0.0510 
24 G 0 .. 252 70,,6 45.0 0 .. 0560 
25 M 0.251 12.a 47.0 0.0228 
26 L 0.250 75.0 49.0 0.0141 
27 B 0.252 78.5 50.0 0.1632 
28 J 0.252 81 .. 7 52.0 0.0054 
29 0 0.253 87.5 55 0 0.0050 
30 D 0.254 6.7 60.o 0.0034 
31 L 0.248 97.5 65.0 0.0037 
32 N 0.227 80.4 70.0 0.0040 
33 M 0.250 114.8 75.0 0.0008 
34 0.248 136.0 90.0 0.0003 

a.oenot no ra11ure. 
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Table 8. S-N data tor chrom1um-uran1wn alloy 

Speoi... Tempera- Mate~1al M1n1mwn 
men ture d &igna• te t ction 
no. { °C) tion diameter 

l 
2 
3 

g 
7 
8 
9 

10 
ll 
12 
13 
14 
15 
16 
il 
19 
20 
21 
22 

~i 
25 
26 
27 
28 
29 
30 
31 
32 

25b 
25 
25 
25 
25 
25 
25 

150 
150 
150 
150 
150 
150 
150 
150 

300 
300 
300 
300 
300 
300 
300 

400 
400 
400 
400 
400 

500 
500 
500 
500 
500 

.A 

A 
1' 
A 
B 
D 

I 
I 
I 
I 
I 
I 
I 
I 

E 
.E 
E 

G 

H 
H 

H 
H 

p 
F , 
B 

an note no failure. 

(in) 

0.253 
0.252 
0.252 
0.252 
0.253 
0.254 
0.253 
0.252 
0.252 
0.252 
0.252 
0.252 
0.252 
0 .. 252 
0.253 
0.252 
0.253 
0.252 
0.252 
0.252 
0.253 
0.252 

0.252 
0.254 
0.249 
0.253 
0 .. 254 
o.a49 
0.249 
0.250 
0.252 
0.250 

lexure Cycle to 
tress f atlure 
(ks1) (x10•) a 

40.o 
47.0 
48.o 
49.0 
50.0 
52.0 
58.0 

37.43 
39.50 
40.74 
42.0l 
42.0l 
44.55 
;g:~4 
30.01 
33.97 
34.88 
37 .. 17 
40.74 
45.29 
50.92 

20 .. 37 
22 .. 38 
25.07 
30.19 
34.61 
a.91 

10 .. 15 
l0.95 
ll.97 
12 .. 98 

500. 
500. a 
500. a soo. 

0.2682 
0.1090 
0.0158 

500. a 
o.Bo12 
o.4889 
0.3852 
0.3499 
0.2599 
0.0788 
0 .. 0310 

537. a 504. 
210.7420 
12 .. 4236 

0 .. 1707 
0.0548 
0.0102 

214.3142 
42 .. 3772 
18.7526 
0.5421 
0.1049 

729. a 
248.3112 
112.2384 
73.4816 
38.2312 

bcantilever teat on unprotected tor 25• c. 
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Table 8 (continued) 

Spec1- Tempera- Material M1nimu.m 11exure Cycles to 
n ture deatgna ... teat aect1on tress ta111U'Et 

no. ( •c) t1on diameter (ka1) (x10•) 
(in) 

~~ 500 0.252 14.00 30.6028 
500 E 0.252 15.02 18.8092 

~g 500 F 0.252 20 .. 37 2 .. 2380 
500 H 0.253 25.16 0 .. 4348 

37 500 R 0.252 30.55 0.0240 

38 6oo 0 0 .. 252 3.56 516. a 
39 600 G 0.252 4"'07 167 .. 2004 
40 600 a 0.252 4.64 1.28 .. 5220 
41 600 0.250 7 .. 04 37 .. 5705 
42 600 0,252 8 .. 15 24.9075 
lt3 600 , 0.250 9 .. 13 14.1457 
4 4 6oo 1! 0 .. 251 10.31 5.9950 
45 600 0.252 15 .. 28 l.3642 
46 6oo H 0.253 aa.64 0.0237 
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Table 9. Frequency distribution to~ normal uranium at 
25 ksi and 300 ° C 

Cumulative 
relative Cycles to 

Specimen trequeney tailw:-e, N 
log N - !og R no. per oent (x10•) log N 

l 6.67 0 .. 3902 5.59129 ...0.16426 
2 13.33 0.4299 s.6g337 ... 0.12218 
3 19 .. 99 o .. 4600 5.6 276 -0.09279 
4 26.66 o.4887 5.68904 -0.06651 
~ 33.33 o.4890 5.68931 -0.06624 

39.99 0.5412 5 .. 73336 -0.02219 

~ 46.66 0.5874 5.,76893 0.01338 
53.33 0.6003 5.77837 0.02282 

9 g~:i~ 0.6190 5.79169 0.03614 
10 0 .. 6233 5.79470 0.03915 
11 73.33 o.6419 5.8o447 0.05192 
12 ~:~~ o.6lt45 s.sa249 0.06694 

i~ 0.1~ 5.88110 0.12~55 93.33 o .. a 5.93389 0,17 3Ji 
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Ta.bl 10. Ettect or fatigue damage on the m1croatructure of 
uranium 

Per cent 
Speci- Tempera- Type or Re:fex-enoe or nuud. ... 

n 
no. ... 

l 
1 
l 

2 
2 
2. 

3 
3 
3 
4 
4 
4 

5 
5 
5 
6 
6 
6 

7 
7 
7 
8 
8 a 
9 
9 
9 

tu re dero:::1- diameter mum 
( oc) t1on (in) atrea 

' • t ! • 11!1 

150 LP.D 0 .. 286 65.29 
150 c o.~5a 89,89 
150 F 0.249 100.00 

150 LPD 0.286 67 .. 59 
lSO c o.26o 89.97 
150 F 0 .. 251 100 .. 00 

150 LH> 0.284 67.40 
150 c 0.2~ 92.02 
150 F o.a 9 100.00 

150 LPD 0 .. 285 67.50 
150 c 0.252 97.64 
150 , 0.250 100.00 

300 I.PD 0.292 65.04 
300 c 0.258 94 .. 29 
300 p 0.253 100 .. CO 

300 LPD 0,299 ~5.01 
300 c 0.2~ 7.65 
300 p 0.2 5 100.00 

300 LPD o.aas 69 .. 13 
300 c 0 .. 260 91.05 
300 F 0 .. 252 100.00 

300 LPD 0 .. 290 66.4o 
300 c 0.268 83.97 
300 'I! 0.253 100.00 

300 LP.D 0.285 69 .. 13 
300 c 0.261 90.01 
300 p 0.252 100 .. 00 

aLPD • localized pla.etio deformation. 
e - cracking. 
P • fracture. 

Cycle to 
Stress t ilure 

(ks1) (x10•) . 
26.12 0.0092 
35.59 0 .. 0092 
39.59 0 .. 0092 

23.51 0.0272 
31.~ 0 .. 0272 
34.7 0.0272 

20.46 0,07.98 
27.93 0.0798 
30.35 0.0798 
16 .. 72 0.2628 
24.19 0 .. 2628 
24.77 0.2628 
9.82 0.6762 

14.24 0.6762 
15.10 0.6762 
9.1~ 0.2500 

14.57 o.aseo 
16.62 0.2500 

12.32 0.1269 
16.23 0 .. 1269 
17 .. 82 0 .. 1269 

13.37 0.0475 
16.90 0.0475 
20.13 0.0475 
15 .. 84 0.0266 ao.62 0.0266 
22.91 0 .. 0266 
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fable 10 (continued) 

Per cent 
Speci- Tempera- Type Of Ref erenoe at maxJ. ... Cycle to 

men tu;re defOX'mt\• diameter mum Stl"ea& f a1lu.re 
no. ( •c) t1one. (in) stress (ks!) (x10•) 

10 300 UD 0.292 6~).04 rr.02 o .. ooits 
10 300 c 0.261 91 .. 08 23.84 0.0045 
10 300 F 0.253 100.00 26.17 0.0045 

ll 400 LR> 0.256 9~·13 9 .. 71 1.5410 
ll ~00 c 0.251 9' .81 10.~l l.!)ltlO 
11 400 p 0.250 100.00 10. 3 1.5 .. 10 

12 400 LPD 0.267 80.14 ll.77 0.0840 
12 400 c 0.2~~ 94.l.9 1~.84 0 .. 0840 
12 400 p 0.24 l00.00 l .69 0.0840 

13 400 LPJ> 0.279 70.23 14"'06 0,.,0140 
13 400 c 0.25~ 94.19 18.86 0.0140 
13 400 , 0 .. 24 100 .. 00 20.03 0.0140 
1-4 400 Lff) 0.284 68.a; 17.,84 0.0015 
14 400 a 0 .. 264 84.90 22.30 0.0015 
14 400 p 0 .. 250 100 .. 00 26.08 0 .. 0015 
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T ble 11. Position . t reno to stress f'or sequence photo-
micro aph ot specimen M-2 te ted at i50• C tor 
0.079 x 108 cycles 

Ref renoe 
Reterenc Aro le~th (U.ameter- Strea 
poa1t1on (1n) . (in) . {ke1) 

l 0.73 0.348 37 .. 52 13.05 
2 0.10 0.340 
l 0.67 0 .. 334 

o.64 0 .. 326 45.64 15-Bi 
~ o.60 0.317 49.64 17.2 

0.57 0.310 

A 0.54 0.304 
58-~ o.~ 0.300 20.37 

9 o. 8 0.29~ 62. 21.86 
10 o.45 0.288 
ll o.42 0.283 
12 0.38 0.211 74.Jto 25.88 
13 0 .. 35 0.271~ 76.87 26.74 
14 0.32 o.a~ 
ig 0.28 o.e 5 

0.25 0.263 86,93 30.23 
17 0 .. 22 0.260 89 .. 97 31.29 
18 0.19 0.258 
l 0.16 0.255 
20 0.13 0.254 96.50 33.56 
21 0 .. 10 0.253 97.64 33,.96 
22 0.07 0.252 
23 0 .. 03 0.251 
24 o.oo 0.251 100.00 34.78 
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Fig,. 46. Reproductiona ot the autoeraph1o load-atra1n 
records fl'Om axial cyclic tena1on and com-
preae1on teeta of nol'lllal uranium at room 
temperature (apecilnen diameter • 0.250 in) 
(Cyole No. l and Cycle No. 2) 
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Reproductiona ot autographic load-atrain 
record• from axial tenaion and compl'eaaion 
teata or normal uranium at room temperature 
(apeci.men diameter • 0.250 1n) (Cycle No. 3 
end Cycle No. 4) 
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Rep:roduotiona ot the autographic load-strain 
ntcorda tl'Om axial tension and compression 
test& or ohromium-urantwn alloy at room 
tempei-a.tunt (specimen diamet4fr • 0.253 in) 
(Cycle No. 3 and Cycle No. 4) 
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