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,f.tAI';):T.t.J( OF sc"""""'"'"'.U' (1966). 
(Metllllla"Q' 

Fa.ttpe and Q.is'JtGl'&ion atl"ellstho.in 1."«' reno ed gt;Ml" 17. 
per . u.ts are de cribed in vbich thin fiJ.. tranStai Sioa el ctron 

i.cro Cl!Sfll • u vall a o ti.C!U and electro tractop-aphy v.u-e 
Mplo:ed to el cidate. the ecbanistlt at fati~e failure in diGpera:lou 
strenct ne · niCkel. It wa•· £owt t t w: erea.s fati,sue crack 
initiation oocura $ in co v-enti.onal · tel'ialJs . the pro,pag tioll et 
both: taUgue and te ile cr ck:a i& almonul . e at~ial f«il:e in 
~hear vlt&l"ever pos.ai~• al.t ugh th.ia i preventt,td w el'e triaxial 
te~ile tr~see exist . · ~ tiel trix e ctlment oe t oceur 
d ring e:i h ~.~ tenGil · tr fat.igu treasing. 
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Itrl' U ~IO . 

wh~ $tr· :a le than it olti te t4msile stre s is ap,pll rep at 7• 

IA ~l' practieal c:a::n:AJ fati e oy~li OCi:Ur.a b tw en a tenail an 

compre:.satv• str sa. :rne . bttr of e,..:lea t e terial can withstand 

toN taUure ia a function ot t:b;e appli~ stre3f:l.. e &trw:turo cf t e 

terinl , and ·tne enviro ant in wbic t. atr s ing take place. 

is inYe . ig tion iC'S :co C(}l'Alitd w1 t , the tu.-ll:f re-v-erae4 

t tigue at.ret;.Ging ot e: diepe:r ion :~trengthe'ned. a:lloy., ~obi~ 

is a COIIDi!rei.ally pTOduc nick l allo,y eontaini.n two 9'01 e peree.t 

nic el. ltatrix. It as been, t ug t t t . di.slocatiJ w- point d.efec.ts 

produced by fatigue can e attr eted to t e int~rt c betw en tAe 

par icl•u• an the tra. Alt tiYel.y, .u · remll.t of tri.x 

di.alocation.a a.nd elaGtic s 'tra:Uu:> produced by t d:efo · tion, stros :ea 

can e g~n.erate.d t these inter eea particularl;r if t. tt1 are of t e 

noneo qrent 'gb.-e errr1 riet:~ . eot the e :effect$ g ,t lea1l t.o 

~nt. of t e rticle frot# the tJrU.. leavi~ voids at the inter­

tacoa., ·uc 11oids woul.d n , expect , to aff'ect th ini-tiation and/or 

p:ropogation o.f tat.i · e C'r, ekfs,. 
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(i) 	 ~urf!c• Ox atiog ot Ultra!~ ! 

Metals w c lor a thiD 

• 

In tbi,s c•$$• a ftne fQW •.red etal or allo-t i b.luded 

wit. a IIUC. · f.i.Ml" 1!011l.ctiltr follo~e4 by com ctioA 

t.d:nt n and: .~.. oa. tor hi. t ~tgr• e . bilit)' it i a 

neeea.-sa117 t.ut tch& fl'Qi!l enerQ of t naation of • · ui.x onde be l•u 

tbaa t t of t r.tra.crwr:y oxi • ( l). 
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b . n 
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1 'I (9,10) 
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D. t, sl1 .P:i:-n.' t 

islo~tio.n e~o s of t e 

t t e c t rix. 
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)'i~ ot f 

fter nc et· ee . ps~ ure k~d~ t e 

l c ' 0 t on ot itn ...t1gatio.ne 1 ~ ll 

d. e-we ri t ill e 

ny sy w'. h ve e« studted. h~c al ;i ferenc. 

inc u ( erence in rt c e ize, tio in' 
trix eo si ion. itt p i • t' 

co re cy f tile t ix bot • i t f 

t tr nd e ic ! perti of t 

In ge al, t an~ 
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di.tferen relati ...td ve b e • 
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(1) e first such relations ip w d t rmin d pirieally by 

uen er (26) ho fcund fo~ ear~tic and sp roidized steel t t tbe 

yield stres is inversely proportional to the ~og · n free ferrite 

path. t wit tnis relations ip en fo in c rbo 

(27), A.P (28) , te pered martensite (29) an iut rnally orl ized cop er 

(16). owever. ha~ et 1 (30) to~ d for ov raged luminum-copper 

t · t t e relatio ip 

Y.. • 
l n is a train 

par eter 
pendent 

A is vol e ean free path 

ga~e better fit to t eir exp rimental reaults. estbroo (31) a pplied 

a simil r rel tion densed by Unc-kel (32) 

-A 06Y • .S. " e w ere B is a proximately • · 

to t e result& of other inv stigator ( 26~27 . 30) including ensa er 

haw. He foun that Uncl{ l ' s function fitted their re ults at least as 

1well s di th ir own relation hips . In ad ition, nc ~31 function is 

much ore accurate t rg l inter-particle sp cin • Ho ev r, 

·ll t e e rel, tionshi s are e pirical . 

(ii) An alt rn tive re tio p en derive fundam nt ly 

by O:rowan (33) using concepts eveloped y abarro (:;4) . is predicts 

t t yield stress 1 inv rsely proportional ·to the ean pl nar s cing 

b t-ween particles, 1 . • t e s cing as seen by ovi.ng dislocation. 

s istance is c nsi rably less (3 ) the mean free ic 

is rived from intercept on ran o strai t lines dr w.n cross 

mierogr phS of croas-oections of t alloy . .ccording to owan, yield 

http:26~27.30
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shby (25) e developed a work hardening t eor . based on t e 

prismatic loops left w en dis~oeat.ious eross,...slip past the dispftt'sed 

particles. Single crystal experiments (3'7.,60,69, 70) show that these 

alloys exkibit. ln't1lt1ple slip. Dislocation ESOI.U"cee may be du.e dir ctly 

to the presem:e of the di.sper.sion s augge ted. by Iiirsch (56) • In 

s.ddi.tioa a difference in coefficients of thermal ex nsion of the 

particle$ and the matrix can lead to tUslocation ere tion (71-?lt) as 

can a di terence in the elastic constants wllcen a tress is a plied ( 75) . 

Th.ws intar.ference betwe-en slip systems could occur leading t .o 'unction 

reactions between lQopa (76) . ese 1oops, which are oiten extended 

into dipoles undittt the in.flue:nce of an applied stre , asswne a lower 

energy cell structut"e . According to s by ' s t eory the stress to 

force dis~oeationiS through this cell structure is the increment in f1ow 

stress ea~d 'by work hardening . Ashby supports his theory with ·the 

re-analyzed results of workers iu Al-Cu (J?,60) • internally oxidi:z.ed 

Cu (18) and lig- • {51) . The presence o.f the cell structure · as b~n 

reported by naer:ous investigators (25,38,5? ,58,74.77/?8) and it is a 

stable configuration. 'l'hlls it is a likely eontribotor to tlle work 

hardening behavior of these alloys . Mite:hell., et &l (24) ha:vec:alculated 

that t e t. ermaUy activated intersection of di.sl:ocations i .a t e rate• 

controlling mechanima for deform.ation in overaged Al-Cu. aHoys . 'l'lleir 

conclusion agr@eo with Ashby '' s tb t work hardening is due to the 

increased islocation density. his is also supported by &ruby and 

'mith (?8) who devised a cnodel which predicts the strain at whieh a 

cell structure should have developed. 

http:meehani.sm
http:oxidi:z.ed
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z .4. l Jt r rSl. 
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y, t. 

t act ( 6.25t67,?7.79) 

el tic tiel (l ,1?, 80 , 

.n·rg ' 0 t of w e af't r 

tio t t t e ribu io to t engtb 

11 -

ty eaton 

vi. d nsodel w c t xte:nt 

oft t 'bU1ty of t 

di loc ti.on .atr ot to retain d•l olds !o.r 

ly oxi r.ud co iper· b t 1 • li t1 i o st not 

been ined. 

2 . 4 .2 .-.-,.....,;;,;;;.;;.=-;,::;;.;;=-.t...1...o.....n. 

in t' .a ct\U' of 

in rie t ion of t 

ev lo (28) 

ni 'el a pronoune <100) fi.br textur (8?. ) w · c i~ t l.e 

It i intero ti t t t\U' i t 0 
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u.t t.b. ri t. nic el _ S tibr te.A:t.ure 

:p n c '' l 8 · 0 r ferr ori >Xt tion (19, 8?}. 
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.i terin . d trtt io • ext on o ra io iv ll 1 a 
/ 

at.rong~OO~ textu:r. 

dir ctio 5?. 1, 00) . 

rU at t 

4 t 

extru :io • l e e en ent 

o:C t « (swag d) l"i o 

ollow '1 a one ur · r~ ral..ievi 

,ee ti~ 

e s ric t ria 

out t d. At\ i t eo er ot • • 
ei ze r pal"tieles t por cen.t. I"e t l\ 

1000 t er, 

0 ti.Gl t .-.: n 

• 

cl: 

anne f tb.i . all :y i I t 

oondit. :n. it o ~· not recry li U Ol} f 

r CllV ry o.ccu.r ne r 5.50 0 rU 

t ig • £ ~ 1 i o & r cryst iz w en 

e&le abQ. 500 d gree . 101 . • 
reccy . ·alli t1on n: w n tarl 

in co v Gtio alloys. 

cro co '3 t at in t e ex 

s t r .. a& rell ved con · tion t all o t 



dit" Ct:i.OB (58) wit $UG.ll e boundane preseat. 

elotie st:nu.n ti lda oan det ~ted ear particl tr~ int~r-

itthibit y rt ale , an · Ct'QS$... li arc 

pri tie loop$ (:5 ) • s d<i!:.£0 t.icn ro-e~ed& 

.1 loeat.il>n atntotw:-• whic .fonDS is raiiual. 1 developed in,to a cell 

trltetur • ~ell stl' ct\U"e e~eQ to be an.cb.ored by lar1~~ t ori 

Iad:to tions .e.s to the ctul st.ren h4~g i.'h"GO ni.sm coae £rom 

two ~.ou:rceo . lticr train. me-a~~Jlta- c:r reeeys.t~l.Uzed 'f · &eke 

iadi.cate- t t s rengt ni 1 e to t :for:maU.oll .Qt det'orm ti.on­

.resistant disloc:atio ta'&ruQtur by the str-M.in-$11 eal cyclee (86). • 

t ria partiolea termin~ t ~ finene&a nd stability of th dielo tion 

twork.. 1'h.is., ow-EJ'Ver• does ot explain tb:e r tenti.on ot trengt. 

af~er r cr,$talli~tion hen t dislocation atruet~ro 

ut . Grie-r$0tl an-d &ms ve e wn. ( 81) by o rier aMl.Jsi ot 

ro~d•ned »~raJ d ffraetion line. t t ef ·tiun incre a~ the 

ela.stic traia1 in t e trix. This itl<!r e itt only pt:Wtially relieved 

b,. antu~aling even v en eo~tple X"1 .cryst lllzatio,n occure.., 1'1ms the 

par-t.icl.•s· ae to· pr-.-v-ent t anneal~ out of e.la.t;i,t.ie atr i..n.l<l in tb• 

tl"ix. In Glrt ed te.rial stre . he-Jdng ia du~ to a co8~1Mtioa, of 

thea t t ctors. 

The cr• JJ tract:u.r-• of · 1> .ickel 'b . n etu.di. d b;r lc x and 

Cla.<leF (100) . ey fol.md t · t t & f:raQture surfacfl con<Giats .o:f two 

re.gion: ~ ont '()ri:efltad at. 4:; · axis "" d oM at 90 

http:ffracti.oA
http:eey$�talllz.at
http:recryst~J.Uz
http:lfl'f.JC
http:e.la.t;i,t.ie
http:tenti.on
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by low teun::Jer'lll 

gr 1n boun 

¥'4t . on i 

U1'Hill:r'J OU e 

with ti.ual o oi 

il.cox 

nt ot 
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vi o c el . 
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cubie ~t&tal · ud llUO:JJJ · ·theH a DO ce: ~Te en ive, up-to­

ate r.eri.ew art.i~le em tatigu• evv · olJ&r or aore p. iali.:ze4 

N•1 w (lOJ-l08l ~ ntd.laole. 

er:ca~netsr!· 

Wb.e an 3tm 

ntr-•ssi.ng 1t initi&l .re6 ~.left aa total st ccuriu te•. 

~· u<1••1ng. w:lli.c i 141$$ t ao t t _, en ~ulcl t-e-ault :t~ a 

• ui'fl :at.. tenaile strain (1 9 , 110), is accm~p.a.nic4. b7 fill ali.p 

tistri'Ot)t• Mt l"Q t rousnout t _, p.eCUQ (l09t~ll ·rll5) • ~Jarde~ 

: eerea~tea eJcll.ftg ecmtinu Wltil lt e ase or *'· tur.at.at afte:r 

a Y&ral J:Cen' ot li.te t atr !U.ch 1$ a ttwetio or \h$ plast:Lc 

AttraiD gpllt ().12,.116). At saturation elip bbeome& cone ~trated in 

i:.rre~rl1 s · ~- Blip <nl-u.~ .u6.ll7), t 1 1.eau1 t~ lo 

fiti1 tlicro.na 11ticle lUl sepa.r t.:ed bJ fitt,J to &ev ral lum4red tr4..:oro.~tS. 

As Cl'cling eon iwe t lip ude ~ re -.roo {11.}.114, 16, 

lli) . d ticul 11 ·t hish .strease • ln 

polyeryat. • so grain surf r elt.YJ defol'fllatio v 1• ot er sllev 

••Z'f l1tt.le eYi ene~ or lip <112,119}, t. ua al.ip d8 do not QS.UJ 

http:tra:l.ll
http:eer�a.tt
http:crost-n.ct
http:tlicro.na
http:tur.at.at
http:ntr-�ssi.ng
http:r.eri.ew
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t a f~ :>.e04~ for ~ initiat.i<m 

Ulh!!Mtt.s . It an 

Ucm ~ $lip g.r;u;~ 

ina unbro o (114)., 

f "1SU• life oJ acb • ~ •vpare tly 

b etinitely. lf slip l1.ruts are r a-te lt poll . . .a a'ti&y '- oN t~7 

t 1a hi 

lifAJ' ro:r~~ ~ a -vain bo\l.ll .1-e t t 11 :!uu-tace (1 ),171, 172). .&Usc• 

diu'ieo 1 • ill { lU1pl.tuut i 1 diffic lt to di ·tta ah 

ctld. 1 \t'iglr.tate wit t e. fo ti of poH at s b-bo. udar1ea 

tattguo {161t) . pecbt _- llfhieh bave 'been colA wMked 

r~ al$o susc tibl to\ _s ~~pe t failure. 
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3 ..3. ProFf~tion of FatiKJte Cracks . 

The separation of the fatigue process into crack initiation and 

propaJation ia rather arbitrary. However~ since cracks are UGQally 

prese:nt well before ten percent of the fatigue life, their behavior 

from that point is described as propagation. It has been .found (163,173) 

that fatigue crack prop gation in specimens stressed axially or in 

torsion occurs in t wo stages. 

Stage I is slip plane . fracture which occurs tty an 11Ul'l.Slipping" 

or reverse glide. This is an extension of the initiation process a11d 

is controlled by the r .ange of resolved shear stress acting on the slip 

plane. The crack front may be sharply serrated with the tip acting as 

a .dis.locati()n source . 'r'ne fracture path, since it follows active slip 

planes, de·viates when it crosses a grain boundary thus gi11"1ng the 

fracture surface a facet &d... appearance 'but the general fract.ure plane 

is one of maximum shear strees. In favourably oriented single crystals 

or in cold worked pure metals. with a preferred orientation the Stage I 

process may continue to final fracture. 

In m.ost cases the crack grows a short distance into the interior 

of the specimen and then changes to a Stage II crack growing at right 

angles to the direGtion. of maximum tensile stress. 'l'he co.nditiona ·lll'hich 

favour this change are t hose which prevent easy glide in.eluding hi,gh 

strctss amplitude, mean tensile stress, slip plane obstacles such as second 

phase particles, and the growth of the crack int.o the depths of the 

specimen where the shear stress/tensile stress ratio is low. Stage II 

gro th ie controlled by the value of the maximum principal tensile stress 

in the region of the crack tip. 
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en Stage II cracking predominates along the crack front the 

fracture is basically cleavage. However, as the crack grows the pe 

stress rises until microscopic plastic deformation occurs at the crack 

tip. It is t t his point that the char cteristic fatigue striations 

become resolvable on t e fracture surface. Each striation results from 

one stress cycle, the spacing of the striations thus indica t ing the 

local crack growth r ate (174). 

Striations may be one of two types, brittle or ductile, 

depending on the environment, the stress conditions, and the mechanical 

properties of the material. Brittle striations lie on cryst llographic 

planes which form facets at an angle to the general fracture plane. They 

do not normally appear except in a corrosive environment . Ductile 

striations lie on plateaus, the surfac.es of w ich are parallel to the 

general fracture surf ce . The boundaries o-f the plateaus are, at least 

in some cases, grain boundaries. 

As the crack grows longer, the tip stress rises, the striations 

become more heavily defined and cross- slip becomes extensive enough to 

turn the fracture path back to a plane at 45 degrees to the maximum 

t ensile stress dir ection. (163). This type of fracture is ca lled shear 

decohesion failure. The stages of crack growth as described above are 

shown in Figure 1, although not in the. proportions in which t ey occur 

in a specimen. 

http:surfac.es
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Figure 2. Fatigue Ratios of SAP 
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Figure 3. 	 Temperature dependenc e of fatigue r atio 
in SAP. (Data from references 199 . 206) 
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was therefore necessary to accurately measure th diameter of each 

slice at this stage. The slices were then cleaned in a solution of 

~ CH cooH, ~ BN0
3

, lo% H2so4, 10% H Po4 at 85°C to remove the
3 3

carbon layer deposited during the spark cutting. They were then 

electropolished by the window method in ~ H3Po4, 35%H2so4, 25% H20 

2at -20°C with a current density of 2-3 amps/cm • Thin films obtained 

by this method were examined in a iemens Elmis op I electron microscope 

at 100 kV. 

Bulk tensile specimens which bad been pulled past the ultimate 

tensile stress were sliced thr~ugh t eir necked regions. The slices 

were cleaned .and electropolished as de~cribed above for electron 

microscope observations. In addition, thin films from near the fracture 

of the rolled and annealed foil were examined in the electron microscope. 

Electron fractography. 

Fatigued specimens containi ng cracks were pulled to failure in 

the Tinius Olsen tensile machine. The fracture surfaces thus obtained 

were replicated by a two step process using parlodion and a 50-50 

platinum-carbon mixture. The latter was evaporated onto the par1odion 

in a vacuum at a shadowing angle of 0 Replicas obtained in this• 

fashion were examined in the electron microscope at 8o kV. 

Optical icroscopy. 

The fatigue and tensile fracture surfaees were also examined 

with the Reichert optical microscope. This w.as accomplished by direct 

observation as well as by the examination of celluloid re licas stripped 
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f'rom the fracture surface and shado'l!led with aluminwn. 

The pr'Opagatio.n ·Of cra.cka was studie4 by sectioning cracked 

specimens :parallel to the spe:cim.en axis in a plane p.erpendicular to 

tb.e plane of the crack. These sections were mounted in bakelite, 

polished ·and etched witb Carapella's eagent (99 mL c H 0H, 2 ml.. HCl,
2 5

5 g. Fe-01 ). they were then examined using th.e Reichel!'t microscope.
3

_X-Ra;y. 

A specimen of as-received TD Nickel was electropolished to a 

point and exposed to untiltered Cu radiation in a transmission Laue 

configuration to determine the degree of preferred orientation. In 

addition, an Acton (Cameca) electron probe m:icroanalyser wa s employed 

to determine the extent of 'impurity segregation, if any:, in the 

material. 
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E.ecy series of atriat.iotw tenainated at a surface ridge_, as shown in 

the figure, and the striatio.n spacing alwa1s increased as the,y approa4:hecl 

the ridge. ·The individual striations were less than .5 Jllong. ~ese· 

striations, however, were not a c,QJllii1Q:n surface feature ... 

Ottical. Microscopx. 

The surfaces o,f strain cycled s.pecim-ens deve~oped slip bands 

visible to the l:ijlked eye ,at about t e' time saturation occurred. These 

slip bancls did not appear during load cyc·liog at either high or low 

strecs.s amplitudes. 'fhe· slip bands. always formed: at abou.t '+!f' to the 

epecimen .axis· $lid the fatigue cracks grell along these bands. Figure al 

shows cracks initiated at polishing pits growing along the $lip bands. 

·Occasionally the crack turued through 90° and grew baek t .oward the 

r.egj.on of flliniawt eros&~-section as shoq in Figure 22. '!'his figure 

aleo shove the e.-aek jU~aping between parallel slip bands, a type of 

benaviot' wbicn was quite coamon. An increase in the ·concentration anci 

intensity of slip bands near the qraek tip was also observed. 

Optical microgrJil¥h:t of the high stress (short life} fatigue 

fracture . surfaces are sbown in Figi.U"ea 23-2.6., These surfaces were 

rough and often contained fissures {Figure 23.}t pa.rti·cularly near tlle 

sp.ec.illlea edge. Rows of striations covered the fracture su.r!aee 

{Figures 24 and 25) •. i'b:e ·striations lay p.erpendi'C\Uar to the general 

di:reetioD of crack prt>pagation (paJ'allel to the Cll'aek f'ror¢1) an4 w~re 

spa,ceQ. 15 to 25 apart. 

'l'he fatigue !raeture sw-fa:ce also eo.ntaine<i regions which were 

smooth except for straigllt parallel lines. fhea:e. regions, wbich were 

always located adjacent to the area where final tensile t'raet.ure 

-occurFedt are shown in Figw-e 26·. 

http:microgrJ~.pU
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!he structure of the as-received material s revealed by 

of the elongated grains ave_rage about 1 The lengths of these 

grainEt are difficult to estillate as it is virtually ilapossible to 

l~ate the grain ends even at high .magnifi~ tion. The inclusion-like 

objects shown in Figure 21 were located randollll.y throughout the 

s.truct\U"'e although not in large numbers.. ·Microprobe analysis of thes-e 

objects showed that no foreigu elements were present ani the back­

scattered electron image auggested that they war in fact voids. 

Cross:o..section.s of tb,e specimens containing cracks are shown 

in Figures. 28.31. In all cases tbe sections were cu.t in. a pl.ane at 

right angles to the plane of the erack. The micJ"O.graphs shown are 

from specitlens wnich faUe<l under high stress conditions an4 the 

directions of crack growth are fr011 left to right 011 the micrographs. 

Figure 28 shows a t)'Pical fatipe crack in the interior of a speci111en, 

~ at 4o to 50° to the sp.ac:i.m ax1a. The 8118.11 sub-cracks 

growiq at an angle to the main crack Yare present in all .speei.mt!n& 

and were generally spaced lO to 50 apart. 'l'hese sub-cracks are 

shown at higher mapitieation in Figure 29.- It can. be s.een that the 

' 
sub-oocra-cks are. branched and do not fP'OW parallel to the directioa of 

elongated grains. Ft.gure 30 shows a crack whic:h exhibited a great 

deal of branching with one branch in the process of rejoining the 

main fractUl".e. The figlWtt a1so a ows the eloXJ,gated voids llentioned. 

aboYe. These voids o.ceasional.lJ lillked up with the crack (Figure 31} 

but onlJ wheJ;t the erack greY very close to them. In all these figw:oes 

there is a noticeable diston:i,on of the elongated grains aroWld the 

crack. 
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Tensile peciqlens 

'.the fracture surfaces b! L·bul.lt tensile s ,p.ecimena contained 

cross-6h.aped fissur.es as shown in .Figure 32. When the arms. of the 

crosG were not mut~lly per pendicular, an addit~onal fissure so etimes 

formed in one of the larger uncracked segments. In all cases the 

arms of t e cross were within 20° of being mutually perpendicular. 

&e tensile specillen wnicb had 'been pulled past its ultimate tensile 

str.engt.h to 10% reduction in area was sectioned throu,gb the necked 

regiOll perpendicular to the specimen ax1 • o cracks were observed 

in this specimen. 

~e: of t ~ e tensil~ specimens necked down unevenlJ so that t 

one point the edge of the fracture ·surface was tangential to the 

circumference or the original cross-sect.ion. The frac'ture surface of 

this specimen is shown in Fi.gure 33. 

Figure 34 and 35 show polishe and etched sections cut parallel 

to the axis of a terud.le specimen so as to i.nclude the necked region. 

It can be seen that the regular elongated grain structure has been 

distorted in the tensile neck, and the elongated voids are no longer 

evident. ItlS'te d there is a high concentra tion of smaller voids, 

averaging about 10 to 2.5 in size. i~e 35 shows th• root of 
' 

the <:ross-shaped crack. 1'he crack follows a path wh:lch includes these 

voids but it doe not appear to be intergranul.ar . 

All these ten~;~ile results are for bulk specimens, tha t is, 

s pec::illens witb a circular cros.s•seetion. In addition, rolled sheet 

specimens were pulled in tension to failure. en the sheet was in 

the order of 0.025 in. thick, fracture occurred in a plane at about 50° 

http:intergranul.ar
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Figure 6. Fatigue softening of TD Nickel. 
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Figure 8. 	 As received TD Nickel. 
ElectrDn Micrograph from a thin film cut 
perpendicular to the specimen axis. 
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Figure 9. 	 TD Nickel after 1,350,000 cycles at ±47,000 psi. 
Electron Micrograph from a thin film cut parallel 
to a fatigue crack (at 45° to the specimen axis.) 



51 




52 

.,, 
T~ Ni ckel pulled in t ension t o 1~ R.4. 
Electron Micr ograph f~ a thin. foil cut 
through t he tenail e neck. 

fime 13 . ~lee:tron i'ractograph of ,fat igue fraeturg surface. 
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Figure 14. Eleetron fractocraR~ of fatisqe fracture surface. 
. ' 

Figure 15. Electron fractograph o( fatigue fracture surface. 



Firue 1§. Electron fract.ograJW. of fatim fracture surface . 

Figure lZ~ Eltctron fractosraph of tati&¥e fracture surface. 
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FiSM£e 18. ~lectren fractograph ot tati&He tracture surface . 

Figure 19. Elect ron fractograe of fatigue fracture eur_face . 



fime zo.. 	.E;l.eot:r~n.. f:ractograph of tatigu~ fracture surface. 

Figl.U"e 21. 	 Fatigqe cr.ack§ on. specimen surface . 220 X 

Specimen axis horizontal. · · 
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Fiore 22. Fatigue cracks on sp•ciroen surface . 120 X 

Specimen axis horizontal. · 


Figure 23. Optical micrograph of fatigue fracture surface. 
85 X 



Fisut! Z4.. Optical micrograeh of fatigqe frr;cture surface . 

120 X 


Fig!fe 25. oatieal m!erq~~rpn of ,rat.igue fracture s~aee. 
. . . . X 
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Q.ptical m;A,crograph . of fatigue fr
5 
acture .surface . 460 x 


Fisure ?7· Polished and etched section of as received TD Nickel . 

Specimen axis from lower left to upper right on micrograph. 


700 X 
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~igure 2&~ Secti~n thro1,1g te.tigge crack. 148 X 

Specimen axis vertical . 


Fipx:! 22 .. Section throwth .fatige crac§.., 88o X 


Specimen axis ve;rtica.l. 
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Seetion t~~ough f t igue crack. 350 X 

Speciln•n:t,. ax:ie vertical .. 


; ~} . 

Figure 31. Section through fatigue crack. 460 ~ 
Specimen axis vertical. 



62 

Figure 32. Tensile fracture surface. 16 x 


Figure 33. Tensile fraetY£e surtaye . 22 x 




t:igure ,24 . 	 Section paral el to specim~n axis on tensile 

specimen with tensile neck on right . 

Specimen axis horizontal . 45 x 


Figure 35· Section throWth root .of axi@l. craqk•. 46ox 
Specimen axis horizoi,1ta.L 
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Figure 36. X- raz diffraction pattern showing fibre texture . 
- I - - . . 
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Figure 37. . 	 Radial stress distribution in tensile 
neck. 

Broken line represents initial cross­
section. 

Solid line represents cross-section 
at fracture. 
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Figure 38. Tensile shear fracture of TD Nickel sheet. 



'1'be mecbaniSJI. of .fatigp.e failure _in 'l'D Nickel. 

1'he initiation of fatigue .fracture in T:D Nickel occurs in a 

normal manner. The material fatigue softens, slip bands foi1a in the 

4ir&etion of tr!a:rlmum shear stress. and cracks are il!rltiated:. in these 

elip bands. fnf#re is no erldence that the theria particles contribute· 

directly to the initiation of fatigue cra(;ks sin_ce if, particle-Mtrb; · 

detachlnent in the interior ·of .the specj.,men was the cause of initiaUon, 

both the fatigue ratio and the appearance of the fatigue fra'Ctut'e 

surface would have been aff·ected . 

th• onset of crack propagation, as indicated 'by a decr;ea$e in 

the peak tensile stress, oecuJTed some 6.50 cycles ·b-efore failure 1n 

specimens w·ith fatigue lives of 8o.OO .c:ycl.es. Thus approximately 8~ of 

the life: is spent in propagation, in good agreement with Laird and 

Smith (207} who found that for nickel and aluminum with fati.gue lives 

4
of 10 .cy.cles, 1~ of life was spent in propagation. 

The optical examination of fatigued specimens revealed striatiens 

on the fracture surfaces similar to those which form in nomal stage II 

crack propagation. 'l'.he numl>er and spacing of these striations, showed. 

good ~ree=ent with the rate of crack propagation provided that each 

str~. 'tion corresponds to one stress cycle. !lowever, in TD Nickel the 

fracture surface li·es at 45° to the stress axis rather than. at ~0 , 

indicating that the crack is not a conventional stage Il type. Sections 

through. fatigue cracks reveal sub-cracks with the sam.e spacing as the 

striations, as well as grain distortion in the vicinity of the crack. 

http:c:ycl.es
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Figure 39. 	 Penetration of a shear crack through a thoria 
particle cluster. 
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The irregularity which occurs during the compressive half 

cyc~e ( Figure 7) provides further evidence that propagation is not a 

simp~e $he decohesion since if this were the. case, this lastic tlow 

would also be exp$Cted in the t .en.sile half cycle. The irre~ularity 

can be explained by t e following arg ent. As the crack grows by 

shear during the tensile half cycle, it is blunted by dislocation 

motion on planes at right angles to the plane of the cr ck. en the 

specimen is unloaded and l'e-loaded in comprt¥s ion, the stress reaches 

a value at which the crack is foltied and resbarpened. In these r .espects 

the process is similar to the Lai-rd and ith model tor stage Il 

propagation. However, in the ease of TD Nicke.l this sharpeni.ng mu.st 

involve s ear so that the crack c.an .gro.w tb.rougb. the thoria clusters. 

The extra increment o:i compressive strain is taken up by a shear 

displacement of the two faces of the crack so that a step appears on 

the specimen surfac-e as shown in F'igu.re 28. 

As the crack grows, the uncracked area di.minisb.es Qo that the 

sharpening strain occ;urs at lower values of compressive load (but the 

same eompressive stress) so that the irl"egularity moves closer to zero 

load vith each cycle. In addition, since the crack growth rate increases 

with cycling , the length of crack to be sharpened is also increased. so 

that the am.ount of plastic strain due to the sharpening itu::reases. 

When the epecU!en is unloaded fro.m compression and reloaded 

in tension, the ..crack grows to some extent by shear decohesion but it 

then beco•es blunted by dislocation motion as described above. In 

addtion tC> this blunting actio}),, slip on planes at 90° to the plane of 

the crack can cause the formation of sub-cracks. These shear type sub­

cracks can be seen in figure 28. It must be noted t at sub-cracks .can 

http:diminish.es
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be d•fo eel ry the ub equ•nt foldi.J of e c c front. so t · t t • 

o n d orient ti.oA o! t e u cracks .,. not in. :ic te t el!' of 

t eir fo tion.. Pla tic deform tio c occur at . e tip of t • 

$ub-crac so t t the,r grow d · · g\lre 29. 
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