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Robert O. Ritchie 

INTRODUCTION 

EFFECTS OF STRENGTH AND GRAIN SIZE OU NI:AR-l'IIf{ESHOLD 
FATIGUE Cf:ACK GRO\1]'1I IN ULTRA-HIGII STIU:NGTII STEEL 

Robert O. Ritchie
l 

Although much research in recent yeats has fOCue,cd on [ali guc crack I'rop3"a
tion in metals. the slow grOl"th of f3tigue cr"ck~; [ll rates less thall 
10-5-10- 6 mm/cycle has recc,ived comparatively lH.lle [ltU,ntion. Thh is 
unfortunate since the IlIfljority of the 1 i [c,time of a crackf'cl component Wt'uld 
be spent in this region, Furthermore', a knowl edge of [l threshold stress 
belO\" wldch fatigue' cracks cannot propagate would b,' c'sst'nti[ll in th,.'. design 
of compolH,nls which 3re sub~"ct tS' ('xtrC'lm, high [requC'lIcy, low alnpliLnde 
loading for lifetimes of 10 0_ 10 ]2 cycles [1). 

The [[ltigue' crack growth rate, da/dN, is f,enerfl.lly related to thL' 
alternaling stress intensity (6K ~ Km:l x - Kmin) , developcd at the crack tip, 
through a relationship (2) of the form 

da/dN ~ C 6K
m 

(1) 

where C and mare consUmts. Although this expression adeqll'1teJy dc.c;cribcs 
behavior for the mld-r[lnge o[ growth rales (- ]0- 5-10- 3 mm/cycle), it urlcn 
underestimates the propag[ltion rate at higher growth ratL's, IVhen' KllI;IX 
approacilef; K1c ' the frilet UH' toughness, and is conf;l'rval'ive at 101" grcJ\oJLh 
rates « l()-~ nUll/cycle) ,,,here 6K al'proaeh"s a thn'sh(dd stress intensity, 
6Ko ' belDl'! which crack growth cannot be detected. 

For the mid-range of growth rates fatigue crack propagiltion h<1'; bcen 
shown to be 13rgely insensi tive' to such variabh's ,15 1I!C'3n stress, micro
structure and test-pje'cp thickness [3-'1), and tid;; is COIl!;1stant with" 
ductile striiltion nlcchani,;llI [(,) of grOl'lth, At hj!~hc'r sl'r,)ss inll'n;;iti.c's 
til(' predomin;lllCt' of additional sUf,eri.lllpused fractlll'l' !II('ChaIlisms OIl 5triilt iOIl 

[,rowlh ('Slillic modes') l!',;1I1ts in all increasing ",,"si.tivily to me,IIl !;ln'!;,;, 
micrustruclllnc and t hickne,;s [3-5). 

At very low stre>;s lntensities, whlch appro;.l<·h t\K", fntil:II(' cral'k pI'DP
llgatfon Hg.:dn beCOll'tl"'s dc'pendent on mean stress ;]11(1 filicnn;Lrllclure, illl.ilnugh 

lltt' precJsc f1'ilcturC'. m"chanj,wls an, llot well IIndt'n;!",,'" It is Cll',":, 
tUH.J('ver, that the jIlfllJcnCE~ of f-~nvir()nrn('nt is of p':·lrilllloIIlIL jlllporLillll:P hpre. 
Previous s['utilL's in st.eels, allllllinum and titnnilllll ,Ill"),,, le,g. 7-1.0) hav,,' 
shown that AKu is d,'ereilsc·d ilnd nC.1r-thl'e';)lOld CriIC'k I'l'ul';I)''<Itiun ral,,'; art' 
increased ilt high stress r;Jtior; (R ~ Klllin/Kmilx)' Tiois \{ d"Ilt'lldl'lIcC', 10m-l
ever, can hC' sE'verely n'dll""d for lc,;ls in vcwU(J 171. ~1('eh<lnfsms of I:ru"'tlt 
in lhif; region have bL'cn o!J';L'rveti to be microstruct.u;J1Jy sC'll,dtiv(> involv
ing the occurn'lIce of envirolIlllc'ntally induced frnelur" modes, such as 
intergranular fracturE in steels. HOIVever, exactly which mjcrtn;tructul'(,.s 
arc beni[ici"l in improving reslstance to near-thn',dIPld fatiguC' falillre is 
still upL'n to question. Limited tiata in the litl!riltul'(, lIdS indicat.ed t"<ll 
material strength and COiHseness of microst.ructure (ie. grain size') m'IY he 
important variilbles. A reducti.on in threshold 6Ko Itas bel'n seen wi.th in
creasing yiC'ld strength in stpels (9), wh:lle lower !lear-threshold crack 
growth rotC's have been n~asured with increaSing gr3in size in tit[lniulli 
alloys (8). ~lore wcenlly, it I13S been suggested llJ) that the' thresho.1d 
is related to grail) sjze thrOUGh an empiric[ll H;Ill-Petch type n,laUon,;Jlip 
(ie. AKo ~ A + Bdlt2 , whc'rL' A and Bare conslatlts 'lilt! d ti,e gr[lin dLlnIt!ter), 
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and that tilt' yielcl sLrength d('[J('ndcncc on 11K" simply arisc's from dC'Tl';l,;ing 
yield l.Jilh increasing gr,ti.n size (ie. from the lIall-l'ptch rc,lationship). 

To examine thi.s effect anel to extend the clata to nluch higher strl'llgth 
materiills (where yield stress can be inel<'ppncient of gr-ain si ze), fatiguC' 
tests I.JL're perform('d on ullra-high strength steels to ilS"l'S:: i) tl,,' 
inf]""n('e of strength ilt consLant f,rilin S:iZl', ilnt! ii) th" influcnce of 
f,rain size at const;lnt str""i;lh, on threshold 5tH'S:: inl(,l1::i ty anel ,,,';,1'-

thn'shold crilcl<. prop,1,;Clti<)n rilles. The results constitute part o[ a lilrg"r 
program of rescarrh to ch'HActcr.i.ze the microstrucLurill influC'nces Oil 
fatiguc crack prorar,ation AL gro"th rall's less tllOn 10- 5 mlll/eyclr' in all 
attempt to provide" basis for the design of Alloys resistallt Lo low growth 
rate fatiGue failure. 

EXPERINENTAL 

The m~t('.ri;Jl ,;tuelled "as a vaCUlllII-,1rc reme.1l·cd,siU.con-lIIouified 431,0 (300-N) 
]0\., alloy sLecl, tested in the qucnchcd and tempC'red condlUon. Fatigu,' 
t('st,; w('rc performed 011 12 111111 thick C.T.S. specin",ns, cyclc:d at 50 liz 
(sin" wave) in air at controLh'd tE'II1P"LltUl'e (23°C) anel relative liumidity 
(4):%). GrOl~th rates I"ere monilored wd.ng the ell'ctrical potential L<'cltni-
que [12]. The tirrc,;hold IIKo was ca]cuJnted in lerms of the stress intensIty 
at "liich no growth ol'curreci within 10 7 c.yeJes. Since Lhe crack monitoring 
tl'chni~tle i:; accurate to 0,1 111m, Ltds ('l'rresponds to a m;.]}:illltim grcllVtli rale 
of lO-' Illln/cycll'. 1'1"-"5110)(['; wt're ilpproaclieu using a successivC' 10,,<1 
reciu,:tion [01 lO\.Jed by crack gro"'th procedure, in inC[l'III"nts of l-L.5 111m of 
groh'l.h, to avoid residual strC'ss effects. For comparison, tesls I,'H~r(' also 
conducted ilt intermediate ilntl high grOl.Jlh rillcf; to yield proJld)~ati(J1l ralL' 
data bc t.\oIt"'1I lO-!l-'lO-L nil 11/ cycle. 

RESULTS 

T()'il~3Sf'!-iS tite jllflu('nce of strenglh aL conrit.allt ~~rnjll sjZ{', Sp\!(,jIlJl'Il:; \·h.~n~ 

illJc;t{'lli l"izcd ill H70°C lind (Ji I qllt'llr:IJl'd, p) vjn~ ,1 prior all~;t'('Id te gr;1 ill !";jZt' 

(>f 2() 1'111. }';It igtlf' ~r:>ck PI(lI';Jgltioll I'<lL,'S \o"'r(' 1II<':tsllrl'd fOI 100°C:, 'l()()"C, 
l,lOo,' .JIHI (,~)(I'IC If'Hlpt.:n.d (,nudiljOlls. 'Tht' TlIl'(Ii<:IIJj(,<ll propl'rt j('~; nn .. ' J [st"l'd 

ill 1'"\,1,, J, ,,,,<1 lil,' r:rt 1,',11'.' 1('';lIlt" ilt k ~, n.D5 ;11" shu,," ill Fig. 1. 1'1''''11 
thls d,'Ll it i,; el",lr thal l.I'l' influ"ilt'l' of 11'1111"') illi; tn'iltlll"llt i,; nl<lxiIHlz,"d 
("Il hlt~11 ilf\d l('~) f;tn'~;t; Jnl(,~I:;jt.it::~. For tLI' IlJjd-r{Jl1gl~ of r,p)t,.Jtll rnft'st 

"I,cre 1''1.1 11,'[d". t.I1tTI' J" lJltl" ViiI' LI!. i"" Ln prLll'agilU'"1 rilt" with 
If'fltp{'rjll)~ ll'r,qH't·ilflJlt~. )11 Ihls rail;:':!.', tilt· 1iI!'chl.lllisllI of filfllJn~ was 

OhBl'.lV{·d t.o ill' StdL'ly ducljJt' !;Irintioll gl"!I\,llh, wllich is (,ol1~;i"!.:;!:tlll with 

the Lid- u[ IIdcr",:t ructurC' ","lIsjlivity on LiIL' gru"'th r<ltc bch,1vior f41. 
I\t hi~)If~r ~;lrcss illtl'llsili('!';, f(l~jt:cr pTOjln}',alion l"ates I,.."len' nl(~.'lsLJred for 
thL' le,lvcr t""'I"rin)', tL'mj1c'.ratur,',;. consistallt "Jith the 101,,(,r KJ (, of thl'se 
l,t ructurps. Fractol',rill'ily cOllfJrmC'd ti,e pn";l'nce of static TIIOc!Cf; ('1u;151-
cleavaf,e and microvoiel coal('sccIH'C') acct<lIIl'illlying striation growth in tht' 
JO~oJer tuUghllC'SS structurcf'). 

The largc'st effect of lIIicrostrut:ture was seen at ]ow grO\"th raU's, 
wltcr", for exampl", at 11K ". 9 HJ'il/'~, there was a factor of 100 tinles dJ[-· 
ferellcc in grOl"til rate hetw(,(,ll 100 and 6,)0°C tellipered conditions. lis the 
telllpel'inf, telnperAtUl'C' was r<1Js('d, Lhl' lhreshold L'.Ko incrc;ts('d [1'0111 3.0 to 
!l.S HPa/m, ('(.ncurrL'nt· I"ith <1 tlvo-fold H,ducliol1 in tensilc' stn'ngLh. 
Figure 2 sl1(l"'s lid,; v,1r.iation of AK o ' at R ~ 0.05 and 0.7, \.Jilh lcw;ile 
slCl'ngth, the Invl'n:t' depL'nd"lIcc of IIKo OIL >'trength heing L,r less m;trked 
<ll tile hlf,it,.,l' I< r<llio. Ex""lin;lti"1l of ttl<' lileratul-" confIrms this tre'lld 
o[ incrL'asllq', llllcsitolel ilild d('cC<'dsillg nC'ar-threshold gr()\Hh ratf"" IVi th 
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decreasing strength in steels (Fi.g. 3). The effect is not sc'en at Idgitcr 
growth rales. Lillle variation in fracture mechaldsm was ob:;ervcd at low 
grOlnh rates, fill structures failed by a fJal, fine-sC<l1(' ductill' trims'· 
granular mode cunt~jning seglll('nts of intergranular fracture. InlergranuLlr 
facets were not seen in the 650·C tempered structure. 

To assess the influence of grain size, specimens \~ere ;lu"tC'nit.izl'd at 
B70·e and at 1200·C, uil quenched and tempered at 300·C. The higher 
austenitizing temperature results in a larger prior austenite grilin size 
(160 pm), yet the ylcld and ultimate strengths rPlIlain liug,'ly uluffl'cted 
(ie. Hall-Petch relitLionship does not apl'ly). The Utechanie<tl prUpl,rt ie,s are 
listed in Table 1. The fatigue results at R ~ 0.05 (Fig. I,) indicat" 
that, at low stress intensities, ne.ar-titresllOld crack proPilgation riltes 
were 10\<er in the Llrger grained structure although the vaJ ue of L\Ko «as 
unchanged. This di.fference in crack growth rilte was nol obSErved £It II Lgher 
stress intensities. Fracture surfaces were much rougher in the coarse 
grained structure, showing a facetted, ductile, transgranul'Jr mode with 
spgmenls of intergranular fracture. 

DISCUSSION 

It is clear that, for fatigue crack propagation in air at low str('ss 
intensities in high strength steels, decrcilsing the strength o[ till' stl'l'l 
leads to a markcd inereLlsc in threshold AKo anu ;t n,duction in n"ar
thn'shold crack propaf,'ttion rates. Coars('nlng gr<1in size' a.lso lcads tu 
lower near-threshold crack growth rates al though tlw lhrL',;I",ld i.t self 
renlain" unchanged. Thu,;, the Pl-oposc'd interrl'latiun [11J l>L'tl«'('n [\K o ' 
strength and grain size based on a Hall-Petch relationship does nut "l'pJy 
in these ultra-high strength steels. 

It is not clear why threshold llKo -and neilr··threshold crack rrup"F,oIt.i.Oll 
rates show n 1arg<' d"l'endt'llce on strent~tlt. It j,; f('lt that OI\L' pr 01(11-,' of 
the f()llowlng reaStlllS may al'ply: 1) If the grc"vth of a f"tiR,U(' "L1Ck I",;,r 
liKe> rplies Oil SOIlK' crJticill fracture stress bpill!; cXC'l'l'd,'d Ill',ll' til(' ,'l.IC\.. 
tip, th('n,at som" ch,1:ltctf'ri"tic distance' ah,';,,1 of the cL,ck til"ItI)-,iI<'I' 
tl'nsile stn'ss,"" will be ;,,:l,iev('.1 .in hi!',hl'r strt'ngth lIt:lt.,ri;ils. 'I'll<' ,'II.'ct 
is enhallced in '1lH.'IICI,cd anu tellli'el"('d steels oy the grc.ltl'r work hitrd"lli,,!', 
cdl':,,_ity of slructurvs t('l11l','r('d nt lower t(>l!Iper.'utur"". 2) III luwer 
st n"lt,th Ht;lterial,; lilrger I-'iast i.e 7.ones ilre created Itheild of thl' crdck tip, 
lind henct' residual ';[[(>SS(,5, arJ,;lng from a crack closure ,,[feet [l3j, 
would bf' 010[(' effert ive in retardIng crack grolVth. However, elf.>ctrlcal 
potential meilsurernr;lIts were' unal>l" to detect allY crack cln,;"re, ('xCf'pl 
belOl" Kmin, supporting previuus observations [l4) of n"gL.igible closut-" 
fOl' crack gl'uwlh ltilder plane studn conditions. 3) The effect is morl' 
likely to arise froln the jncreilsed susceptibility of higher strenp,th st('I'-Is 
to E"nvironrncntal JnfluencPfi of hydrogen in muist air. Incre~!-icc1 strength 
can result in a hi.gher equil ib r ium solubility 0 [ hydrogen in the crack tip 
region (due to hip,her triaxi.ality), and il reduction of hydrogen necessary 
to cause cracking [15J. This is reflected in thl' reduction in KIscc' the 
thrt'sltold for hydrogen and stress corrosion cracking in steels, with 
increased s t l'engtil. I t is conceivable that the sumc' e ffec t influences 
near-threshold filtiguc crack propagiltion rates in hwnid air. 

The superior near-threshold fatigue crack propagntiol1 riltes obscrvl'd 
in ('oarse grained structures ar,~, similarly, thought to be environmentally 
ind'H'pd, since little grain size dependence is seen at higher gr[l,<th rat"s. 
Th" <'llvironmentill infJ Ul'nee of hydrogen is greatest "ill'11 the maximum 
plilstic zone is of the order of the grain size (7), such thilt hydrogen 
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atoms ('nIl be Sl.,Jt'pt-in by di~;l()('Jtillll~; illtu ~~r;1in b()und~lri(~:-~. In CO(lr~~l'r 

gr;liIlC'cl ~;Lrul~turl~S the p1;I~;t ic zon(> rvm:lin:--; ~;!1I(j I I ('omp;(f-vd t"O tit(.' p,r-<l1ll 
size until "H,cll hlF"l'r "tn's,; inL.'nsiLic"; (j" l'f("~"nt SLudy i\K'- 30 ,",d 
90 HPil/1ll in 87()OC ilnd 1200°C ilWiU·"j.L.lZL'ci structures l'<>';I','cLively "lll'll 
fllilximuOl pLt;-:.;t ie Zl1ne (:qu:Iis grain size), rc~;ul t.illg in ~l reduced ellviroll-
mental jnfllH:ncl'. E;<pcri.rllL~nt:-~ arc nu\·.' bc<illg per-funned in dry, inert CllgOIl 

il.tmosphclC's in an ilttempt to clarify Llw above effect,;. 

The cnvi rCl!llllC'nLll infl U(~ll('C' of hyclrp~',c'1l frum moist ~d r call hl' l'llliclIlCl'd, 

ho"ever, by v;Jrving til(' c()oJinr, rate "ftel t"".perillt~. III J()()-~! stl'l'l, "1",, 
st"p-cooling (iw;Ceilci of oil 'iucllcb,in,J aU",- leml'l'rillg ;ll ()'l(J°e, to a1101; 
sE'gregatioll u[ jl!lpurity plt'l\lt:!Its Lo prior ;lll~;lenjtc f',r~lil1 b()lII\c1ariC'~j, 

results ill jOCl"C'i1Sl,d nV':lr--tltrcshold LlLigll1.' crack propdg,ll ion rdtl'!:, rltld d 

rl'dllcLi.on .ill the thresilo1d i\Ko from 8.5 to (,.~ Hl'a/,~ [lG]. l\(on' til" !',L,ill 
bOUn(L:lri('~; ,Ire cmbrittl('d hy impurity se~',rcg.:.ltion, and [In"' [onspqUl'llt I)' 

more suscC'l'tjbJc to inLcrgt-'"l1tlar bydrngc'll--assistPd cr.1ck l,'1~ during slo\; 
filtiglle crack r,l~olVth. 

In sumr.l,lry, jt i.s apparc)lll thnt rni('ro~;tructllr~ h<l~; il Llrgl' infllH'IlC'.(' elll 

[iltigut' ClilC", propagat ion beil.:lv.ior ill 10\; ,;trcss intcnsities. Improve'd n.'--

slstance to ncar-threshold [ilLif,uc crack grlllVth in sU'cls Ciln be ociliE'vl'd 
through 101'E'r str('ngth ilnd COilrser gLlillE'ci sLrllcture's, nlthlll't~h I'hethl'r 
thesL' effects .Ire Iw"'chilnicc:1l1y Ol- envlronl!lt'l1tnl1y induced n'[ll;til1~; iHl 01'('11 

quC'stion. 
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TAllLE CAPTIONS 

Table 1. Mechanical properties of 300-M steel. 

FI CUKE CAPT! ONS 

Fig. 1. Variation of fatigue crack grOl"th ratc (da/dN) with <11 t('rll;lt Lng 
stress inlC'nsity (lIK) at R ~ (l.OS, for 300-M steel, qUC'IH:iwci and 
tempered betIVec'll 1000e and 650 0 e, shoIVfng tnfl<lenc(' of III;lt ('ri,ll 
strength. 

Fig. 2. Influence of ultimate tensile! strength 011 threshold (or f'lLigue 
crack growth (lIKo) in 300-M steel, tesLed in air. 

Fig. 3. Summary of results shoIVing v.:lriation of threshold (lIKo) at K 0 
with yield strength for steels. 

Fig.~. Variation of fati.gllc crack growth rate (da/dN) IVirh a1l('m"ting 
stn'ss intensity (I\K) for 300-M steel, a<lstenitized at B70nC and 
at 1200 0 e, showing influence of grain size. 
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Table 1. 

Austenitizing :e:::~'2 !:":'r:g rr::'or 0.2% Proof 
Tem? (0G) Te::-,p. (OC) A'.lste~i.te Stress 

Gr~::-l Size (:'J' a) 
( W:::; 
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Fig. 1. Variation of fatigue crack growth rate (da/dN) with alternating stress 
intensity (~K) at R = 0.05, for 300-M steel, quenched and tempered between 
100°C and 650°C, showing influence of material strength. 
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Fig. 2. Influence of ultimate tensile strength on threshold for 
fatigue crack growth (6Ko) in 300-M steel, tested in air. 
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Fig. 4. Variation of fatigue crack growth rate (da/dN) with alternatinl] stress intensity 
(t,K) for 300-ti steel, austenitized at 870 0 e and at 1200 0 e, showing influence of 
grain size. 






