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Introduction 

This bu lle.tin wa.s writ.ten Lo se.rvei a.s a, use.flLl t;:...oI in tJ1e Ulld·:i:rst.ancEng 
a.nd I."V?ogriltioi1 of fa.t.jgue. failures. Its prirr.n-ry ebje.ctiY·.~ is w a.id Civil 
Ae,ronautics Bcr."trd field investigators in t!u:ir inv1~.~iig-n,t.ion of f!.ircraft a.c·· 
cident.s ~ but the i)uJle.fot also has a secondary purp<Y.ii=, 1.~ .. , to provide gener'f1.l 
i.nfomui.tion ti) ri..r1yone int<.:;rested in fatigue. Thti photogrnphs oontai.rioo. 
he.rein were t1ken from tho Civil Aeronaudcs · Bcn,d's e:s;t,~rLsiV"e a .. cddeut 
files and fro!n N ationa.l Bureau of Sta.ndn,rds J:eports prepa.rr:d for the~ Civil 
Aeronuatics Board. The two tables are from 1l 'iy .Machi'rw Parfa Fail~ hy 
Charles Lipson, Machine DeB,,ign, May-De<?emh~r 1950. 
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H Tl TIG E? 
\Vlien n, metal part or stn1ct11re is plai'.ecl under 

a, stl':uly, static ln~Ld 10ss than the known limit 
stren~th of the metal, the structure shollld tlw~)­
l'Ptical1y last fore,,·e.r, provided proper precautions 
an' 1nken ag«i.in~;r such thing::, ns corrosion an<l 
1'1·crn. l f. h<>Wc\·rr. t lw p:lrt. 01· ::;Lnwt 1n·e be snb­
jr>cted to repeated 01' fl net 1,rnting: lon.d~ O\' load.• 
wi1h thangrs of dirt'f'tion .. it JJ",'LY fract~m: at H. 

·-:f!\\'S iPv1.>l far to,·rer than 1hnt n~ql1irl'd lo c:rnse 
i'r_i 1;1re n nfl1• ;·st :lt i<~ cornl! t ions. This p11P11tJlil'~nn.n 
i;; known as fo-tigue and hns l>een found t;::i be the 
rno:-ot, cornmon c;Hl:::.C of primary failures of metals 
in service. Laboratory tests have proven that ~ 
fati,!.rne fracture, is progres."iirn in nature; a.ft.er a 
rnnnber (often nurny millions) of cycfos of stress, 
a f:ma11 rrack fo11ns in th0 region of highest stress. 
Fndrr f'ontinued <=tressing, ihis fat.ig-iw crack will 
grow in a direc.tion µ-enerally peq)e.nclicular to the 
tensile stress until the cross section of the member 
is rt"(1 ·,ced to such an extent. that the i·emaining 
:i r~·n frncturPs from o\·er]o:i.rL· Con.sequent ly., t.he. 
:;iidai'e of a fa1 i~(11e fracture shows two <'haracter­
ist ic rPgions wlii<'h are. usually quite different in 
a.p 1 H':t rn nee. 

H1 1(·a11s(~ 1 h\~ lfr:;t phase of the fat ignP llH'ch,rnism 
1 akt!~ nrnny 1·ycles and often a long period of time. 
the. progre~;;~i rn port i1)!l of the fatig1.ie fracture 
will b•· relatiHly smooth. Two factors affect. the 
smoothnef'.s of tlw fa6g11e portion, i.e., the con­
t inucd rubbing that occurs between the two faces 
of the crack, and the fact that the crack tends to 
propagate in a srraig-ht line and thus tends to 
produre a smooth sudacP initially. Tha.t portion 
of the fracture whieh failed instn.nta.neously, how­
t>.ver, will have a I'o11gh, g-r:1iny surface. The 
~;t rrss H'<Jl! i rPd to in it i:tte a fn; ihri1e crnck is usually 
le~;s than tliai n..quirPd to cause plastic deforma­
tion. ThPrf'.fore, the progres."li \'e port ion of a 
fatig-1ie fracturP is 1·hnractrrizt'd by its britt1<' 
11nt.11n., wliill' llw ins1ant:1111'011s zone will show 
'10l)lf' ( l 11ct i lit y. 

·Fat igi.rn fra.ct.tllt.'S e:rn usually hr classified as 
;;implo or compound. .A simplr. fntigtw fractim• 

results from r:. :o.)ng·1e crn,ck that spre.n.cls ov.2r the 
cross s<'i:'tim1 und cauSC's uhirnate failure. A com­
pomi.cl htigne fract.ure results from t\YO m.· more 
cracks tlrnt. spretul irom different poiilt·S on ·lhe 
?eripherT nf the f-:ecr,io1: .an<l c;\.llf·:e :i joim effect 
on t.lte f r;1.ct u re a ppen.rnncr:. 

Fat ig-irn defo11natinn is in t>..c;3CDCB a. fim:tuati11g 
plastic st min of faii'ly :->m~dl nmp1it.w.l•:.. Alt Lough 
iL has not been. pt·n\'\'it 1:011ciusivGJ_r: pure fatigue. 
nppe.;trs rn m'oct·cr! prinrnrtl,v ijy locuiize<l fine slip. 

FIGURE 1.-Jfa11nificrl 1·frw of a /aliuur. c1·rrck. Xotr~ the 
.Y!r'Ji[Jhl lill<' 11r1111111mlic•1t vf r·r:ick. 
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Tli~ fo tiµ-ne srrength of an:v part ~r· componf'.nt 
prirnari.!y ·;·!ep1mds npon the actual stress n.nd 
sL·211i.trh of ti11~ me1 al in rL hig"d_y ]ocalized area. a.nd 
not o~ Lh~ IYHnjnal stl""<ss or g-ross properties of 
d1(0 p: rt. The fatigue. strength of a pa.rt is als') 
,foy:,~-::df'nt upon t11e magnitude und frequency of 
Ina.ding a.nd 1.11e mariner in which the load is a.p­
plied. This section is devoted to some of the more 
importanl. factors affecting the fatigue streng;,h 
of a pa1"t as 1t is reln.ted to material resistance. 

foctor'i Which impair 

If n smooth, polished, sound specimen is plar,e<l 
into a. fatigue testing machine and tested at a 
p:nt irular stress lernl, it \Vi1l fail after a certain 
nuri1hm· of evc1es. But if a notch is machined into 
n similar ~~eirr1en and the piece is tested as her 
foro, Le., at the same nominal <>tress level, the 
~;pe1:.imr.n will fail n L a lower numbe,r of cycles 
U1,1 n hdore. Tho ratio of the greatest. st.re,.'*l in the 
region of the notch, or any Dther stress raiser, to 
the cmTr,sponding nominal stress is called 1.he 
;';tress coneentrntion factor. 

Stress Raisets (Notches) 

A nolch may he definetl. as nny change of section 
which aJters the loca.1 stress distribution. This 
dr~finit.ion, therefore, includes keywn.ys, circum­
fnrr11t ial grooves, holes, contour change, threads, 
ser:1 t ch es, etc. 

A !most all strnct.nral mn{,erials n,re sensitive to 
notcllPs and, as stated before, the fatigue life of n 
part. with a. notch is less than for one without :t 

notch. In sorne types of materials, there is evi­
denr~ to indicate that. th.e harder or higher tensile 
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strength a1loy is more notch oonsitivt~ than the 
sorter alJ.o:ys. This is e8pee:nJ1y t.rue for sro~L The 
extrrnne notch se.n;,ltivit.y or th~ high strength 
steels rn:drns it (fangrTous to nse steel heat treated 
rnu~h in e·xc1:.s'8 of lf;O~()<)(L.180/10·{) psi ullimate ten· 
,!fo ::t:rength unlf:ss great attention 1s given to 

,.:111ig1w i:'.onsidrrat inns. ;;inee notches n.s such can­
not h::1 curnplctr-1y P1imirrnted from any de;::;Jgn, the 
manufacturer r11ust work toward lessening t:heir 
lu.rmful effeots. Generous fillet .radii wi.11 help to 
re<l1we the high stress concentntion in some 
instances. There a.re many met.hods. that may oo 
employed to improve the fatigue life. of threaded 
parts. Two such mct:1ods are to have the threads 
co1d worked by 1'1"!::;;;; and by und~rcutting the 
sha:rik adjaCAmt t.o the la.st thre;,.d with a smooth, 
round bottom groove slightly deeper tha.n the 
t.hrea<l roots. · 

Many severe fatigue failures can be traced to 
notch effects. F'aD·J''" 1yil} x~ur in an area 'C.On­
taining a notch, rB.th(',J' than in an mrnotc,he<l area, 
due to the resulting stress conCJ3ntra,tion. Because 
· .~ thb, in exnm.ining the wr~kage after a st.rue· 
tund failure accident, the inve.stigator should giw5 
particular attention to fractures OTigina.ting at 
cl'!ange.s in section, at bolt holes, etc. Of course, 
not an of the...c.e fractures will be f a.tigue faih:rr ... c.s, 
but if there is such a. failure, it 1vill probably oc~ 
cur at such a location, 

Stress Rahers (Inclusions) 

Although all metals have S{1me inclusions (1.eq 
non-metallic particles enca.."3d in the metal ma­
trix), onl.Y those near the surface of the prirt can 
a.ppreciably affect its fatigue li.fe. Due to the high 
quality control in the manufacturing of }tircra.ft 
parts most inclusion~ are extremely small and t.he 
presence of an inclusion in a fatigue failure must 
11s11ally he determined by microscopic examina-
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tion. ffo\Yf'.\·1·1·, 1l11•n• l1a11• 1>1•1•11 :t flow •':lSl'S of 
L11i.!!111· l'ail11r1·- 111:11 11:1\'1• 111'1 1 11 ,·:111,..:1•d \,y i1wl11-

sio11~·· wl1i,J1 \\t'i'I' ,·k:1!'1y ,j.,jl,\ .. "i1l10111 111:~.'!11ili-
1•:ii iP11, litll t 111·.-1' 1·:1c;1•s :11·1• t•XI l't'lll<'i,Y I':tl'I'. 

lr_',. 

Decarburizcnion 

I )l'1·arli11rizat ion 1;-; t hr- lns:.: nf «ar1Jnn from the 
snda<'e of a. frrrn11;-; aJ]qy as :l l'P:.:11lt nf hl'ati11g­
in a lllt'd iun1 I hat n\wts wit!'. 1 lw 1·arhon. The 
!in:tl l'P~ult i;-; :1 ~>ft .-:hi11 or "l•:11·k" 011 1 lw snd:1er. 

of tlw. par:. whi1·h rPd1wi':-; ilu· f:lli!_'llP prnrwrtic:.; 
1·onsiderably. HP• ·:111:.:1• t Ii« cit l"ot11 i um-\·:rnadi1lln 
•tncl sili1·n11-ma11g-;u1t'.·'P :·qwin~(· -:11•1•1:.: arc• e~.;rw('ially 
s11:-:.1·f'ptihll'. to tlii~; t>Jl\•, t, 1:1•1·arlntl'iz:tti 1m i.c; an in1-
prwtl'111 1·011si<l,1rnrion i11 .·']Win!! dl•:-;i~tJL Dc>c:irlrn­
r: ':\:inn 11rw:.: ()'('<'l!r in ot l1t>l' :'i PP]~. 111)\\'l'\'l'J', ancl 
f:itiguP f.iilurrs nri;::in:it!'n;..: fm111 1l1is :~'l11l'I'(' rrt'i'~ 

fuund in boll~;, i'()t'~~ing~ :111d qfl11·i· .'-'1(•t•J p:i1·ts. To 
.. ]irnir::t:r., 1l1!s 1lifli.1dty. tlw 11...:n:tl pt·oc<'il.l!l'l' iliat 
:.-: \i~:t><l i~: l1i Jt1;11•':1i1w 1]ip ;-:r;fr ;-;kin oll' tlH' p1trt. 

D1·•·:1:·l111i·iz1t;<:ll t:-11:1ll,\· n1'1'lir:-: witl1 a itnt.·h. :ind 
tlw ill'r·urnnlariv" 1•1\'1•,·1 1:~ :o :it:ik1· 1L1." nnt(:h :111H'P 

Corrosion 

\Ylwn :t co1Tn1lt1 tl part undcr!.[nr•s re1w:urcl lond­
in1-t, tl11• normal fati!f1te lifo rnl1w for t11e metal is 
:q>prt~(·ialJly n•.rluc•·<L Tlii:.; n·dwtion should l1P. 

expt>l'ted lw1·a11se th(' pit:-: on thP c:onodl'il s1trface 
:wt as no1 ch11;-; and prndw·n 1 lir: s:tl1H' d1•]ptprious 
i>ff1•1·t:.; a-; not <"l1Ps. [ f 1 liP r1·1wated st res;) is applied 
wli ill' \·orrosion i.s taking placP, n :>JWtial t ypt> of 
fat ig1tr. (·all<'d ' 1c·111Tosion-fat i_!!llP .. 1wc·111·~. Tl1is 
:-:i111lllt a Jl(•o11s :1 ppl i"a l io11 of ''111·ro:-:io11 :111d l'('!H'atc•d 

.;t l't•:-::-: i:-: n1111·l1 111on·. lian11 f11l ro t fll' p:t;·t ; liar1 r1:­
p1•:1tl·d :-:ll't1:-:.-; IH•i1J;.r applied aftl'r tlw !i:trr is cor-

Jo'I•il I~}; :l. .\ frl'!li11r1 1·urr11si1•11./111i1///r f11i111r1· u/ II /1/'!1{J1·!11 /' 11/111/1. 1/,'i{lhf1 f11f1"/lt1 /1'<1,./111·1· r1ri!Ji1111/1·d 11/ 1fl.,.1Jll' ••11" 

,11 11f 1·.r/1·11111'1/ /11 1ti'l''>1r:1 "/," 11 ... 111 1111r/i1111 11/ frul'/11ri· 1111<111<1 i111·1·11! 81/l'/111T ••f l1fuif1· :{f1ull'in11 !Ill' rl'f11/i1111 of dark 

f[l'"IJX I 11/"/'ifl/'.I I "" //,. fi'r'fl'(/11'1 1'11/I"" If//,,.,,. I .J'/l'/'111// s11rf1/l'1', 
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F1c;1·u2 ·1n.-·-A fn:etin!l 1·01-ru.~ir.rn-fr£1iguc fail111'0 of n i>'"°"· 
pc/!N 11/adc. Fracl11r<' .rnrfacc 8howi•no orgin and e.r­
tr.-nt of croeh propaf!rllim1. 

roded. One explanation ftJr this effect is t.h:1L the 
notch or pit formed by co!'rosion is »pened "·hen 
tJiE pie.CG is f;Ubjed»d fJ) tk'nsion a.nd hecomes f1!Je1l 
\Yit.h rust or other corrosive products. '\Ylrnn t.lrn 
tPnsion is re.lensed and closes upon the corrosion 
products it contains, thesP proc111ct,c; ex~rt. a wcdg-­

ing· action pro<1ucinµ: crn<·kinp:. Tinder the simul 
~~1::'.:ou:; cffrct of fo1.ig11P loa(ling nncl c·orTosion, 
stPel ha.s no delin;te enclurauce limit. 

Fretting corrosion is a special t:, pe of corrosion-
1.!u t.iirue. Frrt ling co1Tosio111)r~cur.;; wlH1 n two parts 
:tr13 presf:-iiltPd, clamped or shrunk to_f!NliPr i<n'l 
snbjeeted to vihrn.tory loads. In steel a reddish­
hrown discoloration is visible on the affected sur­
for,e while in aluminum or magnesium the dis-

' eolornt.ion is black. Fretting c01Tosion roughens 
the surface, induc.ing- ]bca,J stress concentration 
which results in early fatigue fa.i1ure.. 

Internal S~.·ess 

Some fahricat inn pro<'('SSP:'i nr heat trrat men ts 
lllll,\' develop I Pnsile or (•0111pre,-;sin.' st rrsS<'ii on 1 he 
stirf:t<'P. of a part. The introdu('tion of trnsi1P 
:-:.trt>s:,1':-> into till• s11rf:wP nf :1 part w;l! 1owp.r thr 
fati11111· st1·p11µ:th. TllP r11si<l11ai surf:H'l' tPnsilP 
.;1 rpss wil I :idd to t !1t• d(•sign t 1'11:-:i lP :-:t rPs~; :ind may 
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prnt111re a 101:11 ~;tJ·,•:-:s hi~h11 1' ;h;tn 11iP de:~ii:rner 

!1ad ant i<·1p:1l <1 <l. 1 f 1 lte pi{1n' is t hl'li suhjedPd to' 
rerwated 1o:ulin!.!, t}w l'PStilt will ht> enr]y fotig"llC 

f:tilnn'. l-snally pt•rt ineni information rPµ:arding 
1·p:;.id11nl stn•s:~P:.; 1 :1n 1)P u-:1inPd nnlY Ji,; a 1ahoraton· 
in1·p~;ti~tatin11 1Jr hy :1 ~t11dy o!' 1).w i1i:.;tor>· of tl;e 
p:u1. ('old working. lwat \n•:1111 1 ~·n1 (inc-lurling 
ciite1whing- prnc! i 'f:':'i), cold ~ii rn ight1!ning .. dr~\.wi1\g 
or rn11 inµ-. and other fobrical ion vrnce:o'.srs may a11 
rrsult in the inti'Orluction oi' r1>si1lna1 stresses into 
tl1e part. 

Clamping and Press-Fit 

\Yli<'ll :1 sll:1 ft Ji;ts :1 f:nllar "l:111iJH'd rn it, or whrn 
:1 p1-css-lii :1s:~Pmhly is n1:1.l<' witl.011t any planned 
<iistrilrnt tnn <Jf loc:1! ~;ti'•1 :-i:". a C1>llditil)11. i~' 1·1·erited 

SJ!lllhl' tf> !]l:\T. pmd!!l'P.d h,\' <I :~Jtarp insidt~ l'(ll'Iler: 

i.1:«. :1 --t res:- r·n:w1•111 r:\1 inn ;~.; 1Tearnr!. 'Thi~· con-
t'l'llt rat ion i:- d1:P tn •l:l' f'h:rn.ur ii, :::<'<'! ioi1 size, 
d:unpinµ- :-:t rP":~t·7; :t1:d fr1't tinµ:. Tilt· ('hange. in 
:-i<1c!ion sizP i:...; a eritic·al ''011~;idt·ration 011ly when 
thrre is a ln:1d t ransmitied t hro11gh the press-fit. 
ot' clamp. J11 01w cnse it was shown PXperimentally 
1hat w!H'Jl a l'ollnr was cl:imp<'d !n :< s1w.101h slutft, 
tlH· shaft\ PlHh1ritJl('(>. limil was rPdlll'Pd from 
'~'-l,0110 p~:i to 4i),OOO p:;i. }',tilnn•s in en/..rine parts 
:l rn off en :\ti ri butcd r 0 S(Ti'.~f:'.i~,-; r·n w.:rd by <']a rnpi ng. 
.\ 111rn1brr of propellfl!' liladn f:til11rrs lian' also 
l.~·Pn :1ttrii>11tPd to 1·la111pin~: stn,~:.;~Fs. Contnil 
:'.\· . ...;1<•111 part:-' n11d :1Pli<"opt<'I' :-:h:d'ting an• somr-
1i1w.-;~,·11nil;trl!·:111'1•('!Pd. In 111a11y<":1sPs.dw initial 
1· rnd{ nri g·i li:t t l'~i i 11 t li11 I) n•s.s-fit ii rn l rirn 1101 lw 
d('lt'<'lf·d 1111til f:1ili1rP O('<'lll'S. It is thP lwlir.f of 
'S()!ll<' l'XJH'rtS t ii:ir. t !Jp li fo 1d' f11i•l-li111~ I nl>ing- tll1<lPl'. 

yj!,r:it ion lo:1din1.t i:~ p1·i111:u·ily <'o;H rolh·d 11;: the , 1 ,. 

lit t ing-s a11d clamp:-', 

Frni:nE ·~h.-('orrrmion fJll 8irfr nf Vladc, cl1.arl11 d.~ilJle. 

(J 0 u 0 0 ., . 
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RE NITION OF FATIGUE 
R CTURES 

l 'onsidPl'alile informal ion co11ce1·,1lng the nntnrs 

Of a fo ~ ip:11e f:t i J 11 J'P \':\ll g'l'IWl':t lJ y bu olJt :t i11ed f I'Ol1l 
:Ill PX:\J(,illilt io!l of 1 li1 1 C:we of tlu~ fr:~1:t lll'P. In for-
1:::t1 lllll in n·htion to the niagnit11d<~ an<l direction 
1Jf ]11;1di11µ: a\l(l tlin prP:C:PlWl~ or nhsell\'P, of SLl\~.ss 

<'nll•'1•nL •I\ io1h 1·:11~ l)•' obt:1ir111 d by a L':u·e.flll stndy 
of il:t• f: 11·t1in•d :-11d:we:=::. 1.111<·rpn:latioi1 l)f t!1<?. 
fract111T, ho\\'P\'PJ'. 111ay not a J wn.1 s b1~. n. simple 
111att1•rry lw•.·a11,..;e Parh partir~11lnr ease m:ty be in­
f! 1wn1·Pd by many \'aria hies. ..\ ~tho11gh some con .. 
t ril>tit inµ: faet ors, for exa111p1e decarburization, can 
only be ,·rri li<•d by laboratory exa.m; nation; the 
prPSl'JWP of fatig-lle may \n mnny cases be <.foter-
11iinr.d by a enrl'ful exarnina.tion in the field. 

In stal ic failures there is generally consi<lerable 
P\·idl~J\('f' of ductility ()J' "nee.king clown," whereas 
i11 fatig-11e failmPs t1H·1·e is no evicle1wc of ductility 
i11 ti1P fn1i~r11e portion of tlw fracturt•. It must.he 
JHli,llti>d 011!, howt•\·ei-. th:1t all brittle foili•res are 
1101 11P<'1•ssari!y f:ll1g·11P fadnn•s and this <listindioll 
11111:-:t he 11sPd with otlirr feat111·rs heforn a final 
<l»t «1·111i11nr i<111is111:idP. 

:\ll)"'t f:Hi.t!'IJt'. f:1ilitrP~ (with the PXl'1'plion of 

:-:n111P torsion fatiglll'. f:\i111res)' o<Tlll' on planes 
"It i<'li arP at rig-htangles or a pproximat rly nt right 
:111,!.dPs to tlrn dirt><'tion of the loading. On most 
parts the fatig1ie plane will lw perpendicular to the 

I<-.rnt:RE 5u.-Purlion of a failed icing spar. 

nxis of the part., and in tl1e foti;rue nr·<?a the frac­
l ure will g-enera11y be. in Oll(~ plane. lrregulat' 
fr:1('!UrPs~ that is, ,\·hrn the f1·11r·.tnrP slips from 
one plane tq anotlw1 nrHl wlwn these planes are 
extremely c'.iii'er1•ilt fmrn a plane pe1-pendicuhr to 
t!tP londinj! or t1J tliP nxis ;if the pa~·;, <ll'e rery 
pmbnl1ly 110t f:it.ig1m fract.11res, ahhonµ:h elosc 
examination is ofo:n required to see if s01~1e small 
area. on the fracture. sur:frtee does not r,onform to 
the ha.sic requisites. 

The two most readily recognizable featurf'.s 0£ 
a fatigue f:til11re are ( 1) lack of defonnution, and 
(2) t.lrn singular plane of fracture, usually a 90-
<legre<>. cross section. In fa.et, in those cases when 
the fract.t;red surfaces are mutilahd during sub­
sequent. d:tmage, t~hese features r.iay he the only 
01ws available to distinguish betwefn fatigue and 
sl a tic failures. In making determination~- of this 
type. it i~; important that hot h lrnlrns of the frac­
ture lw a\·ailable so th:tt the ~ecr.ions can be fitted 
to:rether and st udie<l. 

To discon•r wl1t•t IH1 1· n. part hns failed in fatigue, 
the invest ~l!atol' .sho11ld first look for· thl' two dis-· 
t i11rt ZO!lf'S whicJr are ch,traeteristic of fatigue 
fail11l'e, i.e., the fatigue zone and the irist~taneous 

l!''rnuRE 5b.-~ln en.large(! view of the lower spar cap. Note 
distinctive "clum.~ilcll" nw.rkin(J:;. 
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~,--------

r·o/-. .1 ;-.1',1l''s ··u .. ii11li1·11/1' fu/i1/111' f;r1~1.i11 11! 1/rii~t Ft 1Jl1·; 

1,r•'1;11 .:,.'" 11·11,/1t·1· /·,d1,1,·1t l,,.· 1 11 '(
1 f.\I f;·1u·tur,· 1 fn··t.'8 after 

dr1li1 it!!l/J/'f 

;~o~\(·. Ii, L1:1ny fr:i<·111n':-:, 1no1»• than O\\('. Li.tig-ue 
Z•111:_· 111:1y 111" 1'011nd. indi1·;1t inµ· that , .. .4.WHnl fnrigne 
nal'!\~ l1:1d d1·\·Plopt•d and wt>rn pro1.rn".;sing :'t the 
t i1111 1 of tl1t> 1111:11 failurP. In P:t<'li f:ttiµ.-11c zone~ 

t !11• "riui11 uf t l11• f:tt ig-1:1· 1'1':u·k c·an Le fonnd hy 
l<.·1·:it'i11:I tl11• 1·1 1 11t1•r 1Jf radiation of the fati:rue 
w:; \ 1·s. Tl11•:-P fat il!llt' w:t \'t•.-; an• known n:: •··"lam­
~11 .. \ l-.:. · "·ly::tp1·:-d1Plk" ·•stop n1ark.~;," or ''heach 
rnark<' a11c! an1 1'0111111 in n1os1 seni<'P fati:.r11e 
f:1il111·1·;;. F:1l ig-11f1 \\'<l\'1•s :\!'(' 1101, ho\\'l'\'1 1 1'. always 
pr1•c1•11I: i 11' !'X:1rnpl1'. \\'lil'l'P _r·111·tai11 11l1n11in11rn 
:1Iii1y-: :t n• i 11 \'1'1 \'I'd, t lli' -!':ti ig

1

lll; 111:1;v pro;rr•.·~::. \\'if h-
11:11 !1 1:1\·in!! di:-ti11 .. 1ir1• w:l\'i' 111:1rkin!!.', :1ltl1011L,"li 
i11 t ]tt':-'l' 1·;1..;1 1

:--:, t J1t~ fat igll!' :tl'!':I (':lll IJp id1 1 Jltificd 
l1y it~ :-111cntl1. r1iJiLt>1!. 1·,.J\·1•1y :\jlJlP:J!';t:\;'t', ,\J. 
t l\(•::~!1 , lw p1·P:-<'l)C'" 111' Jll'1>gr(':-:\i1J11 lll:i rks i"' in-· .. 

l·'11;1·n1-: 7 1 1ull'-w1111 l11·11il/1111 f11tir1:i·· fn11·111,.,. 11.f 11 1111.u· 

6 

!1111t/i1111 1/1'(1/' 11.1'/I', /-'11/111111• ('/'Ill'/,', 1il'i11i1111/1·d 11/ (/r/'()11' 

"11" 1111d I" 11dr11!1·tl 11, 111·r111cs "l•" /.,.f1Jn· /11111/ _l11i/!ll'I'. 

l!11t1 !1· Pd 11.'· 1111· typ1· of 111:1 1 ··~·i:tl. it i:-: prirnanly 
d1•p1·ndP1J1 ll]Hi!l tlll• :11111llP" and 11111f11rn1ity of 
:-;{ !'!':":' \':tl'i:1t i111·. 

Bending FatiglJe Fail L•rt:s 

Ir i:-; possihlP to diridP b11 11di11g- fo.rig11P failmrs 
into t l1l'l'l' ~:e11Pral 1·la:-::~ili1"<\! inns :11·cnrding ro the. 
type of :>c•111ling ln:1tl in1pnsP<l. Tli(•;:e t Jm~e dassi­
lkntinn:-; arr 011P-\r;1y lwndin).!. two-way hen<lir1g-. 

Fwi;m: H.---.1 t11·0-11·rr11 IHnlfinu /111i!·1111' /11if111·c 1,f 111ai11 

l1111di'11u 111·11r a.r(I', Arr111c8 "11'' """ "Ii'' indil'IJ/c muf-
lip/I' //lfl'fci jttf if/I/(' ;:'.1)111'.V. 

:u1d 1·otary !11•1J1li11g. ~ro~t sP\'en~ IH•11dirig fati~111e 
1•11«'01111tP!'Pd \\'ill fnll into one of the:&~ f'atego1·i1:.'i. 

,\ 1J1:< 1·\\':1·.r l11•11di11!!' fail11rt> may oreul' wh~n a 
f111<'! 11:1t inu· lw11di11;.r load <':t11~Ps 1111P :-dt!P of a. piPre 
to 11(' .~ll't>~:"Pd in IP11:-:io11 <111d thP opposite si(h iii 
1•01111 >l'f':"sio11. Tim fat iguc Cl':11~k will ~tart 011 the 
!1•11:-:i11;1 :'ldl' of tlw IH•nd. Faligtl!' f:1ii11n•-; dt!P lo 

lw11di!i,~ ;th·. tltt•!'l't'<11'P, :.:irnil:11· to lt>n.-ion f:1t i!!ne' 
f:1ilnr1'.~. l>i:-t111g11islii11!!' fp:ii:m•s :tl'P 11.~11allv 

f1111nd i11! 111•11\·p1·]1J:1d pa1·1 <.·.\11' frndL~T. {~nd• r 
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~nc-woy h~nd nr;; load 

TABLE 1.-Practure App1~arances of Fati[;uc Faii'ure.~ in Be11din17. 

two-wa,y hending 101ldlng, the tensile stre5s alter­
nntes from <JJ11-.• .,:de of the neutrrd axis to the 

other, anrl \\'hen the stress leY<>l and number. of 
l1>adings are of the right circler; cradrn will start 
on eit 1wr :;;ide oft he part an cl progr<>s.s townr(l the 

center. Hotary bending occurs when n pa1t. is 
rotated while uncler n bending loading. A typical 
example of rotary bending 1s an engine crankshaft 
rn1der service loacling. 

Tension Fatigut: Fm lures 

Because of initial ecce11tricitie:-, in '·a part or 
be4'.<lliSe of r.ci;?eutric lot"tding, ·pure t.en8ion loading. / 1

• 

rarely ocrl!l'S in service. Some amount of bending 
usually accompanies tension in axial 1oadinge 
However, ri. number of fa,tigue foilnres .under pre­
dominantly axial loutling do occur in sei·vice and it 

Fwun•; fl.-Practurc sul'face of u. "D'.' roll 7rom tile B11-
1·cau of En!mrni1117 nnd l'l'intiny. The material u-a.~ heat 
treated l!fccl co11taini11{/ ll_.4:) 11c1·cf?li.I carbon and approx, 

imatcl11 :~.00 percent nickel. 'J'hc roll.~ were made 1dth 

11 douule fillet joi11i11y tile bwri11r1 Alll'fliCC' to the 1rnrk· 

ing section of the roll. F111iyrw cl'llci."~ fJrigi11aled in 

the 11car'ilr1/ :mr;lacc fillet anrl [)£'111'/ratcd thro1u;h ap­
pro;rima!c!y 1.'j /H'rccnt of 1!11: cro.~s Ncctfo11al at-ca br­

forn compll'fe fr1i111rr fH'Clll'l'<'d. l'pon 1'.r11111i1111t1r;n ol 
lite i;eari;111 ."urfaec fillet, 1·r•lalirely deep tool 111tn'\:8 ··· 
1cc1·e 1n~t'Ol'erci/, J>ou1· madlini1i17, fail/JI'<' to (}rind ilw 
/illct.v. and tl11.1 l01c .~trr·11r1th of the .~/rel u:crc all r.0H­

/rib11/i11f} fril'/ur., to Ille r:rn8e fr1r friiiu1 t, 

7 
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F'rnn:F. 10.-A te11.~ion f<1ti1111c failure of a hclii~!tffl'r rofur 
/Jiad<' ff.7ppin11 fink. F11t1r1111· 1T11<'1; 11ri1,ri11<1tcd at 1n-
r1;1r "/1": nrr·1H1r1r1/1•1/ !11 01-ruu·1; .. r·". 

1:· )1vl1ifi:l r'nr liw i1;\'t>:·ti; . .i::urir tr) he nhle !IJ di~­

i i11.!!;1 j,;); ·1. iw-·1' f:t il11 t1':' frqnl iwnd; ng :u:d ! r11·~·inn:i1 

foiilu·t':-. Hy :111 l':'rn1n1n:ll ton of rLr- rnn11rt1'r i.n 

wl1id1 t!w fntig-;1p cmck has prog-re,ssed into the 

Pm1~1m lL-Tor.~iunol f11!i1111,, f11i/11rr of a r'rank.~Ttafi, 

PcJfiflllC. r:rack uriyi11ntrrf 11t ru-rnw "r/'. Rl'/oic, an en­

, /rl!'IJrr( 1.'ir:11·· of.frarlllrf' 8111"f1:c<'. 

8 

p:1r\, t•'ll:~iqn Liti!!llt· f:tilnr<>~ <':'1l1 gt11w1·:1lly l1P 

di~-.1i11~:11i~;h,,<l fro111 nrlwr t~·1w.,.: of fatig"iH'. Par­
<llle1 or co11~t :rnt 1·11n at 1irP ~;1op marking·:-: are 

1'har:1t'l l'1'i.-;1 i1· of fo1 i~.:m>. f:til11n'~ rP:-:.1tlt in!! frn111 

:-:r r:i i~..:k lt'n:-:il<' l(l:td ill/,!. .\ ·~ in hPnd inµ: f:1 t iµ-11P. 
fail11 r1•;-;. t lit' rvl:tt i\·:· sizP n f t lw fat i!flll' zn11t>:-: and 
tlw in~~1a11t.u11'1111:-· zotlt> 1·:111 lw 11:-;i":l as a llll':lSlll'<~ 

of 1lw stn·~;~ 1Pn'I whi1·h J>l'<>1lrn·L'<l the foil11re.. 

Fwnu: 1'2.-Fatiyiu· failure .of a 11111,,•/,•/H"C88 .'!fl(ljf u:ltir·lt 

wa."! s11/Jjcr:lcd fo t11r.~ion 11nd /Jendin11 loads. 'J'/11• fatiyuc 
rrack ori{linall;<.1 '•t a s/w.rp fillet at a elwnge i11. 8.h:tion. 

Torsion Fatigue Failures 

Torsion fntigup, faih11·C's o.;·r\Jr in either of tlH; 
two basic directions. i.t>., ( 1) hr.lirnl. at approx­
irnatPly ·t;) dP1!!1'Ce~ to t lw axis of t l1P. shaft, a long­
the plan<'. of niaxim11111 tP11siot1. 01· (:2) long-ii udi­
n:tl, or t 1·a11sHl'SI'·, tn \lw axis 11f !lit· shaft, nlong­
rhe plant's of m:t.'\i111n111 shl'<ll'. Fatigue stop 

nrnrkin~!:-: l'annot :dways h(' f''•1rnd 011 t lw s11rt:ll''' of 
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the fr:tct 1irP, ,rnd :il''-'ondn ry means Sll<'h fL~ :tbs.e1we 

of d11cJility and ohserYing the angll~. of r.he failnre 
pl:uw m1t:st oftPn be 11sed tn identify torsion fa-
t ig11e f:i il lll'l':-'. Tr:insnwse fradnre,s a re nsna lly 
\'PJ'Y ;.;1w>od1 from 1 lw ruhbi;1g- of t lH· 1 \\'O halYr6 

nf ~1H~ fract 11re iw.fore i:n:il ~'p:tnll ion and this 
c·harac!Pristi(~ may lll'· it-;ed 10 identify this tyf''" 
In nwny S*'nin· tors.Dnal fatigne failure~~. thR 

initial <'r:wk will nrigin:lt1' in one plane and then 
:..;lip oil' into another. lldi(·al fractnrt>s 11~u:1lly 
1}t'<'1l!' \\'l1t·11 st !'l'SS cnllcl'nt mt ions are pre:~Pnt, whilr 
tongi t 11d in al or : ra nf,\'er"3e fract ure"s l!eneral ly ind i­
ca t e the ahst>JH'e of st.n'S-'3 eo1 H'l'llt r:lt ions. 1 n look· 
ing for toi~.-ion fot i:.-.riH' fo!1un':-;) tlH' inYl'Stigator 
i:-. 1L·m:i1 ly nidP<l ;,y t lH> kn<Jl\'lPdgt.' that 1or:"<i01rn l 
l<1:ulin~'. i:-; 111'i>:.;1·ni in th1 1 ~t"rvi1·n ;1ppli1·,tr11>!L Jn 
rhi:-: l'\:~:acd~ tor::il)Jl fati;rite shoti1d lH, ~11...:;p,.,~·tl'll 
when exnn1i1:1ni.: foilnn·:"i i;f t·r:rnksh:ift:-:. lhp 
drin~1.:irq1wti:l•t»"·"oi: ~.;p1·\11g~,.-,pl11wd .:..ltafl nwm·· 

! wr-s, 0 t l '. 

F1::rL1rn 1:!..--F.-1ti;Jill.' f.-1U11rc o;r t' prr11nna 1dudc whicl< v;o;? 

.rnlifec·!ttl to t1·11.-rim1 a,i,r/ Ml1'-WOl/ IJn1;li1111 i 1>ad.J. Ar­

rnw i.H.flic.11tc.~· cn.11"/\ 0ri9i11.. 

T~-~~-;fl-·----.---------------·~~ t ions -;f 8 as i ;--Pat t e ;-n----
F .

1 
.or I Basic Pattern ·----------- ---------

01 ure -------- (a) _____ ,_ .. __ ---··---··.J_~--·-·----···---· 

Tensile 
I 

~~l ~:~:_·'"\ 
Saw too1h due to stress 
concentration at fillet 

t---~ ~~-0-~=J--. 
~ 
il 

---·---·--!---------- 45° --+---. -----·---
:tr;-],. f:b, /---~~. 1 

·. L~ 1 -D-. C ~ r.·, ~---n Tro nsverse 
Shear 

2 

- ,, J __ ---t ~J \ /'I \ __ jJ 
- ;!·. "----" ,~ --;;mo II st';; . ----- Lori;e s!ep 

·----·----·-- --·--·--.--------~ 

LonQiludinol 
Sheor 

3 C-----=a -------
----~-----

---------------·--'----------------
'J'ABLE '2.-'l'J!/Ji1·11l .. lp1w11n111ws (Jf T1Jr.~iu11a: Fructurl'.~. 
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TH FIEL lt\tV STIGATIO 

In most. cases of fatigue fa,iJures, as in any 
other L.)1)e of failure, certain pe.rtinent infomm­
iion is ,~.bsolutely necessary if :.he muse for failure 
is 10 be determined nnd t.l1e i 'eHnt.ion of r~ur-
11~11{'e lo be assured. The wurk i1rvo1ved ill collect­
ing ~.ll pertinent dat;t is twofold: (1) a tl1orough 
fi<~ld inv~.stigntion to i:1;;;urP that Hrn C1)mpleie. serv­
ir·12- l1i:=;tory is known~ ~,:rd (2) ri metal1nrgicnl 
ex:unrnat ion Oft.he failed marBria1. In sonw. caS.\f~ 
:l 1.'.i>mplHe met:11logrn.phie tX:i.rnin:tl i<)n may 1;nt be 
necp~;s~u·y because the lype of hi.lure n1ay w~ome 
ohviou:3 solely by ,·isu:'..l examination; hmvever, the 
nnding of fatigue does not, in it.self, properly 
<lelinc -the l)robable cause d nn accident. ~fore 
11nport ant 1 it offers little tf,wa.rd t.he solution of 
the prohlPm. l f a component has been subjecte.d 
to nrn.intenance or operation:i.l mnJprne( ice, the 
rPa1 e:rn~ of failure would be sur".h mnlpradice. 
On the other hand, the cause nrny be attributed 
to impropPr design, nw.liufact 11ring irn perf ·ct ions, 
or an unrrnlistirnlly estah1islwd sen'1ee life. 
Y\'ithont a eornplete flelcl invest igat.ion such prob­
lem arrns c:i1;not be known and t lw time ancl 
money cxprmcled in the in\'f'Stiga,tion nrny he 
wn:;ted. 

,\Jtlourrh t lie field investigator does not ha n~. 
I""· • . . ,· ' 

the necessary facilities for a ccHnpletf•. <'Xami1iatim1 
of a fniled part., the.rt is much information lw 
cai1 and should obtain that will :i .. i1l i11 the final 
determination of not only the type of failure, lrnt 

, t Jw undei·lying reasons t her.efor. 
' The data. obtained by the field mvesi.igator 

should include a description of the impa.d and 
fire conditions because this will haven, direct bear­
ing on the w-reckage distribution and danrnge t.o 
fhe s11h'j!>,ctfXi pn rts. 'Vea.ther conditions a.t, foe 
t.ime of the a(~cidrnt should .dso be noted. Tl· j<; 

should include wind velocity and turbulence, 
clouds, a.nd visi"oility, 1rnrl the temperature as it 
11ffe<~ts the operation a.11d perfo•mn.nce of the air­
rrn.ft. Environmentiil conditions a fier the acci-
1lPnt should also be nr.teii so that the effect..':! of ex-

posure on the pa.rr. can be taken illtc conside.mtinr, 
during n~ metallurgi<'::i.l nx~,mina.tion. For e\ 
arnpfa, if upon final ex;m1inat.ion the fa.i]Pd pt.. 
shows signs of rnsi., it mn.-:t, he ffotermi;1Pd »vheJ11"'·1 
t.he p::i rt obtained the rn~t bdore or r.:,ft.t.'t tl1P 
ie.cidenf. 

A descript:rrn of Lhe 1o<.:iltion or th~. foiJe"l pu .. <1. 
re.htive to other pa.rLs of the Vl1'Ci~kri.i:rc. sh011Jd uJrn 
b(l, submitt.e.J with th€~ pr..r~. If po:-;..::.ib1e, n. pho­
tosrr-.:i.ph of tho pa,1t. before it 1_, re>mrR"'t frmlt the 
wreckage shou1d be obtaine:<l or if :t sirni'Ltr :·,ir­
cra.{t is aYailau1e, a photogrr..ph of t.111> properlj i,-.~ 
stu.11e.d part. shou lJ t)(~ taken. Th is win . ~cm r \;L -

sM.e for any possible mi3t-akes 1n pa;-{s ('at.alo;:---. 
a.nd to serve as a reference if a 1,11 rts catalog of 
the particular aircraft. does not ex;Er 01· is diffir:11> 
t.o obtain. 

Tne field investigator c;ho11ld also ex:unir;~ thr~ 
a.ircraft to determine if any m-:anthi~rized rnodi­
f~ation . .; had he£P TilHUC', 1111·:· in fo1rinat.ion 1'-; 
ni:f>'kd to <;et,;,rmine if ili~ failed pn.rt was rnb 
je.de(t to a hight>r uuminn I st1e.ss Urnn thr.t fr:­
which it. wus de~ig'11ed, and if th'r,c;e m(){l i fica Li mt:> 
atfeded the aiTcra fr 1s airworttL1H':'h5. 

To l'Xpcdite t.he jme.:-;Li!Tati0n anfl t'he fina.l /]fl~ 
t e1111iriation of thP cause for lailure, pro~r p:i 1-r:: 
11omcnc1at ure must. be used "'hi'n la1;rling pan"-'. 
This includes labeling the part with the propm· 
r.1art number and obta~ning serial nwnber of the 
aircra.f: (and of the part, if any). 

1'hcl :•11ost important pertinent inlormat.ion th:< 
the field investigator can obtain is t.he tot.u1 time· 
on the failed part, thP. linrn on th•':; pnrt . ._,bGe. it.~ 
h.st inspection, and th" ti111e since t.h1~ aircraft.ls 
last overlrnuL Thc'Se three 1.irnti factor.~: ,iJ'(\ r~eoded 
ir~ almost rvery im'e.sti<1'at.11m anf1 t.h1'v must he 
obtained if itt all possih1e. Obtaining the::.'A'.i t.inw 
factors is r.1f r~pecitil importance if fatit.111ri is sus­
pec.ted as the rnusf~ for fniluro because a11v metal 
pa1·t mu,y foii in fatigue if it. Jrn:1 been s~·bjPct<'-d 
to 1'£.fX~ilted ::-.'t1't'ssrs long tinough. The inspect\on 
nnrl 0\'1.~.rh:1111 forw10 <U'!\ of speeia l impnrtn.r11·-<~ ir. 
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dt-..t£::rmin1ng whether the fa,'.ilit1e:s responsibk for 
the inspection a.nd overhaul fu)filleJ their resp~­
tive responsihilitie~. 

The field j11vestigator should aJso refer to his 
file of Airwo1-thin;.ss Dim::t.iYe.s to determine if 
there are any existing AD~s t.hat are a,pplicable to 
the particular acddent. or :011spected part. Com­
pliance with applir.Rb1e Aff~:i should, of cr.·u.rse, 
also be imP.sLigatecL 

An examinn,tion of the a.ircrnJt':; logbook should 
nJsc1 oo :.t'.ldert.aken. ~fost1 if not all, of the above 
requi~·er~ information c~tn usuaJ1y be obtained from 
the.kgbook. Any otlw1· perrinent info:r'lnation ob­
ta.ine j from the logbook1 such fl-.3 :my previous in­
cid('.nt.s o:~ u,c.c.idents, sh~)u1d ~llm te no~k'Yli.. 

Ja '.·mmrnn.rv, when n. ftdd in:;e.stigaJ.or snb1nits 
. a i.)D.rL for ii~rn1 exn;mination u,nd ;ldei~mination 
of Uie. cau';o('l for failrn-e, the ful10Y11.11g information 
sh<JlUd a.:T:.ompa:iy it: ( 11 a. de-.::•:1"1pLion of thn 
;.nlj)~h"t 1111'.l fire conditions: (:2) a d~criptior\ of 
the ·we.ather conditions at. the t.1mt uf ti'Jo:j accidHt 
Rnd the 0nv1ronment. of the prn1, :tfter the accident 
occurroo; (3) [I, <lescript~on of the loc.atinn of tlhl 
failed part ,)r a photograph of the part in the 
nndisLurhed wreckap-e 01· a. photogr;1ph of the part 

in n, sin~iln.r a.ire raft; ( 4) exam inrt tiou for unau­
thorized modifications; ( 5) prc·per part numen-­
cbture induding correct part nurnlx:rs arid 
aircraft serial num her; ( 6) examination of appli­
cable .A.D's and detern1ina.tion of complia.1:ce with 
them; en examination of l1)gbook, noting })I'\'.­

vious acci.dfmt.s or incidents~ and most imrx>r"t.ant 
of <1.11; ( 8) the total time on the failed part, the 
time on the pa.rt since its last ins1:x:ction, and the 
time since tlie aircru.f'L's last overha,u1. 

Although in many cases it is im.possibJc for the 
field investigator to obt2fr, <>.11 of the aforemen­
tioned data, an effort should be made to obtain as 
much of it as pos..,,ible. In m0::i"'t cases. if thi'3 in­
fornntion is not :3l1hrrJttR..d with the fajJed part~ 
time u.nd m0n1.1,y must. ;:>e spent in conference "\Vith 
t,hi:::. field inveffi'jga.tor' ~nd in othei."'i'tise acquiring 
the.se chta; Ht.he pre~~~ing facts r.re obtained by 
th~ fielll iiwc.stigatoi- and submitted with the failed 
part: rlie. examination and rl.et.i.::.rminaTion of the 
probitble c.:rns.t for th~ part's fa.ilme "ri1l in most 
cases be determined mthout ex:cessiv~ cost or loc.J3 
of time. )fore.over, appropriate corrective action 
can be ta.ken which, of com'se, is t.he desired end 
prrYlnct of acci<lent investigation. 

ouuo 1 ·1 
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Appendix 

Thn, pl~c~ngrapl1s in tl1is :\pjX'.nd:x :tre large rcprrxlu•:t.io11s of thciEe <'.On· 
ta.in1"il in tl11~ t;:~xr :wd :u·e n•pe;t,f.,.yl irnrn to !')iiu\\' mor.~ 1.foL~ils of tlw rliffereilt 
:foi)11l p;tl't;.;,. 11 i:' hopPd LliaL these p!iotJJgrn,:1hs will he.:lp ir:e1·ea.sr~. Lile r1~a.de.r's" 
;;J1ilir 1c Ui ~·1 .. :ug-ni:rr" fa.tigue iailuI'I',..;,. · 
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