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symmetrical shear bands. Sinice bending involves more triaxiality, the ductilit
in asymmetrically grooved cantilever Bending is likely to be further reduced,
which may lead to an unsafe structure. The triaxiality, slipline geometry, and
upper bounds to the limit load are described in detail. Medium strength, low-
hardening steels (HY-80 and HY-100) were tested under configurations that
showed more triaxiality under one single active slipline field than single edge
notch tension specimens.

Two ductility measure -were considered: first, a structural crack growth
ductility defined as the displacement at the point where the load is applied,
per unit of load drop; ayd second, the local crack growth ductility, defined
as the local slip per unit of crack growth. The asymmetrical structural crack
growth ductility, as well as the local crack growth ductility were as low as
1/4 of their respective symmetrica-crack growth ductilities in HY-80, and in
HY-100, asymmetrical structural crack growth ductility was 1/2 the symmetrical
one and asymmetrical local crack growth ductility was 1/3 the symmetrical one.

In addition, when the local crack growth ductility in bending specimens is
compared to that for single edge grood tensile specimens, symmetrical bending
gives 3/4 the ductility of symmetrical tension specimens,. and asymmetrical
bending gives 1/2 the ductility of asymmetrical tension specims.

Thus, asymmetric bending configurations give lower ductilities than
symmetric configurations or single edge grooved tension specimens. This should
be taken into account in considering the safety of possibly crack structural
components and pressure vessels.
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Fu1v-Pl, stic Crack. Growth in Asymmetric Flare Strain Bendin,-:

-4 by Frank A. McClintock and F.J. Wu

Abstr act

'ac,,. qrowth d.ci ... ...tched ri J y t h,

m ~o d o f I cad in. ... as I 1 cr: ..e ...om e t r S e er of syr: etr ic a I
'. 1 ..... -

aeo! etr"v .are Co;;ri . ... _ - edict t e - .e v ,-  c. .

mater iaI under speci i c lo.adijr_' C- ditio,.n but ves-els and oti er

structural ccc!ponents of Ler: have welds whic introd.:e asvnmetric

,geometry and inhomroqeneous properties. In single edge groove,

f!ullv-Dlstic s soeci-ens with -ie0. that i--.a single s..e.r

ba.:rd, a crack car ]ropa3ate witn t /3 the d u tility of sym1.etrCi sheSr

ands ( Kar domateas 1 93 . Since bendinA involves mcre tr.iaxial ity the

ductility in asymmetrically 3rooved cantilever is likely to be further

reduced, and therefore lead to unsafe structures. The triaxiality,

slipline geometry, and upper bounds to the limit load are described ir,

detail. Meistrer.-th. low-harderin, steels (HY-80 and HY-!O0) were

testd, under con i,: icr, s th-t showed more tr iaxia ,itv, under- one s :.

active slipliine field than sirqle ed3e notch tensioon specimens.

Two ductility measures were considered: first, a structural crack.

9rowth ductility defined as the displacement at the point where the load

is applied per unit of load drop; and second, the local crack growth

ductility defined as the amount of local slip per unit of crack growth.

The asymmetrical structural crack. 9rowth ductility as well as the local

crack 9rowth ductility were as low as 1/4 of their respective symmetrical

crack growth ductilities in HY-80; and in HY-IO0, asymmetrical structural

crack growth ductility was 1/2 the symmetrical ones and asymmetrical

local crack 9rowth ductility was 1/3 the symmetrical ones.

In addition, when the local crack growth ductility in bendin3

specimens is compared to single edge groove tensile specimens,

symmifetrical bendiriq give 3/4 the ductility of symmetrical tension

specimens, and asymmetrical bendir,9 9ive 1/2 the ductility of

asymmetrical tension specimens.

Thus, asymmetric bending configurations give lower ductilities than Codes

d/or
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yi",'_etric confimjrations or sinqle edqe qrooved tension specimiens. ThiS

should be taker into account in consider inq the safety of oossiblv

oracked structural coraponertE and pressure vessels.

If a structure cracks. it is desirable that any crack qrcwth t,

lv plasti- tc ro.'ide I; deflection: both for stt-
'~~ -shedirs to other ... rte ci' the structur.e, and sim; :: at .i o crsc<.

detec tion before failr E t h"e entire structure. This ,es cracK

3 qrowth ductility is reduced by asymm%,etric qeom etry that focuses the

ceformation into .2 sin31e shear band, alor, which the cr-ck advane- intoI

oe-damaqed material, rather than between a pair of sliplines into new

mmteria . S uc asymmetric qeoe.etr ies occur near welds and fill.Ets in

. ressur e vessels arid other structures. Kar,.o ateas 1985) ha- s -O.5 ihat

in asymmetric sin,,le-ed.-?o_ notched tensile specimens, crack 9rot.i alon; a

sinqle shear band reduces crack qrowth ductility by a factor of 3 ir,
", u!strenth alloys with low strain hardeir,. e iponents (r, r

- olWer ductilitles WOti' be expected in bendin- which qives h:i-,E-

rt. triaxiality, here taken to be the ratio of mean normal stress to the

'N plane strain shear strength, cik . Green and Hundy (1956) studied bend

test specimens as in the Izod (cantilever) and Charpy (three point) bend

tests, having either a V -4roove or a groove whose root is a circular arc.

Although the Izod test is non-symmetrical, it has not been instrumented
as the Charpy to provide the load-drop description required to calculate

crack qrowth ductility. The question here is the extent to which

asymmetry will reduce the crack growth ductility of symmetrical bend
. '5

specimens.
-6 • To express the load-deformuation characteristics of a cracked,

fully-plastic structure in terms of crack tip sinqularities or any other

local measures would requ.re a fully-plastic stress and strain analysis.

In a rnor-harenir,; material* slipline analysis applies to both

riid-plastic and elastic-pl astic specimens when using stra in and

displacement increments. The slipl ine analysis car, provide ar, upper

bound to the limit load if the the displacement boundary conditions atr.

2."



-satisfied everywhere across the liqament .anid the applied load 9ive

% positive work.. Iris orovides a basis for specimen design and the

tnter Pretation of tests, a- well as a3 guide and check for later fir1 te

I Sl .Diin alysis

tn,r T C r. -, ef e c tan uiar ross-section wit, a Ldee.

i z. ;roove on one side (Fi . For lir ... 1--to-z
-- / ,: t ir;:4 ie., 7 ' C or,.: r~it::
..... /4. a. strain can be assued. A weld or he -f-ed z. e

cracL iay produce at asvn,,metry that can be modelled by adding a

,d tr on V-c ac. su:f:-e f the secire:. The shoulder turns c,

.- f.e th- material to slip on:, -r; one oi The two sliplines that W-uld.

%_: in the symmetrical geometry.

Slipline analysis gives the fully-plastic non-hardeninq stress and

trai, ircrerent distribution. For high strength materials this
a' asurption provikSe: with reasonable estimates of stress distributions.

'n (! ') used this ar alys is for sym.metric ally r ocved r i lJ-olasi.

,- -. " Jrk:r pure berin; . Later, 'reer and HundJ (S l6 ) et.enJed th-

a.nal.sis to three point bend specimens. Here we extend these analyses t-

a ore ereral asymmetric geometries which could occur near a weld. The

generic slipline field is shown in Fi. 2a. It consists primarily of an

arc o-f radius, Ro , where the subscript represents the center of rotation

of the arc, across which the assumed riqid material slides as the bend

e n-le is increased. In addition, there may be two fields of constant
stress alon,, the qroove ard back surface, connected to the arc radius Ro

-.. by two fans of radii, Rj .rid Rs. These three variables, together with The

.- q1e of the slipline at the tip of the groove, the triaxiality of the

-'- field, and the l im:it load, are the unknowns that must be solved in order-

*-.a'.to completely descri'-e the state in the fully plastic region. Therefore,

in addition to the three equilLri., : equations in a two-dirles ionl

.e em (2 force e.uatiors and' I moment equation) it is recessarv to'2,5

z s i ir:e theory to provide the remainin three equations.

In slipline analysis, a curvilinear element bounded by two
crtnocn.ial d sliplines with mean norr,,.il stress, o, ard maxiu

.',

5.J,



.-hear stress k , obeys the Henckv equations of equilibrium i(Hill

pp. 135-136):

ce r aIon, anr o( ,

-er eq a io ri .3 7 ric the its:-. -:-oilt airo " -

-the field a ze pplie to the ,-re sla'-e field o Ei.-. 3c t . .

equst.iorns aS.e

= (1+ 2I)/K

Five bourd3ry corn citioris are then lised to solve for the sliplile

.eometrv ard the stress stte of the l i.iert. The lrst two are thp

eouibriui. conditions ir the two dimensions .rand y:

Eo Eco-(3,..4 --D- z + -s(34 +y) +

cE cos. 4 - -W,) + LTC Co0 -'f,4 + ] +

o ( /cos'- /4 - - ) c o s(3'4 -ly - w)] +

< [os(5' 4 +q, +o cos(7r/4 +f) = 0 (3)

R o Csin(3r/4 - "- w4) + sir,(37ly/4 + V) +

a-, sin(f-/4 - "-) + o. sin(T/4 +Y)J +

R qsin ( -f" - w1) + oT, siri(3 T74 - - wI)] +

RBs [sir,(5'1/4 +') + o sin(7174 +Y), -P (4)

~/

.e. Then the rotational equilibrium rust BIso be satisfied. The mcr::ert

M, taken about the center of arcB BC car be calculated frori the

followir3:

41 R,9l + Ro2 ) (Ro + FSa + ' . + Fs

2 F' EL + Ro cos(3'4 -r - w1 ) - E. cos(/4 - - w)] (5

-4-

..,, , j .,-.. ", "$.. -, - ,. >- .. ,. X 7 , . '-.



ir e sPiiie eorct.v oust satisfy the qeometry of the pacirie7:.

Therefore, the last two boundary conditions are:

Kq csl5' - - + cos 1 T4 + -

S 1 -, Liz~'T +y =

4-

"e C. y) -f E_ e i o(r'4 +: - CM
-- :: . r, 3 4 -- '6 - j1) + sir(3 Y 4 + y : = - n

. at::r_ _, un til ore ci the cor;nTt 1re;; rm;:- .h.-

1 . - F I area e riv irq ths ecuat ic- qcve r

LD- of . 'i'n te i ran iudPec, of the load for the new

-i fi e 1 c r oove, bP, wjth r, c shi C~

C.:, Sr: .,, , _ U e of tne specim en was anallyed by Green

ur eJ j t: check the above equationcs.

.u r e 3 nd2 sd the t: possi.'le Eliplines t,at cin occur, in

a be, rn i sth a s -r in the bac;k surface. The possibiity

of' the cost - r:t stress fi eld to appear at the surface of the shoulde-

.in:te c a, thI back , ^'S was a lyz ':-, but the displacer,:ent

-- ' 0-ly for a shou,.er fla3nk 5%,,

qreiatr thari 0.214 radians ('q fc) From the numerical analysis, the

c r -e of ra. S tured out to require a lower, upper bound to the

i arit load and therefore as named 'active field'. The slipline in

Fic. 3b was the called 'inactive field'. The fields are governed by the

qroove flank angles, the shoulder distance to the centerline, and the

a moment arm of the applied load. For the geometry in Fig. 3a the active

fiel, show s no constant stress fielI at the tip of the notch. For this

specia! case where Pg 0 , the Hencky equations are:

= -+ ~f'+ 2/(X

c.= -(1 + 2Y, S,

e qa r ec iors (Ecs. 3 and 4) re,Juce to:

Fri [ccs(/+ '- fT/4) + cos(3 1P'4 +1) +

c- '7 ccs(r 4 + Y) +la_ [cos(5Sl/4 +y', + r. cos(7T'i4 + if)] = C, (2)

: -5-

A 2. -- -,

""s.. '." " " " " ' " ''_1. . . ..'" - __"-: :":t:c: ""i -K _ . ".v'" " I"V-



*wo Lsiifr',', W r/4) + si(37r4 +V) +

" !if(4 ( ,\y- 23V,4) +- c srn ,4 +

.y. 1,4 *rto: ~~Th4-

p I ., tfe vo i er:,Dc T,:.r Ovr to:

r c- diZ = c 10 ti o

.4,, -0COEK.,- "

5 Tr/ + £ o s< +- 7/4)]+

',
' :s ::c (5hI +N") - Re ::os'Y+ N'- Thi4) + cos(tS>4 +N')] : :

'- ir,( ',' +T) - o Lsir(.4 N - T 4) + siri(32 ' + ) -h

*r: a -dit4or,, tIe irtiai .tn ,lz of the slip: ine at the tip Of the

cn be four d 'pr:eti i lly from the relation:

. Equations S - I were solved nurnerically for the sliolire qeometry,

as well as the mean no ri.-al stress, obm. and the limit load, P, for.

different cartilever leniths, L/h, arid shoulder offsets, 3/h . Table 1
describes the variatiorn of the normalized load, P/k , maximum mean normal

stress, Tk. , arid radii, R/h, as a function of the normalized shoulder

distance, q/n, for thc two possi',l e slipline fields. The reqions of'

constant stress decrease as the shoulder distance from the centerline is
noreased. The l iiit load ratio decreases (as desired) as the moment air

is decreased, but at. the expense of a decrease of triaxiality. Table 2
S- e ,_so cL. i i- slipline ben vior, loan, arid maximurt mear, norr,,al stress a:

-t furction of the moment armi. lhe critericr, used to promote slip by cn!,,
fed ws to have the li:t 'c;,- of ary possible field be hiqher thi--z

that of t ,e lowest lir;it load t, overcopie strain hardertir 3 . The ratio Of

-

--'-'.-'6.-



(F/ ~Y - Yec St renrsth

ct;~tT L lsie Streri-.th.

Z- r~, E ::etso shc:: 2crs ne Fci

St

Q - - - - - - - - ~ i Yi 1

.44,

H Cerrr F: 3 fl: D - bo t si. ip ne .u ; n ad it tn tOOf'e

li liLt f1 ~r yri cal -4ooved +

- ~T +.~ ,+ I

f crif&.- !ir -, bot s 1n f~ib as the 3! 1 0 7

eerrnt; tv une pureI : 1 berio overfed t-icF1e

theo rych by sho i r~ r s tce yrie inq r s bot sl i plane ari no

led to the sbvr s~.~ fo t catlee een lodinha type.

The D erce if o'ts on crt levert bar rovidP lE an exei to te

studies of no- -synanetr ical1 specimeris in a three coin t bend djonec by Greer.

4/ adHundy (15)with testanrdardj lZOd test byk desor ibi ma the seometr'y

ft s. effects on: jozel droc dci1z

L0 C, - ,W 1E din of'f and fractur 2. For
I E9D~ 1 5 er .ir Fasst'O

S' - -p Bne -t ratr at toe t of t~ne no4 c



with the nicrcoscopic crack proPDatin,3 at an anle and macrcscopLc i

Dar a Ilel to the liqgjrment, a IdEscribed in Fi;. 7a. Ir, asy m fuetr ca
1-!ot. c s4 eci S0 ens , c -I e o . er har, r , the crack : .nces iFtc t e

re- t . r, ed '.;aterid 1 r, + e dire-..e , c-r'- -tion of the doi: nar, t s±ip I I

-ieid, ac sOWFi in Fir. .. Th' h i',aaent redu-tion is riot equivi_ i

t.:e crar s r r-owth as i th v .1i ± case. or 3 in Ein.ie .qrG v-j'
L C- a t-- . c t r a

,- ,_i].r-:1 . ....r -ri. ali p, poses. .5 l-Jl1[ crasck ,qrow;n . c;- ,JJ t ; -t

ds .d s defined as h e i h. .: saent the point w-ere t.,i

l.-,d is applied per 1n it dro o r1 .c lied, lo.:d. A more fun.amenta I

rid r. s. t rn;-- ;C : C 0 -
.V: unler.st.a,,,in;3 _= ._... - .. , ..- . "-.-." .U~ ., ,.,i l ' , .z

the crack ... A- .. : ... .. . o. or sro E t i.al spec iens . Broe..

i..2'\suqest_- the u.se o-f c c ,au to measurIe the crack operiri.
d ispla cemr t (T~, his-: value can be used to find an appro'imate value

"' , , of cr.act tip openins d isc....ce .snt. (L0%D) and str.ess intensity facto: l

Kanr, ine, and Fopelar. (1985) review the COP and ClOD methods to stud_.y th-1e

v ,ac, qrowth on svmne;rical sc eci,-s ris undo:- three point bend for

lastic-plastic mater i.. They defined the ter.,? .J/da) as the

chL 'e of per uri f crack, advar ce at a specific load point

dispi .,am o T'T- trm, t.-o- h. ha s r, fi cance for a ron-linearly
i mater c -1 !ot ': i fully-r ti prbleas. S1 v7t

theory is the most appropriate retihod for describing the stress

.N distributons acros hfully-plastic I ament

a) Asvmmetrical specimens. When the crack. propaqates along a sirqle

shear band, as in the case of asymmetrical grooved cantilever bars,

(Fig. 8a) the local crack growth ductility (ISLc), is defined as the

amt, ojr, t of slip. du s , pe r un: t -f recuct :, of li,3amelt, dh.

-.- [... ([,9Io ) du= , s/d . (16)

loc a -

On the other hand, the structural crack crotcth ductility can be

d -fefined an te; rms of r!,) - lize 'ispiacefv.ent perF unit of load drop. 7ai

qua, ntity is found, rid:,, e -r -.,,ients by piotting the dispiacerent at the

poin~t o. applied load , nrmamect by toe o.r inna lr,:e, t, 7t

, 5.nst the lod p i t y rorrailized by the m-axiur load.



'A,

'' ,: r ImE'ntE F! 103: *ar td sCo rd te j e re a

fc t i C v 2J2 7 r~tm ~
..- re* T file hr-'"-I- ,+ 0 - 1

.::s ...-,. 1 C I-:- e.3 ,tg.. r r f CC t.r, C t ,C
C. - -I "-- ,'? S'. - 42-4-e,-- - --ve

S-0. 

f 
1.

i L dk

-- " E Q - . p • -z ,-,f ~ ~ -,

T am oU slit, a p le , f:o-a c l the - r o m t. he i p ar, c radu.

-2 A'

. Eere: - 2 t:: 2
L~i':"1k: sinXk + L

.. .. c - d= =s rsirA + d

= csir, + LA:,,-) PdO(20)

SThe amount of sli ca h b calclated from the slipline arc radius,

P: * i"I  tre 'j --- i i - -

r du = c 0 t'Th tosc

4a Sustitu'tinq Ec ... 21int'o 20 we oet:(U

, ,Jijp :~ (sirX + L/K'?o} du: ;. '

" " ['~~rO: El1[ itF-- *BiEA)'515 ICC, f:Qof,"i- Ize," limait load was foursd +-

S tirtio n of both nor sal iS'S shoulder di stance to centerline, .'h/ , -

• ,s~itrert arm, L :-. In, or der a,: relate the s.ii ccli:r~ .-i m. local cr mcl

"qrowth ductility it. is important to describe the rora1z......ct :..

_4.

A%
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Ererm slipinie arna1ycE tric zij~nt-y wa fo Iund to be -a furctior Ofth

shoulder distancoe to 1er;-.e-.l.JIE anrd miomnt arm:

eI r i -a 'hi jnr C -w

(TTb 0;4 cihariqe of' nrmal ized shoulder, distaned,/i

d~c4 hY -S - -d/TanX q

d(.3/h) = (ri/1h - Cot? ) dh/h (25a)

arnd simiilarly:

d(L/h) = (1L/h - CotX) dFI/h (5~

cot> + (2Gd)I-4 z

sir.+ de/dij, sink,

!ubstitutiriq Eqs. 25 irto 24:



i , k : P . -,- - __/k,-_ (3,f - CotA) t __,_.._ (,'L/h - Li; ,

+ o
h k h h " c4/h) C. C: t, ,

r jlat

c r:3c Wti di- T% h" -z c -it r in t-s e u t on c r e fin

lo , d s laet-tctrr-- 1 t- =h th = e to of X : cn i d fne

thr'f om E,-..

.W' kC': k t I. .

-- - - T

AP'

kb> .: .:> ',

' >/b (/ - LsctX +" Li___ (L/n I - ccA ~

,- - h - + b 0 m 2

. .r t - -- -'

c:.:wt.d..tlit .%.ii ) £ ;: ' I" -[.i4C"D i Ii- -. t- j- o * .

loa_-,_is_!aer__ent _ure _ith the e ecution of _ wh c s (eired i

!i
froms the preination a-. th esliapad:u ien

the hn roq ang. 2fsi,%. skonweasm ha rcue:cus

*P ,

• .= :.' .and Eq. 29 becomes_-:

NV

; .* I% ..- .. . . , .,L : : _ _ _ ; . . 3 . ' : ! e t :-i t - .-



_.d, (sir>.. + L/h h/F. )/k.bL du

(B/th - c.tC' + (L/'h - X

SLet F be the qecrniet:rY f.ctor irvclvir:c- vslue-, fQ.o.- t:e 5 ip in

a 1 a rlysis

1,' k. b h,11

(q/h - ?/kbh (L/.- CcA

3('-3/h)

ther

1The val of J'/' the q eT o ii e fatr g sPotd nF,

" F 0 h ......... 0 C

... .no m li e ,r.,;, o mE en t.-. a i, L n ior v3rious der diStar, -

0 '.- .--Ia; 0 'q s

',(Dl str) F R ,'.b (> o ) '....

The value of the 9eow)etrv. f.actor, F9. is plottedt in, Fic1 . 'S aair st..

the normalized m.omlent armr , L/n, icr var ous shoulder distanocs, *;/h.

,) Symetrical specins. For the local crack. growth ductility cr

symmetrical specimens, ( L Os is defined as the crack tip opening

a" displacement per unit of crack. growth, which is in this case equivalent

to the neqative of the lirt reduction (Fi. 7a):

IC /

d (CT 0. D /2
'"V (D9 ) = _g = Tan(COA/2) (36)

' lc s -dh

where.

d'(C(TOD) 2 cos\ du (37)
. a S ,5

In symmetrical, pure bend specimens the structural crack qrowth

ductility is defined in terr..ms of the displacerent per load drop. The

load is characterized by the mormient arm, La, in which for four point

-12-



biend.ir: it is defined as t. distance betweer, the opcosin; lo.S

(Fit . 7b):

"+'"-'--, (L t ) u = tsriJ/ijgfi , ..

T s -u m e
- ,'•..,:.'

I.F it :

- s-r,: lvsis second term is found by,, c B.!i -!Iatio r, the nia 'imum s lope of t e

' " fallir,_; part of the moothert-benid ar;,le curve, which i _ pi, ttedj f' .
Sr i er, t s.

±n, cjer to re thu 'a::..el of cr.-c: ,es fctiir: ne

s yn:r metr ical spe:- je s w. need to descr ibe the new intrcduced pure e.rie t

" h, w-ich can be achieved by four point bendin3. For a fully-plastic

l iqament a lower bound moment is obtained by assuminq a stress

distributior satisfying equilibrium equations and nowhere e, cees

yielding:

M N = 2 bh/4 (th'

Jifferentiatirg we gel:

, dl = kbh ,dhi (42.

de du Re cos,; [ ~~t h E .n= .;;

the b= - c oc

Finally, substituting Eqs. 37 and 43 into 40 the structural crack
St\



qrct h ductility leads to:

( 5 trs). (sir,) +L/R'o) La dCToD,/2

",'"1b co.X a

- h -, .-E

l.I!CZ crazk. *ro~t'. do.-ilit, Car be estiraaVW4 b1. the use of Eq. 44 fo
.. ietr " ss r -rd %7 :: 7sr ..... c eimere

. . . :,,, . ' r, -.-

equa.t iorn pz.avi.d. -a :eiaicr, b-et~ec-r mac -sociccsll s;eaaur-.aris

:r.aramer~ers .I-ar. mi c'CsCo~~oa lly c c. ,behavior which ca, t.. t sed to
. :,D.;'r t: other type- o eroe-ments like the irqe edge 9roove ter7 si

t-ts .. "I i ,tcc_ ar d Kardou teas I61 )

-4% '

a.) 7er, er al desc r i otic. symmetric notched rectangular bars were tested

~. under cantilever arid pure bendirI. The 9eometrv was takar fr. the

results of the slipline analysis that gave the most triaxial state with

reasonable assurance of only one active sliplire.

Rectangular bars of HY-80 and HY-OO were used in the berdin 9 tests

as typical of hi9h strerngth low alloy structural steels. In addition,

these low hardening utaterials are more apropriate for verifying the

analysis usin 94 the slipline theory. The tensile behavior of these alloys

is listed in Tables 5 and C respectively. The geometry of the speciraec,

taken from the slipline analvsis, is described ir, Fiq. 3. In addition.

Tables 5 and 6 give the experimental results in a tabulated form.

St. bilitv of the tests was ar important corsideratior due to the

ex;ected hirher crack growth rate for the asyrioietrical case. It w..s

therefore required to desigrn the bendinq fixtures with the least

deflection per unit load. Preliminary tests to determine overall

compliances gave values of 1.08m10 - and 6.71;,10 6 mm/N for the machire arn

"-. -.



f ,xtures ,eso,ective I.

t, . Results. A typical load-disp!acement curve is shown in Li;. IC: the

test procefure was first to produce a low-cycle fati.auje initi.atior crasck.

01 OFE Cvu.e, at the tip of the rotch followed by a montonic -'.

load for the crack qrowth from which data was taken. A,3ain, the result-
i ,.ur,;ma:ze- ,j i .b P

Yt IH'JU: 
1

n o-A r :,tned r tr first r vc . LIt load V rd: . i t '8

tn; ,,lU_ ca. L 'at f r oPi the slipline ar alysis usi r: -no,; . tSe

E EcI '' e;e " aj rt. value a:ee - to e, the anoiIF ca

wn.e fC the asr' ;etr ica- cases the values were 3}; a treater 'nan ti

:r. '-fp
4

" oI lrrw ccle f'-inq; T ',

this low cycle fatique crac. initiation was to produce enogh plasticA-..

strain to initiate the crack without fatiquin9 the ligament. In, nort

cas-2-, the structure is subject to similar repeated loads befcre fractire

rather than being subject to hiqh cycle fatiue followed t,., an ceer ca,.

Low cycle fati-,e seems to pro:uce a crack i.nitiation into the director.

of the -;'ecicall, calculated slipi ne ar.3le.

.he id-icciiz cra.- : lni.tior, di-oi-camer. is ,efine" as te

difference in between the extension of the steepest part of the loadin;

curve to the maximumi load (point A of i. IC), and the dispiacer,,ent at

maximur., load (point B). This quantity is a convenient measure of

initiation and can be used to compare with the initiation displacement

measured from the fracture surface profiles through a stereo microscope.

Structural crack qrowth ductility. For a measure of crack growth

resistance, the structural crac'k qrowth ductility is obtained fr.om the

experiments by calculating the steepest slope of the fallinq part of the

load displacement curve. From the design point of view, the structural

crack growth ductility, [9tr , (Eq. 17) describes the physical behavior

of the structure. In HY-ES (Fig. 5), the asymmetric bendinrg specimer,._

.-ire 1/4 the load drop ductility of symmetrical specimens while for-

HY-2C'O (Fis. 6) the asymm).metric srecirens cdve only 1/2 the load d-C.

ductility of symmetr ical ones. This reduction of structural ducnt ilty,

although is not as critical as for the tension tests, is siinificartiv

imp,:,rt-art and should be considered to avoid possible catastrophic

42ll PS



f I.
! fa ilIur es.

Loca! cr3ck growth ductility. In bending local crack, 4rowth

ductility, as def ined in E.a. 16 for asyfmn, etr ic.l specir,ens a: in Eq.
for ~mmtna--~ .;~. cn uriy"2 -r0 uctural da :ta accordin t-s rt F[ sv Ret -ca : e s. c Sn F,bE d eriv ed for , 4. Dr,

Sas 35 and 44- respectivel v or a. shoulder .t..a... to certer. lie.
It C i "m ,- ri e,. ~~~Q'h =0, asvnm-atr ical HP-I 0 spedir men; s 9ire 1/3 the local cr.ock. ,qrow~h

duIct ilit .y c-.f syxc:etr ic.-lI cnes hieasymm netr ical KF-IOC -D.[:e'_. - .9.

1/4 the ductility ,f symmetrical ones. hor the shoulder distance f

c l increases ratic of silp f r-actu:e nreases as eCB:-e.-.._-

' 'i',j si.:cethetS., tri ....iaity ° uec:'esses with incr-e.asin S  a ,"t.Ars,...: ... ..

lie fracture .ar,e e was tb-e sas as the slip anele, A ., Y-

::...Etr. C S.ecimen: with /h= 0.5 ive a ratio cf slio to fractt\e.
'> dS/c-c .5 while m+ ,tt : = C :.-mrc is bar.l an. y s1 cip-:

f .4.

C, us i or

" In I -ha r, deni irS as. t ,etr ic bendin;, seciens , the str fct,: -mc_

Tnowak duct:ICt. is t.4 of the symme ric ones. n tre F-one; - -

crack qrowth ductility deperds or the triaxiality of the ligamenit. For

b.-cksurface shoulder ,lstances. 3/h = 0, the asyrmetric speciriens ive

1/4 the ductility of symmetrical ones and as the shoulder distance

increases triaxiality decreases, and therefore local crack qrowth

ductility increases up to 7 times the symmetrical ones at i/h = 0.5
The limit load calculated numerically was found to agree with

S *experiments with 37 error for syrmetrical specimens nd 29% error fo

asymmetrical specimens.

Ar, riow l edIt.e me.

We would lik e to expr-ess cur. taI-..nks to Arthur Rudolp-. arn i bi Henr -
for the great job in r achinin the specimerns. Also. express our

ratitude to A. Wiggs of DTNERrIC for providing with the H-80Q.ad an -' -

steel, here used in the bending experir,,ents. Special thanks to the'-A

tv,.;$ :.: < :.%-<<di ." ./).' -. , ;~",>.
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TABLE 1. Load, Stresi, and Padii for Active and Inactive

Fields in a Cantilever Bar as a runction of the Shoulder
Distance g/h.

..-r a rnoenz. arm' .

Table 1a. Act! e Field
".:' . : /C 0.7

Load 0.2976 ( P/kbh < 0.5327
Stress 2.2005 > 1.6575

Rad Top 0.0 P C 0.0

Rad Ctr 3.5241 ( Ro/h < 0.7473

Rad Bot 0.2764 ) Rs/h > 0.0516

-- Table lb. Inactive Field

0.0 < c/h < 0.3870

Load 0.3566 < P/kbh < 0.4809

Stress 2.3562 = c-/k = 2.3562

Rad Top 0.2003 > Ag/h > 0.0565
" . Rad Ctr 0.3835 ( Ro/h < 0.5462 S

Rad Bot 0.1983 > Rs/h > 0.0

0.3870 < g/h < 0.5980

Load 0.4809 < '/kbh < 0.6055

Stress 2.3562 < c/k < 2.4763
Pad Top 0.0565 ) PR/h > 0.0

Rad Ctr 0.5462 ( Ro/h < 0.5963

Rad Bot 0.0 = Rs/h = 0.0

-,4,

F.



TABLE 2. Load, Stress, and Radii for Active and Inactive
Fields in a Cantilever Bar as a Function of the Moment Arm 1/h

For a shoulder distance Tlh = 0.0

Table 2a. Active Field.

3.0 < (l/h) ( 3000

,. Load 0.2606 > (P/kbh) > 0.0026
Stress 2.0650 < (/k) < 2.5001

Pad Too 0.0 = (Rg/h) = 0.0 0

Pad Ctr 0.5995 ) (Ro/h) > 0.5440

Pad Bot 0.1677 < (Rs/h) < 0.2371

Table 2b. Inactive Field.

3.0 < (1/h) < 3000
Load 0.2335 > (P/kbh) > 0.0002

Stress 2.3522 = (d/k) = 2.3522
Rad Top 0.1669 > (Rg/h) > 0.0967
Pad Ctr 0.4043 < (Ro/h) < 0.4493

Pad Bot 0.1891 ) (Rs/h) ) 0.1752

,'1"

-B,

B..,

a-.

V.. "
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TABLE 3a. Moment, Stress, and Radii for "earsid. Field
in a Pure Bend Test as a Function of the Shoulder Distance

W ~ g/h for a Flank Angle w z0.

S res 3.85 > N 3-,

0.30989 ( a/h 0.7

moment 1.5770 < 2Mtkblh < 2.0488

Stress 2.5010 > 0-/k > 2.2551 r

Rad Top 0.0 ( Rg/h < 0.0483

Rad Ctr 0.5442 < Ro/h < 0.6439

Rad Bot 0.23173 ) Rs/h > 0.1653



TABLE 3b. Moment, Stress, and Radii for Farside Field in
a Pure Bend Test as a Function of the Shoulder Distance g/h
for a Flank Angle w = 45

= 45 -0.20 1 !___ _0 5

X.c n'.t 1 2 6~ L 4 S47

S-'-ess 2. 352 = .3562 o

Rae Ton 0.1491 > Paih > 0.0 P

Rad Ctr 0.3856 < Po/h " 0.5592 S

Rad Bat 0.3028 > Ps/h > 0.0103

0.2756 < q/h 0.2934

Moment 1.4847 < 2M/kbh< 1.4989

Stress 2.3562 > cr/k ) 2.3311

Rad Top 0.0 = Ra/h 0.0

Rad Ctr 0.5592 < Ro/h < 2.5670

Rad Bat 0.0103 > Rs/h > 0.0

0.2934 < a/h < 0.7

Moment 1.4989 < 2M/kbh < 2.0563

Stress 2.3311 = o'/k 2.3311 .O

Rd Top 0.0 = Rg/h 0.0

Rad Ctr 2.5670 < Ro/h < 0.6641 

Rad Bat 0.0 = Rs/h = 0.0

ra



" eab 4a. Geometry as a functicn of shoulder dist'ance tL, :",C,. '-r

C., 1 -/h ?Ikbh Ps± Gamma o/k Larr a . .

• .%"-..2E7 " 6 6 0 1 .7440 .48802 4 E "I2,1 .470__ ._. o ,579 - .- 7 '37 " 7411 -.459379 6 7 7 .47544] 3 E

-• _.29054 .07106 -. 7319 2.321628 .55227 .4994E5 .__522,
" 0 2 .9758 .13 -6 .7319 2.20055-1 .4"7 t. 7 7 . -

-- 0982 .19206 1.7295 2.094787 .42468 .54975• -
.2 2 .2-2802 5 .139 2.7526 2.C2340 .35225 .576666 1
.2 " .35:29 .3072 *.76 920 51 .Z782 .605910 .256897
.4 2 .3B51! .36362 1.7875 1.847856 .20502 .637276 .L :245
.5 .4253i; ... 554 1.8060 1.780993 .13462 .671225 .09E898

•.6 2 .47434 •4644C .8235 1. 78140 .06832 .707S94 .074199

.7 2 .-277 .51026 1.8390 1.657479 .00694 .747316 .051612

Table 4b. Geometry as a function of moment arm

g/h L/h P / kbh Psi Gamma o/k Larda Ro/h Rc/h 2M/kbh

0 .11247 2.0203 2.815652 .22342 .434485 .390677 1.2892210
0 10000 6. 4r-5 .11248 2.0202 2.815524 .22348 .434499 .390656 1.2892210
0 1000 6.4 -4 .11252 2.0197 2.814366 .22397 .434620 .390474 1.289222
0 100 .00644 .11297 2.0144 2.802795 .22886 .435841 .388647 1.2892378
0 10 .06376 .11723 1.9609 2.687400 .27804 .448849 .369834 1.2909640
0 5 .12582 12153 1.9018 2.560610 .33282 .465021 .347844 1.2964389
0 4 .15607 .12351 1.8726 2.498136 .36011 .473788 .336456 1.3006770
0 3 .20515 .12654 1.8245 2.395878 .40517 .489391 .316964 1.3200701
0 2 .29758 .13162 1.7319 2.200553 .49267 .524117 .276463 1.33784-5
0 1.6 .36126 .13462 1.6667 2.064097 .55491 .552883 .245268 1.3664924
0 1.4 .40259 .13637 1.6227 1.972664 .59712 .574601 .222844 1.390595
0 1.2 .45586 .13526 1.5678 1:859053 .65015 .604730 .193082 1.4277885

0 1 .52119 .14017 1.49S3 1.716171 .71777 .64E376 .152290 1.486BE29

able 4c. Geometry as a function of moment arm

a/h LIh ?/kbh Ps- Gamma c/k Lamoa Roih Rc/h 2, M/ h

.5 2 .42536 .41554 1.2060 1.700993 .13462 .671:25 .09889E 1.7780716

.C 1.8 .47013 .42048 1.7725 1.706017 16222 .685273 .08388 1.7966064

.5 1.6 .52466 .42640 .7-32 1.613704 .19655 .705377 .0644E9 i.E234606

.5 2.4 .59211 .421353 1.6826 1.498052 .24010 .732335 .036642 1.5641496
. 1.2 .67675 .442 20 1.675 1 .350E51 .29647 .771217 .002S55 2.929-9,-

.Z 5 1 .78400 .45266 2.5I-28 2.162E27 .37072 .E30755 -.04E32 2.03 76

.
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TABLE 5a. Ambient Lemperature mechanical properties of
HY-80 steel.

ComPosition: 0.18% C, 2-3.25% N;,
Q.10-0.40% Mn,
0.15-0.35% Si

Properties: Yie ld Tensile Hardness Reduction

Strenath Strength HEN in area

MiN /im MN/m 2  kcgf/mm %

587 692 175 69.9

y.TABLE 5b. Experimental results

(1/h = 2.-) Sym. Asymmetrical

(g/h) 0.0 0.5 0.5

ligament size (mm) 10.41 10.79 10.67 10.54

Elastic Slope (N/rad) x 1000 1431 2083 2023 2173
Maximum Load / Limit Load 0.976 1.26 1.18 1.195

Plastic Angle (Strain) on Low Cycle Fatigue (rad)

Forward 0.106 0.069 0.079 0.095
Reverse 0.086 0.065 0.064 0.100

- 2nd Cycle Lim. Load (Percent of Max.)

89.2% 96% 89.3% 93.3%

Crack Initiation (rad) 0.088 0.069 0.079 0.082

' Maximum Mean NormA1 Stress (c/k) 2.75 2.2 1.78 2.78

Norm. Structural Crack Growth Ductility (duP/ho)/(dP/Pmax)

0.576 0.575 0.752

Structural Crack Growth Ductility (du?/dP) xlO 5 (Eq.17)

-26.56 -7.94 -5.94 -7.66

Local Crack Growth Ductility (Dg) Eqs. (22) (36)

0.180 0.042 0.604 0.780

A.%

V"
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TABLE 6a. Ambient temperature mechanical properties of
HY-100 steel.

Composition: 0.20% C. 2.25-3.50% Ni,
0.10-0.40% Mn,
0.1-5-0.35% Si

Properties: Yield Tensile Hardness Reduction
Strenath Strength HBN in area

2 M2rnMN/m 2  MN / M kgf/mm 2  %

693 772 195 68.6

TABLE 6b. Experimental results

(1/h = 2.0) Sym. Asymmetrical

(g/h) 0.0 0.0 0.5

ligament size (mm) 11.68 12.2 11.68 12.2

Elastic Slope (N/rad) x 1000 1929 2314 2133 2462

Maximum Load / Limit Load 1.019 1.289 1.269 1.177

Plastic Angle (Strain) on Low Cycle Fatigue (rad)

Forward 0.05 0.069 0.071 0.06

Reverse 0.036 0.03-9 0.04 0.06

2nd Cycle Max. Load (Percent of Max.)

91.1% 92% 98% 93.4%

Crack Initiation (rad) 0.031 0.048 0.05 0.057

Maximum Mean Normal Stress (o/k) 2.75 2.2 2.2 1.78

Norm. Structural Crack Growth Ductility (dup/ho)/dP/Pmax)

0.998 0.825 1.30

Structural Crack Growth Ductility (dun/dP) xlO 5 (Eq.17)

-19.63 -12.16 -10.15 -14.21

Local Crack Growth Ductility (Dg) Eqs. (22) (36)

0.183 0.072 0.060 1.37

S
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Figure 2a. General slipline field for an
asymmetrically grooved cantilever bar.
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Figure 2c. Slipline field for a cantilever
loaded bar with shoulder deformation.
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: :i Figure 6. Slipline fields for an asymmetrically
,ii. grooved bar under bending.
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Figure 7b. Geera t oetry
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Figure 8a. - Crack growth process in
asymmetrically grooved cantilever specimens.
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Figure 8b. Relation between general direction,
X, slip angle, X,, and fracture angle, X,
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