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symmetrical shear bands. Since bending involves more triaxiality, the ductility
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 measures 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; and 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 symmetrical 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 qf 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. _

S N 0102-LF-014-6601

SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)




Fully-Plasetic Cr3ck Growtn in Asymmetric Flane Strain Berdine

by Frank A, Mc€lintocr and Ful. Wu
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mode of leosding 3s w2il az on ihe gsometry. ESgpecimens of symmetrical
cegreiry 2re comnonly tesved toopeedict the plzoiic benavior ¢f the

3 the ductility of symmeiriczl enezr
2. Since bendina involves more triaxiality, the
ductility inm asymmetrically jroovec cantilever ic likely to be further
rediuiced, and therefore lz3d to unsafe structures. The triaxiality,
slipline gecometry, and upper beounds to the limit load are described inm

dat3il., Medium strensth, low-hardening etez2ls (HY-80 and HY-100) w
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active slipline field than sinale edae notch tension specimens,

Twg ductility measures were considered: first, 3 structursl crachk
qrowth ductility defined as the displacement at the pecint where the load
is applied per umit of load drop; and second, the local crack growth
duectility defined 3s the amount of local slip per unit of crack arowth.

The asymmetrical structural crack growth ductility as well as the local
crack qrowth ductility were 3s low 3s 1/4 of their respective symmetrical

crack ggouth ductilities in HY-805; and in HY-100, asymmetrical structurai
crack gqrowth ductility was 1/2 the symmetrical ones and 3symmetrical
local crack growth ductility was 1/3 the symmetrical ones.

In addition, wien the lecal crack growth ductility in bending
specimenc is compared to single edge groove tensile specimens,
symmetrical bending qive 3/4 the ductility of symmetrical tension
cspecimens, and asymmetrical bending give 1/2 the ductility of
asymmetrical tencion specimens.

Thue, asymmetric bending confiqurations give lower ductilities thar
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should be taken into account inm comsidering the szsfety of possibly
¥

ced structural components and pressiure vessele,

Fad - s - - - - - = - - - N - o
If = etructure craces, it 1¢ desirable tnst any crack arowth b
- 1. - - - - - -} S m . . - -~
Jeily plastiic Yo erovide larse deflections both for sizbility oy

qrowtin ductility is reduced by asymmelric ceom

ceformstion intc 2 single shear band, 3long winic

cre-damased materiasl, rather thsn between 3 pair o

meterisl. Such 3szymmeiric geonmeiries occur near welds armd fillets in
b 3

4
d

ir asymmetric sinjle-edges notched tensile specimens, crack gqro<in along 3

single shear bznd reduces crack gqrowth ductility by a factor of 2 in

ulk

digm shrernsit 3llove witn low strain hardenins euponents (no= 0,103,

Lt

ver lower ductilities would be expected in bending which glves highso
trissiality, here takern tc be the ratio cof mean normal stress to t

plane etrain shezr sirengih, /b . Green and Hundy (1936) studied bend
test specimens as in the Izod (cantilever) and Charpy (three point) bend
teste, having either a V groove or 2 groove whose root is a circular arc.
Although the Izod test 1s non-symmetrical, it has not been instrumented
3s the Chappy to provide the load-drop description required to czlculate
crack growth ductility. The cuestion here is the extent to which
asymme@fy will reduce the crack growth ductility of symmetricsl bend
specimens.

To express the load-deformation characteristics of a cracked,
fully-plastic structure in terms of crack tip sinqularities or any otner
local measures would reguire 2 fully-plastic strecss and strain anmalysis.
In 3 non-hardening material, slipline anmalysis applies to bothn
rigid-plastic and elastic-plsstic specimens whnen using strain and
displacement increments. The slipline 2nalysis can provide an upper

bound to the limit load if tne the displacement btoundary conditions are
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nﬂi.. satisfied everywnere across the ligament and the appliec load gives
: ; pcsitive work. Thie provides a basis for specimen design and the
e interpretstion of tests, 3z well 3s 2 guide and check for later finite
e elenent analysis.
O

"o
Rws
h ) Sliziine Anzlysis
o

f; Zensider w ber oor oz rziste of rectanculsr cross-section witn a3 cesg.
ﬁ% ifirg arecove on onms side (EFig. 1y . For liczment-to-dentin rztios of les=:
. “hazno /4, plzne strain can be assumed., A weld or neat-affected zone neasr
e

o

)

s.:

R v . . . R . .
¢ Sligline 2n3lysis gives the fully-plastic non-hardening stress znod
’&;: zirain increnent distribution. For hign strength materials this

:: asumption provildes with reasonable estimates of stress distributions.
b ﬁ' Sreen {1923) used tnis anzlysis for symmetrically arecved rigidg-plastic
b, ozrz odnder pure bending., Laler, Green and Hundy (1936) extended tioo
aﬂz znalysis to three point bend specimens. Here we extend these anzlyses t:
*xﬁ 3 more genera: asymmetric geometries which could coour rnear 3 weld. The
" generic slipline field is shown in Fis. Z3. It consists primarily of an
Fi, arc of radius, Ko , where the subscript represents the center of retaticn
;;; of the arc, across which the assumed riaqid material slides as the bend
“:;J zngle is incressed. . In addition, there may be two fields of comstant
f-” stress alons the qroove and back surface, connected to the a2rec radius Ko
iji by iwo fans of radii, k3 znd Ks. These three variables, together with tne
’;i znqle of the slipline at tne tip of the qroove, the triaxiality of the
?3; field, anq tre lim:t load, are the wunrnowns that must be solved in order
1R to conpletely ceceribe the statle in the fully plsstic region. Therefore,

19

ir 3ddition teo the three equilibrium eguations in 3 two-dimensions?

A
.x - . . . .
AN rooblen (2 force ezuaticns anc 1 moment equation) it 1s necesszry 1o ouse
?': sligiine theeory to provide the rem2aining three equstione.
>~ . . o
NN In slipiine analysis, a curvilinear element bounded by two
3 crtnagenal X znd 43 sliplines, with mean normal stress, O, and maniliuk
o
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shesr stress, ¥ , obeys the Henchy egquations of equilibrium (Hill (1935
pp.135-136):
i = 2k oo@ Fleng 30 o« lins, Lla
der = - 2w fg zlens 3 20 lins, i

o =1+ 2Y)/
o, = -(1 + 2¥4 \
Y= (- 13/2 =¥ - /3

Five beundary cepcitions are then wusea to solve for the sliplines

wn
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Lid]
fad

zeometry ang the stress

gquibriom conditions in the twec Jdimensions ®, and y:

Fo Leoz(3am/d - ¥ - w, i + Cos{3T74 +y: +
op cos{™/4 - ¥ -w, ) o+ oop ocos(TYE v Y] o+

c
B3 Ccos(M/4 - ¥ - w) + g cos(EM4 - - w)l +
L

cos(S™ 4 +Yy +0 cos(7T/4 +¥2 = 0

ko [ein(3M/4 - ¥ - w)) + =in(3TM4 +yY) +
o sin(T7a - ¥ —w) + g sin(T/4 +y)2 +
kg Lsin(T4 - % ~ w,) + og €in(3M4 - ¥ - w1+
, Es [sintST/4 +¥) + o sin(7774 +y)1 = -F

;

’

Then the rotationsi equilibrium must 3lse be caztisfied. The nch

M, taken about the center of arc,EC, can be calculated fron the

following:

0, (E3® + Ec?) - ¢ (Ko
= 2 P LL + Fo cos¢3™/4 - ¥ - w,) - &3 cos(™4 - ¥ - Wl
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, but the Zisplacenent

b
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w
=2

siipiine of Fro. 33 turnad ogut to require a lower upper bound to the

limit 1c3d and therefore w3s named 'active field'.

Fie, 30 wac the cslled "inaciive field'. The fields are qoverned by the

The slipline in

aroove flank anales, the shoulder distance to the centerline, and the

noment arm of the applied lo3d. For the geometry in Fig. 33 the active

field shows no caonstant ctress field at the tip of the noteh., For this

1

cpeclizl cace where K3 = 0, the Hencky equations are:

Gy = (1 + 2y + 2X (83)
o o= -(1 + 2 (BLrJ
The equilibriun ecuzticns (Ezs. 3 3nd 4) reduce Yol
Fo Cece(X+Y - T7d4) + ces(3T/4 +Y) +
T cos X+ W - 2M 4 4+ ¢ cosiTg +y)0 +
Bz L20s(ST/4 +y) + oL cos(7P74 +Y)H] = ¢ ()
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‘§ Be [=antSTa ¥ + o cani7T4 23 = -f (10
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)
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’ Szapilifyinmg tine gqeometry of tre silpline to only ta =iip 3rcs, Els.

& znd 7 reducs Lol

A
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SN
A
3 B cosdST74 + W3 - Ko Toos(X+ W - T4y + coa(3™4 + W13 = 4 (Ll
o N £ Y- b T ; R A ; s V] = -t (i%
C BoosinlS4 +Y) ko Lsin(Y+ Y “4) 4+ s1n(374 + )] = -h {3z
e
e . L o - ; ; s v : P
I in =ddition, the initizl zngliz of the sliplineg 3t the tip of ifhe
e
S
N aroave Ag can be found gecuetricslly from the relation:

Ll
N Ng= 378 =Y =X (14}
-J
ae Squations 8 - 14 were solved numerically for the slipline aeometry
. ¥
' 3s well zs ithe mesn normal stress, COm, and tre limit load, P, for
A .

._ different cantilever lengths, L/h, and shoulder offsets, a/h . Table 1
'“: dececribes tne variation of the normalized load, P/k , maximum mean normal
q"’n Co. . .

Iy stress, o¢7/r , and radii, K/h, 3s 3 function of the normalized shoulder
ol
\ .

—— dictan :e,q/n, for the two possible slipline flelx“. The regions of

X, -

-l consuant stresc decresse as the oulder distance from the centerline is
> . ,

::; increscsed. Tne limit loss ratio decreaces (35 desired) zs the moment arm
Y . . . :

{;‘_1 15 decreased, but a3t the expense of 2 decrease of triawiality. Table 2
’

’ descrives ihe clipline beravi ar, load, and maximum mesn norfmal stress ac
3 @ functlon of the mome~t arm. Thne critericn used to promote slip by enly
%3
r,x}‘ mme field w3z to have ine linit lesd of any possible field be higher thzn

:':,: that of the lowest limit loz2d t: overcenre sirain hardenina. The ratic of
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digplacenent., Thiz tarm thoush has cianificance for 3 non-linesrly
o alziziic waterial carn not fe szgplied to fully-plisstic problems. Siigloi-s

jé; theory 1s ithe most szparopriate pethod for deseribing the stress

:&: distributions zocross the fully-plsstiic liazment.

)
jg . 3) fsymmetricsl specimens. When the crack propasates along a3 single
’:jfj shear band, 3s in the case of asymmetriczl gqrocved cantilever hars,

:i:i (Fiq. 82) the local crack arowth ductility (USLoc)a is defined as the
:ﬁt‘ zmount of elip, dug, per unit of reducticn cf lisament, dh.

([ ) = du_/dn (16)
loc 3 =

Cri the other hand, the structural crack grouth ductility can te

defined 1n terms of norwslicel displatement per unit of load drop. This
guantity 1s found fron e..zriments by plettinma the displiscenent 3t the

point of a3pplied load, dus, porasiazed by ke origimsl ligazent, ha.

33zinst the 1s33 drop duitility, nerwailced by the mawinum load.
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ef slip czn be calculated from the clipline arc radius,

diu_ = (sinA
F
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From slipline anmalysis this guantity was found to be a function of ihco
shoulder distance to cenierline and moment arm:
TR AT 7 L Ty -
Bt = B/roin . ) Lz
i n
Diffzrentiatins this Iupction we sebl
ahs (Qr/ kLN
o aiasmy o+ T ainm (24
Ry 3L/
. .\ . P ) . , .
Thevwvzluss of the tuo derivztives of the normaliced lgad in taoo
riaht cide of eguzt:on 24 zre <getermined frowm the slipline anzlvsic
{Tzable 4), From Fis. £2 4ne change of norwsliced shculder distarcgdfg/h'
czn ooe descrived 33 followst
o - 3 e EE Iy o
dlasay = = 33 3 - 3 dn/TanA _ 9%
- ddr N S~ o3 t
20
= g/h (I - ;L + dn/id - /b
q TznA
A5 3 result:
d(3/t) = (a/h - CotA) dia/k (253
and similarly:
4(L/n) = (L/n - CotA) dh/h (25)
where:
cesA + de/du cosA : -
CotA = 3 < c (26)
sinA + de/du_ sinA
Substituting Ege. 2T into 241
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.n? Simrzllv, subsiitutuing 2oLt ions C2 oand LT ointo the siusoctural ooas
N
3 Tlowin duzlility (oL lng oJ2 g5zl

; )

!

’C‘! ie (i + LA ©W/R “/7kC il e
< o= = . 5 (297
A
e B B

B T T R -

‘\'\'?, dr r‘-.)\) - 3_/~t, IRz ~ 4.)\\ 3h
-\'1' LoD - \LST T O LICA
L4
25 cr o
*‘;1; L/

1 7] - - - - ~ o - - e - - - - - Y - - - - “

P $ ZCEBLIIN LY s Lh® GETaTEl orlsntily reiating siruciursl to loosl
sﬁv orack growtn ductzliity.,  The carzseters in this eguation can be found
Y
xj from the previously desoribed slipline amalysis and experimentsl

-

lozd-disglacenent curve witn the excestion of A which is defimed in

]

>

Eq. Z&. Tnis paraveter, A, depends on the wmicroscopic amount of slig,

-

EILE

dug, amount of fracture, dc, and angle of fracture, XC. At this point,

sirce the znale ¢cf slip, )5. ie known we assume that fracture occure szt

-
-+

Ne g2m2 crientation as the siip:
. . B
. o
A l':l
[ - -
- A=A (2C)
144
7, - -
\{. C ]
%
L

»
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then from Ea. 2£:

A= X (z

4

;)
A
LY
1

" .'I‘.“ *
¢
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and Eq. 29 becomes:
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2u, (sinA_+ L/n n/E ) /kb du -
= < o S A
: kb d8/vkh . dn

dF OF /kbih (a/h - Caihe + 78 {L/n - Coz>%>

- {=ir + LA RS G .
:3 = < ] S
¥ AN
oF/ kb ; LN - EENAAS N
(9/n - CoiAg ~ (L/n - Cotag)
a(g/h) PISWEN
then
(v /i y/74ar/t ;o= (F Svbn b F o (dy AoR 1245
I Mm% o 5 =
or
- © i - -
(D3_, ), = E_/bb (T3, ) £35)

b) Symmetrical specimens. For the local crack growth ductilitv cn

symmetrical specimens, (19 (o) ic defined 3s the crack tip opening
displacement per unit of crack qrowth, which ic in this case equivalent
to the nesative of the ligzument reduction (Fiq. 7a):
/ .
' d(CTCLY /2
[Dg ) = = Tan(COA/2) (36)
loc ¢ -dn
wiiere.
4(CT00) = 2 cosh, du (27)

Irn symmetrical, pure bend specimens the structural crack growth
Juctility is defined in terms of the displacement per load drop. The

losd is characterized by the moment arm, La, in which for four point
\
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e rending it is defined as th: distance between the osposing

' (Fig. 7b):
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) Tre numerzicr of the
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firzt term of Egq. 59 derives f

.
o0 SsLif

.y

N snzlysie second term 1s found by caiculation the wmaximum slcope of the
1 1

-

ng part of the momeni-bend arsle curve, which ic plotie

T - - - -,
i) Lhoord =late

[
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e
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e symmetrical specimens wz need to descri

or
B (]

2 the new intrcduced

B
1, wnich can be achieved by four point bending. For a fully-plastic

.\3
,‘_ M = kbR odn

r
ol
t

- L ds _ diu_/Rc cos A e
a then = < 3 z
:& . .

o dM/H bbiv/M _dn cos )

5 mas RN s

-_S

)

;i? Finally, subistituting Eqs. 37 and 43 into 40 the structural crack
’ \
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growtin ductility lesds to:

" \ - - .
(v2strle = (sind_ +L/Fo) La  2(CT0D)/3
e - <
vstrle

boinn C—JE,)\_ bl

<
feinh = L/Rs Lusn
= E (bBL { 24
oc S
kT :esA

dwint Uie struclural oorack crowth Jductility of a2noenperiasnt, ithe

- - 1 - - e om = - - ne < P = =1 - - - =

symmetrical sgzzimens znd Eg. 20 for asyvmmeLrical eoicimens, Lnese
- e - L o= 3 - — - - - -—-1 - - -, A
SCH3TIONe froviace 3 ITel3TI1Ch C2LYEsS] WICrOsScCrnicsiay Le33ulshls

to ootner types ¢f experiments like the zipsle edae srocove tensile

tests (Mzllinteook and Kardomatess 12€0).

23+
[
ol
=]
™
-2
g
L
.
n
1
a
S
2]
D
i
O
faa
.
i

2) fepera] descripticn. Asymmetric notched rectangular bare were tested

“

under cantilever and pure bendinmg., The qeometry wzs tarven from the
results of the slipline analysis tnat qave the most trisnial state witn =
reacsonable assurance of only one active slipline,

Fectangular bare of HY-80 and HY-100 were used in the berding tests
3s typiczl of high strength low alloy structural steels. 1In z2ddition,

these low hardening materials are more 3apropriate for verifying the

analys;é using the slipline theory. The tensile behavior of these alloys

is5 listed in Tables & and G recpectively. The gqeametry of the specinens,
taken from the slipiine analysis, is deseribed in Figq. 3. Inm additicrn,
Tables & ard 6 give the experimentsl results in 3 tabulated forem.
Stsbility of the tests was an important consideration due to the
swzectad hiaher crack growth rate for the asymmetrical case. It was

therefore required to desian the bending fixvtures with the least

deflection per wunit load. Freliminary testce to determine oversll

-6 -6
compliances 9ave values of 1.08%10 and 6.71:10  mm/N for the machine and
\
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fixtures respectiveiv.,

&) EKesulis., & typical lcad-displacement curve is shown in Fig, 191 ine

test procedure wis first to produce 3 low-cycle fatiaue initiaticon crack,

of cne cvole, at the tip of the noteh followed by 3 moncionic bencing

load fer thne crzck growin from winlch d23ta was tsken. A3ain, the recults

v on low cyvoie f3tique, Thne idez heol

this low cycle fatigue crace initiation was to produce enougin plasiic

initizte the crack without fatigquing the ligament. In nicel

(o]
S
14
-
3
r.
[
c
.

i
cazzi, the structure iz subject tec similar repeated loads befcre fracturs
than being subject to niah cycle fatigsue followed by ar

1

Low cycle fatique seems to procuce 2 crack initiation into the direc

[W
wn
bes
-

igline angle.
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af the pumerically cslouizt
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143
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icn dispigcament ic definesd

(ald

i
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The 1dzziicol gracié ini

difference in between trne extension of the steepest part of the lozding
curve to the maximum 1o3d (point A of Fia. 13), and the displzcenent st
maximunm load (point B). This quantity i a convenient measure cf
initiztion 2nd can be wused to compsre with the initiation displacement
meacsured from the fracture surface profiles througn a stereo microscope.

Structursl crack arouth ductility. For 3 measure of crack qrowth

recistance, trne structurzl crack gqrowth ductility is obtaimed from the
experiménts by calculating the stespest slope of the falling part of the
lozd dicplacement curve. Erom the design point of view, the structural
crack arowth ductility, DUggty , (Eq. 17) describes the physical behavior
of the structure. In HY-E£0 (Fis. 3), the asymmetric bending specimens

mive 1/4 the load drop ductility of c<ymmetrical specimens while feor

[l
[

HY-1C0 (Fis. 6) the asymmairic s mens give only 172 the losd drop

'

e
ductility of syametrical cnes. Ihile reduction of structural ductility,
3lthough 1s not as critical as for the tencion tests, is sigqnificanily

impartant amd should be considered to avoid possibile catastropnic
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failures.

qrowin duectility. In bending local crack gqrouwti

in E3. 16 for asymumetricsl specimens 3nd in oa. 22

- ~e . - - -1 | o B, A I R S - -

£33. 3% 3nd 44 respectively. Lor 2 sheoulider 2istlzancs to centeriine,
e - - - -1 (AKX A - - - - - - ~ L. 3 e .
a/tn = G, zsymustricazl HY-I3 specimens give 1/35 itne lcosl craocw STowin

Conclusian
h [ . -t o4 . = - - - - - - =1 -~
In lzy-hzrdening asvomeiric bending specimens, the sirociurszl coss
Srowtl ductiliity is 174 of the symmeiric cnes. On the cuner hinI, DIl

crack growin ductility depends con the triaxiality of the ligament. for

backsurface shoulder distances, g/h 0, the asymmsiric specimens 3ive

174 the ductility of symmetrical ones and as the shoulder distance

increases triaxiality decreaces, =nd therefore local crack growth

ductility irncreases up to 7 times the symmetrical ones at q/h = 0.3 .
The limit load calculated numericslly was found to 3gree with

gxperiments with 3% error for symmetriczl specimens z2nd 29% error for

asymmetrical spzcimens.
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TABLE 1. Load, Stress, and Fadii for Active and Inactive

Eﬁ Fields in a Cantilever Bar as a runction of the Shoulder
R Distance g/h.
w:‘: For a2 momenc arm L/n o= 2
*n:'

N Table la. Zcti.e Field T
oy _c.0 </ (0.7 Y
) K '
v Load 0.2976 < P/kbh < 0.532 ‘ Gl |
| Stress  2.2005 > avk > 1.657% |
::" kad Top 0.0 = Rg/mn = 0.0 ©
s Rad Ctr 0.5241 ¢ Ro/h < 0.7473 s
e Rad Bot 0.2764 > Rs/h > 0.0516

. . \
e,

A0

s
A

e - P

s Table 1b. Inactive Field

.\

» 0.0 ¢ g/h ¢ 0.3870
o Load 0.3566 < P/kbh ¢ 0.4809 .

o Stress  2.3562 = c/k = 2.3562 ~ o

.t Rad Top 0.2003 > «g/h > 0.0565

e Rad Ctr 0.3835 ¢ Ro/h < 0.5462 S

»
»;3 Rad Bot 0.1983 > Rs/h > 0.0
n)
s

) P
".‘

" 0.3870 < _g/h_ < 0.5980

¢

N Load 0.4809 < ‘/kbh ¢ 0.6055 \\gﬁ

f\ Stress  2.3562 ¢ o/k < 2.4763 -
> Rad Top 0.0565 > Rg/h > 0.0 Q\
ay S

o Rad Ctr 0.5462 ¢ Ro/h < 0.5963 ,
'25 Rad Bot 0.0 = Rs/h = 0.0
Zﬁf

Yo

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

For a shoulder distance g/h = 0.0

+3
ol
]
i
D
tJ
1)

Active Field.
3.0 ¢ (1/h) ¢ 2000

Load 0.2606 > (P/kbh) > 0.00256 § \J
Stress  2.06%50 < (o/k) < 2.5001 q;L

-

e
L

L,
"

-,

Rad Top (Rg/h) 0.0

Raé Ctr O. (Eo/h) > 0.54490 S
(Rs/h) ¢ 0.2371

s Rad Bot
o

D

m o

(Vo IR
~N W o
~

v

[
o)}

hA NSy
N

& 3.0 ¢ (1/h) < 3000

Table 2b. Inactive Field. P l

0.2335 > (P/kbh) >
2.3522 (o/k)
e Rad Top 0.1669 > (Rg/h) >
0
0

.0002
.3522
.0967 o

.4493 3
.1752

= Load

.
- Stress

ey Rad Ctr 0.4043 ¢ (Ro/h) <
A Rad Bot 0.1891 > (Rs/h)
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TABLE 3a.

Moment,

Stress,

WY VAT T N T TR T T e T e

>

and Radiil for "'earsid. Fileld

in a Pure Bend Test as a Function of the Shoulder Distance
g/h for a Flank Angle

Moment
Stress
Rad Top

Moment
Stress
Rad Top
Rad Ctr
Rad Bot

~0.2 < g/n 4 0.3983
1.2606 < ZM/hbn < 1.5770
3.0855 > o/k > 2.5010
0.0 = Rg/h = 0.0
0.3886 < Ro/h < 0.5442
0.5027 > Rs/h > 0.227
0.3989 < a/h 0.7
1.5770 ¢ 2M/kpn® < 2.0488
2.5010 > o/k > 2.2551
0.0 < Rg/h < 0.0483
0.5442 < Ro/h < 0.6439
0.2373 > Rs/h > 0.1653

W =

0.

a
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TABLE 3b.

Moment
Stress
Rad Top
Rad Ctr
Rad Bot

Moment

Stress

Rad Top
Rad Ctr
Rad Eot

Moment,

w

= 45

Stress,

-0.20% ¢ al/n < 0.7756
1.2680 ¢ TM/RDIS( 1.4847
2.3%52 = <ix = 2.2582
0.1491 > Ra/h > 0.0
0.3856 ¢ Ro/h < 0.5592
0.3028 > PRs/h > 0.0103
0.2756 < q/h < 0.2934
4847 ¢ 2M/kKbH < 1.4989
2.3562 > o/k > 2.3311
0.0 = Ra/h = 0.0
5592 < Ro/h < 2.5670
0103 > Rs/h > 0.0
0.2934 ¢ a/h ¢ 0.7
1.4989 < 2M/kbh?< 2.0563
2.3311 =  o/k = 2.3311
0.0 = Rg/h = 0.0
2.5670 ¢ Ro/h < 0.6641
0.0 = Rs/h = 0.0

........

L)

and Radii for Farside Field in
a Pure Bend Test as a Function of the Shoulder Distance g/
for a Flank Angle

h

N
a .
. o !
| 7
! )
I
| i
4 ?
o i M
’
|
!
G |
© o i M
|
S .
P P O s e AU SN




RN
L0
oS
-.::._;
o
Y Table 4a. Geome<ry as a funct:icon of shouider cdistance 1L TreCn %iD
N
Ko e/t Lin P/kdh  Ps:i Gamma o/k Lamca re/n rC/n
S
S -.218 2 28786 0 1.7340 2.4B8024 .€£1218
B -2z L28792 L01137 1.7411 2.459379 .€0:77
-.1 2z .290%¢ .07108 1.7319 2.321628 .SS:27
VS 9 2 .29758 .13:02 1.7319 2.200823 .3%z67
A .2 2 .30982 .19206 1.73295 2.094787 .52468
:r:. .2 z 22802 .25129 1.7S26 2.0C2340 .35225
L .3 - .35786 .30878 1.7€9Z l.920851 .2782)
i -5 2 38511 .3&362 1.7E75 1.847856 .20502
N .5 2 42836 41554 1.8060 1.780993 .13462
ade .6 2 $7434 .4644C 1.8235 1.718140 .06B32
' -7 2 €3277 .51026 1.839C 1.€57479 .0069%4
oy
) 5.‘-:
.vﬂ
SN
p "
)
P
o) Table 4b. Geometry as a function of amoment arm
Y g/n L/n P/kbh  Psi Gamma o’k Larda Ro/h Rc/h  2M/kbh
R \"‘
SN 0 11247 2.0202 2.B815€52 .22342 .43448B5 .390677 1,28¢%2210
YA 0 10000 6.45-5 .11248 2.0202 2.815524 .22348 .4234499 .390656 1.2892210
N 0 1000 6.4Z-4 .11252 2.0197 2.B814366 .22397 .434620 .290474 1.28922112
W Y 100 .00644 .11297 2.0144 2.802795 .22886 .435841 .388647 1.2892278
S 0 10 L.0€6376 .21723 1.9609 2.687400 .278B04 .44B849 .369E34 1.2905840
e ) .12582 .12153 1.9018 2.560610 .33282 .46502)1 .347844 1.29643E9
] 0 4 .15607 .12281 1.B8726 2.49B136 .36011 .473788 .336456 1.3006770
: 0 3 .20515 .12654 1.8245 2.395878 .40517 .48%391 .316964 1.2100701
0 2 .29758 .13162 1.7319 2.200553 .49267 .524117 .27646€3 1.337B483
o] 1.6 .36126 .13462 1.6667 Z.064097 .554°91 .552883 .245258 1.3664524
0 P .40289 .13637 1.6227 1.972664 .59712 .574601 ,222&4% 1.29081¢3
] 1.2 .45586 .135826 1.5678 1.B859053 .65015 .604730 ,193082 1.4277EE3
0 1 .52119 .14017 1.4983 1.716171 .71777 .64€376 .152260 1.4B638229 .
.-:':'t
:.-'r_ Tabie 4c. Geometiry as a function of moment arm
s
b e/r  L/h P/kbn  Ps: Gamma o/k Lamaa  ko/h Ke/h  2M/kZh
e .5 2 42536 .41554 1.B060 1.7080993 .134€2 .671125 .09BE9E 1.7780716
Lo .S 1.8 .57012 42046 1.7725 1.706017 .1€222 .685E73 .(0CS3BEE 1.7%66064
" .5 1.6 .224066 .42640 1.7Z322 1.613704 .19635 .703377 .064338° 1,2234606&
}n: .5 3.4 .S92201 .43253 1.6B26 1.498B052 .24C10 .722335 .03B632 1.5641456
¥ ’:' .5 1.2 .§7§75 .44229 }.6575 l.?59€51 .29647 771217 002985 1.97%1es:
e .5 1 .7850C .4C266 1.SZ28 1.1608287 .327072 .E307Z5 -.04E32 Z.02°¢176
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TABLE S5a. Ambient iemperature mechanical properties of
HY-B80 steel.

Composition: 0.:28% C, 2-3.2%% Ni,
©0.10-0.40% Mn,
0.15-0.35% Si
bropevties Vield Tensile Hardness Reduction
Strength Strength HEN in aresa
MN/m” MN/m®  kqf /mm- %
587 692 175 €9.9
TABLE Sb. Experimental results
(1/h = 2.0) 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 2083 2173
Maximum Load / Limit Load 0.976 1.26 1.18 1.195
Plastic Angle (Strain) on Low Cycle Fatigque (rad)
Forward 0.106 0.069 0.079 0.085
_Reverse 0.086 0.065 0.064 0.100

2nd Cycle Lim. Load (Percent cf Max.)
‘ 89.2% 96% 89.3% 93.3%
Crack Initiation (rad) 0.088 0.069 0.079 0.082

Maximum Mean Normuil Stress (o/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 (duP/dP) x10°° (Eg.17)
-26.56 -7.94 -5.94 -7.66
Local Crack Growth Ductility (Dg) Egs. (22) (36)
0.180 0.042 0.604 0.780
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} . TABLE 6éa. Ambient temperature mechanical properties of
-)“'l HY-lOO Steel.

‘v Composition: 0.20% C., 2.25-3.50% &Ni,
W $.10-0.30% Mn,
5 0.15-0.35% Si
< Properties: Yield Tensiie Hardness Reduction
N Strength Strength HEN in area
i 2 p 2
b MN/m MN/m Kgf /mm %
. 693 7772 195 68.6
,jq
[y .
", X 1
1? TABLE 6b. Experimental results
| (1/h = 2.0) "\ Sym. Asymmetrical
o (g/h) 0.0 0.0 0.5
f3 ligament size (mm) 11.68 12.2 11.68 12.2
N
L
ﬁ Elastic Slope (N/rad) x 1000 1929 2314 2133 24672
i— Maximum Load / Limit Load 1.019 1.289 1.269 1.177
i} Plastic Angle (Strain) on Low Cycle‘Fatigue (rad)
. Forward 0.05 0.069 0.071 0.06
.% Reverse 0.036 0.039 0.04 0.06
:E 2nd Cycle Max. Load (Percent of Max.)
& 91.1% 91% 98% 93.4%
</ Crack Initiation (rad) 0.031 10.048 0.05 0.057
N
’: Maximum Mean Normal Stress (o/k) 2.75 2.2 2.2 1.78
x{ Norm. Structural Crack Growth Ductility (duP/ho)/dP/Pmax)
ey
e , 0.998 0.825 1.30
. Structural Crack Growth Ductility (du-/dP) x10°° (Eqg.17)
2 T
2% -19.63 -12.16 -10.15 -14.21
N Local Crack Growth Ductility (Dg) Egs. (22) (36)
éj - 0.183 0.072 0.060 1.37
<.
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Figure 1.

Typical example of an asymmetrically

grooved rectangular bar under bending.
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o Figure 2a. General slipline field for an
S asymmetrically grooved cantilever bar.
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) Figure 2b. Free body diagram of the general
slipline field.
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Figure 2c. Slipline field for a cantilever
loaded bar with shoulder deformation.
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Figure 3b. Inactive field.

Figure 3. Slipline fields for a cantilever
loaded bar.
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}:-? Figure 6. Slipline fields for an asymmetrically
b grooved bar under bending.
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Figure 7a. Crack tip opening displacement,
(CTOD), process on a symmetrically grooved/loaded
specimen under two active sliplines.

? 7

I {lr 4,5

g

«

ey

o
[

. ———-
~

£ i e
eI

R ]

'l
v

o
0
-

LY
[

Figure 7b. General geometry
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> Figure 8a.- Crack growth process in
b asymmetrically grooved cantilever specimens.
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Figure 8b. Relation between general direction,
e A, slip angle, A,, and fracture angle, A,
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