





The atove intcoration nssuzes ni 2. One can readily see that, for

situntions of long life (N '7105 cyeles), the imitial @a/aN value

.

(-‘19-) = clgm)” | (9)
an/initisl - S

must be smaller than aoxlo-s (in/cycle). Furthermore, most of the life

occurs with the crack size close to the value of e In ‘typleal

3

situations a, mey be in the range of 10°g° ipches to 5 x 10 ° inchess Repid

completion of the fatiguc crack through the plate cr section thickness can

be expected vhen a becomes as large as balf of the section thickmess, a
dimension which is likely {to be =i=isme® 100 tizes larger than ao. Thus

the sccond term in the curly brackets of equstion (8) would not contribuie

significantly to the value of H.

-

, it is a fortunate circ11méta.nce t'h.a‘b nost crackelike féﬁgicaﬁion. flavs

aré sufficiently blunted and irregular co that many cyciés off loading sre :
usuzlly nceescary in order to "sharpen" the leading ecdge and thus inttiate
fatirue creeking in c-on*e:;ponﬂance %0 equ:»ition' (3} In ma&iizg Judgments
regarding the degree of perfection vhich must be eét&blished by rr cecs co..'rol
a'nd, inspection, the extra fatigue life thus introuced cannot bé éiven muzh

veight if the service life is critical and must be goaraniced in a sure vay.

In the case of pressure vessels, e leakebefore-burst toughness cordition may

provide a protective fecture of ifmporbtance throuvsh the fact that detection of

leakege can be arrvanged to oceeur prior to onszet of »gpid Zractuwring. A coie

A

parable dogree of Tracture Loughness in the easz ¢f othar shructural components

-~

may perialt devection of fatizue cracks prior o casel of rapid fracthwing if

the inopections ere cufliclonily frequoent. Ctaervine frecture toughness plays
a mino; role in the czse of M velues larger thoa 105

~

g. 5

cycles.



opening strcteh, /6\,‘ where

metallic
It is lmportant vo recognize that, Ffor any givquFaterial, fatigue

crécking does not correlate y¢th fracture toughness and yleld strength wﬁen
the N volues of interest are lafge. In the cace of low cycle fatigue

(N <€10” eycles), the oprrosch of the crack size to the value which is
eritical for onset of rapid fracturing way be quiis ispertart, particulerly
vhen the M value of intcress is in the range ¢f 10 to 500 cycles. Tor this
range -estirar-:tcs of meximun amounts of fatigue crack extension can be made on

-the unsumpiion that da/dN vill be less than the cyclic range of the crack

2 | :
A§=..(A§.2._ - - (10)
eoi B

'Vith.rcgard to random amplitude loadings, if an equation similar %o

equation (3) hes becn estoblished for the meterial and the frequeney of
Lo,

~various Ac load fluctuations :1s: known, current deta suggests that use of

. n .
average values of (Ac) results in conservative estimates of the crack greowth

"rate. The reason for this is that the lerge Ao followed by cmeller Ac values

has & deleying influcnce on da/an vhich is lorger than %the ccpasional da/ad
. . 18 .

“increase Introduced when a series of small Ao valusg«?ollove& by severel large

values of Ac. .
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As in the case of futimre oracking, studies ¢f stress corrosion cracking

arc conducted 2t cpplicd K walucs below Kc for the test plate end the

- PORS - - -~ > - ~ -y
adequrey of charvacterizatione baced vpon lineareel:s

tic aralysis is reraly

and, tic Gegree of plane-strain
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n the cage of str2ss corrosion cracking
zhan In' the ¢ase of_ atigue c;':.r:l-:iﬁg. Exporimental grapas of da/di‘f versus
AK have been develeped extending through the region of change from flate
tensile into cbliquc-shea‘r Dractwring vwhich show 1i4tle apparcnt influence
of this transition in fractwe sppearance. Houever, the'v development of
moderate amounts of plnné—atrez:s viate thiclimess raduction near the ;:racl:
tip has .been chserved to ca‘uzc arroct of a erzek outending under steady loed
with the 0id of stress corrosica. For this rezson gtudies of carack extension
specd as & f;znction of the applicd8 K ere usucll; ccnéucted under condition of .
‘a plane-'-'s’orain degree of constraint of {the plasiic mone. Thus the specimen
thickness, crack slze, anci nct ligement are gcnera?j.y about 2.5 (K/oys)a,

or more, cerocs the ronge of K wvalues subjeeted o 5.51-'05":.15&’610:1. Purthers
ro»e the degres

of
with increase of K. and decrease of'chS.

"siresc-corroalon” used in this note can be regarded as equivae

’

zensidivity Lo siress ccrrecsion cracking tends to decremse
ic
The tern ess

n 0]

lent to "agressive eavironzent'. The most common ngrecsive cnvironment is oune

. g . Jo - T TP Ty - K3 - .';.-L 2 B Y R rers e py oty Y > %
vhich couses injection of hydoesgen atoms ifuto the Sruwetwal umetal. I tke
e KAy N~y - on T yew . eyt ofe R, Jupen 4 " cym g - .
ecase of oheals, rouchly in orlar of soverity, the Jollouing eavivomenie may

cavse dacroning of aprior ercel: air plug H20 e E.0, sec-water (vm%er

o 2 safa
o
plus 3 wperecit I'eCl), H2 rlva H.C, woioy nlus =@ditivos censling eithes & low
* [
pl or 2 higa pld, wvre H2 , ITO0CNG Has. With czvizcgmants of Talis natere, the
erack spaed ¢epends upox the X valve and the corccntrotion of atcmie hydrozen

Q. 1



.in the fracture process zcre., The hydrogen concs:ntra'ticn in the fracture
process zone depends upon the rate of injection cf ufboznic hydrogen and upon
the diffusion speed of the hydrogen atoms within the. metal. As the speed
of crack e#’cens:’.on increaszes vwith increase of K, one frequently cbserves

a behavior range within which additions to ¥ cause litsle or no increase

.

of crack spced. Studies of activation energy, Q, using the equation

| @ .ce g -
et at ' T o .
have been conducted using gbservations of da/dt at a -fi::ed;:" K ~value as a
function of the testing temperatuwre, T, .where, T dis the absoluie tempera‘;‘;vre. |
When these stﬁdies vere donc with a X wvelue hrée enough to produce the
tendency towerd a platesu in the creck speed versus K behavier graph, the -

resulting Q corresponded to the asciivation energy for diffusion of stomic

hy&rogen in the metal,

Figure (1) shovs a schemziic behavior greph ¢f log {da/dt) a8 a funciion

of the epplied K value.
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a is defined as the value of I above which

e
(W

fhe K wvalue termod E‘TI
a pronovuced increase (howsrd values larger than 10“’? inches/nﬁnute) ‘occurs
in the crack speed with a;-w'sivnifi'cant incresse of the X value, When
crack spzeds less than 167 inches/rin. are of pructicel importance, and when
the terlency toward a crack orrest threshheld is obscured by the influence
of load fluctuations, theze fastors must be (given study in experiments which

tend to model the erpected service conditions. Otherwise comparisons of KISCC-

values are of practical value in choosing materizls of minirum sensitivity to

stress corrosion eracking in the presence of crachk-like faebrication flaws.
Héasuremqnts of Kpcop c2n be done conveniently using sbecixens of com=
ract tension shape but with the initial displacenént fixed, The fisted load-
displacement conditicn can te irtroduced in variovs ways. Possibly the simplést
way is to use a boli exterdinz through thé lcuer half of the spscimen and
exerting a pressure ag&inst the upper surface of the crack., If the loading
lire of the corpact tension specimen is reteined, cae can use availzble cali-
bretion equations té ob%iain the relationsﬁip tetizen loadedispla-cez:éntD crack
size, end the K wvalue, If the initis) crack tip is sharpened by low amplie
tude fatigue and the initial opening displacement puts K above KISCCo.then
forvard rotion of the crack cavces redubtion of lcad and X wvalue and crabk
arrest is observed ét the KISCC value, After a lecag period of ézposure to the
environment, speeirens in which crack rotion appears to have stopped are

siezcted Lo er 20Giticonzl aweunt of fatigue

.
taa

seoved from the envircent, ord su

P

. ~tes T’ - VS o> 3 &Y iy o, T 3 wr Lo yonvens o ey em o g

ecraciiing, Tre crecicen is thon brcen 2t lor teraatice ol examined to
ey n . - e B P ee s . 1es L >, e -.? 1 -

obtain a maasuvrerent of thie chuess corrosicn ereck cepth ab the arrest point,

This crack depth 2dong w=ith the indtial leadedispl wncmont perwits caleuwlation

T the X ,.- volve for tha
of 1 Fisee valvu for tha
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L recent in.tc:;."csti.n;; 5U/'ZCS! ion ceserving favther study has bzen made
by invosi;igétors st the v 3;:' h Iron and Lieel Tastitute Laleratory at
Sheffield, England. ¢ sugrestion is that a Tew minutes of ,eprsure of
S seems to produce the same Kiecp velue as
obtained after six months of exposure of similar specimens to a water"envir.ma

steel cpecirens to gossous I

nent.

2.

‘Standard ’\.I.SCC necswenent methods are cwrently under develOprrent by
ASTM, It mst te no"ced, hovever, that small arcmts of stress corrosion
agsisted erack extension are likely to follow each appreciable load fil_.uctuaa
tion even at valves of ¥ ‘smzller than KIS-'CC’ Thus, :'Lf load fluctuations
will occur in service, separcic laboratory experirents which medel theuoe in

a realistic marner are cdviceble, Furthermors, sadies conducted us:lrig deesp
crocks are not inﬂuenced 2; yp"cc:.ab .y by the natural oxide coat:’v.hg éf ":,ﬁe
metal. Tn order to obtain clarification and fi:r‘?;her v.nder's'te_tﬁing of the
developrent of erall surfoce cracks, for. 'n,np"e cracks beneath corrosion pits,
stddies of cracling épead a5 a func’cion of X using szn‘fggie eracks of very

.':‘

emall depth would be helpful,
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i : : o COMPREHENSIVE FRACTURE CONTROL PLANS

I For certain structures, which are similar in terms Aof design, fabrication
method, and size, a relatively simple fracture control plan may be poesible, based
upon extensive past experience and a minimum adequate toughness criterion. Itis

i to be noted that fracture control never depends solely upon maintaining’a certain
average toughness of the material. With the development-of service experience,

e adjustments are usually made in the design, fabrication, inspection, and obera;ing

cohditions. These adjustments tend to establieh adequate fracture ‘saf'ety with a

material quality which can be obtained reliably and without excessive cost. A fair

statement of the basic philosophy of fractw;‘e control for sueh structures might be

as follows. Given that the material possesses strength properties within the

specified limits, and given that the fracture toughness lies above a certain minimum .

requirement (Nil-Ductility Temperature, Fracture Appearance Transition Tempera-

ﬁ ' ture; Plane -Strain or Plane-Stress Crack Toughness), then it is aseumed that past

t experience' indicates well enough how to manage design, fabrication, ahd inspection
so that frecture failures in service occur only in small tolerable numbers. |

f | With the currently increasing use ef new materials, new fabricatien
techniques, a;nd novel designs of increased efficiency; the preceding sifnple fracture

& ) control philosepﬁy has tended to become increasingly inadequate. The ﬁrimary

. reason is the lack of suitable past experienee and the i'ncreased cost of paying for

‘this éxperience in terms of seryice.'fracture failull'e_sf ' Indeed, modern technology

. 1s beginning to exhibit situations with.' space vehicles, j'umbo-jei commercial air-

planes, and nuclear power plants for which not even one service fracture failure

would be regarded as acceptable without consequences of disaster proportions.
g Consideration must be given, therefore, to comprehensive plans for fracture
control such as one might nced in order to provide assurance of zero service

t fracture failures. A review of the fracture control aspects of a comprehensive

{ . o -1-
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plan may be advantageous even for applications such that the fequired degree of
fracturc control is modcrate. One reason for this would be that an understanding
of h._ow to minimize manufacturing costs in a rational way is assisted when we
assemble all of the elements which contribute to product quality and examine their
relative effectiveness and cost. In th_e present case, the quality aspect of interest
is the degree of safety from service fractures. |

| Aftér. these introductory comments, it is necesséry to point out thgt the
concept termed "comprehensive fracture control plan” is quite recent and cannot
yet be supported with completely developed illustrations. Wé know in a general
way how to establish plans for fracture control in advance of extensive service
tfials. However, until a number of "comprehensive fracture control plans” have
been formulated’ and are available for study, detailed recommendations ‘to guide the
development of such plané for selected critical structures cannot be g_ivei‘x.

.+ The available illustrativé exampies of fracture control pianning which
might be hélpful'are those for which a large number of the elements contributing
to fracture control are known. At least in terms bf openly available. inqumation,
these examples are incomplete in the sense that the f_racture coﬁ_i.rol eléments |
require collection, re -examination with regard to relative effic.ieﬁcy,' and éarefﬁl
study with reéard to adeciuacy and opt.imizatiop. Substantial amounts of information’
relative to fracture control are available in the case of heavy rotating cqmp_onénts
for large‘ steam turbine generators, qompohents. of commercial jet airplanes

(fuselage, wings, landing gear, certain control devices), thick-walled containment

~vessels for BW and PW cooled nuclear reactors, large diameter underground gas

transmission pipelincs, and pressure vessel components carried in space vehicles.
Certain critical fracture control aspects of these illustrative examples are as

follows.



A. Large Steam Turbine Generator Rotors and Turbine Fans

‘-

1. Vacuum de-gassing in the ladle to reduce and scatter
inclusions and to eliminate hydrogen.
2. Careful ultra-sonic inspection of regions closest to center

of rotation.

v

3. Enhanced plane-strain fracture toughness.

jef Airplanes
1. Crack éfrest design features of the fuseiage. A
2, Fractﬁre toughness of metals used for beams and
" skin surfaces subjected to tension.
3. Stréng.th' tests of models. _
4. Periodic re-inspection.
Nuclear Re_actor Containment Vessels
1. Quality uniformity of vacuum degassed stéeii.'
2. .C.areful inspection and control of welding.
3. Uniformity of stainless cladding. |
4, Proof testing.
5.. Investigations of low c&cle fatigue ci‘acklgrowth at ﬁoizle
" corners and of cracking hazard from thermal shock; |

Gas Transmission Pipelines

- 1. Adequate toughness to prevent long running cracks.

2. High-stress-level, in-place, hydrotesting.
3. ‘Corrosion protection. o |
Spacecraft Pressure Vessels

1; . Surface finishing of welds éo as to enhanée visibility of flawé.
2. Heat treatment to remove residual.stress and produce adequate

toughness within given limits of strength.

/0 -3-



3. Adjustment of hydrotesting to assure adequate life

relative to stable crack growth in service.

In a large manufacturing facility, the inter -group cooperation necessarv

to achieve successful fracture control on the basis of a comprehensive fracture

control plan may require special attention. In general, the comprehénsive plan

will contain various elements pertaining to Design, Materials, Fabrication,

Inspection, and Service Operation. These elements should be dfrectly or indirectly

related to fracture testing information. However, the coordination of the entire

Plan to insure its effectiveness is not apriori a simple task.. -The following outline

lists certain fracture control tasks under functional headings which might, in some

organizations, imply separate divisions or departments.

I

II.

i

Design

v

A.  Stress distribution information.
B. Flaw tolerance of regions of largest fracture hazard due to stress.

. Estimates of stable crack growth for typical periods of service.

Cc
D. . Recommendation of safe operating conditions for specified

intervals between inspection. . .

 Materials

~ A. . Strength properties and fracture properties.

L GYS’ GUTS’ chy KC .

KISCC. for selected envirpnments.

.galil for selected levels of AK and enVironmeﬁts.

B. Recommended heat treatments. .

C. Recommended welding methods.

/0 -4-



III. Fabrication
A.  Inspections prior to final fabrication.
B. Inspections based upon fabrication control.
C. Control of residual stress, grain coarsening, grain direction.
D. Development gfrprotection of suitable strength an.d fracture
. properties. | ‘
: E. Maintain fabrication récords.
; IV. 7 Inspection i
A. Inspections pfior to f;mal fabrication.
B. Inspections based upon fabriéat'ion’ control.
C. Direct inspection for defects using appfopriate NDT techr}iques.
D. 'Proof testmg | |
E Estimates of largest crack hke defect sxzes..
V. Operations )
A, Control of stress level .and stress flu'ctuations_in service.
‘ B. Maintain corrosion protection. |
C.  Periodic in-service inspections.
P .
!i " From the above outline, 6ne can see that efficient operation of a compre-

purpose.

divisions or groups in a voluntary or independent way..

hensive fracture control plan requires a large amount of inter —group ‘coordination.
Ifa complete avoxdance of fracture failure is the goal of the plan, this goal cannot .

. be assured if the elements of the fracture control plan are supphed by different

It would appear suitable to

establish a special fracture control group for coordination pufposes. Such a gro.
might be expected to develop.and operatc checking procedﬁres for the purpose of

S~
\\a.ss,imng that all elements of the plan are conducted in a way suitable for their

Other tasks might be to study and iinprove the fracture control plan and ~

_ to supply suitable justifications, where necessary, of the adequacy of the plan.

/0 -5-
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FRACTURE CONCEPTS

1, PROGRESSIVE CRACK EXTENSION

Progressive forward mot1on of the leadinz edge of a crack occurs when the
sfresses, deformations, ani.advance openings reach critical cenditions relative
to local fracturipg;',ﬁevelopment ard joining of advence openings %s the mechenism
of local fraeturing usually.observed. Because ‘of the stress intensification
near the leading edée of, the creck, a gross section tensile stress below that

necessary for_general,yielding may be large enough to cause forward mo§ion of the

crack.

“2. FRACTURE PROCESS ZONE °

.

Ad jacent to the leading edge of the crack iies a region which contains the
advance sepérations'and the deformations directly assodiated'with local separa-

tional mechanisms, ThlS reglon is termed the fracture process zone. The size

5a.)
of the fracture process zone 1s about 5(COS5) or less, where CO ﬁss defined later.

-

Outside of a boundary line enc1051ng the fracture process zone, it is convenient

" to assume that the rules of continuum mechanics apply in a straightforward manner.

-

3. THE CRACK-EXTENSION FORCE,&y
The crack—extehsion force,ﬁ%ﬁ is defined as the system-isolated loss of

stress field energy per unit of new'separational area. The inprement of new

: separatiopai area is regarded_as infinitesimal and virtﬁal.‘ Thus the ability to

‘ calculate X for a crack in a stress field does not imply actual forward motion

of the crack,

.

h. COMPLIANCE BASED DETERMINATIONS or%

Assume that a plate-type test specimen of thickness, B, containing a thregéhﬁ

the-thickness crack, is loaded by a force, P, and that displacement of the force

application region (parallel to the force) is represented by the symbol, ,éa
Assume the region of application of the reaction force is stationary. Let UT e
the total stress field energy and assume the stress field energy is zero when P

is zero, From the definition off%
/7
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where a is the crack length ard B da is the increment of new (virtual) separa-
tional area. The system-isolated (fixed /Q’ ) requirement can be removed by cor-

recting for the increase of stress field energy due to any movement, d,g, of P.

The equation for X! then becomes
B - -%(d——r” p ad) ST e o
B ,

e

{
da da B oo 7T R

B RS

in the case of negligible non-linear effects, the compliance, C, is given by
& - cp, and Uy is given by U, = P&/2. It follows that
¥ ... B &
g 2p ~ da .

Measurements of C as a function of a can be used to determme (ac/da)

" as a function of a. Such measurements provide a complla.nce cahbratmn of the

test specimen, pbrmitt:mg determlnatmons of & for various crack sizes using
observations of parameter pairs such as P,a; P, j P, C; ,3 C |
5. FAST-STABLE CRACK EXTENSION ' .
»' The fracture process zone of a running crack exhibits a ‘ldw'-inertia, over-
dar;lped type of behavior., At velocities between the uvpper‘ limiting speed and
crack arrest, the fomérd velocity of the .pr'ocess is closely controlled by the
dr1v1ng, force, ﬁ | o
(a) leltlnp' Veloclty
Prom fnertlal cons1derat10ns the velocity of a crack ca_nnot be largex;
than the speed of Raleigh waves, about 0.902. (02 = V.4 //0 . “where _Atis
the r1g1d1ty modulus and /‘9 is the den51tv) In real solids, the upper 11m1t1ng
velocity varies inversely with separational energy d13$1pat10n. "Observed
limiti.ng speeds for fast.-stable cracking have been in the range of 0.1cé to 0.6 Cye
(b) Crack Division
I‘ncre‘ase of I beyohd the amount necessary to drive a crack at limiting

speed results eventually in crack division. For a deeply embedded crack in a

/] 2



brittle solid, the efforts at crack division are locally independent along
various segments of the leading edge 'so that crack division produces a very
rough fracture appearance termed "hackle".
(c) Crack Arrest |
The.decreaseof crack speedeith decrease of X is terminated>by
crack arrest. Crack arrest is a relatively abrupt decrease of the crack
velocity to zero (or nearly to zero).
(d) Onset of Rapid Fracturing
_The opposite behévior to crack arrest is the relatively abrupt in-
crease of craqk’speed which often occurs at.the beginning of craﬁk extension
from thé leading edge df a giﬁtionaryﬂcrack'or éf a crack simulating qotch. The
degree of abruﬁtness and the initial velocity incréase with nétch root radius
(for a notch) or with leading edge roughness (for an initial crack),
6. SLOW-STABLE CRACK EXTENSION B _
| At values of ﬂJ too small for onset of rapld fracturing, stable progresszve>
crack extension can occur due to stress corroslon fatigue, viscosity, and
unnatural'sharpness of the initial crack. Slow—:stable cracking due to sharpness
of ihe initial crack is a'portion of the resistance'curve (R—cﬁrve) concept dis-
cussed laLer. '
(a).'Stress Ccrrosion Cracking
Bécause pf lack of better terminélogy; all mechanisms of slow-stable
cracking due @o an agressive en?ironment‘are commonly termedrstress corrosion ;
cracking, Hydrogen, either injected by electro-chemical éctibn or already present
in a metal. is attracted to the fracture process zone by the reduced density of
that region ard is often the agressive agent, In the case of mica, the 1nf1uence
of HZO appears to be mainly one of reducing electric bonding forces between the

crack surfaces. Such processes tend to be slow-stable because of the limited

/3



diffusion rate of the active agent. With increase of iﬁ, a crack speed "plateau"
{where crqck'speed is insensitive to fﬁ) is often observed. In the case of metals,
frequent efforts at crack division are characteristic, With decrease of 1,
an arreét.point of corrosion éracking éaﬁ often be observed.
(b) Fatigue cracklng

When the leadlng edge of a crack is subgected to cycles of tensile
loadlng, the large straln reversals at the leadlng edge of the crack result in
increments of forward motion of the leading edge. The cycl1c rate_of erack
extension, da/dN, is mainly a function of the Eyclic range of the II Qalue,-fi
At values of da/dN below 10:?.inches pef cyecle, careful experiménts reveal an
abrupt decrease of da/dN towafd zero with further decrease of‘fi |

' '(é) Viscous Cracking B |

InAthe case of polymeric solids composed of linear molecules, viscous
sﬁretch accompanied By molecular orientatidn and véids near the-leading edge of
a crack,provide a mechanism for slow-stable cfagk extension prior to onset of
r#pid fractufing. The process speed inéréases and decreases in phaée with siow
continuous changes of 23; Slow stable cracking with similar characteristics has
been obsefved in certain glasses and metals,
7. CRACK STRESS FIELD MODES

From-two-dihehsional linear-elastic analysis, thé étress fiéid élose to the'

leading edge of a craék can be divided into three modesf Assume Carteslan co-
ordlnates with y normal to the plane of the cratk, z parallel to the leading
edge, ard x ‘dlrectly ‘forward coplapar with the crack., Mode I: tky and t} 5
are zeroon y = 0, Mode II: C?& and T&z are zero on y = 0, Mode III: Ty
and T;y are zero on y = 0, For nearly isotropic materials, progressive tensile
, crackiﬁg oécurs only with a Mode I stress field around the ieading edge of the
crack. The three stress field modes are only defined in.a strict sense assuming

plane-strain for Modes I and II and anti-plane strain for Mode III.

/0 k4



8. THE STRESS INTENSITY FACTOR, K,

In addition to the Carterlan coordinates noted above, assume cylindrical

coordinates, r, &, z aroud the leading edge with 2z c01nc1dent with the leadlng

edge and © measured from the x axis, From linear-elastic stress analysis,

assuming an jsotropic, solid, the stresses very close to the leading edge for a

Mode I stress field are given by

o | 1+ sin 6/2 sin 3 6/2
w B _

O'; : — K Co5 %5 1 - sin ‘9/2 sin 3 9/2
Nz

Z‘Ka A sin 8/2 cos 3 &/2 .

To achieve extended usefulness in the case of ofthotropic materials and fast

stable cracks, the K value for Mode I is defined as
K = Limit ((y; VZ mr)

‘as r-=>0on &= 0

replaced in the above equation by .tiy and -t}z respectively;

9. RELATION OF K% to G.
For the tensile o} opening mode (ﬁode I) cracks)which are

2' : E, plane-stress

K™ = l%where E1=
' : -—E-—Z plane-strain
. 1-7? ,

E is Young's Modulus and P is Poisson's ratio.
10, THE. PLASTICITY ADJUSTMENT FACTOR, Ty N |
(a) Effective Crack Size

The characterization faétors, K and G, computed frbm

can be given extended usefulness by increasing the "“visual" or

Similar definitions are obtained for the Mode II and Mode III K values if ay is

of primary interest)

linear analysis

actual crack Sizu -

so as to place the leading edge of the crack for analysis purposes at a central

location within the crack tip plastic zone. Thic can be done in a conventional

manner by advancing the position of the actual crack tip by the amount, ry, where

Ty"

2 (&
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Alternatively, when the load-displacement record for a test specimen shows curva-
ture due to growth of a plastic zone (plus any slow-stable cracking), the crack

size corresponding te the "apparent' compliance can be used as the effective crack

size. G&'is an approximate estimate of the average y-direction tensile stress

across the craek tip piastic zone.
(b) Nominal Plastic Zone Size
It is often useful to know whether the.size of the plastic zone is
large or emall relatively to plate thickness or net ligament size, For such pur-
poses 2 rY can ee regarded as a nominal heesure‘of the plaetic éone size.-'
ll.k PLANE-STRESS AND PLANE-SqRAIN -
Consult standard reference books on elastlclty for deflnltlons of plane-

strain, generallzed plane- straln, plane-stress, and generallzed plane-stress.

(a) For a through-crack in a plate w1th 1n~p1ane loading, computatlons of K

are customarily based'on'two dimensional analyses.  The values of K and Qf 23

(plane—stress) thes obtained provide characterizations applicable to the leading
edge region of_fhe'crack on a thicknees average basis. When 2 ry is small compared
to the plate thickness, the leading edge stress rield in'the central portion of

the plate thickness m£§i%e nearly plane-strain., Methods of three-dimensional
analysis suitable for accurate computation of K and 2 for this central region

are not available. However, it is plausible to assume that the central fegion P

:value, if computed; would not differ significantly from the thickness-average

ﬁalue of K furniehed by the two-dimensionel plane-stress analysis. Although it'
is sometimes appropriate to regard plane-straih corditions as controlling onset
of rapid fractﬁring in a plate-type test sbecimen, the region of plene-strain":ﬁ
relatively small. In specimens of the above type, regardless of the plastic zone
size, the appropriate viewpoint for analysis of stresses and'diSplacements away

from the leading edge of the crack is generalized plane-siress.

/] 6



(b) The appropriate value of CT& for use in computations of ry is a judg-
ment choice. As a matter of terminology, assume

rys * 277 5’{5')2

where 0’; is the uni-axial tensﬂe yield point. For ZrYS )—? , the degree of
,plane—stram is small and choice of J‘.i as equal to Uyg usually provides sufficient
acéuracy. However, choice of Uy as the average of Jys and the ultimate tensile
strength , OE.’S, is often preferred when both are known. When 2 rys < B/3, the
degree of plane-strain is. substantlal and the preferred estlmates of O‘Y are elevated
'~ above the large plastic zone choice by a factor in the range of [/3/ to 2. When
—I-3-> ZrYS_B/B. an intérmediate estimate of Ty is a.hppropr"iate. Thé uncertainties
in choice of f7"i, are r'élativelj unimportant in practical appiicaiibns. |

(c) From linear-elastic treatment of three-dimensional crack problems, such
as the flat €lliptical or flat c1rcular crack in a large solid, th'e stress equa~
A‘tions o%}-%eaéing-edg&segment&&f»@hesc—cmks correSpZ:x;/i:c_;‘igenerahzed
plaﬁe-strain only in the limit of infinitesimal élqéeness to the leading edge.
12, FRACTURE TOUGHNESS | |

(a) ,Res;ista.nce Curves (R-Curves)

:When' the "sharpness" of an initial cfack is enhanced by a segment of low

a.mplitgde fatigue crack‘ing? the initial Vincrements of crack éxtension during a
rising load test ténd to be stable bécause the resisténce to crack extension
increases rapidly with the development of natural roughening of the leading edge.
When the fracture toughness is large enough so that shear lips oi‘ substantlal size
develop, the period of stable crack growth is extended and it is usually po.,sa.b1°
“to make a graphmal plot of H (or K) as a function of actual (or effective) crack
size prior to onset of rapid fracturlng. The ordlnate values are te: medfq&H or h‘;)
and such a graph is termed an R-curve. 1In the case of strain rate 1nsen_,1b1ve

materials (aluminum alloys, ultra~high strength steels) and when onset of rapid
fracturing is suppressed by use of wedge loading, it can be demonstrated thati‘}R amd K

//, 7



approach maximum values, The R-curve concept is fundamental to other forms of
fracture toughness evaluation.

For strain rate sensitive materials (steels with Tvys <160 KSI), the abrupt
fine scale separations inherent to natu;al fracturing introduce dynamic loading
effects which frequently cause onset of rapid fracturing‘after a relatively short
segment of crack extéﬁsion. For dynamic testing of such ﬁaterigls, élthough
direct ‘R-curve measurements are not feasible, it ;s useful to think of the fracture

energy in a dynamic-tear test as the area under a dynamic R-curve plotted in terms

of ﬁﬂ . .
R

(b) Plane-Strain Ffacturq Toughness

When the thickness of a plate type specimen is increased enovgh so that

B = 2.5 (K/a‘§5)2 at onset of rapid fracturing, the degree of plane-strain con-

straint of the plastic zone is large and the thickness average value of & at
onset-of‘rapia ffacture, termed 3blc , can be regarded as a measure of the plane-
strain fracture toughness. An ASTMItesting standard (E-399) has beén developed
for measurements of plane-stréin fracture toughness. In the présentvform of this

test method, the measure of plane-strain fracture toughnesé, KIc' is determined
from thé thickness average by using the equation, ,Kz = EY. 1In éddition the
meﬁsurement point is placed at approximately 2 percent incréasé in size of the
initiai crack.unleés onset of rapid frécturing.occurs‘previbusly. Other details
and various requirements for.validity of a te$£ result #re statéd in thé ASTM test
method. ' | :
- (e) Plané-Stress Frécture Toughness

Computations of the plaﬁeﬁstress fracture toughness, Kc' are commonly
made using the effective crack size and load at onset of rapid fraéturing. The
measurement point load is usually taken to be fhe maximum load. The effective

crack size is either derived from "apparent" compliance or is the visual crack

size plus ry. Although no firm testing standards have been developed, it is

/8
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preferable to use specimens which are large enough so that the net section stress
is at least éO percent below the stress level for general yielding. |
(d) Fracture Toughness Tran51t10ns

When 1/48'<.2qu < 2B, the fracture toughness changes 1nverse1y with the
platé thickness because of the change in constraint of the crack tip plastic zone.
When ihe degree of plane-sirain constraiht is large, the fracturé surfaces are
normal to the‘direction of largest tensile stressiwith an appeérange,which is
often termed "flat-tensile". Wwhen 2rYS:>2B, although the direction.of fracturing
remains normal to the laréest tensile stress, the fracture is.usually tilted as
if the separation preferred planes of maximum shear stress. A terﬁ often used

for this fracture appearance is "obllque shear",

In the case of steels and in certain other BCC meuals w1th sufficient

lowering of the testing temperature, the nature of a flat-tensile fracture changes

‘from fibrous to quasi-cleavage. A large increase in the plane-strain fracture

. toughness is observed as the test temperature is increased through the‘range of

transition from quasi-cleawaée to fibrous fracturing. This is a micro-structural
transition which depends upon the mégnitude of the tensile stress across the
fracture process zone as well as upon microstrgctp{al aspects such as grain size,
Quasi-cleavape fracturing can be ~suppressed by inadequate éonstraini. Thus the
two k1nds of fracture transition are not 1ndependent Their cbmbined effect often
causes a suff1c1ently abrupt change in fracture toughness with temperature s0
that "service temperature above transition temperature" provides a useful rule
for adequate fracture toughness., | |
(e) Empirical K,, K; Relationship
Define /% and /gc by the equations
a1 _.*Es.)z wt 7 - L (fre)?

S B Lo 7ys
For ,”’<; 2 , an approx1mate empirical relationship exists in the form

PR 42
NG Ry Ic‘)
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equation

(f) Dynamic~Tear and Charpy V-N Notch Testing
A dynamic-tear (DT) test is a 3-point loaded notched-bend test broken

by a falling weight or a perdulum impact. When the notch sharpness is adequate
ard energy qissipaiion at the loading points is negligible, the measured fracture

énergy can be regarded as the area under the dynamic R-curve (plotted in terms

of }bk)'

Charpy-V notch (CVN) tests are similar éxcept that the spécimen is

small (10 mm square cross section) and the notch root radius is 0.1 mm, Approxi-

mate empirical relatlonshlps have been suggested for computatlons of K (statlc)

and KI (dynamic) from CVN test results for structural steels.
: c

13. Concepts of Adequate Toughness
' Given a test specification which requires a substantial degree of toughness,
for a given class of structures it is usually possible to adjust the des gn,

fabrication, and inspectidn so that only a tolerable number of fracture failures

are experienced,

" (a) Leak-Before-Burst Concept
From the plasticity adjusted value of K for a through-créck of length,

2B, in a large plate with a tension,g”, normal to the crack, one can derive the

S-S _
/i’.— - whex:e y = ,7"/ G_-YS
| 1-0.5¢° B | |

Using the empirical K . KIC relationship, values of g~ termed CfiB can be derived

from the above equat1on for given values of KI , B, and GE% This is regarded

~as the operatlng stress below which a short through—crack 1f developed, w111

cause leakage of a pressure vessel prior to onset of rapld fracturing. A 51m11ar
concept of adequate toughness has been suggested for other structures in whlch

leakage is not a factor'such as steel bridges.

//. 10
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" region,

(b) /5 Equals Un1ty | .

A sugrested simplification of the Leak Before Burst concept is ,fﬁ; = 1.

This ooncept has the virtue of requiring a fracture toughness which increases with

. yield strength and with section thickness.

(¢) Requirements in Terms of DT and CVN

4

When a DT or CVN specimen of fixed dimensions is employed for the fracture

toughness evaluations, the section thickness and Jyg appropriate to a given

structure must be separately taken into account, usually through empirical cor-

relations. Full thickness DT specimens are particularly appropriate when_arrest

of a running crack is an important fracture control element.

.

14, FRACTURE CONTROL PLANS
A fracture control plan lists the plausible fracture hazards, discusses

the relatlve efficiency of various methods for prevention of serious fractures,

Justif1es estimates of safe loads ard safe service lives, and assigns respons:blllty

for each fraciure control task., A complete fracture control plan involves in-

spection, fabrication, materials selection, anmd design in interdependent Ways.
15, CHARACTERIZATIONS OF THE® FRACTURE FROCESS ZONE ' A

(a) Crack Opening Stretch, COS or d4
From several oversimplified elastic-plastic analyses of the orack tip
the crack opening stretch near the leading edge of a.creck is given‘by
S - ﬂJ/J“ . The COS can be regarded as an everage—strain type of characterization
of the fracture process zone. Above general yieldirg, approximate estimates of

COS can be made from sllp line theory and from thickness reduct1on measurements.

(b) The J-Integral Concept -

Assuming negligible crack motion, it can be shown that the stress-strain

state around the fracture process zone can be approximately characterized by a path

indeperdent integral termed J. This concept permits determinations of J from calibra
pe

tion experiments., A series of crack lengths are used and J is derived as equal to

/] 11
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assuming the P,,Z curves can be treated as if the material were non-linear
elastic. There is no essential difference between J and the plasticity adjusted
value of 9\1 below general yielding., It appears that a relationship of the type

J = gy S, holds both above and below general yielding.

USCOMMNBS OC //' 12



'ENERGY DISAPPEARANCE RATE, J, FOR A LINEAR (or NON-LINEAR)

ELASTIC SOLID
A J-Integral contour around the crack tip fracture process zone

might, for example, follow the elastic-plastic boundary (dashed) or

the small circle, as shown in Figure 1.
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Figure 1 ' | Figure 2
A general load versus load-displacement diagram for loading at
‘a single (non-statisnary) point is shown in Figure 2. Slant shading
shows the energy disappeérancc, Jd da , ﬂurlipf1Xed. Horizontal shading
shows the recoverable stored elastiic energy, P dAp, due tova smell

increase of load-displacement. If U, is the total stored elastic enérgy,

Jda = -—JUT -+ PO‘AP

Thus the definition of J, assumed here, does not differ from the definitio
of}y . However,iy ha%@een closely associated with linear-elastic anal&sis
and use of a new symbol for non-linear applications is not inappropriatcﬁ
We next take the vievpoiﬁgihat the solid of interest is simply.
the area within an arblirary selected contour which encloses the crapki
tipSince energy loss during an increment of crack extension can *.:a»l;c't
ﬁlace only at the crack tip, a proper computation of the energy loss
réte for the selected area must agrée with a similar coméutation

for the entire sclid.
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Along any segment, dS, of the J.Integral contour the appl#éd load
(corrcsponding to P) is the stress vcctor,%, times dS. The load-
displacement (corresponding to dAP ) is g—%da vwhere t is the displacement
vector. We will indicate the product of load time parallel increment |
of load-displacement by a dot proc}zc;b convention andbwill write it
as ((-PAAP“ = (%.%)A&AS

The tota; of the recoverable stored energy, corresponding to

the horizontal shaded area of Figure 2, is given by a contour integral

of all the boundary elements. A i
‘ U f‘:{a {"éa%—»—%)&'{s

| 5P dap
Since% JUT jfclx C!‘j .,...-- cla"

vhere U is the stress field energy densi‘by, the expression for J can

bevmittenasJ::' fjdx:{_; 2y + é(t @LA)AS

In comparing the above equation with the equatidon previously give
for J da, it can be noted ‘bhat’the cormon factor, da, has been dropped

from each of the thrae tsrms. The above equation can be simplified

U

by recognizing that the crack size gradient terms, such as &&. 5

can be replaced by - bu ete.

'In other’words, from the analysis viewpoint
it is not possible tc d:.stmguish between an infinitesimal advanve of

the crack tip to the right and an infinitesimal shift of the coordinate

origin to the left. When - %%}; is substituted for gj—} in the area
Sl

integral, the iﬁtegra’cion with respect to X can be completed so that -

b {Udy -t Mai% o

| It can be shown that th= above (Rice) form of the J-Integral is path

independan‘c. if ‘éij - 'aex - 253 + txq %df:,(:z

|2 -2-
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The above equation is always true for elastic solids. When J is used for
a solid with non-linear plastic behavior, U must be computed as if the
behavior were non-linear elastic. More specific, U must be interpreted

s0 that the above equation forlg%: remainé valid.

If the behavior of the solid around (not witth&) the fracture
process zone is described for analysis purposes in terms of deformation
theory plasticity and.the crack tip char#cterized moves only & small dis-
tance (relative to plastic zone size) during loaaing, J ecan be'regarded as &
path independent chaxacterization of the stress-strain state around the |
fracture process zone. Numgrical calculations which assume incremental
plasticity behavior do not shoﬁ_a significant degree of path dependency
of J. Use of J as a characterizatibn parameter for fracture toughness
mcasurements has permitted extenéion of such measurements to specimens
in vhich considerable net section &ielding oceurs prior to the crack
cxtenéién measurement point. Other applicatibns of the J parameter are
under development.

It should be noted that the equation referred to above as the Rice
equation is not the basic definition of J. In special situations one
must return to the baslc idea of energy disappearance rate for an
elastic solid. For example: (a) For rapid crack extension, the strain
energy density, U, must be supplemented by terms which represent the
kinetic ehergy density. (b) Whén there are bod& forces within the J-
integral contour, their contribution to recoverable strain energy o
nust be included in the J calculation. This is rather obvious for e
crack in a rotating component. A less obvious varient occurs when a
crack is in a stress field produced by a temperature gradient.

-

"~
~
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i B-CURVE AL P ity 0 FRASTUR CFARASTERLZATION

I onfur to glve lizear =lostic fraocimse wezhanices .on 2xtended rarg
of applicablflity, &t L2 hals@rl to correst (or adjuct) the crack size
for the infiuence of cthe plastic zone asgociaked with cach leeding edge.

For this purpose we can add r_ at each crack tip where

Y ’ ‘
s () -
and o§ is the yield point stress. R :

Conaider next the Griffith crack equation

ES - K:-. = rrcf‘ (a+ ) ;._-.‘-.-(;;_)

Frem E9. () KZ - ’ro‘ L _ (3
and R, = ~'~<°’/o'v> 2 o e (%)

t~ L (7)™
We would like to believe all crack~like flaws in our structures

are small enough so that tha applied tensile load ¢ cen be nearly as
large as Oy From Equatior (4) one can gea this means Ty
negligible in compafison to the half-length of the crack, g. On the

cannot be

other hand, the characterfzation factors, K and'é% can be givgd an
exact Interpretation ss sgtress fileld paramétezs only in the limit as

the nominal plastic zone aize,'Z rY,'beaoméQ infiwitesimal relative to

'the dimensions of the crezck and of the vet aeﬂtion.

- R

Consider next the deLerminarion of & tuug“neas chatactprlzation,
Rc (or'gi), pertaining to onset of rapld fracturing.- It~haa been
observed that when the crack simulating notch éés "gharpened™ by a

eeguent of low-amplitude fatigue cracking, & clowmstable crcrk extension

7
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At
X

62 lsock of abruptress of thi instabiliry polnt thos intreduced leade

comparapls ip size to 2 r precedas cuset of rapid fracturing,
to a correspoending uiccytainny in the Kc determination, 7The degree cof

this uncertainty would, of couize, ba unilazortant 47 2 »

fracture tests with specimens such that 2 Ty

comparison to the crack and net section dimensions., In addition we

iz not negligible in-.

know that test results pertaining to values of 2 r comparable to the

v
. erack size do have practical interest as illustratéd in the opening
commentea. . . . :
. Por tha reaséaa dizcugsed sbc}e it i= desgiyrsble tb consider next
& method for characterizétion of.érack toughnesa which retains model
type applicaﬁility to cracks im resl structures even when the nominal
plastic zone ai;e is not small in compariazon to the size of the crack.
For e :hrough-the?thickné%s crack iﬁ & piate during slow-stable
crack extension we can define the resistance tb.crsck extension, R,
as t.:he value of the tensile driving force grequired to c_au#e each
additional in;rement cf stable cfgrk extension, Resultz of R-curve
weasurements generally similar to thé éoiid curve fn Fig. * have bzen
obtained by Heyer end McCabe(a). The effﬁctivé exsck size, aé; is
e, "o, + Cq + Yyg vhere a; {s the crackvsize prior to Iéaéing'and_
@, is the awount of alow-stable extensfoa. g
Examinationa of k~curve measuvements for g varlety of ﬁigh Etrength
metel shzets in whicﬁ the ucitch "shargeniﬁg“ amployed row-smplitude
fdtigue suggnest thut G, 1s wsually sbout 2 r._ vhaa the‘resistance'ieachas

L3
95 percent of the platesu valve.
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For specific illustration, we can assume Fig. 1 represents R-curve

test results obtained using the specimen shown in Fig. 2. Separational

loads, we assume were applipd by wedge action in the central hole in

oxder to avold onset of rapid fracturing prior to reaching the plateau
portion of the R-cuxve. During increase of the separational load, the
tncrease of effective crack size congists at first only in the growth '

of Ty Most of the slow~stable extension térmed Q. occurs. during the

. £inal 20 percent of load iucrease.

The initial shape of the leading edge of the crack, vhich we assume

was establighed by low-amplitude fatigue, would be neariy straight

. acroas the plate-thickness, snd the fracture surfaces adjacent to the

leading edge would be relative1§ smooth. When iﬁe éfvalue becomes

 large enough to produce forward motion of the crack, additionel increase

of R is asesisted by the tendencies toward development of shear lips,
toward a ehépe change of the leading edge, and toward more gnd more
irregularity in flat»teusile regions of thse fracture.

We assume mext that, if the inf;ial crack of Pig. 1 had been cauged
to extend by remotely applied tensile loading, then the development of
?esisfahce to erack extension as a funrtion of ef twée cfack gize would
have been the same as the R-curvé obtained using_wedge Ioading, The two
ddcﬁed curves on.Fig. 1 fepregent.é as a function @ fqr'twﬁ ftxed‘yaluea
of the vemste tensile »tﬁass, g. ¥hen g i;-améi},{one can see that.
facraaze of e, with ¢ £ized caussr an increass of wvhich ig much

amaller then the increase of R, 1arefores the crack ie stable. When o

{2z lacge onough ze that the cerraoronding dashzd curve is just tengert
to the Reovive, the inezea Fé; rvaviaoﬁ Ly incyease of Ce {vith ¢

-

fiwed) 1s egual to ox larget than hae corresponaang increase of R«
Wien @ har increased to this tangensy peing, onaet of rapld fracturing

zan be expected o cceur,
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o initial cravx size is reg?-gibl

. pextainin: to the aasuu;tioné,

. aof ﬂ& plate thicinor,

esployed at the fres oo dne of B

opening displacement.

e

When = centraily notched plate is loaded to fracture in an actual

tegiing nachine, fixed load conditions are rarely maintained. Thus a
small reduction off thp load, assigted by irregularities in the *esistance

to frac) extensicn, tiay increase the observed slow-stable extension of

the cracc beysnd the amount ene might predict from examination of the

'R-curve, Thus a cerziderable uncertainty may exist as to the particular

value o% 2, which shiuld be used, along with the observed critical

. valuz of the load, i1 calculations of éa (and Kc)' One must, hawever,

bea:: 1a mind that‘?%s eritical value of the remote tensile load énd

the ?alue of tue i vial crack size are both detetmined with neéligible

smbiguity in the R-1rve experiment. Since the obJect of the toughnegs
tnvestigntion *u to Fm*mit determiuationa of critical tengile loads for

various ‘nitisl cracka.:we should not be distressed if we find it ig

possible to accomplisl. this taék wore conveniently through deterwinatica

and study of the R~cu:-'e than through determination of §

Added generaiit in use of R—curve meaguremsnts g at hend 4f wa

essumo the chavge of &) ape of the R-curve with

iceregse or decrease of
-

Althoagh there ere somz uncertainties

basic to the R-curve approach, it is

.believed these can be 1Scepted with little risk of significhnt error

‘80 lory as the loads winais below tnouv necnqanrv for ganernl yieléing;

The t—'Jrve ahapm 242, 1€ tourse; he expicted L3 ohangs itk changs

1

2 &,

R-curve measvronint; can be an=isted by wel ng obaﬂrvatfons of the

srECE opening to ditermine fhe etxve orack sisz, ¥or exanple, in

the case of a 3i”€?°““4$e~n4tch&i (&8 aaccime£} & ~lip-poze can bLe

22 spuslinen where Vhg roteb has lre Largest

2O la

I'reim prior calisration, we kicw fhe iratio of

7.9 .
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‘gre Iarger than 2.5 (X /cY) as ip requivcd for ASTH cvaluations of K

crack oéening displacement to epplied tensile load for each cracﬁ size,
assuming linear responee and negligibie plastic straia. It caﬁ'also be
assuced that the.ratio of opening displacement to load when a visible
indicstion of non-linear responsé is 9re;ent, provides as good a |
imeagure of a, as would te obtained through addifiqn of Ty o the
directly observed crack size. 1In fact, for some alloys which st%ain .
age at voem temperaturé (e.1, 2024~T351 aluminum), it ia difficult to

guess what value of Oy gshould be used in computing r_, 2nd use of the

Y
value of a, inferred from the ratio of npening é%sglacemént to load
is preferable.

Heagurements of EA and K sre useful primarily for situztions in

“which the tengency point on the R—curve is unlikely to differ signif-

icantly from the plateau level of the churve. The ideal situation ;

would be cne in which the R-curve would rise steeply and turm abruptly

onto ite plateau. The behaviors of many waterials correspond approxi-

mately to this ideal situation when the crack size and net aection

Ic

Ia the preceding comments, we have inferred that calcnlations of

¢ end K using the effective, or Ty corrﬂctnd, crack size retain

characterization value even when Ty is, eay, half oa lafga-as the

9 - ' T
dimeasion, @, ¢f tha track. That ia te aay, we have assuymed the values

‘of f snd X, thus caleclated, continuas Mo zerve oo vseful weasvres of the

tendency teward onset of rapid franturing even vhen the net szction
strese is pmearly lazga envugh for genarael yielding. 4 iustification for
this -can be faruished In tewwy % tha {zen that z uaaviy constant
proporifonality of tha plautizity corrented 2 49 the: crach comning

eixetch fg retainad throughzus this acrres ranzge, Additional commenis

en this point will be provided In other lertures, bo T e SRR
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F;racture Toughness Mea'surements

From previous discuésion, measurements of the resistance to crack
gxtension as a function of effective crack size (R-curves) are assisted by
two factors: (1) Use of wedgé loading to postpone onset of rapid fracturing
and use of large enough lateral dimensions so that the maximum Kﬁ can be
measured prlor to ylelding of the specimen. Because of the fact that the
latéral dimensions are often large relative to‘ﬁhe plate thickness, arrange-
ments foriR-curve testing should include fixtures whieh prevent out-of-plane

deformation of the test plate. A compact tension specimen shape is sﬁitable

with the loading positions shifted to near the line of the crack simulating

notch énd revised to accommodate loading’by alﬁedge dISplaqément method.
Since there is no'éirect record of the load applied by the wedges, crack
opening displacements are recordéd at two videiy separated points.

| A sinmplified versiop of R-curve testiné can.be done using a centér-notched
ﬁension specimen. " Lubricated plates to preventbout;of-plane deformation near
the crack line can be held against the test plate using moderate clamping

pressure."After calibration, a single measurement of crack opening displace-

ment across the center of the erack simulating notch provides an estimate of

the effective crack size durihg loading. - SRR BN

Although onset qf rapid fracturing occurs prior to-achievement of an

- upper plateau value of Kﬁ, the portion of the R-curve provided by this test -

. method can be extended by use of & displacement control loading method and

may be édequate for practical applications, particularly if the test plate is
relatively large.
The R~curve method for characterization of fractureAtoughness is of basic

reference value in the case bf‘Kc'and Kic testing,
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K Testing
desciassed
Methods for K testing of high strength sheet materials were gﬁ;ﬁ%&}n»
the ASTM Bulletin, January 1960. For best accuracy of this work, the
esting arrangements do not differ significantly from those which would be
used to make simplified R~curve determinations. An aprropriate specimen
decign 1s one in which the crack simulating notch, including segments of
fatigue crackiné, hes a total length of about one-thi?d of the specimen width.
A specimen length.of twice the plate w;dtb between thé loading reinforcement
plates is desirable. Ké test results obtained with the net séction stress
less than 0.8 OYS generall; @o not differ significantly from‘the maximum
value of KR. | .
3tatic and-dynamic measwurements of Ké for structural stéels have been
performed using a 3-point loaded bend specimen with the crack simulating
nbtch extending to 0.3 W. In this case W 1is ihe depth of the bend s?ecimen.
The principal simplification in fracture-testiné of relativéiy iow cost '
structural steels is the absence of appreciable slow-stable eracking prior
to onset of rapid fracturing. For slow loading measurement;; detérminatioh
of effective crack size can be assisted by use of a crack "mouth" Opening
displacement measurement. This is impractical in dynamic testing. However,
the maximum load of the test can be obtained e*ther from 1nstrumentation on

the specimen or from instrumentation on the striking ﬂao. ~In the latter case,

. thé load application should be cushioned" so that the loadlng time 1s about

1 millisecond. Only a formal Ty type ad justment to obtaln effective crack
gize is feasible in dynamic (impact) K, fracture testing.
Although K testlng methods have not yet received standardization treat-

ment, such tests have been quite useful. Currently there is a considerable

interest in the development of relationships between relatively simple impact
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fracture tests (fof example, Charpy-V-Fotch tests) and tests which can

be aualyzéd using fractﬁre mechanlcs. fxcept for very low amounts of
fracture toughness, the Charpy test appears to be too small to permit more
than an empirical comparison. In the case of dynamic-tear tests, If the
specimen indentation energy is taken into account, there is an understandable
comparison between the values of gac (when measurable)_ﬁnd ﬁhe total
fracture work per unit area. |

With regard to the dimensional requirements for the centrally notched

specimens, an approximate rule 1& that a close approach to general ylelding

occurs vhen 2rY = 1/2 (“g - a). In the éase of the notched-bend specimen,

the corresponding equation is
' 1
= We
ary = § (v-a)
. ' §ic Testing
ASTM test.method E-399 gives a complete and detailed description of

I
in test method E-399 resulted, in part, from the idea that the KIc valve for

K, testing. The stringent requirements for test validity which one finds

any metal (of largey enough section size) is of special fundamental importance

and can be determined without allowance for R=curve influences such as the

_plasﬁic zone and slow-stable cracking.

In its present form the test method depends rather cfiticaily upon 8
good determination of load as a function of crack "mduth"‘opening displacement.
A line is drawn on the test record having a élope 5 percent less thaﬁ thé
slope of a tangent to the initial portion of the test reéord és shown in

Figure 1.
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Figure 1

The highest point of the losd-displacement line between OA and-OB

" is the load, By, used to calculate & K value for the test. The crack

size used for this calculation is measured on the specimen after fracture

and is the average of the center and Quarter points of the sharp crack

front established by low-amplitude fatigue cracking. Theiforward measure-

ment poéition of any two points on the leading edge of the crack should

[

differ by less thap 10 percent of the cra&k.size.
The principal dimension requirementéAare examined after calculation

of & tentative-estimatevof-KIc termed Ka. It is necessary that the speci-

‘men thickness, B, the crack size, &, and the net ligament, W-a, are all

. 2 '
greater than 2.5 (KQ/UYS) . An additional, after the fact, check is &
comparison of the KﬁAX used dwring the last segment‘of fatigue cracking to

the value of K the test method requires 'Km (during finsl fatigue

cracking) to be 0.6 KQ or less.

The final validity requifement of the test method concerns the appearance

of the testing record beyond the point, %Q' If the test record shows &
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load maximum beyond PQ, the magnitude of this load maximum must not exceed

PQ by more than ten percent..
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(c) When the stress field is 3-dimensional, except for special situ-

" ations of axial symmetry, the J calculation must be resstricted to the

region near the crack front where the stress-strain field is nearly :-
2-dimensional. (d) 1In all of the above special situations, a proper
calculation of J can be obtéined by taking a limit of the J-intégral,
in the Rice form, as the dimensions of the qontour approach Zero. Wﬁcn
this limiting procedure is used, any fixed shape‘of-the contour can be .
selected arbitrarily. '

For calculation purposes, it is often convenient to replace the
vector (Rice) form of the J-integral equation by the following equiva~-

lent expression,
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