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Fracture Analysis Diagram Procedures for the
Fracture-Safe Engineering Design of Steel Structures

W. S. Peaut ova P. P. PUn
Metallergy Divcsion
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INTRODUCTION

those who ave a "users" inerest in he facaur liter-
aware will iod that -.. y of the papers ow the subject

- os toaw a spa, of ioterest to be useful for she
soluion of yr. cical problce . Attempts by Iay readers
to integrate ths aoailable fond of knowledge hac fioon
dered on the heee impossibility of coping with a mass
ofappaently-contradicoy information.

This report s presented as a summary of the status of
integratton of aasilable knowledge, attained by the an-
thoes as the reult of almost 15 years of concentrated re-
search effort and detailed study of the lierature in the
field. During thia period, the objective of deneloping a
peactical engineering approach to the fracture problem
w a matter of cwsiderabhle urgency doe toasseady nu
cession of serice failures, many of which required im-
mediate solutins and the acceptance of repoosihdity
for the solutio a. ln many cases the solutions were pro-
oided with the clear knowledge that military objecties,
life, and property valoes i terms of millions of dollars
hsnged on she decsions. Such items, which rarely crep
into formal technial pblicians, are worthy of note so
highlight the "fiing line" atwosphere which prouided
tho impetus o analyae all uaailable mformatio to the
limit. Except hr this atmosphere, this report would not
haoe been writsen.

The confidence which was devloped daring this long
period of test and retest of concepts, is now expressed in
the presenaattn of a detailed "package approach" to

NRL etobleM nlt,; erojet SR 00001 1 feasks rM ad 0850)
a RRo7.a4salt Thst4a ao ial reoat on on cf thti

probln;oskocaor - h. ot h- proeo s aci.

the engioeing problem of fracture-sale desigo. The
approach cocet. intermediae- and low-sarncgth teelc,
.oatmonly referenced at the structural grade,, in the
form of plates, forgngs. weldmentas, c.dng and cow-
linatiotsttf these The elements of this package include:
(a) practical testing procedures suitable to anybody's
laboratory, (b) simplicity of an analysis which is under-
standable to the general engineering held, (c) flexibility
in applicaton to a wide gamut of engineering struc-
tores-from 5/8--thck plate weldments to castings
and furgings of thickness measured in terms of feet,
(d) rxtensie documentation with respect to a wide
range of serice fadores and simulated sercice tests and
(e) an extensie background of successful applications
of the test rocedures to a wide range of atrectores in
present rice to sere as a basis for confidence.

Despite the length of this report, it unfortunately
rem-ins as a seee abidgemet of the total approach
pacage devloped by the authors. The intent is to pro-
ide a abr-eine presentation, which will make future dis-

rosions of more detailed aspects ondertandable within
a framewok of basic reference.

CONCEPT OF THE FRACTURE
ANALYSIS DIAGRAM

Brittle fractures are characteriaed by the propagation
of cracks at celociies of several thousand feec per
second. The frarues ar obseed to be normal to wall
surfaces (square-brak) and of crystalline texture, ndi-
catng that the indindual grains of the seel fractured by
clcatage of crystal planes. In general. there is cery little
oisible evidence of plastic flow, except for thin fins or



"shear lips" at the flee surfaces of the crack. 1o con-
truss, duecle fiactores show a 45-degee shear tear t-
volvig severe plasic deformatinm of che indiidual

grans; in effect, the "shear lip" covers the entire feac-
core toeface. Ecept for certain types of hrakigh

stregth steels, and nonferrous alloys, the 45clegree
shear fractares develop only by Ite application of grow
plastic Uerlads apparching the ultimasetensile
strength of the eet. The propagation of sucf fear-
sures proceeds only at the rates cf continued reapplka-
iay I he plastic overloads and herrfoe with very
high ab-orptin energy. Brittle fracures, o the other

hand, are propagated in a manner which may be de-
scribed as "poao us" in that the small aoun of re-

quired driving energy is entirely derived from the re-
lease of elastic stra energy.

Brittle may be initiated as conveina] de'
sho levels ut nominal elastic stress, provided certain

other condiions are satisfied, as follows (a) a fl.. such
as a rack ae sharp notch is presot, (b) the stss is of
soficiet inteosay to develop a small amount of defo-
maian at the notch tip, and (c) the aerasce temperature

L, low enough to promote cleavage fracture of the de-

formed metal crystals at the otch cip.

In other words, the initiation of fracture at nominal

elastic load levels is determined by the cleavage Cracking

tendencies of a small volume of steel at notch ips. If
"crackless" plastic flow occurs at the notch tip, the scroc

unre s not e d gered because a surrundng larger
volume ofmetal readily assumes the burden of.upport-

cog the strew. If cleavage cracking occurs, a sharp natu-
ral crack frnt is tended into the metal by a high-speed
epetitio f the crack tip cleavage process, ecultng in
a"propagation" of the brittle fracture.

With dlcreas.ing temperatures, the transition from

ductile behavior at crack tips so cleavage havior cv de-
veloped "sharply" in a narrow temperature range The

"sharpoess" of the transition provides the basis for what
is generally termed the tranaon temperature approach
to the fracture problem. In the priornse of he ransi
fior temperate approach, the basic problem has been

that flaw size and stress factors were not interpretable.
That is so say, the transition temperature approach was
based sunmply on corelaions of certain levels of notch
bar fracture toughness that appeared to separatecr-

spodng serce temperatures of filure from those of
no failure, namely, Chapy V correlations for fractured
ships. The fracture analysis diagram approach was de-
veloped from ctncepts cclved by the senior author
(W.S.P.) in 1961 -these concept, nvolog a meshiegof
fracture mechaoics fla size and stress factors with he
transition temperature arst approach. By comhiniog the

best features of the two approaches, the-e emerged the
fiht practical, analytical ethod forL tle tgineeig
design of fracture-afe structures.

The design method is based . a get eralized stress-
temperature diagram for fracture inititon and crack
arrest. This diagram may b related to the servee tem-
perate by determination of one of -eral signifiant
ref-ere transition temperacures A simple method for
determining a refereoce transiton temperature as pr-
vidd by the drup-weight test or by the C halpy-V test ,
correlated with the drop-weight test. This reference

temperature is designated as the id ductility trnsition

temperoatre- NDi temperature (1 ,2.

The significance of the NDT temperature may be
brought oa by discussion of cite geueral effects of tem-
perasure on the fracum stress traositon of seels
(Fig- 1). A flaw-free steel is illustrated to develop a grad-
ufly i creasing tenrile strength (TS.) a, a yield strength

(Y.S.) ith dereasing temperature; he increase in yield
srength as greatee than that of the tens l stnengh, m-
sul'ng an coincidence at some Very low teperature. At
the temperature of coincidence, tensile d actilty as meas-
nred by elongation or reduction of area (plastic flow) is
dereased to essentially cro o nil value This temper-a
tore may be considred as the NDT terperatoe in the
afbe-e of a law. If a small, sharp flaw is placed in the
test specien. such as a plate, a decreand level of frac

ture stress is oblaed in the transition range as indi-
cated by the dashed curve labeled "frasure stress de-
crease due to small, sharp flaw." The h ghest tempera-
t1re at which the decreasing fracture stress for fracture
initiation doe to the small flaw becomes onigos with
tid yield strength .urre of the steel is d fined as the wi
ductility transition )NDT) temperature. l3elow the NDT

temperature the fracture stress curve for the small flaw
follows the course of the yield stmogh care, as india-
ted by the continuation of the dashed curve to lower
temperatures. The arrows pointing domr from the NDT
point indicate that increases in the flaa size result in
progressive loweoingof the fracture stress curve to lower
levels of nominal stress. As an approxination, the frac-
ure stess is iversly proportional to th square root of

the flaw si. The resulting family of fracture stress
curves are characterized by a comin temperature
effect, involving a marked increase in th strese required

for fracture as the temperature is icersed above the
NDT sempeasure

A cure noed as CAT crack arrot emperare) is
drawn to represent the fracture nost elationship b-
tw . stress and temperaure. The CAT carve repre-
sent the temperature of areest of a propagaing
brittle fracture for various levels of a plied nominal
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stes. The a Irack arrow ,mpeeav-e foe a stress levol
equal to the yield strength has been defined by the au-

thoes i. pe ious reports as the "fratore teanstioo
eladtic" F'E ) temperature and marks she highest

terperatue of fracture propagation for purely elasdc
loads. Similarly, the "fracture transition plastic, (FP)

temperature has been defied as the reiperature above
which fractures are entirely shear, Le, shor no center

regions of cleavage fracture, and the strew reqwired

for fracture approsimates the tensile strength of the
steel. The lo er shelf in the range of so 5 ha, laheled

as the "uu-r wress limis for fracture propagation"

represents the stress level, below which factru propa-

gation as Ioa pessble because the ainimui, stoall

amont of .lasc strain energy eelease required for

continued propagation of orittle fractures is not attained.

The variocs types of tests which have prorided data

reqwired to ,hart this diagram are illuweared in Fig. 2.
Crack arrest tests may be conducted wt a oeste
plate comprising a brittle plate welded to a "test" plate,

sketch A). After the a erbly is brought to a specific
Hemperasure and stress level, "forged' initiation of a
frarture in t-e brittle plate by wedge impact is used to

develop a ra pidly running brittle fracture. The frature
cornnucs through the 'test" steel or stops, deperndng

on whether I en peratre is below or above the CATI
for the steel a the specific str 1-e of the test A

series of tests ace conducted to establish the boundary

of the "rn' and "stop" temperatures. Variations of
thi test inclide wedge impact starting of a fracture in

the test plate itself, sketch El), or in a prolongation of
the test plate, which is coled to low tempertures. Data
on crack arrest properies at stresses and temperatures
above the FTE point have been obtained primaeily by
the use of crack-starter raplosaon tests, sketches (C)
and ED), t be xplaind. FTP performance in this tes
is indicated by she development of a deep bemaspheical
bulge with fractures restricted to shors, shear tears,
sketch (D),

large-scale, fracture itiation tests have ben con-
ducd by antroducing flays Ifatigur cracks, britde weld
cracks, eta.) of various dimensions in a test plate and
loading to eablish he eacure strasketches (E ) and
(1). Figures I and 2 illustrate that the family of dashed
cutvco represenntig tite feacture initiation stress for
various flaw woes are bounded ye "rot off" by she CAT
curve. This cure begins to rise sharply at the NDT
sempeature with a slope such that the CAT for yield
stress loading (I E) is reached at NDT + 60F and FPP
properties are reached at NDT + I201F.

The anportance of the NlT temp erature o refer-
tee paint for the geeralid &hagrom resides in the fact
that s may be deterined easily by the use of she drop-
weigl, ats Figure 3 alusrat a drop-weight test speci-
men before and after teo elow the NDl temperature
The dinp-eigh t features the use of a brittle weld
head which cracks no "bend" loading to she yield point
of the test plate surface. The resulting brittle crack
represents the starting flaw or notch. The size of this

U.S. NAVAL RESEARCH LABORATORY
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The oh sred increase in fracture toughness with of flaw siot. Thee range from flaws of less than I in.
increasing trperature is characterized by the gradual (ep dashed curve) to laws in the order caf I t 2 ft Ihbt-
tranation of the fracture snrfares from a completely tmn dashed curve). Is should be noted that all initiaton
hrinfe fercs, except for very thin (visible wish mug- curves have been drawn to show a rapidly increasing
nification) ahea lps as awd below the NOT, to heavy requirement for higher stresses with increasing temper.
shear lips (1/8 in.) at FTE, and to full shear at and aue above the NDT tempeature. The acual slope and
above the FT P. These various observations were firs shape f the "sing" rrstoas of the initiation curves
made during a period of exensive testing of a wide represent estimates based on the general slope of the
variety of plan steels in 1950-1953. The terminology crach arrest curve.
and inttrpretison of NDT, FTE, and FTP, which was
developed dacring this early period rmainld' The diagram predicts that for a given level of stress,
however, a were ena deinion of she nature of the larger flaw sines wif he required for fracture iniiation

events is non possible based on crack arras data and ahove the NDT temperature. For evample, at stresses in
"flw sie" facure stess data developed by other the order of 014 Y.., flaw in the re of 8 to I in.
investigators. may be suficient to initiate fractore below the NOT

temperature; however, at NDT + 30F, a 1law of 1-1/2
Th, approimate range of flaw sizes required for frac- to 2 times this size may be required Io initiation. To

ture initiation at various levels of nominal stress are it- the right of the CAT, there is "on flaw" chat is affasuici-
lustrated by thae generalized fracture analysis diagram of ent size to intiate frain'rehecanse propagation of hittle
Fig. 9. The flaw size data have been derived from a wide fractures is not Possible. It should he noted that the
variety of smal flaw testa, from limited studies atf tensile nonccal tess phksed in this diagram is the stress actg
tests with large flaws inteoced into I in. and 3)4 in. on the Volume of material within which she flaw resides.
shack places, and from theoretical fracture mechanics Thus. for a flaw residingin the shell regin aof a pressure
cncepts developed by G. R. Irwin (). Vadatinon is pro- vessel, the nominal stress is the shell stress sector cam-
vided by a a -ge amount of failure and structural test ponrna; for aflw residing at a sorathe ohnominal stress
daa, to be prnened. The generalized diagram presents is the higher level of stress acting at that particular poi-
a family of fractre initiation curves relating to a range tin in the nozzle.
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EXPERIMENTAL BASIS FOR THE 5
LOCATION OF THE CAT CURVE YILD C0rEGTH FTE

We shall first discuss the basis for the shape of the =O- APWE
CATra-vanduf ispsition with especst D heNDT usEutEo
terperature. The basis is found in a compilation of all s -
available crack anrein data for steel plates that also had 00 a

heo tsaed wish she dropewesghs less so esimahhsh Parhe
NDT temperasture. Fagure l10 illsrases a typical corre o
lation of NIT and CAT data resulting from tens con- ARRESTE
ducted by Motg (4). A sers ofommtion plawa i--
comprasing a 0)4-in.-thick ABS-C test plate of N OrtNtT (3PLAarsc
width welded to a lft-wide "crack-starter" plate prn- I

(
l Wsnl

vided the necessary specdmnens. These assemies were 4 -0 0 0 40
loaded to sweat levels in the order of 122 the yield T (a F )F]
strength of the test steel and a hammer blow was applied Fig. 10 - Coreladon of CAT data bbdunl by sforg (4)
to a wedge inserted in a notch located at the edge of the k1h N rrspeatn of A, tSt sill. Ille data aine to
brittle "Crack-scarter" plate. A brittle fracture was there- tha separa plasm from one heac
by initiated which propagated across the sarter plate
and either stopped on entering the test plate or cont A summary of Essa brittle temperasure EST) crack
tinned through o complete fracture, depending on the arrest data for a wide variety of 3)4 to I in- structural
tess temperatue The data presented in Fig. lo illus- steel plates is provided in Fig. 11. The IST test difers
sate a sharp cutoff in fracture propagation at temper- from the Mosborg type est in that the brittle 'sarter"
atores in the range of 30- to 3S5F above the NDT tern- plate is oat used. fracture initiaion is obtained in the test
pernun of he three plates from the sane heat which plate by the appication of a local "overstress," due to
were used to fabricate the specImen. At temperatures the wedge action. The tst plate width is ordinarily in
below the indicated CAT Curve, all tests resulted in the order of 16 in.; however, tests also have been con-
complete fr aose, while at higher sempers the ducled for 6-ft-wide plates. The EBT tests were con-
fracture tpped on a*es the test plate, ducted at the 18-ksi stres level, cc., at approximately 1)2

U.S. NAVAL RESEARCH LABORATGRY
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n o N EBT
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peesinun ant sermaried is she opper ganph. The mask amaess
mane drwn sac Par wp graph sepessnt the "mn posiain"
CAT rae inatemd hTy Par "O" data poimts.

the yield strength of the test steels. These steels are com-
monly used in the fabricanion of large storage tanks in
this country and in England-fol] details are available
from Ref. 5. The NDT and FTE mats werecmnduaed by
the authors using material provided by the Easo authors.

The lower graph peo.ides the individual data points
for rech seel The diagram at the top of the figure sm
mories the "At" temperatu relationship of the EBT
and FTE temperatures to the NDT temperatures. The
EBT cok arrest point for the IS-ks stress level as
defned by Pese was appears ha haveamean psiton of
25F above Pan NDT. The FTE crack anest point for
the yield stress level has a mean position of 45F above
she NDT.

A similar summary of all available correlation dan is
presented in Fig. 12. Them include the data presented
in Figs. 10 and II plus the results obtained for other
steels (6) using the isothrmal (Ts) Robertson, 3 ft
"brittle" plus 3 fs"test' composite plates, and l-ft test
plates. Enrept for the FTE explosion tests, all data oea
for strss levels appro-imaing 1/2 the yield strength of
the t steels. Based on a "high end" of the correlation
range, the CAT point is defied s SflF above the NDT
temperature for sress levels in the order of 1/2 he yield
strength and l0F ahoy the NDT for tes levels in the
order of the yIeld strngth. Ther are twn lmitations to

MEAN POSITION
SMALL FLAn CAT CURVE IIN ITIATION I

/ fHIGH END" POSITIONI CAT CURVE

I YV ILas-vA

VI W3 NIOT PLATE

+6WDE L AT

I i , I , I 
x

FTE I sm.. T.S

NOT NOT 50 to +60 F
"ha" TEMP. IF)

Fig. 12 - Ssmarvomion of -- CAT dato For 32 steels, -pnig a wide variry of
sts oduwsd at stres. k], of approimately I2 he yield stength level of the vrios

stels. A ttal of 14 -s1.ws -.. tested by the ya plionm rack sae to estahlish
the At" FEE (CAT Eoo Y.$. leel). These data reprnset the b- for the fract analysis
diagram m aon of the CAT ee sefeesd to the NUT pooL



If U.S. NAVAL RnEEARC LABORATORY

these dam: the correlations are pr'marly lir steels in the brittle cracks ranged from "through" thickness (314 in.)
3/4 to 1-1/4 in. plate thiekness range became saf test to 1/2 thickness (318 in.), and the length cf these cracks
machine limitations, and all tets encept the FTE type ranged from apprrodmately 4 to 16 in. Tie sphere was
are iar st-ecses in the rler of 1/2 the yield s-tcegth. premsized hydrostatically with chilled brane, resling
Neither of there limitations is areous, becane ni-c in tempoeratesn ranging from 10" to 25°F; thus all test
falure data for thick sections do not discte popaga- we rndrctd below the NDT teiperasre of the was
tion above the CAT rarve as generalized), and roplo- steel. The sphere was constructed of a cuenched and
sion bulge tests f a-ins-thick plate confisrm the "plot tempered steel having an NDT semprau re ofapprol-
flflF" loation point for the FTE of thick plates. mately -6WF, with the intent of provdin for stopping

It should be noted that grncheat temperaure Robera- sf the crack as it propagated from the test plate into

wan tets are not included in this omplation. It has been the sphre. Thus an resie sciess of ets was son-

established by British ivstigos that the cor- cl utlizngasngle pocau v l which mu weld

CAT is defined by the isothermal sepeaur test The repaired hy she insertion of a new 2-ft-diamret brittle

Roberason gradient test CAT curce rises sharply at the steel sction for each flaw si test.

N DT temperature, somewhat like the vertical line drawn A summary of the fracture initiation stress for the ear
in Fig. 12. This feature has led to the conclusion by ious Baws is provided in Fig. 13 in erfreen to the fCa-
British investigators that the NDT arrelaces with the tue analysis diagram of the test steel. he range of
Robertson gradient as CAT. Fracture stress indicated by the a- for eah flaw size

These data clearly illserase shot the aimple and ins (4, 8 and 16 in.) is caused partly by scatter; however,Thesee damur clearss illstat thhe the simple aned in-orted
penaive drop-weight test may he used to estahlis the the cram, stese rahe"T" wt go ally reported

CAT of a steel, thus eliminating the requirement for so an hanom of tPa range while ase of the "1/2 T"

Conducting tma ~stung and ropeeive Series 4f Bants reported so the sop. The BMI relationships of Ban
condctincrack arrest san. size and fracture strm are in excellent agreement with
lrge-male rZfailre das, as will be demonstrated in a subsequent

section

EXPERIMENTAL BASIS FOR THE LOCATION
OF THE FRACTURE BNITIATION CURVES

We ahall discrss nt the basis for the location in the
diagram of the fracture initiation carve for Various
fla si. Is is oll-known that mash small, sharp cracks
loading of the test plate to the yield point as redure d
for fractre initiation at temperatures below the NDT T fT
temperature. In effect, this signifies that net section
yielding is required for fracture initiation for a Small
Baw that is not fuficient length to provide for a ig-
nificana amount of transfer of stresses from the ansop-
ported Central cone to the flaw tip ends. As the flaw size 40
in-reaes. Par stress tsansfer action is accentated, sthus
causing yielding sn occur a the flaw tip ends foe noseb u a ae

sal, applied stress levels in the elastic range.

Tests conducted by Battelle Memorial Instiute (BMI) at
nvestigors Martin and Rieppl foer hahp Seructure d

Commitee (7) have contributed imporant informastion f
on the initiation stress for flaws of a wide range of di-
mensoa. These teats ineolvd the use ofa2-ft-diameter
"seat" section of 3/4-in.-thick steel plate which was 0 a
insert welded into an alloy seel sphere of 9-ft diameter.
The trot section steel was a relatively brite ship plate fag. IS -omotry of hplc
material with an NUT temperature of 30°F. Flaws of for the inaon of frone I
Yariom lengths were introdued into the test section by tons. All teo wea f nduo
machwing a groove and rewelding, using a brittle weld, 5a 2FF hehaw Ar NUT
as illustrated at the top in Fig. 13. The depth of the /44n,-thick ship plate.

x

~ 1-N.S 

R

n at n cooTE.1'F . . ..

-atn test shell s requird
fr fBis of 4, 8, -1 16 in. dimen-
ed ast empoe ranging from

npe-asun sa ca test tol, a



RESIDUAL STRESS RELATIONSHIPS TO TIE
FRACTURE ANALYSIS DIAGRAM

For the me of structures hat do no contain residual
stresses, tots axis of the diagram represent
stresses resulung from the applied loads. If residual
stresses are peseent, it is necessary to add the residual
stres compont so the load stwes ramponent. Residual
strasses of high order may result in the sum stom a-
ceedang Pae eadc limit at low levels of applied stresses.
In effect, the fBw does nt "know" the Composite nature
of the atress Par fracture evens as determined entirely
by the "tom sntenwity of stress acting on she olome of
metal within vhlh the aw redes. A specific ilustra-
tion is proviad in the sop left turner of Fig. 14. This
ome israncensed with a small Baw orated In Pan meld
and HAZ (ht-affected-rone) region which is subjected
to a near yield point level of strss resulting from a
weld themal ,:ycle. This type of weld residual tre a
kn to act in a direedon parallel to the weld and so
entend for dis-ces of I to 2 plate thicknesses from the
weld cenmrlne for plates of 1 so 2 in. thickness. For
thicker plates hae relationship of I to 2T does not apply
and estimates ndicate distances not exceeding 2 to 3 in.
In other words, flaws that my be acted open by such
high intensity retida stress fields may he enpecoed so
e nf shn-t len gth (Ismall aws), otherise the np of the

fBaw wold rend outside of the peak strm Yone. The
excellent studies of Well. (8), Hall (9), and othes in the
area of "low-tress fracture" fit this description. These
studies have len based on the me of welded plaws
featuring sin flaws that are at in the beveled edge
prior to welng and remain as "herled" flaws acted
upon by high residual weld stresms s; muher words, as
indicated sclmatically by the drawing in the top left
of Fig. 14.

Now, the frscture analysis diagram interpretation of
this situation is that the initiation of a "In-mtrens"
brittle fracomn- in the testing of such buried Bnflew
p inwa as entirely concrolled by she ractoe Iitia=ton
curve for small flaws. That is to sap, ladlagso Inn levels
of strna can result in fracture (lw-stres fracture by
definition) if the temperature is such uS to provide lar
fracture initiation for conditions of incipient yielding as
the Bat op podtion This isthe - only below he NDT
tewperature If appreciable plastic deformaion is
required to initie fracture (the mae above NDT) the
applied strs mut necessarily be raised into the plas-
ti range (high amss fracture by definition). The addi-
dion of two coaponenta of elati- stresS can only prodnve
inipient yieldng-gross yieking require one crampo-
ne to be raised to above the yield point. Obikously,
for these tests the only component that may provide for
phatic ste sing is the applied stress.

me.

st'IT It

.A,. --L

Fig. 14 -- ratin, the fracure rasir diagrnm pmrdicoon
that Pe NOT epren the hig.hes emperaer fohe initia-
slot of "lo-tof" f tu in the pne of high nedal
atoes fields. Coplete fractw m am pedited for editious
soh that the applied -tra heel exeds 5 to 8 la; short
fCaste re ult if the applied seclds less than this al=.

TI concept of the rantolling effect of the mal flan
frato initiation care is illustrated in Fig. 14 by he
0 marks, representing the spectrum of possible fracture
stresses for the buried flaw case. Above the NUT tem-
perasure the applied stres must he raised so above the
yield point as required by the small flaw initiation curve.
However, as she temperature is decreased to below the
NDT point, fractr-s may then occur at any applied
stress level, depending on the level of the residual stress
that is present in the weldment. All that is required is
that the sum of the two stremes provide for the develop-
ment of incipient yielding. The individusl ines runnec-
ting the x marks with the common point marked "smn
sess" Fig. 14, designate the summation of the eco
stresses for a variety of possible Inn-stress fractue
randitiara. If the weld residual ress is very high and
therefore fracture initiation occ.es a levels of applied
sterns that are less than the lower shelf for propagation
(5 to 8 km), the fracture will be Arrested on leaving the
weld residual stress field; i.e., short fIrtres will result,
at indicated by the circled X marks.

The development of spontaneous fractures in weld-
ments that are Ot stress relieved is thus indicated to he
postible only below the NOT temperature. In such
cases, short fractures may develop for randtions such
that emtraint stresses (hang-range "locked in" reaction
stresses) outside of the localized field of high residual are
less than S to 8 laW. Complete fractures may occur if the
restraint stresses are in ecess of the 5 to 8 ksi levels.
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The eistence of a "critical edge" temperature for low
stes fracture has been confimed by all Inrtigaters
of buried flaw tests Above she "critical edge" tempera
sore, fractore initiation require applied stresses equal to

or eateeding the yield point. Wells (8) has determined
that his "critial edge" temperature is closely related so
she NDT temperature and the Robe-'on gradiet est
CAT. The relationship to thr NDT is illustrased hp Fig.
,5, which prewents the fractur analysis diagram tap-r-
imposed ona typical Wells "critical edge" plot, bsed on
the NDT temperature position. It is apparent that the
"criical edge" temp-ratur (croshawhed arrow desig-
nations) oreesponds very closely to the NDT tempera-

r nd therefore to the fractume diagram predi-otn.
The Close .ies.pondence of the NDT temperature to
she "critical edge" tempermnwe has been confrmed for
all buried fla tests that have included NDT determaa
dons for Phe trt stols.

o *po ma ss 
-

Rg. 15 Wes (8) don points hich defiOne A critical edge
tempenure for ]-on s foarn sopeomposed on the fCa-

_us analytis diagram ofrthe t teel: In. plate, 0. 14% C.
on7% M. 0.02% Si.

Figere 16 ilastrates a replot of Hall, Nordel, and
MonTe's (9) doss superimposed on the fracture analysis
diagram. Most of these wst were ran atsed at -40F
for purposes of a positive demonstratin of the -n
fboen of nooch preparation methods and techniques
for eliminating low-stress f=aconees. Comparison of
the results obtained a 15

° 
to 40-F with a single test at

B
5
F cearly illuraa the critical edge effemL Hall,

Nordell, and Munse also found that "hot loading" at
100'F (NDT + fl0) mechanically sress relieved the
buried faw, resulting in the elimination of "law-tress
fracture". Similar resuts were obtained with stres
relief at I150F, Hs was also noted by Wells. It may he
concluded that in the absence of a weld residual Stress

o-' s~s

20-., -o o ., . 0 ,

Fig. 16 - Hall, Nonde, ard M- (9) data pons whh de-
fine se hcidtl edge temperature for lo-soon frasme
superimposed on the fausctm aalysa diagram for the tss
el: I-n. pla, ASTM A212S-. 0.S0% C, .7 5% Mn, .26% S.

the applied stress must enceed yielding hrhe of a
small fla, So indicated by the small-Ban fracture initia-
tion curve of the fracture analyis diagean.

As will he evident from the pesoettion of service
fa ile data, all failures of welded structures which could
he ascribed to small flaws in the proten-n of weld resi-
dual stresses (structre not mes reseed) occurred at
temperasoers below the NDT of the stel, confirming
the "critical edge" effect and the frcture diagram
predictions.

The foregoing discussions were concerned with smal-
flaw fracture initiation from locations of intens but
locaied residual stress fields. We shall o din-oa the
fracture analysis diagram predictions 1or the case of
fracture initiation due so large flaws under the influence
of restraint Stre fields. The diffreendatina between
"residual" and "rtrant" stresses is simnply one of rn
tent and source. By restraint streses we mean the
"Inched in stresses" outside of the Inediate bound-
sties of the weld eone region. Such lonl range stresses
are generally considered not to em-ed approximately
1)5 the yield strength of the metal, Figure 17 Ristroare
a possile situation featuring a long weld crack that is
loaded by a restraint stress field of approximately 112
the yield strength intensity. We may amoume that the
flaw is su=dently large (my I to 2 ft ao s o cause a
close approach of the fracture initiation curVe to the
CAT rare for the specified stress level. n effect, w are
stating a case such that a practcal approach involves
wsing CAT curve protection so establish fracture safety.
This is obtained by limiting the servie t temperatures
in noms of NDT + 3lF, as indicated by the lustration.
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Fix. 17 - Illusonig the fractur malysis diagram prediedon
that large Haws moated i. remrant no ields ( Ill Ar
yield stnogth) stay malt an maw-%e fra initimatn a
temp-etu berache CAT NDT +30"F)

The . points indicate that lam stema fracture ut rtm-
peratnes less than NET + 3F are possible. Complete
fractures may m lt a low levels of applied stress be-
canse the erte-ive stress field required for propagon
caer long dimes is provided by the restraint sress.

The above ce may be revognized as the basic pem-
ise for design based on CAT data. The proponents of
this approach make a basic oassahae that large flaw
may he anticipated in the structure and therefore fr-
sure initiation is possible at all temperatures below the
CAT for the general level of stress in the rture. On
a fracture analysis diagram basis the requirement for
rtriting eie ta tempersares in excea of NDT +
30"F follows only if the anticipated flaw length is in e-
cen; of I fC. Amordingly, abasis is provided for the appli
cation of engineering judgment based on fBaw sih es-
pectancy anslyms. Such a basis is not provided by the in-
varit use of CAT principles. If CAT pdndples were
apphed to the rant of slap teels, the damcened suRa-
cient improvement of ship steel quaoty hy a 3FF re-
duction of N rtemperatres would have bee deened
inadequate Cot the solution of the World War II ship
fracture problam. In effect, a 60 improvement would
have been indicaed-such an improvement would have
required he change to a much more enprnie, nor-
malized ship eel. The sigeifiance of these statements
win become more apparent in the section on ship Ira-
ture stels. ihutrated in Fgs. 40 and 41.

VALIDATION OF THE FRACTURE ANALYSIS
DIAGRAM - SERVICE FAILURES AND

PRESSURE VESSEL TESTS

A long term interest of the authors in failue analysis,
involving both service failures and simulated service
tests, resulted in the accumulation of a large body of
dam which now provides for ridcal evaluation of the
validity of the fracture analysis diagram concepts. We
shaS non present all of the service failure data that are
available a of the date of the preparation of this
report-note have bero omitd. Results of presure
vesse ts will he presend also; the tests involved
the pressurization of deliberately flaed vesseis and
provide data ofdirec significance ew the service perfor-
mance of pressure vessels.

The iet step in conducting service failure analys
is the determination of the location of the fracture
analysis diagram on the tempeatre scale. This step
simply requires the dtermination of the NUT tepera-
tore of the fracture soure material (near the tracturs
origin) by mean of the drop-weigh test indirectly
by means of the Charpy V teat. If the Charpy V test is
used it is neessary to have prior information of the
Charpy V energy-NDT rarelaton for the type of steel
insolved. For the purposes of this report we shall mtrr,
with one exception, to NDT temp-ratur- established
diredly by the one of th drop-weight test.

The second step inolves the placing of a suitable
notation at the temperature of the servie failure. A
oertical lie drar in the fracture diagram at the ser-
vice temperature position se-n this ppose.

The third step involves the determinatin of stress
levels relative to the initiation and propagation of the
fracture. The initiation sres may include oath applied
and residual stresse,

The fourth requirement involves the determination
of the fBa sia,. This ordinarily requires visual exami-
nation.

In effect, the described steps constute a sraight-
forward process of placing the fractue analysis diagram
at the proper posaition in Pae temperature stale, locating
a stress-temperature "point" in the diagram, and
signig a law sire to this ponL The required informa-
ton usually readily available within the limits required
km the smple interpretation of the factar analysis
diagram. In fact, the simplicity of Pae analysis operation
is one of she prinnipal virtues of the proponed plan.

The se rie failure and pressure tenorl test cee to
be des-ribed have been spated tot various cate-
gnries which correspond to speciic rones of the fractur
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CATEGORY()
TENSI LE

T
..

NDT+s30 NrT+On" NT+-1"

NOT
BELOW NOT "-" ABOcE NU'T

"At" TMr l'Vl-

Fig. 18 - Sequenceofthediwatsiovoffmntaysaca-onisiodhomdkystegosco A cuP
refenced to aroa nones of the feamun analysis diagram

analysis diagram. Figure 18 illhstrates the loration of
these sones; the corresponding categories are defined
as tabulated in the figure. In effect, the raue of the
presrotation nib provide a Step by step validation of
the Various tones of the fracture analysis diagram.

Category Au Tempersare Below NESF - Plastic
Stein Loading f Small Flaws

Case Al: Heavy Seun-n Pressur Vessel
Forging, ASTM A293 Steel

Compoiion (W, -1)

C Mn Si P I N I Cr Mo V

GMI OMB 0.1510.0105 S.Ill12 1d S.21 bat 10.06

V. T.S. E. ILA.
w.0 116.0 100 4.

NOT PNUT" FE C]T
(F) I t ) (ft- )

130 30 '0 1s

IONn~a-stsoN)4. .1 wdsttns.one-(Csre).

Figure 19 illustrates the fcactureofa 00-ton pressure
vtssel of 9-1/2-in. wall thickness at the region of pri
mary fracture. The vessel wat subjeesei to slow, cyclic,
hydrankc prensuriatdon to 30 ksi shel stems at a con-
scomt operating temperature of 70F. A threaded losure
proVided acess so the interior. After 1550 ycles, resp-
seting several months of operation fCo' the new veal,
a small fatigue crack of /5-sn, depth developed at the
oot of the Sea3t thread, which w suhcted to a small
amount of reversed (tension-oopressihn) plastic defor-
marion on each cycle. The brittle fracu r which initia-
ted from this small faw resulted in splitting off a 20-ton
section which represented the bostom Bead of the pres-
sore vessel The "flat break" appearance of the fracture
through the 9-1/2-in. wall and the fan.paue crack at the
root of ta thread are illstrated in Fif. 20, The vessel
wa constructed as a one-piee cylindral forging of
ASTM-A29f composition, which epsents a typical
Ni-Cr-MoV teel for heasy foegings. The NDT tempe-
atre of the steel wat 130F.

The fracture aalysis diagram (Fig. 21) ilostraw
that the failure of the ssl wa in conoumanse o pre-
dictions for conditions of a small flw, oer yield stress
loading at the positon of the flaw, and service temper-
ature below the NDT. It is noted that z secondary frac-
tore propagated longitudinally through the shell at a
stress level of 30 ki and stopped on reathing the closure
region of the top head, at which p-in she shell stres
w- below 8 to I0 ksi.
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C-.. 113 Bbot Chamber Psessure Vessb,
ASTM A285 Grade C Steel

CoP.-i (Wt- %)

M, i P S C

70.5 23.0 5.

._.) ks) I % A %

The blast chamber shon in Fig. 3b, ]ft, wasusedfor
muffling th sound resulting from the tesing of mall

amounts of experimentsa explosives. These chambers
are widely used by the explosives industry. The frac-
Erd o emains of the chamber (Fig. 3I, right) resulted
rotm a standard test mplosion which developed a shell

stress not eo-ooding 15 ksi. As illustrated in Fig. 32,
left, dhe fature initiated from a smail weld tack
located a the intersection of the shell with the door
port. The cack ws located in the shell plate side of the
weld on the inide surface and was identified readily by
che-n marks pointing to a rsted Area approximately
b in. long and 3/8-in. deep. The pressure Vessel 001 oot
sres relieved. The 314-in. shell plate was purchased to
ASTM A285C.

The frmcr analysis diagram (Fig. 2, right) ill-
trates that the failure temporature wo 30PF below the
NDT. The combination of a mail weld -sak and high
weld residual streses provided the necessary conditions
for initiation of the frauctoe. The fracture surfaces
showed Very thin shear ips ypical of fractures below
dhe NDT temperature.

60 REIDUAL FTC

2.PLATE 4

3010

SMALL 0
.EL. CRACK o~

P ONTSHL

VAIwStE

sO 0 0 ;o1 130 000
TEMP. (00)

Fig. 32 -(C-133O) fractoosalyi-obang.oo-oisf. I-lftkoASTM A285-Chbosetocho1e.
Tho -1m was,1 not- roblosd.
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Case B4: Large Storage Tank Pressure connected the knuckle plate to a suppoting 7/8-sn.
Vessel, ASTM A285 Grade C S-el skies plate. The fracture propagated throngs the bottom

head and lower regions of the tinsel. resulting in rag.
__.2____._7___._________5 _0._ O.O6 mentatfon of th region into 25 or more pieces. The

Cuosiion (Wt-% etfi.o of the maser from she shattered hern resulted
C ne Si P S Ca in the development of a vacum in the top 'egion ofthe

essl with consequent Crumpling, as if it had been
0 0 .0 s .no 05 BIBS sqoeraed by a giant press (Fig. 34).

The cherons pointed to the indicated soare point;
IS. ISIO . . howve, ora dmage so she firarte at Pts point pe-
( ) (li) () ) rnted positive identification of rack de'-s. It was

100.1 tao l B. 58.5 raclu.ed thatsch defectas eisted were ohiously of
mail Pimensions And probably seprsente small weld
cracks at the rxe of the weld.

N- NDT- C,- The fracture analysis diagram (Fig. 33, ight) fis-

(IF) ~ ~ tese t!-b 111) - hat the failure temperaturew. 10' to 13-F
So 6 45 5 blow the NDT temperature. The lei or hydrostatic

shell atress for the cylindrical portion of the shell was
18 hal. At the knuckle position Pae ass as estimated o

This case represert. a hydrostatic test failure of a be in the order of 25 ksi. In the absne of flaws of
large, 70-ft-high by 45ft-diasueter, pressure tessel for sufficient size to trigger a this level of stress, it is con-
petroleum refinery operations. Figure 33, left, ilon- c[oded that the fracture originated from tan combina-
n-ates that the fracture initiated in the 1-14-in. kuckle don of small crack defect and high weld residual
plate of the botsom head, at the te of a weld which sresses.

' S ALL WELD
A"

i"SOURCE

en 4c -, S RESIDU 
tL

20 SHELL

FRAGMENTED 01 1 1 ,25 PIECES 40 GO so .O 120
TEMP. OF)

Fig. t3 (Case B4) Fre malysa relating cc hydmama
lailum saf a 45-ftdiaceer ASTM M85-S stoege a.k. The
,-I - not stores sefd.
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Corroson resistance purposes, type 304 stainless keel the flaw in the order of 40 to 45 ksi. The observed
liner sheet was plug weded o de inner surface of the 3 0.4-in. flaw would e expected to iniiate froet
vessel. To avoid corrosion srsitization of the liner, the a this level of stress at temperatures hbow the NDT.
vessel was stress relieved at the relatively low tempera. There ore two oths interesting aspects of this failure
lowe of 9500 fos 10 os. relating t the proprties of the l-b/4i.-thick A204

The source of the fracusl was located in the A204 head and the 1-13/16-.-thick A212 she plates which
shell region. The fracture sraversed the full length of served to continue the propagaion ofth fracture. The
the A204 and A212 shell sections and continued folowing data are of psinary interest:
through the A204 head which joioed to the A204 shell
section. The shell stress was approximately 25 ksiL position (W- %)

The fractre analysis diagram (Pig. 36, right) ill- It .27 07 0, 0 9 0 NUT
trates that the failure temperature was approximately C Mn S7 P M. ('F)
6OPF below the NDT tmperartre of the A204 soure A204 hea d a1 0 0 27 0.010 0.2O: 0.52O
plate. The deease in weld residual trss suling al]sh 7l .60
from a 9l507 stress relief treatment is expected to be
relatively minor, particularly for this grade of steeL
Consideraions of the geometric features of the port The propagation of the fracture at *0F, through
opening and the minoa stess relief resulting from the plate mlterial having NDT temperatun of S0 and
stated treatment, sugges a stress state at de position of 701 is so he expected.

Fig. 30 - (Case BS) Fare analysis reLang to the hydrottic to f of theO m re M r
onebl The data rebto she ASTM A204 portion. which wa the itaton point The rel was gom an
indequae stresslef at 90 .
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SHIP PLATE
NOT DISTRIBUTION

,10 (42 STEELS)

tFRACTURES

5 NO FRACTURES

0 I
0 20 40 60 50 b00

NOT TEMP. (1F)r

2500- SERVICE EXPERIENCE 5000 SHIPS

2000 SHIP MONTHS OF 000 DEVELOPED FRACTURES
SERVICE PER 1942-1946

1500 FRACTURE 200 SERIOUS FRACTURES
1000- (042- 1952

0 20 40 N O 60 b00

SERVICE TEMR (Il
Fig. 40 - Ifs ng that no fgi. ofWord War) l s -occurrd at tem..ltes
aboon doe 701 upper Eina of As NOT frqustty dolution aop of World War Il
hipses. Alghraoffactoepeswnh ofseiceuc attmprturesof t0
10501. for which 20 to 505 of dte seIs nore below thi NDT ampratum

Figure 40 hstrates the service experience record of
World War I shi , correlated to the NDT frequency
distribution of the steels used for ship fabrication. The
me. NDT aemperoture is noted to be approimately
3g1; th Ighes and lowest NUT temperatu- ow
indicated by ihe ends of the frequency curVe to be in the
order of 70' and 07, respectively. The NDT frequency
plot is in exoact canoelation with the ship service experi-
once, a follows:

1. No fractures occurred at serrice temperatures
shooe the 7llF upper fimit of the NDT frequency dis-
tribution cut-v.

2. The ship monuths of service per fracture decreased
rapidy with iecmsing temperature in the range 70* to
301. This range is marked by the increase in the num-
her of smtes of below NUT temperature characteristics
from 0% at IO1 to appoimately 50% of the tofistical
population at 30 .

if anothe frequency distribution curoe is drawn
representing the CAT for stresses in the order of 1/3 to
1(2 the yield strength of the World War I ship plates,
so ewpanation of the cormpbts fructu of the Porgan-
set is obtaissd The CAT distribution curne (Fig. 41) is
represented ay tempratures 30F higher tha noted for

12 SHIP PLATE

CAT DISTRIb1TbllN>lO (NOT +I 30*F)0

50 cA0 70 90 I10 130
CAT IF FOR STRESS -Y.S,

ONLYT
PARTIAL
FRACTURE S

COMPLETE
FRACTURES A
OF SHIPS NO FAILURES

-I o'P:o > ,,' 10
30 50 70 90 It (311

SERVICE TEMP 1F)

Fig. 41 - lltresfing that nplee failure .1 ships -trd
on]y at.Ptm-t such dho al m.F faiyoflke ship sls
wene bdl thei rpmoctw CAT
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TEMR {TF

LeSo Fera111R

or to 1o on t1o

Fig. 48 - (Ca 119) tFasenanatyti elting athe hydoct ftailoro Pm yswrdawisoce p[ ]ict Id

The origin of the fractue was a small (1/2 by I/8-in.)
weld repair erac which ertended into the AS0] SThPle nes Y.S. T.S. 1:1 R.A.
shell plate as the weld joint connectomath the rb
plate of the reinforcing crotch girder. Fabrication details Thtough 1-1/4 2S.01 563 1 .5 .5
of thisjunction weld and the location ofthe fracture ori- End 13/st 3, 60.0 31. ot
gin are indicated by the drawing of Fig. 48, left, Itshould be noted that the fracture propagated into three End Sin 37.0 67.0 0 5NS
members of he aaemrbly. No data are available, hooNer, foe she 3-1/4-sn. crutch girder web member be- P in.ra lie) II S hi (7) T ftCb)
cause it was repair welded and otilzed wih new ahell
plates in the repaired outlet manifold. Fractur arrests Though 1-14 no 7 5
resulted after the fractures had run short dastances End 13/16 0 16 sW
into the 5t8y and 13/16-in. thell plates. As illustrated
hy the fracture analysis diagram, Fig. 48, right, the fail. nd 5/8 as 16 a

0  
04

ore temperature (500F) was equiValent an the NET tem-
perature of the fractue source plate, The initiation It should be noted that propagation at 50OF through the
stress cnditions a indicated to be of the yield point other 1-/4-in. plate, which comprised the weldjunction
magnitude resulting from the combination of she with the crotch girder, should be epectec because of
applied And residual stress fields, the NET temperature (80F) displayed b that plate.

In tetrast with the propagation chraceristies de- Epecially significant, however, is she fact aas propaga-
ann of this fracture was arrested at both ends aponscribed previously for the Case C5 falur, she mate eri]properties of the A201 plates in which thsfiueentering plates of NDT -- 20W mmd NDT-4 I0°F qualtyripepeedes ofAe a platyesoi shis failue foe she failure temperature (50F) inoled. The nor-

was srrated tre paraicudarly retealing. The following inal stress levels at the fracture end positios were esd-dama Are of primary i ntest; .wreeumated to be slightly below 1/2 the yield arebgh of both
plates in which the failure was terminanol For such
stress lveb, fracture arrest at NET + 20

t 
or NET +

Prom kthke Compositin(Wt-%) S0F is in accord wish the roperimental da of Fig. 12,
Place (in.) C A s which :erved a she basis for the location sf the CAT

cur in the g meeroied fracture analysis diagram.Through 1-114 0.21 07 0.06 O.t1O 0.107 The data preseted in Fig. 12 indicate a positiVe assu-
End 13116 0.15 0OJ G.21 0.021 0.34 ance of fracture arreat at temperatures cf 1DT + 30F
End 51 0.21 0.42 28 0.012 0.029 and higher; also, there is s high eupertancy of fractures s res facr temperatures equivalent to NET + 20F,



Categaey Qo Temperatue Below NDT -- Elas in aoveanentional casting grade steel, aluminum
Soes leading of large Flow. deoxidited and heat treated by normaising.

The large, 4400-ton-m-preussue erusionr press
Case C1 Estrusion Press Hydraulic Cylinder, wa used intermittently, usually for two r three days,

ASTM A27, Grads 70-36 Cm, Steel and then allowed to remain idle for several days. Fol-
lowing a three-day idle period, the prss cylinder frac-
tured1 loe) r we the first eorsion. The temperature of the

Compo s (WI- Hb cylinder and ol was 70*F at the time of fracture. Prior
M n5 Si pS to this tim e, repeated e xtrusion s from cold sca m p had
. . .R been m ade s ucres sfu l ly. O b viously, tke fadgu e crack

0 0had 901 yet grown to a sufftlnt sive to initiate fracture

- 1 I E at the 13-ksi shell strew- 16-1/2 in. proved to bhe hs

(YS. S, I critical bigb
6920 (7) (9. The fracture analysis diagram of Fg. 49 indicates that

the failure o-nused at spprooimately 207 below he
NDT temprtore of the steel. The flaw sine of 1-113 ft

-- --I C5  IT C,5 to m isoiexcellent agreement with the predictions of the
b ) b) M'S blbI geoerahized fracture, Analysis diagrsm of Pig.)).

S o 13 ....ad .o *
The failute by splitting along one side of a hydraulic Case C2: Extraion Press Hydraulic Cylinder.

cylinder of ar 80-ton extrusion press is illustrated in ASTM A27, Grade 70-36 Cast See
Fig. 49. Th fracture originated from a large fatigue This case, aso illustrated by the fractru analysis
crock and lpapagated through the bS.-/2-in. wail as diagram of Fig. 49, represet failure by leakage of a
indicated by the cresshatched region of the drawing. companion truin press hydraulic cylinder. The
Deas of th huge. b-1/2-in.-long fatigue crack may same etrusion plant also operated a smaller, 2750-so-
he nosed from Fig. 50. The origins of the fatigue crack rm-pressure extrusin press of 8-1/24n. wall thickness.
may be trace[ to the presence of a casting shrinkage de- The operation of this press ws continuous over a 3-
fect near the inside wall surface. The asting was put year period. The warm oil maintained the shell temper-
chased In ASTM-A27, Grade 70-36 spe -ificaions, which aturv closely to 12b0T during this period.

40
FATIGUE FTE

I( K2"" V.0.
lS0-CASE Cl

lB,0 06~LEAKAGE

.E N SERVICE
MP TEMR

S0OTON CASTIWe
E0 "'O so '10 ISW 150

TE.R (1F

Flg. 4 -(Cu CI) Fesutr a.ysis m ling to te -ire failure belo the NT of an
ASTM A27 Zt-se0l euofmn pres cylinder. (Case C2) Fructon, aysn relatng to
leakage fure bow the CAT of a sinilt cyinde for , smaller poe perating a a
higher sorice temperatur.
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no FTC

2- 1" LAMINATION

WALL 25KSI

FAILoRE Ne

.0" 70 90 000 1 0 00

10.5" 0006. TEMP. ("Sb

Fig. 51 - (Case CS) Fraclusm aib relatng so the r-k
ow failre of an AST- A372-1V high peue air flask

initiating flaw nas determined to be a through-the- Case C4: Turbine Spindle Forging,
thickss radial lamination of longitudinal orie tion, ASTM A29 Steel
5,., following tie direction of the primcy flow fines , - 0 .%
resulting from s draw bench foroig operation. The Comio (W -
through-the-thkitness portion of the laination was C Mn Si Ni M. Cr
approximately 12 in. long, as shown in Fig. 51; a was
row tallregion that ewoded along the center of Ace
wall was aso noted. YS Tl R.

The fosk successfully resisted fracture for two pre. (% %7
ebous hydrsseofi5-minuteduorations,and fora "short" &5.o 11.0 9.O 50. 1
period of timse ic a routine test for air leaks when frag- The resls of the fad a turine Spindle
mentation o"usred at a pressure winch corresponded so T r Z of -di
a shell s of OS ho. ltis helieved thut Ac ied ae illtrated in Fig. 52. A detailed arconol of rond-

reon gsado2 deveboped an iecooeg t atrk tinm relating to this filurse have been presented by
ro dsua reosdag itesermon en neuor Emmert (b3). The failure orginaod at the core of a
of"dedobaiUo or gio uring se times When these rassive spindle forging which wat 7 ft in diasotsr and
csrgb into a neatwok of 12-in. length, the required 4 ft long in the central regin, as illuwated in Fig. 5S.critical thaw size was attained and fracture resulted. The Nmru antcPril niain ffae nflas wa pucl~sedto STMA37-1Vspeifiatins. Numerous magetic paricle indications of Blakes and
Sshk was psurosedsto ASTM A372-IV zspoclhadon. thermal cracks ere found in the broken sections of the

The frcturse malysts diagram (Fig. 51) illustrates that core. The larger of those flaws were noted to be in the
the fibue occurred at 101 below the NDT tempra- range of 6 to 12 in. The failure of the spindle during
ture. The flaw size and asress levels conditions are in a routine oneespood test resulted in the fragoentaino
excellent agreerant with the predictions of the gera.- of the heavy co section into four "quadrant" sections.
lized fracture aslysis diagrm. 4e., pieces in the order of 4 X 3 X 5 It in size. The failure

U.S. NAVAL RESEARCH LAB-TORY
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I 51ST r~ A TEMP)I 0 0 30 50 70 90
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F%, 55 - I(Gass, DIl) Fractum .1ysi relating In the hydro~tes failum o the ASTM MOM-t gas flask

The fact that the lamination Baw of almast the eact qoireent have been provided by the resu Is of a serie
sice of the Case C3 air flask failure required approxi- of full-iee pressu ssel tests conducted by the South-
wately twice the level of strew (57 ksi compared to 25 west earh Institute for the Pressure VsI Research
hn) for fracture initiation is of particular interest. For Council (PVRC) and the Atomic Energy Commission
the Case DI gas fsak, the fail temperatom was (14,15). The tests, which were planned by the Low Cycle
approwimately 15'F above she NDT temperature, while Fatigue Subommitow of the PVRC, were intended to
for the Case C3 air flask, the failure temperature was evaluate the low cycle fatigue characteriuso of various
10F below the NDT temperature. The fracture stress nozzle designs. The growth of fatigue cracks a the ozv-
for a flaw of 12on. size would be expected o have the ales in the course of the trets prooided flaw sireacture
general relationship gien by the dashed crse of stress data for the steels Used in the cor struction of
Fig, 55; i., boo a gien flaw size, a much arges stress the pressur vessels and nodbles. The unsualy lgh
is rquired to use initiation shove the NDT tempera- shell stress levels used in these tests rcflex a require-
lose as compared to that below the NDT temperature, ment for developing plastic strain bevel oads in the

nozzle regions for the purposes of condocg low cycle
The appearance of the lo fratures immediately fatigue studies.

reflet the conditions of fracture below and aboe the
NDT. The Case C3 air flask vessel fragmented into a The tet were conducted at 60" to 70*1 using slow,
large number of small pieces; no shearlpswerepresent cyclic loading by hydrostatic presurization. Four
on doe fracture surfaces. The fracture of the Case D1 essels were involed; two of these were cansscucted of
gas fask was limted as a few large pieces; shear Spo of ASTM A20l plate with AIDS nozzle forgi egs, and the
b/IA to 1/8 in. thickness were readily visible. other two vessels were coslmesed of ASTM A302-B

plate with A182-F) (modified) nozzes. Tho-e materials
also assnfomed so the specifications for stels intended

Category E: To speess-e r a M - pssil for lw vemperature service. ASTM A300-59. The NOT
S~a Loading of M ay Lap Flaw s stoperatues of shel and nozzle materials were deter

mined by posfailure tests, so be uniformly in the range
0" to 10F ecept for one component which had a 20 F

The fracture diagram indicates a requirement for NOT. Thus. all of the tests which were corsducted may
combined conditions of plastic oetrload and large flaws be coridered as representing tests within 10°F of dhe
for fracture initiation at temperatores 60lF alaveo the FTE temperature which represents the CAT for stres
NDT temperature. Excellent confirmation of this re- lecels equal to the yield strengths of the mutals,

U.S. NAVAL RESEARCH LABORATORY





I. RESF-.lgo)



R LARosRATOnO 45



U.0. NAVAL RESOARCH LABORATORY

/ o o - LEOOIAe-9O FRACTUe
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Fig. 61 (Cooe E3) FractM aalysa of te flaw siwe and ess nndtor Aut were inadequate for ftfctour
initiation in th A82-FI forged oles of the PVRC #0 perwue vea

typo noanle involved in the leakage, featured a plug hole A fourth vessel, which was a duplicate of PVRC #3
through the pad which provided for leakage at the time was fabricated at the same time, using siciar masrials
that de crack had propagated through to the shell-o- for the shell and nozzle. This case of 04 provides a
pad interface. The noOze design and path ofleakageae simultaneous evaluaion of two law sies at two levels of
detailed by the drawing in Fig. 61, which also includes sues. Figure 62 illustrates the two fatigue cracks that
the fracture analysis diagram. The high leveloffracture developed; oUR was located in the nozabe at the part
toughness of the shell steel at a temsperature of 10-F opening and the other as the nosle to hell junction
below the FTE is clearly indicated by the resistance to area. Leakage through the nomae-to-shell junction area
fracture in the presence of a 4-in. flaw subjected to terminated the test at 40,041 cycles. The failure devel-
plastic loads of 0.43% strain. oped at the type tnrle that was of the slo design as

that which initiated failure for PVRC #1 and #2.

Case E4. Leakage Failure of PVRC #4 Vessel The fractme analysis diagram (Fig. 6,3) illustrates

that the shell stress of PVRC #4 was 02 bsb the plastic
Compositon (WI-) stress at c throat section of the failme nozle wus

Material cI M I Si IP IS IM 0.l% strain and the stress at the noleto-shliju.
0 0 o point was 00 ksi. Neither ofthese two com inations

A 2-BShD 020 1
1
.42 

1
'9 O01 0,

1 
0 .152 of Bow and stress (2-7/8-in. lw and 0.0)2% tramo or,

A0 -Fl Nule 0.24 11.3 0.28 0.010.017 052 5-in. flaw and 52-ki stess) were adequta to iniite
fracture at the FTE temperature. It shoald be noted

T.S. TN EL BA. that the case of doe larger flaw involves a simultaneous
uru 8 i; I 4I 6 tes of the noule nd shel due to the fact that the flawAh so (ke) bRb .! 2 extended into both reginm.

ASOE-B hel 581 795 2,0 4.5Summary of PVRC Teas Da

Abl8l Ft Nsas 61.8 &6.0 20.0 646
1 The folloowing summary may he made From the do-

scn'ed analyses:

. ... C...T.. . .. Vosel Flaw Sise (i) Stress LeRe sul

AO0-B Shl II0e b15E oIab 3 PVRC #1 6 fl.4
2
Hstrb frms

A182-FI Nal So 1 60/70 1 PVRC # 4 l.48l%strain
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Catgory Ft: Tempersture Above I and Above
Fr? - Ne Ultimate Tnsle trength loadIng

of Very Irge Flaw,

Data relating to the subject category were obtained
as the result of - rtrsir series of delierately flawed
and bunt trsted pressure crls of approiately 15-ft
length x 22-in. O.D. X 1.5-in. wall thickne. The series
is of particular interest because it inolved test condi-
tion related to various fracture categories. It also in-
volved pressuriatin by hydrostatic and pneumatic
means. In fart, the demonsuation of Category F on
ditom resulted from the pneumatic pretsturtasin

tutu. Disaustiout of these cases will be directed not only
to documentation of the subject category, but, also at
eplaining potentially dramatic differnces in eroirr
failures involving hydrostatic and preunatiac presurisa-

The interest in the Category F test series began with
the Case C3 air-leak test failure of the normalized A372
Class IV steel flasb described in Fig. 51. Following this
event, nen pressure cessels using a wide variety of steel
umpuotidnu and quenched and tempered (Q T) heat

estaent, ne manufactured and deliberately flawed
for test pr These included OT A372 Class IV
stee, Q&T A336 Class F-22 (2-1/4% Cr, 1.0% Mo)
steels, and O&T HY-80 (3.0% Ni, 1.6% Cr, 0.5% Mo)
steel. As a ru, the NDT of the test vessel varied

fEXTENT OF -,
.. A TO e..RU P.S

OIL
LSOI o504LP ,. .- entr c

L_ 2FTP

INTOP

L0RSf" PIffS HYDRO0TATIC TES

40 -00 NOT +0 +40+i0 H +10 + 1 +0 ,
At TEST TEMP FF)

from IS above the ambient test temferares (all tets
were conducted at 40- to 707) to as oruch as 20OPF be-
low the test temperature. All ess wes conducted with
roternally cut "slit" flaws having a sharp rot radius of
0.001 in. Two types of slits were user, 10 in. x 0.45T
(T relates to the 1.5-in. thickness) ant 20 in. x 0.80T.
In order to simplify the presentation of these data, the
test temperature is represented by the "At' between the
actual NDT of ir vesel and the tepreature at the
time of tet. Thus, a vessel ta had a NDT of 20CT
below the test teperature is represen:d as being tested
at NDT + 200F; a vessel that had a NYT of 15-F abeve
the test temperature is represented as being tested at
NDT - IS, etc. The yield strengtvs of the vessels
varied from 80 to 100 ksi and the tensile strengths from
110 to 130 si. For purposes of the diajRm summariaa-
lout, these haVe been averaged a approximately 90 ksi
and 120 ksi for the yield and tesile itenghs, respec-
timely.

Caes Fl to FS: Hydrostatic Bss Tests of
Debberately Flawed Fe e Vessels

Figure 64 presents a suminary of the hydrostan burst
tests which inVolved the use of the l0-in..long slit. In
pressuriaing of vessels containing suc large slits there
is a natural tendency for the slit to open up at the outer
surface ie., to become V-shaped. This condition results

Fig. 64 - (Cases Il to F5) Snuruary
of hydt-tit bue t data
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PNEUMATIC TESTSN' OB0T SLITS

TENSLE ST P

ILURE FTP
120- IS.

80-
I IfNolI Eb

' ICOMPLETE

0 IRUPTURE I
- IbS I "c1 LE -

i EAR'
4FRAOM NTATION FRAGMENTATION

- ~ P CNOFAMgAJ I L SSMALL PIECES INTO ZOR 3 r :'-I L -.. .. -
+ PEE I + FULL-SHEAR- 0' l~tIRi~ON 

L+ J yoAc
I~~~~~~ -HEILP I

_40 20 NT20 0 +4 +60 +20 +100 .bO +140 +20

"A," TEST TEMP. IF)

Fig. 66 - (Cases F6 to Fbb) summasy of pnmaic bros nte data

Figure 66 also illustrates that above tAe NDT temper-
atmi, all of the peumatic boaded vessels failed at rela-
tively low (apparent. PD/On) bust stresses by the devel-
opment of a tensile neck failure (O a knife edge) of the
remaining 0 .T bridge. Immediately thereafter, the un-
supported slit Area was bulged severely to an egg
shape, as is evident from Fg. 67. bolom. In contrast so
the case of hydrostatic pressuriation, the peurmasic
pressure was 00t relieved by the escape of a small
amount of the pressuring agOL The high rompresi-
bty of doe gas provided a oninug oft sperg"
loading acoss the open st and the resuting tear as it
propagated. The tremendous amounts of energy stored
in the compressed air not only forced the complete
splitdng of all pressure vessels of this group, but also
acted partially to flat out the remain. The process
is operative even for conditions of fracture by fullshear,
i.e., above the FTP temperasore. The pertinent bunt

-rea leb which are involved for puramatic burt
tests are indicted in Fig. 66 by the heads of the dashed

The results of these 1est may suggest tha for en
tremely large flaw sizes and for conditions of pneurssdc
pressurization the fracture analysis diagram is irrele.

aot; such is not the case, Let as onsider an analogous
wee of a at plate, containing Ae sane flaws and loaded

at she same NDT referenced otperaeturs. The sresa
levels that would have bes= required In develop frae-
sure of the plate would have been the tome as those
developed in the bdge regions of the pr-aaore vessebs,
These are the stress levels indicated in fig. 66 by the
varbous heads of the dashed arrows. bo odher words, at
FTP the load applied to the plate would have been near
.bimate tensile stresgih levels, as required by the fer-
lore analysis diagras for category F falues near so
and above FTP temperatur-s.

There ow several practical lesions to Io learned from
these test. ovos and above doe Complete corrobraton
provided for the fracture analysis diagran, as follows:

1. The fracure-safe regions of the diagram, indicated
by the temperature none to the right of dte CAT curve,
actually represent safety relative so the usual case of
spoaraoneously ranning fractures (fractures that propa-
gae in the classical brl/de fracture sema by release of
elastic strain energy from a pre-exsinst sress field).

2. The unique codition of local plastic instaility
(bulge) provide an additional meon of faacture propa-
ganion which is reladiely independent of Ac general
stress field. What is important in this nase is the "muld-





GENERAL PROCEDURE FOR THE
FRACTURE-SAFE ENGINEERING USE OF

STERELS BASED ON THE
FRACTURE ANALYSIS DIAGRAM

The foregoing development and eplanation of the
fracture analysis diagram concepts, with detailed see-
sice failure documentation of the eaidity of the con-
repts, served the purpose of this final section which
Considers the interests of the entuoal serof the infor
mation. We shall now explain the general procedures
which hare been e-obred for the fraccutr-tafe design
and engineering specifications of steels based on the
fractare analysis diagram.

The principal features of these procedures are ills-
rated in Fig. 68. It is emphasized that the procedures
apply to strusctores that contain flaws; if/t is determined
o -ssmed chat the stncuse is flow-free there is no

need for consideration of the fracurv properties of
soels The basei fracture analysis diag tam has hour pri-
msary reference p0in which my be used as design
criteria. These relate to the faicmion and design
features of the o--uctos with rpect 10 the e on sb.
seoce of stress relief, the espocted leve of stress at criti-
cal points (initiation points), the eapented sie of flaws
a initiation points, the general level of ;tness, considera-

ions of Raw size enargemeat conseqtent to low cycle
fatigue, etc. All of these are items requiring engineer-
ing design judgment. The Four designp critta ow de.
fined as follows:

1. NOT Te40rIo e Decg. Coitlets: Seice
above the NDT temperature is requ/esd for structures
that are not thermally or mechanically stres relieved
or that may be enpected to develop pohts of local yield-
ing, because below th NUT temperature, very small

FTP

FULL SHEAR

NT T RACTURE

5.5 

CAT Yb.S

CAT-
1

-T2

"At' TEMP.-oN| NDT tIO T ENoI; NIT

I' CONSIDER +300F O60"F +120-F
....N E -- CR * T R Fig. 68 -A. .... pe itoedoag

0 E the fousimpis ep, for th *-

bES b SELECT 4 ooog asi- of (tatos-fe
DENSN CRITERION stash h ob as fn ce -ly-

AND NOTE ss diagrt o-p. and aoog
LOWESTM, 4F of NOT dan,

SERVICE TEMP.

(Sb =ETERMSINE
H/GHEST NOT b 4) DCIDE ON MOST

TEMP. EONOMICAL CHOICEITEOOF STEE F

NOT NO NOT
JUST/F/ED TEST 0 TEST . ADEQUfiTE

VARIBOS E,

-l00 -80 -60 -40 -20 0 20 40 60 90 blo
NET TEMP. ()
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flaws may sete as initiators under these conditions.
Fracture protection is afforded by the rapid, stress-axis
rise of the initwon curve for ..all flaws at tempera-
tures above the NT temperature.

2. NDT + 1fF sis Criste: This design criterion
relates to the CAT for strsses in the order of 112 the
yield stength of the steel. y restricting servicse to
abeve this temperature, the flaw-sise evalan.tn prob-
le disapper. arovided the level of stress does not
exceed 1/2 the yield strength level, is he utal cute.
In other words, since the fractures cannot initiate, they
cannot propagat. This approach is inherent in the
British engineering Use of the isothermal Robertson
CAT, the Easo use of the CAT for 18 ksi, and all other
similar CAT on coda.

3. NDT + 600F Dsgt Crtta n:a This design criterion
is based on the saste Considerations us design criterion 2
above, except sln o the level of general stress is consid-
ered to be equal t the yield strength of ihe steel. This
design criterion applied to the PVRC #1 vessel. It alto
applies to special r- involving high test pressurtation
and ractor pressure vessel servic conditions at nozrles
due to sever e mal steess cundition.

4. NDT + 1VF Dege Ceiteion: This design cri-
terion is based on service requirements for plastic over-
load of the structure, which way either involve consid-
eratiom of possible accidents or, as in the case of mili-
sary stractures, the epectation of explosive auaof. The
intent is to restrict service to full shear fracture tem-
peratnres in ordt to develop he unmost of fracture
resistance.

Let us assume, or purposes of an example, that engi-
neeringjudgment dictates the use of the NDT + IHF
(CAT) design criterion, and that 4H

5
F represents the

lowest expected service temperature. As noted in
Fig. 68, there are four simple steps of the anlysis:

1. The four dctign citria, as noted on the diagram,
are considered i. relanon to their sgniicace with
respect to the sprcific structure. The choice in dhis e-
ample is assumed to be the NDT+30

5
F )CAT) crierio.

2. The lowest -netie temperature, 40"F for the above
stated example, is related to the chosen design criterion.

3. The highest permissible NDT temperature is then
determined from the "At" scale of the diagram; this is
10F fur the abet stated ca.

4. The most eonomical choice of steel is determined
by the use of ND data for the stls ofintenest, coupled
with engineering. udgment as to desirability of conduct-
teg selection tests as described below.

Let us now assume that information is available as to
the NDT frequency distribution curves of steels having
the desired strength level and section thicknes for the
above case. Engineering judgment is then required re-
garding the most economical selection based on the
availability of NDT frequency distribution dac as inlus-
trated at the bottom of the figure. The following on-
sideanuo may apply:

Skte A and B - Not adequate because none of the A
steels and only a very small part of the B steel popula-
tion may be expected to be suitable vest selection is
not practical.

Stel C-Approximately 50 percet of the popula-
tion should be adequae- t selection is required.*

Steel D-All of die population should be adequate
and no specification not is required for selection; bn-
ever, it may be desirable to spot check for quality con-
trol reasons.

Steel E-Mch lower transition temperature than is
required; the added cost over Steel C is not justified.

It should be apparent that the particular requie-
ments uf thejob will determine the choice between Steels
C and D. The question of testing or not testing is a very
practical one which ela-e to costs of puechase ow a nest
requirement basis as compared to the purbase of ,
more eopensive steel that would not require testing.

For tther design criteria (NDT, NDT + 60F, ti
NDT + 12OF) than the illustrated example, similar
procedures as described above are followed.

The authors have engaged in consideable analyses
involving the selection of the most eronomical steels for
a wide variety of applications. For such purposes, they
have Cllecoed a rlatively large amount of data involv-
ing the NDT frequency distribution curves of various
oarmon grades of steel as a function of thickness and
heat treatment. Figure 69 presents examples of NDT
frequency distribution curves. The top group illustrates
the improvement in ship steels which followed the on-
focunate experiences of World War I. The curve [a-
beled "World War 11" represests he frequency group
presented in Fig. 40. The bettom group illustrates high
tensile steeb of various thickness ranges, as rolled and
normabrted. This grouping oat developed specifically
for the selection of fracture-safe steels for a large and

sff it is datniatd nun tine dv Aomntt ost t spuivistnn ts
ito shoe ipk. 'nboeak" pyrvvc (42.-.1d WI
q .trst at tte speotfiaco ow onrentisce ci iAt. is torsion
dmes Not i-,-,;o he detnie of ht to cnnstto the ,ti

Mvestpom is thut Ah lurepted)nst insittito tat

U.S. NAVAL RESEARCH LABORATORY



NOZ T Ff

Fig. 69 - Exameples of NDT frequency dimbution cov
taken crom the aumtoeS. The top set reates tohip plate
teels. The bottom set butes to high sile sters of 5o to 5
hi yield uzgih.

expensive engineering structure of Navy interest re-
quiring steels for which such data did not exist. In this
case it was necessary to develop NDT distribution curves
by random selection of materials. These curves are
typicaly 4

0 
to 6OHF wide and approximately 15 to 20

tet based on random sampling sere adequately to de-
fine the range. Recourse may also be made tu stmemanes
of Charpy V data, provided the correlation index with
the NDT temperatue i known for the steeL

The appeal of the drop-weight test for developing
such frequency bands lies in the fact that it is inex-
pensive and is quichly conducted. Steels for which the
NDT correlaion with the Charpy V test has not been es-
tablished may be tested directly and the neessary data
obtained in a few days following the assembly of mate-
rial selected at random from warehouse and fabricating
yard stocks.

The general me of the described procedures is en-
irely dependent on the knowledge of the NDT proper-
ties of steels, Such information is basic to the develop-
ment of new and improved seels, as well as to he design
selection of swab. The information that has been col-
leoed by the authors will be provided in a sunmry
NRL Report so follow. It is bnoon thi considerble in-
formation also exists in the files of various organiza-
tinut directly interested in the production and use of
common grades of steel. It is suggested that pertinent
ASTM ur ASME committee groups take die lead in
cataloging available information and in developing in-
formation for "gap" areas. This information may be in

the form of NDT data or as Charpy V data which could
then be tramlated to NDT temperatue .
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