RECEIVED
ADVISORY COMMITTEE ON
REACTOR SAFEGUARDS, USNRC.

||[Franklin Research Centers¢p 2 7 &0
A Division of The Franklin

Z ZUDANS PH D

M PR
7.8,91011321,2,3,4,5,6

Senior Vice President and Chief Operating Officer é

September 22, 1982

Mr. E. Igne

Staff Engineer

U.S. Nuclear Regulatory Commission
Advisory Committee on Reactor Safeguards
Washington, D.C. 20555

Re: Vessel Fracture in PTS - CE Owners Groups Use of Pellini Fracture-Safe
Design Diagrams, Letter from E. Igne dated September 2, 1982.

Dear El:

Pellini's Fracture-Safe Design Criteria, represented by Slide 6 attached
to your letter, are largely empirical based on documented cases of in service
brittle failure. The experience upon which Pellini design curves are based does
not include any nu-iear reactor pressure vessels.

The original development of Fracture-Safe Design diagram by Pellini (1]
was associzted with the increased use of high-strength quenched and tempered
(Q4T) steels for fabrication of vessels. Upon recognition of the fact that
the pressure vessel steel establishes a range of temperatures (not a specific
temperature) within which fracture could occur (or not) depending on the flaw
size and stress conditions of the structure [2], Pellini developed Fracture-Safe
Design curves applicable to the low-strength steels. For these steels the
primary fracture problem is the transition from ductile (shear) to brittle
(cleavage) fracture with decreased temperature of metal. Pellini Fracture-
Safe Design, is based on unification of the approach cf fracture initiation
prevention and the approach of preventing fracture propagation, Slide 6.
Here, a generalized stress-NDT+temperature curves for both crack-arrest and
fracture initiation are given. According to this curve, for temperature to
the right of the crack-arrest-temperature (CAT) curve, brittle fractures are
prevented by the "crack arrest" properties of the steel.

[1] W.S. Pellini and P.P. Puzak, "Fracture Analysis Diagram Procedures for
the Fracture-Safe Engineering Design of Steel Structures,”" NRL Report
5920, March 15, 1963; also Welding lesearch Council Bulletin No. 88,
May 1963.

[2] W.S. Pellini and P.P. Puzak, "Practical Considerations in Applying
Laboratory Fracture Test Criteria to the Fracture-Safe Design of
Pressure Vessels," Pressure Vessels and Piping: Design and Analysis,
Vol. 3, Materials and Fabrication, pp. 124-139, 1976.
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Mr. E. Igne - - September 22, 1982
ACRS

As shown in [1,2], the data base for Failure Assessment Diagram (FAD)
does not include nuclear reactor pressure vessels. Accordingly, the direct
use of FAD for nuclear pressure vessel assessment requires cavtion and
careful assessment of the FAD, Slide 6, data base. The approach, however,
is quite attractive inasmuch as it requires no detailed stress or fracture
mechanics analysis. Certainly FAD represente a ueeful esereening guide for
deciding which cases one should subject to detcil fracture mechanice analysee
for establishment of more realistic limits of RTNDT'

Since FAD's empirical criteria are derived from actual experience
(albeit non-nuclear pressure vessels*) it should also provide good benchmark-
ing for validation of detailed fracture mechanics computed RTyp1s (if applied
to cases sampled from FAD data base).

Based on the above discussion, I do not believe that FAD curves as given
in [1,2] can be used for the demonstration of crack arrest as suggested in C-E
analysis attached to your above letter.

I have enclosed Reference 2 for your detailed information. Also, 1 hope
to get Reference 1 (which contains the FAD, Slide 6, data base information)
prior to PTS meeting on September 28.

Note that Pellini FAD diagram is also discussed in NUREG/CR-2837 (PNL-4327),
pages 6.8 to 6.13. 1In that discussion more recen:: work [3] by Pellini en
thick sections is presented. 1 am in the process of obtaining Reference 3
and will report on it later.

Very truly yours,

o JW’“

Zenons Zudans
Senior Vice President and
ces Chief Operating Officer

encls.

cc: M. Bender
P. G. Shewmon

*In a nuclear vessel wall temperature and NDT increase through the wall from
inside to outside, the stress decreases from inside to outside.

[3] Pellini, W.S., Principals o: Structural Integrity Technology,
Office of Naval Research, Arlington, Virginia, 1976.
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Practical Considerations in Applying
Laboratory Fracture Test Criteria to the
Fracture-Safe Design of Pressure Vessels

Trends sn presiure vessel appiscotrons inwolving higher pressures lower ervice lem
perciures, Uncker walls, new materals, und cyciw locding requare the developmeni of

new bases wm the supporiing sciensific and tecanclogveal 1reas

Thes report presenis 3

“bronid look” amulysis of the opportunities o IpPy new scremitfic cpproucies o fraciure-
sofe dessgn in pressure vessels and of the new problems lhe! hove smsem im comneciion

with the widizatvom of hsgher itremgth steels

These opportunsire: follow Srom thes

developmen: of the [racture amalysis duagram whick deprcis the elotiomsmps of flaw
s1ze ind stress ievel for fracture in the transition range of sieels which have well-defined

v

fransilion lemperature features The reference criteric for the use of the fracture

analysis dsagram 1s the NDT temperciure of the steei
drop-weight test or indsrecdy by corvelation wnth the Charpy V test

ficultres in the

35 getermined directdy by the
Polenisai dif

correlalion use of the Charpy V test are deduced o require engineering

tnierprewation of Charpy V lest daia rather than o involve base darriers io the uie of the
test.  Theraprd extension of pressure vessed fadricaiton i Q& T steeis 1s expecied o pro-

vide new prodlems of fracture-safe design
within thas famuly o lenr frictures of lou energy absor pison

These dervoe from ‘he 1uice pisbuisizes of sieels
Thes fracture mode does

not involve 5 iransition lemperiture ind 15 thevefore relaiively sndependens of tem pev;
ture. It ws emphasized that such susce psbrisires are not inhevend io the Jamdy of Q&T
steels of low and intermediale sirength levels, but are related o specific metllurpucal
conditrons of the plaie and portsculirly the HAZ 'heai-afecied-some reguons of (& T

steel weldmenls

W. S. PELLINI
P. P. PUZAK

Metolrgy Diwon, U S
Naval Research Labororary,
Washngion, D. C

Istroduction

Ae A preface to the presentation of this paper

it @ Stung o reflect on the tachnologicai trends in the fabrication
of pressure vessels and on the evolution of technical nowledge
for fracture-aafe design. A decade ago the lachnology was based
almast ent.rely on the fabneation of vessels constructed of low-
streng't, ss-rolled, or normaslised steels for low-pressure sppii-
caucw. Willams (1] reporia that more pressure vessels for the
preasure range 1500 pm 0 15,000 pm have been fabricated m the
part few years than in the past two decades. A related trend

“.\'umhn-u s brackets designate Peferences at end of paper
Coatrbutad by the Researrh Commitiee on the Behavior of

e Veme! Mawerals and presenta’ ot the W nter Annug!
Meeting Phusdelstiia Pa. November 17 22 1963 of Tur Ameaicay
Sociery o Mecwawrcne Escinerna.  Manuscript received at
ASME Headquarters, March 12, 1064

® the increasing use of hugh-strength quenched and tempered
(Q&T) steele for the fabrcation of vessels for both low and
bugh pressures. A decade igo there was no [racture-sale design
spproach—in its plece the safety o pressure vessels wus pre-
dicted entirely on fabncation and service experence, intuition,
and conservatism. The genersl accepacce of the concept that
no laborstory notch test could be developel or adopted for
“determining the transition tempersture of s structure” caat &
pesmumistic outlook on the poss:biiities of developing & practical
fracture-as’e design approsch. Thie ovemimplification com-
pletely mussed the fact that the steel does not establish a specific
traasition tempersture for s structure (ie., & fracture tempers-
ture ) buts mage of tem peratures sthin which fracture could necur
(or not) depending on the Saw mze and stress conditions of the
structure. (o effect, the laborstory notch specimens were ex-
pected o perform an obvious!y impoesibie task  Such thinking
clearly reflecus 0a the state of technical knowiedge of the time.
Today thers s & g=ady improved un lemtandng of these sspecta,
and practical fracture-sale deeigs priacipies have Yeen deveicped

Reprinted from Journa: of Enginees ng for Power 1964
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12 These prine paat exyp=-ence and clartfy the
premiun denved from ‘abrics: Oee.gr. a0l inspection quality
As such they provide opportunitie for Wwrressing desigr of
®cerciee and decressing mwis' cosw by reduciior of UnLeces
sariy tug! faciore of safety deriving from uscemainty

Thess sdvences represent the mart ratier WGar the end
development of fractireaafe desgr principies
plicable v steels of relst ve mewallurgics’ and ¢
Le., lowairengt! wiuck the primasy fracture problem
¥ inherent 10 their wanstion with decreased tempersture from

of the

They are ap-
ture mmplbaty
Bl s

ducuie (spear’ K sesvage fracture Whie we have
advaiced W theme respects we are far behind i ur derranding
and un the developmer simiusr preclcal procedures for the
more compler seels of the hughetengl clase These stecis
ere supceplible 1o fracture of & ponciesvage *ype in the plates
welds anc best-s%eced-zones HAZ o modersie tempersiures
a2 wel w0 ciesvags broitenese at low woperstures Thus
the geners’ outiocok for the immediste future 0 ths! techrical

SUCOEEE I ODE ares Las Deel cournlersC by
wev aress for whuch the svalabie techn
inadeguste Moreover some of the

the rapid entry mntc
s knowedge s grossly

sxperience AnG Intuitive

bachground wiuch provided trosd-front engineering desigr s
ance for the wweireng Seels 1 DO! peminen! W the nes
cias of hughstrengil Q&7 sleels A munor examole s the geners)
inswience for sirems relieving of weides QAT slee’ vemsels 1n

tendec for service 8t tempersturee above e transitor range of
the swee.  Thue follows from past expermence tha: eirese relef
war beneficial for press_re vessels of the (0w strengil steels used

8t lemperstures below their tranmuion It represesus misplsced

nluivor Ltha! pas! expemience apples generals o al! new steels

For some of these QAT slecls nirese rele’ i sctually detrimental
» : ) pe 2 RTas

to the fraciure toughniess pisles, welde and BAZ 7 we

ATt PLg W I aF wlile

DEW ANC FEIRTIVE LALCGRL Prolierns &

dernve from

‘r. ]
et e
o e viee

Erogmentation boctu'e of o seomiens fube high prassure, com-
fess developed o' ¢ Yemperature 10 dog T below the NDT
The boilve secumod unde lowd ng during @

reutine tes' ‘o airJdenks

pre.men

Fig 1 iluriraies the “shstiering” expecied for poeumatically
losdec vessels which fracture 5t temuperstures below or nesr the
nikductlity twuosstion (NDT) tempersture of the steel. At
these terupersiuree the fracture surfaces displsy the clamsical
"“square break'’ (Do apprecisbie shear lip) and the ceavage ap-
pesrnnoe normaly swocisted witk bntde fractures of eon-
ventional, lowetrength steels In contrmat, the failure of bvdro-
sslically loaded vessels &1 temperstures below or near the NDT
results o fractures involving s few large preces Fig 2. The
frwcture surisce sppesranoe 1 identica to that of the pneumatic
load failures,

Fig 2 Mydrostotic tes! Fracture of o weided and sthress relieved pressure
veise developed o o temperature 10 dog F below the NDT of the steel

tig 3
vesse! @ o temperature of 50 10 60 deg F above the NDT of the nozle

Hydrostotic tes! Frocture of ¢ welded and stes reliaved prossure

end plate matenial The orrow indicates the locoher of & bin tetigue
creck which inihated the fracture during ¢ low cycle fatigue test

Fig 3 illusirates the nsture of brtde fractures a! tempers-
sures 1 Lhe order of 50 w 00 deg F above the ND7 wenipersture of
the sbel’ plste At thesc teniperatures the fructure surface s
sindlsr o the falures in Figs 1 and 2 except for '/pin o 3 welli
thesar Lp borders st the piuie surfuces  The increass energy
abrorpiion provided by the elear Lipe prevenw muluple forking
of the fracture and bunw 1t W 8 siugle ur few brunches w e
direction porma! L0 e principsl applied strem  The fractured
vesee! hangr togetier of the mierus! booding 1 bydroswsti . or
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separstes nto a few large “hunks if the loading & pneumastic
! Such fractures have been relat vely mare becaiwe of the unlikely

5 " commbiastion of large Aaas and lugh 9 -enges required for frue-
ture inutialion at enpers:ures of 9 w060 deg F abuve the NDT
Fig 4 dlustrates o frociure which, st first glunce, reseribics the
Fig. 3 type, Lut which @ characteristically different 1w that the
fracture path “oliows] the weld HAZ. Such fractures may oveur
n Q&T steel vesseis x'uch feature high plate fracture toughness
This hehavior s not inherently ~haracter:stic of Q&T steeis a8 o
famuly, but derves from improper ‘specific to the steei) weiding
condiuaons or stress repef hest-treatments which degrade the HAZ
fracture toughness. In thws case 'the ‘racture surfsces do not

nvolve ieavage hut a form of low energy absorption ‘eanng, %o be
discussed

v

- ‘ ' Fig. 5 liustrates the fracture of & rocket case ‘abricated of

. ultrstugh-atrength (1940 K& vield sireng'h Q&T steei character-
4 MHAL “lew-energy ‘var’ fracture of o walded and stress relieved zed by low energy absorplion teanng 'n the shee! madanal . |
v ¢ ing #r i : ; |

ure vessel resuiting fram high hydrostatic tes! pressurizo- From s metallurgicsl and fracture point of view, the failure

wle 8 the same a8 that of Fig 4, the only difference s that the

fracture ted in regions removed from welds

| g s
or HAZ riay be expected of thick-walled

pressure steels of aquivalently low frac- {
ture 4 ismion of rthe low energy ‘ear .
problem was prewented by the authors 1956 ‘3!, and iater ;

by service faiulures of hesvy stee! forgings st

elevated temperacures 4

corroborsted

The firet sections of this paper have been structured 'o present
esign for the transi-
assical "‘brittle frac-

a review of the praociples of iracture-safe d

tion wemperiture ‘racture mode, ie., the

ture’ problem. Following sections present discussioas of himit !
tions o the immediate extension of these principles based on
Charpy V test critera rreistions W the NDT  to all types of
steels which are potentalv subject to brittle fracture. These |
limitations anse from complucations in the interpretation of

Charpy V (Cy ) data for s wide vanety of steels. A summary of
Fig. § "Low energy 'ear’ hydrotest fracture of o welded and fuil Q&7 "

heotroated scket case. The Mrgciire nitiated from o Raw in the cie-

re vesee! nterest »#

—— e

avalable NDT data for steels of press

vided also f ( . . t
cumberantial weld and 'hen propagared enfirely ia the plate (sheet) providgec au or reference purpses. The final section presents 3
meterial. discussi- ns of the {rarture problem of pressure vesssls constructed
/
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of stecls which sre potentially subject w hath brittle fracture
and W los energy tesr frwciure, deperdng on e tenpersture
of wrvioe

Significance and Practical Use of the
Fracture Analysis Diagram

The ongin of the “classica'  bLrittle fracture probdeic w ube
decresse 10 fracture toughness resu) g fron s change 1 frac-
wire mode from bugl energ abeorpior duclie Wesnng to Jow
energy abworptior cleavage fracture 1o & rethe narrow rauge of
temnpersiures  The full spar of the trans tion i w the order of
1M deg ¥ However the trupsitior spar from sn Vintermediate
W “wery bow " level of fracture tougheas which is the transition
range of engineering 2 tersst for corvenuonslly losdec etructures
wocury over & mange of 10w 60 deg F deperding ou the sirems leve!
For example the Worid War I7 shipe whick represent examples
of relstively Jow stress Jonding fractured exiensively sond in
large number st temperatures of 30 w50 deg F. but not st all at
tem perstures shove 70 deg . The “sharpness’ of the transuon
eficct provided opporiunities for devising laboratory wst methods
for identification of the trans'tion tempersture rauge of specific
steels and thereby for applicstion of thus informston to en-
gneening desgn

Fracturessie des gr of stee! structures may be based on pre-
verting frectum in'ustion Or OL preventung frecture prupsgs-
von. Untl receniiv there was cous detahle coniention af W the
reistive merie of the two spprosches  The “fracture sualysis
disgran..’ Fig €, serves w0 unify these approsches 1o 8 co-
derem ansiviics' edmwe® s listaiec by the generslised
streselempersture curves for boul ersch-arrest and frscture
imtistior.  For wemperstures ahove the crach-amest-lemperatare
(CAT) curve, brite frartures are indicated w be preventec by
the “crach-arrest’ properies of the steel Thus sgrufes o degree
of fracture toughness sufficient to arrest the propagstioz of
britue fracture translated through s britte plate welded W &
“test’ steel The CAT approsct svods guestions of 8aw-
piz¢ and stress requiremnents for fracture mitistion by restricting
the ume of peels 0 temjeraiures o7 L siress jevels of “no prop-
sgation. ' Thus simpheity wae paruculsry sppesling prior
16 the develupruent of sdequate relationsiipe of Saw size olreme
and wmpersture represented by the family of frecture Imustion
curves of the fracture analyEe disgran

The CAT approact has the sdvarage that it reguires & min-
imum of enpuesnng analiveis and the disadvariage that 1t
“forces  the selection of more expensiie seels of 30 w 60 deg ¥
lowe transtor tempersture thar sciually required for uany
sprbestions  The fracture ana'ves cagsm makes it evident
that the justification for the use of the CAT curve iv design re-
lstes t condiiious ipvolving the presence of extremely large
flase  The 8w conditions 10 e expecied it pressure vessels
cover & wide gam ut depending or ‘abrication quality arc service
condtione  Morecver the infuence of such factorn ae Firese
relief! fatigue crack growth and wal thuckness hsve imporant
learings »hick ean be anslized W ecornnic sdvanmage Witk
this puint of view the CAT approsct msy be recognued more
proper’y a2 & ‘becksop” prowdure W be appbed when en-
gosering soalveis dictates the ume of norpropagsling wieels

t A4 oo piled dixunsicn 0f the ‘racture aoalver dagsn and its
vairdalior has beer premited previous’s by the suthor (2] “Fruc-
ture Anites Dhagenm Proawdures for the Frurture-Saic Fopieenng
Dengt 0 Suee! Brructures Priv reaciig of the report » assuiued
fur the 3oty of Lhe present discusmon

rather thar az s unigue!y separste method which svoide the need
for engineering analyms of 85 wgize cond Lons

The use of the dingram depends on the accursie determine-
tion of the NDT tempersture  Thu ms) be sccomphebed directly
by the standard drop-weight test method |5, 8] or indirectly by
the C, test  The umefulness and limitstions of the Cy tert for such
correlation purposes reguires clarification  There i & considers-
ble danger that msappliestions will result for steel which
have not beer subjectad W correlation studes.

The {racture analyms diagram provides s frame of reference
for engineering snalywis and for the appbesuon of intelligent
engineering judgment. The family of fracture mitiation curves
direct attention to the “quabty’ aspects of the vemse! with
respect 10 pamible flaw mizes and also W the effective levels of
streme acting oo the fiawe The werease 10 the sirese level of
the fracture iniusbion curves with mereasing temperntiure above
the NDT directs atiention W the transtion tempersture of the
stee. The following factors must be cousidered iv the analyws
and judgrnent process

(6) What i» the largest flaw mre expecied m the vesse! as
fabneated® The answer t¢ the gquestior nvolvee judgment
based oo the quality of inspector and of the contro! procedures
used during ‘abnestion

(b) What is the Jeve! of strem acting ov the flawe considersd
to be present at various locations” For Ssws locsted i the
smooth cvlindrical armas of the sbell, the sirese Jeve! » mndicsied
by a suitable vecior of the PD "2 des.gr stress.  For flaws located
at poztle openings the effective stress leve! will vary with design
quality In the sbwence of stres relie!, small fisws located w
the weld regions should be considered W be subjected W near
yeid leve! residus stresses

(¢) What contributions & flaw size enlargement wre expected
due w evelic fatigue) loading” The anrwer to thus question re
quires consideratior of pnor deductions of items (¢) and (b)
for positions of potentisl fatigue sction A smsl faw that ®
locsted, or developed in the regon of plastic stress loading
should be expecied w result in Jow cycle fatigue growil w a
gise ths! i established by the thickness of the secuon, if fracture
does not terminste the growth procass

From a fracture analysie point of vies the pnmsary element
of concerr i not necessarily the PD /2t desugr streme but the limi-
ing (most severe) fiax #ise and stress combination of the vessel
a8 » whole 1n the sbeence of streme relie! smal £.wr locsted m
sones of weld residus streme sbhouid be considered us the Lmitng
combination of faw size and sirem for temperstures below the
NDT. For this combinstion, {ractures may develop for PD/2
semmes of extremely low or serc value (a2 for the case of spoo-
taneous fracture) becsuse the additona! gener 1) level of “locked
in" streases may provide 1t propagstion, 1., mmay exceed the
5w & ka mirimum requin_. by the CAT curve for propagstion
st temwperstures below the NDT. The lLmiting combinaton
may be eliminsted from consideration by the use of sirem rebef.
Creep flow relasstion s siems relie’ temperstures results
decreasing the level of trewe in the weid sonee o levels that are
too low for fracture initinuom due to the emal flaws  If suem
relie’ cannot be apphed, as ! large vessel and for Held erection,
recourse may be made o Lmiung the service & temperstures
above the NDT. Thu spprosck i bared or the fact that the
initaation curve for emall flaws rises sharply 8! lempersiures
sbove the NDT 1w levels of sirese which correspond to the de-
velopment of grose plasuc deformsuon  Tha event cannot result
from the addition of remdusl and loud wirese svwiems but re
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quires the application of plastic overloads, te., very high PD, 2
strems leveis. Thers are two praction! methods for assuring that
the service Lemperature does not fall below the NDT . insulating
and heating the vesse! for the steels of high NDT, and the selec-
uon of & steel of NDT below the luwest aaticipated service
tem persiure.

It has been proposed that sale performance Lo temperstures
below the NDT may be sssured in the abeence of thermal strass
reliaf by the application of “hot” pretesta, that s, by loading
st tempersiurms near or above the CAT curve. Depending on
the transition tempersture of the steel thm “hot’’ pretest sould
be cold by aunosphenic tempersture standards. The intent of
“hot”’ pretests @ to cause the small faws 10 yield st the faw
up, thersby resulung w a local relief of remdual stremses snd a
blunting of the crack tps. This procedure effectively places he
residual strees leve! acting on the faws to some low leve' which
requires the preserce of relatively large Aaws for fracture initia-
tion. The method has been shown w0 be effectve experimentally
[7]. 1t @ parucularly spplicable 1o pressure vessels because of
the invanant direction of loading It is not spplicable to struc-
tures which involve a spectrum of service load directions which
cannot be reproduced nn “hot”’ pretests.

Safe operation below the NDT, based 20 stress relief or “‘hot’’
pretest protection requires that there be no flaw size and strees
combinations of & cmuical aature other than the described small
flaw and residusi sirems combination. For example, noszles
'hchmybtlu-edmtbemad‘/’.ynldlu-wynld
strem levels depending on design detail) must not contaun or
develop (fatigue) flaws which rangs from the 1-ft to the <l-in.
tizes, respectively. The dependence of fracture safety ou the
des.gn and fabncauon quality of nozzles @ immediately ap-
parent. A poorly designed nozzle which develops yielding st
normal PD. 2 shell siresses is subject to fracture initiation due
0 the presence of a very small crack if the service temperature
falls below the NDT of the noszle. In fact the jeopardy i two-
fold, because such levels of suress may be expected to induce low
cycle faugue cracking  Thus process is theo quickly terminated
at first mgns of faugue crucking by catsstrophic terminai frac-
ture of the vemel provided the shell CAT (NDT + 30 deg F)
e.ceeds the service temperature, that s, provided the sbell does
oot have crack-arrest properties ai the tempersiure nvolved.

The most severe service conditions for & pressure vessel -
volve the combuation of high PD/2t suress levels and cyclic
loading. Safety may be provided for such conditions by the
“leak before fracture” approach. For purposes of discussion,
hﬁmmmothtr.hou-kvdo(t.hnouhotMPD.m
shell stremmer is At or above yielding This condition would be
difficult % eliminsie o practice even with the best of nossle
designs. Leak before fructure can be amured if the flaw mse
&t the time of peretrstion o the exterior of the noszle is less
than the critical mse ‘or fracture initiation at stresses squal to or
exceeding yielding It is apparent that the Aaw size at leakage
® directly reisted 0 the wall thickness of the pressure vessel
T\ock'\!hdv-eb'ithhrpnoul.couldholopnryhrp
ll'\udmv!mlythh'\lhd'-tbeodddwelopmly
small flaws  The fracture analvsis diagram illustrates that the
h--’.lorlmimdnnmnyiddm'-knhmcmnhu
spproximataly 8 in., to 1 ft, to over 2 ft for respective tempers-
tures of 20, 40, and 60 deg F abov: the NDT tempersture. As
noted previously, the critical Aaw gize for the same level of
strew at temperatures aqual 1o and less than NDT is les thaa
1in Depecdiag on the wall thickness of the pressure vessel,
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leak before fracture performance may be designed by selection of
steels with NDT temperstures of 20, 40, or 80 deg F below the
lowsst ser:ice tempersture. Conversely, tempersture coatrol
could be applied by heating of the vesse! t9 accomplish similar
resulta.

Pneumatically loaded pressure vessels containmg very large
flaws provide an interesting exampie of interpretation of the
fracture analysw disgram. The previous report (2] presented &
detailed discussion of burst testa of pressure vessels provided
with externa. slit-fa 4 of sufficient length and depth to rasult
in bulging of the Aaw arca. These tests demonstrated that frac-
turce were Jbluned at wiiperstiures sbove the CAT with pros-
surzatioo equivaleat 10 convent “wal PD, 2 shel! stresses. The
bulge which resuits irom the ioading of 8 pressure vessel con-
taning & large Buw indicstes that the significant level of stress
8 a0t that gven by the PO 2t calculation but that of the plaa-
tically deformed b.lge region.  Fracture initistion resulting from
the develupmen: of buiging may be expected for pressurization
by hydrostatic or pneumatic means, however, the propagition
of the racture at temperatures above the CAT & quickly ar-
rested ‘or hydrostatically loaded vessels. The reason for this
is the almost nstantaneous drop in pressure resulting ‘rom the
loss of 3 relatively smaall amount of the hughly incompressibie
fiud. Pneumastic loading resulis o romplete fracture urespec-
tive of the temperature atove the CAT because :he piastic in-
stabu:ty 18 Vsell aggravanag’ after a mupture is started and the
length of Aaw 18 2nlarged. Tnus results from the fact that the
highly compresmible du.d exerta s continuing bulging' pressure
during *he course of *he propags - on

Additional examples of fracture propagstion st temperstures
above the CAT are provided by burst testa of two seamiess “ube
air flasks.  Detads of the veseeis and the sharpiv notched,
machined siita are ilustrated iz Fig 7. Both vessels were con-
structed of & Q&T chromium molybdenum steel of the ASTM
A 336 F22 type, as follows:

Chemical compesition
Flask Composition [ Wi-%)
oo C Mn Si P 3 N Cr M»
ETl 012 N4 024 00M8 0019 007 22 099
E?5 013 04 026 0005 0010 0'S 23 108

Tension tent date
0.505-10—dis tensiou Lot data
Flask 0.27% Y 3. T3 El m2in. RA.

no (ksi) (ks (%) (';'c‘
E7I 54 3 100 9 28 75 8
E73 96 3 111 8 20 8 74 4

The burst tes'a were conducted at 48 deg F (ET1) and 53 deg F
(E75, and res:ited in totally dierent fracture modes, as il-
lustra’ed in Fig. 8. The first step in the fracture process for
both vessels involved the development of an eiliptical bulge
cver the leagth of the flaw and the tensile “neck” rupturing of
the bottoms of the slit. At this point, the bulge regions “opened”
and the aw ends were sut jected to very high plastic load stresses.
The rupture of Bask ET5 started and propagated in iw entirety
a8 2 45 deg shear tear. That of fusk ET1 started and propagated
a8 & brittle fracture with '/pin. shear lips, as illustrated schemati-
cally in Fig. 7.

The fracture apalyris diagram predictions for the modes of
fracture, fracture surfaces, and sfective leval of buret stresses
are indicatad in Fig 9. The PD/2t swress levels at burst merely
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Fig 8 _Miusnating the gernera' mode of feilure of preumoticolly icadec
prossice versels tested ir the presence of large fRows Top  brittle
Facture with '/ ir shee' lips deveioped by Aesk E71.  Bomom full 45-
dog sheo rupture developed by Rask E75

indicsis the sireanes requited (0 Jévelop the tensue heca uptures
and are ¢ same order for the twe Sasks The NDT of the
E78 fast was ~70 deg F, wi i+ 127 deg F below the burst
ter' tempersture  According the fraciure analvesr diagran
pre hat flask E75 should te evpected to fracture in shear
w witl ar eMective stress leve the orger of the ultmate
tereai eirength of the sweel The NDT of the ET] Sask was
0 deg ¥, which s approximetely 50 deg F below 1t burst test

K Talar A thae Sask phowid be erpecied W
fraciur s brittle rner witt heavy shesr lipe and witk ar
efieciive Lurst strems of & relatively high plastic Jevel, but below

the ultis the steel The fracture modes
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Fig. 10 Compariser of CAT tes! date (by RML) 1o pradichons of CAT
by the Frectwrs sne'yah diegram

exa~tly by the NDT locstion of

of botl vessels were pred.rted
respect to the burst test

the frecture ansiyes dsgrams witl

temperatures  The efeciuive bure siresmes were ind cated in-
directly by the degree of buiging i the flaw areas—the E75
vesse! developed s considers® !y larger bulge than that developed
by the ET] vessel.

CAT detervanntms for beth of thene arr flusks were con-
durted [Nt the Culeheth Renctor Materals Laborsiory on the
Umited Kingdomn The curved setions of steels the were fur-

these Hasks required fisttening for the CAT tests
and o poerible slight rnse 1n rans.’ of lemperaiure may have
resulied (no Hetter ng was required for the NDT ieswa). The
CAT date for botl, air flush sleels are presented i Fig 10, an
comparson 1o the CAT curves prediions of the respeclive
fraciure analvsis diagrame  The CAT 40 ks) sivese ) predicled
M the NDTder ved fra ture ans'veis dingmams of the two siteels
~50 deg F (E7Z und +30 deg F (E7))
sgreement with the CAT
runed experimentally (crosshstched

nished fror

were appr
these are noied W be u
runges 0 these sieeis deter
regions

The Charpy \ daiwa for the twe air Sask steels preserted in
Fig 11, represent & composite of NRL and RML daws, which
are poted to be 1 good sgreement  Fig 12 presents C, enerpy
fraciure appesrance and lalers! expans un curves with nowstions

NS &

exceuent
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wdieating NDT and buret tes! tempersture relstonshipe W
them ~urvas 11 » obviow that uot only the C, energy but aiso
the other C, eritena faied w provide » use'u’ wdes for estimating
whe performance of these twe Saaka  The “usual wierprelavon
of all three types of C; taumuon curves would have re
sulted i predicuons of mmilar fracture modes for the twe sieels
The eugineeriug signifcance of thie correlation falure by the
C, wet will be analvaed ir 8 later section b context of dwcussions
of the potentia! use of the C, st for indirect NDT or CAT
determinstions

The foregoing dscuse ons illustrate that the coucepu of the
f seture analyer disg-arr do not direct the deagr and fabrication
o premsure vessels 10 nove! or radica! procedures. To the con-
trary, thes provide means W make quaniitstive muck of what
has preiious!y beer ether qualistive, intuitive, or wnstinctve
i the demigr of pressure vemnels A recently published ex-
premion of gilar views by F § G Willame |1 1s parucularly
noteworthy becsuse of the bresdth of practica’ expenence that
be brngr to & review of the procedures e wel s hu long-tume
weeociation with the pressure vesse' regulsiory Code Bodies
He states that the frature analvae dagrsm ‘gves demonsirs-
ot W the concept tha! has beer instinctive!s used namely, tha'
as the Jeve! of quality amsurance by nopdesiructive tests @ ID-
cressed the desigr rirese car be ncreased up W the ful' caps-
biluee of the matena! and that cooversely, as the level of
qualit: sssurance » decreased safery can be proiected by de
cresang the aliowable working strese used 1o the desgr  While
thie doee not guard agains: careies workmaiahip 1t doee set &
petiert for engineenng thinking that i sound and pretty well
supporied by expenence

It shouid be poed that these obeervations melste W the allowa-
ble desig aireases for termperstures withic and below the aum-
tior raage of the steel Thougbtfu! considerstion of the frac-
ture anslves diagram will disclose that i1t does o' specifically
restrict the use of seels 0 temperstures above ar arbitrarily
desigusied tempemstuore  Thus Lmitatior @ inberent w the CAT
spproact whick wflexsbly caleg ~izes the Lmit of safety or a
cracharmmet-ternpersture basis  The fracture aualvee dagax
periz. & the use of sleel & temperatures far Lelow crach-arrest
and NDT temperstures provided thst =mtca' combinations of
flaw w2e and sirese leve' a% no actained or excesded  Thus
the designer » provided with s choice of Lhmiting the working
trem or of using steels of lower NDT temperatures o armving
st s choice 1* is emmential that the fabncstior and desigr guality
anc the sireme leve' and tansuor tempersiire be cousidered
aa, inirrdependen! (not independent elementa of the design
equation These design tradecr are explicit 1« the nielligent
us o the frecture anal me diagram

Background of the Development of Service Perlormance
Correlation Procedures for the Charpy ¥ Test

Previous discuseions have highlighted the smszing 'sharp-
nem’' of the transitior wemperaiure range which separsies
“high” and “low" fractun wughoese behsvior of seels It
thue feature which maker 1t pamible o conmder the upe of »
simple peich-bend bar suck as the Cy sjecimen o define the
temperaicre scale Jocatior of the crilea' tempersiure range A
wide vaniedy of mimple specimer designe ocouid v made wo it
this purpose by correlstion of res.!u witd semvice falures or
"tk o reference trane Lor of direct Semugr sign Scar ce such as the
NDT wmpersiure or CAT However, only tec powh-bend
bar specimens the Charpy V and we Charpy Keyhole have

beer reduced w0 commor usage Of theme two, the Charpy %
has the desimable attribule of developing s smuoth trunsibion
curve of the type required for currelstion of an energy indes
point to a reference transition tempersiure The Charpy Key-
bale evergy curve » dscontinuous involving high energy and
low energy branches counscted by a transitior “wcatter band'';
suck a curve does not lend 1usel! W correlation usage [8).

During the World War I1  WW.II) period, the eatastrophi
fracture of shupe rawsec the relstively obscure problem of hnttle
fracture to 8 hmelight of » natonal calamity. This problem
provided stimulus, funds, and s backiog of service casualues
which plsced the Cy test 1o the temporary pasition of & primary
“sandard’ for the definstion of & significact transitior tempers-
ture. Thus the 1940 s markec th+ amergence of the C, test
from the position of & =eses ck laboratory too! (the Kevhole
test was Lher the enguneering standard ' 0 & position of unwar-
ranted engineenng usage for defining the transition temperstures
of steels haned on & fi-1b nuwnber which was considered Lo apply
invansnty w all sleels

For the WW.II shuip plate steels (whicl represenied as-rolkal,
semikilied or nmmed sweels of relatively low Mo /C rative) 1t wus
wel esablished [10 that frecture “source “through,” and
“end' plates of the fractured shipe couid be related w specili
ranges of Cp energies at the temperatures of service failures
Briefly, the WW.II ship steels did not act as “sourve’ (fractlure
muustors) st temperstures above the 10-filb C, trunsition
Sumilarly. the 20-fi-lb C, tranmition tempersture was fouud w
represent the highest transiLicn terppersture of frecture “thirough™
(propagation behavior. A popular concept thern derived that u
desirable criterion of compansor of steels was the 15ftlb C,
temperature  According!y estumates of decrease of the trans:-
won tempersture resulung from alioy and beat-wreatment varis-
bles were based on the C, 15filb criterion oo the erroneous
aseumption that it should be sapplcable generally o all steels.

It the early 1850's. the suthors conducted extensive studies
of the correlstion of NDT temperstures with C, transition curves
of WW.I]l steels These studies disclomed & excellent correspond-
enot witk the 5w 10 fi-lb C; wransuon [11-13]. Thu was an
exact agreement with falure data for the ship fracture “source’
piatee Io other words, the drop-weight wes: NDT could be ured
t predici the fracture 1o ustion tempersiures of these steels
Extensions of these studiee to fully kilec steels, of higher
Mn /C ratios and other besi-trmatable steels disciosed that the
correlation betwser NDT and C, energy vaned with the type
of swee! (3, 12, 14] and involved higher energy positions on the
Charpy curve. In effect, the NDT test indicated that the “im-
proved’ swels could sct e “initistors” st wemperstures as high
a2 their C; 1% 20, and 35 fi-lb energy Thus, the C, test 15-ft-Ib
transition criterior was oversstmsting the decrease in transi-
tion temperature of the improved sieels a2 compared w0 the
AW.TT steels These early findings by the author were first
viewed with cons dersbie suspizior but were validated [11-13]
by new service falure daws and CAT dsts developed in the myddie
1950s. There i now geuers! arceplavce that al steels cannot
be evaluated or. ar ir variant C; energy basis

The 1960"s opened with the Cy test securel: ertrenched as the
nstions! and L ~mstoos! enguseriog slandard of comparwon
of wansition temjperstuves of sezis By thu time the spplics-
ton of NDT and CAT concepte had found considersble in-
te~ert and use i engineerng decign Also, 8 wide vanety of pew
sleele featuring distinet)y nove! alioying and hesi-treatment prace
tioes appeared oo the msarket [15). Thir situstion has Jod w &
guearing game of the C, fi-lt value whick should be used for
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estimaung the NDT sad CAT temperscures of these steels for
the purpose of spplying the new demign priacipies Lo engineering
practice. The dangers inherent to such ime use -/ the C, test
® Ulustrated by the pressure vessel bHurst lesia described in
the previous section. The NDT tempersiures !or these two
Q&T sravis would have bewn predicied in serious error by & guess-
g setimate that & low position on the energy ~urve correlated
with the NDT, as » the case 'or a wide vanety of commou grades
of structural and pressure vessel sieels. The sctual position of
correlation & near the top portion of the two surves, over 100 deg
F above the lov «ition regica. The slterate concepts of cor-
reilstion bai.. . perceni “forosity’’ (shear fraction), and on
lateral expansicn are Ukewse shown to provide for sim:lar ervor
based on the populariy accepled crtens related to low levels of
the respective transition curves. The only sale course, in con-
sidering charactersucally new typee of steel is %o estahlish rei-
erec.ce correiations of NDT and Cy data. The same could be suid
of CAT versus C, data.

Potentials and Limitations of the Chargy ¥ Test for General
Use in Relatic= to the Fracture Analysis Diagram

The Cy test may be consmdered as the only practical method
for the indirect determinstion of NDT or CAT temperatures
Thus s presently the most realis’ic miew of the positinn of the
Cy test ani it will remair so uncil other approaches are developed
whick piovide better des:grn guidance than preser'ly afforded
by the NDT or CAT indexed fracture apalysie diagram. Ths
latter approach required aimoet 15 vears of deveiopment and
“prove-out”’ time. It s unlikely that a radically new and differ-
ent approach will be developed in 3 shorter ime cycle w the fu-
ture

From thus point of view, we may now analyze the potentialities
of the direct NDT and CAT test methods for competition mith
the Cy test as tests for general usage. CAT tests are expensive,
dufficult to perform, and serve primarily as research laboratory
tools. The drop-weight teet method for the direct determina-
ton of the NDT has the potential of displacing the C, test by
virtue of bewng inexpensive and easly performed by any en-

gneering laborstory. The recent adoption (6] of the drop-
weight test a5 an ASTM tentative stacdard (ASTM Designs-
tion E20%-A3T ) w & major step in thus directicn. The sdvaatages
and disadvantages of the drop-weight 'est in comparson with

the Cy test for purpuses f Jeneral isage are as follows:

Charpy V
_Drop-se.ght tes: i
Nature of Prmary Secoadary
standar:
Amount »f .\pPrv-x.:.;urel 0 —
materiai for to 30X that of Cv,
determiaston lepending a
specimen
Reproducibdiry Uniformiy high \iries with
wloe!
Effect of None Marked
direcuonality
Cost for Eseentiaily equal
determination e
Iodustry Restricted but Gegeral
familarity growiag rapidly

The relative advantages and disadvantages are such as to
place the two tests in compeition for future general favor;
presently the industrial familisrity with the Cy teot gives it an
undwsputed lead.

The iong range trends will reflect the degree of dificulty and
complica.-ns deveioped in the use of ths Ty correlation for de-
terminatioos of the NDT temperature or the CAT. The ex-
perience to date in the correlation use of the C, test has been
favorable for common grades of structural steels. However, the
preliminary experience with extension of Cy correiation use to
other types of steeis has disciosed serous Lmitations. More-
over, complications of interpretaticns of dierent Cy curve
“shapes” and of specimen orentation effecta provide for ready
pitfalle *o the unwary. The general view of the suthors, based
on exensive studies of the problem: ireas, is that the potentiais
for the use of the C; test wall suffer irreparable harm  the de-
liberate development of proper procedures and education of
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the eugmeenng field 10 these procedures 1 by -passed by guessing

point
(Fig 14 left
The genera! eect

iiusated 10 Fig

C. 070 percer
of vorrelstior

mete’y 15 f-lb for

' won, ¥ < w56,
games & o the proper selecton of Cp eriters for pew sieels - .—.‘—:—:—,g e %.—,:;.:—' o
Thus, the discussions W folion will be direcied W exposivons of [ BN 3 ile
the premer: state of knowledge and o s call for caution 3% 3% " " 3
? , - s & e A STEEL B
expans on of the engiueering use of the Cy test SEML_ED STEEL ® -
Senukilied and nmmed sweels of low Mn/C retie are char- - Q- 029% C gs-ogst “o 019 029%C
- 0N -05%4% wr 30 T il ) 1S AN
sctersed by surpriugly reproducible C, curves with relatively 0D-0CT% 8! 007 0OSNS. o® - 030%S
bite scatier of the dsta ponts at all lee tempersiures, s i- o V-GS
lustrated in Fig 13 A typial correlstion of the drop-weight
NDT tempersturs with C, energy # wrdicated by tbe large sohd & - - :- .
Teets of & large number of such seels provide s glam- -
orous example of reproducibility of the C, correlation energy L.
In fact 1t may be observed that the correlation :” e - b
runge differs slighty beiweern the rimmed anc semihilied types ¥ F bt
. -
o in g the M ’C rtioe or the treisi- H . e
. reasiig U a0 the Lrai oo oV 18— oo
wor tempersiure, shape, and reproducibility of the C, curve is e
15 The geners! trend s an norease in the S 556
yper shell level i decresase 1 transition tem t 4 ssvene
upr Y na L lempersture anc an w0 see e 0 sSessssnnns
increase 11 the C, daws sostier st an) test tempeature The C, seene see e
energ: value whict correlantes with the NDT peratu RERETTEY b
ersiand e Shown in Fig. 16 conter for semisally 6,18 s Sesstsee a%0:8
n } g | iter for nomanally 0 18 percent ) Syt s 81— PRLSSUNT VESSELS
Mr compositions  The conmervative “high end cesee ¢ "0..3 ',‘. -
C, energy vaiue of 10 fi-lb whick spphed w the £ -
stecis of low Mn/C ratioe now becomes 8 C, value of approx- o S e R TR PR, iy &
the steels with higher Mo C ratioe The c 00 L s
FREQUENCY

correistion rangs for A302E sieels showrn o Fig 14 nigbt ndi-
cates s gimilar “tugh end of correlstiorn’ st 8 C; value of appron-

mately 30 w 35 fi-lt

Fig. 14 Bocrwting the rangs and venation of C, corsiohons for &-
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Cursory reflection on these mnges would indicate that NDT
determinations for the steels which correlate in the Cy, 5 w0 10
ft-Ib range would be most accurste because the C, correlatina
uncertainty s only 5 ft-lb. Conversely, the *eels which show &
Cy 15 w 35 ft-lb correlation ~ange would be judged ss =xhibiting
poor correlation. This snalysus neglecta considersuon of the
shape of the Cy curves. The very low alope of the curve in the
5 to 10 ft-Ib range indica‘es a “orresponding “emperature range of
30 to 40 deg F. while the !5 10 35 t-1b range for the sweep C, curve
amociated with steels of high Mz, 'C ratios may indicate s sumilar
corresponding temperniure range. We would ronclude that,
neglecung scatier effects which are usually relsted w steep
curves (& separsie probiem ), the correlation uncertain‘y for
the descrbed steels s upproximately the same. The important
aspect of the use of the C, tee: for NDT correlation is the tem-
perature uncertanty and not the C, energy range uncertainty
per se. Stecls which [sve s well-established correlation basis
and which do not exhibit excesm: ve scatier genernlly provide for
indirect determination of NDT withio & %15 deg F range. For
steels which shcw large scutver, such as the experimental low
carbon, high manganese stee! llustrated in Fig 15, the sccuracy
of the NDT correiat.on depends on the number of C, testa coo-
ducted at a given temperature. The excessive scatter developed
by thus sieel s not umugquely related to the “low” (012 percent
carbon conten: ), because simiiar T, seatter was repurted to charac-
tenize all plate thicknesses '/, to 1%/, in.) and all heats (tw
20-ton heats and seveu produ-tion 300-ton heata. of the ex-
perimental, semikilled steels ssuging from 0.12 to 0.20 percent
C and 1.00 w0 1.33 percent Mp 16

With the large amount of dara available for the 0.12 percen:
C, 1.25 percent Ma steel sho <. in Fig 15, we mav draw & ftred
curve through the data sestrer - licaung 1 Cy 30-1t-1b rransition
at 0 deg F. It will make rels: veiv littie difference if the NDT
currelation is 20, 30, or 40 ‘t-lb. the steepnese of the “‘aversge”
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Ko 16 Genwal ofocry of €, Ipecimen orieniatfion with respect te
incipal rolling direchon for plate steels of incremsing Ma/C retes.
The illusirored dete bands wcompass the €, icatter shaerved for these
Heels af the respective leet fempwratures.
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Cy curve will result in an estimate of NDT rangng from -10 to
+10 deg F ‘drop-weight ‘eats of *his steel reveaied a0 NDT tem-
persture of D deg F). However, ma&[or uncertainties wil!l result if
existing ASTM procedures and =sst provisions of A300  ‘Specifi-
cation for Steel Plates for Pressure Vessels for Service at Low
Temperaiures”, are empioyed for Cy puarantes of the NDT for
steels which shcw large C, scatter These procediures would
provide ‘ur testa of three C, sperimens at a “‘single’’ specification
test tempersiture (say O deg F) to deterniine if the steel has a
nunimum energy value of 30 ft-lb (assumed NDT equivalent) at
the specification temperature. For the low cecbon, high man-
ganese steel shown n Fig. 13, the three C, Spec.mens may give
average values of 30 ft-Ib or 15 fr-ib, thus passing or rejecting
this mawnal on statistical happenstance. The foregoing is
admittedly an extreme case which should not prejudice the ap-
plicubility of C, testing for steels having reasonable scat:er. The
nteiligent srtitude should be w recognize that the C, scatter
problem exists ‘or compoaitions of very high Ma /C ratios agd
that safeguards of expanded testing (more specimens per tem-
perature, and/or more test temperatures wo develop a curve)
should be spplied for such steels. It does not fodow that similar
expauded testing should be applied nee =s8lv for the sieels
which chisracteristicaily show small or moderate C,. duta scatter
The Uenefits which accrue from Cy eontrul of noteh fuetilivy of
stovls require widitionad undersra ding of the C, test character-
19t 8 of Lhie diffaren’ steeis

Another area which reqiiras o ldit i nal nnderstanding is that
of the etffects of directional v alich the stoels arquire e 4 resuli
of rolling or forging (11, 177 The ke:rmal sffect oi (7, SpPcnen
vrisniation with =eapecr 1o the dirgctea of privicipal rolling foure
@ plate w illustested in Fig 16, The principal festure illustrated
by these curves is 'hat the effect of specimen uneniation is
absent at the low end of the transition range and moet pro-
nounced at the upper shelf. At the low end, the Cy specimens
fracture in & complerely cleavage ‘brittle) mode. This mode nf
fracture 1s \nsensitive to arientation of the fracture path. Ductile
shearing {racture is sensitive 's orientation thus, the direc-
tionality effect hecomes nioee pronounced the !arger the srea
of dur+ile fracture in the C, sperimen snd most pronourced at
the upper sheif, which ir.+ lves completely ductile fractures

The Ar -weight specinien breshs aly in thr beittle mode,
thus, the NUT determination is orieflation nsensitive sim-
ilarly to the €, specimen fractured at the how energy range of the
curve. As described, the correlation of NDUT to the Cy energy
curve occurs at low positions fur sertain steels and at intermediate
posi.ions for others. This meuns *hat the steels which rorrelate
at low points f the C, curve sre not nvulved with C, specimen
orieatation effects.  However, the steels which correlute at
levels of C, energ: which relate to 3 patially ductile fracture
will be invoived with C, specimen crientation effects. It 8 then
Decessary 'o spedifly the Cy spe-imen orientation for which the
NDT enerelativa appies. For plate materal, there i3 an es
tablished convention that the long axis of the C; specimen is
oriented in the direction of prin-ipal rolling with the notch
oriented in the plate thicknese direction. The problem then is
siniply one of correct identificarion of the rolling direction. For
forgings. the seiectiva of the prncipal forging direction requires
8 knowledge of the forging sequence. Complications may there-
fore arise, particularly for sconomic selection of steels which
requires accurate NDT determinatiocns.

The various discussions above point o certain aress which
would begef: from expanded use of the direct NDT test method.
Basicully, these are the areas for which there i either uncer-
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winty or comphestions in the us o the C, specimer o & cor-

relation ol Thes are (¢ sieels for which correlations have
not vel baor esablished, (L) capes covolving specanen onenis-
Lon uneerainty, paruculariy for forgngs and (¢ fleeis whioh
festure charnctenst rally large C, dats sestier The above sreas
of unceriain'y or comphestions #01 leave very large areas for
the sucormeiu! use of the C, test —specific probien
& caus of geners! pre udice

¢ should not be

Summary of NDT Cata of Interest to
Pressure Yesse! Fabrication

The rapidiy developing backgrourd of wicrmstion on pro-
vedures for the prevention of brittle fractares Las resuhed v an
incressing demand for frecture toughness dsie for the connor
grades of structurs! steels  In efert the des g engineer has
swakened 1¢ the realization tha' large 1oLLage proc
mil! procedares are sufciently reproducible sc thet s particular
grade of mee! of & gpiven tluckness range msy be cstegorized
by ar expected range of NDT or crach-arrest temperstures
However there 18 nc putlshed of such dats 1«
serve aé puidence 1o efect, the wiormation on the use of thess
procedures e provide fractur-es’c enguneeting desgn of slee!
structures has preceded the development of the pecesssr: uand-
book data

The prinar
controls or cher

LCLIOT Blew

' A -
npendiun

requirernents for steels involve
ton tensile test properties plate

thickness deoxidation practice, and the use of nornalizing beat-
treatments  Detaied serouny of the vanous specifications re-
veals tha: closelyv simuler counterjurts W the old and the n

proved shy; plate sleels car e it it. the rommo Kra e of

Pressure vess ' Eleels Thus infornstion developed 1 1in
vourme of gb see! studiee gx direct!s applioable 10 pressur
Vigee  Rlesels For eannipie e ept for de widetint  pras tice
many of the WW.T] shup fracture s woiild ccinply 10 the

y! wWold mjs for ASTM-ALIL Graws o stewde of Yrlate

thne knesses Jese thar 2 in The pre- 245 ABSP slap plats sevke
would \uﬂ.pf) U Lhe reyuirements for ‘.ST\;'\J,‘A (J"d‘ B
pressure vesse seels  The wipomtion of sdditional reguire
wents iovolving noriuslizing hest-tresiments and hugher man-
gunese coptents specified by ASTM A300 results in & cor-
respondence of A201E pressure vesse! rleels with the ABS-C
ahip plate sieels

In contrust o shup fabrication practices therma! stress relief
Dent-tRbatien s are generslly required after weld fabneation of
pressure vessels intended for low tempersture service Exfensive
studies reported previoualy [14) and cunfirmed in recent NRL
tests have showrn that therms! stress relie! Lest-trestmente do
pot mguificanty affect the NDT temperstures of the structural
steels  Hecent practices of ~coslersted cooling (spray cooliug )
of heav: s tiont from the p malining temperatures for sleels
ntended for puclear pressure vesse! applicstions has promoted
genera iLereet 1o such trestments for pons uciesr premeure vemsels
and other apphications  Such steels abould be ccnsdersd s 8
clam disunct from the ae-rolied anc the pormalized vanetiee

It ahould be spprecisted that steels produced by large scale
comnercial practices have s qushty range whiel resuls from
mil’ proessiug varablee 1f proper stsustiesl randon selection
of steels ¥ made the NDT frequency dstnbution reuge of »
partcuiar grade of stee! fesiures & bellaliaped Gaumsan dis
tribubon eurve s illustratead i Fig 17 Thoe curve rejrements
the NDT frequency dwtmbutior establshed for the WW.I]
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Wertd Wa' F ship stesls (poinh net shown).
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Fig. 18 Summoy o NDT “aquancy diaributiont For ship plate and
struchvre’ greds sreels

ship fracture reels  the srtus! points were presented in Fig 40
of reference |2]  The NDT frequencies of the Navy hugh tensle
stee! (HTS and of ASTM A44] rieeis are gpven in thie figure as
sddibona! ilustrations of the generally expectad Gaumsmar dis-
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wbutions. Both steels are samectially equivalest in respect to
vhemical specification requirements; the impruved NDT of the
HTS seei reflecta the additional requirement for wormalizing
heat treatment.

A summary of NDT frequency distrbutions of the ship plate
and structural steels s provided in Fig 18 In summanzing the
availuble NRL data, the suth rs have estimated the lin.ta ex-
pevted for the various thickness groups nornully spec fied In
cisen aliere the estimates wre based on relatively few NDT test
sunples, Cv data available in the literature were studied for
approaimation of the indicated lnuts.  In general, 3 nioderute
nuprovement i the NDT with Jecrensing tluckoess s «Leerved
for all steels. Nourmalizing heat-treatments result m & 40 W
) deg F decrease in the NDT compared 1o the ae-rolled rondition.
Avcelerated coolingof neavy e Licn steels o ot b b e 1al,
purticulurly for the heavy secti s

The “Low Energy Tear” Fracture Problem

The previous sections of this report were aimed at presenting 4
clanfication of the 'traomtion temperature,”’ brittle fracture
probiem  Attention shall now be directed to & new problem srea
which denves from the use of high strength Q&T steels Potential
fracture in some Q&T sueels and weldmentas (s possible by a tem-
perasture-independent fracture mechanism which the suthors
have previously designated “low energy shear” fracture (3, 4]
Thus demgnution reistes to fracture propagstion not involving a
cleavage mode but resulting ‘rom & very low energy absorption
in tearing

Electron microscope fractographic studies conducted at NRL
by Beachem and Edwards [15-20] have shown that the micr-
scopic appearance of “low energy tear fracture surfaces of high
streagh steeis involve either one or more of the following ~har-
acterisic modee (a) the opening up of & largs number of voids
of elliptical croes section with ear'y rupture of the bridge volumes
between the voids, termed “dimpled rupture,” (b) the “‘deco-
hesion” of grains by separtion through intergrsoular paths;
termed grain-toundary rupture  and ' transgrsaular fracture
along planes of no presentiy pruvabie onentation relstionship
with the crystallographic structure through which it passes
termed quasi<leavage rupture ' This evidence suggests that
“low energy tear’ is the proper definition fur noncleavage fruc-
tures of low energy sbaurption

The chemical ruipusition, strength level, snd nucrmstructursl
condition of the steel determunes which une, or combinastion, of
these nodes predomninate for s particular frecture HAZ re-
K1008 wre particulariy susceptibie t.o the “grain boundary rupture’”’
mode due W the deveiopnent «f unfavorable microstructural
conditivns At high yeld streogth leveis, Q&T steels f 040
percent or mure carbun are also prone to the Jevelopueut of
“grun boundary ruptures,” and those with less than approxi-
mateiy 035 percent carbon are susceptible to the development of
"'quasi-cleavage ruptures

The Cy test recognizes energy abeorption differences in ductile
tearing by the level of the upper shelf Fig. 19 Ulustrates the
improve nenta in transition tempersture and in ductle tearing
energy that may be obtaned by shifung from the normalized
(HTS), steele of approximstely 30 ks yield strength to & hugh
alloy, Q&7 sael of 30 w 90 km yield strecgth level, designatad as
HY-80. It s not implied that al! Q&T steels f this strength
level will have such excellent combunstions of high shear energy
and iow traasmtion temperaturs but that an optimized compoaition
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Fig. 20 Features of Fracture analysis diagram modifications for steels of
“low snergy 'ear’ characteristics

can be made to have such properties. The general sfact of in-
creasing the yield streagth of Q&T steels w levels of 200 kai
and higher is Ulustrated by the lower curve of Fig 19. At such
strength levels, the very best steel compoeitions feature C,
shelf energies in the nrder of 13 to 20 ft-Ib

The effect of very low levels of snergy absorptioa ia the tearing
mode is Lo provide for the initiation of fractures frcm emall
flaws at elastic streas levels close to ylelding Large Saws msy
then be expected o result in fracture initiation st lower levels of
elastic stress. The rocket case fracture lustrsted in Fig 5
initisted from & faw of approximately !/rin. dimensions when
the hydrostatic proof stress approached the yield strength level
of the steel. The {racture surfaces did not involve the presence
of cleavage. A fracture analyme diagram interpretation of this
fracture s Wustrated in Fig. 20. This diagram represents the
rocket case stae. as fractuning due to the presence of small Aaws
when loaded w0 near yiel! levels of stress ai wemperatu~s sbove
the FTP (full shesr) transition. The effact of incressing flaw
nizes i Ulurtrated schematically by a family of fracture initistion
curves. The modification of the fracture anslyms disgam for
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Fig. 2) Nivsroting the progresive smbri®iamen’ ond decrsaie in tear

snorgy tha! resuby whh inc-easing strength level of o 4T stwe’ which hes
had sptimum heot-rectment

the case of low energy tesr involves s genera! depression of the
fracture initiation curves t< Jower siress jevels as 'ndicsted sche-
msaticallv by the large curved ‘arrow  The problen of cate-
gorizing the level of tesr energy whick corresponds W particulss
combinstions of 8aw mze and elast. strese for fracture nitistion
in the low epergy tear mode i & matter of sctive current research
by the suthors

We abkal! pow consider various basic metallurgical factors in-
volved in the development of icw epergy tearing for plate mate
ria) and for weld best-afected-2-nee (HAZ, The efect on Cr
properties of incressing strengtl level 1 & giver Q&T seel by
tempering 8! progreasively lower tempersiures 18 shown by dsta
for ar AIS] 4320 stee!. Fig 21 The dste represent values ob-
tained for optimum Q&T best-treatments with smal specimen
blanks simed at th: development of proper. fullv wempered
martensitic (optimum) microstructures A progressive em-
brittlement is indicsted by the sh:ft ir the curves and the hugher
NDT temperstures ‘large dots ou each Cy curve' The de-
crease ir tearing eperg: if eruphasized by the large arrow indicst-
ing the drop iz C, shel’ evergy, with increasing strength level
(Trom 91 to 166 kel yield

The drop iv the shelf jeve! of the C; curve. and the increase in
transition temperature resulting {rom increased streayth for the
Q4T steels featuring oplamum MiCrHLIUCTUNeE Presents One aepect
of @ low energy tesr problem  Apother mspect i the develop-
ment of microstrusturs! deficiencies resulting from insde uste
hardensbility of the steel, or impr:per heat-treatment of the slate
Rimilar conditions of unfsvorsble microstructural conditions of
the HAZ ma) result from the use of improper weldiug procedures
Depending on the welding beat input aud wsvel speed, HAZ
areas may be quenched from too low, or tae hugh temperatures or
quenched with too slow or toc fast cooling rates resulting in
hard tones or in mixed micruetruciures Invoving upper bainite,
free ferrite pesrlite, or poasibly retained sustenite  lsothermal
transformstion (1-T) best-trestments of the AIST 4320 sieel,
Fig 22, ustrate the possibic embl=ttlement and d-ustic decrease
in teariug energies 8t smbient tenperstures that ms) be de-
veloped 1t the BAZ svear of Q&T steels Inferior micro-
structures ms: reduce the Cy properties o the wdicated low
levels ever for fully tempered BAZ of low strength level In
other words strese relie’ may smeliorate hugh hardoess HAZ
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Fig. 22 Miuatrating the very low tear energy charecterishcs the' mey be
developed in MAZ of improparty welded QLT steeh
doficioncios in MAT microstruchres was simeicted by lsothermal rens-
formations (17) of the AlSI 4320 steel.

conditions but serves hittle purpose for improving 8 HAZ which
festuree nferior mucrostructures It i not iuphed thast all
Q&T steels are prone to the development of such low HAZ
fracture toughness propertiee  The use of proper welding pro-
cedures could result . HAZ of hugh fracture toughness

The example of the rocket case rupture illustrates & low level
of fracture wughness which is mAerens 1o the beet Q& T steels of
very high strength (above 180 ksi yield strength ) and cannot be
overcome by alloying or hest-treatment improvementa  Thus,
the successfu! use of such ultrahigh strength steels must be
predicated on fabrication, inspectior. and design quality of the
highest order This tranalates o serospace industry practices
involving “thousand dollars per pound” coet for the fabricated
product  In contrast, we s> '’ now consider ‘' dollars per pound”
fabrication of conventional pr.ssure vessels with the intent of
demonstrating ar. intimate relationshup between the gradstions of
quahty withir this cost regime and the fracture safety of Q&T
stee) preseure vessels Competition, which results in depressing
“quality’ t¢ below minimum tolerable levels, may have a senous
effect on the rehsbility of such structures The Q&T steels
which provide welded fabneation cspabilities in the “‘dollars per
pound ' regime are presently restricted to the range of 80 w 120
ks vield strengthe  Accordingly, the discussions that follow
relate stricthy v Q& T steels of this vield strength range (desig-
nated 80/120Y & )

Fracturesafe analvses of the putential fructure mode of pres-
sure vessels constructed of 80120 Y 8 Q&T meels require meps-
rate considerstions of the transition tempersture and the low
energy tear problems  The transitior. tempersture problem may
be anslvzed in terms of the fracture analvms disgram provided
the NDT tenipersture is known  Once the NDT has been deter-
mined, it is necessary W snalvze for possbilives of low energy
tear problems in either the plate or HAZ at temperstures above
the transtion range In other words, the ten.perature range
above the CAT traneition < urve cannot be conmidered invanantly
safe a8 it can for the case of low strength, mild steele of high tear
energy properties  The posmbilities of Jow energy tear fracture
probleme fur these steels are highly dependent on the compoeition
and hest trestment  Some steels sy feature very high teanng
fracture energy (nu problem | while others may be of suff.ciently
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low value to require flaw size analysis The very low C, shelf
levels which character:ze sume uf these steeis indicate relatively
poor plate tear energies, partcularly in the ‘weak'' direction of
poorly  croas-rolied or strught-awsy-relled materials.  Steels
with such features ~ould develip low energy tear fractures of the
plates at ambient temperatures, similar 1 that of the rocket case
example ‘Fig 5 but fur much larger Raw sizes

Even if it is determined that low energy tear ‘ructure s not o
possibility in & given 50,120 Y3 Q&T steel, there remains s
yuestion a8 to the characteristics of the HAZ  In fact, for these
steels, the HAZ properties present the moet ~rucial questions
bernuse the HAZ s the element of grestest potential vanability
All Q&T steels are susceptible w HAZ degradation resulting from
improper welding procedures. but some of these steels festure s
comparstively high propenmty for HAZ degrsdation even with
the best of welding practices. Severe HAZ degradation may
result in fractur initiation st ambient temperstures from rela-
tively smal! flaws that are subjected o tugh elastic stress levels
(located at pointa of unfavorshble geometry)  Fracture propaga-
tion may then proceed along che HAZ path into regions of rels-
tvely low elastic strese levels In emsence such weldmenta
fracture by HAZ separation, leaving the plate sections emsentially
fracture-free

At present, there are no geaenally practical, laborstory means
of conducting HAZ fracture toughness evaluations. The suthors’
approach to this problem for the past iwelve years has been o
conduct expioeion bulge testa. Fig 23 illustrates the behavior of
8 Q&T steel which featured low energy tear ‘racture propertes in
the HAZ A Navship Standard procedure 2!] denived from this
approach relies not only on performance exhibited by as weided
samples but als® on weldments to which a crack-starter bead
18 added for the introduction into the HAZ of s brittle-weld-
crack flaw (approximately '/; in.) to provide s realistic flaw
condition. The fracture toughness =7 the HAZ is then juaged
on the extent of HAZ tearing which results from the application
of low or high levels of bulge def rmation Qualification of a
steel and its sssociated welaing procedure by this method assures
that no HAZ paths of low fracture energy will be present in ship
structures. It i important to note that this is the last step n
qQuaificativn—the steel and weld metal «re previously investi-
gated Lo ensure that high fracture toughness is inherent to these
two potential fracture paths.  Quality control is exercised by Cy
specifications of plate and weld. Following the HAZ qualifies-
ton, quality ~ontiol i sxercised by requrementa for stnct od-
herence to ‘he welding procedures which qualified the HAZ
fracture path

The foregoing generalizations require some ‘‘case in point’
exainpies to illustrute the realitios of the probiem. In thwe
respect & companeon of high alloy (HY 50 and lean alloy (com-
mercial 80/120 Y 3 ) QAT steels serves to highiight some aspecta
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of the influence of the cost element on the sttainable levels of
fracture safety assurance The cost of the high alioy steel plate
# approximately twice that of the best of the le2n alloy varietios—
chmpetition within the 'ean alloy range influences the spread in
cost. The cost of fabneating both types of steels is primanly
reiated o the fabrication quality aim, and is relatively inde-
pendent of the basic ~ost of the stesl The term “‘cost’”’ is used
herein to mgnify economic factors which affect the choice of the
steel From a metallurgieal point of view the element of steel
rost s relatabie w alloy content and alloy content is relatable to
heat treatment and welding response.  As the alloy element con-
tent 18 decreased, it becomes more difficult to develop “fracture
tough'' microstructures, both in the heat treatment of the plate
and in the welding transformations of the HAZ Thus, a cost-
element pressure for the use of allcy lean steels creates an in-
creased requirement fir exacting control of welding conditions
because of the increased possibilities for degradation of HAZ
properties 0 low levels of fracture ¢ ghness -
The iracture toughness .evel of the HAZ s relatable to the
inspection quality that is required—the loaer the {racture tough-
ness the more evacting is the requwrement {or inspection. Simi-
larly, the lower the fracture toughness, the lower the tolerance for
design imperfections, {it-up deviations, and ~ther factors which
affect the level of stress applied to HAZ regions located st pointa
of geometric dise ntinuity. In other words, the alic ¥ content of
the steel is a key element to the fracture-safe design analysis
HY-80 steels serve as an exam ple of a high alloy steel. Thus
stee! has Heen restricted pnmanly to mulitary and other critical
applications because of ita -omparatively high cost. The high
amounts of Ni, Cr, and Mo used for HY-R0 represent 3 balance
desigried to maximize toughness iad to promote optimum micro-
structural response oo welding thick sections The average HY-
80 plate has aa NDT of spproxmately — 160 deg F. This signi-
fies that the material develope full shear fracture (FTP/ to tem-
peratures as low as —40 deg F. The CAT for stresses of yield
stress level is approximately — 100 deg F. Weld metai which ap-
proximately matches these characteristics is avauable for this (30
0 90 isi) yield strength level. The use of proper welding proce-
dures with the HY-30 steel results in HAZ of very high fracture
toughness, as lustrated by the explogion bulge test sampie of Fig
24. Weldments of properly welded HY-%0 may be used to very
low temperatures without complications of either brittie fracture
paths or low energv tear fracture paths. The same HY =0
may be welded improperly, resulting in & fracture toughnese

Fig. 24 lllusirating the high *ucture toughness characteristics of prop-
orly woided HY-80 steel. All ruptures in the plate, weld, end HAZ
represent high snergy abserption tears.




degradation of the HAZ ipvolving brittieness st low teniperat ures
anc ‘ot jow epengy tear fracture 81 ambient temperitures  Thus,
the reliability of such BAZ degaded weldments Ninges ertirely
or the epecific metallurgica! eondition of the HAZ the faw mize
tha' sy b present in such zonee and the sires: Jeve! normal to
the line of the HAZ

A wide variety of 80/120 Y § Q&T steels less expensive than
HY-80 hsve been developed for welded fabrestion These
steels have relstively low N Cr, and Me cortents.  The sperific
compositions depend on the thickness range of the plate material
and or the desired balance between cost anc other fartors
Some of these sleels are balanced in the direction of minimazing
coet and others on the direction of maxin.zing toughness and
weldability—within the limits of the balance that pr vides for
economic competition. The rnly genersizstion thst msy be
made regerding these seels is that they cannot be Jumped into &
single categomy as the rieid strength range may suggest The
plate fracture toughness the HAZ Cegradation & be evpected
withir: controlled welding imite, the efects of evceeding welding
limita, et  are high's specific 1o the mewllurgy of these steels
Unfortunately, some of these steeis are heing used without suffi-
cient lsborstory informstion or fra ture woughness or on re-
quired weiding lLimite. Anotber gerera! p blerr. that thesc steels
pose for & fracturesaie des.5 s thst the informstion on the nec.
emary welding controls inepection Gusity. and desigr nuabity
requires inteligent applcation bevend thet whick 1€ usually
exercised 1L average ahops

We sha!! now cons.der the charsctenstics of the more highly
ali-ved grades of the commerrially svailable etecls having gusran-
teed vield sirength properties in the 80 1 100 kel vield strength
range It s emphasized 1hat these diesussions de not apply L
the “Jesner (cheaper sweels of this etrength range It ie eme
phasized ale. thet the disrussions apply to plates of the thickness
range ~overed by noth durtihty guarantees  The evpected NDT
of these steels 1¢ v the rangeof =50t =100 deg ¥ depending on
thickness The appr-umate CAT 1= in the range of =40 v J0
deg F and the ‘ul! shear ternperaturse 16 12 the range of 0t 50 deg
F. IneJet these sreels should have gic fruc1urc 1ough ness
Jow service tergweratures if the fre ture ans’yoi¢ JugTarr ¢ app-
cahle  Service eyperierce indiiates that tlis is the case insofar
az plate materia! of freb v quality e ¢ However a
few failures bive beer, rep rted 1, service and in hydroteste in-
volving HAZ frocture paths  Failure analves ar such cases is
almost &n impossibiliny . because 1t involves sasessing Lhe fra~ture
toughness of the HAZ and there are no methods for duing thi
The genera! eonclusions that are usually drawn in such failure
ana'vihe is that the fabrication resulted in the development of
sdverss conditions suct as mismatel, large bead relief and cracks
or tha: fatigue sctior resulted in cracks These findings im-
phicitiv emplasize the fact that the senstivity of the degraded
HAZ path. 1 factors whick involve flawe anc high stresses 16 the
genera' problen.  The ues of these steels 5t Ligh stress Jevels as
present!\ linited hy Cndes or to higher stress levels as ¢ ad-
vorsted demands close adlerence to proper weiding practices
good inepertion, and quality desigr of detaile 17 these are pro-
qded the weldments perform in a tough manner, if these are
iguored the fracture safety of the vesse! msy be compromused

The wide range of sensitivity 10 EAZ deterinration v which
Q&T steels are prtentially subyert nckes it imperative that HAZ
quslifirstion test procedures and etrngent guality conted! prac-
tires be developed and adleved w The welded fabrcation of
QAT pressure veassls reguives quality ghoy practice: backed by o
sufficient amount of well digested technical infirmation In
eflert shop contro! must involve te Liical superision The

nermed

probleme of fracture-safe welded fabrication of high etrength
Q&T meels have certiin simianties 1o the probleme encountered
with the new presipirutim hardened. carhon-free martensite
gec s imaraging tvpe)  These stecle wiey hezt-trested 1o very
high yield strength levels are sle. gobyect 0 Juw energy tenr
plate fractures ‘mitisted from small flans juaded 10 higl elastic
stress Jevels Weid and K AZ chisractenstios of these steels are
presently relstively undefied snd no sgrificant comment
can be offered.
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