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propa(Tat into adjoining plate . :\.. weld <l tructure however i con
tinuou · and a crack may prop a ()'ate aero the we1rl from one plate 
to the ne.x-t re. ulting in a complete tructural failure. Therefore 
the pr obl m of fracture orio·in and propagation ha received more 
att ntion in the past f w yen r. , be a.ns we1dii10' ha largely repla. ed 
riv tinO' in the fabri a.t.iou of ·hip and other . tructure . 

I n April 19-l:a the "ecretary of the Navy establi. hed a Board to 
l nve tigate the D e ign and :Metho<l of Con-truction of '' elded teel 
l\1erchant "\ e ·. el . That Board and it. :u ·ce · or th hip tru ·
ture ommittee conduct tl extensive te hnical and , tati ' tical tudies 
of theca ualtie. and initiat (lre ·etu·ch proje ·ts in . ev rallaboratori 
for the tudy of ome of th factor inYoh·ed. The :Metallurgy Divi
sion of t.h National Bureau of tall lards 1uu.l already a i ted in 
inve: tigation of ·ome or the earlier failures and wa: a ·:·iuned to the 
inYe.·tirration of the plate · remove<! from the frncturetl hip ·. To 
( btnin material for thi · inve tigation, the (. ~- on. t Guard in ... o
vemb r 1U43 i . uetl jn truetion. I :q to the effect that, if . teel is removed 
;n repairino· a fra ctnr d .·hip, ,'alllples of the fractured elate._ , properly 
identified, ·houhl be ·ent to the ~lltional Bure;m of St<m<l<lrds. 

'amp1e' from ·ome t'O ship: in whieh ft<ldm·e:-, o cmTed have h en 
received and examined. anrl te:-;ts have hPPll t'omplPted on 11:3 plat .~ 
!':e]p ·ted from;) ' of the.·e sh.i p ·. \Vla:'n snlli.eient and ~uitable material 
wa , a.vailabJe. tht- lahon1tory inYe:-~tigation ind1t<.lt"d examination of 
the fracture and of welds. micros<:opic examination, rhemi •al anaJy ~es 
of t.he plate:, Chnq y V-notched bar tests oyer a range of temperatures, 
and ten ion te. t '. Measurements of the redudion of thidme.·.· at the 
ft·a ture etlg w·ere made on plate. that wer not too badly corroded 
or battered and ga analyses by the vncmtm-fnsion nwthod· were com
pleted 011 about half of the plate.·. In :ome in. tance · oth r te t · wer' 
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made, but the main effort ha been to obtain as much information as 
po 'ble from tests that were more or le tandard when thi investi
gation wa tarted. 

To coordinate th re ulb of th laboratory inve ti()"ation with rv
ic xperien e, information wa btained from the Coa t Guard and 
other co perating a n i r garding th ir um tanc of theca ual-
6e tructural feature of th hip. involv d lo ation and extent of 
th fra ture , an ther p rtinent d tail . 

Factors Involved in Structural Failures 

Workmanship 

Iany of the earlier failure. originated in weld which ontain d 
obviou d f ·t uch, th following example : 

Fignr .. 2 ·how. a fradur onrc in a hutt w ld in the bulwark 
rap rail of a cargo Ye , I. Ther wa. n p netration of weld meta] 
in the cent r of the joint, r ulting in a me ~hanicalHot h a. w l1 a· a 
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Fwnu~ 9.2. /t 'racture :wurc • in d fN·tire trcfd of bulu·al'k C!tJJ rail, X2/.'l. 

redu.ction in the effective cro ection, e:wd re ultnnt trength of the 
well. The herringbone marking or chevron ~ in the fracture of the 
bul ;vark plat at th riO'ht are characteri b · of the brittle type of 
fracture that w re :found in mo t of the hip plate examined. Thi 
type. of fracture wa ob erved and reprodn eel at theN ational Bureau 
of tandarcl ab ut 15 year ago in te ·t · conducted to determine the 
·om·c of ~t b1·ittle failure of l1ll aircraft I art. These te t.~ . 'vhich were 
discus ed in the fir t. .r B report on the examination of teels from n. 
fractured ·hip[6] howed that a brittle failure may be prodn ·ed in a 
normally dn tile meta] by applying a ten il tre to <t notc·hed plate 
. pe ·imen, and al o e -tabH hed the fa t that the chevron: ahvays point 
back toward the oriO'in of the fra •ture, which made jt po . ible to locate 
the :ource. of the fracture in the ship . 

The bulwark 1 late and cap I'ail are not ordinal'i1y on:ider d a.· 
trength member in the de ign calcu]ation~. Actually, howe,ver, 

t.he. e part ar at a critical location-the extr me fiber on id ring 
the entire hip a a bea.m-and they are join d to the hull . tructure 
by welling. A number of other fractur tart cl in appendage 
not con i lered a trength member , and propagated through w ld. 
into the hull trnc ure. Thi " iJJu ... trate oue important point. 
crack· oriO'inating iu any part. of a hip may propagate into th hull 
strn ·ture throu"'h the weld • the ·tandarcl of quality of mat rial , 
de. ·ign, and workman hip even for nonHtrength member atta ·hed 
to th~ hull by welding, shonhl be equal to tho e required in the ]nlll 
struct.nre it ·e]f. 

Figure 9.3 :hows another butt w ld, in a hatch . ide longitudinal 
girder. Again, the weld. metal did not penetrate to th full thi ·kne~s 
of th joint-the original flame-cut edge may be . een in the cente~· of 
the picture. The upper ,'ide of the weld had. cracked at ~ ome prPvtou · 
time., probabl.Y during or .·hortly after the we-lding, and the ra ~k wa::; 
cove-re-d ov r when the part wa · painted. The Jiaht area n ar the 
top ib red I ad paint, which had penetrated the crack. After thi · 
ves. el was launched~ but before it wa. completed, tlwre wa.· a sudden 
·omplet failure of th Rtrength le('k. tarting at thi joint and a ·imi-
lar frutlty weld on the oppo ite ide. Repair co ·t $40 000. Thi 
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co tl iailm· mig-ht have b en averted if, by better up r i ion and 
in p ction, the initial era ·k in one ide of the weld had been found 
and repaired before beina painted. 

There are a number of other cau .. 1 <Hlillg to cr, f'k · in weld , uch 
a ga pock t. or poro ity; lag an l dirt inclusion· in thew ld metal· 
poor fu ion; under ·utti11g of the plate at the ed re of the weld· ln·ink
aa-e era k · improp r edg pre1 aration r poor fitup of th plat · or 
the u e of lug to fill up pace that hould be welded. 

In figure 9.4: the chevron h wtvm fra cture ourc·e. ju the platen nr 
a Jap- ·eam weld. Both :ource ·are at. mall c1·at l" her apptll'ently 
the welder had tru ·k hi arc on th plat , away from the a,rea of t]u,• 
weld. Thi. create a. mall mechaui al n t h ombinecl with a "metal
lurgical notch , in ·whi h the propertie. · are de ·idedly differ n from 
the properti of the parent metal. \... ·mall volum of m tali heate<l 
by the arc, but be au e of the short tim and the mall total heat input, 
the urrounding ba. e metal 1 not heated appreciably. Con equentl .. 
the h ated zone i. ·oo]ed v ry rapidly by cuiHlnction to the urround
inO' ma:. of old metal which amount , in effect, to a very lra:ti<" 
queuch. There nlt i. a hard, extremely notch-. en itive region, pr b
nbly combine 1 wjth re idna 1 ten j]e , tr ··e. r . ulting from th nwtl 
·ontntc'tion. metallurgical notch may al o re:nlt from a :mal] Wt>l(l 

Fwn~E f)A. J.'ml'lur .~ourn•, at crate·r.'S r·au11etl (;y toucll.iii{J welding de<:trodc 
to plute. 
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Design 
~\ . · . ev ral of the arly fnilur origjnat d h1 cl fe tive weld and 

th. r had b en few . uch pectacular failure in riv t d hip all th 
fa1lur w r alfir tattribut cltotheeffect ofwelding. Ifnoobviou 
d fe ·t. •onld be foun 1 th failure were explain d a a r ult of un ler
bead ra kinO' or of rt'. idual or lo ked-in tre. re ultinO' fr m w ld 
contl'a ·t ion anrl . tndi . of th J h nomen a. were initiated. 

It wa o n noted however that many of the fracture originated 
at :tnt ·tm·al d tail . u('h a hatch eorlH'r:;, ]adler utout or th r 
op(->ning.\ rat th abrupt en ling of. tiff n r ·uch a a bilO'e keel or 
a leek , nper. trncture. Th orig-in of the fracture at the. poin 
may be a.ttribnt ct primari1: to th . . tres.· concentration re nlting from 
:1 g-t>ontPtri al or . trndurnlnot ·l1, altho11gh in eY ry ca.e th metallur
O'ica] eff cts of w<>lding, flame cutting, ot· m chanica! workinO' w r 
a 1so pre,' nt, and th~?. ~?ffN·ts ar<• nol sPparable. It i nnfortunat 
that the natur of .·hip con~tnwtion l'PCJllired larg am unt of w lding 
nt :nch point: of gPonwtriml eli~ ·ontinuity, a. in many ea e the 
welding- wn.· blanwd for a fnilnn• that wa. primarily are nit of ·tre 
'Onr ntration nt n .'tnlrl ural notch. 

S me . tru tllral <li:<'ontinuitie. ar ner~?s. ar to thl? fnndion and 
Ol era{ ion of H \ '(', f'l, but the dl?. i~l detail. conld be improved an 1 
tlw Wf'J'f' improYe<l. ~\H<>mtions "'f'l'{' nwdf' on xi.ting ·hii . and 
in III?W eon:t ruction. Rein fOJT(->ment. Wl'l'f' adch>d at. niticn !location:, 
hat<·h <'Ot'IH'I'S and o11wr ope11i ngs wen• ro1mde<l. aml1 h rnd~ of . ome 
!-.t i ffprwt-:-; wPre htj>f'I'Nl. to rPdlH'<' "t rP. · ~ eotH' •ntration:. Butt wel(L of 
a pp ndagps sttt'h us tlu• lm hntrk platPs or bilge. ke 1: wer·p i. olated 
frmn th llllll stnwtm·p, l)\' <'lifting :c•rration~ or hol(': to break tlw 
<·ontinnitv b 1wrrn tlH•sp ":el<ls ancl the lmll plate:. Even \Yith thP:e 
improY riu:•nt~. rrnek· may :tart at unsw·;p(' ·ted lo<'ation!--, . o in many 
type: f Ye~s L barrier.' \H' I'l" in~talled to a.rre.t snch cracks beforr 
ext IL' iYe lam age re ult('<l. The obsrrYation that in ri ,. t . l . hip. tlw 
track u. unlly . toppetl at a joint lNl to thf' in .. ta.llcltion of om~? riYete l 
. eam. or an<Yl . in new <·oJL tnwtion. In PXI. tmg all-w 1 led Ye . L, 
]on(l'itudinat lots " ·ere cut in tlw <leek plating. the . ide . . or the bottom, 
an l th plate · Wf>l'P then r!:'joine<l with n riY trd crack-an tor 3rap . 
. imila.r t a ri ,. ted lmt t -strap joint. 

The f'ff ctiY n :s of thrs(' improY~?ment:-; in workman. hip mH1 lesign 
<h•tail · may b eE>n in t lw rf'eonl of spn·i<'E:' pedorman ·e [ -1]. The 
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Materials 
T n ion te t. indicated that the plate that had fractur d in ervice 

were of normal ductility and that the teel would meet the pecifica
tion r quirement und r which they were purchased. Thi type of 
t el in the u ual ten il te t elongate und r load more than 20 

I £>r n in inch . and the reduction of cr - e tional area i about 
0 perc nt indicatinu that the material i ca1 able of on iderable 

pia tic d formation b for it will fracture. 
The fra ture in the hip howev r how d very little eviden · of 

J Ia. ti c1 formati n or du tility. T arly all the. e fracture were 
of a brittle type, cl1aract rized by a br ak nearly perp ndicu1ar to 
the 1 ]ate. urface: and a coar e granular or cry talline appearan of 
th fracture. The reduction of thickne at the fra ture edge wa: 
Y ry smalL n ually 1 • than 2 or 3 percent and th paint r cale on 
the plat . mia e wa not Tack d ven Y ry near to the fraetnre. 
1 hi: :hmn•d thnt the fracture: had propagat d with very little pla. tic 
deformation of the te I and probably at low :tress ]eYel:. \..· energy, 

r the capn ity for doinrr work, i proportional to the integral of 
strPs:-; ( m· force) 6me. d~formation (or tli tan ·r through which ll1e 
fore~ act:), it i evident that mucl1 le.: eneruy wa: ab orb d in t.lw 
])l'Opagation of the.· fra ·tnre. than in the 1wrmal du tile fradnr • of 
t hi: materiaL 

Th ht k of d11ctili y and the brittle Jlature of the: fra ·tur : indi 
eat d that.. when the t el wa · in ·orporated iu the :tructur of th ship, 
the mechani.·m of fracture. or the mechanical prop rtie: o:f the ·tee1. 
were not the .·am n. · when determined by th u ual ten il te t, u ·ing 
relatively mall pe imen . Tl1i phenomenon i imilar to tha ob
. erved in te t of notch d pecimen in ten ion or bending, particu
larly at low temperature . The imilarity i al o evident in the fa t 
that th fracture in hip occurred more frequently at the lower 
temperature", and that the tarting point of the ira h1re: could be 
traced invariably to geometrical or metallurgical notche re ulting 
from 'tru tural or d ign details fabrication proce , or w lding 
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defects. This phenomenon, called not h brittleness i not peculiar 
to ship plate alone and i not confined to metal . The coring of 
gla s for cutting and the notching of c llophane wrapp r are familiar 
example in wluch notch n itivity i utiliz d to control the location 
or direction of a tear or fractur . 

The importance of not h en. itivity and bri tl fra tur of th 
teel a a factor in the failure, wa re 'OQ''.nized early in the inv tiga

tion, and notch d-bar t t · ou V-notch Cluupy . pe ·im n were In
cluded in the xarniuatiou · of the fra ttu·ecl plate ' , At the arne time, 
inve tiO'ation of the not h en ·itivity of I cted teel · w re conducted 
in other laboratories, and everal new te tin~ t hnique and te t sp i
mens ere dev lop d. How ver p nding tlle re ult of the e inve ti
~ation , very little was known about the po ibility of improving 
tne notch OUO'hn of teel in tonnage quantitie . on equently 
during the war, prev ntive mea ure were dir cted larg ly to r du -
tion of tr \ by careful loadinO' and balla ting elimination of 
notche by improvemen of d ign detail and weldinO' workman
sin p, and prev ntion of the pread of fracture by th in tallation 
of riv ted crack arre tor . The ffecti vene of these crack arre tor 
shows quite onclu ively that the propagation of the :fracture i not 
a direct r ult of the lo of the trength and upport of the structural 
members initially fra tur d, but i due primarily to notch en itivity. 
In the pr ence of the harp n t h formed by the initial crack, the 
fracture could propaO'ate at relati ly low tre and energy 1 v I 
until the continuity of metal wn broken by the ra k-arrestor lot. 
However7 ven in ca e wh re the entir deck or bottom was fractured 
the remaming tru tur in the ab ence of a notch, ab orbed uffi ient 
energy to prevent further pread of the fracture. 

The failur of the tanker h wn in figur 9.5 placed further em
pha. i on th importune of the teel it If in th prevention of tru -
tural failur . Thi hip broke alm t completely in two ·while ti d 
up at a do k for conYel ion aft r th 'Yar. Thi onver ion wa to 
includ the in tallation of crack arre t01 . The o ition a umed 
by the two part of the ve · ·el ar an indi ·ation of th b nding mom nt 
that contribut d to th rigin of th fra ture, but th calculated 
nominal ten ile .tre .· in th de ·k wa only 12 0 0 Jb l in.2 or rou hly 
n -third th yield point of the teel. 
Th . tarting pomt of thi . fra ·tur (fig. D.G) wa at the toe of a 

:mall fill t weld joining a clip to the deck tringer plate. Th lip 
-v a evid ntly attached after the ::,hip wa built, and was plac l very 
ll ar to th nd of a. chock ba ·e whi ·h wa · aL o welded to the de k. 
Two ·mall arc rater , w r form d at the toe of the w ld probably 
b au of th difficul weldinO' po:i tion b twe n the lip and the 
·ho k a e. 'lh . crater', comgined with the overlapping weld one 
of which wa small and ·hallow, formed a metallnrgical not h in addi
tion to the me hani ·alnot h betw n th w ld~ and aggravat d the 
tr on ntration re ultinO' from th tiffening effect of the h k 
ba e. The de k plate it. elf wa ' not abnormally notch en:·itiY com
par l to other hip plat . , but in the Yi ·inity of the w Ids and the 
a.rc crater the not h n ·itivity wa probably greatly increa d a· 
ha b nob rved in a numb r of other ·hip plate ·. 

The irnificant point illu:trated by the casualty mentioned above is 
that even the greate t refinement. of de. ign and workman. hip in the 
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FraunE 9.5 Ta11TU!r that broke in tu;o at dock. 

o'dgin . .al con tru -tion annot preYent failure that may re ult from 
notche introduced aft r the ve · I i in ervi . A me hani al r 
m tallurO'ical n t ·h may b formed at any time luring th life of a 
tructnr a. a re ult of minor accidents, alteration· temporary at

taehment, or even accidental touching of the t~el by a welding ele -
t ro l or an el ·h·ical conductor. uch not ·he , re ult.ing from con
dition f op ration and maint nance a.· well a not he re ul ing 
from cle iQ'Il detail or de:fe tive welds in the original con truction can 
HeYer be entirely eliminated. Therefore it i . ident that the material 
it lf mu t b capable of resi ~ting the initiation and propaga ion of 
fracture . In other word. , the ' teel mn t be notch tough, and further
more thi toughne.~. nut not be eriou ·ly impahed by fabricatin<Y 
operation., uch a ' weldino·, flame cuttinO' or cold-forming or by op r
atiltg con litiom; sn h as low tem})eralure. 

In ten ion, low-ben l or impa t t ·t of notched pecimen. , mo t 
·-te L are 11otch tough at higher temperuturP. , hut a. the temperature 
i. low red they Lecorne, . ud<le11ly or g-radually, more. notch :en it]ve. 
The frnctur change· from ductile to brittle mtcl the energy r quiretl 
to produc fracture i. reduced to a. maU fraction of that which can be 
ab orb d at higher temperature. . The range of temperature within 
whi h the."'e hange · take place, :for a gjyen teel i ·· called the tran ·ition 
ranO'e ?f th~t teel. F nally, for eonvenien ·e, a -'l e ·i.fic point in this 
range I- referretl to i • the tran. ition temp ratm· , defin d. by ·uch 
criteria a the temperature at whi ·h brittle :fracture .fir t appear, tl1e 
thich.'"Tie . re luction at ·ome p int in the pe ]men, the temperature nt 
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Relation of Notch Sensitivity to the Failures 
of the Plates in Service 

..-\.t tla" tart of th illY tigation of the plat remove<l :from frnc
ilu·ed ·hip tl1e Charpy notch d-bar impact te ton V -notch pecimen 
wa. cho:en a a measure of the not ·h ·en ·itivity ot the teel.. Th 
amount of mat rial nYallable in the fra ·tured plate· wn often limited 
and thi t t which wa in fairly wi l u ·e at that 6me, require:· a 
relatively ma 11 amount of n: aterinl. It a] o ha the advantage that 
t t can b conuu ted ea lly and qui ·kly over a ·wide range f tem
p rnture , and that the te:t provide a numeric·al alue of the e1 ergy 
required to fracture a. pecimen at a gh·en temperature which j jnde
pendent of the per onal jndgment involved i.n d termination. ba ed on 
the appearance of the fractur . 

~\fter notched-bnr te ·t. wer completed on on 1) a fe,Y plate:, it 
wa olr .IT d that the plate in which the hip fracture· originated 
. howed lower enerO'y ab ·orption (or hiO'her notch. en itiYity) than 
plate · thnt did not c ntain a fra ture ·ource. Ther fore, the fractured 
plate. for which definite ill formation \ra a '' ailable \Yer cla ified into 
thr e eategorie. :tho. e "hiC'11 contained a fral'tnr :o11 rc (in the hip 
failur ) , tho which were fractm· d tluou1!h, and tho '"hi h ·on
tain d th end of a fracture. The plate were a] o da ified in ~roup.~ 
on the ba i of plate thielme to 1 rmit compari on of dabt for 
:imilar materia 1, and plate. that were not trictly hull plates of 
\Yelled ~hip fractured under normal operating condition··· were 
pla · din n parate mi ·ellaneou group. 

Figur 0.7 how then tched-bar te t curve· in the tnm ition ran,re 
for plate. in the fracture- omTe' and 'fracture-eJl(r categorjes, for 
one thi lme group. For each plate, point r pre. enting the averap;e 
energy ab rb d in te:t at li:ff rent temperature · are connected b: 
. traight line .with no att mpt to mooth the cun·e.. 'T" on ome of 
the CUlT iU<licate the ternperatur , if known, at the tirne of the hip 
failure. The 1; ft-lb tran.ition temperature of each plate, define 1 a. 
th temp rature at which the uot ·h 1-bar te t urve cro e. the li11e of 
15 ft-lb neq .• 'T ab:-;orption . i. n. eel to eompn.re the plate at the ·ame 
en r~y 1 vel. The horizonta 1 bai\ uperimpo d on. each . et of cnrv ~ 
repre ·ent the ran~f' of 15 it-Jb tran it ion temperatm· of the plate. 
in ach ratecrory, and th Y"ertical bar repre. ent th range of nvf'ragP 
nllnf'. of energy ab.~orbf'd in te t. at ~0° alH1 at T0 °F. It may he :een 
that. the fracture- ·om·c plat . (above) had higher tra11. it ion tempera
ture:. and lower Ya lue of energy a b. orption at otTe ponding t m
peratnre: than the platf' ' in thf' fraf'tnr end category (below). That 
i. the plate. in '"hieh fracturE>. ' oricrjnated were l'On ·iderably more 
noteh · nsiti\·e than the plate. in which th fn1ctures e11ded. imilnr 
:-;et. of cm·ye "er . dt·a \YH for the plate · in th • frad \Ire-through"' 
cate~ory and forth . other thirkne s !!roup ·, and there ult arc . nm
mariz din the following figurf' .. 

Ji"igm· U. :ho\Y: the en rgy a b. orbed by Charpy V-noteh spe imen 
nt tlw temp rc\tnre. of the . hip failure. in which the plates were in
voh·ed. The horizonta 1 bar: l'f'JH'e. E>nt the ran ere of ,-a lnPs of energy 
ab:·orption at the failur(> temp ratnre . . for a h crroup of plate. . ThP 
Yertien 1 ]jne~ in the bar: . how the Yalue. for indiYidnal plate . . a11d 
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Fwt JC~; !).7. .Yofdtt•t/ -1)((1' f('s/ ('/OTt'.~ for pi" I c.~ r·onloinili!J .~ottl'f'f ~ antl cndi'J of 
tradur(·. · ill the .· hip.~. 

lite ·in·h~.' nhon• tlw bars indi('a(p the a\·eragP ndtw for ea('h thirkne~s 
g-roup. 

The 1!> ft-1h transition temiX>ratm·ps of the plat~:>. ;\l'P rompan•d i11 

figure 9.9. In addition to thE> H\'erage, indiYidual 'alue:--. and mnge of 
ohs<'ITecl yaln s for the plat sin each category, the <HTOW~. how the 
range of plu.· or minus t\ril'P the ~tandard deYiation of the obserYP<l 
trall ·ition t mperatures. whi 'h should include nbont n.) pen:ent of tlw. 
total oh.erYations. The upper thn't> sPl'tions of thP figure show tlw 
transition temperaturE>~ of fradlll'Nl hull plates in tlH' somTe, through. 
nnd nd enteg-orie: fol' C>at'h of ihe thrN' plate-thi<·lnw:-;s g"I'Ollps. and 
th fourth section shows th~ data for all of thP nhoYP thidowss group-.:. 
combined. In the lower S('et ion of the fig-ur~:> tlw data for thP nti:-.<·(>1 -
laneons plates are ::;ho\\'n. The:-e are plntP from riYet~:><l ~hip.' or from 
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-'t3 PLATES CONTAINING ~ OF FRACTURES WHICH OCCURRED IN SERVICE 

HULL PLATES 0 .44"- 0 .69" ! PLATES d::J RANGES OF FAILURE TEMPERATURES: 40'·88"F 

a 1 
0 

I HULL PLATES 0 .70"- 0 .80" !I I !7- 51 

do 
MORE THAN 10 FT • LB ENERGY 

HULL PLATES 0.81 " • 1.27" 
ABSORBED : 2 OUT OF 21 PLATES • 9 . !1~ 

e !4- 66 

loiiSC. PLATES 0 .4 1" • 1.!10" !I c8::::J 
10 FT - LB LINE 20- 35 

PLATES WHICH FRACTURED It:I.B!! IN THE SERVICE FAILURES 

HULL PLATES 0 .44" ·0.69" 1!1 PLATES I IIDIIB I II I o• -7e'F 

HULL PLATES 0 .70"-0.80" 12 I Dl I B11 I I 24- 60 

a 1 1911111 
MORE THAN 10 FT • L8 ENERGY 

ABSORBED : I! OUT OF 41 PLATES • 32~ 
HULL PLATES 0 .111" • 1.27 " 10 20- 4! 

loiiSC. PLATES 0 .41" • 1.!10 " 4 n 32. ~4 

PLATES INVOLVED IN SHIP FAILURES, CONTAINING EN.Q OF FRACTURE OR ~Q EB!~IUB~ 

HULL PLATES 0 .44" • 0 .61" t PLATES o•- 67"F 

HULL PLATES 0 .70" • 0.80" • I IB I I 32- 70 

0 
MORE THAN 10 FT - L8 ENUGY 

I I 
ABSORBED: 21 OUT OF 30 PLATES • 70"4 

HULL PLAT£! 0 .81" • 1.27" • I II 37. 66 

f:Ntf:J Q NO FRACTURE 
MISC. PLATES 0 .41" · 1.!10" 7 I I I I 30 - 49 

._. __ _.____ L ____.______ 
0 5 10 15 20 25 30 35 40 45 50 55 

ENERGY ABSORBED AT FAILURE TEMPERATURES, FT • LB 

FIGt' rtF. D.~. Rdnli o11 fJ/ <"ll<'rf/ll ft /.J8oroed b]t Charpy V -no lcll .<~p er·imenR at the tcmpct·a t twc.~ of tl! e ·'1 lt ip tall10'C.<J to tl1 
taturc of the fractutl' x llt.at occttrrcd in servicv. 
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part · oth r than the hull trudure, plate· in which the damage re-
ulted from colE ion or explo ion plate in which th nature of the 

fra ture "a doubtful, r 1 late. that contc'lined no fractur although 
fracture o · ·mTed in adjoinino- plate or weld . The 15 ft-lb tran. ition 
temperatures of . ome of the ~ 'hir tructure ommittee "Project 
't el. ·· ar <tl ·o ~hown for compari on. 

4\ relation b hveen the plate thickue and the tran. ition t mpera
tur of the plate i ho,Yn in the upp r three ection · of th figure. 
Th thinner plate (top) how generall lower tran ition t mpera
ture;o, and a p:reat r pr ad of value. than the thitker plate. . Thi · 
indi ·at . that. the notch tonghne.: of a te 1 may be improved by the 
]o,Yer n11i ·lring temperatnre or th greater amount of hot-working or 
other fa -tor inYolved in rolJino- to thinner dim n. ion ·. I-ToweYer, 
th gr ater . pr ad of value for the thinner plate.· . ugge t that the 
not h . en iti-,ity i. inflnenced al o by other variable. in the rolling 
proce uch a. redu tion I er I a or rat of cooling. inc the. e Yari
ation would naturally be greater for thinner plate . 

In each thickne group and in th mi ·ellaneou group the aver
a()' tnm ition temperature of the plate: in the fra ·ture ource' cate
gory i higher than the averag Yalne for plate ·wl1ich lid not con
tain th otn·ce of a. fracture in th hip failure . Plate in which t]H• 
~ hip fracture nclecl how (with one exception) ]ower av rage tran
:ition temperature than plate in th fra ture-through category 
although thi difference i not n. gr at. The nme con:i tent r Iation
Ehip i. indieat d aL o by both th upper an llow r limit of the ranO'e 
of ob erYe l value. of the tran ition temperature. all<l the ranO'e of 
the. catt r band. d fi11ecl by the average value pln or minu. twi · the 
. tan lar l d viat.ion. 

Am ng- the fra tur l hull plate., for the three thiclm : group 
eombined only 2 out of 22 r 9 p rcen t, of the p 1 ate: in w hi h frac
ture · ri~inat d had tran. ition temperatur .· below 70° F, the low t 
b ing 62° F. In both of the e plate., the fractur origin. t d at an 
ar crater-a metalluro-ical notch. The tran ition temperature.~ of 
6-1 p rc nt of the fra ·tnre-through plate an l of 76 percent of the 
fracture-end plate w r below 7 o F. In the mi cellan u gronp, 
th tr nd i. :imilnr. Kone of the fra tur - ourc plat~ except one 
damage l b~ an explo:ion, 20 p rcent of the fracture-through category, 
and 7t percent of the plate: contninin~ tl1e end of a fractur or no 
fracture had tran. it ion temperature:· below 70° F. 

Thi · ,·idence hows a ver\' definite cliff rene of the not h . en:;i
tiTity of the plate. in the d1ff rent cate~orie., whieh ma,y be ]nter
pr te(l n ~ fo1low M: The plate in whieh fracture: originated were, so 
to . peak, •·. lecte l' becan e of ]ower than average notch touffluw~s 
at nitical ]of'ation. in the . tructur . 'The fact that t}w majority of 
th . 'hip.· of the :a me (le:i~rtl alHl ('011. trncti.on did not fracture and 
that the fl'actnre. orig-inated in different location: in the . hip. , in
client s that thi low notch tong-hn.e .. wa. a borderline deficiency of 
tlw .teel. Tlw plate: in the 'through'' and end· categorie. were 
··run-of-th -mill plate,· that happened to he in the path of the frac
ture a it propa~ated. In ·om ca. e , hi:rh r than :nerage notch 
tm1ghne;o;:-; of the plat : (that i. great r ability to ab:orb nergy) 
contributed to th~ halting of the fractnre:, althouo-h ther w re many 
other eout rihutjng fa ·tol':, 'nch a djs 'i pation of Ia. t i 
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c1!ange ~n tres. level · due to tran ·i nt load readju tment of tre 
d1. t.nt.>utwn or the ffect of n arby tru tural r .inf r ment . 

~t appear 1~ea onable to b liev that plate of th quality u eel in 
h1p c n tru ·ti n would how a di tribution of not h . en ·itivity im

ilar to th familiar Gau ian probability urve tha i.. the O'reat ma-
jority of th plat , would ha notch- en itivity Yalue t:"'near th 
normal or average for the type of material under con ideration, and 
r lati,· ly few would ha abnormally high or 1 w value . Tlm 
ther i. little probability that a :mall ample tak n nt random would 
inclu l any plate with abnormally high or low value.. Thi i 
, hown by the hip plat whi h did not contain fracture onr e and 
by ample taken from teel mill and from hipyard to ·]c [2]
th · relativ ly. mall random. ample lid no in lud any te 1 with 
tran. ition t mp ratur a hi1rh a tho founl f r ome :fracture-
ourc · plate . However i:f a much larger ami I were taken it i 

prohab] that uch te 1 would be foun L Th fra ture-. ourc plate 
w re not taken at ran lom, but w re '· elected' b ·au e they contained 
th rigin of a fracture. Thi ele ti n wa from a lar(J'e amp] 
(all of the plate in £>rvice at nmnerou critical location in ome 
5, ·hip.) a11d cou quently the probability of finding plat£> with 
the abn rmally hi~h tran ition temperature ''a mu h greater. 

In .figur 9.10 thi interpr tation i te ted by analyzing th fre
queney di tribution of th ob rved 1. ft-lb tran. ition teruperatur 
Ji the plat in ea h of th at O'Ori . Th Y rti al bar indi at 

th number of plate (l ft-hand ale) or the p£>rcentage of the total 
nnmh r f plate. in ea h ateO'ory (ricrht-luuul ·ale) in ea .h 15° .F 
interYnl of tran ition temperatnre.. Fra tur d hull plate are repr -
. nt d by the cent r-1ined portion of the bar. and the open part. of 
th bar repre en tht> addrtional plate of th mi. ellaneou. group. 
Th average tran ition temperature of all plates in ea h cate(J'ory i 
in licnted by the circle , and th arrow· how the rang~ of plns or 
minu on ·two or thr e tim the . tandarcl deYiation. The ymbol 
X inrlicat the a\el'aO'e for the hull plat . alone. The es!:--entia·l tlata 
ar O'JY n in table 9.1. 

TABLE n.t. 'ompariSOtl of (/l'f'rag tron:sifion /('ni}Jl'r(l/111'('8 of 1111 7Jlale.« in tlw 
, our1'c'. throupll. an(( end cate{lorie.'l 

~atur . or fractllrl' 

or o F 

SoUrt't' 30 ur2. :; :!5. 0 
Through -l ,i 65. j li.;; 

F.nd 3, 56.3 20. 1 

Tlw di ·trilmtion cmTe for th(:' frH tur£>-through p]att>. i: nearly 
:nnmetrical. nnd closely approximates tht> llOl'llla 1 <:Ul'Yt> ( dashe·d 
1rne) computed from the ·\'alu of the avHage nm~ stanc~ard deYint1on. 
The eurYe for th fraeture-souJT(:' plate: (top) 1.' lerHlNlly un:ym
metrical and th aYeraae trnn::-.ition temp£>nthrr~ is :r; deg F higher 
than th ~n· rau . for tire frn ture-through phtte.~ . The listribution 
of th plnt : c;ntaining- th £>IHl of a fradm· or· no fradure is aL o 
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val, but the e two interya] · included equal ntunber · of fracture- ourc 
plate . 

The <.~ot-da h line in the upp r part of the figure ·how th relative 
proportiOn of fracture- our e plate. to fractur -through plate in 
ea h interval of tran ' iti 1l t mr rntur . Thi Ul'\" indicate that 
th~ ~rob~~bility of a fracture tmting in a plate nnrl r th condition: 
ex1 tJ_ng m a tnt ·~u.r .. uch a. a . hip in rea e . markedly with in-
rea mg notch n 'Itlvity of the J late a letermmNl by th 13 ft-lb 

tran ition temperature of V-not h harpy pecimen . · 
The frequency-<.li tribution curve' al how that the plat . with 

abnormally hio-h tran ition temperature in whi h fra ture ar mo. t 
likely to originat repr ent the relative!. few plat wh notch 
... n itivity fall in th tail o£ the probability Clll'Ye f r t 1 of the 
quality 11 ed wh n the e hip. " r built-th bor I rline d ficien y 
p1· viou ly mentioned. Thi ugO'e t tw po ibl r m di (1) irn
provem nt f th average quallty o£ the teel with r pect to not h 
.·en itivity. (In effect moving the entire probability curv in the 
direction of increa ed notch toughne o that a mu h mailer prop ,._ 
tion of the plate in the tail of th cur e would :fall beyond ac eptabl 
limi o:f not h en itivity) · (2) determination of th not h n itivity 
of every h at of teel by in pection te t , and r jection of all heat 
that fail to me uitable pre cribed tandnrd . (In effect 'cuttincr 
off the tail of the probabilit r curve.) 

In th application o£ th~. e r medie , h w v r, du on. id ration 
mu t b O'iven to th po ibility that the n tch en itivity f the teel 
a fabricat d in th hip may be con iderably greater than th not .h 
en iti ity a determined by mill te t of th . prime plate. It ha been 

noted that all of th fra ture originating in plat were as ociated 
with th 1f t of welling, flame cutting, or previon: deformation of 
th plate. ot hed-bar te t on a number of the fractured plat and 
inve tiO'ation in oth r laborntorie , haYe indi ated that th not h en-
itivity i increa d locally a. n r ult of the e operation . Ther i 
vidence al o that thi ffert might be greuter in . ome teel tlum in 

other . but more knowle lge i: neN1ed in thi . field. 

Relation of Notch Sensitivity to Chemical Composition 
To determine the ffect of chemical composition on the not<"h .'emi

tivity of the t el · . . catter diagram~ imilnr to figure: 0.11 and 9.12 
w re plott d :for a<'h chemi ·al el m nt. The f'ontent of th ]em nt 
nnder on:ideration was plotted aguin~ t the 1:) ft-1b tran~ition tf'm
p rature for th individual plnte. in each thicknes. group, llf'ing 
different ymbol t indicate tlw nature of the fradurt>s that occurred 
in th plate. in . ervice. The vertical bar · at the lPft repre · nt the 
rang of element · nt nt for plat(": in the_ :o_urce, through. _and ml 
·ategorie., r . pe tively. and the symbol. wtthm th . bar: ltHhra(e th' 
avera~e valne . . 

arbon fiO'ur 9.11) ha ~ n pron um·ed efff'ct on both. the nature of 
the fra ture anrl the tran:ition temperature. In eaeh t h1clme~~ ;.rroup, 
the ranD"e and the averaO'e vain .s of carhon conll:'nt of plnte: in the 
ira t11r~ ource cate<rory are higher thun for plate.· that ~lid tH!>t <.:.on
tain a fractur Olll'C . Only one fra ·tu r -. mn·ce plate ( m all thil'k
n group:) had a carb<?n 'c n~ nt a. low a 0.20 per ·ent, where-a.· 
the carbon wn:-. at ]ea~t tln: low 111 2 ., pere("nt of thP frartnre-throngh 
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and fracture-end plate . In the catt r diagram-. the majorit r of 
th point fall within a broad band ( ·loping lin ) , howing a general 
increa of the tran ition t mperature with increa ing ·arbon cm1tent. 
~Iangane e content doe not how any consi tent relation hip to 

ith r th natur of he fracture or th tran ition temperatures of 
the plate. v n wh n plat of th am carbon content are om pared, 
a indi ated by the da h d lin . 

FiO'Ul' 9.12 how th effec of rho phoru ' nlfur and ilicon. 
Plc te with high pho phoru generally had hiuher tran ition tempera
ture althouO'h the trend i not very evident a high tran ition t m
p ratur were a o found for a number of plat with low pho -
phoru . Th r lation to th nature of the fractur s i mor apparent 
• in all thi lme 0 roup th plate with high pho phoru w rein the 
fracture . nrce category. Tbi i probabl. r lated to the increa~ e of 
not h en itivity in th vicini y of w ld . whi h other inv tiga
tor [1 ] hav sho n i gr ater in t l with high 1 ho phoru ont nt. 

1\Io t of the plate had a normal ulfur ontent of 0.02 to 0.04: 
pt>rcent and in thi. rang :ulfur apparently ha little or no effect. 

,ilicon cont nt in the ran~ zero to 0.12 percent, aff t · th tran. i
tion t IDI er, ture and the nature of fracture in the oppo -ite clir c
tion to th effe ·t of arbon. The tran ition tempera ure ~ were gen
erally 1 ' er for he plate with high r ilicon and . with the excep
tion of ne plat th ran«e and averau value of ilicon ontent 
were lower for the fracture our e plate. than for th plate. which 
did 11ot ontain a fracture ource. 

'imilar plot were mad for ea h of th oth r el ment. determin d 
in the hemi al analy i . and for the ga . o d finite relation 
could b ob ·erved between the content of any of th element , n
. id r cl individually, and th not h n itivity a indicated by eitht>r 
th tl'an. ition temp ratur or the nature of the fra 'fur . Thi. ug
gest. that th ffe t. of arbon pho phoru. and ili on ar on
siderably greater than the ffe ts of other 1 ment., in the amount 
in el f thi. type. How Yer, many f th . oth r element were 
pre. n onlv in mall amount , or. a in th a of mangan e in 
limi eel range . in the group of te 1. tmder con iclm·at.ion. Thu it 
i po. ibl that the ffects of the relatively man variation of the:e 
other el m nt._ miuht be ob cured by the effect. of carbon. pho phoru , 
nnd . ilicon. 

A\n attempt wa made to find the eff ·t of the. other elemt?nt. by 
a m thocl f :ncce, ive limination of variable:, a: nming-. pr Yi
. .ionally. that the fi ts of the in lividual 1 ment might he additive. 
TentatiY corr ction factm for the eff t: of arbon and . ilicon. 
('. imated from the catter diauram. forth , e lement:, wer added to 
th _ ob~ rved tran. ition temperature.· of the plate. in ach thickne . 
~roup, and th ontent of ach element wa plotted again t th or
r rte l t.ran. ition t mp rature. 1Vith the Yariation ]u , to carbon 
and :i]i ·on at 1 n. t partiaJJy eliminat cl, the ffect of other element 
ould l . e n. and t ntative correction factor for the lement were 

al o added. Thi. proce wa repeated . v ral tim . , and at ach 
~tep the e.'timat d orre tion factors for ea h elem nt w re ·lu,cked 
by the lope of the catter diaO'ram , and modified if n ary. A. 
it i . ·well known that t1le tran ition temperature of a . teel 1. a·ffeet d 
by th grain ize a corr ction fa tor for the fradure grain . ize 
wa. determined in a imilar manner. 
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The correction · for the content of the h miral lem nt re luced 
the pr~ad of th correcte l tran ition temperatur of the plate in 
each .thiC~ne ()'roup o that n~o. t of th m fell within a band of plu 
or mum 30.deg. F, but the po 1t10n of the e ban l were different for 
the thre thiCkne group . Th addition of the COlT tion for ()'rain 
·ize pra i ally liminat d the differ nee b tween the thickne · 
o-1:oup i~di ating that the O'ene1:ally _higher tran ition temp ratur 
of the thicker plat ~e~e du pr1mar1ly to larger ()'rain iz . 

The orre ted tran 1t10n temperatur of about 05 perc nt of th 
hip plat v te ted in all thi kne O'J'Otlp n w f 11 within the am 

plu or minn 30-deo- band. or . tated in m< th mati al term : 15 ft-1 
t.~·ll:n ition t mpera_ture (°F) +corr ction factor. for rhemi al compo-
Itlon and gram. 1ze=con. tant± 0° F (for 9~'5 per nt of the plate 
t~ ted). btlo t<?ftheplat thathad orrected tran ition tempera ur 
~ng~1er than th1 hand harl been ·everely deformed in fabrication or 
mc1d n to the <:a na lty and the hi h tran. ition temperature of the. 
plate may probably be attributed t the d formati n r to nb. eqnent 
train aging. 
Thi look li]{e a formula for predi ·tin<Y the tran itiou temp rature 

of a tee], bnt th n · tuned additi,·e relation on which the method wa: 
ba ed had not be n proved, and the re ult viere applicable only in 
the limited range of composition. of the hip plate . The corre tion 
factor could not be detenuin tl nccurat ly for ·ome of tl1 1 m nt. 
that wer pr nt onJy in mall amount bu the 1·e ult obtained ap
peared to indicate that the tran ition temperature. o£ the tee] n were 
increa eel with inrrea:ing ontent of carbon. pho. phoru • molybde
num and ar ni ~tnd decrea eel with finer grain ize and with in
c rea ing amounts of manga.ne ·e silicon, copJ er and nickel. 

Wlul thi "\-Vork wa . till in progre ·.·, re ults of an inve tigation 
at the Kaval Re earch Laboratory became nYailable. The inve. ti
gntor [11] determined the etfe t o'f variou element. on the tran. Hi on 
temperRture. f ·ontrolled laboratory h at of 'tt>el in which only 
on element ''"a. Yaried and nl:o :how d thnt the ffe t of carbon 
mauga11 e, nn<lnick 1 ar n~ry nearly ad liti,·e. 

In the range of compo ition: oYered by both iHYe tigation th 
re. nlt. obtained by •working backward'" from the compo~ition . of 
th fractnted . hip plat · were in good agreement with there ult for 
th ln ft-lb tnm. ition temperature obtainecl at ..._ RL by th morP 
. traightforward lab n1tor.r m thod. Thi. appeal'. to validate th 
a . umption of an ndditin relatim1 for the eft'ecb of the other element:. 
Howev r the two inve~·tin·ations did not aoTee on the effects of eoppPr 
and. ilicon, 'rhich illu. t1;tes the danger: of optimi~ti extrapolation. 
In the low ranges of ·opper and . ilicon content .f<?lll1(l in th . hip 
plates, th : Plemeut: appear to lower the tran.·1twu temperature, 
but. in the hialwr rnn{re: co"Yered bv th ~RL iuwl:5tigation. the tran
sition tempe~atnre is~rni. e 1 b~· ftirther n~ld~tion: of thef'e element:. 

Further inYe tigation:-; at • ·RL. and . 1mllnr re. t>arch at a not bee 
laboratory [121 u:-.i1Jg different :pecimen typ~ . . have show_n. that thP 
notch . ensitivity i: fir._ t lowered, and then r:used, n.- the s1h ron eon
tent i · inc'l'ea . e<l. The etfe ·t. of some otl1rr element~ al o chaiJg(' , 
ith r in n acrnitudl:' or direction, u.- the content of the element is in

crea. ed andr--there ma al o b interaction between certain elem nt. 
that do not. , how up ";h n only a sing-le> eleme-nt i . Yrtl'ied. The W<H·k 
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fax) 15 ft-lbtran ition t mp rature (°F =1 +3 X% +1 0 
X7< P-10 X%~In-3 Xo/£ i-:-xfractur O'rain- ~ iz number 

Summary 
trn ·tural failur . of welded m rchant. hip.· haY co. t the ~ ... ntion 

almo t 50 milli n dollar. in the pa.t . y ar ·. and there have h en 
other co tly failure. in ·n h . trudure. a: bri lge. and . torage tank.. 
The failure u. nnlly o · 'tuTe l at low t mpemtnre. , and th origin of 
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the !ractnre. conlcll:>e trac d. inntriably to a point of 'tre ·on en
tratwn at a aeometncal or m talltu·o·ical n tch re. ultina from de lQ'l\ 
detail ?r \Yelding d f :t . ~he fra~ture. in the hips g n rally w ~·e 
of a bnttl t:ype howmg_ ~1ttl~ end nee of ductibty although the 
t .eL·. howed normal d~lctll.Ity 111 the u ual type of ten ile t t. Th 

J.rmcipn1 factor: contl'lhutmu to the.e failm·e '-workman.hip de
' 10'11 and matenal -an l the prenntiv m a ur thut have been 
appli clare di:cu ed. The inciclenc~ of failure in . hit ha ben 
reduced mater1all by imprm·ement. of cle:i()'n <l tail.' nnd of weldinrr 
workma hip but it i: eYiclent that tre ·. r--cone ntration " r ultin: 
from unavoidable tructural notche: , welding de£ ct r conditi nr-: 
ineitlent o operation an<l maintenanc:e c~m nen•r be entire] eliminated. 
Ther fore the quality of the . tee} e p cially with rep;ard to notch 
~ en . itivity, must be r garde(l as an imr ortant fn ·tor in the preYentlon 
of failure . 

(harp· V-notch bar test of 113 plate ' remoYed from fntdnr cl 
, hip hmY that the plnte. in whi h the fracture: originat d wer O'en

rall.v mor notch , en:ltiYe than plate. that did not contain c fracture 
·om·c . ..'tati ~ tic:al interpretation of th <.lata indi ·ate. that nncler 
th condition e.xi ting in a . tru<:ture u h a: a hip the probability 
that a fracture will m·i~inate in a plate increase~ markedly with in
cr a:ing notch :en ' itiYit. of the . te<.'l~ a mea:m·ed b. ' the LS ft-lh 
tran ition temperature of harpy V-11otch pecimen . R lation. b -
tween the 15 ft-lb tran ition t m1 ·eratnre of the p1nt and their 
ch mi aJ compo.' ition . how that the notrh . em;itiYity i i1\creu. eel with 
in ,. a. ing amount of carbon and pho ·phon1~. and deer a~ed with 
finer grain . ize and with increa. inp; amount.· f ·ilicon and ma1wane. e. 
within the ran~ of the rh mi ·al com1 o. it ions of the . hip plates. 

InYe:tigations of failure. in \Yeldecl ~ hip: haYe been tonducted at 
th ational Bur an of tandnrds OYer a period of ·everal year. , 
. huting early in lH-!3. Until Jul. 1, l!Ho, tlw examination. of frac
tured hip plate.~ were carri d on a a part of an extelllled re ·earrh 
program. pon. ored by the Bureau of "hip.-, Tavy Department. "'hen 
that pro:rram 'va: terminated, the work wa. eontinued by th I~ntionnl 
Bureau of .._ tandard. a, a fnnll<nnental part of a . tudy of the nature 
of fracture and of fradnre propagation in metals. Siuce .July 1!)-J-1 
the hi I "tructnr{:' Committee ha: :-.pon:ore<l the inYe. t 1gation:-, of 
failur :in welled . hip:, and thi . work has b en rmHl11eted by the same 
persmmel and closely 'Oonlinated with the work on the nature of 
fradure in metaL. 

The early part. of this inYestigntion was <.'OtHluctPd umlPr tlw super
Yi. ion of Georp;e ~\.Elling r, who ha: continued to ~ how an adin• in
t rest in the project all(] ha · given ntluable coun, el throug-hout the 
inYe tigntion. Other present and former member.~· of the l.It>bt~lnrgy 
DiYi ion of th N utional Bureau of tanclar<l:· who ha n• contnbute<l 
to the work are :Meh·in R. l.leyerson, Gordon L. Kluge, I ... eo R. Dale. 
Jame. T. terling, H. G. ~facKerrow. a]l(l Lura~· RoPhl. 

:Much credit j due also the U. . Co~l.t uanl1uspector . . ''ho wer 
r .. pon. ibJe for tl1e . election aJHl marking of the ~ample of fra ctured 
plate;· and to members of the ~'hip • tructure Committee and of tlu.• 
~Ierchant ~Iarine Teelmicnll>i,·i~ion, 'C. 8. oa~t Unnrtl Headquarter~, 
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who upplied information r aarding the tructural feature of the 
hip and th circum tnnc f the fnilure;- and a. isted in many oth r 

way. 
Discussion 

~in. J. J. KA .-TEH, Directina En!!ineer Engine ring Divi ·ion ran 
o., hi a o, IlL: Ha any attempt Lef'n made to corre]nte the tran i

tion temp rature with the aluminum content f the plate . Did you 
make any attempt to eli tingui h betw en · luble and total aluminum 1 

Dn . . M. L. 'VILI,L\M : .. Aluminum wa plotted in the ~uu manner a 
t.h other element but we did not find any con i tent r Jati n bet we n 
the trau itiou t mp rnture an l the aluminum content. The hemical 
analy e. of th plat did n t 1i tinaui ·h between olnble and total 
ah1minum. 

MR. ". T R, General J\~Ianager am Tour & Co., Inc . 
. Y.: Dr. 'Villiam ha ch en J 5 f ot-pouncl a the line 

tion betwe n a brittle condition and a tough condition for hip plate . 
Thi i an arbitrary Jine and not a tran ition line. In fa t, it ha · 
no relation ~hip to trall ition t mperature . It i p ibl to have 
te 1 that will have thi · 15 :f ot-1 ouud n t h d-bar harpy impact 
trength below i tran ition temperature. On the other hand it i . 

po ibl to have teel that, eTen aboYe it tran ition temperature will 
have le . than 15 foot-pound Charpy not h d-bar impac trength. 
1Vhat. ju tifi ation i th r for thi. arbitrary 1 ction of 15 foot
pound a a rit rion of anythina~ I . craek propagation dependent 
. olely on not heel bar impa t trength nnd ind p nclent of whether the 
fra ure i of the Lrittle oe nonbrittle type , 

Dr. 'Villiam ha l' f rre to defectiY weld · a b ing th point of 
initiation of c rtain of th brHtle fracture that hav oc UIT din hip 
plat . That brittle fra ture of great lenath can dev lop in relntively 
oft t l ha ~ b n l m n trat d in the a... of certain aa pip:.Jine . 

That brittle type ira ture an travel through everal plate. for a di -
t. n e of 1 0 or 200 feet ha. be n c1 mon tt·atecl in . hip plate.. The 
J ng t era k of thi. natlne that ha. come to the wrHer·. knowledge 
did n t o ur in a ·hip. It d v lop d in a 30-in ·h-diam ter pip line 
laid in a trench and trav l d a total of 3 300 fe t. It did not originat 
in a defeetive weld, it tntYeled longitudinaJly of the pipe, through 
mor than 1 0 ircumfer ntial w ld. and wa not defle ted by . ueh 
weld: . Ther i no indication that a :t el with n lil foot-potmd 
l J Otch~d-bar Charpy impact . trength woul l be . nti . fa c·tory for a ~a: 
pip or f r a ~hip plate. ~ 

De. ign ._: . hould be ba. e l on tre .. l vel. ancl on length of . teel in
volve 1. In the a. of pre. ure pip line th length inrolv dare the 
circumference. involved. At c given tre · 1 v 1 when failure i · 
initiated in a 30-inch-diameter pipe. the era k wiiJ prom: . :farth r 
than it will in a l, -inch-diameter pipe . tre ed to the ame d~gree. 
The larger th length of t lin 'vhich elastic ner y may b to red the 
greater th tendency to britt] fra cture. . In otlwr words. thf' notched 
bar impact tr ngth n ce .:-a.ry to . top or retanl the propagation of 
brittle fractur mu t be higher for larLYe . tructure · tl1an for . mall 
. tructure:. No arbitrary figure u h n. 15 foot-pound may be . el ted 
for all . tru·tun• . . 
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Du. 'Vn..r.I.\·)1.'_: Th ubject of no~ch en itiYHy and tnm ·ition tem
perature .are dJ.~ct~: e l more fully m the written paper but in the 
cond n atwn of tlu · paper for oral pre entation it wa. · nere ary t 
omit part of thi di cu ion. 

It miO'ht b \Yell to empha ·ize h re that the 15 foot-pouml value wa 
·hosen a · a mean · of comparinO' all1)lat . at th ame en nrr level 

and not a . a line of demarcation between totwh and brittl behavio/ 
1 t i tru that the temperature at which the en rgy ab ·orption i · 15 
f?ot-ponnd (:for V-notch Charpy 1 ecimen ) i not trictly a tran i
twn temperatn~· for all typE:' of. teel , and perhap it miO'ht have b en 
better to a 11 1t by ·ome other name. However, for . t el of ~]lip 
plat quality the 15 foot-potmd leYellie within th trnn ition rang 
and the temperature at which tlH• notched-bar te t cmTe cro e tl1' 
1 ~ foot-pound hne provide · a cm1Yenient and ea ily d termined nu
merical nd ne which i on of tbe many po ible indi ·e" of notch n i
ti,·ity. The value of 1 foot-pound: wa cho ·en arbitrarily becau e 
it wa: the minimum acceptable value pecified for not ·hed. bar te t 
un ler certain of the A :ME pressure ve el rode , and be ·au ·e it ap
pNU'l'<l to be a rea on able value ba 'ed on experience in the field. 

The jn t.ification of this tentcltive election of the lt foot-pound 
transition temperature a ' au Jll(.lex of notch en ·itivity lie in the fa ct 
thnt it loe. provide a rea onably o-ood correlation between laboratory 
t ·t an<l Hervie rxp rien e. 'imilar correlation are . ho,vn al ·o for 
tlw other in dire!:-. of noteh . en. itivit:v whieh ·were u eel: thE:' ener~y ab-
orue<l hy ( ,harpy V-not ·h pe imen at the failure temperature £ th 

re pe ·tive plate or at fixed t mp rature of 30° or 70° F. Pos.·ibl~· 
the COlT lation might be even bE:'tter at a Efferent fixed temperature . 
. ay ±0° F or at a dlffer nt energy level for example the 10 foot-pouml 
tran. it.ion temperature, and further work in thi. dir ction i con
temp ln ted. 

From the correlation with ervice experience, u ·inp: any one of 
the. e in(li ·e acceptable limits of not h . en itivity may bE:' determined 
for ~tee]: intended for en·ice under imilar condit ions. For other 
. erYie condition:. ·uch a in pipeline. or pre. sure YE:' ~se1 · of different 
. ize , it would be necE:' . . ary toe ·tabli. h .-·imilar COlT 1ation:-- with . en·ice 
PXpt>rience. and the acceptclble limits of notch :en:iti,·ity would prob
a hly be <lifferent. For examplE', the accumulated data for . hip plate 
jncliclltP that steel:; having a ].) foot-pound tran:ition tE'mperatnre 
~om what l1ip:her than the lowrst operating temperntttre:-; ( that is . 
. teel:-; rapahle of ab orbing .·oml'\Yhat 1e~. th<m I:> foot -pounds at the 
operati1w temper.lturt>s) would h~ aecE:'ptable. T o maintain the :·mne 
Pnergy absorption at lower operat 111g temJWr<~tyr •s, a ~·mTespmH1mgly 
Jow<"r trnn. ition temperature would be required. 14 or m~re . eYere 
sen·ice condition , more than 15 foot-ponml energy absorption at the 
operating temperature might be found necessary. which would .re
quire n 13 foot-poun(l tran. ·itiou tenqwrature lowl'r than the OJWratmg 
temperaturE:'. . . . . 

:Mr. Tour':::; comment · on the f<ulure · m ga. p1pelme: are appre· 
c inted. Jt would be interestin~ a]l(l inst_rudiYt> to compare the ~pentt 
inO' condition: circum tan e · of the fndure.-. a11d the propet·tle., :md 
ch~miral comp~. it ion of the ~teeb ~nYolYed ~Yit~l ~h similar <lata that 
hnv been obtained in cmmect10n 'nth tlw . lnp farlurl:'~. 
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