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Thus invest igat ion ~ as pertornierl ui t h e l) i iec tu ra ie  ot Mi l itar ~ (‘ol istruct lol t . Ut t lce
o f t i le Chief of l’ngineers (0(1.) widet I’i it e c t  4A762 7 .~ I A I4  I - “ApplIcatIons l:Ilgineei-

I a~k 04, ‘‘Lnginccring (‘Iiieria UI l)esign and (‘ollst ruc t io n ”: Work Lnit OI l .
“I- ngineering (‘ r iter ia for Wehd s .’’ ‘Flie applicable Q(’R number is I .06 .004. The 0( 1-
lechtn iea h Moiii t &ir  ‘A- as Mr . l. A . Sc l twa it i .

The investigation ssas perfor m ed by ti le Metallurgy BIancll (MSM I. Materials and
Science Division (MS) of the U.S. Arniy (‘onstruction l~ngineering Researc h Laboratory
( C E R L ) .  CI:RL pers onnel directly involved with th is study were MI . L. 1’. (ox  and Mr. h- .
II. K is ters .

Dr. A . Kumar is (‘hid of ’ MSM and l)r. ( .  R . Williamson is Chmet of MS. (‘01 J. F .
Hays is Commander and Director of ( I  RL and I)r. L. R. Shaffe r is Technical Director.
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THE EF FECTS OF WELD PORO S ITY 1 l Ie d~ I1~iilIic t i u g lIIIes ’~ ill is e LI imi c t ,il ,ii.l iac ,’n I t o

ON TH E F R A C T U R E  TOUGHN ESS tI me h ea l -a f fe c ted  ,one .iI m ie t h e  bite i t us iot i ‘A .is

OF A514F STEEL also te s t e d  using in s t r um nem i t a t mo i m mec e i m t ls  deve loped
fo r t he dvnaniic tear mI lachi llic I LII is time i s , ’
recor ded for spec inteI~s m io m e lied in the fusion lone .

Using these data , d~ miamic f rac ture  I iL’~~ ‘. ,due ’I INT RODUCTION were calculated , l ime test  te m peratures t om these ~pce i-

mu cus ranged from — I -lu ( to +21 T

Problem Mode of Technology Transfer
Many of t u e  (‘or ps of kngineers ’ meta llic structures The information iii t h is report is part ot a L~ lg- tc l l 1 l

are f a bricated by we lding, ami d preventing br i t t le frac- research effort designed to  improve ( s i p s  i I ietnce ~’
lure of t h ese Str Uctur e s IS s e t  v 11111)01 ta ut . Various guide specif icat ions comicerned is lit t ime a cc ep t  rL ’J L ’~
ty pes ot discuntinuitics am id de te c t s  sllmliet im es intro- level s ‘I ise ld d e t e c t s  Pert inent sta ndards se lec t e d  or
duced iii I ss elds during tahi IC:it iom i I slit Ii as ~rj c ks , upgrading are C orps of I ISLLI I1CCI  s (,mde Speet i  ~ tI-
po ro s i ty ,  ami d lack of peii~ m ra t ion)  h ave been shown (‘k- hO.O . (;~thk .S’pt ’ - i ~tt - 1itt oi for t Ii I, tar t’ C ? t s r r l . -

I ause premature b r i t t le  f rac tu re  in structura l  stee l I lo ot; tick l ing, Structural . b r  ( ‘r i tual  .- lpp lu-arioo.s
we ld t m te nt s .  1 lius, w hen su~ lm detects are detected , t lie~ ( June 1-165 I: Federal Construct ion C w ide Specification
are usua lly re t mmo v ed to insure tIme s t ruc tura l  Integrity of ’ Section 05 141 . It ch/dig, Strz it tti r a l ( \ 5 e t t ih e r  I () ~4
t he joint . I loss uver . not all discontimmui t ies arc detected and Federal (‘o nstr rm ct ion (,utde Spec if icatio n Sect ion
nor are they always elimim iated during servic e . Of 151 16,  lt ’ck/ i ;mg , Mi ’clmao mkal I \ Ia’ I (I 4
particular inme rest are porosity defects both uniform ly
distributed and clustered. Lit t ic experimental research Back ground
hIS beeli coit dlm cted on t lmc cf i~ct s o f porosity on time Rcv me ’A of t i e  e t t e c t s  of ~~)i 5 l t \  ii sve hdm mic n i

i t i ght i es s and duct i le- to—bri t t le  tram isition temperature mechanical pio t er t es h~ l’cnse aT I~~~St I IUt ~ m t m d ica ted
(l)BIi’ ) of i mi e l .s t remit i t l t , low—alloy ( I ISLA) steels ( t h e that scat tered p ) l o s t t \  li-ad no el ec t  on mensile s t rengt h
Background s~c t I ml revleiss the available l i te ra ture) ,  unless it is as ‘‘ e \vs ’siiie ‘ N im m d i ca m io im V. as g Ivem i (if —

t he amount of p i I r os i t \  t h at V. is eo i msm d ere d to be c x -

Objective cessive oi of t h e  qu’a nt t t ics of poros it\ in tile welds. In
The purpose it t h is ii i’ . c s l t g a i jo l t  was to evaluate the a more recent investigation of the ci I~~ ts of umufo rt ul y

et ee ls o f clustered amid l im me ar porosity on time impact dmst ribu ied porosity on time tensile s t rcm tg t h t  of alu-
( dynamic tear t amid dymman i ic f racture toughness of minum alloy we idnients , Lass rence at md ~s 1tinsc~ miote d
A m e r ican S c iem\  for  Testing and Ma te r ia l s  ( AS I Ml that v isible poros ity ,ts o f t emi accompanied hr sigh t1-
A-~ 14 gra de I steel sse lds . T i mis  investigation provides icant a moumm t s of invisible t l t te r .p rosl lr  - Their result s
a partial basis f i r  evaluation t is pect iom i criteria relating imidic ated that tei ms ile stre img t h and d m ict m l i t r  gradually
allowable defect Ixi ramefers to given levels 01’ we ld- decreased in proportion t o  time amn t it i t  of to ta l  polo’’
i lm em it  mnec hamiic a h propert I es performance , 15 pr es e m i t  on t h e  imac t ur e surface.

Approach i .u rmd in ‘ hi as revert t lv cc imp Ic ted a i ~ II  c i i  it t ire
Vield s con t a i n im tg  contro lled aillOUIlts of clust ered l i t e ra tur e  1111 time v’f iects of ‘ield dlse ih l tm I t i t Im ie s  III

a m m d luicar Ii s i t s  ssere made and fabr icated in t o

st , indard I .5~)—cm dvm iamic tear speci m ens ( Figure I I.
.Spcci tu cr ms ctu m t i i nm o m g clustered 1s iri s i t ~ Were pr~p~ it’iJ A \~ t ’ ense an d l~ I). \ t , icl . ‘ t nuucclee ‘ t S S c i i f id eL ’

im i d naclmll ie ’ IIIIIcl med so that t i le  cluster was located &tfl l ice ~t e t JIll ,ct  ‘r ipci I i ’s  si t A t unr i nc in t  \ t k t  \Se td inen t s .
II ’ I / t ic /~ ‘s -a p I C ii i i  16iI1c -ncc _ N - ,  1 5 2  (Ju t v  Li 

~1i I
II t im e  notc h 1 1111. I . ihiv ’ it  pumosoy Spevi I i IL’Os had fli e
p. 1 51 15 .ili~mie d at t i m e  to t c l i  and along t h e  f ra c tu r e  ‘I - - t ais rence . i t .  ,cmmd 55 . i t  \ l t inse , I i t c L l s  “I ‘i . ’

- — - 
, 

- on the Tensile t’ ropc r l lcs  ‘f 51153 and 6116 1 Al ummmI nu nl S i t ’ ’
‘a ~~, 

‘
~ II ~ e’lds V. r’re It).spLV ted hs ‘s -1~ v 0dm Igrap lm V - .. ,

- 1/’ i’Idn’menms. it ( I c  A~ c.5zr , Ii ( n u t ,  II I/uI/c t,’, , \ . 1~~t
pIl l Ic ) mIm: Ic i i l l l i mmg t i  delerl i m ilme I lm ei r  adequacy f t  et ru a r ~ 92 5 ) .
sobsci ll iell i t e s t i ng  I 1k- specimens ~ cre teste d al -- I) I uIIdim m, I t u ~’ S Idn I t I san s - It 15 t ’ isI t ) I % ( , , f l I U l t i i h ) c ’ s
t emmi p era t u i e s  rangin g t r o t h  -‘ l iii ( t ,  +1110 ( - TIle .s Revmc ’ ,s i t  ( iirri ’ f l t  t I I d ra t I l r ~’ , ’’ ii / , l i c  Is’ , ,,;..l, ( 5 )  i i
f r acture sur faces i se t e  vIs i t  i11~ exa mined a f te r  t C s t I t l d  f lu / le t  tic . N ,  2 2 2  t l k encl ’~’t t i — t i
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~~~~~~~ ~~~~~~ ~oT ~i~~~~D



miiec b iam t icah pm ope rt res . l ie  section concernu ig porosity d iet gy for distributed poros it\ lcvcls as hugh as S
in ferr u le steels indicated that  imiany tese , irc hi ers h ave pc~rweti t on the cross section. Suhtm iergcd arc isClil s ss ere
foun d m hiat scatme i i ’d . una lmgne d, ami d unclus te red pi th ’s- unaf fected to 5 percetit c ros s section poros it s . but a
I ty  in a l t i t lu it t s  lesi lu au 7 percent h a d  ati i t I s i g i i t j ~~i mt t  ra pid decrease iii itnpac m e ndrc\ ‘i~~iUi  ed tom g e a l e l
inf luence i n  y ie ld  strengt h , tens i le strengt h , s low hemmd : i l lm ,c uut- , of porosi ty .
du c t i l i t y , ami d ie~f i u u i . m i  im i area. Imil e r r ia l pot isit s ii i - .

ohs er s ed to he less harmful t ht am m surface or near-sot ccv  1 he ge m ieta l  ‘ t ts et is us of sources ir i s esi i i’a ’ usl m n
p t c rc l smms , wink a l igt te i f  or clustered porosity was t o i i m td I undin ’s l i ter atur e rcvie~~~ is thin ~orosuy ml ) amiloulits
to he a severe st ess concemi t , t toi  - less than 5 percent li i’ little e f f e c t  on (‘b iarpv \“nto tv hi

- - — toug h ness and . fo r we lds is ith greater amounts , t lieht i s tv ’rc~I PUihis 0 in .-\~ 14 1 b u t t  weld specm niem is -
- - inipact helmavior is a f u t t ~-tiori  of t he pe r c e i t a s a d  of t Imepulled iii tens ion has been i ns - est i ga te s f  by’ I Io mit g amid

- r - - - a re a  occupied hi- mite poo s i t s,ii s o t . I l ie u iese :irci l  i mi di v ’at e d t h at clustered ~~ Os

i t s -  se ve te fs- reduced ducti l i t y whme m i pie se t mn iii amounts
of ’ 1 pe rce mmt oi it i , . r~ ’ o f time th eor et ical  e i s c s s - s e e t i c i n a i

,i~ ’a . ami d th i , ~ t he tei msi l e s t i e m ig i l i  de, re ised S pc i c d h t t  2 PR OC E D U R E. i t  t i n n s i ) V  ese ls  g r e i t e t  Ili um o p ’ r c e m i l .  l I re slmg h i t
ie ducti ,ii i i t t  si e t i g thm nmd icated t h aI pu rci s i t s ill L d I  Jill

a mm iu ’ u m it s can he i n h e r i t e d  under st _ i t m c  lc ia d mr mg. hiul he—
- - - Materialsca use of t h e  u , , tS i i~ loss 01 ~lti~ t t l t t s  . it !s unacce ptable . - - - - —

- - - ‘ . . .  1 he base nieta l used iii this stud y si as \S1 51 A~ 14b r  ise iii him i i i :—l , n id ~d c s iemie d s t ru c tu res .  Su t i t i lam me s ts  - .  -
- 

‘ 
- gra de I’ steel ( - ~~. Steel T-l I. arm ext ra -hm iebi ~st re ngt hi .ri S -I ! s ve f d i r tem m t s were ci t m id uct eu hi Lawrence - 

- 
- - ~ , -

- - - - 
- 

. how-alloy structural  stee l  suitable for weld fabr icat ion -I~,s ,./i t i i i ~l~i . an d lxnim ,ic - N ’  reduction in tensile ,, —
- . -

- - - Since th u s is a quen ch ed and tempered steel ,  i ts mieo~st IL - l ie u  ii :is note d fur amounts of clustered po rosm t~’ - -
- - s t ruc tu re  is con mprised i f  tenipered i l ia r te m isi te andof less t i tan 4 pci ~etn , howeve r , I P~~~~U porosit y - .  -

- - . 
- tem pered ba m r i mte , The ‘Ad d ing el ec t ’ dc used is ascau scu t h e  st e - aiim am Ii .iclu e to decrease Irotu 0 to - -.\irco \ \ 110 , 13.1 6-cm hare is ire ele ct I ,‘dc - Tables I

‘~ percent. - ‘ - -ami d 2 cisc t bie chemical ccmipuSlt ionS arid imieci mani cal
S e rs l i t t l e  re se ar ch h a s  been conducted on tIme properties of t h e  hasi’ an d sield metals.

im pact l iigf r t ess ( a mimat en ma l ’ s chtar a cter ist ic  abi h i t ~
m i  t e im si  t i t~ t i  e u nder an im m ipact load I of is-elds coil- Specimen Fabrication
ta m n r mig 

~~~~~~ 
, One suc hi i t is est  ca t i on is as co mi d t ic t ed Welded speci miiens is crc tah nic at e d I roit i lii ic speci -

by (‘ reel ) - I ham - ad , and \1c( uu le y on -5151 1020 steel . m e n  blanks c ’ t  -S ~ 14 1- s t e e l  p lame . T h e s peci ment blanks
Th eir is ork ‘ c It  s i mhi t ie ree d arc is elds showed a dee t eas e sic e s:tV. -e m t in half , ami d 60 degree double 5’ bevels
in ilmi pact d i ld ldS prsip i t t io t ia l  to time peri- e t t i g e  of is m t hm o mi t  roil faces (I am m ds ) s i d e  mach ined. l Ie . s .cc i—
ih n s r r tb u te d pi ’ t . is i ’V Ifl the fracture sur f ace.  Si m ilar lien blanks we re but ted tccg em h ier  arid p r e h eated to
, css l ts  s i n e  f ’ct i in i d i t t  ( 5 1  5 welds f’or ihis n r ihutt ’j  p ,  0 3 3  ( - V i e lsl ing si ts dtc mie fns t h e  gas metal an. I( ,\1.\ I
r c c s i ly  levels of up to  ~ percent , I hte mesu hls  of (‘ htar py process: Table 3 gives the weldi n g parat t i e l ems used -
\ -ri ’ t e h Imilpac r e s t s  n I 11 s led co nd uie t t ’d hs (‘lus te ned pii iiis il\ s s s  induced into the weld metal
1 0 t h - s  inch SI,) nt lev ” s P o i l nit deeueas e ill Iml lp .ict h~ nrc t i oentau ly i n t e r rupt t mi g  Ilk’ slu e iehm ig f l’  ccl i  ilk’

— - — f i t s l paSS :inid t t iem i l ot t e  s ,e it td  ss~’ld ‘s e t  passes .
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mc u mmtore d l v  d nec ’t rea dout it mh’ .’ t l t e t i,,’. oup li’ . I I  -

- 
‘ \ ,iv l Res e ,ut ch i l al no ia t , i r y -  . a ptopc i rm mona l re latic at i
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dy r i at m m lc I ra ’ .  liii’ l lt td l i l i ’ .’s’. of i iuat ~’ r ua Is is be in g SSel d octal dyr la u m li c team si’ c’ c’ r i ie t is  Iu’ r  t c ’ .t itig oIl
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Table I

Chemical Composition or ttase Metal and Welding Electrode

Base Meta l* Weldin g t , Iectrod e **
Slt cnmu ut ue ’ n i m re r U.S. Sleet (‘o rp eu ra nio n -‘s ir Redu cti onm ( m i . ,  lime ’ ,

l,)es ignat io n T-t AOe-tu A N - I  10

Th ickness 3 4  in. ( 1 . 9 1  cm) t , Iare’ 1/ 16  in, (0 ,16 em) base’ wire

Element 
_______ 

(‘hem ic4f~~~position. ss 
______

0. 15 0 ,1154

‘sin (1,89 I,~4
P 0,009 0,01)8
S 0.027 0 (108
Si (1,27 1 , 45
Nc 0.90 2 ,43

0.52 nt ,i t4 9
51,, 0,42 14 5
V 0.06 0,008
‘st it ,h ih j 7S
Ii (l , ni i ( 4
tr
It i).0OI5
(‘ ci 0.2 1

* l > i r , c  Irouim indepe’ndeni analysis ,
**Dala supplied 1w nmanut’,uetu rcr,

Table 2

‘tens ile Properties of Base Metal and Weld

Mater ial Tens ile Strength Yield Strength l’ . Iongat ion Reduction in Area
ksi Ml’ a ksi MPa percent perceni

l3,use \ i e lt uh~ 1 211 827 1 1 3  779 36 In 2 in, 66 .4
(5 ,08 enu)

55 elsI ’ 140 965 126 869 511+ in 3 4  in,
( 1 ,91 ciii)

tr m i ; n e ru es, m l base uime t_ ul provided by niaflu itucturer,
‘ .1 n h r r e - c’ specimens take-nm froni ~e’id nut-na t (from I- , 5’ . Lawrence , in,, I . P. (‘ c ns and I ,

I t , run ,- , Jr.. / iu/ / t u m ’ uu , .‘ ‘if I/tar Iiipuut a,icl lack ,,,t l’ m, ms ’tratrocn / • ‘ni t’l/t miii (hi’ Shaft, I i ’.t .cm/t - Bc /ia i /or
oJ I/lA /i S;r.’ngtli .S’tnu-tt,raI Stu ’c ’l It ’c ’/ d nmm ’ut i. c , ‘I’eclummi cat Re’porn ‘st -I 35 At)Ao I 2’~30 (U.S. Arui my

‘ . i u s u n u d c n u ’ , u c  t ng mn ec ri ng Re -sca r e -t i  Laboratory,  June 1975 1.

Table 3

We ldin g Parameters

Inter pass and
Voltage (urrent Travel Speed Preh eat lamp, h eat Input

- ~~~~ in./min cm-nun I - C k.l in, k,I ~~
I pr O I’..’.. 2° 330 tO 25 .4 21111 ‘13 3’1 6 15.6
5,’, ‘put l’.u ss 3i t 13(1 IS 3 7 .5 200 93 26.4 1 11 , 4 
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Table 4

‘lest Results t’or Spec in me’ ns Containing Cluster ed Porosity

lest I ract ur s ’ 1- r ac t uu r s ’  I ner~~ I qu iv atent
SIne -el ms-n ‘Ii’ mn m p e rat u ir e t ’ne rgy N e m Ar c - a 1~ Ic

- 
I t - Il. .1 I t - t h in, 2 .1 ‘.ini - 1_s i- ,, In. Ml’a ‘., mu

‘1 7 3 l n n  001 “ 1 77 ~~~ III
( II 5 70 1.11 2 1. II’) 54
( ‘ I ’ l l - I  4th 411 ,‘i~ 32 3  161 70 14 14
( I ’m .  I P St. + 10 304 4 1 2  S3 ’ i  113 4 7  I (n

i i  S I 5(. . 10 1st .  4 5 1  S l i t  I l l  t ’ ..S I ‘4
( I ’ l l  ‘, n 2 1 2  c l i i i  I 1 S 7  -I,s 4 S 14 1 1 2  55 I ‘4

Table ~
lest Results for Spe c inmem is m_ on t aining t ine-ar Porosity

Ies r I ’ra c tur t- F racture ~~~~~~ t ’q u iva len t
Sp ec i m en I e’ m ,m p e ram ure l” nerg ~ Net Area

( ‘  It-lb .1 l’t.Ib ‘in.’ .1 ‘ c nnm - n ksi ,, in, MPa 
~

n i l  —1. - 3 111 ‘41) s ”  7 1 (52 If.
( 1)1 -h 220 -~~4o 59 5(1 93 t9

I ill -~~ I 3m - ‘(In ‘(3 126 146 29

m i l l  - ‘I ‘ (n (n it 229 I t  4 (01 95
( Ut  —4 76 (nIl 27 7 3 7 ( n  673 135

( 1) 1  - “ 4 , 1 40 2 7 1  367 7 16 144 42 I SO
i 1) 1 - 10 4 1’  41’ 54 385 689 138 143 159
( 1 ) 1  5 + 86 + 311 43 0 S’l t 055 2 13  170 191

t i l l - I t e 2 l 2  + I l i n i  381 5 1 7  1105 2 2 2 164 18 1

lzmhk 6

l e s t  Re-su Its iru,nr Instrum ented I)y nanni c t ear l est ’

I-ra e mure I n -a, Ou rs’ I cier ~~ %Iax I q uc um ,ultn n (‘alculat ed

~ m’~” uc ~c ’ .ni~ I en u pe- ra t ur e I ne-rcz~ “n’I \ r e - ,i 1,oad K I~ - 
K Id

1 (‘ I-lb 3 mn lb in ’ .1 en i c  lop KN 1_ si ., in, Ml ’a -
~ 

m 1_ si 
~ 

‘in. MF’ a ~ 
flu

\~~t 4 l  70 21 507 c,87 S i 5 1  S t  21 -1 90.7 1 Q 11 209 ‘(4 ‘213

n u t .3 ‘it  2 1 4 i 7  551 3 1 1 1 7  230 ‘1 , 2 5 5 4  1 71. 194 ~- I M 3 20 1

I I  (n 22 ’ ’  i i ’ ’  7 71 I 1 I4  17  7In ,5 92 , 5 I -m S 2 1 8

t i - / I l l’  ‘ i ’  ‘ c i 12 3 ‘ ‘u. n 
~ ‘ 16 .5 7 4 7  Ii.’ ’ 1

11— 2 ‘i’ i..’ 1 Q ’  I ‘I. 11 , 11 4 “ ‘1

t I - I c I. ’ .  2 t ’ l  2 ’ u ’ ‘i i ( ’i 65 l S ( ~ 8 2 7  177  1t 14

t I - ’.c 4 ’ -  -I ’ ’ - ‘ ‘ I  s i s  10 2 5 7  Is In 19 .2 (0 ,4 210 2 3 1  ‘ 183  2 1 1 1

ILl 4° 4 ’ )  ‘ - ‘ ‘ I ,  (.5. 5(, ip, S I  711 ,1, 91.1, 190 2119 ‘— 1 96 - 2 1 5

ut- s  ~0 21  78~ i n  4 I 33°’ 235 21 ,2 103. 2 24 8 2 2  2 2 1  - 243

114 70 2 1 ( .15 5 t ~ I ’ ’ ’4 7  185 2 2 1 .  1 110 ,5 213  2 3 ’  21 5 -2 31 ’
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NRL DThAMIC TEAR TEST SPECIMEN

I —
I. m2 5

1600

U 3 562 003
7125

60 NOTCH ROOT ANGLE
NOTCH ROOT RADIUS

1.4—0062

Figure I - Standard 1 .59-c m dynamic tear specimen as specified in MIL-STD- 1 601 (SHIPS).
(All dimensions ar~ in inches: metric conversion factor:  I in. = 2,54cm

Figure 2 I)ynamnic tear specimen w ithm iron-constantan thermocoup le micro-spot-we lded across the notch root.
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APPENDIX:
LOAD VS. TIME CURVES
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~~~~~~ Test Temperature : 21°C
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- Fracture Energy : 687 J
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