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FOREWORD

This investigation was performed for the Directorate of Military Construction.
Ohiee of the Cliict of FFagineers (OCE) inder Project JDM72801 2A0K 1, Engineer-
e Criterta for Design aud Comstrnetion™; Tink 02, Application Enginecring™;
Waork Uit 102, “agineering Criteria for Welds,” The OCE Fechnical Monitor was
I AL Schwarts.

L he uvestigation was pertormed by the Mctallurgy Branch, Materials Systems
and Science Pivision, U5, Army Construction Engineering Research Laboratory
VCERLY. CERYL personnel divectly coneerned with this study were K. W, Carlson and
Dr. 3N hionig Jec Mr. Carlson was respomsible for the design and exceution of all
eaperments and tor the analyses ot data for most of the first and third phases ol
cyperimentation. Dr Honig was responsible for the remainder of the data analvses,
the conchaiors obtained wnd the compwsition of this repont.

Dr. R Quattrone is Chief, Metallurgy Branch; 1. ). Healy is Chicf, Materials
Svatems and Scienee Division: COL M.D. Remvis iy Commander and Director of
CERT . and Dro Lo R Shatter is Deputy Direetor,




CONTENTS

DD FORM 1473
FOREWORD

LIST OF TABLES AND FIGURES

INTRODUCTION ..
Problem
Oaojective
Historical Review

PROCEDURE . .. .. e

Program

Materiails

Fabrication

Mechanical Testing

Fracture Surface Examination
Radiographic Evaluation

RESULTS . ... . .. .. e e

First Phase
Second Phase
Third Phase

DISCUSSION ... ... .... .. e

Firs' and Second Ph..ses

Application ot Fracture Mechanics

Third Phase

Effect of Experimental Results and Ccnstruction Design Criteria

on Weld Specitications

SUMMARY
Conclusions
Future Work

REFERENCES
DISTRIBUTION




F
|
TABLES
E Number Page
’. I Chemica: Composition ol Base Metal and Welding Electrode 15
i 2 Tensile Praperties of Base Metal and Weld 16
3 3 Welding Parameters 16
4 Crack Lengths of Center-Cracked Specimens 16
5 Results of Cluster Porosity Tests. First Phase 17
5 6 Results of Cluster Porosity Tests. Second Phase 17
i" 7 Results of Center-Cracked Plate Tests 17
; FIGURES
9
i t  Fdge Preparation 18
| 2 Tensile Specimen 18
: Y Fatigue Crack Starter lor Center-Crack Plate Specimens 19
E 4 Typical Fracture Surface Passing Through a Clustered Porosity 20
. 5 Uniform Sirain vs Porosity 21
; 6 Ultimate Tensile Strength vs Porosity 21
E T Yield Strength vs Porosity 22

8 Ultimate Tensile Strengih vs Length of Porous Region
Intercepted by Fracture Surface 22

Y Ultimate Tensile Strength vs Length ol Porous Region

Intercepted by Radiograph 23
100 Uniform Strain vs Area of Pares 23
t1 Unitorm Strain vs Area of Peyons Region . 24
1Y Yield Stress and Ultimate Tensile Strength vs Ares of Pores 24
13 Yietd Stress and Ultimate Tensile Strength vs Area of Porous Region 25

14 Ulimate Tensile Strength vs Length of Porous Region Intercepied
by Fracture Surface 25




Ty TP

-

FIGURES (cont'd)

Number

15

(3]

AL

2

ot MEovimuam Load ss Mean Conrer-Crack Lenpnth

Ultrmate Teosike Sirength ss Leagth of Porous Region Lotereepted
b Radwypiph

Unitorm Strain vs Mean Center-Crack Lengtn
Ultimae Teasile Strength vs Mean Center-Crack Length
Dettecnion Bnergy Per Unit Thickuess vs Mean Center-Crack Length

1as Detleetton 1Ceater- Crack Lengths Appear in Purentheses
Beside Their Curves)

Jot M Load vs on o My 9800




EFFECTS OF CLUSTER POROSITY
ON THE TENSILE PROPERTIES OF
BUTT-WELDMENTS IN T-1 STEEL

1 InTRODUCTION

Problem. lhere is o nevd b aceeplanee gnide
specifications tor welds based on actual mcehanical
behavior of a stiructural weld inoany given applica-
tion. Tothis end # is necessary 1o relate weld diseon-
s character sties—such as size, wype, shape.
location, orientasion. and spacing—in mechanical
propeeties of the webd. Such o relation is needed to
1eplace the emipirical approach cureently used in
ot vases of specitivation for stonetural welds—an
appreaeh 1hat ohien resialts in over o under-
destened welds.

[ problem relates to military construgtion in
that fngineer Field Offices are responsible for
veritving the prdnct gualits o construciion pro-
aireiment. Aceurate aceeptance standands are re-
quiral o assire cenfidenee in the struetoral
miverit of welded Bsbrications in 1the construerion

proddiict.

Objective. Vurons tipes ot welditelects tor discon-
tmntess, saech as crachs, porosity and imehisoms,
have been shown direetly responsihle for premarure
otk tacmre of stenctural componenis. e
purpene of this stidy was 1 evaluate the ethect of
chuster porosite on the iemsile properties of -1 steel
coldmenis, Froaure mechanies  relaions,  non-
destructive 1ests, amd stinie tensile tests weie used o
predich the depemdence of these wensile propertes an
vinsrer peresity size.

Thiy investigation provides sopiortiad fosas b the
cuabiation of inspection eriterta reluting abvw able
deteet pananmicters 1o given kevels ol pertornance.
Hiese criteria wonid il part oi the needs stated
abone

Historical Review, t'ense and Stom? have recenth
roviened the hiterature concerning the cticets ol
porosaty mwelds, o that review it was noted that the
carhest work pertormed by Bavsinger and Rogerson
coscluded thar scaatered porosity had e etieet o

AW Peose and R D SEean, Cinllucnce of Wod Ieohoor o om
e Miechamical Prigeytos of Alummum Al We ternn™
Wl B ovanm it ek N AELCN N AT .

tensile strength nutil the porosity became “exees:
sive 71U was also noted that theie study did not
report dita on the exact amount of porosity encoun-
tred. Later, aecording jo the review, Matiek and
Moadward attempted tie correlate  radiographic
recandings of porosity in GHY staindess steel castings
with the tensite properties of the casiings. They can-
chuled that the imperfections had liitle or no effert
on the vield strength, sa that porusity was not con
sidered a limiting facter when designing on the basis
of vield strength alone.

Green. Hamad, and MecCauley’ corducted
strdics ol the effects of unitormly distributed poros-
ity on the static and impact preperties of a mild steel,
ALS1 1020. Porosily levels were measured from face
wind side radiographs and directly from ¢he fracture
sirtaces, tlowever, the actual method of measuring
the porosity and the range in pore size were not
reported. The resilts indicuted that ihere was little
decrease i the tensite strength until the porosiy
density reiched abone 7 pereent. Specimens contain-
ing between 7 und 10 pereent parosity exhibited con-
siderable reduction and variation in strength. There-
atter, from 10 pereent to the highest porosity level
tested. the wnsile strength did not decrease appreci-
ably. more. The measured average celongation
decreased from an initial value of 20 percent in
sonnd welds v apprinimately 18 percent at 7 per-
ceut porosity; bevond 10 percent porosity the ¢ffect
was very large. The shape and distribution patierns
at the porosity were funnd 10 have no noticeable
¢iteet on the tensile properties. Jt was nat mentioned
e the porosity was measured or what the sizes of
the pores were,

Bradley und MeCanley? investigated the effects of
wivttorm porosity on A quenched and tempered steel.
1 fhe porosity lesels were measured from side
aml tage radiographs and directly from the fracture
sietaces. Static amd impact tests were conducted
with porosity levels up to 2% pereent. It was found
tieat httle change in iensile sirength oceurred until
the parosity approached S pereent. Between S and 10
pereent porosity there was sime reduction in tensile

OV L treen, MOE tamad and RB. McCauley. “The
Eitevn o Porans o Mild Stevl Welds,” The Welding Journal
Vol 17, M 7, Wesearch Supplement 119391, pp 209 Wibs.

1 W, Bradles and R B. McCaules, " The Flleets of Porosuy
1 Qus o led amd Tempered Steel.” e WeldimeJourmel, Vol 43,
“ Foag b Sapphenaont TRed) pp K414,
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stiength and sariabiling (o the data; for emoants
vraater than [t pereent there was it more pro-
nonneed rednction in sirength, The eblTect of porosity
v elongation at frehing was fonnd to be similar to
ity elicet on strength—up to 5 pereent porosity, the
clongation was only slightly less than that tor g
sotind weld: betacen 5 and 1} pereent porosity, a
large decrease was reported: and  for amounts
prvater than [0 percent, the clongation at fracture
decreined only slighty Turther, In ogeneral, st was
conchinled that the amount of porosity, rather than
ity shape, [ocation, or distrihntion, most alfected the
strength and duenilits properties al the T-1 steel
weldnients.

Lawrenee, Ridziminski, and Kruzict reported
that nltimate tensile strengib in T-1 steel weldents
was not appreciably aflected until clnser porosity
caeeeded 4 pereent. A pereent cluster poresity, the
armforne stran i undlineed specimens was reduced
troem 20 pereent tn Y pereent. A method of muluple
vapasiire radiography o determine s size wie
descloped.

2 PROCEDURE

Program. |he tirst phase ol the test program con-
sisted ol stnd iy 12 specimens containing clnsiered
porostiy s Numerous experimental problens, sach s
speamen warping doring welding. werg vnconn-
tered, These problems, while not invalidinemg
dattic dud cast donb e its reliability. In the second
toaee, whieh ivolved the study o siv maore speei-
e conkgeng clnsierad porosars, the labrication
wiar tostimg comdiitiony were weae caretnlly con
trodled. Attenapts 1o apphy § integral analvaes 10 the
Lo ob thiy phise sipgeested the avad Tor 3 mitegral
b trom center-eracked speeiniens as o Fasis ol
comparmson. Phie fiaal phase of sindy comsisied of
ety tise center cravked specimens to deternine
new welh chistered porosiey conld be medeled afrer o
cenlererack i plate.

Materials. |1 base metad msed winan ASTM A3T
oo bostractaralsteel, USS 11 The weld wire win

UV Dawrome, S TN Radainensk: and ROW O Krurw,
i Frpoct sl Pomney ot the Starnc Beaside Behavor ot Higw
Aot Seovcrurad Steel Wddwonn, Lechnwal Repor U HEL
PSGCTE e nearer. al iy 197(

Airco AXA00. The chemical compositions of the base
ad filler metads are given in Table 1. and their
niechanical properties in Table 2,

Fabrication. Tl tensile specimens were labricated
From & < 10 1t steel plane stock. The plates were flame
et imo [0 x 36 in. blanks, and cach ol these was
sawed in hall, The wawed cdges were machined to a
doublesee 63 bevel as illusirzied in Figure 1.
Briore welding. the beveied edges ol the blanks were
cleaned with sectone to insure oil- and  diri-free
welding o laces, A 1000 | preheat was used to re-
mase any moistnre on the machined snrlaces and
thereby prevent the formation of lincar porosity
idong the rool pass,

All welding was performed nsirg the gas metal
Are IGMAY welding process with .. argon-2 pereent
onyeen shivlding gas mixture; the welding param-
cters ure listed in Table 3 The procedure consisted
of the deposition of wo weld passes. whick com-
pietely filed one-hall o the weld groove. The root
piss wan then back-gronnd using dise and carbide
grinders. atier wlhich two additionai passes were
placed te complete the weld deposit,

The weldnienis comaining imernal delects were
produced similarly 10 the seund welds exeept that
the flow ol the shielding gas was ainterrupted during
the placement of the shird pass. This created an ur.
stable are. which in i produced (he clustered
poresity. Interruption «l the gas low was accomp-
lished ining g solenoid-activated  valve  siteated
between the welding torch and 1he shiclding gas
tank: the sloclding gas was redyuced or turied ol ¥ for
varving lengths of 1ime, depending upon ihe size ol
chister desired.,

Ater welding, the weld  reinforcement was
reanned by dise grinding, and anonttial radiograph
was taken to Jetermine the approximate nature and
sizc of the porssity clester produced. Using a
wontchate oned shape-cottiing unit, ibe welded blanks
wore then thime ot (o the 1es spevimen conligura-
non shown in Figure 20 The flame-cunr edges were
Livd and sanded inhe direction of the langiudinal
avis ol the specimien. Thy specimien Taces were then

RW tarlem OV Lawrenec, Jrooand ). 8. Radzminska,
i tntradus tr or Dascomnineiies i High Stecageh Stecl Weld:
vty Prelminars Report M-2° 1Convruciion Engineenng Re:
searcl Lahoratny [CFRL] 19720
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milledt Hat and sanded to the same smouthness as the
cdges.

Each welhnent was first examined hy normai
incidence radiography to determine the extent and
location ot weld defects. Sterco-idiographe.. taken
using the procedure of Carlson and Lawrence.® then
proviced preater understand ng ol the character ol
vach dulect,

The center-cracked panels were prepared from
sound welds (soundness was determined by radiog-
raphy). A sterter notch in the plate center of the weld
zone was drilled and cut according 1o ASTM recom:
mended practice (Figure 3).7 Fatigue cracks, using a
tenston-1ension ¢vcle of 310 115 ksi, were initiated in
aceord with ASTM Standard E399-70T. Growth ol
the fatigue cracks was monitored by a closed-circui
television camere aith a reciangular pgrid super.
imposed lor cravk measurement. The observed
external crack lengths 2a, are given in Tahle 4.
From 10 1o 20 kilocyeles at 4 Hz were required to
propagate the cracks to 1he desired length,

Mechanical Tesling. The specimens were mounted
in 2 6XLO00- ponnd capacity MTS 1ensile load frame
and Faded direaly to fracture at a coustant rate of
crosshead motion (O3 in./min). All tests were con-
ducted @t room  temperature. The delormation
occeting ina l-inch gage length straddling the weld
wis measured with a lincar variable ditferential
transtorrier ALVDT) extensometer attached to the
center-line ot vach specimen. The load and LYDT
crtension signals were recorded throughow the test
with x-y plotters. und the load and LVDT signals
were comverted Irom anslog DC to diginal signals and
recarded on magnetic 1ape. The latter step was per-
tormed toretain o separatg permaneni record ol the
dara. especially il autograplise plotting ercors should
later he discovered.

The pereent strain was determined as the ratio
Imes 1001 o the nicasured extension to the gape
length. The strain and stress a3 maximum load were
termed the unilorm strain, ¢y. and 1he ultimate

hOW Carbsonand oy tawrence. e, The Zxumination ot
Devcmtimizties i Welds by Swereveadiography. Lechnuat Report
MM ERL VY

WOk, Browan, It oand L F. Srawley, “haciure Toughnew
Tesing ™ Frovture Toushoess Testing and It Applicatinns,
ASITM NP WL 1Amencan Sy tor Tertng and Materiab
1965 oot

(tensile) stress, oy, respectively. The yield stress. oy,
wis determined at 0.2% plastic strain offset.

Fracture Surface Examinallon. After testing. the
ends ol the specimen halves were sawed off 1o permit
casy measurement of the porosity clusters and
storage ol the fracture surfaces. Each fracture
surface was cxamined to determine its nature and
the actual dimensions of the cluster porosity defect.
A photograph, roughly 2X, was made of each pair of
lracture surfaces, as shown (somewhat reduced) in
Figure 4a. The configuraticn of the fracture surfaces
is even better undersiood when the thickness and
lace views are considered, as in Figures 4b and 4c,
respectivelv.

{n the first phase of the tesi program, the photo-
graph of each specimen’s fracture surface was over-
laid with a grid and the porous area was determined
hy vounting squares. The ratio (times 100) of this
count 10 the total number of squares in the entire
«Tuss section was the percent porosity. In tise second
phase, both the area ¢l the pores and the area of the
region enclosing the pores on the fracture surface
wure determined by using a polar planimeter directly
on the photograph. In the 1hird phase, the fatigue-
cra ked area was determined b using a planimeter
on the photograph ol the Iracture surface. The mean
erack length 24, cited in Table 4, was found by
dividing 1he crack area by the specimen width.

Consider the projection ol the fracture surface on
the plane 1ransverse to the tensile axis, as in Figure
d4a. The porous region imercepted by the fracture
surfuce is defined here as the least area. in this plane
ol projection, that contains all the projections of the
pores visihle on the fracture surface. In this region
the greatest dimension parallel to the weld plane is
delined as the chiester length (fracture surface). The
cluster width is the greatest dimension, in this
region. ttansverse to the cluster length. Both the
cluster width and length are transverse to the tensile
anis,

Radiographic Evalualion. The weld qualiiy of
cach specimen was evaluated by using the radwo-
graph of the specimen and military specificaiion
MIL-R-11468{ORD). Radivgraphic Inspection. This
is the comirelling accept/reject document referenced
in Corps welding guide specifications. Figure 4d
shows a pre-fracture positive radiograph of specimen
AS-21 in relation to photographs of the fraciure
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stirface that laer passed through the specimen. The
tracture surface is related further to the pre-fracture
raddiograph in the radiograph of the fracture surfaces
of the ruptured speeimuen pieced together, as shown
in Fignre 4o,

The peerous region intercepivd by o rad‘ograph is
definet here as the least acea that enntains all the
visible rmtiographic images ol the pores. 'n this
repion, the greatest dimension parallel to the weld
plane is detined as the cluster length (radiographic).
‘This dimension is parallet but not necessarily equal
ta the cluster length (fracture surface). This in-
equality Tullows from the fact that a cluster of porosi-
s is three-dimensional. of unequal extent among
the dimensions. Hence the projection of the cluster
wit the rediographic plane is not neeessarily the same
as the projection on any other plane. Moremwer,
through errors of radiographic technique, the radio-
griphic images (or projections) of some pores may
not be diseernd,

3 RESULTS

First Phase. Table 5 pives results of cluster porasity
teats for the first phase of the test program, Figure §
shows the elfect al parnsity on the unilorm strain, g,
The strain decreases from the sound weld value
rapidly  with increasing percent  porosity—up 1o
about 4 pereent—an 4 is much less sensitive tn larger
porosities. In Figure 6 the ultimate tensile strengih,
o. displays a similar dependence on the cluster
porosity—the rapid decrease in o, heginning a1
about 2 pereent porosity, Figure 7 shows that the
vield strengih, oy, is not strongly affected by percent
porosity ard decreases only slightiy as the pervent
poroity increases. Since these T-1 steel weldments
didl not have sharp yield points. these vietd data ane
sumewhat sensitive 1o the amount ol plastic strain
ollser tsed in their computatian.

Figure 8 shows the dependence of o, on the length
of e porous region intereepted hy the fracture
surtave, calleit 1the cluster tengih (leacture surface).
When the ctuster length is less than three times the
clinier width, nbserved here to be less (han ya in.,
this width inlluenees o) heavily and produces some
seitier in the curve. Above a eluster length (Iracture
surtuced of about 1in.. the scatter in g, decreases
rapitllv as the cluster length increases. Similarly.
Fwtiire 9 shows the dependence of o on the fengrh of

the parous region as determined by a radiograph.
This cluster length inlormation, called cluster length
(radingraph), is the inlormation an inspector in the
licld would have available for mast nondestructive
weld examinations, This lignre shows that g,
tecreises sharply with eluster length once a cluster
length ol shout 1 in. is apparent on a radiograph.
However. an a statistical hasis, it is possible that
Figures 8 and 9 have insullicient ranges of abscissas
Irom whieh tn draw these inlerences.

The Toregoing analysis indicates the qualitative
nature o inalyzing welds Irom radiographic images
alone. since a single normal incidence radiograph
cannot provide informativn on the depth (in the
plate thickness direction) ol a delect. This in turn
emphasizes the qualitative nawre of the accept/
reject standards in MIEL-R- 11468 and in the welding
cndes af prolessionat engineering societies.

Radiographic inspuction of the specimens of this
phase, in aceordance with MIL-R-11468, showed
that only specimen AS-7 could be accepted—and
tven then only as “borderline, standard 111" This
judgment was based on the ohservation that the
porasities in this phase mast nearly fitted the specifi-
cation’s “scattered cavities™ classilication. Specimen
AS.7 was judged ta be mist eomparable to radio-
graphic standard €1-3 in the spevilication.

Second Phase. Tuble b gives results of the second
phase of the test program. In this phase the inde-
pendent eaperimental parameter is the area of the
pores rather than peceent porosity. Figure 10 shows
the rapid deerease of umlonn strain, g, with pore
arca, Outy about .03 in.2 pore area can be tolerated
betore g, is redueed to less than § pereent. However,
up o 0.20 in.? pore area can be tolerated for which
fy exceeds 3 percent. Similar results appear in
Fignre t1 tor g, as a fanctivn of the area of the
norots region. This region, the fraciure surfaee pro-
Jection tldlinel in section 2. includes not only the
nore area., Put abse the arce of the connecting liga-
ments between the pore . 18 it is assimed that these
figamenis rnpinre very carly in the foading of the
specimen, then the arca of the cracked region at
farge loads woutd be this drea enclosing the pares. A
region aboul 0.09in.2 catises g, 1o drop below S per-
vent, vet up 1o 1.26 in.? posous region can be taler-
ated lor which g, exceeds 3 pereent.

Figure 12 shows a neardy lincar dependence of the
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ulftimate tensile strength. oy, on the area of the
pures, However, the scatter in the dependence of the
yield stress, oy, is hroad, and no antempt has been
made to pass u line or curve ol correlation through
those data, 1t is again elear that a pore area larger
than abow 0.03 in. 2 canses a significant reduction in
tensile properties, while such an area np to abont
0.20in.2does not rediee o helow 110 ksi. In Figure
1 both o), and oy, are Tairly linearly relaed 10 e
arca of the parous region, These temsile properties
decrease sharply when the ores are distributed over
anareg up wabon 0.09 0.2, However, over 110 ksi
teusite strength can he maintained with 2 porous
area up o 0.26 in.2,

Figures 14 and 15 show fairly lincar dependences
ol g, on the claster lengrh racture surlace) and on
the clusier kength (radiographic). These ligures are
related 10 Figure 13 in that they pertain to the eatemt
ulthe region having pores. The tensile properties are
certainly affected for porous regions longer than
about 0.4 . er radiographic leng.as larger than
HGETI

Radiographic mspection ol the spec acns of this
plzese w accordance with MIL-R- 11468 showed that
catly apecimeas AS-23 and AS-26 could be aceepied:
AN 20 as Uhordertine, standard 17 aad AS-23 us
“hordertine, standard 1. Using the classilication
Useattered cavities.” as diseussed earlier, specimen
AS 20 was judeed  coraparable to radiographic
standlard. CE20 while specimen AS-23 was judged
camparable to suandard Ct-3. AL other specimens in
this phase were pnaceeptable,

Third Phase. ‘tensiic ¢ata tor the centor-cracked
speeimens are presemiest in Table 7, Figure 16 shows
that ¢ incresses with increasing mean crack length.
The straiin here is derermined Trom the displicement
ob the plate a1 s cemer-line. Since the ptate can
open more, axiaibv, when the crack is longer. the
pitive slope of 1he enrve in Figure 16 0
Lnderstandable,

fn Fieure 17, the vatnes of o) are tdightly clustered
about a stress of 92 ksi and 2 mean center-crack
lencth ab abont ane, with the exeeption of one
auatum point. I appears thal o) s nat very sensitise
o the temah b center-crack in the  specimens
st e,

Ehe sneres seguivid to obtain agiven deflection

is shown in Figure 18 as a function ol meur crack
length, The larger the crack length. the less encrgy
reguired o achieve a given deflection,

11 is possihle to ealculate an elfective mean crack
length by adding o teem to correet lor the stress-
relaxing effeet of the plastically deformed zones at
cach erack tip. This term. called the plastic zone
ruddiny. can be determined from an elastic compli-
anve relation,? or Irom such single terms as the
struin energy release rate. G, oor stress inttinny
tictor, K.? The addition of this term to the mean
eriack length would shift all the abscissae of the
center-crack daia in Figures 16, 17, 18 and 21, and
thus the curves in those figures, to slightly larger
mean crack length vatues, But. since the plastic zone
radius is not explicitly dependent on the deflection of
the specimen, this curve shifling would not vary with
dellection, Hence the refative positions of the center-
erach data would remain unchanged. Consequently,
the results of the torcgoing discussion and the con-
enisions in the next section would not be altered by
correcting erack-length data for plastic zone radii.

4 biscussion

First and Second Phases. As | .gures 6 and 7
indicate, up ta abaut 2 percent porosity ean be toler-
ated hefore the tensile properties oecome seriously
alleeied. However, ductifity is affected above 1 per:
cent porosity, as shown in Figure 5. Ultimatce ensile
strengih appears 1o be unaffected when the porous:
region s less than about 0.5 in. long (Figure 8). or
has an eflective radiographic length of less than 1 in.
tFigure 9).

The quantitative ¢ffect of the pores can he meas-
ared in terms of their area. Figures {0 and 12 indi-
cate that puare areas in excess of 0.03 in.? cause a
strong reduction in tensile sirength, while ductility is
markedly reduced at this defect size. The quantita-
tive eflect of pore distribution can be measund in

'R.J Buecci. P. C. Paris. 1. D. Landes. and J. R. Rice, !
tnweral Esitmanion Procedures, Fraciure Toughness, Procecd
s of the 1920 National Symposium vn Fractuoe Mechanics
Pars 11, ASTM STP 514 tAmerican Sociely for Testing and
Marcrials, 1972), pp 40-69.

W, F. Brown, Jr and J. F. Srawley, “‘Fracture Toughness
Testing,” Fructure Toughness lesling and Iis Applications.
ASTM STP ) (American Society Tur Testing and Materiab,
[EWTINEAN L 8
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teris of the ween ol the region occupicd by the pores,
Sueh an ares up to abod 0.09 0.2 (Figure 13} canses
aosenilicant reducnon o ensibe strength, while
Fosve T shows i the samie ares rionge canses 3
slarp oss ol dnetiliy, The pores region area ol
009 w2 seems to correspond to it chister length
Hiaeture sarlace) of about 0.4 in. (Figure 14), or an
ctlectve radiographic  length ol about .6 in,
{Fzure 153

Application of Fracture Mechanics. In i recent
sty ¥ Tractnve mechanies was used to estahlish, in
part, 2 critwal size of weld delect below which tensile
properties  were unaltected, This was possihle
becimse (1) the fracture mechanios parameter nsed
~=1le Jintegral—ipproached a coustant value with
increasing delect size, and (2) enly one delect existed
swithin each specimen testad,

A ctuster o] pures is oot a single delect, however,
but aw ageregate ol defects. A recent manuseript"
shoawed that the wetal tor continnmm)} boanding
caeh pore contributes (o the 10tal valne of the J
iteetal ws calenthaed Trom dina pectainiog 1o the
catire specimen. Heuee the total Jointegral will in-
crease s the bonndary ol eiich pore is enlirged in
the tensile test. The Tinal vabhie ol the total J integral
s deterusined, nor by a limiting valie characteristic
of (1 nuarerial, b hy the amoiat of delormation
cevnrring o the time the bonndary of one pare lirst
roaches woernieal Fvadoe and fracture ensues, Thns it
wanld be Tutile in this report o search for a limiting
valne of the Finregral for elnsters of porositics, sineg
sl o liminmg valne cannot ¢xist. To sieeessindly
appiv b 3 integral wt the current state of the art 1o
cluster porosity, W wonld be necesaary 1o obtain data
ler the houndary ol or lor munerial intluential on,
ok pore within the cluster. This is bevond he
capahilienes of eurreut instrmmentation,

Third Phase. I'he rationale behind the thicd phase
ot eshing wis 1o estahlish the center-cracked plate us
o mdel ol a eluster porosits ina plate. fows boned
that the mathematical treatment o) the center-
cracked plate i tractare mechanies could he applicd
sitceusstully to cluster porosity,

Py oaeenee deoaed B4 Con, The T fteer op Fack ol
Ve e g v the Statn Temsle Behavae o Hush
S th Strwn turad Steve Weddmenn, Technweat Repont (Oraly
[RS8 D3 S AT T

SN Honte, Jeo, Muligph Coanectnviy and the J Integeal of
{oetnr Mechannce Techmea] Mama: copt M85 (CFRE, 19738,

To establish a correlation between the mechnical
Behavior ol a cluster porosity and that of a center
crack, vne must relade the eluster size to the center-
crack lemgth, This relation may be established if one
hypothesizes that, Tor cach center-cruck length,
there s a single tor unigne) cluster size that has the
sumie deflection energy vs dellection relation as that
center-crack length. In Figure 18, the deflection
energivs vs measured center-crack lengths at each of
three dellections were plotted lor the five cer 1
eracked specimens Irom (he third test phase, thus
estahlishing the three enrves shown. (At a Tixed
center-crack length, it is common lor the deflection
energy to inerease with increasing dellection.)

In the same figare the dellection cuergy tat tha
dellearion} ot each oliwe specimens Irom phase one,
und of six trom phase two, was ploited on each ol the
three defleetion enrves. Suvce the deflection energy
s dellection relations ol specimens AS-22 through
AS-20 were vssentially the samie, they are repre-
sented hy o single symhol. Maoreover, specimens
AS-4 and AS. | ruprured helore attaining the largest
and sceond-largest, respectively. ol the three dellec-
tions, Relerence to the abslissa ol the lgure deter-
mines the center-crack length cquivalent 1o each
£lnster size at that deflectinn.

From the fignre, however. as the detlection
changes. a given cluster size does ot maintain con.
stant equivalent center-crack sire Hence cluster size
s not uniquely related e center-crack length—i
contradiction of the above bypothesis. But, if a
cluster could have u constant eynivalent center-crack
size. the load vs dellection curves of the two defects
wouid have 1o he identical. This identity was nm
ohserved in this stndy: it is thus concluded that the
center-cracked plate is not a complete. or perfect,
model of o clusier porosiy tor fracture mechanics
PUrposes,

Despite the Tavlure ot the center-cracked plate as
Loen ra e borchusio e ooty atis possihle 10
derive some Timtepral in' sessetion Irong the ¢enter.
crackad speciniens themseles. In the study hy
Lawrence ano Cox'? it is shown thin, at any given
defleenion, & fhe 1 speersd Hd, s given as un

YV Lawrene Jroand 1P Con The Frieor of Fack of
Ponvtraton Detecty o the dtane Fewads Behavae of High:
Srengh Strwerund Sivel Weldieean, Technual Repon 1BDrafy
ERE 10T




e

e

w

energy per net cross-sectional area by

_[2E(ér- P(d)d .
N = g [Eq1)

where
17(d} = tota! deflection energy at d,
1"d) = load a1 4.
B specimen thickness,
b sum of ligaments in plane of cruck.

The deflection energy E(d) can be determined by
mechanically integrating with a polar planimeter
over the load deflection curve to the deflection 8.
Values of J(¢) are plotted against d in Figurc 19.
Calculations of J were termingted at deflections at

which the specimens were judged to be in a state of

phine sicees. The caleulated values apply o a pre
sumed state of plane strain. The trend is for smailer
crack sizes (hown in parentheses beside their
varves) 10 regutre larger J values to obtain the same
detleetion. Tie elose grouping of four of the curves
suggests a low sensitivity of the J imegral to crack
size in that range of crack sizes.

Lawrence and Cox found that @ nearly finear
correlatton exists between the 1 integral value at
minimum Joad. Jpg =Hdg,q,). and the product
%het mix Grnax- Here 80, is the deflection at
masimun load and 6,44 pyay 1 the stress, based on
the net eross section. at maximum Joad. Simitar
computations were performed in the present study
amd are prosented in Figure 200 Here a nearly lincar
rekation exists for Ipg > G |cgM . the vrack-opening
tr e Tinear clastic cnergy reledse rate per unit
cruch extension for a free-running crack in vhe base
metal, Fhe one datum point not oheving this lincar
refataon stilf dies quite close 10 G 1 .gpm = 1.1 hsi-in.
sostmiatted drom U8, Steel data '¥). This supports
the assertion of Lawrence and Cox 1hat Jpg has a
lewes himitiog tor average) villue and that such
vithue for the weld metal lies close to the eritical Gy in
the base wetal. However, the strength of this cor-
roboranon is tedieed by examining Figure 21, There
are o ek sizes pear 1oineh for  which
IM 22 GoegM - Crack engihs both above and
Pelow 1 inch have Ipg vaiues near G gy - This con-

AL Hdlle amt S0 R Novak, Shw-Bene Ky Testag of
Moduem Mrengrh Hish Loughness Steels, Techniest Report
WALt S Sl Conp, 19078

flicts with the assertion of Lawrenee and Cox that Iy
rises far above C1.BM only when the crack size is
too small for valid ] measurements. In the present
case, the confliet could he resolved it the effective
critical craek sizes of specimens CC-1 and CC-4 were
far larger. possibly on the erder of 2 in. Moreover,
coniparison of these fatigne-induced crack data to
the lack-of-penetration data of Lawrence and Cox
may not he justilied. The two anomalously high
vilues of Jp4 have not been reconciled.

Effect of Experimental Results and Construc-
tion Design Criteria on Weld Specifications.
Broadiv speaking. there are two constriition design
philosophies, ot eriteria, commonly in use. The older
criterion is “"working stress desigre” in which only
elastic strains are permitted in the strueture. This
design criterion is thus quite conservative, since only
very small dellections are permitied. The new
criterion is “'limit design” in which (not accounting
for Tactors of safetv) the structure is atiowed to be
lowded to the vield potnt aslong as a large amount of
ductility can be ohtained. Consequently. this design
eriterion is Tar less conservative than the older one.
Although these criterin are actually not nearly as
simple as stated. these statements do show the rough
distinetions between the two design philosophies.

Welding vodes da not explicitly state which of the
above criteria are reflected in weld specifications.
The AWS Structural Welding Code D 1.1-72, in dis-
cussing the permissihle weld design stresses of new
buildings and bridges, states that “the permissible
stresses . . . for complete joint penetration groove
welds . . . shall be those allowed for the same kind
of stress for the hase metal” and that “the base
metal stresses shall he those snecified in the applica-
ble Building Code™ ' such as the codes ol AISC wad
AASHTO. The AISC code. section 1.5.1.1," states
thut the allowahle tensile stresses in struetural steel
may be as large as 0.6 g, (except at pin holes) but
not greater than 0.5 vy, where c?,m and oy, are
the minimuny values of the yield and ultimate
steengths, respectively. for the grade of steel of
interest. The A1SC commentary on the code states
that the basic working stress factor of safety is 5/3

WAWS Structural Welding Coxde, AWS DLL-T2 (American
Wilding Sawiety, 1972), pp B0, Ko

Whpwecttivation fior the Desipn. Fabrication, and Erection of
Strrectnra! Steed for Buildmgs (American thstilute of S1eei Con-
sruction, (969, pp S-1b




whh respect taoyy, and that, at the net seetion of

axiylly loaded memhers, the ictor ol salety i 2 with
respeel (o g% The AASHTO code Tor bridges
stades that the design stress Tor aadal tension in
menibers withont holes is 0,85 g, ¥

Feom the Seeel Design Manuol, opn, = 100 ks
wid gy = S ksiTor T-1 AS14 Grade F steel in the
stzerested i this program . ** For the A1SC code, the
saleiy Tactor must be 2 and the design stress 57,5 kai.
For the AASHTO vode, the design stress must he 55
Ksic 1T these codes were applicd 1o the data of phase
two, the respective design stresses wonld drop only
by abont § ksi—to 54 ki and 5O ksi, respectively,
This snggests that, tor welding codes based on wark-
ine stress design. cluster porosity in the extenl
sindied here mav nor sigmficantly  degrade  the
quality of weldments under axial tension. Thus. m
these cuses, reliaxation of elusier porosity restrictions
in welding codes may be considered,

ks coneept is supported by the results of the
weld guality evahenion performed in this studs in
aceordomee with MIL-R-11468, This specificatior
condemns all bt three of the welds in this studv—
vet Figure b shows ten welds having ubimate
strengrhs in excess of 120 ksi, and Figures 12 und 1%
show five welds with ultimate strengths exceeding
T ksi. It s yuite plausible that these 15 welds
world have sothiced for a static tensile load g
wurking sitess design. Rejection abl these welds or
sich s application prohahly would accomplish
nothing but increased project casts. less stringent
rudi.graphic standards might thns he henctivial,

However, as Figures 5, 10 and H show, a nsarked
reduction in ductility ol weldments oceurs when even
snidl ameunis ol porosity are inmroduced.  This
iviphes that relaxation of welding codes bised on
Tinnt design concepts would be undesirubiv, since the
dueiility required in thar design is bwt (n parows
Achiments. Oue example ot such « linmt design
anpheation s Tound in Section 111 o ke ASMF

YCueniestaey au the Spectts it for the Desipn, Fabrosting,
L TR igr at by
CEowanugnnn, PReR, pp A 120

Stown porad S d e Lkl

Sotteanl Spooticatuen . Mighway Badges This ol
ot Aswetation ot Sne thehnan and Trosperratic:
(RN ORFIDEN TSR TER | kA

S Nie ! o Mueen! B e aes Sieel, 19880, p 32

4

Boiler and Pressure Vessel Code '™ In this code, the
algehraic dilterence hetween the largest and smallest
principal stresses is delined us the sivess intensity, S,
For a given material, the Tarpest S permitted s
denoted S0 and s nswadly o, 73 In the vode
requirenients tor Class | componenis operating
wider normal ind upset canditions. some comhined
loading cises allow i peak stress intensity of 3 Sp,.
which is cessentially the vield strength value, Hois
evident that no reduction in ductility or tensile
strenuth coutd he tolerated in such a critical design,

Strict application of radiographic specilication
MIL-R-11468 in this study chmmaied afl but the
most ductile welds. Such rejection wonld he essential
ta the proper implementation of a limii design.
Thus, a redoetion in the qualine o radiographic
standards would nat be beacticial i a himn design,

5 SUMMARY
Conclusions

1. There is o comhination ol pere size (in teriny
ub otal ares ot pores? ol distribution of porosaty tia
terms ol ares encompassed by pores, e e arca of
the parous regior) that s eritiva! in the sense thai the
tensile strengih is not depraded urii that pore size
ar porosity distribution s snspassed. Ta this studs
the eritical pore area s hout 003 in0 und the
eritical areit of the porots region s abom 0,08 0.0,

20 Ihere iy g similae comboniaint o pore size
and distrihpien of porosity dhat s entica! m tha the
duetility tas measured hy g) is charpiy aegraded
il that pore size or perosity distribusion s sur
pased; bevond the eritical potot 1he tate of degracla
v v reduccd Tithis sty the crttieal pory arei is
dhont NLOX e and the erinwal e of the peroes
region s abowt 0,09 in. 7
Vb ooa il Coegen e e of
vlnster poros ity assecianed witl he ennead combani
tions in Conclusions T and 20 In vhis study, ke
temsile strength was naattected tor rdiographic
lengths less i thein, . white the ductility dropped
sharphy amit thay fengih vy reachod

rNwelear Power Conpareias 7 AV Buoados aond Mo
Vvl Ceadde Sectwon 3L Subseatirns 24 and NB ocAmsaean
Sowiciy vl Me e sl Foonggrs, 1974,
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4. A critival size, or other measure, of cluster
porosity cannot be predicied hy the §integral ol lrag-
ture mectuiies s the enrrent state-of- the-art.

S Cluster porosity size, cither in terms of area of
pores o ol arca ol the porous region, can he cotre-
kued with center-crack length on a dellection-energy
basis, but a given cluster cannot be said to have a
unigie cquivalent center-crack length.

6. Inview of the relation ol wensile strength to
critical closter porosity size, relaxation ol weld
inspection specifications may he possihle Tor certain
applications if the specification is hased on working
stress structural design eriteria. However, consider-

ing the marked reduction in ductility with increasing
porasity, relaxation of weld specitications hased on
limit design eriteria should not be considered.

Future Work. The AWS, AISC. and AASHTO
cades contain specilications for (he shear ol weld:
ments that are distine, from those tor the rension of
weldments, Data on the shear ol weldments contain
ing cluister porosity should be acquired 10 determine
the extent ol degradation ol the vield and uhimate
shear stresses and enilorm shear strain. This will test
the qaestion of whether working stress design may be
miecessarily: conservative 1 shear as well as in
tension of weldnients.

Table 1

Chemical Composition of Basc Metai snd Welding Electrode

Base Melal*

S g':i ('urp.u;.nu-n

Manudaciure

Lx signation
Plate Thicknes
Lieetrsde Bupe

Welding Elecirode**
Aot Reducnion Co., toe.
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Ioiton. bare wire

Element Chemicat Composition. %%
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Table 2
Tensile Properties of Base Metal and Weld
Pruperties Base Metal® Weld**
lonsale SMtrength, ki 1268 140.0
Ywld Mreneth, ks 133t 126 3
I longation at Peacture, "o W.0in ditin, MU+ bain,

Reductem in Avea, b 4

*Propiertics ol base metal prinuded byonanutavtorer
** Werage of (hre specimens taken trom weld meral ttrom Fo VL awrence, Jr, and
E P Con, The Etpect of Lack of Penetratson Depevas om 10 Srane Fersile Behuo e

ot High Strengrh Siructuead tecd Woeldmente Ve buical Report (Dralt) (CER
1474,
Tahle 3
Welding Parameters
Travel Interpass and Heat Shielding
V Mliage. Current. Speed. Preheat Temp. Input, Uas Comp,
3 amps In. "min F [N
A | M ) I M 3 @y Y,
Table 2

Crack Lengihs of Cemter. Crached Specimens

Desigmation Mean Length  External L ength,

2a:in.) In, mt
[ TR 3 0
2 1 % [OC )
¢ 1 67 f1 %
[ | (1 [S 1]
(C s IR 14
1t




Table §
Results of Cluster Poroslty Testa, First Phase

Specimen  Porosity  Ultimote Yield Ueolform Reduction Cluster Cluster Cluster Cluster
Number " Tensile Strees, Strain, In Area Length W ideh** Length Width
Sirength ~ *_ (ksh £yl 1) (Radiographic)  (Radiographic)  (Frariure (Fracture
1 0 4 (s l‘.l"«'« tn) tlo. Swiace)  Swiface)
‘ offset) iln.) in}
).
: S 0 1304 122.5 and 14.2 0 0 0 0
(N2 (¥ [RER.} 1212 * 1. 75e . 0 1 i 1]
AN 16, 34 1144 1ne 4 .hl da 1.3 [ 1.3% N3
AND N7y 1209 1209 045 Ih 1.-40 0K 1. 01,
AN Aos 130.° 125.1 1.52 44 (NL] (PRES (.50 0
ASR 194 122.0 122.0 (.53 4.2 1.42 IS 1.7t .20
ANt Rt 124.3 X0 1.44 s i 0.3l 04 0.
ANT 115 1311 123" .84 4.5 (L] 0.3 0.5 0.2
AMA EXLY 12349 122.0 0.7y 4.2 1.02 0,32 1%, ] [P 1
AN 17n 123 1181 1.2n 45 0.9% 0.3 (IR 0%
1 AN LD ALY 1223 121.2 "y 14 1.6 nay (.90 0.
AN 470 1287 112.4 04l R i1 0,41 1.4 ({2 ]
AN AN 1223 1n.= 0.5 AR 1.07 0.\ 1.08 0.
I vensomeder capacity exceeded by ext nsion ot mavraim fowd
s ** { Iy i treatest dimension perpendicalar o cluster fenuth (radivgraphicnm she taciographic plane.
Table
Results of Clusier Poroslty Tests Second Phase
Specimen Areacf  Ultimate Yield Unifor  Reduction Cluster Cluster Cluster Cluster
Number Pores Teasile Stress. Strain, in Ares Width** Length Length Width
in2y  Stremgth  Oyikad 1 (a 1Radiographic;  1Radlographic!  (Fractore  (Fracture
g tksh 0.2°% tin.: iin.! Soriace)  Surface!
offset! un.) do.)
AN 2 (1 2604 s LR m 402 4 1.4 1.0 0
AL 22 1194 il Uk t, R 4 %) 43 1in & 0.1
AN 23 0124 4.6 il A0 4102 . (L) 0.41 02}
AT ]} i 2.9 149 11 % a4 10 TN T
LTNRE TR 1iin 98 3 42 1.02 & 0"a n-" (IR 1]
AN 00w 1 LAl 480 12 3N w. T 0.6 022

1 mear ponwits plat clsierd
Ui i greatest dimension perpendicular (o ctusier Tength radiograph-o i the cadpsgraphe plane.

Tabke 7
Results of Ceoter Cracked Plate Tests

Specimen Ultimate Temslie Uniform Steain, Reduction in
Number Streagth. o 1ksh at’? Areal .
(S| N2LE i.nl n o2
L X S L K] Ini 919
i LI M 12.95
-4 )0 ¥ X7
LA ! AR E 12038
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Figure 3. Fatigue crack starter lor center-crack plate spevimens.
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Figure 5. Uniform strain vs porosity.
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