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A ABSTRACT

AN
N
This report descnibes & «tudy made of the conditions readed for iratiation
of a brittle fr .cture from flaws 4 i» or '~ss {n length. Exper ments performed

Lo+ demonstrated that residual and reaction stresses (local siresses) join with

applied stresses to make up the total stress that is involved in the tmitiaticn of
many iitle fractures. If lecal stresses are high {n the vicinity of a fiaw. then
the applind stress may be low when brittle {racture {nrtietes from that flaw pro-
vided that the steel 1s at or near the il ductriity temperature (NDT). Stress con-

d:it.ons that are expected to exist in ship strustures were incorporated in tne test
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acumen. Yarious technlques were employed
strosses in the area of the flaw front, Some brittie fractures were initiated from
flaws 4 ‘n or less In length at an applied st-ess of iess than €000 psi. Thus

te rosuits provided some {-styht concerrning the stdte of stress that grebably ox-
ed in structures that have failed in servicz at low applied stress,

Service (eiluies and the results obtar~2d en this prejest show that flaws,
(especially cracks), »f almost any size are ac¢tertial iritiation poi-ts of brittle
fracture.. On the other hand, these results have shown that a '~tal straess of
yieid-point vaide or higher, 1n conjurction with scme stress-raisirg cs-dition,
is necessary to initiate brittle fracture u-Jzr servica corditions fram faws of

various sizes and types {such as a crack or lack of fusier 1n a weid Joiﬁr).\ Ir

/
Athor woards, 1t takes a combination of copditinns t2 {~itiate & brittle fractdre,
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Numerois {nvestigations of the causes of brittle fracture 1~ ships hava
beer urdertaken {n the past ten years. Attentlon .:as recertly been given to the
part that weld flaws have played in the initiation of brittie fractures in weided
structures The lack of krowlzdge carcernirg the types and sizes of flaws thaf
may be dangerous in a ship structure prompted tils investigatidn, which has
beer advised by the Ship Structure Subcommittee a~d sponscred by the Ship Struc-
ture Committee. )

The prirc:pal o‘éjective was to investigate the conditiors required to ini-
tiate hrittle fractures from flaws 4 in  or less In length The 1nformation obtalned
from flawe greater thar 4 in. in length has been reported and published 1 It was
Lelieved that the informetior gatned would aid ir establishirg productio=, inspec-
iion. and repalr procedures for use in ship corstructior. The work described in

*hic repert Us the corciuding phese of this investigation.

REYIEW QOF PREVIQU» wORK ON FLAW EVALUATION

The literature covering the broad subject of brivtie fracture has becr care-
fuilv surveyed This survey ~as necessary to determine .1 what was required of
a .;aboratorv test specimen. ard ‘2. what the cesiar. of aneciren ghanld ha If

Lrvice cordinlons were 1o be simulaied  AIter 4= extersive sludy of the subDject

il

of brittle fracture {t was decided to use a sphere approximataly 9 ft {n diameter
as the testing apparatus. The test specimen that contained ¢ :: -v2id flaw was

welded in place as an {rtegral part of the sphere wall  The stress corditior in

the gpheare wall 2t 2ome remote distance {rom the flaw ffort swas essentially Si-
axtal It was tnterced thal the stress field 17 the zptore wall .1 simulate

stre: 5 corditions ip the deck or hull of a ship ~»rore a blaxtal stress fie!d is

Yo toy oviat Notatle A€ tha dealive and Fohrlogtine ~F tho fosticns annaratiic
AR A LT RIT DD T ARl 17T 4B LA A g oDyt

are describud ir Apperdlx A



The most serious tyres of defects in welds are bzlieved to be cracks and
J4:xk of fusion, and of thzse, weld cracks seem to b2 most dangerous on the basis
of past experlence, Perhaps the reason {or this is the very sharp radlus at the
flaw or crack front, which produces high stress concerntration. In view of this, the
first studies were confined to weld cracks and lack-of-fusion-type flaws, and more
specifically, te tha effect of size of flaw on the applied strees required to (nitlate
a briatie fracture under static !cading  From the studies, the folicwing conclusions
wire drawn:

(1) Britle fracturas woers {nat): appited stresses well below the yuzld

sUiengtn of the test plate provided the crack was 4 in long or longer

shigntly. These data are shown in Flg. 1

(3) When weld sracks ended in cound E6010 weld metals, brittle fractures

did rot initfate  Tn some tests. ductile frastures ooaurred even though the Charpy

Voaotch 15-{t-1b transition temperature of the base plate was acove the test tem-

{4} in gancral. th: spplited fracture stronzos were Cwered by the addition

ot residiaal or reaction stresses to the stress sysiem However, the maanitedes

. SE A A Al - e m s a m - apT oo . . A R — .- + .
nf orae A=l TTOTTLATUIIN DUWINLIIZ WITL e mitvwi. W LI aC L3N,
(3} Erittle fractures wore mntttated from lack-of-fusinn flaws in wolds,

T oepplied fracture stress desredsed somawnat with increase tn leagth of flaw,

ar siuyatly with cnorease of depth of flaw.
Tre auperieat findirg that the 3w had to e 4 11 [eng or loager in order

dive alladure ol appliod strasses Jower taan the yield sirength of the A35-8

strel Bade mat rria! doos pot 1gree with the réporte rom sersice farluras, Annar-

'Y

CALUY YT Stote O AUdas o e atea o) e flaw TTOLL way nOU tha same lor tne
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failures It appcared that stresses, other than
those calculated to be present in a ship deck, mighet be playing a part in initiat-
ing wrattle {racture. The phase of the investigation reported here was thus direc-
ted toward a study of the effect of res:dual and reaction stresses on the magnitude
of applhied stress required for the initiation of a brittle {racture; it 13 hoped that a
rrowlaedge of the effects of res:dual stress might help 10 explain the discrepancies

betwesn sorvice failures and laboratcery studies.

TEST PROCEDURE

he sphere that was des‘.gr.ea and built during the initial study of weld
tlaws was uscd in the {11al phase of the investigation Briefly, the test appara-
ug was a 1-ft-diamcter sphere made of 3/4-in. high-yileld-strength low~-alloy
stecl with good notch toughness  Mechanical properties of the low-alloy steel,
fal.nication details «nd other pertinert data of the sphere are given in Appendix
A. The test plate was a 3/4-in.-tack oy 23-in.-diameter circular curved disk,
which was wrldad into the wall of the spnere. The flaw te be evaluated was

falricated i e oontral area of the 23-in. —-diameter test speaimen hefore the

specimen was veldsd o io the sphere  In effect, this made the artire sphere
the test specimen. The test disk was fabricated from the Lase material being
studied, The chemecal compositicn and mechanical propertie  of the ABS-B steel
vse-d tn thts phase of tne program are given tn Table 1| A sketch of the testing
afbaratus 3 shown in Fig 2.

Simce It was desirable to study the effect of residual and reaction stress
on the applled tractule siress, 1t was necessary to apply a load of some type
across the {law front to simulate the residual stresses found i{n service., The
1ad was appl':ud L0 that the maximum stress was normal to the flaw  The (o=
srdual and rooctwon stresses were applied by elther a2 hydraulic ram, circular-

pateh=tyoe specimen, or weld deposits mmade on each side of and perallel o the
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AZLE 1. CHEMICAL COMPOSITION AND MECHANICAL
PROUPERTIFS OF ABS-B STEEL(2)

i
&

Chemical Composition, Mechanical Properties
F&r cent

Carzon 0.21 Yield strength, pst 30, 700
“langurnese 0.80 Ultimate strength, psi 59, 400
Prosphorus 0.019 Thickness, in, 3/4
Sulfur 0.034 Elengaticon in 2 {n., Der cex-n 55.3
S:licen 0.04 Elongation in 8 in., per cent 31.7
Alaminum 0.003 .

13 f1-1b Charpy V-notch transition 40=
Wekel 0.10 temperature, F
Coppur 0.05 Tear-test transition temperature, F. 100
Caromium 0.04
Moivhdenum 0.01
Netrngen n.00s
Varadiun .01
Titarninm 0.004

Trarsilion temperature of cold-formed disks, tests periormed at Battella,
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test flaw The individual methods used for applying the residua’ and reaction
siresses are discussed later  After the appiication of the restdual stress, the
strain measurements were2 recorded and the sphere prepared for testing The ob~
ective was to.apply a lr;nown amourt of residual stress that was below the frac-
ture stress, then load the sphere by hvdrostatic pressure until the crack initiated
ard propagated in a brittle manner. '

The temperature of the entire sphere was lowered below the Charpy V notch
ib transition temperature o. “ne ABS-B steel After the deslred test tempera-
ture was reachad, the sphere was leadad hydrostartically  During the loading
cyele, the piessure was held constant at zach 100-psi increment for approximately
30 zzcends to record straln guge readings This procedure was repeated . until a
brittle fracture was initiated, None of the fractures initlated dur-ing the 30-second
interval. If the fracture did not inftiate Fefore the applied stress reached 33, 000
psi. the test was discontinued After fallure, the test specimen was removed from
the sphere for examination of tie fraciure face.

Various types of flaws were used to determine the effects of residual ard
reaction stresses on the applied siress required to initiate brittle fractures To
reduce the variables that might exist in the }‘;on—uniformtty of a weld-metal crack,
a s.nulated weld flaw prepared with a band szw was employed The flaw front
was then awtondad an sdditicnal 1,78 in at each end with 2 0 007-ir. -ttick Jew-
eler's o’ as showr in Spectmen A. Fig 3., This type of flaw was used ir. the
first test of each fiaw length studied Specimzn B in Fig. 3 is an illustration of
a typical buried flaw  The flaw was created from a full-depth saw-cut flaw  iilus-
'rated in Specimen A) by deposiiing an E6910 weld metal cver the 25w cut. The
dapth of the flaw was controllea by varylng the depth of peretration during welding,

Specimen C of Fig 3 15 a full-depth weld-metal flaw The flaw was made
by placing cast tron chips in the -veld groove and welding over them with an E6010

elecirade Upon cumpletion, the weld deposit was radiographad to determire the
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exact length and configuration of the flaw A metailurgical bond existed between
neial; consequently, the crack front was in the heat-
affected base metal.

In several tests, the fractures propagated outside the ABS-B steel test speci-
men and {nto the notch-tough steel. These tears were repaired with low~hydrogen
Ei0016-type electrodes To reduce the numbker of repalrs, a method was devised to
deflect the propagating crack into the weld joint between the test specimen and the
nctch-tough steel sphere. The deflection of the crack was accomplished by weld-
ing notch-tough stezl wedges near/the weld jolning th ‘=3t specimen and the sphere
and cpposite the law fronts but a/sufficient distance frcm the flaw front so that the
sTate of siress at the flaw front was not effected by thelr presence. A specimen in
wiaich the notch-tcugh wedges deflected the propagating crack {s shown in Fig. 4
After the {dea was ~oncelved, these wedges were used In all tests and were suc-
cessiul {n prevent.ng damage to the sphere.

Straln gagers and an cptical comparatur waere used (0 determine the strain

during testing Standard SR-4 type straln gages were used to measure the strain

-
l

=enlting from the hydrostatic loading of the sphere These gages were used at or
below room temperature and were satisfactory as leng as they were properly water-
proofed Howaver, they were not satisfactory in areas where a weld had to be

& ilgh lempuraiures enceountered during welding rulned those gages in

-

he vicinity of the welds. High-temperature strain gages were used and faund
satisfactorv provided thae gage was p.operly bondad to the base material  Houwever,
the proper application of the gages consumead a lot of time

Ta reducs the amount of tUme required for each test, an optic
was used inctead of the high-temperature yayes The dristance between scribe
marks ~as mezsured with the optical cemparator before and after welding o deter-
mine the residual strains produced by welding  Although the use of the optical

—~

9]
%
£

alGr did noi permit @ continuous chieck of the strains, t did glve very good
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r:sults as to the straln produced by welding in the arza of the flaw front at the

surface of the plate

METHODS USED TO PRODUGCE RESIDUAL AND REACTION STRESSES
IN TEST SPECIMENS
At the beginnirng of the study, it was rsaiized that the introduction of a

known amount of restidual or reaction stress in the area of the flaw front was
very lmportant. Corsequerntly conslderable eficrt was sxpended to fird 2 sutta-
ble method of producing these stresses Tnere apgedred v Le two matheds that
could be edapted 1o this particular test speoimen: (1) the use of weld deposits,
and (2) the use of a mecharlical loading system to induce stresses in the material

adiacent to the grepared crack Liont. The methods are described below in detail.

"o

reducing Rosidual and Reaction Stresses by Welding

a residual and reaction stress across the flaw {rcrt. These tests howover were
not very suzcessful; thelr results are discussed in Appendix B

Wweld depasits parallel to and cn each sida of the flaw were alsn employed
a5 a method of producing residual and reactior stresses at thg flaw front A
sketch of this tvpe of specimen 15 shown in Fi3 8 This precedure would stmulate
service conditions where welding might produce or infiuznce the reaction stresses
in a welded struct ire

A preliminary study was made to determires the weliding procedures neces-

t the [law frort  These studies

Ly
hiJ

sary to produce high residual or reection stresse
showed that vield-point stresses could be sroduced in the base plate betweer two
parallel welds provided high-vield-strength w2id metals were deposited.

The parallel weld techrique was used Sy prapaiirg a grecve on each side of
the flaw befrre weldlng the cireular test disx (nto the sphere. The weld containing
the flaw was then depo-ited in the center of the test specimen, and the test speci-

men was welded inte the sphere Gage marks were made eon the site of rhe SR-4
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strain-gage locatioss (shown in Fig.5), and measurements were recorded Weld
meta! was then daposited in the parallel grooves. After the specimen was cooled
to room tempergture, tha strain between the gage marks was measured

The residual stress was oktained {rom the difference between tne strain
measurements made before and after the paralle] welds were completed The re-

sidual stresses in the area of the flaw varizad from the yield poirt of the base steel

~

0 a low value of 2000 psi

Quite citen during the construction of ships, the plates to be joined by
wzlding are jacked into positlon o 3ive zroper fit  In these instances, various
degrees of reaction stresses remain in the structure after welding Butt welds that
contaln flaws may possibly be stressed {n thiz manner. Therefore, in an a'tempt
to slmulate this condition on a laboratary scale, a mechanical device was used to
Introduce these stresses In the area of the flaw froat of the test specimen. This
condition was accomplished by welding two chocks on opposite sides of the flaw,

&8s shown in rig. 4. These chocks were welded to the test disk before the flaw
was-prepared This grocedure elimirated any stresses In the area of the flaw front
resulting frem welding the chocks to the disk. The load across the flaw frort was
supplied by & hydraulilc ram placed bsiween the chc:x:ks' The strair 1»~treduced from

ths

#1]

load of the rem was measured by SR-4 strain gages praced at selected ‘ccatinrs
oothe area of the flaw front A canstant pressure was matntained on the hudraulic

tam during tne loadi~g of the sphere

STUDY OF INTLUENC= ... LENGTH 2D DEPTIl OF FLAW AND TRIAXIALITY ON THE
APPLIED STRESS REQUIRED TQ INITIATE BRITTLE FRACTURE
Bifvot of Fiaw Length on Fracture [nittation

The jeweler's saw-cut notch ard weld-meta!l flaw were employea in these

tests te study the effect of flaw length . '4e stress requi-ed B4 iritiate britt.e
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fractures These flaws ranged in length from 4 in. to 1 in  The reaction stress wa!
apnlizd across the fronts of the flaws by means of the hydraulic ram The test re-
sults Indicated that: (1) the length or the type of flaw had little influence on the av
erage fracture stress requirad to initiate failure, as shown in Fig 7; (Z) reaction
stresses roduced the appiied str.ess required for fracture, (3) it made littie, if any,

differerce how the striss was applled, whether by loading the sphere Ly hydrostatic

]
bt
9]
]
(o8
o
1
e}
-+
&

nressure or by applying reaction stresses by varlous meang and ther
erhere until fracture occurred, -

The strailn measurements from which the stress was computed were taken on
the surface of the plate at the flaw front., The test data are tabulated in Apperdix C
The wverage fractuie stress was obtalned from the true stress-strain curve of the
base material, as shown in Fig. 8. Although this curve was obtained from a speci- -
mar tested in untaxial tension and the specimen In the sghire was stressed biaxi-
aliy, the stress-strain curve was belleved to be useful in obtaining an estimate of
the stress that existed in the area of the flaw front Furthermocre, the amount of
strain that occurred normal to the flaw front was much greater than the strain parellel
to the flaw front The average tracture stress, computed from strain mzasured on tha
plate's surfare at the flaw frent. was approximately the same for all the specimens.
ANy dilfsrences that existed in these stress values might be the result of non-uniform
placemert of the strain gagus with respect to the crack front,

3irce there was considerable plastic deformaticn at the flaw froat prior tn
fracture, any differences in performance between the specimens are tlustrated by

VATIZtION

ir edtr [ eeta i

i T =
4 -~
HEV RSP T R P

¥ than by variations in stress  The strain plot is
showr tn Flg, 9 The total strain of the specimens containing the 4- and 3-in. weld

flaws was considerably lewazr than the strain recorded for the other specimaers  The
specimen containing the 4-in. flaw may not bu 100 fepieseniative because the test
was wnnjitelly planncc *o study a burled flaw. A fracture could not be inttiated from
thz buried flaw, thercfore the spectmen was modifind to give a full-depth flaw.

Boecause of this medification, it is possible that some residual stiesses that were not



60 — ' .

—o—
Stress at flow front ¢s g rasult of loading the °o3 o 1
spher2 by hydrostatic pressure -8 2
[t
- . T oTe %
m ?j Reaction 51-&?55 at flavy front L. A =
AN —_ g 8¢) T e 9
= g wa ~- " a iy
— & = - L
50FL — La @ ks v '(E 8 oy < -
0 w o - o < 5 S T
B ™~ O £ et @ . o &,
QT m~ Q L - i O o o
) 3 C : m e » Q ph Q
Sialy <« oo & ~ ™. S
O 8 o= < ; M < '\3- s r(').
) AFECHI Y ) 0 o e
— Ne S Q o —
"y« ' )
> a0t ) 0 = -
) o) "™
N
. Y 0 i
- g fos]
-— — " s I
o T N 3 ~ y
o A R GRS ,
e A \\‘\.\] N 1
‘ ’ \“ - .
g . ~ . \'\* “\:.4 N ,\\\
o 30F R U R B O
' S R o) - . ?‘\ o
L L R N ~
-— " u \\\ [~ . 1
DN Y A L ]
o o \\ L \\\‘ » J [ K |
tH ~ \\ S . N N N |
z NENS SRS I R IS
jab SN\ |~ ! 1 N
_:‘_— \\\ \\ h “ . 7 L . \N ‘
W N b \\ h . - ™ L : |
ZO - ~ \.\ SRR . 1 o ‘1
[«B) N “\l g 1 T A |
o N S
) AN b '
. .\ N0 ~ E ¢
N X \-. g '
o8] ‘\\\ L\‘\ \i . i
=3 AN N . .,
<] . \_\ '\_ y \\\ \1 '\‘ |
~ R - SN | J '
]O»_ \\‘\1 k\‘\ ~, O _\J L } __{l
\\\w L AN * NN . S‘ ) :
" ~ ~. “ N E i
SN . . B
AT A A RS T SO D A
~ ANt R ‘\ \] . \\ i i .
oo ~ . \‘\‘ N * h ’
O \\\\{ : N \J l ‘\\‘\‘] = ro i ;

4” 4H 4l| ESH 3N 2” 2I| IH l”
Saw Weld Saw  Saw  Weld Sow  We'd Saw  Saw
Cut Flaw Cu? Cut  Flaw Cut Flaw Cu* Sut

r

FIGURE 7 EFFECT CF REACTION STRESS ON THE IN TATION OF BRITTLE FRA(-
TURES FROM SIMULATED WELD FLAWS

Reaction stresses introduced by hydraulic ram  All pintred stresses
we e calculated from stroin measurements nt the flaw front and tae
uniaxigl stress-strawn curve, .
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recorded remained at the flaw frort from the oriciral Joading of the full-depth flaw.
There 1s no apparert reason why less sirain was required to 1itiate fracture from
the 3-in. weld flaw than from the orther flaws. There was considerable difference
in the amount cof strairn recorded from the two specimens contalning the 4-in. saw-
cut flaws In these iwo specimz2ns. the strain gages were accurately oriented (n
the same ge-ometnc arrangement with respect to the saw-cut front  With this ac-
curacy, there was a differerce of 5000 microinches of strain between the specimens
prior tc fracture  Since this amount of scatter exasted between these two tests, the
differences in strain for the other specimens might be considered as normal scatter,
1n. saw cuts or the I+in weld
fiaws In the one specimen contalring a 1-in saw-cut flaw, more strain occurred
than for any other length of flaw. A fracture would be expected Lo Initiate from the
i-in, flaw if the amount of plastic deformation {strain} at fraciure s relativaly con-
stant regardless of flaw length  The strain recorded from the specimen containing
the other 1-in saw-cut flew and two 1-1n. weld flaws was in the order of 10, 000
to 15,000 microinches, which 1s apprceximately the amount recorded from the longer

laws  The teslirg conditions and appardtus did nor normit ‘cading the 1-in. flaws

ta failur

B

A serics of tests was made wn which tne weld flawvs were stressed by de-
positing welds on each side of and farailel to tre flaw, Az mentiored prev ously,
ylelud-polnt strosses were recorded 1o ine base materid! when reaction stresses
were produced 10 this marnper The rtast macults are ghown in Filg, 10, 14 all of the

oy resulted (in brtile frac-

(]
i
-
v
wi
'g
-
pad
[
o
&

test speclmens, a high residual stress
wwre anitigting at rather low applied strosses. The second 4-1n -long weld flaw
tosted 13 of particalar interast 2 this sortes of tests  The residual stress at the
Taw frart At tho ctart of tha tess was 2R 200 nai foeor ~2tilarabhla Aaformarinn had

VO LTt D) dnad 3l o 30 opddllioral stress of approxamateiy 1800 ps:. 4 brit-
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tle fracrure tnitiated from the weld flaw, Thesa test results tllustrate the magni~
tude to whnich residual ard reaction stresses can be built op within a structure.
With such high residual <tresses present, little additional stress {s required to
initiate fracture if the temperature is low enough,

The average straln at the flaw front of each specimen containing only a
weld flaw 1s plotted in Fig. 11. These measurements were used to determine the

strass ghown 1n Fig., 10, A plot of the strain tllustrates diiferences {n the amount

T

2 ha-

T

of plastic flow in the area of flaw front more clearly than a plot of the atre
catse considerable plastic strain occurs without any appreciable increase in stress
Most of the deformation accurrzd in the pre-stressing (residual) stage of
tne loading cycle for the one 4-in. fiaw In another flaw of equal length, most of
the strain occurred from loading the spghere by hydrostatic pressure The total
strains were approxdmately the same. Consequently, it appears thiat the majarity
of tha strain <an b2 produced at anpy stage of stressing without influencing the
rctal strain ot tracture  The total strain recorded for the 2 1/2-wn flaw is also

of the sam2 magnitude as {or the 4-in flaws The amoint of strain recorded for

g
specimen was origlnally stressed as a burted flaw. Because sz fracture 4:d rnot
tnitiate from the burled flaw, the flaw was modified to give a fuil-depth -+~ In
tre codrse of this medification, tt 18 belioved that residual stresses were 0Lro-
duced and wera not recorded  This chain of events may be the reason for the low
noasurements prior to fractuce.  tHowevwer, these strain recordings are op-
vothe same 3o thoon shown an g, 9 far the - and -0 weld {laws,

The wide tonge of strawe recorded prior (o the wiitiation of the weld flaws may be

P

R oresult of vartatiosas in the lecation of the crack front Altheough great care was
cxercised in preparing the weld flaw, there was always the possibility of lack of
fusion near the crack {ront. in some of the specimens, the crack front may have

Duun o the hgh-carbon weid metal, while 11 others it may hdave been in the heat-
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affected zone of the base plate. Tne scatter in strain measurements also may be
attributed to the inabiiity to locata the straln gages at the same location on each
specimen with respec! to tne flaw front.

Effect of Flaw Depth on Fracture Initiation

In the previous work on the project, it was found that flaw depth nad little

Cifect on the applied fracture stress. These data are shown in Fig. 1 for flaws 4 in.

of grcater in length. In order to initicte brttle fracturs from the 4-in, flaws, the
crazk had to first open to at least one surface of the plate. During this past year,

bur.=d; that is, sound weld metal waes deposited over the flaw on each surface.

Specimen B shown Iin Fig. 3 135 a typical flaw of this type.

A plot of the average fracture stress measured in the vicinity of the flaw
ront :s shown in Fig 12 A full-depth flaw was included in this series of tests
for comparison purposes. Al of the flaw frouls were prepared with the jeweler's

saw blade and the reaction stress was appiied with the hydraulic ram.

The average fracture stress was somewhat higher for the full-denth flaw
than for the buried flaws. Tnere was little difference (n the average fracture stress
of thv specimens containing the Luried tlaws. Less strawn was reguized to initiate
A fracture frem buried flaws than from a full-d2pth flaw, as shown in rfig. 13 As
mentioned previdasly, an E6010 weld metal was deposited on the outer surfazes of
the burled {laws. Strain gages were placed at the center and at the gads o
‘laws. Because of the geometry of the joint, the maximum strain cocuwred over the
wrenier of tho rhw The lunits of the strain gages in the canier of the flaw were
excenued figst. Stnce these gaqes were ttacned to the ductile E6010 weld metal,

orsidurable ztra.n was recorded bofore failure  In no case were the fallures in
7o weld metal britile. Althouyh the strain Jagss in the canter of the flaw fatled
firat, this coccurpnce dots not necessarily mean that the flaw apened to the surface

proaeto vxterding lecgihwis2, Less strain could occur at the flaw front than over
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the zenter of the faw and still have fracture initiate at the flaw front. However,
it {s of interest that the amount of strain on the plate surface prior to fracture was
lower tor the burted flaws than for any of the full-depth flaws rrenarcd w
jeweler's saw blade  Altbough the: data are quite limited, they are of some signifi-
canca. It would be interesting to know 1f the fracture of the buried flaw opens to
the surface first or if it exiends lengt wise,

Siiect of Traxality on Fracture [nitiation

As the state of initial stress approaches triaxdality, plastie deformation
rior o fracture is dédreased. In the tests described tn the previous sections, the

state of stress at a rumote distance from the crack front was blaxlal Some degree

of tniaxtality exists at the crack front as a result of constraining the plastically de
formed metal from further deformation; ¢ven under these cenditione considerable
plastic deformation occurred on the surface of the plate al the érack front If this
matertsl was further constralned, Ui Jdegree of triaxiallty would be increased, and
fatlure would be expected to ooruUr Al 3 [OWET averayy apes ied 3iT€335 as calculated
from the elastic strain measured on the wall of the sphere,

Sarvice fatlures have been reported that have initlated from small 1aws at
low applied stresses. In an attempt to reproduce this type of service condition in
a laboratory test, an 8-1n. sgquare structire was fabricated ifrom 3,/4-1n. -thick plate
and welded into the test apeciman, as chown in Fig 14 Two 4-in
wold flaws woere made {n the test specimen and loceted at dlagonally oplosite cor-
aers of the box, in such a manner that one flaw lay (n the directien cf rolling an
the other perpendlcuiar to the duection of rolling of the test specunen plate

An applted stress of approxtmately £500 psi, caused by lcading the sphere
Ly hydrestatic prossurn, propageted the flaw that was parallel o the direction of
ratlhing for a Jdistanoc of ap,roxtmately 1 /2 1in The tost was continued and the
Haw perpondicular to the dircotion of roliing propzgated approxtmataiy 3 in. at an
2oolied Atreas of 7400 st The snhors wall was SRS Siresewd u 30, 000 psi

without any further (crease in the length of the cracks.
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In provious work, at least a 30, 060-pzi applicd stress was reqiired to
irnitiate fracture from a 4-in. flaw in a specimen highly stressed in only two
o noteq ic that the flaw stopped after it
propagated for a distance One explenetion for the termination of the {racture
was that the flaw entered an area of compression stresses that probably existed
fromm the weld Jount betwsen the test disk and sphere wall The applied tensile

<tress may not have boen high enough to overcome these compressive stresses

and propagate fracture in ti: s area.

e
DISCUSSION

Cne of the requirements for propagaticn of a brit.l - fracture 1n steel is

1o have 3uif:cient elastic straln energy in the system to cause continuing fepa-

rat:on onco the crack is initlated. Another requirement is to ensure that some
olastie Adeformation occurs at the crack freat-prior to the tnitiation of the fracture,
The s6: regu:ir.d conditions were produced with the laboratory testing apparatus
nzed 1n this study. although the primary cobjective was to study crack initiation,
L was nEoussary to produce brittle tracture te simulate reported service failures,
Groce the brittie fracture wa- toitiated and propagated in the ARS-3 steel. frazture

was trmonated i a4 aotwh-togh stecl without serious damage 1o the test vessel,

Sruttle fra tures wer anitlated from 20000 flaws at applied ctresses of ons-third
sty oerongtn, in oodemitien to the rooidoal zad regction stresses These drez

el SitLars 1avora. e with the reports of corveee fallures that occurred at 15,600
Pel app..wd SU053 w0 LDVET

Aesidual anu oacUOon siresse 5 nave 3 voly tmportant infllence on ine stress
[ogied 10 titiate a brittle Lactare Sron amiaal wold flaws and simulated weld
laws (Ceweler's saw cuts). In fact, inoorne test a brutle fracture was initiatad at an
aDHiiudd 2ife 533 o only 200V psal aiter fooaidual and reactlon sticsses were iniroduccd
&

in e b caa of the faw fronl Howoyel. e total average fracture stress at the {law
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froat (as measured on the surface of the plate) was about 40,000 pst  This sug-
gests that most fractures initlating from small flaws in the deck of ships, which
may be considered as a tield of blaxial tension stresses, did not fail from the
lcw applied siresses only An auxiliary stress must have been present

All of the laboratory tests in which brittle fracture ¢ccurred were conducted

belcw the 15-{t-1b transition temperature of the base steel The test temperatures

also were & 1w those encountered during service fallures Since there was con-
siderable - - Jeformation at the flaw front of the labaratory spacimens, thers
must have L. ;. considerable plastic deformation at the flaw front of the service

fatlures This assumption can be made conly if the states of stress at the flaw
fronts wzre the same, It would have heen desirable to h
tures fran flaws 1 in. or less in length in order to sunulate some of the service

failures. It has becn reported by Willlams et al that most of the fractures that ini-

tated from small flaws (1 in or less in length) were aot in a stress fleld of blaxial

3
tension {excluding the triaxiality at the crack front), In most ¢

ol Fryie o
mosgt cases, a third struc

ot

tural member was involved. This apparently produced & more complex stress system

2 JRRSREY R o
Asrva ddiik. Al

when residual and reacticn stresses were present by providing mcore con
attemupt was made to simulate this condition through use of the test spacimen in
which a structure was built {nto the circular disk., A brittle fracture was inttiated
from a 4-in. flaw atarapplied stress of 6600 psi. With sufficient experimentation,
it appears possible that bnttle franture s could be inittated frem small flaws (1 {a.
or legs) at low applicd stress levels if sufficlent constraint is proviced at the flaw
front

Ihe data tilustrate that as the flaw or crack fength (s tnareased, the anplied
frazture stress decreases. [his condittorn ts predictable {rom the familiar Graff
squation as modified by Irwin and Kies for applicatien to brittle fracture in mctals
Thnis study provided conélderable data that were evaluated, using the modifi-d equa-
ticn, to ascertain whether any correlation existed botween the experimental results

and the thooretical values that could be obtatned.
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the crack extension force, o ts5 the stress normal to the crack direction, Za is

As a fi st approximation, the equation G = was considered G s
crack length, and T is Young's Modulus, This approximation may be considercd
only when the extsting slastic deformation is limited to the immediate vicinity of
the crack front  Date of some of the laboratery t€sts are plotted as average stress
varsus crack length in Fig 15 Curves for three theoretical valuecs of G are also
shown The average stress for the specimens centaining cracks 4 in and longer

PD
was the
Y4

} stress at fracture unless indicated otherwise, All of the G values
for cracks longer than 4 in. fell within tne band of 200 to 100 in -lb/sq in,
Scme of the 4-1n. flaws and all of those less than 4 in. in length were
different manner than the larger flaws. Various degiees
t residual or reaction stressss wore applied i the area of the flaw front, as well
a3 in the path iato which the (racture was to propagete The lower value plott ?

in Fig 13 for 2ach of the speclimens containing flaws less than 4 in long is the

£0
\~;-t~v) stivons regawed @ produce fracture aftor seme amount of restdual stress was
3

applicd. The szper point for each specimen was obtalned by adding the residual

stre a3, Solcuelersd from straip measuremsnts, to the stress, calculated from the ex-
7D .
preessicn _4}_ The diffcren-e 1n stress betwoen the ©vo poiats {for cach specimen,

therefore, o8 the residual stress as measured 2 in from th: {law front The stress
at this locat:on was not affccted approatably by the flaw. g 15 shows tiat the
toial apolitd 22l regidual grregses of several of the specimens (upper pownt {or each
3p0 orlmen) were conswleridiy Aigher than the stress cequired to give a G valae of

206 in -iiwsq tn Hewever, the average stress at an area of sufficient distance from

the ffav to - wirtually unalfected by the yudmaliy of the il

c e than the sum

L
in

of the roamaal and applied stresses [he reason {or tais was (hat woth the residua;

snd appli=d 2iresscs when measurad separately wera in the clastic range Whaen the
WO Siresses wore superimposed, nowever, the stecl nehaved plastically  Consu-
guently, the sum of the ~waidual end applied strasses (measured separatzly) was nat

cgual to Hat was greatér than the actaal streas
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The stress computed ircm the strain measured at a point 2 1n, from the flaw
‘ront was agproximately 36,000 psi for all the specimens cortairing flaws 4 in. or
tess {n jength, althougn there was considsrable strain in the crder of O 00% in./in
at thiz point. However, at this strain level a great difference in strain would rot
affect the -alculated srress appreciab!y because of tha relationship hetweer stress
and strain in the plastic rarge The applied fraciure stress of 36, 000 psi gives 2
2 value botween 1060 ard 200 ir.-ib sq i, {07 most of the tests  One of the spect-

ed at much lower recorced average siress

an other specimerns of equal {law lergtns  Tre residual and reaction stiesses fer
1his specimen were furnished by the paralle! weld technique Although the amount

-~
o
L
5]
r

rain 2 1n {rom the front was low. the strain at the flaw {front was quite nigh

Tt thes

Train o whornar ar nof fractyre 1nl71i=1s3

-
o

s

=
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Caws frort th
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QOne proziem that arose from the 1introeduction of residual and reaction stresses by

waiding was the difficulty i obtaining a uniform stress pattern setwein the two

— o - - o= s - N - rEvs - I -
rel IO Ootall umilonnnly 10 wewar ™

O

was t

i

purallel wolds  Although great car 5. ihe
stoppirg and starting ot «n electrode or a difference in size of weld bead afiecred
ihe magritade of tie residual stress.

No traztures were untiated from the 1-in flowes., Cn t5¢ Basis of the enamgy
Tirce concapt atich secmed to corrd late with the fractures Loazer than 111, it would

N ApGItad Tnat y Tather nign slress wonld be regqui od to iritiate the fracture from

the sniall -1 flaws  Thne rietheds wsaoa on this study did <ot produce sufiicoent

SIrss o irltate fracture at the mps of the 1-1r, flaws

Tre 1est rest ‘s {rom this study have showr rthat prittie ractures may in.tliate

from weld tlaws at asohied otrf s2ea much Dhersr than the viald sirength of tha mate-
oy 3 =h nwrer than the wvicld soron hoaf th M

ial o T us ey fhn fouit o guage e Jargest flaw that can bo torerated o2 werlaed

Hrocturfe $.00 18 a sty The stale ¢! 3iress L0 the area of the flaw tront is just as

cmportant as ne -oglh of the flaw o rol mote 500 For exampie. o relalively large

e ol bt th e thiat s oaatalned 1roa structere so loaded fhat the tense stress




- w— = -

-3

15 parallel to the flaw (a unilextal stress system) may nover be the source of frac-
ture initiation. In ancther instance, a 1-in. flaw in a ship deck-plate weld that .
WLk Ur somne other atcacnment 10 the deck may be potentially dangerous
S=cause the state of stress 1s very complex (constrained in three dimensions).
sroar :ases, the test temnerature
Tuzt be below a certain value, the more complex the state of stress, the higher
the tamperature at which a brittle fracture might fnitiate. Of ccurse, the size of
the {law has a direct effect on the state of stress at the flaw frent; ihat ts, the
2lastic stress concentration is increased for a given system with Increase in flow

:2g3th. This s 1llustrated in this research by the fact that the applied fractue

stress decreased with length of flaw.

cized in <ritical areas {of high stress concentration) and weld flaws graater than

2 in. shouid te removed. Whereas, In other areas of a structure that are loaded

SUMMARY

ne studies for the past year concentrated on the ininlation of brittle frac-
tures from flaws less than 4 In. {n length., It was desirable to determine the ef-
fect of residual and reactinn stresses on the applied stress required to tnitlate
trattle ftactlures from varieus types of flaws.

It {r telieved that the term "reaction stresses” most clearly defines the

slre3,as that were of most concern in this study. The various techniques, such

o PR O PR . . [ . an .. . _ i .
dos Ve waiding cand the e lhanieal devices thai wore coed (o give all cuXiiiary
e - el o - £ o £ s £y , . e , i 1 R DA SR S
ttezzoan e args of the Tisw front, were discussed in detail in the body of the

the Ltrentes rooultong from two bodizs acting agalnst each other. This reaction



atfess may be removed by separating thoe material between the two acting bodies
In this work, weld deposits ad a hydraulic ram were used as the acting bodies
thai produced ihe réaciion stiezs.

Flaws having different radit at the point of initiation were studied in this
invasiigation. Test spec:imons were prepared and tested 1n an attempt to simulate
some of the service conditions that could exist and be the source ¢f brittle fracture
initiation at a low appiled fracture stress

The foliowing are the Important findings with regard to the testing technique

ehtained from this investigation:

(1) Fractiures were not Initiated from {laws less than 4 tn in length from
the lead (33, G330 psi) apaiied orly by hydrostatic pressure on the sphere. How-

e £
fitthe L

v S —
Uy SuUpel.

5
1

Lver, fraciures were initiated Liom igw

static preszsure 9n the wall of the sphere

{2) Sufficient glastic enerzyy was stored in the wall of the sphere (testing

anparatus) to proprgate the fracture through the ABRS-B steel after it was initiated

T

{3} The steel of high notoh-toughness in the sphore wall was capable of
h )

$le e 4 At oon :
it L H '}"etothe

{7}

nhare
& =

{

(4) Fasi~running writtie fractures were daflecied so that the fracture propa-
Fated ir tre wold fownt between the tast scecimen ard the sphere; this aidad (n
orewve itirg damage to the sphere wall

wir v I - v LIS [
VYLD Tegdaarel L0y agi.al welll Leawd ald Simuia

sded.

L omay b2 oo
{1} Reaction and residual stresses can bo an Importan: part of the total
stress roautred Yo Intttate a fracture. The greater the reaction and residual stresses,

stress requirsd 1o Intlate the fracture



m “‘“ m

———

Pl g oo v

A

A

By

-33-

(2) Length of flaw appearcd te have little influence on the taotal stresg (as

measured at the flaw front) required to initiate {racture

(3} Sufficieat residual and/cr reaction siresses from welding were intro-
duced v the area of flaw front to cauvse the initlatioa of brittle fracture at 6000

psi or less applied stress.

(4) Reaction stresses, applied by a mechanical mechanism similar to that
used 1o jack plates in place during the fabrication of ships, contributed to the
or
iritiation of brittle fractures at l‘—:;i) stresses of one-half or less the yield surength

of the ABS-B steel.

(5) Conslderable plastic straln occurred on the surface of the plate at the
law [ront prior 1o thg initiation of fracture [n some specimens, ihe amouni of

plastic strain decreased with {ncrease in severity of tF2 crack or noich

{6} Less strain was recerded prior to fracture at the flaw front of Guried
fiaws (as measured by sirain gages on the plate surface), than for full-depth flaws.

The exact scquence and rrogress of fracture was rnot determined.

{7) The clcser the state of stress at the flaw front approaches triaxiality
of a "Udouyh~plaie - elded stucluwe was 0000 w=i, a» cumnpatsd with 33, 060 psi

for a flaw af equal length stressed in bia:tal tension only

(8) Thre data indicate that weld flaws greater than 2 {n. may be dangersus
and may be the source of fracture initiation, previded the flaw front Is in a suf-
ficiently taxial stress fleld  In a biaxial tenstion siress lield, tiaws 4 (0, or
greater (1 length may be the source of brittle frecture inttiation at applied fracture
stresses lower than the yield strength of the ARS-B steel. By introducing a third
structural menbur, thereby decreasing the opportunity for plastic straln, the ap-
plied stress required for Iracture was as low as 10 to 15 por vent of the yield

strength of the ship steel
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stress was relatively small, so that or appiication of the tonsile load, thuere was
prol ably a redistribution of stresses that permitted the criginal highly stressed
italerizi Lo siraln in a =won-linear manrer. 1! a greater amount of matenial in the
reginn of the flaw front were subjected te residual stress  brittle fracturs might oc-

cuJr at even ower applied stresses thar were recorded 1n this study.

ACKNOWLEDGMENT

Czaptain 7. A Brown, USN, Bureau of Ships - Chatrmar, Ship Structure Subcommitice
Dr D. K. Felback. Na 1

structure Committes

We disU agsro 2 L, the Cooperation ond assistance ¢of the Project Advisory

Group:

Commarder R. G. Andersor, USN., Military Sca Transportstion Scrvice

Lt. Commander R, H. Slaughter, USN., Military Sea Traasractatior Sarvice

FooDL Zradway Ne ipbullding Corpeatior

W. G Froderick, Maritime Admimistratior

R. ! Goifin. Bureau of Snips
al o

W
HREH

Dr., G. ®r irwin, Naval Resaarch Laberatory
Mo T, Lotwizh Americar Bureav of Shipping
Y. B, Rotartsen, Ir L U, 5. Coast Guard

Cuptain 2 D. Scnmidrman. USCG. S Coast Guard

We wish 9 ackraoweden the assistance received from menbers of the
Batliile stalfl. particulariy Wilitam H St farcv., "We alse wish to e pDross nnr an-
prociation for guidance o this investigatics ta L. R Tacksan, Coo.dindgtirg
Dirccter: € E. Sims, Teahnical Director, C B, yoldrich, Assistant Technical

Gorecear, 8.0 L oyt Conwultant, and W T Harris, Tr . Asststart to the Dircotor,



martir, D. C Ryan. R. 8., ard Rieppe.. P. * . Evaluation of Weid-Joint

Flaws 25 Ln1aring Fraiits of prittis [Taliurts g§hop Steuctyure Committee Re-

po Senal Ko S5-436,. Wasni-gion National Academy of Sclences-
Natier ol Research Crunetl September 4+ 1956

(Girsuerg, £ Fester ML ard tmbemba E. A.. Netch Touwghngss Proper-
: C : Tepedt

Lors and Qrrnr Crgtagieisties ¢f Medium Steel Sip Piate Techrice:
- a5, Proect 473694 nrocklyn Nuew York Nava! Smipyard August 31
19154
Wilitams. M L.. Meyersor M. R.. Kuge, G.L ., ard Dale L R . in/85°
red Ste | Prates pemoved from wWealded Ghips (Ship Structure

togatior o f Fras

Crmmiien Roport Senial Ne.o NB§-3. Jume 1. 1951

Tewir G R aed Kios., . A . "Criticai: Energy Rate Analysis of Fracthire
Sirer e " olre Welding Loutpnel, 3303, nesaarch Supplemert, 193s-198s

chpryl. 1954




— ——— RN

-37-
AFFPENDIX A

MECHZNICAL PROPERTIES OF CARILLOY T-1 STEEL: FABRICATION
DETAILS, AND OTHER PERTINENT DATA OF THE SPHERE

Physizal Properties of the Steel

o I TR, - - L e e I T e [
Chemical Composition, Yachanical fropontics

b )

. ]

o p—

Jbulsh h

[FHvit ]

e, gl

sty

ol | W

[ 5-¥ N

Carbon -0 15 Thickness, 3/4 in
Manganese - 0 80 Yield ztrength, 114,400 pst
Phosphorug - 0.012 Ultimate tensie strength, 121, 400 psi
Silicon -0 19 Elo.agation in 2 tnches, 20 %
Suifur - 0.016 Reduction of area, 60 %
Copper -0 34 15-ft-1b Charpy keyhole transzipion ten - 70
Nickel -3 A4
Molyodonum -0 44
"'Hr'n"zx'.'r" -n 39
sium -0 05
Boron -0 0018




Neowoh-boad tosts have brer mrade or walded 2nd unwelded plate to deter-

mire the ¢ff ot of welding o7 the fotch tong .. 35 O the stee!l  The results of

T A k]
N M7 o

TARLE A-2 SUMMARY OF DU\JTTL"" AND FRACTURE TRANSITION
TEMPORATURLS FOR /2- AND !-INCH QUENCHED
AND TEMPERED CAR'LLCY T-1 STEEL

Plare
[mwckness, Kinzel-Type Notch- Ber d Test Tee-Bend Test
o e S Un.veld 3 Ei2015 Lboul0 ETZ01% E6O1
™, -r il
Ductid
1,72 -132%024 -TARE ~paty App-o<. - 180 -123%28
1 elow ~143 -72%8 -75% 14 Approx. - 14t 124110

Fracture Transities Temperatuce, F(50% Shear;

1,72 -102t -34%p  --2710 Approx -h2 -100%26

G oatoel 15 reac e weldaiie witn the Dows tydraaen-t/pe Alectrode Table
srual moera. —are weld.mo oo the preper les and character-

Calie ool this stee |

o

-
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TA3LE A-3. TENSILE PRCPERT.ES CF ARC-WELDED
CARILLOQY T-1 STEEL*

Plate Orierta- Yie.d Tensile Elcnga- Reduc~
Thickness, tior of Sirength,  Streneth, _uion, % 11on 1n
inchesg Corditior Specimer psi psi 2" g" Arca, %
1/'.?, uenched and Lonrg. 112, 300 119, 800 3l 3 13.1 36.1
tempered
1 Querched and Iong 118,¢00 125,000 39 14+ 8 59.6
tempered

::‘thhnr, L C.. Bodge, J M.. Altmar. R. C., and Doty, W. C . "A Now High
vi-ld Strenoth Alloy for Welded Structures”, Paper No. 51-PET-95, The Amorican
Society of Mechanical Engineers.

FABRICATION DETAILS

The sphere was ‘sbricated by Chicago bridge and Tron Coapany 1n strict ac-
_ordance with the AtM.2 Code (1952 Editiont. Five plates wore wr-lded teasthor with
£12015 electrods to Tonn a hemsphere, and the twe hemispreius wore weloed to-
gether to make the sphere

All inirts in the srilere were ;i st oand racioqrephed  Two Conacc-
siens wore welded irta the “op half {for hodresiatic test ] A AVArostatis pressure
rost was made at 1300-p31 p.oessure, wnrich is equivaiert o a ~eminal braxial tension
stre3s of 47,623 pa1 A Pamaess test was mads @t 1100-psel grisnuis The connec-

tion was cut nut and the sphere was celivered t Battelle with one upening,
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Capacity of Sphere

The formuia for zalculating the voiume of the sphere fourd 1m Table A-4 :g

-__m/-:s
\'!_1/ :

-
20T

where Vv = vooume

I = 1irside radivs

HERE

TABLE A-4 VOLUME OF gp

Diameter,

irchas

——

110-3/4 711

Nomizal Stresc i a gp hee

The stress in the walls of 4 spherc sublectad to irter-ai Fressqre 1s-

a a T
1 2 4t
WRLIT G @) = stress

P o= i-ror-a) nressure

D = outeroe diameter

The unit stresy T 7w uious pressures o teulotad frea, irl ALIVE form, s o g

Showrn 10 Taole A-5.
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Change i Velume Resulting from Internal Pressure

9!
L

crrcumference

D = outside diameter

E = modulus of elasticity
P = internal pressure

r = radius

t = wall thickness

u = Poisson's ratio

V = volume
'V = change in volume
v = sirain

o = stress

o = amatial | zero pressure)

¢ = with internal prassure

YV o= -
AR FERA
V_o=4/3 3
Q o]
=4/3 " 3
V(: /3 T
- PD
[ RN - - W =



R —

i ! Lol
dand e = o'd -
i E 2
T - -
€ = - 1-0 235
=

1Tt Et

0 T15PD 0 17" PD

=C_.1+'|

0 179 PD

= 1 + =g

o Et

X Er TR Et
T3
RO 1 -0 537 PD
LI D220 ‘
N Bt |

o 9 537 PD .
r el -
0 Et o
~:7 PDC3

&) 1e3ulmeD 0 179PD ,, O 1T9FD
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Table A-5 show

]

the change in volume at various interval pressures based

upon the above formula

Change in Volume Owung 10
Compressibiity of Liquid

LV
pP.-P 'vlL;-P

VA A KVl LP

and K = 82 x 1¢ contraction in unit volume per atmosphere

K = 52 x 10" contraction in unit volume per pst
14.7
K=35x107"
oW -3 5x 1070y, aP
6 g
sV =3 5x 19 ‘E'—z"‘/'\?

Yy =35x081lix /P

V=2 49. P

The ompressibility of water with varlous ir .rnal pressures s shown in

Tabie A-S calculated from the abo e formula,
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Toli i Press
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TARLE A-5  STREST AND VCOLUME INCRLAST RTUSULTING FRCM PRCS3URE
Lignid Vv e Sprers Ynlume
Nomi- al Irorease ITcrease Totat
Frivsure Stress Compressibiingy Ideiral Pressure Irerease
D5l RE3 Cu ga. cu .n zal ;al
1n0 3 670 249 1.1 45 S 2 1.5
200 T 330 498 2.2 91 0 4 2.t
GO i1 OGO 37 3.2 130 5.6 LR
00 i1 270 ST 4.3 182 0.8 31
a0 i3 330 1 250 S 4 227 i G, 4+
LY ol 000 1. 449G 5 5 2173 1,2 LT
T 25 70 1 740 7.6 318 1.4 30
=0 29 40 1 an) L) Jod 1 6 0.2
et 43 000 2. 4.0 9 " ang 1 8 1.5
i GO0 it b 0 2 490 10.8 455 2.0 12.8
Yolon U 340 2 740 1;: 9 500 2.2 N
1 a0 4 000 2,690 12 9 540 2 4 15 3
oo EO ¢ 3,230 [4.0 371 25 la.=
MEREREEH =1 430 3 440 15.1 636 2.8 179
TLosun A6 300 3 Ta0 1.2 6l1 30 02
Poogtia Eren v Spoere st enn S Eressais
ihe p Y ! AdA Caooated from ! H ATy Sorrillng
P
Pt 1o eTer v o wgter T e
- 2.,
i »
poe Yoy e r g RTL SRV . _____(_____‘f___
Ve B : oo beTast pst
K =203 T s



LI =ty )y iy ——

.
-

- 45~

Pcisson's ratio

=
n

stress, psi

q
1

The potential energy at various internal pressures, calculated from the above

formulas, i3 shown in Table A-6

TASLE A-0. POUTLNTIAL ENERGY AT VARIOUS PRESSURES

Nominal
Pressure, Stress, . Energy, in_-1b
psi psl Water Sphere Total E
100 3,667 11, £50 8,960 0,510
200 7,333 46, 200 5, 00 32,000
200 11,000 104, 250 20, 460G 134, 550
409 14, 667 184, 800 143, 250 328,000
200 18, 233 288, 750 224, u00 512, 750
600 22,000 415,800 342,450 737,800
700 25,667 54,000 439,400 1,003,000
300 29, 333 736,000 5373 010 1, 09 700
<Co 33,000 ~ 332,000 725,060 1,658, 000
1,000 26,667 1. 155, 600 896, 0C0 2,081,000
1, 100 40. 333 1,265,000 1,042, BG0O 2, 347, 6U0
1.200 44, 060 [, 3560, 000" 1,290, GO0 2,670,060
1, 100 17,6407 1,476, 0006 1, 205, 06GO 1,004,000
1,402 51, 0312 1,616,680 I.760, GUO oo, 000
I, 300 55, NLO 1.725, 000 2,015,000 i, 740, 000
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Compcsition of Ligu:d

Calcrum ¢nloride {CaCl,) was added te the sater to reduce the freezing
point of the hiquid w -15 F. The cumposition of water ard celcium chlonds 18
snown an Table A-7  The sofutios was rmbited 3gaiast corro=ior with Lodium
diwnremare and sodium nyaroxide  The position of the cooling ¢olis withig the
sphere 1s shown 1a Figure A-1

TARLE A-7  COMPOQSITION, BY WEICHT, OF LIOUID TN SPHERE

Calcium Scdium Sodium
Water, Chloride, Dichromate. Hydroxide,
Ib Ib Ib 1o
412 3, 080 25, 700 2,476 50 S

—

B

wn
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APPENDIX B

CIRCULAR-PATCH STUDIES

Miscel.anecus Tests

The circular-patch type of configuration was considered as one method of

ciryg residual and reaction stresses in the area of the flaw front. A sketch of

the epecimer 1s shown in Flg. B-1  This type of spceimen was chosen because the

2l b mf tLoa
thnC CORIsr S NS Spelimen Tan Se v

~r

5 Gt

hill

e I B B =l
Iehiuunl ST s>

ing the drameter of the circular weld«  The smaller the ciameter of the circolar patch

with respect to the over-ail size of specimen, the greater the stress at the flaw front

17 the contral area of the patch  High-temperature sirain guges were used to measure

the =trais 1n this type of specimen.

o A 4 v
Qi ALt MT T AR .

longitudina! flaw was 2L oovnd cerier of the patch, and the patch was oo

walded into the 23-1, -diameter disk specimen  High-temperature strain gages were
installed to record the strain in the patch Hewe ol o352 3ages failed during the

weelding of t5 . petch tnun the specimen

g the Corcular patot was not known o A stress of 33,000 pst was applied to the speci-

ey redrsaran s nraag ira wirthAaut the anitiatinn af a Roeele fractnre The orn 230re

was el ase Do the spherne and aaditicnal weld depesits made an the crrcular pat-h to

> Lurther the ztress gt the tlaw front. During the retesting of the speciman. a

Loittle fra cture was ciniatod at spproximately 32 000 pst The fracture propagated

for approxamataly 1 n and stopped Qre possible xLianation for stopping of the taw

was that the faw rost encoantered a cumpressive stress Seld adlacent to the careular

i~
o
—
o

oot wes madoe inowhich the cireular patch Crameter vas noriepses

wnorsased ta 3A, 600 psi. A bnttle

0l ans and the maximum asplied sLiess was

re.55¢5 1n Cireslar-Pateh Weid-

*Levy. Alan Voo and Kennody, Marey E. . :
2, Research Supplement, 402s--

Tost Sprcumers, ™ The Welduing Tournal,
4053 {3 pte b, [752).
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to wall of sphere
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FIGURE B-1. SKETCH S1HCWING THE USE GF A CIICULAR PATCH COfl-
FIGURATION TO PRODUCE RESIQUAL AND REACTION

STRESSES AT THE FLAW FRONT



fracture [ailed to inttiate from this specimen  The circular patch methed of apply-
irng a residual stress at the flaw front was abardonaed because of the ursatisfactory
resuits shtained from these tests As has baen stated 1n other sactions of this re-
pert. we'ding and @ mechanizal device were more satisfactory for applying residual
and reaction stiesses

In mary instancesd. Tratsvilise weld Cracks are considered io be very darger-
ous as s:ites for the tritiatien of catastrophic fatlures It 1s weli known that the

laogitudinal residoal stresses in a weld depesit approach the yieid strergth. These

are of ~aree reenanah! - for troe trargverea cracks. [t s also beliaved
that vory high stresses remain at the tips of 3 transverse crack and that this crack
might thus re:nitiate urder low applied stress To explore this condition, a speci-
men ontaining two l-in. transverse weld cracks was preparad ard welded to the

*

sphare The sphere was !osded by hydrostatic pressure to an applied stress of
33,000 psi without Inltialing a brittle fraciure at the weid cracks The test was
rep- ated after additional residual strees was applied by the hydraulic ram A frac-

fufe 1a:. -3 "o ‘mitfate frem this test also

PRt L
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