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ABSTRACT

High-strength, low-alloy quenched and tempered steels of 100,000-
psi minimum yield strength are being used in ship hull structures. A proj-
ect wa~ initiated by the Ship Structure Committee to define which mechan-
ical properties should be used as performance criteria, to evaluate the
suitability of these criteria with large-scale test weldments, and to se-
lect small-scale laboratory tests that correlate with the large-scale
tests. A survey of available mechanical property data and of the use of
these materials at various shipyards led to the recommendation that cer-
tain laboratory investigations be conducted. This report describes the
results of both small-scale and large-scale tests conducted on high-
strength, low-alloy plate and weldments. These tests demonstrated that 8-
in.-long flaws can initiate fast fracture at stresses below the yield
strength of the material, that structural fracture resistance is increased
by stiffeners, and that weldments can have fracture resistance equal to
that of the base plate.
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1. INTRODUCTION

The use of high-strength, low-alloy quenched and tempered (HSLA-Q&T) steels of 100,000-psi minimum yield strength
asmaterials ofconstruction for merchant ship hull structures isthe most recent application ofthisclass ofmateriak.. The
HSLA-Q&T steels have transition temperatures lower than merchant ship hull service temperatures, which obviaies familiar
brittle fmcture, but have been found to be subject to unstable crack propagation at nominal stresses well below the strength
capability of thematerial attemperaturm in the ductile regiorr.

The purpose of this report is to compare the structural beh~vior of ship structures built of kLSLAQ&T steel with those

ofsirnilar stmctures made ofcarbon steel. This includes themeasurement ofnotch tou@ness with practical spectiens and
theuseofiest results inestimatirrg r%rrcturesafety. Tllerelationships between specfinen test results mdhardware behavior, in
lieu of service experience, must be evolved by correlation with structural prototype tests.

There are several candidate specimen test procedures and methods of data intei-prciation proposed by various investi-
gatorswldch may beuseful in fracture aniiysis. Consequently, astudyofthe fracture behavior of HSLAQ&T parent metal
and weldments was undertaken. This program included tests on specimens mrrging from large +scaJestructural models to small-
scale laboratory tests following a survey of shipyard practice.

The survey was conducted on Phase I of the project and has been reported previously <1) The premises obtained from
Phase I to undertake Phases H and HI are:

(1) Fast fracture is possible in I-ISLA-Q&T materials at nominal stresses less than the yield stress, the frxcture stress
being a function of the flaw size.

(2) Fast fracture of many of the HSLAQ&T materials should be predictable by the fracture mechanics approach, but
there is a general lack of quantitative data for accomplishing this.

The large-scale and small-scale test results,thesubjectofthisrepo~t,wereconductedunderPhaseH and 111,respectively.

Il. TEST PROGRAM

A. Scope

In Phase 11,center-notched, wide-plate tension tests were performed to provide information for evahrating the effect of
the following variables on the fzzstfracture behavior:

(1) Heat input in the submerged arc (sub-arc) welding process. Three heat input procedures were used: 65,000 J/in.,
30,000 J/in. (used in ship construction at the present time), and a more economical 120,000 J /inch.

(2) Temperature. The emphasis was placed on temperatures considered rep~esentative of the minimum for ship struc-
ture service. Since the 1-1/4-in. plate being used in this prpgram has a Nil Ductility Transition Temperature (NDTT)
of —30° to .-5 O“F, the 30° F test temperature is near the Fracture Transition Elastic (FTE) temperature for the
base plate. A few tests were conducted at –50°F, near the NDTT of the base plate.

(3) Flaw size and location. Nominal S-and 13-in. flaw lengths were evahmted. Flaws were placed in the heat-affected
zone (HAZ) so that the fracture paths could seek the zone of least resistsmce; e g., the parent metal, HAZ, fusion
line, or weld metal.

(4) Specimen width. The performance of 30- and 120-in.+ide specimens were compared.
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(5) Structural reinforcerrrents. The 120-ii.-wide plate specimen and one of the 30-irr. specimens were prepared with
tee stiffeners arranged and attached irr a manner employed in container ships.

In Phase 1117slow~end fracture mechanics tests and notched impact tests were conducled to determirm if they could be
to provide a correlation with the results obtained in Phase H. The following additional variables were studied:

(6) Crack ucurly. $aw+ut, stress-corrosion, and fatigue cracks were corrrpamd.

(7) Specimen thickness. Notched impact fr~cture energy curves wme developed on full thickness material to compare
to Charpy V-notch data.

Test Materials

Oneingot of AS 17D composition (heat no. 46538) was converted into l-1/4-and 2-in.-thick plate especially for this
progmm to eliminate the chemistry varidbie. This ingot was rolled into four plates as follows:

(1)

(2)

(3)

Two plates were rolled to 1-1/4 in.. the maximum permitted for Grade D, using 11.0 rolling ratio for enhanced
transverse toughness+

On@plate was straight rolJed to 1-1/4-in. thickness, with minimum trwrsverse toughness typical of ship plate
meeting A5 1413.

One plate was rolled to 2-in. thickness to provide an unusually lean chemistry for this thickness which is nol

typical of eitherA514orA517 specifications.

A second heat of AS 17D (heat no. 5 1252), 1-1/4 in. in thickness, was used for weld qualification tests. Heat no. 51301,

A5 17E, 1-1/2 in. in thickness, was used for attaching the wide~late specimen to the test machine.

The MiU Test Reports for the three he ats, given in Table 1, show that they meet the chcmicaJ and physical property
requirements of ASTM A514 and A517 Grade D. The degree of cross-rolling is tabulated along with the Charpy-V results.
Charpy-V results obtained by SWRI on these materials are given in Appendix A.

Both sub-arc and manual metal arc processes were used to fabricate test welds. Armco W-25 copper-coated weld wire

and Linde 7095 flux was used for the sub-arc welds. E 11018 welding rdectrodes were used for the manual welds, including Lhe
root pass reven though E8018 elms 3 welding electrodes have been used for this early in the ~pplication of 5 17/5 14 steels in
ships.

C. Selection of Welding Procedures

As previously reported(l), Phase J of this program included a survey of the Fabrication procedures being employed by
the various shipyards to cmrstruct ship hulls containing HSLA-Q&T materials. The results of the survey indicated that the
sub~rc welding process was limited to a maximum heat input of 65,000 J/in_, where 25,000 to 30,000 J/in. was most
commonly used for joining these materirds in the thickness rsmges. However, the tesls were programmed for 65,000 J/inch.
The basic welding parameters used for this process appear as procedure No. 1 in Table H and a typical joint design is
shown in Figure 1.
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Table 1. Mill Test Report Data

ChemicalAnalysis

Heat No. c Mn P s Si Cr Mo Ni Cu Ti E v

51301 Plate 0.17 0.52 0.014 0.022 0.29 1.69 0.56 – 0.27 0.064
51252 PkItc

0.002 —

0.17 0.60 0.010 0,023 0.30 0.96 0.18 – 0,24 0.063
4653S Plate

0.002 —

0.17 0.56 0.010 0.022 0.31 1.04 ().21 0.25 0.077 0.002
516150 V/old Wire

—

0.12 1.70 0.008 0.006 0.27 0.45 0.50 L& 0.12 - - 0.008

Tensile Properties

Rolling Tl)ickness Yield Ultimate Elongation R.A.
Heat No. Plate No. R3tio ASTM$pec” (in.) (ksi) (ksi) (%) (%)

51301 34646 1,2 A517E 1-1/2 114.4 128.8 22.0 61.5
.51252 33697 2.4 A517D 1-1/4 107.2 117.0 21.0 62.9
46538 77293 1.8 A517D Mod. 2 106.1 117.8 17.0 62.8
46538 76784 1.0 A517D 1-1/4 105.2 117.0 17.0 60.8
46538 76785 1.0 A517D 1-1/4 111.5 119.7 19.0 64.0
46538 76786 22.0 A514D 1-1/4 118.5 126.3 19.5 67.2

Charpy-VTest Results

Heat No. Plate No. AverageRoom Temperature Results Avemgc-50” F Results
Ft-Lb % Shear ht. Exp. F’t-Lb % shear Lat. EXP.

51301 34646L — — — 36 82 29
— — 25

51252

—

33697: — Ii 15
46538 77293L ;1 63 3; 1; 13

T
15

36 53 30 0 9
46538 76784L 63 100 54 ;: 50

T
26

44 100 37 25 45 19
46538 76785L — — — — —

T
46538

— —

76786L 6j 1;0 5; 18 65
T

35
28 100 24 17 37 14

Heat Treatment

Austenitizing Austcnitizing Quenching Tempering Tempering
Heat No. Plate No. Temp ~k’) Time (rein) Medium

Cooling
Temp fF) Time (rein) Medium

51301 34646 1650 150 W~ler 1200 120
51252

Wdtcr
33697 1650 175 Water 1180 105

46538
Water

77293 1700* 180 Water 1150 140 Air
46538 76784 1650 114 Water 1160 99 AN
46538 76785 1650 114 Water 1160 99 Air
46538 76786 1650 120 Water 1160 99 Air

*.Austenitizecl wuiwater quenched twice.



Two radically different heat inputs
were med for Test Procedures 2 and 3
(30,000 J/in. and 95,000 to 120$100 J/in.,
respectively), to determine what ~ff~ct the
size of theheat+ffected zone would have on
the explosion bulge performance of the weld-
rrrents. In addition, two manual metal arc
welding procedures were evaluate d. As in
the sub-arc welds, the heat input was varied:
Test Procedure No. 4 utilizing 30,000 J/in.
and Test Procedure No. 5 employing
50,000 J/inch. The two manual procedure
welds were made with the joint in the fixed
vertical (3 G) position and required all weld-
ing passes to be deposit~d uphill.

AU welding was performed in a manner
which would closely s~ulate shipyard prac-
tice, including the fact thttt al] welds were
made out-of-doors. Figure 2 shows a typical
welding sequence. It should be noted that a
temper bead technique was used for all welds.
After completion of the first side of the weld
(including the temper beads), the back side
of the joint was air arc gouged to sound metal.

4

Table 2. We”

Parameter

Process

Electrode Type

JHcctrode Dia, in.

Max. Hwt Input,
J/ire

Ampemge

Voltage

Travel Spwd,
in./min

Prcheirt, ‘F

Max. Interpms
Temp, 0F

No. 1

Sub-arc

Armco
W25

1/s

65,000

500

30

14

100

150

ding Procedures Eva”uated (a)

No. 2

Sub-me

W25

1/8, 5/32

30.000

340

28

23

100

150

No. 3

Su&arc

W25

1/8, 5/32

120,()()0

500

32

8

100

150

No. 4

M~nw~l

E-llols

1/8,5/32

30,000

115 to 150

25 to 26

‘1

200

300

(a) Tests wereconducted on Plate No. 33697 of hwt no. 51252.,

No. 5

Manual

J3-I1018

1/8, 5/32

50,000

115 to 150

25 to 26

4

100

150

This area was then gro~nd ~d inspected by the magrretic particle technique and the first back-side pass was deposited, The
joint was not allowed to cool below the preheat temperature until at least one-third of the to lal thi~kness of h-e weld was
deposited. After welding was completed, the joints were ground flush to the base metal and magnetic pswticle inspected for
evidence of surface defects. Radiographic im.pection was used to determine the integrity of the weldment.

The fust weld fabricated (Procedure No. 1) developed delayed transverse cracks in the weld metal. Subsequent radio-
graphic inspection disclosed additional subsurface cracks. These were attributed to a number of possible factors: (1) welding
out+fdoors in damp, cool weather, (2) marginal level of preheat, and (3) possible moisture in flux. The preheat was
increased and the flux was specially dried, but the cracking in the sub-arc welds was not completely climina~ed when using
this heat of material.

D. Evaluation of Weld Procedure

Thefive procedures were wmhratcd on l-1/4-in .-thick plate from heat no. 51252 by conducting tensile, bend, Charpy-V,
and explosion bulge tests.

The results of tensile and bend tests run on the five test welds are given in Table 111. Except for one HAZ fracture from
Procedure No. 5, all tensile test results were satisfactory. AU welding procedures except No. 2 passed the bend test. The weld
metrd deposited by submc procedures at 25,000 to 30,000 J/in-had low ductility.

The results of Charpy V+otch tests conducted on the weld metal deposited by submc procedures are presented in
Figure 3. The toughness of the weld metal improves as the heat input is increased from 30,000 to 120,000 J/inch. The Cv

~ properties of the weld metal deposited by the manual procedures, Figure 4, are better than those of the sub+ircdeposited
weld metals, but show a reversed effect of heat input on shelf energy. The Charpy V-notch data are tabulated in Appendix A.
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Fig. 2. Typical Welding Sequence
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The C, transition curve for the FIAZ of
~he 65-kJ/in. wcldrnent is compared to those
obtfiined for the HAZ of the 30- md 120-kJ/in.
weldrnenis in Figure 5. The best performance
was observed in the HAZ of the lowest heat
input welds. The da~~ are tabulated in
Appendix A.

Explosion bulge crack starter specimens
were fabrictited with the primary rolling direc-
lion perpendicular to the weld. The weld rein-
l“orcement was removed by grinding. The tests
were conduc~ed at 0° and 30°F using a 12-lb
charge and a 19-in. standoff. Test data,
including photographs of the plaLes, are given
in Appendti A. A brief description of the
results of ihe explosion bulge tests follows.

1. SAW455 kJ

a. 30‘F test. This specimen was
taken from the test weld plate so that a trans-
vmse welding crack was located at the center of
the plate. The brittle weld crack sttirter bead
was omit led. Cracking propagated into base
metal, but did not follow weld metal or HAZ.
Two cracks reached the elastic holddowrr area.

Table 3. Transverse Tensile and Bend Test Results
on Five Melding Procedures Studied

P,!%%

SAW-65kJ

SAW-301(J

SAW-I 20 kJ

SMAW-30 kJ

SMAW-50 kJ

Tcrrsil,
Ulthnate Tensile

Slrcngth (ksi)

121.()
120.9

18.2
19.6

16.5
16.4

17.0
17.5

20.2
22.4

24.2
23,0

22.1
21.0

22.1
21.9

16.8
20.6

bractwe
Lor,llion

Parent
klICIlt

Parent
P<Kcrlt

Pare nt
Parmrt

1%-en~
Mrent

HAZ
P:lrcnt

Foiled(d)

Priwed

Passed

PWdl

(a) See Tahk H. Platt rmlerial was l-1/4-in. AS 17D, heat no. 51252.
(b) Per Section 26 of Rules fOr Iluilding and Classing Stcfil Vessels, 1968.
(c) (he of the four sidti-bcrrd specimens showed a 3/16-in. opening ~f lcr test.
The defect wds at the intersection of tw-o weld bt~ds and was representative of
entmpp ed sldg.
(d) Three of Ihe four s;d~bend specimens foiltid in the weld metal by fracture
iiL approxinrottily a 90-deg bend on@c. The fourth spcchuen showed three
3/4-in. tmninatiorr-t ypt openings in the base rnctai at o 180.deg bcrrd finglc.

b. O°F test. Cracking occurred quite similar to that of the 30°F test.

2. SAW30 kJ

a. 300F rest. One crack propag~ted into btise metal, but arrested very quickly (within 1 in. of weld). A

second crack propagated about 4 in. along fusion line of weld.

b. O°F test. The tested plate is almost identical in appearance 10 the 30°F test plate.

3. SAW-1 20 kJ

a. 30”F test. One crack propagated approxima~cly 4 in. into base metal. Two fusion line cracks, each approxi-

mately 4 to 5 in. long, were dso produced.

b. ODF test. Cracks extended to holddown region in both parent metal and fusion line.

4. SMAWqO kJ

a. 30”F tesf. Cracks were arrested in weld metal.

b. O“F test. Numerous cracks extended into parent metal and one reached tht elastic holddown region.

5. SMAW-60 kJ

a. 30°17 fest.Cracks were arrested in weld metal.

b. O°F test. Cracks were arrested in weld metal.
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Fig, 5. Effect of Heat Input on Impact Pro~erties
of the HAZ Of 1-%’ A517D Submerged Arc
bjeldments

The results of the explosion bulge crack starter tests cond~cted at O“ and 30”F to evaluate the five welding procmhmes
indicate that weld metal deposited by the mamrrd procedures has a greater ability to arrest a dynamic crack front than does
the weld metal deposited by any of the sub-arc procedures. At 30”F, cracks were a~rested in the weld metal deposited by
either manual procedure. None of the sub-arc weld metals had sufficient hmghness to arrest cracks. These results we crm-
sistent with the weld metal Cv data discussed earlier. The low heat input sub-arc wekhmcn 1(SAW-3 O kJ) performed best.
However, the more economical intermediate Ircat input weldment (sAw-65 kJ) also produced satisfactory welds, since the
only cracks which propa:~ted to the elastic hokhlown region were located in parent metal. The high heat input we Idment
(SAW-120 kJ) exhibited the greatest amount of cracking in the weld fusion line or HAZ, reaching the elastic holddown region
when tested :it O“F. These results are in general agreement with information obtained in ihe PIMSC1 survey, since solme ship-
ywds Id reported that they we~e unable to qualify a sub-arc procedure for the A5 17D alloy in 1<n. thiclmcss unless the
hcai input was ktpt cmrsidcrably uncle]-65,000 J/inch.

E. F’hasell Large3cale Specimen Tests

Twosizes oflarge+cale specimens,30 and120-in. wide, were selected forusein tllisphase of theprogrml. The majority
ofspectiens were prepared witila65-W/in. weldment intie test section. Orrespecimenwaspreparedwi [ha 1201d/in. weld-
rnenimidorm speci~ne~llladlloweldillthc test section.

Ten30-in.-wide fracture toughness specimens and one 120-in.-wide simulated structure specinlen, allcontaini~lg ace~ltr*l
notch thnxr~ the piate, were fabricated and tested. The basic So-h-widespecimen (notch omitted) is shown in Figure 6.
0ne30-i]~.-wide spectinc~~was fabricfiied wi[l~tee stiffeners o~lonesurfacc tosi~nula~c illcstrenglh o[deckof ~ca~gosl~ip, as
shown in Figme 7.

Nine of the 30-in. -wide specimens (including the specimen with tee stiffeners) contained a central thror@-ihe-thickness
flaw shown asconfiguration’’A’’ in Figure 8(a). T~leiip$ ofihefidws wercloc~led inparenl ]netd, wcldn~ctal, orthe HAZ,
also asiUustrat@d in Figure 8(a). One 30-in .-wide spccirnen wasnotchcdin the HAZwiihfkdw configura~ion “B’’Jssllown
imFigure S(b).

The 120-in.-wide specimen was fabricated with a flaw having configuration “A” in the HAZ of the test weld. The
~~brication sequence ulilized in the construction of this specimen is shown in Figure 9. Thi $ SPeCIIneII was also reinforced
with tee stiffeners, the locations of which arc shown in Figure 10.
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Fig. 6. Basic 30-Inch Wide
Test Specimen

3-8

E15a
L-A

Fig. Z. Tee-Stiffened
30-Inch Wide
Test Specimen

fij -~,,:.wc,,,r..t,~u,.,tlm$’A$$

IfH.7

Fig. 8.

‘+’
(b)<,..[,,.,.,,10. u

Through-Wall F

I
,<0

Fig. 9. Fabrication Sequence for
120-Inch Test Specimen

aw Configurations

I

Fig. 10. Location of Tee-Stiffeners
on 120-Inch Specimen

(See Fig. 7 for Detail of Tee)
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No cracking was experienced in welding this heat of 1-1/4-in.-thick A5 17D to itself. However, during the fabrica~ion of

the wide-plate specimen, it was necessary to join sections of 1.1 /2-in .-thick A5 17E material to the 1.l/4-irr. A5 17D test plate

at each end. Atler the first weld joint had been completed, it was visually and rnagnctic particle inspected. Numerous trans-

verse crocks were noted in this weld. This joint was cut out and. rewelded.

Another such problcm was encountered during testing of the first 30-in. specimen. The test was discontinued wheg the
specimen fdcd at tire grip-to-plate j oint, again joining 1-1/4-in.-thick A5 171) to the l-1/2-in. A5 17E grip material. These
joints were rewelded after modification of the grip joint geometry and an adjustmerrt of the welding procedure which involved
a buttering operation on the grip.

Each test weld was inspected as foliows:

(1) Visual inspection of each weld bead

(2) Magnetic particle inspection of the back+id$ grindout

(3) Magnetic particle and visual inspection of the completed and ground joint

(4) Radiographic examination of the entire length of each tesl weld.

All defects found in excess of the requirements of the ASME Section VIII Boiler and Pressure Vessel Code were removed
and rewelded in accordance with the original welding procedure.

The tec stiffcmcrs were fabricated from A5 17F plate (3/8- and 5/8-in, thickness). The iee was formed by fdlei welding
the sections together using the manual metal arc process and E-1 101S electrodes. The tee’s were then joined to the test speci-
men with a chained intermittent Fdlet weld in a manner typical of th~t employed in shiy hull constmc Lion, as was detailed in
Figure 7.

The through-thickness flaws in the wide-plate specimens were prepared by generating a stress-sorrosion crack from a
mechanical notch. Initially, the notch root was cold+ ressed with a knife edge, as shown in Figure 1l(a), but it was difficult to
gencrde a stress+ orrosion crack. A modified notching procedure, illustrated in Figure 1l(b), proved successful.

An ultrasonic monitoring system was setup to follow the growth of stress-corrosion cracks and slow crack extensiom, if
any, during the conduct of the 120-in.-wide plate fracture toughness test. The basic seiup used a send-and-receive technique,
with three pairs of transducers positioned beyond the crack tip. The system was used through the completion of the 120-irr.-
wide plate test. After that time, expe~ience had indicated that no significant slow growth occurred on loading prior to fast
fracture mrd sircss-corrosion crack extension could be followed adequately by visual observation. Therefore, the US6of this
technique was discontirrued.

The plates were cooled to the test temperature with dry ice which did not contact but was held clo~e to both plate sur-
faces by wire screening. Temperatures were measumd with thermocouples which had been soldered to the specimen on both.
surfaces and on both sides of the central flaw, but slightly offset from the expected line of fracture prop~gation. The tensile
loads were applied with a 15,000,000-lb hydraulic machhe designed and built by SWRI for an earlier brittle fracture progra,m~2)

The applied loads were determined from electrical resistance strain gages attached to both surfaces of each specimen at
a point midway between the flaw and one end of the specimen. Strain gages were also applied to the weld metal and HAZ in
the test section area so that the nominal net section stress could be checked. In most cases, longitudinal gages were employed,
but two-gage rosettes were also utilized.

F. Phase III Small-Scale Specimen Tests

Two types of small-sciie specimen tests were evaluated in this phase of the program. Slow-bend tests were performed
on notched fracture mechanics-type specimens to determine if a correlation could be established with the results obtained orJ
wide-plate tests. Notched impact tests were run on the b me materiiis to try to establish a transition temperature for the upper
bound of dynamic plane strain notch toughness behavior for the 1-1/4- and 2-in. thicknesses.
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1. Slow-Bend Tests

AU but one of the slow-bend tests were run m specimens fabricated as shown in Figure 12. The mmaintig SIOW-

bend specimen was prepared with a Chevron notch as described in Figures 4 and 6 of ASTM Method 13399, “Tentative Method
of Test for Plarre-Sirain Fracture Toughness of Metallic Materials.”

Other variables introduced into the small-sciie spccirnen test program were notch acuity (jeweler’s mw-cutj stress-
corrosion, and fatigue~enerated cracks), notch location (parent metal and heat-affected zone), side grooving, and welding heat
input. Notch acuity was investigated to assist in analyzing the data from wide-plate tests which had been performed on speci-
mens having stress+orrosion cracks generated from the tip of a jeweler’s mw cut.

The slow-bend specimens were loaded in three-point bending while recording the crack opening displacement as a
function of applied load to fracture. The critical value of K, ~, was calculated by the secant method described in ASTM E399.

. ..— ,-~,”—-d -J,,L

Fig. 12. Slow Bend Fracture
Toughness Specimen

2. Notched IrrrpactTests

Notched impact tests were performed on base metal only using the specimen shown in Figure 13. The specimens
representing 2-in. plate material were machined down to 1-1/4-in. thickness to eliminate the geometry effect and to develop
only the metallurgical effect on notch impact toughness.

Fracture energy as a function of test temperature was determined by breaking the specimens in a 5000.ft.lb capac-
ity dynamic tear-test machine aft er conditioning the specimens for an hour in a liquid bath held at the desired test temperature.
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Ill. RESULTS OF CENTER-NOTCHED, WIDE-PLATE TESTS

Fifteen tests were run on eleven center+otched specimens, at a temperature of 32°,0°, or –50”F, applying a tensile load
perpendicular to the test weld and the flaw. The strain gage data obtained on these are contained in Appendix C.

In addition to obtaining data for calculating the critical stress intensity factors for the initiation of fast fractures, macro-
sections through selected fractures were examined so that the location of the fracture path relative to the weldment micro-
structure could be determined. The fractures veered into the base metal more often than staying in the fusion line or HAZ.
None of the fractures propa~aied through weld metal.

The results of the tests conducted at a test temperature of 32°F are summarized in Table IV, and those conducted at

lower temperatures are given in Table V. The stress intensity factors were calculated as Kmm for those cases in which the

specimen did not fail. KC was calculated whenever a distinct pop-in or complete fracture occurred. Since the plate thickness
is not adequate to guarantee a valid KIC for this material, an estimated vahre for KIC (called KT) was calculated from the
relationship

Kc

‘T ‘(1+ 1.4@)’/’

where

()1KC2
~Q=: ~ ; t is the plate thickness in inches, and u~~is the yield strength of the material in psi.

The fracture of Specimen No. 1 occurred primarily in the fusion line. Specimen No. 2, however, ftiled in the fusion
line from one end of the flaw, but fractured in the base metal from the other end, Figure 14. The fracture appearances of
Specimens Nos. 3 and 5 were strikingly similar to Specimen No. 2, each fracturing along the fusion line from one end of the
flaw and primarily in parent metal from the other end. Specimen No. 4 was not taken to complete fracture. The wide-plate
specimen also fractured in the parent metal tit one end and in the fusion line at the other. Sections taken within the region of

pop-in are presented in Figure 15 showing that fracture initiation occurred along the fusion line. The arrest of the initial
pop-in fracture occurred after the path had shifted to the base metrd (Fig. 16). The stress-corrosion crack at one end of the
central flaw was found to lie primarily in the HAZ (Fig. 17).

Specimen No_ 6 fractured through parent metal from both ends of the flaw. Specimen No. 7 was an all-parent metsd
specimen. Specimens Nos. 8 and 9 failed in the fusion line from one end of the flaw and in parent metal from the other end
of the flaw. The fracture in Specimen No. 10 propagated essentially all the way in parent material, although the fracture
curved btick to the fusion line netir each edge of the spmimen.
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Table 4. Summary of Center-Notched Wide-Plate Test Results at 32°F

Result
Initial

‘law Size(a)
(in.)

13.2

12.6

S.8

11.2

8.8

8.8

24.0

8.0

8.3

8.3

K#c)
(ks<m)

Test
No.

Specimen
No. Description(a) I Run

No.
Fracture

f,ocation~’)

30 in.-side grooved 3

30 in. -partially side 2
grooved

30 in.-side grooved 1

30 in–side grooved 2

120in.-notgrooved 1
withbcarns

120 in.–not grooved, ~(e)

beams cut

120 in. –not grooved, 2
beams cut

30 in.-not grooved 2

30 in.–not grooved, 1
with beams

30 in. –not grooved, 2
beams cut

114 est(q

122 est

—

102 Cst

—

101 est

157 est

114 est

130 est

2

1

3

3

wP-1

w-z

WP-2

4

5-1

5-2

Fast fmc turc

Fast fracture

Pop-in

Fast fracture

Out of stroke

Fopin

Fast fracture

Popin

Out of stroke

Fast hacture

28+9

37.0

27.3

29.1

52.o(d)

41.0

55.0

45.1

62.4(d)

53.7

64.0

64.0

48.0

58.0

57.o(@

44.0

69.0

61.0

86.o(dJ

74.0

F, B

F

F

F, B

F

F, B

.

P, E

168

188

119

134

(194$:)

153

343

172

(237)(s)

204

1

2

3

4

5

6

7

8

9

10

(a) AU fkdws in HAZ of 65-kJ sub-arc weld
(b) F = fusion Iioe, B = base metal.
(c) Uncorrected for plastic zone size.
(d) Includes mos!+.cctional area of beams.
(e) New flaw.
~ij Equations of Section III.
(g) VfiluC of K itmaximum load–specimen did not faif.

Based on plate formula-ignoring stit”fener geometiic effect.

Table 5. Summary of Center-Notched Wide-Plate Test Results at 0° and -50°F

Description(a)

[

Test
No.

11

12

13

14

15

Kc(c) ~=(c)
(ksi@.) (ksi&)

171 115 est(d)

131 101 est

166 113 est

119 94 est

116 92 est

lnilial
Flaw Size I Result

*

Specimen
No.

6

7

8

9

10

Test
Temp

Run
No.

+
65-kJHAZ

Parent

65-kJ Weld

120-kJI-IAZ

6S-kl HAZ

o. ~

–50°F

O“F

O“F

–50°F
—-

1

1

1

1

1

34.5 I47.0 I B8.5 ~;a$t fl~c~~~

8.5 FasL fracture 43.5

31.2

59.3 F, B

42.5 F, B8.5 Fast fracture

30.4 I 4,.4 \ F,B8.5 I Fast f~acture

I b) All tests were conducted On 30-in. specimens that had nOt been side sooved. Flaw located as indicated.
(b)F=fuzionlinc, B=bwemetaL

I (c) Uncorrected for plastic zone size,
(d) Equations of Section 111. I



.Q,:

Fig. 15. Cross-Section Through Pop-In
Fracture in 120-Inch Specimen

Fig. 14. Cross-Section Showing Frac-
ture Paths in Specimen Num-
ber Two (30 Inch Wide)

!,, .5,,)

(!),9,)

Fig. 16. Cross-Section Through the
Pop-In Arrest Zone in the
120-Inch Specimen

Fig. 17. Cross-Section Through the
Stress Corrosion Crack at
One End of Flaw in the
120-Inch Specimen
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IV. RESULTS OF SMALL-SCALE SPECIMEN TESTS

A. Static Test Results

Se~enleen slow-bend (notched bar in three-point loading) 1-1/4 -in.-thick specimens were tested at temperatures of 32°,
00, mrd –50°F. All specimens were oriented transv~rsc (o [he primary rolling direction. In addition to temperatum, the
variables were:

(1) Type of notch: (2) With and without side groove.

● Stress corrosion
● Fatigrm crack

● Jeweler’s saw cut.

(3) Material: (4) Welding procedure with notch in HAZ:

● I-1 14hr. base rdate ● 30-kJ heat input
● 24n- base plate. ● 65-M heat input

● 120-kJ heat input.

Table 6. Static (Slow-Bend) Specimen Fracture Toughness
Test Results on A517D Plate (Heat No. 46538)

Specinrcn
No.

l-1/4R7

l-1/4 B-8

l-1/4E-9

1-1I4B-1O

2R7

2B-8

2B-9

HZ65-1

HZ65-2

HZ6S-3

HZ65-4

HZ65-5

HZ65-6

HZ65-7

HZ65-S

HZ30-1

HZ120-1

l-1/4-in. bzse plate

2-in. bm.e phle

65-M HAZ

30-kJI-lAZ

120-IcI HAZ

NolCIIPrtpmtion
:md Depth

S.c.
(1.398in.)
S.c.
(1.492 in.)
S.c.
(1.198 in.)
Fatigue per
ASTM (1.237 in.)

S.c.
(1.399 in.)
S.c.
(1.229 in.)
S.c.
(J.322 in.)

S.c.
(1.212 in.)
Fatigue
(1.278 in.)
S.c.
(1.177 in.)
Jeweler’s ww cut
(1.158 in. )
SC.
(1.152 in.)
S.c.
(1.162 in.)
Jeweler’s saw cut
(1.168 in.)
Fatigue
(1.224 in.)

S.c.
(1.184 in.)

S.C.
(1.214 in.)

Side
Grooved

No

No

Ycs

No

No

No

Yes

No

No

No

No

No

Yes

Yes

Ye?.

No

No

Test
rcnrp(”m

o

-50

0

–50

o

–50

o

–50

o

0

0

32

0

0

()

o

0

Fracture

tppemncc
(%shear)

50

30

5

30

25

10

5

5

40

60

5

45

30

20

10

55

30

_—

‘Y(PSI m,)

118s)00

138,000

130,700

93,200

129,800

104,900

136,800

114,500

119,000

I I4,000

106,000

119,300

116,100

104,800

116,900

1 I9,000

102,900



15

The test results are summarized in Table Vl, and the crack opening dispkicemen t versus load curves are shown in
Appendix D.

Tl]e I<Qv~lucs demonstrate that, asexpected, thespeci]llen tllickncss waslcssthti1l required for KICmeasuremerlt. The
]otid-disl]lacement records and fracture ~ppcarancc indicate that thespectierl tests results wercill the faslfrticturc regime, i.e.,
pop-in wasnotsucceeded by~rrest, Noeffect of thevariables studicdisevidmrtin the results. Thedata scatter isrmt excessive
for mti[erid in the transition range, and examination of the fractures reveals that the scatter is at least in part ti~tributablc tu
tlleeffect ofnletallurgical disco]lli]~uitics such aslan~inations. 'rhefracture appear~ncc daiai]] Table VIisreported a;percerlt
sheer, includin:shew lips kmgany Iminatirms.

Tllcfr~cture surfaces ofslow-bencl specinlerls ]ll:]cllitltdfronl l-1/4 -in. base plate areshownirl Figure 18. Spccimcn
Nc>.10wasfatig[le precracked wllilctlle others were sharpened bystress+orrosioll prior tn testing. Thepresence ofmetallurgi-
cd dkCOnthIltleS at the root of the prccrfickmayhavc contributed to the higher value of KQ. Howcvcr, this phcnornenon did
not :+ppetir tr) have the sameeffect on Specinlens Nos.7 and9(leftAand side of Fig. 18). The fracture surtidces ofspecimem
machined kom 2-in. pl~te are shown in Figure 19. Again, the effect ofdiscontinuitiesis not conclusive, but lhc shtillr)wer
prccr~ck on Specimen No. 9 mfiy have affected the results.

Nocffect of notch acuity wasevident from lheresults conducted on65AJ/in. HAZspecinlclls shown in Figure2O.
Here agaill, thepresence ofal~lc[allurgical discontinuity in Specimen No.61]lay llavcclouded the picture. There wwlittlc
e[fect ofmetallurgical condition OnKQ as illustrated by the series shownin Figure 21. Figure 22 shows twoscries ofspcci-
mem,thevertical representing theeffectoftesl tempemtul-c and the horizontal representing theeffeci ofnrrtch acuity onKQ
of the HAZ of a 65-kJ/in. weldrnent.

The data trends with temperature and welding procedure are as expected but are less significfint than data scatter so that

the–50°Fdaia [below nilductility tr;~nsition te]llperaltlres (NDTT)] encompass thehigher tempertihrl-cf racture toughness

results.

B. Notched Impact Test Results

Theknpactt estdataare [abulated in Appendix E. The fracture energy transition curves arepresentcd in Figurcs23~nd
24- As shown by these figures, the drop weight NDTT, determined per ASTM E208 with Type P-1 specimens, correlate with
the beginning of the energy transition curve for these specimens. Also, the Charpy-V fracture appetirancc transition tempera-
ture (CV FATT) is surprisingly close to the NDTT and umlereslimates considerably the full thickness impact fracture appear-
ance transition temperature ( 1.1/4 FATT) which may be considered to be an approximation to the te]mperatul-c at which
significant energy is dissipated by shear 10 arrest propagating cracks. This is illrrstrtited by the agreement between the I-1/4
FATT and the 50-percent energy transition temperature (1-1/4 ETT) defined m the temperature at which fracture energy is
equal to [Im xverage of the lower shelf and upper shelf fracture energies. These data indicate tlmt the slow-bend specimens
were lested in the transition temperature range for this thickness of material.

The fracture surfaces exhibited shear lips along metallurgical discontinuities as well as at the specimen edges. A corre-
sponding increase in fr~ciure energy was noted in such cases. For example, the 1.1/4-in. no[chcd impact Specimen tested at

40°F (see Fig. 23) appears to fdl above the trend line for the resl of the data in this series. The fracture appearance dfita,
given as percent shear, include these internal shem lips.
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I-1/4B-10
-50”

Fig. 18. Fracture Surfaces of
I-+-Inch Base Plate
Slow Bend Specimens

Fig. 20. Frac~ure Surfaces
of 65 Kj Slow Bend
Specimens With Three
Notch Acuities

rlH~~5-1””

-50”

Fig. 19. Fracture Surfaces
of 2-Inch Plate
Slow Bend Specimens

Fig. 21, Fracture Surfaces of
Specimens Representing
Base Material and Three
Welding Heat Inputs

Fig. 22. Fracture Surfaces of
65 Kj Weldment Specimens.

Horizontal - Effect of
Notch Acuity

Vertical - Effect of
Temperature

m
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.100 -!0 o 50 ,00 150 200
Te,,,PEI’?,wo ‘F

Fig.23. ImpactTest Results on
I-%-Inch Base Plate

.100 .,” (1 50 )01) 150 2(>1)

Tm.pcr.!(LmP r

Fig. 24. Impact Test Results on 2-Inch
Base Plate

V. SUMMARY

Thctest resuIts areinaccordance with thepremises of Phase I(]) which werc[hc b~sisfor this test progrtinl. ‘rhedata
are also inagreement with the data obtained by previous programs and by others on other A514 and A517 materials.

Theiest results obtained in tllisprtjgram demonstrate that forthelwo lleatsof steel evaluated;

(1) Fast fracture ofwide-plate specimel~s containing large flaws occurs atnominal (tilldnet) stress levels less tha1l
yield strength up to 32”F.

(2) Solncfigreement isobtained between fracture tou~ness metisurcd bywide.plate specilnells andslow-bendspcci-
mens using fracture mech~rrics equations.

(3) Structura] fractur. r~~~~~is illcreased bystiffeners aswould beexpcct.d by[racture alla]ysis Illodelsconsidcr-
ing stiffener effects. ‘ ‘

(4) Full lhickntss impacitest fracture appearance isabetter index oftransition behavior than Charpy.V tcstresults
for this material.

(S) Weldments mtidewith heatinputsof25 to50kJ/in. canhave fracture resishnce equaIto that o[[hebaseplatc.

Extensive testing of materials needs to be performed to provide a statistical design basis for use of HSLA-Q&T m~terials.
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APPENDIX A

DATA ON TEST MATERIALS
AND WELDMENTS

Table A-I. SWRICharpy V-Notch Test Results, 2-In. ASTM
A517D Modified, Firebox Quality Heat No, 46538,
Plate 77293

Longitudinal(a) Transverse(o)
Ternp Energy % LJL. Ternp Energy % Lat.
CF) (ft-lb) Shc~r Exp. ~ F) (It-1b) Slmar Exp.

--85 3 5 – 85
-6o 1:

9 3 6
s 10 –60 8 5 5

–20 22 15 13 -20 8 11
0 29 25 18 0 ;: 13 15

30 36 42 24 30 31 27 21
60 54 85 39 60 37 35 27

100 60 93 33 90 44 75 34

(a) Average of 3 tests at each lcmpemture.

Table A~II. SWRI Charpy V-Notch Test Results l-%-In.
ASTM A517D, Firebox Quality

Heat No. 46538, Plate 76784

Lon~itudtial(a) Transverse(a) ““-
Temp Energy % Ldt. Temp Energy Lat.
~F) (t’t.lh) Shear Exp. ~F) (ft-lb) Sh;ar Exp.

-85 26 13 15 –s5 18 11 9
–60 30 27 18 -60 22 18 13
–4(I 33 30 21 –40 — —
–20 46 72 27 –20 ;0 40 20

0 55 90 33 0 31 43 20
30 64 100 44 30 41 83 ?5
60 68 100 38 60 48 100 35
90 – — — 90 47 100 34

kfcat No. 4653$, ~’late 76785

-90 20 10 11 --85 18 13 10
–60 21 17 13 –60 16 12 9
–40 30 25 18 –40
-20 34 50 21 –20 ;4 ;8 1–7

o 44 85 21 0 30 45 19
30 46 95 34 30 34 53 23
60 49 100 37 60 41 87 29
90 — — . 90 47 100 3s

Heat No. 46538, Phte 76786

-90 29 13 16 -90 14 9 7
–60 37 30 21 –60 15 18 9
–40 51 48 31 –40 -
–20 52 72 34 –20 20 ;2 [3

() 62 85 43 0 22
30

25 15
77 97 47 30 35 19

60 81 I00 51 60 :; 98 22
100 — — — 100 32 100 21

(a) Avtmgc of 3 tests J1 ewh temperature.
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Temp
(°F)

–95
– 7{)
–40
–?0

o
20
40

1:;

Wddii
No, 1 No. 2

Absorbed I!ncrgy (ft-lb) for Ewh
Pmced re(b)

—wNo. 3

T22 32
27 29
27 23

3;
42
40
43
—

i
28
42

25
25
36
35
45

;7
53
—

40
42
60
52
74

7–8
88
—

No. 5

12
25
47
37
53

7<
64

(J) 1. Sub-arc with 65 ,Oi10-J/in, max hwl input.,
2. Sub-arc with 30;OO0-.f/in. max heat input
3. Sub-arc with 120,000-J/in. max heat input
4. M~nuA Mfital AIc with 30,000-J/in. max hetil

input
5, Mamml Mctfll Arc with 30,000-J/in. mix heat

inpul.
(b) ,’iver~:c Of three tCStS.

Pkj te
No.

1A
IB
2A
2E
3A
NJ
4A
41J
5A
5B

Table A-IV.

Welding
Procedure

NO.(a)

1
1
2

2
3
3
4
4
5
5

Test
Temp
f F)

+3(I
o

+30
o

+30
o

+30
o

+30
o

Tab

HAZ Charpy V-Notch Test
Results for Thre Sub-
Arc Procedures(a7

e A-III, Weld Metal Charpy V-Notch
Test Results for F’v

{ 7Welding Procedures a

I((

Abwrbed Energy (ft<b)
Temp for Each Welding
(°F) Procedure(b)

No. 1 No. 2 No. 3

96 – 14 —
-80 – 15 —

–40 – 46 .-
() 17 46 14

20 — 24
40 2-1 47 51
80 32 — 60

125 46 — 73
180 48 — —

J) 1. Sub-mcwith 65,()()0-J/in. max
hmt inpul

2. Sub-mcwith 30,0(J0-.l/in. rnm
heat input

3. Sub-arc with J20,000-J/in. rn,m
heat input.

b) Average of two teds.

Mix % I
Btisc Plate

1.9
1.9
3.0
2,2
2.3
1.s
3.4
3.0
2.6
2,6

:duc[ion Proi”ik Bulge Height
Weld Mfital AcrossWcid Along Weld

1.5 2-11/16 2-1 1/16
2.7 2-3/16 2.5/16
2.3 1-1/2 1-1/4
2.3 1-5/8 1-3/4
1,5 2-1/16 2
1.9 2.9/~(j 2-7/16
3.0 1-3/8 1-1/2
3.0 l-l /2 1-5/8
2,3 1-3/8 1-3/s
2.6 1-3/8 1-1/2

(a) 1. Sub-arc with 65,000-J /in. maxheatinpul
?. Sub-al-c with 30,0()()-J/in, IIUIXhedt input
3. Sub-al-c with 120,000-J/in. nraxhcatinpu(
4. Mfinu~l Metal Al-cwitl130,(10()-J /in, lllaxhcati!lput
5. M:mu~l MetalArc wit1130,000-J/in. nr~xhcatil~put

Table A-V. Explosion Bulge
Test, Thinning
and Bulge Height
Data
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i,

Fig. A-1. Explosion Bulge Plates from SAM-30Kj Weldment

Fig. A-2. Explosion Bulge Plates from SAW-65Kj Weldment
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Fig. A-3. Explosion Bulge Plates from SAhl-120KjWeldment

.

Fig. A-4. Explosion Bulge Plates from SMAld-30Kjbleldment
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.,
,.,,-.-:..

Fig. A-5. Explosion Bulge

. .. .,, .....—.~r ---d—
. w ~

Plates from SMAM-50Kj Meldment
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APPENDIX B

DETAILED WELDING PROCEDURE
REPRESENTATIVE OF SHIPYARD PRACTICE

Spmifrcaiion No: SWRI 07-2147 -WP-2

Date: May 7, 196S

Scope:ThisspecificationisforthejoiningofA517material to itself. This procedure is one of a series of thrm submc pro-
cedures to be used for a specific program and simulates a procedure which has been used in actual merchant ship
construction.

Base Material: ASTM 517-D was used for the procedure qualification.

Filler Metal and Fhrx: Armco W-25 wire 1/8 and 5/32 in., Lind@709-5 flux seal welding prior to witomatic sub-arc:

E-S018-C3 1/8 inch.

Preheat and InterPass Temperature: Butt welds up to 1-1/2 in. shall have a preheat of 200°F minimum and maximum inter-

pass temperature of 300°F. The maximum heat input shall be 65,000 J/inch.

Process and Electrical Characteristic: Automatic sub-arc-DC reverse polarity: Manual shield arc<Seal weld) DC reverse
polarity.

Joint Design: The design shall be as shown below.

7/8” tO 1-1/2” A 70D–B 70°

4

L 4

LA
Preparation of Base Material: The edges of surfaces to be prepared by any of the following: Flame cutting, air carbon arc

gouging, chipping, machining, grinding, or plasma cutting. The surfaces to be welded shall be cleaned of any matter that

may be detrimental to sound welds. The second side of the joint shall be chipped, ground, or air carbon arc gouged LO

sound metal prior to welding. Flame gouging shall not be used. The surfaces to be welded shaU be reasonably smooth

and free of notches. Notches shall be ground. Deep notches shall be filled with Manual Shield Arc E 11018-M after
grinding them flush with the adjacent rrrateriaL

Joint Welding Procedure and Cleaning: The welding technique shall be such that weld beads are uniform in contour and taper
smoothly into the base materird at the toe. Grinding may be used to accomplish a smooth contour if necessary. All slag
or flux remaining or any bead of weld shall be removed prior to depositing the next successive weld bead.

1

Arc strikes shall be avoidod insofar as possible; care must be taken to strike arcs in the weld groove or in the way of the
weld so they will be incorporated in the welds.
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Defects: ArIy cracks or blow holes that appear on the surface of any weld shall be removed by chipping, grinding, or air mrbon
arc gouging before depositing the next successive weld bead. Broken or crwked tacks shall be removed prior to seal
welding.

Welding Position: Flat tl 5°

Welding Repair: Welding m~y be repaired with Manual Shielded Arc Process.

Tempering Beads: Tempering welds shall be made so a new heat-affected zone will not be cmatcd. TIIe tempm bctid [DC
should Lmd approximately 1/8 in. from the base material (see sketch ‘Tempering Bead Technique”).

Tacking: For sub-arc welding, tacks shall be made using E 8018<3 electrodes. These tacks shall be made so they can be

incorporated in the serd weld.

Interpretation of Heat Cycle: Preheat temperature shall be maintained until the weld is complete or WCMShive been deposited
equal to 1/3 of the wall thickness. Lower temperatures gradually until they me the ambient temperature.

Welding Procedure

1-1/4-in. plating shall be welded using Uw following procedure:
450 to 500 A,30 V, 15 to 20 ipm, 1/8 in. + 5/32 in.
Armco W-25 filler metal, Linde 709-5 flux
200°F prehea~, 3000F maximum irrterpass temperature
Hefit Input, 40,000 to 60,000 J/inch.
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APPENDIX C

WIDE-PLATE TEST DATA

Table C-1. Strain Gage Data on Wide-Plate Tests

Test Specimen Notch Notch Test AW Strain (uin. /in.)
No. No. Type Lcrrgth (in.) T.mp (“F) GIos~ Section Net Section

J 1 A 9.0 32 L.530@) L-6oo(a)
11 2 B 9.0 32 L-lOOO(b) L-i350(b)
111 2 B 9.0 32 L-1590@)

1 2
L-21 25 (a)

B 13.2 32 L.98(j(@ N/A(d)
2 1 A 12.6 32 L-1280(C) N/A(c)
3 3 A 8.8 32 L-930(~ N/A(~
4 3 A 11.2 32 L.98(I(C) N/A((l)
5 W@) A 8.8 32 L-1750@ L-1960(;i~
6 @h) A 8,8 32 L-1400(~ L-1550(fl
7 Wp(fr) A 24.0 32 J“-1750(@ L2500(C)
8 4 A 8.0 32 L-1630(~ L-2250(~

T.7130(1> T-450(~
9 5(N A 8.3 32 L.2120(a) L-2590(@

T.735(@ T- –
10 ~(h) A 8.3 32 L-1875(C) L-2470(c~

T-6 I ()(c) T. –
II 6 A 8.5 0 L-1560(c) —
12 7 A 8.5 –5(J
13

L-1 190(c)
A 8.5 0

14
L-1490(@ :

; A 8.5 0 L-925 (c) —
15 10 A 8.5 –50 L.lo50(@ —

(ti)Mochine out of sirokc.- test discontinued.
(b)Grip-to-specirnen weld faild–test discontinued.
(c)Fasi fractrrrc.
(d)Side grooved for full width of specirncrr.
(c)Side grooved 2 W. on caclr side of notch
(f)Pop-in.
(g)With stiffeners.
(h)Stiffeners cut.
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APPENDIX D

SLOW-BEND
LOAD-DISPLACEMENT CURVES

Fig. D-1, Fig. D-2.

Fig. D-3. Fig. D-4.

Fig. D-5. Fig. D-6,
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Fig. D-7. Fig. D-8.

Fig. D-10.

Fig. D-9.

Fig. D-11. Fig. D-12.



-n
d.

a
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APPENDIX E

NOTCHED IMPACT TEST DATA

Table E-1. Notched Impact Results on l-%-in.
A517D Plate--Heat No. 46538

l-1/4B-l o 72 I

-2 +40 1329
-3 +80 1296
-4 +120 ~427
5-. -40 596

-6 +180 1656

;:
60
67
27
87

Table E-2. Notched Impact Results on 2-in.
Plate A517b--Heat No. 46538

Specimen
No.

2B-1
-2
-3
-4

:;

Temp Energy
Fracture

e F) (ft-lb)
Appearance

(Z Shear)

II
o 322 33

+40 292 60
+8o 784 60

+120 1038 67
+180 1460
+150 1362 :;
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