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ABSTRACT

High-strength, Tow-alloy quenched and tempered steels of 100,000-
psi minimum yield strength are being used in ship hull structures. A proj-
ect was 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 inyestigations be conducted. This report describes the
results of both small-scale and large-scale +tests conducted on high-
strength, Tow-alloy plate and weldments. These tests demonstrated that 8-
in.-Tong 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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l. INTRODUCTION

The use of high-strength, low-alloy quenched and tempered (HSLA-Q&T) steels of 100,000-psi minimum yield strength
as materials of construction for merchant ship hull structures is the most recent application of this class of materials. The
HSLA-Q&T steels have transition temperatures lower than merchant ship hull service temperatures, which obviates familiar
brittle fracture, but have been found to be subject to unstable crack propagation at nominal stresses well below the strength
capability of the material at temperatures in the ductile region.

The purpose of this report is to compare the structural behavior of ship structures built of HSLA-Q&T steel with those
of similar structures made of carbon steel. This includes the measurement of notch toughness with practical specimens and
the use of test results in estimating fracture safety. The relationships between specimen test results and hardware 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 dala interpretation proposed by various investi-
gators which may be useful in fracture analysis. Consequently, a study of the fracture behavior of HSLA-Q&T parent metal
and weldments was undertaken. This program included tests on specimens ranging from large-scale structural models to small-
scale laboratory tests following a survey of shipyard practice.

The survey was conducted on Phase [ of the project and has been reported previously D The premises obtained from
Phase I to undertake Phases II and III are:

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

(2) Fast fracture of many of the HSLA-Q&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, the subject of this report, were conducted under Phase IT and 111, respectively.

Il. TEST PROGRAM

A. Scope

In Phase 11, center-notched, wide-plate tension tests were performed to provide information f{or evaluating the effect of
the following variables on the fast fracture 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 ime), and a more economical 120,000 J/inch.

(2) Temperature. The emphasis was placed on temperatures considered representative of the minimum for ship struc-
ture service. Since the 1-1/4-in. plate being used in this program has a Nil Ductility Transition Temperature (NDTT)
of —30° to —50°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 8-and 134n. flaw lengths were evaluated. Flaws were placed in the heat-affecled
zone (HAZ) so that the fracture paths could seek the zone of least resistance; e g, the parent metal, HAZ , fusion

line, or weld metal.

(4)  Specimen width. The performance of 30-and 120-in.+wvide specimens were compared.
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(5) Structural reinforcements. The 1204in-wide plate specimen and one of the 304n. specimens were prepared with
tee stiffeners arranged and attached in a manner employed in container ships.

In Phase III, slow-bend fracture mechanics tests and notched impact tests were conducled to determine if they could be
used to provide a correlation with the resulis obtained in Phase 11. The following additional variables were studied:

(6) Crack acuity. Saw-cut, stress-corrosion, and fatigue cracks were compared.

(7) Specimen thickness. Notched impact fracture energy curves were developed on full thickness material to compare
to Charpy Vaotch data.

B. Test Materials

One ingot of A517D composition (heat no. 46538) was converted into 1-1/4-and 2-n thick plate especially for this
program to eliminate the chemistry variable. This ingot was rolled into four plates as follows:

(1) Two plates were rolled to 1-1/4 in_ the maximum permitted for Grade D, using a 1.0 rolling ratio for enhanced
transverse toughness.

(2) One plate was straight rolled to 1-1/4-in. thickness, with minimum transverse toughness typical of ship plate
meeting A514D.

(3) One plate was rolled to 2-in. thickness to provide an unusually lean chemistry for this thickness which is not
typical of either A514 or A517 specifications.

A second heat of A517D (heat no. 51252), 1-1/4 in. in thickness, was used for weld qualification tests. Heat no. 51301,
AS517E, 1-1/2 in, in thickness, was used for attaching the wide-plate specimen to the test machine.

The Mill Test Reports for the three heats, given in Table I, show that they meet the chemical and physical property
requirements of ASTM A514 and A517 Grade D_ The degrec of crossolling 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<oated weld wire
and Linde 7095 flux was used for the sub-arc welds. E11018 welding electrodes were used for the manual welds, including the
root pass, even though E8018 class 3 welding electrodes have been used for this early in the application of 517/514 steels in
ships.

C. Selection of Welding Procedures

As previously reported(l), Phase T of this program included a survey of the fabrication procedures being employed by
the various shipyards to construct ship hulls containing HSLA-Q&T materals. The results of the survey indicated that the
sub-arc 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 materials in the thickness ranges. However, the tests were programmed for 65,000 J/inch.
The basic welding parameters used for this process appear as Procedure No. 1 in Table Il and a typical joint design is
shown in Figure 1.



Table 1. Mill Test Report Data
Chemical Analysis
Heat No, C Mn P 8 Si Cr Mo Ni Cu Ti B '
51301 Plate 0.17 0.52 0.014 0.022 0.29 1.69 0.56 - 0.27 0.064 0.002 —
51252 Plaie 0.17 0.60 0.010 0.023 0.30 0.96 0.18 — 0.24 0.063 0.002 —
46538 Plate 0.17 0.56 0.010 0.022 0.31 1.04 0.21 - 0.25 0.077 0.002 —
516150 Weld Wire 0.12 1.70 0.008 0.006 0.27 0.45 0.50 1.98 0.12 - - 0.008
Tensile Properties
Rolling N Thickness Yield Ultimate Elongation R.A.
Heat No. Plate No. Ratio ASTM S$pec (in.) (ksi) (ksi) (%) (%)
51301 34646 1.2 AS17E 1-1/2 114.4 128.8 22.0 61.5
51252 33697 2.4 AS517D 1-1/4 107.2 117.0 21.0 62.9
46538 77293 1.8 A3517D Mod. 2 106.1 117.8 17.0 62.8
46538 76784 1.0 AS17D 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-V Test Results
Average Room Temperature Results Average—50°T Resulls
Heat No. Plate No. FtLb 7 Sheat Tat. Exp. Filo % Shear Tat. Exp.
51301 346461 — — - 36 82 29
T - - — 25 — -
51252 336977 - — — 18 75 15
46538 77293L 41 63 32 . 19 13 15
T 36 53 30 11 0 9
46538 76784L 63 100 54 34 50 26
T 44 160 37 25 45 19
46538 767851 - - - - - -
T — — — — — —
46538 767861 69 100 53 48 63 35
T 28 100 24 17 37 14
Heat Treatment
Austenitizing Austenitizing Quenching Tempering Tempering Cooling
Heat No. Plate No. Temp CF) Time (min) Medium Temp (°F) Time (min) Medium
51301 34646 1650 150 Water 1200 120 Water
51252 33697 1650 175 Water 1180 105 Water
46538 77293 1700# 180 Water 1150 140 Air
46538 76784 1650 114 Water 1160 29 Ax
46538 76785 1650 114 Water 1160 99 Alr
46538 76786 1650 120 Water 1160 99 Air

*Austenitized and water quenched twice.




Two radically different heat inputs
were used for Test Procedures 2 and 3
(30,000 J/in_ and 95,000 to 120,000 J/in_,
respectively), to determine what (}:ffect the
size of the heat-affected zone would have on
the explosion bulge performance of the weld-
ments. In addition, two manual metal arc
welding procedures were evaluated, Asin
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 deposited uphill.

All welding was performed in a manner
which would closely sirmulate shipyard prac-
tice, including the fact that all welds were
made ount-of-doors. Figure 2 shows a typical
welding sequence. It should be noted ihat 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 are gouged to sound metal.

(a)

Table 2. Welding Procedures Evaluated
Parameter No.1 No. 2 No. 3 No., 4 No.5
Process Sub-arc | Sub-arc Sub-arc Manual Manual
Electrode Type Armco W25 W25 E-11018 E-11018
W25
Flecirode Dia, in. 1/8 1/8,5/32 | 1/8,5/32 1/8,5/32 1/8,5/32
Max. Heat Input, | 65,000 30,000 120,000 30,000 50,000
Jfin.
Amperage 500 340 500 115to 150 [ 115 to 150
Voltage 30 28 32 25 to 26 25 t0 26
Travel Speed, 14 23 8 7 4
in./min
Prcheat, °F 100 100 100 200 100
Max, Interpass 150 150 150 300 150
Temp, °F
(a) Tests were conducted on Plate No, 33697 of heat no. 51252..

“

This area was then ground and inspected by the magnetic 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 total thickness of the weld was

deposited. After welding was completed, the joints were ground flush to the base metal and magnetic particle inspected for
evidence of surface defects. Radiographic inspection was used to determine the integrity of the weldment.

The first 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-of doors 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 ¢liminaled when using

this heat of material.

D. Evaluation of Weld Procedure

The five procedures were evaluated on 1-1/4-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 11T, Except for one HAZ fraciure from
Procedure No. 5, all tensile test results were satisfactory. All welding procedures except No. 2 passed the bend test. The weld
metal deposited by sub-arc procedures at 25,000 to 30,000 J/in. had low ductility.

The resulis of Charpy V-iotch tests conducted on the weld metal deposited by sub-arc 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 C,
, broperties of the weld metal deposited by the manual procedures, Figure 4, are better than those of the sub-arc-deposited
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. 1. Typical Weld Joint Design

Fig. 2. Typical Welding Sequence

80
60
. Fig. 3. C_ Energy Data
, /in max.
____l.f.o_.foij—-—- —= on Sub-Arc De-
EI"'"'_-O-. 6P,OOOj/inmax. posited Weld

Metal

\
|

Cy Energy, ft-lbs

=100 -75 -50 -25 0 25 50 75 100

Temperature, °F

30, 000 j/in max.
Q
50, 000 j/in raax.
X000 i maw
A
Fig. 4. C_ Energy Data
on Manual Metal =
Arc Deposited =
-
Weld Metal &
i
-
&}
AN
-100 —'}5 =50 -25 0 25 50 75

Termperature, °F



The C, transition curve for the HAZ of Table 3
the 65kJ/in. weldment is compared to those '
obtained for the HAZ of the 30- and 120kJ/in.
weldments in Figure 5. The best performance

Trangverse Tensile and Bend Test Results
on Five Welding Procedures Studied

was observed in the HAZ of the lowe.st heat Weldin Tensite Tost Resuils Side-Bond
input welds. The data are tabulated in 2y | Ulimate Tensile | Elongation | Fracture ()
Procedurc . . Test Resuits
Appendix A Strength (lesi) (%) Localion
) SAW-65 kI 121.0 20.2 Parent Passea(c)
Explosion bulge crack starter specimens 120.9 22.4 Parent
were fabricated with the primary rolling direc- SAW-30 I 113 542 parent Failoa(®
iion perpendicular to the welc‘L The weld rein- AR 1124 23.0 Prigﬁt ate
lorcement was removed by grinding. The tests
were conducied at 0° and 30°F using a 12db SAW-120 kJ 113% 22.1 Pazent Passed
charge and a 19-in. standoff. Test data, 119. 2.0 Paent
including photographs ol the plales, are given SMAW-30 kJ 116.5 22.1 Parent Passed
in Appendix A. A brief description of the i16.4 21.9 Parent
tesults of the explosion bulge tests follows. SMAW-50 1 17.0 16.8 HAZ Passed
117.5 20.6 Parent
1. SAW65 kJ

o . . (2) See Table (L. Plate malerial was 1-1/4-in. A517D, heat no. 51252,

a.  30°F test. This specimen was | (b) Per Section 26 of Rules for Building and Classing Steel Vesscls, 1968.
taken from the test weld plate so that a trans- (c) One of the four side-bend specimens showed a 3/16-in. opening after test,
verse welding crack was located at the center of Z:;.S;;fggtgﬁ:b at the inlersection of two weld heads and was representative of
the plate. The brittle weld crack starter bead (d) Theee of 1he four side-bend specimens failed in the weld metal by fracture
was omitted. Cracking propagated into base al approximately a 90-deg bend angle. The fourili specimen showed thres
metal but did not follow weld metal or HAZ 3/4-in. lamination-type openings in the base metal at a 180-deg bend angle.

Two cracks reached the elastic holddown area.

b.  0°F rest. Cracking occurred quite similar 1o that of the 30°F test.
2. SAW-30kJ

a.  30°F test. One crack propagated into base metal, but arrested very quickly (within 1 in. of weld), A
second crack propagated about 4 in. along fusjon line of weld.

b. 0°F test. The tested plate is almost identical in appearance Lo the 30°F test plate.
3. SAW-A20kJ

a.  30°F test. One crack propagated approximaiely 4 in. into base metal. Two fusion line cracks, each approxi-
mately 4 to 5 in.long, were also produced.

b.  0°F test. Cracks extended to holddown region in both parent metal and fusion line.
4. SMAW-30 kJ
a.  30°F rest. Cracks were arrested in weld metal.
b,  0°F test. Numerous cracks extended into parent metal and one reached the elastic holddown region.

5. SMAW-50 kJ
a.  30°F test. Cracks were arrested in weld metal.

b.  0°F test. Cracks were arresied in weld metal.,



80

120, 000 j/in HAZ/Ij/

u -
=
60 —
2 /(
% 30,000 )/in TTAZ m] 65,000 1/in HAZ
pt -0
= D —
. 40
¥ -~
hd ’
-6
o
’/
1. T—— o
- @-/’E"
[ - I ]
=120 -80 -40 0 40 80 120 160 200

Temperalure, "F

Fig, 5., Effect of Heat InPut on Impact Properties
of the HAZ of 1-%" A517D Submerged Avrc
Weldments

The results of the explosion bulge crack starter iests conducted at 0° and 30°F to evaluate the five welding procedures
indicate that weld metal deposited by the manual 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 arrested in the weld metal deposited by
either manual procedure. None of the sub-arc weld metals had sufficient loughness to arrest cracks. These results are con-
sistent with the weld metal Cy data discussed earlier. The low heat input sub-arc weldment (SAW-30 kJ) performed best.
However, the more economical intermediate heat input weldment (SAW-65 kJ) also produced satistactory welds, since the
only cracks which propagated to the elastic holddown region were located in parent metal, The high heat input weldment
(SAW-120 kJ) exhibited the greatest amount of cracking in the weld fusion line or HAZ, reaching the elastic holddown region
when tesied at 0°F_ These results are in general agreement with information obiained in the Phasc I survey, since some ship-
yards had reporied that they were unable to qualify a sub-arc proceduse for the A517D alloy in 14n. thickness unless the
heat input was kept considcrably under 65,000 J/inch.

E. Phase li Large-Scale Specimen Tests

Two sizes of large-scale specimens, 30 and 120-in. wide, were selected for use in this phase of the program. The majority
of specimens were prepared with a 65-kJ/in. weldment in the test section. One specimen was prepared with a 120kJ/in. weld-
ment and one specimen had no weld in the test section.

Ten 30-in.-wide fracture toughness specimens and one 120-in.-wide simulated structure specimen, all containing a central
notch through the plate, were fabricated and tested. The basic 30-in.-wide specimen (notch omitted) is shown in Figure 6.
One 30-in--wide specimen was fabricated with iee stiffeners on one surface 1o simulate the strenglh ol deck of a cargo ship, as
shown in Figure 7,

Nine of the 30-in_-wide specimens (including the specimen with tee stiffeners) contained a central through-the-lhickness
flaw shown as configuration “A™ in Figure 8(a). The tips of the flaws were localed in parent metal, weld metal, or the HAZ,
also as lustrated in Figure 8(a). One 304n_-wide specimen was notched in the HAZ with {law configuration “B™ as shown
in Figure 8(b).

The 120-in.-wide specimen was {abricated with a flaw having configuration “A” in the HAZ of the test weld. The
[abrication sequence ulilized in the construction of this specimen is shown in Figure 9, This specimen was also reinforced
with tee stiffeners, the locations of which are shown in Figure 10.
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No cracking was experienced in welding this heat of 1-1/4-in.-thick A517D to itself. However, during the fabrication of
the wide-plate specimen, it was necessary to join sections of 1-1/2-in.-thick A517E material to the 1-1/4-in. A517D test plate
at each end. After the first weld joint had been compleled, it was visually and magnetic particle inspected. Numerous trans-
verse cracks were noted in this weld. This joint was cut out and. rewelded. ’

Another such problem was encountered during testing of the first 30-n. specimen. The test was discontinued whep the
specimen failed at the grip-to-plate joint, again joining 1-1/4-n.-thick A517D to the 1-1/2-in_ AS17E grip maierial. These
joints were rewelded after modification of thé grip joint geometry and an adjustment of the welding procedure which involved
a buttering operalion on the grip.

Each test weld was inspected as foliows:

(1)  Visual inspection of each weld bead

(2) Magnetic particle inspection of the back-side grindout

(3) Magnetic particle and visual inspection of the completed and ground joint
(4) Radiographic examination of the entire length of each test 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 tee stiffencrs were fabricated from A517F plate (3/8-and 5/8-in. thickness). The lee was formed by fillet welding
the sections together using the manuval metal arc process and E-11018 electrodes. The tee’s were then joined to the test speci-
men with a chained intermittent fillet weld in a manner typical of that employed in ship hull construciion, as was detailed in
Figure 7.

The through-thickness flaws in the wide-plate specimens were prepared by generating a stress-corrosion crack from a
mechanical notch. Initially, the notch root was cold-pressed with a knife edge, as shown in Figure 11(a), but it was difficuli to
gencrale a stress-corrosion crack. A modified notching procedure, illustrated in Figure 11(b), proved successful.

An ultrasonic monitoring system was set up to follow the growth of stress-corrosion cracks and slow crack extension, if
any, during the conduct of the 120-in.-wide plate fracture toughness lest. The basic selup 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-n.-
wide plate test. After that time, experience had indicated that no significani slow growih occurred on loading prior to fast
(racture and siress-corrosion crack extension could be followed adequately by visual observation. Therefore, the use of this
technique was discontinued.

The plates were cooled to the test temperature with dry ice which did not contact but was held close to both plaie sur-
faces by wire screening. Temperatures were measured 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 propagation. The lensile
loads were applied with a 15,000,000-1b hydraulic machine designed and built by SwRI for an earlier brittle fracture program.(z)

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 11l Small-Scale Specimen Tests

Two types of small-scale 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 on
wide-plaie tests. Noiched impact tests were run on the base materials 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-n. thicknesses.
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{a) Cold pressed with knife

/ -
s -——7% - tx= Fig. 11. Plan View of Flaw Showing
Jetails of Two Methods Used
(o) semelerts saw cut to Sharpen the Tips

1. Slow-Bend Tests

All but one of the slow-bend tests were run on specimens fabricated as shown in Figure 12. The remaining slow-
bend specimen was prepared with a Chevron notch as described in Figures 4 and 6 of ASTM Method E399, “Tentative Method
of Test for Plane-Strain Fracture Toughness of Metallic Materials.”™

Other variables introduced into the small-scale specimen test program were notch acuity (jeweler’s saw-cut, stress-
corrosion, and fatigue-zenerated cracks), noich 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-corrosion cracks generated from the tip of a jeweler’s saw 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,Kq, was calculated by the secant method described in ASTM E399.

|
Il
1 6" | —4 /.,—Z'L-—

YM:‘(I wrlh G cudter

Fig. 12. Slow Bend Fracture

)\f . Toughness Specimen
r;é
st " SIPE ERpavE
NITEH LETHIL DT foETaed L )

2. Notched Impact Tests

Notched impact tests were performed on base metal only using 1he 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-fi-Ib capac-
ity dynamic tear-test machine after conditioning the specimens for an hour in a liquid bath held at the desired test temperature.

) i
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' Fig. 13. Notched Impact Test
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1. RESULTS OF CENTER-NOTCHED, WIDE-PLATE TESTS

Fifteen tests were run on eleven center-notched 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 {ractures, 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 propagated 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 Ky o, for those cases in which the
specimen did not fail. K, was calculated whenever a distinet pop-in or complete fracture occurred. Since the plate thickness
is not adequate to guarantee a valid Ky, for this material, an estimated value for Ky, {called K1) was calculated from the
relationship

Ke

Kt =_______(1 " 1-436)1/2

where

1 /K:\
Bo = T (—c ; Lis the plate thickness in inches, and gy is the yield strength of the material in psi,
Oys

The fracture of Specimen No. 1 oceurred primarily in the fusion line. Specimen No. 2, however, failed 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.3and 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 at 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-n fracture occurred after the path had shifted to the base metal (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 metal
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 back to the fusion line near each edge of the specimen.
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Table 4. Summary of Center-Notched Wide-Plate Test Results at 32°F

: Initial Average Stress (c) (e}
Test | Specimen .. (a) Run - () ) " Fracture Ke Ky
Description Flaw Size Result (ksi) L (e £ 1
No. No. No. (in.) Gioss Nel Location (ksiv/in.) | (ksk/in)
1 2 30 in,—side grooved 3 13.2 Fast fracture | 28,9 64.0 F,.B 168 114 est®
2 1 30 in.—partially side | 2 12.6 Fast fracture | 37.0 64.0 F 188 122 est
groaved
3 3 30 in.—side grooved 1 8.8 Pop-in 21.3 48.0 F 119 -
4 3 30 in.—side grooved 2 11.2 Fast fracture | 29.1 58.0 F,B 134 102 est
5 | WP1 | 120 in.~notgrooved | 1 8.8 Out of stroke | 52.0(@ | 57.0(® - (194 -
with beams
6 WP2 | 120 in—not grooved,| 1) 8.8 Pop-in 41.0 44.0 T 153 101 est
beams cut
7 WP-2 120 in.—not grooved, | 2 24.0 Fast fracture | 55.0 69.0 ¥, B 343 157 est
beams cut
8 4 30 in.—not grooved 2 8.0 Pop-in 45.1 61.0 - 172 114 est
9 5.1 30 in.—not grooved, | 1 8.3 Out of stroke | 62.4(@ | 86.0(D) - 237® -
with beams
10 5-2 30 in.—not grooved, 2 8.3 Fast fracture | 53.7 74.0 F.B 204 130 est
beams cut

(a) Al flaws in HAZ of 65-kJ sub-arc weld.
(b) T = fusion line, B = base metal..
(¢) Uncorrected for plastic zone size.
(d) Includes cross-sectional area of beams.
(e) New flaw.
(f) Equations of Section ITI.
(g) Value of K at maximum load—specimen did not fail.
Based on plate formula—ignoring stiffener geomelric effect.

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

§ . Initial Average Stress
Tost | Specimen | 1@ TE‘:’;; Run Flz?;:l §he Result Gms(sﬁsi) - L iTacturs (kfiﬁ;%_ ) (é{;%)
11 6 651 HAZ °F | 1 8.5 Fast fracture | 44.9 | 61.3 B 171 115 est(@
12 7 Parent —50°F | 1 8.5 Fast fracture | 34.5 | 47.0 B 131 101 est
13 8 65-kJ Weld 0°F 1 8.5 Fasl fracture | 43,5 | 59.3 F.B 166 113 est
14 9 120-kT HAZ O°F | 1 8.5 Fast fracture | 312 | 425 F,B 119 94 est
15 10 65kl HAZ —50°F | 1 8.5 Fast fracture | 30.4 | 41.4 F.B 116 92 est

(a) All tests were conducted on 30-in. specimens that had not been side grooved. Flaw located as indicated.

(b) F = fusion line, B = base metal
(c) Uncorrected for plastic zone size,
(d) Equations of Section III,
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Fig. 14. Cross~Section Showing Frac-
ture Paths in Specimen Num-
ber Two (30 Inch Wide)

{0,740

o Fig. 17.

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

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

Cross-Section Through the
Stress Corrosion Crack at
One End of Flaw in the
120-Inch Specimen



14

IV. RESULTS OF SMALL-SCALE SPECIMEN TESTS

A. Static Test Results

Seventeen slow-bend (noiched bar in three-point loading) 1-1/4-inthick specimens were tested at temperatures of 32°,
0°, and —50°F. Al} specimens were oriented transversc (o the primary rolling direction. In addition to temperature, the
variables were:

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

. Stress corrosion
. Fatigue crack
. Jeweler’s saw cut.

(3) Maiterial: (4) Welding procedure with notch in HAZ:
[ 1-1/44n_base plate . 30-kJ heat input
. 24in_base plate. . 65-kJ heat input

. 120k7 heat input.

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

; ; : Fracture
Specimen . Notch Preparation Side Test . K
No. Material and Depth Grooved | Temp (°T) P@chlllr:;c):c (psi\%n.)

1-1/4B-7 1-1/4-in, base plate | S.C. No 0 50 118,000
(1.398in.)

1-1/4B-8 S.C. No -50 30 138,000
(1.492 in.)

1-1/4B-9 S.C. Yes 0 5 130,700
(1.198 in.)

1-1/4B-10 Fatigue per No -50 30 93,200
ASTM (1.237 in.)

2B-7 2-in, base plale 5.C. No 0 25 129,800
(1.399 in.)

2B-8 5.C. No -50 10 104,900
(1.229 in.)

2B-9 5.C. Yes 0 5 136,800
(1.322in)

HZ65-1 65-ki HAZ 5.C. No -50 5 114,500
(1.212 in.)

HZ65-2 Fatigue No 0 40 119,000
(1.278 in.)

HZ65-3 s.C. No 0 60 114,000
(1.177 in.)

HZ65-4 Jewelet’s saw cul No 0 5 106,000
(1.158in.)

HZG65-5 S.C. No 32 45 119,300
(1.152 in.)

HZ65-6 S.C. Yes 0 30 116,100
(1.162 in.)

HZ65-7 Jewelet’s saw cut Yes 0 20 104,800
(1.168 in.)

HZ65-8 Fatigue Yes 0 10 116,900
(1.224 in.)

HZ30-1 30-kJ HAZ 5.C. No 0 55 119,000
(1.184 in.)

HZ120-1 120-kJ HAZ 5.C. No 0 30 102,900
(1.214 in.)
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The test results are summarized in Table VI, and the crack opening displacement versus load curves are shown in
Appendix D.

The Kg values demonstrate that, as expected, the specimen thickness was less than required for Ky measurement. The
load-displacement records and fracture appearance indicate that the specimen tests results were in the fast fracture regime, ie.,
pop-in was not succeeded by arrest. No effect of the variables studied is evident in the results. The data scatter is not excessive
[or material in the transition range, and examination of the fractures reveals that the scatter is at least in part atiributable to
the effect of metallurgical discontinuities such as laminations. The fracture appearance dala in Table VI is reported ag percent
shear, including shear lips along any laminations.

The fracture surfaces of slow-bend specimens machined from 1-1/4-in. base plate are shown in Figure 18. Specimen
No. 10 was fatigue precracked while the others were sharpened by stress<corrosion prior to testing. The presence of metallurgi-
cal discontinuities at the root of the precrack may have contributed to the higher value of Kq. However, this phenomenon did
not appear to have the same effect on Specimens Nos. 7 and 9 (left-hand side of Fig. 18). The fracture surfaces of specimens
machined [rom 2-in. plate are shown in Figure 19. Again, the effect of discontinuities is not conclusive, but the shallower
precrack on Specimen No. 9 may have affected the results.

No cffect of notch acuity was evident from the results conducted on 65-kJ/in. HAZ specimens shown in Figure 20.
Here again, the presence of a metallurgical discontinuity in Specimen No. 6 may have clouded the picture. There was little
elfect of metallurgical condition on K¢ as illustrated by the serics shown in Figure 21. Figure 22 shows two series of speci-
mens, the vertical representing the effect of test temperaturc and the horizontal representing the elfect of notch acuity on Kq
of the HAZ of a 65-kJ/in. weldment. '

The data trends with temperature and welding procedure are as expected but are less significant than data scatter so that
the —50°F dala [below nil ductility transition temperatures (NDTT)] encompass the higher temperature fracture toughness
results.

B. Notched Impact Test Results

The impact test data are tabulated in Appendix E. The fracture energy lransition curves are presented in Figures 23 and
24_ Asshown by these figures, the drop wejght 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 appearance transition tempera-
ture (C, FATT) is surprisingly close to the NDTT and underestimates considerably the full thickness impact fracture appear-
ance transition temperature (1-1/4 FATT) which may be considered to be an approximation to the temperature at which
significant energy is dissipated by shear to arrest propagating cracks. This is illusirated by the agreement between the 1-1/4
FATT and the 50-percent energy transition temperature (1-1/4 ETT) defined as the temperature at which fracture encrgy is
equal to the average of the lower shelf and upper shelf fracture energies. Thesc data indicate that the slow-bend specimens
were lested in the transition lemperature 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 [racture energy was noted in such cases. For example, the 1-1/4-in. notched impact specimen tested at
40°F (see Fig. 23) appears to {all above the trend line for the rest of the data in this series. The fracture appearance data,
given as percent shear, include these internal shear lips.
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Fig. 19. Fracture Surfaces
of 2-Inch Plate
Slow Bend Specimens

Fig. 18. Fracture Surfaces of
1-%-Inch Base Plate
Slow Bend Specimens

Fig. 21. Fracture Surfaces of
‘ Specimens Representing
Fig. 20. Fracture Surfaces Base Material and Three
of 65 Kj Slow Bend Welding Heat Inputs
Specimens With Three
Notch Acuities

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

Horizontal - Effect of
Notch Acuity

Vertical - Effect of
Temperature
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V. SUMMARY
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Impact Test Results on 2-Inch
Base Plate

The test results are in accordance with the premises of Phase 11 which werc ihe basis for this test program. The data

The test results obtained in this program demonstrate that for the iwo heats of steel evalualed;

(1)

(2)

*)

)

Fast fracture of wide-plate specimens containing large flaws occurs at nominal (and net) stress levels less than
yield strength up to 32°F.

Some agreement is obtained between fracture toughness measured by wide-plate specimens and slow-bend speci-

mens using fracture mechanics equations.

Structural fracture resisiance is increased by stiffeners as would be expected by [racture analysis models consider-

ing stiffener effects.

(3.4.3)

Full thickness impact test fracture appearance is a betler index ol transition behavior than Charpy-V test results

for this material.

Weldments made with heat inputs of 25 to 50 kl/in. can have fracture resistance equal to that ol the base plate.

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

DATA ON TEST MATERIALS
AND WELDMENTS

SwWRI Charpy V-Notch Test Results, 2-In. ASTM
A517D Modified, Firebox Quality Heat No. 46538,
Plate 77293

Longitudinal(® Transverse()

Temp
(O]

Encrgy %o Lat, Temp | Energy Te Lat.
(ft-lb) | Shear | Exp. CF) ([t-1b) | Shear | Exp.

-85
—60
-20
0

30
60
100

9 3 5 -85 9 3 6
16 8 10 —60 3 5 5
22 15 13 -20 19 8 11
29 25 18 0 23 13 13
36 42 24 30 31 27 21
54 85 39 60 37 35 27
60 3 33 20 44 75 34

(a) Average of 3 tests at cach lemperature,

Table A-II. SwRI Charpy V-Notch Test Results 1-%-In,

ASTM A517D, Firebox Quality

Heat No. 46538, Plate 76784

Longitu dinal(@) Transverse(®

Temp
CF)

Enecrgy [ Lat. Temp | Energy % Lat,
(ft-lb) | Shear | Exp. CF) ({t-Ib) | Shear | Exp.

-85
—60
—40
=20

30
60
90

26 13 15 -85 18 11 9
30 217 18 —60 22 18 13
33 30 21 —40 - - -

46 72 27 -20 30 40 20
55 90 33 0 31 43 20
64 100 44 30 41 83 25
68 100 38 60 48 100 35
- - - 90 47 100 34

Heat No. 46538, Plate 76785

-90
-60
—40
-20

30
60
90

20 10 11 ~85 18 13 10
21 17 13 —60 16 12 9
30 25 18 —40 - - -
34 50 21 =20 24 28 17
44 85 21 1] 30 45 19
46 95 34 30 34 53 23
49 100 37 60 41 87 29
- - - 20 47 100 35

Heat No. 46538, Plate 76786

=90
-60
—40
-20
0

30
60
100

29 13 16 =90 14 9 7
37 30 21 —60 15 18 9
51 48 31 —40 - - -
52 72 34 =20 20 22 13
62 85 43 0 22 25 15
77 97 47 30 25 35 19
81 100 51 60 29 98 22
- - - 100 32 100 21

‘ (a) Average of 3 tests at each temperature,




T Absorbed Energy (fi-b) for Each
§mp Welding Procedure(b)
CF) 'No1[No.2 | No.3 | No.4 | No.5
—93 22 32 25 40 12
-70 27 29 25 42 25
—40 27 23 36 60 47
=20 - - 35 52 37
0 30 25 45 74 53
20 42 - - - -
40 40 28 47 78 72
80 43 28 53 88 64
120 - 42 - - -
(a) 1. Sub-arc with 65,000-1/in, max heal input
2. Sub-arc with 30,000-J/in. max beat input
3. Sub-arc with 120,000-J/in, max heat input
4. Manual Metal Asc with 30,000-J/in. max heat
input
5. Marnnal Metal Are with 30,000-J/in. max beat
inpul.
. - o ts.
\Lb_) Average of three iests,
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Table A-III. Weld Metal Charpy V-Notch
Test Results for FEV
Welding Procedures a?

. Sub-arc with 30,000-)/in. max heat input

. Sub-arc with 120,000-J/in. max heat input
. Manual Metal Arc with 30,000-J/in. max heat input
. Manual Metal Arc with 30,000-J/in, max heat input.

Absorbed Energy (ftdb)
Temp for Each Welding
(°F) Procedure(b)
No. 1 | No. 2 | No.3
~96 ~ 14 -
-80 ~ 15 -
—40 ~ 46 -
Table A-IV. HAZ Charpy V-Notch Test O R L
Results for Three Sub ol ol ol
ults Tor ihreg sub- 40 21 47 51
Arc Procedures (@ 80 32 - 60
125 46 — 73
180 48 - -
(a) 1. Sub-arc with 65.000-J/in. max
heat inpul
2. Subearc with 30,000-1/in, max
heat input
3. Sub-arc with 120,000-§/in. max
heat input,
(b) Average of two tesls.
I Welding T
Plate Proecec;n?c T:St Max % Reduclion Profile Bulge Height
No. 2) TP "Basc Plate | Weld Metal | Across weid | Along Weld
No. CF)
1A 1 +30 1.9 1.5 2-11/16 2-11/16
iB i 0 1.9 2.7 2-3/16 2-5/16
2A 2 +30 3.0 2.3 1-1/2 1-1/4
2B 2 0 2.2 2.3 1-5/8 i-3/4 .
A 3 +30 23 L5 21716 2 Table A-V. Explosion Bulge
3B 3 0 1.5 1.9 29/16 2-7/16 Test, Thinning
4a 4 +30 3.4 3.0 1-3/8 1-1/2 -
48 4 0 3.0 3.0 1172 1-5/8 and Bulge Height
5A 5 +30 2.6 23 1-3/8 1-3/8 Data
5B 5 0 2.6 2.6 1-3/8 1-1/2
(a) 1. Sub-arc with 65,000-/in. max heat input
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ELATE 7

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

Fig. A-2. Explosion Bulge Plates from SAW-65Kj Weldment
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Fig. A-4. Explesion Bulge Plates from SMAW-30Kj Weldment
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Fig. A-5. Explosion Bulge Plates from SMAW-50Kj Weldment
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APPENDIX B

DETAILED WELDING PROCEDURE
REPRESENTATIVE OF SHIPYARD PRACTICE

Specification No.. SwRI Q7-2147-WP-2

Date: May 7, 1968

Scope: This specification is for the joining of A517 material to itself. This procedure is one of a series of three sub-arc 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 Flux: Armco W-25 wire 1/8 and 5/32 in., Linde 709-5 flux seal welding prior to automatic sub-are:
E-8018-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 70°—B 70°
T Approx. 1/8” /8" 10 11/

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 shall 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 material.

Joint Welding Procedure and Cleaning: The welding technique shall be such that weld beads are uniform in contour and taper
smoothly into the base material 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.

Arc strikes shall be avoided 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: Any cracks or blow holes that appear on the surface of any weld shall be removed by chipping, grinding, or air carbon

arc gouging before depositing the next successive weld bead. Broken or cracked tacks shall be removed prior to seal
welding,

Welding Position: Flat #15°.
Welding Repair: Welding may be repaired with Manual Shielded Arc Process.

Tempering Beads: Tempering welds shall be made so a new heat-affected zone will not be created. The temper bead toe
should land approximately 1/8 in. from the base material (see sketch “Tempering Bead Technique™).

X

Tacking: For sub-arc welding, tacks shall be made using E 8018-C3 electrodes. These tacks shall be made so they can be
incorporated in the seal weld.

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

Welding Procedure

1-1/44n. plating shall be welded using the following procedure:
45010 500 A, 30V, 15 to 20 ipm, 1/8 in. + 5/32 in.
Armco W-25 filler metal, Linde 709-5 flux
200°F preheal, 300°F maximum interpass lemperature
Heat 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 Avg Strain (pin. /in.)
No. No. Type | Length (in) | Temp (°F) | Gross Section | Net Section

I 1 A 9.0 32 L-530@) L-600(2)

i 2 B 9.0 32 L-1000¢®) L-1350(0)

it 2 B 9.0 32 L-1590(@) L2125@

1 2 B 13.2 32 1-980(%) NG

2 1 A 12.6 32 1-1280() N/ale)

3 3 A 8.8 32 L9300 N/AD

4 3 A 1.2 32 £-980(C) N/atd)

5 wple) A 8.8 32 £-1750(2) L-1960@

6 we(h) A 88 32 L-1400(0 L-1550(0)

7 we(h) A 24.0 32 L-1750(2) L-2500(0)

] 4 A £.0 32 116300 L-2250D
1-700(D) T-4500)

9 5(8) A 8.3 32 L-2120@ L-2590()
T-735(2) T- -

10 5t A 3.3 32 L-1875() L-2470¢)
T-610(6) T —

11 6 A 8.5 0 L-1560(c) -

12 7 A 8.5 —50 1-1190(¢) -

13 8 A 8.5 0 L-1490(¢) -

14 9 A 8.5 0 L-925(c) -

15 10 A 8.5 —50 L-1050(¢) -

(a)Machine out of siroke--test discontinued.
(b)Grip-to-specimen weld failed—test discontinued.
(c)Fast fracture.
{d)Side grooved for full width of specimen.
(e)Side grooved 2 in. on cach side of notch,
(DPop-in.

(2)With stiffeners.

(h)Stiffeners cut.
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SLOW-BEND
LOAD-DISPLACEMENT CURVES

APPENDIX D
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APPENDIX E

NOTCHED IMPACT TEST DATA

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

ecimen em Ene Fracture
s T(“F)P (fefb) | Appearance

(% Shear)

1-1/4B-1 0 721 33

-2 +40 1329 60

-3 +80 1296 60

-4 +120 1427 67

-5 -40 596 27

-6 +180 1656 87

Table E-2. Notched Impact Results on 2-in.
Plate A517D--Heat No. 46538

Specimen | Temp | Energy Fracture
: Appearance
e (P | () (% Shear)
2B-1 0 322 33
-2 +40 292 60
-3 +80 784 60
-4 +120 1038 67
-5 | +180 1460 27
-6 | +150 1362 87
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