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FOREWORD

This investigation presents the results of one of the research and
devel opnent prograns that was initiated by the nmenbers of the Ship
Production Conmttee of the Society of Naval Architects and Marine Engineers
and financed largely by government funds through a cost sharing contract
between the U S. Maritime Admnistration, Bethlehem Steel Corporation
and the Anerican Bureau of Shipping. M. W C. Brayton, Bethl ehem Steel
Corporation was the Program Manager. The program objective enphasizes
productivity; the work was carried out to assess mechani zed el ectrogas

and el ectroslag welding processes for hull construction.

The programwas carried out by the Anerican Bureau of Shipping
under the general direction of M. K D. Mrland and M. E D. Swenson.
M. B. L. Alia, was the Project Manager and M. |. L. Stern and M. C Null
served as Project Engineers. The service provided by nenbers of the
Arerican Bureau of Shipping Metallurgy Laboratory under the technical

| aboratory supervision of M. C R Herbst is gratefully acknow edged.

In addition, the services of Bethlehem Steel Corporation, Sparrows
Point Shipyard in preparing the test weldnents and the U S. Naval O dnance
Station, Manufacturing Technol ogy Department, Louisville, Kentucky in

conducting the explosion bulge tests are acknow edged.

Finally, the assistance provided by Airco Wlding Products Division
of Air Reduction Conpany, Inc., Linde Division of Union Carbide Corporation
and The Lincoln Electric Conpany in the preparation of exploratory weldnents

i s appreciated.
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EXECUTIVE SUMMARY

BACKGROUND

Recent modernization in shipbuilding methods and facilities in both
foreign and U.S. shipyards has been directed in large part to improvements
in welding technology. Higher deposition rates offered by automatic and
semi-automatic processes offer substantial cost savings in many areas
of shipyard welding.

Processes such as electroslag and electrogas welding of vertical
side shell and bulkhead butts produce welds which offer better appearance and
uniformity at substantially lower cost than manual stick electrode welding.
Unfortunately high heat input at comparatively low travel speeds adversely
affects the toughness properties in both the weld and the heat affected zone.
Charpy Vee notch tests are the basis of evaluation used by ABS and other
classification organizations to evaluate toughess. In view of the relatively
large and increasing extent of these welds it is felt that a more definite
criteria of toughness should be established.

More enlightenment in this area might justify relaxation of some of
the present restrictions particularly with respect to higher strength steels
used in high stress areas such as the bilge and shear strake.

OBJECTIVES

The primary objective of the program is to develop a basis for relaxing
some of the current limitations on the applicability of electrogas and electro -

slag welding processes to commercial shipbuilding.



A second objective is to compare the properties of electrogas and
electroslag welds with those of other welding processes such as manual
metal arc and submerged arc currently used in comparable appl i cati ons.

A third objective is to define those potential electrogas and electro -
slag applications for which modification of base plate and/or filler electrode
might be required and to develop a basis for determining the extent of mod-

ification(s) required.

ACHIEVEMENT

In an exploratory program of the depth and scope of this one it is not
possible to draw many broad conclusions; however, results have indicated
several areas of information which should prove helpful in developing the
technology to extend the use of high heat input processes such as electrogas

and electroslag welding to appropriate areas in shipbuilding.

-iia-



Section

1.0

2.0
3.0
4.0

5.0

6.0

7.0

TABLE OF CONTENTS

FOREWCRD
SUMVARY

LI ST OF FI GURES
LI ST OF TABLES
REFERENCES

| NTRODUCTI ON

1.1 Background

1.2 Previous Wrk

1.3 Project (bjective
1.4 Approach

MATERI AL SELECTI ON

VEELDVENT PREPARATI ON

TESTI NG PROCEDURES

4.1 Evaluation of Base Material

4.2 Evaluation of Weldnents

4.3 Crack Starter and Explosion Bul ge Testing
TEST RESULTS

5.1 Base Muterial Evaluation
5.2 Evaluation of Weldments

ANALYSI S OF RESULTS

6.1 Base Material Evaluation

6.2 Evaluation of Weldnments - Nondestructive Tests
6.3 Evaluation of Weldnents - Tensile and Bend Tests
6.4 Evaluation of Wldnents - Small Scale Toughness

Test s
6.5 Evaluation of G ade B Wl dnents
6.6 Evaluation of G ade CS Wl dnents
6.7 Evaluation of Grade EH36 Wl dnents
6.8 Evaluation of ASTM A203 G ade A Wl dnents
6.9 Correlation of Small Scale Toughness Test
Results with Explosion Bulge Tests

Dl SCUSSI ON

7.1 Service Experience

7.2 Loading Rate

7.3 Test Tenperature

7.4 CUN and DT Correlation with Explosion Bulge Tests
7.5 Joint Design

7.6 Heat |nput

7.7 EG and ES Wl ding of ABS Hull Steels and

ASTMA203 Grade A

-111-

11

12

18



TABLE OF CONENTS

Section
8.0 CONCLUSI ONS
9.0 FUTURE WORK
FI GURES

TABLES

Page No.
24
27



Figure No.

1

10
11

12

13
14
15
16
17
18
19
20
21

22

LIST OF FIGURES

Typical Side Shell Butt Showing Currently Used Welding Processes
Photomacrograph of Typical EG Weld in Normalized Hull Steel
Photomicrographs of Typical EG Weld in Normalized Hull Steel
Explosion Bulge and Crack Starter Specimens and Die

Typical Explosion Bulge Set-up

Small Scale Toughness Specimens

Modified Drop Weight Apparatus for Conducting Dynamic Tear Tests
Typical Series of Drop Weight Test Specimens to Determine NDT
Charpy V-Notch Test - Notch Locations

Dynamic Tear Test - Notch Locations

Drop Weight Test - Notch Location

Explosion Bulge Tests of Base Material to Establish Charge and
Standoff Distance

Crack Starter Tests in Grade B Material to Establish Test Temperature
Crack Starter Tests in Grade CS Mat'l to Establish Test Temp.

Small Scale Toughness Data of Grade B Material

Small Scale Toughness Data of Grade CS Material

Small Scale Toughness Date of Grade EH36 Material

Small Scale Toughness Data of ASTM A203 Grade A Material
Photomicrographs of Grade B Material

Photomicrographs of Grade CS Material

Photomicrographs of Grade EH36 Material

Photomicrographs of ASTM A203 Grade A Material

-V-



Figure No.

23 Weld Metal and HAZ Charpy V-notch Test Results Grade B

24 Weld Metal and HAZ Charpy V-notch Test Results Grade CS
25 Weld Metal and HAZ Charpy V-notch Test Results Grade EH36
26 Weld Metal and HAZ Charpy V-notch Test Results ASTM A203 Grade A M
27 Dynamic Tear HAZ Test Results Grade B Material

28 Dynamic Tear HAZ Test Results Grade CS Material

29 Dynamic Tear HAZ Test Results Grade EH36 Material

30 Dynamic Tear HAZ Test Results ASTM A203 Grade A Material
31 Macrosections of Welds in Grade B Material

32 Macrosections of Welds in Grade CS Ma terial

33 Macrosections of Welds in Grade EH36 Material

34 Macrosections of Welds in ASTM A203 Grade A Material

35 Photomicrographs of MMA Weldment in Grade B Material

36 Photomicrographs of SAW Weldment in Grade B Material

37 Photormicrographs of EG Weldrnent in Grade B Material

38 Photomicrographs of ES Weldment in Grade B Material

39 Photomicrogaphs of MMA Weldment in Grade CS Material

40 Photomicrographs of SAW Weldment in Grade CS Material

41 Photomicrographs of EG Weldment in Grade CS Material

42 Photomicrographs of ES Weldment in Grade CS Material
43 Photomicrographs of MMA Weldment in Grade EH36 Material
44 Photomicrographs of SAW Weldment in Grade EH36 Material
45 Photomicrographs of EG Weldment in Grade EH36 Material

-Vi-



Figure No.

46 Phot om crographs of ES Wl dment in Gade EH36 Material

47 Phot om crographs of MVA Wl dment in ASTM A203 Grade A Material
48 Phot om crographs of SAW Wl dnent in ASTM A203 Gade A Material
49 Phot om crographs of EG Wl dnment in ASTM A203 Gade A Material
50 Phot om crographs of ES Wl dnment in ASTM A203 Gade A Material
51 Rel ationship Between Dynam c Tear Energy and Fracture Apperance
52 Representative Explosion Bul ge Specimens Showing No Crack After 3 Shots
53 MW Gade B Explosion Bul ge Specimen

54 MWA G ade B Expl osion Bul ge Specinens

55 EG Grade B Explosion Bul ge Specinens

56 EG Gade CS Explosion Bul ge Specinens

57 SAW G ade CS Expl osi on Bul ge Speci nen

58 MW G ade EH36 Explosion Bul ge Specinens

59 EG Grade EH36 Explosion Bul ge Specinens

60 ES Gade EH36 Explosion Bul ge Specinens

61 MWA ASTM A203 G ade A Explosion Bul ge Specinens

62 EG ASTM A203 G ade A Explosion Bul ge Speci mens

63 ES ASTM A203 G ade A Expl osion Bul ge Specinens

64 Macrosections Showing Areas of Separation in EG and ES Vel ds

65 Macrosection and Mcro graph Show ng Area of Separation in EG Wld
66 Macrosection and Mcrograph Show ng Area of Separating in ES Weld

-Vil -



Tabl e No.

| 0-
11-
12-
13-
14-
15-
16-
17-
18-
19-
20-
21-
22-
23-

LLST OF TABLES_

Deposition Data on Vertical Butt Wlds Hull Steel Plate

Typical HAZ Charpy V-Notch Val ues from Shipyard
EG and ES Procedure Qualification Tests

Vel ding Parameters on Prelimnary Tests

Mechani cal Properties and Chemical Conposition of
Material Evaluated in Prelimnary Tests

Prelimnary Charpy V-Notch Inpact Test Values on
EG and ES Smal| Scale Wl dnents

Vel ding Paraneters for the Large Scale Vel dnents

Chem cal Conposition of Filler Metals Used on
Large Scale Vel dnents

Expl osion Bul ge Test to Establish Charges and
Stand Of Distances

Crack Starter Explosion Bulge Test Results

Chem cal Conposition of Base Material

Mechani cal Properties of Base Material

Mechani cal Properties of Weldnments on ABS Gade B Material
Mechani cal Properties of Wldnents on ABS Gade CS Materi al
Mechani cal Properties of Weldnments on ABS G ade EH36 Materi al
Mechani cal Properties of Wldnents on ASTMA203 Grade A Material
Har dness Survey Across Welds on ABS Grade 13 Material

Har dness Survey Across Vel ds on ABS Grade CS Materi al

Har dness Survey Across Vel ds on ABS Gade EH36 Materi al
Hardness Survey Across Vel ds on ASTMA203 Grade A Material
ABS G ade B Expl osion Bul ge Test Results

ABS G ade CS Explosion Bul ge Test Results

ABS G ade eH36 Explosion Bulge Test Results

ASTM A203 Grade A Explosion Bul ge Test Results

IR



LI ST OF TABLES

Tabl e No.
24- Analysis of Test Results on Gade B \ldnents
25- Analysis of Test Results on Gade CS Wl dnents
26- Analysis of Test Results on Grade EH36 Vel dnents
27-  Analysis of Test Results on ASTMA203 Grade A Wl dnments
28- Requirenents for ABS Gade Hull Steels

29-  Remaining Vel dments and Base Material Available
for Further Tests .



REFERENCES

| ?i bbering, J. J. W and Lalleman, A W - “Low Cycle Fatigue Tests at
Low Tenperature with EG Wl ded 34 mm Plates of ST. 52 Nb, “ Ship
Structures Laboratory Report No. 143a, |IWdoc. X-593-70, May.

Pellini, W S. and Puzak, P. P. - “Fracture Analysis Diagram Procedures
for the Fracture-Safe Engineering Design on Steel Structures,” NRL Report
No. 5920, U S. Naval Research Laboratory, 1963.

Hartbower, C. E. and Pellini, W S. - “lnvestigation of Factors which
Determ ne the Performance of Weldings,” Welding Research Suppl enent,

Cct. 1951 p.504-s.

Pellini, W S. - “Principles of Fracture-Safe Design,” Part 11,

Wl ding Journal, Vol. 50, No. 4, Research Suppl. 147-S, April 1971.
Rolfe, S. T., Rhea, D. M and Kugmanovic, B. O - “Fracture Control

Qui delines for Welded Steel Ship Hulls,” Ship Structure Conmmttee,

Ser. No. SSC-244, 1974.

Annual Book of ASTM Standards, Part 31, Designation; E208-69: Anerican
Society for Testing and Material, pp. 597-616.

Puzak, P. P. and Pellini, W S. - “Standard Eval uation Procedures for
Expl osi on Bul ge Testing (Wl dments),” NRL Menorandum Report 1255,

U S. Naval Research Laboratory, Dec. 1961.

“Standard Procedures for Preproduction Testing Materials by the Explosion
Bul ge Test,” NAVSHI PS 0900-003-5000 Rev. 1, Bureau of Ships, Navy Departnent,
Washington, D. C. Novenber 1965.



1.0 | NTRODUCTI ON

The nation's shipbuilding industry is aware of the beneficial effect
that conpletely automated high deposition rate welding processes such as
vertical electrogas (EG or electroslag (ES) nmethods could have on
productivity, overall quality and consistency of construction. These
advantages are particularly applicable to current building proposals
that call for a nunber of ships or structures of the same design and for
| arge ships where quantities of straight and parallel plates are used
and for structures with uniform shapes such as cylindrical and spherica
tanks. One potential advantage of these automated high deposition
processes is indicated in Table 1 which conpares speed and deposition
rates of EG and ES with other welding processes, in a typical vertica

shell joint.

1.1 BACKGROUND

The EG and ES processes have been utilized in ships classed by Anerican
Bureau of Shipping and other regulatory bodies for several years. One

of the principal applications of the EG and ES processes has been for the
vertical welding of the straight portion of the side shell, fromthe

bilge area up the side shell to the sheer strake; usually a length of
approximtely 40-70 feet depending on the size of the ship. In nost

cases this involves welding ABS Grade A and B ordinary strength hul

steel of about one inch in thickness. Conventional nethods of making

these wel ds are the manual netal arc (MM or gas netal arc (GVA) welding
processes. Figure 1 illustrates typical side shell butts show ng currently

used wel ding processes. Additional shipbuilding applications of the EG



and ES processes have been the vertical welding of butts In deck slabs
and bottom longitudinals, face plates of shell girders, heavy sections

of fabricated rudder horns and stern franes.

The increased cost of capital equipnent and the greater set-up time
associated with the EG and ES processes are general |y conpensated by

the efficiencies of these automated processes. Aside from consideration
of equipment cost and set-up time, the principal limtation of the EG
and ES processes is related to the degrading effects of the relatively
high heat input on the toughness of the heat affected zone (HAZ) of

notch tough steels.

Figures 2 and 3 contain a photonacrograph and phot om crographs of a
typical EGweld in a normalized higher strength hull steel. As indicated
in Figure 3, the high heat input produces in the HAZ, a localized area,
approximately 2 to 3 nmwde, of reactively large grain size. In notch
tough fine grain normalized steels, this grain coarsened region is
associated with a reduction in notch toughness properties. In view of
possi bl e degradation, Charpy V-notch (CVN) tests of the HAZ are

currently required by ABS to qualify EG and ES wel ding procedures when
they are proposed for special applications such as the sheer strake.

Wien such tests indicate | ow HAZ CVN toughness, applications of the EG

and ES procedures are limted to areas where toughness is not a primary

1 1 IA™ 1. N | 1 L " . ™ 7~ N | ™~ 1 1



The above linmtation on the EG and ES processes is based primarily on
HAzZ cwN toughness data. This test nethod has been used for many years
in evaluating base material and welds, and various researchers have
made correlations between the CVN energy and the tendencies for crack
initiation and arrest. However, CVN values represent only a small area,
and one of the considerations upon which this investigation was based
is that small scale toughness tests may not be representative of the
actual structural behavior of the entire welded joint; particularly
since the CVN values vary considerably across the weld joint and the
unacceptabl e | ow val ues usually involve a region in the HAZ only 2 to

3 mm wi de

Recent work(1) on correlation of CVN tests with |arge scale Robertson
tests indicated that criteria based on the |owest CVN values in the HAZ
m ght be excessively restrictive and may not necessarily correlate with
overal| joint performance. This indication offers the possibility of
modi fying the ABS requirement for HAZ CUN testing (current limting
criteria) with a nore neaningful and possibly |ess restrictive criteria
and thus be nore representative of both overall joint perfornance

service conditions.

1.2 Previous Wrk

The Bureau has accumul ated substantial HAZ CVN data from shipyard EG
and ES wel ding procedure tests in Gades A, D, C, CS, AH32, AH36, DH32
and EH36 hull steels. Some typical CVN data obtained from these
procedures are shown in Table 2. In addition, the Bureau conducted
prelimnary tests with small scale weldments to evaluate HM toughness

of EG and ES wel dnents using base material and typical welding paranmeters



and filler materials as shown in Table 3. Table 4 indicates the nmechanica
properties and chem cal conposition of these materials. Table 5 indicates
the CVN base material, weld netal and HAZ results. Included in Table 5

are the test results for ASTMA203 Grade A, a 28. Nickel alloy steel

HAZ CUN test results of the EG and ES weldnents in Table 5 indicate a
significant decrease from the base material inpact values in all normalized
steel s except the ASTMA203 Grade A steel and no significant decrease in

Haz t oughness for the as-rolled Gade B steel

1.3 Project bjective

The prinmary objective of this project was to determne if some of the
current limtations on the applicability of EG and ES processes to

commer ci al shipbuilding could be rel axed.

A secondary objective was to determne the extent to which CVN and ot her

smal | scal e toughness tests are indicative of the conposite joint toughness.

1.4 Approach

The overall approach was to evalute the performance of EG and ES wel dments
as conpared with the more commonly accepted MVA and subnerged arc wel ding
(sAw) processes. As discussed previously, MA has been wi dely used for
vertical position butt welds in special notch tough material such as

ABS Grades CS, E, and EH fitted in way of the sheer and bilge strakes of
larger ships. SAWwith single or multiple arcs has been used to make

flat position erection butts in the decks of large ships. In ships such
as general cargo,. container or ore carriers the deck stringer plates

may be of special notch tough material such as ABS Grades CS, E or EH

and thus have been wel ded by SAWwhen naking erection butt welds in the



deck. When MVA for butt welding of sheer and bilge strakes and SAW
for butt welding of the deck stringer plates has been used, there has
been no evidence of unsatisfactory performance or brittle fractures in
way of these welds. In these applications the MVA process represents
a | ow heat input process, approxinmately 50,000 joules/in. and the SAW
a higher heat input process, approximtely 75,000 to 100,000 joules/in.
In this investigation a tandem triple arc SAW process with a heat

i nput of approximately 75,000 joules/in. for each arc was utilized
This high deposition SAWtechnique is currently being used by many
shipyards. Due to the close proxinmty of the three arcs, it is
probable that the total heat input is somewhat additive, however,si.nce

there is lack of conplete agreement on how to calculate the total heat

input, the highest calculated single arc heat input is indicated

in Table 6.

Smal | scale toughness tests including CVN, dynamic tear (DT) and the

drop weight test (DMI) were conducted on the base material, weld and HAZ
Expl osion bulge tests were conducted to evaluate the conbined joint
toughness and are considered appropriate for this investigation because

of the extensive background infornmation available on this test, and its
correlation with service. (2’3)The expl osion bulge test is a unique

test in which a sudden uniformload is applied stiultaneously to the

base material, weld and HAZ and evaluates the performance of the wel dnent.
The test enploys a rather large test specinen as illustrated in Figures 4
and 5. It is an expensive test and only a few establishnents in the U S
have the necessary explosion test facilities. As a result, selection

of this test for general shipyard welding procedure tests is considered

inpractical. An attenpt was made to relate the results of the |arge



scal e explosion bulge tests to the small scale tests that are nore

practical for general shipyard procedure evaluation

The selection of CVN, DT and DW small scal e toughness tests, using the

specimen types as illustrated in Figure 6 were based on the follow ng:
Charpy V-notch (CVN) - This test was selected because it is
the nost wi dely used and nost econom cal toughness test and
fornms the basis for ABS base material and weld netal
requi rements. The practice of evaluating and testing
the HAZ by CVN, though questioned by sone researchers, is
none the less the toughness test usually specified by nost
designers and regulatory bodies. As indicated previously,
ABS requires such testing when EG and ES wel di ng procedures
are used for special applications where retention of notch
toughness is primary consideration. CVN test tenperatures
selected for this investigation itemrelate to the tenperature

appropriate to the base material. (See 6.4).

Dynami c Tear (DT) - This test was sel ected because resear chers (4
have claimed that the DT results are nore representative of
sevice than the CUN test. In this investigation a 5/8 in.

thi ck specinen was used, since this size specinenis a

proposed standard, and testing can be carried out in a ship-

yard using nodified DWC machine equipnent. Figure 7 illustrates
the nmodification of the DW apparatus for conducting DT testing.
Energy is determ ned from measured deformation of the replaceable
al um num bl ocks shown therein. A 70F test tenperature was
selected, since it had been clained to be appropriate to the

(5)

DT evaluation of hull steels. A second series of tests were



conducted at |ower tenperatures and reflect the sane tenper-

ature selected for the CUN tests

NDT Drop Wight Test (DWI) - This test was selected because

it is a test used to define the nil ductility tenperature (NDT)
The NDT tenperature is determ ned by conducting drop wei ght

tests at suitable tenperature intervals to establish the limts
within 10F for break and no break perfornmance as shown in

Figure 8. The NDT is 10F lower than the |owest duplicate no break
tenperature. DWI is often utilized as an alternate to the CUN
test and the necessary equipment is available in many shipyards

The nethod of conducting this test is described by ASTM A208.(6)

2.0 MATERIAL SELEC TI ON

Four different material grades were selected for the test program

ABS Gades B, CS, EH36, and ASTM A203 G ade A 2¥% Nickel alloy steel.
Single plates approximately 8 ft. wide by 30 ft. long of each grade were
ordered and obtained to enable weld tests for each welding process to be
made from the same plate, thereby elimnating the factor of different
plates of the same grade as an experimental variable. Gade Bin 1 in

thi ckness was selected because of frequent use of this grade and thickness
as side shell plating; Grade B is a typical as-rolled sem-killed steel
Gades CS and EH36 in | ¥%in. thickness were sel ected because both are
fully killed fine grain normalized steels frequently used in the sheer
and bilge strakes; CS for ordinary strength designs and EH36 for higher
strength designs. ASTMW A203 Grade A steel 1%in. thick was selected
because the prelinmnary test results of EGwelds in this material had
revealed little or no degradation in HAZ toughness properties as measured

by CUN tests. The possibility of substituting a nickel alloy steel such



as ASTM A203 Grade A for either Gades CS or EH36 for special applications
where EG or ES welding was anticipated might be considered provided HAZ

t oughness proved satisfactory.

3.0 WELDMENT PREPARATI ON

Each plate was cut into 8 ft. by 20 in. sections. Tw8 ft. |ong

wel dments were nmade from each grade of material with the MVA, SAW EG
and ES welding process. Al welds were perpendicular to the direction
of rolling. Welding parameters used are shown in Table 6. Typical
conposition of filler netals are shown in Table 7. On the basis of
prelininary tests or available data, all the filler materials selected
were expected to exhibit CVN toughness conparable with the base material.
Al welds except the EGwelds were made at a shipyard under typical
production conditions. The EG welds were made at an equi pment manuf ac-
turer’s plant under the surveillance of shipyard personnel. and are

believed to be representative of typical shipyard production methods.

4.0 TESTI NG PROCEDURES

4.1 Eval uation of Base Material

The following tests were conducted on each grade of base material:
Chemi cal anal yses
Longitudinal tensile tests
Charpy V-notch (CVN) longitudinal and transverse tests (to devel op
CUN curves)
Dynanic tear (DT) tests (to develop DT curves)
Drop weight tests (DW) (to determine NDT tenperature)
Phot omi cr ogr aphs

MQuai d-Ehn tests (to determine austenitic grain size)



4.2 Evaluation of Weldnents

4.2.1 Nondestructive Testing
Vel dnents were eval uated by 100% radi ographic and ul trasonic testing
to the applicable Class A requirenents specified in the ABS “Requirenents
for Radiographic Inspection of Hull Wlds” and the ABS “Requirenents for
Utrasonic Inspection of Hull Welds.”
4.2.2 Smal|l Scale Testing of \Wldments
The followi ng small scale tests representative of each wel ding
process were conducted for each grade of base material:
Two transverse tensile tests
Two guided side bend tests
Two all weld netal tensile tests
CVN tests with notches located at the centerline of the weld, the
fusion line and the HAZ at 1 mm 3 nm 5 nm 7 nm and 9 mm
fromthe fusion line, as shown in Figure 9.
DT tests at two tenperatures with the notches |ocated at the center-
line of the weld and the HAZ as shown in Figure 10.
DW tests to determine the NDT tenperatures with notches | ocated
inthe crack starter bead at the centerline of the weld and the
HAZ as shown in Figure 11.
A hardness survey of the weld and HAZ
Phot omacr ographs and phot omi crographs of the weld and HAZ
4.2.3 Notch Locations
Figures 9 through 11 illustrate the locations of the notches with
respect to the various test nethods as a function of the welding process.
As indicated therein, the proportion of weld, HAZ and unaffected base

material in each test varies considerably. This variation is dependent



prinmarily on the welding process, joint design and test nethod.

4.3 Crack Starter and Expl osion Bul ge Testing

4.3.1 Testing Set-up

Expl osi on bul ge testing was conducted using standard procedures.(7)(8)
Typi cal specinen, die and set-up are shown in Figures 4 and 5. Test
temperatures were established to provide for a reasonable degree of
deformation in MVA and SAW specinens so that conparative data with the

EG and ES specinens could be obtained. Test tenperatures bel ow anbient

were obtained by placing the specimen in a specially designed freezer

box for sufficient time to insure eqtilization at a tenperature slightly
bel ow the test tenperature. The test tenperatures above anbient were

obtai ned by placing the specimen in a bath of heated water for sufficient
time to insure equaltiation at a tenperature slightly above the test
tenperature. The specinen tenperature change between renmoval from the
freezer or hot water bath and setting off the expl osion charge had been
previously established and was taken into account during cooling and

heating of specimens. In accordance with standard procedure, (8)

wei ght of the pentolite explosive charge, and the standoff distance were
establ i shed for each thickness by deternmining the paraneters which would
produce an approximate 3% thickness reduction on the first shot. Data
relative to charge, standoff distance and thickness reduction can be

found in Table 8; the specinens are illustrated in Figure 12. Crack

starter test data on Grades B and CS base material are indicated in

Table 9, and the performance of each test specinen is illustrated in

Figures 13 and 14. As indicated therein no crack propagation to the

hol d down region occurred after one shot at each respective test tenperature.

Previous tests conducted at |ower tenperatures had reveal ed crack propagation

-10-



into the hold down region and, in sone cases,plate separation. Based

4% the below listed test

on the crack starter tests and results reported
tenperatures which are approximtely 100F above the material NDT (as
determined by DW), were selected for the explosion bul ge test of the

various wel dnents:

NDT Expl osi on Bul ge
Gade Steel Drop Wi ght Test Tenp. (F)
B 20 120
Cs -70 20
EH36 -90 0
ASTM A 203 Grade A -100 0

Two expl osion bul ge speci nens representative of each base material grade
and wel ding process were tested at the selected conditions. Each specinmen
was subjected to three shots or separation, whichever occurred first. In
sonme cases where the duplicate results were inconsistent, additiona
specinens were tested. After each shot the specinmens were exanined

|l ocation of cracks noted and thickness reduction and bul ge height neasured
After completion of the test the fracture surfaces of the specimens were
exam ned visually, and representative sections of the fractures were

exam ned

5.0 TEST RESULTS

5.1 Base Material

Results of chemical analysis and nechanical tests of each grade of base
naterial are shown in Tables 10 and 11. The results of the CVN, DT and
DWI tests are graphically shown in Figures 15 through 18. The photo-

i crographs and MQuai d-Ehn test results for each grade of material are

shown in Figures 19 through 22.
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5.2 Evaluation of Weldments

5.2.1 Small Scale Tests

The results of the tehsile, bend and small scale toughness tests
of each welding process for each grade of base material are indicated
in Tables 12 through 15. Figures 23 through 26 graphically illustrate
the weld metal and HAZ CVN results for each material, Figures 27 through
30 graphically illustrate the HAZ DT results for each material. Macro-
sections representative of each weldment are illustrated in Figures 31
through 34. Hardness surveys across the welds are indicated in Tables 16
through 19. Photomicrographs of the weld metal and HAZ representative
of each material and welding process are illustrated in Figures 35 through
50. Relationships between DT energy and fracture appearance are shown
in Pigure 51,
5.2.2 Explosion Bulge -

Figure 52 shows representative bulge specimens for each material
and welding process which sustained 3 shots without cracking. The results
of all explosion bulge tests are indicated in Tables 20 through 23;
appropriate photographs are illustrated in Figures 53 through 63. Figures
64 through 66 illustrate macrosections and micrographs of areas of separation
in EG and ES welds. Comparisons between explosion bulge and small scale

toughness test results are shown in Tables 24 through 27,

6.0 ANALYSIS OF RESULTS

6.1 Base Material Evaluation

All results of the base material tests met the requirements of the repre-
sentative material grade. The base materials used in this investigation

may be considered typical of the representative material grade.
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6.2 Evaluation of Wl dnments - Nondestructive Tests

In general all the weldnments met the radiographic and ultrasonic require-
ments except for small areas of unsoundness connected with starts and
stops of the EG and ES wel dnments which were intentionally discarded
during the preparation of test specinens.

6.3 Evaluation of Weldnments - Tensile and Bend Tests

Al'l the transverse tensile and bend tests were satisfactory and the all
weld netal tensile results were typical for the filler wre.

6.4 Evaluation of Wldnents - Small Scal e Toughness Tests

Since the primary problemof concern was with toughness degradation in
the HAZ, analysis of toughness results was primarily directed toward this
area. Toughness degradation for the small scale tests was considered
significant based on the follow ng:
CVN- Any val ue 50% bel ow the mi ni num expected val ue for the
base material as shown bel ow
Gade B 20 ft-1bs @ 32F
Gade CS 35 ft-1bs @-4F
G ade EE36 20 ft-1bs @ -40F
DT - Any value 50% bel ow the determ ned base material value and
bel ow 250 ft-IDs.

DW - Any increase of NDT of nore than 30F above the base material.

6.5 Evaluation of G ade B Wl dnents

6.5.1 Bulge Tests

The ES wel dnents exhibited performance equivalent to those of the
SAW wel dments (2077 thickness reduction). The EG wel dnents exhibited
performance similar to those of the M Al fractures in the EG wel d-

nents initiated in the coarse grain HAZ area with noderate plate deformation
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of about 9% thickness reduction. Explosion bulge test results for the
EG and ES wel ds were considered satisfactory since they exhibited simlar
or better performance as conpared to MVA |dnents. For reference see
Tabl e 20 and Figures 53 through 55 and 64.
6.5.2 Smal|l Scale HAZ Toughness Tests

As indicated in Table 24, CVN tests show the tendency of all the
wel ding processes to produce sone degradation in the EM The degradation

as nmeasured by each small scale test was as follows:

BM MVA SAW EG ES
CVN@2F 4 63 10 83 10
DT @ 70F 160 240 287 27 24Z;
DT @ 32F 87 147 70 5 26
DW @ 20F  <10F 20F 20F 30F

Val ues indicating significant degradation according to criteria indicated
in 6.4 are underlined. The |owest average CVN values in the HAZ are

i ndi cat ed

The above results indicate that the extent of toughness degradation shown
by the CVN and DW test for the EG and ES wel ds was not appreciably
different than that for the MVA and SAW wel ds. The DT results at 70F

i ndi cated the toughness of ES was equivalent to the MMA and SAW wel dnent s,
whil e the toughness of EG was |less than the MMA and SAW weldments. The
DT results at 32F indicated brittleness in the base netal, however,the
test values for the EG and ES wel dnents were |ower than those of MM
SAW and the base materi al

6.6 Evaluation of Grade CS Wl dnen

6.6.1 Bul ge Tests
The ES wel dments showed equival ent performance to the MVA and SAW

wel dnents with approximately 12% thickness reduction
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The specimens from the EG weldments showed somewhat poorer performance

than the other processes. Of the three specimens tested two separated
and one showed about 507 separation along the weld. All fractures were
initiated in the coarse grain HAZ area with moderate degrees of plate
deformation ranging from 6 to 117 thickness reduction. As previously
noted, the rate of heat input for the EG was significantly higher than
for the ES; the former used a square butt whereas the latter had a 16
degree included angle., See Table 21 and Figures 56 and 57 and 64.
6.6.2 Small Scale HAZ Toughness Tests

As indicated in Table 25, some evidence of HAZ degradation was
shown in at least one of the small scale tests for each welding process.

The degradation as measured by each small scale test was as follows:

BM MMA SAW EG ES
CVN @ -4F 110 87 68 33 42
DI @ 70F 935 1082 - 860 160 240
DI @ -4F 1000 125 558 37 22
DWT -70F -20F ~40F -10F  -4OF

Values indicating significant degradation according to criteria indicated
in 6.4 are underlined. The average CVN values in the HAZ are indicated.,

It is noted that the EG weldments which exhibited a somewhat poorer
explosion bulge performance as compared to the other processes also
exhibited generally lower toughmess in the small scale toughness tests.
In regard to the CVN test, the results of the EG and ES weldments were
significantly less than base material., However, the above values are
considered acceptable for Grade CS material.

6.7 FEvaluation of Grade EH36 Weldments

6.7.1 Bulge Tests
The EG and ES weldmenits exhibited significantly less toughmness than

the MMA and SAW weldments. Two of the three EG specimens and two of the
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four ES specinmms separated on the first shot along the weld in the coarse

grain HAZ area as shown in Figures 65 and 66. All first shot separa-

tions exhibited | ess than 3% reduction in thickness. One of the two

MVA and both SAW el dnents were exposed to three shots and exhibited
approxi mately 10% reduction with no visible cracks. The remaining MVA
wel draent fractured on the third shot with extensive involvenent of plate
material in the fracture. For reference see Table 22 and Figures 58 through
60.
6.7.2 Small Scale HAZoughness Tests

The small scal e toughness results shown in Table 26 indicated that
the EG and ES weldnents had a degraded zone in the HAZ nd had significantly
inferior toughness as conpared to the MMA and SAW The extent of degradation

was as foll ows:

BM MVA SAW EG ES
CW @ -40F 62 37 41 5.5 7.0
DT @ 70F 865 625 847 70 55
DT @ -40F 108 87 105 20 7_
DWI - 90F - 80F - 70F OF -10F

Val ues indicating significant degradation according to the criteria indicated
in 6.4 are underlined. The | owest average CVN values in the HAZre indicated.

From t he above, it appears that all of the individual small scale tests
woul d have clearly predicted the explosion bulge results at OF in the EG and
ES wel ds.

6.8 Evaluation of G ade ASMA203 Grade A Weldrnents

6.8.1 Bulge Tests
The specinens fromthe EG and ES wel dnents showed poorer performance

than those fromthe MVA and SAW wel dments. Each of the two specinens from
the EG and ES wel dnments withstood single shots wi thout evidence of any
cracking; but separated along the weld in the coarse grain area of the

after the second shot with approximately 57. reduction in thickness. The
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MVA el dments withstood three shots with no separation and approxi mately
10% reduction in thickness. Fractures fornmed after the third shot
exhi bited extensive base netal tearing. The SAWwel dnents wi thstood
three shots with 11% reduction, with no evidence of cracking. For
reference see Table 23 and Figures 61 through 4.
6.8.2 Small Scale HAZ Toughness Tests

The smal| scal e toughness results, as shown in Table 27, indicated
that the EG and ES wel dnments had inferior toughness as conpared to the
W and SAWwel dnents. However, the |owest HAZ values indicated for the
EG and ES welds would normally be accepted for ABS Grade EH36 sine the
| owest val ues indicated approxi mte Gade EH36 base material requirenents.

Conparative HA values were as follows:

BM MYA SAW EG ES
CWN @ -40F 95 50 79 21 16
DT @  70F 1200 1200 1130 150 122
DT @ -40F 65 190 330 5 25
DT -100F  -120F  -110F  -80F -LOF

Val ues indicating significant degradation according to the criteria

indicated in 6.4 are underlined. The | owest average CVN values in the
HAZ are indicated. The above values indicate the |ower toughness which
had been evidenced in explosion bulge test was also evidenced in the
CVN and DT test.

6.9 Correlation of Small Scal e Toughness Results with
Expl osi on Bul ge Tests

The degree of consistency of small scale tests with the conparative
performance observed in explosion bulge test was considered to be as
foll ows :

Material

B

CS

EH36

ASTM A203 Grade A

CVN bwr
+ +
0 0
+ +
+

++o0
]9

(+) indicates a positive correlation
(-) indicates a negative correlation

(0) not definitive
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The above tabulation is based on the particular tenperatures selected
for the referenced tests. Previous mork(4)has i ndi cated good correl ation
between DT and expl osion bul ge tests conducted at the sane tenperature.

It is believed that a higher degree of correlation than that shown mni ght
have been achieved if DT tests had been conducted at the same tenperature
as the explosion bulge tests. However, as discussed in the approach

the DT tests were conducted at two tenperatures only;, 70F (Seee 1.4)

and the tenperature at which the CVN tests were carried out,

7.0 DI SCUSSI ON

7.1 Service Experience

It should be recognized that using service experience as the eval uating
criteria, MVA, SAW EG and ES welds in Grade B steel and MM and SAW

wel ds in Grades CS and eH36 steels have proven satisfactory in service.
Accordingly, both the explosion bulge and small scale results from such

wel ds are considered to be representative of satisfactory weldnentspro
In this regard, it is well to note that Grade B steel is not enployed in

the nost highly stressed areas of large ship hulls.

7.2 Loading Rate

In considering the significance of the test results it should be recognized
that the loading rate and the extent of deformation involved in explosion
bul ge testing are far greater than those encountered by hull materials
under the usual service conditions. Resistance of Gades B, CS, eH36 and
ASTMA203 Grade A materials to fracture propagation may be adversely
affected by high loading rates. Accordingly, brittle performance in the
expl osion bulge test at a particular test tenperatre should not be con-

sidered to inply brittle performance at the same tenperature under the
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lower loading rates of service conditions in a merchant ship structure.
However, ductile performance in the explosion bulge test would imply
ductile performance of a crack free weld at service conditioms at the
same temperature.

7.3 Test Temperature

The test temperature selected for each material for the explosion bulge
tests was the most suitable for comparing performance of the welding
processes. The scope of the project did not provide for evaluatiom at
other temperatures. When evaluating weldments for a particular service
condition, consideration should be given to design stress or anticipated
service stress, permissible flaw size and safety factor in addition to
test temperature and loading rate as mentioned in 7.2 above. In this
connection it should be noted that the explosion bulge test temperature,
OF for Grades EH36 and ASTM‘A263 Grade A and 20F for Grade CS, is below
the normally referenced 32F service temperature for merchant ships.

7.4 CVN and DT Correlation with Explosion Bulge Tests

This program was conducted using the explosion bulge test as the primary
basis for establishing comparative toughness performance; small scale
toughness tests were intended to provide supplemental information..
However, on the basis of the correlations observed, it appears that a
reasonably reliable estimate of comparative explosion bulge performance
can be made on the basis of the CVN and DT HAZ toughness tests, with -due
consideration being given to the test temperatures used for each test.

7.5 Joint Design

Based on the difference in performance between the EG and ES weldments
it is possible that the bevel joint design used for the ES weldments is
more resistant to fracture propagation than the square joint design used

for the EG weldments.

.
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7.6 Heat Input

As previously discussed the major concern when using the EG and ES welding
processes is the effect of the high rate of heat input on the HAZ. In
evaluating the comparative performance of these two processes, it should

be recognized that each may be applied with a wide range of heat input
rates. Accordingly, when satisfactory results have been obtained with one
of the two processes similar satisfactory results can be achieved with the
other process since it is reasonable to assume that by appropriate selection
of welding parameters, comparable heat inputs in the EG and ES processes

can be realized to produce HAZ areas with similar microstructures and
properties. In this regard the heat input rate for the EG weldments,
710,000 joules/in., as compared to the heat input rate for the ES weldments,
430,000 joules/in., may account in part for the generally poorer performance
of the EG weldments. In evaluating the performance of the SAW process it
should be noted that heat input for SAW welds as indicated in Table 6,

is re@résentative of the highest calculated single arc. As discussed

in 1.4, it is probable that the total heat input of the triple arc

technique used is somewhat additive due to the close proximity of the three
arcs. (See Note 1 of Table 6).

7.7 EG and ES Welding of ABS Hull Steels and ASTM A203 Grade A

Based on the above considerations estimates of the applicability of EG
and ES welding to the various grades of ABS hull steels can be made.
Pertinent data related to all the various ABS hull steels are shown in
Table 28,
7.7.1 ABS Grade A and B Steels

The EG and ES processes have been successfully applied to these steels
and are currently used in production. Results observed in this investi-

gation for Grade B steel indicated that degradation in HAZ properties
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observed in EG and ES welds was simlar to that obtained with MVA and
SAW
7.7.2 MBS Grade CS Steel

H gh heat input processes such as ES can be used to make wel dments in
Gade CS steel, which exhibit tough perfornmance at 20F, as evidenced by
expl osion bulge tests. The better performance of ES welds as conpared
to EG suggest that beveled joints and |ower heat input rates (ES relative
to EG as used in this investigation) could be significant factors in
determning the joint toughness inweldnents made with high heat input
processes. It is reasonable to assune that EG wel dnents in Gade CS
steel with toughness characteristics equivalent to the ES welds, m ght
be attained if the joint design and heat input rate for the two processes
were conparabl e.
7.7.3 ABS Gade DS Steel

On the basis of the results obtained withthe G ade CS steel, it
appears that the EG and ES processes may be applicable to G ade DS steel
for special application service. In this regard, it should be noted
that the required conposition for the Grades DS and CS steels is identical
and the only difference between Grades DS and CS steels is that the forner
is not nornmalized and is usually not provided in thickness over 1-3/8 in.
The principal degradation of toughness in EG and ES welds in Gade CS
steel has been observed in the grain coarsened recrystallized area of the
HAZ. Since the required chenmcal conposition for Gades DS and CS are
identical the toughness properties of the recrystallized area of the HAZ
in EG and ES wel ds would be expected to be sinmlar for both grades.
7.7.4 MBS G ade D Steel

Addi tional work would be required to assess the applicability of the

processes to Grade D steel. Because of the higher carbon and | ower manganese
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limts of Gade D steel as conpared with Grades DS or CS steel, it mght
be expected that toughness of the HAZ of a EG or ES weld in Gade D
steel, especially if it were senmi-killed, could approximte those observed
with the Grade B steel. The potential of the processes to produce joints
with toughness adequate for Gade D applications appear |ess probable with
Gade D than with the Grade DS.
7.7.5 ABS Grade E Steel

As indicated in Table 28, Grade E chenmistry requirements enconpass
those of Grade CS, but has a broader range of chemi cal conposition than
Gade CS. In view of the permissible higher carbon and | ower nanganese
of the Gade E as conpared to Gade CS, |ower HAZ toughness nmay be found
in EG and ES welds for some chenistry conbinations of Gade E. Until such
time as the effects of the higher carbon and | ower nanganese content of the
Grade E steel can be assessed, the results reported herein for Gade CS
steel should not be considered applicable to Grade E steel.
7.7.6 AIM G ade EH36 Steel

The results of small scale tests showed significant toughness
degradation in the HAZ of the high heat input EG and ES welds; the extent
of degradation was significantly less for the MMA and SAW In addition,
t he expl osion bulge test performance of EG and ES welds at OF were
significantly inferior to conparable MVA and SAWwel ds. Since this in-
vestigation was primarily conducted to devel op conparative EG and ES data
with the commonl yusesMVA and SAW wel ding processes, information was not
devel oped rel ativeto explosion bulge performance at higher tenperatures,
such as the 20F tenperature used for the explosion bul ge eval uation of
Gade CS steel. In view of the relatively good explosion bulge results

observed for Grade CS welds at 20F, evaluation of EG and ES welds in
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G ade eH36 steel at a 20F test tenperature or possibly higher should be
considered. On the basis of the prelimary results, applicability of
the EG and ES processes for services requiring high toughness in the HAZ
woul d require additional effort to develop inproved techniques, such as
lowering the heat input, nodifying the joint design, establishing more
restrictive chemstry requirements for higher strength steels or devel oping
alloys with less tendency for HAZ degradation in high heat input welding
7.7.7 ABS Gades AH36, DH36, AH32, DH32 andEH32

In regard to Grade EH32 steel the comments of 7.7.6 are considered
appl i cable since the material is furnished according to the sane specified
chemistry and heat treatnent. Concerning AH and DH higher strength steel
grades, the toughness properties of the HAZ of the Grade EH36 is likely to
approxi mate that for these other higher strength steels since they have
the same chemical conposition limts. However, evaluation of toughness at
tenperat ures higher than those appropriate for Gade EH steel should be
considered since their CUVN weld and base material properties are |ess
restrictive. Accordingly, potential application of the EG and ES processes
to AH and DH steels would be dependent upon an assessment of the toughness
as evaluated by small scale tests and the toughness required for the
particular application
7.7.8 ASTM A203 Gade A Steel

The results of small scale tests showed significant toughness degradation
in the HAZ of the high heat input EG and ES welds, but not to the same extent
as for Gade ed36 steel. Simlarly, the explosion bul ge performance of EG
and ES wel ds in ASTM A203 Grade A steel was inferior to conparable MVA and
SAW wel ds, but superior to the EG and ES welds in Gade EH36 steel. For

the same reasons indicated in 7.7.6 above, evaluation of a low alloy steel
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such as ASTM A203 Gade A at 2C0F should also be considered particularly
since the lowest CVN HAZ values obtained approxinmate Gade EH36 base

mat eri al requirenents. (See 6.8.2).

8. 0 CONCLUSI ONS

on the basis of this investigation and the results obtained, the followng

conclusions have been nade.

8.1
HAZ toughness degradation occurred to some extent for all materials con-
sidered in this investigation. Evidence of various degrees of HAZ toughness

degradation, as neasured by CVN, occurred in |localized areas forMAnd
SAW as well as for EG and ES welds.

8.2

In the case of EG and ES welds, maxinum CVN HAZ toughness degradation was
observed at or wthin 3 nm of the fusion Iline. (See Figures 23 through 26).
In the case of MM and SAW welds, nmaxinum HAZ toughness degradation was
observed at a variety of |locations and no general concl usi on concerni ng
location can be drawn.

8.3

In the case of the Gade B steel, EG and ES welds exhibited performance in
explosion bulge tests essentially simlar to the W and SAW welds. The
present ABS practice of not requiring CVYN HAZ toughness tests for ordinary
applications is considered wvalid.

8.4

In the case of Gade CS steel, ES welds exhibited explosion bulge perform

ance equivalent to the Mand SAW welds, although the HAZ of ES welds

evidenced sonewhat |ower toughness than MM and SAW welds in the snall scale
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toughness tests. EG welds exhibited a greater degree of HAZ toughness
degradation as compared to ES welds, in both small scale and expl osion
bul ge tests. The significant differences between the EG and ES wel ds
were that EG welds had a square joint, and ES welds a beveled one, and
a higher rate of heat input was used for EG welds.

8.5

The use of Grade DS steel is considered preferable to G ade D for EG and
ES wel dnents because of the nore restrictive chemstry of DS.

8.6

Wien Gade CS steel is used in special application areas, uninterrupted
wel ding of the side shells of normal strength steel with high heat input
processes such as the EG 02 ES processes is feasible. This conclusion
may or may not be applicable to Gade E in view of its less restrictive
chem cal conposition. On the basis of the results reported herein and
the lack of more definitive criteria CVN toughness tests of the HAZ shoul d
be carried out for EG and ES welds in Gades CS and E steel during procedure
testing.

8.7

Wl di ng of Grade EH36 higher strength steel by high heat input EG and ES
processes resulted in significant HAz degradation as measured by small
scal e toughness tests. EG and ES wel ds exhibited significantly |ess
toughness than the MVA and SAW wel ds in explosion bulge tests.

8.8

ASTM A203 Grade A, 2% nickel alloy steel, welded by high heat input EG

and ES processes exhibited somewhat better HAZ toughness and |arge scale
expl osion bhul ge performance than simlar welds in Grade ed36 steel. However,
EG and ES welds in this alloy exhibited significantly |ower toughness than

those wel ded by the lower heat input MVA and SAW processes.
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8.9

Results of CVN and DT toughness tests have shown reasonable correlation
with explosion bul ge performance, when due consideration is given to
selection of test tenperature.

8.10

CUN tests have been shown capable of indicating abrupt changes in toughness
in EG and ES welds within distances as snmall as approximately 2 nm

8.11

In general for Gades CS, EH36 andASTMA203 Grade A steels the high heat
input, EG and ES welds exhibited greater HAZ toughness degradation than
the conventional MVA and SAW wel ds.

8.12

The performance of ES welds (410,000 joules/in.) using beveled joints was
better than EG wel ds (710,000 joules/in.) using square joints.

8.13

SAW wel ds made with the tandemtriple arc technique generally exhibited
superior toughness in small scale and expl osion bul ge tests as conpared

to MM, EG and ES welds. Only one SAWweld exhibited cracking during

expl osion bulge testing. However,the cracking was restricted to the bul ge
area and the specinen remained intact as illustrated in Figure 57.

8.14

Wien high heat input welding processes such as EG or ES are used for
special applications in inportant areas, the retention of adequate HAZ

t oughness shoul d be verified by snmall scale tests, such as CVN test.
However, in view of the results obtained with the G ade CS steel, the extent
of small scale toughness testing of EG or ES welds in this steel may be
mnimzed or elimnated, if sufficient data is accunulated to verify that

the small scale results obtiained herein are consistently obtained in production.
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9.0 FUTURE WORK

The work reported herein was exploratory in nature and no attenpt was nade
to cover all facets. However, results have indicated several areas of

i nformation which should prove hel pful to developing the technology to

ext end use of high heat input processes such as EG and ES welding in
shipbuilding. Table 29 indicates the ampunt of avail able base materi al

and wel dments remaining from this program From this remining materi al
the additional tests indicated in 9.1, 9.2, 9.4 and 9.5 are proposed to
resol ve some unanswered questions which became evident by this investigation.
9.1

Conduct DT tests of the weld and HAZ for each grade of material at the sane
tenmperature used for explosion bulge testing to obtain a better estimte

of the value of DT tests in predicting explosion bulge test results. These
tests can be readily prepared and tested from remai ngwehl ments.

9.2

Determ ne the degree of inprovenent in explosion bulge properties of EG
and ES wel dnents in Grade EH36 and ASTM A203 Grade A naterial which can be
obt ai ned by use of procedures using |ower heat input rates and nodified
joint designs than those used in the subject investigation. Should inprove-
ment be significant, consideration of this approach for application of EG
and ES wel ding of Grade eH36 steel or other higher strength steels in
special application areas may be advisable. This effort would require

maki ng additional test welds in Grade ed36 and ASTM A203 Grade A from

remai ning available material for preparation of explosion bulge tests.

9.3

Anal e existing literature for guide lines as to the factors which could

be used in selecting a candidate hull material equivalent to G ade EH36
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strength and toughness which would exhibit m ni mum tendencies for HAZ
toughness degradation. The potenti al applicability of this material shoul d
thenbe wverified by conducting appropriate toughness tests Of the HAzZ of

EG and ES welds in the material. If successful, the approach could have a

signi ficant i npact on extending the applicability of EG and ES welds in

shi pbuil di ng. This effort would require basic research, literature search,
maki ng additional test welds and preparation and testing of large and small
scale toughness tests in various higher strength steels. A related benefit

of this investigation would be its pertinence to the problens relating to

the maintenance of HAZ toughness in the welding of inner hul | and other

parts of ship structures of LNG and LPG gas tankers where service tenperatures

of hull steels may be in the OF to -50F range.

9.4

Conduct expl osion bulge tests of EG and ES welds in Grades EH36 andASTM
A203 Grade A at 32F to indicate performance at approximte service tenper-
ature conditions. This effort would require making additional test welds
in Gade EeH36 from remaining available material for preparation of expl osi on

bul ge tests.

Conduct expl osion bulge tests for al | welds in Grade CS and MVA and
SAW welds in Gade EeEH36 at tenperatures Jlower than 20F and OF respectively.
Simlar materials are being used in the OF to -50F tenperature range in
LNG ship structures, and information on explosion bulge performance of MVA
and SAW weldments could provide inportant information on the toughness
characteristics of these weldments. Data on EG and ES welds in Gade CS
steels could provide information relative to the applicability of these
processes to this service tenperature range. This effort woul d require
meki ng additional test welds in Grades CS and €EH36 from remaining avail-

able materi al for preparation of explosion bulge tests.

-28-



Wel ding Process

Joint Design (in. )

Pl ate Thi ckness

(in. )

Length of Weld

(ft. )

El ectrode Size

(in.)

Esti mat ed Rat e

(Ib.

Deposition
lhr. )
of

Range Heat I nputs

(Kilojoules/in.)
Arc Tine

Appr oxi mat e (hr.)

Assumed Range of

Factors(3)

Operation(%

Esti mat ed
(Arc

Tot al The (hr.)
Ti me/ Oper ati onFactor)

TABLE 1- DEPOSITION DATA ON VERTICAL BUTT WELDS
HULL STEEL PLATE ()
EG Es () M_A GMA
Square Butt with Square Butt with Double V with Double V with
11/16 gap 1 gap 1/8 gap 1/8 gap
1 | % 1 1
50 20 50 50
1/8 1/ 8 5/ 32 3/ 64
30 40 2.60 6.5
600-900 700-1000 30-70 30-70
5.3 2.75 35 14
60-80 60-80 20-40 30-60
8.8-6.6 4.6-3.4 175-87 46-23
1. Table 1 reflects data in general agreenent with the
6th Edition AW Welding Handboook, Section 1 Chapter 7.
2. AWS Wel ding Handbook did not list data on the ES welding
process for thicknesses wunder 1% in. and over 20 ft. in length.
3. Operation factor represent the percentage of the work day
spent in actual welding time (arc time).




Process
ABS G ade
Thi ckness (in.

Heat Treat nment

Test Tenperature ( F)

CVN Results(ft-1bs)

Vel d

Fusi on Line

7nm

10 mm

)

Base Materi al

Long.

TABLE 2 -

ES

1Ys

roll ed

38

10

25

ES

C

1%

As rolled

32

29

46

67

103

74

106

ES

D

1 3/8

Nor m

32

94

45

165

TYPI CAL HAZ CHARPY V- NOTCH VALUES FROM
SH PYARD EG AND ES PROCEDURE QUALI FI CATI ON TESTS

EG ES
D D

| Y4 2
roll ed Nor m
32 32
45 46
36 47
100

47 180

33

81

32

26

74

90

26

31

41

44

97

134

50

29

72

70

72



TABLE 3 - WELDING PARAMETERS ON PRELIMINARY TEST

Welding Method ES EG EG LG ES LG
ASTM ASTM
Steel B CH EH36 EH36 A§l§ Gr.70 A203 Gr.A
Specimen Na. K80-E K50-B K50-A K50-C K82-A K61-B
Wire (in.) 3/32 Linde 1/16 Avacor 1/16 Avacor 1/16 Avacor 3/32 Linde 1/16 Avacor
298 6709 6709 6709 MC-70 6709
Shielding Gas - 80-20 80-20 80-20 - 80-20
A-COy A-CO2 A-CO2 A-CO9
Tlux Linde 124 - - - Linde 124 -
Current 350 355 355 355 425 375
(amp.)
Voltage 38 37.5 37.5 37.5 44 39
Feed Speed - 350 350 ! 350 - 380
(in./min.)
Arc Speed 1.75 1,06 1.06 1,06 1,20 0.90
(in,/min.)
Heat Input 456,000 623,740 623,740 623,740 935,000 975,000
(Joules/in.)
Joint Design o 60°~/ e 45°
(in,) T "‘\ /~l T
o I-1/4 I-5/8
42
i-. v||<D4 'i—
: _ﬂ r*‘vw -1 |¢u/m




TABLE 4 - MECHANI CAL PROPERTIES AND CHEM CAL COWPCOSI TI ON OF
MATERI AL EVALUATED | N PRELI M NARY TESTS
St eel g CH () EH EH A5/1_\€§(2M 70 ¥ AzoAa?Tg. A
Speci nen No. K80- E K50- B K50- A K50- c K82- A K61- B
Y.P. (psi) 33, 000 60, 500 56, 500 57, 600 45, 000 47, 000
T.S. (pS) 60, 200 83, 700 84, 000 82, 500 78, 000 72,300
El.(% in 2 in. 36.0 32.0 32.0 32.0 34.0 34.0
Heat As Rol | ed Nor mal i zed Nor mal i zed Nor mal i zed Nor nal i zed Nor mal i zed
Tr eat nment
Thi ckness 1 1Y, 1 Y, 1 Y, 1% 1 5/8
(in.)
c 0.21 0. 25 0.22 0. 20 0. 28 0.14
Mh 0.80-1.10 1.08 0097 0. 89 0.85-1.20 0.51
Si 0.35 0. 28 0.32 0.32 0. 15-0. 30 0.18
P 0.04 0. 015 0. 017 0-.018 0. 035 0.014
S 0. 04 0. 020 0. 022 0. 024 0. 04 0. 022
Ni 2.35
1. Actual conposition not avail able. Conposition limts from ABS Rules Ii sted.
2. Gade CH hull steel 1969 ABS Rul es.
3. Actual conposition not available. Conposition limts from ASTM A516 G. 70 |i sted.



TABLE 5 - PRELIM NARY CHARPY V-NOTCH | MPACT TEST. VALUES
ON E.G AND E.S. SMALL SCALE WELDMENTS

AsTM ASTM

St eel B CH EH EH A516- GR. 70 A203 GR. A
Vel di ng Met hod ES EG EG EG ES EG
Speci men No. K80- E K50- B K50- A K50- ¢ K82- A K61 -B
Test Temp. (F) 32 -22 -40 -40 -20 -40
CVN (ft-1b)
Vel d 58.0 26.0 22.3 20.6 9.7 21.0
Fusion Line 65.7 8.5 11.8 35.3 11.7 37.0

[ mm 22.3 8.5 9.0 27.0 14.7 42.0

3 mm 55.3 9.0 12.8 8.5 19. 4 53.0

5mm 101.0 71.0 41.6 7.3 36.5 52.0

7 mm 163.0 93.0 80.1 31.8 50. 8 82.0
Base Met al 19.7 126.0 59.5 49. 3 32.0 45.0

Long.



TABLE 6 - WElI DI NG PARAMETERS FOR THE
LARGE SCALE VELDMENTS

St eel ABS G ade ABS G ade ABS Grade ASTM A203
B(1 ) Cs (1%) EH36 (1% ) G ade A(1%)
MM A
El ectrode Size (in. 5/ 32 1/8 1/8 1/8
El ectrode Type 6011 7018 8018- C3 8018-C1
Vol t age 27-31 21-23 21-23 21-23
Current 130- 140 145- 155 145- 155 145- 155
(A )
Travel Speed 3.5 3.0 3.0 3.0
(in./mn.)
Approx. Heat 66, 900 66, 000 66, 000 66, 000
(joulelin.)
SAW
(Triple Arc) (1)
Filler Metal RACO RACO RACO L1 NDE
120 130 130 M 88
Wre Size (in.) 3/16 3/ 16 3/ 16 3/16
FI ux LI NCOLN LI NDE LI NDE L1 NDE
860 0091 0091 124
Vol t age 32-46 32-46 32- 46 32-46
Current (Anp.) 800- 1250 850- 1250 850- 1250 850- 1250
Travel Speed 35 30- 35 30- 35 30- 35
(in./mne)
Approx. Heat 63, 600 79, 000 79, 000 79, 000
(Joul e/in.)
EG
FIller Metal Al RCO Al RCO Al RCO Al RCO
A608 AVACOR 6709  AVACOR 6709 AVACOR 6709
Wre Size (in.) 1/8 5/ 64 5/ 64 5/ 64
Shi el di ng 80/ 20 80/ 20 80/ 20 80/ 20
Gas A-C02 A- C02 A- C02 A- C02
Gas Fl ow 160 160 160 160
(CFH
Current (Amp.) 420 480 480 480
Vol t age 38 37 37 37
Travel Speed 1.5 1.5 1.5 1.5
(in./min. )
Approx. Heat I nput 638, 000 710, 000 710, 000 710, 000

(joulelin.)



WELDING PARAMETERS FOR THE
LARGE SCALE WELDMENTS

TABLE 6 (CONTINUED)

Steel ABS Grade ABS Grade ABS Grade ASTM A203
B CS EH36 Grade A
ES
Filler Metal LINDE LINDE LINDE LINDE
29s MI-88 MI-88 MI-88
Wire Size (in.) 3/32 3/32 3/32 3/32
Flux LINDE LINDE LINDE LINDE
124 124 124 124
Current 380-390 380-390 380-390 380-390 .
Voltage 36-38 36-38 36-38 36-38 '
Travel Speed 2,25 2 2 2
(in./min,)
Approx. Heat Input 380,000 432,000 432,000 432,000 :
(joule/in,) ;
MMA - SAaW EG '
F G H
— oy Gy By
JOINT DESIGN j[:c '
T A
AN IR
D le E
A B C _4 h; —ﬁ G H
(in.) (in.) (in.) (in.) (in.) (de (deg.) (deg.)
1 in. Thickness 1/8 1/8 3/8 11/16 1/2 60 70 22
1% in. Thickness 1/8 1/8 3/8 11/16 1/2 60 70 16

1)

(2)

The electrode spacing between the first and second
arc was 2.75 in. and the electrode spacing between
the second and third arc was 0.75 in,

Highest calculated single arc heat input.



E6011%
E7018%
E8018- c3( %)
ES018- C1( 1)
RACO 120
RACO 130
AIRCO  A608
AVACOR 6709
LI NDE 29s

LINDE M 88

1. Typical

TABLE 7 -

0.04

0.04

0. 05

0.11

0.11

0.10

0. 044

CHEM CAL COWPOSI TION OF FILLER METALS

USED ON LARGE SCALE WELDMENTS (TYPI CAL)

Mn

0.

35

. 65
.90
.97
.45
. 87

.78

.00

. 65

deposited weld netal

Si

0.11

0.33

0.03

0. 07

0. 82

0.31

N

1.0

2.32

0. 96

2.03

1.5

M_

0. 20

0. 48

0.41

0. 48

0. 40

Cr

0.12

0. 25

from manuf acturer’s Handbook.



Grade

EH36

Thick-
ness
(in.)

1

1

Test
Temp,
(F)

30

-20

TABLE 8 - EXPLOSION BULGE TEST TO ESTABLISH CHARGES
AND STAND OFF DISTANCES

Stand Off
Distance
(in,)

17

19

Charge
(1b.)
7

12

Shot

No.

1

7% Reduction

A
4.0
8.9

17.3

2,8
6.2

9.7

B
3.7
10.1

18.5

3.2
5.9

8.6

Depth of

Bulge (in.)
A B
2,3 2,2
3.3 3.2
4ot bats
1.2 1.2
2,1 2.1

2,7

2.8

Remarks

No cracks

No cracks

No cracks

Plate shattered

No cracks

No cracks

No cracks



TABLE 9 - CRACK STARTER EXPLOSI ON BULGE TEST RESULTS

G ade Thi ck- Tenp. Shot % Reduction Longest Crack Remar ks
ness No. from(in)
(in. ) (F) Apex Tot al
B 1 80 1 3.4 3.1 to edge 18.8 Pl ate separated on A, side
and cracked al npst to
edge B Side.
B 1 120 1 6.3 6.5 6.8 13.2 Cracks did not extend
into hold down area.
2 Pl ate separated
Cs 1% 0 1 2.5 1.3 8 15.5 Crack from center 7.5 IN

into Aside and 8 in.into
B side. Crack also 7.2in.
into B side. Crack into
hold down area on A side.

Cs 1% 20 1 3.6 4.0 0.2 Tear across crack starter
bead does not enter base
mat eri al .
2 6.0 7.6 6 Pl ate cracks in 7

directions from weld
bead. Cracks from 4. 8in.
to 6 in |ength.



Material
Grade B

Required

Product Analysis
Grade CS

Required

Product Analysis
Grade EH36

Required

Product Analysis

ASTM A203
Grade A

Required

Product Analysis

Notes: ¢8)
(2)
3)

0.21

0.21

0.16

0.15

0.18

0.18

0.17

0.14

TABLE 10 - CHEMICAL COMPOSITION OF BASE MATERTAL (1)

M

0.80-1,10
0.92
1.00-1,35

1,13

0.90-1,60
L4

0.70

0.64

0.04

0.007

0,04

0,008

0.04

0.009

0.035

0.002

0.04

0.018

0.04

0.022

0.04

0,020

Si

————

0.35

0.01

0.10-0.,35

0,28

0.10-0.50

0.27

00040 0.15"0930

0.008 0,23

Mo Cu

Ni Cb \' Al Cr -
0.40 . 0.05 0.10 0.065 0.25 0.08 0.35
2) @) @ @ @
- 0.036 - 0.043 0.17 0.005 0.03

2.10"2050

2.07®

Single values of the required compositions are maximums,

Ladle analysis from steel manufacturer.

Acceptable on product analysis,



TABLE 11

G ade

Thi ckness (in. )

Deoxi dation Practice

Heat Treat nent

Utimate Tensile (ksi)

Yield (ksi)

Elong. %in 8 in.

(2)
CVN (ft-1bs)

DT (ft-1bs) ¥

DWI- ( NDT)

Not es:

(1) WMateri al

MECHANI CAL

1

Sem -Kill ed

As- Rol | ed
60. 2
32.7
34

42 @32F

87@32F

20 F

(2) Average of at

(3) Average of at

PROPERTI ES OF

| Y4

Killed
fine grain

Nor nal i zed
64.5
43.6
32

110 @-4 F

1000 @-4 F

-70 F

BASE MATERTAL"

EH36

1Y

Killed
fine grain

Nor nal i zed
73.7
51.3
30

62@ -40 F

108 @-40 F

-90 F

purchased to 1973 ABS Rul es.

| east three tests.

| east two tests.

ASTM A203
Grade A

1%

Killed
fine grain

Nor nal i zed
71.0
52.1
30

95 @-40 F

65 @-40 F

-100 F



TABLE 12 -

Wel di ng Met hod

Transverse Tensile(1l) (psi )

Qui ded Side Bends(180°)
Al Weld Metal wpsi)

Tensil e
Yi el d Poi nt
% Elong. 2 in.
%R A
(2)
CVN Tested @ 32F
(ft-1bs)

¢ Wweld
Fusi on Line
I MM

3 MM

5mm

7 mm

9 mm

Base Met al

DT Tested @ 70F
(ft-1bs)

¢ Wweld
HAZ
Base Met al
(3)
DT Tested @2F
(ft-1bs)

¢ Weld
HAZ
Base Met al

DWI - (NDT)

¢ Weld
. HAZ
Base Met al

Not es: 1.
2.
3.

MECHANI CAL PROPERTI ES OF WELDMENTS
ON ABS GRADE B MATERI AL

MMA SAW EG ES
66, 400 65, 300 63, 800 66, 500
oK oK oK oK
73, 000 72, 500 94, 600 72, 500
59, 400 55, 600 74,500 50, 600

24 29 22 30
66 69 62 69
66. 3 85.0 32.6 44. 7
74.3 69. 0 11.6 10.0
87.3 82.0 8.3 37.0
88.3 53.0 28.0 83. 7
22.6 78.0 53. 3 74.7

6.3 10.0 65. 6 16.0
6.3 15.0 46.3 33. 3
42.0 42.0 42.0 42.0
642 1200 102 206
240 287 27 244
160 160 160 160
232 425 28 73
147 70 5 26
87 87 87 87
-30 F OF -30 F -10 F
_10 F +20 F +20 F +30 F
+20 F +20 F +20 F +20 F

Average of 2 tests.
Average of 3 tests.
Average of 2 tests.



TABIE 13 - MECHANICAL PROPERTIES OF WELDMENTS
ON ABS GRADE CS MATERIAL
Welding Method MMA SAW EG ES
1
Transverse Tensile )gpsi) 70,000 70,800 69,700 70,100
Guided Side Bends (180 ) OK OK OK OK
All Weld Metal(l)(psi)
Tensile 81,500 96,400 92,600 103,800
Yield Point 71,400 81,400 76,500 81,800
% Elong. 2in, 26 22 24 24
% RA 76 64 65 62
2
CVN Tested @ -4F( )
(ft-1bs)
¢ Weld 46.6 58.0 37.1 46.6
Fusion Line 81,5 90.0 37.0 57.8
1 mm 87.1 69.0 33.0 42,3
3 mm 94,8 89.0 51.5 73.5
5 mm 117.0 74.0 116.0 106.5
7 mm 96.5 71,0 125.0 128,.8
9 mm 96.6 68.0 128.0 8l.6
Base Metal 110.0 110.0 110.0 110.0
DT Tested @ 7OF(3)
(ft-1bs)
¢ Weld 105(4) 1062 817 800
HAZ 1082 860 160 240
Bage Metal 935 935 935 935
DT Tested @ -4F(3)
(ft-1bs)
¢ Weld 10(4) 185 310 437.
HAZ 125 558 37 22
Base Metal 1000 1000 1000 1000
DWT - (NDT)
t Weld -70 F -70 F -8 F -90 F
HAZ -20 F -40 F ~-10 F ~40 F
Base Metal -70 F -70 F -70 F =70 F
Notes: (1) Average of 2 tests.
(2) Average of & tests.
(3) Average of 2 tests.
(4) Average of 4 tests. The first set of DT had much lower

values than expected for a E7018 electrode especially in
view of the CVN and DWT indicated.
similar values.

could not be established.

DT retests revealed
Reasons for these unusually low DT values

!

i

t



TABLE 14 - MECHANI CAL PROPERTI ES OF VEELDMVENTS
ON ABS GRADE EH 36 MATERIAL

Wl di ng Met hod MMA SAW EG, ES
Transverse Tensile ”(in. ) 80, 790 80, 300 76, 200 81, 900
Qui ded Si de Bends (180 ) XK K XK K
Al weld Metal® (psi)
Tensile 95, 200 100, 200 98, 700 109, 400
Yi el d Poi nt 84, 900 91, 800 80, 500 77; 000
% Elong. 2 in. 23 22 22 22
%R A 64 66 64 64
CVN Tested @ -40F?
(ft-1hs)
¢ weld 42.6 38.0 23.5 27.0
Fusion Line 52.6 41.0 5.5 76.0
1 mm 47.8 52.0 12. 6 70
3 mm 51.9 46.0 15.5 15.6
5 mm 39.6 51.0 99.8 87.0
7 mm 37.0 42.0 96.1 92.0
9 mm 59.9 49.0 106.3 100.0
Base Metal 62.0 62.0 62.0 62.0
DI Tested @ 70F"”
(ft-1hs)
¢ \Weld 1070 1047 292 312
HAZ 615 847 70 55
Base Metal 865 865 865 865
3
DT Tested @-4OF( )
(ft-1hs)
¢ \Weld 50 55 42 46
HAZ 87 105 20 7
Base Metal 108 108 108 108
DWE - (NDT)
¢ Weld -60 F -70 F -90 F -70 F
HAZ -80 F -70 F OF -10 F
Base Metal -90 F -90 F -90 F -90 F
Not es: 1. Average of 2 tests.

2. Average of 6 tests.
3. Average of 2 tests.



TABLE 15 - MECHANICAL PROPERTIES OF WELDMENTS
ON ASTM AZ203 GRADE A MATERTAL

Welding Method MMA SAW EG ES
Transverse Tensile(l%gsi) 74,000 73,300 72,900 73,500
Guided Side Bends (180") OK OK OK OK
A1l Weld Metal) (psi)

Tensile 96,200 89,400 92,900 106,500

Yield Point 84,400 80,900 76,800 79,800

% Elong. 2 in. 23 24 24 25

7% RA 63 62 64 68
CVN Tested @ -40F (2)

(ft-1bs)

¢ Weld 55.1 53.0 25.6 51.0

I Fusion Line 99.2 87.0 21,0 16.0
1 mm 50.4 106.0 26.0 19.0
3 mm 89.0 104.0 50.8 46,0
5 mm 69.1 100.0 88.5 108.0
7 mm 87.0 83.0 118.6 157.0
9 mm 87.1 79.0 123.5 151.0
Base Metal 95.0 95.0 95.0 95,0

DT Tested @ 70F )

(£ft-1bs)
¢ Weld 1200 1200 545 807
HAZ 1200 1130 150 122
Base Metal 1200 1200 1200 1200
DT Tested @ -4OF(3)
(ft-1bs)
¢ Weld 125 336 127 210
HAZ 190 330 5 25
Base Metal 65 65 65 65

DWT - (NDT)

T ¢ Weld ' © _120F -80 F -110 F 90 F
HAZ -120 F -110 F -8 F <40 F
Base Metal -100 F -100 F -100 F -100 F

Notes: 1. Average of 2 tests.

2. Average of 6 tests.
3. Average of 2 tests.



Process(1)
Speci nen No.

Base Met al

11 nmfrom F.

9 mm from

7

mm from

mm from

mm from

mm from

L.

Vel d Met al

F.

1

3

5

7

L.

mm from

mm from

mm from

mm from

9 mm from

11 mm from F.

Base Met al

(1) Specimens macroetched to determine location from fusion line (F.L.).

TABLE 16 -

F.

F.

B1

70.

79.

79.

80.

81.

79.

82.

84.

86.

84.

83.

79.

80.

80.

79.

78.

72.

0

8

HARDNESS SURVEY ACRCSS VWELDS ON ABS GRADE B NMATERI AL
ROCKWEL L

MMA.

69.

75.

77.

77.

76.

77.

82.

84.

87.

84.

80.

79.

78.

78.

77.

75.

77.

B2

8

0

B5

69.

76.

75.

75.

77.

78.

79.

81.

80.

78.

76.

74.

72.

73.

74.

74.

66.

6

1

SAW

B6

67.

74.

74.

73.

74.

75.

77.

80.

81.

79.

78.

78.

75.

75.

76.

76.

69.

5

2

«gr

B3

69.
71.
73.
74.
75.
77.

79.

93.
78.
76.
73.
71.
71.
70.
69.

64.

3

4

EG

B4

70.0

71.1

74.5

74.3

75.0

77.3

78.6

84.6

94.5

83.5

79.0

78.0

75.8

74.6

74.8

73.5

69.5

B7

67.5

71.5

74.5

75.0

76.0

77.0

79.0

83.8

83.6

80.3

79.1

77.3

76.0

75.6

73.0

73.1

69.5

ES

B_8
71.6
72.3
73.5
76.1
77.8
79.6
82.6
85.5
84.6
82.5
84.3
81.0
78.8
77.0
74.0
72.8

70.5



TABLE 17 - HARDNESS SURVEY ACROSS WELDS ON ABS GRADE CS MATERI AL

ROCKWELL “B *

Process'’ MVA SAW EG

Speci men No. cl 2 63} c6 3 4

Base Metal 74. 2 74. 2 74.6 74. 3 72.5 74.1

11 mmfromF. L. 78.5 79.5 79.8 80.3 75.1 75.8
9 mmfromkF. L. 80.0 81.3 80.1 80.1 75.8 77.0
7 mmfromF. L. 82.0 83.1 80.6 81.0 76.3 77.3
mm from F. L. 83.1 84.6 81.5 81.8 77.8 78.5
3 mmfromF. L. 85.0 85.3 83.1 84.0 81.5 82.1
1 mmfromF.L. 87.6 87.6 85.1 85.5 83.3 84.3
F. L. 89.6 89.0 94.1 91.5 90.3 93.5
wel d Metal 87.0 86.0 95.9 94.5 91.3 95.2
F. L. 88. 8 89.0 85.5 87.3 88.0 85.6
1 mmfromF. L. 87.5 88.0 85.3 84.3 81.0 84.0
3 mmfromF. L. 89.8 89.3 82.3 82.0 77.8 80. 8
5 mmfromF. L. 86.0 88.1 80.5 80.3 77.1 77.8
7 mmfromF. L. 85.0 86. 6 79.3 80. 3 76.3 77.6
9mm from F. L. 83.1 84.8 80.0 80.5 75.3 77.8

11 nmmfromF. L. 78.5 83.0 80.1 80.5 74.3 76.6

Base Metal 74.1 74.1 74.5 74.8 72.5 75.3

(1) Specimens macroetched to determine location from fusion line (F.L.).

74.6

77.6

79.5

79.5

80. 6

84.6

87.6

95.8

98.0

88.3

87.8

83.8

80.0

79.8

78.3

77.0

75.5

ES

74. 4

76.

77.8

78. 3

80.0

83.

86.1

95.

97.

87.

85.

81.8

79.

77.8

77.

76. 6

73.9



TABLE 18 -
Process(!) M i
Speci men No. El E2
Base Met al 81.4 80.
11 mm from F. L. 83.8  82.

9 nmfromF. L. 85.6 84.
7 mmfromF. L. 87.0  85.
5 mmfrom F. L. 85.6 87.
3 mmfrom F. L. 90.0 88.
1 nmfromF. L. 93.0 92.
F. L. 95.8  98.
Vel d Metal 94.3 94,
F. L. 96.6  96.
1 nmfromF. L. 97.5 90.
3 mmfrom F. L. 90.0  87.
5 mmfrom F. L. 89.0  86.
7 nmfrom F. L. 87.8  85.
9 nmfromF. L. 85.6 84.
11 mm from F. L. 84.1 82
Base Metal 82.0  81.

(1) Specimens macroetched to determine location from fusion line (F.L.).

HARDNESS SURVEY ACROSS WELDS ON ABS GRADE EH36 MATERI AL
ROCKWEL L

E5

82.

89.

88.

89.

91.

93.

97.

98.

99.

97.

97.

92.

89.

89.

88.

87.

81.

SAW

E6
82.

87.

87.5

87.

88.

91.

96.6

97.

98.

98.

95.6

93.

91.

88.5

88.

87.

83.

ITglt

E3

80.0

81.8

82.0

83.0

87.3

91.0

93.8

95.1

96. 4

94.0

93.3

90.0

84.6

82.3

81.6

81.8

80. 8

EG

E4

80.6

84.1

84.6

86. 5

91.0

93.8

94.8

95.8

95.4

94.5

94.0

92.3

86. 1

84.0

83.6

82.6

81.3

E7

82.

84.

85.

87.

90.

94.

96.

97.

99.

95.

95.

94.

89.

85.

85.

84.

82.

ES

E8

81.

83.

84.

86.

90.

94.

95.

97.

99.

94.

95.

93.

88.

85.

84.

82.

82.



TABLE 19 -

Process (1)
Speci men No.

Base Met al

11 mm from F. L.

9 mmfromF. L.

7 mmfrom F. L.

5 mmfrom F. L.

3 mm from F~L.

1 nmfromF.L.

1 nmfromF.L.

3 mmfromF. L.

5 mmfrom F. L.

7 mmfrom F. L.

9 mmfromF. L.

11 mm from F. L.

Base Met al

(1)

Al

78.

92.
94,

89.

Speci mens nacroetched to determine location fromfusion line (F.L.).

MMA

A2

78.

81.

82.

83.

85.

86.

89.

92.

94.

89.

87.

85.

85.

82.

87.

80.

79.

A5

78.1

79*5

81.5

82.3

82.3

84.5

89.0

92.3

91.8

88.3

86.5

85.0

82.6

81.8

80.5

80.1

77.9

SAW

A6

77.

81.

81.

83.

83.

86.

89.

92.

93.

90.

88.

84.

82.

81.

80.

80.

77.

A3

77.9

79.3

80.0

79. 4

81.1

84.6

87.1

90.3

92.7

88.1

86. 8

85.1

81.0

80.1

79.8

79.8

78.2

EG

AL+

78.

80.

81.

81.

80.

83.

88.

92.

93.

88.

87.

82.

82.

81.

80.

79.

80.

HARDNESS SURVEY ACROSS WELDS ON ASTM A203 GRADE A MATERI AL
ROCKWELL “B’

A7

76. 4

78.8

79.8

80. 3

80. 8

84.0

85.5

93.5

98.5

89.8

87.8

84.1

80.6

79.5

79.3

79.1

75.9

ES

80.

81.

82.

83.

83.

85.

90.

94,

97.

90.

89.

86.

84.

83.

82.

81.

79.



TABLE 20 ABS GRADE B EXPLOSION BULGE TEST RESULTS

g Test Shot % Thickness  Depth of Lon%est Crack Remar ks

Speci men \iel di n
. Met hod Te No. Reduction Bul ge (in. in.
° rlr:p A B A J ‘3 ) )

No

Plate broke into 3 pieces.
No visible cracks
Surface tears in weld bead

B-1 MVA 30 1

B-1A MVA 120 %

3 ' 13 4 cracks from center into base material.
1

2

3

o
oo
o
—

—
wro
~oo
wro
~oo

No visible cracks
No visible cracks ,

6.75 Entire center area brolce out with 9 cracks
radiating from center areas.

B-2 WA 120

o
oo —
o~
SO

wro
~oo
wro
~oo

3.8 .3 2.2 No visible cracks
10.3 3.4 3.4 No visible cracks , o
7.5 Center area broke out with 7 cracks radiating
from center area.

B-3 EG 120

o~
woro

1
2
3

No visible cracks

B-4 EG 120
Plate separated Plate separated along weld

_"

©mw SO~ ©os ow

No visible cracks
No visible cracks
6.5 Shal low crack along weld

B-5 SAW 120

—
—_—

No visible cracks
No visible cracks
2.5 Shal | ow crack along weld

B-6 SAW 120

—_—
[

No visible cracks S ,
| 75 Crack on conpression side in base material
4.5 Crack in plate on conpression side penetrated
to tension side near edge of die.

B-7 Es 120

COPOI— ORI O PO O —
Clow WO~ i o
oo I~ ROt OO~ [oc]lan)
Pon PN o W
WEN NDDEN DWW LWWw
Pwn hwhd Bwhd W
OIRN DN DDA NWw

—
—

o
w

No visible cracks
No visible cracks
No visible cracks

B-8 ES 120

LOPO—
—
OO
o
SOSow
~N~=—
B
wWwepbdh
= <<




TABLE 21 ABS GRADE CS EXPLOSI ON BULGE TEST RESULTS

Speci men Vel di ng Test Shot % Thi ckness Dept h of Longest Crack Remar ks
. Met hod” Tenp. No. Reduction Bulge (in. ) (in. )
F A BA © B
c-1 MVA 20 1 3.4 3.2 1.4 1.5 No visible cracks
2 8.6 7.8 2.6 2.6 No visible cracks
3 13.5 13.4 3.3 3.4 No visible cracks
c-2 MVA 20 1 2.5 2.4 1.3 No visible cracks
2 7.3 7.1 2.5 1.3 No visible cracks
3 12.1 10.9 3.3 3.3 No visible cracks
c-3 EG 20 1 2.3 2.3 1.4 1.4 No visible cracks
2 5.8 6.1 2.7 Plate separated Plate separated along weld with crack
radiating from center area into base
material 6.5in |ong.
c-3A EG 20 1 4.2 5.2 1.8 1.7 No visible cracks
2 9.4 8.8 2.8 2.8 No visibl,e trucks
3 13.2 Large piece broke out B side at center and a
large piece alnmost broke out of A side at
center. Separation along weld alnost to edge
on both sides. Cracks into base material
fromcenter area 4.5 in. & 1.5 in. long.
c-4 EG 20 1 2.6 2.7 1.5 1.5 No visible cracks
2 6.2 6.7 2.6 2.6 No visible cracks
3 9.4 12.2 - 3.5 Plate separated Plate separated along weld with 2 craclcs
radiating from center area into base
material 4.5in. & 5.4 in. long.
¢c-5 SAW 20 1 3.5 3.0 1.6 1.5 No visible cracks
2 8.5 7.6 2.6 2.6 No visible cracks
3 13.6 12.6 3.4 3.4 No visible cracks
c-6 SAW 20 1 2.7 2.5 1.2 1.2 No visible cracks
2 6.5 7.4 2.4 2.4 No visible cracks
3 10.8 12.4 3.4 3.5 17.8 Crack in base netal across weld
c-7 Es 20 1 3.7 3.2 1.4 No visible cracks
2 7.4 7.9 2.6 1.5 No visible cracks
3 12.3 12.7 3.3 3.3 No visible cracks
c-8 Es 20 1 3.0 3.5 1.4 1.4 No visible cracks
2 6.9 7.3 2.6 2.5 No visible cracks
3 11.6 12.2 3.2 3.2 No visible cracks



Specimen No.

E-1

E-2

E-3

E-3A

E-4

E-5

E-6

E-7

E-7A

E-8

E-8A

Vel di ng
Met hod

MVA

EG

EG

EG

SAW

SAW

Es

ES

ES

ES

;est
enp.
OF
0

Shot
No.

Ll OO — LN —

RO ORI GO

Lo PO —

TABLE 22 ABS GRADE EH36 EXPLOSION BULGE TEST RESULTS

% Thi ckness Depth of
Reduction Bul geg n.)
A B A

3.5 3.9 1.4 1.
6.6 7.4 2.3 2.

2.9 3.0 1.3
7.2 6.7 2.4 2.

103 104 3.0 3.
0.78 0.63 108 107
2.6 2.2 2318
3.5 3.0 1.3 1.3
6.5 6.7 2323
903 9.1 29209
3.1 3.0 13 1.3
6.8 6.7 2.32.2
0.1 10.2 3.0 3.0
2.8 3.1 1111
6.3 6.8 2222
0.1 10.2 3.0 3.0
3.2 3.6 1.3 1.3
6.4 7.2 2.32.3
10.2 O

3.3 3.6 1.4 1.3

2.9 2.7 1.5 1.5

1.4 1.1 2.0 1.7

Longest Crack
(in.)

Plate

separ at ed

Plate separated

55

10

Plate separated

Place separated

Remar ks

No visible cracks
No visible cracks
Entire center area blew out

No visible cracks
No visible cracks
No visible cracks

Plate separated along weld on B side to near center
across weld and along A side of weld to edge. Section
of weld broke out of plate. Crack into hase material
fromweld 2 in. long.

PI ate separated along weld. Crack into base material
rom center area 3.2Ln. |ong.

visible craclcs
visible cracks
visible cracks

visible cracks
visible craclcs
visible cracks

visible cracks
visible cracks
visible craclcs

visible craclcs

visible craclcs

Large piece broke out of center area. SeparM On along
weld A side right of center fromhole to 1.8 in.of
left edge along the weld part of this distance. .
5 craclcs radiating from center area into base material
with longest 5.5 in.

&5 555 555 &&55

Plate separated along weld fromright of center of
left edge. Craclc across the weld into base material
8i n.Ion(T;. 3 other cracks from center area into base
material 3.2 to 3.5 in. |ong.

Plate separated along weld with 2 snm| cracks into
base maberial from weld.

Plate separated along weld.



Speci men

No.

A-3

A6

A-8

Vel di ng
Met hod

EG

EG

SAW

SAW

Test
Tenp.
(F)

0

Shot
No.

Lo

WrNO—

WO MO = N —

N —

TABLE 23 ASTM A203 GRADE A EXPLOSI ON BULGE TEST RESULTS

% Thi ckness

Reduction
B
4.2 4.4
8.3 8.9
10.8 12.9
3.1 3.0
1.2 7.1
10.1 9.6
2.4
5.6 4,5
2.8 3.1
5.0 5.2
3.3 3.5
7.6 7.0
11.0 11.0
3.3 3.3
7.4 7.5
10.3 10.9
2,6 2.6
4.8 5.8
2'6
4,7 4,9

—

!\.)H

[EEQrEEN

SINTS

WN =

W

Dept h of
Bul ge éin' )

9 1.8
8 2.8
5 1.5
5 2.5
6 1.6
6 2.7
6

5 1.5
6 2.5
3 3.1
5 1.4
6 2.5
2 3.2
7 1.7
7 1.7
4 2.9

Longest Crack
(in)

11

8.5

Plate separated

Plate separated

Plate separated

Plate separated

Remar ks

Ho visible cracks

No Vi si bl e crackS

Piece on right side alnmost broken out of plate.
Cracks radiating fromcenter area into base
material.

No visible cracks

No visible cracks

2 pieces alnost broken out of center area.
Cracks radiating fromcenter area into base
material longest 8.5 in.

No visible cracks

Plate separated along weld fromleft to center
on A side then across weld into base material
on B side 5.5in. & then back along weld to
edge. Cracks radiating fromcenter area in
base material 2.8 into 9 in. long.

No visible cracks

Plate separated al ong wel d. Cracks radiating
from center area into base material 3 in. and
6.8 in. long.

visible cracks
visible cracks
visible cracks

&

No

No

No visible cracks
No visible cracks
No visible cracks
No

Pl

fr

visible cracks o
ate separated along weld. Cracks radiating
om center area into base material 5.2in.long.

No visible cracks

Plate separated along weld from edge to |eft
of center on side B then across weld and along
weld on side A to other ed?e. Crack A side
along weld fromcenter to left 2.8in. then
into base material 4.5in. 3 cracks radiating
into base material from center area 5.8in. to
6.5 in. long.



TABLE 24 - ANALYSIS OF TEST RESULTS ON GRADE B WELDMENTS

Process Smal | Scal e Toughness Test Results Bul ge Tests
DWI
@32 F @ 70,32 F Base Material (NDT)20 F @120 F

MVAA Low HAZ val ues of 240 ft-Ib in HAz Simlar to base 3 shots with 10.5% reduction

6.3 ft-Ib @7 to 9mm better than base mat eri al and base material cracks.

material @70 F

SAW Low HAZ val ues of Simlar to MVA Simlar to W 3 shots with 19.5 %

10 ft-Ibs @7 tO 9mm reduction and no craclcs
EG Low HAZ val ues of Brittleness @ 70 F Simlar to MV Inferior to W

8.3 ft-lbs @ fusion line
ES Low HAZ val ues of Simlar to MVA Simlar to W Simlar to SAWw th

10 ft-1bs @fusion line 18.5% reducti on and

no cracks

Sunmmary Al'l wel dments had | ow EG inferior Al wel dnents EG inferior

t oughness zone

simlar



TABLE 25 - ANALYSIS OF TEST RESULTS ON GRADE CS VELDMENTS
Process Smal | Scal e Toughness Test Results Bul ge Tests
CVN DWr
@- 4 F @70 & -4F Base Material (NDT)-70 F @20F
MMA No significant HAZ No significant HAZ Rise in NDT tenperature No craclcs after 3 shots
degradation from base degradation @70 F to -20 F with 12.5% reduction
material of 110 ft-Ibs,
SAW Simlar HAZ to MVA Simlar to MVA Rise in NDT tenperature Simlar to MVA
to -40 F
EG Lower HAZ values to Low HAZ toughness H ghest rise in NDT Inferior to W& SAW
33 ft-lbs @1 nm @70F tenperature to -10 F
ES Lower HAZ val ues of Toughness @ 70 F Rise in NDT tenperature Simlar to W& SAW
42 ft-lbs @1 mm to -40 F
Sunmary EG and ES somewhat EG inferior EG hi ghest NDT EG inferior

| ower val ues



TABLE 26 - ANALYSIS OF TEST RESULTS ON GRADE EH36 VELDMENTS

Process Smal | Scal e Toughness Test Results Bul ge Tests
DWI
@ - 40F @70 & -40 F Base Material (NDT)-90 F @O F
MMA Somewhat | ower HAZ Sonewhat | ower Simlar to base material 1077 reduction after
val ues of 37 ft-Ibs values @70 F of 3rd shot
@7 mm conpared to 615 to 865 ft-Ibs
base netal of 62 ft-Ibs of base materia
SAW Simlar HAZ to MA No degradation Simlar to MA Simlar to MVA with no
cracks
EG Low HAZ val ues of Brittleness in HAZ Significant rise in NDT Significantly inferior
5.5 ft-lbs @fusion @7’ 0F tenperature to O F to MA
line
ES Low HAZ val ues of Brittleness in HAZ Significant rise in NDT Significantly inferior

Summary

7.0 ft-lbs @1 mm

EG and ES | ow val ues

@ 7 0 F

EG and ES brittle

tenperature to -10 F

EG and ES high NDT

to MVA

EG and ES inferior




TABLE 27 - ANALYSIS OF TEST RESULTS ON ASTM A203 GRADE VEELDVENTS

Process Smal | Scal e _Toughness Test Resul ts Bul ge Tests
CWN DT DWI
@-40 F @0 & -40F Base Material (NDT)-100 F @O F

MMA Somewhat | ower HAZ No degradation No significant degradation Craclcs propagating
val ues of 50 ft-Ibs @7’ 0F into base materi al
@1 nmm conpared to on 3rd shot 10%
95 ft-1bs base material reduction

SAW No significant degradation Simlar to MA Simlar to MA Simlar to W

with no cracks

EG Lower HAZ values of 21 ft-Ibs. Low HAZ toughness Rise in NDT tenperature Inferior to W
@ fusion line @7’ 0F of HAZ tO -80 F

ES Lower H& values of 16 ft-Ibs Low HAZ toughness H ghest rise in NDT Inferior to W

Summary

@ fusion line

EG and ES |ower val ues

@’ 0F

EG and ES inferior

tenperature of HAZ to
-40 F

EG highest NDT

EG and ES inferior



TABLE 28 - REQUI REMENTS FOR ABS G WDE HULL STEELS

Ordinary Strength (58-71 ksi Tensile) Hi gher Strength (71-90 ksi_ Tensile)
B D E DS Cs AH DH EH
Deoxi dati on Seni-lcilled Killed Killed Killed Killed Semi-lcilled Killed Killed
Practice fine grain fine grain fine grain fine grain or Killed fine grain fine grain
Heat Treat ment As-rolled Nor mal i zed Nor mal i zed Nor mal i zed Nommal i zed Nor mal i zi ng dependent Nornalized
over 1 3/8(i,n.) over 1 3/8(in.) on thickness and

1 m cro-al |l oyi ng
Chemi cal Conp. (1)

c 0.21 0.21 0.18 0.16 0.16 0.18
MVh 0.80-1.10 0.70-1. 40 0.70-1.35 1.00-1. 35 1.00-1. 35 0.90-1.60
P 0.04 0.04 0.04 0.04 0.04 0.04
s 0.04 ()11 0.04 oo 0.04 0. 04
Si 0.35 0.10-0. 35 0.10-0.35 0.10-0. 35 0.10-0. 35 0.10- 0. 50
A 0.02-0.06 0.02-0. 06 0.02-0. 06 0.02-0. 06 0. 060
Ni 0. 04
o 0.25
Mo 0.08
Cu 0.35

Note : (1) A single value indicates a maxi mum



Grade

Cs

EH36

AsTM

A203G .

TABLE 29 -

Vel di ng
Process

MMA
SAW
EG
ES

MMA
SAW
EG
ES

MMA
SAW
EG
ES

MVA
SAW
EG
ES

AVAI | ABLE FOR FURTHER TESTS

No. of Explosion
Bul ge Vel ded
Speci nens 20 X20(in.)

O EFr NN N~ NN NN

NN NN

I nches of Weld in
Smal l er Pieces with
Wdth of 20 inches

REMAI NI NG WELDMENTS AND BASE MATERI AL

14
12

14

Base Plate
Mat eri al

(in.)
80 X 96

80 X 96

80 X 96

80 X 96



FIGURE 1 - TYPICAL SIDE SHELL BUTT SHOWING CURRENTLY USED WELDING PROCESSES




(10% NITAL ETCH - 2X)

FIGURE 2 - PHOTOMACROGRAPH OF TYPICAL EG WELD IN NORVALIZED HULL STEEL
(ABS GRADE CH)
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FIGURE 3 - PHOTOM CROGRAPHS OF TYPI CAL EG VELD IN NORMALI ZED HULL STEEL
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NO BREAK 10 F ABOVE NDT

NO BREAK 10F ABOVE NDT

BREAK AT NDT
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AFTER 3 SHOTS AFTER 4 SHOTS

GRADE B - 7 LB. CHARGE AND 17 IN. STANDOFF DI STANCE
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AFTER 3 SHOTS
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(TEST TEMPERATURE - 20F)

FIGURE 12 - EXPLOSI ON BULGE TESTS OF BASE MATERIAL TO
FSTARI | SH CHARGF ANN STAND (FF NI STANCF
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AFTER 1 SHOT 120F AFTER 2 SHOTS 120F
(7 LB. CHARGE AND 17 IN. STANDOFF DI STANCE)

S

FIGURE 13 - CRACK STARTER TESTS IN GRADE B MATERI AL TO ESTABLI SH TEST TEMPERATURE



AFTER 1 SHOT OF
(12 IB. CHARGE AND 19 IN., STAND OFF DISTANCE)

AFTER 1 SHOT 20F AFTER 2 SHOTS 20F
(12 LB. CHARGE 19 IN. STAND OFF DI STANCE)

FIGURE 14 - CRACK STARTER TESTS IN GRADE CS MATERI AL TO ESTABLI SH TEST TEMPERATURE
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