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ABSTRACT

A literature survey was made to review presently available

information on the notch toughness of weld metals and the heat-

affected zone as they are affected by welding procedures . The base

metals discussed in this report include mild steel and low-alloy,

high-strength steels with up to 120, 000-psi yield strength, such

as may be used for merchant-ship construction. Welding processes

considered include (1 ) shielded metal-arc welding, (2) submerged-

arc welding, (3) gas metal-arc welding, and (4) electroslag and

electrogas welding.

One of the most important observations of this literature

survey is that relatively limited information is available on the

notch toughness of weld metals and heat-affected zones which can

be used to establish behavior trends. Information is especially

lacking on what constitutes realistic requirements for notch tough-

ness in these zones compared with that of the base metal. It was

also observed that relatively little correlation of such factors as

chemical composition, microstructure, and welding variables has

been made with the notch toughness of weld metals and heat-affect-

ed zones.
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INTRODUCTION

The Ship Structure Committee , recognizing an increasing interest during the last
few years in weld-metal toughness , authorized the study reported here. Extensive
research during the last 20 years on brittle fracture of structural steels has resulted
in considerable improvement in both structural ~teels and the corresponding weld
metals. Numerous publications have covered many aspects of the base-metal fracture
problem, ~1- 7, However, only a few attempts have been made to compile and analyze
information on weld-metal toughness, (8, 9) The purposes of this report are twofold:

{1) To review presently available information on the metal toughness of
weld metals and the heat-affected zone

(2) To uncover important areas in which the data are insufficient or are
in need of clarification.

The base metals discussed in this report include steels with yield strengths up
to 120, 000-psi. Included are steels in the following classes:

(1) Low carbon
(2) Low alloy, high strength
(3) High strength, heat treated.

The most commonly used steel for merchant ship construction is still low-carbon steel.
Steels with improved notch toughness have been used in the main structures of modern
merchant ships. High- strength notch-tough steels have been used extensively in naval
ships. For example, U. S. Navy HY-80, a quenched and tempered steel with 80, 000-
psi yield strength, has been widely used in submarine hulls. There has been increasing

interest in the use of high- strength steels in merchant- ship structures,

Welding processes discussed in this report are:

(1) Shielded metal-arc welding with covered electrodes
(2) Submerged-arc welding

(3) Gas metal-arc tielding: Coz and inert-gas shielded
(4) Electroslag and electrogas welding,

Shielded metal-arc welding and submerged-arc welding are the two major processes
used in present-day fabrication of ship hulls. The other processes mentioned above
are not commonly used ,in ship-hull fgbr~cation, but they have important potential uses

in this field. Discussions cover primarily the notch toughness of butt-joint weld
metals in the as-deposited condition.

Among the many tests which have been proposed and used by a number of inves-
tigators to evaluate the notch toughness of weld metals, by far the most commonly used

are the Charpy-type impact tests, especially the Charpy V-notch test. Charpy V-notch

impact test data are used for the most part in this report. * Data obtained with other
notch-toughness tests are discussed in Chapter 5.

●Inp~eparingthisrepon,comparisonsaremadeof eithernotchtougtmessor transitiontemperatures.Limitations imposed by

. the varied datasourceshavemadethisnecessary.Thereaderisremindedthatanincreaseinnotchtoughnessreflectsa
propertyimprovement;anincreaseintransition~emperatttre@kCuapqerty degradatlm.
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CHAPTER 1. CHARPY IMPACT TESTS FOR EVALUATING THE
NOT(XI TOUGHNESS OF WELD METALS

This chapter describes (1) tie preparation of Charpy impact-test specimens for
evaluating the notch toughness of weld metals and (2) the weld-metal notch-toughness
requirements of various specifications.

1. 1 Preparation of Charpy Specimens for Evaluating
Notch Toughness of Weld Metals

The Charpy impact test uses a notched bar O. 394 by O. 394 by 2.165 inches.
ASTM specification EZ3-60(10) covers three types of notches: (1) V-notch, a 45-degree
vee- shaped n;tch O. 079 inch deep, (2) keyhole notch, and (3) U-notch, O. 197 inch
(5 mm) deep. The Charpy impact tests are widely used in the United States, Western
European countries, and Japan. There has been a trend toward increasing use of the
V-notch specimen. In Russian and other Eastern European countries, the Mesnager
specimen is used. This is essentially a Charpy-type specimen with a 2-mm (0. 79
inch) -deep U-notch. ( 11,

Figure 1 shows six different ways of preparing Charpy V-notch specimens from
a butt-welded joint. For each of the principal axisdirections (weld direction, lateral
direction, and thickness direction), there are two notch directions. Specimen Types 5
and 6 are possible only for plates thicker than 2.2 inches. For Types 1 through 4, the
location of a specimen with respect to the plate thickness can be changed, i. e. , the
specimen can be taken near the surface or rnidthickness.
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Fig. 1. Six diffawzt uays of tah%g C7zarpy-@pe
specimensfrom a butt-weld~d joint.

*Although test specimens and test methods are standardized, lest- temperature ranges are not. A notable lack of consistency

is apparent in the ~emperature ranges coveredduringtesting.Tobe of maximumusefulnessinmakingcomparisons,Charpy
testsshouldberunoverrhetemperaturerangefromroomtemperature(+8OF)to a lowenoughtemperature(say-80 or-120
TOesrablishthe10wershelfenergylevel. It is consideredmoredesirabletodefh’ietheshapeandpositionof the‘uansition
curverhanto concenrrareonestablishinga highlevelof confidenceinthetoughnessaton~ormoregiventemperatures.
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Heterogeneity of the weld-metal structure often causes scatter of notch-toughness
data. For example, when the notch is placed parallel to the plate surface (Type 4) the
notch root may be located in a coarse -grained zone (Type 4A), or it may be located in a
zone where heating by subsequent passes has refined the grain structure (Type 4J3).
The fine grained specimen would have a higher impact value than would a coarse-
grained specimen, since more energy is required to initiate fracture in the grain-
refined zone than in the coarse- grained zone. It is believed that notch-toughness data
scatter is minimum when the notch is placed in the thickness direction (Type 3). Many
specifications require that the Type 3 specimens be used.

When Charpy specimens are taken from a butt joint, precautions are necessary
to minimize effects of alloying-element dilution or enrichment from the base plate.
The beveled edges of the joint are often clad with a layer of weld metal. The effect of
the base metal is greater on submerged-arc-deposited metals which are deposited with
higher heat input than on covered- electrode-deposited metals,

1.2 Requirements of Various Specifications for the
Notch Tougkmess of Weld Metals

In ship-hull construction, about 3 /4 (in length) of the welded joints are fillet
joints which are, for the most part, welded by the shielded metal-arc process. (12)

About 1/4 of the welded joints are butt joints; about two-thirds are made by the shielded
metal-arc process and one-third are made by the submerged-arc process.

Table 1 summarizes the requirements of various specifications for weld metal
notch toughness in butt joints. Also shown for comparison are the notch-toughness
requirements for some steel plates used in ship construction. Minimum values of

T,mwml”, e.C

.-
T,mmrofure,F

Fig. 2. Notch toughnessrequi~ed by va~ious
specifications.

1.

2.

3.

4.

Ini5ernahhza~ s,wee{fieatiion for sh-ipsteel,
A,D, E (AS,DS, ES are 70 percent of A, D,
and E, respectively;submerged-arewelding,
AWS: E-7028, E-6010, E-8016-C3,E-9018-M,
E-8016-C1>E-8016-C2
IIW, Commission II: QI, QII, QIII for flat
and vertical positions
IIW, CommissionXII: 42C, 42D (submergd
a~e-ueLding)

L,._ . _.____________________. . . . . . . . .. _____ . ._ _____ ... .. . .. . .. .
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TABLE 1. NOTCH TOUGHNESS REQUIREMENTS OF VARIOUS SPECIFICATIONS..

CharpyV-Notch
BaseMetalor MinimumEnergy Temperature,
WeldMetal SpecificationsandClasses Absorption,ft-lb F

Basemetal

Covered-electrode-
depositedmetal

Submerged-arc-
depositedmetal

Notrequired
20 0
20 -20
20 -40
zo(a) -6o
20 -6o
20@) -75
20 -1oo

InternationalSpecificationforShipSteel

GradeD“ 35 32
Grade!? 45 14

U. S, NavyHY-80Steel

Thickness2 inchesorless” 60 -120
Thicknessover2 inches” 30 -120

AWS-ASTM(1964)

E6012,E6013,E6020,E7014,E7024
E7028*
E601o*,E6011,E6027,E7015,E7016,E’/Ol8
E8016-C3*,E8018-C3
E9015-D1,E9018-D1,E1oo15-D2,E1ooI6-D2,E1OOI8-D2
E9018-M*,E1OOI8-M,E11018-M,E12018-M
E8016-CI*,E8018-C1
E8016-C2*,E8018-C2

InternationalSpecificationforShipSteel

JoiningGradeA steel*
JoiningGradesB, C, D steels*
JoiningGradeEsteel”

HWCommissionII

[

QualityI*, flatposition
Tensilestrength Qu~ityl*, vertic~position

ofweldmetal QualityH“, flatposirion

61,000 to 67,000 pS~ Quality11”,verticalposition
Quality~, flatposition
QualityIII?,verticalposition

Tensilestrength

{

QualityII, fia position
ofweldmetal QualityII, verticalposition
74,000 to 88,000psi QualityIIF, flatposition

QualityIIF’,verticalposition

IIWCommissionXII

Minimumtensilestrengthofweldmetal

{

42C* 20 32
60,000PSi 42ti 20 -4

35 68
35 32
45 14

35
29
46
40
5’7
52

63
68
68
68
68
68

46
40
57
52

68
68
68
68

Minimumtensiles~engthofweldmetal

{

50C 20 32
71,000psi 50D 20 -4

(a) .%ress-relievedcondition.
*Notch-toughnessvaluesareshowninFigure2.
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Charpy V-notch absoi-bed energy at certain temperatures are specified. * Figure 2
shows notch-toughness requirements for entries marked in Table 1 with asterisks.
No specification covers the notch toughness of “weld metals in fillet joints.

Base Metal

Low- Carbon Ship Steels. The American Bureau 01
or Class C steels be used for main structural members,

Shipping requires that Class B
depending on the thickness. ~13)

Requirements for chemical composition and steelmaking processes are stipulated for
these steel s,’’ but there i~ no requirement for notch toughness.

At ‘a-n international conference l&ld in London” in 1959, ship classification
societies of major shipbuilding countries app”roved ari international specification for
ship steels. (14) In this specification, steels are classified into five grades, A, B, C,
D, ,and E. Charpy V-notch values of 35 ft-lb at 32 F for Grade D and 45 ft-lb at 14 F
for, Grade E are specified. These requir~ments are represented in Figure 2 by points
designated ,D”and E, Ship-classification societies which have adopted the international,r

( 15) and Nippon Kaijispecification include Lloydls Register of ,Shipp&g, London,
Kyolia~, Tokyo. (14)

High- Strength Steels, ‘Many specifications cover the notch toughness of high-
(4, 57 16-19) The U. S. Navystrength steels which can”be used in ship’ structures.

Specification MIL-S- 16216 covers notch-toughness requirements for HY-80 steel,
which is a low-carbon nickel-chromium-molybdenum steel. The minimum require-
ments for Charpy V-notch impact-test v~ues’ of ste’els in the quenched and tempered
condition are 60 ft-lb for plates 2 inches thick or Iess “and 30 ft-lb for plat”e over
2 inches thick.

Covered- Electrode- Deposi~ed Metals
,,

Table 1 shows requirements of var”iou”s specifications for the notch toughness of
weld metals deposited with covered electrodes:

(1)

(2)

(3)

The AWS-ASTM specifications for mild- steel co~e”r~d electrodes
(AWS A5. 1-64 T and ASTM A-233-64) and for low-alloy-steel
covered’ electrodes (AWS A5. 5-64 T and ASTM A316-64 T).
Table ~ shows ‘t-henotch-toughness requirements for weld metals
made with various types of electrodes, .“E7028, E601O, E601 1, etc.

Notch-. toughness values which have been proposed for weld metals
made with covered electrodes used for joining Grades A through E
steels of the international specification for ship steels.

Notch-toughness values which have been recommended by Sub-
Commission C, llTes’&g and Measuring of Weld Metal” of

Commission ’11“of the Inte rnat~onal Institute of W“elding. (20)
Notch-toughness values have been recommended depending on
(1) the tensile strength of the weld metal, (2) the quality of the
weld (Q1, QI1, QIII), and (3) the welding position (flat or vertical).

~he Charpy V-notch absorbed energy is given by ft-lb or kg-m. The specific absorbed energy per square centimeter of
sectional area (O. 8 cm2), kg-m /cm2, also is often used.

1 ft-lb = 0.138 kg-m■ 0.174 kg-m/cm2.

,+,_ .__ . . -...—. . .
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Electrodes used for military applications are specified by MIL-E-2Z200/l.
Electrodes MIL-9018, MIL-1OO18, MIL-I1018, and MIL-12018 are similar to tlmse of
AWS fipectiications E-9018-M, E1OO18-M, E11018-M, and E12018-M. The U. S.
Navy specification NAVSHIP 250-637-3 specifies among other processes the use of
covered electrodes in the fabrication of HY-80 submarine hulls. MIL-11018 and 9018
electrodes are used most commonly.

Submerged-Arc- Deposited Metals

Sub-Commission E, “Study of Weld Metal Deposited by All Processes”, of
Commission XII of 11 W has proposed notch-toughness requirements for submerged-
arc-deposited metals in carbon steel. (21) Values shown in Table 1 are recommended,

depending on (1) the minimum tensile strength (60, 000 or 71, 000 psi) and (2) the class
of weld (C or D)..

Theoretically, requirements for the notch toughness of weld metal should be the
same for all welding processes. However, several ship-classification societies &ur-
rently accept submerged-arc-deposited weld metals with notch toughness lower than
those of covered-electrode deposited weld metals. Apparently, this is because of the
difficulty in obtaining submerged-arc-deposited metals which meet the requirements
for covered- electrode-deposited metals. For example, the Japanese ship-classification
society currently requires the following values for submerged-arc-deposited
metals:

(1) 25 ft-lb at 68 F for joining @ade A steel
(2) 25 ft-lb at 32 F for joining Grades B, C, and D steels
(3) 35 ft-lb at 14 F for joining Grade E steel.

These values are shown in Figure 2 by points designated AS, DS, and ES, respectively.
These values are about 70 percent of the values required for covered-electrode weld
deposits used in joining steels of corresponding grades,

Comparison of Various Specifications

To facilitate discussions in later chapters of this report, the notch-toughness
requirements of various specifications are divided into the following five classes, with
Class 1 being the least severe and Class 5 the most severe:

Glass 1: QI, flat position; 42 C (35 ft-lb at 68 F: 20 ft-lb at 32 F)

Class 2: QII, flat; Grade D; E601O (46 ft-lb at 68 F; 35 ft-lb at 32 F;
20 ft-lb at -20 F)

Class 3: CHII, flat; Grade E; E9018-M (57 ft-lb at 68 F; 45 ft-lb at
14 F; 20 ft-lb at -60 F)

class 4: E8016-C2 (20 ft-lb at -100 F)

-.

Class 5: HY-80 steel base metal over 2 inches thick (30 ft-lb at
-120 F).
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Basis for Toughness Requirements

It is still debatable (1) whether the Charpy V-notch impact test is an adequate
test for evaluating notch toughness and (2) what notch-toughness level is really needed
even for base metals. Nevertheless, attempts have been made to establish realistic
requirements for the notch toughness of the base metal by:

(1) Analyses of notch-toughness data obtained with specimens taken
from fractured ships. The analyses include those made at the
U. S. National Bureau of Standards(23~ 24), the U. S. Naval
Research Laboratory~25? 26), and Llo d’s Register of Shippin (27).

?)‘(21), Rfil(29), Bonhomme 30,Analyses also were made by Audige
and other investigators,

(2) Comparison of notch- toughness data obtained with the Charpy
specimens and the fracture behavior of large-size specimens.
Studies were made by Feely, et al. (3 1), Puzak and Pellini(32),
and other investigator s(33} 34),

However, almost no information has been obtained which can be used to establish
realistic requirements for weld-metal and h.eat-aff ected-zone notch toughneps. Most
current specifications are apparently baeed on the principle that the notch toughness
required for the base metal should also be required for the weld metal deposited by
any welding processes used to join the steel, This basic principle, however, is not
always obeyed. For example:

(1) The notch-toughness requirement for weld metals deposited with
MIL- 11018 electrodes, which have been used extensively for the
fabrication of submarine hulls from HY-80 steel, is considerably
less severe than that for the HY-80 base metal, The requirement
is 20 ft-lb at -60 F for the weld metal and 60 or 30 ft-lb at
.120 F for the base metal.

(2) Some ship-classification societies allow lower notch toughness for
submerged-arc-deposited metals than for covered-electrode-
deposited metal,

The low toughness requirements have been set in some casee because weld
metals with higher notch toughness are not available at the present time, not because
notch toughness is less important in the weld metal than in the base metal, Economics
also plays a part in the establishment of some requirements.

!
--.—. . ---- .—
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CHAPTER 2. NOTCH TOUGHNESS OF WELD METALS
DEPOSITED BY VARIOUS WELDING PROCESSES

This chapter is concerned with the notch toughness of weld “metals deposited by
several processes in mild steel a“ndhigh-strength steels of various strength levels,
l?igure 3 shows schematically the relationship between the tensile strength of an as-
deposited weld metal and the maximum attainable notch toughness. I?or a given strength
level, Tl, several weld metals with various notch-tough~ess levels, ~1, N2, N3, ...
are possible; however, there.’is a maximum attainable notch-toughness level, Nmax(T1).
The maximum. attainable notch-toughness level decreases with an increase of the tensile
strength. Figure ‘.3 illustrates that the higher the desired strength,” the more difficult
it is to obtain a weld with good notch toughness. In addition, as the strength of a weld
metal increases, it becomes more difficult to obtain a weld without cracks and other
defects,

,,

, \

Nmax(T, ~

.!
Maximum, attainable

etch toughness
:
.’2 I

fN3
5
# ~
.xu XN2
z I
z 1’XNI

r

~1 ”.”’
.’

TensiIe Stren~th

Fig. 3. Rdationsh<p between “tensilestrength of’
as-de~ositedMeld metal and maximum attainabl~.
notch toughness.

2.1 Covered- Electrode-Depofiited Metals

There are abundant data on the notch toughness of weld metals de osited with
various types of electrodes from various manufacturers, (8, 9, 1“2,35-45~ This’repor~ ~

discusses the general trends observed in th~ notch toughness of weld metals deposited
by various electrode types, The electrode types important for
are (1) mild-steel electrodes and (2) low-hydrogen, low-alloy,

Mild-Steel Electrodes E60XX

Figure 4 contains the following notch-toughness data:

ship-hull fabrication
steel electrodes.

.-

+-

.

(1) A “band”, presented by Pellini(8) in an interpretive report in 1956,
indicating the expected notch toughness of weld metals deposited
with E601O electrodes. A band for the notch toughness of ship steels
of World War II production is also shown.
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= E-6010 (Pellini)

= World War II ship plate [ Pellin! )

~ British mild-steel electrodes (Wolkinson)

k

E-6015 16IAWS

E-6010 (AWSI

,-60,5.,. (AVJSI %-~

E-901<-M
E-6010 (AWti

E-601~(Aws)<

Fig. 4. Notch-toughne~,sdata
of we~d metals of mild-steel
eleetrodez.

I60 -120 -80 -40 0 40 80 120

Temperature, F

(2)

(3)

A “band” which covers most of the transition curves reported by
Watkinson~46) in 1959 for weld metals deposited with mild-steel
electrodes from British manufacturers. Investigations were made
of two brands each of three types of electrodes: rutile, cellulosic,
and basic or lime-fluoride. Welds were made in four welding
conditions: downhand, overhead, vertical, and horizontal-vertical.

Ranges of notch-toughness values expected in the as-deposited
condition at 70 F and -40 F, given in the latest AWS Welding
Handbook, for weld metal deposited by E601O, E6012, E6015,
and E6016 electrodes.

Also shown in Figure
Figure 2.

Figure 4 shows

4 are some of notch-toughness requirements illustrated in

the general trends in the notch toughness of weld metals deposited
with mild-steel covered electrodes, as follows:

(1) E601O electrodes: The band for Pellini’s data for American E6010
electrodes and that for Watkinson’s data for British mild- steel
electrodes coincide, The bands for these electrodes fall at lower
temperatures than the average band for ship steels for World War H
production, indicating superior notch toughness.

Data given in the latest AWS Welding Handbook and the recent
toughness requirement for the E6010 electrode indicate that modern
E6010 electrodes provide weld metals with better notch toughness
than provided by the older electrodes used by PeUini and Watkins on.

.—— -..



(2)

(3)

-10-

Low-hvdro~en electrodes: Modern E6015 and E6016 electrodes

provide weid metals with notch toughness which can almost meet
the Class 3 requirement.

E6012 electrodes: E601Z electrodes do not meet even the Class 1. .
requirement, E6012 and E6013 electrodes are not approved lox use
in joining main structural members because of the low notch tough-
ness of their weld metals.

Low-Hydrogen, Low-Alloy Electrodes

The EXX15, EXX16, EXX 18, and EXX28 low-hydrogen electrodes are so called
because their covering is low in hydrogen-forming compounds. The low-hydrogen
electrodes are almost the only type used for welding high- strength notch-tough steels
for the following reasons:

(1)

(2)

(3)

The low-hydrogen electrodes are less likely to cause underbead
cracking than are any other types of electrodes. “Difficult-to-
weld” steels can be welded with less preheat than that necessary
witi other types of electrodes.

Impact properties of weld metal deposited by low-hydrogen elec-
trodes are much better than those of weld metal deposited by other
types of electrodes.

The characteristics of the basic mineral covertig make it possible
to add carbon, manganese, and other alloying elements to the
covering to produce weld metals with various compositions and
strengths,

Smith(19), in 1959, presented an interpretive report on roperties of weld metal
deposited with low-hydrogen electrodes. rSagan and Campbell 48), in 1960, reported
impact properties of weld metals deposited with many types of electrodes under various
conditions. Figure 5 shows bands which cover most of the transition curves of weld
metals deposited with (1) E7016 and E7018 electrodes, and (2) E70Z8 electrodes. AISO
shown in Figure 5 are expected notch-toughness values given in the AWS Welding
Handbook for weld metals deposited with E7016, E7018, and E7028 electrodes.

The E7016 and E7018 data of Smith and Sagan-Campbell, and the ranges given in
the Welding Handbook indicate that the notch toughness of weld metals made with these
electrodes is very good. The electrodes easily meet the Class 2 requirement; most
electrodes meet even the Class 3 requirement.

With E7028 electrode deposits, however, there is considerable disagreement
between Smiti’s data and Sagan-Campbell’s data, as already mentioned by Sagan and
Campbell. Values given in the Welding Handbook are somewhat lower than those given
by Smith.

Figure 6 shows transition-curve bands for the following:

(1) Pellini’s data for E1OO15, E1OO16, and E12015 elect~ode deposits.
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(2)

(3)

Smith’s data for EI1016 and El1018 electrode deposits.

Sagan-Campbell’s data for E9018, E10016, EIOO18, E11016, and
E11018 electrode deposits,

The bands for electrodes used by Smith and Sagan-Csmpbell agree well. Energy
va..lue sforthes ewelddeposits are considerably higher than those for weld deposits in
Pellini’s investigation, indicating the improvement of notch toughness in welds de-
positedwith these electrodes between 1955 and 1959.

Figure 6 shows that the notch toughness ofweld metals depo~ited with modern
low-hydrogen, low-alloy steel electrodes is very good, Also shown in the figure are
some of the notch-toughness requirements listedin Table 1, Nickel-steel electrodes

E8016-C2 and E8018-C2 provide weld metals wifia notch-toughness level over 20ft-lb
at -100 F in the stress-relieved condition. However, no electrode specification guar-
antees to provide weld metals which meet the notch-toughness requirements for HY-80
steel base metal.

2.2 Subrner~ed-Arc- De~osited Metals

There are abundant data on the notch toughness of weld metals deposited by the
submer cd-arc process when using various combinations of wire, flux, and base
metal. (19-64) Within the scope of this literature survey, there are two major areas

of interest:

i—

(1) Notch toughness of two-pass submerged-arc-deposited metals in
heavy mild- steel ship plates.

-- ...
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Notch toughness of submerged-arc-deposited metals in high-
strengthj notch-tough steels.

Heavy, Mild-Steel Ship Plates

A significant trend in the shipbuilding industry after World War IT has been an
increase in the size of ships, especially oil and ore carriers. (65) It has been known

for some time that the notch toughness of two-pass submerged-arc-deposited metals
decreases as the plate thickness increases. In the fabrication of pressure vessels in
which high-quality welds of very heavy plates are required, multilayer procedures
are commonly used. In the fabrication of merchant-ship hulls, there has been strong
interest in reducing the number of passes, primarily for economic reasons.

Augland and Christensen (52) investigated the notch toughness of submerged-arc

weld metals made with two-pass and”multilayer procedures in 1-9 / 16-inch-thick
carbon- steel plates, Welding conditions were:

(1) Two-pass welding: 1000 amperes, 4-1 /2 in. /rein travel speed; and
1200 amperes, 4-3 /4 in. /rnin travel speed

(2) Multilayer welding: 600 to 750 amperes, and 10 in. /rein travel speed.

Chemical’ composition (percent) of the base and weld metals was:

c Mn Si P s—— —— —

Base metal 0.15 0.66 0.19 0.02 0.03

Two-pass weld metal 0.10 0.73 0.46 0.04 0.02
Multilayer weld metal 0.09 1.43 0.33 0.05 0.02

Figure 7 shows transition characteristics of Gharpy V-notch specimens taken
from the weld metals. Specimens were prepared in the first- and the second-pass
weld metal. Notches were made in the thickness direction (Type 3 in Figure 1) and

parallel to the plate surface (Type 4). The location and orientation of the specimen
had little effect on the transition characteristics; therefore, Figure 7 shows bands only
for the two-pass and the multilayer welding. The notch toughness of the multilayer-
weld metal was excellent for mild steel, passing Class 2 requirements, The notch
toughness of the two-pass weld metal was poor; the weld did not meet Class 1
requirements.

Stern, et al. (53) used Charpy V-notch impact-test specimens and Navy tear-test
specimens (see Figure 29a, Chapter 5) to investigate the notch toughness of submerged.
arc-deposited metals in carbon and low-alloy steel plates Z inches thick. ..In tie first
series of tests, carbon- steel welds made with many thin layers exhibited somewhat
better notch toughness than did the corresponding welds made with few, heavy layers.
Charpy V-notch data are shown in Figure 7. However, in further investigations on
carbon- and alloy- steel welds made under various combinations of filler wire, flux,
and joint design, no general rule was found relative to the relationships between weld-
layer thickness and the tear-test transition temperatures.

.

Figure 8 shows values of absorbed energy at 32 F of Charpy V-’notch impact-test
specimens taken from many two-pass submerged-arc weld metals in steel plates 5 /8
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Nippon Kaiji Kyokai.)

to l-9/16 inch thick.~54) The following tabulation shows the number ofwelcls made
with conventional electrodes and fluxes (fused) which had absorbed-energy values over.
25 ft-lb (the requirement DS in Figure 2) and35ft-lb (the requirement):

Range of Plate Thickness, t, inch
.+ t<7/8 7/8<t<l-5/16 t> 1-5/16

Total Number of Gases 11 14 20
Number of Welds Over 25 Ft-Lb 9 12 11
Number of Welds Over 35 Ft-Lb 7 8 5

Note: A case lnwhlch datum fell ontheborder line i~~oun[eda~o. s,

When plates were thinner than 7/8 inch, 82 and64 percent of the welds had
sufficient energy to meet the requirements DS and D, respectively. However, only
55 and 25 percent of the welds in plates thicker than 1-5/16 inches rnetthe same re-
quirements. The data show an apparent loss of notch toughness in two-pass subrnerged-
arc weld metals in heavier plates.

Figure 8 also shows the improvement in weld-metal notch toughness when bonded
fluxes were used instead of conventional fused fluxes.’k Excellent notch toughness was
obtained by using a bonded flux specially developed for welding Grade E steel.

b the “FN process”, which has been developed recently in Japan, a tubular flux-
cored filler wire (the “FNwire”) is fed into the molten pool of a submerged-arc weld
using conventional electrode and flux as shown in Figure 9. ~55) The FN wire contains
various materials including deoxidizing agents and alloying elements for addition to
the weld metal, These additions help in obtaining the desired weld-metal mechanical
properties. Figure 9 shows the notch toughness of a single-pass weld metal in Grade E
steel plates 1-1 /4 inch thick. The notch toughness of the weld metal is excellent,
almost passing the Class 3 requirement.

●The fused flux is made by fusing all ingredients into a glasslike material ar a high temperature (around 2500 F) and then

crushing the fused mass into granules. The bonded flux is made by baking the mixed ingredients at temperaturesaround

1400 ro 1800F.

.—.
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Many research programs have been andare being conducted for developing
submerged-arc welding processes which provide weld metals with high strength–and
good notch toughness. (57-61)

A research program was conducted for the Bureau of Ships at Battelle Memorial
1nstitute~G2>b3) for developing fluxes and filler wires for submerged-arc welding of
I-IY-80 steel. Figure 10 shows the Gharpy~-notch transition curves of(a) the weld
metal which had the best notch toughness and (b) a weld metal made with conventional
wire and flux. The welds were made in l/2-inchthicltEIY-80 steel plate by the multi-
layer technique with heat inputs of45,000 joules per inch of weld bead. The improve-
ment of notch toughness is apparent. The yield strength of the experimental weld

metal was over 90,000 psi.

The chemical composition (percent) of the experimental
metals is given in the following tabulation:

Weld Metal from
Experimental Experimental Filler

I??lernent Filler Wire Wire and Flux

Carbon 0.09 0.10

Manganese 1,12 0.62

Silicon 0.29 “O.42

Nickel 2.02 2.13
Phosphorus 0.011 0.015

Sulfur 0.010 0.010
Molybdenum 0,50 0.50

Aluminum O. 085 0. 0“27

Oxygen (total) O. 042

filler wire and the weld

Weld Metal from
Conventional Filler

Wire and Flux

0.07

0,81

0.44

2.15
0.014

0.016
0.32

0.096

-.

..

— . . .——i
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The oxygen content of the experhental weld metal was less than one-half that of the
conventional weld metal. Microscopic investigations revealed that the experimental
weld metal was significantly cleaner (with fewer inclusions) than the conventional weld
metal. The investigators believed that the improvement in notch toughness was a
result of the lower oxygen content and fewer inclusions in the experimental weld metal.

In addition, NRL drop-weight test specimens were taken from weld metals in
the l-inch-thick HY-80 steel plates welded in the experimental wire and flux. The
nil-ductility transition temperature was -150 F.

Kubli and sharav(64) reported the notch toughness of submerged-arc-deposited
weld metals in quenched and tempered steels. Welds were made using calcium
silicate fluxes A through E of the following composition:

A, B, G, D, E,
Fused Bonded Bonded Fused Fused——

CaO, percent 23 30 34 40 44
Si02, percent 38 43 42 45 41
CaO/Si02, ratio 0.60 0.70 0.81 0.89 1.08

The CaO/Si02 ratios varied from a low of 0, 60 for Flux A to 1.08 for Flux E. Flux A
is a commercial, essentially “neutral”, fused flux introduced for comparison purposes.
Fluxes B and C were bonded fluxes. Figure 10 shows Charpy transition curves of weld
metals made with these fluxes and a O. 5 percent molybdenum, 1 percent manganese,
low-alloy steel wire. Impact properties improved with an increase of the CaO/Si02
ratio for the flux used. The yield strengths of the welds were about 60, 000 psi in the
stress- relieved condition. Further studies were made for developing wires providing
higher strength; however, when the strength increased , notch toughness decreased.

Hotta, et al. (55) investigated the notch toughness of weld metals deposited by the
IIFNII submerged-arc process in HY-80 Steel. Figure 10 shows Charpy curves for
weld metals deposited in two passes in l-inch-thick plates. The weld metal deposited
with the FN process had notch toughness better than that deposited with a conventional
flux and wire.

Figure 10 also shows that the transition curves for weld metals deposited with
conventional fluxes and wires used in the three investigations discussed here coincide
well, indicating that comparisons of data obtained in these investigations are valid.

2.3 Gas, Metal-Arc-Deposited Metals

TJse of Gas, Metal-Arc Welding in Ship Hull Fabrication

h the gas, metal-arc welding processes, the electric arc between a metal elec-
trode and the work is shielded by such gases as carbon dioxide and argon. (66) A bare

wire is commody- used for the electrode, but flux-cored and magnetic-fluxed wires
also are used, Various as mixtures,

6
including C02-0,2(67), C02-argOn, argQn-02,

and argon- C02-02-N2(6 , also have been used for the shielding gas.

A new development in the gas, metal-arc process is the narrow-gap process
being developed at Battelle Memorial Institute for the Bureau of Ships under Contract
NObs-86424. (69) The distinguishing feature of the Narrow Gap welding process is the
use of a very narrow, square-butt joint [with approximately 1 /4 inch gap between

L.
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plates] rather than conventional V- or U-groove joint preparations normally used for
arc welding, as shown in Figure 11, The process is automatic and uses a mixture of
argon and C02. Welding can be done in all positions.

The gas, metal-arc welding pTOCe SSe S have not been widely used in the fabrica-
tion of ship hulls; however their potential use is promising. The argon-C02 and
argon-02 gas, rnetal~arc processes appear to be quite useful for welding high- strength
notch-tough steels for at least two reasotis:

(1)

(2)

Weld metals deposited by these processes exhibit good notch
toughness,

Difficulties encountered in controlling moisture in the coating of
low-hydrogen- ,type electrodes can be avoided,

Fig. 11. The Batte zk narrow-gap weld in
a 2-inch thick Hx-80 steel, single-uire
weZd, made in vertical pozition.

Notch Toughness of C02 and C02-02 lvletal-Arc- 13eposited Metals

Figure 12 shows the Charpy V-notch toughness behavior of weld metals deposited
by the following processes:

(1)

(2)

(3)

C02-shielded arc process using flux-cored (a) carbon-steel, and
(b) alloy-steel wires~70)

C02-02 metal-arc process developed by Sekiguchi, et al. (71), Ushg

law-carban steel wires shielded by (a) 100 percent C02 and (b) 62
percent C02, 38 percent 02.

The Battelle Narrow Gap process, using 100 percent CO,. Welds.
were made with A-632 f-flier wire” in 1 /~-inch-thick I-IY-80 steel
(refer also to Figure

The figure shows that the notch
is fairly good but not excellent.

—.=

13)(69).

toughness of the C02 metal-arc-deposited weld metal

.“

-1

.—
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.
Notch Toughness of Argon and Argon-C02 —
Metal-Arc-Deposited Metals

Figure 13 summarizes notch-tou hness data forweldrnetals depositedby argon
and argon-C02 metal-arc processes. (#8,69, 7Z-74)

Sibley~72Y 73) reported that satisfactory mechanical properties were obtainedin
l-inch-thick .HY-80 steel welds made witha shielding-gas mixture of argon plus 1 per-
cent oxygen and Mn-Ni-Mo-V filler metal. The chemical composition, in percent, of
the filler wire and the weld metal was as follows (73):

c Ml-l 1? s Si Ni Mo V Cr Cu Ti—— —— . . .

l?iller metal(a) 0.073 1.22 0,018 0,018 0.41 1.18 0.47 0.11 0.15 0,023 0.04
Weld metal 0.093 0.96 0.016 0,023 0.32 1.41 0.43 0.17 0.25 0.15 <0.01

(a) MILB-88inspecificationMIL-E-19822A(SHIPS),elecuolyticallycleaned.

Notch toughness was over 20 ft-lb at -80 F. Yield strength was over 90, 000 psi.
“..

Salter investigated the notch toughness of mild- steel welds made with a
shielding gas of argon-20 percent COZ-2 percent 02-0.2 percent N2. The Charpy

,.- V-notch, 15- ft-lb transition temperatures of as-deposited weld metals made with a
short-circuiting arc and with a spray arc were -22 F and -45 F, respectively.

Figure 13 shows the notch toughness of weld metals made with the Battelle
Narrow-Ga process while using the following filler wires and shielding gas
rnixtures(6~:
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(1) A-632 filler wire and mixtures of C02 and argon (100, 20, and
O percent argon)

(2) L-103 filler wire and a mixture of 80 percent argon and 20 percent C02.

The chemical composition

c Si—.

A-632 0.04 0,57
L-103 0.07 0.59

(in percent) of the filler wires was:

Mn Ni Cr Mo V Cu Zr Al—— —. — .— —

1.36 1.22 0,13 0.45 0,15 - 0.005 0.013
1,45 0.99 0.25 0.30 0.006 0.54 0.03 0.009

The notch toughness of weld metals made with A- 632 filler wire improved as the per-
centage of argon increased. Excellent notch touglmess was obtained when using L- 103
wire and a mixture of 80 percent argon and 20 percent C402. Yield strengths of the
weld metals were around 90, 000 psi.

2.4 Electroslag- and Elect rogas-Deposited Metals

Use of Electroslag and Electrogas Welding in Ship-Hull Fabrication

Electroslag welding, an automatic process for fusion welding metals in the
vertical position, was introduced in the U. S. S. R. (75”78) k electrogas weIding, which
was developed in West Germany, flux-cored wire is fed into an arc shielded by C02
gas or other gases, depending on the type of base metal. (79)

Electroslag and electrogas welding processes are most suitable for the joining
of plates thicker than 2 inches, The use of these processes in the fabrication of ship
hulls has been negligible. However, there has been interest in the application of these
processes in some particular portions of a shi hull, such as vertical butt joints be-
tween the shell plates of a large tanker. (80-82! Gro.sswell(80) reported the present

position and attitude of classification societies toward the use of electroslag welding.
Societies in some countries accepted only normalized welds for pressure vessels, while
other societies accepted nonnorrnalized welds for some applications.

Notch Toughness of Electrosla g- and Electrogas- Deposited Metals

Notch toughness data for electroslag- and electrogas- deposited metals appear in
a number of articles, (76-78, 81-90) Direct comparisons of test data are difficult, since

most Russian investigators used 2-mm-deep U-notch Mesnager specimens, while
Charpy V-notch or keyhole speci.rnens were used by knerican, Western IZuropean,
and Japanese investigators.

Figure 14 summarizes notch-toughness data for electroslag-deposited metals in
the as-welded condition, as follows:

(1)

(2)

A region for data obtained by Thorns on welds in 3-inch-thick
low-carbon, 1.8 percent Mn, O, 3 percent Mo steel plates.

Data obtained by Dandier on killed- steel plates 1-1/4 and
5 inches thick.

.
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(3) Abandfor welds in three carbon- steel plates 5/8inchthick, after
Burden, etal.~81)

(4) 13ands for data obtained by Rote(83) onwelds in:
(a) Carbon-steel A212 plates 3-3/4inchesthick
(b) HY-80 steelplates2-5/16inchesthick.

As shown in the figure, the notch toughness of electroslag-deposited weld metals in the
as-welded condition is very poor.

Scatter of notch-toughness data for specimens taken from electrosla ~-deposited
weld metal has been observed. (39) According to Santilhano and klamilton ( 4), Charpy
V-notch impact-test values at 14 F of specimens with various notch directions taken
from various locations of a 7-inch-thick electroslag weld (O. 11 G, 0.22 Si, 1, 61 Mn,
0.021 S, O. 015 P, 0.44 Ni, 0.17 Cr, O. 19 Gu; the weld was normalized after welding)
ranged between 22 and 64 ft-lb,

Efforts made to improve the notch toughness of electroslag-depo sited metals
have included addition of alloying elements, and applying vibration during welding to
promote grain refining. (86)

It has been found that the notch toughness of electroslag-deposited metals can be
improved by a proper heat treatment. (81} 83? 85) Figure 15 shows the improvement
from heat treatment of the notch toughness of electroslag- deposited metals, as follows:

(1)

(2)

.L. .-

13ands for data obtained by Burden, et al. (s~) in 5 /s-inch-thick

carbon- steel weld,s in:
(a) As-welded condition
(b) Stress relieved for 1 hour at 1200 F
(c) Normalized from 1740 “F, then stress -relieved for 1 hour at

1200 J?.

,1
Bands for data obtained by Rote~83) in carbon- steel A212 welds
3-3 /4 inches thick in: .,
(a) As-welded condition

-.. -...—...—.,—
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Improvement through heat tr~atmwzkof notch
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(b) Stress relieved at1150F and then furnace cooled
(c) Normalized from 1675F, stress relieved at 1225 l?, and

air cooled.

(3) Bands for data obtained by Rote (83) inHY.80 steel welds 2-5/16

inches thick in:
(a) As-welded condition
(b) Water quenched and tempered.

2.5 Summary of Chapter 2

Table 2 illustrates the general trends in the notch toughness of weld metals
deposited by various welding processes.

Weld metals which meet the Class 1 (QI-42C) requirement can be obtained with
all welding processes listed except (1) when using E601Z and E6013 electrodes and
(2) electroslag and electrogas processes (in the as-welded condition). Two-pass
submerged-arc welding with conventional wire and flux in heavy plates may not meet
the requirement unless proper procedures are used.

To meet the Class 2 (QII; Grade D; E601o) requirement, welding procedures
should be selected as follows:

(1) Shielded metal-arc welding: E6010 electrodes can be used.

(2) Submerged arc welding: Multilayer procedures with conventional
wire and flux may be used. For two-pass welding, special wire
and flux must be used.

.- .— —
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TRENDS IN THE NOTCH TOUGHNESS OF WELD METALS DEPOSITED BY VARIOUS

Classes In This Report Class 1 Class 2 Class 3 Class 4 Class 5

QI (35, 68 F)(a)
42 c ~20, 32 ~ja)

QII (57, 68 F (a)
/

QIYI(57, 68 F a
i:)

HY-80
D(35, 32 F) a, E (45, 14 F) ) 8016-C2

Specifications
6010(20, -20 F) ‘9018-M (20, -60 F) (20,-100 F)(a) (30, -120 F)(a)

Shielded Metal-A~c Welding

E6012, E6013 x x x x x

E6010 o 0 x x x

E9018-M, EIIO18-M o 0 0 x x

E8016-C2 o 0 0 0 x

Submerged-Arc Welding

Convemional two pass

Conventional multilayer
Special technique

?
o
0

x

0

0

x x x

x x x

0 x x

o
0

x

o

GasMeIal-kc
C02, C02-02 x x x

Argon,argOn-C02 o o? x

Electroslag,Elemogas
Aswelded x x x x x

Normalized o 0 x x x

x Indicates rhat weld metal north toughnessdoes not meet the requ~emen~ of a Claw.
o Indicates that weld metal notch toughnessmee~ the requirements of a Class.

(a) Values in parenthesesare charpy v-notch absorbedenergy, ft-lb, at a temperamre F. For example (35, 68F) means 35 ft-lb at

68 F; refer to Table 1.

(3) Gas metal-arc welding: COZ- and C02-02-shielded processes do
not appear to meet the requirement, but argon and argon-C02
shielded processes will be satisfactory.

(4) Electroslag and electrogas welding: These processes maybe used
when welds are normalized.

Only selected welding processes deposit weld metals which meet the Class 3
(Q1lI; GradeE; E9018-M) requirement, a.s follows:

(1) Shielded metal-arc welding: Low-hydrogen low-alloy electrodes
E9018-lvi, E1OO18-IW, E11018-M, and E12018-M will deposit weld
metals which can meet the requirement in the as-welded condition.

(2) Submerged-arc welding: Special techniques must be used.

(3) Gas metal-arc welding: Argon and argon- C02 (with high argon
content) shielded processes must be used.

Weld metals which meet the Class 4 (lZ8016-G2) requirement can be deposited
with only two processes at present.
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Shielded metal-arc welding: Low-hydrogen nickel- steel electrodes
E8016-C2 and E8018-C2 will deposit weld metals which meet the
Class 4 requirement in the stress-relieved condition.

Gas metal-arc welding: Argon and argon-C02 (with high argon content)-
shielded processes appear to be satisfying.

No welding process can be guaranteed to deposit weld metals as tough as HY-80
steel base metal. The most promising welding process in this respect is the inert-
gas metal-arc process. The inert-gas tungsten-arc process also deposits weld metals
with a high notch toughness; however, the low deposition rates involved make this
process unattractive for the fabrication of ship hulls.

.
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CHAPTER 3. EFFECTS OF VARIOUS FACTORS ON NOTCH TOUGHNESS

This chapter describes the effects on notch toughness of various factors,
including (1) chemical composition and microstructure and (2) factors related to welding
procedures.

3, 1 Effects of Chemical Composition and Microstructure

Two major factors which determine the mechanical properties of metals are
chemical composition and microstructure, The effects of chemical composition and

microstructure on the notch toughness of base metals have been studied by many
investigators. (9 1-95) Very few systematic investigations have been made of the effects

of chemical composition and microstructure on the notch toughness Of weld rne~a~s.

Effect of Chemical Composition

Most weld metals for joining low-carbon structural steels and low-alloy high-
strength steels are low-carbon, low-alloy ferritic ~tee~s. They contain less than O. 2

percent carbon and such alloying elements as manganese, nickel, chromium,
vanadium, and molybdenum in amounts less than 5 percent. Unintentional additions
include sulfur, phosphorus, oxygen, and nitrogen.

Investigations of the effects of the chemical composition on notch toughness of
weld metals have been made by investigators including Sakaki~96), Sagan and C
Campbell~48), Dorschu and Stout(97), and Ohwa(98). *

Sakaki~96, investigated the effects of alloying elements on the notch toughness of
covered- electrode-deposited metals. Low- carbon, low-manganese core wires were

covered with lime-fluoride-type coatings containing various amounts of alloying ele-
ments, WeJds were made in the downhand position by the multilayer technique. Re-
sults are summarized in Figure 16, which shows the effects of alloying elements on
the Charpy V-notch, 15-ft-lb transition temperature of the weld metal.

Ohwa(98 ) conducted a statistical investigation of the notch toughness of multilayer -
weld metals deposited with commercial and experimental basic-type electrodes. The

following formula was obtained to express the effects of alloying elements (in percent)
and grain diameter on the Ch=py v-notch, 15-ft.lb transition temperature, Tr15:

*In an investigation for obraining as-deposited weld-metals having yield strengthsover 150.000 psi. HeuscMtel(99~recently

made an extemive studyof the effects of alloying elements on rhe north toughnessof high-strength-steel weld metals. The
results, however, are not discussedhere, since the yield strengthsof most weld metals studied exceeded the upperstrength

Iimir(120, 000 psi) of this literature survey. Chaqy V-notch energy values at sOF were reported. These are difficult to

compare with data obtained by other investigators expressedusually in terms of transition temperaturesor energy values at a

low temperature, say 32 F.

DMIC Report 172(100) describes backgroundfor the development of materials ro be used in high-strength-steel structural

weldments with a yield strengthof 150,000 psi. The effects of chemical COreposition on the notch toughnessof weld metals

are discussed.

L- ........ .. . .. -—
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Tr15 (F)= 436 C- 54 Mn+14Si+Z86 P+819S
-61Cu- 29 Ni+13Cr+23Mo +355 V
- llZA1+ 1138N +3800
+ l,08(d x104)- 203+22, (1)

where

d is grain diameter, inch (ranged 3, 1 to 8,7 x 10 “4inch),
Ranges of alloying elements were: C, 0.03 to 0.11;
Mn, 0.02 to0.16; Si, 0.05to 1.2; l?, 0.004 to0.17;
S, 0.006 to0.ll; Gu, 0.05 to0.3; Ni, 0.05to 1,4;
Gr, 0. 05 t02.6; Mo~l.2; V<0. 31; Al~O. 36; N, O.OO4
to 0.02; o, 0,007 to 0.19,

Figure 17 shows a comparison between transition temperatures calculated from chemi-
cal composition by using the above formula and transition temperatures determined
experimentally.

no ,

VI 1 I 1 I 1 I 1 I 1 I (-,60 -E. +0 -,. ~ ,0 ~
Colc”loled 15-F,.Lb Tmn,,t!m7,u,w,0,w, F

Fig. 17. Calculatedvexwus obse~ved Cha~py
V-NokCh 15-ft-lb transitionterneratures of

!multilaye~ weld metals (Ohwa (9 ‘).
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Dorschu and Stout-(g 7, studied the effects of alloying elements on the notch tough-
ness of submerged-arc- and inert-gas-deposited metals. Eight elements commonly
found in weld metal were added singly to the weld deposit. Figure 18 shows the effects
of these alloy additions on the Charpy V-notch, 15- ft-lb transition temperatures of
submerged-arc - and inert-gas metal-arc-deposited metals.

The following paragraphs describe general trends in the notch toughness of weld
metals related to individual alloying elements.

Carbon, Carbon added to weld metal is deleterious to notch toughness. ( 101)

Equation (1) and Figure 18 indicate considerable increases in transition temperature
with small increases in the carbon content of weld metals. Dorschu and Stout(97)found

180
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’60

Weight Percent

a. Submerged-Arc Deposited Metals

Alloying

Chemical composition of base metal, welding wire,

Submerged-Arc
Base

Base
Metal

Carbon O. 16
Manganese 0.47
Silicon 0.10
Phosphorus 0.014
Sulfur 0.035
Copper .*.

(a) Barewire.
(b) Copper-coated wire.

Welding
Wire(a)
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0.011
0.029

. . .

Weld
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0.04
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b. Inert-Gas Metal-Arc Deposited Metals

and base weld metal:
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f

Weld
Metal Wire(b Metal——
O. 16 0.09 0.12
0.47 1.27 0.70
0.10 0.54 0.35
0.014 0.015 0.013
0,035 0.02.2 0, 028

. . . .** 0.20

Fig. 18. Effeete of aZloy additione on notiehtoughne~sof weZd metals made tiithsuh-
m~rged-are weLding and inert-gasmetal-am welding (Dorsehuand S$outi(97)).
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that as carbon was added a greater proportion of carbides was apparent in the struc-
ture. These findings are consistent with those of Rinebolt and Harris( 102) on base
metal. Sagan and Campbell discus sed in detail the effect of carbon on the notch
toughness of covered- electrode-deposited weld metals.

Manganea e. Sak&i(96) noted an improvement in the notch toughness of covered-
electrode-deposited weld metals with increasing manganese up to 1. 1 percent (the
maximum Mn content used). Equation (1) also shows the improvement in the notch
toughness of the weld metal with increasing manganese. These findings are consistent
with those of Rinebolt and Harris( 1‘z) on base metal and of Zieglar, et al. (103) on cast

carbon-manganese steels.

On the other hand, Dorschu and Stout(97) found no significant change in the notch
toughness of the submerged-arc-deposited weld metal as manganese was increased
from O. 6 to 1.6 percent, as shown in Figure 18a. Increasing manganese above 1.6
percent caused a rapid deterioration in notch toughness. Inert-gas metal-arc-deposited
weld metal followed a similar trend with a deterioration in toughness when the addition
increased beyond 1.80 percent.

Silicon. Sakaki found that the notch toughness of covered- electrode-deposited
weld metal improved when silicon was increased from O. 2 to about O. 4 percent. An
increase of silicon beyond about O. 4 percent caused a gradual decrease in notch
toughness.

Dorschu and Stout found that silicon in amounts between O. 35 to 0.80 percent
caused a general decrease in the notch toughness of inert-gas metal-arc deposited
weld metals. In submerged-arc deposited weld metals, little effect of silicon was
noted up to about 0.5 percent, but additions beyond this amount increased the transition
temperature.

These result? _are generally similar to those reported by Rinebolt and Harris(102~-..
and Ziegler, et al. ~1U4)

Molybdenum. Additions of molybdenum
transition temperature of the weld metals, as
fluence of molybdenum on the notch toughness
when the amount exceeds about O. 5 percent.

up to about O. 5 percent increase the
shown in Figures 16 and 18. The in-
of weld metal appears to be complex

Aluminum. Aluminum appears to improve the notch toughness of weld metals up
to total aluminum contents of O. 05 to 0, 1 percent. Additions above this level raise the
transition temperature. The apparent effect of aluminum is probably a result of the
deoxidizing effects of this metal.

Vanadium. Additions of vanadium greatly increase the transition temperature
of weld metal. Similar trends on notch toughness were noted by Rinebolt and
Harris(102) and Ziegler, et al. ~105) Vanadium increases the susceptibility to stress-
relief embrittlement of high-strength- steel weld metals.

,
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Chrornium. Available data showing the effect of chromium on the notch toughness of
weld metal is conflicting. Sakaki found that the Charpy V-notch 15-ft-lb transition
temperature of covered- electrode-deposited weld metal increased slightly with the
addition of chromium up to O. 4 percent and then decreased as the chromium content
increased to about 1 percent, as shown in Figure 16b. Dorschu and Stout, on the other
hand, found that additions of chromium up to about 1.6 percent caused a progressive
increase in the transition temperature of submerged-arc-deposited metals and inert-
gas metal-arc-deposited metals, as shown in Figure Is.

The direct effect of chromium additions is obscured by the effect of this element
on the response of the weld metals to changes in thermal cycles. The following
tabulation shows this effect on a 2-1/2 per~ent chromium weld metal(~oo): -

Preheat Postheat Transition
Temperature, Temperature, Temperature,

F F 1?

None None 34
300 None 34
300 1300 -30

It is probably safe to assume that H the chromium content of a weld metal is more
than about O. 5 percent, the transition temperature will be greatly dependent on the
thermal cycle to which the weld metal is subjected.

Nickel, Available data showing the effect of nickel on the notch toughness of weld
metal is conflicting. Sakaki found that the Charp y V-notch, 15 -ft-lb transition tem-
perature of covered- electrode-deposited weld metal decreased slightly with the addition
of nickel to 1.5 percent. Dorschu and Stout found that the addition of nickel up to about
2, 4 percent caused a slight decrease of the transition temperature of subrnerged-arc-
deposited metals but it caused a slight increase of the transition temperature of inert-
gas metal-arc-deposited metals.

DMIC Report 172 also reports that there is confusion about the effects of nickel
additions on the notch toughness of weld metals. There are useful 100, OOO-psi-yield-
strength weld metals containing as little as 1 percent nickel and as much as 3 percent
nickel. According to the AWS specification, we ld metals deposited with E8016-C1
and E8016-C2 electrodes contain 2 to 2. 75 and 3 to 3.75 percent nickel, respectively.
As shown in Table 1, the weld metal deposited by these electrodes is tougher than
weld metal deposited with any other type of electrode.

-“ Dorschu and Stout found that the effect of coppe~ additions up to O. 5

percent on the weld-metal notch toughness was not significant for submerged-arc and
inert-gas metal-arc process. Smith(106) found that O. 4 percent copper in C02-gas
metal-arc-deposited metals slightly reduced notch toughness.

Oxygen and Nitrogen. Both oxygen and nitrogen are known to decrease the notch
toughness of weld metals. Many investigators have reported improvements in the
weld-metal toughness when oxygen and nitrogen contents were reduced. (56, 63>64, 107)

L .__. .... . ..___..____..,._._.._ .__._. ___ _..—. ..-—-.. .... . . ... . ..—-
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Figure 19 shows the oxygen and nitrogen level~ that canbe expected in welds made
with different welding processes. The figure indicates that the inert-gas metal-arc
process provides the lowest oxygen and nitrogen contents. Consequently weld metals
deposited by this process wouldbe expectedto exbibit better notch toughness than
would weld metals deposited by other processes. Reported expedience generally
confirms this expectation.

Many investigators have used the principles of steelmaking as a guide in develop-
ing filler wires, electrode coverings, and submerged-arc fluxes. (108, 109)

Sekiguchi~67), in an experimental and theoretical investigation, proposed that
the manganese and silicon contents of a welding wire be located in Field 11 of
Figure 20. ~110) 111, When the Mn-Si contents are located in Field U, the FeO-MnO-
Si02 liquid solution is unsaturated with Si02; thus, deoxidation products can float off
to the surface of the molten metal and leave inclean, sound weld metal. Sekiguchi’s
theory has been applied in Japan to the design of filler wires for the shielded metal-
arc and C02-02 metal-arc process. Figure 20 also shows the ranges of M,n and Si
contents of Japanese filler wires DS 1 and DS 60.

Effect of Microstructure

Weld metals are basically cast structures. Since the rather low heat input of
welding produces a high cooling rate ~ grains in the weld metal are rather fine if the
weld is considered as a casting. IrI multipass welding, those structures in areas
adjacent to subsequent weld passes are recrystallized to form finer and equiaxed
grains. The fine- grained recrystallized structures exhibit notch toughness superior
to that of coarse- grained as-cast structures, Many research programs have been

_,
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carried out to establish welding procedures which would produce weld metals with a
favorable microstructure. However, there has been little information published about
how rnicrostructures quantitatively affect the notch toughness of weld metals.

Effect of Grain Size. Published information is available on the eifect of grain
size on the notch toughness of weld metals. Equation (2) shows how the Charpy V-
notch, 15-ft-lb transition temperature of covered- electrode-deposited weld metal
increases with an increase in the grain diameter,

According to Petch~ 112), a relationship between the grain diameter and the
transition temperature of a ferritic material can be expressed as follows:

T= A- B loge (d-1/2)

where

T is the transition temperature
A and B are constants
d is the mean grain diameter.

(2)

Garstone and Johnston (39) investigated the effects of grain size on the notch toughness

of carbon-steel weld metals made with four types of covered electrodes. Welds were

made with clifferent preheat and interpass temperatures to produce different grain
sizes in the deposited metals; some weld metals were normalized to produce further
grain- size modifications. All welds were stress relieved before Charpy V-notch
specimens were machined. Equation (2) was found to hold true for normalized weld
metals. The weld metals made with a 68 1? interpass temperature had higher transi-
tion temperatures than the values predicted by Equation (2). The investigators ex-
plained that this discrepancy was caused by excessive amounts of unrefined structures
in the cross section of the Charpy specimens. *

Electron Microscopic Study of Fractures in Weld Metals. In the past few years,
significant information regarding the rnicromechanism of various types of fracture
has been obtained with electron microfractography, the examination of fracture sur-
faces at high magnification by means of the electron microscope. (114, l18w12~) It has

been found that fractures produced by different mechanisms or in diiferent ways have
characteristic appearances when viewed under the electron microscope. A cleavage
fracture in a metal is characterized by a pattern called the “river pattern;’. A ductile
fracture has a characteristic appearance consisting of roughly elliptical domains which
have been termed “ductile dimples”. However, no systematic investigations have been
reported on the electron micrographic study of fractures of weld metals.

3. 2 Effect of Welding Procedures

Welding-Heat Input

Dorschu and Stout~97) investigated the effect of welding-heat input on the notch

% has been shownby theoretical and experimental investiga~ionsthat the yield stressof an nnealed iron alloy increases

inve,tigaror~~9C115-1~~) h
propoctionall to the inverse of the squareroot of the grain diameter (u ~ = U. + k d-1/2). ?~~30114) ~evera,

ave reported that weld metals with fine-grain structuresshowed gteamt increases in the yield

stressthanpredic~ed by the above relationship.
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toughness of submerged-arc and inert-gas metal-arc welds deposited in a groove
(gO-degreeveej 5/8 inch deep) in low-carbon-steel plates 3/4inchthick. Figure 21
shows the Charpy V-notch, 15-ft-lb transition temperatures of these weld metals,

In the submerged-arc-deposited metals, the transition temperature increasedto
a maximum at a heat input of about 120 kilojoules per inch and decreased slightly as
the energy was further increased to 231 kilojoules per inch, as shown in Figure 21a.
In the inert-gas metal-arc-deposited welds, the transition temperature progressively
increased with an increase in the heat input up to 8 ~ kilojoules per inch (the maximum
studied), as shown in Figure 21b. With increasing heat input, the yield and ultimate
tensile strengths decreased, as shown in Figures 21 , and elongation and reduction of
axea increased. The investigators concluded that the Ioss in notch toughness with in-
creasing heat input was associated with coarsening of the microstructure. The in-
crease in heat input caused a decrease in the cooling rate resulting in coarsening of
the microstructure, The investigators explained that the slight improvement in notch

— — .- -- -.
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toughness of the submerged-arc-deposited weld metal deposited at the higher heat-
input levels was due to a reduction in strain aging caused by a reduction in restraint.

Yoshida, et al, (60) investigated the effect of welding-heat input on submerged-
arc-deposited metals in l-inch-thick high- strength steel plates (ultimate tensile
strength: 122, 000 psi). Welds were made in two passes, using a bonded flux con-
taining rnanganes e, nickel, and molybdenum. Notch toughness of the deposited metal
decreased slightly as the heat input increased from 13 ta 36 kilojoules per inch; at the
same time, the notch toughness of the fusion zone decreased sigrdficantly.

Multilayer Welding Techniques

The notch toughness of weld metal generally improves with an increase in the
number of passes as shown earlier in. Figure 7 for submerged-arc welding. R is be-
lieved that a st~inger-bead technique generally produces weld metals with better notch
toughness than that of welds produced by a weaving-bead technique. The reasons for
the improvements in notch toughness are believed to be as follows:

(1) As the number of layers or passes increases, a lower heat input
is usually used, resulting in finer grains

(2) As the number”of layers of passes increases, the grain refining
action of each subsequent pass becomes more effective in forming
a network of grain-refined zones.

The extent of the effect, however, depends greatly on the chemistry of the weld metal,
the welding process, welding position, and other f=tOrs.

Welding Pos i’cion

Information obtained in published articles generally agrees that the notch tough-
ness of the weld metal is subject to a degradation approximately in the following order
of welding positions: flat, horizontal or overhead, and vertical. ’97 34} 467 48)

Preheat

It has been common knowledge fiat increasing the preheat and interpass tern-.
perature improves the fracture behavior of many weldments, prtiarily due to softening
of the heat-affected zone, However, as far as the notch touglmess of the weld metal
is concerned, preheat does not always have favorable effects. (48, 122, 123)

Sagan and Campbell stated that preheating has a decidedly beneficial effect
only on certain mild- steel and low-alloy- steel weld metals which are low in tensile
strength (Ni-alloyed weld metals for example). They reporteda case in which the

transition temperature of a weld metal made with E7018 electrodes decreased as much
as 75 F with the use of 300 F preheat and a favorable (in this case) full-weave welding
technique.

In low-alloy, high- strength- steel weld metals, the effect of preheat varies with

such factors as coating design and the weld-metal analysis. Sagan and Campbell
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reported that an increase of preheat and interpass temperature from 100 to 300 F
caused little change in notch toughness of the weld metal.made with a E9018 electrode.
The influence of preheat is more complex for some electrodes sensitive to stress-
relief embrittlement.

Postweld Heat Treatments

Postweld heat treatments used in the fabrication of welded structures are
classified as follows:

(1) Local heating employed shortly after welding

(2) Stress-relieving heat treatment made at a temperature below the
Al temperature

(3) Normalizing and full annealing by heating above the Al temperature

(4) Quench-and-tempering and other special heat treatments.

This section discus ses mainly the effects of a stress-relieving heat treatment
on the notch toughness of the weld metal, since “embrittlernent due to stress relieving
has been noticed on weld metals, especially on alloy- steel weld metals.

o~wa( 124) ~nvestigated the effect of stress- relieving heat treatments (including
some above the Al temperatures) on the notch toughness Of carbon- and alloy-steel
weld metals. Studies were made on electrodes of seven types: ilmenite*, cellulose,
iron oxide, titania, low hydrogen (Mn-Si steel wire), low hydrogen (Mn-Si-Cr-Mo
steel wire), and iron powder. Butt welds 5/8 inch thick were heat treated for 1 hour
at temperatures between 1110 and 1830 F and then furnace cooled. The yield strengths
of the as-deposited weld metals ranged between 50, 000 and 92, 000 psi.

Figure 22 shows changes in the Charpy V-notch, 15- ft-lb transition temperatures
of these weld metals. The heat treatments caused losses in the notch toughness of
weld metals made with electrodes other than the low-hydrogen types, especially when
the heating temperature exceeded the Al temperature. “The heat treatments caused
rather little change in the notch toughness of weld metals made with low-hydrogen-
type electrodes; even slight fiprovement was observed in some cases. When the
heating temperature exceeded the Al temperature , a marked increase in grain size
was ob.served in the weld metals made with all types of electrodes.

Sagan and Campbell~48) investigated the stress-relief ernbrittlement of both
carbon- and alloy- steel weld metals. They reported that weld metals which undergo
secondary hardening (increasing the tensile strength) embrittle- most after stress
relief, whereas an improvement in notch toughness can be expected when the tensile
strength decreases significantly after stress relief. Vanadium is known to promote
secondary hardening and stress- relief embrittlement. Sagan and Campbell reported
that the Charpy V-notch transition temperature of a weld metal made wjth E1OO 16
electrodes of Ni-Mo-O.l%V wire increased by about 40 F after stress relieving for 2

Whe ilmenite type electrode usesflux containing ilmenite (Iron titanate) as the major ingredient. Llmenite.type electrodes

are commonly used in Japanfor all -posixion welding in shipsand other structure,

.- L.
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hours at 1150 F, while the notch toughness of aweldxnetalrnade with slrdar elec-
trodes of vanadium free wire was “barely affected by the stress-relieving heat
treatment.

I?eening is sometimes usedto minimize distortion and residual stresses due to
welding, Results of investigations conducted so far generally agree that peening which
involves severe Iastic deformation of weld metal is detrimental to -notch
toughness, (3, 123.

3.3 Summary of Chapter 3

On the basis of the limited information available, it has been found that the
effects of the chemical composition and the microstructure orI notch toughness are
roughly the same in weld metals and in base metals. Alloying elements which are
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gene rally deleterious to notch toughness include carbon, .suMur, phosphorus, rnolyb-
denurn, vanadium, oxygen, and nitrogen. Additions of rnanganes e and aluminum up
to certain amounts are believed to improve notch toughness. Notch toughness is im-
proved when grains become smalle’r. However, there are some differences in the
ways in which tie chemical composition and microstructure affect the notch toughness
of base metal, which is a rolled material, and weld metal, which is a cast material.
It is believed that major factors which cause observed dtiferences in weld-metal notch
toughness are differences in the distribution of nonmetallic inclusions and such minor
elements as oxygen and nitrogen, which axe not determined in many chemical analyses.
Systematic investigations are needed on the effects of the chemical composition and the
microstructure on the notch toughness of weld metals made by various welding
processes.

How a change in the welding procedure affects the notch toughness of the weld
metal depends on how the microstructure and the chemical composition are changed,
Therefore, the effects of welding procedures on the notch toughness of weld metals
depend greatly on the composition of the ffller and the base metal and on the welding
process. In general, weld metals deposited with a low heat input and in many passes
have better notch toughness than those made with a high heat input and in few passes.
Preheating has a beneficial effect on the notch toughness of weld metals in carbon
steel; the effect of preheating on notch toughness is complex in weld metals in alloy
steels. Stress- relieving heat treatment causes complex embrittlement effects in weld
metals in some alloy steels. I?eening of the weld metal is known to be detrimental to
notch toughness.

—.
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CHAPTER 4. NOTCH TOUGHNESS OF THE HEAT-AFFECTED ZONE
EVALUATED WITH CHARPY IMPACT-TEST SPECIMEN

Numerous research programs (4, 5, 18, 126, 127) have been carried out to study:

(1) Cracks in the heat-affected zone

(2) Hardenability of the heat-affected zone

(3) Weldrnent fractures initiating from the heat-affected zone and propagating
into the base metal. (Fracture tests of weldrnents are discussed in
Chapter 5. )

Only rather limited information has been obtained on the notch toughness of the heat-
affected zone. This chapter describes notch-tougbness evaluations with Charpy impact-
test specimens from the heat-affected zone. The following subjects are covered:*

(1) Techniques for evaluating the notch toughness of the heat-affected zone

(2) Notch toughness of the heat-affected zone in mild steel

(3) Notch toughness of the heat-affected zone in high-strength steels.

4.1. Evaluation of the Notch Toughness of the Heat-Affected Zone

Since the heat-affected zone is a narrow zone composed of many areas with clif-
ferent structures, special techniques have been used for studying the notch toughness of
the heat-affected zone.

Charpy Specimens Taken From a Weldrnent

A commonly used technique is to prepare Charpy V-notch specimens from a weld,
locating the apex of the notch in particular microstructure, A single-J or a double-J
groove weld is often used to produce a fusion line perpendicular to the plate surface,
and the notch is placed parallel to the fusion line.

Evaluation of the Notch Toughness of the Weld
Metal and the Heat-Affected Zone Simultaneously

Hatch and Hartbower(130) 131) conducted Charpy V-notch impact tests in which
properties of the weld metal and the heat. affected zone could be evaluated simultan-
eously. Charpy specimens were prepared from a bead-on-plate weldrsmnt in such a

●Since electrosla and electrogas welding employ high heat inputs,
~

the north toughnessof the heat-affected zone is sometimes
damaged. (78.’7 , ~zsr 129) However, discussionof the notch toughnessof the heat-affected zone in elecrroslag and electrogas

weldments is not included in this report, because these processesdeposit weld metals with suchpoor notch roughnessthat they
are not likely to be used extensive y in ship-hull consuuction.
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?OJ).simultaneously(Hatchand Ha~tbower‘1

Base-Metal Composition

c Mn Si Ps
0,19 0,43 0.016 0.025 0022

‘Ol-
60 —

20 --.—.—.

0

t

–20

I 1 I
0 I 2 3

DistanceFromCenterof Weld, inches

Welding condition:
Welding Current,

Test Welding Method Shape of Groove =nperea

1 Shielded metal- arc 60”v, 0.3518 deep 160
2 Submerged-arc 60”V, 0.16” deep 600
3 Submerged-arc 60”v, 0.12~n deep 500

(d Forcach pass.

Welding Speed,
in. Imin
8. O(a)

11.5

34.0
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way that the path of fracture travexs ed equal portions of weld metal and heat-affected
base metal, as shown in Figure 23a. Figure 23b shows results for a weld made with
E12015 electrodes on a quenched and tempered steel(l 30); the composite specimens
showed notch toughness inferior to that of the weld metal and the unwelded base metal.
Relative locations of the three transition curves varied as the properties of the weld
metal, base metal, and the heat-affected zone changed.

Synthetic-Specimen Technique

thetic-specimen technique, which was originated by Nippes and
as soci~~~s~E2, 133) at the Rensselaer Polytechnic Institute, has been used for
evaluating the notch toughness of specific heat-affected structures. A specially de-
signed temperature-control device is used to reproduce in Charpy blanks the thermal
cycle associated with the microstructure at any desired location in a weld-heat-affected
zone. Several sets of such specimens, each set containing a single heat-affected-zone
structure, are then tested over a range of temperature to obtain transition cdrves of the
several structures under investigation.

Toughness Requirements of Specifications

No ship-classification-s uciety specification covers explicitly the notch toughness
of the heat-affected zone, but several specifications cover the following factors to se-
cure a heat-affected zone with acceptable properties(5~ 126):

(1)

(2)

(3)

Maximum welding-heat input

Maximum hardness of the heat-affected zone of a weldment made
under certab welding conditions

Maximum value of carbon equivalent of the base metal.

For example, the U, S. Navy specifies in NAVSHIPS 250-637-3 a maximum heat input
of 45, 000 joules per inch for welding HY-80 steel plates less than 1/ 2 kch thick, and
55, 000 joules per inch for thicknesses 1/2 inch and greater. The requirements for the
maximum hardness and carbon equivalent are aimed at preventing weld cracking rather
than obtaining a heat-affected zone with desirable notch toughness.

4.2 Heat-Affected Zone in Mild-Steel WeMrnents

Many investigators (4, 5) 134- 140) studied the notch toughness at various locations
of a welded joint. h most cases Charpy~impact specimens were used; howe,ver, other
specimens, including notched-bar tensile or bending specimens, also have been used.
Figure 24 shows distributions of the Charpy V-notch 15-ft-lb transition temperatures
in 1/ 2-inch-thick mild steel welds made by shielded metal-arc and submerged-arc
processes. (137) Transition temperatures were high in areas O. 4 to 0.6 inch from the

weld center, somewhat outs ide the heat-affected zone. The maximum temperature of

the embrittled zone attained during welding was 750 to 930 F.

...-—. .. .
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Nippes and Savage(l 32) first used the synthetic-specimen technique to investigate
the notch toughness of the heat-affected zone. Bars (O. 4 by O. 4 by 3 inches) which
were machined from aluminum-killed steel plates were heated and then cooled to
duplicate several of the heat-affected structures in a 1/ 2-inch-thick butt joint. Fracture
tests were made on Charpy V-notch specimens prepared from the bars, Specimens
which exhibited low impact properties were those which represented a region well out-
side the zone normally considered the heat-affected zone. The investigat~rs suggested
that the embr ittlement was attributable to a strain-aging reaction.

The above investigations show that notch toughness is the lowest in areas well
outs ide the zone usually considered the heat-affected zone. This embrittled zone,
however, has not been considered important in the brittle fracture of welded structures.
Brittle fractures do not initiate from the embrittled zone, nor do they propagate through
the embrittled zone.

4.3 Heat-Affected Z one in High-Strength-Steel Weldments

Research programs have been carried out to study the notch toughness of the
weld-heat-affected zone in various high-strength steels. (5) 141-145) In general, the IOSS

of notch toughness has been noted in two regions: ‘(a) the fusion zone and (b) the coarse-
grained heat-affected zone. However, the extent of losses in notch toughness varies
greatly, depending on the type Of steel (composition and heat-treatment conditions) and

the welding thermal cycle. There has been much interest during the last decade in
heat-treated high-strength steels such as quenched and tempered steels. Since the
high-strength ana excellent notch touglmess of these steels are obtained by heat treat-
ments, the welding thermal cycle may cause 10S ses in both strength and notch toughness
in areas adjacent to the weld. The effects become greater with increased welding-heat
input.

Kobler( 146) investigated the notch toughness of the heat-affected zone of butt welds
in quenched-and-tempered steel plates 1/ 2 inch thick. The chemical composition
(percent) of the base metal was:

c Ml-l Si s P Ni Cr Mo v B—— —— —. . ——

0.13 0.69 0.14 0.04 0.017 0.87 0.50 0.48 0.06 0.0046

The minimum required yield strength of the steel was 90, 000 psi. Welds were made
with five electrodes of E11015, E11OI8, and E12016 types. The joints were restrained
during welding with a 2-inch-thick plate. The welds were subsequently stress relieved
at 1100 F for 2 hours. Figure 25 shows bands for the transition curves of (1) the weld
metals, (2) heat-affected zones, and (3) fusion zones. The transition cu~ve for the base
metal also is shown, Figure 25 shows the following:

.

(1) Notch toughness of the heat-affected zone was comparable with that of
the base metal

(2) Notch toughness of the fusion zone was considerably below that of
the base metal.
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I ~ Heat-affected zone
Welds were stkess relieved at

1100 P for 2 hours.
80 7/fl_ Fusion zone

‘t

Hasem
20

-160 -120 -80 -40 0 40 80 I20
Temperature, F

Fig. 25. Notch toughnessof heat-affectedzone, fusion
zon~, and w~ld metal in l/2-inch-thickqueneked-and-
tampered steel joints made with va~ious electrodes
(Kobler‘146)).

(3) Notch toughness of the weld metal and the fusion zone varied greatly,
depending on the type of electrodes used.

The investigator concluded that the dilution between the base and the weld rnet.al caused
the lose of notch touglmess in the fusion zone. He theori~ed that liquid dilution and
partial solid-state diffusion set up discontinuous, intemnetallic compounds and other
single-phase constituents in the extremely narrow interface defined as the fusion zone.

The synthetic-specimen technique has been foundto be very usefu.l for studying
the notch toughness of the heat-affected zone in high-strength steels which undergo
complex transformations during cooling. (131, 147-153)

Nippes and Sibley( 147) investigated the notch toughness of the heat-affected zone
in a quenched and tempered steel with the following chemical composition (per cent):

c Ml Si s P INi Cr Mo v B Cu—— —— —— —. __

0.15 1.00 0.23 0.022 0.014 0.94 0.53 0.45 0.05 0.0014 0.34

The yield strength of the base metal was about 110, 000 psi, Samples were subjected to
thermal cycles representing various locations in a butt weld made waler normal weld-
ing conditions in 1/ 2-inch-thick plate. Figure 26a illustrates the time-temperature

CYCle S ernPIoYed and indicates the relative locations of the equivalent portions in the
heat-affected zone of a weld. Figure 26b shows the relationships between the peak
temperature attained during the thermal cycles and Charpy V-notch transition tempera-
tures as follows:

(1)

L.

The fracture-appearance transition temperature determined by 50 percent
shear fracture

—.,— —..—
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(2) The 10-ft-lb transition temperature (the temperature which corresponds
to 10 ft-lb of absorbed energy).

The fracture appearance transition temperature increased steadily as the location
of the structure approached the fusion zone, with an exception for the fke-grained
structure obtained by heating to 1800 F. The 10-ft-lb transition temperature was also
low at the peak temperature of 1800 F. Metallographic studies showed that specimens
exposed to thermal cycles which exceeded the effective A3 temperature exhibited a
low-carbon martensitic structure. The impact properties of these low-carbon
martinsites are outstanding.

The effect of cooling rate on microstructure and notch toughness can be investi-
gated systematically with the combined use of the synthetic-specimen technique and
the continuous-cooling transformation (C CT) diagram. Figure 27 shows the CC T-
diagram of the steel used in the experiment for which results are shown in Figure 26.
Also shown in the figure are weld thermal cycles as follows:

(1)

(2)

Thermal Cycles A, 13, C, and D, which represent cooling curves
for the heat-affected zone structures with a 2400 1? peak temperature
in 1/2-inch-thick butt welds (heat input: 47, 000 joules per ~ch)
with various preheating temperatures up to 500 1?.

Thermal Cycle JZ, which represents a cooling curve of the heat-
affected zone in a weld made with a 75, 000 joules per inch heat input.

The notch toughness of synthetic specimens which underwent Thermal Cycles A through
E is shown in the note of Figure 27. Notch touglmess decreased markedly with either
increasing initial plate temperature or increasing energy input. A 500 F preheat, for
example, raised the Charpy V.notch, 10-ft-lb transition temperature from -138 to
+26 F. The investigators explained that the poor behavior of the heat-affected zone of
weldments made with high preheat temperature or high heat input is due to the fact that
low~carbon marten site, which has excellent notch toughness, is gradually replaced by
a mixture of ferrite and high-carbon martensite or bainite.

It must be mentioned that the effects of w~lding thermal cycle on notch toughness
of the heat-affected zone depend greatly on the composition and the microstructure of
the base metal. In the example shown in Figure 27 , slower cooling caused a loss of
notch toughness. However, the reverse may be true in other types of steel. In the case
of hardenable steels containing moderate amounts of carbon, rapid cooling rates gen-
erally cause formation of brittle martens ite.

4.4 Summary of Chapter 4

The notch toughness of the heat-affected zone is not a serious problem in mild-
steel welds. Transition temperatures are high in areas somewhat outside the zone
normally considered the heat-affected zone. However, brittle fractures do not initiate
or propagate in the embrittled zone.

Loss of notch toughness in some portions of the heat= affected zone has been noted
in some high-strength alloy steels, especially in heat-treated steels. The extent of the
loss depends greatly on the composition and the microstructure of the base metal and
on variations in the welding procedure. More information is needed on this subject.

L- .
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CHAPTER 5. EVALLJATION OF WJZLD-MJZTAL TOUGHNESS
J3Y VARIOUS TESTS

This chapter discusses the evaluation of weld-metal
the standard charpy te”sts. Details of test procedures are
available in other literature. {1-5, 154,155)

toughness by tests other than
not given here, since they are

5. 1 Impact Tests With Small Specimens

Modified Char-py “Te sts and Other Impact Tests

Many investigators have used various types of modified Charpy tests. Specimens
larger or smaller than &e standard size have been used to study the notch toughness of
weld metals. (52) 53) Kihara( 157) reported notch-toughness data of weld metals evalu-
ated with the pressed-notch Charpy specimen in which a notch was made by pressing a
sharp knife edge fnto the specimen. ( 158, 159) Results on stress- relieved weld metals

are shown in Table 3, which also contains data obtained with other tests. *

Hatch and Hartbower(130~ 131) used the lldouble-blow II or “low-blown technique in
their study of evaluating the notch toughness of the weld metal and the heat-affected
zone simultaneously, In the double-blow technique, ( 160, 161) a blow with the pendulum

is applied twice in an attempt to evaluate separately the energy to initiate a crack and
that required to propagate the crack.

Fichte( 162) investigated the notch toughness of fillet-weld metals by preparing
Charpy V-notch specimens from fillet joints.

Shorshorov and Kodolov( 163) used the Schnadt test( 164- 166) to study the notch
toughness of the heat-affected zone in welds in carbon and low-alloy steels. Schnadt
specimens having the notch root at the heat-affected zone were taken from bead-welded
specimens.

NRL Drop- Weight Test

The drop-weight test was developed by Pdllini and Puzak( 167- 169) at the U. S.
Naval Research Laboratory. Pellini and Eschbacher(8~ ~70) used the drop-weight test
to investigate the notch toughness of weld metal. Drop-weight test specimens, as shown
in Figure 28a, were taken from butt weldg made with electrodes of various types, A
bead- on-plate crack-starter weld was laid on the butt weld so t~at the initiation and
propagation of fracture was restricted to the butt weld. Figure 28b summarizes the test
results. The bands indicate the scatter of the N13T (nil-ductility transition) temperature.
No fracture occurred at temperatures above the band, and all specimens fractured at
temperatures below the band.
● Kihara(157)reportedanextensiveinvestigationmadeby the ResearchCommittee on Deposited Metals of the JapanWelding

Engineering Society on che notch toughnessof weld metals. The notch toughnessof 12 types of weld metals was evaluated with

various tests. The welds were made by the shielded metal-arc and the submerged-arc processesin 3/4-inch-thick steel plates
with various strengthlevels. Small-size industrialtest specimens were prepared in the as-welded and the stress-relieved condi-

tions. Large-size specimens were prepared only h the stress-relieved condition, since it had been found that a brittle crack did

not propagate throughthe weld metal (as shownin Figure 38) urdessthe specimen was stressrelieved, Table 3 contains OIJY

data on the stress-relieved weld metals.

!— .- .— 1.
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TABLE 3. SLIMMARY OF NOTCH-TOUGHNESS DATA OBTAINED IN VARIOUS TESTS ON STRESS-RELIEVED
WELD METALS (KIHARA)fls7~.

Weld-Metal Cod~ PA PB PC pD(a) QA QD(a) RA RD(’) SA SD( a, TA T~ a,

Ultimate Tensile Strengrh, 1000 psi: 78.4 75.4 83.2 62.1 92.2 82.6 108.0 106.0 115.5 121.5 80.2 77.4
Yield Strength, 1000 psi: 70.0 64.1 ‘71.2 41,7 84,2 66.1 96,5 93.0 101.6 105.8 68.8 58.8

TrssT Method Criteria

Industrial Tests With Small Specimens

(1)

(2)

(3)

(4)

(a

(6)

(q

(8)

Chmpy standardV-notch Trl (b), F
&E32 ), ft-lb

Charpy pressednotch T~(d), F

Mesrrager E32(C), ft-lb

NRL drop weight NDfie), F

Van der Veen
~;d), ~

ESSO test Ta(f), F

Double- tensionten (1!.), ~
Tag

Welded-and-notched Tfh), F

wide-plate tensiorr
test

-182 -M 32 -31
157 72 14.5 64

-58 50 140 ’73 3 99

137 84 103 84 149 58

-126 -36 -76 -4

-63 -4 104 81 -10 75

Laboratory Tests With Large Specimens

-103 -4 54 68

-6 25 77 34 -13 41

-274 -2,05 5

-69 -8 -159 -78
59 20 145 55

68 172 -13 3

126 38 171 93

-31 5 -1oo -49 -112 -82

14 158 14 109 -31 64

-37 95 -55 -6

39 -18 5

-60 9 -202 -227

-.
(a)
(b)

(c)

(d)

(e)

(f)

(a
(h)

Submerged-arc welding; orher welds were made with covered electrodes.

15 ft -lb uansition temperature.

Energy absorption“at32F.

Fracture-appearance mansitiontemperature.

Nil-ductility transition temperature.
Arresting temperature.

Arresting temperature with gradient-temperature specimens.

hdtiation~amition.

Bead-on-plate crack-

starter weld 3/16”
high

\i’

3/4”

T Abrasive disk cut across
crown of brittle weld

.,r -

G leO

. a,Specimen h,Summary of Ted R,mJll$

Fig, 28. use of the Naval Reseamh Laborato~iesDrop-WeightTest to Evaluate Notch
Toughness of Weld Metals made with E2ectirodesof Various Types (Pelliniand
.Esehbaeher(17O)).
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Table 3 contains NDT temperatures of weld metals reported by Kihara. ( 157)

5.2 Static Tests With Small Specimens

Static tests using small specimens include:

(.’4,)

---—..-----..._---

(B)

Static fracture tests on notched spectiensx~

(1)

(2)

(3)
---—_.—.

Notched-specimen tension tests , such as the Tipper test( 17~)
and the Noren nominal cleavage (N-C) strength te st( 172 )

Tear tests, such as the Navy tear test( 177)

Notched-specimen bend tests, such as the Van der Veen test( 178, 179)

Bend tests on welded specimens

(4) Longitudinal-bead-weld notched-bend tests, such as the Lehigh
test(lgo> 181) and the Kinzel test(~82- 184)

(5) Longitudinal-bead-weld bend tests , such as the Kommerell
test. (185-187)

TeS~S in Group (A.) have been developed primarily for evaluattig the notch tough-
ness of unwelded base plates. These tests can be used for evaluating weld metals by
preparing a specimen in such. a way that fracture propagates through the weld metal.

Tests in Group (B) have been developed for evaluating the fracture characteristics
of weldrnents or the effects of welding on the base plate, i. e. , the weldability of steel.
Research has been conducted to study the effects of weld-metal toughness on results
obtained in the Lehigh, Kinzel, and ~otnrnerell tests.

Evaluation of Weld-Metal Toughness By Static
Fracture Tests on Notched Specimens

Several investigators have used notched-tension, tear, and notched-bend tests to
evaluate notch touglmess of weld metals.

Stern, et al. (53) used the Navy tear test to evaluate notch toughness of submerged-
arc weld metals. Tear-test specimens were taken from welded joints in Buch a way
that the notches were located at (1) the center of the weld metal, as shown in Fi@re 29a,
and (2) the fusion zone. Otani and 0ta(188~ 189) also used the Navy tear test to study
notch toughness of the weld heat-affected zcsne.

Kihara( 157) used the Van der Veen test to study the notch toughness of weld
metals. The notch was located in the center of the weld metal of a butt joint, as shown
in Figure 29b. Test results were sho@m earlier in Table 3.

* The ASTM Committee on Fracture Testing of High-Strength Sheet Materials(I~3) has described techniques of notched-specimens

tension tests for determining fracture toughnessof high-strength materials, primarfly those with over 700, 000psi per cubic inch

strength-to-density tatio (for steel over 200,000-psi ultimate tensile strength).(127) Fracture toughness, Kc is usedto char-
acterize the toughnessof the material. The analysis is based on the Griffith -kwin theory of brit~e fracture. (174-176)

..

.

.—



-45-

Locd

Weld metal
~ 2-314”

\ ~o.o12°
v45yk+ Support ral 1

L
7-718 “

9“

a, Navy Tear Test b. Van der Veen Test
!

Fig. 29, Evaluation of Weld-MetalToughn@sswith the Navg Tear Test and the van der
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Effects of Weld-Metal Toughness on the Results
of Bend Tests on Welded Specimens

In the Lehigh and the Kinzel test, a bending load is applied to a specimen having a
transverse notch cut across the weld metal deposited on the specimen. Figure 30a
shows the specimen and manner of conducting the Lehigh test.

In the Lehigh and the Kinzel test, fracture usually initiates from the heat-affected
zone and propagates into the base metal. ( ~90J 191 ) Consequently, the behavior of a
specimen is governed primarily by:

(1) The

(2)’ The

The toughness

fracture-initiation characteristics of the heat-affected zone

fracture-propagation characteristics of the base metal.

of the weld metal is believed to have little effect on the behavior of the,.,. -.
specimen. Murphy and Stout~ 1“~ reported that the type of electrode had little effect on
the transition temperature determined by Kinzel specimens made in carbon steel and
low carbon Mn-Si high-strength ~teel with the exception of the 25 Cr-20Ni electrode,
which re suited in a definite improvement in toughness.

In the Kommerell test, which was originated in Germany, a single-pass weld
bead is deposited alon

f
a test plate, and it is “bent with the weld on the tension side, as

shown in Figure 30b. ( 85- 187) Small cracks appear in the weld metal or in the heat-
affected zone; as the crack proceeds, these cracks extend into the base metal. Brittle
steel is unable to stop the progress of the cracks, and the specimen breaks suddenly at
a small bend angle. Ductile steel, on the other hand, stops the advance of the cracks,
and the specimen breaks only after considerable deformation.

J?igure 31 shows the effects of electrode type on transition bebaviors of a low-
alloy high- strength steel evaluated ~ith the Kommerell-type test. (5 ~ 193) Specimens
were welded with two types of electrode: low-hydrogen Type E70 16, and ilmenite Type
JIS D4301 (refer to Figure 22). At high temperatures, the bend anglefor crack initia-
tion was affected by the electrode type. However, the crack initiated from the brittle
weld did not extend to the notch-tough base plate; consequently, the electrode type did
not affect the maximum bend angle. At low temperatures, on the other hand, the bend
angle was affected by the electrode type. The results indicate that when the base metal
is brittle, complete fracture oticurs as soon as a crack initiates from the weld zone.
The transition teniperature determined by the maximum bend angle was not affected by
the electrode type.

5.3 Fracture Tests of Weldrnents by Dynamic Loading

Dynamic loadings such as those created by explosives and projectiles have been
utilized as simple means of fracturing full-size weldments. Variou6 tests have been
proposed and used, as follows:

(1)

(2)

(3)

Explosion bulge test developed by Hartbower and Pellini( ~94, 195)

Crack-starter explosion test developed by Pellini and associates 167} 196)

Direct explosion test proposed by Mikhalapov, et al. ( 197- 199)

.,.

.1
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(4) H-plate shock test used by the Ordnance Corps, U. S. Ar-ny(200, ZO1)

(5) Explosion tests of welded tubes conducted by Folkland, (202)
Hauttmann( 187) , and Kihara, et al. (203~204)

These tests have been used to study ( 1) behavior of a weldment as a whole under
impact loading and (2) the role of weld-metal toughness on the over-all behavior of a
weldrnen’c. The following sections de scribe results related to weld-metal toughness ob-
tained with the explosion bulge test and the crack- starter explosion test.

F,xDlosion Eul~e Test

In the NRL explosion bulge test, two plates, usually 10 by 20 inches, are butt
welded to form a squa~.e.. and are then placed over a circula~ die and explosion-loaded by
successive shots to the point of failure or to the development of a full-hemispherical
bulge. ~plosion bulge tests of weldments made with various type of base metals and
electrodes have been conducted. (S$ 205-2 lo)

According to Pellini, (8 ) Figure 32 illustrates fracture paths which are typical of
E601O carbon- steel weldments of the type used in World War II vintage ships. At 20 to
60 F test temperatures, the fractures propagate only via a plate path, i. e. , in the same
fashion as observed in service failures. (23) There is no tendency for propagation via
weld, heat-affected zone, or fusion-line paths. Fractures which cut across the weld
in the 40 F to 60 F tests show a distinct change in fracture appearance in the weld re-
gion, characterized by readily visible shear lips. This indicates that the material
least resistant to brittle fracture is the base metal. As the temperature is lowered to
the O F to -20 1? range, brittle fractures are propagated extensively also along the weld
and in the heat-affected zone. Pellini and Eschbacher(212 ) reported that:

(1)

(2)

Fractures often initiated from cracklike flaws such as those introduced
by arc strikes

Shot peening of the base metal and the weld metal was found to be detri-
mental with respect to the resistance of weldments to initiation and
propagation of brittle fractures.

Various types of fracture have been observed in high-strength- steel weldments.
ln some cases fractures have occurred along a certain zone of a butt weld (not in many
directions as shown ti Figure 32), either along the weld metal, the heat-affected zone,

or the fusion zone, It is generally believed that the unidirectional fracture path along a
certain zone occurs when either one or both of the following conditions axe satisfied:

(1)

(2)

ETowever,

The strength of the particular zone is lower than that of other areas of the
weld. Concentration of plastic deformation takes place in the zone,

The notch toughness of the particular zone is Merior to that of other
~reas of the weld. The fracture propagates along the zone with the
least resistance,

it has not been determined quantitatively how great a Loss in the sirermth or
the notch toughness of the particular zone is necessary for the occurrence of the uni-
directional fracture along the zone.

..1
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C rack- Star’ce r Explosion Test

In the NRL crack-starter explosion test , a specimen ( 14 by 14 inches) is prepared
for testing by depositing a short bead of brittle weld metal which is then notched by a
disk abrasive wheel. The specimen is placed over a circular die and explosion loaded.
The NDT (nil-ductility transition) temperature can be determined as the highest tem-
perature at which a specimen fractures with no evidence of ductility as illustrated by a
llf~at bre~li in many Pieces-

Puzak and Pellini(211 ) used crack-starter explosion tests to demonstrate the
feasibility of using overlays of notch-tough welds to prevent the initiation and propaga-
tion of brittle fracture in otherwise brittle, structural mild steels. Circular weld beads
2 inches wide were overlaid on both surfaces of the plate around the periphery of the
explosion-test specimens. Weld beads were laid with ferritic E12016 electrodes and
25 Cr-20Ni austenitic stainless steel electrodes. In explosion tests conducted at 20 F
and 40 F, fragmentation of the prime plate was obtained, but brittle fractures did not
propagate through the overlaid welds. It also was demonstrated, in another series of
tests, that the cladding of a brittle steel with notch-tough weld metal increases resis -
tance to the initiation of brittle fracture.

5.4 Wide-Plate Tension Tests

This section describes results obtained with ( 1) fracture-propagation tests and
(2) welded-and-notched wide-plate tension tests.

Fracture- Propagation Tests

Many investigators(212 ‘2 17) have established that a brittle crack, ifitonce be-
gins to extend, can propagate under a low average stress when ( 1) the temperature is
below some critical temperature and (2) stress is higher than the critical stress for
crack propagation. Tests that have been used in the study of fracture propagation in-
clude ( 1) the Robertson test(Z 12), (2) the ESSO (or SOD) test developed by Feely, et
al. (31,213) , and (3) the double-tension test developed by Yoshiki and Kanazawa(2 14).
Although these tests have been used primarily for evaluating fracture-propagation char-
acteristics of base metals, they can be used for studying fractures which propagate
through weld metals and the heat-affected zone.

Yarnauchi and IV&ai( 156] +Investigated fracture-propagation characteristics of

weld metals by means of the ESSO test, as shown in Figure 33a. Specimens 18 inches
wide were prepared from butt-welded joints of quenched-and-tempered high- strength-
steel plates 3 /4-inch thick. The joints were welded by the shielded metal-arc process

and the submerged-arc process. Notches for fracture initiation were placed at the
center of the weld and at the heat-affected zone, A crack initiated from the notch by

impact was introduced into the specimen, which was at a predetermined uniform tem-

perature and under uniform stress.

Figure 34 summarizes the test results. Test results on the unwelded quenched-
and-tempered steel and a mild steel also are shown. For the mild-steel base metal,
original data are shown. When the test temperature was low and the stress was high,
the specimen fractured as indicated by cross marks ; when the tempera~re was high
and the stress was low, the fracture did not propagate,
a curve which shows the critical stress and the critical

J–.–--_ .... . . . -

as indicated by circles. Thus,
temperature was determined

-. ....——-.-.—-..—. . . .. . __ -.
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as a dividing line between data for propagation and nonpropagation. As Shown in the

figure, the weld metals (botb covered-electrode and submerged-arc deposited) had

fracture-propagation characteristics superior to those of unwelded plate i. e. , lower

arresting temperatures and higher critical stresses.

Figure 35 shows the results obtained with large- scale Charpy impact specimens
(twiceas large as the standard Charpy specimen) taken from (1) the weld metal, (2) the
heat-affected zone, and (3) the base metal. Data for the mild-steel base metal also
are shown. Transition temperatures of the weld metals were considerably higher than
that of the quenched-and-tempered base metal. Yamauchi and Nakai( 156) suggested

that the discrepancy between re suits obtained with the two different tests might have
been caused by residual welding stresses which existed in the ESSO test specimens. k
the ESSO test specimens, fractures did not always propagate straight; some deviated
from the weld zone,

Kihara( 157) reported fracture-propagation characteristics of weld metals evaluated
with the ESSO test and the double-tension test. The ESSO test specimens were similar
to those used by Yamauchi and Nakai. Figure 33b shows the double-tension test speci-
men. The specimen was composed of two parts, the crack-initiation part and the main
part, which were connected by a narrow passage and loaded independently. A cleavage

crack was initiated in the crack-initiation part and introduced into the main part through
the pas sage. Results were summarized earlierin Table 3.

Welded-and-Notched Wide-Plate Tension Tests

A characteristic of brittle fracture is that actual failures usually occur at stresses
well below the yield stress of the material. In many cases, fractures have occurred
without any repeated or impact loading, and fractures have frequently started from a
weld-joint flaw. However, low-stress fracture does not occur in most laboratory tests,
Even in a specimen which contains very sharp notches and fractures with low energy
absorption and with brittle-fracture appearance, the fracture stress is as high as the
yield stress. In fracture-propagation tests the fracture propagates at a low stress; how-
ever, such expedients as the impact loading in the Robertson and the SOD tests or high-
tensile stress applied at the auxiliary part of .a specimen in the double-tension test are
necessary to initiate a brittle crack.

Following the work done by Greene(226) and Wells(219j 220), extensive research
on low-applied-stress fracture of Weldments has been conducted during the last several
years. (221-229) It has been found that a low-applied-stress fracture can be obtained
experimentally from a notch located in an area containing high residual tensile stress.

Kihara, et al. (228) investigated fractures along the weld metal and the heat-
affected zone using welded-and-notched wide-plate tension-test specimen, as shown in
Figure 36. The specimen size was 1 by 40 by 40 inches. The transverse test weld was
firs-t made and the weld retiforcement was removed, then the longitudinal weld was
made, A short transverse notch was cut at various locations of the transverse test
weld, including ( 1) the center 01 the weld metal, (2) the coarse -grained heat-affected
zone (which was vertical to the plate surface), (3) the embrittled zone determined by
Charpy V-notch specimens (ref*r to Figure 15 for definition)’:’, and (4) the base metal.
Tensile fracture tests were conducted over a range of temperatures. Since the longi-
tudinal weld produced high residual tensile stresses in the direction of loading, comp-
lete fracture of the specimen occurred, under certa~ test conditions, when the applied
stress was well below the yield stress.

* AS it rurned out,[he notch toughness of this zone was only slightly lowerthan that of the base metal.
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Figure 37 summarizes test results on semikilled-carbon-steel welds. The trans-
verse test weld was made by the submerged-arc process. The chemical composition
(in percent) of the base and the weld metal was as follows:
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The ultimate tensile strength and the yield strength of the base metal were 76,000 psi
and 52,000 psi, respectively.

The

(1)

(2)

figure also contains the following data:

The fracture stress curve for specimens without residual stress, ST.
The curve was determined by tensile fracture test-s of center-notched
specimens (unwelded).

The fracture-propagation characteristics of the base metal deter-

.

..

mined with the ESSO test, as follows:

(a) The critica~stress for crack propagation, vw

(b) The critical temperature for crack initiation*, Tc.

~ The~emperaturebelowwhicha crackiniciaresfromthenotch.

.L
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Figure 37
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(2)

(3)

(4)
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Transition temperatures determined with IvIesnager 2-mm U-notch speci-
mens prepared from various portions of the weld. Th, Tw, Te, and Tb
represent the transition temperatures of the heat-affected zone, the
weld metal, the embrittled zone, and the base metal, respectively.

shows the following:

When the test temperature was higher than Tf, fracture occurred at a
stress close to the ultimate tensile strength. The fracture stress was
not affected by the location of the notch , and residual stress had no
effect on the fracture stress.

Low-applied-stress fractures occurred in welded specimens when the
test temperature was below a certain value, depending on the location
of the notch. The heat-affected zone and the weld metal exhibited better
toughness (lower critical temperatures and higher critical stresses)
than the base metal.

There was a good correlation between the critical temperatures deter-
mined with the wide-plate test of these zones and the Mesnage r transi-
tion temperatures, Th, Tw, Te, and Tb. (This finding was quite
different from the results obtained by Yamauchi and Nakai, Figures 34
and 35 ).

Fracture stresses for unwelded specimens (Curve ST) were as high as
the yield stress, indicating that residual stresses produced by the
longitudinal weld were essential for causing the low-stress fracture.

Kihara, et al. (228) reported that fractures tended to deviate from the weld metal,
In specimens without transverse welds, fractures propagated rather straight in the
direction perpendicular to the loading direction, as shown in Figure 38a. In speci-
mens with transverse welds, fracture tended to deviate from the weld, as sh~wn in
Figures 38b and 38c; the deviation was less pronounced when the fracture stress was
higher. It was believed that residual welding stresses in the transverse weld caused
the deviation,

In a later series of tests, a specimen was stress relieved after the transverse
test weld was made, then the longitudinal weld was made. In this type of test, the
deviation of fracture from the test weld became minimum (results were summarized
earlier in Table 3).

5.5 Correlation of Test Results

Correlations of notch-toughness data for base metals evaluated by means of various
tests have been studied by many investigators. (3 1-34) However, only a few investiga-

tions have been made to correlate notch-toughness data from weld metals evaluated with
various tests.

For weld metals, Pellini(8) investigated the correlation between Charpy V-notch
impact-test results and the NDT temperatures determined by the drop-weight test, as
shown in Figure 28. The NDT temperatures generaUy coincided with the 15 to 25-ft-lb
transition temperatures in the Charpy V-notch impact tests. Pellini concluded that the

-. . .—
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20-ft-lb transition temperature can be used as an average !Ifixli point for correlating

the NDT temperature with the Charpy V-notch impact-test data for
deposited metals.

Kihara( 157) investigated correlations among notch-toughness
evaluated by varioustests, as shown iti Table 3. Figure 39 shows

covered-electrode-

data of weld metals
the following:

J?igure 3qa: Correlation be’cween the Gharpy V-notch 15-ft-lb transition

temperature and the transition temperature obtained with the welded-

and-notched wide-plate tension test

J?igure 39b: Correlation between the NRL drop-weight test, Nll T tem-

perature, and the arrest temperature determined with the double-tension

test (with temperature gradient).
—.

Included in these figures are data on the base plates. Figure 39 indicates that the weld
metal and the base metal behave the same as far as the correlation among transition
temperatures determined by different tests is concerned.

5.6 Summary of Chapter 5

Various tests have been used to evaluate:

( 1) The notch toughness of weld metals and the heat-affected zone

(2) The effects of the notch toughness of the weld metals and the heat-
affected zone on the fracture behavior of weldrnents.

Heat-Affected Z one

The notch toughness of the weld metal and the heat-affected zone has been evalu-
ated by means of various industrial tests, including(1) modified Charpy tests and other
impact tests, (2) the NRL drop-weight test , and (3) static fracture tests on notched

specimens such as the Navy tear test and the Van der Veen test. Laboratory tests on
large-size specimens including the ESSO test, the double-tension test, and the welded- ‘
and-notched wide-plate tension test also have been used to evaluate brittle-fracture
characteristics of the weld metal and the heat-affected zone.

Generally, the same correlations exist among data obtahed with various tests in
the weld metal and those obtained in the base metal, as shown in Figure 39. In other
words, the weld metal and the base metal behave the same way when the test methods
are changed. Cases, however, have been observed in which results obtained with
small specimens do not agree with those obtained with large specimens, as shown in
Figures 34 and 35. Results shown in Figures 34 and 35 indicate that despite the lower
notch toughness exhibited in Charpy V-notch impact tests of the weld metal and the heat-
affected zone (compared with that of the base metal) brittle fracture does not neces–

sarily occur along these zones. Adequate information is lacking on this subject.

- - ..———-———-..-—--.—.—..—.--————..—— —..
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Effects of the Notch Tougbne ss of the Weld Metal
and the Heat-Affected Zone on the Fracture
Behavior of Weldments

The effects of the notch toughness of the weld metal and the heat-affected zone on
the fracture behavior of weldments have been investigated with various tests, including
(1) bend tests on welded specimens such as the Lehigh test and the KornmereU test and
(2) fracture tests of weldments by dynamic loading such as the explosion bulge test and
the crack-starter explosion test.

In brittle fractures which propagate transverse to the weld, such as those in the
Lehigh and the KornmereU tests, the properties of the weld metal and/or the heat-
affected zone affect the fracture initiation; however whether the fracture propagates or
not depends primarily on the properties of the base metal, h the KommereU test, for
example, the bend angle for crack initiation is affected by the type of weld metal, ~ut

the m=imum bend angle is little affected by the type of weld metal, as shown in
Figure 31.

In brittle fractures

( 1) In carbon-s tee

which propagate parallel to the weld, it has been found that:

weldments in which the weld-metal notch toughness is

as good as or better than the base metal-and the yield strength of the

weld metal is as high as or even higher than the base metal, brittle
fracture does not usually propagate along the weld metal or the heat-
affected zone.

(2) In high-strength alloy-steel weldments, brittle fracture may or may
not propagate along the weld metal or the heat-affected zone, depend-
ing on the relative notch-toughness and yield strength of the weld
metal or the heat-affected zone with respect to the base metal. Frac-
ture propagation along the weld metal or the heat-affected zone is a
serious problem in high- strength heat-treated steels in which the
high strength and excellent notch toughness of the base metal can be
damaged by welding thermal cycles. More research is needed on
this subject.

.-

-. .- .-
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CHAPTER6. AREAS OF NEEDED RESEARCFI

m-

.

One of the most important observations made during this literature survey has
been the relatively limited information available orI the notch toughness of weld metals
and the heat-affected zone. Although much work has been clone in this general area to
avoid brittle fracture, much of it has been done on wekled plates or assemblies, and only
limited charpy impact-type data were obtained for specific weldment zones. However,
‘co have a common basis for comparison the notch- toughness values of the weld metal
and the heat-affected zone should be determined on the same basis as for the base metal.
It would then be possible to set up a realistic relationship that should exist between the
three zones for satisfactory service in steels of different strength levels.

It was also observed that there has been relatively little correlation of such factors
as chemical composition, microstructure, and welding variables with the notch toughness
of weld metals and the heat-affected zones. If the desired relationships of notch-
toughness values referred to above are determined, then it would be in order to conduct
extensive investigations to determine how the notch toughness of the weld metal and the
heat-affected zone can be improved by modifying the numerous variables involved,

Fig. 40. Initiationand P~opagationof F~aeture in Ship SkmwhJFe.

—-
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6. 1 Realistic Requirements for Notch TouEhness of
the Weld Metal and the Heat-Affected zone

Research should be conducted to determine on a more rational basis the notch
toughness needed in the weld metal and the heat- affected zone compared with the notch
toughness of the base metal. To do this would require a study wherein weld metals of
different notch- toughness levels were produced and welding techniques changed so that
the heat-affected- zone notch- toughness level also changed. Charpy impact tests should
be used to determine the notch-toughness levels. Then full size welded plates should be
tested “under standard conditions to determine their performance. This test could be one
of fracture tests of weldments such as the explosion bulge test or the welded-and-notched
wide-plate tension test. The results of such work would provide a correlation between
the notch-toughness of the weld metal, the heat-affected zone, and the base metal, as
measured by charpy impact properties , with performance as a welded assembly in ‘
service.

The following discus sion relates to the establishment of realistic requirements for
the notch toughness of the weld metal and the heat-affected zone. Discussions will cover
the following, with reference to Figure 40:

(1) Initiation of brittle fracture from the weld metal and/or the heat-

affected zone, as shown by AA and E13

(2) Propagation of brittle fracture through the weld metal and/or the
heat-affected zone, as shown by YY.

This discussion is presented using fracture initiation and propagation criteria, since
these are the criteria most influenced by variations in notch toughness.

Fracture Initiation

Evidence obtained in the investigations of brittle failures in welded ships and other
structures has shown that in many cases fractures initiated from welds containing cracks
and other defects. Since there always is a chance that the weld metal may contain
defects, the weld metal should have enough resistance against fracture initiation (by
subcritical crack growth) that the defects do not grow to an unstable fracture.

Importance of “the heat-affected zone for the initiation of brittle fracture has been

recognized. It has been known that brittle failures in welded structures also have ini-

tiated from heat-affected zones, especially from those With cracks and other flaws.

Studies of brittle fractures which initiate from the heat-affected zone and propagate into

the base metal have been made by many investigators using various tests including the

Lehigh longitudinal- bead-weld notched- bend test, the IZommerell longitudinal- bead-weld

bend test, the explosion bulge test, and explosion tests on welded tubes.

Fracture Propagation

Paths of fracture propagation relative to the weld

two basic types:

Type 1 path: A fracture propagates mostly in the

traverses the weld metal, as shown

are classified into the following

base metal and

by XX in Figure 40,
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Type 2 path: A fracture propagates along the weld metal and/or the

heat-affected zone, as shown by YY.

Fracture Propagation Transverse to the Weld. In a Type 1 path, notch toughness
of the weld metal and the heat-affected zone does not have a significant effect on the
fracture behavior of the welded structure, since the width of the weld, w, is negligible
compared with the width of the base plate, b (in most structures the ratio, w/b, is much

less than O. 01).

In ship structures major stresses are in the longitudinal direction of the ship, and
brittle fractures have occurred in almost all cases in the transverse direction. From
the viewpoint of fracture propagation, consequently, the toughness requirement for the
longitudinal- seam-weld metal may be reduced. The Japanese ship- classification society
allows a lower notch toughness for longitudinal- seam-weld metals than for transverse-
butt-weld metals. (14)

Fracture Propagation Along the Weld Metal and the Heat-Affected Zone. Three
major=c=e~e~hether or not Type 2 fracture occurs:

(1)

(2)

(3)

The relationship of the notch toughness of the weld metal, the heat-
affected zone, and the base metal

The relationship of the yield strengths of the weld metal, the heat-
affected zone, and the base metal

The widths of the weld metal and the heat-affected zone.

If the notch toughness of the weld metal and the heat-affected zone is superior to that of
the base metal, Type 2 fracture will not occur. If the yield strengths of the weld metal
and the heat- affected zone are higher than that of the base metal, Type 2 fracture will
not occur, even when the notch toughness of the weld metal and the heat-affected zone is
slightly inferior to that of the base metal. If the widths of the weld metal and the heat-
affected zone are very narrow, Type 2 fracture will not occur unless the strength and
the notch toughness are considerably lower thn those of the base metal. It is important
to determine quantitatively the conditions which govern the occurrence of Type 2
fracture.

6. Z Effects of Chemical Composition and Microstructure on
Notch Toughness of the Weld Metal and the Heat-Affected Zone

Two basic factors which determine mechanical properties of a metal are the chem-

ical composition and the microstructure. Many investigators have studied effects of

chemical composition and microstructure on the notch toughness of base metals. How-
ever, very few systematic investigations have been made of the effects of chemical comp-
osition and microstructure on the notch toughness of weld metal and the heat-affected
zone.

— . .-
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On the basis of limited information obtained so far, the effects of the chemical
composition and the microstructure on notch toughness are roughly the same in base
metals and in weld metals. However, there are some differences in the ways the chem-
ical composition and the microstructure affect the notch toughness of base metals and
weld metals, It is believed that major factors which cause the difference in notch tough-
ness are nonmetallic inclusions and such minor elements as oxygen and nitrogen. More
research is needed on the effects of the chemical composition and the microstructure on
the notch toughness of the weld metal and the heat-affected zone, particularly in high-
strength alloy- steel welds in which the effects are more complex and drastic than in
carbon- steel welds.

Electron-microscope fractography should be very useful in studying the effects of
nonmetallic inclusions and minor elements on the notch toughness of weld metal. It has
been useful for studying the rnicromechanisms of fracture of metals. However, no ex-
tensive investigation of brittle fracture in weld metals and heat-affected zones has been
ma-de by electron microfractographic methods.

6.3 Effects of Welding Variables on Chemical Composition and Microstructure
of Weld Metals and the Heat-Affected Zone

An inherent difficulty in obtaining weld metals and heat- affected zones with desired
mechanical properties is that chemical composition and rnicrostructures differ from
those of the filler and base metal. Complicated chemical reactions take place in the

molten metal. Such metallurgical changes as solidification and transformation also take
place during cooling.

In many research programs conducted for. developing welding processes and pro-

cedures, investigators studied to some extent the effect of welding variables, including
the chemical composition 01 the filler and the base metal, chemistry of flux, and welding

conditions, on the chemical composition ,and the micro stmctures of the weld metal and

the heat- affected zone of welds made in their investigations. However, rather few in-

vestigations have been made:

(1) To better understand effects of welding variables on the chemical
composition and the microstructure of the weld metal and the
heat-affected zone.

(2) To improve means of predic~ing and controlling the chemical com-
position and the microstructure of the weld metal and the heat-
affected zone.

Research is particula~ly needed on welding of high- strength alloy steels.

‘-\

.-

-. — .— .-l
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CONCLUSIONS

.7

A review has been made of presently available information on the notch tougl-mess

of weld metal and the heat-affected zone produced by the use of various welding pro-

cesses in carbon steel and low-alloy high- strength steels up to 120, 000-psi yield
strength.

On the basis of data collected in this literature survey, the following conclusions
can be drawn:

(1) Weld metals with various degrees of strength and notch toughness are
available with various welding processes:

(a) For joining carbon- steel ship plates, weld metals which have

notch toughness as good as the base metal joined can be ob-

tained with welding processes including shielded metal-arc

welding, submerged-arc welding, and gas metal-arc welding.

As-deposited metals made with electroslag and electrogas

processes do not meet most of ship- classification- society

requirements. Rather poor notch toughness is noted for weld

metals made with two- pass submerged-arc welding in heavy

plates.

(b) For joining high- strength alloy steels, it becomes increasingly
difficult to obtain weld metals with good notch toughness as the
required strength increases. Welding processes which produce
weld metals with high strength and good notch toughnesz include:

(i) The shielded metal-arc process, using properly designed
low-hydrogen-type electrodes

(ii) The gas metal-arc process, using shielding gas con-
taining a high percentage of inert gas.

However, no welding process can be guaranteed to produce weld
metals as tough as HY- 80 base metal.

(2) The effects of chemical composition and microstructure on notch tough-
ness are roughly the same in b!ase metals, and in weld metals. However,
there are some differences in the ways in which chemical composition
and microstructure affect the notch toughness of the base metal and the
weld metal. It is believed that major factors which cause the difference
in notch toughness are nonmetallic inclusions and such minor elements
as oxygen and nitrogen.

(3} The effects of welding procedures on the notch toughness of the weld
metal depend greatly on the composition of the filler and the base metal
and on the welding processes. In general, weld metals made with low
heat input and in many passes have better notch toughness than do those
made with high heat input and in few passes. Preheating has a benefi-
cial effect on the notch toughness of weld metals in carbon steel; the
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effect of preheating on notch toughness is complex in weld metals in
alloy steels. Stress- relieving heat treatments cause complex em-
brittlement effects on weld metals in some alloy steels.

(4) In mild- steel welds, the notch toughness of the heat-affected zone is
not a serious problem. However, loss of notch toughness in some

““ portions of the heat-affected zone is “noted in some high- strength
alloy steels, especially in heat-treated steels. More information
is needed on this subject.

(5)

(6)

The notch toughness of the weld metal and the heat-affected zone has

been evaluated by means of various industrial tests with small

specimens. Laboratory tests with large specimens also have been

used to evaluate brittle-fracture characteristics of the weld metal

and the heat- affected zone. Generally speaking, weld metals and
base metals behave the same way (correlate) when test methods are
changed. However, cases have been observed in which the results
for weld metals obtained with small specimens do not correlate with
those obtained with large specimens when such a correlation is found
for base metals. It is apparent from these observations that factors
sometimes influence the behavior of weld-metal test specimens
that do not influence the behavior of base-metal test specimens.
Residual stress is one factor that appears to sometimes cause the
observed differences.

The effects of the notch toughness of the weld metal and the heat-
affected zone on the behavior of weldments have been investigated.
With regard to brittle fractures which propagate transverse to the
weld, properties of the weld metal and/or the heat-affected zone ‘
affect the fracture initiation; however, whether the fracture
propagates or not depends primarily on the base metal. With
regard to brittle fractures which propagate parallel to the weld,
the following have been found:

,.

(a) In carbon- steel weldments in which the weld metal
has notch toughness as good as or better than the
base metal and the yield strength of the weld metal
is as high as or even higher than the base metal,
brittle fracture does not usually propagate along the
weld metal or the heat- affected zone.

(b) Brittle fractures along the weld metal or the heat-
affected zone can be a serious, “problem in weldments
made in certain high- strength alloy steels, especially
in heat-treated steels.

....
One of the most important observations made during this literature survey has

been that relatively limited information is available on the notch toughness of weld
metals and the heat-affected zone. Information is especially lacking on the realistic

requirements for the notch toughness of these zones compared with that of the base

metal. It was also observed that there has been relatively little correlation of such

factors as chemical composition, microstructure, and welding variables with weld

metal and heat- affected- zone notch toughness.

.-

—., .-...—-——-.-——-—— — .- — —



-63-

ACKNOWLEDGMENT

.

-4

The authors are grateful for the cooperation and support of Lt. Commander R.
Nielsen, Jr. , U. S. Coast Guard, Secretary, Ship Structure Committee, and Mr. A. R.
Lytle and Mr. R. W. Rumke of the National Academy of Sciences. The authors also are
grateful for the advice given by the members of the Project Advisory Committee, Mr. J.
J. Chyle, Chairman; Mr. R. D. Bradway; Dr. W. D. Doty; Gommander E. M. Henry,
USN; and Dr. D. C. Smith.

REFERENCES

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(lo)

(11)

(12)

—

Parker, E. R. , Brittle Behavior of Engineering Structures, John Wiley and Sons,
Inc. , New York (1957).

Shank, M. E. , Control of Steel Construction to Avoid Brittle Failure, Welding
Research Council Publication (1957).

Biggs, W. D. , The Brittle Fracture of Steel, Pitman Publishing Corporation,
New York (1960).

Stout, R. D., and Doty, W. D. , Weldability of Steel, welding Research Council
(1953).

Kihara, H. , Suzuki, H. , and Tamura, H. , Researches on Weldable High Strength
Steels, Society of Naval Architects of Japan, 60th Anniversary Series, Vol I (1 957).

Averbach, B. L. , IIWhere we Stand in Design With Brittle Fracture”, Interpretive

Report, SSC - 114, Ship Structures Committee; also “physical Metallurgy and
Mechanical Properties of Materials: Brittle Fracture”, Journal of the Engineer-

86 (EM6),ing Mechanics Division, Proc. American SOC. Of civil Engineers! _
Part 1, 29-43 (1960).

!,Selected References on Brittle Fracture”, DMIC Memorandum 55) Defense

Metals Information Center, Battelle Memorial Institute (May, 1960).

Pellinij W. S. , I!Notch D~cti~~ty of Weld MetalTi, The Welding Journal, 35 (5),

Research Supplement, 7.17s-233s (1956).
—

Smith, D. C. , llDevelopment, Properties and Usability of Low Hydrogen Elec -
trodes’1, The Welding Journal, 38 (9), Research Supplement, 377s-392$ (1959).—

IIStandard Methods for Notched Bar Impact Testing of Metallic Mater ialsr’, ASTM

Designation E23-60, ASTM Standards, Part 3 (1961), pp 79-93.

Vidrrna, J. , IIThe ~~uence of Notch Depth on the Notch Toughness Vahes of the

Weld Metal”, Zvaranie, 11 (1), 10-12 (1962).—

Yoshida, T. , and Kumabe, H. , llAutomatic welding in HuII COnfitrUC~iOn”, Journal
. .

of the Japan Welding Society, ~ (7), 562-580 (1963).

----- -..—. .J



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

-64-

“Rules for the Classification and Construction of Steel Vessels”, American Bureau
of Shipping, New York (1 963).

Kaku, S, , “Unified Requirements for Hull Structural Steels and Some Problems on
their Welding Procedures”, Journal of the Japan Welding Society, 33 (4), 11-16
(1964).

—

“Rules and Regulations for the Construction and Classification of Steel Ships”,
Lloyd’s Register of Shipping, London (1 961),

Dawson, T. J. , “Quenched and Tempered Steels in Ship Structure”, Welding

Jou~nal, M (4), 175s (1961).

Lorentz, R. E. , Jr. , “Utilization of Quenching and Tempering for Improvement

in Properties of Low Alloy Steels in I-Ieavy Thicknesses for Welded Constructional,

Welding Journal, 41 (10), Research Supplement, 433s-447s (196z).—

IIsteel$ to Match Your Imagination”, Design and Engineering Seminar - 1964,

United States Steel Corporation ADUSS 91-1008 (1 964).

“Evaluation Criterion of Structural Steels for Low Temperature Application”
Japan Welding Engineering Society, WES (March 1964).

“Method of Testing and Approval of Electrodes for Welding Mild and LOW A11oY

High Tensile Steel”, Welding in the World, ~ (l), 2-17 (1963).

I!Tentative Methods for ~estimg Weld Metal Deposited by Submerged-Arc Welding

(Mild Steel)”, Welding in the World, ~ (l), 28-37 (1963),
-,

Private com~munication with Mr. S. Kaku of the Nippon Kaiji Kyokai.

Williams, M. L. , and Ellinger, G. A. , “Investigations of Structural Failures of
Welded Ships”, The Welding Journal , ~ (10) Research Supplement, 498s-527s

(1953).

Williams, M. L. , IIcorrelation of Meta~lurgica] Properties and Service Per-

formance of Steel Plates from l?ractured Ships”, The Welding Journal, Research

Supplement, ~ (10), 445s-454s (1958).

Puzak, P. P. , Schuster, M. E. , and Pellini,, W. S, , “Applicability of Charpy

Test Dataf!, The Welding Journal, 33’(9), Research Supplement, Z133S-+IJIIS (lgs~).
—

Puzak, P, P. , Schuster, M, E. , and Pellini, W. S, , “Correlations of Brittle
Fracture Service Failures With Laboratory Notc,h-Ductility Tests”, The welding

Journal, Research Supplement, 37 (9), 391s-410s (1958).—

Hodgson, J. , and Boyd, G. M. ,
-,
:.

I!Brittle Fracture in Welded Ships; An Empirical

Approach from Recent ICxperience”, Transactions Institute of Naval Architects,
,-..

100 (3), 141-180 (JuIY 1958).



(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

-65-

!lRecommendations of Commission IX: Behavior of Metals Subjected to Welding -

Recommendations Regarding the Minimum Requirements to be Met by Ordinary
Carbon or Low-Alloy Carbon-Manganese Structural Rolled or Forged Steel so
That They May be Suitable for Electric Arc Welding”, British Welding Journal,
3 (6), 254-257 (1956).—

Rtihl, K. , I]State of Brittle Fracture Problems with Reference tO classification

Steels”, Schweissen und Schweiden, ~ (4), 107-115 (1956).

B onhomme, W. , llconsideratio~s on the Clas sification of Steels in Relation to

Their Suitability for Welded Metal Construction”, Revue de la Soudure,
Lastijdschrift, 14 (2), 112-116 (1958).—

of

Feely, F. J. , Jr. , Northup, M. S. , Kleppe, S. R. , and Gensamer, M. , “Studies
on the Brittle Behavior of Tankage Steel Plate sIi, The Welding Journal, 34 (I Z.),
Research Supplement, 596s-607s (1955).

—

Puzak, P. P. , and Pellini, W. S. , !!Evaluation of the Significance Of Ch<~r~.Y...Te~t.s

for Quenched and Tempered Steels”, The Welding Journal , ~ (6), Reseakch Sup-
plement, 275s-290s (1956).

Johnson, H. H. , and Stout, R. D. , “Comparison and Analysis of Notch- Toughness
Tests for Welded Steel”, ~he Welding Jou-rnal, 39 (11),
493s-501s (1960).

—

IIB rittle Fracture and Weldability Of Structural steels”,

hstitute of Welding (1959).

Research Supplement,

Commission 9 of the Japan

Smith, D. C. , llEvolutio~ of High- Tensile Weld Metal With Low-Hydrogen Elec -

trodesrl, The Welding Journal, ~ (7), 677-692 (1957).

Cowan, A. , llElectrod~~ for Welding Higher Strength Reactor Pressure vessel
Steels”, Welding and Metal Fabrication, 30 (10), 386-394 (1962).—

Roberts, D. F. T. , Prince, A, , Blore, M. H. D. , and Ridgway, W. F. , “Impact
Strength of Butt Welds in Thick Plate”, British Welding Journal, ~ (16), 346-361
(1962).

Roberts, D.F. T. , and Ridgway, W. F, , 11A Further Note on the Impact Strength

of Butt Welds in Thick Plate”, British Welding Journal, 10 (7), 341-343 (1963).—

Garstone, J. , and Johnson, F. A. , fl~ act Properties of Mild Steel WFld Ivfetals’1

British Welding Journal, 10 (5), 224-23: (1963).—

Don’eux, G. , I!Constatations et remarques au sujet de l’essai Charpy V clans Ie

domaine du soudage - Part 1 Facteurs d’influence sur la R&silience Charpy V du
Metal Depos< par les Electrodes Basiques”, Revue de la Soudure: Lastijdschrift
(Brussels), 19 (4), 169-185 (1963).—

Desguin, H. , I!Constatations et remarques au sujet de I’ essai Charpy V clans le

domaine du s oudage – Part 2 Quelques Difficult6s d’ utilisation du Charpy V aux
Fins d’ ~tude et aux Fins de Reception’l, Revue de la Soudure: Lastijdschrift
(Brussels), ~ (4), 186-200 (1963).



(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

-66-

Kasatkine, B. S. , !lBrittle Failure of Low-carbon Steel Welds”, Avtomaticheskaya

Svarka, 11 (11), 71-80 (1958); Henry Brutcher Translation No. 4786.
—

Matsuhara, T. , IiMechanical Properties of Weld Metal (Report 1 )“, Journal of the

Japan Welding Society, 26 (9), 563-573 (1957).—

Matsuhara, T. , and Nakayama, H. , llMe~hanical Properties of Weld Metal

(Report 2)”, Journal of the Japan Welding Society, 26 (11), 694-702 (1 957),—

Ohwa, T. , If Notch Toughness of Weld Metals”, Journal of the Japan welding
Society, 31 (1, 2, and 4), 4-1o, 87-92, 256-261 (1962).

—

Watkins on, l?. , llNotch Ductility of Mild-Steel Weld Metal”, British Welding

Journal, ~ (4), 162-74 (1959).

.

. .

Welding Handbook, Fourth IZdition, Section V, The American Welding Society

(1961).

Sagan, S. S. , and Gampbell, H. C. , I! Factors Which Affect Low-Alloy Weld-Metal

Notch-Toughness”, Welding Research Council Bulletin, Series No. 59 (April 1960).

Kraichik, M. M. , 11Properties of Welded Joints in 10KhGN Steel”, Svarochnoye

Proizvodstvo, 5 (6), 41-50 (1959).

Kolago, M. , I!Mechanical Tests of Automatically Submerged Welded Butt Joints

Hull and Boiler Grade Steels”, Przeglad Spawabnictwa, 14 (6), 157-161 (1962).—

Libra, O. , and Podhova, J. , “Application of ’Material 11483.1 for Pressure

:
in

Vesse”ls”, “Zv~ranie (Technical Journal of the Czechoslovak Welders), 12 (9), 245-

252 (1963).
—

Augland, & , and Christensen, N. , IISome observations on the Notch Toughness of

Submerged Arc Weld Deposits”, British Welding Journal , ~ (10), 473-476 (1961).

Stern, I. L. , Kahn, N. A. , and Nagler, H. , llNotch. Toughness characteristics Of

Submerged-Arc Weld Deposits”, The Welding Journal , ~ (5), Research Supple-
ment, 226s-234s (1957).

Private communication with Mr. S. Kaku of the Nippon Kaiji Kyokai.

Hotta, T. , Sakai, T. , Bada, T. , Tanaka, H. , Morimoto, I. , and Nakayama, H. ,

“Application of the I?N Process to Mild and High-Tensile-Strength Steels and Hard-

Facing in Submerged Arc Welding”, Document No. XII-21 7-64, Commission XII of

the International Institute of Welding (1 964).

.“

Okada, K. , Saruwatari, S. , Tokura, M. , Miura, T. , “Cut Wire Submerged Arc
?

Welding Process – New Automatic Arc Welding Process Using ‘Cut Wire’ as an
Auxiliary Filler Metal”, Document XII-21 9-64, Commission XII of the Inter-

“—

nat}onal Institute of Welding (1 964).

IIsubmerged Arc welding of High Strength Steel”, Document XII- 198-63, COmmis -

sion XII of the International Institute of Welding (1963).

. . .. ..— .—.. .- . —.— ._.. —.-



(58)

(59)

(60)

(61)

(62)

(63)

(64)

.

(65)

(66)

(67)

(68)

(69)

-,

(70)

(71)

-67-

Makara, A. M., Slutskaya, T. M., and Mosendz, N. A., “SubmergedArc Welding
of High-Tensile Steels with Fused Fluxes”, Autom. Svarka (Automatic Welding), 12—
(lo), 1-9 (1959).

Takagi, O. , Nishi, S. , and Suzuki, K. ) llNotch Toughness of the Metal De~o$ited

by Automatic Arc Welding”, Journal of the Japan Welding Society, 31 (9 and 10),
767-774 and 821-833 (1962).

—

Yoshida, T. , Onoe, H. , Kumabe, H. , and Tsukui, H. , “StUdY On Submerged ‘rc
Welding of FIT-SO Steel”, Journal of the Japan Welding Society, 32 (12), 1134-1142—
(1963).

Nakane, K. , and Murarnoto, T. , “ Submerged Arc Welding of High- Strength
Steels”) Railway Technical Research Report No. 414, the Railway Research
Institute of the Japanese National Railways (June 1964).

Lewis, W. J. , Faulkner, G. E. , Martin, D. C. , and Rieppel, l?. J., “Subrnerged-
Arc Welding FIY-80 Steel”, The Welding Journal, 39 (6), Research Supplement,
266s-272s (1960),

—

Lewis, W. J. , Faulkner, G. E. , and Rieppel, l?. J. , “Flux and Filler Wire De-
velopments for Submerged-Arc Welding of HY- 80 Steel”, The Welding Journal,
40 (8), Research Supplement, 337s-345s (1961).
—

Kubli, R. A. , and Sharav, W. B. , I!Advancements in Submerged-Arc Welding of

High-Impact Steels”, Welding Journal, 40 (11), Research Supplement, 497s-502s
(1961).

—

Yoshiki, M. , llDe~ign and construction of Large Tankers in Japan”, Welding and

Metal Fabrication, 31 (3), 95-99 (1963).—

Christopher, G. , and Becker, R. C. , llGa5 Meta~-Arc Welding of Low-Carbon

Steels”, Welding Journal, 39 (5), Research Supplement, 478s-487s (1960).
—

Sekiguchi, H. , I!Recent AdVanCement of Goz-oz Arc Welding Process in Japan”!

Document No. XII- 127-62, Commission XII of the International hstitute of
Welding (1962).

Salter, G. R. , l!Ar~on.COZ_Oz MiXtUres for the Welding of Mild Steel”, British

Welding Journal, 11 (2), 63-78 (1964).—

Nelson, J. W. , Randall, M. D. , and Martin, D. C. , “Development Of Methods of
Making Narrow Welds in Thick Steel Plates by Automatic Arc Welding Processes”,
Final Report to Bureau of Ships, Department of the Navy on Contract NObs- 86424,
Battelle ~emorial Institute (march, ‘1964).

Inagaki, M. , 1!Carbon Dioxide Arc welding of High-Strength Steel $”, Journal Qf
the Japan Welding Society, ~ (8), 629-653 (1964).

Sekiguchi, H. , Masurnoto, I. , Tamaoki, K. , and Asai, y. , “~pact Properties
Weld Metals Deposited With the C02-02 Gas Shielded Arc Welding Process -
Part l“, Journal of the Japan Welding Society, 32 (9), 732 (1963); abstract of a
paper presented at the National Fall Meeting, 1%3.

of



-68-

(72) Sibley, C. R. , l!A~l_ position welding Of HY - 80 Steel With the Gas-shielded

Process”, The Welding Journal, 39 (10), Research Supplement, 433s-437s (1960).—

(73) Sibley, C. R, , “Welding of HY- 80 Steel with the Gas-Shielded Metal Arc Process”,
The Welding Journal, 42 (5), Research Supplement, 219s-232s (1963).—

(74) Silverstein, S. M. , Sopher, R. P. , and Rieppel, P. J, , “Filler Wire for Welding
Army Ordnance Armor”, The Welding Journal, 38 (5), Research Supplement,

232s-240s (1959).
—

(75) Voloch.kevich, G. Z. , llElectri~ Slag Welding it, Avtomaticheskaya Svarka, ~ (6),
3-1o (1953).

(76) Paton, B. E. , !!Electroslag Welding of Very Thick Material”, The Welding

Journal, 41 (12), 1115-1123 (1962).—

‘(77-) Thomas, R. D. , Ir, , llE~e~troslag Welding — A New Process for Heavy Fab~ica-

tion”, The Welding Journal, 39 (2), 111-117 (1960).—

(78) Danhier, F. G. , 11western ~uro~ean Techniques in Elect roslag Welding”! The

Welding Journal, Q (1), 17-23 (1962).

(79) Franz, R. J. , and Wooding, W. H. , llAutO~a~iC ver~jcal Welding and Its indus-

trial Applications!!, The Welding Journal, 42 (6), 489-494 (1963). L
—

(80) Cresswell, R. A. , “Electroslag Welding:
..

Present Position and the Attitude of
Classification Societies”, Document XII- 184-63, Commission XII of the h-her-

..

national Institute of Welding (1963).

(81) Burden, C, A. , Garstone, J. , and Lucey, J. A. , “Electro-Slag Welding of Rela-

tively Thin Plate”, British Welding Journal, ~ (4), 148-155 (1964).

(82) 11A New conception in Shipbuilding Construction”, ESAB News, No. 10 (1964).

(83) Rote, R. S. , llInvestigation of the Properties of Elect roslag Welds”, The Welding

Journal, 43 (5), 421-426 (1964).—

(84) Santilhano, P, D. , and Hamilton, L G, , I! Experience in Electro-Slag Welding”,

British Welding Journal, 11 (6), 256-257 (1964).—

(85) Frondeville, B.,, “Contribution a 1’ &tude des Assemblages Soud~s Vertical ement

sous Laitier”, Soudage et Techniques Cormexes, 16 (2), 103-115 (March-April

1962),
—

(86) Erdmann-Jesnitzer, F. , Schubert, J. , and Marschner, M. , “Verbesserung von
Gefiigeausbildung und Mechanichen Eigenschaften von Elektro-Schlache-
Schweissn’&ten”, Schweisstechnik (East Germany), 11 (10), 441-448 (1961).—

.

-,.-.,

(87) Ostrovskaya, S, A. , IISome Data for the Mechanical Properties of the Weld Metal

Produced When Carbon and Low-Alloy Constructional Steels are Electroslag
Welded”, Avtomaticheskaya Svarka, ~ (2), 1-10 (1962).

,“.-



-69-

(88) Makara, ,A. ~., Novikpv, L V., and Lutspk, V. A., “The Develo~mentof a
Technique- for the Elect~p-Slag Welding of Boiler Shells Made of. Type AK Medium
Alloy steel”, Avtomaticheskaya Svarka, ~ (4), 66-76 (1959).

(89) Pokataev, S. V. ~ Novitskii, V. K. , and Kryani~, 1. R. , “Effect? O; the Steel-
melting Conditions on the Impact Strength of Electroslag Welded Joints at Low
Temperatures”, Svarchnoe Proizvodatvo, ~ (6), 22-26 (1963),

.!
1,,

(90) Ujiie, A. j“SatOj S.,
‘llproced~re, Gondition of I&ctrislag Weld-arii .Nagaokal T. ,

ing on Application for Pressure Vessel”, Document XII- 178-63, Cprrqnission XII

of the International Institute of Welding (1 963).

(91) Boulger; F. W. , Erazier, R. H; ; and Lorig, C. H, , “Investigation of “the ~nflu-
ence of Deoxidation and “Chemical Composition on Notched- Bar. ~rop~rties of Ship
Plate Steels”, Welding Research Council, Bulletin ‘No. 26 (April 1956).

(.92) Vari, dek Veeri, J. H. , “Irifluence of Steel- Making Variables on Notc~ T,oughnes S“,

Ship -Structure Committee Report, ~SeriaI No. SSC-128 (June 1960),’ ~ . .

(93) Boulger, F. W. , and I-Iarmen; ”~. R, , IIThe Effect of Metallurgical Variables in

Ship- Plate .Steels ori the Trams it;on ‘T eiriperatures in the Prop- W e~~ht. and, “Charpy
V<Notch Test-s”j SSC- j45, Ship Structures “Committee (Decerriber 1962).

. .

(94) Gross, J. H. , arid Stout, R. D, , “The Effect of ~icrostructure on Notch Tough-
ness - Parts .11 and 111!”, The Welding Journal, 34 (~), Research Su#ple~ent, 117s -
122s (1955), and ~ (2), 72s-76s”’(1956]. ‘“ —

,.,. ‘>.’,
,,.

(95) Kottcamp, ~, H. , Jr. , and Stout, R. D. , JIEffect of Microstructure on Notch

Toughness - Paz% IV” ,’ The Welding ‘Journal, 38 (11), Research Su&~efient, 435s _
““440s (1959), ‘“ : . -.

1— ,’,’
1,

(96) ‘Sakaki, H:,’ !!Effect of .A~~oy-lng ~~ernents on Notch Toughness of Easic Weld

Metals”, Reports 1 through 7, Journal of the Japan Welding Society, 28 (12), 85s-
863;.29 (2), 1.02-105; ~ (6), “474 -’484; 29 (7); 539-$44; ~ (12); 940-94~30. (4),
32-37~~ (6), 22-25 [-1959-61). — ,,.

(97) Dorschu, K. E, , and Stout, R. ‘D. , I!Some Factors Affec~in& the Note’h Toughness

of Steel Weld MetAl”, Welding Journal, 40’ (3), 97s (1961).—

(9s)”04wa, LT.,” llstati~t~cal .InvesfigatiOn”’ On ‘the Effect of ~~lOykg ~le?he”~ts “for the

Notc”h-Totighness of weld” Metals”, Doc”urnent 11-221-62, Comrniss~oh H of the

International Institute “of Welding ( 1962).
,..1,

(99) Heuschkel, J. , “composition Controlled, High- Strength, Ductile, Tough, Steel

Weld Metals ”,” The Welding Journal, 43 (8), Research Suppleme~t; 36-1s“-”384s
(1964). “ “- ‘ 1. ,.- ;,:.’( .’—, ,1, )r “

(100) “Background for the Development’ of Mateiials to’ be ‘“Used in High-Strength- steel
. ~-

Structural Weldments”, DMIC Report 172, Defense Metals Information Cent~r,,,
,.-

Battelle Memorial Instittite (July 31, 1962). .!,’
,. .,. ‘

(101) Kolisnyh, V. N. , and Podgaetskii, V. V. , l!The Effect of Carbon and Phosphorus

on the Cold--Shortfies’s of Submeiged ‘Arc Welds in Carbon Sieel”, Avtornatlchiskaya
,.

Sv~rka, 14(3);’ 18-25 (1961). : ‘ ., ..’,, ?!
— >.



-70-

(102) Rinebolt, J. A. , and Harris, W. J. ,
-<..

llEffects” of Alloying Elements on Notch

Toughness of Pearlitic Steels”, Trans. ASM, ~, 1175-1214 (1951). .

(103) Ziegler, N. A, , Meinhart, W. L. , and Goldsmith, J. R. , llEffect~ Of Manganese
~!>

on the Properties of Cast Carbon and Carbon-Molybdenum Steel sll, Trans. Am,
SocO Metals, “~, 398 (1947).

(104) Ziegler, N. A, , Ivfeinhart, W. L. , and Goldsmith, J. R. , llEffe~t of s~li~on on
the Properties of Cast Carbon and Carbon. Molybdenum Steelsll, Trans. Ami SOC,
Metals, 40, 617 (1948).

(1 05) Ziegler, N. A. , Meinhart, W. L. , and Goldsmith, J. R. , “Effect of Vanadium on
the Properties of Cast” Carbon and Carbon- lvlolybdenum Steels”, Trans. Am. Sot.
Metals, R, 565-608 (1949).

(106) Smith, A. A. , l!The Effect of Wire Copper Coating on the Mechanical Properties

of CO-2 Weld Metal”, Document XII-B-6- 64, Commission XII of the International
Institute of Welding (1 964).

(107) Ohwa, T. , 11A Study on oxygen and Nitrogen in Multilayer Mild- Steal Weld

Metals, Part 111. Notch Toughness”, Kabe Steel Works, Welding Laboratory
Report No. 35-5, 1-189 (1960).

(108) Sakaki, H. , llMe~a~l~rgi~alAspects of Lime-Fluoride-Silica Electrode Weld

Metal”, Document No. H- 2.97-64, Cornmis sion H of the International Institute of

Welding (1 964). .,

(109) “Spatia~Distribution of Manganese, Silicon, Chromium, and Oxygen in
Submerged-Arc Weld Deposits”, Contract DA-91 -591 -EUC-2797, Report to the
U. S. Department of Army, European Research Office from SINTEF The Fmgi-
“neering Research Foundation at the Technical University of Norway (March 1964).

(1 10) Sekiguchi, H. , 11A New ProPosal for Steel Filler Wire for Welding”, The Welding

30 (12), Research Supplement, 622s-624s (1951).Journal, _

(111) K6rber, F. , and Oelsen, W.”, l!Die Grundlagen der Deoxydation mit Mangan und

Sllizium”, Mitt. Kaizer Wilhelm Inst. Eisenforsch, ,~, 271-309 (1933).

(112) Petch, N. J. , 1!The Ductile-Cleavage Transition in Alpha- Iron”, Fracture, p~o-

ceedings of an international conference on the Atomic Mechanisms of Fracture,
held in Swamps cott,, Massachusetts, April 12-16, 1959, The Technology Press of
MIT and John Wiley and Sons, Inc. , New York (1959), pp 54-67.

(113) Averbach, B. L. , Felbeck, D. K. , Hahn, G. T. , and Thomas, D. A. , editors,
Fracture - proceedings of an international conference on the Atomic Mechanisms
of Fracture, held in Swamp scott, Massachusetts, April 12-16, 1959, The Tech-

+-+,~

nology Press of MIT and John Wiley and Sons, Inc. , New York (1959). J,

(114) Low, J. R. , Jr. ,
.

“The Fracture of Metals”, Progress in Materials Science, .

Pergamon Press, ~ (1), 1-96 (1963).

(115) Irvine, K. J. , and Pickering, F. B. , I!Relationship Between Microstructure and

Mechanical Properties of Mild Steel Weld Deposits”, British Welding Journal,
7 (5), 353-364 (1960).

I
;.,

—. .-



m-

-71-

(116

(117

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

. .
.,-

(129)
\

(130)

Tremlett, H, F. , Baker, R. G. , and Wheatley, J. M. , “Mechanical Properties
and Metallurgical Features of Mild Steel Weld Metals, Part I - Properties of
Multi- Run Specimens”, British Welding Journal, ~ (9), 437-447 (1961),

Trernlett, H. F. , and Baker, R. G. , IiMechanical Properties and Metallurgical

Features of Mild Steel Weld Metals, Part U - Metallog raphic Examination of
Double-Run Specimens”, British Welding Journal, ~ (9), 447-454 (196”1).

Warke, W. R. , and McCall, J. L. , “Using Electron Microscopy to Study Metal
Fracture”, SAE Preprint No. 828D, Society of Automotive Engineers, Inc. , New
York, 13 pp (1964).

Beachem, C. D. , and Pelloux, R. M, N. , llElectron Fractography - A Tool for the

Study of Micro Mechanisms of Fracturing Processes”, text used for Workshop in
Fracture Mechanics, held August 16-28, 1964, at Denver Research Institute by
Universal Technology Corporation, Dayton, Ohio.

McMahon, C. J. , Jr. , llMicromechanisms of Cleavage Fracture in POIYcrystal -

line Iron”, Ship Structures Committee, SSC- 161 (1964).

Malevskii, ‘Y. B. , 11A Method of Electron Microfractog raphy”, Avt. Svarka> ~

(11), 10-12 (1960).

Armstrongj T. N. , and Warner, W. L. , llEffect of Preheating and Postheating on

Toughness of Weld Metal’!, The Welding Journal, 37 (1), Research Supplement,
27s-29s (1958).

—

De Garmo, E. P. , 11A TheorY for Preheating of Plain, Low-Carbon Steel S”, The

Welding Journal, 37 (3), Research Supplement, 93s-96s (1958).—

Ohwa, T. , !!Effect of Stre~s-Re~ie~ing Heat- Treatment on Notch Toughness of

Weld Metals, Parts 1 Through 8“, Welding World (a Japanese publication), ~, ~
(1959 -196o).

Kihara, H. , and Masubuchi, K. , Distortions and Residual Stresses Due to Weld-
ing, The Sarnpo Publishing Co. , Tokyo (1955).—

“Welding in Shipbuilding”, British Welding Journal, ~, 477-481 (1 961).

Kamrner, P. A. , Masubuchi, K. , and Monroe, R. E. , “cracking in High-
Strength Steel Weldments”, DMIC Report 197, Defense Metals Information Center,
Battelle Memorial Institute (February 7, 1964).

Ostrovskaya, S. A. , I’Investigation of the Properties and Weldability of 70-160
mm Thick Type M Steel”, Avtomaticheskaya Svarka, 12 (5), 1-20 (1959).—

Pokataev, S. V. , Novitskii, V, K. , and Kryanin, 1. R. , “Effects of the Melting
Process ori the Impact Strength of Electro- Slag Weld Heat Affected Zones”,

Savchnoe Proizvodatvo, ~ (l), 3-8 (1963).

Hatch, W. P. , Jr. , and Hartbower, C. E. , !lv Notch Charpy Impact Testing of

Weld Metal and Heat-Affected Zone Simultaneously”, The Welding Journal, 35 (3),
Research Supplement, 120s-126s (1956).

—

b.. , . . -



-72-
.

(131j

(132)

(133)

(134)
....’!’.

,-, ,.

(135)

.. .

(136)

(137)
,.:.

,f,

(138)

(1.39)

...”.
(140)

(141)

(142j’

;.

(143)

“,!.

(i4~).

‘?::, r:..: .,,Hate;,,.y. P.., and
“and ‘in “,C,ornposite’!,
462s’(1958),

Hartbower, C. ~. ,
,,

i:~Tough~ess Of Welds,. Evaluated Separately

Th”e Welding Journal, 37 (10), ~esearch Supplement, 4555-—

.J,:..l~”-..~’:! “’
.,

!! Te9ts of ,SP~clme~”~ Simulating Weld ‘Heat-
N~?.P%~, ,~.,. .,~. ,- and Savage, W. ,“??.,
Affec<t,e,d ZorIe”, The ,Welding Journal, Resea~ch Supplemen~l 28 (12), 599s-616s

(1 949)’:
—

Nippes’j ‘E’. ‘F. , l~The We]d Heat-Affected Zone!’, The Welding Journal, 38 ‘(1);

Re’s’earcli’Suppl’ement, Is-l XS (1959).
,—

,., .

Brown, W. F. , Jr. , Ebert, L. J. , and Sachs, G. , !lDistribution of Strength and

Ductilit”y”iti Welded Steel Plate as Revealed by the Static Notch Bar Tensite Test”,

I!che Welding “Tournal, ~6 (1 O), Research Supplement,’ 545s-’554s (1 947).—.,; i..,,’ ,-. “.

Grossman, N. , and McGregor, C. W. ~ ItThe ,Britt~e Tra&ition Temperature of

Various Low-Carbon Steels Welded by the Same Method”, The Welding Journal,

27 ~5); ‘:R%skarcli Suppleni6nt, 267s-271s ‘(194”8).— 1.

Masubuchi, K. , Kusuda, T, , and Tarrmra, H. , llEffect of Welding on the Notch

Sens”itivit~ ‘of Ship: Ste els”, Journal of the Japan ‘Welding Society, 21 (l), 2-9 (1952),
—

Kihara,, ~. , Masubuchi, K. , and Tamura, H “ Effect of Welding on the Notch

‘~efis~fiv~t~:bf ‘Ste~l - Especially’ on the Embr~&led Zone Due to Welding”, ‘Brittle
~“ractwre ‘in Mild Steel and Their Welded Joints, The Welding Research’ Committee
of the Society of Naval Architects of Japan (1 953), pp 144-152: *

Ando~’ ‘Y~’’,”{:Yarn-aguchi., 1., Iida, K. , Irnai; Y. , “’Effect of Welding When Super-
posed Upon P’restrained Steel” ~ Report of Institute of Industrial Science, Univer-

sity of Tokyo, lapan, 283-318 (March 1955).
,,, ., ..,’”; ‘. --, . .

~il-ia~~; “’H. ~‘ Ku’suds, T.’, and Iida, K. , I!Experimental Studies on the Weld Heat-

Affected Embrittled Zone in Mn-Si High Tensile Strength Steels”, Journal of the

Japan Welding Society, ~ (5), 264-266 (1956).
,,,’ {.-:. !“.’.. ..—. . ..,,. ”.

Roberts, D. F. T. , Prince, A. , Billington, S. R. , and Ridgway, W.’ F. , “Note on
the Notc~-Ductility Damage Zone Adjacent to Thick Plate Butt ,Welds”, British
Weldi~g’Journal~ “~ (5), 280-283 (1962).

=oty,j-,~j ~.:, “Properties and Characteristic? of a’~uenched and Ternper”ed Steel
fdr’Pre&%$e Vessels I’, The Welding Journal , .,2 (9), Research Supplement; 425s-
441s (1955). ., ‘“’

13ruc$~ner”~~~~”’ H.’, and “Robertso~, C. A.’, llEnergy Absorption .%udi’es of Welds in

Tenipered;M”artensi tic Ease” Metal”, The Welding Journal, ~ (3), “Res~arch Sup-
.pleme,nt,, 97s- 1,00s, (1958).
,., ,- ,“

Ni~p&%;T;~~ F. , Sava’ge~ W. F. , and Paez, J: ‘M. , “fipaCt-Chara’cteri$ tics of
Heat-Affected Zones in Mn-Mo Armor Steels”. The Welding Journal.’ 39 (1). Re-
searc,h Supplement, 31s-39s... .. ...., .-.!,. ,.-’

Gro~kei; G~-’‘E. ,’ ‘“Weldability
The Welding Journal, 43 (6),—

{ ,—. .,
(1960).

., ,,

and He’at-”Affected~ Zbne To’ughness of’ HY- “1’50 Steels”,
Research Supplement, 265s-281s (1”964).

>“

.-.

>..

.

.- -. .__l



-73-

-s,

(145) Sekiguchi, H., and Suzuki, T., llDi~trib~ti~n of Ductility in Welded High-Strength

Steel Plates as Revealed by the Notched Bar Impact Tensile Test”, Journal of the
Japan Welding Society, 33 (3), 233-234 (1964); summary only.—

(146) Kobler, J, S. , llNotch. Ducti~e Weld Metal for Dynamically Loaded T- I Steel

Structures”, The Welding Journal, 39 (4), lbOS-lTIS (1960).
—

(147) Nippes, E. F. , and Sibley, C. R. , t!~pact Performance of Synthetically Repro-

duced Heat-Affected Zone Microstructure in ‘T- 1‘ Steel”, The Welding Journal,
35 (10), Research Supplementj 473s-480s (1956).—

(148) Nippes, E. F. , Savage, W. F. , and Allio, R. J. , “Studies of the Weld Heat-
Affected Zone of T- 1 Steel”, The Welding Journal , ~ (12), Research Supplement,
531s-540s (1957).

(149) Sekiguchi, H. , Inagaki, M. , and Hikino, K. , “Cooling Time and Brittleness of
Various Steels Submitted to Welding’\, Journal of the Japan Welding Societyj
Report 1: 27 (8), 457-460 (1958); Report 2: 27 (8), 461-465 (1958); Report 3: 27 (9),
526-530 (1T58); Report 4: 29 (7), 552-558 (1~60).

.
—

(1 50) Suzuki, H. , and Tamura, H. , “Notch Toughness and Mechanical Properties of
Synthetic Heat-Affected Zone Microstructure of Quenched and Tempered Steels”,
Journal of the Japan Welding Society, 29 (l), 21-29 (1960).—

(151) Suzuki, H. , and Tamura, H. , I!Notch Toughness of the Synthetic Heat-Affected-

Z one Microstructure of High Strength Steels’.’, Journal of the Japan Welding
-.

Society, 30 (11), 820-830 (1961).—

(152) Suzuki, H. , and Tamura, H. , I!Evaluation O! Notch Toughness of Weld Heat-

Affected Zone in High Strength Steels Using a Synthetic Apparatus for Weld
Thermal Cycles”, Transactions National Research Institute for Metals, Japan,
~ (3), 96-106 (1963).

(1 53) Nishi, S. , Suzuki, K. , and Shimoyama, J. , ItNotch Toughness of Weld Heat-

Affected Zone in High-Strength Steels!’, Mitsubishi Heavy Industries Technical
Review , ~(l), 72-97 (1964).

(154) McClure, G. M. , Eiber, R. J. , Hahn, G. T. , Boulger, F. W. , and Masubuchi,
K “Research on the Properties of Line Pipe”, Summary Report from Battelle
M.e’morial Institute to American Gas Association, New York (May 1962).

(155) Koshiga, F. , !lBrittle Fracture Testing Methods!’, Journal of the Japan Welding

Society, 32 (3 and 4), 162-168 and 314-325 (1963).—

(1 56) Yamauchi, S. , and Nakai, T. , ~lproPagation Characteristics of Cracks in the

Welded Zone of Quenched-and- Tempered High-Tensile Steel”, Document X-264-61,
% Commission X of the International Institute of Welding (1 961).

(157) Kihara, H. , 11Evaluation of Ductility for Steels and Deposited Metals in Wide Plate

and Industrial Tests”, Document IX- 368-63, Cornmis sion IX of the International
Institute of Welding (1 963).



-74-
>-

(1 58) Christensen, N. , and Augland, B. , I!Methods Of Notch- Toughne S6 Testing of Ship

Plate Steel”, British Welding Journal, 4 (2), 69-87 (1957). :
,...-

(159) Koshiga, F. , !IOn the Pressed-Notch Charpy Test”, Journal of the Society of

Naval Architects of Japan, 104, 111-118 (1958).

(16o) Orner, G. M. , and Hartbower, C. E. , l!The Lo~.Blow Transition Temperature”!

ASTM Proceedings, ~, 623-634 (1958).

(161) Orner, G, M., and Hartbower, C. E., “ Effect of Specimen Geometry on Charpy

Low-Blow Transition Temperature”, The Welding Iournal, 36 (1 2), Research

Supplement, 521s-527s (1958).
—

(162) Fichte, A. , “UP-S chweissung von vollen Steganschiisen bei dicken
Materialguer schnitten”, Schweisstechnik, II (7), 312-316 (1961).—

(163) Shorshorov, M. Kh. , and Kodolov, V. D. , ItNotch Sensitivity of Low AI1oY and

Carbon Steels in Arc Welding”, Svarochnoe Proizvodstvo, ~ (8), 1-7 (1961).

(164) Schnadt, H. M. , “Test Piece Used for the Control of Steel Brittleness”,
Schweissmitt. , 13 (22), 35-38 (19.55).—

(165) Schnadt, H. M. , 11A New Approach to the Solution of Brittle Fracture Problems

in Modern Steel Construction”, Document IX-292-61, Commission IX of the

International Institute of Welding ( 1961).

(166) Week, R. , lfAn Account of M. Henri M. Schnadt’ s Ideas on the Strength of Mate-

rials, and His Testing Methods”, Transactions of the Institute of Welding, 41-56

(April 1950).

(167) Puzak, P. P. , Eschbacher, E. W. , and PeUini, W. S. , “Initiation and Propaga-
tion of Brittle Fracture in Structural Steels”, The Welding Journal, 31 (1 2), Re-
search Supplement, 561s-581s (1952).

—

!lE~aluation of Notch-Bend Specimens”, The(168) Puzak, P. P. , and Pellini, W. S. ,
Welding Journal, Research Supplement, 187s- 192s (April 1954),

(169) Puzak, P. P, , and Babech, A, J. , llNO=ma~isation Procedures for NRL D~oP-

Weight Test”, The Welding Journal, 38 (5), Research Supplement, 209s-218s—
(1959).

(170) Pellini, W. S. , and Eschbacher, E. W. , rlDuctility Transition of Weld Metal”,

The Welding Journal, ~ (l), Research Supplement, 16s-20s (1954).

(171) Baker, J. F. , and Tipper, C, F. , 11The value of the Notch Tensile Test”, Pro-

ceedings of the Institution of Mechanical Engineers, 170, 65-75 (1956).

(172) Nor<n, T. M. , I!The Nominal Cleavage Strength of Steel and Its Importance ‘or

Welded Structures”, Transactions North East Coast Institution of Engineers and
Shipbuilders, ~, 87-112 (1956-57).

. .,
-u ,

(173) “Fracture Testing of High Strength Sheet Materials: A Report of a Special ASTM
Committee”, ASTM Bulletin No. 243, 29-40 (June 1960); No. 244, 18-28 (Febru-
ary 1960); and “Materials Research and Standards”, 1 (11), 877-885 (~ovember
1961).



.L
-75-

(1 74) Griffith, A. A. , !!The Phenomena of Rupture and Flow in Solids”, Phil. Trans.

Roy. Sot. , 221, 163-198 (1921); and “The Theory of Rupture”, Proc. First Inter-
national Con~ess Appl. Mech. , 55-63 (1924).

(175) Irwin, G. R. , “Fracture”, Encyclopedia of Physics, Vol VI, Elasticity and

Plasticity, Spring er-Verlag, Berlin, Goettingen, Heidelberg, 551-590 (1958).

(176) Irwin, G. R. , !lstructura~ Aspects of Brittle Fracture”, Applied Materials Re-

search, 3 (2), 65-81 (April 1964).—

(177) Kahn, N. A. , and Imbembo, E. A. , l~A Method of Evaluating Transition From

Shear to Cleavage I?ailure in Ship Plate and Its Correlation With Large-Scale Plate

Tests”, The Welding Journal, 27 (4), Research Supplement, 169s-182s (1948).—

(178) de Graaf, J. E. , and Van der Veen, J. H. , l!The Notched Slow-Bend Test as a

Brittle-Fracture Test”, Journal of Iron and Steel Institute, 173, 19-30 (1953),

(179) Irnbembo, E. A. , and Ginsberg, F. , llNotch- Toughness Properties of Ship- Plate

Steel as Evaluated by the Van der Veen Notched Slow-Bend Test”, SSC- 108, Ship
Structures Committee (August 1959).

(180) Stout, R. D. , McGeady, L. J. , Sund, C. P. , Libech, J. F. , and Doan, G. E. ,
11Effect of Welding on Ductility and Notch Sensitivity of Some Ship Steel”, The

Welding Journal, Z6 (6), Research Supplement, 335s-357s (1 947).—

!’ (181) Stout, R. D. , and McGeady, L. J. , llNotch sensitivity of Welded Steel Plate”j
-’ The Welding Journal, 28 (l), Research Supplement, 1S-9S (1 949).—

(182) Kinzel, A. B. , l!~uctilltY of Steel ftir Welded Structures”, The Welding Journal,

27 (5), Research Supplement, 217s-234s (1948); and Transactions of ASM, 40,

=-82 (1948).

(183) Offenhauer, C. M. , and Koopman, K. H. , IiFactors Affecting the Weldability of

Carbon and Alloy Steels - Development of Test Procedure and Effect of Carbon,
Part l“, The Welding Journalj 27 (5), Research Supplement, 234s-252s (1948).—

(184) Jackson, C. E. , and Goodwin, W. J. , I!Effect of Variations in Welding Techniques

on the Transition Behavior of Welded Specimens”, The Welding Journal, 27 (5),
Research Supplement, 253s- 266s (1948).

—

(185) KommereU, O. , Stahlbau- Technik, ~, 51-52 (1938).

(1 86) Melhardt, H. , “New Austrian Welding Standards”, The Welding Journal, y (7),
592-595 (1952).

.. -
-, (1 87) Hauttmann, H. , “Erprobung Trennbruchsicherer BaustShle in Berstversuchen”,

Schweisstechnik (Austria), 13 (2), 13-19 (1959).—
.->

(188) Otani, M. , llNotch Sensitivity of Welded Mild steel p~ates”, Brittle Fracture ‘~

Mild Steels and Their Welded Joints, The Welding Research Committee of the
Society of Naval Architects of Japan (1953), pp 126-143.



(189)

(190)

(191)

(192)

(19?,)

(194)

(195)

(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)

-76-

otani, M. , and Ota, S. , “Effect of Welding on the
Journal of the Japan Welding Society, 1st Report:
port: 22 (9), 19-24 (1953); 3rd Report: 22 (10, 11,
23 (1-~, 35-40 (1954).

—
—

Notch Sensitivity of Mild Steel”,
22 (8), 12-20 (1953); znd Re-
=), 25-33 (1953); 4th Report:

.>
,..,.,

IIFrac~ure Behavior in the Notch SIOW- BendMurphy, W. J. , and Stout, R. D. ,

Testll, The Welding Journal, 35 (4), Res%arch Supplement, 169s-180s (1956).—

Stout, R, D. , Murphy, W. J. , and ~Nestgren, R. C. , llEva~uation of the Kinzel

Test From Its Fracture Characteristic sll, The Welding Journal, 37 (3), Research

Supplement, 107s-113s (1958),
—

Murphy, W. J. llEffect Of Electrode Type in the ~OtCh slow-, and Stout, R. D. ,

Bend Test”, The Welding Journal, ~ (7), Research Supplement, 305s-310s (1954).

Otake, T. , Morita, S. , and Goda, S “. > private Communication.

Hartbower, C; E. , and Pellini, W. S. , llEXP~o~ion Bulge Test Studies of the De-

formation of Weldments 11, The Welding Journal, 30 (6), Research Supplement,

307s-318s (1951).
—

Hartbower, C. E. , I!Mechanics of the Explosion Bulge Testt!, The Welding Journal,

32 (7), Research Supplement, 333s-341s (1953).—

Puzak, P, P. , Schuster, M. E. , and Pellini, W. S. , “Crack-Starter Tests of
.— .,

Ship Fracture and Project Steels”, The Welding Journal, 33 (10), Research Sup-—
plement, 481s-495s (1954). .

Mikhalapov, G. S. , IiDirect Explosion Tests of Welded Joints~F, The Welding

Journal, 29 (3), Research Supplement, 109s-122s (1950).—

Mikhalapov, G. S. , llEvaluation of Welded Ship Plate by Direct Explosion Testing”,

The Welding Journal, 30 (4), Research Supplement, 195s-201s (1951),.

Mikhalapov, G. S. , and Snelling, W. A. , I!Direct Explosion Tests of Welding Pro-

cedures in Ship Plate”, The Welding Journal, 34 (2), Research Supplement, 97s-

104s (1955).
—

Warner, W. L. , I! The Toughness of Weldability”, The Welding Journal, 34 (l),

Research Supplement, 9s-22s (1955).
—

Fabrykowski, Z. J. , “Ferritic Welding of Steel Armor *t, The Welding Journal,

40 (4), 339-342 (1961).—

Folkhard, E. , ltLe Comportment de Tuyaux pour Conduites Forc&es , Soud&s 5

l’arc, lors D~ssais par ~clatementll, Revue de la Soudure: Lastijdschrift

(Brussels), 12 (l), 15-27 (1956).—

Kihara, H. , Ichikawa, S. , Masubuchi, K. , Ogura, Y. , Iida, K. , Yoshida, T. ,

and Oba, H. , l~KXPlosion Tests on Arc-Welded Tubes With and Without Stress

Annealing”, Journal of the Society of Naval Architects of Japan, 100, 179-187

(1956).



-77-

. .
(204) Kihara, H., Ichikawa, S., Masubuchi, K. , Iida, K., Yoshida, T., Oba, H. , and

Ogura, y. , llEX-l~~i~n Tests on Arc Welded Tubes With Various Welding PrO -
G

cedures”, Journal of the Society of Naval Architects of Japan, 104~ 119-129 (1958).
+.

(205) Hartbower, C. E. , and Pellini, W. s. , ItInvestigationof Factors Which Determine

the Performance of Weldmentsil, The Welding Journalj 30 (10), Research Supple-—
ment, 499s-511s (1951).

(2o6) Pwzak, P. P. , and Pellini, W. S. , llEmbrittlement of High Strength Ferritic

(207)

(208)

(209)

(210)

(211)
..

.

(212)

(213)

(214)

(215)

..
(216)

(217)

Welds”, The Welding Journal, 31 (11), Research Supplement, 521s (1952).—

Pellini, W. S. !lEffects of Peening Last Pass Of Welds”,, and E6chbacher, E. ,

The Welding Journal, 33 (2), Research Supplement, 71s-76s (1954),—

Pellini, W. S. , and Eschbacher, E. W, , Ilperformance of Weldments and Prime

Plate of ABS-B Steel!!, The Welding Journal, 33 (10), Research Supplement,

524s-531s (1954).
—

Arnold, 1?. C. , llprob~ems Associated With the Welding of T- 1 Material”, The

Welding Journal, 36 (8), Research Supplement, 373s-381s (1957).—

Silver stein, S. M. , Sopher, R. P. , and Rieppel, P. J. , “Explosion-Bulge Tests
of Armor Weldments”, The Welding Journal, 39 (7), Research Supplement, 309s-
314s (1960).

—

Puzak, P. P. , and Pellini, W. S. , t,crack Arresting by overlays Of Notch-Tough

Weld Metal!’, The Welding Journal, 34 (12), Research Supplement, 577s-581s
(1955).

—

Robertson, T. S. , ll~ropagation Of Brittle Fracture in Steel”, Journal of the IrOn

and Steel Institute, 175, 361-374 (December 1953).

Feely, F, J. , Jr. , Hrkto, D. , ~eppe, S. R. , and Northrup, M. S. ,, “Report on
Brittle Fracture Studies”, The Welding Journal, 33 (2), Research Supplement,

99s-111s (1954).
—

Yoshiki, M. , and Kanazawa~ T. ~ 11A New Testing Method to Obtain Gritical

Stress and Limiting Temperature for the Propagation of Brittle Crack”, Proceed-

ings of the First Japan Congress on Testing Materials - Metallic Materials, 66-68

(1958).

Yoshiki, M. , Kanazawa~ T. ~ and Koshiga~ F. ~ llRecent Studies on Brittle Frac-

ture Propagation-Arrest in Japan”) a paper contributed to Joint Colloquium of

Commissions IX and X of the International Institute of Welding, in Prague,

Czechoslovakia, July 1964.

Hall, W. J. , Mosborg, R. J. , and McDonald, V. J. ) “Brittle Fracture Propaga-

tion in Wide Steel Plate sit, The Welding Journal, 36 (l), Research Supplement,
1s-8s (1957).

—

Hall, W. J. , and Barton, 1?. W. , “Summary of Some Studies of Brittle-Fracture
Propagation”, SSC - 149, Ship Structures Committee (September 4, 1963).



-78-

(218) Greene, T. W. , llEva~uation of Effect of Residual Stres ses”, The Welding Journal) “-‘

28 (5),” Research Supplement, 193s-204s (1949).— j,
;-.

(219) Wells, A. A. , !!The Brittle Fracture Strength of Welded Steel Plates”, Quarterly

Trans. Inst. Naval Arch. , 48 (3), 296-326 (JUly 1956),—

(220) Wells, A. A, , l!~f]uence of Residual Stresses and Met#lurgical Changes On LOW-

Stress Brittle Fracture in Welded Steel Plates’!, The Welding Journal, 40 (4),
Research Supplement, 182s-192s (April 1961).

—

(221) Martin, D. C., Ryan, R. S. , and Rieppel, P. J. , llEvaluation of Weld-Joint Flaws

as Initiating Points of Brittle Fracturett, The Welding Journal, 37 (5), Research
Supplement, 244s-251s (1957).

—

(222.) Sopher~ R. P. , Lowe, A. L. , Martin, D. C. , arid Rieppel, P. J. , l~Evaluation of
Weld-Joint Flaw’s as Initiating Points of Brittle Fracture, Part II”, Battelle
Memorial Institute, Welding Journal Research Supplement (November 1959).

(223) McGeady, L. J, , llEffect of Preheat On Brittle Failure of Carbon Steel in Pressure

Vessels”, The Welding Journal, 41 (8), Research Supplement, 355s-367s (1962).—

(224) Hall, W. J. , Nordell, W. J. ,. and Munse, W. H. , “Studies of Welding Proce-
dures”, The Welding Journal, 41 (11), Research Supplement, 505s-518s (1962).— > ...

(225) Pellini, W. I)Fracture Analysis Diagram Procedures forS. , and Puzak, P. P. , ..

the Fracture-Safe Engineering Design of Steel Structure s~l, NRL Report 5920, e

Cf. S. Naval Research Laboratory (March 1963).

(226) Dechaene, R. , Soete, W. , and Vinckier, A.,

.—

“Low-Stress Brittle Fracture in Mild

Steel”, SSC - 15,8, Ship Structure Committee (August 30, 1963).

(227) Kihara, H. , and Masubuchi, K. , ItEffect of Residual Stress on Brittle Fracture”)

The Welding Journal, 38 (4), Research Supplement, 159s-168s (1959).—

(228) Kihara, H. , Yoshida, T, , and bba, H. , !l~itiation and Propagation of Brittle

Fracture in Welded Steel Plate” , Document No. X-217-59, Commission X of the
International Institute of Welding (1 959).

(229) Kihara, H. , “Recent Studies in Japan on Brittle Fracture of Welded Structures
Under LOW Applied Stress” , Document No. x-z91-6Z, Commission X of the Inter-
national Institute of Welding (1 962).

..



NONE

,.
?=
. .
.-,

-.

Sacunty Classification

DOCUMENT CONTROL DATA - R&D
p.airlty clam. ~fkatirnof title, &ti.fab.tra.t .ndlnd.xin# mmt.tlm mu.tbe.nt.md4.n fh.owfallm porti. .Ia..ifiad)

ORIGINATING ACTIVITY (CO~rntOaUthOr) 2m REPORT SECURITY c LAS$IFJCATtON

Ship Structure Committee NONE
Zb. GROUP

. R~PORT TITLE

Interpretative Report on Weld-Metal Toughness

,. DESCRIPTIVE NOT,lES (Typo of mprf nnd inc?ufiive dak@

Final Report

,. AU7H0R(S)~Liwtnafno,first mama, initial)

K. IvTasubuchi, R. E. Monroe, and D. C. Martin

—-
,. REPO RT DATE

July 1965
1~,CONTRACT OR GRANT MO.

NObs-90504
b. PROJECT P<,.

c.

d,

G. A VA IL AsILITY/LIMITATION N=TJCES
—.

,—
7*. TOTAL NO. 0(= PAG@$ 7b. NO. OF REFS

78 229

9=. ORIGINATOR’S REPORT I.IUMSER(S)

sSC-169

9 b. &~aHggo; PORT NOW (.4 riy ether numbtira fhat may be a-ai~od
J

Ml distribution of this report is controlled. Qualified DDC users shall request
through Ship Structure Committee, U. S. C east Guard Headquarters, Washin@on,
D,C=

r
--1.SUPPLEMENTARY NOTES 12, SPONSORING MILITARY ACT IVIYY

Bureau of Ships, Dept. of the Navy
I Washington, D. C .

~—
3. AEISTRACTA ll~erature Smvey Was made to review presently available information On tk

notch toughness of weld metals and the heat-affected zone as they are affected by
welding procedures . The base metals discussed in this report include mild steeI an(
low-alloy, high-strength steels with up to 120, 000-psi yield strength, such as may
be used for merchant-ship construction. Welding processes considered include (1)

shielded metal-arc welding, (.2) submerged-arc welding, (3) gas metal-arc welding,
and (4) electroslag and electrogas welding.

ID ,!:!% 1473 NONE

Security Classtilcation



NONE

Security Clasaificstion

DOCUMENT CONTROL DATA - R&D
p.mdty.1=..ll~cntimaf title,hwefab.tra.t and~nd.xing mn.tat3m mtiatb. .nt.md&m fhowr.llmpmt i. .ti..iff.dJ

f. ORIGINATING ACTIVITY [Ce@nret~authed 12Q. REPORT SECURITY CLASSIFICATION

Ship Structure Committee NONE
zb GROUP

3. RtPORT TITLE

Interpretative Report on Weld -Metal Toughness

h. DESCRIPTIVE NOTES (Type of mpurtimdirmluaivn data>

Final Report

S. AU THO I?(S) (Laat nama, ffmt n~ma, initial)

K, Masubuchi, R. E. Monroe, and D. C. Martin

6. REPO UT DA7E 7a, ToTAL NO, OF PAGES 7b. NO, OF REPs

July 1965 78 229
0s. CONTRACT OR GRANT NO. 9.5. 0R101t4AT0RrS R@l~ORT NUMUIZR(s)

NObs-90504 SSC-169
h. P~OJFCT :4<,.

d.
.~ .—

10. AVA lLABILITY/LIMITA TIoN NOTICES

All distribution of this report is controlled. Qualified 13DC users shall request
through Ship Structure Committee, U. S. Coast Guard Headquarters, Washington,
-.

J-J.~.
f f. SUPPLEMENTARY NOTES

7

——
12. SPONSORING MILITARY ACTIVITY

Bureau of Ships, Dept. of the Navy
Washington, D. C ,

I
IS- ABSTRACTA li~eratu~e survey Was made to review presently available information on th

notch toughness of weld metals and the heat-affected zone as they are affected by
welding procedures. The base metals discussed in this report include mild steel anc
low-alloy, high-strenqh steels with up to 120, 000-psi yield strength, such as may
be used for merchant-ship construction. Welding processes considered include (1 )
shielded metal-arc welding, (2) submerged-arc welding, (3) gas metal-arc welding,
and (4) electroslag and electrogas welding.

ID 1%% 1473 NONE

Secutitv Classification

. ,.
&-

- -.

..

..

.- .- .- -. ----- .._—



NATIONAL ACADEMy OF SGIENGES-NAHONIAL RESEARCHtiOUNCIL
,- DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH

,T .

The Ship Hull Research Committee undertakes research service activities in the general
:,.- 5 fielcis of materials, design, and fabrication, as relating to improved ship hull structure, when

such activities are accepted by the Academy as part of its functions. The Comm~tt@e recommends
research objectives and projects; provides liaison and ‘technical guidance to such studies;
reviews project reports; and stimulates productive avenues of research.

SHIP HULL RESEARCH G OMIVHTTEE

Ghairrnan: RADM A. G. Mumrna, IEJS(llet.)
Executive Vie@ President

...- Worthington Corporation

Members: Prof. R. B. couch, Chairman
Dept. of Naval Architecture

& Marine Engineering
Uruversity of Michigan

Mr. Holhnshead de Lute
Asst. to Vice President
Bethlehem Steel Co.

Dr. C . 0. Dohrenwend
Vice President & Provost
Rensselaer Polytechnic Inst.

.-.
Arthur R. Lytle

Director

Prof. J. Harvey Evans

Prof. of Naval Architecture

Mass. Institute of Technology

Professor J. E. Goldberg

Prof, of Civil Engineering

Purdue University

Mr. James Goodrich
Exec, Vice President
Bath Iron Works

Mr. D. C . MacMillan
President
George G. Sharp, Inc.

R. W. Rumke
Ex@cutive SecretaW

SR-170 PROJECT ADVISORY COMMITTEE
“Weld Metal Toughness”

.,’ Chairman: Mr. John J. Chyle
Director of Welding Research
A. O. Smith Corporation

Members: Mr. R. D. Bradway GDR E. M. Henry, USN
Manager of Welding Engineering W. S . Naval Postgraduate
New York Shipbuilding Corp. School

,..-~,,. IX. W. D. Doty Mr. D. C. Smith
Division Chiefr Director of Research
Bar, Plate & Forge Products “ Harnischfeger Corp.
U. S. Steel Corporation



. -–;WL...

SHIP STRUCTURE COMMITTEE PUBLICATIONS

SSC-159,

SSC-160,

SSC-161,

SSC-162,

SSC-163,

SSC-164,

SSC-165,

SSC-166,

SSC-167,

SSC-168,

Acquisition and Analysis of Acceleration Data by F. C .
Bailey, D . J, Fritch and N, S . Wise . February 17, 1964

Geometric Effects of Plate Thickness by R. D. Stout,

C . R. Roper and D . A. Magee. February 7, 1964.

Micromechanisms of Cleavaqe Fracture in Polycrystalline
Iron by Charles J. McMahon, Jr, May 1964

Exhaustion of Ductility and Brittle Fracture of E-Steel Caused
by Pre strain and Aqinq by C . Mylonas , July 1964.

Investigation of Bendinq Moments within the Midships Half
Lenqth of a Mariner Model in Extr’eme Waves by N. M.
Maniar. June 1964.

Results from Full-Scale Measurements of Midship Bendinq
Stresses on Two C4-S -B5 Dry-C arqo Ships Operatinq in North <
Atlantic Service by D . J. Fritch, F. C . Bailey and N. S . Wise. “
September 1964.

Local Yieldinq and Extension of a Crack Under Plane Stress
by G. T . Hahn and A. R. Rosenfield. December 1964.

Reversed-Bend Tests of ABS-C Steel with As-Rolled and
Machined Surfaces by K. Satoh and C . Mylonas. April 1965.

Restoration of Ductility of Hot or Cold Strained ABS-B Steel by
Treatment at 700 to 1150 F by C , Mylonas and R. J. Beaulieu.
April 1965.

Rollinq History in Relation to the Touqhness of Ship Plate by
B . M. Kapadia and W. A. Backofen. May 1965.

,. ...-.

—. _. _.. ., . ,,.,..-”._


