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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
notchtoughness 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 notchtough-
ness in these zonesg compared with that of the base metal. It was
also obgerved that relatively little correlation of such factors as
chemical composition, microstructure, and welding variables has
beenmade withthe notchtoughness ofweld 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 steels and the corresponding weld
metals. Numerous publications have covered many aspects of the base-metal fractutre
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) Liow carbon
(2) Low alloy, high strength
(3) High strength, heat treated,

The most commeoenly 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 welding: CO, 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 fabrication, 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,

*In preparing this report, comparisons are made of either notch toughness or transition temperatures, Limitations imposed by
-the varied data sources have made this necessary. The reader is reminded that an increase in notch toughness reflects a
property improvement; an increase in transition temperature reflects a property degradation.
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CHAPTER 1, CHARPY IMPACT TESTS FOR EVALUATING THE
NOTCH TOUGHNESS OF WELD METALS

This chapter describes (1) the 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 0, 394 by 0, 394 by 2. 165 inches.
ASTM specification E23-60(10) covers three types of notches: (1) V-notch, a 45-degree
vee-shaped notch 0, 079 inch deep, (2) keyhole notch, and (3) U-notch, 0,197 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 axis directions (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 midthickness,

i
Weld direction (X) '
-
/ Tricknesa direction {2}
qf ? 3
//

le Noigh Qiragtion

Laleral directlon {Y)

£

Speeimen

@b -
NN €3 l
PR D

44 (Nolch roat at
conrse=graimed zone)

Sy w2 —_ 4B (Notch root at
grain-refined zone)

Fig. 1. B8iz different ways of taking Charpy-type
specimens from a butt-welded joint.

¢

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

is apparent in the temperature ranges covered during testing. ' To be of maximum usefulness in making comparisons, Charpy
tests should be run over the temperature range from room temperature (+80 F) w a low enough temperature (say -80 or -120 F)
to establish the lower shelf energy level, It is considered more desirable to define the shape and position of the transition
curve than to concentrate on establishing a high level of confidence in the toughness at one or more given temperatures,
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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 4B).

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 Toughness 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, Minimurm values of
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TABLE I. NOTCH TOUGHNESS REQUIREMENTS OF VARIOUS SPECIFICATIONS.

Charpy V-Notch

Base Metal or Minimum Energy Temperature,
Weld Meral Specifications and Classes Absorption, ft=-Ib F
International Specification for Ship Steel
Base metal Grade D* 35 32
Grade E* 45 14
U, 5, Navy HY-80 Steel
Thickness 2 inches or less" 60 =120
Thickness over 2 inches 30 =120

Covered-electrode~
deposited metal

Submerged-atc-
deposited metal

AWS-ASTM (1964)

E6012, E6018, E6020, E7014, E7024
ET028"

EB010%, E6011, E6027, E7015, E7018, ET018

E8016-C3*, E8018-C3

E9015-D1, E9018-D1, E10015-D2, E10016-D2, E10018-D2
E9018-M", E10018-M, E11018-M, E12018-M

E8016-C1* E8018-C1

E8016-C2*, E8018-C2

International Specification for Ship Steel

Joining Grade A steel®
Joining Grades B, C, D steels®
Joining Grade E steel®

IIW Commission II

Quality I*, flat position
Tensile strength Quality I*, vertical position
of weld meral Quality IT%, flat position
61, 000 to 67, 000 psi Quality 1%, vertical position
Quality I11*, flat position
Quality III*, vertical position

Tensile strength Quality II, flar position
of weld metal Quality II, vertical position

74, 000 to 88, 000 psi Quality IH', flat position
Quality IIP*, vertical position

IIW Commission XTI

Minitnutn tensile strength of weld metal 42c"
60, 000 psl 420"
Minimum tensile strength of weld metal s50C
71, 000 psi {EOD

20
20
20
20(a)
20
20(2)
20

35
35
45

35
29
46
40
57
52

46
40
57
52

20
20
20
20

Not required

68
32
14

63
68
68
68
68
68

68
68
68
68

32

32
=4

(a) Siress-relieved condition.

*Notch-toughness values are shown in Figure 2.
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Charpy V-notch'abserbed 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 of Shipping requires that Class B

or Class C steels be used for main structural members, depending on the thickness. (13)

Requirements for chemical composition and steelmaking processes are stipulated for
these steels,"but there is no requirement for notch toughness,

CAt an international conference held in London'in 1959, ship classification
societies of major shipbuilding countries approved an 1nternat10na.l 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-1b at 32 F for Grade D and 45 ft-1b at 14 F
for Grade E are specified, These requirements are represented in Figure 2 by points
de51gnated D and E. Ship-classification societies which have adopted the international
spec1fl.ca.t1on include Lloyd's Reglster of Shlppmg, London, (15) and Nippon Kaiji
Kyokal Tokyo (14)

High-Strength Steels, Many specifications cover the notch toughness of high-
strength steels which can be used in ship structures. {4,5,16-19) The U. S, Navy
Specification MIL~8-16216 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 values of steels in the quenched and tempered
condition are 60 ft-lb for plates 2 inches thick or 1ess and 30 ft-1b for pldate over
Z inches thick.

Covered-Electrode- Deposited Metals

Table 1 shows requirements of various specifications for the notch toughness of
weld metals deposited with covered electrodes:

(1) The AWS-ASTM specifications for mild-steel covered 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 1 shows the notch-toughness requirements for weld metals
made with various types of electrodes, E7028, E6010, E6011, etc.

(2) Notch-toughness values which have been proposed for weld metals
made with covered electrodes used for joining Grades A through E
steels of the internationa]_. specification for ship steels,

(3) Notch-toughness values which have been recommended by Sub-
Commission C, "Testing and Measuring of Weld Metal" of
Commission II of the International Institute of Welding. (20)
Notch-toughness values have been recommended depending on
(1) the tensile strength of the weld metal, (2) the quality of the
weld (QI, QII, QIM), and (3) the welding position (flat or vertical).

*The Charpy V-notch absorbed energy is given by fi- Ib or kg m. The specific absorbed energy per square centimeter of
sectional area (0.8 cmz), kg- m/cmz. also is often used,

1 ft-1b = 0.138 kg-m = 0,174 kg-m/cm2.
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Electrodes used for military applications are specified by MIL-E-22200/1,
Electrodes MIL-9018, MIL-10018, MIL-11018, and MIL-12018 are similar to those of
AWS specifications E-9018-M, E10018-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 XIIofIIW 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 ghould be the
same for all welding processes. However, several ship-clagsification societies cur-
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-clasgification
society currently requires the following values for submerged-arc-deposited
metals:

(1) 25 it-1b at 68 F for joining Grade A steel
(2) 25 ft-1b at 32 F for joining Gradee B, C, and D steels
(3) 35 it-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:

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

Class 2: QII, flat; Grade D; E6010 (46 ft-1b at 68 F; 35 ft-1b at 32 F;
20 ft-1b at -20 F)

Class 3: QIII, flat; Grade E; E9018-M (57 ft-1b at 68 F; 45 ft-1b at
14 F; 20 ft-1b at -60 F)

Class 4: E8016-C2 (20 ft-1b at =100 F)

Clags 5: HY=-80 steel base metal over 2 inches thick (30 ft-1b at
=120 F).



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. 5. National Bureau of Standards(23, 24), the U. S. Naval
Research Laboratory(ZE’: 26), and Lloyd's Register of Shippin (27),
Analyses also were made by .Au.digé(Z ), Riihl(zg), Bonhommegg'o),
.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. (31), Puzak and Pellihi(32),
and other investigators(33, 34)

However, almost no information has heen obtained which can be used to establish
realistic requirements for weld-metal and heat-affected-zone notch toughness. Most
current specifications are apparently baged 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-1b at ~60 F for the weld metal and 60 or 30 ft-1b at
~120 F for the base metal,

{2) Some ship-clagsification 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 cases 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
DEPOQOSITED BY VARIOUS WELDING PROCESSES

This chapter is concerned with the notch toughness of weld metals deposited by
several processes in mild steel and high-strength steels of various strength levels,
Figure 3 shows schematically the relationship between the tensile strength of an as-
deposited weld metal and the maximum attainable notch toughness. For a given strength
level, Ty, several weld metals with various notch-toughness levels, Ny, N, Nj,
are possible; however, there'is a maximum attainable notch-toughness level, Np .. (T).
The maximum attainable notch-toughness level decreases with an increase of the tensile
strength. Figure3 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
otch foughness

@ B
@
@ “
= RN
g P
¢ y
5 ®xNa
g |
N,
|
I
[
il

Tensile Strength ) .
Fig. 3. Relationship between tensile strength of

ag-deposited weld metal and maximum attainable
noteh toughness.

2.1 Covered—Electrode-—Depoéited Metals

There are abundant data on the notch toughness of weld metals deposited with .
various types of electrodes from various manufacturers, (8,9, 12, 35”45}] This report
discusses the general trends observed in the notch toughness of weld metals deposited
by various electrode types, The electrode types important for ship-hull fabrication
are (1) mild-steel electrodes and (2) low-hydrogen, low-alloy, steel electrodes.

Mild-Steel Electrodes E60XX

Figure 4 contains the following notch-toughness data:

(1) A '"band", presented by Pellini(8) in an interpretive report in 1956,
indicating the expected notch toughness of weld metals deposited
with E6010 electrodes. A band for the notch toughness of ship steels
of World War II production is also shown.
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(2) A "band'" which covers most of the transition curves reported by
Watkinson(46) in 1959 for weld metals deposited with mild-steel
electrodes frorm 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,

(3) Ranges of notch-toughness values expected in the as-deposited
condition at 70 F and -40 ¥, given in the latest AWS Weldin
Handbook(47), for weld metal deposited by E6010, E6012, E6015,
and E6016 electrodes.

Also shown in Figure 4 are some of notch-toughness requirements illustrated in
Figure 2.

Figure 4 shows the general trends in the notch toughness of weld metals deposited

with mild-steel covered electrodes, as follows:

(1) E6010 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 II
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 hetter notch toughness
than provided by the older electrodes used by Pellini and Watkinson.
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(2) Low-hydrogen electrodes: Modern E6015 and E60 16 electrodes
provide weld metals with notch toughness which can almost meet
the Class 3 requirement,

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

Low-Hydrogen, Liow-Alloy Electrodes

The EXX15, EXX16, EXX18, 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-gtrength notch-tough steels
for the following reasons:

(1) 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
with other types of electrodes.

(2) Impact properties of weld metal deposited by low~hydrogen elec=-
trodes are much better than thoge of weld metal deposited by other
types of electrodes,

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

Smith(lg), in 1959, presented an interpretive report on properties of weld metal
deposited with low-hydrogen electrodes., Sagan and Campbell(is), 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) E7028 electrodes. Also
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 Smith'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 E10015, E10016, and E12015 electrode deposits,
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(2) Smith's data for E11016 and E11018 electrode deposits,

(3) Sagan-Campbell's data for E9018, E10016, E10018, E11014, and
E11018 electrode deposits,

The bands for electrodes used by Smith and Sagan-Campbell agree well, Energy
values for these weld deposits are considerably higher than those for weld deposits in
Pellini's investigation, indicating the improvement of notch toughness in welds de-
posited with these electrodes between 1955 and 1959,

Figure 6 shows that the notch toughness of weld metals deposited with modern
low=hydrogen, low-alloy steel electrodes is very good, Alsoc shown in the figure are
some of the notch-toughness requirements listed in Table 1, Nickel-steel electrodes
E8016-C2 and E8018-C2 provide weld metals with a notch-toughness level over 20 ft-1b
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 Submerged-Arc-Deposited Metals

There are abundant data on the notch toughness of weld metals deposited by the
submerged-arc process when using various combinations of wire, flux, and base
metal, (49-64) Within the scope of this literature survey, there are two major areas

of interest:

(1) Notch toughness of two-pass submerged-arc-~deposited metals in
heavy mild-steel ship plates.
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(2) Notch toughness of submerged-arc-deposited metals in high-
strength, notch=-tough steels,

Heavy, Mild-5Steel 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 Christensent52) 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, /min travel speed; and
1200 amperes, 4~3/4 in. /min travel speed

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

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

C Mn 5i 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 Charpy 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 2 inches thick, .In the 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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to 1-9/16 inch thick. (%) The following tabulation shows the number of welds made
with conventional electrodes and fluxes (fused) which had absorbed~energy values over
25 ft-1b (the requirement DS in Figure 2) and 35 ft-1b (the requirement D):

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

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

Note: A case in which daturn fell on the border line is counted as 0,5,

When plates were thinner than 7/8 inch, 82 and 64 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 met the same re-
quirements. The data show an apparent loss of notch toughness in two-pass submerged-
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.™ Excellent notch toughness was
obtained by using a bonded flux specially developed for welding Grade E steel,

In the "FN process', which has been developed recently in Japan, a tubular flux-
cored filler wire (the "FN wire') is fed into the molten pool of a submerged-arc weld
using conventional electrode and flux as shown in Figure 9, 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 at 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 temperatures around
1400 to 1800 F,
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High-Strength Notch-Tough Steels i}

Many research programs have been and are 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
Institute(62; 63) for developing fluxes and filler wires for submerged-arc welding of
HY-80 steel, Figure 10 shows the Charpy V-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 1/2~inch thick HY-80 steel plate by the multi-
layer technique with heat inputs of 45, 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 filler wire and the weld
metals is given in the following tabulation:

Weld Metal from Weld Metal from
Experimental Experimental Filler Conventional Filler
Element Filler Wire Wire and Flux Wire and Flux
Carbon 0.09 0,10 0.07 -
Manganese 1,12 0.62 0,81
Silicon 0,29 0.42 0,44
Nickel 2.02 2.13 2.15 -
Phosphorus 0.o11 0.015 0.014
Sulfur 0,010 0,010 0.016
Molybdenum 0,50 0.50 0.32
Aluminum 0.085 0,027

Oxygen (total) - 0, 042 0.096
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The oxygen content of the experimental 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 lwinch~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’J B! CJ D) E’
Fused Bonded Bonded Fused Fused
CaQ, percent 23 30 34 40 44
5103, percent 38 43 42 45 41
Ca0/5i0;, ratio 0.60 0,70 0.81 0.89 1,08

The Ca0/SiQ, ratios varied from a low of 0,60 for Flux A to 1.08 for Flux E. Flux A
is a commmercial, 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 0,5 percent molybdenum, 1 percent manganese,
low-alloy steel wire, Impact properties improved with an increase of the CaO/SiOZ
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
UEFN" 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

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

In 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 commonly used for the electrode, but flux-cored and magnetic-fluxed wires
also are used, Various 53,5 mixtures, including CO,-02 7), COz~argon, argon-Q;,
and argon-—COZ-OZ-NZ(() , 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
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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 CO,. Welding can be done in all positions,

The gas, metal-arc welding processes have not been widely used in the fabrica-
tion of ship hulls; however their potential use is promising. The argon-CQ, and
argon-0z gas, metal~arc processes appear to be quite useful for welding high-strength
notch-tough steels for at least two reasons:

(1) Weld metals deposited by these processes exhibit good notch
toughness,

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

Fig. 11. The Battelle narrow-gap weld in
a 8-inch thick HY-80 steel, single-wire
weld, made in vertical position.

Notch Toughness of CO, and CO,-0, Metal-Arc-Deposited Metals

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

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

(2) COz-0;3 metal-arc process developed by Sekiguchi, et al, (71), using
low-carbon steel wires shielded by (a) 100 percent CO; and (b) 62
percent CQOy, 38 percent Q.

(3) The Battelle Narrow Gap process, using 100 percent CO,. Welds
were made with A-632 filler wire in 1/2-inch thick HY-80 steel
(refer also to Figure 13)(69).

The figure shows that the notch toughness of the CO, metal-arc-deposited weld metal
is fairly good bhut not excellent.
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Notch Toughness of Argon and Argon-CO3
Metal-Arc-Deposited Metals

Figure 13 summarizes notch-toughness data for weld metals deposited by argon
and argon-CO; metal-arc processes.( 8,69,72-74)

Sibley(72: 73) reported that satisfactory mechanical properties were obtained in
l-inch-thick HY-80 steel welds made with a 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 followst73);

C Mn P S S Ni Mo V Cr GCu Ti
Filler metal® 0,073 1.22 0,018 0,018 0.41 1.18 0.47 0.1l 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) MIL B-88 in specification MIL=-E~19822A (SHIPS), elecuolytically cleaned,

Notch toughness was over 20 ft-1b at -80 F. Yield strength was over 90, 000 psi,

Salter(68) investigated the notch toughness of mild-steel welds made with a
shielding gas of argon-20 percent CO;-2 percent 03-0, 2 percent N». The Charpy
V-notch, 15-ft-1b 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‘g: process while using the following filler wires and shielding gas
mixtures(69);
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(1) A~632 filler wire and mixtures of COp and argon {100, 20, and
O percent argon)

(2) L~103 filler wire and a mixture of 80 percent argon and 20 percent CO3.

The chemical composition (in percent) of the filler wires was:

C 5i Mn Ni Cr Mo A\ Cu Zr Al

A-632 0,04 0,57 1.36 1.22 0,13 0,45 0,15 - 0,005 0.013
L-103 0,07 0,59 1,45 0,99 Q0,25 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 toughness was obtained when using L-103
wire and a mixture of 80 percent argon and 20 percent CO2., Yield strengths of the
weld metals were around 90, 000 psi.

2.4 Electroslag- and Electrogas~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.S5.5. R, (75-78) 1n electrogas welding, which
was developed in West Germany, flux-cored wire is fed into an arc shielded by CO;
gas or other gases, depending on the type of base metal. 7

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 ship hull, such as vertical butt joints be-
tween the shell plates of a large tanker, (SO'SZF Crosswell(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 nonnormalized welds for some applications,

Notch Toughness of Electroslag- 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 specimens were used by American, Western European,
and Japanese investigators,

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

(1) A region for data obtained hy Thomas{?7) on welds in 3-inch-thick
low-carbon, 1.8 percent Mn, 0,3 percent Mo steel plates.

(2) Data obtained by Danhier(78) on killed-steel plates 1-1/4 and
5 inches thick,



1

-19-

60 —
A212 steel
(Rote)
40 — .
= © Danhier s data %
& on killed steel (o5*~
& O 114
—
o 20 — - y
§ &2 HY-80 E-90I8"M Ny
o= (RO'E)\
= W 7 Carbon steel
: (Burden,etal)
=
=i | | | |
=2 -160 -120 -80 =40 0 40 80 120
£ m
O =<

_ Temperature, F

Fig. 14. Notch toughness of electroslag deposited metals in as-welded
eondition.

{(3) A band for welds in three carbon-steel plates 5/8 inch thick, after
Burden, et al, (81)

(4) Bands for data obtained by Rot_e(83) on welds in:
(a) Carbon-steel A212 plates 3-3/4 inches thick
{b) HY-80 steel plates 2-5/16 inches thick,

Ag 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 electroslag-deposited
weld metal has been observed. (39) According to Santilhano and Hamilton ( 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 (0,11 C, 0,22 Si, 1,61 Mn,
0.021 8, 0,015 P, 0,44 Ni, 0.17 Cr, 0,19 Cu; the weld was normalized after welding)
ranged between 22 and 64 ft~1b,

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

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) Bands for data obtained by Burdel"l, et al, (81) jn 5/8=inch=-thick
carbon-steel welds 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 F,

(2) Bands for data obtained by Rotel83) in carbon-steel A212 welds
3-3/4 inches thick in:
(a) As-welded condition

L
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Fig. 15. Improvement through heat treatment of notch
toughness of eleciroslog-deposited metals,

(b) Stress relieved at 1150 F and then furnace cooled
(¢) Normalized from 1675 F, stress relieved at 1225 F, and
air cooled.

(3) Bands for data obtained by Rotel83) in HY-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 E6012 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; E6010) 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.



~21-

TABLE II. GENERAL TRENDS IN THE NOTCH TOUGHNESS OF WELD METALS DEPQSITED BY VARIQUS
WELDING PROCESSES.

Classes In This Report Class 1 Class 2 Class 3 Class 4 Clags 5
Q1 (35, 68 F)@) QII (57, 68 Fz(a) QI (57, 68 F){&) S016-C3 HY-80
Specifications 42 C (20, 32 F)*2 D(35, 32 B E@s, uRH?)

6010 (20, -20 F) 9018-M (20, -80 F) (20,-100 F)(2) (30, -120 )
Shielded Metal-Axc Welding

E6012, E6013 X X X X X
E6010 <] Q X X X
ES018~M, E11018-M s 0 o X X
E8016~C2 o [+] [} o X
Submerged-Arc Welding
Conventional two pass ? X X
Gonventional multilayer o
Special technique 5} [ o X
Gas Metal-Arc
COg, CO2-09 o X % X X
Argon, argon-C02 o [«] o o?
Electroslag, Electrogas
As welded X X X X
Normalized o 0 X X X

x Indicates that weld metal notch toughness does not meet the requirements of a Class,
o Indicates that weld metal notch toughness meets the requirements of a Glass.

(2) Values in parentheses are charpy v-notch absorbed energy, fi-lb, at a temperatre F, For example (35, 68 F) means 35 ft-1b at
6% F; refer to Table 1.

(3) Gas metal-arc welding: COp- and CO3-03-shielded processes do
not appear to meet the requirement, but argon and argon-CO,
shielded processes will be satisfactory,

(4) Electroslag and electrogas welding: These processes may be used
when welds are normalized,

Only selected welding processes deposit weld metals which meet the Class 3
(QIII; Grade E; E9018-M) requirement, as follows:

(1) Shielded metal-arc welding: Liow-hydrogen low-alloy electrodes
£9018-M, E10018-M, 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-CO; (with high argon
content) shielded processes must be used.

Weld metals which meet the Class 4 (E8016-C2) requirement can be deposited
with only two processes at present.
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(1) Shielded metal-arc welding: Low-hydrogen nickel-steel electrodes

EB8016-C2 and E8018-C2 will deposit weld metals which meet the
Class 4 requirement in the stress-relieved condition.

(2) Gas metal-arc welding: Argon and argon-CO; (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. (91-95) vVery few systematic investigations have been made of the effects
of chemical composition and microstructures on the notch toughness of weld metals.

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 steels., They contain less than 0,2
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 Sa.ka.ki(gé'), Sagan and C
Campbe11(48), Dorschu and Stout{?7), and Ohwal98), *

Sakakil?6) 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, Welds 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-1b transition temperature of the weld metal,

Ohwal?8) 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 Charpy V-notch, 15-ft-lb transition temperature, Trjsg:

*In an investigation for obtaining as-deposited weld-metals having yield strengths over 150,000 psi, Heuschkel(39) recentdy
made an extemive_study of the effects of alloying elements on the notch toughness of high-strength-steel weld metals, The
results, however, are not discussed here,‘ since the yield strengths of most weld metals studied exceeded the upper strength
limit ¢120,000 psi) of this literature survey, Charpy V-notch energy values at 80 F were reported. These are diffienlt 1o
compare with data obtained by other investigators expressed usually in terms of transition temperatures or energy values at a
low temperature, say 32 F,

DMIC Report 1720200) gescribes background for the development of materials to be used in high-strength-steel structural
weldments with a yield strength of 150,000 psi, The effects of chemical composition on the notch toughness of weld metals
are discussed.
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Fig. 16, Effects of alloying elements on notch toughness of covered-electrode
deposited weld metals (Sakaki (96)),

Tris(F) = 436 C - 54 Mn + 14 Si + 286 P + 819 S
- 61 Cu=-29 Ni+ 13 Cr+ 23 Mo+ 355V
- 112 Al + 1138 N+ 380 O .
+ 1,08 (dx 10% - 203 & 22, (1)

where

d is grain diameter, inch (ranged 3.1 to 8.7 x 10~4 inch),
Ranges of alloying elements were: C, 0,03 to 0,11;
Mn, 0,02 to 0,16; 8i, 0,05 to 1,2; P, 0,004 to 0.17;
S, 0.006 to 0.11; Cu, 0,05 to 0,3; Ni, 0,05 to 1, 4;
Cr, 0.05 to 2.6; Mo < 1.2; V<0.31; Al <0,36; N, 0.004
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.
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Dorschu and Stout{97) studied the effects of alloying elements on the notch tough-
ness of submerged-arc- and inert-gas~deposited metals. Eight elements comunonly
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(?7) found

180

qu 200 T T T 7 vio T T 1T T T
£ £ 1e0 = 140 |- n
o 2
::‘ 8_ 120 ] 100 Cr —
o E
S® g ce M —~ 60} C -
1
> 0 /MO g
gfé 40 — 20 py Ni =
[= ] —
£5 ¢ — -20 B -
o Ni Cu Mn

0 040080 1.20 16O 200 240 280 0O 040 080 120 1680 200 240 280

Weight Percent Alloying Element
a. Submerged-Arc Deposited Metals b. Inert-Gas Metal-Arc Deposited Metals

Chemical composition of base metal, welding wire, and base weld metal:

Submerged-Arc Inert-Gas Metal-Arc
Base Base
Base Welding Weld Base Weldin% Weld
Metal  Wirel2)  Metal Metal  WirelP Metal
Carbon 0,16 0,10 0,12 0,16 0,09 0,12
Manganese 0.47 0,41 0.60 0,47 1,27 0,70
Silicon 0,10 0,01 0.30 0.10 0,54 0.35
Phosphorus 0,014 0.011 0.013 0.014 0,015 0,013
Sulfur 0,035 0,029 0.033 0,035 0.022 0,028
Copper . vea 0,04 - ces 0.20

(a) Bare wire,
(b) Copper-coated wire.

Fig. 18. Effects of alloy additions on notch toughness of weld metals made with sub-
merged-arc welding and inert-gas metal-are welding (Dorsehu and Stout!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(48) discussed in detail the effect of carbon on the notch
toughness of covered-electrode-deposited weld metals,

Manganese. Sakaki(?6) 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{102) on base metal and of Zieglar, et al. 103) on cast
carbon-manganese steels.

On the other hand, Dorschu and stout{?7) found no significant change in the notch
toughness of the submerged-arc-deposited weld metal as manganese was increased
from 0,6 to 1.6 percent, as shown in Figure 18a. Increasing manganese above 1.6
percent caused a rapid deterioration in notch toughness. Inert-pgas 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 0, 2 to about 0.4 percent. An
increase of silicon beyond about 0.4 percent caused a gradual decrease in notch
toughness.

Dorschu and Stout found that silicon in amounts between 0, 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 results are generally similar to those reported by Rinebolt and Harris(102)
and Ziegler, et al, (104)

i

Molybdenum. Additions of molybdenum up to about 0,5 percent increase the
transition temperature of the weld metals, as shown in Figures 16 and 18, The in-
fluence of molyhdenum on the notch toughness of weld metal appears to be complex
when the amount exceeds about 0.5 percent,

Aluminum. Aluminum appears to improve the notch toughness of weld metals up
to total aluminum contents of 0,05 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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Chromium, Available data showing the effect of chromiumon the notch toughness of
weld metal is conflicting, Sakaki found that the Charpy V-notch 15-ft-1b transition
temperature of covered-electrode~deposited weld metal increased slightly with the
addition of chromium up to 0.4 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 18.

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 percent chromium weld metall100);

Preheat Postheat Transition
Temperature, Ternperature, Temperature,
F F r
None None T 34
300 None 34
300 1300 -30

It is probably safe to assume that if the chromium content of a weld metal is more
than about 0,5 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 Charpy V-notch, 15-ft-1b 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 submerged-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, 000-psi-yield-
strength weld metals containing as little as 1 percent nickel and as much as 3 percent
nickel, According to the AWS specification, weld 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,

Copper. Dorschu and Stout found that the effect of copper additions up to 0.5
percent on the weld-metal notch toughness was not significant for submerged-arc and
inert-gas metal-arc process, Smaith(106) found that 0. 4 percent copper in CO,-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)
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Fig. 19. Oxygen and nitrogen content Fig. 20. Manganese and silicon contents in
of mild-steel welds made by three arc- welding filler metal (Sekiguchi (67)),

welding processes.

Figure 19 shows the oxygen and nitrogen levels that can be 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 would be expected to exhibit better notch toughness than
would weld metals deposited by other processes, Reported experience generally
confirms this expectation,

Chemical Reactions in Molten Weld Metal

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 II of
Figure 20,(110,111) When the Mn-Si contents are located in Field II, the FeO-MnO-
8iQ; liquid solution is unsaturated with 5iOp; thus, deoxidation products can float off
to the surface of the molten metal and leave in clean, sound weld metal, Sekiguchi's
theory has been applied in Japan to the design of filler wires for the shielded metal-
arc and CO»~0; metal-arc process, Figure 20 also shows the ranges of Mn and Si
contents of Japanese filler wires DS 1 and DS 60,

Effect of Microstructure

Weld metals are basically cast structures. BSince the rather low heat input of
welding produces a high cooling rate, grains in the weld metal are rather fine if the
weld ig considered as a casting., In 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 microstructures quantitatively affect the notch toughness of weld metals,

Effect of Grain Size. Published information is available on the effect of grain
size on the notch toughness of weld metals, Equation (2) shows how the Charpy V-
notch, 15-ft-1b transition temperature of covered-electrode-deposited weld metal
increases with an increase in the grain diameter,

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

T = A - Blog, (a"1/%) (2)
where

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

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 different 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, Egquation (2) was found to hold true for normalized weld
metals, The weld metals made with a 68 F 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 spet:irnensx.’lc

Electron Microscopic Study of Fractures in Weld Metals, In the past few years,
significant information regarding the micromechanism 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, 118~121) 14 pag
been found that fractures produced by different mechanisms or in different 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 Eifect of Welding Procedures

Welding-Heat Input

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

*1t has been shown by theoretical and experimental investigations that the yield stress of an E,nnealed iron alloy increases
propornonale] to the inverse of the square root of the grain diameter (¢ = o % kdat 2) 113 Several
investigators 38, 115-117) haye reported that weld metals with fine-grain structu:es showed greater increases in the yield
stress than predicted by the above relationship,
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Fig. 21. Effect of welding~heat input on notch toughness and strength of sub-
merged-are and inert-gas metal-are weld metals (Dovschu and Stout!97/).

toughness of submerged-arc and inert-gas metal-arc welds deposited in a groove
(90-degree vee, 5/8 inch deep) in low-carbon-steel plates 3/4 inch thick. Figure 21
shows the Charpy V-notch, 15~ft-1b transition temperatures of these weld metals,

In the submerged-arc-deposited metals, the transition temperature increased to
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 2la,
In the inert-gas metal-arc-deposited welds, the transition temperature progressively
increased with an increase in the heat input up to 81 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
area increased. The investigators concluded that the loss 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 manganese, nickel, and molybdenum. Notch toughness of the deposited metal
decreased slightly as the heat input increased from 13 to 36 kilojoules per inch; at the
same time, the notch toughness of the fusion zone decreased significantly,

Multilayer Welding Techniques

v

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. It is be-
lieved that a stringer-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 factors,

Weld:'mg Position

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. (9, 34, 46, 48

Preheat

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

Sagan and Ca.rnpbell(48) 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 reported.a 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 Campbe11(48)
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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 sorme electrodes sensitive to stress-
relief embrittlement.

Pogtweld 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
A temperature

(3) Normalizing and full annealing by heating above the Ay temperature
(4) Quench-~and-tempering and other special heat treatments,

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

Ohwall24) investigated the effect of stress-relieving heat treatments (including
some above the Ay temperatures) on the notch toughness of carbon- and alloy-steel
weld metals, Studies were made on electrodes of seven types: ﬂmenite*, cellulose,
iron oxide, titania, low hydrogen (Mn-5i 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-1b 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 A temperature. The heat treatments caused
rather little change in the notch toughness of weld metals made with low-hydrogen-
type electrodes; even slight improvement was observed in some cases. When the
heating temperature exceeded the A; temperature, a marked increase in grain size
was observed in the weld metals made with all types of electrodes,

Sagan and Campbe11(48) investigated the stress-relief embrittlement 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 Camphell reported
that the Charpy V-notch transition temperature of a weld metal made with E10016
electrodes of Ni-Mo—O.l‘_Y wire increased by about 40 F after stress relieving for 2

*The ilmenite type electrode uses flux conraining ilmenite (iron titanate) as the major ingredient, Ilmenite<type electrodes
are commonly used in Japan for all-position welding in ships and other structures,
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hours at 1150 F, while the notch toughness of a weld metal made with similar elec-
trodes of vanadium free wire was bharely affected by the stress-relieving heat
treatment,

Peening

Peening is sometimes used to minimize distortion and residual stresses due to
welding., Results of investigations conducted so far generally agree that peening which
involves severe ?lastic deformation of weld metal is detrimental to notch
toughness, (3, 125).

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 on notch toughness are
roughly the same in weld metals and in base metals. Alloying elements which are
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generally deleterious to notch toughness include carbon, sulfur, phosphorus, molyh-
denum, vanadium, oxygen, and nitrogen, Additions of manganese and aluminum up
to certain amounts are believed to improve notch toughness, Notch toughness is im-
proved when grains become smaller, However, there are some differences in the

ways in which the 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 differences in weld-metal notch
toughness are differences in the distribution of nonmetallic inclusions and such minor
elements as oxygen and nitrogen, which are 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 filler 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, Peening 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(tl', 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) Weldment fractures initiating from the heat-affected zone and propagating
into the base metal. (Fracture tests of weldments 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~toughness evaluations with Charpy impact-
test specimens from the heat-affected zone. The following subjects are covered:
(1) Technigues 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 highestrength steels,

4,1, FEvaluation of the Notch Toughness of the Heat-Affected Zone

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

Charpy Specimens Taken From a Weldment

A commonly used technique is to prepare Charpy V-notch specimens from a weld,
locating the apex of the notch in particular microstructures. 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) condycted Charpy V=notch impact tests in which
properties of the weld metal and the heat~affected zone could be evaluated simulta-
neously, Charpy specimens were prepared from a bead-on-plate weldment in such a

*Since electroslag and electrogas welding employ high heat inputs, the notch toughness of the heat-affected zone is sometimes
damaged.(78' 79,128,129) However, discussion of the notch toughness of the heat-affected zone in electrosiag and elecirogas
weldments is not included in this report, because these processes deposit weld metals with such poor notch toughness that they
are not likely to be used extensively in ship-hull construction,
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way that the path of fracture traversed 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(130); 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-affiected zone changed.

Synthetic~-Specimen Technique

The synthetic~specimen technique, which was originated by Nippes and
associatest132,133) 5t 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 assoclated 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 curves of the
several structures under investigation,

Toughness Requirements of Specifications

No ship~classification~society 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) Maximum welding-heat input

(2) Maximum hardness of the heat-affected zone of a weldment made
under certain welding conditions

(3) 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 inch 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 Weldments

Many investigators (4, 5, 134-140) studied the notch toughness at various locations
of a welded joint. In most cases Charpy~impact specimens were used; however, other
gspecimens, 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 0.4 to 0, 6 inch from the
weld center, somewhat outside 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(IBZ) first used the synthetic-specimen technique to investigate
the notch toughness of the heat-affected zone, Bars (0.4 by 0.4 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 investigators suggested
that the embrittlement was attributable to a strain-aging reaction.

Preirg 1

The above investigations show that notch toughness is the lowest in areas well
outside 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 Zone 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) 15 general, the loss
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 and excellent notch toughness of these steels are obtained by heat treat-
ments, the welding thermal cycle may cause losses 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:

] Mn Si S P Ni Cr Mo vV 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, E11018, 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 curve 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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tempered steel joints made with various electrodes
(Kobler (148)).

(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 metal caused
the logs of notch toughness in the fusion zone, He theorized that liguid dilution and
partial solid~state diffusion set up discontinuous, intermetallic compounds and other
single~phase constituents in the extremely narrow interface defined as the fusion zone.

The synthetic-specimen technigue has been found to be very useful for studying
the notch toughness of the heat-~affected zone in high~strength steels which undergo
; i ; (131, 147~153)
complex transformations during cooling, ’

Nippes and Sibley(l47) investigated the notch toughness of the heat~affected zone
in a quenched and tempered steel with the following chemical composition (per cent):

C Mn Si S P Ni 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 under normal weld-
ing conditions in 1/2-inch-thick plate, Figure 26a illustrates the time~temperature
cycles employed 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 temper—
atures as follows;

(1) The fracture-appearance transition temperature determined by 50 percent
shear fracture
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(2) The 10=it-lb transition temperature (the temperature which corresponds
to 10 ft-1b 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 fine~grained
gtructure obtained by heating to 1800 F, The 10-ftwlb 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 Aj temperature exhibited a
lowrcarbon 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 (CCT) diagram. Figure 27 shows the CCT-
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) Thermal Cycles A, B, C, and D, which represent cooling curves
for the heat~affected zone structures with a 2400 F peak temperature
in 1/2-inch~thick butt welds (heat input: 47, 000 joules per inch)
with various preheating temperatures up to 500 F,

(2) Thermal Cycle E, 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 toughness decreased markedly with either
increasing initial plate temperature or increasing energy input. A 500 F preheat, for
example, raised the Charpy Vw~notch, 10-it-1b 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 martensite, which has excellent notch toughness, is gradually replaced by
a mixture of ferrite and high~mcarbon martensite or bainite,

It must be mentioned that the effects of w'elding 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 martensite,

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,

Lioss 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,
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CHAPTER 5. EVALUATION OF WELD-METAL TOQUGHNESS
BY VARIOUS TESTS

This chapter discusses the evaluation of weld-metal toughness by tests other than
the standard charpy tests. Details of test procedures are not given here, since they are
available in other literature.(1-5, 154,155)

5.1 Impact Tests With Small Specimens

Modified Char_py' ‘Tests and Qther Impact Tests

Many investigators have used various types of modified Charpy tests, Specimens
larger or smaller than the standard size have been used to study the notch toughness of
weld metals. (52,53) Kihara.(l 7) 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 into 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{1305131) ;zed the "double-blow! or "low-blow!" 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) ysed the Schnadt test(164-166) ¢4 study the notch
toughness of the heat-affected zone in welds in carbon and low-alloy steels, Schnadt
specimens bhaving 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 Pellini and Puzak(167-169) a¢ the U. s.

Naval Research Laboratory. Pellini and Eschbacher(8,170) ysed 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 welds made with electrodes of various types, A

bead-on-plate crack-starter weld was laid on the butt weld so that 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 NDT (nil-ductility transition) temperature,

No fracture occurred at temperatures above the band, and all apecimens fractured at

temperatures below the band. .

* Kihara(157) reported an extensive investigation made by the Research Committee on Deposited Metals of the Japan Welding
Engineering Society on the notch toughness of weld metals. The notch toughness of 12 types of weld metals was evaluated with
various tests, The welds were made by the shielded metal-arc and the submerged=-arc processes in 3/4~inch-thick steel plates
with various strength levels, Small-size industrial test specimens were prepared in the as-welded and the stress-relieved condi~
tions. Large-size specimens were prepared only in the stress-relieved condition, since it had been found that a brittle crack did
not propagate through the weld metal (as shown in Figure 38) unless the specimen was stress relieved, Table 3 contains only
data on the stress-relieved weld metals,
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TABLE 3. SUMMARY OF NOTCH-TOUGHNESS DATA OBTAINED IN VARIQUS TESTS ON STRESS-RELIEVED
WELD METALS (KIHARA)(157J,

Weld-Metal Code: PA PB PC  PD(8) o0a oD(®) RA RD(® sa sp(a) TA TN
Ultimate Tensile Swength, 1000 psi: 78,4 75.4 83,2 62,1 92.2 82,6 108.0 106,0 1155 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

Test Method Criteria
Industrial Tests With Small Specimens

(1) Charpy standard V-notch Try (h), F -182 -54 82 -31 -69 -8 -159 -178

Egol®), fi-1b 157 72 14.5 64 59 20 145 55
(2) Charpy pressed notch 1D, F -58 50 140 73 3 99 68 172 -13 3
(3 Mesnager Ego{), fi-1b 137 84 108 84 149 58 - 126 38 171 98
(4) NRL drop weight NDT(®), F -126 -3 76 -4 31 5 -100 -49 -112 -82
(5 VanderVeen Ts(d), F 63 -4 104 81 -0 75 4 188 14 108 -81 e;

Laboratory Tests With Large Specimens o

(6) ESSO test 0, F -103 -4 54 68 <37 95 55 -6
(7) Double-tension test Tag(g), F 6 2 M 34 -3 4 39 ~18 5
(8 Welded-and-nowched T4, F 274 205 5 -60 9 -202 -227

wide-plate tension
test

(a) Submerged-arc welding; other welds were made with covered electrodes,
(b) 15 fi-1b wansition temperature.

(c) Energy absorption at 32 F,

(d) Fracture-appeatance transition temperature,

(e) Nil-ductility transition temperature,

(f) Amesting temperature.

(g) Arresting temperature with gradient~temperature specimens.,

(h) Initiation transition.

Bead-on-plate crack-
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Fig. 28. Use of the Naval Research Laboratories Drop-Weight Test to Evaluate Notch
Toughness of Weld Metals made with Electrodes of Various Types (Pellini and
Eschbacher(170)),
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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:
(A) Static fracture tests on notched specimens*

(1) Notched-specimen tension tests, such as the Tipper test(171)
and the Noren nominal cleavage (N-C) strength test(172)

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

I (3) Notched-specimen bend tests, such as the Van der Veen test(178,179)

(B) Bend tests on welded specimens

(4) Longitudinal-bead-weld notched-bend tests, such as the Lehigh
test(180,181) and the Kinzel test(182-184)

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

Tests in Group (A) have been developed primarily for evaluating 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 weldments 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 Kommerell 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 toughness of weld metals.

Stern, et al.(%3) used the Navy tear test to evaluate notch toughness of submerged-
arc weld metals. Tear-test specimens were taken from welded joints in such a way
that the notches were located at (1) the center of the weld metal, as shown in Figure 29a,
and (2) the fusion zone. Otani and 0tal188,189) 3144 used the Navy tear test to study
notch toughness of the weld heat-affected zone.

Kibhara(l57) 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 shown earlier in Table 3.

* The ASTM Commitiee on Fracture Testing of High-Strength Sheet Materials(173) has described techniques of notched-specimens
tension tests for determining fracture toughness of high-strength materials, primarily those with over 700, 000 psi per cubic inch
strength-to-density ratio (for steel over 200, 000-psi ultimate tensile strength). (127) Fracture toughness, K¢ is used to char-
acterize the toughness of the material, The analysis is based on the Griffith-Irwin theory of brittle fracture, (174-176)
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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 baving 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, (190,191) Consequently, the behavior of a
specimen is governed primarily by:

(1) The fracture-initiation characteristics of the heat-affected zone
(2) The fracture-propagation characteristics of the base metal.

The toughness of the weld metal is believed to have little effect on the behavior of the
specimen. Murphy and Stout(192) 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 steel with the exception of the 25Cr-20Ni electrode,
which resulted in a definite improvement in toughness,

In the Kommerell test, which was originated in Germany, a single-pass weld
bead is deposited alon% a test plate, and it is bent with the weld on the tension side, as
shown in Figure 30b. (185-187)  gmall 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 hreaks only after considerable deformation.

Figure 31 shows the effects of electrode type on transition behaviors of a low-
alloy high-strength steel evaluated With the Kommerell-type test,(5,193) -specimens
were welded with two types of electrode: low-hydrogen Type E7016, and ilmenite Type
J18 D4301 (refer to Figure 22). At high temperatures, the bend angle for 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 o€curs as soon as a crack initiates from the weld zone.
The transition temperature determined by the maximum bend angle was not affected by
the electrode type.

5.3 Fracture Tests of Weldments by Dynamic Loading

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

(1) Explosion bulge test developed by Hartbower and Pellini{ 194, 195)

(2) Crack-starter explosion test developed by Pellini and associates(167,196)

(3) Direct explosion test proposed by Mikhalapov, et al. (197-199)
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(4) H-plate shock test used by the Ordnance Corps, U. S. Army{200,201)

(5) Explosion tests of welded tubes conducted by Folkland,(z‘oz)
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
weldment, The following sections describe results related to weld-metal toughness ob~
tained with the explosion bulge test and the crack-starter explosion test.

Explosion Bulge Test

In the NRL explosion bulge test, two plates, usually 10 by 20 inches, are butt
welded to form a square and are then placed over a circular die and explosion-loaded by
successive shots to the point of failure or to the development of a full-hemispherical
bulge. Explosion bulge tests of weldments made with various type of base metals and
electrodes have been conducted, (8,205-210)

According to Pellini, (8) Figure 32 illustrates fracture paths which are typical of
E6010 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. Ag the temperature is lowered to
the O F to -20 F range, brittle fractures are propagated extensively also along the weld
and in the heat-affected zone. Pellini and Eschbacher(212) reported that:

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

(2) BShot 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,
In some cases fractures have occurred along a certain zone of a butt weld (not in many
directions as shown in 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 are satisfied:

(1) 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,

(2) The notch toughness of the particular zone is inferior to that of other
greas of the weld. The fracture propagates along the zone with the
least resistance.

However, it has not been determined quantitatively how great a loss in the strength or
the notch toughness of the particular zone is necessary for the occurrence of the uni-
directional fracture along the zone,
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Crack-Starter 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
digk abrasive wheel, The specimen is placed over a circular die and explosion loaded.
The NDT (nil-ductility transition) temperature can be determined as the kighest tem-

perature at which a specimen fractures with no evidence of ductility as illustrated by a
"'flat break! in many pieces.

Puzak and Pellini(411) ysed 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 peripbery of the
explosion-test specimens. Weld beads were laid with ferritic £12016 electrodes and
25Cr-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‘217) have established that a brittle crack, if it once 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(212), (2) the ESSO (or SOD) test developed by Feely, et
al. (31,2 13), and (3) the double-tension test developed by Yoshiki and Kanazawa(214),
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,

Yamauchi and Nakail156) 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 gquenched-
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 temperature was high
and the stress was low, the fracture did not propagate, as indicated by circles, Thus,
a curve which shows the critical stress and the critical 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 (both covered-electrode and submerged-are 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
(twice as 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 Nakail156) suggested
that the discrepancy between results obtained with the two different tests might have
been caused by residual welding stresses which existed in the ESSO test specimens, In
the ES50 test specimens, fractures did not always propagate straight; some deviated
from the weld zone,

Kiharall37) 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 passage. Results were summarized earlier in Table 3.

Welded-and-Notched Wide-Flate 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-strees 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(219,220), extensive research
on low-applied-stress fracture of weldments has been conducted during the last several
years. (221-229) 1t 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 | by 40 by 40 inches. The transverse test weld was
first made and the weld reinforcement was removed, then the longitudinal weld was
made, A shorttransverse notch was cut at various locations of the transverse test
weld, including (1) the center of 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 (refer to Figure 25 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, com-
plete fracture of the specimen occurred, under certain test conditions, when the applied
stress was well below the yield stress,

* As it turned out, the notch toughness of this zone was only slightly lower than that of the base metal.
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Figure 37 summarizes test results on semikilled-carbon-steel welds.

verse test weld was made by the submerged-arc process.

(in percent) of the base and the weld metal was as follows:

The trans-

The chemical composition
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C Mn, Si P =)
Base metal 0.16 0.45 0,10 0.035 0,021
Weld metal 0. 14 0.88 0.19 0,033 0,017

The ultimate tensile strength and the yield strength of the base metal were 76,000 psi

and 52,000 psi, respectively.

The figure also contains the following data:

(1) The fracture stress curve for specimens without residual stress, ST,
The curve was determined by tensile fracture tests of center-notched

specimens (unwelded),

(2)

mined with the ESSO test, as follows:

(2)

The fracture-propagation characteristics of the base metal deter-

The critical stress for crack propagation, VW

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

** The temperature below which a crack initiates from the notch.
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(3) Transition temperatures determined with Mesnager 2-mm U-notch speci-
mens prepared from various portions of the weld. Ty, Tw, Te, and Ty
represent the transition temperatures of the heat-affected zone, the
weld metal, the embrittled zone, and the base metal, respectively.

Figure 37 shows the following:

(1) When the test temperature was higher than Ty, 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,

(2) 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,

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

(4) 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 shpwn 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. (31-34) 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 generally coincided with the 15 to 25-ft-1b
transition temperatures in the Charpy V-notch impact tests, Pellini concluded that the
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20-ft-1b transition temperature can be used as an average "fix" point for correlating
the NDT temperature with the Charpy V-notch impact-test data for covered-electrode-
deposited metals.

Kihara(l57) investigated correlations among notch-toughness data of weld metals
evaluated by various tests, as shown in Table 3. Figure 39 shows the following:

Figure 39a; Correlation between the Charpy V-notch 15-ft-1b transition
temperature and the transition temperature obtained with the welded-
and-notched wide-plate tension test

Figure 39b: Correlation between the NRL drop-weight test, NDT 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 weldments,

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

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 ESSQ 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 obtained 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 Toughness 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 Kommerell 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 Kommerell 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, In the Kommerell test, for
example, the bend angle for crack initiation is affected by the type of weld metal, but
the maximum bend angle is little affected by the type of weld metal, as shown in
Figure 31,

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

(1) In carbon-steel 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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CHAPTER 6. AREAS OF NEEDED RESEARCH

One of the most important observations made during this literature survey has
been the relatively limited information available on the notch toughness of weld metals
and the heat-affected zone, Although much work has been done in this general area to
avoid brittle fracture, much of it has been done on welded plates or assemblies, and only
limited charpy impact-type data were obtained for specific weldment zones. However,
to 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 rmodifying the numerous variables involved,
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6,1 Realistic Requirements for Notch Toughness 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 discussion 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 BB

(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 ¢racks
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 Kommerell 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 are classified into the following
two basic types:

Type 1 path: A fracture propagates mostly in the base metal and
traverses the weld metal, as shown 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 Propapation 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 0, 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-
putt-weld metals, {1

Fracture Propagation Along the Weld Metal and the Heat-Affected Zone, Three
major factors determine whether or not Type 2 fracture occurs:

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

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

(3) 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 than those of the base metal. It is important
to determine quantitatively the conditions which govern the occurrence of Type 2
fracture,

6,2 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 chemnical com-~
position 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 micromechanisms of fracture of metals, However, no ex-
tensive investigation of brittle fracture in weld metals and heat-affected zones has been
made 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 microstructures 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 of the filler and the base metal, chemistry of flux, and welding
conditions, on the chemical composition and the microstructures 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 microstructures of the weld metal and the
heat-affected zone.

(2) To improve means of predicting and controlling the chemical com-
position and the microstructure of the weld metal and the heat-

affected zone,

Research is particulatly needed on welding of high-strength alloy steels.
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CONCLUSIONS

A review has been made of presently available information on the notch toughness
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:

(2) 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 toughnesg 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 base 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) 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 speciinens 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 hase 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,

(6) 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-affacted-zone notch toughness,
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