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Weldability of Constructional Steels-USA Viewpoint 

Substantial progress has been made in the development of steels 
specifically for welded fabrication rather than depending on the 
expanded use of steels customarily joined by other methods 

BY W. D. DOTY 

ABSTRACT. Substantial progress has been 
made in developing constructional steels 
specifically for welded fabrication rather 
than expanding the use of steels joined 
by other methods. The emphasis has been 
on strength in combination with ductility, 
notch toughness, fatigue strength, corro
sion resistance, and weldability. Of course, 
each steel has a different combination of 
these properties because the steels differ 
in intended application, some being 
especially suited for structures and pres
sure vessels at ordinary atmospheric tem
peratures, whereas others are for use at 
cryogenic or elevated temperatures. The 
present paper presents the USA view on 
the question of whether and to what ex
tent the specification of weldability should 
be incorporated in materials specifica
tions. 

The results of weldability research to 
develop structural and pressure vessel 
steels are viewed in the light of fabrica
tion performance and service experience. 
Steel producers have taken the lead in the 
USA in the development of the weldable 
steels and have provided sufficient infor
mation from welding tests to enable ap
proval of the steels by specification-writ
ing groups. This has made it possible for 
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designers and fabricators to obtain more 
advantage from steel as an engineering 
material. Weldability tests are not in
corporated in materials specifications and 
experience does not suggest a need. 

Introduction 
Welding is the principal method for 

joining steel. But even more signifi
cant, welding is vital as a practical 
method for fabricating steel structures 
and pressure vessels for modern liv
ing. From this point of view, welding 
is as important to a fabricator as 
oxygen cutting, forming, and machin
ing. However, welding did not gain its 
present position as the principal meth
od for joining steel until World War II 
when greater recognition was given to 
the development of steels specifically 
for welded fabrication rather than de
pending on the expanded use of steels 
customarily joined by other methods, 
such as riveting and bolting. As a 
consequence, the past 25 years in the 
USA have been a period, still very 
much in progress, in which steel pro
ducers, electrode manufacturers, and 
welding-equipment companies have 
worked intensively to develop the re
quired steels, weld metals, and weld
ing procedures. 

Examples of this progress in the 
USA are found in the large family of 
weldable constructional steels now 
available to designers and fabricators. 

The steels range in yield point or yield 
strength from 30 to 180 ksi (207 to 
1241 MN/m 2 ) and are available in a 
wide range of plate thickness; some 
are also available as structural shapes, 
pipe, and forgings. These steels have 
been developed not just because of a 
demand for versatility in strength, but 
because of a demand for steels with 
the desired strength in combination 
with ductility, notch toughness, fatigue 
strength, corrosion resistance, and 
"weldability," all adequate for the in
tended applications. 

The term "weldability" had no uni
versally accepted meaning and the 
interpretation placed on the term 
varies according to individual view
point. However, a widely held view in 
the USA is that there are two distinct 
aspects of weldability. The first is 
weldability during fabrication—that 
is, the ease with which a required 
degree of soundness is obtained. The 
second is weldability for service—that 
is, the ease with which required serv
ice properties are obtained. In both 
cases, weldability is a function of the 
steel being joined, the application, the 
location and design of the weld joint, 
the welding process, and the welding 
procedure. Thus, weldability is not an 
intrinsic property of a metal. 

The purpose of this paper is to 
present the USA view on the question 
of whether and to what extend welda-
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blity requirements should be incorpo
rated in materials specifications. 

Steels and Their Application 
As previously noted, a large family 

of weldable steels is now available to 
designers and fabricators for use in 
general construction and pressure ves
sel applications. Table 1 provides a 
simplified classification of these steels 
based on composition type and ther
mal history to show the approximate 
range of yield strength (or point) 
obtained. The breadth of the strength 
range for each group is, in general, an 
indication of the significance of chem
ical composition and product thick
ness in their effect on strength. 

Some representative structual steels 
and pressure vessel steels with yield 
point or yield strength in the range 30 
to 180 ksi (207 to 1241 MN/m 2 ) are 
given in Tables 2 and 3. The need for 
a multiplicity of weldable steels for 
structural and pressure vessel applica
tions stems from the diversity of such 
applications, some involving static 
loading and others dynami cloading, 
some involving operation at customary 
atmospheric temperatures and others 
at cryogenic or elevated temperatures, 
some requiring resistance to abrasion 
and others requiring resistance to gen
eral corrosion or to various forms of 
localized corrosion. 

Hot-Rolled Steels 

The non-heat-treated weldable car
bon steels generally exhibit ferrite-
pearlite microstructures and have 
minimum yield strengths in the range, 
30 to 50 ksi (207 to 345 M N / m 2 ) . 
The effect of increasing carbon con
tent in these hot-rolled steels is to 
increase the proportion of pearlite in 
the microstructure, and thus to in
crease the strength. However, the use 
of such an approach to obtain usable 
higher strengths is not feasible for 
steels intended for general construc
tional applications because of an asso
ciated decrease in toughness and 

weldability. For example, increasing 
the carbon content from 0.2 to 0.4% 
in these hot-rolled steels results in an 
increase in yield strength to about 60 
ksi (413 M N / m 2 ) . However, the 
toughness and the weldability of such 
a steel would be entirely unsatisfacto
ry for most constructional applica
tions. 

In 1954, ASTM adopted the welda
ble A373 structural carbon steel with 
a 32 ksi (221 MN/m 2 ) yield as a 
modification of the well known A7 
structural carbon steel with a 33 ksi 
(228 MN/m 2 ) yield for bridges and 
buildings. The carbon content for 
A373 steel was limited to 0.28% by 
ladle, whereas that for A7 was unlim
ited, occasionally reaching as high as 
0.35%. The modification was a dis
tinct success from a weldability view
point. However, designers and fabri
cators evidenced only moderate inter
est, because the improvement in weld
ability was accompanied by a reduction 
in strength and an increase in steel 
cost. Satisfaction was achieved in 1960 
with the adoption of A3 6 structural 
carbon steel having a 36 ksi (248 
MN/m 2 ) minimum yield point and a 
carbon content limit of 0.29% 
(ladle). The key to success was a 
composition with a higher manganese-
carbon ratio to provide a desired com
bination of strength, toughness, and 
weldability. 

A satisfactory and widely used ap
proach to obtain still higher strengths 
in hot rolled steel intended for general 
constructional application is to add a 
small amount of one or more alloying 
elements, such as manganese, silicon, 
copper, nickel, vanadium, chromiun, 
columbium. and nitrogen. An essential 
feature of this approach is a low 
carbon content — approximately 
0.26% maximum, depending on the 
desired combination of strength, 
toughness, and weldability. The effect 
of increasing alloy content in these 
low-carbon hot-rolled steels is to 
strengthen the ferrite. Many such 

Table 1—Classification of Stri. 

Composi t ion 
type 

Carbon" 

Low-Alloy11 

Alloy0 

ictural and Pressure Vessel Steels 

Thermal history 

Non-heat- treated 
Normal ized 
Quenched and Tempered 
Non-heat-treated 
Normal ized 
Quenched and tempered 
Normal ized 
Normal ized and tempered 
Quenched and tempered 

M i n i m u m 
yie ld st rength 

(or point), 
ksi (MN/m 2 ) 

30- 50 
30- 50 
50-100 
40- 70 
50- 60 
60-100 
35- 50 
50- 80 
50-180 

(207- 345) 
(207- 345) 
(345- 689) 
(276- 482) 
(276- 413) 
(413- 689) 
(241- 345) 
(345- 552) 
(345-1241) 

' 0.33% max C, C-Mn, C-Mn-Si, and C-Mn-Si with certain alloying elements. 
' 0.26% max C with up to about 1% total Cu, Ni, Cr, V, and Cb. 
: 0.25% max C with 0.5% or more of Ni, Cr, or Mo. 

high-strength low-alloy steels have 
been developed, each with a judicious 
balance of composition to provide a 
desired combination of strength, notch 
toughness, weldability, and resistance 
to atmospheric corrosion. These pro
prietary steels have been adopted by 
ASTM in the specifications, A242, 
A441, A572, and A588. The diversity 
of compositions, illustrated by the 
eight different grades of A588 steel, 
offers a fabricator a wide choice in 
selecting a grade to provide optimum 
weldability and economy. 

Normalized Steels 

Normalizing of carbon or low alloy 
steels may reduce strength but will 
improve notch toughness when nor
malizing refines the grain size. Thus, 
the good notch thoughness of normal
ized silicon-aluminum-killed steel is 
largely attributable to the resultant 
fine grain size. ASTM A537, Grade 
A, steel is an example of such a 
normalized steel. Normalizing such 
steels results in little change in welda
bility during fabrication, such as sus
ceptibility to cracking; but normaliz
ing restricts the range of welding proc
esses and procedures which will re
sult in retention of adequate notch 
toughness for service. This occurs be
cause retention of adequate notch 
toughness in the heat-affected zone of 
welds is more difficult when judged by 
the improved toughness of the nor
malized base metal. 

Quenched and Tempered Steels 

A heat treatment that provides in 
weldable constructional steel both 
higher strength and sufficient notch 
toughness is quenching and tempering. 
This approach results in a microstruc
ture with a high percentage of desir
able low-temperature transformation 
products and has been the basis for 
the development over the past 20 years 
of various quenched and tempered 
carbon, low-alloy, and alloy steels for 
welded construction. The levels of 
strength and toughness produced as a 
result of the heat treatment depend 
upon the specific chemical composi
tion of the steel. 

Examples of this progress with car
bon steels, enriched with small 
amounts of certain alloying elements, 
are A537 Grade B steel, a pressure 
vessel steel with minimum yield 
strength of 60 ksi (414 M N / 2 ) , and 
CON-PAC 80, CON-PAC 90, and 
CON-PAC 100 steels with minimum 
yield strengths of 80, 90, and 100 ksi 
(552, 621, and 689 M N / m 2 ) , respec
tively. Some of the quenched and 
tempered carbon steels are also avail
able as abrasion-resistant steel plate 
with 285 or 321 minimum Brinell 
hardness. 
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Table 2—Some Representative Structural Steels 

Minimum 
yield 

strength 
(or point), 

ksi (MN/m2) 

30 (207) 
32 (221) 

32 (221) 

36 (248) 

38 (262) 
42 (270) 

50 (345) 

50 (345) 

50 (345) 

50 (345) 

60 (413) 

80 (552) 

90 (621) 

100 (689) 

Composition type 
(% by ladle) 

0.33 max C 
0.23 max C-Mn-Si 

0.18 max C-Mn-Si 

0.26 maxC 
0.25 max C-Mn 
0.29 max C-Mn-Si 
0.27 max C-Mn-Si 
0.21 max C-Mn-Cb (V) 

0.23 max C-Mn-Cb (V) 

0.22 max C-Mn-Cu-V 

0.19 max C-Mn-Cr-Cu-
V 

0.20 max C-Mn-Cb 

0.26 max C-Mn-Cb (V) 

0.20 maxC-Mn-B 

0.20 maxC-Mn-B 

0.21 max C-Mn-Cr-Mo-
V-Ti-B 

Condi
tion" 

HR 
HR or N 

N 

HR 

HR 
HR 

HR 

HR 

HR 

N 

HR 

Q&T 

Q&T 

Q&T 

Thickness 
range, 

in. (mm) 

to 8 (203) 
to 2 (51) 

to 2 (51) 

to 8 (203) 

to \y2 (38) 
to 8 (203) 

to \yi (38) 

to % (19)d 

to 4 (102)d 

to 2 (51) 

to V/2 (38) 

to m (38) 

to VA (32) 

to I M (32) 

Longitudinal 
Charpy V-notch 

energy 
absorption1", 

ft-lb (joules) 

— 
— 

— 

— 
— 

15 @ 40° F 
(20 @ 4° C) 

15 @ 40° F 
(20 @ 4° C) 

15 @ -50° F 
(20 @ -45° C) 

or 50 @ 14° F 
(68 @ -10° C) 

15 @ -75° F 
(20 @ -60° C) 

15@-75° F 
(20 @ -60° C) 

15 @ -50° F 
(20 @ -45° C) 

Steel 
designation 

ASTM A284, Gr. C 
ASTM A131, Gr. C 

and ABS, Gr. C 
ASTM A131, Gr. CS 

and ABS, Gr. CS 
ASTM A36 

ASTM A573, Gr. 70 
ASTM A572, Gr. 42 

(EX-TEN 42)° 
ASTM A572, Gr. 50 

(EX-TEN 50)= 
ASTM A441 (TR1-

TEN)<= 
ASTM A588, Gr. A 

(COR-TEN B)" 

FIFTY-N<-and ABS, 
Gr. EH 

ASTM A572, Gr. 60 
(EX-TEN 60)° 

CON-PAC 80« 

CON-PAC 90° 

ASTM A514, Gr. B 
( " T - l " type A)° 

Typical 
application 

General 
Ship hull 

Low-temperature 
ship hull 

Bridges and build
ings 

General 
General 

Mobile equipment 

Bridges and build
ings 

Atmospheric-corro
sion-resistant 
structures 

Ship hull 

Mobile equipment 

Mobile equipment 

Mobile equipment 

Bridges, buildings, 
and mobile equip
ment 

a HR—hot-rolled; N—normalized; Q&T—quenched and tempered. 
h Minimum required value subject to agreement between steel producer and user; value shown is typical required min imum. 
" U. S. Steel brand name. 
d Strength reduced with greater thickness. 

Quenching and tempering, rather 
than normalizing, any of the carbon 
steels makes little change in weldabili
ty during fabrication, but restricts 
weldability for service when the serv
ice requires retention of adequate 
notch toughness in the heat-affected 
zone of welds. Also, the higher the 
strength of quenched and tempered 
carbon steels, the greater the difficulty 
of making welds with adequate tensile 
strength, fatigue strength and uni
form bendability, since resistance to 
excessive softening is not present in 
such carbon steels in that portion of 
the weld heat-affected zone subjected 
to temperatures just below the lower 
transformation temperature of the 
steel. 

Examples of progress in the de
velopment of quenched and tempered 
alloy steels are the pressure vessel . 
steels: ASTM A533 Grade B, a M n ' 
Mo-Ni steel with minimum yield 
strength from 50 to 82.5 ksi (345 to 
570 MN/m 2 ) depending on plate 
thickness; ASTM A542, a 2V4 Cr-lMo 
steel with minimum yield strength from 
75 to 100 ksi (517 to 689 MN/m 2 ) 
depending on tempering temperature; 
ASTM A543, a Ni-Cr-Mo steel with 

minimum yield strength from 85 to 
100 ksi (586 to 689 MN/m 2 ) depend
ing on tempering temperature; 
ASTM A517, a multiple-alloy boron-
containing steel with minimum yield 
strength of 100 ksi (689 M N / m 2 ) ; 
and HY-130 and HP-9-4-20 steels 
with minimum yield strengths of 130 
and 180 ksi (896 and 1241 M N / m 2 ) , 
respectively. 

The ASTM A517 steel is also pro
duced, in accordance with ASTM 
A514, a structural-quality plate steel. 
Furthermore, the A514/A517 steel is 
available in 14 different grades, each 
differing in chemical composition. 
Some of the grades are available as 
abrasion-resistant plate steel with 321, 
340, or 360 minimum Brinell hard
ness. The diversity of compositions of 
A514/A517 steel, as with that previ
ously noted for A588 steel, again 
offers a fabricator considerable lati
tude in selecting a grade to provide 
optimum weldability and economy. 

The composition of quenched and 
tempered alloy steels must be shrewd
ly gauged, not only to produce the 
desiied microstructure when the steel 
is water-spray-quenched or dip-
quenched during heat treatment, but 

also to produce a crack-free weld 
heat-affected zone with the desired 
microstructure when this zone is 
cooled to room temperature. In this 
regard, it is essential to remember that 
with increasing section thickeness of 
the steel as a plate, structural section, 
or forging, a higher hardenability is 
required to secure the desired 
hardened structure throughout the 
section. Net sections 1 in. thick (25 
mm) and greater produce much faster 
cooling rates in the heat-affected zone 
during welding than do V 4 or V 2 in. 
(6 or 13 mm) sections. Therefore, 
thicker sections require compositions 
of higher hardenability, principally for 
heat treatment before welding, where
as thinner sections require composi
tions of adequate hardenability, prin
cipally for welding. 

Location and Design of Weld Joint 

A design that allows abrupt changes 
in section in a region in high stress is, 
unfortunately, too frequently tolerat
ed. In this regard, incorrectly locating 
welds can cause or contribute to 
abrupt changes in section. Consider
ation must also be given to the loca-
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tion of welds at sites where there is 
sufficient access for proper workman
ship by the welder and for proper 
examination by the inspector. Butt 
welds are preferable to fillet welds, 
first, because the stress-concentration 
effect is much less for a properly 
made butt weld, and second, because 
such a weld can be adequately in
spected by radiographic, ultrasonic, 
and magnetic-particle methods. 

In all welds, at least some restraint 
is always provided by the joint mem
bers themselves. This restraint de
pends on the section thickness and the 
arrangement of the members. Addi
tional restraint may be introduced by 
external devices such as jigs or presses 
or by previous welding. 

In some joint designs, the restraint" 
offered by the members in resisting 
shrinkage during cooling from welding 
is such that high tensile stresses are 
imposed in the through-thickness di
rection of the structural or pressure 
vessel steel being joined and eventual
ly cause separation or lamellar tear
ing. This undesirable condition may be 
eliminated by changing the location 
and design of the joint, by using over
lay welding to locally improve the 
through-thickness properties of the 
steel, or by replacing the adversely 
stressed member with an insert of 
forged or specially processed steel. 

Selection of WeldJng Process 
The most widely used welding proc

esses are the arc-welding processes: 
shielded metal-arc welding, sub
merged-arc welding, flux cored arc 
welding and gas metal-arc welding. 
However, the electrogas and electro
slag welding processes are also gaining 
wide acceptance. 

The applicability of all the above 
mentioned arc-welding processes for 
joining the weldable structural and 
pressure vessel steels with minimum 
yield strengths to 100 ksi (689 
MN/ 2 ) is, in general, excellent. The 
shielded metal-arc process, noted for 
its versatility, currently can be used 
effectively for steels with yield 
strengths up to about 150 ksi (1034 
M N / m 2 ) . Efforts to extend the sub
merged-arc process to the successful 
welding of HY-130 steel are in prog
ress. However, the gas shielded-arc 
processes, including special modifica
tions, are the most suitable automatic 
welding processes for steels with mini
mum yield strengths greater than 100 
ksi (689 M N / 2 ) . The gas tungsten-
arc or the electron-beam welding proc
esses must be used for steels with 
yield strengths over 150 ksi (1034 
M N / m 2 ) , such as HP 9-4-20 steel. 

The cooling rates for the electrogas 
and electroslag welding processes, 
in contrast to the cooling rates for the 

arc-welding processes, are so slow that 
the mechanical properties of the weld-
heat-affected zone of electrogas- or 
electroslag-welded steels approach 
those of the steel in the hot-rolled 
condition. Thus, if the steel is welded 
in the normalized or the quenched and 
tempered condition, then such steel 
generally requires a reheat treatment 
after welding. 

Selection of Welding Procedure 

The advent of low-hydrogen type 
electrodes at the end of World War II 
was a noteworthy stimulant in the 
USA to the development of a large 
family of weldable constructional 
steels. Currently, filler metals for use 
with the shielded metal-arc, sub
merged arc, and gas metal-arc proc
esses are readily available for all 
steels with minimum yield strengths up 
to about 120 ksi (827 M N / m 2 ) . 
However, such progress by welding 
electrode producers required much urg
ing and extensive filler-metal evalua
tion by steel producers. Development 
of filler metals for steels with mini
mum yield strengths of 130 ksi (896 
MN/m 2 ) and greater required com
prehensive coordinated programs of 
steel, weld-metal, and welding-
procedure development. 

A significant fact to keep in mind in 
the selection and care of electrodes is 
that hydrogen, unwanted in the weld
ing of many types of steels because 
hydrogen can cause cracking, is al
ways present and must be kept to a 
tolerable amount. The source of hy
drogen can be: 

1. Organic materials, chemically 
bonded water, and absorbed water in 
the electrode covering or welding flux. 

2. Hydrogen in contaminants on 
the surface of core wire in covered 
electrodes and on the surface of filler 
metal, or moisture in shielding gas. 

3. Moisture on the steel surface at 
the location of welding. 

Thin plates of carbon and low-alloy 
steels with a carbon content not ex
ceeding about 0.15% and not exceed
ing about 50 ksi (345 MN/ 2 ) mini
mum yield point can be successfully 
welded with very simple procedures 
using non-low-hydrogen electrodes 
and little or no preheat. For thicker 
plates, the preheat is increased. 

Low-hydrogen electrodes with a 
coating moisture content less than 
0.6% are used in welding the steels 
with somewhat higher carbon content 
and minimum yield strength (or 
point) not exceeding about 60 ksi 
(414 M N / 2 ) . A preheat is generally 
not used for thin plates but is used for 
thick plates. Low-hydrogen electrodes 
with a coating moisture content less 
than 0.2% are used in welding the 

heat-treated carbon, low-alloy, and al
loy steels with a minimum yield 
strength not exceeding about 120 ksi 
(827 M N / m 2 ) . A preheat is used for 
thin plates of some of these steels, and 
for thick plates of all of these steels. 
Low-hydrogen electrodes with a 
coating moisture content less than 
0.1% are used in welding the HY-130 
steel. A preheat is used for plates of 
nearly all thicknesses of this steel. 

The low-hydrogen characteristic of 
wire electrodes for submerged arc 
welding and of electrodes for flux-
cored arc or gas metal-arc welding is 
similar in importance to that discussed 
for covered electrodes for shielded 
metal-arc welding. For example, the 
total hydrogen content of bare wire 
electrodes, including the hydrogen 
from contaminants on the surface, 
should not exceed 5 ppm for elec
trodes used to weld such steels as 
A517, A542, and A543, and should 
not exceed 3 ppm for electrodes used 
to weld HY-130 steel. 

The importance of retention of ade
quate strength and toughness in the 
weld-heat-affected zone has received 
much attention in the development of 
weldable constructional steels, espe
cially the heat-treated steels. The min
imum cooling rate required to pro
duce the desired microstructures, so 
essential to achieving adequate 
mechanical properties in the weld 
heat-affected zone, will vary, of 
course, with the particular steel being 
welded. Thus, the procedure for weld
ing some constructional steels includes 
suggested heat-input limits to assure 
adequate cooling rates in the weld-
hsat-affected zone. Such heat-input 
limits also benefit the weld metal by 
discouraging the deposition of large 
weld beads having characteristically 
poor notch toughness. 

Susceptibility to Cracking 
During Fabrication 

Many different studies, including 
extensive research projects sponsored 
by the Welding Research Council with 
funds from the American Iron and 
Steel Institute, have been conducted 
to define the composition limits for 
susceptibility of steels to hot cracking 
and cold cracking from welding. Hot 
cracking in the heat-affected zone oc
curs at a high temperature, usually 
just below the solidus temperature, 
whereas cold cracking or delayed 
cracking occurs below the Ma tem
perature. 

The sensitivity of the heat-affected 
zone to hot cracking is highly depend
ent on carbon, manganese, and sul
fur content. Weldable structural-
quality steels are customarily pro
duced in the USA with a sulfur con-
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tent less than 0.030%. Pressure-
vessel-quality steels are usually pro
duced with a sulfur content less than 
0.025%, and some, such as HY-130 
and HP 9-4-20 steels, are produced 
with a sulfur content not exceeding 
0.010%. The manganese to sulfur ra
tio is generally greater than 30, so 
that with a carbon content of about 
0.20% or less, the susceptibility to hot 
cracking is negligible. The susceptibili
ty is also negligible for higher carbon 
steels with a Mn/S ratio greater than 
about 40. 

Susceptibility of structural and 
pressure vessel steels to cold cracking 
under conditions of high weld re
straint decreases with increased Ms 

temperature. This effect has been at
tributed to the self-tempering of the 
martensite that formed at high M s 

temperatures. Furthermore, cold 
cracking is proportional to the hydro
gen content of the welding atmos
phere. 

All of the weldable structural and 
pressure vessel steels have a negligible 
susceptibility to cold cracking pro
vided suitable care is taken to limit 
hydrogen in the welding atmosphere 
to a tolerable amount. However, the 
steels differ somewhat in the amount 
of hydrogen tolerated, depending on 
the carbon equivalent (CE) as calcu
lated by the following expression, 
which, to date, is applicable to steels 
having the indicated composition lim
its: 

C E = % e + ^ + ^ 

+ 
%Cr %Mo %V %Cu 

10 50 10 + 40 

(0.30% max C, 1.4% max Mn, 0.25% 
max Si, 3.6% max Ni, 1.8% max Cr, 
0.5% max Mo, 0.1% max V, 0.7% 
max Cu) 

Hydrogen in the welding atmos
phere depends on the welding process 
and the welding procedure, especially 
that portion of the procedure con
cerned with the selection and care of 
electrodes. For each higher level of 
hydrogen in the welding atmosphere, 
the critical weld restraint for initiation 
of heat-affected zone cracking de
creases as the carbon equivalent of the 
steel increases. The carbon-equivalent 
expression is a research tool, not a 
specification index of weldability. 

Table 3—Some Representative Pressure Vessel Steels 

Minimum 
yield 

st rength 
or point , 

si (MN/m 2 ] 

30 

32 

37 

37 

38 

50 

50 

50 

60 

(207) 

(221) 

(255) 

(255) 

(262) 

(345) 

(345) 

(345) 

(413) 

82.5 (168) 

85 

85 

85 

100 

130 

180 

(586) 

(586) 

(586) 

(689) 

(896) 

(1241) 

Composi t ion type 
l (% by Ladle) 

0.28 max C 

0.31 max C-Si 

0.25 max C-Mo 

0.17 max C-3-J^Ni 

0.28 max C-Mn-Si 

0.20 max C-Mn-Si 

0.25 max C-Mn-Mo 

0.25 max C-Mn-Ni-
Mo 

0.20 max C-Mn-Si 

0.25 max C-Mn-Ni-
Mo 

0.15 maxC-2J4Cr-
l M o 

0.18 max C-3Ni-Cr-
Mo 

0.13 maxC-9Ni 

0.20 maxC-Mn-N i -
Cr-Mo-V-Cu-B 

0.12 max C-5Ni-
Cr-Mo-V 

0.23 m a x C - 9 N i -
4Co-Cr-Mo-V 

Condi
t i o n 1 

HR 

N 

N 

N 

N 

N 

N 

Q&T 

Q&T 

Q&T 

Q&T 

Q&T 

Q&T 

Q&T 

Q&T 

Q&T 

Thickness 
range, 

in . (mm) 

to 2 (51) 

to 8 (203) 

to 6 (152) 

to 2 (51) 

to 2 (51) 

t o l M d 

(to 32) 

M min (6 
min) 

}4. m i n d 

(6 m in ) 
to 1-M (to 

32) 

to 2 (51) 

He min (5 
min) 

y1(, min (5 
min ) 

to 2 (51) 

to iy2 (63) 

to 4 (102) 

]4 min 
(6.4) 

Charpy V-n 
absorp t ion b , 

Longi tud ina l 

— 

— 

— 

15 @ - 7 5 ° F 
(20 @ - 6 0 ° C) 

30 @ 10° F 
(41 @ - 1 2 ° C) 

30 @ 10° F 
(41 @ - 1 2 ° C) 

15 @ - 9 0 ° F 
(20 @ - 6 8 ° C) 

25 @, - 8 5 ° F 
(34 @ - 6 5 ° C) 

35 @ 10° F 
(47 @ - 1 2 ° C) 

35 @ 10° F 
(47 ® - 1 2 ° C) 

50 @ 0° F 
(68 @ - 1 8 ° C) 

40 @, RT 
(54 @ 25° C) 

otch energy 
f t - lb ( joules) 

Transverse 

— 

— 

13 @ -150° F 
(18 @ - 1 0 1 ° C) 

15 (a), - 2 0 ° F 
(20 @ - 2 9 ° C) 

15 @ - 7 5 ° F 
(20 (a), - 6 0 ° C) 

— 

15 @. - 7 5 ° F 
(20 @, - 6 0 ° C) 

— 

— 

— 

15* @ -320° F 
(0.381 @ 
-195° C) 

1 5 « @ - 5 0 ° F 
(0.381® 
- 4 5 ° C) 

50 @ 0° F 
(68 @ - 1 8 ° C) 

Steel 
des ignat ion 

ASTM A285, 
Gr. C 

ASTM A515, 
Gr. 60 

ASTM A204, 
Gr. A 

ASTM A203, 
Gr. D 

ASTM A516, 
Gr. 70 

ASTM A537, 
Gr. A (CHAR-
PAC)« 

ASTM A302, 
Gr. B 

ASTM A533, 
Gr. B, C l . l 

ASTM A537, 
Gr. B (CHAR-
PAC)= 

ASTM A533, 
Gr. B, CI .3 

ASTM A542, 
C l . l 

ASTM A543, 
Gr. B. .CI.1 

ASTM A553, 
Gr. A 

ASTM A517, 
Gr. F ( " T -

vy 
U. S. Navy 

HY-130 

HP 9-4-20' 

Typical 
app l ica t ion 

General 

Elev. temper
ature 

Elev. temper
ature 

Low temper
ature 

General and 
low temper
ature 

General and 
low temper
ature 

General and 
elev. temp
erature 

Nuclear 
reactor 

General and 
low temper
ature 

Low temper
ature 

Hydro-crackers 

Nuclear reactor 
and hydro-
space 

Cryogenic 

LPG and pen
stock 

Hydrospace 
and aero
space 

Hydrospace 
and aero
space 

* HR—hot-rolled; N—normalized; Q&T—quenched and tempered. 
b Minimum required value subject to agreement between steel producer and user; value shown is typical required minh 
c U. S. Steel brand name. 
d Strength reduced with greater thickness. 
e 15 mils (0.381 mm) lateral expansion. 
' Republic Steel brand name. 
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Susceptibility to 
Stress-Rupture Cracking 

When welds in alloy steels are given 
a postweld heat treatment above 
about 950° F (510° C) intergranular 
cracking may sometimes occur in the 
grain-coarsened region of the weld-
heat-affected zone. The intergranular 
cracking occurs by stress rupture, usu
ally in the early stage of the stress-
relief treatment. Those alloying ele
ments that contribute most significant
ly to the attainment of high strength 
and notch toughness in quenched and 
tempered alloy steels for welded con
struction are usually the alloy ele
ments that have an adverse effect 
when such welded steels are postweld 
heat treated. Chromium, molyb
denum, and vanadium are major con
tributors to this crack susceptiblity, 
but other carbide-forming elements 
assist. The precipitation of carbides 
during the elevated-temperature stress 
relaxation alters the delicate balance 
between resistance to grain-boundarv 
sliding and resistance to deformation 
within the coarsened grains of the 
weld-heat-affected zone. Thus, stress-
rupture cracking may occur at the 
toes of welds in such steels as ASTM 
A542and A517. 

Cracking has been prevented by 
properly contouring the welds to mini
mize points of stress concentrations by 
psening at the toes of the welds, or by 
depositing weld metal having elevated 
temperature strength significantly low
er than that of the weld-heat-affected 
zone of the steel during the stress-
relief treatment. However, the need 
for such a postweld heat treatment 
should be thoroughly established for 
each steel and application. Many of 
the weldable constructional steels are 
designed to be used in the less costly 
as-welded condition when possible. 

Retention of Tensile Strength, 
Fatigue Strength, and 
Notch Toughness 

Attainment of adequate tensile 
strength in welded joints is no problem 
with hot-rolled steels and normalized 
steels. In quenched and tempered alloy 
steel with adequate resistance to 
softening, 100% joint efficiency at the 
desired high strength can be readily 
obtained if uncommonly high heat 
inputs in welding are avoided. Howev
er, quenched and tempered carbon 
steel with a minimum yield strength in 
excess of 80 ksi (552 MN/m 2 ) re
quires much consideration of the 
welding process and procedure to re
tain adequate tensile strength in the 
heat-affected zone of welds. A needed 
restriction on the upper limit of the 
welding heat input may eliminate use 
of submerged arc welding. 

Fatigue tests on butt-welded and 
fillet-welded joints in lower strength 
hot rolled or normalized steels and on 
such joints in the weldable quenched 
and tempered steels have shown no 
special sensitivity of the heat-affected 
zone or weld metal to fatigue 
provided, of course, that the steel has 
adequate resistance to softening in the 
heat-affected zone, as previously dis
cussed, and provided that the weld 
metal has adequate tensile strength. 
However, the effect of welding on 
fatigue must be carefully considered 
in regard to geometry, including 
soundness, since easy paths of fatigue-
crack initiation are associated with 
geometric discontinuities or stress 
raisers. 

In the successful development of 
steels for welded construction, espe
cially the heat-treated steels, much 
consideration has been given to the 
retention of adequate notch toughness 
in the heat-affected zone of welds. 
Too often, steels having excellent 
toughness in the unaffected base metal 
have inadequate heat-affected zone 
toughness for the intended application 
of the steel. To ensure that this does 
not occur, much care has been given 
to the composition limits and recom
mended welding procedures for many 
of the structural and pressure vessel 
steels. 

The retention of good notch tough
ness in the heat-affected zone of the 
heat-t*eated constructional steels de
pends on the rapid dissipation of weld
ing heat to permit the formation of 
the microstructures so essential to 
achieving the desired notch toughness 
in the steel. To assure adequate notch 
toughness, limits are placed on the 
maximum welding heat input when 
welding by the shielded metal-arc, 
submerged arc, flux cored arc, and gas 
metal-arc processes. Other processes, 
such as electrogas and electroslag 
welding, that provide very high heat 
input have very limited application for 
the normalized steels and no applica
tion for the quenched and tempered 
steels unless a reheat treatment of the 
steels is practical. 

For some applications, such as the 
proposed use of ASTM A537, Grade 
B steel for the hull of polar icebreak
ers, the limit on carbon content for 
this steel is reduced to 0.16% (max
imum) and the limit on manganese 
content is increased to 1.50% (max
imum). Such a modified composition 
provides greater potential in this 
quenched and tempered carbon steel 
for the attainment of enhanced notch 
toughness in the heat-affected zone of 
welds exposed to an extreme arctic 
temperature. 

Postweld stress-relief heat treat
ment in the range 950—1200° F 

(510—649° C) may impair weld-
metal and heat-affected zone tough
ness; the extent of impairment de
pends on chemical composition, treat
ment temperature, and time at temper
ature, and is greater with slow cooling 
as in stress relieving. The impairment 
in toughness is attributed to embrittle
ment occurring on holding at the 
stress-relief temperature and to tem
per embrittlement. 

Corrosion Resistance 
The ASTM A242 and A588 steels 

have atmospheric corrosion resistance 
at least 4 times that of carbon struc
tural steel without copper and are 
used principally for structural applica
tions requiring durability, minimum 
maintenance, and reduced weight. 
Some of these steels are often used in 
the bare condition to provide a de
sired appearance after weathering or 
to provide savings in maintenance. 
For welded joints in such steels for 
bare applications, the welding is done 
with electrodes that provide weld met
al of adequate alloy content so that 
the weld has an appearance, after 
weathering, similar to that of the bare 
steel. 

Resistance to s t r e s s - c o r r o s i o n 
cracking, always a desirable property 
for most materials, is of paramount 
importance in certain applications. 
For example, field trials with welded 
structural and pressure vessel steels 
support the observation long recog
nized in the oil industry that steel, at a 
hardness of about Rockwell C22 or 
greater, may be suceptible to stress-
corrosion cracking in environments 
containing hydrogen sulfide. 

Most constructional steels may 
have, as a result of welding, a hard
ness greater than Rockwell C22. For 
some steels, such as ASTM A517 
steel, the maximum hardness of the 
steel, unwelded, is about Rockwell 
C28. Thus, the application of the 
weldable constructional steels for oil 
storage tanks, marine oil tankers, and 
pipe lines may result in stress corro
sion, particularly in the heat-affected 
zone of welds, if the environment 
contains hydrogen sulfide. The previ
ously mentioned modification of 
ASTM A537 Grade B steel with 
0.16% maximum carbon and 1.50% 
maximum manganese offers promise 
as a steel with reduced potential for 
exceeding a hardness of Rockwell C 
22 in the weld-heat-affected zone. 

Specification of Weldability 
Much is known about the effect of 

chemical composition of steel on its 
metallurgical response to the thermal 
cycle from welding, as well as to that 
from oxygen cutting and arc cutting, 
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and this knowledge is applied in the 
development of modern steels for 
welded structures and pressure ves
sels. However, it is always necessary in 
the development of such steels to do 
extensive testing to ensure that the 
heat-affected zone structures, together 

with those of the weld metal, have 
properties that result in welded joints 
adequate for the intended application. 
In some instances, steels have been 
developed that would be attractive for 
structural and pressure vessel applica
tion, but the use of the steel has been 

greatly restricted by the unavailability 
of suitable weld metals. In other in
stances, the use of steels has been 
restricted by the availability of only a 
single welding process, which may be 
economically impractical. This experi
ence has emphasized the need for 

Description and Application 
USS COR-TEN B steel provides 
50,000 psi minimum yield point in 
plates, bars, and structural shapes 
through 4 in. thick for a wide variety 
of applications. 
For information on typical engineer
ing properties and formability, see 
back cover. 

Corrosion Resistance 
COR-TEN B steel has 4 times the 
atmospheric corrosion resistance of 
structural carbon steel. Because of 
this greater resis tance to a tmos
pheric corrosion, paint and other 
protective coatings will last longer 
on COR-TEN B steel than on car
bon steel. 

Weldability 
COR-TEN B steel can be welded, 
using good shop or field practice, by 
all usual methods: shielded metal-
arc, submerged-arc, flux-cored arc, 
gas m e t a l - a r c , a n d r e s i s t a n c e 
welding. 

Gas Cutting 
COR-TEN B steel can be gas cut 
using good shop or field practices in 
accordance with those suggested in 
the AWS Handbook. Some degree of 
preheating is required for gas cut
ting. I t is suggested that preheat 
temperatures listed in the welding 
table be used. 

USS COR-TEN B Chemical Composition*, percent (Ladle) 

C Mn 
0.10/0.19 0.90/1.25 

P 
0.04 max 

S 
0.05 max 

Si 
0.15/0.30 

Cu 
0.25/0.40 

Cr V 

0.40/0.65 0.02/0.10 

*Fine-grain practice 

USS COR-TEN B Mechanical Properties—Plates,Bars, Structurals 
i 

Thickness 

Yield Point, min, psi 

Tensile Strength, min, psi 

Elongation in 2 in., min, % 

Elongation in 8 in., min, % 

Plates & Bars to 4 in. 
incl; Structurals 

in ASTM 
Groups 1, 2, 3, 4 

50,000 

70,000 

21* 
19 

Plates over 
4 to 5 in., incl; 

Structurals 
in ASTM 
Group 5 

46,000 

67,000 

21* 
-

Plates 
over 5 

to 8 in., 
incl 

42,000 

63,000 

21 
-

Bars 
over 4 

to 9>/2 in., 
incl 

45,000 

66,000 

21 
-

Specified minimum yield point and tensile strength shall be reduced by 5,000 psi for 
any annealed or normalized products. 
'Elongation in 2 in. for WF shapes over 426 lb/ft is 19 percent min imum. 

Test specimens, bend test requirements, procedures, and elongation modifications 
conform to ASTM specifications. 

Spec i f ica t ions—USS COR-TEN B steel can be produced to the requirements of 
ASTM specifications A588 Grade A or A242 Type 2 when so ordered. 

USS COR-TEN B Suggested Welding Practices 

Electrode 

For general structural applications: 
AWS A5.1 low-hydrogen type mild-steel covered elec
trodes (E7016, E7018 or E7028) or 
AWS A5.17 mild-steel bare electrodes and fluxes 
AWS A5.18 mild-steel bare electrodes and gases 
AWS A5.20 mild-steel flux-cored electrodes 
For bare steel applications: 
SINGLE-PASS WELDS may be made using mild steel 
welding materials above, provided procedure used 
insures suitable composition enrichment. 
MULTIPLE-PASS WELDS should be made using AWS 
A5.5 E80XX -Bl, -B2, -CI, -C2, -C3, or G* low-
hydrogen-type low-alloy steel electrodes 
for shielded metal-arc welding, or an electrode or 
electrode-flux combination for submerged-arc, 
gas metal-arc or flux-cored arc welding that 
provides filler metal similar to that of the above-
mentioned electrodes for shielded metal-arc; these 
filler metals for multiple-pass welds may also be used 
for single-pass welds; also, multiple-pass welds may be 
partially made with mild steel electrodes and 
completed with alloy steel electrodes. 

Thickness 
in., incl 

T o l 
Over 1 to 2 
Over 2 to 9'/2 

To l 
Over 1 to 2 
Over 2 to 9>/2 

Suggested 
min Preheat 
or Interpass 

Temp., F 

50 
100 
200 

50 
100 
200 

Fig. 1-

*Weld deposit, %: O.IO max C, 0.50/0.90 Mn, 0.03 max P, 0.04 max S, 0.35/0.80 Si, 
0.30/0.75 Cu, 0.40/0.70 Ni, and 0.45/0.90 Cr. 
Note 1—Preheat temperatures above the minimum shown may be required for 
highly restrained welds. For such welds, temperatures as high as 250 to 400 F may 
be necessary. 
Note 2—No welding should be done when ambient temperature is below O F. If steel 
temperature is below 50 F, preheating to 50 F min imum or to indicated preheat tem
perature, whichever is higher, should be performed. 
Note 3—Low-hydrogen electrodes for manual-arc welding, as well as fluxes for sub
merged-arc welding and gases for gas metal-arc welding, must be properly dry. 

-Excerpt f rom propert ies card for USS COR-TEN steel showing suggested we ld ing pract ices 
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coordination between steel producers, 
welding-electrode producers, and 
welding-equipment manufacturers in 
the development and evaluation of 
steels, weld metals, and welding proc

esses for welded construction. The 
success of this approach is demon
strated by the recent developments in 
the USA of weldable constructional 
steels for hydro- and aerospace appli

cations. 
For the development of weldable 

structural and pressure vessel steels, 
extensive use is made of beadweld 
underbead-cracking tests, fillet-weld 

USS "T-1" Steels Physical Properties 

Density, Ib/cu in. 

Electrical Resistivity, microhm—cm 

Modulus of Elasticity, 
Tension, psi 
Compression, psi 

Coefficient of Expansion, in./ in./"F 
in the range of - 5 0 to +150 F 

0.2833 

18 to 26 

28 to 30 x 108 

28 to 30 x 10s 

6.5 x 10-6 

USS "T-1" Steels—Typical Engineering Properties 

Shear Strength 
Yield 
Ultimate 

Fatigue Strength 
Rotating beam endurance limit, polished specimen 

Approx. 58% of tensile yield 
Approx. 75% of tensile ultimate 

Approx. 50% of tensile ultimate 

Drop-Weight Test, NDT 

Steel 

" T - 1 " 
"T-1" type A 
" T - 1 " type B 

Thickness, in. incl 

Vz to IVi 
Vz to l'/4 

1% 

Temperature, F 

- 3 0 to - 1 3 0 
- 5 to - 6 0 

—«t 

Explosion-Bulge Test, FTE* 

SteeT 
" T - 1 " 
" T - 1 " type A 
" T - 1 " type B 

Thickness, in. incl 

Vz to 2 
Vz to 1 
Hi 

Temperature, F 

- 4 0 to - 6 0 
- 5 to - 6 0 

- 1 0 t 

T r a c t u re-transit ton-el a stic temperature. 
tSingle Test Results 

Heat Treatment 
USS " T - 1 " Const ruct ional Alloy 
Steels are normally water quenched 
from 1650/1750 F, and tempered 
at 1100/1275 F. 

Corrosion Resistance 
Atmospheric corrosion resistance of 
USS " T - 1 " Steel is 4 times that of 
structural carbon steel, and " T - 1 " 
type A Steel and " T - 1 " type B 
Steel are about twice that of car
bon steel. Specifying of 0.20/0.40 
copper will increase a tmospher ic 
corrosion resistance of " T - 1 " types 
A or B to approximately three times 
that of structural carbon steel. 

Weldability 
USS " T - 1 " Steels can be welded 
satisfactorily by all major welding 
processes when proper procedures 
are used. (A booklet and welding 
calculator, "How to Weld USS T - 1 ' 
Cons t ruc t iona l Alloy S t e e l s , " is 
available from your nearest U. S. 
Steel Sales Office.) 

Gas Cutting 
" T - 1 " Steels can be gas cut using 
good shop or field practices in ac
cordance with those suggested in 
the AWS Handbook. Cutting of this 
material generally does not require 
preheating in thicknesses up to and 
including 4 in., but the steel tem
perature should not be lower than 
50 F during cutting. For thicknesses 
over 4 in., preheat temperatures be
tween 300 F and 400 F (not higher) 
are suggested. 

Formability 
U S S " T - 1 " S t e e l s c a n b e co ld 
formed. However, suitable bending 
radii and increased power has to be 
employed because of the h igher 
strength of " T - 1 " Steels compared 
to that of structural carbon steel a t 
the same temperature. Suggested 
minimum bending radii are given 
in the accompanying table. 
For brake press forming the lower 
die span should be a t least 16 times 
the plate thickness. 

B H N Plates: moderate bending can 
be accomplished on plates treated 
to 321, 340 or 360 minimum B H N 
by using a radius of lOt or greater. 
Such forming should preferably be 
done transverse to the final rolling 
direction. 

Fig. 2—Excerpt from properties card for USS "T-1" constructional alloy steels showing suggested welding practices 

Suggested Welding Practices for "T-1" Steels 

(See also "How to Weld USS 'T-1'Constructional Alloy Steels,"United States Steel Corporation, latest edition.) 

Welding Process 

Shielded 
Metal-Arc 

Submerged-Arc 

Gas Metal-Arc 

Electrode 

E11018-M per AWS A5.5-64T; lower strength low-hydrogen electrodes, depending 
on design stress, may also be suitable if dried to moisture level of El 1018 electrode; 
a higher strength electrode, such as E12018-M may be necessary for thin plates of 
" T - 1 " type A Steel. 

Mn-Ni-Cr-Mo wire and neutral flux (for example, tinde 100 wire and 709-5 flux) or 
carbon steel wire and alloy flux (for example, Lincoln L61 wire and A1010 x 10 f lux); 
wire-flux combinations depositing lower strength filler metal may also be suitable, 
depending on design stress. 

Mn-Ni-Cr-Mo wire and argon-02 gas (for example, Airco AX-110, Linde 120, or 
Arcosarc HOT). 

Plate Thickness, 
in. 

Up to '/?, incl 
Over Vz to 1, incl 
Over 1 to 2, incl 
Over 2 

Minimum* Preheat or Interpass Temperature, F 

Shielded 
Metal-Arc 

Process 

501 
50f 

150 
200 

Gas 
Metal-Arc 

Process 

50t 
50+ 

150 
200 

Submerged-Arc Process 

Alloy or Carbon Steel 
Wire, Neutral Flux 

50f 
50f 

150 
200 

Carbon-Steel 
Wire, Alloy Flux 

50+ 
200 
300 
400 

*A preheat temperature above the m i n i m u m shown may be required for highly restrained welds; 
tow-hydrogen electrodes for shielded metal-arc weld ing, as well as f luxes for submerged-arc 
welding and gases for gas-metal-arc welding, must be proper ly dry. 

t/Welding at any init ial temperature below IOO F wil l require extreme care to min imize moisture 
on the steel being welded. 
Maximum Heat Input: Per table for " T - 1 " Steel and table for " T - 1 " type A and B Steels in "How 
to Weld USS ' T - 1 ' Construct ional Alloy Steels," United States Steel Corporat ion, latest ed i t ion . 

USS"T-1" Steels 180°Cold BendTesr-Plates(ASTM A514andA517) 

Thickness in., incl 

Up to 1, incl 

Over 1 to 2Vz, incl 

Over 2'/2 to 4, incl 

Ratio ot Inside Bend Diameter 
to Thickness of Specimen 

2 
3 
4 
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cruciform-restraint cracking tests, and 
butt-weld restraint cracking tests. 
These tests are used to determine, for 
specific welding procedures, the suscep
tibility of steels to cracking. To deter
mine the properties of the heat-
affected zone of a weld as influenced 
by changes in preheat and heat input, 
use is made of steel specimens subject
ed to a simulated weld thermal cycle 
and tested as Charpy V-notch impact 
specimens or tension specimens. To 
determine the properties of welded 
joints, use is made of transversely 
welded tension and bend specimens, 
Kir notch-bend tests, Charpy V-notch 
tests of the heat-affected zone and of 
the weld metal, wide-plate tension 
tests, delta tests, explosion-bulge tests, 
fatigue tests, and corrosion tests. 

Much of this information is ob
tained by those steel companies that 
have taken the lead in the USA in the 
development of weldable structural 
and pressure vessel steels. Shop and 
field welding experience supplement 
the weldability studies and enable the 
steel producer to suggest welding 
practices, as illustrated by excerpts 
(Fig. 1 and 2) from U. S. Steel 
publications on USS COR-TEN B 
steel and USS "T-1" constructional 
alloy steels. The information is used 
by specification-writing groups, such 
as ASTM, ASME, AWS, and 

AASHO, in considering approval of 
weldable structural and pressure ves
sel steels; this information is also used 
by designers and fabricators to obtain 
the maximum advantage from steel as 
an engineering material. 

This approach has resulted in the 
development, acceptance, and satis
factory use of a large family of welda
ble constructional steels, each with a 
specific combination of strength, duc
tility, notch toughness, fatigue 
strength, corrision resistance, and 
weldability. Weldability tests are not 
incorporated in the materials specifi
cations and experience has not sug
gested a need. The variety of weldable 
constructional steels enables fabrica
tors to be selective on the basis of 
welding experience and service per
formance. 

Summary 
The present paper presents the USA 

view on the question of whether and 
to what extent the specification of 
weldability should be incorporated in 
materials specifications. Results of 
weldability research are summarized 
to show that substantial progress has 
been made in the development of 
steels specifically for welded fabrica
tion rather than depending on the 
expanded use of steels customarily 

joined by other methods. 
The emphasis in this development 

has been on strength in combination 
with ductility, notch toughness, fatigue 
strength, corrosion resistance, and 
weldability. As a result, a large family 
of weldable constructional steels is now 
available to designers and fabricators. 
The steels range in yield point or yield 
strength from 30 to 180 ksi (207 to 
1241 MN/m 2 ) and are available in a 
wide range of plate thicknesses; some 
are also available as structural shapes, 
pipe, and forgings. The need for a 
multiplicity of weldable steels for 
structural and pressure vessel applica
tions stems from the diversity of such 
applications, some being at customary 
atmospheric temperatures, whereas 
others are at cryogenic or elevated 
temperatures. 

Steel producers have taken the lead 
in the USA in the development of the 
weldable steels and have provided 
sufficient information from welding 
tests to enable approval of the steels 
by specification-writing groups and 
satisfactory use by designers and 
fabricators. Weldability tests are not 
incorporated in the materials specifi
cations and experience has not sug
gested a need. The variety of weldable 
constructional steels enables fabrica
tors to be selective and to judge weld
ability from experience. 
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"Significance of Fracture Extension Resistance (R Curve) Factors in Fracture-
Safe Design for Nonfrangible Metals," 

by W. S. Pellini and R. W. Judy, Jr. 

Requirements for new directions in fracture research emerge from considerations of 
the basic lack of applicability of K parameters for definition of the fracture extension 
resistance of nonfrangible metals. New research is required into factors relating to the 
increase in plastic work energy resistance defined by R curves. The urgency of such 
studies evolves from the increasing use of metals of low-intensity plane stress (low-shelf 
low-tearing-energy) characteristics in structures of high-compliance features. A case is 
presented for the mutual consideration of metal-type structure-type relationships in 
fracture-safe design. Present fracture-safe design practices do not include a rational ap
proach to this question. The report provides an introduction to these considerations in 
terms of extension of fracture mechanics concepts, as well as metallurgical factors and 
engineering practices. 
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