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The steels and fabrication processes used today are more sophisticated 
than 20 years ago, and more complex alloy compositions, 

more high technology welding processes and more involved pre- and 
postweld heat treatments are predicted for the future 

BY ALAN W. PENSE 

ABSTRACT. The 20 year period be­
tween 1960 and 1980 has seen some 
significant advances in the pressure 
vessel industry and in pressure vessel 
steels. The 1960 Adams Lecture served 
as a review of the status of the metal­
lurgy, properties and weldabil i ty of 
these steels to that date. Since that 
t ime, the Welding Research Council 
has carried on an active program of 
research on pressure vessel steels and 
Lehigh University has been a partici­
pant. 

It is the purpose of this 1980 Adams 
Lecture paper to review this 20 year 
effort and indicate the status of pres­
sure vessel steel research today. In the 
course of this review areas of research 
and practical development important 
to the future of the industry wi l l be 
identified. 

Introduction 

The 20 year period from 1960 to 1980 
has seen some significant changes in 
the pressure vessel industry. This peri­
od has produced new design proce­
dures, new material requirements, 
new property evaluation techniques 
and, of course, some new pressure 
vessel steels. Change in any of these 

Tension testing of low alloy steel speci­
mens 

important areas requires a research 
effort by many organizations to pro­
vide the background information that 
permits innovation. Research is also 

Lecture presented at the 61st AWS Annual 
Meeting held in Los Angeles, California, 
during April 13-18, 1980. 

ALAN W. PENSE is Professor of Metallurgy 
and Matetials Engineering and Chair­
man—Department ol Metallurgy and Mate­
rials Engineering, Lehigh University, Bethle­
hem, Pennsylvania. 

required to provide the mechanical 
property data that code writ ing bodies 
need in order to be assured that 
advances in these areas are consistent 
with the production of safe and reli­
able structures. 

For this reason, it is not surprising 
that the Pressure Vessel Research 
Committee and the Weldabil i ty Com­
mittee of the Welding Research Coun­
cil have been active sponsors of pro­
grams over the last 20 years that were 
aimed at precisely these goals. Lehigh 
University has been a partner in Weld­
ing Research Council research since 
the inception of that organization. 
Because of this, it has been the 
author's privilege and opportunity to 
share in this interesting and rewarding 
endeavor over the 1960 to 1980 period, 
in the 1960 Adams Lecture, Dean R. D. 
Stout of Lehigh University took upon 
himself the responsibility of summing 
up the significant research in the area 
of pressure vessels steels performed at 
Lehigh University until that time. I wi l l 
attempt to fill the same role . . . but in 
1980. 

To cover the changes in pressure 
vessel technology over 20 years, even 
as reflected in one University, it is 
necessary to focus on the broad issues 
rather than the details—that is, to see 
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t he forest rather t han t h e trees. For th is 
reason, t he ma in thrus t of th is A d a m s 
Lecture w i l l be on the t rends and 
d i r ec t i ons ra ther t han the spec i f ic p r o ­
grams. Final ly, it w i l l be my o p p o r t u n i ­
ty as I make th is rev iew , to p lay t h e 
ro le of p r o p h e t and p ro jec t d i r e c t i o n s 
fo r the f u t u r e . In the e n d , it is i n t e n d e d 
that th is assessment may serve to focus 
a t t e n t i o n o n the areas tha t can be t h e 
subject of p r o d u c t i v e research and 
prac t ica l d e v e l o p m e n t in t h e fu tu re . 

C o m p o s i t i o n , H e a t T r e a t m e n t a n d 

M i c r o s t r u c t u r e D e v e l o p m e n t 

A l is t ing of some of the c o m m o n 
pressure vessel steels tha t have been 
e x a m i n e d in t h e inves t iga t ions over 
t he past 20 years is seen in Table 1 ; 
the i r p roper t ies appear in Tab le 2. The 
chem ica l c o m p o s i t i o n s l is ted are fo r 
typ ica l heats o n w h i c h w e engaged in 
research and are by no means exhaus­
t ive of all t he heats or even all of t h e 
mater ia ls tha t have been s tud ied over 
tha t t i m e p e r i o d . They are ar ranged 
a c c o r d i n g to c o m p o s i t i o n and app l i ca ­
t i o n . 

It shou ld be p o i n t e d o u t that t h e 
mechan i ca l p roper t i es l is ted o n Table 
2 are m o r e or less a c o m p o s i t e of t he 
inves t iga t ions p e r f o r m e d over the 20 
year p e r i o d . The re fo re , t hey d o no t 
represent p roper t ies o f spec i f ic heats 
bu t are t yp i ca l p roper t i es and must be 
t rea ted as genera l i za t ions . M o r e o v e r , 
t he pu rpose o f t h e s tud ies was t rends 
and processes rather t han speci f ic sta­
t ist ical data ; thus the results must be 
v i e w e d f r o m th is vantage p o i n t . 

The first g r o u p l i s t e d — c a r b o n - m a n -

Table 1—Compositions of Typical Pressure Vessel Steels, % 

Steel C Mn Ni Cr M o 

C-Mn: low and medium strength 

ganese steels—has been inves t iga ted in 
a series o f s tudies over th is 20 year 
pe r iod as the i r mechan ica l p roper t i es , 
par t i cu la r l y t he i r s t reng th a n d t o u g h ­
ness, have evo l ved . This g r o u p of 
steels is st i l l o n e o f t he most w i d e l y 
used for all k inds o f pressure vessel 
service, and w i l l c o n t i n u e to be for 
many years, because o f the i r l o w 

Other 

A201 
A212 
A515-70 
A516-70 
A537 
Cr-Mo: elevi 
A387B 
A387D 

A542 
Ni low temp 
A203A 
A203D 
A645 
A553I 
Combinatior 
A517A 
A517B 
A517E 
A517F 
A517J 
Combinatior 
A302B 
A533B 
A508-2 
A508-4 
A543 

.13 

.27 

.28 

.27 

.18 

.49 

.72 

.79 
1.09 
1.21 

.010 

.007 

.008 

.011 

.013 
ted temperature 
.17 
.11 
.12 

.59 

.37 
.47 

eratute 
.14 
.1 1 
.07 
.07 
high 

.15 

.17 

.15 

.18 

.19 
high 

.19 

.20 

.20 

.18 

.16 
Microalloyed 
A737B 
A737C 

.14 

.20 

.51 

.45 

.48 

.67 
strength. 

.80 

.86 

.65 

.85 

.68 
strength. 

1.28 
1.28 

.69 

.31 

.34 

1.44 
1.29 

.012 

.010 
.007 

.014 

.010 

.010 

.009 

.020 

.025 

.026 

.025 

.016 

.024 

.010 
.020 

.022 

.023 

.010 

.018 
light section 

.025 

.011 

.010 

.008 

.010 
heavy 

.013 

.019 

.011 

.007 

.014 

.009 

.010 

.015 

.016 

.012 

.017 

.021 
section 

.010 

.030 

.013 

.012 

.020 

.006 

.007 

.09 

.24 

.22 

.27 

.30 

.21 

.26 
.33 

.18 

.23 

.23 

.26 

.70 

.23 

.28 

.25 

.25 

.22 

.21 

.25 

.18 

.27 

.19 

.30 

2.35 
3.35 
4.99 
8.96 

.85 

.53 

.69 
3.53 
3.60 

.91 
2.20 
2.11 

.60 

.46 
1.76 

.48 

.37 
1.73 
1.89 

.51 

.96 
1.11 

.31 

.15 

.19 

.50 

.50 

.57 

.45 

.52 

.51 

.50 

.53 

Zr 
V.Ti.B 
Ti.B 
V,Ti,Cu,B 
B,Ti,N 

Cb 
V,N 

cost. 
The first f e w m a t e r i a l s - A 2 0 1 , A212 

and A515-70—represent steels in w h i c h 
f ine gra in p rac t i ce is n o t e m p l o y e d a n d 
n o r m a l i z i n g heat t r e a t m e n t is d o n e 
on l y occas iona l l y (spec i f ica l ly , fo r 
heavy sec t ions) . The A516-70 a n d A537 
represent mater ia ls in w h i c h t he gra in 
size is c o n t r o l l e d and n o r m a l i z i n g heat 

The Comfort A. Adams Lecture was 
created in 1927 to commemorate the 
contributions to welding by Harvard 
University's Professor Comfort A. 
Adams, founder and first president of 
the American Welding Society. Upon 
being invited to present the 1980 Adams 
Lecture at the 61st AWS Annual Meeting 
in Los Angeles, California, Dr. Alan W. 
Pense—a member of the Lehigh Univer­
sity Faculty since 1960—became only the 
38th person to be so honored by the 
American Welding Society. 

At Lehigh, Dr. Pense is Professor of 
Metallurgy and Materials Engineering as 
well as Chairman of the Department of 
Metallurgy and Materials Engineering, a 
post that he has held since 1977. A 
graduate of Cornell University in 1957 
wi th a bachelor of metallurgical engi­
neering degree, Dr. Pense received the 
master of science and doctor of philoso­
phy degrees from Lehigh in 1959 and 
1962, respectively. The reader wi l l 
observe Dr. Pense's references to Dr. R. 
D. Stout in his 1980 Adams Lecture. It is 
to be noted that Dr. Pense studied 
under Dr. Stout at Lehigh, that Dr. Stout 
is a Past President of AWS and was the 

Society's 1960 Adams Lecturer. 
A specialist in physical and mechan­

ical metallurgy, Dr. Pense has con­
ducted sponsored research on the prop­
erties and welding of steels for the 

American Iron and Steel Institute, the 
National Science Foundation, the Amer­
ican Petroleum Institute, the Welding 
Research Counci l , the National Cooper­
ative Highway Research Board, and the 
Department of Transportation. 

Dr. Pense is co-author of about 45 
articles published in technical and pro­
fessional journals and the co-author of 
one book. He is a member of the Amer­
ican Welding Society, the International 
Institute of Weld ing, the American Soci­
ety for Metals, the American Society for 
Testing, and Materials, the American 
Society for Engineering Education, the 
American Scientific Aff i l iat ion, Sigma Xi, 
Omicron Delta Kappa, and Tau Beta Pi. 
He has received awards for teaching, 
research and service from Lehigh Uni ­
versity, the American Society for Metals, 
and the American Society for Engineer­
ing Education. He received the AWS 
Spraragen Award in 1963, the Adams 
Memorial Membership in 1966 and the 
Jennings Award in 1970. Dr. Pense has 
served on the AWS Technical Papers 
Committee and the Welding Handbook 
Committee where he recently com­
pleted a term as chairman. 
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Table 2—Typical Mechanical 

Steel Treatment 

Properties of the Steels 

Yield 
strength 

ksi, 

C-Mn: Low and Medium Strength 
A201 N 
A212B Q&T 
A515-70 N 
A516-70 N 
A537-1 N 
A537-2 Q&T 

35 
48 
44 
50 
52 
65 

Cr-Mo: Elevated Temperature 
A387D N 
A542 Q&T 
Ni: Low Temperature 
A203D N 
A203D Q&T 
A645 Q&T&T 
A553-I Q&T 
Combination High Strength, 
A517A Q&T 
A517F Q&T 
Combination High Strength, 
A533-1 Q&T 
A508-2 Q&T 
A543 Q&T 
Microalloyed 
A737B N 
A737B Q&T 
A737C N 

40 
95 

53 
62 
70 

100 
Light Section 

113 
119 

Heavy Section 
70 
65 
95 

56 
62 
60 

Tensile 
strength, 

ksi 

58 
78 
75 
82 
75 
85 

70 
110 

73 
80 

100 
110 

121 
131 

90 
85 

110 

80 
83 
85 

Elongation, 

% 

40 
40 
33 
32 
35 
25 

28 
19 

38 
33 
32 
23 

20 
19 

27 
26 
23 

29 
27 
26 

15 ft- lb 
transition 

temperature, CF 

+ 25 
- 2 0 
+ 25 
- 5 0 
-75 
- 8 0 

-25 
- 5 0 

-160 
-210 

< -320 
< -320 

- 5 0 
- 7 0 

-45 
- 5 0 

-125 

-120 
-120 

- 8 0 

treatment more frequently applied. 
The A537 is also frequently marketed 
in the quenched and tempered condi­
t ion, as is the A516-70 in some heavy 
sections. The primary effect of such 
treatments is an increase in the fine­
ness of the microstructure which gives 
improved strength and substantially 
improved transition temperature. 

Figure 1 shows the microstructures 
characteristic of A201 and A516 in the 
normalized condit ion. A516 is not sub­
stantially different from A212B, A201 
or the A515 except for somewhat finer 
grain size. The microstructure is pear-
lite-ferrite aggregates wi th substantial 
amounts of coarse ferrite. Table 2 
shows that the strength of the carbon-
manganese materials generally in­
creases wi th increasing manganese 
content. It should especially be noted 
that A537 Cl 2, which is quenched and 
tempered, is higher in strength than its 
normalized counterpart by about 10 
ksi (68.9 MPa) for both yield and ten­
sile strength. In terms of impact tough­

ness, the transition temperature of the 
A537 Cl 2 is slightly but not substan­
tially better than the normalized grade. 
The effectiveness of the use of fine 
grain practice and quenching and tem­
pering is obvious. 

The properties on Table 2 represent 
section thicknesses in the order of 1 in. 
(25.4 mm), although greater thick­
nesses are permitted for most of these 
grades. For heavier sections, the 
improvement is even more critical as 
toughness normally declines wi th sec­
tion thickness.1 The trend over the last 
20 years is away from the semikilled to 
the killed steels. The improved tough­
ness this provides is of such benefit 
that the slightly increased cost is more 
than offset by the reduced incidence 
of britt le fracture in fabrication and 
service. 

The second group of steels listed in 
Table 1—the Cr-Mo steels—is designed 
primarily for elevated temperature ser­
vice. At the beginning of the 20 year 
period under discussion it had already 

been understood that quenching and 
tempering would produce better me­
chanical properties in terms of am­
bient temperature strength in this type 
of material. However, since they are 
designed primarily for elevated tem­
perature service, the advantages of 
such quenching and tempering were 
not apparent. Therefore, this group of 
materials was used in a series of inves­
tigations on elevated temperature be­
havior specifically to determine 
whether quenching and tempering 
would produce better mechanical 
properties in the low creep range or 
whether the materials in the annealed 
and normalized conditions would ac­
tually perform better in creep service. 

The results of these investiga-
tions2'3-4 which covered a period of 
some six years are discussed under 
creep properties. It is important to 
note here, however, that the applica­
tion of quenching and tempering to 
improve strength and toughness mi­
crostructures (to produce the lower 
bainite rather than ferrite-pearlite ag­
gregates) can be very effective, and 
this treatment has been widely ad­
opted for the 2% Cr-1Mo grade. Exam­
ples of the mechanical properties that 
can be developed and the microstruc­
tures of one of these materials are seen 
in Table 2 and Fig. 2. 

The development of opt imum mi­
crostructures to produce superior me­
chanical properties is nowhere more 
evident than in the nickel alloyed low 
temperature steels. At the time of the 
Adams lecture in 1960, the primary low 
temperature steels were A203 Grades 
A and D; however, materials of higher 
nickel content were already under 
development at that time. From these 
developments have come three mate­
rials now in pressure vessel ser-
vice-A645, A353 and A553I. 

Most of these grades are now used 
in the quenched and tempered condi­
t ion. The first of these was A353, a 9% 
nickel steel used in the normalized 
condit ion. The A553I specification is 
the same basic composit ion steel, 
except that it is heat treated by 
quenching and tempering. The ex­
pense of this material led to consider­
ation of grades of leaner nickel con­
tent that would also perform well at 

'pPff?*' ft i .A ̂ ^BJC^J^^ i '*« 

1 %t*\\? ;;-;*J ^' 

Fig. 1-Microstructures ot C-Mn steels: A-A201(N); B-A516(N); C-A537-1(N); D-A537-2(Q&T). X250 (reduced 28% on reproduction) 
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F/g. 2-Microstructures of Cr-Mo and Ni steels: A-A387B(N); B-A387B(Q&T); C-A203D(N); A203D(Q&T). A and B-X250; C and D-X500 
(reduced 28% on reproduction) 

l o w tempera tu res . The A645 spec i f i ca­
t i on was an o u t g r o w t h of these c o n ­
s iderat ions. Exam ina t i on o f t he m e ­
chan ica l p roper t ies in Table 2 shows 
that the s t reng th and t oughness of t h e 
n i cke l -bea r i ng grades has increased 
steadi ly over th is t i m e pe r i od a n d , 
thus , mater ia ls w i t h tens i le s t rengths 
of 100 ksi (689.5 MPa) and t rans i t i on 
tempera tu res su f f i c ien t l y l o w to h a n ­
d le l i que f i ed natura l gas service have 
been d e v e l o p e d . I ndeed , as s h o w n in 
Table 2, t he A203 Grade D in t he 
q u e n c h e d and t e m p e r e d c o n d i t i o n 
w i l l have a very l o w t r ans i t i on t e m p e r ­
ature. 

The c o r r e s p o n d i n g m ic ros t ruc tu ra l 
changes p r o d u c e d by th is t r e a t m e n t 
are seen in Fig. 2.5 The d e v e l o p m e n t o f 
o p t i m u m mechan i ca l p roper t ies—that 
is, toughness—in these mater ia ls re­
qui res c o n t r o l o f no t o n l y fe r r i t e , pear­
l i te a n d / o r t e m p e r e d mar tens i te bu t 
also re ta ined aus ten i te . Thus , as s h o w n 
in Fig. 3, t he re ta ined aus ten i te c o n t e n t 
in t he range o f 6 or 8% is c r i t i ca l in t h e 
d e v e l o p m e n t o f t he o p t i m u m t o u g h ­
ness-st rength character is t ics . " 

In t he th i rd and f o u r t h g roups w e 

f i n d a l i s t ing of c o m b i n a t i o n a l loy 
mater ia ls tha t are des igned for h igh 
s t rength pressure vessel app l i ca t i ons . 
The c o m p o s i t i o n s l is ted are on l y a 
small s a m p l i n g of the many n o w ava i l ­
able. At the t i m e of t he 1960 A d a m s 
lec ture , n o n e o f these A S T M spec i f i ca­
t ions ex is ted. M a n y of t he steels had 
a l ready been d e v e l o p e d and w e r e part 
of p rop r ie ta ry o f fe r ings o f d i f f e ren t 
steel c o m p a n i e s . D u r i n g the past 20 
years they have been b r o u g h t t oge the r 
in a f e w u n i f i e d ASTM spec i f i ca t ions . 

Ove r tha t same t i m e p e r i o d ma te r i ­
als fo r heavy sect ions also heat t reat ­
able t o h igh s t rength levels had been 
d e v e l o p e d , p r imar i l y f r o m c o m p o s i ­
t ions o f o l d e r mater ia ls such as A302-B, 
w h i c h w e r e used pr io r t o 1960 in 
n o r m a l i z e d c o n d i t i o n . Thus A533B is 
an o u t g r o w t h of t he basic A302-B 
c o m p o s i t i o n . S imi lar ly , o t he r heat 
t rea tab le f o r g i n g and p la te grades rep­
resented by t h e A508 and A543 spec i f i ­
ca t ions have been d e v e l o p e d . Exami ­
na t ion of ear ly studies7 o f t h e m e c h a n ­
ical p rope r t i es tha t can be d e v e l o p e d 
f r o m these grades o f steel is seen in 
Figs. 4 and 5 w h i c h s h o w g o o d t o u g h -
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Fig. 3—Effect of retained austenite on toughness of Ni steels (courtesy of Armco 
Steel Corp.) 

ness-s t rength c o m b i n a t i o n s in t h i c k ­
nesses up to and i n c l u d i n g as m u c h as 
12 in . (0.3 m) . A c o m p a r i s o n of t he 
A302B and A533B m ic ros t ruc tu res is 
seen in Fig. 6. 

The a p p l i c a t i o n of these q u e n c h e d 
and t e m p e r e d steels increased d u r i n g 
1960-1980. H o w e v e r , t he w e l d a b i l i t y 
o f these mater ia ls b e c o m e s inc reas ing­
ly d i f f i cu l t as t he a l loy c o n t e n t 
increases. Thus, the i r a p p l i c a t i o n has 
to some ex ten t been l i m i t e d by the i r 
w e l d a b i l i t y . None the less , t he app l i ca ­
t i on of q u e n c h e d and t e m p e r e d heavy 
sec t ion steels fo r nuc lear pressure ves­
sels, for hyd roc racke r vessels and fo r 
many o the r app l i ca t i ons , as p r e d i c t e d 
by t h e 1960 A d a m s Lecture , has 
occu r red and these have d i sp laced 
many o t h e r grades of s imi lar or leaner 
c o m p o s i t i o n in n o r m a l i z e d c o n d i t i o n . 

The last g r o u p o f mater ia ls l is ted o n 
Tables 1 and 2 are the m i c r o a l l o y e d 
steels. These are the most recent 
d e v e l o p m e n t in steels fo r pressure ves­
sel serv ice, and they are unusua l in 
that they appear , in a way , to be a 
retreat to the C - M n steels at t he t o p o f 
Table 1. There is a sense in w h i c h th is 
is t rue . The i r mechan i ca l p roper t ies are 
not at t he s t rength levels tha t are 
ach ieved by t he c o m b i n a t i o n h igh 
s t rength g roups . H o w e v e r , t hey have 
g o o d toughness and of fer a cheaper 
and m o r e w e l d a b l e a l te rna t i ve to t he 
h igh s t reng th mater ia ls . As such t hey 
are a t t rac t i ve t o pressure vessel m a n u ­
facturers w h e n sec t ion sizes are no t 
excep t i ona l l y large and g o o d w e l d a b i l ­
ity c o m b i n e d w i t h modes t cost are an 
i m p o r t a n t c o n s i d e r a t i o n . 

In t he o p i n i o n of t he au tho r , t he 
d e v e l o p m e n t o f q u e n c h e d and t e m ­
pered steels, especia l ly the c o m b i n a ­
t i on h igh s t rength steels, has perhaps 
reached a peak d u r i n g the 20 year 
pe r i od s ince the f irst A d a m s lec tu re on 
th is t op i c . D e v e l o p m e n t o f n e w ma te ­
rials t oday has m o v e d t o w a r d the 
m i c r o a l l o y e d g r o u p . C o m p a r a t i v e m i ­
c ros t ruc tu res of the q u e n c h e d and 
t e m p e r e d a n d m i c r o a l l o y e d g roups are 
also s h o w n in Fig. 6. It is apparen t t ha t 
the c o m b i n a t i o n h igh s t reng th g roups 
represent m ix tu res of mar tens i te and 
l owe r ba in i t e even in heavy sec t ions . 
The A737 m i c r o s t r u c t u r e seems to 
have m u c h more in c o m m o n w i t h t he 
A537 t h a n it does the A533B. 
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The emphasis here on the microal­
loyed steels does not imply there wi l l 
not continue to be applications for all 
of the steels listed on Tables 1 and 2. 
The intent is merely to point out there 
are many respects in which the 
expense and weldabil ity of the 
quenched and tempered steels l imit 
their application. 

The inclusion of the microalloyed 
steels in ASTM designations is just 
starting. Ultimately they wil l probably 
fill an important role in pressure vessel 
service. The ideal microstructures for 
these steels (i.e., fine grained nearly 
pearlite-free ferrite wi th controlled 
precipitates of carbides and carboni-
trides) can be achieved by several pro­
cessing treatments. Normalizing, and 
quenching and tempering, are both 
utilized at the present t ime. Ultimate­
ly, controlled rolling wi l l undoubtedly 
take its place as a viable and cost-
effective means to achieve the same 
results in moderate section sizes. 

Mechanical Property 
Development and Assessment 

Although mechanical properties 
have improved over this 10 year peri­
od, as illustrated in Table 2, particularly 
the balance of strength and toughness 
obtainable, perhaps the most dramatic 
advance in this area is the rapidly 
changing way in which properties are 
assessed. The first 10 years of the era 

saw an increasing use of the Charpy 
impact and drop weight tests for 
toughness assessment. The use of 
these emphasized the reality of the 
toughness transition characteristic of 
most low carbon steels, and the transi­
tion temperature, above which ductile 
behavior was expected, was the con­
troll ing toughness parameter. This phi­
losophy could be and was applied to 
steels for both ambient and low tem­
perature service, including the cryo­
genic steels, where the traditional 
transition temperature could be below 
-325°F (-198°C). 

During the last 10 years, emphasis 
has shifted to quantitative assessment 
of toughness behavior above and 
below the transition temperature, in­
cluding the ductile regime where pres­
sure vessel service may occur. This 
assessment is obtained using princi­
ples of fracture mechanics, an analysis 
procedure used only for essentially 
brittle materials 20 years ago. These 
concepts have been developed for use 
wi th pressure vessel steels to the point 
where some sections of the ASME 
code are writ ten from this viewpoint. 
Thus the Kt0 (or J,,,) of a steel is 
becoming an essential property char­
acterization for both nuclear and non-
nuclear service. Although many diff i­
culties in this analysis technique still 
exist, it is here to stay and wi l l proba­
bly grow in importance. 

The use of fracture toughness con­

cepts started slowly in the pressure 
vessel field. This was primarily because 
most of the materials used in pressure 
vessels have relatively high tough­
nesses and, therefore, classical fracture 
mechanics concepts were not strictly 
applicable. Perhaps the turning point 
came with the development of frac­
ture toughness information and rec­
ommendations by the Pressure Vessel 
Research Committee for use in nuclear 
reactor vessel materials. 

This document, published as Weld­
ing Research Council Bulletin No. 175, 
was the product of a great deal of work 
by members of a Pressure Vessel 
Research Committee Task Group and 
represented the state-of-the-art in ap­
plication of fracture toughness to pres­
sure vessels at that time period. This 
recommendation has since become 
incorporated in sections of the ASME 
Boiler and Pressure Vessel Code and 
has influenced the application of frac­
ture mechanics to all pressure vessel 
materials. The results of investigation 
(a combined data curve on these 
materials) is seen in Fig. 7. This is 
called the K,„ curve. It is a lower 
bound curve of fracture toughness 
data for 50 ksi (344.7 MPa) strength 
nuclear plate and forging materials 
over a broad range of temperatures. 
The NDT temperature is used to index 
a material to this curve. 

The use of fracture mechanics pro­
vides assurance of adequate vessel 
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toughness—not in terms of a transition 
temperature but in terms of the stress 
levels applied to the pressure vessel. 
Incorporated in this methodology is a 
recognition that all real structures con­
tain discontinuities that can produce 
brittle fracture under the right condi­
tions. Fracture mechanics analyses 
enable pressure vessel manufacturers 
and users to ascertain the conditions 
under which a given discontinuity, in 
combination wi th a stress field in 
which it resides, wil l lead to brittle 
fracture. This results in three positive 
benefits: 

1. It allows a rational estimation of 
the safety of a pressure vessel in which 
a defect is found. 

2. It predicts behavior when vessel 
operation conditions, such as temper­
ature or pressure, are changed from 
those originally intended. 

3. It allows a rational means by 
which to establish nondestructive test­
ing criteria. 

Since it allows prediction of which 
flaw sizes are likely to be critical and 
which are not, it is then possible to 
establish the standards that are re­
quired for a nondestructive examina­
t ion. In the years ahead this methodol­
ogy wil l continue to be useful in the 
establishment of more realistic and 
reasonable codes for the operation 
and inspection of pressure vessels. 

The application of this methodology 
has, however, not been straight-for­
ward. The quenched and tempered 
materials frequently used for pressure 
vessels today are relatively high in 
toughness. The measurement of the 
fracture toughness of these materials is 
presently at the limit of our estab­
lished technology. A series of new 
techniques for the determination of 
the appropriate fracture toughness 
parameters has been developing over 
the last twenty years. This develop­
ment period is not complete as tough­
ness in the elastic-plastic or plastic 
regime where most pressure vessels 
operate is an area of current PVRC 
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Fig. 7—The K1R fracture toughness reference curve 

study.'-1 Examples of some fracture 
toughness measurements taken from a 
PVRC investigation"' are seen in Figs. 8 
and 9. 

Two comments about these tests are 
in order. The first relates to the diff i­
culty in obtaining the information. 
Anyone who has attempted to perform 
fracture toughness tests realizes that 
specimen preparation is expensive. 
Specimen sizes are relatively large 
compared to the more common Char­
py test, and preparation of the speci­
men is more difficult. Indeed, it is 
quite possible after preparing such a 

specimen and going through an exten­
sive testing procedure to find that the 
data obtained are not useful. 

Another comment is the substantial 
difference between static and dynamic 
fracture toughness. It has long been 
known that dynamic loading condi­
tions enhance the capability of the 
material to fail in a brittle manner. The 
utilization of both static and dynamic 
tests, however, has demonstrated that 
defining of the conditions of service is 
important. If we utilize dynamic 
toughness curves for all conditions of 
service, we take a substantial penalty 
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as c o m p a r e d to us ing stat ic curves in 
w h i c h t he toughness is m u c h h igher at 
a g iven t e m p e r a t u r e . For examp le , at 
- 2 0 0 ° F ( - 1 2 9 ° C ) the d i f f e rence be ­
t w e e n stat ic and d y n a m i c f rac tu re 

toughness is very great—a fac to r of at 
least 3 or 4 fo r the q u e n c h e d and 
t e m p e r e d A203D. O n the o the r h a n d , 
at t empera tu res above 100°F (37.8°C), 
stat ic and d y n a m i c f rac tu re toughness 

are b o t h q u i t e h igh and the c o n d i t i o n s 
of l oad ing are re la t ive ly u n i m p o r t a n t . 

Recogn i t i on of th is l oad ing rate 
ef fect has been i n c l u d e d in a n u m b e r 
of codes des igned to c o n t r o l f rac tu re 
toughness in s t ructures o t h e r t h a n 
pressure vessels. It rema ins to be seen 
w h e t h e r such cons ide ra t i ons w i l l be 
app l i ed in t he pressure vessel indus t ry . 
C o m p a r i s o n o f Figs. 8 and 9 s h o w h o w 
heat t r e a t m e n t can i n f l u e n c e f rac tu re 
toughness . 

The tests requ i red to measure f rac­
tu re toughness d i rec t l y are re la t ive ly 
expens ive. Because o f th is , there has 
been substant ia l in terest in t he last 10 
years t o u t i l i ze t he large b o d y of data 
o b t a i n e d f r o m o the r tests, such as t he 
Charpy and d r o p w e i g h t test, t o in fer 
f rac tu re toughness i n f o r m a t i o n . This 
p rocedu re has been a p p l i e d to pres­
sure vessel and s t ruc tura l steels w i t h 
some success a n d , t hus , t he re is h o p e 
fo r the Charpy test yet . It may reason­
ably be expec ted tha t changes w i l l 
c o n t i n u e to occu r in th is f i e l d . 

A n examp le of a n o t h e r d i f f i cu l t y 
w h i c h is expe r i enced in o b t a i n i n g f rac­
tu re toughness data is i l l us t ra ted in Fig. 
10. Here f rac tu re toughness data f r o m 
a series of inves t iga t ions on A553 
c ryogen ic 9% n icke l steel are p l o t t e d 
o n a c o m m o n axis. T w o f rac tu re 
toughness parameters , t h e Kc va lue 
w h i c h is fami l i a r w i t h A m e r i c a n inves­
t igators and the C O D va lue used 
extens ive ly in Great Br i ta in and parts 
of Europe , are b o t h p l o t t e d as a f u n c ­
t i on of tes t ing t e m p e r a t u r e . The w i d e 
scatter of data o b t a i n e d over a series o f 
inves t iga t ions and i n d e e d , in t he same 
inves t iga t ion , i l lust rates t h e d i f f i cu l t i es 
in m a k i n g cons is ten t f rac tu re t o u g h ­
ness measurements . Some of th is scat­
ter appears to be i nhe ren t in the test­
ing m e t h o d i tself ; t hus , in o u r f rac tu re 

8 0 

7 0 

'w 
X. 
A 60 
•6 
£ 
co 50 
CD 

§-40 
rr 
£ 3 0 

o 2 0 

IO 

N i 

A2I2 GradeB 
Composition . . 

Quenched 
a 

Tempered 

Normalized, 

' a 

Stress Relieved ~-

A533Grade A 
Composition 

Quenched 
a 

Tempered 

8 0 0 900 

Normalized x^0 

a 

StressRelieved 

l 
ICOO 9 0 0 

Tempera tu re - °F 

1000 MOO 

Fig. 11—Stress-rupture behavior of normalized and quenched-
and-tempered A212B and A533A steels 

A 3 8 7 
Grade B 

Quenched 
a 

o \j> Tempered 

A542 Composition 

Stress Relieved 
(I350°F) 

_L J_ 
900 1000 I 100 9 0 0 

Temperature - °F 
1000 1100 

Fig 12—Stress-rupture behavior of normalized and quenched-and-
tempeted A383 Grade B and A387 Grade D steels 

W E L D I N G R E S E A R C H S U P P L E M E N T I 317 -s 



S 
CL 
o 

1400 

1200 

1000 

E 8 0 0 
o> 
b-

» 600 -

-
28 

17 

2 0 20 

-

-

1 1 1 
A 542 

. Plain 
31 \ « . 4 2 42 4 2 _ - ^ 

27 2722 223428 23 1735 

29 f i s ' 3317 j | I 3 2 3 2 0
2 ^ 

26 21 — IS 

1 

© 

14 © 

Figures Indicate 

Percent 

I 1 I 1 

Elongation 

1 

-

-

4 0 0 

ai i.o io io2 io3 

Rupture T ime—Hours 

Fig. 13-Rupture ductility diagram for A542 steel 

10" 

100 

90 

80 

70 

S 6 0 

I 
S 5 0 

CO 

40 

30 

20 

10 

P = T(C+ LOG T) 

i—r i r 
A542 

( Q S T A387D) 

. O Fracture (Smooth) Q £ 

A F r a c t u r e ( W e l d e d , 3 0 K J / i n ) J 

D F r a c t u r e ( W e l d e d , 7 0 K J / i n ) > 

A Fracture ( W e l d e d , 3 0 K J / i n , 

N o t c h e d ) 
• F r a c t u r e ( W e l d e d , 7 0 K J / l n , 

N o t c h e d ) 

_ J I I I I I L_ 

\ 
<2D 

O 

25 26 27 28 29 30 31 32 33 34 35 36 37 38 

P a r a m e t e r X 10 

Fig. 14—Summary stress-rupture data for A542 steel 

c o n t r o l p rog rams w e are fo rced in 
many instances to use m i n i m u m va l ­
ues o f f rac tu re toughness w h i c h are 
substant ia l ly less than the average v a l ­
ues. 

The c reep rup tu re p roper t ies of 
pressure vessel steels w e r e g iven m u c h 

de ta i l ed s tudy d u r i n g t he 1960's w i t h 
special emphas is o n the C r - M o grades. 
Creep p roper t ies o f these mater ia ls 
were d e v e l o p e d in te rms of s tandard 
c r e e p - r u p t u r e curves and rup tu re d u c ­
t i l i t y curves over t he range o f serv ice 
and , i n d e e d , in many cases s o m e w h a t 

CYCLES TO FAILURE 

Fig. 15-Fatigue strain range reduction fac­
tors for pressure vessel steels 
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above the range of serv ice i n t e n d e d 
for these mater ia ls . The results o f some 
of these s tud ies 2 - ^ - ' " are seen in Figs. 
11 and 12. 

For the mater ia ls tha t are used in th is 
c o m p a r i s o n , t w o mater ia ls are rather 
l o w in c reep resistance—A212 Grade B 
( C - M n steel) and A302 Grade B (C-
M n - M o ) steel . I n c l u d e d are t w o m a t e ­
rials of h igher c reep resistance i n ­
t e n d e d for i n t e r m e d i a t e and h igher 
t e m p e r a t u r e service—A387 Grade B 
and A387 Grade D. In all f o u r cases, 
these mater ia ls w e r e heat t rea ted in 
t w o c o n d i t i o n s — t h e q u e n c h e d and 
t e m p e r e d , and the n o r m a l i z e d and 
stress re l ieved . 

It was learned that the t r ad i t i ona l 
v i e w that n o r m a l i z e d and stress 
re l ieved or annea led mater ia ls w i l l 
have be t te r c reep resistance is t rue to a 
l i m i t e d ex ten t , par t i cu la r l y in the t e m ­
pera ture range w h e r e m u l t i p l e c reep 
processes can occur . But in the t e m ­
pera ture range over w h i c h most o f 
these mater ia ls are used, i.e., b e l o w 
800°F (427°C) fo r A212 Grade B and 
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950°F (510°C) for the o the r steels, it 
may be a n t i c i p a t e d that t h e q u e n c h e d 
and t e m p e r e d c o n d i t i o n w i l l no t be 
s ign i f i can t l y l o w e r in c reep resistance. 
The advan tage is tha t at l o w e r t e m p e r ­
atures t he i m p r o v e m e n t in s t rength 
p r o d u c e d by q u e n c h i n g and t e m p e r ­
ing of fers a pos i t i ve bene f i t a n d , 
i n d e e d , in the a m b i e n t t e m p e r a t u r e 
range p roduces be t te r impac t t o u g h ­
ness as desc r i bed be fo re . 

The d e c l i n e in r u p t u r e d u c t i l i t y for 
these same mater ia ls d u r i n g e leva ted 
t e m p e r a t u r e service is a ma t te r that 
must be taken i n t o a c c o u n t . Figure 13 
shows r u p t u r e d u c t i l i t y as a f u n c t i o n 
of tes t ing t e m p e r a t u r e and t i m e for 
A542 mater ia l . It w i l l be obse rved that 
m i n i m u m duc t i l i t i es can be exper i ­
enced af ter 1000 hours (h ) , and fa i lu re 
in an essent ia l ly b r i t t l e m a n n e r c o u l d 
occu r d u r i n g c reep service. 

For some mater ia ls l o w d u c t i l i t y fa i l ­
ure has been espec ia l ly a c c e n t u a t e d in 
w e l d hea t -a f fec ted zones . This is a 
p r o b l e m tha t appears no t o n l y d u r i n g 
c reep service bu t also to some ex ten t 
d u r i n g the stress rel ief o f ce r ta in al loys. 
This is d iscussed in th is paper unde r 
t he t op i c o f w e l d a b i l i t y . 

To p r o v i d e an examp le o f h o w these 
inves t iga t ions e x a m i n e d a w h o l e my ­
riad o f factors in o rder t o p r o v i d e data 
that is reasonably useful to the pres­
sure vessel des igner , a summary of 
data o b t a i n e d fo r q u e n c h e d a n d t e m ­
pered A387 Grade D (A542) is s h o w n 
in Fig. 14. Here it w i l l be seen that no t 
on l y are t he p roper t ies of t h e base 
mater ia l in s m o o t h bar tests o f i m p o r ­
tance in vessel des ign , bu t t h e behav­
ior o f n o t c h e d spec imens and o f w e l d ­
ments is also i m p o r t a n t . The data are 
presented in t he f o r m of stress fo r 
rup tu re vs. a parameter c o m b i n i n g the 
t e m p e r a t u r e and t i m e at w h i c h fa i lu re 
occurs . This paramet r i c f o r m of data 
rep resen ta t i on a l l ows e x t r a p o l a t i o n of 
test data t o o t h e r t empera tu res and 
t imes . The resistance o f the n o t c h e d 
and w e l d e d spec imens app rox ima tes 

pressure vessel service m o r e accura te ly 
t han does s m o o t h bar tes t ing . 

Perhaps the greatest change in 
mechan i ca l p rope r t y cha rac te r i za t i on 
has c o m e in t he area of f a t i gue des ign . 
At the b e g i n n i n g of t he era, fa t igue 
design was based on extens ive cyc le 
l i fe (S-N) tes t ing of p lates, fo rg ings 
and w e l d m e n t s . By t he early 1960's a 
substant ia l a m o u n t o f l o w cyc le fa­
t igue data o b t a i n e d at Leh igh Un ive rs i ­
ty and o the r labora tor ies unde r t he 
sponsorsh ip of the Pressure Vessel 
Research C o m m i t t e e was amassed.11-1-' 
H o w e v e r , t he results o f j o i n t invest iga­
t ions at Leh igh Un ive rs i t y and the 
Sou thwes t Research Ins t i tu te as i l lus­
t ra ted in Fig. 15 s h o w tha t , a l t h o u g h 
strain ranges c o u l d be measured in t he 
labora to ry to p red ic t fa i l u re in vessels, 
t he actual vessel l i fe was r e d u c e d f r o m 
the labora to ry p r e d i c t i o n by a fac to r o f 
as great as 8 and no less t h a n a fac to r 
of 4. It was clear that l abo ra to ry tests 
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traint test for three alloy steels 

w o u l d no t p red i c t vessel fa i l u re unless 
some u n d e r s t a n d i n g o f th is d i sc repan ­
cy c o u l d be o b t a i n e d . 

In subsequen t research programs 1 3 it 
was f o u n d that the answer was that 
pressure vessels, no ma t te r h o w care­
fu l l y m a n u f a c t u r e d , a lways c o n t a i n e d 
a p o p u l a t i o n o f smal l d i s c o n t i n u i t i e s 
and that t he fa t igue l i fe o f t he vessel 
was c o n t r o l l e d by the g r o w t h of these 
d i scon t i nu i t i e s rather t han by crack 
i n i t i a t i on and g r o w t h such as is mea ­
sured in t yp i ca l S-N curves. Thus, the 
labora tory data had to be reduced by a 
fac tor p r o p o r t i o n a l to t he crack i n i t i a ­
t i o n p o r t i o n o f the fu l l l i fe curve such 
that o n l y t he crack p r o p a g a t i o n por ­
t i on w o u l d be app l i ed to t h e pressure 
l i fe. C o n s e q u e n t l y , emphas is in pres­
sure vessel fa t igue research sh i f ted 
away f r o m fu l l l i fe tests to crack 
g r o w t h tests. As a resul t , t he Pressure 
Vessel Research C o m m i t t e e engaged 
in crack g r o w t h s tud ies o n pressure 
vessel steels b o t h at a m b i e n t and e le­
vated tempera tu res ; th is was d o n e to 
c o m p l e m e n t fu l l l i fe curves that had 
been d e v e l o p e d in the prev ious 
decade w i t h re levant crack g r o w t h 
data. 

An examp le of o n e such s u m m a r y 
curve is seen in Fig. 16 w h e r e t he crack 
g r o w t h rates for A212 Grade B are 
s h o w n as a f u n c t i o n o f t e m p e r a t u r e . It 
shou ld also be n o t e d that emphas is 
has sh i f t ed to a f rac tu re mechan i cs 
charac te r i za t i on of crack g r o w t h — t h a t 
is to say t he g r o w t h rate ( d a / d n in 
i n . / cyc le ) is p l o t t e d against AK, t he 
stress in tens i t y fac tor at t he t i p o f t he 
g r o w i n g crack. 

The increas ing use o f f rac ture m e ­
chanics no t o n l y to charac te r i ze t he 
f rac tu re toughness o f mater ia ls bu t 
also t o charac te r ize crack g r o w t h has 
been o n e of the most remarkab le 
changes in t he cha rac te r i za t i on of 
mater ia ls tha t have taken p lace in the 
last 20 years. It w i l l be n o t e d that 
e leva ted t e m p e r a t u r e has a s ign i f i can t 
i n f l uence o n crack g r o w t h and that t he 
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Fig. 20—Comparison of carbon equivalent formulas with Lehigh restraint test cracking data 

g r o w t h rate may increase by a fac to r o f 
5 as t e m p e r a t u r e is increased f r o m 
r o o m t e m p e r a t u r e to 800°F (427°C). 

Figures 17 and 18 s h o w the decrease 
in to ta l strain range to fa i l u re for t w o 
pressure vessel steels b e t w e e n r o o m 
t e m p e r a t u r e a n d 900°F (482°C) based 
o n fu l l l i fe tes t ing can at least in part 
be a t t r i b u t e d to increases in crack 
g r o w t h rate over tha t same t e m p e r a ­
tu re range. The s u m m a r y o f all these 
invest igat ions 1 5 s h o w e d that t e m p e r a ­
tu re and to a lesser ex ten t , cyc le rate, 
had an i n f l u e n c e o n fa t i gue in pressure 
vessel steels b u t o n l y over a b o u t 600°F. 
(316°C). E n v i r o n m e n t a l ef fects d o 
need to be t aken i n t o a c c o u n t w h e n 
w e cons ider t h e behav io r o f t he steels 
in f a t i gue serv ice at 800 or 900°F (or 
w h e n in some aqueous so lu t i ons ) . 

A l t h o u g h fa t i gue in m a n y pressure 
vessels is o n l y a smal l fac to r in the i r 
l i fe , t h e increas ing use of f rac tu re 
mechan ics to analyze f a t i gue p rov ides 
a p o w e r f u l t o o l in t he c o n t r o l of fa­
t igue fa i lu re . Because the g r o w t h of 
defects is d i r ec t l y re la ted to the stress 
in tens i t y fac to r at t he crack t i p , it is 
poss ib le to es t imate t h e size of t he 
d i s c o n t i n u i t y tha t w i l l beg in t o g r o w 
under fa t i gue c o n d i t i o n s and to de ter ­
m i n e w h i c h de fec ts are and w h i c h are 
no t s ign i f i cant for f a t i gue service as 
w e l l as b r i t t l e f rac tu re resistance. 

F a b r i c a t i o n a n d Serv ice 

Weldability 

It is n o t prac t ica l t o p ropose a steel 

fo r pressure vessel serv ice w i t h o u t g iv ­

ing care fu l c o n s i d e r a t i o n to the p r o b ­
lems of w e l d a b i l i t y and fab r i cab i l i t y 
that t he steel may en ta i l . For th is rea­
son, w e l d a b i l i t y may be just as i m p o r ­
tant as p roper t i es in t h e u n w e l d e d 
state. T w o aspects o f w e l d a b i l i t y need 
to be c o n s i d e r e d : f a b r i c a t i o n w e l d a b i l ­
ity and service w e l d a b i l i t y . The t e n ­
dency t o w a r d h igh l y a l l oyed and heat 
t rea tab le steels w i l l o f t e n result in 
decreased fab r i ca t i on w e l d a b i l i t y . 
Thus the p r o b l e m of de layed c rack ing , 
w h i c h was c o m m o n in t h e h igher car­
bon c o n t e n t pressure steels o f t he 
past, may reappear in these a l loy steels 
unless a d e q u a t e p rehea t , p o s t w e l d 
heat t r e a t m e n t and care of w e l d i n g 
consumab les is obse rved . 

The s tudy o f de layed c rack i ng in 
pressure vessel steels was the sub jec t 
of a series of W e l d i n g Research C o u n ­
ci l i nves t iga t ions in the 1960's. The 
results of these inves t iga t ions h i g h ­
l igh ted again t he ro le o f many factors 
in the p h e n o m e n o n of de layed c rack­
ing in steels. For e x a m p l e , they d e m ­
ons t ra ted the role o f rest ra int in lead­
ing to c rack ing as is i l l us t ra ted in Fig. 
19. Restraint b e l o w a c r i t i ca l level was 
not ab le to i nduce c rack ing , and re­
straint above that level i n d u c e d c rack­
ing in successively shor ter t i m e p e r i ­
ods as t he restraint level increased. 
Restraint in these inves t iga t ions was 
created by t he Lehigh restra int test, a 
d e v e l o p m e n t o f the W e l d i n g Research 
C o u n c i l p rograms at Leh igh Un i ve rs i ­
ty.19-20 

A d d i t i o n a l f i nd ings f r o m the inves t i ­
ga t ions s h o w e d that c rack ing suscep t i ­

b i l i t y was p r o p o r t i o n a l t o the h y d r o ­
gen c o n t e n t in the w e l d i n g a t m o ­
sphere and b o t h h y d r o g e n and mo i s ­
ture c o m b i n e d to act in a c u m u l a t i v e 
manne r t o p r o d u c e t h e c rack ing p h e ­
n o m e n o n . M o i s t u r e c o n t a m i n a t i o n o f 
a gas meta l arc argon a t m o s p h e r e was 
s h o w n to be ab le t o p r o d u c e as d e l e ­
te r ious an ef fect as ce l lu los ic e l ec t r o ­
des, and—not su rp r i s ing ly—pos t -hea t ­
ing (if app l i ed i m m e d i a t e l y ) was 
s h o w n to be e f fec t i ve in e l i m i n a t i n g 
de layed c rack ing . 

Studies w i t h the" c a r b o n e q u i v a l e n t 
f o rmu las ava i lab le at tha t t i m e i n d i ­
ca ted they c o u l d be an e f fec t i ve 
means fo r p r e d i c t i n g c rack ing t e n d e n ­
cy. As s h o w n by Fig. 20, some ca rbon 
equ i va l en t f o r m u l a s w e r e m o r e e f fec­
t ive than o thers in p r e d i c t i n g c rack ing . 
The inves t iga t ions also s h o w e d that 
the pr io r m i c r o s t r u c t u r e o f t he steel t o 
be w e l d e d and t h e c o m p o s i t i o n o f t h e 
w e l d i n g e l e c t o d e ( w i t h i n t he n o r m a l 
range used for a g iven steel) had a 
re la t ive ly m i n o r i n f l u e n c e on heat 
a f fec ted zone c rack ing c o m p a r e d to 
t he ma jo r fac tors , i.e., t h e presence of 
hard mar tens i te in t he hea t -a f fec ted 
z o n e , the presence of hyd rogen or 
mo i s tu re in t he w e l d i n g a t m o s p h e r e 
and the presence o f restra int in t he 
w e l d e d jo in t . 

Less a rec i ta t i on of these factors 
taken f r o m inves t iga t ions p e r f o r m e d 
in t h e 1960's appear to be a message 
that needs no t to be repea ted in t he 
1980's, p r o b l e m s of de layed c rack ing 
in w e l d m e n t s c o n t i n u e t oday and 
many of t he lessons learned in t h e past 
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Fig. 21—Cracking of pipeline steels in field weldability test 
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20 years have apparently not been 
universally applied in the pressure ves­
sel industry. Hydrogen induced crack­
ing problems have been a special 
study of the Weldabil i ty Committee of 
the Welding Research Council during 
this 20 year period. Their more recent 
work has involved testing of materials 
used in pipelines and has resulted in 
the development of an on-site pipe­
line field weldabil i ty test.21 Figure 21 
shows some data obtained in this 
investigation for line pipe steels and 
demonstrates the ability of the test to 
measure the extent and time to weld 
cracking. 

Whi le much of our basic knowledge 
about hydrogen induced cracking had 
already been developed, at least in 
part, 20 years ago, our knowledge con­
cerning solidification cracking has ma­
terially advanced during this last 20 
year period. University research, espe­
cially at Rensselaer Polytechnic Insti­
tute, has established that segregation 
occurring during solidification is a 
controll ing factor on the extent of hot 
cracking in welds and heat affected 
zones. This work has established the 
principles of weld consumable selec­
t ion, base metal composit ion and pro­
cess control, that wi l l produce crack-
free welds. 

The critical role of manganese-to-
sulfur ratio in plates to prevent heat 
affected zone hot cracking (micro­
cracking) was the subject of a Welding 
Research Council study22 and is illus­

trated in Fig. 22. Here it is demon­
strated that manganese-to-sulfur ratios 
in excess of 60 are required if base 
plate microcracking is to be effectively 
controlled in alloy steels. The same 
principles apply to weld metal hot 
cracking; however, in this instance, the 
carbon content of the weld metal is 
lower and, as Fig. 22 indicates, lower 
carbon contents produce less cracking 
at the same manganese to sulfur 
ratio. 

Some fabrication weldabil i ty prob­
lems are encountered after welding 
during postweld heat treatment for 
short times at 900 to 1200°F. (482 to 
649°C). In this temperature range, as-
welded materials undergo creep de­
formation in order that residual 
stresses produced during the welding 
process may be relieved. In some 
materials this stress relief process is 
accompanied by changes in the 
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Fig. 22—influence of Mn/S ratio on hot 
cracking of pressure vessel steels 

microstructure, particularly in weld 
heat-affected zones. The result is a 
cracking phenomenon known as stress 
relief cracking. 

This problem was first recognized as 
an adjunct to the creep rupture inves­
tigations performed on welded materi­
als. 3'4-2:i This is well illustrated in Figs. 
23 and 24. Here Lehigh restraint speci­
mens made of two different steels are 
welded and then given stress relief 
treatments. As Figs. 23 and 24 show, 
there is a tendency for these materials 
to undergo heat-affected zone crack­
ing during this stress relief cycle. For 
A517-F, stress relief cracking can be 
severe and thus heat-affected zone 
cracking may occur during stress relief 
treatments or, if stress relief is not 
applied, cracking may occur during 
service at 800°F (427°C) or above. For 
A517-J, cracking is more moderate and 
stress relief treatments can be applied 
without extensive cracking phenom­
ena. The nature of this cracking is 
intergranular wi th in the heat-affected 
zone of the weldment. 

Another fabrication weldabil ity 
problem that has surfaced in the last 20 
years is the occurrence of lamellar 
tearing in highly restrained joints. 
Wi th the recognition of this type of 
welding defect as a significant prob­
lem in some structures, research pro­
grams were developed to determine its 
cause and allow appropriate solutions. 
The ultimate result of these studies has 
been a trend to plate materials of 
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Fig. 24—Stress relief cracking in A517 Type F steel 

higher cleanliness, lower inclusion 
counts and modified inclusion mor­
phologies. From the weldment design 
standpoint, joint configurations have 
been modified to reduce through the 
thickness stresses that cause tearing. 
The role of process variables that pro­
mote tearing is currently under 
study.24-25 Thus far, hydrogen and 
moisture contamination of the arc has 
again been identified as a contributing 
factor as well as joint restraint and 
material condit ion. 

Another current area of fabrication 
weldability research is the study of 
cracking in electroslag welds. The 
impetus for this study has come from 
cracking observed in bridge steel 
weldments and, whi le these are not 
pressure vessel steels, there are some 
valuable precautions concerning elec­
troslag welding of C-Mn structural and 
low alloy steels that can be learned 
from these investigations. It is clear 
that hydrogen introduced into weld 
metal during the welding process is a 
cause for some of the cracking 
observed. 

Fabrication considerations do not 
consist only of problems in the weld­
ability of steels. Hot and cold forma-
bility are also of importance. During 
the 1960-1980 era, the cold forming 
and aging characteristics of carbon 
and alloy steels have been the subject 
of several studies,26-27 and have been 
examined from different viewpoints. It 
is clear from this work that strain aging 
during fabrication and service is a pos­
sibility in modern pressure vessel 
steels, and can result in measurable 
shifts in transition temperature.26 On 
the other hand, recent research27 indi­
cates that, when the service tempera­
ture is well above the transition tem­
perature (even in the embritt led state), 
strain aging wi l l have a minimal effect 
on service behavior. As a sidelight to 
this phenomenon, studies have shown 
that warm overstressing can be an 
effective means to raise effective frac­

ture toughness at and below the pre-
stressing temperature; although subse­
quent aging of the prestressed material 
can reduce the effectiveness of pre-
stressing, the overall effect is usually 
beneficial. Figure 25 illustrates these 
effects in A516 and A533 Grade B 
steels. 

Service weldabil ity problems over 
the last 20 years have centered on the 
need for a balance of properties 
between the weld metal, heat-affected 
zone and base metal in a welded joint. 
Studies on the effect of welding vari­
ables such as heat input and postweld 
heat treatment and on the influence of 
welding consumables have been per­
formed on weldments of all types.28 •" 
Research programs have ranged from 
electroslag welded C-Mn (A537) steel2-
to high nickel cryogenic alloy gas-
metal-arc welded wi th austenitic f i l l­
ers.29 These studies continue today on 
microalloyed steels for moderately low 
temperature service. In many of these 
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Fig. 25—Effect of prestressing and aging on 
the toughness of A517 Grade 70 and A533 
Grade B Class 7 steel 

studies, one particular region of the 
weldment had lower toughness than 
those that surround it. In some cases 
this region has been the heat-affected 
zone, but not always so. Moreover, 
postweld heat treatment may or may 
not be helpful wi th respect to improv­
ing the toughness of the poorer zone, 
or it may damage one zone while 
improving another. 

This principle was clearly illustrated 
in the fracture toughness study of 
weldments of three of the materials 
studied during these PVRC investiga-
t ions-A537, A542 and A517 Type F, all 
in 2 in. (51 mm) thickness. Figures 26 
and 27 show the results of investiga­
tions of these materials. The weld met­
al, heat-affected zone and base metal 
were sampled in these studies. As may 
be seen, the relative toughness of 
these zones varies from material to 
material. The use of low welding heat 
input was not always helpful for the 
toughness of the weld metal nor was 
postweld heat treatment always bene­
ficial to toughness. 

For very high heat input processes 
like electroslag welding, heat treat­
ment by normalizing after welding 
may offer improvement of badly dam­
aged heat-affected zones. In these 
studies, admittedly l imited, for the 
A542 material the weld metal was the 
weakest link—that is to say was the 
region of lowest fracture toughness, 
while for the A517-F material it was the 
base metal. For A537, when electroslag 
welded, it was the weld metal and 
heat-affected zones which were the 
regions of lowest toughness. A similar 
comparison is already illustrated in Fig. 
7 where the base metals in heat-
affected zones of cryogenic steels are 
compared with respect to fracture 
toughness in the low temperature 
regime of service. 

Unfortunately, there is presently no 
substitute for actual weldment tests to 
determine how a given weldment wi l l 
behave. In this regard, the lack of a 
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clear cut and widely accepted weld­
ment test has been and continues to 
be a problem. Testing of individual 
small regions of a we ldment - fo r 
example, Charpy impact tests or com­
pact tension tests notched in, say, the 
heat affected zone—will not necessari­
ly reveal the overall behavior of a 
weldment in service. Attempts to sam­
ple the composite weldment fracture 
behavior have not been entirely satis­
factory, and the Pressure Vessel Re­
search Committee has sponsored re­
search in the area. More research is 
clearly needed. 

Service Related Effects 

In the period between 1950 and 1960 
a substantial amount of work was 
done at Lehigh University on the 
effects of service environment expo­
sure on the properties, particularly the 
toughness, of pressure vessel steels.32 

These investigations have continued, 
although the extensive study done 
between 1955 and 1960 has not, of 
course, been duplicated. One of the 
areas of special concern is the 
influence of temper embritt lement on 
the properties of steels designed for 
elevated temperature service. These 
studies3-'-3' coordinated with the stud­
ies on the creep rupture characteristics 
of these steels. Although temper 
embritt lement is not a problem during 
actual service, the temperature range 
is such that temper embritt lement can 
and probably wi l l occur, and the 
toughness of the steels in the ambient 
temperature range after extended ser­
vice becomes a matter of concern. 

Some results from studies on A542 
steel are illustrated in Figures 28 and 
29. Here it is shown that some pressure 
vessel steels used for elevated temper­
ature service above 800°F (427°C) wil l 

increase in transition temperature in 
time periods beyond 1000 h. Thus, a 
material which initially has a transition 
temperature well below ambient can, 
after service exposure, suffer a signifi­
cant loss in toughness in the ambient 
range. 

Investigations on A542 steel wi th 
different heat treatments show that 
materials that have been cooled at 
slower cooling rates from the austen-
itizing temperature (for example, the 
simulated 6 in. (15.2 cm) plate in Fig. 
29) appear not to have embritt led very 
substantially during the first 1000 h of 
their life; however, exposure beyond a 
1000 h can produce substantial losses. 
As can be seen from Fig. 29, the 1 and 6 
in. (2.54 to 15.2 cm) thick plates 
approach each other in toughness for a 
specific time period of about 500 h. 
Beyond this period, the finer micro-
structure (1 in.) plate begins to satu­
rate in terms of embritt lement and 
further embritt lement is slight. How­
ever, the coarser microstructure (6 in.) 
plate continues to embritt le and, thus, 
wil l eventually have a transition tem­
perature well above ambient after 
periods of service beyond 1000 h. 

Another area of study has been the 
strain-aging characteristics of steels, 
already mentioned under fabrication 
effects, but which also relates to ser­
vice. This was extensively studied for 
pressure vessel steels in the 1950-60 
period'2 and to a l imited extent 
between 1960-1980. Wi th the advent 
of microalloyed steels, a new program 
of study of the strain-aging character­
istics of these steels has also been 
undertaken. 

Future Developments 

If we look at the future, there are 

some areas of change and develop­
ment that wil l likely influence the 
pressure vessel industry. As far as 
materials are concerned, the increas­
ing demand for steels wi th assured 
fracture resistance in even moderate 
types of service wi l l place a new 
emphasis on control of toughness for 
these applications. For this reason, 
materials wi th less controlled tough­
ness such as A285, A515 and other 
typically coarse gained and as-rolled 
plate products wil l be displaced by 
materials wi th higher assured tough­
ness, i.e., higher Mn /C ratios and grain 
size control. 

As already mentioned, the microal­
loyed steels may be an effective alter­
native in providing both higher 
strength and higher toughness, al­
though they wil l be somewhat more 
expensive. Quenched and tempered 
steels have, at the present t ime, 
reached a plateau where increased 
strength or hardenability wil l be 
obtained only at the cost of weldabi l i ­
ty. 

Figure 30 illustrates the progress 
with these types of steels over the 
1960-80 period. Using a pressure vessel 
12 in. (30.5 cm) thick made of A533 
Grade B Class 1 as a reference point (a 
thick walled nuclear vessel), the thick­
ness of a similar vessel made of higher 
or lower strength steel using a typical 
code parameter (one-third of the ten­
sile strength) is shown. Heat treatment 
of these typical heavy section steels 
from the class 1 strength level (as they 
are now for the most part) to the class 
2 strength level results in only marginal 
decrease in thickness. Substantial in­
creases can be achieved at this point 
only by using materials such as HY-130 
(a navy hull steel) of much higher cost 
and lower weldability. Further devel-
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o p m e n t s in these steels w i l l p r o b a b l y 
be l i m i t e d in t h e i m m e d i a t e f u tu re . 

If a l te rnate energy sources, p a r t i c u ­
larly coal gas i f i ca t ion , a t t rac t subs tan­
t ia l d e v e l o p m e n t f u n d i n g in t he next 
f ive years, t h e C r - M o steels w i l l see use 
in new app l i ca t i ons and very large 
pressure vessels of these steels—for 
examp le , A387 t ype 22—wi l l be c o n ­
s t ruc ted . The e c o n o m i c s o f these p r o ­
cesses is no t so ce r ta in ; d e v e l o p m e n t 
w i l l p robab l y be s low bu t steady. S i m ­
i lar ly, t h e use o f h igh n i cke l steels f o r 
l i qu i f i ed natura l gas t ranspor t and stor­
age is a poss ib le g r o w t h area, bu t t h e 
ins tab i l i t y of t h e po l i t i ca l s i t ua t i on w i l l 
make th is d e v e l o p m e n t c a u t i o u s also. 

From the s t a n d p o i n t o f mechan i ca l 
p roper t y assessment, f rac tu re m e c h a n ­
ics m e t h o d o l o g y w i l l c o n t i n u e to g r o w 
in app l i ca t i on and w i l l be t h e f rac tu re 
c o n t r o l p h i l o s o p h y tha t p r e d o m i n a t e s 
in codes o f t he 1980's. The p rocedu res 
w i l l change as far as t h e m e a s u r e m e n t 
o f t he f rac tu re toughness parameters is 
c o n c e r n e d , b u t t he basic p h i l o s o p h y 
w i l l prevai l p re t t y m u c h as it is n o w fo r 
some t i m e . Advances in m e t h o d s for 
n o n d e s t r u c t i v e tes t ing and de fec t 
analysis, a l ready seen in t h e 1970's, w i l l 
make t h e f rac tu re mechan ics app roach 
m o r e e f fec t i ve . In te rms o f actual 
mechan ica l p roper t i es , it appears tha t 
changes w i l l be i n c r e m e n t a l in t h e 
near t e r m ; t he p r imary emphas is w i l l 
be o n cost e f fec t iveness of a steel fo r a 
speci f ic t ype of a p p l i c a t i o n rather t h a n 
s imp ly h igher s t rength or be t te r t o u g h ­
ness as a genera l goa l . 

Fig 29 
heavy section A542 steel 

Final ly, w e l d a b i l i t y and service e n v i ­
r o n m e n t a l ef fects w i l l p robab l y re­
qu i re some care fu l s tudy a n d research 
in t he 1980's. M a n y n e w w e l d i n g p r o ­
cesses u t i l i z i n g the c o n c e p t s o f d e p o s ­
i t ing a m i n i m u m a m o u n t o f w e l d me t ­
al us ing a n a r r o w - w e l d - w i d t h a u t o ­
ma ted system w i l l be p e r f e c t e d . Some 
are a l ready in use today . W e l d a b i l i t y 
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p rob lems such as ho t a n d c o l d c rack­
ing, w h i c h are st i l l w i t h us today , w i l l 
need to be eva lua ted and c o n t r o l l e d 
w i t h respect to these n e w processes. 
Even cu r ren t l y used processes are 
o f t e n no t w e l l u n d e r s t o o d , and c rack­
ing p r o b l e m s associated w i t h these 
processes need fu r t he r s tudy and c o n ­
t ro l . 

Service e n v i r o n m e n t s tha t w i l l re­
qu i re t he greatest s tudy are p r o b a b l y 
those associated w i t h a l te rna te energy 
sources, pa r t i cu la r l y u t i l i z a t i o n o f h igh 
ava i lab i l i t y bu t l owe r qua l i t y fossel 
fuels. Recovery of these resources w i l l 
p lace substant ia l t e m p e r a t u r e , c o r r o ­
s ion , and e ros ion r e q u i r e m e n t s o n 
mater ia ls ; these w i l l p resent some real 
cha l lenges to p roduce rs and fab r i ca ­
tors of pressure vessels in t he years 
ahead. 

S u m m a r y 

T w e n t y years of w e l d i n g research, 
even in a res t r ic ted f ie ld and at o n e 
i n s t i t u t i o n , is d i f f i cu l t t o s u m m a r i z e in 
o n e paper. D u r i n g th is t i m e pe r i od w e 
have seen m e n travel t o t he m o o n a n d 
re tu rn , have seen nuc lear p o w e r g r o w 
and in recent days c o m e unde r f i re , 
and w e have seen a rev i ta l i za t i on o f 
a l te rnate energy concep ts . There is 
scarcely a f ie ld in w h i c h changes over 
the last 20 years have n o t i m p a c t e d o n 
pressure vessel t e c h n o l o g y . Research 
on pressure vessel steels has re f lec ted 
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these changes a n d , h o p e f u l l y , p r o ­
v i d e d the ins ights that a l l o w advance ­
m e n t in pressure vessel t e c h n o l o g y . 

Steels and f ab r i ca t i on processes 
used t o d a y are subs tan t ia l l y m o r e 
soph is t i ca ted t h a n 20 years ago. M o r e 
c o m p l e x a l loy c o m p o s i t i o n s , m o r e 
h igh t e c h n o l o g y w e l d i n g processes 
and m o r e i n v o l v e d pre- and p o s t w e l d 
heat t r ea tmen ts w i l l b e c o m e t h e ru le 
rather t h a n t h e e x c e p t i o n in t h e next 
20 years. It is t he h o p e o f invest iga tors 
at Lehigh Un ive rs i t y tha t t h e research 
inves tmen ts o f t h e past 20 years s u m ­
mar i zed here have p r o v i d e d t h e d i v i ­
d e n d s o f a s o u n d t echn i ca l basis f o r 
f u t u r e d e v e l o p m e n t s in t he pressure 
vessel f i e l d . 
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