
Effect of Porosity on Elevated 
Temperature Fatigue Properties of 
21/4Cr-1Mo Steel Weldments 

Tests show that in 21ACr-1Mo steel at 1200 F, 5-8% 
porosity can reduce fatigue life by 98% 

BY R. A. BUCHANAN AND D. M. YOUNG 

ABSTRACT. The effects of porosity 
on the fatigue properties of 2ViCr-
1Mo steel w e l d m e n t s were ex
perimentally determined. The spec
imens were fabr ica ted using the 
shielded metal-arc welding process 
with ASTM A387-D base metal and 
matching weld metal via E9018-B3L 
electrodes. The shoulder and gage 
sections of each fatigue specimen 
were all weld metal. A set of nonpor-
ous specimens and two sets of spec
imens having approximately five and 
eight volume per cent (v/o) porosity 
were tested in fatigue at 1200 F and 
over a stress-amplitude range from 
12 to 30 ksi. The specimens exhibit
ing weld-metal porosity were fab
ricated by injecting air and oxygen 
into the arc atmosphere, which yield
ed approximately five and eight v /o 
porosity respectively. Although with
in experimental error the fatigue lives 
of the five and eight v /o porosity 
specimens were not significantly dif
ferent, the fatigue lives of the porous 
specimens were only approximately 
two per cent of the fatigue lives of the 
nonporous specimens at all stress 
amplitudes evaluated. Based on the 
small plastic strains at fracture and 
the complete absence of necking, the 
fatigue mechanism appeared to be 
the dominant failure mode. There-
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fore, the large effect of weld metal 
porosi ty on elevated tempera ture 
fatigue properties is discussed as 
much as possible with the existing 
data in terms of the effects of poros
ity on fatigue crack nucleation and 
propagation. 

Introduction 

This paper reports on a study of 
weld metal porosity and its effect on 
the elevated temperature fat igue 
properties of 21/.Cr-1Mo steel weld
ments. The investigation was per
formed in order to add to the growing 
body of knowledge concerning the ef
fects of the various structural dis
continuities that can be generated 
during the welding process on the 
resultant mechanical properties of the 
weldments. Until only recently most of 
the code and specification accep
tance standards for discontinuities 
were based on qualitative judgments 
and not on the results of definitive 
studies (Refs. 1,2). 

Porosity, produced by gas entrap
ment during weld metal solidifica
t ion, is the most common type of 
structural discontinuity (Ref. 3). It is 
also responsible for the largest per
centage of weldment rejections or re
pairs (Ref. 4). Consequently, weld 
metal porosity has been the subject of 
a number of investigations. Some of 
the earlier researchers utilized spec
imens with "artif icial" porosity, pro
duced for example by dril l ing holes. 
However, as shown by Norrish and 
Moore (Ref. 5), such specimens can 
produce misleading results by giving 

higher strength levels than spec
imens with "natural" porosity of the 
same magnitude. 

Most of the work on the effect of 
"na tu ra l " weld metal porosi ty on 
mechanical properties has been con
ducted at room temperature. And the 
prevailing conclusion is that porosity 
has little effect. For example, Green et 
al (Ref. 6) evaluated the effects of 
porosity on mild steel welds at room 
temperature, and found that the weld 
cross sections could be reduced by 
as much as 7% by porosity without 
mate r ia l l y chang ing the tens i le 
strength, ductility or Charpy impact 
strength. Also, as discussed by Harri
son (Ref. 1), Masi and Erra (Ref. 7) 
tested welds with porosity levels up to 
20%, and found that the tensi le 
strength was almost constant when 
expressed in terms of the net cross 
sectional stress. 

Low cycle room temperature fa
tigue tests of mild steel weldments 
appear to confirm the relatively small 
effect porosity has on tensile strength, 
and also perhaps on fatigue strength. 
Ishii (Ref. 8) tested weldments with 
porosity levels up to 5% and found 
that for endurances up to 10" cycles, 
the fatigue strength was nearly equal 
to the tensile strength. Therefore, with 
regard to room temperature mechan
ical properties, the available data 
verify within reason the widespread 
conclus ion that porosi ty is not a 
significantly harmful discontinuity. 
However, the very l imited work on 
high temperature properties reveals a 
possibly different conclusion. 

Only Ishii et al (Ref. 9) in Japan 
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have studied the effects of porosity on 
the elevated temperature mechan
ical properties of weldments. Tensile, 
creep-rupture and fatigue tests were 
conducted on porous welds in ASTM 
A302B, a Mn-Mo low alloy steel. The 
tensile strength at 400 C (752 F) was 
not affected by porosity levels up to 
10%. However, the c reep- rup tu re 
strength was affected, and the detr i
mental effect became more p ro 
nounced at longer t imes-to-rupture. 
For example, at 550 C (1022 F), 3-4% 
porosity reduced the creep strength 
for a 100 h life by 11 %, but for a 1000 
h life, the porosity reduced the creep 
strength by 50%! Only 3 specimens 
with 3-4% porosity were tested in fa
tigue. Furthermore, it is difficult to 
draw conclusions f rom the fatigue test 
results because no porosi ty- f ree 
specimens were similarly tested in 
order to form a basis for comparison 
(Ref. 1). 

In summary then, information on 
the effect of porosity on elevated 
temperature properties is confined to 
one investigation on one material. 
Even this study is very limited in the 
data produced. Nevertheless, the re
sults indicate that a given porosity 
level can be much more detrimental 
at elevated temperature than at or 
near room temperature. 

Experimental Procedure 

The material selected for the 
present investigation was ASTM A387 
Grade D, which has a nominal com
position of 21/4Cr-1Mo. This material 
was selected primarily because of its 
current widespread use in welded 
structures designed to function at ele
vated temperature, e.g. nuclear ves
sels, petroleum hydrocrackers, etc. 
The procedure followed during the 
fabrication of the weld metal fatigue 
specimens was as fo l lows. First, 
grooves approximately one-half inch 
in depth with rectangular cross sec
tions were machined into the 1 in. 
thick ASTM A387 Grade D base 
metal . Next, f i l ler metal was de
posited into the grooves utilizing the 
shielded metal-arc welding process 
and E9018-B3L electrodes. Finally, 
c o m p o s i t e s p e c i m e n s were m a 
chined from the welded plates trans
verse to the longitudinal axes of the 
welds. As illustrated in Fig. 1, the 
composite specimens were all weld 
metal except for the gripping sec
tions. As part of the welding process, 
a 400 F (204 C) preheat was used; and 
after welding, the plates were sub
jected to a stress-relief heat treat
ment of one hour at 1260 (682 C). The 
chemical composit ions of the base 
metal and the as-deposi ted weld 
metal are presented in Table 1. 

The introduction of a relatively uni
form distribution of nominally spher
ical porosity proved to be a difficult 
problem. After many attempts, as 

summarized in Table 2, two success
ful methods were found. The first 
method involved the injection of oxy
gen directly into the arc atmosphere 
during welding, and yielded an aver
age of approximately 8 volume per 
cent (v/o) porosi ty. The second 
method involved the injection of com
pressed air directly into the arc atmo
sphere during welding, and yielded 
an average of approximately 5 v/o 
porosity. It should be realized that the 
type of porosity developed by these 
laboratory techniques should be very 
similar to that developed dur ing 
regular welding practice by such ab
normalities as air currents, inade
quate shielding, etc. 

Porosity-free specimens were also 
fabricated for use as references in the 
fatigue testing program. All param
eters in the welding procedures used 
to produce the porous and non-
porous specimens were identical ex
cept for the injection of air and oxy
gen respectively in the two sets of 
porous specimens. 

After fabrication, the welded plates 
were radiographed to check the 
average pore size and distribution, 
and also to verify the absence of 
large-scale slag inclusions and in
complete fusion. Then in order to ac
complish the detailed porosity anal
ysis, specimen blanks with square 
cross-sections were machined from 
the welded plates. Examples of the 
specimen blanks are shown in Fig. 2. 
The pore-size distribution and the v/o 
porosity were evaluated for each 
spec imen by care fu l ly ana lyz ing 
photographic enlargements of two 
cross sect ions of each spec imen 
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blank. The volume fraction of porosity 
was evaluated as the weight of the ex
cised pore regions of the enlarge
ment divided by the total specimen 
blank enlargement weight. Although 
this measurement gave directly the 
areal fraction of porosity, it can also 
be considered equivalent to the 
volume fraction, as discussed by 
DeHoff and Rhines (Ref. 10). The v /o 
porosity associated with each fatigue 
specimen is presented in Table 3, and 
the average pore-size distributions of 
the air-porous and oxygen-porous 
specimens are shown in Fig. 3. 

Inspection of the specimen blanks 
in Fig. 2 allows a qualitative descrip
tion of the type of porosity de
veloped. Many of the individual pores 
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Fig. 2 — Examples of porous fatigue specimen blanks 
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Table 1 — Analyses of Base Plate and Deposited Weld Metal, wt. % 
AVERAGE PORE DIMENSION, Hn 

1.0 2.0 3.0 

Material Si Mn Cr Mo 

Plate 
Weld metal 

.12 

.01 
.23 
.71 

.50 

.61 
.015 
.015 

.020 

.004 
2.37 
2.06 

.98 
1.06 

Other trace elements: Cu, Ni, Sn, Al, W, Ti, V, Cb, Co, Pb, As 

Table 2 — Trial Welding Methods and Results 

Trial Method 

1 Welded over Fe304 powder 
2 Welded over Fe203 powder 
3 Welded with electrodes soaked 

in water 36 h 
4 Welded with electrodes baked at 

750 F and soaked in water 36 h 
5 Welded with electrodes soaked 

in #40 motor oil 
6 Welded with electrodes soaked 

in cutting oil 
7 Welded while injecting water into 

the arc atmosphere 
8 Welded while injecting water mist 

into the arc atmosphere 
9 Welded with long arc, low amperage 

(100A), and high travel speed 
10 Welded with long arc, low amperage 

(100A), high travel speed and erratic 
manipulation 

11 Welded using bare wire welding 

12 Welded with partial electrode-flux 
removal, leading edge bare 

13 Welded with flux removed from 
electrode 

14 Welded with partial electrode-flux 
removal, trailing edge bare 

15 Welded over sodium bicarbonate 

Results 

No porosity generated 
Generated extremely fine porosity 
No porosity generated. 

No porosity generated 

Generated coarse porosity 

Generated coarse porosity 

No porosity generated 

No porosity generated 

Generated porosity but had slag 
inclusions and lack of fusion 

Generated porosity but had slag 
inclusions and lack of fusion 

Generated porosity but had lack 
of fusion, general unsoundness 

No porosity generated 

Generated porosity, penetration 
limited, general unsoundness 

No porosity generated 

Some fine porosity generated but 
not consistently 

were not nomina l l y spher i ca l in 
shape; in fact some of them exhibited 
rather acute angles. Furthermore, al
though many of the pores were 
characterized by bright, clean walls, 
some of the pore walls were oxid
ized, and other pores contained large 
amounts of slag type material, i.e., 
perhaps very small slag inclusions. 
The characteristics of the porosity de
veloped in this study are not too sur
prising since the porosity was primar
ily caused by the evolution of oxygen 
and n i t rogen du r i ng weld metal 
solidification. 

The fatigue testing program was 
conducted with a constant-displace
ment type fatigue machine. In all 
cases the cyclic stress variation was 
sinusoidal in nature, varying from 
zero to a maximum tensile stress. The 
frequency employed was 500 cycles 
per minute (8.33 cycles per second); 
the temperature was 1200 ± 15 F (648 
± 8 C); and the stress amplitudes 
ranged from 12.0 to 30.0 ksi (83 to 207 
MPa). Since for a given test a con
stant stress ampli tude was desired, it 
was necessary to monitor the load 
applied to the specimen and manual

ly make periodic adjustments to com
pensate for specimen elongat ion. 
Load checks, and adjustments when 
necessary, were made every 10,000 
cycles; this procedure resulted in a 
constant load ampli tude within ± 5% 
of the desired value. 

Results 

The results of the elevated temper
ature fatigue tests are presented in 
Table 3, which for each specimen 
gives the v /o porosity, the stress 
amplitude employed, and the num
ber of cycles to fracture. The fatigue 
results are also shown as S-N curves, 
i.e., stress amplitude vs number of 
cycles to fracture, in Figs. 4 and 5. In 
Fig. 4, the stress amplitude is based 
on the total cross sectional area, i.e., 
nonporous plus porous areas; where
as in Fig. 5, the stress ampli tude is 
based on the net cross sectional area, 
i.e., nonporous area only. The net 
cross sectional areas were derived 
from the experimental v/o porosity 
values and not from fracture surface 
examinations. 
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Fig. 3 — Porosity size distributions for air 
and oxygen injected specimens 

As seen in Figs. 4 and 5, the re
sults did not allow a differentiation be
tween the fatigue properties of the air-
porous and oxygen-porous spec
imens, which represented a range in 
porosity levels from approximately 4 
to 10 v/o. However, a vast difference 
was found between the fatigue prop
erties of the porous and nonporous 
specimens. The fatigue lives of the 
porous specimens were only approxi
mately 2% of the fatigue lives of the 
nonporous specimens at all stress 
ampl i tudes. Moreover, this huge 
reduction in fatigue life could not be 
explained as being strictly caused by 
the loss in cross sectional area due to 
porosity, as evidenced by the data as 
plotted in Fig. 5. 

Since the fatigue testing was per
formed at 1200 F (648 C), one might 
expect that considerable creep could 
have taken place and therefore in
f luenced the failure mechanism. Sur
prisingly however, the specimens ex
hibited very little creep strain. In all 
cases the total plastic strain at frac
ture was less than 0.8%. Further
more, no evidence of localized defor
mation or necking before fracture was 
found, and all the fracture surfaces 
were perpendicular to the tensile axis. 
These brittle, fatigue type failures oc
curred despite the high temperature 
and the fact that room temperature 
hardness measurements after the 
fractures indicated relatively ductile 
weld metal microstructures with hard
nesses in the range RB 85-100. 

Discussion of Results 

Because of the particular alloy 
studied and also the elevated temper
ature at which the tests were con
ducted, a number of factors in addi
tion to the basic fatigue process could 
have contr ibuted to the failures. 

Probably the most important is 
temper enbritt lement, to which the 
2 % C r - 1 M o a l loy is p a r t i c u l a r l y 
susceptible (Ref. 11) Another failure 
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mechanism that could have been 
operative is creep embrit t lement (Ref. 
12). However, under the condit ions of 
the present investigation, these two 
factors were expected to have had 
equal effects on both the porous and 
nonporous specimens; and therefore 
could not have caused the large 
reduction in fatigue life due to porosi
ty-

However, there are several more 
factors that could have had different 
effects on the porous and nonporous 
specimens. The first is of course the 
creep phenomenon. There is experi
mental evience, as cited earlier, that 
creep rates should be higher in 
porous specimens than in nonporous 
specimens. And yet under the experi
mental conditions of this work, virtual
ly no creep strain was developed in 
any of the specimens. Perhaps if the 
cyclic frequency of the fatigue tests 
had been r e d u c e d , t he c r e e p 
mechanism would have played a 
larger role in the results. 

The final two factors to be con
sidered are oxygen and nitrogen em
brittlement. The two techniques used 
to generate the weld metal porosity 
certainly produced the porosity per 
se, but also may have produced em
brittled microstructures (Ref. 13). In 
the oxygen in jec ted s p e c i m e n s , 
residual oxygen may have been pre
sent in the dissolved state and/or as 
oxide particles in the microsructure. 
In the air injected specimens, both 
oxygen and nitrogen may have been 
present in the dissolved state and/or 
as oxides and nitrides. Indeed, it is 
probable that embritt led regions sur
rounding the pores significantly en
hanced the detrimental effects of the 
porosity itself. 

Therefore, the over-all results of 
this study indicated that the porosity 
itself, as well as probably changes in 
the microstructures and/or chemis
try of the weld metal surrounding the 
pores , s ign i f i can t ly r e d u c e d the 
fatigue life of the weld metal by 
modifying the basic fatigue processes 
of crack initiation and propagation. In 
view of this conclusion, the effects of 
porosity on fatigue crack initiation 
and propagation will now be dis
cussed in order to explain the data 
presented in Figs. 4 and 5. 

Let the total number of cycles re
quired to initiate and propagate a 
fatigue crack to critical length for a 
porous specimen be represented as 
Nf, similarly, let the total number of 
cycles for a nonporous specimen be 
Nf. These parameters can be ex
pressed as 

(D 

(2) 

NP= Np+ N^ 

N"= N"+ Np 

f ' p 
where Ni and NP refer to the number of 
cycles required for crack initiation 
and propagat ion respect ively. In 
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Fig. 4 — S-N curves for porous and nonporous weld metal specimens with stress ampli
tudes based on total cross sectional areas 
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Fig. 5 — S-N curves for porous and nonporous weld metal specimens with stress ampli
tudes based on net cross sectional areas 

order to simplify the manipulations to 
follow, let the following parameters be 
defined: x =NP /N" , which reflects the 
effect of porosity on the cycles re
quired for initiation; y =Np/Np, which 
reflects the effect of porosity on the 
cycles required for propagation; f, = 
Nf/N", i.e., the fraction of cycles re
quired for crack initiation in the non
porous specimens; and finally, R = 
Np/N", which reflects the effect of 
porosity on total fatigue life. By com
bining Eqs. (1) and (2) , and utilizing 
the previous definitions, the following 
equation results 

amplitudes, dR/dcr = 0, where a is the 
cyclic stress amplitude. Therefore, 
differentiation of Eq. (3) with re
spect to a yields 

(4) 

R = xf, + y(1-f.) (3) 

Since the data generated in this study 
indicated that R ~ 0.02 at all stress 

0 = XolJdcr + tfix/Sa 
— y6f/ 5 cr + Sy/rScr 
-fi5y/.5(T 

Equation (4) will now be analyzed in 
terms of the results of this investiga
tion and other relevant information in 
the literature. First, it is known that the 
parameter f,, the fraction of cycles re
quired for crack initiation in a non
porous specimen, is a function of 
stress ampli tude (Ref. 14). In fact, f, 
decreases with increasing stress 
amplitude; and therefore the term 
df/drr is negative. With regard to the 
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Table 3 — Porosity Levels and Fatigue Properties 

Specimen type Avg. v /o 
and number porosity 

Nonporous 
2 0 
3 0 
4 0 
8 0 

10 0 
Air-

injected 
1 4.74 
2 4.94 
5 3.64 
6 5.72 

11 6.42 
Oxygen-
injected 

1 5.56 
3 9.49 
9 6.29 

10 7.69 
12 7.10 
13 9.68 
15 8.42 

Stress ampli tude 
ksi 

25.0 
12.0 
20.0 
30.0 
30.0 

22.5 
20.0 
25.0 
15.0 
12.5 

12.5 
17.5 
15.0 
22.5 
25.0 
20.0 
15.0 

(MPa) 

(172) 
(83) 

(138) 
(207) 
(207) 

(155) 
(138) 
(172) 
(103) 

(86) 

(86) 
(121) 
(103) 
(155) 
(172) 
(138) 
(103) 

No. of cycles 
to failure 

164,210 
1,500,000(a) 

750,001 
20,700 
34,490 

10,001 
24,100 

4,200 
88,508 

0(b) 

0(b) 
76,684 

0(b) 
14,206 
3,200 

20,200 
112,110 

(a) Did not fracture — stopped test 
(b) Fractured on application of load 

parameter x, which refers to the ef
fect of porosity on crack initiation, 
work by Barsom (Refs. 14,15) con
cerning the effect of stress concen
trators on the number of cycles for in
itiation has verified that stress con
centrators certainly reduce the cycles 
required for initiation. But even more 
important, Barsom's work has shown 
that the number of cycles for crack in
itiation in the presence of notches can 
be closely correlated with the param
eter AK/Jp where AK. is the stress 
intensity factor range and p is the 
notch tip radius. In terms of Eq. (4), x 
can be regarded as the ratio of AK/jp 
for porous and nonporous spec
imens. And since (a) AK ; is a product 
of stress ampli tude times geometric 
factors associated with the stress 
concentrator (Ref. 16), and (b) the 
pores responsible for crack initiation 
in all the porous specimens in this in
vestigation were probably compar
able in size and shape, in the ratio the 
s t ress a m p l i t u d e shou ld cance l . 
Therefore, dx/do- is assumed to be 
zero. In view of these assumptions, 
Eq. (4) reduces to the form 

0 = (x-y)t5tyoV + (1-f,)5y/c5cr (5) 

It is reasonable at this point to 
assume x < y, i.e., that porosity has a 
greater effect on crack initiation than 
p r o p a g a t i o n . The a s s u m p t i o n is 
reasonable because a pore, prob
ably at the surface, would influence 
crack initiation during the entire initia
tion stage; whereas during propa
gation, the crack propagation rate 
would only be altered when the crack 
was within the stress concentration 
field of influence and the embritt led 
region surrounding a pore. There
fore, under the previous assump

tions, the only way Eq. (4) can be 
satisifed is for the quantity dy/drr to be 
negative, i.e., porosity must decrease 
the crack propagation stage by in
creasing amounts with increasing 
stress amplitude. 

The conclusion regarding the ef
fect of porosity on the fatigue crack 
propagation stage is not unreason
able, and can be rationalized by con
sidering the effects of the elastic 
s t ress concen t ra t i on f ie lds sur 
rounding the pores, the embritt led 
microstructural regions surrounding 
the pores, and finally the variation of 
the critical crack length with stress 
amplitude. The crack propagation 
rate will increase when the crack 
enters the higher stress fields and 
embritt led microstructures surround
ing the pores, and therefore fewer 
cycles will be required to propagate 
the crack through these regions. The 
d imensional extent of the higher 
stress regions does not change with 
r is ing stress ampl i tude (Ref. 17). 
Neither, of course, does the extent 
of the embritt led microstructural 
regions. However, the critical crack 
length for total fracture decreases 
with increasing stress ampli tude (Ref. 
16). Consequently, the fraction of the 
total crack path in which the crack 
propagation rate is accelerated by 
porosity increases with increasing 
stress ampl i tude. Therefore, one 
would expect porosity to decrease the 
number of cycles required for crack 
propagation by increasing amounts 
with increasing stress amplitude. 

Conclusions and 
Recommendat ions 

This investigation has shown that 
under certain condi t ions porosi ty 
should not be regarded as a virtually 

harmless welding discontinuity. In the 
21/iCr-1Mo low alloy steel weldments 
examined in this study, approx i 
mately 5-8 v/o porosity reduced the 
fatigue life by 98% at 1200 F (648 C). 
Furthermore, the porosity generated 
in the laboratory was the same 
"porosity-type" as would be gen
erated in production by inadequate 
shielding, air currents, etc. The data 
indicated that the fatigue mechanism 
per se was primarily responsible for 
the fatigue failures. Consequently the 
results were discussed in terms of the 
effects of porosity on fatigue crack in
itiation and propagation. 

Other effects related to this in
vestigation are presently under study. 
First, it is suspected that the injection 
of oxygen and compressed air into 
the arc atmosphere during welding 
not only generated porosity, but also 
probably modif ied the microstruc
ture and/or chemial composit ion, and 
therefore the mechanical properties, 
of the weld metal surrounding the 
pores. This modification could have 
influenced the early fatigue failures. 
Consequently, studies of the porous 
weld metal microstructures are now 
underway. Another effect usually 
associated with high temperature 
mechancial behavior is also present
ly under study. It is suspected that the 
creep properties would be strongly in
fluenced by the level of weld metal 
porosity. Consequently, creep tests 
are now being conducted on porous 
and nonporous 2'/4Cr-1Mo we ld
ments at 1000 F (538 C) and 1200 F 
(648 C). 

Finally, in view of the fat igue 
mechanism discussion of the results 
of this study, it is suggested that more 
work be devoted to the effect of in
ternal stress concentrators , e.g., 
pores, on fatigue crack propagation 
rates. 
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"Fracture Toughness and Related Characteristics 
of the Cryogenic Nickel Steels" 

by A. W. Pense and R. D. Stout 

A large volume of data concerning the 2V*, 3V2, 5 and 9% nickel steels, corresponding to ASTM 
specifications A203 Grades A and D, A353, A553 Type I, and A645, has been collected from the 
open literature and private sources. The mechanical-property data collected include tensile-test 
properties at ambient and cryogenic temperatures, notch toughness, fracture toughness and fa
tigue strength. A brief description of each of the testing methods used and their significance to 
cryogenic service are included. Tables and figures summarizing the data are presented. The 
strengths and toughnesses required by the respective ASTM steel specifications and ASTM 
specification A593 are normally met or exceeded by the steels. For the lower nickel steels, gains in 
toughness can be obtained by quenching and tempering rather than normalizing. 

The effects of fabrication operations such as cold work, heat treatment and welding on the 
mechanical properties are considered. In general the effects of cold work and welding on the 
tensile properties of the cryogenic nickel steels are small. In the case of 2V2 and 314 nickel steels, 
the notch toughness is adversely affected by cold forming and aging but little influenced by weld
ing operations. Subsequent thermal stress-relief treatments will restore the original toughness. 
Conversely, the notch and fracture toughness of the higher nickel steels are relatively insensitive 
to cold forming, but are reduced in weld heat-affected zones produced by high heat inputs. The 
fatigue properties of the cryogenic steels appear to fit the typical scatter band obtained for struc
tural steels, and cryogenic crack-growth rates are not significantly different from those at room 
temperature. 

An attempt has been made to evaluate the critical flaw sizes at design-stress levels for the 
steels as a function of temperature and stress concentration. For the lower nickel steels, it was con
cluded that A203 Grade A steel should be limited to service temperatures above -75 F (-59 C) and 
A203 Grade D should be limited to service temperatures above -110 F (-73 C). When quenched and 
tempered, the service temperature for these steels can be reduced by about 25 F (14 C). For the 
higher nickel steels, leak-before-break behavior may be predicted for most expected cryogenic 
applications. For example, the A353 and A553 Type I steels will meet this criterion at -320 F in 1.5 
in. (38 mm) plate for a design stress of 25 ksi (172 MPa) and a stress concentration of Kt =2. The 
A645 steel will meet these same requirements at a service temperature of -275 F (-170 C). 

The preparation of this paper was sponsored by the Pressure Vessel Research Committee of 
the Welding Research Council. 
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Orders should be sent with payment to the Welding Research Council, United Engineering 
Center, 345 East 47 Street, New York, N.Y. 10017. 
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