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Tests demonstrate the suitability of this Armco heat 
treated steel for cryogenic containment service when 
properly welded 

BY D. A. SARNO, J. P. BRUNER AND 
G. E. KAMPSCHAEFER 

ABSTRACT. A 5% nickel alloy steel* 
was specifically designed for cryo
genic service. The low temperature 
capability of this steel is attained by 
composit ion optimization and micro-
structural control through a special 
three-step heat treatment. For parti
cularly critical applications, fracture 
toughness and fatigue data have been 
developed. Rotating beam fatigue 
characteristics, stress intensity (Kc ), 
and fatigue crack growth rate (da/dN 
vs AK) data at cryogenic temper
atures are presented for steel plates 
and weldments. These data further 
demonstrate the suitability of this 
steel for cryogenic service and pro
vide the designer with information 
that should enable development of 
safe and economical containment 
systems. 

Introduction 

One of the most promising short 
term solutions for the worldwide in
crease in energy demand is the im
portation of l iquid natural gas (LNG). 
This has already begun in several 
locations, and many more projects 
are planned to ship LNG from the rich 
produc ing countr ies into energy 
deficient markets around the world 
(Ref. 1). In addit ion, a considerable 
number of onshore gas processing 
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facilities must be built. These will sub
stantially increase the need for cryo
genic containment materials capable 
of service at temperatures down to 
- 2 6 0 F. Interest also remains strong 
for more economical materials for the 
containment of oxygen at - 2 9 7 F and 
nitrogen at - 3 2 0 F. 

Nickel steels have been success
fully used for many years for handling 
these liquefied industrial gases, and 
are prime candidates for the tank 
material in large ocean going LNG 
ships and onshore gas processing 
facilities. Recognizing the growing 
need for a more economical material 
for low temperature service, Armco 
introduced a 5% nickel alloy steel* 
specifically designed for cryogenic 
service. 

This steel offers about a 20% cost 
savings over 9% nickel steel and has 
equivalent strength and toughness at 
- 2 6 0 F. Five percent nickel steels are 
not really new for low temperture ser
vice because they have been used in 
Europe to a limited extent for some 
time. Some European countries have 
for several years included a normal
ized 5% nickel steel in their specifica
tions for ethylene containment at 
- 1 5 5 F. Now, however, the use of 5% 
nickel steel has been extended down 
to even lower service temperatures by 
optimization of the composit ion and 
control of the microstructure through 
a unique heat treatment. 

This steel has been adopted by the 
American Society for Testing Mate-

'Cryonic 5 produced by Armco Steel Cor
poration. 

rials (ASTM) as A645, has been in
corporated in Sections II and VIII, 
Divisions 1 and 2 of the American So
c ie ty of M e c h a n i c a l E n g i n e e r s 
(ASME) Boiler and Pressure Vessel 
Code as SA-645, and has been in
cluded in the American Petroleum In
stitute (API) Standard 620 Appendix 
Q for low pressurized ethylene and 
LNG storage tanks. To gain these 
code and specification approvals, the 
metallurgical properties of the steel 
have been well documented. Many 
weld procedure qualification tests 
were made by Armco and interested 
fabricators. These included all weld
ing processes and filler metals cur
rently used in welding 9% nickel steel. 
The data demonstrated that weld
ments made of this 5% nickel steel 
were suitable for cryogenic service, 
provided reasonable welding heat in
puts were used. 

For the past year, fatigue and frac
ture toughness tests have been con
ducted on base plate and we ld 
ments. Results of this work are re
ported in this paper. 

Material Characterization 
Description 

The steel is essentially a low car
bon, 5% nickel steel with about 1/4% 
Mo added. Mn and Si are normal for 
alloy steels, but P and S are kept at 
low levels to insure maximum notch 
t o u g h n e s s . T h e A S T M A 6 4 5 
specification requires 65 ksi min
imum yield strength and 95/115 ksi 
tensile strength. Minimum average 
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Charpy V-notch (2 mm deep) tough
ness requirements at -275 F are 25 ft-
lb longitudinal, 20 ft-lb transverse, 
and 15 mils lateral expansion. For 
pressure vessel applications below 
-275 F, Section VIII of the ASME 
Boiler Code requires that no-break 
performance, as measured by the 
Drop Weight Test (ASTM E-208) be 
demonstrated. 

The key feature of CRYONIC 5 is a 
new three-step heat treatment that 
produces the excellent combination 
of properties. This treatment involves 
conventional quenching, temperiz-
ing, and reversion annealing. These 
latter two treatments involve heating 
to specific temperature ranges in the 
two phase (alpha + gamma) region 
and cooling therefrom at specific 

rates. The microstructure is refined by 
controlling the amount of stable 
austenite, ferrite and low carbon tem
pered martensite. This structure ac
counts for the combination of high 
strength, ductility, and exceptional 
notch toughness. A complete de
scription of the heat treatment and its 
detailed effect on microstructure has 
been reported previously (Ref. 2). 

Base Metal Properties 

Production processed V4, 5/s, and 
11/2 in. thick plates from an air melted 
100 ton heat of the 5% nickel steel 
were used in the present study. 
Chemical analysis, tensile prop
erties, and notch toughness prop
erties are listed in Tables 1 and 2. 

Room temperature yield strengths 
ranged from about 90 ksi in Vi in. thick 
plates to about 67 ksi in the 11/2 in. 
thick plate. Corresponding tensile 
strengths ranged from about 103 ksi 
in. thick plates to about 98 ksi in the 
1V4 in. thick plate. Cryogenic tensile 
tests on the 11/2 in. thick plate showed 
yield and tensile strengths, as high as 
104 ksi and 165 ksi at -320 F without 
a significant loss in ductility. The base 
plate modulus of elasticity (E) in
creased from 28.7 X 10e psi at am
bient temperature to 30.7 X 106 psi at 
-320 F. 

Minimum transverse Charpy V-
notch lateral expansions at -320 F for 
the Vi, 5/s, and Vh in. thick plates were 
46, 46, and 27 mils, respectively. Nil 
Ductility Transition (NDT) temper-

Table 1 — Composition and Mechanical Properties of CRYONIC 5 Steel 

ASTM A645 

Heat Analysis 

C 
.13 
max. 
.08 

Plate 
thick., 
in. 

Test 
temp., 
F 

ASTM A645 Req'ments 
% +75 

y. 

% 

IVi 

+ 7 5 

+ 75 

+ 75 

-100 
-200 
-320 

Mn 
.30/ 
.60 
.60 

Spec, 
loca
tion 

L 
T 
L 
T 
L 
T 
L 
T 
L 
L 
L 

p 
.025 
max. 
.010 

Chemical 
S 

.025 
max. 
.009 

composit ion 
Si 

.20/ 

.35 

.25 

Ni 
4.75/ 
5.25 
5.03 

Mo 
.20/ 
.35 
.30 

Y.S., 
ksi 

65 min 
88.6 
90.5 
89.3 
92.2 
87.6 
84.4 
67.9 
67.4 
63.0 
75.6 
04.4 

Tensile Properties 

T.S., 
ksi 

95/115 
104.3 
105.6 
99.5 

100.9 
103.1 
101.8 

99.6 
98.2 

122.4 
135.0 
164.8 

Elong. 
% 
20 
32 
34 
34 
37 
30 
30 
32 
34 
30 
28 
29 

Red. 
area, 
% 

Al 
.05/ 
12 

.08 

N 
.02 
max. 
.010 

Mod. of 
elast'y 
E x 10- " , 
psi 

77 
72 
72 
74 
70 
68 
62 

28.74 

30.73 

Table 2 — Charpy V-Notch Impact Properties of Cryonic 5 Steel 

(a) Half Size Specimens 10 mm X 5 mm 
(b) Full Size Specimens 10 mm x 10 mm 
(c) Specimens did not break when tested on 120 ft-lb capacity machine 

Plate 
thick., 
in. 

Requ'd 

1/4(a» 

(a\ 

1/4( > 

5/8 ( b ) 

1-1/2 (b) 

Test 
temp., 
F 

- 2 7 5 

- 2 7 0 

- 3 2 0 

- 2 7 0 

- 3 2 0 

- 2 7 0 

- 3 2 0 

- 2 7 0 

- 3 2 0 

Spec. 
loca
tion 

L 
T 
L 
T 
L 
T 
L 
T 
L 
T 
L 
T 
L 
T 
L 
T 
L 
T 

Absorbed 
Indiv. 

56,55 
48,53 
50,53,54 
44,46,47 
43,45,43 
33,34,32 
41,42,42 
30,31,30 
98, (c ) 

92,76 
84,89,87 
56,59,60 
84,85,88 
82,90,97 
57,59,60 
36,40,44 

energy, ft-lb 
Avg. 

25 
20 
56 
50 
52 
46 
44 
33 
42 
30 

> 9 8 
89 
90 
58 
86 
90 
59 
40 

Min. 

20 
16 
55 
48 
50 
44 
43 
32 
41 
30 
98 
76 
84 
56 
84 
82 
57 
36 

Lateral expansion, mils 
Indiv. 

72,64 
59,61 
74,68,70 
66,57,63 
60,60,62 
44,51,50 
60,62,61 
46,46,46 
56,<c) 
55,47 
60,63,67 
46,47,48 
57,58,63 
56,64,65 
42,43,44 
27,30,30 

Avg. 

15 
15 
68 
60 
71 
62 
61 
48 
61 
46 

> 5 6 
51 
63 
47 
59 
62 
43 
29 

Min. 

15 
15 
64 
59 
68 
57 
60 
44 
60 
46 
56 
47 
60 
46 
57 
56 
42 
27 
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ature tests (ASTM E-208) on the % 
and IVz in. thick plates showed "no 
break" performance at - 3 2 0 F. This 
establ ishes the NDT temperature 
below - 3 2 0 F. Composi t ion and 
mechanical properties of the heat 
treated plates met requirements of 
ASTM A645 and the ASME Boiler and 
Pressure Vessel Code, as shown in 
the tables. 

Weldment Properties 

Five weldments were prepared 
using two of the more popular weld
ing processes presently used for join
ing cryogenic nickel alloy steels. 
These processes were pulsed-power 
gas metal-arc welding (PP-GMAW) 
and sh ie lded meta l -a rc we ld ing 
(SMAW). Table 3 lists the details for 
each welding procedure. One PP-
GMAW weldment was prepared in 
each of the three plate thicknesses 
with Inconel 92 (AWS Classification 
ERNiCrFe-6 of AWS A5.11) filler metal 
in the vertical position. A fourth PP-
GMAW weldment was prepared with 
V4 in. thick plate in the flat position. 
One vertical SMAW weldment was 
made with Inco-Weld B electrodes in 
1A in. plate. In each case, the weld 

length was oriented parallel to the 
plate rolling direction so that trans
verse heat-affected zone (HAZ) im
pact tests could be made. 

Weldments were tested in accord
ance with Sections VIII and IX of the 
ASME Boiler and Pressure Vessel 
Code that require tensile, bend, and 
Charpy V-notch impact tests of the 
heat-affected zone. Notch placement 
for Charpy specimens from each weld 
joint was made in accordance with the 
Marine Engineering Requirements 
(Ref. 3) of the U.S. Coast Guard and 
the American Bureau of Shipping 
Rules (Ref. 4) for low temperature 
cargo tanks. Notch tip placements 
were in the center of the weld metal, 
at the fusion line, and in the heat-af
fected zone at 1, 3, and 5 mm dis
tances from the fusion line. Charpy V-
notch impact tests were conducted at 
- 2 7 0 F, as specified in the Marine En
gineering Requirements for LNG ser
vice. 

Mechanical propert ies of each 
weldment are listed in Tables 4 and 5. 
All weldments exhibited room tem
perature tensile strengths of at least 
99 ksi. Tensile specimens fractured 
either in the base metal or the weld 
metal. All bend tests were satisfac

tory. Modulus of elasticity determina
tions on all-weld-metal (Inconel 92) 
specimens showed an increase from 
26.9 x 106 psi at ambient temper
ature to 29.4 X 106 psi a t - 3 2 0 F. This 
9% increase compares with a 7% in
crease in the base plate. Minimum 
average - 2 7 0 F HAZ Charpy V-notch 
lateral expansions in the PP-GMAW 
welds were 26 and 30 mils for the V* 
in. vertical and flat weldments, and 38 
and 25 mils for the 5/s in. and VA in. 
vertical weldments. Minimum aver
age lateral expansion in the V* in. 
SMAW Inco-Weld B weldment was 25 
mils. All weldments satisfied the 95 
ksi minimum tensile strength and the 
15 mil lateral expansion require
ments. 

Fatigue and Fracture 
Test Methods 

Fatigue Strength 

Rotating beam fatigue tests were 
conducted on notched specimens of 
both base metal and deposited weld 
metals at - 3 2 0 F. A notch stress con
centration factor (K,) of 2.7 was used 
on all specimens. Specimens were 
tested to a maximum of 100 million 
cycles^ with the center section im-

Table 3 — Weld Qua 

W e l d m e n t 
T h i c k n e s s , in . 
W e l d pos i t i on 
Jo in t des i gn 
I n c l u d e d ang le 
S h i e l d i n g gas 
In te rpass t e m p . 
No. of passes 
Root o p e n i n g , in . 
Root face, in . 
E l ec t r ode d i a m , in . 
Cu r ren t , d c r p A 
Vo l t age , V 
T rave l s p e e d , i p m 
Heat inpu t , k J / i n . 

l i f ication Procedures for Cryonic 5 Steel 

A 
1/4 
Vert. 
Single V 
70 deg 
75He-25Ar 
100 F max. 
3 
1/8 
1/16 
.035 
75 to 100 
19 to 25 
3.5 to 8.8 
17.1 to 27.6 

Pulsed power gas-
weldments prepared with 

B 
1/4 
Flat 
Single V 
75 deg 
75He-25Ar 
150 F max. 
6 
None 
None 
.035 
110 
24 
10 to 12 
13.2 to 15.8 

•metal arc (GMA) 
Inconel 92(1) filler metal 

C 
5/8 
Vert. 
Single V 
60 deg 
75He-25Ar 
100 F max. 
6 
1/8 
1/16 
.045 
110 to 124 
19 to 24 
3.15 to 7.26 
24.6to41.9 

D 
1-1/2 
Vert. 
Double V 
60/90 deg 
75He-25Ar 
100F max. 
16 
None 
1/16 
.045 
105 to 125 
19 to 27 
2.9 to 7.6 
26.5 to 47.2 

SMA weld
ments, Inco-Weld B 

filler metal 

E 
1/4 
Vert. 
Single V 
60 deg 
None 
150 F max. 
3 
1/8 
1/16 
1/8 la) 
90 (ac) 
26 
3.0 to 3.5 
40.1 to 46.8 

(a) AWS ERNiCrFe-6 

Table 4 — Qualif ication Tests for CRYONIC 5 Steel Weldments — Tensile and Bend Tests 

Weld 
no. 

A 
A 
C 

D 

E 

la) 92 -
(b) WM 
( C ) f — 

Pro
cess 

GMAW 
GMAW 
GMAW 

GMAW 

SMAW 

- Inconel 92; B — I 
— weld metal; BM 
lace; r — root; s — 

Filler 
metal (a ) 

92 
92 
92 

92 

B 

nco-Weld B. 

Plate 
thick., 
in. 

1/4 
1/4 
5/8 

1-1/2 

1/4 

— base metal. 
side; Mand rel Diameter 

Max. 
heat 
input. 
kJ/ in . 

27.6 
15.8 
41.9 
41.9 
41.9 
41.9 
47.2 
47.2 
47.2 
47.2 
46.8 

Test 
temp.. 
F 

+ 75 
+ 75 
+ 75 

- 1 0 0 
- 2 0 0 
- 3 2 0 

+ 75 
- 1 0 0 
- 2 0 0 
- 3 2 0 
+ 75 

= 6% thickness. 

T.S..ksi 

99.5,107.3 
106.5.104.2 
101.5,99.5 
115.7,116.0 
123.4,124.6 
141.9.142.1 
100.8,100.8 
120.8,114.3 
134.1,128.8 
148.6.144.3 
100.4.99.1 

Frac
ture 
loc.(b> 

WM.BM 
BM.BM 
BM.BM 
WM.WM 
WM.WM 
WM.WM 
BM.BM 
BM.WM 
WM.WM 
WM.WM 
WM.WM 

Bend tests ( c ) 

2f,2r-pass 
2f,2r-pass 
2side-pass 

— 
— 
— 

2side-pass 

— 
— 
— 

2f,2r-pass 

Mod. of 
elast'y 
E x I O 6 , 
psi 

— 
— 
— 
— 
— 

26.87 

— 
— 

29.35 
— 
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mersed in liquid nitrogen contained in 
a styrofoam test chamber. This is the 
approximate number of stress cycles 
anticipated during the 20 year ser
vice life of an LNG tanker. All tests 
were conducted at a frequency of 10,-
000 rpm. 

Fracture Toughness 

The ductile behavior of CRYONIC 5 
plates and weldments, as evidenced 
by the Charpy V-notch and NDT 
temperature tests, precluded the use 
of conventional linear elastic fracture 
mechan ics me thods . The re fo re , 
stress intensity factors (Kc) and crit
ical crack lengths (2ac) were de
termined using R-curve technology. 
This technique is currently being ex
plored in the USA for evaluating duc
tile materials. 

Irwin (Ref. 5) postulated that for a 
given material and thickness there is 
a unique relationship between slow-
stable crack extension and applied 
stress intensity factor, K. As the crack 
grows, the resistance to fracture in
creases due to increased volume of 
plastical ly de fo rmed material just 
ahead of the crack. This increase can 
be expressed in terms of an R-curve 
for the material: the relationship be
tween crack growth resistance de
ve l opmen t and c rack ex tens i on . 
Crack growth resistance is desig
nated KR and has the same units as 
the fracture mechanics term K (ksi 
•N/FIT). The intercept between a crack 

driving force curve, which is deter
mined from the geometry and load 
distribution of a cracked component, 
and the crack growth resistance curve 
represents an equil ibrium condition 
between crack dr iv ing force and 
crack growth resistance. The crack 

-«— Rolling Direction —*» 

driving force increases with applied 
load and the crack will extend in a 
stable manner to a new equil ibrium 
position. The specific crack driving 
force curve which becomes tangent to 
the R-curve de te rm ines the i n 
stability condition Kc. 

2H 

3.8 c 

t 
H 

1 
Ls-j 

1790 cm 

T 
H 
W 
L 
S 

CIWL-4C* 
(cm) 

12.60 
20.96 
25.27 

7.62 

CLWL-7C** 
(cm) 

21.34 
35.56 
42.16 
13 .21 

*38 mm t h i c k specimens . 
**6 and 16 mm t h i c k specimens. 

Fig. 1 — Details of the crack-line-wedge-loaded specimen, (a) Dimensions of testpiece; (b) 
view of the test setup showing wedge and clip gages 

Table 5 

Weld 

A 

— Qualification Tests for Cryonic 5 Steel Weldments: -270 F 
Max. 

Plate heat 
Pro- Filler thick., input, 
cess meta l , b ) in. kJ/ in . 

GMAW 92 1/4 (c | 27.6 

Notch 
loca
tion 

WM 
F.L. 
1 mm 
3 mm 
5 mm 

Absc 
Indiv'l 

40,44 
48,43,36 
30,26,37 
36,35,40 
48,48,47 

HAZ 

rbed 

Charpy V-Notch 

Energy, ft-lb 
Avg. Min 

42 40 
42 36 
31 26 
37 35 
48 47 

Impact Properties 
(a) 

GMAW 92 

GMAW 92 

GMAW 92 

SMAW B 

1/41 15.8 

5/8 41.9 

1-1/2 47.2 

1/410' 46.! 

WM 
F.L. 
1 mm 
3 mm 
5 mm 

WM 
F.L. 
1 mm 
3 mm 
5 mm 

WM 
F.L. 
1 mm 
3 mm 
5 mm 

WM 
F.L. 
1 mm 
3 mm 
5 mm 

43,38,41 
35,38,35 
27,38,38 
28,25,38 
34,34,32 

80,83,82 
88,87,96 
60,101,66 
(d),(d),(d) 
113,(d),(d) 

114 
119,115,78 
65,105,96 
48,90 
57,60 

18,18,18 
20,20,19 
26,20,20 
20,39,27 
32,38,30 

41 
36 
34 
30 
33 

82 
90 
76 

>120 
> 113 

114 
104 
89 
69 
58 

18 
20 
22 
29 
33 

38 
35 
27 
25 
32 

80 
87 
60 

<120 
113 

114 
78 
65 
48 
57 

18 
19 
20 
27 
30 

Indiv'l 
Lateral Expan., 

Avg 
mils 

75,76 
69,64,44 
28,26.34 
36,35,37 
66,74,64 

61,63,62 
50.61.47 
28,52.36 
29,26,34 
40,36,46 

50,57,63 
54,50,48 
31,58,38 
(d),(d).(d) 
64,(d).(d) 

65 
65,53.46 
34,54,45 
25.44 
29.34 

41.42.44 
34.40.48 
36,16.24 
16.40,21 
38.58,42 

86 
59 
29 
36 
68 

62 
53 
39 
30 
41 

57 
51 
42 

>65 
>64 

65 
55 
44 
34 
32 

42 
37 
25 
27 
46 

Min. 
75 
44 
26 
35 
64 

61 
47 
28 
26 
36 

50 
48 
38 

>65 
>64 

65 
46 
34 
25 
29 

41 
31 
16 
16 
38 

(a) All weld lengths parallel to plate rolling direction yielding transverse specimens. 
(b) 92 — Inconel 92; B — Inco-Weld B. 
(c) Half size impact specimens 10 mm x 5 mm. 
(d) Specimen did not break when tested on 120 ft-lb capacity machine. 
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Table 6 — Rotating Beam Fatigue (R = - 1 ) Properties of CRYONIC 5 Steel Base Plates and Welds 

Material 

Cryonic 5 

Inconel 92 
Inco-Weld B 

Thick. 
in. 

3/4 

5/8 

1/4 
1/4 
1/4 

Test 
temp., 

F 

+ 75 

- 2 7 5 

- 3 2 0 
- 3 2 0 
- 3 2 0 

T.S., 
ksi 

102.7 

140.4 

158.2 
128.4 
133.3 

Specimen 
condition 

Smooth 
Notched3 

Smooth 
Notched3 

Notched" 
Notched b 

Notched" 

107 

Fatigue 
str., 
ksi 

58.5 
27.0 
88.0 
35.0 
33.0 
37 
37 

10' 
Fatigue 

str. /UTS, 

% 
57 
26 
63 
25 
21 
28 
28 

10s 

Fatigue 
str., 
ksi 

57.5 
25.0 

29 
35 
35 

10" 
Fatigue 

str./UTS 

% 
56 
25 

18 
27 
27 

(a) Stress concentration factor K - 2.5, Reference 11. 
(b) Stress concentration factor k « 2.7. 

Table 7 — Stress Intensity (K c ) Factors and Critical Crack (2a c ) Lengths for 
CRYONIC 5 Steel Base Plate and Weldments at - 2 7 5 F 

Predicted instability condit ions 

Plate 
thick., 
in. 

1/4 
5/8 

1-1/4<d> 
1-1/2 

1/4 
1/4 
1/4 
5/8 

1-1/2 
1/4 
1/4 

Spec. 
loca
tion 

T 
T 
T 
T 

— 
T 
T 
T 
T 

_ 
T 

K 
k s i V i n . 

355,405 
300,307 
205,205 
207,171,205 
375,375 
440,465 
475,475 
410 
196 
414,414 
325,325 

2 a c 

calcu
lated, 
j n . (a ) , (b), (c: 

140 
115 

45 
30 

160 
220 
255 
190 

40 
190 
120 

Material 

Base Metal 

Inconel 92-WM 
Weldm.A-HAZ-27.6KJI 
Weldm. B-HAZ-15.8KJI 
Weldm. C-HAZ-41.9KJI 
Weldm. D-HAZ-47.2 KJI 

Inco-Weld B-WM 
Weldm. E-HAZ-46.8 KJI 

(a) Based on minimum Kc value obtained. 
(b) 2a. = (2/x)(K./a)2 

(c) Based on maximum allowable design stress of 23.7 ksi per ASME. 
{d) Previously reported Ref. 15. 

Sample calculation 
1. Define 2nd order polynomial for R curve. R =, a + b x + c x 2 where x = Aa. 
2. Given K = R and dK/dx = dR/dx at tangency of R curve and crack driving force curve. 
3. Given infinitely wide plate criterion K = a^rra = a x(a0 + x). 
4. Solution <5K/<5x = (1/2)oAx(a<, + x ) " 2 

(a0 + x)"2 = K/o-str 
<5K/r5x = (1/2)<J27T/K = 5R/ox; since K = R, (1/2)<r27r/R = oR/6x 
R =(o-27r/2)((5R/r5x)_1 and solve for x. 

A crack-l ine-wedge-loaded (CLWL) 
specimen, shown in Fig. 1(a), was 
used to develop crack growth resis
tance curves (Ref. 6). The crack is 
driven into the specimen by a wedge 
and a circular segment arrangement, 
as shown in Figure 1(b). Clip gauges 
are used to measure displacement 
along the crack line and a double 
compl iance technique is used to 
determine effective crack length. In 
this specimen, the crack is driven 
slowly until either a maximum or 
plateau Kn is developed or the spec
imen fails catastrophically. The result
ing crack growth resistance curve can 
then be coupled with the appropriate 
geometrical analysis for the infinitely 
wide plate and an instability Kc value 
determined. Critical crack lengths are 
then calculated using assumed gross 
stress levels. 

R curves were developed on base 
plates of each thickness, both de
posited weld metals, and in the HAZ 
of all five weldments at - 2 7 0 F. The 

test temperature was maintained 
within ± 5 F by electronically con
trolling the injection of liquid nitrogen 
into the cryogenic chamber. 

Fatigue Crack Propagation 

The most useful characterization of 
the fatigue crack propagation be
havior of a material is a determina
tion of crack growth rates (da/dN) as 
a function of the fracture mechanics 
stress-intensity factor range (AK). 
Paris and Erdogan (Ref. 7) showed 
that the functional relationship be
tween da/dN and AK was best de
scribed by a single power-law curve 
of the form da/dN = C AK" which re
sults in a rectilinear plot on 
logarithmic coordinates. C is an ex
per imental ly determined constant 
and n is the slope of the power-law 
curve. In the most general case, the 
entire fatigue crack growth curve is 
sigmoidal when plotted on logarith
mic coordinates (Refs. 8,9). The lower 

inflection point denotes a fatigue 
threshold or value of AK below which 
cracks are essentially nonpropagat-
ing. It usually occurs at crack growth 
rates between 10~9 and 10 s in. per cy
cle (Ref. 10). The upper inflection 
p o i n t is w h e r e c r a c k g r o w t h 
accelerates to instability. Normally 
only a small percentage of the total 
fatigue life is spent beyond this point. 
Most of the useful fatigue life is de
scribed by the single power-law por
tion of the sigmoidal curve which is 
bounded by the lower threshhold 
value and the upper instability point. 

The fatigue crack growth rate as a 
function of the stress intensity factor 
range was determined for each thick
ness of base plate, both deposited 
weld metals and in the HAZ of all five 
weldments at - 2 7 5 F. A description 
of the compact tension specimen, 
calibration test apparatus and experi
mental procedure used is presented 
by Bucci, et al (Ref. 11). The test 
temperature was maintained by an 
electronic servocontrolled solenoid 
valve triggered to eject liquid nitro
gen coolant into a refrigeration cham
ber. All fatigue loading was sinusoi
dal zero to tension and a compliance 
technique for converting displace
ment measurements to crack length 
was used. 

Fatigue and Fracture Results 

Fatigue Strength 

Rotating beam fatigue test results 
are presented in Table 6. For com
parison, previously reported (Ref. 12) 
smooth and notched (K t =2 .5 ) base 
metal specimens tested at room tem
perature and - 2 7 5 F are shown. The 
100 million cycle (10s) fatigue strength 
at room temperature for smooth 
specimens was reported to be 57.5 
ksi or 56% of the room temperature 
tensile strength. The 10s notched fa
tigue strength at room temperature 
was 25 ksi or 24% of the tensile 
s t rength. The increase in tensile 
strength at - 2 7 5 F due to the lower 
temperature was accompanied by a 
corresponding increase in fatigue 
performance. The smooth 10 million 
cycle (107) fatigue strength was 88 ksi 
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at - 2 7 5 F, or 63% of the tensile 
strength at that temperature. The 
notched (107) fatigue strength was 35 
ksi or 25% of the tensile strength. 

Results of the notched (K, =2.7) 
base metal and weld metal fatigue 
studies after 10° cycles at - 3 2 0 F are 
shown in the table. Performance of 
the Inconel 92 and Inco-Weld B filler 
metals can be described by a single 
S-N curve. The 10s cycle fatigue 
strength of these notched weld metals 
was 35 ksi or about 27% of the tensile 
strength at - 3 2 0 F. The 10s cycle 
fatigue strength of the notched base 
metal specimen was 29 ksi or 18% of 
the - 3 2 0 F tensile strength. The f ind
ing that base metal fatigue strength 
is limiting for stress concentrations 
greater than 2.5 confirms previously 
reported results (Refs. 13,14). The 
ratio of fatigue strength to tensile 
strength of CRYONIC 5 under these 
conditions is virtually the same as 
results obtained on 9% nickel steel 
and reported elsewhere (Ref. 13). 

Fracture Toughness 

Stress intensity (Kc) factors and 
c r i t i c a l c r a c k l e n g t h s (2a c ) f o r 
CRYONIC 5 Steel base plate and 
weldments at - 2 7 5 F are listed in 
Table 7. In each case, the starting 
cracks were placed in the material to 
be evaluated, such as the HAZ or weld 
metal, and the crack was allowed to 
seek the path of least fracture resis
tance. Representative R-curves are 
schematically illustrated in Fig. 2. 
Smooth R-curves were obtained in all 
weld metal tests while many pop-in 
events were experienced in the base 
metal and HAZ tests, producing dis
continuous type R-curves. 

These results are comparable to 
those on 9% nickel steel weldments 
(Ref. 13). The R-curve work incor
porates crack extension determina
t ions through double compl iance 
measurements which make it pos
sible to follow toughness develop
ment beyond incipient crack initia
tion. In these materials, the tough
ness continues to increase after crack 
initiation, as shown by the rising R-
curve. The multiple pop-ins indicate 
sufficient toughness to arrest running 
cracks. In view of this, Kc values at 
maximum KR are reported instead of 
K at first pop-in as is oftentimes done 
with smaller test specimens of the 
three-point bend type. 

The following analysis of the data in 
Table 7 is based on the lowest Kc 

value obtained for each replicate set 
of tests: 
1. Base metal Kc values decreased 

with increasing thickness, from 
355 ksi tfrT. in Vt in. plate to 171 
ksi vTnTin VA in. plate. 

2. Both weld metals had higher Kc 

values than any thickness of base 
metal tested. 

3. HAZ Kc values were generally high, 

but varied relative to the weld 
metal and base metal. This varia
tion was explained by examining 
the crack paths. The cracks did not 
always remain in the HAZ but 
changed directions, usually ter
minating in the lower strength weld 
metal. This change in crack direc
tion could cause an increase in ab
sorbed energy and result in higher 
K,. values. 
Increasing the welding heat input 
for V* in. plates decreased the HAZ 
Kc values. As the heat input was 
raised from 15.8 kJ/ in . in weld
ment B to 27.6 kJ/ in . in weldment 
A to 46.8 kJ/ in. in weldment E, the 
HAZ K r values decreased from 475 

ksi vm. to 440 ksi -i\n. to 325 ksi \'in. 
While the absolute level of Kc for all 
three weldments was high, this 
t rend of decreasing toughness 
with increasing heat input as 
previously shown with conven
tional notch toughness tests was 
consistent with past experience 
with most heat treated steels and is 
especially noticeable in thinner 
plates. 

Critical crack lengths listed in Table 
7 were calculated using the lowest 
s t ress in tens i ty fac to r (Kc) f r om 
duplicate tests, the maximum ASME 
allowable design stress of 23.7 ksi 
and an infinitely wide plate analysis. 
The calculated critical crack lengths 

=23-7 &> 
Weld Metal (WM) 

Base Metal (BM) 

Phys ica l Crack E x t e n s i o n - ^ ( inches ) 

Fig. 2 — Schematic R curves illustrating crack growth resistance of weld metal and base 
metal 
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Fig. 3 
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Fracture strength curves for CRYONIC 5 steel at -275 F 
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Fig. 4 — Fatigue crack growth rate for CRYONIC 5 steel base metal, (a) Individual best fit 
curves; (b) composite best fit curves 

ranged from 140 in. for V* in. thick 
base plate to 30 in. for the VA in. 
plate. Critical crack lengths for each 
plate thickness and stress levels up to 
yield strength are shown on the frac
ture strength curve in Fig. 3. These re
sults imply a leak before break situa
tion. 

Fatigue Crack Propagation 

Figure 4(a) summarizes the - 2 7 5 F 
fatigue crack propagation data ob
tained on the V4, % and VA in. thick 
base plates used in this investigation. 
Also included for comparison are 
crack growth rate data for the 1 in. 
thick plate, reported by Bucci (Ref. 
11). These data indicate little effect of 
thickness on the fatigue crack growth 
rate in the V*. to 11/2 in. thickness 
range. The composite fatigue crack 
growth rate may be described by the 
best fit equation, as shown in Fig. 
4(b). 

da/dN = 1.7458 X 101 0 AK2-932 

INCONEL 92 
Weld Metal (WM) 

l=3.m&clO- u4K 3- 2 9 5 

§=1.5112xlO-1W'-969 

-12...3.466 

3.1416x10 "4KJ 

1.5112x10 -"MK 14.-,4.96s 

10 50 100 500 
a Stress Intensity Factor Range, AK, ksi 1 in. 

10 50 100 500 
b Stress Intensity Factor Range, AK, ksi i in. 

Fig. 5 — Fatigue crack growth rate of 'A in. CRYONIC 5 GMA weldments at -275 F. (a) 
Weldment A, 15.8 kJ/in.; (b) weldment B, 27.6 kJ/in. 

Base Metal 
(at) 

Heat Affected 
Zone (HAZ) 

=3.1416x10 AK^ 

-2.2549x10 f)K ll.„7.774 

Weld E HAZ (46.8 KJI) 

eld B HAZ (27.6 KJI) 

Weld A HAZ (15.8 KJI) 

ll.,3.295 M, §^=3.1416x10 "AK 

Weld B HAZ, 

Weld A HAZ, g4=8.4563xlO_'L":AK-' 

10 50 100 500 
3 Stress Intensity Factor Range, £K, ksi -Jin. 

10 50 100 500 
b Stress Intensity Factor Range, £K, ksi " 

Fig. 6 — (a) Fatigue crack growth rate of V, in. CRYONIC 5 SMA (46.8 kJ/in.) weldment E at 
-275 F, and (b) the effect of increasing heat input on HAZ crack growth rates 

for da/dN in inches/cycle 
and AK in ksi \/Tr\. 

or a more conservative approach 
would be to use the upper bound (2<r 
limit) equation, also shown, 

da/dN = 4.302 X 1010 AK 2 - 9 3 2 

Fatigue crack propagation data for 
Vi in. thick weldments are shown in 
Fig. 5 and 6. Comparison of base 
metal, weld metal, and heat-affected 
zone crack growth rates for each indi
vidual weldment (Figs. 5(a), 5(b), and 
6(a)) indicate that the base plate had 
the fastest growth rate at AK values 
below 80 ksi vTn. for GMAW weld
ments and below 60 ks i \ /Tn- f o r the 
SMAW weldment. This effect has 
been observed by Bucci, et al (Ref. 
11) in tests with 5% nickel steel weld
ments and by Sarno, et al (Ref. 13) in 
tests on 9% nickel steel weldments. It 
has been a t t r i bu ted to res idua l 
stresses in the weldments which exert 
closure forces on the fatigue crack tip 
and hence diminish the actual AK that 
the weld metal or HAZ experiences. 
Data in Fig. 6(b) compare the crack 
growth rates of the base metal to 
those in the HAZ of each 1A in. weld-
nrient. For AK values less than 60 ksi 
Jin. there was a slight increase in HAZ 
crack growth rate as the welding heat 
input was increased. 

Figures 7(a) and 7(b) summarize 
the crack growth data obtained on the 
5/s and VA in. thick GMAW weld
ments. As observed in the V* in. weld
ments, the weld metal and each heat-
affected zone had a slower crack 
growth rate than the base metal up to 
some level of AK. In these thicker 
weldments that AK value is ap
proximately 100 ksi VTrT. 

All of the heat affected zone crack 
growth data are summarized in Fig. 
8(a). These data fall within a single 
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band indicating little effect of thick
ness on the crack growth rate of the 
heat-affected zones in the V* to VA in. 
thickness range. The composite HAZ 
crack growth rate may be described 
by the best fit equation as shown in 
Fig. 8(b). 

da/dN = 3.1154 X 101 4 AK47269 

for da/dN in inches/cycle 
and AK in ksi -IW. 

or by the more conservative upper 
bound (2rj limit) equation: 

da/dN = 8.198 X 1014 AK47269 

Fatigue crack growth data can be 
coupled with the fracture toughness 
data to estimate the useful life in 
terms of the total number of cycles to 
leak or to fracture for any cryogenic 
containment system when the actual 
load spectrum is available. 

Heat Affected 
Zone (HAZJ 

-10._2.609 

14, .,4.969 1.5112x10 "MK1 

HAZ, !|=7.8504xKfUAK''-523 

10 50 100 500 
a Stress Intensity Factor Range, AK, ksi H in. 

Heat Affected 
Zone (HAZ) 

1.8262x10 ^HK3 

HAZ, ff=2.4076xlO-UAK'*-829 

10 50 100 500 
b Stress Intensity Factor Range, AK, ksi Sin. 

Fig. 7 — Fatigue crack growth rates of %and 1V2 in. CRYONIC 5 GMA weldments at -275 F. 
(a) Vs in. weldment C; (b) VA in. weldment D 

Summary 

The suitability of welded CRYONIC 
5 steel for use in cryogenic contain
ment sys tems has been fu r the r 
demonstrated. Rotating beam fatigue, 
stress intensity (Kc), and fatigue crack 
growth rate tests were conducted on 
Vi to VA in. thick weldments pre
pared with Inconel 92 (GMAW) and 
Inco-Weld B (SMAW) filler metals. 

All strength, bend, and impact re
quirements of the ASME Boiler and 
Pressure Vessel Code and the U.S. 
Coast Guard were met. 

Rotating beam fatigue tests showed 
that the notched (K, =2.7) 100 million 
cycle fatigue strength of the base 
metal was about 29 ksi at - 3 2 0 F 
compared to 35 ksi for welds de
posited with both filler metals. 

Stress intensity factors (Kc) and 
critical crack lengths (2ac) were deter
mined for base plate, heat-affected 
zones (HAZ) and weld filler metals at 
- 2 7 5 F using R-curve technology. 
Highest Kc values were obtained in 
weld filler metals. Base metal Kc 

values varied from 355 ksijiTn. in V4 in. 
thick plate to 171 ksi sin. in IV2 in. 
thick plate. Increasing the weld heat 
input in VA in. thick weldments from 15 
to 45 kJ / in . decreased the HAZ K^ 
values from 475 ksi Jn . to 325 ksi J n . 
The minimum critical crack length, 
calculated using the lowest K c value, 
the present ASME Boiler Code allow
able design stress, and an infinitely 
wide plate analysis, was 30 in. for the 
11/2 in. thick base metal. 

Fatigue crack growth rate (da/dN) 
as a function of the stress intensity 
factor range (AK) was determined on 
th rough-c racked compact tension 
specimens for each thickness of base 
plate, weld metal deposited by two 
filler metals and in the HAZ of five 
weldments at - 2 7 5 F. Highest growth 
rates occurred in the base metal. 
There was little effect of thickness on 

•Weld D HAZ 

" 10" 

Weld C- 5/8", §fj=7. 8504x10 "*tHT 

J Weld D- 5/8", fe2.4076xlO-14AK4' 

10 50 100 500 
3 Stress Intensity Factor Range, AK, ksi S in. 

10~1 

Upper Bound 
da_ 
d!J 

Composite 

50 100 

b Stress Intensity Factor Range, 

Fig. 8 — Fatigue crack growth rates of Cryonic 5 steel heat-affected zones at 
Individual best fit curves; (b) composite best fit curve 

500 . 
AK, ks i S i n . 

-275 F. (a) 

growth rates of either base plate or 
HAZ in the V* to VA in. thickness 
range. General fatigue crack growth 
rates were determined, and from this 
information useful life in terms of total 
number of cycles to leak or fracture 
for any cryogenic containment sys
tem may be estimated. 
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A n Interpretive 

In recent years considerable effort has been devoted to developing a methodology based 
on detailed analysis to design structures which will operate under conditions of high tem
perature and periodic large thermal transients such that there exists a high level of 
confidence in their structural integrity. This methodology encompasses analytical methods, 
material behavior and design criteria. There has been excellent progress in all of these 
areas; however, it has become obvious that simplified procedures are needed, since the costs 
associated with performing a rigorous time-history analysis of a structure which is subjected 
to significant transient loadings while operating in the creep regime are very high, par
ticularly if three-dimensional representation is required. 

The Pressure Vessel Research Committee believes that progress in further developing 
this methodology will be assisted by the creation and wide distribution of a series of topical 
reports. This report series will serve to inform both by making available techniques and data 
which are relatively unknown in this country and by summarizing the current state of the 
art. In this manner the PVRC believes that technical progress can be stimulated and 
focused. However, the technology is in the developmental state and a full description of 
ancilliary information is often not available (e.g., a complete description of the creep and 
plasticity response of a candidate material). Also, sufficient confirmatory experimental data 
on structures of similar geometries, materials and operating conditions does not exist for 
many of the proposed design methods such as those contained in the following report. 
Experimental programs such as those sponsored by the USAEC are expected to provide such 
confirmation and define the range of applicability of proposed methods. Thus the topical re
ports published in WRC Bulletin 195 are not recommendations by the PVRC to industry on 
the appropriate technique for pressure-vessel design at this time, but rather are topical re
ports of the status of an aspect of elevated temperature design at a point in time to aid the 
current development work in this field. 

For structures other than semi-infinite right circular cylinders of uniform thickness sub
jected to continuous internal pressure and cyclic radial thermal gradients, no closed form 
analytical methods of demonstrated conservatism exist. The use of finite element time-
history analysis has proven to be, on occasion, extremely expensive. Thus a clear and urgent 
need exists for the development of simplified analytical techniques to permit the economic 
evaluation of potential ratcheting configurations. 

The concepts discussed in these reports are expected to have significant value in 
reducing the analytical efforts for the design of elevated temperature structures. At the 
current time insufficient experimental data are available to permit the PVRC to endorse the 
techniques for bounding the response of potential ratcheting problems. Further experimental 
data on the basic response of candidate materials as well as ratcheting experiments on 
typical structures are required. These reports are recommended to the industry as a source of 
potentially valuable techniques. It is believed that these proposals deserve detailed examina
tion and should be tested against the body of experimental data as it becomes available. 

The price of WRC Bulletin 195 is $11.00. Orders should be sent to the Welding Research 
Council, United Engineering Center, 345 East 47th St., New York, N.Y. 10017. 
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