
Fracture Toughness of Modern 9% Nickel 
Cryogenic Steels 

Crack-arrest characteristics of recent 9% Ni steels have 
improved dramatically 

BY R. D. STOUT, S. K. TARBY AND S. J. WIERSMA 

ABSTRACT. Storage tanks for liquefied 
natural gas must contain a highly flamma
ble gas at 110 K (-163°C), with an ample 
margin of safety. The 9% nickel steels 
have served in more than 50 LNG tanks 
without failure for over a decade. The 
Gas Research Institute (GRI) has spon
sored an international cooperative pro
gram to demonstrate the capabilities of 
9% Ni steels to resist fracture initiation 
and arrest propagation. One project has 
considered the enhancement of proper
ties attained in the past 15 years by 
lowering impurity levels. A statistical 
study has shown the large gains in the 
notch toughness of production heats 
made by reducing P and S contents 
below 0.005%. In contrast to the ASTM 
minimum requirements of 27 J (20 ft-lb) 
Charpy at 77 K (-196°C), levels over 100 
J (74 ft-lb) have readily been attained in 
recent production. Other phases of the 
GRI program have studied the crack-
arrest capacity of 9% Ni heats ranging 
from 35 to 200 J (26 to 148 ft-lb) Charpy 
at 77 K, including the effects of welding. 
At 40 J (30 ft-lb) toughness level, 25-mm 
(1-in.) thick plates can arrest cracks 100 
mm (4 in.) long, but at 250 J (184 ft-lb) 
Charpy, 25-mm plates could arrest cracks 
over 0.75 m (29 in.) long. An important 
ingredient of crack arrest is the large 
energy absorption by the surface layers 
of these relatively thin storage tank 
gauges. While weld planar flaws and 
property alteration in the weld heat-
affected zone may have adverse effects 
on welded joints, the excellent fracture 
toughness of the austenitic weld metal 
used in the tanks compensates for these 
effects. 
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Introduction 

Storage tanks for liquefied natural gas 
(LNG) must be designed to contain a 
highly flammable substance at low tem
perature (110 K/-163°C), with an ample 
margin of safety against the initiation or 
propagation of brittle fracture. To meet 
these requirements, the containment 
material must possess a high notch tough
ness at operating temperatures, as well as 
weldability characteristics to resist hot 
and cold cracking and embrittlement of 
the heat-affected zone. Strength require
ments are not a problem at 110 K, but 
must be adequate to withstand the 
stresses of construction and hydrotesting. 
ASTM specifications for 9% nickel steel 
(A553 Type I and A353 Type I) address 
tensile strength and ductility and Charpy 
test notch toughness, e.g., 27 J (20 ft-lb) in 
the transverse-to-rolling direction at 77 K 
(—196°C). The quality of construction of 
LNG storage tanks is governed by the API 
Code Standard 620 Appendix Q, or its 
equivalent. 

The adequacy of 9% nickel steel fabri
cated by code procedures for LNG ser
vice is attested to by the absence of tank 
failures in over 50 storage tanks that have 
been put into service worldwide. The 
Gas Research Institute considered it pru
dent to confirm the safety features of 9% 
nickel steel in LNG tanks by instituting an 
international cooperative research pro
gram, following the suggestions pro
posed in an interpretive report (Ref. 1) 
prepared under its support. Projects 
(Refs. 2-6) were undertaken in England, 
Japan, and the United States on four 
topics: (1) the significance of the weld 
heat-affected zone to crack arrest, (2) the 
correlation of the several crack initiation 
and crack-arrest tests, (3) the influence of 
fabrication flaws on fracture toughness, 
and (4) the characterization of strength 
and notch toughness of present-day pro
duction heats of 9% nickel steels. This pa
per concerns primarily the fourth project 
listed, but some pertinent results from the 
other projects are also included. 

Characteristics of Production Heats 

A statistical study was conducted of 
9% nickel steels produced during the past 
two decades to determine (1) the trend 
of mechanical properties with the year of 
manufacture, and (2) the effect of com
positional variables on the mechanical 
properties of production heats. For these 
purposes, heat sheet data were assem
bled from sources in Europe, Japan, and 
the United States. Over 600 heats were 
represented in the data bank. A versatile 
computer package was chosen for the 
regression analysis of the data. The pack
age permits forward or backward step-
wise examination of the variables, prints 
histograms, identifies outlier data points, 
and analyzes the data to suggest possible 
data transformations. 

Figure 1 shows the relation of the 
average Charpy notch toughness of 9% 
nickel steels to the year of manufacture. 
A three-year weighted running average 
was used to smooth out the ups and 
downs of the numbers of heats reported 
for each year. The improvement in notch 
toughness over fifteen years is striking, 
with a discontinuous upward jump in the 
last five years. The same trend was exhib
ited by the heat data obtained from all of 
the sources. It is obvious that modern 9% 

PRODUCTION YEAR 
(3 YEAR WEIGHTED RUNNING AVERAGE) 

Fig. 1 — Change in Charpy toughness level in 
9% nickel steels with the year of manufac
ture 
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nickel steels provide a toughness level far 
above the minimum level specified by the 
ASTM A553 Type I grade. As will be seen 
later from the regression analyses, the 
single most important factor responsible 
for the improvement is the minimization 
of sulfur content. 

The regression analyses considered 
nine independent variables: gauge, C, 
Mn, P, S, Si, Ni, yield strength, and tensile 
strength. The latter two were included in 
an attempt to introduce an indirect index 
of heat treatment procedures which 
were not supplied to the data bank. The 
multiple regression obtained with Charpy 
test Joules at 77 K as the dependent 
variable was as follows: 

Cv = 96 - 0.16t - 600C 4- 157Mn -
190P - 4300S + 470Si + 39Ni - 0.34Y.S. 

- 31T.S. 

The R2 value for this equation was 56% 
and the standard error of estimate was 
40. The computer program results sug
gested that an improved and simplified 
correlation could be obtained by choos
ing interactive predictors, such as Mn/C 
and Mn/S. When this transformation was 
applied, R2 rose to 64%, and the equation 
became 

Cv = 335 + 293Si + 0.14Mn/S + 
5.25Mn/C - 0.50 (tens, strength) 

Table 1—Composition and Tensile Properties of the 9% Nickel Heats 

Heat 

L16 
L25 
M14 
M28 
H27 

Heat 

L16 
L25 
M14 
M28 
H27 

C Mn 

0.07 0.48 
0.04 0.68 
0.06 0.62 
0.05 0.55 
0.06 0.59 

P 

0.006 
0.019 
0.011 

<0.005 
0.010 

Yield Strength (MPa) 
295 K 110 K 

710 
715 
695 
665 
680 

790 
935 
950 
850 
940 

Chemical Composition (% 
S 

0.006 
0.010 
0.004 

<0.005 
0.005 

Si 

0.23 
0.27 
0.28 
0.18 
0.27 

Ni 

9.03 
8.70 
8.80 
9.20 
9.00 

Tensile Properties 

Tensile Strength (MPa) 
295 K 110 K 

870 
740 
745 
840 
730 

1130 
970 
1055 
1150 
990 

) 
Cr 

0.08 
0.04 
0.12 
0.04 
0.02 

Mo 

0.05 
0.01 
0.04 
0.04 

<0 .01 

Elongation (%) 
295 K 110 K 

24 
24-31 

23 
27 
30 

23 
28 
24 
25 
27 

Cu 

0.04 
0.02 
0.13 
0.14 

-

Red 

( 
295 K 

72 
66-80 

75 
77 
78 

. 

Al 

0.03 
0.04 
0.05 
0.03 

-

Area 

%) 
110 K 

68 
64-74 

70 
73 
74 

It is interesting to note that a large frac
tion of the variance was accounted for 
by relatively few of the variables. For 
example, C, Mn, S, Si, and T.S. produced 
an R2 of 53% in the first equation and 
64% in the second one. Thus, it is the 
control of these elements which leads to 
most of the improved toughness of more 
recent heats. It is known that grain size, 
retained austenite, and tempering tem
perature are important and interrelated 
factors, but data were lacking to allow 
their quantitative evaluation. 

Fracture Toughness of 9% Nickel Steels 

The Gas Research Institute internation
al cooperative program is concerned 
with the fracture toughness of 9% nickel 
steel used in LNG storage tanks, with 
particular emphasis on its ability to arrest 
cracks in the presence of weld flaws, as 
influenced by the heat-affected zone and 
weld metal properties. For the study, 
heats were obtained comprising two 
thicknesses and three Charpy notch 
toughness levels. The heats were coded 
L, M or H, for low, medium or high 
toughness, and with numbers indicating 
the plate thickness in millimeters. Chemi
cal compositions and tensile properties 
are listed in Table 1. The heats were 
characterized by CTOD tests, compact 
crack-arrest (CCA) tests and wide-plate 
tests in which welding effects were incor
porated. The temperatures of test were 
110 K, the b.p. of LNG, and 77 K, the b.p. 
of nitrogen. 
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The results of the small-scale fracture 
toughness tests on the various base met
als are presented in Fig. 2. The trend of 
the CTOD tests is broadly parallel to the 
Charpy tests, but the effects of the plate 
thickness and test temperature are 
marked. The CCA tests reveal the 
remarkable ability of 9% nickel steel to 
arrest a running crack. In these tests the 
influence of thickness is apparent, but 
temperature of testing produces a limited 
change in Ka values. 

Comparison of Tests 

Short of prototype testing, the wide-
plate test provides the closest approach 
to service structure behavior that can be 
attained in the laboratory. Because wide-
plate tests are extremely expensive, their 
use is limited to laboratory studies. Thus, 
a critical question to be answered in the 
cooperative program was whether or 
not a small-scale test such as the CCA test 
could furnish measurements of crack-
arrest toughness which were quantita
tively consonant with those produced by 
the wide-plate tests. Figure 3 summarizes 
the comparative values of Ka derived 
from the large-scale and small-scale spec
imens taken from the base metal of the 
program heats. 

Several features of these tests must be 
understood in interpreting the data of Fig. 
3. The CCA Ka values are those calcu
lated from the "first pop-in" observa
tions. When the crack enters the test 
material, its tip is straight and perpendicu
lar to the plane of the plate. As the crack 
progresses, the surface layers deform 
plastically, causing the crack to tunnel at 
mid-thickness. Hence, the unbroken sur
face ligaments impede crack propagation 
and induce crack arrest, unless the 
imposed stress level is sufficient to pro
vide the needed driving energy. If arrest 
occurs after limited crack growth, the 
tunneling will not develop fully. Further 
loading may restart crack propagation 
and intensify tunneling, which results in a 
higher Ka value. In effect, the Ka level 
calculated from initial pop-in is a conser
vative one. In the case of the wide-plate 
tests, the observations are limited to go, 
no-go behavior, and therefore Ka calcula
tions produce only "greater than" for 
crack arrest or "less than" for a through-
crack in a given test. 

Inspection of Fig. 3 shows that no 
wide-plate specimen propagated a 
through-crack at Ka levels below the range 
of Ka derived from the CCA tests, and of 
the program heats only L25 developed 
through-cracks. In two supplementary 
heats tested in Japan, the wide-plate tests 
also showed wide-plate Ka levels within or 
above the CCA ranges. The tests on the 
other four program heats indicate that Ka 

values above 300 MPa m,/2 are exhibited in 
wide-plates of these heats. 
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Table 2—Lower Bound Values and 
Allowable Crack Sizes 

Heat 

L16 
L25 
M14 
M28 
H27 

Lower Bound 
Kaat 

-162°C , 
MPa m'/2 

160 
110 
250 
225 
350 

Allowable 
Crack 
2a in 

For 160 
MPa 

640 
300 

1750 
1250 
3000 

sizes 
mm 
For 260 

MPa 

240 
110 
590 
480 

1150 

Characteristics of the Heat-Affected Zones 
in Welded Joints 

Measurement of the crack-arrest 
toughness of the weld HAZ is impeded 
by the limited dimensions of the HAZ, its 
tilted orientation in a V or double-V weld 
joint, and the proximity of weld metal 
and base metal whose properties may be 
different. However, it can be argued that 
in a service structure these conditions 
exist as well, and therefore should not be 
circumvented in the test. In the prepara
tion of CCA specimens, efforts were 
made to impinge the initiating crack 
directly on the HAZ. In some cases, the 
crack was steered by partial or continu
ous side grooves across the specimen. 

The results of the CCA tests are shown 
in Fig. 4. For the most part, the Ka values 
of the HAZ tests lie at or above the base 
metal levels. Exceptions are identifiable as 
side-notched or high-heat input weld
ments. As noted by the investigators, the 
generally good performance of the 
welded CCA tests was aided by the 
tough austenitic weld metal, which arrest
ed the crack when it deviated into that 
material. 

Influence of Weld Incomplete 
Fusion Discontinuities 

It was observed early on in the investi
gation that the induction of incomplete 
fusion along the side of the weld gener
ated a jog in the direction of the weld 
interface because of the change from no 
bonding or penetration to bonding and 
penetration of fused metal into the 
groove sidewalls. Consequently, the tip 
of the incomplete fusion, where cracking 
would initiate, pointed directly into weld 
metal, which could be expected to exert 
a controlling effect on the crack 
growth. 

In the study of incomplete fusion dis
continuities, CCA specimens were pre
pared with the incomplete fusion running 
continuously along the weld with a depth 
of about half the plate thickness. The 
specimens incorporated a brittle plate on 
one side to create a running crack, which 
was aligned with the incomplete fusion, 
and Ka values were obtained for crack-
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Fig. 5 —Effect of incomplete fusion on crack-arrest toughness of V or double-V welds 

arrest in the presence of the discontinu
ity. The experimental results are present
ed in Fig. 5. It is apparent that the weld 
with ferritic weld metal produced the 
lowest Ka values. Considering that the 
incomplete fusion acted much like a side 
groove and reduced the effective net 
section at least 40%, the Ka values for the 
austenitic weld joints are surprisingly 
high. At -162°C (-260°F), all of the 
austenitic weldments exceeded 150 MPa 
m'/2 in Ka value. 

Summary 

A central concern to this program is 
the accuracy that can be attained in the 
measurement of crack-arrest toughness 
by either quasistatic or dynamic proce
dures. It is the remarkable toughness of 
9% nickel steels that makes it difficult to 
measure that toughness by methods that 
were devised for materials of limited 
toughness. Thus, approximations must be 
introduced in adjusting observed test 
data for plastic deformation that can 
occur in the surface layers of the plate. 
Measurements of load and crack length 
vs. time critical to reliable calculation of 
KQ are hampered by crack tunneling and 
instrumentation problems. Moreover, 
since allowable crack sizes are related to 

the square of the arrest toughness, a 25% 
scatter in Ka or Kp values represents over 
50% uncertainty in the crack size that can 
be arrested by the material. The engi
neering resolution of the problem found 
to be satisfactory for other applications is 
to establish a lower bound to the data as 
a basis for predicting service perfor
mance. 

The Ka values measured by the first 
pop-in in CCA tests have been shown to 
lie below the K values applied to wide-
plate tests that arrested crack propaga
tion. The Japanese Consortium showed a 
fair correlation of Charpy energy at 
-196°C (-321 °F) with CCA test Ka val
ues at -162°C (-260°F), which they 
proposed as 

Kd = 1.5 Cv + 85 

Since this relation does not pass through 
the origin and is not dimensionally cor
rect, a substitute relation that meets both 
of these objections is 

Ka - 162 - 20 y C y - 196 

This curve follows essentially the lower 
bound of Ka values, as shown in Fig. 6. 

If the lower bound values of crack-
arrest toughness are taken for each of 
the program heats, allowable crack sizes 
at LNG temperature can be calculated for 
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the range of design stresses specified by 
various national codes. Table 2 lists the 
results. 

Since these Ka values were taken from 
CCA tests at the initial pop-in, they must 
be regarded as strongly conservative. 

The overall results of the cooperative 
program can be summarized as follows: 

1. Five heats of 9% nickel steel varying 
in Charpy toughness at -196°C from 30 
to 225 J (22 to 166 ft-lb) have been 
extensively tested for fracture toughness 
characteristics at LNG temperatures in the 
unwelded and welded conditions, with 

special attention to crack-arrest tough
ness. 

2. The compact crack-arrest test and 
wide-plate tests such as the double ten
sion, duplex Esso, and short-crack arrest 
have been shown to correlate satisfacto
rily in evaluating crack-arrest ability. The 
Charpy test and drop-weight tear test are 
not direct indicators of crack-arrest 
toughness, but conservative specification 
of performance in these simple tests can 
serve to screen production heats reli
ably. 

3. Except for L25, the low-toughness 

heat, the Charpy and CCA tests on the 
weld heat-affected zones did not indicate 
a significant loss of toughness due to 
welding. Welded wide-plate tests exhib
ited high values of crack-arrest tough
ness, over 200 MPa m' /2, at -162°C in all 
of the steels. 

4. The study of incomplete fusion dis
continuities revealed the controlling 
effect of the weld metal on crack initia
tion and crack arrest. Because the incom
plete fusion tip pointed into weld metal, 
the weld metal toughness was govern
ing. 

5. By selection of the lower bounds of 
crack-arrest toughness determined ex
perimentally, a conservative approach is 
assured in assessing the suitability of pro
duction heats for LNG service. 

6. Current production practice pro
vides a level of Charpy toughness at 
— 196°C, far above the minimum speci
fied in ASTM standards for 9% nickel 
steels. A specification of 60 J (44 ft-lb) is 
feasible and sufficient to obtain an ade
quate resistance to crack initiation and 
propagation in service, corresponding to 
about 160 MPa m'/2 crack-arrest tough
ness at LNG temperatures. 
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