
Subcritical Crack Growth Characteristics 
in Welded ASTM A537 Steel 

Fracture toughness, fatigue and corrosion fatigue tests 
indicate the steel can be used in welded marine applica
tions with a high degree of confidence 

By D . F. S O C I E A N D S . D . A N T O L O V I C H 

ABSTRACT. Frac ture toughness , 
fatigue, stress corrosion and cor
rosion fatigue were studied in both 
the base metal and HAZ of an ASTM 
A537 grade steel which was welded 
wi th heat inputs of 25, 50 and 75 
k J / i n . A uniform HAZ was main
tained perpendicular to the side 
planes of the specimen and parallel 
to the crack by welding a "K- type" 
joint of different section sizes. The re
sults of this investigation indicate 
that the subcritical f law growth prop
erties of this steel tested in 31/2% 
aqueous NaCI are not degraded rela
tive to those of the base metal over 
the range of welding conditions stud
ied and that this steel can be used for 
marine applications in the welded 
condition w i th a high degree of con
fidence. 

In t roduct ion 

Many large engineering structures, 
such as ships, bridges, and offshore 
dri l l ing platforms are fabricated by 
some type of welding. One of the 
most common modes of fai lure is the 
growth of a small f law or crack to a 
critical size where catastrophic fai l
ure occurs. The purpose of th is in
vestigation was to provide some use
ful design information and to deter
mine the effect of welding on the sub-
critical f law growth characteristics of 
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a low temperature high toughness 
steel. These structural steels are used 
in a quenched and tempered condi
tion so that the necessary balance of 
strength and toughness is obtained. 
During welding, the metal next to the 
weld joint is affected by the heat re
quired to melt the base metal in order 
to insure a good weld to base metal 
bond. This heat can alter the micro-
structure of the heat-affected zone 
(HAZ) and significantly change both 
physical and mechanical properties. 
Welds often contain small f laws from 
which cracks originate so that the 
properties of the material near the 
weld zone are of considerable im
portance. 

The primary causes of crack growth 
are cyclic stresses and aggressive en
vironments. Linear elastic fracture 
mechanics concepts have been suc
cessfully used to describe the growth 
of cracks (Refs. 1-3). It is of value 
then, to determine the crack growth 
characteristics under both static and 
dynamic loading in an aggressive en
vironment such as sea water. Wi th a 
good stress analysis, life calculations 
can be made for a structure contain
ing cracks by using the crack growth 
rates determined in the laboratory. 

Exper imenta l Procedure 

The steel used in this investigation 
is covered by ASTM Standard A537-
67, " C a r b o n - M a n g a n e s e - S i l i c o n 
Steel Plate, Heat Treated for Pressure 
Vessels". The chemical composition 
and mechanical properties are listed 
in Table 1. The thermal treatment 

consists of austenitizing at 1700 F 
(927 C) for one hour and water spray 
quenching. The plates are then 
tempered at 1100 F (593 C) for one-
half hour. 

In order to obtain reliable measure
ments of the properties of the HAZ 
the crack must be kept entirely wi th in 
it. Most studies using conventional 
"V- type" weld joints result in a non-
uniform HAZ where the crack is free 
to run through the base metal, HAZ, 
or fi l ler metal depending on the 
geometry and external stress field 
(Ref. 4). To avoid this, a HAZ that is 
not only straight but also perpendic
ular to the specimen surface was 
produced using a "K- type" weld joint 
shown in Fig. 1. The welds were 
made by the submerged arc process. 
Three groups of weldments using 
heat inputs of 25, 50 and 75 k J / i n . 
were made wi th Armco W-18 elec
trodes and Linde 709-5 flux. 

Fracture toughness tests were con
ducted on the base metal using 0.5 in. 
(12.7 mm) and 2.0 in. (50.8 mm) thick 
compact tension specimens shown in 
Fig. 2. These tests as wel l as all other 
mechanical testing were done on an 
MTS closed loop testing system in 
accordance w i th the recommended 
procedure set forth in ASTM specifi
cation E399-72. The specimens were 
fatigue precracked and fractured in 
monotonic loading. 

A tapered specimen as shown in 
Fig. 3 was used for corrosion tests 
and is described in detail elsewhere 
(Ref. 5). This specimen was used be
cause the stress intensity is inde
pendent of crack length and only a 
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Table 1 — Chemical Composition and Mechanical Properties of ASTM A537 Steel 

Heat Mn 

Chemical composition, w / o 

P S Si Cr Ni Mo Cu 

1 
2 
3 

.14 

.18 

.14 

1.35 
1.33 
1.41 

.016 

.012 

.010 

.018 

.019 

.027 

.35 

.39 

.38 

.22 

.19 

.21 

.16 

.18 

.21 

.05 

.04 

.06 

.16 

.24 

.24 

Mechanical properties 

Heat 

1 
3 

Tensile strength, 
ksi Pa 

Yield strength, 
ksi Pa 

80.9 
82.9 

(5.6x 108) 
(5.7x 108) 

63.0 
62.0 

(4.3 x 108) 
(4.3x10") 

Elongation, 
% 

42 
26 

Fig. 1 — Weld joint used to produce uniform heat-affected zone (left side) 

2 5 W 

W = 1 i n (25.4mm) 

4 i n (101.6mm) 

Fig. 2 — Standard proportions of the compact tension specimen 
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function of applied load. Single edge 
notch (SEN) specimens shown in Fig. 
4 were used to evaluate the fatigue 
properties in air of both the base 
metal and the HAZ. The cyclic crack 
growth rate (da/dN) was calculated 
by dividing the incremental crack 
growth (A a) by the number of cycles 
(AN). The stress intensity was cal
culated using the average crack 
length (a) in the growth interval 
wh ich was sufficiently small so that 
the stress intensity did not change by 
more than 5 percent. 

Fractographs were made from the 
fractured surfaces using conventional 
two stage replicating techniques. 

Results and Discussion 

Fracture Toughness 

A summary of fracture toughness 
data appears in Table 2. None of the 
tests qualify as a plane-strain fracture 
toughness as specified by ASTM 
E399 because the crack length and 
thickness are not greater than 

2 . 5 ( K Q / o - y s p 

The average toughness at fracture of 
77 ksi /Tn. (84.6 MPa%/m) and 84 ksi 

v/in. (92.3 MPaVm) for 0.5 in. (12.7 
mm) and 2.0 in. (50.8 mm) thick spec
imens indicate that the toughness of 
this material does not depend on 
thickness to a large extent. The 
macromechanism of crack extension 
is one of tearing. Fractographs of the 
fat igue/tensi le interface are shown 
in Fig. 5. Region A shows the crack 
going over a second phase or grain. 
Region B shows dimpling initiated by 
precipitates in the matrix material. No 
single mechanism is operating at the 
onset of fracture; however, a tearing 
mode predominates. 

Fatigue Crack Propagation 

It has been shown both experi
mentally and theoretically that the re
lationship between the stress inten
sity and the crack growth rate for a 
wide variety of materials (Ref. 1) is of 
the form: 

da 

^ N ~ 
C ( A K ) r (1) 

where the crack growth rate coeffi
cient (C) is a constant that includes 
environmental and microstructural 
variables and m is often taken to be 
equal to 4, the best integer approxi
mation. To obtain the crack growth 
rate coefficient t h e data w a s 
statistically f itted to a 4 th power rela
tionship. Table 3 lists the crack 
growth rate coefficients and a 90% 
confidence interval. The data is 
graphically presented in Fig. 6 It is 
clearly shown that welding has l i t t le 



or no effect on the fatigue crack 
growth rate of this material. One of 
the unique features of fatigue is the 
formation of striations although the 
exact mechanism is not wel l defined. 
Figures 7A and 7B show striations 
formed at lower stress intensities 
whi le 7C shows branch cracking that 
is more typical of higher stress inten
sities. 

Stress Corrosion and 
Corrosion Fatigue 

Corrosion tests were carried out in 
a 31/2% aqueous NaCI solution. The 
threshold stress intensity below 
which there is no crack growth was 
determined by fatigue precracking a 
tapered specimen and then holding it 
at a constant load whi le monitor ing 
the crack length. The threshold stress 
intensity was found to be 40 ksiv'Tn. 
(43.6 MPa\ /m) or about one half of 
the toughness. 

The results of the corrosion fatigue 
tests of the base metal are graphical
ly shown in Fig. 8. There is no statis
tical difference between tests con
ducted in air and 31/2% aqueous NaCI 
at 75 F (24 C). Similar tests were 
conducted on the 50 k J / i n . weld 
samples w i th the same result (i.e. no 
difference for tests in air and 3V2% 
aqueous NaCI). There is a large differ
ence between tests conducted in 
31/2% aqueous NaCI at 75 F (24 C) 
and 30 F (-1 C) indicating that the 
process is thermally activated. Such a 
process might be dislocation move
ment in the plastic zone ahead of the 
crack tip. The 4th power model can be 
modified to include temperature as 
fol lows: 

da 

dN 
T l . l x 1Q--3 exp/"OOPV| (AK)4 

(2) 

where R is the gas constant and T is 
the absolute temperature in degrees 
Kelvin. 

Appl ica t ion of Resul ts 

Perhaps the best way to demon
strate the usefulness of this type of re
search is to illustrate a typical life 
calculation. Let us assume that a 
large plate such as that on a ship hull 
has a center crack 0.5 in. long and is 
subject to a stress varying f rom 0 to 
20 ksi. The stress intensity factor for 
this crack can be expressed as (Ref. 
6): 

K=o-s/~T~a~ (3) 

where 
o" = stress 
2a = crack length 

The crack growth rate is given by: 

da „ , » „ „ 

dir C ( A K ) 4 (4) 

substituting into eq (4) for A K, one ob
tains 

da 
dN 

= C(Aof> (7ra)2 

evaluated from the toughness at frac
ture data obtained from this investi
gation by substituting KQ into Equa
tion 3. 

integrating 

N, a , 

M da 

(5) 

(6) 

Kr 

5.1 in. 

C(A<*)4T2 a2 

solving for cycles to failure N f , one 
obtains: 

N, 1 va< (7) 

C(Aff)47r2 a f a 0 

The final crack length (a f ) can be 

Now the equation for cycles to failure 
can be solved w i th the result: 

N f = 4 . 8 x 10B cycles 

In principle the above calculations 
can be carried out for any load/crack 
geometry providing the stress inten
sity parameter is known and a good 
stress analysis is available. 

Conclusions 

The fracture toughness, fatigue and 
corrosion fatigue properties of an 

Table 2 — Fracture Toughness Data 

B, 
in. 

.500 

.500 
500 

2.000 
2.000 
2.000 
2.000 

W, 
in. 

1.000 
1.000 
1.000 

4.000 
4.000 
4.000 
4.000 

lb 

3800 
4200 
3100 

31,500 
15,000 
39,000 
24,000 

a / w 

.50 

.48 

.61 
Average 

.54 

.71 

.49 

.57 
Average 

73 
74 
86 

77 ksivMn. 
(85 MPavrrT) 

85 
88 
90 
74 

84 ksiVin. 
(92 MPaVm) 

.750 

5.875 

4.875 

5 . 3 7 5 

1 .720 

Dimensions in inches 

1 in = 25.4mm 

Fig. 3 — Tapered specimen used for corrosion tests 
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.500 DIA 

Thickness 

.150 i n 

(3.8mm) 

V" T ""* ' -wCr'.^J^K^S 
Fig. 5 — Tensile-fatigue interface showing dimpling 

Fig. 4 — Single edge notch specimen used for fatigue tests 

':"• £3SL$&tiff 
_ 1 1 1 1 1 — 
Z A Base Metal 

O 25 kJ/in. 

D 50 kJ/in. 

O 75 kJ/in. 

c|>. 
-t lr j 

1 1 1 1 I I I I ' -'*>, * > ,,'i 
J * T 

'TT f $ 

' ' « 1 V * \ V.'T j £* »" 

MB 
• i • '•y TIT'; \\«f'•/ ^ - ' \> 

^ f 

^ 

1 1 1 1 1 

\K = 20 KSI . i n 

(22 MPa /m) 

AK = 30 KSI ."in 

(33 MPa /Si 

J I I I I 1 111 

AK KSI / I n 
_ J I I I i I ' ' I 

AK MPa /m 
100 

Fig. 6 — Comparison of crack growth rate for welded and 
unwelded steel 

..K • 50 KSI . i n 

(55 t'.Pa /Si 

Fig. 7 — Fatigue striations formed at various cyclic stress intensities 
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Fig. 8 — Comparison of fatigue crack growth rate in 3'A% aqueous NaCI and air at 75 F and 
30 F 

Table 3 — Crack Growth Rate Coefficients for Fatigue 

Specimen 

Base metal 
25 kJ/in. weld 
50 kJ/in. weld 
75 kJ/in. weld 

Crack growth 
rate coefficient, 

in.Vkips4 

5.4 x 10-12 

5.2 x 10"'2 

5.1 x 10"12 

3.8 x 10~12 

90 percent 
confidence interval 

4.2 - 6 . 5 x 1 0 ' 2 

2.8 - 7.6 x 10"12 

4.4 - 5.8 x 10"12 

3.2 - 4.4 x 10"12 

ASTM A537 steel welded by the sub
merged arc process at heat inputs of 
25, 50 and 75 k J / i n . has been evalu
ated. Tests were carried out in the 
base metal and HAZ. The main con
clusions are: 

1 . The fracture toughness was rela
tively independent of specimen thick
ness over the range in which this 
steel is used. 

2. The fatigue crack growth rate 
was independent of heat input or the 
location of the crack (i.e. base metal 
or HAZ). 

3. The crack growth rate in 3V&% 
aqueous NaCI was highly temper
ature dependent, decreasing by al
most an order of magnitude when the 
temperature was reduced f rom 75 F 
(24 C ) t o 3 0 F(-1 C). 

4. This steel can be used for 
marine applications w i th a high de
gree of confidence. A wide range of 
heat inputs does not appear to signif
icantly reduce the fracture properties 
of the HAZ compared to the base 
metal. 
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"Submerged Arc Weld Hardness and 
Cracking in Wet Sulfide Service" 

by D. J. Kotecki and D. G. Howden 

This study was undertaken to determine: 
(1) The causes of higher-than-normal hardness in submerged-arc welds in plain-

carbon steels 
(2) The levels of strength or hardness which will not be susceptible to sulfide-

corrosion cracking 
(3) Welding procedures which will assure that nonsusceptible welds will be 

produced. 
Concentration is primarily on weld metal, though some consideration to the 

weld heat-affected zone is given. The study covered a two-year period. The first 
year was concerned with a macroscopic view of the weldments. In that first-year 
study, some inhomogeneities were observed in weldments which are not obvious 
in a macroscopic view of the weldment. It appeared likely that these 
inhomogeneities could affect the behavior of the weldment in aqueous hydrogen-
sulfide service. Accordingly, their presence and effects were investigated during 
the second year. 

The price of WRC Bulletin 184 is $3.50 per copy. Orders should be sent to the 
Welding Research Council, 345 East 47th Street, New York, N.Y. 10017. 
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"Improved Discontinuity Detection Using Computer-
Aided Ultrasonic Pulse-Echo Techniques" 

by J. R. Frederick and J. A. Seydel 

The purpose of this project, sponsored by the Pressure Vessel Research Com
mittee of the Welding Research Council, was to investigate means for obtaining 
improved characterization of the size, shape and location of subsurface dis
continuities in metals. This objective was met by applying computerized data-
processing techniques to the signal obtained in conventional ultrasonic pulse-
echo systems. The principal benefits were improved signal-to-noise ratio and 
resolution. 

The price of WRC Bulletin 185 is $3.50 per copy. Orders should be sent to the 
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