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Prediction of Fatigue Crack Growth Lives in High
Strength Steel Weldments under Low Temperatures

by Yoshio KiTsunar** and Etsuji YOSHIHISA**

Abstract ; Some defects such as undercuts or lack of penetration are sometimes introduced into
welds in structures due to a restriction of welding procedure. As a structure containing these
defects with high stress concentration was subjected to cyclic loadings under low temperatures,
fatigue cracks sometimes initiated from such defects and propagate to such an extent that
unstable fracture occurs. In particular, fatigue crack growth is acceralated at low temperature,
becoming unstable because of reduced fracture toughness of the welds. To prevent such failures
introduced by fatigue cracks growing from welding defects, it is important for us to obtain further
knowledge concerning the behavior of fatigue crack growth and fracture toughness of welds
under low temperatures.

Numerous data on the fatigue crack growth of welds at room temperature have been
obtained. However, data concerning welds at low temperatures are less commonly reported. As
regards the study of fatigue crack growth in welds at low temperatures, it has been shown that
the crack growth rate is mainly affected by the fracture mechanism with reducing fracture
toughness and the residual stresses. The influence of residual stresses on the fatigue crack growth
rate has been evaluated using an effective stress intensity factor range estimated based on the
crack closure measurement. Application of this approach to real large welded structures,
however, may be often difficult from the practical point of view. As superposition principle is
applicable for an elastic body with a crack, hence the crack growth rate in material with residual
stresses at room temperature has been evaluated by superposition of the respective stress
intensity for the residual stress field and for the applied stresses. Fatigue cracks at- low
temperatures mainly behave elastically. Therefore it may be possible to evaluate fatgue crack
growth rate, da/dN, by applying the superposition approach. In this study, we assume that the
effect of residual stresses on crack growth rate is equivalent to the stress ratio effect, the fatigue
crack growth behavior of welded joints and the base metal in a HT 80 steel at temperatures
ranging from room temperature down to 93 K is evaluated using the effective stress intensity
factor range which is taken into account the residual stresses and temperatures. The effects of low
temperatures on the fracture mechanisms during the fatigue crack growth and the fatigue
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fracture toughness, KfcR, are also examined.

Two types of specimens, compact type (CT) specimens with 14 mm thickness and 10 mm
width, and center-cracked tension (CCT) specimens with 4 or 8 mm thickness and 100 mm width,
were machined out from the butt-welded plate of HT 80 steel. Notch in each specimen was
oriented so that the crack passes through the weld metal parallel to the welding direction. Heat
treatment was not performed for all specimens. The fatigue crack growth tests were carried out
at room temperature (around 293 K) and 223, 173, 123, and 93 K using a 196 kN closed-loop servo
hydraulic fatigue testing machine attached with a refrigeration chamber. Low temperatures were
achieved by controlling the flow of liquid nitrogen into the refrigeration chamber. The stress
ratios, R, for the fatigue tests were 0.05, 0.25, 0.5, and 0.8 ; and frequencies were ranged between
10 to 25 Hz.

The main results obtained in this study are as follows:

(1) As fracture mechanism during the fatigue crack growth was dominated by striation
formation, the crack growth rates of the base metal and the welds were relatively insensitive to
temperatures. Hence the crack growth rates of the welds were dominated by residual stresses
rather than temperatures. In contrast, fatigue fracture toughness were markedly influenced by
temperatures. ' '

(2) Fatigue crack growth rates in the ranging from 5 x 10~° to 7 x 10~®m/cycle for the base
metal and welds were correlated with the effective stress intensity factor range, 4 KeffR,
estimated by superposition of the respective stress intensity factors for the residual stress fields
and the applied stresses regardless of residual stress distributions, temperatures and specimen

= configurations, when the crack growth was dominated by striation formation.

(3) Fatigue crack growth lives in welds under low temperatures are able to predict using 4
KeffR, when the initial residual stress distribution in the welds is known.

(4) Fatigue fracture toughness, Kfc, in the welds in CCT specimen was lower than that in CT
specimen regardless of temperatures, because the crack tips in the welds in CCT specimen always
existed in the fields of tensile residual stress, whereas the crack tip in the welds in CT specimen
was always in the fields of compressive residual stress. The influence of residual stresses on the
Kfc is able to evaluate using a superposition approach.

(5) As the temperatures decreased below 123 K, fatigue crack growth rates of the base metal
and welds increased markedly because of the occurrence of cyclic cleavage during striation
formation. The cyclic cleavage was formed due to local deterioration of the material caused by
cyclic straining ahead of the fatigue crack tip.

Keywords ; Fatigue, Crack growth, Life prediction, Weldments, HT 80 steel, Low temperatures,
residual stresses, Fracture mechanics, superposition, Crack closure, Fatigue fracture toughness,
Cleavage
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Tablel Chemical composition -of material used.
(weight percent)
AL MHOEERS (EE%)

c Si  Mn P S “Cu Mo Cr
0.13 025 0.8 0016 0.006 0.17 0.40 0.79

Table 2 Mechanical properties of material used.
fEF U - osmritE
Temper-  Yield Tensile Elon- Young’s
ature strength  strength gation modulus
K MPa MPa % GPa
Room temp. 760 817 26.0 197.6
223 785 873 19.8 198.3
173 893 939 18.8 202.2
123 981 1020 17.0 208.1
214.5

93 1000 1059 15.3
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Table 3 'Welding conditions of butt-welded joint.

EEeeaERst
Parameter Value
Groove Double V
Position Flate
Electrode JIS D8016
Electrode dia. 4 and 8 mm
Current 180-220 A
Arc voltage 3BV
Welding speed 180—220 mm/min
Heat input 17.2—25.7K]J/cm
| Number of runs 6
25.0
2holes
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Fig. 1 Configurations of specimens used.
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Fig.2 Relation between fatigue crack

growth rates and 4 K in base metal at
temperatures ranging from room
temperature down to 93 K.
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Fig. 3 Comparison of fatigue crack growth
- rates between base metal and welds
at room temperature.
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Fig.4 Relation between fatigue crack
growth rates and 4K in welds at
temperatures ranging from room
temperature down to 93 K.
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Photo.1 Fractographs showing cyclic cleavage occurred during fatigue crack
growth under low temperatures.
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Fig. 6 Relation between width of cleavage, 4 a, and plastic zone size, Ry.
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Fig.9 Relation between fatigue crack growth
rates and 4 K in base metal at tempera-
tures ranging from room temperature down -
to 123 K.
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Fig. 10 Relation between fatigue crack growth

rates and 4 Kegr in welds at temperatures

ranging from room temperature down to

123 K.
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Fig. 11 Relation between fatigue fracture tough-
ness which is taken into account residual
stresses, KfcR, and temperature.
BRIACH & ER U SRR Ke LR
{0l 35



EERE T8 2 BRIFMEBERTOEY & HEEF O TH

D Kie ZBRAWIZEERWTHART, K ZHEVE L &2
BECT L CCT HBRAE DT — 080 DiFTL 2 b
o, ERICBT 2BFBEMRFORESIHEAL:, KOE
RERICLIVFET 3 L i3EEEL 51D,

4.6 HEMFOEF STURBHESOTE

Fig. 10 ieiR L7z & 512, I EHEED da/dN iZBES
BB E ST Ko £ ORICEFBIROERIILT
Wb, L7285 T, da/dN & dKer DEEEIE, C, m
ZEHELTROG)D X S icEdhsns,

da/dN = C (AKeffR) m (15)

AODOBER L, S S HEEES N 2HET 3B
BINCERTE S, $hbb, BESFCEELTL
TRAIARMED T % a, BERFISRKBEELREI L
VAR %@ggﬁé % das tj‘ﬂ@f, ﬁ(ﬁ)% ag "o as D
HECE-> RO L > BT 2Lk, EH
SHEBEEFEGN 2RDB LN TE B,

. o 1

N= [ ey 19
ZZTC, C&mDHfEIx, R@WFRLILS iz, C=
©2.22X1071, m=2.66 TH 3,

Fig. 1213, A VS Az —va v EBRICE->TEHD
CREPRENZ ZZ0RBF I L T, RODEHFR %
BRALTEGRTHZ T BEERLELOT, E&
PRBRTR U FHNER, B8R U 30 FEMTFOE
Ffll T, WETRTERT— 5 LITIZEL—FLT
Wwa, LHL, N30 FREI2# 2 2 BREGAITIE, F

70

a Side|Temp|F xp |Predict.
80 CT RT.| A
£ a 71 | L [
£ cC 2 173K a
1 ©
50 L etk -2
L] R=0.05

40

’ / o
30 A
nl!
a

V4 P
P et

T A —n—Q_n:"/ -
104eo% .
0 10 20 30 40 50 60 70 80

N x10%cycle

Fig. 12 Prediction of fatigue crack growth lives in
welds with residual stresses.
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