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Fatigue Crack Growth Behavior and Fracture Toughness
of Structural Steels under Low Temperatures

by Yoshio KiTSUNAI**

Abstract ; As structures or machines in cold climate are subjected to variable amplitude load-
ings, it is an important problem to prevent an unstable fracture caused by fatigue crack because
of reduced fracture toughness of\the materials. Therefore reliable data on the fatigue crack
growth behavior and fracture toughness at low temperatures are required for safely designing
or determining the inspection period of such structures. In this study, the fatigue crack growth
rates and fracture toughness of structural steels are examined at temperatures of 123, 153 and
293 K, and the influences of specimen geometry and thickness, and stress ratio and frequency
on the formation of cyclic cleavage during the fatigue crack growth, and the conditions of the
final failure are evaluated. Moreover, the relation between fracture toughness, K., and
maximum stress intensity factor, Kmex at which the first cleavage appears is examined.

The materials used in this study are JIS SM50 and HT60 steels which are widely used in
structures. Two types of specimens, center-cracked tension (CCT) specimens with 4 and 8 mm
thickness and 100 mm width, and compact tension (CT) specimens with 4, 8 and 14 mm
thickness, respectively and 100 mm width were machined out from the each steel for the fatigue
crack growth tests. The CT specimens for fracture toughness tests were prepared with 12.7 mm
thickness and 51 mm width. The tests were carried out using a 196 kN closed-loop servo
hydraulic fatigue testing machine. The test temperatures were controlled by changing the flow
volume of liquid nitrogen into a refrigeration chamber. The fatigue crack growth tests were
performed at stress ratios, R, of 0.05, 0.5, and 0.7, respectively. The load was varied
sinusoidally and the frequency was 0.8~20 Hz. An electron fractographic analysis was em-
ployed to determine the mechanism of fatigue crack growth.

The main results obtained in this study are as follows:

(1) At 123 K, the fatigue crack frowth rate was considerably affected by the stress ratio, and
was a marked acceleration to high 4K region near the final failure because of the occurrence
of a cleavage during striation formation.

(2) The fatigue crack growth rates at temperatures of 153 and 293 K were roughly the same and
the mechanism of crack growth was dominated by striation formation.

(3) At 123K, the cyclic cleavage appeared at value of Knex above 20 MPa/m during the fatigue
crack growth, independently of material, specimen type, specimen thickness and frequency.
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(4) The value of K. at which the first cleavage appeared increased with an increasing K
defined as Kunax at which a precrack was introduced in the specimen. However, a threshold of
K.; appeared as K, decreased below 18 MPay/m.

{(5) The cyclic cleavage was found to form due to local deterioration of the material caused by
cyclic straining ahead of the fatigue crack tip.

(6) The value of fatigue fracture toughness, Ky, at which the final fracture occurs was found
to increase as the specimen thickness did not satisfy the size requirement for small scale
yieldings. A

(7) Considering the scatter of K. and frequency effect on K., it will be possible to prevent the
initiation of an unstable fracture originated from fatigue cracks, if fracture toughness of the
material used in cold climate is estimated at about 7095 of K. determined under monotonic load.
Keywords ; Fatigue, Crack Propagation, Low Temperatures, Cleavage, Fracture Toughness,
Fracture Mechanics, Fractography.
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Table 1 Mechanical properties of materials used.

FRMOBHHMEE
Test Yield Tensile Elongati
Material temperature Strength strength (f/a) ton

K) (MPa) (MPa) 7
Room temp. 402 529 27
SM50 153 596 727 22
123 662 764 21
Room temp. 569 647 36
HT60 123 710 841 23

Table 2 Chemical composition of materials used (wt.%).

(b) CCT specimen (in mm)

Fig.1 Configurations of specimens for fatigue crack

growth test.
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Material C Si Mn P S Cu Ni Cr Mo
SM50 0.13 0.44 1.02 0.013 0.006 0.31 0.14 0.44 0.31
HT60 0.09 0.26 1.67 0.017 0.003 — — — —
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Fig.2 Configuration of specimen for fracture toughness

test.
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Fig.3 Effects of specimen type and thickness, and stress
ratio on da/dN in SM 50 steel at 123 K.
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SM 50 steel.
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Fig.5 Comparison of da/dN between SM 50 and HT 60
steels.
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Fig.6 Macro-fractographs showing fatigue fracture at
low temperatures.
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Fig.7 Fractographs showing cyclic cleavage and striation
in SM 50 steel at 123 K.
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Fig.8 Matching fractographs showing transition region
from fatigue to cyclic cleavage in SM 50 steel at
123 K. (4K =25.6 MPa/m, R=0.05)
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Fig.9 Schematic illustration of transition region from
fatigue to cyclic cleavage.
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Fig.10 Effects of load range, specimen thickness and type
on K. the value of maximum stress intensity
factor at which the first cleavage appears and K,
fatigue fracture toughness.
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Fig.11 Relation between K.; and K., the maximum stress
intensity factor calculated from both the precrack
length and maximum applied load.
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Fig.13 Effect of K on K,.* and K, fracture toughness.
(Ky* is defined as the maximum stress intensity
factor which is computed from both crack length
and fracture load measured as the final failure just
occurred.)
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Fig.14 Relation between plastic zone size of crack tip, Ry, -
and size of cleavage, 4a.
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Fig.15 Effect of precracked condition on K..
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Fig.16 Schematic illustration of formation mechanism of
cyclic cleavage.
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Fig.17 Comparison between K, Ky and K.
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