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The fatigue crack propagation properties of newly-developed SM490 grade steels were investigated in

comparison with a conventional steel of the same grade. The fatigue crack propagation rate of the developed
steel in Region Il of the da/dN-AK relationship was suppressed to about 1/2 that of the conventional steel,
and its AKy value was more than twice as large as in the conventional steel. However, fatigue crack resis-
tance for long crack propagation does not necessarily improve the fatigue life in a condition of increasing AK
from a small defect, which is usually detected in practical fatigue damage in actual structures in service. The
developed steels were subjected to surface crack propagation tests using specimens with artificial small
defects to examine their potential under more practical conditions. The fatigue life of the developed steel
was about three times longer than that of the conventional steel. A detailed analysis of the surface crack
propagation revealed crack propagation below AKy only in the developed steels, which suggested the so-
called “short crack regime” in a fatigue crack. The crack propagation from a surface defect that deviated
from long crack behavior was convincingly explained by the corrected threshold using the R-curve model of
a short crack proposed in the previous literature. Based on the experimental fatigue life improvement and
its analytical estimation of the propagation resistance in the short crack regime, the effect of the AKy, value
for a long crack in the initial propagation stage just after fatigue crack initiation was discussed.

KEY WORDS: low carbon steel; fatigue crack propagation; crack closure; threshold stress intensity factor
range; fatigue life; defect; short crack regime.

1. Introduction

Fatigue damage in welded steel structures, such as
bridges and ships, which are subject to cyclic loading has
been pointed out from an early date, and in some cases has
become a serious social problem. It is difficult to completely
prevent fatigue crack initiation because stress concentration is
unavoidable under the current weld design and construction
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conditions. Therefore, improvement of fatigue crack propaga-
tion life has been required in order to extend the fatigue life
of welded structures. According to certain reported results, it
is known that compressive residual stress, which is introduced
by using a special weld consumable with a low transforma-
tion temperature” and/or peening with various media,>™® is
effective for reducing crack opening stress. While these tech-
niques are effective for delaying local fatigue damage in the
crack initiation and initial crack propagation stages, fatigue
cracking in large-scale structures is occasionally detected

© 2023 The Iron and Steel Institute of Japan. This is an open access article under the terms of the Creative Commons
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only after propagating to a certain size through a weld and
into the base material plate. Considering this situation, a
combination of high resistance of the base plate steels and
higher resistance against fatigue crack propagation, in addi-
tion to treatment near welds, such as improvement of the weld
toe shape and/or introduction of compressive residual stress,
could be effective for extending the service life of structures.

Fatigue damage is generally divided into the two stages of
crack initiation and subsequent crack propagation. The for-
mer stage is strongly affected by the non-uniform resistance
against crack propagation between the grain interior and
grain boundary, and discontinuous crack behavior has been
reported.” On the other hand, the latter crack propagation
stage is dominated by the crack opening stress level, that is,
mechanical factor control, and is uniquely evaluated as the
relationship between the crack propagation rate da/dN and the
stress intensity factor range AK. This da/dN-AK relationship
can be divided into three regions: Centering on Region II,
where steady crack propagation follows Paris’ law, the lower
AK side is Region I, which is the lower limit of crack propa-
gation, and the higher AK side is Region III, where fast crack
propagation occurs partially with a static fracture mode. The
crack propagation in Regions I and II is little influenced by
metallurgical factors, and differences in the crack propagation
rate between materials have been understood as a secondary
result reflecting different crack closure behaviors.”

Several developments to induce the crack closure effect
by microstructural control of steels have been reported.””
Although all those efforts were intended to design a dual-
phase microstructure which is expected to create a com-
plicated crack path, various microstructures were targeted,
including a ferrite/bainite microstructure,” ferrite/layered
martensite microstructure® and ferrite/pearlite microstruc-
ture.” In all those developments, improvement of fatigue
crack propagation properties was successfully achieved in
Region II of the AK range from 15 to 30 MPa m'?.

To date, the authors have continued to search for the opti-
mum microstructure with excellent resistance to fatigue crack
propagation based on the microstructure control knowledge
using online and off-line heat treatment processes. The fatigue
damage which is often reported in actual structures occurs

under low stress amplitude and long fatigue life conditions.
This means that the crack propagation life in Region I, where
the propagation rate is slow, dominates the total fatigue life of
the structure. Therefore, the authors focused not only on the
properties in Region II, but also on the properties in the lower
limit of crack propagation near the threshold AKy,. However,
the crack propagation properties in Region I near a threshold
such as the AKy, value are obtained experimentally from AK
decreasing loading for a long crack, which is a different crack
propagation history from AK increasing crack propagation
after crack initiation. The relationship of the crack propaga-
tion properties near the threshold to the fatigue life in the
initial propagation stage after crack initiation has not yet been
clarified. It is well known that a short crack after crack initia-
tion can propagate even at a AK value less than the threshold
AKy, obtained for a long crack.'” Although the behavior of
short cracks deviating from the propagation properties for a
long crack has been studied as the “short crack issue,” this is
mainly limited to phenomenological findings, and quantita-
tive relationship between the short crack propagation rate and
AKy, for a long crack is still not completely known.

In the present work, the fatigue crack behaviors of the
newly-developed 490 MPa class steels, which are designed
to improve resistance against fatigue crack propagation,
were examined in comparison with a conventional steel. The
developed steels were also subjected to fatigue crack propa-
gation tests using specimens with an artificial small defect
on the specimen surface to examine their potential under
more practical conditions. The improvement of fatigue life
of the developed steels in specimens with a small defect was
investigated from the viewpoint of short crack behavior, and
the relationship between the AKy, value for a long crack and
the initial propagation life immediately after fatigue crack
initiation was discussed.>'"

2. Materials and Procedures

The steel plates tested in the present work were three
kinds of mill-produced steel plates with a thickness of 16
mm, whose chemical compositions and mechanical prop-
erties are listed in Table 1. All three plates satisfied the

Table 1. Chemical composition and mechanical properties of steels tested.

Chemical composition (mass%)

Sample Yield stress, oys  Tensile strength, oz Elongation, £/
ID C Si Mn P S Others (MPa) (MPa) %)

Steel A 0.12 034 131 0.008 0.001 - 378 501 41

Steel B 0.05 0.17 1.60 0.013 0.003 Cr, Nb, Ti 510 585 30

SteelC  0.16 027 1.16 0.014 0.002 - 385 546 58

(a) Steel A

Microstructures of steels tested.
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SM490 grade as prescribed in Japanese Industrial Standards
(JIS). Figure 1 shows the microstructures on the cross sec-
tion in the L-direction observed at a quarter thickness posi-
tion with an optical microscope. Steel A is a conventional
steel which was used as a basis for comparison and exhibits
band-shaped pearlite on coarse ferrite microstructure, Steel
B has a single-phase microstructure of mainly upper bainite,
and Steel C displays a dual-phase microstructure of scat-
tered fine pearlite in a ferrite matrix, which is intended to
induce deflection of the crack path.

The fatigue crack propagation properties for a long crack
were evaluated by two kinds of tests. One was a AK increas-
ing test with a compact tension specimen (hereinafter, CT
specimen), and the other was a AK decreasing test with a
center crack tension specimen (hereinafter, CCT specimen).

For the AK increasing test, the CT specimen shown in
Fig. 2(a) was machined out at the plate mid-thickness so
that the loading direction would be along the L-direction.
The specimen dimensions and test procedure were based on
ASTM E647.'2 In the crack propagation test, a sinusoidal
controlled cyclic load with a load ratio of 0.1 was applied
with a frequency of 10 Hz at room temperature under the
room atmosphere. A constant load amplitude was main-
tained during fatigue crack extension, which achieved a
AK increasing test condition. The propagating crack length
was estimated by the compliance change measured by a
clip gauge mounted on the crack mouth. The measured
crack length against the number of applied load cycles was
approximated by a polynomial function for the selected
neighboring three measurements before and after that num-
ber, and the crack propagation rate da/dN for the middle
measurement of the seven was decided from the differential
coefficient of the approximated function.' After the test,
the specimens were ground to the mid-thickness and the
crack path on the cross section was observed.

In order to evaluate the threshold properties for long
fatigue crack propagation in the AK increasing test, a CCT
specimen was used, as shown in Fig. 2(b). Like the CT
specimen, the CCT specimen was also machined out at the
plate mid-thickness so that the loading direction was the
L-direction. At both sides of the center machined notch,

seven strain gauges were mounted on the specimen surface
on each side. The strain gauge mounted near the specimen
edge was used to measure the unloading elastic compliance
during crack propagation, and the crack extension was esti-
mated from the compliance change based on a calibration
curve obtained prior to the test. The other strain gauges were
used to acquire the hysteresis loop of the crack tip deforma-
tion, and measurements by the gauge closest to the propagat-
ing crack tip were sequentially acquired. The crack closure
load was identified from the measured hysteresis loop by the
same procedure as previously reported.'® This measurement
procedure using the CCT specimen in Fig. 2(b) was estab-
lished by one of the authors based on many investigations of
crack closure behaviors.'"'% In the crack propagation test,
the sinusoidal controlled cyclic load with a load ratio of 0.1
was applied with a frequency of 10 Hz at room temperature
under the room atmosphere. The load amplitude was selected
so that the AK value at the test start was approximately 11
MPa m'% The incremental AK decrease complied with
ASTM E647. That is, the maximum load was incrementally
reduced by 10% for every 0.5 mm of crack extension while
maintaining the stress ratio of 0.1. The crack propagation
rate da/dN was calculated by dividing the crack extension
after a specified crack propagation by the number of load
cycles. The incremental AK decrease was repeated until the
measured crack propagation rate da/dN decreased to 10"
m/cycle, and the final value was defined as AKj,.

In addition to the fatigue crack propagation test for the
long crack, a surface crack propagation test was performed
using a dumbbell-shaped specimen with a micro artificial
defect, as shown in Fig. 3(a), in order to reproduce short
crack propagation. As with the other specimens, this speci-
men was also machined out at the plate mid-thickness so
that the loading direction was the L-direction. At the center
of the parallel part of the surface, a small artificial surface
notch with the aimed size of 0.25 mm in depth and 0.5 mm
in width was introduced by the picosecond laser technique.
Figures 3(b-1), 3(b-2) and 3(b-3) show the appearance
of the notch from the surface cross-section and photos of
the fractured surface after the test, respectively. The notch
shape on the surface shown in Fig. 3(b-1) has a blunt tip,

(2) (b)
Thickness=10.5  @12.7 O K & / O
U Tt e O (=) O
+ 507 4 % ®
05 %—r\_\r_\‘ O % Thickness= 4
10 O a | ™\ O
C) 2 ‘ 200 '
12.5 Details of (A)
625 ‘ﬁ : 1 } Strain gauge for compliance measurement (G.L. 6mm)
- ==
: = ]» Strain gauge for hysteresis loop (G.L. 6mm)
— ===
P } Strain gauge for hysteresis loop (G.L. 2mm)

@ 3 machine hole

Fig. 2.
(CCT) type.
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but the notch tip at the deepest position in Fig. 3(b-2) is
quite sharp. The planar shape of the notch observed in Fig.
3(b-3) is approximately a rectangle of 0.25 mm x 0.5 mm,
which was the target size, but the notch front in depth does
not appear to be straight. In the crack propagation test, the
sinusoidal controlled cyclic load with a load ratio of 0.1
was applied with a frequency of 6 Hz at room temperature
under the room atmosphere. During the crack propagation
test, the crack extension on the specimen surface was mea-
sured using crack gauges (KV-5C, Kyowa Co., Ltd.) in front
of the artificial notch tips. Considering that fatigue cracks
propagate from both tips of the notch, the crack gauges were
mounted on both surface ligaments. Since the measuring
limit of the crack gauge used here was short, at only 4 mm,
two crack gauges were mounted side by side on each liga-
ment to expand the measurable crack length range.

In addition of the surface crack propagation measurements
described above, a beach mark test was also performed to
examine the crack front shape of the propagating surface
crack. The test procedure and conditions were the same as
in the crack propagation tests, but a block cyclic load with
the load ratio of 0.5 was applied for an appropriate number
of cycles during the basic cyclic load with the load ratio of
0.1. This load ratio change was repeated seven times until

the specimen collapsed, and the aspect ratio of the semi-
elliptical beach marks was measured on the fracture surface.

3. Results

3.1. Fatigue Crack Propagation Rate in Steels Tested

Figure 4 shows the relationship of the fatigue crack prop-
agation rate da/dN in Region II to the stress intensity factor
range AK for the three steels tested in the present work.
Steels B and C similarly exhibit slower da/dN than Steel
A, whereas there is no clear difference between Steel B and
Steel C. The value of da/dN at AK of 15 MPa m'? is about
1.1 x 10™® m/cycle, which is a similar crack propagation
rate suppression to those of the developed steels previously
reported in the literature.””

Figures 5(a), 5(b) and 5(c) show the da/dN-AK relation-
ships in Region I obtained by the AK decreasing tests for
each of the three steels. Each figure also includes the results
for Region II shown in Fig. 4. Although different types of
specimens were used for the AK increasing test and the AK
decreasing test, on the notation scale in Fig. 5, the da/dN-AK
relationship obtained in both tests appears to be generally
continuous. The decided values of AKy, for each steel are
also given in the figure. The fatigue crack propagation

-7
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resistance in Region II is similarly better in Steels B and C
than that in Steel A, as shown in Fig. 4, whereas the AKy,
value of Steel B is rather close to that of Steel A. That is, the
resistance to crack propagation in Region II is not necessar-
ily consistent with the resistance in Region I. On the other
hand, the AKy, value of Steel C is about twice as large as that
of Steels A and B. Steel C has a better crack propagation
property not only in Region II but also in Region I.

Each figure in Fig. 5 includes the regression curve and
formula which was approximated for both the results
obtained by the AK increasing test and those obtained by the
AK decreasing test. In the present work, the following type
of equation was adopted in the approximation to express the
crack propagation rate in Region I in addition to Region II.

da/dN = C(AK™ — AK ™) -eeveeveverereenne 1)

where, C and m are material constants.

3.2. Results of Surface Crack Propagation Test

The surface crack propagation results against the number
of applied load cycles are shown by the plots in Fig. 6.
These results were obtained in the surface crack propagation
tests using the specimens with a picosecond laser notch. The
vertical axis of Fig. 6 is the half length of the surface crack
length 2¢ measured by two crack gauges on the two sides
of the small initial notch. The fatigue life of the three steels
was in the range from 0.5 x 10°to 1.5 x 10° cycles. Since
the purpose of this test was to compare the fatigue lives
of the three test plates in the high cycle fatigue range, the
selected stress condition appears to be appropriate. When

the fatigue lives are compared, Steel A shows the shortest
life, Steel B shows a longer life approximately twice that
of Steel A, and Steel C achieves the longest life of approxi-
mately three times that of Steel A. From the viewpoint of
the order of superiority among the three test plates in fatigue
crack propagation resistance, the fatigue lives shown in
Fig. 6 are not consistent with the fatigue crack propagation
behavior in Region II shown in Fig. 4, nor with the property
in Region I, such as the value of AKj,.

Figure 7 shows the fracture surfaces of the dumbbell-
shaped specimens with a picosecond laser notch after
the crack propagation tests. These fracture surfaces were
subjected to the same loading conditions as in the crack
growth test in Fig. 6, but a block load with a suitably high
stress ratio was applied and beach marks were intentionally
formed on the fracture surfaces. Concentric beach marks
originating from the picosecond laser notch are observed.
The figure also shows the values of the aspect ratio a/c
measured based on the clearly observed beach marks. As
shown in Fig. 3(b-3), although the notch was a picosecond
laser notch with a rectangular planar shape, the fatigue crack
developed as a surface crack with a nearly semicircular
shape.

4. Discussion

4.1. Characteristics and Factors of Fatigue Crack
Growth Rate of Steels Tested

It is known that steel sheets produced by the thermo-

mechanical controlled process (TMCP) can produce com-
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Fig. 6. Experimental c-N relationships in surface crack propagation test with pico-second laser notched specimen.
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Fig. 7. Fracture appearances with beach marks in pico-second laser notch specimens after crack propagation test.
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pressive residual stress in the surface and anisotropy in
properties.'” Since the specimens used in this study were
taken from the center of the steel plate thickness, even if
compressive residual stress existed on the steel plate sur-
face, it could not affect the fatigue test results. Therefore,
it can be judged that the excellent fatigue crack growth
characteristics of Steel C shown in Figs. 4 to 6 are attribut-
able to its microstructure. On the other hand, the fatigue
crack propagation characteristics shown in Figs. 4 and 5
are the result for a through-thickness crack propagating in
the thickness direction, and the characteristic anisotropy
of fatigue crack propagation is unknown, especially in the
thickness direction. However, the results in Fig. 7, in which
the surface crack propagation test was reproduced by using
specimens with an artificial defect, suggested that the sur-
face crack propagation maintained its nearly semicircular
shape. It is well known that the stress intensity factor K
is different in the deepest region and at the surface in the
case of a semi-elliptical crack; i.e., the K value is higher at
the surface when a/c > 1, and conversely, the K value is
higher in the deepest region when a/c < 1.'"® When there is
no anisotropy in the fatigue crack growth characteristics, the
shape of the surface crack converges to a semicircular shape
with growth. Based on these considerations, it can be analo-
gized that the fatigue crack growth characteristics of the three
specimens evaluated here were not so strongly anisotropic as
to change the shape of the surface crack, and that the fatigue
crack growth characteristics shown in Figs. 4 and 5 were
roughly equivalent to those in the plate thickness direction.
As mentioned in the Introduction, it is generally thought
that metallurgical factors have little intrinsic influence on
fatigue crack growth characteristics, and the characteristic
differences among materials reflect the differences in crack
closure behavior. In this study, the crack closure load dur-
ing fatigue crack propagation was also measured by the
unloading elastic compliance method. Figure 8 shows the
crack opening ratio U, which means the ratio of the effective
stress intensity factor range AK.x to the stress intensity fac-
tor range AK against applied AK. Both the results of the AK
increasing test using the CT specimens and the AK decreas-
ing test using the CCT specimens are arranged in terms of
the value of AK at the time the crack closure load level was
measured. With regard to Steel B, the level of crack closure

1 F OCT (AKincrease)
, Ll A CCT (AK decrease) Steel A
. 08 B QD
2 ('(«é(§~
= S Steel C
] ) Q&
= 0.6 [ AKu=4.0 MPam'? X
£ i Steel A
=
g
504 r
é fA/Steel C
502 F X-U=0.21
RIEDAE: AK= 8.9 MPam!”?
0 1 1 I i 1 1 L PR 1 1 1 L 1 1 1 L 1 1 1 L L 1 1
0 5 10 15 20 25

Stress intensity factor range, AK, MPa m!?2

Fig. 8. Variation of crack opening ratio U (=AK.q/AK) against
apparent AK.

load in the AK decreasing test was not measured and will
therefore be omitted from the following discussion. Figure
8 shows that a small crack opening ratio is obtained for
both Steel A and Steel C when the value of AK is small.
However, both Steel A and Steel C are not assumed to be
continuous with the results of the AK increasing test when
the results of the AK decreasing test are extrapolated. This
seems to be due to the difference in the shape of the crack
opening behind the crack tip caused by the use of a different
type of load from that of the CT specimen in the AK increas-
ing test and the CCT specimen in the AK decreasing test.
The reason why the continuity of the results between the AK
increasing test and the AK decreasing test appears different
in Fig. 8 from that in Fig. 5 is a factor of the notation in Fig.
5 using a double logarithmic axis. Although the aperture
ratio of Steel C is generally smaller than that of Steel A,
the differences between the materials are significant in the
low AK range obtained in the AK tapering test, such that at
AK = 9 MPa m'?, that is, the aperture ratio of Steel C is
less than half that of Steel A. It is considered that this strong
suppression of the crack opening driving force in Steel C
resulted in the low da/dN and high AKj, values in Region I,
which appeared in the results for Steel C shown in Fig. 5.

Although several causes of crack closure behavior have
been pointed out in the past,' it is unlikely that the dif-
ference in the opening ratio between Steel A and Steel C
shown in Fig. 8 was caused by a difference in plastically-
induced crack closure because the oys of Steel A and Steel
C shown in Table 1 are generally equal and the size of the
plastic zone of the crack tip is assumed to be similar under
equal K values. Figure 9 shows the results of observation
of the mid-section thickness of the CT specimen after the
tests of Steel A and Steel C, where the path of crack growth
is traced with white lines. In both Steel A and Steel C,
the fatigue cracks mainly developed in the ferrite phase,
whereas in Steel A, the cracks propagated linearly, and in
Steel C, propagation displayed many branches and bends,
and the branched cracks were long. In addition to reducing
the K; component that opens the tip, crack branching and
bending also induce fracture surface roughness-induced
crack closure.””?! Although this is not a qualitative analogy,
the low opening ratio of Steel C shown in Fig. 8 suggests
that the main cause was fracture surface roughness-induced
crack closure by tissue control.

Figure 10 shows the data collected from the previous

Fig. 9. Fatigue crack propagation path of steel A and C near
AK=25MPam'”.
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Fig. 10. Distribution of AK;, and AK., ¢ in literatures.

literature” %239 and their effective values, AK.q, i, arranged
against the oy, of the materials. Among the test results
evaluated with the CT or CCT specimens in the stress ratio
range of R = 0 to 0.1, only those judged to be retained at
da/dN = 107" to 10" m/cycle are shown. Figure 10 also
shows the AKth of this material and the AK.y « calculated
from U at the time of crack arrest. Although the variation is
large, according to Fig. 10, there is a trend toward a gradual
decrease in AKy, in response to the increase in Oys, wWhich
is consistent with previous reports.*'*? On the other hand,
oys dependence is less pronounced in AKeq, ¢ than in AKy,.
Because of the wide variation, it is also impossible to make
a general judgment, but it is understandable that oy, depen-
dence becomes weaker if the value of AKq 4 1s interpreted
as a material specific value that does not include crack clo-
sure.’? Figure 8 showed that AKy, is oy dependent with a
considerable range, in which the values of the AKy, of Steel
A and Steel B are at the lower end of the variability, while
the AKy, of Steel C is at the higher end of the variability. On
the other hand, the value of AK.g ¢, for Steel A and Steel C
is at the low end of the variation in the values reported in the
past. However, since the value of AKeq, w strongly depends
on the method of measuring the crack closure load level, it
is not possible to judge the position of this specimen from
these results alone.

4.2. Relationship between Long and Short Crack
Growth Characteristics

According to the results of the crack propagation tests for
the specimens with artificial defects shown in Fig. 6, while
most of the fracture life is occupied by the initial crack propa-
gation life in the range of AK < 15 MPa m'?, a relatively
small proportion is occupied by the crack propagation life
in the range of AK = 15 to 30 MPa m'"% which has been
a focus of attempts to improve the fatigue crack propaga-
tion characteristics. Although the balance of these types of
crack propagation in fracture life cannot be judged uniformly
because it also depends on the degree of stress concentration
in the target structure, considering the fact that fatigue cracks
often initiate from latent defects in real structures, the crack
propagation characteristics in the low AK region, i.e., the
Region I, can be dominant in fatigue life in real problems.

A crack propagation analysis was performed for the
results of surface crack propagation tests using specimens
with artificial defects as plotted in Fig. 6 using the crack
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propagation characteristics obtained for long cracks, as
shown in Fig. 5. Although the initial shape dimensions
of the artificial defect were rectangular, as shown in Fig.
3(b-3), a semicircular surface crack (ap = ¢p = 350 um)
with a radius of 350 um containing the rectangular defect
was assumed here. In the crack growth analysis, the value
of AK calculated from the applied stress variation and the
crack size was substituted into the Paris law for each speci-
men determined by the experimental results in Fig. 5 on the
basis of Raju-Newman’s equation,” and the obtained crack
growth rate da/dN was used to integrate the crack propaga-
tion for 2 000 cycle increments. The results of the surface
crack propagation analysis calculated based on the long
crack propagation characteristics are shown in Fig. 6 by the
dashed lines. The initial value of AK assuming a semicir-
cular shaped initial crack with a radius of 350 yum was 6.6
MPa m'?, which was analyzable for Steel A and Steel B,
but not for Steel C because the initial value of AK, was less
than the value of AKy,. In Steel A and Steel B, where crack
growth analysis was possible, the crack growth prediction
based on the Paris law is generally consistent with the
experimental results, such as the stress cycle level at which
crack growth rapidly accelerates. Although the analysis
was based on several assumptions, such as the assumption
that the artificial defect has no crack initiation life and the
assumption that it is a semicircular crack containing an
indistinct rectangular defect of the deepest shape, the results
of the analysis generally agree with the experimental mea-
surement results Therefore, the assumptions made here are
considered to be valid.

On the other hand, in the Steel C specimen with an arti-
ficial defect, although the initial value of the loaded AK,
i.e., AKy, was smaller than the value of AKy, the specimen
actually cracked and fractured. The propagation behavior
of a short crack diverges from that of a long crack, and the
phenomenon that a short crack propagates even at AK below
the lower limit of crack propagation for a long crack has
long been known as the microcrack problem.” Chapetti et
al. developed an R curve model (hereinafter referred to as
the MDC model), as shown schematically in Fig. 11, from
Kitagawa’s idea on the lower limit of microcrack growth'"
and formulated the microcrack growth resistance.***> In the
MDC model, only the material specific crack growth resis-
tance, AK4r, acts on the crack corresponding to the grain
size immediately after the crack is generated, but the crack
growth resistance increases with crack progress and is con-
sidered to be asymptotic to the value of AKy, for long cracks.
The following equation was proposed for the microcrack
growth resistance, AKgg, as a function of the crack length, a.

AKur(a) = AKar + AKgxr (@)
= AKgr +(AKy — AK g ){1— ")

where, k is given by

1 AKw
4d AKy — AKar

and d is the grain size and AKgyr is the incremental term of
growth resistance with crack growth.

The following discusses the possibility of predicting the
crack propagation from the artificial defect of Steel C shown
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in Fig. 6 by using the lower limit of microcrack propaga-
tion, AKgxr, based on the MDC model, for AKy, of the Paris
law determined in Fig. 5. In the MDC model, the first bar-
rier that Stage I cracks meet is the internal grain boundary,
where the stress intensity factor range, AK, calculated by the
fatigue limit, Aoy, and the grain size, d, which are controlled
by crack arrest, is considered to be AKyr. In this study, the
stationary crack size corresponding to the fatigue limit and
the fatigue limit of a smooth specimen of the test material
were not measured. Therefore, the value of AK.q, , which
is analogized from Fig. 8, was used as the value of AKgg.
Although the crack length of interest is very different from
that of AKgr, it seems to be a logical assumption to use the
value of AK.s m, which has a similar physical meaning,
considering the physical meaning that AKgr is crack propa-
gation resistance without the effect of the crack wake, in other
words, the crack closure effect. Although the grain size d is
required in order to calculate AKqr by Eq. (2), since the MCD
model preferentially considers the grain size to be a potential
fatigue crack initiation point, the grain sizes used here were
24 um for Steel A and 22 um for Steel C, as the grain sizes
with a cumulative frequency of 98% in the calculation of
AKgr based on the structural observation photograph in Fig.
1. These constants for Steel A and Steel C are applied to Eq.
(2), and the obtained AKyr is shown in Fig. 12. The dashed

Crack initiation
{ , Crack propagation
‘ Long crack threshold
~ i' _______________________________________________________
E" L AK (@)
= i Extrinsic component
=] ! e,
= i AKp(@) = (AKy—AK ) {1— e KD}
£ i L _AK AKy,
= "~ 4dAK,-AK 5
Microstructural threshold
AKr
Grain size, d Crack Length, a

Fig. 11. Defined fatigue crack propagation threshold as a function
of crack length in small crack regime.>¥

lines also show the change in the value of AK when the initial
crack is a semicircular crack with a radius of 350 um and the
test stress fluctuation width is the same as in the experiment,
i.e., Ao = 280 MPa. According to the estimation results in
Fig. 12, the AK value of 6.6 MPa m'? for the initial defect lies
just above the change curve of the AKr of Steel C, indicating
that the crack can propagate even in Steel C.

Therefore, the same crack propagation analysis as at the
beginning of this section was carried out by substituting the
function of the crack length a of Steel A and Steel C, AKr
shown in Fig. 12, into the AKy, of both materials shown in
Fig. 5. The results are shown as dashed lines in Fig. 13.
Compared with the results of the crack growth analysis of
Steel A shown in Figs. 13 and 6, the analytical result of
Fig. 13 considering the R curve behavior in the microcrack
growth area predicts a slightly shorter life, but there is no
significant difference between the two, and the experimental
results are generally described in both cases. On the other
hand, as mentioned above, an analysis of the crack evolution
from the assumed initial crack was not possible for Steel C
from the long crack growth characteristics, but considering
the propagation resistance change in the microcrack region,
the results can roughly describe the crack growth from the
artificial defect of Steel C, as shown in Fig. 13. This sug-
gests that the propagation characteristics of the long crack
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Fig. 12. Comparison of fatigue crack propagation threshold and
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in Steel A and the short crack in Steel C became dominant
even for the same assumed initial crack.

In the MDC model shown in Fig. 11, the grain bound-
ary is considered to be a barrier against the propagation
of fatigue cracks initiated on the material surface, and the
increase in crack progress resistance with the progress of
cracks is modeled. However, the specimens Steel A and
Steel C, which were the objects of the MDC model in Fig.
13, have a multiphase structure, so it is expected that the
barrier effect of the grain boundaries assumed in the model is
actually heterogeneous. That is, the MDC model cannot take
microstructural heterogeneity into account. In addition, con-
sidering the fact that the MDC model makes several assump-
tions, the results in Figs. 12 and 13 should be regarded as one
estimation. Nevertheless, the fact that the MDC model was
able to roughly explain the crack growth behavior of Steel C
from an artificial defect, which could not be explained by the
lower limit characteristics of long crack growth, suggests that
the effect of the multiphase structure is not large, which is an
important finding in linking the crack growth characteristics
of long cracks with those of short cracks. That is to say,
this study has verified experimentally and theoretically that
Steel C, in which tissue control was attempted with the aim
of improving the lower limit characteristics of the growth
of long cracks, especially AKi, had the effect of increasing
crack growth resistance not only in the characteristics of
long cracks but also in the initial growth process of fatigue
cracks that initiate on the surface, and thereby had the effect
of greatly improving the growth life of short cracks.

5. Conclusion

In this study, we investigated the fatigue crack propaga-
tion characteristics of steel plates (SM 490 compatible)
developed with the aim of improving fatigue crack growth
characteristics. Furthermore, the relationship between the
initial propagation life of fatigue cracks generated from
artificial defects and the propagation characteristics of long
cracks was examined from the viewpoint of microcracks,
and the following findings were obtained.

(1) The fatigue crack growth rate in Region II of the
developed steel was suppressed to about 1/2 that of the con-
ventional steel and showed a crack growth suppression effect
comparable to that of the fatigue resistant steel reported in
the previous literature. The properties of the crack growth
lower limit, especially the value of AKy,, which was the aim
of the development, were more than twice as large in the
developed steel as in the conventional steel.

(2) The fatigue life of the developed steel was extended
to about three times that of the conventional steel in surface
crack propagation tests using specimens with a micro arti-
ficial defect.

(3) The surface cracks arising from microdefects were
areas of microcracks that occurred in the developed steels
at a AKy, below the lower limit for the development of long
cracks. The experimental results of the surface crack growth
in the developed steels were convincingly explained by cor-
recting the microcrack growth resistance using the R curve
model of microcracks proposed in the previous literature.

(4) From the results described in (3) above, it can be
verified that the lower limit characteristics of long crack
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growth, especially AKy, have the effect of increasing the
crack growth resistance even in the initial growth process
of fatigue cracks that initiate on the surface, and have the
effect of greatly improving the growth life of short cracks.
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