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Abstract:
Recently various trials to reduce life cycle cost (LCC) 

by the improvement of fatigue life of welded steel struc-
tures were performed actively by heavy industrial fabri-
cators. JFE Steel has developed the excellent fatigue 
resistant steel plate “AFDTM” which reduces the fatigue 
growth rate with a half level to that of conventional 
steels. In the AFDTM, uniformly and finely dispersed per-
lite in ferrite matrix contributed to achieve good fatigue 
properties, however the detailed mechanism has not 
been fully understood yet. In this paper, investigation 
results on the relationship between fatigue growth rate 
and perlite morphologies using fatigue testing equip-
ment in the scanning electron microscope (SEM) which 
enables in-situ observation is introduced.

1.	 Introduction

One of the major concerns in maintaining the integ-
rity of ship, bridges, and other large-scale structures is 
fatigue damage caused by cyclic stress in service1). In 
welded structures, fatigue cracks firstly initiate from the 
weld toe as a result of large stress concentration, and in 
some cases those cracks grow until ultimate penetration 
and failure occur. It has been reported, for example, that 
reduction of stress concentration by TIG dressing or 
grinder treatment, or eliminating tensile residual stress 
and imparting compressive residual stress by hammer 
peening are effective for preventing initiation of fatigue 
cracks in welded joints2,3). Realistically, however, it 
would be difficult to apply this kind of treatment to all 
the welds in an actual steel structure. Therefore, a tech-
nique in which the steel plate itself prevents growth of 

fatigue cracks is considered effective for extending the 
total fatigue life of steel structures.

Conventionally, the fatigue crack growth rate of steel 
materials was thought to show little sensitivity to the 
microstructure and mechanical properties of the steel4). 
In contrast to this, focusing on the pearlite morphology, 
JFE Steel developed a high fatigue resistance steel plate, 
AFDTM (Anti-Fatigue Damage steel plate), in which 
fatigue properties are improved by uniformly and finely 
dispersing pearlite in the ferrite matrix by applying 
thermo-mechanical control process (TMCP) and the JFE 
Steel’s on-line accelerated cooling device Super-
OLACTM. 5) In the second stage, in which a fatigue crack 
grows continuously and the growth rate da/dN is consid-
ered to follow Paris’ Law, namely, da/dN=C(ΔK)m, 
AFDTM reduces the fatigue crack growth rate to 1/2 of 
the upper bound of the data band of the conventional 
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Fig. 1 Fatigue crack growth rate of AFDTM steel
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steel (Fig.	1). However, the detailed mechanism of this 
decrease in the fatigue crack growth rate had not neces-
sarily been clarified. In particular, there was little 
knowledge of the relationship between the microscopic 
pearlite morphology, the crack propagation path, and 
crack closure behavior.

In this paper, the fatigue crack propagation behavior 
of two types of ferrite-pearlite dual-phase steels were 
studied by using a fatigue crack propagation test in a 
scanning electron microscope barrel and an in-situ 
observation technique. In particular, the effect of the 
pearlite morphology on fatigue crack growth resistance 
under the condition of a constant ΔK in the second stage 
was studied in detail from the viewpoints of the crack 
propagation path and crack closure behavior.

2.	 Experimental	Method

Two types of ferrite-pearlite steels with different 
pearlite morphologies were prepared as test steels by 
controlling the TMCP conditions. Steel I is a steel plate 
comprising ferrite and lamellar pearlite in the plate 
thickness direction and is classified as a conventional 
steel. Steel II is the anti-fatigue damage steel plate, 
AFDTM, in which pearlite is uniformly and finely dis-
persed in the ferrite matrix. The thickness of both sam-
ples is 25 mm. The tensile properties of these steel plates 
are shown in Table	1. Small-scale fatigue test specimens 
of the geometry shown in Fig.	2 were taken from the test 
steels. The test specimens of both Steel I and Steel II 
were taken in such a way that the specimen longitudinal 
direction was the plate rolling direction and cracks prop-
agated in the plate width direction. This was done in 
order to investigate the effect of microstructures with 
different pearlite morphologies, as shown in Fig.	3, on 
the crack propagation direction of the respective speci-

mens. Looking in detail at the distinctive features of the 
microstructure (pearlite morphology) in the crack propa-
gation direction, Steel I consists of islands of equiaxed 
ferrite with pearlite existing in a network form surround-
ing those islands. In contrast, Steel II displays a micro-
structure in which the pearlite is uniformly and finely 
dispersed in fine equiaxed ferrite grains. Table	2 shows 
the average ferrite grain size and the average pearlite 
spacing in the crack propagation directions of these 
respective microstructures.

Table 1 Tensile properties of tested steels

Steel plate UYS (MPa) TS (MPa) El (%)

I 357 486 28.6

II 398 513 22.3

UYS: Upper yield stress  TS: Tensile strength  El: Elongation

Table 2 Aspects of microstructure

Steel plate Average ferrite grain size 
 (μm)

Average pearlite spacing 
 (μm)

I 19 62

II  9 26

Fig. 2 Geometry of fatigue crack growth specimen

Fig. 3 Microstructures of tested ferritic/pearlitic steels
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For detailed observation of the effect of the pearlite 
morphology on the fatigue crack propagation behavior 
in the second stage, a fatigue crack propagation test was 
performed with a constant stress intensity factor range 
ΔK=15 MPa · m1/2, stress ratio R=0.1, and frequency of 
2 Hz. This fatigue test was performed in a scanning 
electron microscope, and the crack growth behavior dur-
ing the test was observed in detail, at the grain size 
order, by in-situ observation. Crack closure behavior 
was measured by the unloading elastic compliance 
method by using a strain gauge attached to the specimen 
in front of the crack tip, as shown in Fig. 26).

3.	 Experimental	Results

3.1	 Fatigue	Crack	Growth	Rate	and		
Crack	Path

Figure	4 shows the fatigue crack growth rates 
obtained in the constant ΔK fatigue crack propagation 
tests. Figures	 5 and 6 show correspondence with the 
crack growth path, microstructure, and the fatigue crack 
growth rate for Steel I and Steel II, respectively. These 

plots of the fatigue crack growth rate were obtained as 
the average growth rate of the main crack propagating in 
a length of 50 μm (distance between the white circles 
shown on the microstructure images in Figs. 5 and 6) 
projected on the vertical plane relative to the axis of 
loading. As average values, the fatigue crack growth rate 
of Steel II, which was 2.1 × 10−9 m per cycle, was lower 
than that of Steel I, which was 5.8 × 10−9 m per cycle. 
Furthermore, in contrast to the fact that Steel II displays 

Fig. 4 Fatigue crack growth rates in constant ΔK tests

Fig. 6 Fatigue crack growth rates and crack paths with microstructure for Steel II

Fig. 5 Fatigue crack growth rate and crack path with microstructure for Steel I
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fatigue crack growth rate. And in Steel II, these deflec-
tions occur with high frequency as the crack encounters 
finely-dispersed pearlite, and it is thought that this 
behavior is responsible for the stable high fatigue crack 
growth resistance of Steel II.

3.2	 In-situ	Observation	of	
Fatigue	Crack	Growth	by	SEM

The process of deflection of fatigue cracks was 
investigated in detail by in-situ observation using a high 
magnification scanning electron microscope (SEM). The 
condition of deflection of the fatigue crack in Steel II, 
which displayed high fatigue crack growth resistance, is 
shown in Fig.	7 in comparison with that of Steel I with 
low fatigue crack growth resistance. The figure shows 
the results of in-situ observation by SEM, together with 
schematic illustrations of the corresponding microstruc-
ture and the propagation paths (In the photograph of 
Steel I, pearlite does not exist in the observation plane.). 
In Steel II, a larger number of deflections of the crack, 
which are indicated by the red triangles, can be observed 
in comparison with Steel I, and these crack deflections 
occur in such a way as to avoid blocky pearlite. This 
suggests that the pearlite which is finely dispersed in 
Steel II encourages the phenomenon of deflection of 
propagating fatigue crack.

a stable, low growth rate, the fatigue crack growth rate 
of Steel I shows considerable variations.

Focusing in greater detail on the relationship between 
the fatigue crack propagation path and the crack growth 
rate of Steel I shown in Fig. 5, in the regions where the 
fatigue crack propagates within ferrite grains, which are 
shown by the white arrows, propagation is basically lin-
ear, and the fatigue crack growth rate at this time is the 
same or somewhat higher than the average value. In 
contrast, in parts (a) to (c), which are indicated by the 
black arrows, crack branching and crack deflection can 
be observed, and at this time, the fatigue crack growth 
rate is lower than the average value. Although the 
fatigue crack growth rate of Steel I displayed large vari-
ations, it is suggested that crack deflection and branch-
ing play a important role in this phenomenon.

On the other hand, looking at the relationship 
between the microstructure, crack propagation path, and 
fatigue crack growth rate of Steel II, which is shown in 
Fig. 6, it can be understood that finely distributed blocky 
pearlite exists in the crack propagation path, and the 
crack deflects in the vicinity of the phase boundary 
between the ferrite and pearlite phases, as shown by the 
representative examples indicated by the black arrows in 
Fig. 6. As mentioned above, crack deflection and 
branching are thought to induce local decreases in the 

Fig. 7 Crack deflection behavior by in-situ observation
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figure, it can be understood that U is lower and crack 
closure occurs more readily in Steel II than in Steel I. 
Acceleration of roughness-induced crack closure result-
ing from the increased frequency of crack deflection is 
considered to be the main factor in this phenomenon.

Figure	9 shows the relationship between the crack 
opening ratios and the fatigue crack growth rates of the 
respective steels. If the driving force of fatigue crack 
growth depends only on the crack opening ratio, the 
fatigue crack growth rates of the two steels should be 
plotted as straight lines having the same slopes. Here, 
almost all the plots for Steel I fall within a basically 
straight data band, but the plots related to crack deflec-
tion, which were shown by (a) and (b) in Fig. 5, deviate 
from the data band to the low crack growth rate side. In 
addition, the fatigue crack growth rate of Steel II, in 
which fatigue crack deflections were observed with high 
frequency, clearly is plotted at values of a low crack 
opening ratio, and the data do not display the expected 
linear relationship. These results suggest that the fatigue 
crack growth rate of this material is controlled only by 
crack closure behavior. Several studies have pointed out 
that the local crack tip stress intensity factor is reduced 
by interlocking and branching of cracks7). Because it is 
thought that a different factor, such as a stress shielding 
effect7) at the fatigue crack tip, has a large role in retar-
dation of the fatigue crack growth rate, this was studied 
in the following Section 4.2.

4.2	 Stress	Shielding	Effect	at	Crack	Tip

As shown in Fig. 9, retardation of the fatigue crack 
growth rate cannot be explained solely by the crack 
opening ratio. Therefore, a study was carried out in con-
nection with the stress shielding effect at the crack tip, 
which is known to occur in composite materials such as 
intermetallic compounds and ceramics. The stress inten-
sity factor at the crack tip Ktip is given by Eq. (1)7).

As one interesting point which was obtained by in-
situ observation of fatigue crack growth within the SEM, 
the condition of the slip bands in the vicinity of the 
crack tip differed depending on the test specimen. It is 
known that the slip bands appear in the plastic region 
that occurs at the tip of a fatigue crack, and plays a sig-
nificant role to the crack path.

In Steel I, large slip bands of the fatigue crack tip 
were developed, as shown by the white striated pattern 
in the photo in Fig. 7 (a).

On the other hand, in Steel II, the slip bands which 
occur at the fatigue crack tip are finely dispersed, as 
show in Fig. 7 (b), and it can be seen that this is the 
result of blocking of the slip band developments by 
pearlite, which exists in a blocky form. This slip band 
morphology is considered to be closely related to crack 
deflection. That is, it is thought that the constraining 
force of the ferrite matrix can be enhanced by refine-
ment of the microstructure to a fine ferrite grain size and 
pearlite spacing, and as a result, fatigue crack deflec-
tions occur more frequently and fatigue properties are 
improved.

4.	 Discussion

4.1	 Improvement	of		
Fatigue	Crack	Propagation	Properties		
by	Crack	Closure

The mechanism of fatigue crack growth retardation 
was studied from the viewpoint of crack closure behav-
ior. Figure	8 shows the crack opening ratio U=ΔKeff/ΔK 
obtained during fatigue crack growth. Here, ΔKeff is the 
effective stress intensity factor range considering crack 
closure. As the value of the crack opening ratio U 
decreases, the crack closes more easily, expressing the 
fact that the crack driving force decreases. From this 

Fig. 9  Comparison between fatigue crack growth rates 
and crack opening ratio of steels

Fig. 8 Crack opening ratio of steels during tests
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Ktip=Kmax−KS
 ................................................... (1) 

Here, Kmax is the stress intensity factor at the maximum 
stress at which the stress shielding effect does not exist, 
and Ks is a stress intensity factor related to the stress 
shielding effect. It is difficult to estimate Ks in complex 
fatigue crack propagation paths. In the present paper, 
Ktip was calculated by experimentally measuring the 
crack opening displacement, as shown in Fig.	10. From 
the two equations for the stress intensity factor and 
crack opening displacement8) of a single-edge cracked 
material having a certain finite width under constant ten-
sile stress, the relationship between Ktip and δideal can be 
expressed by Eq. (2).

 ........................................................................ (2) 

Where,

     
              ,

    

E is Young’s modulus and ν is Poisson’s ratio (E′=E/(1−
ν2)). t is the thickness of the test specimen, a is the crack 
length, and W is the width of the test specimen. δideal is 
the crack opening displacement of an ideal crack with-
out deflection or branching, as illustrated in Fig. 10 (a).

From Eqs. (1) and (2), at a given crack length a, the 
crack opening displacement of an ideal crack δideal, 

K E t
a

a F a W
V a Wtip

ideal ' ( / )
( / )4

πδ
=

. .

which has no Kmax or stress shielding effect, is known to 
display an linear relationship. Therefore, Eq. (3) is mate-
rialized.

Kmax  δideal  ..................................................... (3)

Here, if it is assumed, as a first approximation, that 
the same relationship exists between Ktip and the crack 
opening displacement δexp obtained in a fatigue crack 
propagation experiment including the stress shielding 
effect, then Eq. (4) is obtained.

Ktip  δexp  ........................................................ (4)

The stress intensity factor of the crack tip can be 
estimated from Eq. (3) and Eq. (4) by Eq. (5).

 ........................................................................ (5)

As shown in Fig.	11, the effective stress intensity 
factor range of a crack tip ΔKeff,tip can be expressed by 
Eq. (6).

K Ktip
ideal

= exp
max

δ
δ

Fig. 12  Relationship between fatigue crack growth rates 
and ΔKeff,tip

Fig. 11  Schematic determination of the crack tip effective stress 
intensity factor range

Fig. 10  Crack mouth opening displacement for (a) an ideal 
crack and (b) a crack with stress shielding effect
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(2) In the ferrite-pearlite dual-phase steel with the 
finely-dispersed pearlite morphology, a higher level 
of roughness-induced crack closure can be obtained 
in comparison with the dual-phase steel with a pearl-
ite morphology having a coarse network-like mor-
phology.

(3) The phenomenon of retardation of fatigue crack 
growth is considered to be due not only to a decrease 
in ΔKeff, which is attributable to crack closure associ-
ated with fatigue crack branching and deflection, but 
also a decrease in ΔKeff,tip, which considers stress 
shielding of the fatigue crack tip through interlock-
ing.
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ΔKeff, tip=Ktip−Kcl .............................................. (6)

Here, Kcl is the stress intensity factor at the time of crack 
closure.

Based on the method described above, ΔKeff,tip was 
obtained for Steel I and Steel II, and the relationship 
with the fatigue crack growth rate was compared. The 
results are shown in Fig.	12. The crack growth rates 
obtained with two test specimens having different pearl-
ite morphologies can be arranged as one data band by 
using a single parameter, namely, ΔKeff,tip, and Steel II, 
which shows a low fatigue crack growth rate, is posi-
tioned in the lower ΔKeff,tip region than Steel I. In other 
words, this study has clarified the fact that, by showing 
a high frequency of crack deflections, Steel II not only 
promotes crack closure, but also encourages stress 
shielding of the crack tip, and as a result, Steel II dis-
plays high fatigue crack propagation properties.

5.	 Conclusion

The fatigue crack propagation behavior of ferrite-
pearlite dual-phase steel was investigated in detail by 
using test steels with different pearlite morphologies, 
and the mechanism of improvement of fatigue properties 
was studied. The main conclusions obtained were as fol-
lows.
(1) Ferrite-pearlite dual-phase steel with a finely-

dispersed pearlite morphology displayed extremely 
good fatigue properties in the second stage in com-
parison with a dual-phase steel with a pearlite mor-
phology having a coarse network-like morphology. 
These improved properties are attributable to frequent 
deflections of the crack propagation path so as to 
avoid finely-dispersed blocky pearlite during propa-
gation of a fatigue crack.
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