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A B S T R A C T

This study investigates the effect of interacting small cracks on the fatigue limits of two types of pure iron of
varying strengths and of a bearing steel. The experimental results revealed that although the fatigue limits were
essentially controlled by the mechanics of interacting cracks, the non-propagating crack features and the severity
of crack coalescence varied greatly among the different materials. In addition, it is demonstrated that the ma-
terial-independent, analytical, interaction-criterion alone is not sufficient to estimate interaction effects in
reality. This research shows that the material effect can be considered in terms of hardness and non-propagating
crack size.

1. Introduction

Metallic engineering components possess numerous small natural
defects which could potentially become sites for fatigue crack initiation.
For example, such defects may be the result of manufacturing, ma-
chining and/or surface finishing. The effect of a single small defect on
fatigue strength has been comprehensively investigated in past studies
[1–15]. According to a basic theory of elasticity, the sole factor to de-
termine the fatigue limit is stress concentration factor. However, it is
not crucial for controlling the fatigue limit, since in many metallic
materials, the fatigue limit is defined by the non-propagation condition
of cracks which have emanated from small defects. Once a crack
emanates from the defect, grows till a certain length and finally be-
comes non-propagating, then the final state is a crack. In such a case,
fatigue limit can be evaluated by fracture mechanics parameters, i.e.
stress intensity factors, instead of stress concentrations. Therefore, a
small defect can be considered to be mechanically equivalent to a small
crack from the viewpoint of the fatigue limit. [1].

Although the afore-mentioned concept considers a single defect,
real materials contain multiple defects that can interact if they are in
close proximity. Ultimately, the occurrence of such an interaction re-
sults in a decreased fatigue limit. Defect interaction can happen under

diverse circumstances, such as in the case of casting defects [1,2,4,14],
weld imperfections [16–18], surface roughness [1,19–21], non-metallic
inclusions [1,22–24] and so forth. In recent times, the presence of
multiple defects in additively manufactured components has led to a
significant reduction in their fatigue strength, consequently under-
scoring the importance of understanding the precise interaction effect
in fatigue [25–30].

Some analytical studies of interaction problems of three-dimen-
sional surface cracks have previously been conducted. For example,
Murakami & Nemat-Nasser [31,32], Nisitani & Murakami [33], Åman
[34] and Noda et al. [35] have evaluated stress intensity factors for
interacting 3D cracks using the body force method, whereas Patel et al.
[36] and Newman & Raju [37] have utilized finite element method. In
addition, Zhu et al. simulated the propagation and coalescence of
multiple cracks by a probabilistic method [38]. Also, experimental
studies of interaction problems have been published. For instance, Li
et al. [39] and Sonsino et al. [40] investigated the influence of porosity
on the fatigue strength of aluminum alloys. Chen et al. [41], Silva et al.
[42] and Al-Oiwaisi et al. [43] examined the interacting corrosion-in-
duced cracks in pipes. Galatolo & Lazzeri [44] studied not only the
interaction of two cracks but also the interaction of a crack and a cir-
cular hole, which sometimes arises in aircraft components. Deguchi

https://doi.org/10.1016/j.ijfatigue.2020.105560
Received 25 November 2019; Received in revised form 19 February 2020; Accepted 20 February 2020

⁎ Corresponding author.
E-mail address: mari.aman@aalto.fi (M. Åman).

International Journal of Fatigue 135 (2020) 105560

Available online 21 February 2020
0142-1123/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/01421123
https://www.elsevier.com/locate/ijfatigue
https://doi.org/10.1016/j.ijfatigue.2020.105560
https://doi.org/10.1016/j.ijfatigue.2020.105560
mailto:mari.aman@aalto.fi
https://doi.org/10.1016/j.ijfatigue.2020.105560
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijfatigue.2020.105560&domain=pdf


et al. [45] reported that the coalescence of non-propagating cracks
emanating from graphite particles of a plain ductile cast iron specimen
did not decrease the fatigue limit. Despite the existence of aforemen-
tioned studies, the authors are not aware of experimental works that
have systematically studied the effect of interacting defects on the fa-
tigue limit — except the previous research by authors themselves [46].

Among afore-mentioned previous researches, one of the most im-
portant analytical finding has been the concept of critical distance, i.e.,
the space between cracks at which the interaction effect becomes
negligible [32]. The analytical critical distance can be explained as fol-
lows: if there is sufficient space between two cracks to allow for the
insertion of an additional crack of a size similar to the smaller one, the
maximum Mode I stress intensity factor, KI, max, is approximately equal
to that of the larger crack in isolation, see Fig. 1 [1,32,34].

Since its proposal by Murakami et al. [47], the areaparameter
model has been widely applied for the prediction of fatigue limits in-
fluenced by small cracks or defects. The fatigue limit under a fully-
reversed condition can be predicted using the areaparameter model,
as expressed by the following equation [47]:

= +HV
area

1.43( 120)
( )w 1/6 (1)

where, w is the fatigue limit, HV is the Vickers hardness and area is
the square root of the defect area, projected to the plane perpendicular
to the maximum principal stress. In order to include the effect of in-
teraction into Eq. (1), the effective area is defined in consideration of
the analytical critical distance (Fig. 1) [1,32,34]. Specifically, if the
spacing between defects was smaller than the analytical critical dis-
tance, i.e., if s < d2, where s is the spacing between defects and d2 is
the diameter of the smaller defect, the defects were assumed from the
outset to behave like a coalesced single defect, formed by the fusion of
two defects with a smooth contour. Otherwise, only the area of the
larger defect was taken into account in the fatigue limit prediction
process.

The afore-mentioned interaction criterion was derived based on the
increase in stress intensity factor(s) caused by the neighboring crack.
However, this did not consider the crack growth at and below the fa-
tigue limit, which subsequently decreases the distance between two
interacting cracks, even though the cracks become non-propagating
after a length of crack growth. Such a fact can lead to a discrepancy
between the analytical critical distance and the real critical distance,
which can only be determined experimentally. Therefore, in order to
establish a comprehensive rule of interaction, empirical verification of
existing criteria is necessary for various materials.

With respect to the validity of the area parameter model, this
study provisionally explores the effect of defect interaction on the fa-
tigue limits in diverse materials. The new experimental results relative
to pure irons and a bearing steel all complement previous research
involving medium carbon steel [46]. It had been concluded that the
materials microstructure influenced the interaction effect primarily via
the characteristics of non-propagating cracks. In order to elucidate the
material outcomes, several data from the existing literature were also
analyzed in support of suggestions advanced in this study. It is evident

that the analytical and material-independent interaction criteria (see
also BSI standard [48]) are on their own insufficient for the prediction
of interaction phenomena and their real-life influence on fatigue
strength.

2. Experimental procedures

2.1. Materials

The materials investigated were pure iron JIS-SUY1, hereafter re-
ferred to as SUY1, and bearing steel JIS-SUJ2, henceforth labeled as
SUJ2. Since the HV of the as-received SUY1 (HV = 165) was close to
the HV of a previously-examined, medium-carbon steel, JIS-S45C [46],
henceforward identified as S45C (HV = 186), some SUY1 specimens
were annealed to obtain a lower HV. Specimens were annealed at
600 °C for one hour, followed by furnace-cooling at room temperature.
The resulting HV was 110. In order to distinguish the differently heat-
treated SUY1 specimens, annealed SUY1 specimens are hereafter la-
beled as A-SUY1 and non-annealed ones as NA-SUY1. Initially, the SUJ2
was heat-treated at 840 °C for one hour in a deoxidizing gas, then
subsequently oil-quenched and tempered at 240 °C for two hours to
obtain the HV of 710. The microstructures of all investigated materials
are displayed in Fig. 2. Fig. 2 (a) and (b) illustrate that the grain size of
SUY1 remains the same both before and after annealing. Fig. 2 (c)
shows that SUJ2 had typical martensitic microstructure including pre-
cipitated carbides around 10 µm in diameter. Tables 1 and 2 document
the mechanical properties and chemical compositions of the materials,
respectively.

2.2. Specimens and artificial defects

The specimen geometry is exhibited in Fig. 3. The gage-section
surface was mirror-polished with a diamond paste in the case of SUY1
and electro-polished for SUJ2. In most cases, two small holes, dia-
meter = depth = 200 µm in SUY1; 100 µm in SUJ2, were drilled onto
the specimen surfaces at different spacings, s, varying as 0.5d2, d2 or
1.5d2, as shown in Fig. 4(a). In order to investigate the effect of stress
gradient near the notch tip, sharp notches, having the same area as
the drilled hole, were also introduced onto the surface of SUJ2

Nomenclature

aNPC Half-length of a non-propagating crack
area The area of the defect projected to the plane perpendicular

to the maximum principal stress
areaeff The effective area of the defect projected to the plane

perpendicular to the maximum principal stress
di Diameter of defect i
hi Depth of defect i
s Spacing between the defects

scr Critical spacing between the defects
HV Vickers hardness
KI,max Maximum Mode I stress intensity factor
R Stress ratio
ΔKth Threshold stress intensity factor range for a small crack
ΔKth, lc Threshold stress intensity factor range for a long crack
σw Fatigue limit
σw, exp Experimentally-determined fatigue limit
σw, pred Predicted fatigue limit

Fig. 1. The definition of the analytically-derived critical distance in interaction
[1,32,34].
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specimens, as revealed in Fig. 4(b). Sharp notches were made by
Electric Discharge Machining (EDM) method. The notch root radius, ρ,
of EDM notches ranges from 3.6 to 4.0 µm, whereas the ρ of drilled
holes is half of the diameter.

2.3. Fatigue testing

Fatigue tests were performed using servo-hydraulic testing ma-
chines under fully-reversed, tension–compression loading (stress ratio,
R = −1), at test frequencies of 10–20 Hz. Fatigue limits were de-
termined by testing at stress steps of 10–20 MPa. Each fatigue limit was
defined as the maximum stress amplitude at which a specimen ceased
to fail after 107 cycles. Each specimen was used only once at the con-
stant stress amplitude. The fatigue limit was predicted using
the areaparameter model referenced in Eq.1 [47]. The effecti-
ve areawas established based on the analytical critical distance cri-
teria, as explained in the previous section.

3. Results

3.1. Fatigue test results

Fig. 5 shows the S-N diagrams, while all results are summarized in
Table 3. Regarding the NA-SUY1 samples, the fatigue limit at the
analytical critical distance (s = d2) was the same as that of a single
defect (160 MPa). When s = 0.5d2, the fatigue limit decreased to
140 MPa, due to crack coalescence. Moreover, when s = 1.5d2, the
fatigue limit was marginally lower than that of a single defect
(150 MPa). This is most probably due to a normal scatter, which typi-
cally results from differences in local microstructure. Similar scatter can
be observed also in other materials, see e.g. [46]. The local micro-
structure causes scatter not only in the fatigue limit but also in the
fatigue life. For example, in Fig. 5 (a), the life of a single hole specimen
is shorter than that of a specimen with two holes under the same
loading condition. On the other hand, the fatigue limit of A-SUY1 was
140 MPa regardless of the spacing between the defects, see Fig. 5 (b).
The fatigue limit of SUJ2 was greatly dependent on the shape of the
particular defect, see Fig. 5 (c). With regard to the drilled holes, the
fatigue limit was 500 MPa, whereas in the presence of sharp notches,
the fatigue limit was only 380 MPa (s= 0.5d2 in both cases). It should
be noted that the fatigue limit of SUJ2 was determined to be the crack

Fig. 2. The microstructure of (a) JIS-SUY1 before annealing, (b) JIS-SUY1 after annealing and (c) JIS-SUJ2.

Table 1
Mechanical properties of SUY1 and SUJ2. σ0.2 is 0.2% proof stress, σy is yield
stress, σb is tensile strength and HV is Vickers hardness.

Material σ0.2 or σy (MPa) σb (MPa) Reduction of area (%) HV

NA-SUY1 350 420 unknown 165
A-SUY1 260 313 71 110
SUJ2 2131 2323 3 710

Table 2
Chemical compositions of SUY1 and SUJ2 (mass-%).

SUY1 C Si Mn P S Cu Ni Cr

0.004 < 0.01 0.25 0.01 0.004 0.01 0.02 0.02

SUJ2 C Si Mn Cr Ti O
1.00 0.26 0.36 1.44 0.002 0.0006

Fig. 3. Shape and dimensions of the fatigue specimen (in mm).
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initiation limit, controlled by the stress concentration of the defect.

3.2. Non-propagating cracks at fatigue limits

The final state of defects interacting at the fatigue limits varied
radically, depending on the materials in question. In the case of SUY1,
despite heat treatment, the non-propagation of cracks was evident at

the fatigue limit, as illustrated in Fig. 6 (a-f). In order to observe the
shape of non-propagating cracks, the specimens were broken by impact
loading at −196 °C, at which the steel breaks in a brittle manner be-
cause of low-temperature embrittlement. Unfortunately, some of them
were broken from other location than the non-propagating crack plane
and therefore the shapes of those non-propagating cracks are not
shown.

Fig. 4. Configuration of artificial defects: (a) drilled holes and (b) sharp notches. Axial directions are indicated by red marks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. S-N data for (a) non-annealed SUY1, (b) annealed SUY1 and (c) SUJ2.
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The non-propagating cracks in A-SUY1 (HV = 110) were approxi-
mately 1-mm-long and artificial defects coalesced despite the spacing
(s = d2 or 1.5d2). Furthermore, with respect to A-SUY1, the fatigue
limit was the same (140 MPa) regardless of the spacing between de-
fects. Experiments with smaller spacings were not considered relevant,
since the interaction was already confirmed to occur at the critical
distance s = d2 and even when s = 1.5d2.

Regarding NA-SUY1 (HV= 165), the defects behaved as individual
cracks without coalescence at the fatigue limit when the spacing be-
tween defects was greater than the critical distance, i.e., when s > d2,
whereas at s≤ d2, the defects behaved together as a single larger crack,
with non-propagating cracks coalescing at the fatigue limit. It is note-
worthy that cracks emanating from NA-SUY1 (HV = 165) grew trans-
granularly, while in A-SUY1 (HV = 110), the cracks essentially grew
along grain boundaries, see Fig. 6.

In contrast, in the context of bearing steel SUJ2 (HV = 710), no
non-propagating cracks were observed at the fatigue limit in all cases,
see Fig. 6 (g-h). Therefore, the crack initiation limit was also considered
to be the fatigue limit. Interaction did not occur even at s = 0.5d2,
implying that the real critical distance for SUJ2 is considerably smaller.
The authors therefore elected not to investigate larger spacings.

4. Discussion

4.1. Comparison of the predicted and experimental fatigue limits

Fig. 7 shows the fatigue limits normalized by prediction values. It is
clearly demonstrated that the area parameter model [47] can accu-
rately predict fatigue limits, even in the framework of interaction
problems. Throughout this research, the effective prediction area was
determined according to an assumption of the analytical critical

distance in all cases. Fig. 7 shows that the area parameter model can
apparently also predict the SUJ2 drilled-hole fatigue limit, that is, the
crack initiation limit. However, since the areaparameter model is
based on fracture mechanics, it may be just pure coincidence that it can
also predict the crack-initiation limit of a drilled hole. In reality, since a
drilled hole behaved precisely like a blunt notch in SUJ2, it would
therefore have been more appropriate to use some of the well-estab-
lished, fatigue-notch methods. The SUJ2 results are discussed in further
detail later in this section.

To investigate the minimum size of the detrimental defect in SUY1,
which behaves as a fracture origin instead of the persistent slip bands in
large grains, grain sizes were inspected based on the statistics of ex-
tremes [49] in a manner similar to that recorded in the literature [1].
Grain size analysis was undertaken for NA-SUY1. It was not repeated for
A-SUY1 since grain size was not influenced by annealing, see Fig. 2(a)
and (b). The results of the grain size analysis are documented in Fig. 8.
As shown in Fig. 2, the average grain size of SUY1 was approximately
60 µm, while the largest grain size was approximately 200 µm, ac-
cording to Fig. 8. The result inferred that a defect smaller than 200 µm
would not be expected to become a fracture origin. Under fatigue
loading, the fracture origin in low- and moderate-strength materials is
typically the largest grain on the surface. The persistent slip bands
create cumulative dislocations within a grain, eventually penetrate the
entire grain and become a crack [1]. Therefore, larger grains would
naturally result in larger naturally occurring cracks and defects smaller
than the largest grain would not become fracture origins [1]. Conse-
quently, drilled holes of 200 µm were employed during the SUY1 ex-
periments. It is noteworthy to mention that the absolute size of defects
does not influence the analytical interaction criteria, since the inter-
action (or not) of cracks is determined by the ratio, s/d2, (i.e., if s/
d2 > 1, the interaction effect is negligible).

Table 3
Summarized results of this research and results from [46]. Notations are shown in Fig. 4.

Material Defect type (Fig. 4) (d1, d2, s) [µm] (Fig. 4)
di = hi

Schematic areaeff √area [µm] σw, pred [MPa] σw, exp [MPa]

Annealed SUY1
(HV = 110)

Drilled hole (200, 200, 200) A 177 139 140
Drilled hole (200, 200, 300) A 177 139 140

Non-annealed SUY1
(HV = 165)

Drilled hole (200, -, -) A 177 172 160
Drilled hole (200, 200, 100) B 350 153 140
Drilled hole (200, 200, 200) A 177 172 160
Drilled hole (200, 200, 300) A 177 172 150

S45C
(HV = 186)

Drilled hole (100, -, -) A 89 206 180
Drilled hole (100, 100, 50) B 140 192 175
Drilled hole (100, 100, 100) A 89 206 180
Drilled hole (100, 100, 150) A 89 206 190
Drilled hole (200, 100, 50) D 223 177 170
Drilled hole (200, 100, 100) C 177 184 170
Drilled hole (200, 100, 150) C 177 184 170

SUJ2
(HV = 710)

Drilled hole (100, 100, 50) B 140 562 500
Sharp notch (100, 100, 50) B 140 562 380
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4.2. The influence of non-propagating crack size on crack coalescence and
fatigue limit

The material-independent analytical models are based on variations
in elastic stress distributions and an increase in stress intensity factors
due to the existence of neighboring defects. In view of the experimental
findings presented in this study, it is clear that the analytical interaction
criteria must be considered with caution in practical applications. This
is because the behavior of interacting small defects at the fatigue limit
varies between materials due to differences in the characteristics of
non-propagating cracks. For example, it has been suggested that defect
orientation [12], stress ratio [11,50] and dual-phase microstructure
[46] can influence the size and location of non-propagating cracks.
However, notwithstanding other factors, a non-propagating crack
usually tends to appear as a result of plasticity-induced crack-closure

[51]. Thus, HV, which reflects materials resistance to plastic deforma-
tion, can be one of the most relevant material properties in the de-
scription of non-propagating crack characteristics. To illustrate this
phenomenon, several data from literature [12,46,52–60] have been
plotted in Fig. 9. All data were tested at R = −1. The data featured in
Fig. 9 are reproduced in Table A1 in Appendix A. Fig. 9 reveals that the
size of a non-propagating crack tends to diminish with an increase in
hardness, although a large scatter exists. Moreover, it is evident that a
non-propagating crack can hardly exist when HV > 400. During the
course of this study, non-propagating cracks were also not observed at
the fatigue limit in SUJ2 (HV = 710). Since experimental data are
limited and not every material can be tested individually, it is very
difficult to provide the exact values of HV and/or non-propagating
crack size for which certain interaction criteria are always applicable.
This greatly complicates the defect interaction problem. However,

Fig. 6. Non-propagating cracks: (a) NA-SUY1, single defect; (b) NA-SUY1, s = 1.5d2; (c) NA-SUY1, s = d2; (d) NA- SUY1, s = 0.5d2; (e) A-SUY1, s = 1.5d2; (f) A-
SUY1, s= d2; (g) SUJ2, s= 0.5d2, drilled holes; (h) SUJ2, s= 0.5d2, sharp notches. The surfaces of SUJ2 specimens were electro-polished after the tests to confirm
the absence of cracks.
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regarding the current experimental results presented herein and in the
previous by Åman et al. [46], it is possible to consider the extreme cases
of very low and very high HV, as well as intermediate HV cases sepa-
rately.

4.3. The interaction effect in soft steels

For instance, in the context of the softest material tested, A-SUY1
(HV = 110), the non-propagating cracks are of particular interest, on
display in Fig. 6 (e) and (f). The total length of coalesced non-propa-
gating cracks, regardless of the spacing between defects, was

approximately 1 mm, i.e., five times larger than the initial defect size.
According to analytical interaction criteria, the defects should be ac-
knowledged to be individual if the spacing between them is larger than
the diameter of the smaller defect, i.e., when s > d2. Since the defects
definitely behaved in the manner of a larger single defect, even when
s = 1.5d2, the analytical interaction criteria apparently does not apply
to materials with non-propagating cracks as long as those observed for
A-SUY1. It is interesting to note that the fatigue limit was the same
(140 MPa) regardless of the spacing between defects and despite crack
coalescence. Nevertheless, if the spacing between defects were to in-
crease beyond a certain value, crack coalescence might begin to

Fig. 6. (continued)

Fig. 7. Comparison of the predicted and experimental fatigue limits. S45C data have been reproduced [46].
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decrease the fatigue limit, as the newly-formed coalesced crack may
exceed the material’s crack-propagation threshold simply due to its size.
From a fatigue limit viewpoint, this implies that the real critical dis-
tance of such a material is in fact longer than the analytical one.

4.4. The interaction effect in hard steels

On the contrary, in the high-strength bearing steel SUJ2
(HV = 710), unlike in every other material tested, the interacting de-
fects behaved clearly as individual defects, even when the spacing be-
tween them was smaller than the analytical critical distance. No defect
interaction was observed for s = 0.5d2, which is significantly smaller
than the proposed analytical critical distance, s = d2. If the spacing
between the defects would have been further decreased, it could be
expected that the stress in the region between the defects would reach
the crack initiation limit and defects would have coalesced. As refer-
enced in Fig. 9, since non-propagating cracks can hardly exist when
HV > 400, the fatigue limit of such higher-strength steels is de-
termined more or less by crack initiation. Consequently, the real critical
distance for high-strength steels correlates with the crack-initiation
threshold.

4.4.1. Small crack or large crack?
The evaluation of fatigue crack growth and its threshold via linear

elastic fracture mechanics (LEFM) postulates that the small scale
yielding condition holds. This requires that the plastic zone size is
sufficiently small compared to the crack size and remains constant
under a constant stress intensity. In such a regime, ΔKth becomes in-
dependent of crack size. On the other hand, when the defect is small
and applied stress level is high, the plastic zone is no longer small
compared to the crack size. In such a regime, the crack-tip yielding
satisfies the large scale yielding condition, where ΔKth is decreased with

Fig. 8. Grain size analysis of non-annealed SUY1 based on statistics of ex-
tremes.

Fig. 9. Relative size of non-propagating crack as a function of HV.
[12,46,52–60].

Fig. 10. ΔKth for various materials. ΔKth, lc is associated with long cracks [46,56,61–65].

Fig. 11. Crack initiation and propagation limits versus the inverse of notch root
radius [67].
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a decrease in crack size. The area parameter model targets the latter
case. Namely, this model is applicable to the small crack, but not to the
large crack.

As exhibited in Fig. 7, the fatigue limit of the SUJ2 having drilled
hole was in good agreement with the prediction by the area parameter
model (i.e., σw,exp/σw,pred = 0.89). On the contrary, the fatigue limit of
sharp-notched SUJ2 was well below the predicted value (i.e., σw,exp/
σw,pred = 0.68). This phenomenon can be understood as follows. Fig. 10
depicts the ΔKth for various materials as a function of the defect/crack
size [46,56,61–65]. As pointed out by Chapetti [66], the small/large
crack-transition size is more or less dependent on HV, i.e., the higher the
HV, the smaller the transition size. According to Fig. 10, the transition
point of area is approximately 50 μm for SUJ2, which is smaller than
the size of the defects used in the present tests. Therefore, the area
parameter model overestimates the crack growth threshold in the large
crack regime (dashed lines in Fig. 10). In addition, in the present ex-
periments, the fatigue limits of the drill-holed and sharp-notched spe-
cimens were both determined from crack initiation that is controlled by
the stress concentration of the defect. As a result, the fatigue limit of a
drill-holed specimen is higher than that of a sharp-notched specimen.

4.4.2. Crack or notch?
As expounded by Nisitani [67] and shown in Fig. 11, the critical

notch-root radius, ρ0, is a material-dependent parameter that de-
termines whether a defect behaves like a blunt notch or as a crack. If the
notch root radius ρ is smaller than ρ0, two fatigue limits, one for crack
initiation and the other for crack propagation, can be distinguished. In a
variety of materials, the ρ0 typically measures about 0.4–0.5 mm, but
can decrease to less than 0.1 mm as tensile strength increases [67]. The
experimental results infer that the ρ0 of SUJ2 (σ0.2 = 2131 MPa) is
likely to be so small that the crack initiation and propagation limits
were not possible to distinguish and that the fatigue limit was de-
termined from crack initiation. The values of ρ0 may also vary de-
pending on the notch size for small defects, i.e., length or depth of the
notch [67]. In fact, Schönbauer [64] performed ultrasonic fatigue tests
of stainless steels (UTS = 878–1030 MPa) and established the ρ0 to be
less than 25 µm. The authors are not aware of any method to reliably
predict ρ0 other than experimentally, especially for the defects smaller
than 1 mm. In cases where the notch root radius in a component is
larger than ρ0, notch-based methods to assess fatigue strength are pre-
ferred rather than fracture mechanics-based approach. However, in
reality, as was pointed out by Murakami [1], the defects generally in-
clude locally higher stress concentrations and therefore fracture me-
chanics-based evaluation can provide a reasonable prediction in many
instances.

4.5. The interaction effect in moderate strength steels

In the moderate-strength steels NA-SUY1 (HV = 165) and S45C
(HV = 186) [46], the analytical critical distance criteria seem to hold
well when compared with the two afore-mentioned extreme cases. Yet,
the dual-phase microstructure especially tends to exhibit larger scatter
in non-propagating crack size and location(s), leading to larger scatter
in fatigue limit [46]. For a material with such a complex micro-
structure, the selection of conservative criteria is recommended, i.e., the
interaction should be assumed to occur even when s = d2.

4.6. Future works

In the authors’ previous work [46], it was revealed that if d1 = 2d2,
only the larger defect would control the fatigue limit, regardless of the

existence of the smaller defect and of the spacing between the defects.
For this reason, two defects of identical size were employed in this
study. Notwithstanding, it is yet unclear whether this applies to any
material and what actually are the boundary conditions for the size
effect in interaction. Another interesting future work would be to de-
termine the threshold condition for crack initiation and to estimate the
real critical distance in materials exhibiting non-propagating cracks
larger than the initial defect size. In addition, the interaction effect
under diverse loading conditions is of interest, as well as the interaction
study considering problems including different defect shapes, orienta-
tions and location configurations.

5. Conclusions

The two defects were introduced onto the surface of pure iron SUY1
and bearing steel SUJ2 specimens in order to investigate the fatigue
limit interaction effect and its material dependency. The experimental
results complemented those previously obtained on the medium carbon
steel JIS-S45C. The summarized results underlined the fact that the
analytical interaction criteria are insufficient for identifying the inter-
action effect in all materials. The analytical models are based on the
variations in elastic stress distributions due to the existence of neigh-
boring defects, neglecting the features of non-propagating cracks. The
following conclusions were drawn from the experimental findings:

• Defects coalesced at the fatigue limit in annealed JIS-SUY1
(HV = 110), regardless of the spacing between them. Non-propa-
gating cracks were approximately five times larger than the initial
defect size. The fatigue limit and non-propagating crack sizes were
independent of the spacing between the defects.
• Since no non-propagating cracks were observed in JIS-SUJ2, the
fatigue limit was determined from crack initiation. Neither defect
type, drilled holes nor sharp notches, interacted at the fatigue limit
even when the spacing between the defects was less than the ana-
lytical critical distance.
• The analytical critical distance applies only for moderate HV ma-
terials. In reality, it appears that the critical distance is smaller than
the analytical one in high-strength steels (HV > 400) and vice versa,
when low-strength steels are concerned.
• Murakami’s area parameter model also accurately predicted the
fatigue limits of interacting small defects. The only exception in-
volved the bearing steel SUJ2, the fatigue limit of which was iden-
tified as the crack initiation limit. Thus, the fracture mechanics-
based area parameter model was not applicable.
• The characteristics of non-propagating cracks significantly affect
crack coalescence and consequently, the behavior of interacting
cracks, thereby rendering the interaction phenomena complicated.
Non-propagating crack size tends to decrease with the increased
hardness of a material, although there is a large scatter.
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Fig. A1. Notations for Table A1.

Table A1
Data used for Fig. 9. T-C = tension–compression, R-B = rotating-bending.

HV areaeff 2c (µm) 2aNPC (µm) aNPC /c Defect type Material Testing method Reference

186 89 100 100 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 140 250 370 1.48 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 140 250 300 1.20 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 140 250 250 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 140 250 250 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 89 100 150 1.50 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 89 100 100 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 89 100 100 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 89 100 100 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 89 100 180 1.80 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 223 350 500 1.43 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 177 200 200 1.00 Drilled hole JIS-S45C T-C servo-hydraulic [46]
186 177 100 260 2.60 Drilled hole JIS-S45C T-C servo-hydraulic [46]
165 177 200 450 2.25 Drilled hole Non-annealed JIS-SUY1 T-C servo-hydraulic Authors
165 280 500 580 1.16 Drilled hole Non-annealed JIS-SUY1 T-C servo-hydraulic Authors
165 177 200 850 4.25 Drilled hole Non-annealed JIS-SUY1 T-C servo-hydraulic Authors
165 177 200 310 1.55 Drilled hole Non-annealed JIS-SUY1 T-C servo-hydraulic Authors
165 177 200 350 1.75 Drilled hole Non-annealed JIS-SUY1 T-C servo-hydraulic Authors
110 177 200 1030 5.15 Drilled hole Annealed JIS-SUY1 T-C servo-hydraulic Authors
110 177 200 1080 5.40 Drilled hole Annealed JIS-SUY1 T-C servo-hydraulic Authors
710 89 100 100 1.00 Drilled hole JIS-SUJ2 T-C servo-hydraulic Authors
710 140 250 250 1.00 Drilled hole JIS-SUJ2 T-C servo-hydraulic Authors
710 89 100 100 1.00 sharp notch JIS-SUJ2 T-C servo-hydraulic Authors
710 140 250 250 1.00 Sharp notch JIS-SUJ2 T-C servo-hydraulic Authors
170 35 40 58 1.45 Drilled hole 0.46-C steel R-B [52]
170 89 100 152 1.52 Drilled hole 0.46-C steel R-B [52]
170 177 200 330 1.65 Drilled hole 0.46-C steel R-B [52]
510 63 100 100 1.00 Drilled hole Maraging steel R-B [55]
510 63 100 100 1.00 Pre-crack Maraging steel R-B [55]
510 63 100 100 1.00 Pre-crack Maraging steel R-B [55]
650 71 80 85 1.06 Drilled hole Q S45C R-B [53]
520 133 150 155 1.03 Drilled hole QT S45C R-B [53]
120 35 40 58 1.45 Drilled hole 0.13-C steel R-B [52]
120 89 100 149 1.49 Drilled hole 0.13-C steel R-B [52]
120 177 200 330 1.65 Drilled hole 0.13-C steel R-B [52]
240 45 59 79 1.34 Corrosion pit 12% Cr steam turbine blade steel Ultrasonic [58]
240 90 114 134 1.18 Corrosion pit 12% Cr steam turbine blade steel Ultrasonic [58]
240 232 292 312 1.07 Corrosion pit 12% Cr steam turbine blade steel Ultrasonic [58]
352 92 50 60 1.20 Corrosion pit 17-4PH stainless steel Ultrasonic [56]
352 35 50 60 1.20 Drilled hole 17-4PH stainless steel T-C servo-hydraulic [56]
352 35 50 52 1.04 Drilled hole 17-4PH stainless steel T-C servo-hydraulic [56]
117 188 300 642 2.14 Sharp notch JIS-S15C T-C [12]
117 188 205 230 1.12 Drilled hole JIS-S15C T-C [12]
186 188 300 497 1.66 Sharp notch JIS-S45C T-C [12]
186 188 205 512 2.50 Drilled hole JIS-S45C T-C [12]
126 227 400 680 1.70 Sharp notch Fe-C (Fully-ferritic steel) R-B [59]
61 337 600 820 1.37 Sharp notch IF (Interstitial-free) steel R-B [59]
288 925 1000 1000 1.00 Drilled hole Ti-6Al-4V T-C [60]
320 453 760 760 1.00 Drilled hole Ti-6Al-4V T-C [60]
320 239 400 400 1.00 Drilled hole Ti-6Al-4V T-C [60]
288 185 200 200 1.00 Drilled hole Ti-6Al-4V T-C [60]
288 185 200 220 1.10 Hole with burr Ti-6Al-4V T-C [60]
288 46 50 60 1.20 Hole with burr Ti-6Al-4V T-C [60]
375 89 100 120 1.20 Drilled hole Fe-25Cr-1N (Stainless steel) R-B [57]
223 61.5 100 112 1.12 EDM notch 0.84-C steel R-B [54]
160 104 144 194 1.35 EDM notch 0.36-C steel R-B [54]
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