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1. Introduction

Contemporary demands for efficiency and lifetime of plants
lead to an increasing amount of heat-treated parts, the strength of
which is 800–1000 MPa even in the case of large bulky compo-
nents. The load-carrying capacity as well as the lifetime of fatigue
loaded parts result not only from strength properties, but also
from the steel purity and inclusion contents. Modern metallurgical
processes of steel production afford new possibilities in this field
[1, 2].

The present work follows of our previous experiments [3] and
deals with the effect of inclusions on fatigue strength. A sufficiently
long lifetime is generally required and thus the data on long-term
fatigue properties, characterized by fatigue limit above all, are quite
indispensable for the construction of plants.

The basis for assessment of the inclusion effect was obtained
during the fatigue tests performed on rods of CrNiMoV and CrMo
steels that were cut from large forgings of ship crankshafts and
hydraulic cylinders. The tests were of “stair case” type and were
aimed at obtaining statistically supported values of the fatigue limit.
To evaluate the effect of inclusions, an extensive set of fatigue fail-
ures occurring in the specimens having long lifetimes close to the
fatigue limit was investigated.

Previous works [4–6] carried out on heat treated steels showed
an unfavourable influence of inclusions (e.g. silicates, aluminates)

even at their size of 10 μm and this effect became more pronounced
with the increasing size of inclusions.

Recent development in fracture mechanics has been con-
nected with some works dealing with the possibilities of a more
general evaluation of small inhomogeneities, short cracks, on the
fatigue strength. However, the application of fracture mechanics
quantities, particularly that of K and ΔK factors to those small
areas seems to be rather problematic [7]. To solve this problem,
various engineering modifications have been proposed. The mod-
ification of El Haddad et al. [8] is well known and describes the
dependence of fatigue properties and that of fatigue limit on inho-
mogeneity size � and on the threshold value of ΔKth

(1)

Taking fatigue limit Δσth � 2 σC and � � 0, we obtain

�0 � (1/π) (ΔKth/2σC)2 (2)

Another modification of relation (1) was made by Lukas and
Kunz [9].

Murakami, Endo et al. [10,11] and other authors describe the
dependence of fatigue limit σc [MPa] on strength properties of
the base material  [HV]  and on the inclusion area a as

σC � Λ (HV � 120)/(√a)1/6 (3)
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Thus, the critical size of inclusion on fatigue limit is

a � [Λ(HV � 120)/σC]12 (4)

where a is projected area of the inclusion in the plane perpendic-
ular to the plane of maximum normal stresses. The values of con-
stant Λ are 1.43 for the inclusions situated at the surface and 1.56
in the case of inclusions occurring under the surface.

The assessment of the inclusion effect on fatigue properties
by means of  √a was accepted also by Bomas et al. [12] and Kunz
and Lukas [13] .

2. Effect of inclusions on specimens obtained from the
hydraulic cylinder 

Forgings of the high capacity press hydraulic cylinders diame-
ter 1580/1060 mm were made of 20NiCrMoV14-6 steel, the chemi-
cal composition of which is as follows (weight %): 0.19 C; 0.36 Mn;
1.6 Cr; 3.1 Ni; 0.4 Mo; 0.03 V; 0.016 Al; 0.0059 P; 0.004 S. Statis-
tically processed results of staircase fatigue tension – compression
tests (R � �1) carried out on specimens of diameter 8.6 mm are
given in Table 1. The forgings of the second group (No. 5708,
5709) were substantially heavier than those of the first one (No.
4758, 4759).

It follows from Table 1 that the fatigue limit at the probabil-
ity level P � 50% of the forgings with higher strength (Nos. 5708,
5709) is surprisingly lower – c. by 10% - than that of the forgings
with lower strength (Nos. 4758, 4759).

As expected, the failure occurred in several specimens in the
region of high cycle loading close to the fatigue limit. These speci-
mens were examined by microfractographical microanalysis using
JEOL JSM 35 scanning microscope.

In most of cases, the initiation centres of fatigue failure, char-
acteristic by typical rosettes of fine gradual defect growth with radial
orientation, were found under the fracture surface even at low
magnifications (Fig. 1). The second phase of defect growth which
led to fatigue failure took place after the spreading out of original
rosette up to the rod surface. Microfractographical examination
showed that the initiation of fatigue failure occurred at clusters of

granular inclusions with an incompact network (Fig. 1). The
length of inclusions is 150–300 μm, the dimension of their char-
acteristic area  a is 6000–46000 μm2. It follows from the electron
microanalysis carried out on CAMEBAX electron microanalyser
that the inclusions are complex and contain a high amount of Al,

Table 1

Forging
No.

Strength
[MPa]

Fatigue limit σC [MPa] Standard deviation
of fatigue limit

[MPa]P � 50 % P � 95 %

4758 801.5 417 386 9.06

4759 789.9 406 332 25.6

5708 874.8 387 262 40.5

5709 859.1 387 363 9.1

Fig. 1 Initiation fracture rosette under the surface, specimen No. 5708-37
a) macroscopic view, b) microscopic view, c) detail of the cluster

a)

b)

c)
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Ca, O and C. They are apparently aluminates (Al2 O3) and calcium
compounds (CaO, CaCO3).

The occurrence of inclusions lead to a substantial increase in
statistical scatter of fatigue limit values in the investigated forgings
(Table 1). On the other hand, this result is considerably influenced
by a random spacing of clusters and, therefore, it may not be gen-
erally valid.

The differences in the spacing of initiation rosette occurring
on the fracture surface did not cause, surprisingly, any significant
changes of fatigue lifetime.

Surfaces are generally more sensitive to the initiation of fatigue
fracture than the regions under the surface. It arises from the
greater deformation freedom of surface structural regions. The
analysis of fracture relief at the specimen surface under which the
initiation rosette occurred showed that the cause of latent tendency
of surface layers to the initiation were isolated granular inclusions
whose length was rather small, up to some tens of μm. It can be
expected that in the case of bulky forgings the danger of occurrence
of unfavourable inclusion clusters will be quite considerable.

The analysis of the second set of forgings (No.4758, 4759) with
higher value of the fatigue limit showed that the fatigue failure ini-
tiated, almost without exception, at the specimen surface on groups
or smaller clusters of granular inclusions (Figs. 2, 3). These clus-
ters are similar to the larger ones observed in forgings of the first
group; their length is 50–150 μm and the area reaches the values
between 1000 and 13000 μm2. However, a considerably larger
cluster area (50000 μm2) was also exceptionally observed; in this
case, the determined lifetime was very low (3 – 4.105 cycles). The
presence of large clusters of inclusions caused in some cases (see
Table 1) a greater scatter of fatigue limits whose values  were low
at the required higher reliability level.

The effect of regions containing sulphide inclusions was found
to be quite unimportant in comparison with the influence of gran-

ular complex inclusions. For example, fatigue failure initiated at the
surface on the group of granular inclusions with the total area a �
� 7400 μm2, but only some weak symptoms of secondary initiation
of the fatigue failure were observed at the large sulphide cluster
(Fig. 4) with the dimensions 133 � 200 μm (a � 20890 μm2)
occurring inside of the same specimen.

It was found, similarly to the first group of forgings that the
isolated granular inclusions, the size of which was 15 – 20 μm (Fig.
6), occurring in the coarser tempered bainitic structure (Fig. 5) did
not lead to initiation of fatigue failure. In this case, the fatigue failure
did not initiate on inclusions, but inside the basic quenched struc-
ture. 

We compared our results with the critical sizes of inclusions
determined according to the relations (3) and (4) of Murakami et
al. – Tab. 2, for the fatigue limit at the probability levels of 50%
and 95%. The calculated critical values are close – within one order
– to those determined metallographically even though the evalua-
tion according to Eqs. (3) and (4) corresponds rather to the con-Fig. 2 Group of granular inclusions, specimen No. 759-30

Fig. 3 Cluster of granular inclusions at the initiation area, 
specimen No. 4759-16

Fig. 4 Cluster of sulphides in fracture surface, specimen No. 4759-16
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servative approach. This is quite obvious from Fig. 7, where the
measured sizes of inclusions at the surface and the calculated
values according to relation (4) are given. 

3. Effect of inclusions in specimens cut from 
the crankshafts

The massive crankshaft forgings with the journals of 450–
460 mm diameter were investigated.

3.1. 50CrMo4 steel crankshafts

The steel of the chemical composition (weight %) 0.51 C;
0.79 Mn; 1.18 Cr; 0.49 Ni; 0.27 Mo; 0.1 V; 0.007 P; 0.001 S and
with the micropurity according to standards: A 0 – 0.5; oxides D
1.5 was heat-treated to the strength Rm � 928 MPa and hardness
296 – 320 HV. Resulting tempered structure was characteristic by
a needle morphology. Fatigue limit in tension-compression loading
(R � �1) was determined with the help of staircase fatigue tests.
It reaches the value σC � 441 MPa at the probability level P � 50%
and only 249.5 MPa at the probability level P � 95%.

Macroexamination revealed fatigue failures initiating at the
surface in all specimens. Microfractographical investigation showed

Fig. 5 Fairly coarse tempered bainitic structure
μ

σ

Fig. 7 Comparison of calculated “a” value with the inclusions size deter-
mined experimentally

Fig. 6 a), b) Initiation of the fatigue fracture is not practically
influenced by isolated granular inclusions, specimen No. 4758-9

a)

b)

Table 2

Note 1): Specific concrete σC values – see Table 1

Forging
No.

Surface / 
Fracture Area 

S / FA

Critical inclusion size “a” [μm]

σC (P � 50%) 1) σC (P � 95%) 1)

4758
S 59 102

FA 90.7 309

4759
S 45.1 504.9

FA 128.1 1431.7

5708
S 150.5 1623.7

FA 427.6 46128.4

5709
S 129.6 297

FA 368.2 843.7
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the occurrence of inclusions (apparently the complex inclusions of
aluminates and calcium oxides) in the form of isolated granular
particles or groups of the particles. Their typical size is several tens
of μm (maximum 100–170 μm) and their area a at the surface
reaches several hundreds of μm (max. 3000 μm2) – see Fig. 8. It is
quite apparent even in this case that the initiation centre of fracture
lies outside the region of fine particles, it occurs in the structure of
the base material. Fatigue relief is not practically influenced by the
presence of granular inclusions. This situation was observed in most
cases, but, on the other hand, there are also some specimens where
the fracture initiated at the group of inclusions (Fig. 9a, b). A con-
siderable scatter of fatigue tests results, particularly of fatigue limit
values at the probability level 95%, can be explained in this way.

3.2. 34CrNiMo6 steel crankshafts

The steel of the chemical composition (weight %) 0.36 C;
1.5Cr; 1.45 Ni; 0.21 Mo; 0.0058 Al; 0.0028 P; 0.0067 S; 0.0019 N
was heat-treated to the strength σc � 961 MPa and hardness 315

HV. The fatigue limit in tension–compression loading (R � �1)
was determined by staircase fatigue tests again and reached the
values σC � 390 MPa at the probability level P � 50% and σC
 �
� 355.2 MPa at the probability level P � 95%.

The fatigue failures initiating at the surface were found in all
rods. In spite of the fact that the Rm value is close to that of
50CrMo4 steel crankshaft (961 and 928 MPa, respectively), the
fatigue limits are different. σC � 390 MPa for the present crank-
shaft and σC � 441 MPa for the previous one at 50% probability
level. However, at 95% probability level, the situation is opposite:
σC
 � 355.2 MPa and 249.5 MPa, respectively.

The oxide-sulphidic inclusions as well as complexes of granular
inclusions containing Al2O3 and CaO2 were found both at surface
fatigue initiation sites and at internal sites under the surface. The
size of oxide-sulphide inclusions was 70–180 μm, exceptionally
up to 900 μm. The size of clusters of granular inclusions was up
to 100 μm, sometimes even 1100 μm.

The specimens were loaded uniformly across the whole cross-
section during the tension-compression tests. Even in regions located

Fig. 8 a), b) Initiation of the fatigue fracture is not influenced by
isolated fine granular inclusions, specimen No. P7 cut from the

crankshaft

a)

b)

Fig. 9 a), b) Row of fine granular inclusions affected the initiation of
fatigue fracture, specimen No. P7 cut from the crankshaft

a)

b)
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far from the surface, the formation of secondary initiation cracks
on some inclusions was found. It follows from the occurrence of
fracture steps diverging from the inclusions. Typical examples of
secondary initiation can be seen in Figs. 10 and 11.

According to (4), the critical size of inclusion a � 271 μm
can be determined for the fatigue limit. This area corresponds to
the diameter of 18.6 μm in the case of circular particle and to the

size 36.8 � 7.4 μm (ratio 5:1) in the case of prolonged inclusions.
Our results suggest that the assessment of the limit inclusion size
according to Eq. (4) seems to be very conservative.

4.  Conclusions

In this paper, results of fatigue tests of tension-compression
type in the region of fatigue limit performed on the specimens cut
from the massive forgings of alloy steels heat-treated to strength
Rm � 800–960 MPa are described and discussed. The main results
can be summarised as follows:
� Inclusions occurring in heat-treated steels cause very often the

initiation of the fatigue failure. However, isolated fine granular
inclusions (up to 20 μm), which are present particularly in
coarser heat-treated structure, have practically no effect on the
fracture initiation.

� According to the results obtained from fatigue tests at tension-
compression with load amplitudes close to fatigue limit, large
clusters of granular inclusions with the length exceeding 100 μm
result in initiation of fatigue failure. This effect was often observed
even in cases when the inclusions did not occur on the surface
as the area most sensitive to fatigue crack initiation, but inside
the specimens. In such the cases, initiation area is often connected
with distinct circular, radially growing rosette, which, after reach-
ing the surface,  causes fast fatigue failure.

� Secondary initiation nuclei, latent up to 107 cycles, were formed
during the fatigue tests at some large oxide-sulphide inclusions
and at clusters consisting of granular complex inclusions located
at the surface. They can result in the formation of fatigue failure
after very long lifetime (by several orders higher than 107 cycles).
The internal initiations with the rosettes can have a similar
effect.

� The unfavourable effect of inclusions is dependent first of all on
their size, the inclusion type being less important. This fact makes
the evaluation of their effect simpler. 

� Considering more general fracture mechanics approaches of
evaluation of inclusions significance, attention was paid first of
all to the procedure according to Murakami et al. (Eqs. (3) and
(4)), using the projected area a as the characteristic value. The
comparison with our results indicates that this procedure can
be useful for engineering orientation, but it is rather conserva-
tive and overestimates the adverse effect of inclusions.
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Fig. 10 Secondary initiation cracks at inclusions (sulphide), 
specimen No. K1  cut  from the crankshaft

Fig. 11 Secondary initiation cracks at large cluster of granular
inclusions, specimen No. K10 cut from the crankshaft
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