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Abstract

Microalloyed S355N steel plates are extensively used in bridge and high-rise building structures. One of
the factors affecting the mechanical properties is the size and morphology of inclusions. In this research,
microalloyed S355N steel plates with different sizes of inclusions were examined. One contained long
manganese sulfide inclusions (LI material) and the other had short ones (SI material). Fatigue and
tensile tests were carried out in through-thickness direction of both materials. Additionally, the fatigue
test results were verified by “statistics of extreme value” (SEV) method. The tensile and fatigue tests
revealed that toughness and fatigue limit of LI material were 65% and 30% less than those of SI,
respectively. The SEV analysis conservatively predicted the fatigue limit of SI material. However, it was
not accurate enough in the case of LI. These results could be explained using the behavior of manganese
sulfide inclusions as short fatigue cracks in steels.

Keywords: Fatigue, Through-thickness direction, Non-metallic inclusion, Short fatigue crack, Statistics of extreme

value.

1. Introduction

Microalloyed steels are extensively used in
making large structures such as ships, bridges and
high buildings ¥. Most of these steels are made by
hot rolling process. The heterogeneous nature of
the hot deformation process causes the anisotropy
of steel plates 9. The degree of anisotropy depends
on rolling condition as well as the purity and the
composition of steel 7. Parameters such as type,
shape, size and distribution of inclusions in steel
plate have a major effect on the anisotropy of
mechanical properties !*!¥. There are many studies
and standards in the field of quality control of steels
regarding the type, size and other characteristics of
inclusions '*'®. Murakami et al. carried out extensive
researches regarding the effect of inclusions on
the fatigue behavior of steels ¥ and introduced
the statistics of extreme value (SEV) method.
This technique was developed to characterize the
features of inclusions in steel by the combination
of image and statistical analyses 22229 1t could
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also predict the fatigue limit of steel structures 2.
Some researchers have mentioned the efficiency of
SEV method in the case of various steels **?”. One
objective of this study was the application of SEV
method to S355N steel.

S355N, as a fine-grain and microalloyed steel
plate, is widely used in steel bridges in Europe, the
United states of America and Iran®®. Previous studies
on the tensile anisotropy of S355N steel ?* have
shown that its mechanical properties are strongly
dependent on plate direction. In the continuation
of previous research -V, two types of S355N steel
were used in the present study. Both types contained
manganese sulfide inclusions in which one had long
inclusions and the other had short ones. The effect of
inclusions on through-thickness directional fatigue
behavior of both S355N steels was evaluated. By
applying the SEV to both steels, their fatigue limit
was predicted. Then, the accuracy and reliability
of SEV in evaluating the through-thickness fatigue
limit of both steels were assessed.

2. Materials and Methods
The chemical compositions of SI and LI materials

with 40 mm thickness as well as the standard values
are presented in Table 1.
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Table 1. Chemical composition of LI and SI materials (in wt%,).

Element C Si Mn P S Ti Nb \
SI material 0.15 0.32 1.36 0.023 0.007 0.004 <0.002 0.003
LI material 0.17 0.23 1.44 0.017 0.009 0.004 <0.002 0.003
DIN 10113 0.20 0.50 1.65 0.030 0.025 0.030 0.050 0.120

After polishing the metallographic specimens with
emery papers, their surfaces were mirror-finished
to lpm by alumina powder. The metallographic
specimens were etched with 2% nital. Microstructural
images of specimens were prepared using an optical
microscope model MPG3. The characteristics of
inclusions were described by image analysis software.
The through-thickness tensile and fatigue specimens
were prepared according to the procedure brought in
the reference?®. The tensile and fatigue specimens were
prepared according to ASTM/A770 and DIN50113,
respectively. After machining, the fatigue specimens
were ground and polished carefully with SiC paper
up to 1200 grade to ensure that all machining marks
be removed from the specimens. Fatigue tests with
hourglass shaped specimens (Fig. 1) having a gauge
diameter of 5 mm were conducted on a rotary bending
fatigue test machine (model: Roell Amsler UBM 200)
at 3000 rpm.
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Fig. 1. The shape of fatigue test specimen (dimension in
mm).

All tests were done with the stress ratio of R=—1 in
the laboratory and at the ambient temperature. Tensile
tests were performed at room temperature on an
Instron 8502 hydraulic machine using a strain-gage
extensometer for the strain measurement of specimens.
Tensile test specimens were strained at the across-head
speed of 2 mm per minute. The fractography studies
were carried out using a MV 2300 Cam Scan field
-emission scanning electron microscopy (SEM). To
predict the largest inclusion size as well as the fatigue
limit of LI and SI materials, the SEV method was used
according to the reference 222,

3. Results and Discussion
3.1. Microstructure

Fig.2 shows the microstructure of LI and SI
materials. This kind of banded microstructure (Fig. 2a)
is common in hot-rolled steel plates 3%, According to
Fig. 2a, the dark phase was pearlite and the gray phase
was ferrite under optical microscopy. Fig. 2a-1 shows

the elongated manganese sulfide inclusions beside the
pearlite layer in LI material.
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Fig. 2 The microstructure of LI and SI materials,
(a) The etched microstructures, (b) The un-etched
microstructures, the arrow shows the MnS inclusions
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3.2. Inclusions characteristics

Fig.2b shows the non-metallic inclusions of both LI
and SI materials in the un-etched condition. The aver-
age size of these manganese sulfide inclusions in LI
and SI materials was 21.0 and 12.4 pm and the aspect
ratio was 12 and 3, respectively.

The results of statistics related to extreme distribu-
tions of both materials are shown in Fig. 3. By consid-
ering the graph of Fig. 3, the largest possible size of
inclusion in fatigue specimens of LI and SI materials
was predicted as follows 2.
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Fig. 3. Statistics of extreme value distribution of
inclusions in LI and SI materials.

3.3. Tensile properties

Typical strain-stress curves as well as the results of
tensile tests are shown in Fig. 4 and Table 2, respec-
tively. The ultimate tensile strength of SI material was
approximately 60 MPa more than that of LI material.
Table 2 reveals that the fracture strain and reduction
in the area of SI material were 3.2 and 2.9 times more
than those of LI, respectively.
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Fig. 4. The stress-strain curves of LI and SI materials.

Table 2. The results of tensile tests of LI and SI materials.

. RAI Sf O-UTS
Material (%) (%) (MPa)
LI 18 4.6 444
SI 52 14.9 505

1 Redaction in area
2 Nominal fracture strain
3 Ultimate tensile strength

Fig.5 shows the fracture surface of tensile specimens.
Fig.5a-1 also shows a rough fracture surface of LI mate-
rial. The higher magnification of point * from Fig. Sa-1
is shown in Fig. 5b-1. It revealed many elongated man-
ganese sulfide inclusions in the tensile fracture surface
of the LI material, which had a detrimental effect on the
plastic deformation of LI material. Fig. 5a-2, however,
shows that fracture surface of SI material was not rough.
According to Fig. 5b-2, there were many fine dimples
all over the surface, indicating the ductile fracture of SI
material.
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Fig. 5. SEM images of tensile fracture surfaces for the (a)
overall fracture surface and (b) higher magnification of
LI and SI materials.
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The stepwise and rough nature of the fracture surface of
tensile test specimens could be due to the “shear junction
phenomenon” 3%, In LI material, the shear junction be-
tween the nucleated cracks of different surfaces in crack
growth process caused the rough and stepwise fracture
surface (Fig. 5a-1). It has been reported that shear junc-
tion is due to the necking between inclusions or the shear
stress concentration between the separated inclusion and
the matrix 3.

3.4. Fatigue properties
Fig.6 illustrates the S-N diagram of both SI and LI

materials and shows the fatigue limit 0f290 MPa and
160 MPa, respectively. Considering the close chemical



compositions of the two materials, it could be deduced
that long inclusions in LI material facilitated the fatigue
crack initiation and/or propagation compared with the
SI material. The fatigue limit of LI material had a sig-
nificant reduction (about 45%) due to the existence of
manganese sulfide inclusions with a maximum size of
~77um compared to the SI material. Murakami et al.
) studied the fatigue behavior of specimens containing
artificial defects of different sizes in the low carbon and
medium-carbon steels. They pointed out that inclusions
longer than a critical size had a significant effect on the
fatigue behavior. They reported that the critical size in
low-carbon steel (0.13% C) was about 70 pm and in
medium-carbon steel (0.46% C) about 35um. By com-
paring the carbon content of S355N steel (0.16%) with
that of Murakami’s work, one could find that the critical
crack length of S355N steel was slightly less than 70
um. It was assumed that manganese sulfide inclusions
in SI material with a maximum length of 42 um and
in LI material with a maximum length of 77 um were
considered as short fatigue cracks' . In this case, it could
be concluded that the crack size in SI material was less
than the critical crack length of S355N steel.

However, in LI material, due to the existence of larger
crack size in comparison to the critical crack length of
S355N steel, the fatigue limit was reduced significantly.
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Fig. 6. The fatigue behavior of LI and SI materials.

The fatigue fracture surface of both materials is shown
in Fig. 7, illustrating a typical striation pattern in the
SI material (Fig. 7a-2). It contained three distinct areas
including crack nucleation (zone 1), crack propagation
(zone 2) and the final fracture (zone 3). However, the
fatigue fracture surface of LI material displayed a dif-
ferent appearance (Fig. 7a-1). It contained extensive
stepwise areas that could have arisen from multiple
fatigue crack nucleation locations as well as competitive

" The short crack behavior is observed at crack dimensions
which are about equal to the micro-structural dimensions
of the material or the plastic zone.
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fatigue crack growth. Fig.7b depicts the fatigue crack
growth area of both materials. It shows that the crack
growth path in the SI material (Fig. 7b 2) was smooth,
as compared with that of LI material (Fig. 7b 1), which
was rough. According to Fig. 7b 1, there was a crack be-
low the surface which could be considered as secondary
crack. The fatigue crack tip stress field could cause the
opening of the weak manganese sulfide interface in the
presence of long inclusions. This led to the formation of
secondary fatigue cracks that grew together with the pri-
mary ones. This phenomenon could lead to the fracture
surface roughness. Similar observations were reported
by Temmel et al.*” .

Fig. 7. SEM images of fatigue fracture surfaces for the
(a) overall fracture surface and (b) higher magnification
of LI and SI materials.

Fig.8 shows the elongated manganese sulfide inclu-
sions in the fatigue crack nucleation area of LI material.
These elongated inclusions were aggregated adjacent
each other as the stringers. Here, the size and aspect
ratio of each inclusion were at least 40 um and 20, re-
spectively. No inclusion was found in the fatigue crack
nucleation area of the SI material. The nucleation of fa-
tigue crack from inclusions in LI material happened due
to the large inclusion size, their close distance and the
weak interface between large manganese sulfide inclu-
sions and the matrix 3739,

Som
Fig. 8. The nucleation of fatigue crack from inclusions in
LI materials. Arrows show the elongated manganese sulfide
inclusions.
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The aspect ratio of inclusions in fatigue crack nucle-
ation area of LI material (20) was greater than that ob-
tained from metallographic investigations . This was
probably due to the orientation of the metallographic
sample. The inclusion length measurements in metallo-
graphic specimens were significantly dependent on the
specimen axis on which the polishing plane had to be
parallel to the hot-working axis. If the polishing plane
were deviated more than 6 degrees '¥ from the longitu-
dinal hot-working axis in the case of long inclusions,
the results would not have been sufficiently accurate.

The less fatigue limit of LI material, in compari-
son to that of the SI one, could be explained using the
behavior of manganese sulfide inclusions as short fa-
tigue cracks. Different microstructural regions such as
grain boundaries and secondary phases *-V, as well
as the banded steels in the ferrite-perlite interface, the
ferrite-ferrite grain boundary, ferrite grain body and
inclusion-matrix interface ¥, can act as the short fa-
tigue crack initiation sites. Naraisah et al. *» carried
out research on the mechanism of short crack nucle-
ation in several steels. In the case of banded SA333
steel with short inclusions, they recognized that the
short cracks (average size: 8.6+3.4 um) were nucle-
ated from the ferrite perlite interface. They also stated
that in SA333 steel, short cracks could not be nucle-
ated from inclusions. Similarly, in the SI material, the
inclusions did not play any essential role in nucleation
and/or propagation of short fatigue cracks. Other lo-
cations such as ferrite-pearlite interface could act as
fatigue crack nucleation sites. However, in the case
of LI material, the manganese sulfide inclusions were
the preferred region for short fatigue crack nucle-
ation and/or propagation. As a result, the short fatigue
cracks in LI material were longer than those of the SI
material. It has been well established that rapid crack
propagation occurs in longer short cracks *. Thus, it
is expected that the fatigue limit of LI material be less
than the SI material.

3.5. The predicted fatigue limit (the SEV method)

As explained in the previous section, the fatigue
fracture origin of LI material was from elongated in-
clusions below the specimen surface. In the case of
the SI material, no inclusion was observed in fatigue
crack nucleation sites. In this case, by considering the
hardness of steels as 154.5kgf/mm?, the fatigue limit
of SI and LI materials was predicted to be 209 MPa
and 189 MPa, respectively. The fatigue limit of SI and
LI materials was, respectively, 81 MPa and 29 MPa
more and less than that of the predicted results.
Similar to the findings of other researchers "%, the
prediction of fatigue limit in SI material was conser-
vative. However, the predicted fatigue limit of LI ma-
terial was more than the experimental fatigue limit.
Similar trends have been observed in the literature *°.

The SEV investigation of Kanbe et al. *¥ on the

manganese sulfide inclusions of 17CrMo4 steel
showed that in the case of long inclusions with a high
aspect ratio, the SEV method was not conservative.
They indicated that in the case of elongated inclu-
sions, sufficient accuracy in SEV method could be
achieved when the polishing plane was parallel to hot-
working direction. Hence in this case, the polishing
plane should not be deviated more than 1 degree from
the hot-working axis *9. It can be deduced that in the
case of steels with long inclusions, the SEV method
cannot be applied with sufficient conservatism since
inclusions may not be perfectly parallel to the rolling
direction.

4. Conclusions

1- In S355N steels containing inclusions with the
maximum size of 42 and 77 pum, the fatigue limit was
290 MPa and 160 MPa, respectively.

2- Through-thickness directional fatigue limit of steel
containing long manganese sulfide inclusions was
45% less than that of steel containing short manga-
nese sulfide.

3- Manganese sulfide inclusions were observed in
the fatigue fracture surface of S355N steel containing
long inclusions. However, in the fracture surface of
S355N steel with short inclusions, there were no ob-
servable inclusions.

4- The fracture strain and reduction of area in through-
thickness direction of steel with short manganese sul-
fide inclusions were 3.2 and 2.9 times more than those
of S355N steel with long manganese sulfide inclu-
sions.

5- In the case of steel with long manganese sulfide in-
clusions, the statistics of extreme value were not ac-
curate enough.
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