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Abstract: The results of a high-cycle fatigue testing of our samples were obtained, and a comparative
assessment of the properties of the base metal and weld metal of 09G2S-type steel (13Mn6 according to
the DIN17145-80 standard) before and after overheating (1200 ◦C, 3.7 h) was performed. The welded
joints between the sheets of 09G2S steel were obtained through automatic argon arc welding. The
fatigue tests were carried out under repeated tensile loading. The “maximum cycle stress—number
of cycles to failure” fatigue curves of the samples were plotted. The fracture surfaces of the samples
were studied, and the fatigue failure mechanisms were analyzed. It was shown that, during testing,
all samples demonstrated cyclic hardening behavior. The samples of the base metal as delivered had
the highest endurance limit, and the smallest endurance limit was found in the samples of the base
metal and weld metal after overheating, the endurance limits of which were similar. The fracture
mechanism of all samples was quasi-brittle with the presence of very thin fatigue micro-grooves. The
final rupture of all samples had a ductile dimple type.

Keywords: low-carbon low-alloy steel; microstructure; overheating; high-cycle fatigue; cyclic
hardening; fractography

1. Introduction

Low-carbon, low-alloy steels of the 09G2S type (13Mn6 according to the DIN17145-80
standard [1]) have a combination of satisfactory mechanical properties, good weldability,
and a low cost, which make them important structural materials for the manufacturing of
various large metal constructions in the chemical, oil-refining, shipbuilding, and energy
industries, as well as in other fields [2–5]. In particular, 09G2S steel is widely used in the
production of pipes for transporting various liquids (water, oil, etc.), tanks for various
purposes, steam boilers, etc. [6,7].

In emergency situations, the ambient temperature can differ significantly from the
nominal operating temperature of the metal construction [8]. Thus, a severe accident
beyond the design basis at a nuclear power plant is associated with the destruction of
the reactor vessel and melting of the core. To block the exit of the corium beyond the
tight enclosure, a melt localization device or a so-called core catcher vessel (CC vessel) is
provided, the main structural elements of which are composed of 09G2S steel [9]. According
to calculations, the temperature of the corium entering the CC vessel exceeds several
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thousand degrees, and the CC vessel itself, in the process of the localization and cooling of
the corium melt, is heated to temperatures of about 1200 ◦C [10,11]. The prolonged thermal
exposure causes a significant change in the structure of the metal and, as a consequence,
causes the degradation of its mechanical properties. To calculate the minimum required
margin of safety for a metal construction in emergency conditions, it is important to know
the effects of extreme temperatures and force conditions on the mechanical properties of
the material. Such data are available in the literature, but they mainly concern the static
strength and impact strength [12,13]. At the same time, the most important property of a
structural material is its fatigue strength. This is especially true for CC vessel construction
conducted in areas with increased seismic hazards. The fatigue characteristics of low-
carbon steels have been extensively studied [14–21]. In particular, the mechanisms of
fatigue crack propagation [22], the relationship between the fatigue groove spacing and the
fatigue crack propagation rate [23], and the effect of the chemical composition [24] have
been studied. There are papers in which the effect of aging on the fatigue characteristics has
been studied, in which it was shown that the long-term (15-year) natural aging of 20-type
carbon steel (0.2% C) causes an increase in the static strength but at the same time reduces
the fatigue strength by 1.6 times; in addition, it was found that the endurance of samples
at the stage of damage accumulation was much less than at the stage of nucleation and
during the growth of macro-cracks [25]. Kim Y. et al. observed the transition of the fatigue
failure regime from a high cycle to an extremely low cycle when increasing the amplitude
of the deformation of the samples of a base metal and a welded joint (plasma arc welding)
made of low-carbon steel (0.1% C; 0.7% Mn) with a ferrite–pearlite microstructure [14]. It
has been established that the base metal in a high-cycle fatigue mode demonstrates initial
cyclic softening followed by cyclic stabilization, while the welded joint fails in an extremely
low-cycle fatigue mode without the cyclic stabilization of the initial cyclic softening.

A number of works have been devoted to predicting the fatigue life of metal structures,
which is of utmost importance in the design of engineering components, especially in
those containing defects (or notches) [26,27]. It has been established that the result of a
probabilistic fatigue analysis of metal depends on both the effect of size and defect location.
In addition, the superiority of a surface defect over an internal one in the initiation of
fatigue failure has once again been noted.

At the same time, little attention has been paid to the study of the fatigue of low-carbon
steels, and especially welds, after extreme thermal effects that are typical in emergency
situations. Although fatigue strength characteristics are not directly used for strength
analyses and in the structural design of CC vessels, the fatigue life is the most important
characteristic of any structural material. Therefore, these data are necessary from the
point of view of guaranteeing the reliability of CC vessel construction. An analysis of
the few available research results on this issue is difficult to perform due to the fact that
many factors affect the fatigue strength characteristics: the specimen type, the structure
of the material, the quality of the surface, the loading mode during testing, other test
conditions, etc. In the case of a welded joint, another influencing factor appears, namely
the welding method. In addition, researchers use different approaches to assess fatigue
strength [14,18,25]. Therefore, designers often require fatigue test data for a particular
material that take into account its operating conditions.

In this study, comparative studies on the high-cycle fatigue of the base metal and the
weld metal of 09G2S low-carbon steel, as delivered and after overheating, were carried
out while simulating the conditions of severe accidents at nuclear power plants. The
data obtained are necessary to guarantee the safe and reliable operation of CC vessel
construction, especially in seismically active regions.



Metals 2023, 13, 1707 3 of 18

2. Materials and Methods
2.1. Materials

09G2S steel (13Mn6 according to the DIN17145-80 standard [1]) was obtained for the
research as delivered (a 60 mm thick sheet after quenching and low tempering). The welded
joints between the steel sheets were obtained through automatic argon arc welding without
preheating the materials to be joined. A 2 mm diameter SV-08G2S welding wire was used,
the chemical composition of which was close to 09G2S steel. The welding parameters were
as follows: a welding speed of about 1 mm/s, a wire feed speed of 5 mm/s, a current of
190–210 A, and an arc voltage of 9–10 V. The chemical compositions of the base metal and
the weld metal, determined using the optical emission method, did not differ significantly
(see Table 1).

Table 1. Chemical composition (wt.%) of 09G2S steel welded joint.

Material Fe C Si Mn P S Cr Ni Cu Co

Base metal Bal. 0.10 0.67 1.54 0.012 0.005 0.07 0.12 0.15 0.02
Weld metal Bal. 0.09 0.61 1.49 0.012 0.005 0.04 0.07 0.10 0.01

13Mn6 Bal. <0.12 0.5–0.8 1.3–1.7 <0.03 <0.04 <0.3 <0.3 <0.3 -

The studies were carried out using samples of the base metal and weld metal taken
under two conditions:

1. As delivered;
2. After overheating: heating up to 1200 ◦C at a rate of 200 ◦C/h; exposure for 3.7 h; and

further cooling in the furnace to room temperature.

The heat treatment was carried out in an electric furnace of the SNVE 1.3.1/16I4 type
in a vacuum of ~6.5 × 10−3 Pa.

2.2. Methods

The static mechanical properties at room temperature were determined using a
Zwick/Roell machine with a gripper speed of 5 mm/min. We used circular cross-section
specimens with a threaded fastening and with a length and diameter for the gauge part of
20 mm and 4 mm, respectively, which were created using turning equipment (Figure 1a).
Three specimens were tested for each condition of metal.

High-cycle fatigue tests at room temperature were carried out under repeated tension
conditions with a cycle asymmetry coefficient R = 0.1 (the ratio of the minimum cycle stress
to the maximum one) using an Instron Electropuls E3000 testing machine at a frequency of
30 Hz according to GOST 25.502-79 (a Russian document [28]). Flat specimens were used,
which were cut using the electrical discharge machining method (Figure 1b). Each specimen
was cut so that its working part corresponded directly to the weld (the central zone of the
welded joint). The entire surface of the specimens was subjected to mechanical polishing
for a mirror finish. The installation and fixing of the specimens in the testing machine did
not cause additional stresses from the beating and misalignment of the specimens and
grips. The total error in loading the specimens during testing did not exceed 0.25% of the
value of the specified loads. Three fatigue specimens were tested for each stress level.

The analysis of fatigue fractures in the specimens was carried out using a TES-
CAN VEGA Compact scanning electron microscope (TESCAN, Brno, Czech Republic)
at ×80–×5000 magnification. A quantitative analysis of fatigue fractures (fatigue fracture
area and fatigue groove spacing) was carried out in the Image Expert software (ImageExpert
Pro 3, NEXYS, Moscow, Russia) environment.
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Figure 1. Specimens’ dimensions for (a) static and (b) cyclic tests.

The Vickers microhardness profiles across the welded joint with a 1 mm step were
measured using a MICROMET 5101 tester (Buehler, Wooster, OH, USA) at a load of 300 g.

The microstructure was studied using an NIM-100 optical microscope (LOMO, St.
Petersburg, Russia) at ×200 magnification after etching sections in a 5% solution of nitric
acid in ethanol. In addition, the surface of the gauge part of the specimens after the fatigue
tests was studied.

Electron microscopic studies were performed using a JEM-2100 JEOL transmission
microscope (JEOL Ltd., Tokyo, Japan) with an EDS analyzer. X-ray spectral microanalyses of
the structure and the plotting of concentration maps were carried out using a JEM-2100Plus
JEOL (JEOL Ltd., Tokyo, Japan) transmission microscope equipped with a BRUKER XFlash
6TI60 analyzer (Bruker, Billerica, MA, USA).

3. Results
3.1. Microstructure

Figure 2 shows the OM images of the microstructure of the 09G2S steel samples
under four conditions. The as-delivered base metal and weld samples (after quenching
and tempering) had a similar fine microstructure with a large extent of the boundaries
of the structure components (Figure 2a,c). Quenching and subsequent tempering led to
the formation of quasi-polygonal ferrite that was practically free from carbide precipitates
as well as fine-grained decomposition products of lower bainite with a higher content of
fine cementite, which is typical for low-carbon steels [29]. The size of the former austenite
grain in the base metal and in the weld metal as delivered did not differ significantly and
amounted to 27 and 32 µm, respectively [13].
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Figure 2. OM microstructure of 09G2S steel samples under different conditions: (a) base metal
as delivered; (b) base metal after overheating; (c) weld metal as delivered; and (d) weld metal
after overheating.

Overheating with slow cooling in the furnace formed a normalized ferrite–pearlite
structure with a much larger grain (Figure 2b,d), where the pearlite was located mainly
along the boundaries and in triple junctions of ferrite grains. In addition, overheating led
to the appearance of a pronounced inequigranularity. The ferrite grain size in the weld
metal was smaller than in the base metal. The grain size of the former austenite was also
smaller in the weld metal than in the base metal.

The TEM analysis made it possible to detail the microstructure of the samples. Figure 3
shows the TEM images of the microstructure of the base metal samples in the as-delivered
condition and after overheating. In the structure of the base metal samples in the as-
delivered condition, an increased density of dislocations was observed. Some grains were
fragmented into bands several hundred micrometers wide, which were the decomposition
products of lower bainite. In addition, oval or irregularly shaped particles ranging in size
from 50 to 500 nm were found in the structure. The particles were located both in the
body of the grain and along the boundaries. The distribution of particles in the structure
was nonuniform. The EDS analysis in the mapping mode showed that these particles
were manganese carbides (Figure 4). Many particles were also enriched with iron; this
indicates that some of the manganese atoms in the carbide were replaced by iron atoms.
After overheating the base metal in the as-delivered condition, the grain coarsened and a
pearlite component appeared in the structure, formed by parallel thin (25–50 nm) plates of
iron and manganese carbides located in the body of the grain.
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Figure 4. (a) Microstructure images and (b,c,d) EDS results of the base metal as delivered.

Figure 5 shows the TEM images of the microstructure of the weld metal samples as
delivered and after overheating. The main difference between the structure of the weld
metal and the base metal in the as-delivered condition was that a large number of particles
were located along the grain boundaries in the weld metal. The particle size was the same
as in the base metal, ranging from 50 to 500 nm. The structure mainly contained manganese
carbides enriched with iron. Manganese sulfides were also found (Figure 6). These particles
effectively inhibited grain growth; the consequence of this was a fine-grained structure
of the weld. In addition, groups of very small grains of 0.5–1.0 µm in size, surrounded
by particles, were revealed in the structure against a background of larger grains. After
overheating, the microstructure of the weld was similar to the microstructure of the base
metal; however, the carbide plates were rougher and more inhomogeneous.
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3.2. Mechanical Properties

Table 2 shows the mechanical properties of the 09G2S steel samples under four con-
ditions, which were obtained by testing for static tension and fatigue. The samples of
the base metal and weld metal as delivered had comparable static mechanical properties;
the strength of the base metal samples was only 8% higher than the strength of the weld
metal. Overheating led to a decrease in the strength (especially the yield strength) and
an increase in the relative elongation as a result of grain growth. The relative effect of
overheating on the reduction in the yield strength of the base metal and the weld metal
was comparable (about 20%). The room temperature impact toughness (KCV) was 355, 377,
144, and 143 J/cm2, respectively, for the materials in the following order: base metal, base
metal after overheating, weld metal, and weld metal after overheating [13].

Table 2. Mechanical properties of 09G2S steel samples under different conditions.

Material, Processing Yield Strength,
MPa

Tensile
Strength, MPa Elongation, % Endurance

Limit, MPa

Ratio of Endurance
Limit to Tensile

Strength

Base metal, as delivered 430 ± 15 556 ± 12 28 ± 2 475 0.9
Weld metal, as delivered 377 ± 23 507 ± 21 30 ± 3 420 0.8
Base metal, overheated 319 ± 7 511 ± 7 35 ± 2 385 0.7
Weld metal, overheated 305 ± 14 461 ± 6 43 ± 2 390 0.8

The microhardness profiles across the welded joint are shown in Figure 7. The aver-
aged microhardness of the weld metal as delivered was 182 ± 7 HV, and after overheating, it
decreased to 152 ± 8 HV. The microhardness of the base metal as delivered was 199 ± 4 HV,
and after overheating, it decreased to 170 ± 11 HV. Thus, overheating led to a decrease in
the microhardness of both the base metal and the weld metal by 15%. The decrease in the
microhardness values of the steel after overheating was correlated with its tensile strength.
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Figure 8 shows the curves of the “maximum cycle stress—number of cycles to failure”
in semi-logarithmic coordinates for the 09G2S steel samples under four conditions.
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WM—weld metal; HT—overheating. The non-failed specimens are marked with arrows.

The samples of the base metal as delivered were characterized by the highest en-
durance limit of 475 MPa. The samples of the weld metal as delivered had a 12% lower
endurance limit. Overheating led to a decrease in the endurance limit of the base metal
samples by 19% and the weld metal samples by 7%. After overheating, the endurance limit
was comparable for the base metal samples and the weld metal samples.

3.3. Fractographic Analysis

Figure 9 shows the SEM images of the fractures’ surfaces in the base metal specimens
as delivered and after overheating; Figure 10 shows the SEM images of the fractures’
surfaces in the weld metal as delivered and after overheating. The fractures’ surfaces for all
specimens had a typical fatigue structure. At one of the side edges of the gauge part of the
specimen, there was a fatigue crack initiation zone. Furthermore, the crack propagated in a
fan shape deep into the specimen. The fatigue crack propagation zone was replaced by a
static rupture. The area of the fatigue failure was small in relation to the cross-sectional
area of the specimen (by a factor of 5–20). As usual, as the cycle amplitude increased, the
area of the fatigue failure decreased.

The fractures’ surfaces in the base metal specimens as delivered are shown on a micro
level in Figure 11. The fatigue crack propagation zone was flat and the fracture mechanism
was quasi-brittle. Very thin (0.5 µm) brittle fatigue micro-grooves are present. The grooves
were discontinuous, and their presence in the fracture was irregular. In the fractures of
the specimens tested at a high cycle amplitude, grooves were rarely detected. The static
rupture of the specimen occurred entirely through a finely dimpled ductile mechanism.
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Figure 9. General view of the fatigue fractures’ surfaces in the base metal. (1) Fatigue crack initiation
zone; (2) fatigue crack propagation zone; and (3) static rupture zone. (a) As delivered, with a low
cycle amplitude; (b) as delivered, with a high cycle amplitude; (c) after overheating, with a low cycle
amplitude; and (d) after overheating, with a high cycle amplitude.
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Figure 10. General view of the fatigue fractures’ surfaces in the weld metal. (1) Fatigue crack initiation
zone; (2) fatigue crack propagation zone; and (3) static rupture zone. (a) As delivered, with a low
cycle amplitude; (b) as delivered, with a high cycle amplitude; (c) after overheating, with a low cycle
amplitude; and (d) after overheating, with a high cycle amplitude.
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Figure 11. The fatigue fractures’ surfaces in the base metal as delivered, shown on a micro level:
(a,c,e) with a high cycle amplitude; (b,d,f) with a low cycle amplitude.

The fractures’ surfaces in the base metal specimens after overheating are shown on a
micro level in Figure 12. After overheating, the fatigue crack propagation zone had a more
pronounced relief. It is clear that the formation of the relief was associated with plastic
deformation. In turn, external energy was required to develop the plastic deformation.
Therefore, a more developed relief indicated more energy expended on the fracture process.
The crack propagated with the formation of numerous parallel micro-grooves, in which the
distance between grooves was 0.5 µm. In the fractures of specimens tested at a high cycle
amplitude, grooves were found less frequently. The static rupture of the specimen occurred
entirely through a finely dimpled ductile mechanism, but the size of the dimples was an
order of magnitude larger than in the fractures of the specimens as delivered.
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Figure 12. The fatigue fractures’ surfaces of the base metal after overheating, shown on a micro level:
(a,c,e) with a high cycle amplitude; (b,d,f) with a low cycle amplitude.

The fractures’ surfaces in the weld metal specimens as delivered are shown on a micro
level in Figure 13, and they are shown after overheating in Figure 14. On a micro level, the
fractures in the weld metal specimens as delivered were similar to the fractures in the base
metal after overheating. The fractures in the weld metal specimens after overheating were
of a similar type.
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Figure 13. The fatigue fractures’ surfaces in the weld metal as delivered, shown on a micro level:
(a,c,e) with a high cycle amplitude; (b,d,f) with a low cycle amplitude.
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Figure 14. The fatigue fractures’ surfaces in the weld metal after overheating, shown on a micro level:
(a,c,e) with a high cycle amplitude; (b,d,f) with a low cycle amplitude.

The propagation of fatigue cracks occurred with secondary branching and with a
large plastic deformation at the crack tip. During fatigue testing, a deformation relief was
found on the polished surface of the gauge part of the specimen, formed by numerous
zones of plastic deformation (Figure 15). As the cycle amplitude increased, numerous
parallel slip bands formed on the specimen’s surface (Figure 16). The distance between
adjacent secondary cracks was greater than the average grain size. This indicates that most
of the secondary cracks propagated along the boundaries of a group of several grains. The
average distance between adjacent secondary cracks on the specimens’ surfaces was greater
for the specimens after overheating than for the specimens as delivered.
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Figure 15. Deformation relief on the gauge part’s surface for the (a) overheated base metal specimen
and (b) overheated weld metal specimen after fatigue tests below the endurance limit.
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Figure 16. Deformation relief on the gauge part’s surface for the (a,b) base metal specimen and
(c,d) weld metal specimen after fatigue tests above the endurance limit: (a,c) in the as-delivered
condition; (b,d) after overheating.

4. Discussion

According to the results obtained, the base metal as delivered had a high resistance
to fatigue failure—the endurance limit was 90% of the tensile strength. It is interesting
to note that the endurance limit was 19% higher than the static yield strength. This was
due to the cyclic hardening of the samples during testing, which is typical for low-carbon
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steels [19]. The phenomenon of cyclic hardening usually refers to low-cycle fatigue, which
is when the material is loaded in the plastic deformation region [30]. However, in our
case, the entire range of cycle stresses was above the static yield strength of the steel; thus,
fatigue loading was carried out precisely in the plastic deformation region. The hardening
of low-carbon steel above the static yield stress during cyclic loading has been previously
observed [14,25]. For 09G2S steel samples under other conditions, the endurance limit
was also higher than their static yield strength. Thus, during testing, the samples of all
conditions demonstrated cyclic hardening. These results differ from those obtained in [31]
for steel of a similar chemical composition but with a ferrite–pearlite structure, for which
the fatigue limit up to 107 cycles was below the static yield strength.

The presence of fine particles of carbides in the steel structure refined the grain,
which had a positive effect on the static and cyclic strength of both the base metal and the
weld metal.

The cyclic strength of the samples correlated well with the fatigue fracture mechanism.
Therefore, with the highest fatigue life, the base metal as delivered had the least ductile
character of fatigue crack propagation. This was due to the significant hardening of the
metal during cyclic loading.

Overheating caused a decrease not only in the static strength (primarily in the yield
strength) but also in the cyclic strength. This was due to the influence of the microstructure
on the fracture toughness of the material which, in turn, affected the rate of fatigue crack
propagation. The rough periodic structure of overheating metal with extended carbide
plates reduced the toughness of the material. When a fatigue crack propagated, the cleavage
of the carbide particles occurred, which led to an increase in the fatigue crack growth rate.
It is well known that the rate of fatigue crack propagation is higher for a lamellar pearlite
structure than for a spheroidized one [32]. However, considering that 09G2S steel contains
only 0.1% carbon, the total fraction of carbides in the steel structure is small (no more than
2%). Therefore, steel in an overheated condition retains the ability to cyclically harden;
at the same time, however, the tendency of the metal to cyclically harden weakens, and
micro-grooves in the fatigue crack propagation zone become more pronounced.

Thus, the base metal and the weld metal after high-temperature exposure had a
comparable static yield strength and endurance limit, which is explained by their similar
structure. At the same time, the previously obtained values of the impact toughness of
the base metal and weld metal did not correlate with their structure [13], and this issue
requires further in-depth study.

The results of this study confirm the high resistance to fatigue failure of the CC vessel’s
structural elements, both under operating conditions and after the thermal effects typical
of severe accidents beyond the design basis. Although the object of this study was the weld
itself, at the same time, the fusion zone and heat-affected zone are potential weak points
in the welded joint. On the contrary, no negative effects on the fatigue strength of these
zones were noted in a number of papers. Regardless, it will be useful to study the fatigue
strength of the fusion zone and heat-affected zone in the future. In addition, an analysis
of weld defects and the use of predictive fatigue life models can be considered as another
direction for further research [26,27].

5. Conclusions

According to the results of the high-cycle fatigue tests for the base metal and weld
metal (automatic argon arc welding) of 09G2S steel before and after overheating while
simulating the conditions of an accident beyond the design basis at a nuclear power plant
(1200 ◦C, 3.7 h), the following results were established:

(1) The samples under all conditions had a high endurance limit, which was 70–90%
of the ultimate strength. The highest endurance limit of the base metal samples as
delivered was 475 MPa. The endurance limit of the weld metal samples as delivered
was lower by 12%. Overheating led to a decrease in the endurance limit of the base
metal samples by 19% and in the weld metal samples by 7%.
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(2) During fatigue testing, all samples showed cyclic hardening behavior.
(3) The mechanism of fatigue fractures for all samples was quasi-brittle with the presence

of very thin fatigue micro-grooves.
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