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Abstract: Using a dynamic mechanical analyzer, the comparative studies of a low-cycle bending
fatigue were carried out for AISI 1022 low-carbon steel after extreme thermal exposure, simulating the
severe beyond-design-basis accident at nuclear power plants. In the as-delivered state, the steel has a
high resistance to low-cycle fatigue (the fatigue strength at N = 3.5 x 10* cycles (o) was 360 MPa).
Long-term thermal exposure led to a slight decrease in the resistance to low-cycle fatigue of steel:
ony is decreased by 9%. The influence of AISI 1022 steel structure on the characteristics of fatigue
strength and fracture mechanisms is analyzed.

Keywords: low-carbon steels; low-cycle fatigue; dynamic mechanical analyzer; fatigue crack; thermal

exposure; microstructure

1. Introduction

Currently, low-carbon steels remain the most popular structural material for civil
and industrial construction of buildings and structures [1-3]. This is due to the good
combination of satisfactory mechanical properties, good weldability and the low cost of
these steels. Therefore, as a rule, large-sized products and structures are made of such steels.
In particular, low-carbon steels of the AISI 1022 type (22 K—Russian standard) are used
for the manufacture of core catcher vessels (CC-vessel) with a wall thickness of 60 mm for
nuclear power plants with new VVER reactors [4]. The permissible operating temperatures
of products made of AISI 1022 steel do not exceed 450 °C [5-7]. At the same time, with
the development of a severe beyond-design-basis accident, when the corium falls outside
the reactor core, the CC-vessel, according to calculations, heats up to 1000-1200 °C with
subsequent long-term cooling [8,9]. Under such conditions, a significant change in the
steel structure can occur and, as a consequence, cause the degradation of the mechanical
properties of steel (due to the growth of austenitic grain and the development of reversible
temper embrittlement), leading to a loss of strength in the CC-vessel and an increase in the
risk of its fracture.

Recently, data on the study and clarification of the high-temperature properties of
low-carbon steels under static loading have appeared in the literature [10,11]. At the same
time, the problem of the resistance of the material for the CC-vessel to low-frequency,
low-cycle fatigue is urgent, primarily for nuclear power plants operating in seismically
active regions.

The low-cycle fatigue and high-cycle fatigue of low-carbon steels have been widely
studied [12-20]. However, detailed studies of the effect of the steel structure after extreme

Metals 2022, 12, 281. https:/ /doi.org/10.3390/met12020281

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met12020281
https://doi.org/10.3390/met12020281
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-7769-7748
https://orcid.org/0000-0002-4183-9019
https://orcid.org/0000-0001-9576-8861
https://doi.org/10.3390/met12020281
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12020281?type=check_update&version=2

Metals 2022, 12, 281

20f 15

thermal exposure on the low-cycle fatigue of such steels have practically not been carried
out. Comparison of the few available research results on this problem is impossible due to
the use of different schemes and test conditions.

The use of a dynamic mechanical analyzer (DMA) is very effective for conducting
studies of low-cycle fatigue; the simplicity of and information on this test method were
shown earlier in a comparative assessment of the fatigue resistance of various materials,
namely NiTi [21], zirconium alloys [22], Cu-Nb nanocomposite wires [23], etc.

In this work, using a DMA, the comparative studies of low-cycle bending fatigue of
AISI 1022 low-carbon steel, having different types of structures obtained under prolonged
thermal exposure and simulating the conditions of severe beyond-design-basis accident at
nuclear power plants, are carried out.

2. Materials and Methods

As a raw material, AISI 1022 steel (22 K—Russian standard), as delivered (sheet 60 mm
thick after hot rolling and normalizing), was used. The chemical composition of the steel is
shown in Table 1.

Table 1. The chemical composition of 22 K steel (mass. %).

Fe C Si Mn P S Cr Ni Cu Al
bal 0.24 0.26 0.75 0.013 0.001 0.04 0.03 0.05 0.03

The studies of AISI 1022 steel samples in three states were carried out:

1. Asdelivered;
After heat treatment (TO-1), provoking temper embrittlement, according to the mode:
heating to 650 °C at a rate of 200 °C/h; cooling to 480 °C at a rate of 1 °C/h; further
slow cooling with an oven to room temperature [11];

3. After heat treatment (TO-2), provoking the growth of austenite grains, according to
the mode: heating to 1200 °C at a rate of 200 °C/h; exposure—3.7 h; further slow
cooling with an oven to room temperature.

Heat treatment was carried out in an electric furnace of the SNVE 1.3.1/1614 type
(CNIITMASH, Moscow, Russia) in a vacuum of ~6.5 x 1073 Pa. During heat treatment, an
automatic digital recording of signals from control thermocouples was carried out.

Flat specimens 35.0 mm X 3.0 mm X 0.5 mm in size were used for the low-cycle fatigue
tests. These specimens were cut by the electric spark method from the initial steel sheet in
the transverse direction. Before testing, all faces of the specimens were polished to a mirror
finish, using Grit500 and Grit1000 abrasive papers and a SiC suspension with an abrasive
particle size of 0.05 um.

The tests were carried out using a DMA Q800 setup (TA Instruments, New Castle,
DE, USA). DMA Q800 is an instrument used to test the mechanical properties of many
different materials. Basically, a deformation is imposed on the specimen in order to evaluate
the mechanical properties of the material. DMA Q800 utilizes non-contact, linear drive
technology to provide a precise control of stress. Strain is measured using optical encoder
technology that provides a high sensitivity and resolution.

The tests were carried out according to the transverse bending scheme in one plane at
a constant stress amplitude (c,), i.e., under stress-controlled conditions, with an alternating
symmetric loading cycle (asymmetry coefficient R = —1), using a single cantilever gripper,
according to the previously described method [22]. When the gripper moved during
the tests, the specimen was symmetrically deflected by a set amplitude from the initial
position. The stress amplitude of the loading cycles was chosen in the range of 40-95% of
the maximum stress to failure (Cmax). The o max was determined by bending the specimen as
follows. We carried out a test for alternating bending, constantly increasing the amplitude
of each cycle (stress increment test), until the specimen failure moment [22]. As a result,
several cycles caused specimen failure. The stress at which failure occurred was taken as
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Omax- This is due to the fact that we tested highly ductile steel, and during one bending
cycle (even with a large bending amplitude), the specimen failure did not occur.

The tests were carried out at a temperature of 30 °C and a frequency of 0.5 Hz. The
number of cycles to failure (Ny) based on 3.5 x 10* cycles was determined. Three specimens
were used for each stress amplitude (c,).

Fatigue fracture surfaces were analyzed using a JSM-IT500 (JEOL Ltd., Tokyo, Japan)
scanning electron microscope at 30 x-2000x magnifications.

Metallographic studies of the specimens were carried out using an AxioObserver D1m
(Carl Zeiss Microscopy GmbH, Jena, Germany) optical microscope at magnification up to
500x on thin sections before and after etching in a 5% nitric acid solution. Additionally, the
surfaces of the specimens after fatigue tests were studied at low magnifications (50 x).

Experimental studies were simulated using the QForm finite element analysis software
(QForm 9.0.10, QuantorForm LLC, Moscow, Russia). Before this, parts for grippers and a
strip, with their subsequent assembly, were created using SolidWorks (Figure 1).

Figure 1. Assembly in SolidWorks for subsequent computer simulation of the bending process:
1—left gripper, 2—right gripper, 3—strip.

The resulting assembly was loaded into the QShape geometry editor, and a finite
element mesh was generated for each of the assembly components. Then, the initial and
boundary conditions were set in QForm; the speed of movement of the gripper in the
vertical direction was set equal to 20 mm/s, and the friction factor between the gripper
and the strip was set equal to 10 (“Sticking” friction law). The displacement of the gripper
varied from 0 to 10 mm. To increase the accuracy of calculating the shape change of the strip,
we used the boundary condition for adapting the mesh of finite elements for a workpiece
in the form of a parallelepiped (Figure 2). Within this area, the size of the finite element did
not exceed 0.2 mm.

Figure 2. Adaptation of the finite element mesh (area in the form of a parallelepiped) when calculating
the bending process in QForm.

The non-linear FEM model was used, and flow stress was given as a function of
temperature, strain and strain rate. After this, the QForm software converts these data
into graphs using its own linear interpolation procedure. The QForm software version
considers isotropic hardening. Effective stress was calculated using the von Mises equation,
Equation (1):

T = \2\/(01 —02)2+((72—(T3)2—|— (03—(71)2/ 1)

where: 01, 05, 03—principal stresses.
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3. Results and Discussion
3.1. Structure of Steel before Cyclic Testing

Figure 3 shows the structure of AISI 1022 steel after different treatments. For the
as-delivered steel, a ferrite-pearlite banding was observed. The predominant grain size of
ferrite was 15-35 pm. After TO-1, no significant changes in the structure were revealed.
On the contrary, TO-2 led to the formation of a needle-like, coarse-grained overheating
structure with a predominant grain size of 300-600 pm.

Figure 3. Structure of AISI 1022 steel in (a) as-delivered state, after (b) TO-1 and after (c) TO-2.

3.2. Fatigue Strength

The initiation of fatigue cracks and further fracture during the DMA tests of all
specimens occurred on both surfaces (upper and lower) within 0.5-1.5 mm from the edges
of both movable and fixed grippers. According to the results of modeling by the finite
element method, these areas correspond to the stress concentration gradient (Figure 4).
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At low stress amplitude, the fatigue crack initiation was observed near only one of the
grippers (movable or fixed).
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Figure 4. Distribution of stresses in an AISI 1022 steel plate during bending for (a,c,e) low and (b,d,f)
high stress amplitude.

Fatigue curves in the coordinates “number of cycles (Ny)—stress amplitude (ca)” of
AISI 1022 steel specimens both as delivered and after prolonged heat treatments are shown
in Figure 5. The mechanical properties of steel specimens are given in Table 2. The fatigue
curves of steel specimens after all treatments have a low slope. In a narrow range of
variation of the stress amplitude (80-90% of omax), there is a significant increase in fatigue
life (about eight times). This is due to the strain hardening of steel (an increase in the
density of dislocations and their blocking occur as a result of strain aging) during fatigue
loading, which is typical for low-cycle fatigue of low-carbon steels [13,24]. The fatigue
strength at Ny = 3.5 x 10* cycles (onp) of AISI 1022 steel specimens in the as-delivered state
was 360 MPa, which is 1.4 times less than omax.
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Figure 5. Fatigue curves of AISI 1022 steel in different states: 4—as delivered; e—TO-1; A—TO-2.

Table 2. Mechanical properties of AISI 1022 steel after various heat treatments.

State O max [MPa] ONf * [MPa] U'Nf/(Tmax
as-delivered 500 360 0.7

TO-1 450 330 0.7

TO-2 470 330 0.7

*—at N =3.5 x 10* cycles.

Heat treatment of AISI 1022 steel specimens for temper embrittlement (TO-1), as well
as heat treatment for the growth of austenite grain (TO-2), led to a decrease in fatigue life.
The fatigue strength at Ny = 3.5 X 10* cycles (0np) of AISI 1022 steel specimens after both
heat treatments was ony =330 MPa. The o max/ Ny ratio, as well as for AISI 1022 steel in the
as-delivered state, was 1.4.

Thus, the decrease in the fatigue strength of AISI 1022 steel after prolonged thermal
exposure compared to the as-delivered state is small (the fatigue strength (o) decreased
by 9%). Based on the high value of the aNf/ Umax ratio, as well as the low slope of fatigue
curves, the steel after all treatments had a high resistance to low-cycle fatigue.

An example of the DMA cyclic testing process diagram is shown in the Figure 6.
During the test, the following parameters were recorded: namely, the elastic modulus,
tangent of the mechanical loss angle (loss factor), and stress amplitude. There are several
criteria for the onset of the fatigue crack propagation. In this study, the onset of the fatigue
crack propagation was determined by the decrease in the elastic modulus observed during
the test (Figure 6). Usually, under low-cycle fatigue, the fatigue fracture process is mainly
associated with fatigue crack initiation, and the fatigue crack propagation period is short.
As the stress amplitude decreases, the fatigue crack propagation period increases. In our
case, for AISI 1022 steel specimens in the as-delivered state, the fatigue crack propagation
period was 30—40% of the entire test time in almost the entire range of stress amplitudes
(70-90% of omax). It was only at the highest (95% of omax) stress amplitudes that the
fatigue crack propagation period decreased to 20% of the all-test time. For AISI 1022 steel
specimens after TO-1 and TO-2, the fatigue crack propagation periods were 35-50% and
25-40%, respectively, of the entire test time over the entire range of stress amplitudes. At
stress amplitudes less than 70% of omax, no change in the elastic modulus during testing
of specimens after all treatments was recorded, which indicates the absence (or weak
development) of the stage of fatigue crack propagation.
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Figure 6. An example of the DMA cyclic testing process diagram for AISI 1022 steel specimens in the
as-delivered state.

3.3. Fractographic Studies

Figures 7 and 8 show the results of fractographic studies of the fatigue fracture surfaces
of AISI 1022 steel specimens after various heat treatments. The fractographic analysis
revealed a difference in the micro-mechanisms of fatigue crack propagation depending
on the specimen structure, with a similar macrostructure of fatigue fracture surface. In all
cases, the nucleation of fatigue cracks occurred on both surfaces of the specimens (upper
and lower), and then the cracks spread like a fan to the center of the specimen, where the
static rupture took place (Figure 7).

For as-delivered steel specimens, the fracture surface in the fatigue crack propagation
zone is rather flat and quasi-ductile; however, fatigue grooves are formed along the crack
propagation path. The distance between the grooves was 0.5-0.9 um. The grooves are
generally brittle with cracking between them (Figure 8a). Fatigue crack propagation is
accompanied by intense secondary cracking, which is a consequence of steel hardening
during cyclic loading. The zone of accelerated (unstable) crack growth is replaced by a
grooved relief with an increased distance between grooves of up to 1.5 um. The static
rupture is localized in the middle part of the specimen and is represented by a narrow
zone of quasi-ductile fracture with a small (less than 10%) fraction of the ductile dimple
component (Figure 8b). The formation of such a quasi-ductile relief of a fatigue fracture
surface is associated with the hardening of steel during cyclic loading.

For steel after heat treatment (TO-1), at the stage of fatigue crack propagation, a
developed ductile surface fracture relief with typical parallel fatigue micro-grooves with a
distance of about 0.9 pm between them is observed (Figure 8c).

For steel after heat treatment (TO-2) at the stage of fatigue crack propagation, as well
as for steel after TO-1, there is a developed ductile surface fracture relief with the presence
of typical fatigue micro-grooves with a distance between grooves of 1-2 um. The stage
of accelerated (unstable) crack growth can be distinguished. There, a developed surface
relief can be observed with an increased distance between fatigue grooves up to 3.5 um
(Figure 8e). The static rupture of steel specimens after both heat treatments is associated
with typical ductile dimple fracture (Figure 8d,f).
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Figure 7. General view of fatigue fracture surfaces of AISI 1022 steel (a) in the as-delivered state at
a stress amplitude 370 MPa; (b) after TO-1 at a stress amplitude 340 MPa; (c) after TO-2 at a stress
amplitude 340 MPa (1—crack initiation zone; 2—crack propagation zone; 3—rupture zone).
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Figure 8. Fatigue fracture surfaces of AISI 1022 steel (a,b) in the as-delivered state at a stress amplitude
of 370 MPa, (c,d) after TO-1 at a stress amplitude of 340 MPa, (e,f) after TO-2 at a stress amplitude of
340 MPa: (a,c,e) fatigue crack propagation zone; (b,d,f) rupture zone.

3.4. Specimen Structure after Cyclic Testing

During cyclic tests, a typical deformation relief “orange peel” was formed on the
surface of the specimens within 0.5-1.5 mm from the edge of the grippers, coinciding
with the contours of the grain structure and arising from the difference in the prevailing
systems of slip of dislocations in the grain and at the grain boundaries during micro-
plastic deformation (Figures 9-11). An analysis of the specimen surfaces with an optical
microscope showed that fatigue fracture begins from the formation of a network of parallel
micro-cracks oriented along the fracture surface (Figure 7b). It can be seen that the places
of initiation of fatigue cracks are grain boundaries, as well as for low-carbon (0.1% C)
ferrite-pearlite steel studied in [17]. In the same work [17], it was shown that the grain
boundaries, on the other hand, were an effective barrier to the growth of nucleated cracks.
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Figure 11. The upper surface of AISI 1022 steel specimens after heat treatment (TO-2) and cyclic tests
at stress amplitude: (a) 370 MPa; (b) 420 MPa.

With an increase in the stress amplitude of the loading cycle, the number of micro-
cracks increases; with an increase in the number of loading cycles, some of micro-cracks
grow and merge with the formation of long cracks (Figure 9¢c). Crack propagation occurs
with large plastic deformation at the crack tip. The numerous zones of plastic deformation
during the growth and merging of micro-cracks form a deformation relief. The final rupture
of the specimen occurs from one of the longest main cracks (Figure 9d).

The starting stress of the crack initiation in steel specimens after various heat treat-
ments is different. So, for AISI 1022 steel in the as-delivered state, no micro-cracks
were observed on the surface of the specimens up to a stress amplitude of 300-320 MPa
(Figure 9a). Micro-cracks formed on the surface of the specimens tested at a stress amplitude
of 340 MPa, but their further growth was not observed (Figure 9b). The merging of cracks
and the formation of a main crack were observed at stress above 360 MPa (Figure 9¢,d).

For AISI 1022 steel after TO-1, the formation of micro-cracks on the surface of the
specimens was observed even at a stress amplitude of 300 MPa (Figure 10a). With an
increase in the stress amplitude of the loading cycle and an increase in the number of
loading cycles, the growth and merge of cracks and the final rupture of the specimen occur,
as well as for the steel in the as-delivered state (Figure 10b). The same stress of the onset of
the micro-crack formation was observed for AISI 1022 steel after TO-2.

The deformation relief on the surface of AISI 1022 steel specimens after TO-2 is more
developed; parallel slip bands were observed within one grain. The distance between
adjacent cracks is greater than in the steel in the as-delivered state, as well as after TO-1.

Figures 12-14 show the structure of steel specimens after fatigue tests before and after
etching. The structure corresponds approximately to the middle part (in thickness) of a flat
specimen. One can see a decrease in the number of cracks in the middle of the specimen
in comparison with the number of cracks on its surface (Figures 12a, 13a and 14a). With an
increase in the stress amplitude of the loading cycle, the number of cracks decreases, while their
length and opening increase (Figures 12a, 13a and 14a). This correlates well with the above
process of merging surface cracks and their propagation towards the middle of the specimen.

An analysis of the etched sections in the area of fatigue failure confirmed that the
propagation of fatigue cracks in steel specimens both as delivered and after TO-1 occurs
along grain boundaries (Figures 12c,d and 13c,d). At the same time, some cracks propagated
along the grain body with secondary cracking at the crack tip. Fatigue crack propagation
of a similar nature in low-carbon steel was observed in [17]. On the contrary, for steel
specimens after TO-2, the crack propagated mainly along the grain body and partially
along the interphase boundaries (Figure 14c,d).
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Figure 12. Structure and development of fatigue cracks (a,b) before and (c,d) after etching of AISI

1022 steel specimens in the as-delivered state after cyclic tests at stress amplitude: (a,c) 360 MPa; (b,d)

460 MPa.
b
[ d|

Figure 13. Structure and development of fatigue cracks (a,b) before and (c,d) after etching of AISI
1022 steel specimens after TO-1 and cyclic tests at stress amplitude: (a,c) 340 MPa; (b,d) 420 MPa.
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Figure 14. Structure and development of fatigue cracks (a,b) before and (c,d) after etching of AISI
1022 steel specimens after TO-2 and cyclic tests at stress amplitude: (a,c) 370 MPa; (b,d) 420 MPa.

For specimens both as delivered and after TO-1, changes in the microstructure in the
area of fatigue failure were not revealed (this result refers to the middle part (in thickness)
of a flat specimen). For specimens after TO-2, in the area of fatigue crack propagation, the
formation of parallel slip bands was observed. Thus, the main changes in the structure
of steel during cyclic tests occur in the surface layers of the specimen, which is typical for
carbon steels [25].

It was shown earlier [11] that TO-1 of AISI 1022 steel specimens leads to their embrit-
tlement during impact bending tests and an increase in the temperature of the onset of a
ductile-brittle transition from room temperature to 50 °C. On the contrary, during cyclic
bending tests of AISI 1022 steel specimens after TO-1, a more plastic fracture mechanism
was observed. Note that the failure of specimens during cyclic bending tests occurred at
stresses comparable to (or below) the yield strength. This means that the fatigue crack
propagation process was mainly associated with micro-deformation within the grains, in
contrast to impact tests, where the stress level was higher. This circumstance, apparently,
contributed to a more developed plastic deformation in AISI 1022 steel specimens dur-
ing cyclic tests. A decrease in the fatigue strength of specimens after TO-1 and TO-2 is
associated with a decrease in their static strength and a decrease in the tendency to strain
hardening under cyclic loading.

An increase in the grain size in steel after TO-2, apparently, facilitates the deforma-
tion process, since the fraction of grain-boundary barriers to the dislocation movement
decreases. This leads to a change in the intensity of an increase in deformation at the tip of a
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propagating fatigue crack and causes a significant increase in the distance between grooves
at the stage of the instable crack growth, observed in fracture surfaces of the specimens [25].

4. Conclusions

According to the results of comparative tests using a dynamic mechanical analyzer
for low-cycle bending fatigue of AISI 1022 low-carbon steel specimens in the as-delivered
state (after normalization) and after extreme thermal exposure in two modes—(1) slow
cooling from 650 °C for 7 days and (2) holding at 1200 °C for 3.7 h with slow cooling—the
following conclusions were made:

(a) Slow cooling from a temperature of 650 °C for 7 days does not lead to visible changes
in the initial ferrite-pearlite banded structure of steel; the holding at 1200 °C for
3.7 h with slow cooling leads to an increase in the predominant grain size from
15-35 to 300-600 um and the formation of a needle-like structure of overheating
(Widmanstatten structure).

(b) Inthe as-delivered state, the steel has a high resistance to low-cycle fatigue; the fatigue
strength at Ny =3.5 X 10% cycles (0np) was 360 MPa. Both long-term thermal exposure
modes lead to a slight decrease in the resistance to the low-cycle fatigue of steel: oy
is decreased by 9%.

(c) Both long-term thermal exposures change the micro-mechanism of fatigue fracture
from quasi-ductile with an irregular grooved relief and secondary cracking to ductile
micro-grooved relief.

(d) A multifold grain growth, after holding at 1200 °C for 3.7 h, changes the predominant
sites of fatigue crack initiation from grain boundaries to the grain body and increases
the distance between grooves in a fatigue fracture surface.
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