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Abstract: Isothermal and thermomechanical fatigue behavior of duplex stainless steel (DSS)
X2CrNiMoN22-5-3 was investigated. The aim of this work was to understand the fatigue behavior
by correlation of the isothermal and thermomechanical fatigue behavior with microstructural ob-
servations. Fatigue tests at plastic-strain-amplitude of 0.2% were carried out at 20, 300 and 600 °C,
while in-phase (IP) and out-of-phase (OP) thermomechanical fatigue (TMF) experiments were per-
formed between 300 and 600 °C. During the 20 °C fatigue test, a continuous softening was observed.
Transmission electron microscopy examinations reveal pronounced planar slip behavior in austenite.
At 300 °C, deformation concentrates in the ferrite, where strong interactions between CryN and
dislocations were observed that explain the pronounced cyclic hardening. DSS studied exhibits
softening throughout the whole isothermal fatigue test at 600 °C. In ferrite, during the 600 °C fatigue
test, the G phase, v’ austenite precipitated, and an unordered dislocation arrangement was observed.
The stress responses of the TMF tests can be correlated to those of the isothermal fatigue tests. In
IP mode, a positive mean stress resulted in premature failure. No v’ austenite but the formation of
subgrains in the ferrite phase was observed after TMF tests. The plastic deformation of the austenite
at high temperatures results in an unordered dislocation arrangement.

Keywords: duplex steel; isothermal fatigue; thermomechanical fatigue; ferrite; austenite; G phase;
plastic-strain control

1. Introduction

The duplex stainless steel (DSS) X2CrNiMoN22-5-3 (SAF 2205, German designa-
tion 1.4662) represents a two-phase material primarily consisting of a ferritic (x) and an
austenitic (y) phase. Generally, the ferrite phase ensures remarkably high mechanical
strength, while the austenite phase provides sufficient ductility. DSS possesses high chem-
ical resistance owing to the high chromium content in both phases. Due to its attractive
properties, DSS offers a broad range of applications. DSS is widely used in, e.g., shipbuild-
ing, the food industry and the chemical industry. Furthermore, DSS is also used in high
temperature applications such as heat exchangers in power plants. If DSS is exposed to
high temperatures, the material properties deteriorate dramatically. In particular, it was
found that the load-bearing capacity of the ferrite phase is continually reduced with increas-
ing temperature [1]. Other phenomena such as dynamic strain ageing (DSA) have been
investigated for both ferritic steels (temperature range: 200-400 °C) [2—4] and austenitic
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steels (temperature range: 400-600 °C) [4,5] but also for DSS in the temperature range
between 250 and 500 °C [4,6]. Further, detrimental microstructural changes take place
at elevated temperatures. Especially in the temperature range 350-550 °C, duplex steels
suffer a spinodal decomposition of the ferrite into a chromium-rich «” and an iron-rich «
phase [7-11]. This spinodal decomposition results in embrittlement, which is most pro-
nounced at 475 °C. The 475 °C embrittlement leads to a deterioration of the mechanical
properties, such as an increase in tensile strength, an increase in hardness and a decrease
in fracture toughness and fracture strain [12-14]. The effect of the so-called 475 °C embrit-
tlement has already been studied in detail [7-11]. Above this temperature, precipitation
of intermetallic phases is reported in the literature [15]. As a consequence of the spinodal
decomposition of the ferrite, in the temperature range of 350 to 500 °C, an intermetallic Mo-
and Si-rich G phase with a crystal structure F 4/m 3 2/m and with a lattice parameter four
times larger than that of the ferrite matrix becomes stable [16,17]. Moreover, the Cr- and
Mo-rich intermetallic tetragonal sigma phase can occur between 550 and 1050 °C [18,19].
Other precipitation processes, such as the formation of carbides (M33Cg), nitrides (CrpN)
or v’ secondary austenite, are reported to occur at higher temperatures [15,16]. Mateo
etal. [16] concluded that spinodal decomposition, formation of Cr,N as well as dislocations
act as further lattice disturbing elements accelerating the nucleation of new phases due to
preferential diffusion paths.

When DDS is utilized, e.g., in heat exchangers as pipes or boilers, high temperatures of
up to 600 °C can occur in combination with mechanical loads due to start-up and shut-down
processes. The so-called thermomechanical fatigue (TMF) can lead to premature component
failure. The behavior of DSS 1.4662 under low cycle fatigue (LCF) and TMF has been studied
at temperatures between room temperature and 600 °C [4,7]. In the ferrite steel AISI 430F [3],
which resembles the ferrite phase of DSS with respect to the chemical composition, and
also in other steels [20], DSA was found to be significantly dependent on the strain rate [4].
The effect of the 475 °C embrittlement and the corresponding spinodal decomposition on
the isothermal fatigue properties was extensively studied [7,8,21]. Several investigations
deal with the thermomechanical fatigue behavior of DSS 1.4662 in the temperature range
between 350 and 600 °C with a mechanical strain amplitude of 0.4% or 0.8% and a test
frequency of 0.008 Hz [1,22]. It is reported that cyclic heating above 550 °C during the
TMEF test counteracts the negative effects of spinodal decomposition; hence, no negative
influence on the fatigue behavior is observed [1]. In addition, it was demonstrated that
the austenite phase possesses sufficient strength even at high temperatures to compensate
for the low strength of the ferrite phase [1,22]. However, there is no link between TMF
and the corresponding isothermal fatigue tests under the same conditions. Further, the
relevant microstructural aspects/evolution and the phase formations such as plasticity
(i.e., dislocation formation, evolution, arrangement, interaction) under isothermal and TMF
conditions were not discussed.

The aim of the present work is to characterize TMF behavior of a DSS 1.4662 in
the temperature range between 300 and 600 °C in plastic-strain control and to link the
mechanical behavior to the microstructural properties. In order to understand the damage
behavior as a result of TMEF, isothermal fatigue tests at 20, 300 and 600 °C were additionally
performed and serve as basis for a sound interpretation of TMF particularities.

2. Materials and Methods

The duplex stainless steel X2CrNiMoN22-5-3 (1.4662) was produced by Santo Tomas
de las Ollas (Ledn, Spain). The material was delivered in rods with a diameter of 20 mm in
hot-rolled condition. The chemical composition of the material in the as-delivered condition
was verified by spark spectroscopy analysis (Table 1). The measured chemical composition
corresponds well to the SAF 2205® AISI 318 LN specifications.
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Table 1. Chemical composition of the DSS X2CrNiMoN22-5-3 determined by spark spectroscopy
analyses (wt.%) and the nominal composition according to SAF 2205® AISI 318 LN.

Chemical Composition (wt.%)
C Si Mn P S Cr Ni Mo N Fe

nominal <0.03 <1.0 <2.0 <0.035 <0.015 21-23 4.5-6.5 25-35 0.1-0.22 Bal.
measured 0.029 £0.01 0403 £0.08  1.68+0.03 0.013 £ 0.001 0.00354+0.0002  21.88+£0.31  4.65+0.06 3344002 0163 +0.08 Bal

Composition

For direct comparison with the literature, the material was annealed at 1250 °C in
a mutffle furnace for 4 h prior to testing as proposed in References [7,8,21,23]. This heat
treatment was followed by continuous furnace cooling for 3 h down to 1050 °C and final
water quenching. The cylindrical fatigue specimens with a gauge length of 15 mm and
a diameter of 5 mm were machined from the rod material. Before fatigue testing, all
specimens were mechanically polished to P4000 and finally electrochemically polished
(90 vol.% perchloric acid, 10 vol.% acetic acid, at 20 V /res. current 0.1 A). A servo-hydraulic
testing machine of type MTS 810 (MTS Systems Corporation, Eden Prairie, MN, USA)
(maximum load 100 kN) equipped with hydraulic clamping jaws and a controller of
type MTS TestStar IIs (MTS Systems Corporation, Eden Prairie, MN, USA) was used.
A high frequency induction heating system Huettinger TIG 5/300 (TRUMPF Hiittinger
GmbH + Co. KG, Baden-Wiirttemberg, Freiburg im Breisgau, Germany) with an Eurotherm
temperature controller of type 2704 (EURO-THERM GmbH, Worthing, UK) and a self-made
induction coil was applied for heating. The strain was measured with a vacuum-resistant
high-temperature rod extensometer of type MTS 632.51F-74 (MTS Systems Corporation,
Eden Prairie, MN, USA). All experiments were performed at a test frequency of 0.0059 Hz,
which results from the attainable cooling rate of the sample from 600 to 300 °C during air
cooling. Thermal and mechanical cycles had a triangular wave shape. Prior to isothermal
fatigue testing, the specimens were heated up to the testing temperature at zero load
under load control and the strain setpoint was adjusted to a value of zero. To establish
true plastic-strain control, the elastic strain was subtracted from the mechanical strain
signal by adjusting the stiffness 1/EA (E means the Young’s modulus, and A denotes
the cross-sectional area of the sample) during a preliminary load-controlled test in the
pure elastic region. All subsequent tests were performed at a plastic-strain amplitude
of 0.2%. For the isothermal and thermomechanical fatigue tests, one sample was tested
under respective conditions. In TMF tests, the thermal expansion and the temperature
dependence of the Young’s modulus were additionally considered in the plastic-strain
calculation using results of preliminary tests and a 3rd degree polynomial function. Details
on the method of controlling thermomechanical fatigue tests in plastic-strain control can be
found elsewhere [24]. In-phase (IP) TMF is defined as temperature and mechanical cycling
being in phase, where out-of-phase (OP) TMF is characterized by a phase difference of 180°.
The fatigue tests were stopped at a maximum number of 2555 cycles (in the saturation
regime), which corresponds to a test duration of five days.

A Lext OLS4000 optical microscope (Olympus Corporation, Tokyo, Shinjuku, Japan)
(OM) as well as a focused ion beam-scanning electron microscope (FIB-SEM) DualBeam
system of type FEI Helios Nanolab 600 (FEI Company, Hillsboro, OR, USA), equipped
with backscatter electron (BSE) imaging and electron backscatter diffraction (EBSD), were
utilized to investigate the coarse ferrite /austenite microstructure. The average grain sizes
were automatically evaluated based on the EBSD measurements using the TEAM™ V4.5.1
software (Version 4.5.1, Ametek, Berwyn, PA, USA). Thin foils for transmission electron
microscopy (TEM) were prepared from the fatigue specimens parallel to the stress direction,
i.e., the normal foil is perpendicular to the stress direction. The platelets were extracted by
diamond wire sawing and mechanically ground to a thickness of about 100 pm using SiC
paper. For the final thinning down to electron transparency, the foils were jet-polished with
a Struers TenuPol-5 (Struers GmbH, Nordrhein-Westfalen, Willlich, Germany) at 287 K at
a voltage of 20 V until perforation. For this purpose, the same electrolyte was applied as
used for the electrochemical surface polishing of the fatigue specimens. TEM investigation
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was conducted with a Thermo Fisher FEI Talos F200X (FEI Company, Hillsboro, OR, USA)
operated at 200 kV acceleration voltage. For scanning TEM (STEM) the high-angle annular
dark-field (HAADF) detector (FEI Company, Hillsboro, OR, USA) was applied. To enhance
chemical contrast, a small camera length of 77 mm was chosen (called HAADF-STEM). In
order to clearly depict dislocations, an intermediate camera length of 205 mm was selected
(ADF-STEM) to allow Bragg reflection to hit the detector. To identify the crystal structure of
the individual phases, selected area diffraction (SAD) patterns were recorded. The chemical
composition of the phases was measured using energy dispersive X-ray spectroscopy
(STEM-EDX). The quantification was performed with the standard analysis procedure of
the Velox software V3.1.0 (Version 3.1.0, FEI Company, Hillsboro, OR, USA).

3. Results and Discussion
3.1. Initial Microstructure

Figure 1 displays the microstructure of the DSS after initial heat treatment. In the
optical micrograph in Figure 1a the austenitic grains appear dark gray, whereas the ferrite
phase is brighter. The rolling direction of the hot-rolled material is reflected in the vertical
chain-like arrangement of the austenitic grains. Figure 1b depicts a EBSD mapping of the
DSS. The red color represents the ferrite, while the green color represents the austenite
phases. Based on the EBSD analysis, a phase fraction ratio of about 50% austenite and 50%
ferrite was determined. The average grain sizes of the ferrite and the austenitic grains yield
were 60 and 20 um, respectively (see Figure Al). Figure 1c provides a BSE-SEM micrograph
with the corresponding EDX mapping of the elements Ni, Cr and Mo. It reveals that the
ferritic phase is rich in the elements Cr and Mo, while the austenitic phase is enriched
in the austenitic stabilizing elements Ni. The EDX analysis of the other elements (Mn,
Fe, 5i) yielded no visible differences between the phases in the EDX mapping; thus, the
visualization was omitted.

(b)

Figure 1. Microstructure of the hot-rolled DSS X2CrNiMoN22-5-3 after heat treatment. (a) Optical
microscope image (bright gray: ferrite, dark gray: austenite), (b) EBSD phase map (red: ferrite
austenite, green: austenite), (c) BSE-SEM image and the corresponding EDX mapping of the elements
Ni, Cr and Mo. (bright gray: austenite; dark gray: ferrite).

A detailed image of the precipitates within a ferritic grain is depicted in Figure 2a
Precipitates of CrN appearing as fine needles in cloud-like clusters and Cr,N as larger
needle-shaped precipitates were identified by chemical composition using STEM-EDX
mappings. The results are in good agreement with nitrides reported in References [25-27].
A closer look at the ferritic grains reveals the beginning decomposition into Fe-rich o
ferrite and Cr-rich o ferrite (Figure 2b). By tilting from the zone axis, even dots splitting
can be recognized in the diffraction pattern. This is clearly illustrated by the inset in
Figure 2c. The decomposed structure in the ferrite phase (Figure 2b) has been proven both
experimentally and by phase-field simulation as a key factor of phase separation kinetics in
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ferrite

Fe-Cr-based alloys [28]. Obviously, the spinodal decomposition of the ferrite phase could
not be prevented by the applied heat treatment. In contrast to ferrite, the austenitic grains
exhibit no peculiarities and are single phase (results not shown here).

(b)

[001] ferrite

10 1/ nm

Figure 2. TEM analyses of the ferrite phase of the DSS after heat treatment. (a) HAADF-STEM image
of a ferritic grain showing CrpN and CrN phases that appear as bright contrast. (b) HAADF-STEM
image of ferrite and the corresponding EDX mapping of the elements Fe and Cr, (c) SAD pattern
taken close to the [001] zone axis. The inset indicates the splitting of the diffraction spot [440] due to
spinodal decomposition.

3.2. Isothermal Fatigue

In Figure 3a, the cyclic stress response of the DSS during the isothermal fatigue tests at
20, 300 and 600 °C at a plastic-strain amplitude of 0.2% is depicted. The ordinate displays
the maximum and minimum stress response of a hysteresis. The abscissa represents the
respective number of the cycle. The resulting stress response during the room temperature
test (black curve) yields a slight initial hardening at the beginning (within the first 10 cycles
by approximately £20 MPa). During the remaining test period, the DSS reveals only a
slight softening, which is visible by the decreasing stress amplitude (from approximately
£570 to £520 MPa). In contrast, the orange curve, which represents the isothermal fatigue
behavior at 300 °C, exhibits a pronounced primary hardening up to about 100 cycles
(from approximately +400 to £600 MPa) followed by a plateau (£600 MPa). Significant
deviations in the stress response at 300 °C are explained by serrated flow of the stress signal
as depicted in the exemplarily stress—total strain hysteresis loop in Figure 3b. Those rapid
stress drops followed by reloading can be attributed to DSA. The occurrence of DSA is
additionally indicated by the higher saturation stress amplitude at 300 °C as compared to
room temperature. The cyclic deformation curve of the isothermal fatigue test at 600 °C (red
curve) exhibits slight softening until failure (from approximately +290 to =200 MPa). The
results of the fatigue test at 600 °C reveal lower values of the stress amplitude compared to
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the stress response at the other test temperatures. The drop of the stress response at the end
(approximately 2000th cycle) of the test period is most likely caused by crack initiation. In
addition, Table A1 gives the yield strength Ry >, max. tensile strength Ry, and the elongation
at fracture A recorded from Kolmorgen during isothermal monotonic tensile tests at 20,
300 and 600 °C for the interested reader [29].
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Figure 3. (a) Cyclic stress response curves of isothermal fatigue tests (20, 300 and 600 °C) carried out
under plastic-strain control at a plastic-strain amplitude of 0.2% (f = 0.0059 Hz); (b) exemplary single
stress—total strain hysteresis loop of the 800th cycle of the isothermal test at 300 °C.

To understand the material behavior and the role of constituting phases, TEM analysis
was carried out on the samples after isothermal fatigue testing. After the fatigue test at room
temperature, dislocations (white lines, e.g., in Figure 4a) occur in preferred orientations
(two directions) in the selected austenitic grain, documenting planar slip in two active slip
systems. Furthermore, a higher dislocation density can be observed at the boundaries be-
tween neighboring austenite and ferritic grains, indicating the pileup of defects. Obviously,
phase boundaries act as barriers to dislocation glide [30,31]. Only individual dislocation
loops are visible in the ferritic grain. Detailed micrographs of the dislocation arrangements
are given Figure A2. The results of the TEM investigations (Figure 4a) reveal that the plastic
deformation is concentrated in the softer austenitic grains. These stress responses are in
accordance with the findings of Wackermann et al. [13] who tested the same material at
RT with a plastic-strain amplitude of 0.25%. Because of the slightly higher plastic-strain
amplitude as compared to the value of 0.20% used in the study presented, the resulting
stress response was slightly increased to a stress amplitude of about 610 MPa. The authors
also observed softening behavior after initial hardening in the cyclic deformation curves.
Initial hardening was attributed to dislocation formation in both phases. Wackermann
et al. correlated the extent of softening to the deformation-induced dissolution of spinodal
decomposition domains. Moreover, based on the yield strength distribution function, they
attributed the global deformation behavior of the DSS at higher plastic strain to the ferrite
phase [13]. Whether austenite also contributes to the softening behavior but could not be
determined by the yield strength distribution function analysis beyond doubt, as planar
sliding in austenitic grain was detected after all stress controlled tests (Ao /2 = 375 MPa or
400 MPa at 475 °C) independent of the embrittlement state and the stress level [13].

In contrast to the sample tested at room temperature, the microstructure after isother-
mal fatigue testing at 300 °C reveals a high dislocation density nearby the CryN precipitates
in the ferritic grains (Figures 4b and A3a). Detailed micrographs of the microstructure
indicate that the cluster-like structure in the ferrite remains unchanged in size (Figure A3b).
Apparently, planar gliding is also the predominant glide behavior in austenitic grains dur-
ing isothermal fatigue at 300 °C (Figure 4b). It can be concluded that in contrast to the room
temperature experiment, the plastic response is now governed by the dislocation arrange-
ment in the ferritic grain in accordance with previous studies by Kolmorgens et al. [1,30].
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The CryN precipitates act as obstacles for the dislocation movement (Figure A3) explain-
ing the massive hardening in the stress response curves (Figure 3a orange curve). The
sawtooth-like stress response in the stress—strain hysteresis loops (Figure 3b) is conse-
quently material-related and can be rationalized by the dislocation motion and pinning at
CryN precipitates within the ferritic grains (Figure A3a). The DSA in ferrite at intermediate
temperatures is a well-known phenomenon [6,32].

austenite ferrite L austenite austenite

© Cr,N+
- .CrN

(b)

Figure 4. ADF-STEM images of the DSS after isothermal fatigue at (a) 20, (b) 300 and (c) 600 °C (PB
marks the phase boundaries).

Interestingly, new precipitates were identified in ferrite (Figure 4c).

Figure 5a depicts the details of the changed microstructure in the ferrite matrix, after
isothermal fatigue testing at 600 °C. Two new phases with bright and dark contrast and
with irregular shape preferably form nearby Cr,N precipitates. Furthermore, it can be
observed that the spinodal o/ o’ microstructure of the ferrite dissolves in the vicinity of the
new phases, and these areas become iron-rich, which is indicative of the Fe-rich « ferrite.
In combination with STEM-EDX (Figure 5a and Table 2) and SAD analysis (Figure 5a,b),
the v/ austenite (Ni-type, dark contrast) and the G phase (NiySiyMng-type, bright contrast)
were identified. The STEM-EDX measurements of the individual phases reveal that the
G phase is rich in the elements Si, Ni and Mo as compared to the ferritic grain. Figure 5b
displays the diffraction spots of the G phase as well as the ferrite matrix (red circles) which
are visible due to their crystallographic <111>4 /<111>¢ relation. This observation is in
agreement with results of Mateo et al. who observed that the G phase exhibits a cube-on-
cube orientation relationship with the ferrite matrix [16]. Further, the transformation of
ferrite to v’ austenite takes place during isothermal fatigue at 600 °C. This is evidenced by
the presence of the fcc structure in the diffraction pattern in Figure 5c and the enrichment
of Ni and Mn, similar to primary austenite (Table 2). Weidner et al. also observed the
formation of the v’ austenite in addition to the G phase even during a TMF experiment in
the temperature range of 350 to 600 °C [22]. Only a slight depletion in Cr and Mo in the v/
austenite was identified after aging at 850 °C for few hours, which was also reported by
Villanueva et al. in DSS X2CrNiMoN22-5-3 [33].

Clearly, several microstructural transformations occur simultaneously during the
isothermal fatigue test at 600 °C. It is stated by Weidner et al. [22] and Meteo et al. [10,16]
that CryN precipitates as well as dislocations act as nucleation sites for the formation
of the G phase, while the precipitation of the v austenite (Figure 5a) occurs due to the
lattice distortion in the vicinity of CryN precipitates. Alternatively, the gradient in the
chemical composition, in particular the Cr gradient between the matrix and the Cr;N, acts
as the driving force for precipitation [10,16]. In the vicinity of the new phases, no spinodal
decomposition of the ferrite phase was observed, most likely because the elements Si,
Mo and Ni, which facilitate the process of spinodal decomposition, segregate to the new
phases [16,22]. Mateo et al. discussed that the spinodal decomposition of ferrite is often
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accompanied by CryN precipitation. This assumption is confirmed by the experimental
findings in this work (Figure 2) [16]. Tavares et al. also observed the formation of v’
austenite in the decomposed interdomains of the ferrite during ageing treatment of the DSS
UNS S31803 at 800 °C [11]. Thus, it can be concluded that the precipitation of CryN and the
spinodal decomposition, along with lattice distortion and the establishment of gradients in
the chemical composition of corresponding phases, give rise to the formation of secondary
phases, namely G phase and y’ austenite.

ferrite N

(b) (c)

Figure 5. Detailed STEM images of the ferritic grain after isothermal fatigue at 600 °C. (a) HAADF-
STEM image of the G phase, Cr2N and v’ austenite in a ferritic grain and the corresponding EDX
mapping of the elements N, Cr, Ni, Si, Mo, Fe and Mn. Point EDX analysis data of the phases are
given in Table 2. (b) SAD image of the G phase and the ferrite matrix along [111]/[111] « zone axis.
(c) SAD image of ¥’ austenite at [011] zone axis.
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Table 2. Chemical composition of the phases after isothermal fatigue at 600 °C determined by
STEM-EDX analyses (wt.%).

Element Si Cr Mn Fe Ni Mo
v austenite 0.22 +0.02 20.08 + 3.41 1.8 £0.3 68.4 +11.2 6.26 +1.03 251 +04
v’ austenite 0.18 = 0.02 17.94 4+ 2.96 2.03 +0.17 70.66 + 11.66 9.11 +£1.51 1.09 £0.18
o/ o ferrite 0.28 = 0.03 23.79 + 3.88 1.55 + 0.25 66.41 4+ 10.82 4.05 £+ 0.66 3.92 +0.62
G phase 1.10 £ 0.08 20.08 + 3.16 1.66 &+ 0.25 40.36 + 6.13 4.85 £+ 0.51 3124 +48

Less dislocations were found in the ferrite as compared to the austenite phase after
600 °C fatigue testing (Figure 4c). It is well-known that diffusion determines the dislocation
movement at high temperatures [34]. Further, the diffusion processes are generally faster in
bce than in fcc materials [35]. Therefore, the faster dislocation climbing in the ferrite phase
and, in turn, the more pronounced dislocation annihilation may explain the low dislocation
density within the ferritic grains at high temperature [36]. The hard intermetallic G phase
acts as an obstacle to dislocation motion, but due to the high temperature (thermal energy)
the dislocations can climb and eventually overcome the G phase. Such a behavior is typical
for bec materials at elevated temperatures [34]. In addition to planar glide behavior in
austenitic grains at room temperature and 300 °C testing, further dislocation arrangements
with an irregular appearance were found in the austenitic grains after fatigue at 600 °C
(Figures 4c and A4a). In the austenitic grain (Figures 4c and A4b) the more irregular
dislocation arrangement can be explained by cross slip or climbing, as these processes
are favored at high temperatures, making the overall dislocation structure more complex
compared to lower temperature fatigue tests (Figure 4a,b). Kolmorgen et al. reported that
due to the higher temperature, the ferritic grains take up more of the plastic deformation
relative to the austenite. In addition, it was demonstrated that the austenite phase possesses
sufficient strength even at high temperatures to compensate for the low strength of the
ferrite phase [1]. Both the higher temperature and the high plastic deformation in the ferrite
facilitate precipitation of secondary phases. As reported elsewhere, the ferritic phases can
only take over part of the load due to the formation of new phases and the consequent
strengthening, thus providing a relatively constant level in the stress response [16,22].

3.3. Thermomechanical Fatigue

Figure 6 displays the stress responses during TMF tests under IP and OP conditions in
the temperature range of 300 to 600 °C. The purple curve represents the stress response of
the DSS during TMF IP fatigue testing, while the dark red curve corresponds to the stress
amplitude during TMF OP testing. The stress at the upper load reversal point (¢ = +0.2%,
T = 600 °C) in the tensile stress regime during the IP TMF test loading exhibits a gradual
softening. In contrast, the cyclic deformation curve at the lower load reversal point in the
compressive stress regime (¢, = —0.2%, T =300 °C) reveals initial hardening followed by a
plateau. Under OP TMF conditions, the behavior is inverse. Considering the minimum and
maximum stress response curves for IP TMF, compressive mean stress evolves. Comparing
the results of mean stresses of the two thermomechanical fatigue tests shown in Figure 6,
it is visible that the stress response during the OP loading shifts towards a higher tensile
stress level. At the end of the TMF OP curve for maximum stress, a rapid drop of the stress
amplitude appears. As a result of the high tensile mean stress, the fatigue life during OP
testing yields a value of only 1743 cycles, whereas the test in the IP mode was stopped after
2555 cycles without any visible signs of damage.
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Figure 6. Cyclic stress response curves during thermomechanical fatigue tests (IP TMF and OP TMF)
under plastic-strain control at Aspl/ 2 =0.2% (f = 0.059 Hz) in the temperature range of 300 to 600 °C.

The results of the TEM analysis after TMF tests in IP and OP mode are presented in
Figure 7a,b, respectively. A phase boundary can be seen diagonally in both micrographs.
In the upper left half of the figures, ferritic grains in dark contrast can be recognized. The
G phase precipitates and the formation of subgrains (visible in Figures A5 and A6) in the
ferrite phase were found for both the IP (Figure 7a) and OP (Figure 7b) TMF tests. It should
be noted that larger and less frequent G phase precipitates are observable after the TMF
test in the IP mode (IP TMF: G phase size 107 £ 24), while in the OP experiment the G
phase is slightly smaller but the density is higher (OP TMF: G phase size 67 &+ 27 nm).
Few dislocations can be identified in the ferritic grain next to the precipitates (Figure A5b).
In contrast, a high dislocation density is found in the austenitic grains (Figure 7a,b). In
addition to the planar sliding behavior of dislocations, irregular dislocation structures
appear in the austenitic grain. Detailed micrographs of the dislocation arrangement and
the precipitates are given in Figure A4 (IP condition) and Figure A5 (OP condition).

| ferrite e :
RISIA ®

4 austenite E austenite
@) (b)
Figure 7. ADF-STEM images of the microstructure and the dislocation arrangement after thermome-

chanical fatigue in the temperature range from 300 to 600 °C in (a) IP condition and (b) OP condition.
G phase appears in small white particles.
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Considering these findings, a correlation between the mechanical behavior during
isothermal and thermomechanical fatigue is drawn. In TMF tests, a hardening at 300 °C
and a softening at 600 °C is observed. This correlates well to the isothermal fatigue tests
at these temperatures leading to cyclic deformation curves that possess a similar shape.
This suggests that the stress response of the thermomechanical IP fatigue test at the upper
load reversal point (ep = +0.2%, T = 600 °C) is governed by the softening typical of the
isothermal fatigue at 600 °C, whereas the hardening of the stress response at the lower
load reversal point (¢ = —0.2%, T = 300 °C) corresponds to the 300 °C isothermal fatigue
test. The initial strain hardening can be attributed to the interaction between nitrides
and dislocations (see isothermal fatigue at 300 °C). For the TMF test in the OP mode, the
opposite behavior occurs, as the high temperature regime coincides with the compressive
stresses and the low temperature regime with the tensile stresses. The different fatigue life
of the IP and OP TMF tests can be explained by the different sign of the mean stress (i.e., IP:
negative, and OP: positive) as discussed above. Obviously, the mean compressive stress in
the IP mode has a positive influence on the fatigue life of the material studied, while the
reduced material strength at higher temperature (compression) results in a tensile mean
stress in the OP TMF test and therefore decreases the life due to earlier crack initiation.

Taking into account the results from isothermal 300 and 600 °C fatigue tests, it can
be concluded that in the low temperature regime of TMF tests, dislocations are created
that pile up at precipitates or phase boundaries (Figure 4b), while at higher temperatures
recovery processes take place (dislocation reactions and annihilation) (Figure 4c) resulting
in a reduction in the dislocation density in ferrite. Due to the high cyclic plastic deformation
of the ferrite phase at alternating temperatures of TMF cycling (300-600 °C), a dislocation
rearrangement to subgrain forms (cf. Figures A5 and A6). Kolmorgen et al. reported a
similar experimental finding and concluded that the fragmentation of ferrite grains into
subgrains during TMF experiments results from the superposition of cyclic mechanical
and thermal loading [1]. Furthermore, Mateo et al. found that the subgrain formation
during thermal cycles is accompanied by spinodal decomposition, which further promotes
the formation of the G phase at the subgrains [16]. The formation of the G phase at the
subgrain boundaries was also identified in this study (Figure A6b). Similar to the 600 °C
isothermal tests, G phase precipitation was also observed in TMF testing, indicating that
the temperature range applied lay sufficiently high to allow G phase formation. These
observations are in agreement with those in other works [1,16]. It should be noted that
the G phase precipitates found after TMF testing were significantly finer as compared to
those formed during the isothermal fatigue test at 600 °C (G phase size 434 nm + 178 nm)
(compare Figures 4c and 7) as the average temperature of TMF is lower. A direct comparison
of the G phase size formed during TMF in IP and OP TMF modes demonstrates that the
larger G phase precipitates were observed after the IP TMF test (compare Figure 7a,b). The
G phase precipitates have a longer time to grow due to the longer test duration of the IP
TMF experiment in comparison to the corresponding OP test. The time period at high
temperatures during TMF testing seems to be not sufficient to form the y’ austenite that
occurs only in the isothermal 600 °C fatigue test (Figure 4c). Finally, the phenomenon of
the 475 °C embrittlement was not detected during the TMF tests (in stress responses) in
the temperature range between 300 and 600 °C. However, the decomposed structure in the
ferrite phase was still present after the TMF experiments (Figure A6). It should be noted
that results demonstrated in this work represent post-mortem studies, and the cluster-like
ferrite segregation probably occurs during cooling down to room temperature. It should
further be stressed that even quenching after the standard heat treatment cannot prevent
the spinodal decomposition. These results are consistent with those of Weidner et al. [22]
who also did not observe the 475 °C embrittlement during TMF tests of the DSS in the
temperature range between 350 and 600 °C as the temporary heating to temperatures above
550 °C counteracts 475 °C embrittlement.
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4. Summary

Isothermal (20, 300 and 600 °C) and thermomechanical fatigue tests using the tem-
perature range 300-600 °C were performed on the duplex steel X2CrNiMoN22-5-3 with
a plastic-strain amplitude Aey, /2 = 0.2% and a testing frequency f = 0.0059 Hz. The main
results can be summarized as follows:

Isothermal Fatigue tests at 20 °C: A continuous softening of the duplex steel was observed
during room temperature fatigue test. The austenite phase exhibits a pronounced planar
slip behavior.

Isothermal Fatigue tests at 300 °C: A pronounced primary hardening was observed, which
is caused by the interaction between dislocations and nitrides. Planer slip prevails in the
austenitic grains.

Isothermal Fatigue tests at 600 °C: The cyclic stress amplitude during the isothermal fa-
tigue test is at a low level. The material studied exhibits softening throughout the whole
fatigue test. A further precipitation of chromium nitrides as well as the formation of the
G phase and secondary vy’ austenite leads to a significant change in the microstructure of
the ferritic grains. The low dislocation density observed in the ferrite phase is attributed
to pronounced recovery processes. In the austenitic grains, a more irregular and wavy
dislocation arrangement prevails.

IP TME: During TMF loading in the IP mode a negative mean stress results, which has
a positive effect on fatigue life. The cyclic behavior in the stress response of the TMF
test can be correlated with the corresponding stress responses of the isothermal fatigue
tests at 300 and 600 °C. Furthermore, initial cyclic hardening (300 °C) can be attributed
to interaction between nitrides and dislocations (DSA). While a significant amount of the
G phase was found in ferrite, no secondary v’ austenite was observed. Additionally, the
formation of subgrains in the ferrite was observed. The plastic deformation of the austenitic
grains results in an unordered dislocation arrangement.

OP TME: TMF in the OP mode results in a tensile mean stress, which leads to premature
failure. A comparison of the stress response of OP and IP TMF clearly shows a very similar
behavior. Analogously to the corresponding TMF test in IP mode, secondary Y’ austenite
does also not form under OP conditions. The main microstructural difference caused by
the T-¢p,-phasing seem to be the finer morphology of the G phase precipitates.
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Appendix A

(b)
Figure A1. EBSD Crystallographic orientation—inverse pole figure coloring map for austenite (a) and
ferrite (b) of the hot-rolled DSS X2CrNIMoN22-5-3 after heat treatment.

austéﬁité :
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Figure A2. Detailed STEM images of the dislocation arrangement in an austenitic (a) and a ferritic
grain (b) after isothermal fatigue at 20 °C.
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ferrite

(b)
Figure A3. (a,b) detailed STEM images of the dislocation arrangement and precipitates in the ferrite
after isothermal fatigue at 300 °C.

ferrtite

Figure A4. Detailed STEM images of the dislocation arrangement in a ferritic (a) and an austenitic
grain (b) after isothermal fatigue at 600 °C.
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Figure A5. Detailed STEM images of the dislocation arrangement in austenite (a) and ferrite (b) and

STEM-ADF image of precipitates in ferrite and (c) the corresponding EDX mapping of the highlighted
area in (b) of the elements N, Cr, Ni, Si, Mo, Fe and Mn after thermomechanical fatigue in IP
condition. (d,e): Diffraction pattern on the CETA camera in STEM mode of the marked locations in
(c) (1. corresponds to (d), 2. corresponds to (e)). Serval degrees of tilt difference between (d) in ferrite
<111> ZA and (e).
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Figure A6. Detailed STEM images of the dislocation arrangement in austenite (a), and precipitates in
ferritic grain (b,c) STEM-ADF image of precipitates in ferrite and the corresponding EDX mapping of
the elements N, Cr, Ni, Si, Mo, Fe and Mn after thermomechanical fatigue in OP condition.

Table A1l. Yield strength Rp,, max. tensile strength Ry, and the elongation at fracture A of isothermal
monotonic tensile tests at a strain rate of 1 x 10~% s~1 of DSS 1.4462 at 20, 300 and 600 °C [29].

Temperature (°C) 20 300 600
Ro2 (MPa) 490 330 250
R (MPa) 730 680 350

A (%) 42 28 27
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