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Abstract

The increasing demands for efficiency and flexibility result in more severe operating conditions for the materials used
in critical components of biomass power plants. These operating conditions involve higher temperature ranges, more
pronounced environmental effects and cyclic operations. Austenitic stainless steels have shown to possess promising
high temperature properties which makes them suitable as candidates for critical components in biomass power plant.
However, their behaviour under such conditions is not yet fully understood. This work investigates three commercial
austenitic alloys: Esshete 1250, Sanicro 25 and Sanicro 31HT. The alloys were subjected to in-phase (IP) thermo-
mechanical fatigue (TMF) testing under strain-control in the temperature range of 100°C to 800°C. Both virgin and
pre-aged TMF specimens were tested in order to simulate service degradation resulting from long-term usage. The
results show that the pre-aged specimens suffered shorter TMF-life compared to the virgin specimens. The scanning
electron microscopy methods electron backscatter diffraction (EBSD) and energy dispersive spectroscopy (EDS) were
used to analyse and discuss active failure and deformation mechanisms. The difference in TMF-life produced by the
two testing conditions was attributed to an embrittling effect by precipitation, reduced creep properties and oxidation

assisted cracking.
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1. Introduction

The increase in global energy consumption and the
emissions of greenhouse gases (e.g. CO3) causing global
warming, require a need for more sustainable power gen-
eration [T [2]. This could be accomplished by increasing
the efficiency of biomass-fired power plants, and this can
be achieved by increasing the temperature and pressure in
the boiler sections [3,[4]. In addition, a flexible generation
of power is critical if only renewable power generation is
to be achieved, and this will increase the number of start
and stop cycles [5]. The change in operating conditions
will increase the demands on the materials in the criti-
cal components of the biomass-fired power plants. Cyclic
operating condition in a long-term high temperature envi-
ronment is a process that such materials must withstand,
in order to satisfy the needs in future power generation.

Since the lifetime of power plants is expected to be
30 years or more, the materials used for critical compo-
nents need to have good long-term high temperature per-
formance in order to maintain structural integrity and fulfil
safety requirements [4 [6, [7]. Commonly, austenitic stain-
less steel is used for the critical components of power plants
[3L4L[8]. Because of future changes in operating conditions,
more investigations are needed to verify that the demands
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on safety and structural integrity for long-term use is ful-
filled. One way to investigate the simultaneous change
in both mechanical load and temperature of the materials
used in new efficient biomass-fired power plants is to study
their thermomechanical fatigue (TMF) behaviour [9]. In-
Phase (IP)-TMF (tensile loading is concurrent with heat-
ing and maximum strain coincides with maximum tem-
perature) give a good estimation of the boiler component
behaviour during start up and shut down operating con-
dition in a power plant [4].

This study investigates the IP-TMF response for dif-
ferent temperature-loading conditions on three commercial
austenitic alloys. In order to analyse the influence of long-
term service conditions, both virgin and pre-aged material
were studied. Scanning electron microscopy was used to
study the deformation and fracture mechanisms.

2. Experimental procedures

2.1. Material - Austenitic alloys

The investigation involved three commercial austenitic
alloys: Sanicro 25 (solution heat-treated at 1220°C for 10
minutes), Sanicro 31HT (solution heat-treated at 1200°C
for 15 minutes) and Esshete 1250 (solution heat-treated at
1100°C for 15 minutes). Sandvik Materials Technology AB
have provided and heat-treated the materials. The chemi-
cal compositions of the investigated materials in wt.% are
given in Table
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Table 1: Chemical composition (in wt.%) of the austenitic alloys.

Material C Cr Ni W Co Cu Mn Nb N Si V. Mo Ti Al Fe
Sanicro 25 0.1 225 250 36 15 3.0 05 05 023 0.2 - - - - Bal.
Sanicro 31 HT 0.07 20.5 30.5 - - - 06 - - 0.6 - - 05 05 Bal
Esshete 1250 0.1 15 9.5 - - - 63 1.0 - 05 03 1.0 - - Bal
2.2. Mechanical testing
The testing procedure employed was strain controlled T | eeeoa e e
thermomechanical fatigue (TMF) testing with 5 minutes y’ '
dwell time at maximum mechanical strain range (Ae€mech, max) / IrT-Phase (IP)
and maximum temperature. The test machine was a servo- Counter Clockwize
hydraulic TMF machine from Instron with induction heat- o Diamond (CCD)
ing and forced air-cooling. Before the TMF tests the ma- % 5
chine was carefully aligned, to prevent buckling and other g
instability effects, according to ”the validated code of prac- g / 5 .
tice” [10]. This study only includes the In-Phase (IP) cy- = Clockwize
cle with R.=0 and in Fig. [I] a simplified plot of the most Diamond (CD)
common TMF test cycles are displayed. The tempera- '\OUt-Of-Phase (OP)
ture range used was 100°C to 800°C and the heating and :
cooling rate was 5°C/s. The test specimens were carefully L O I &
machined from wrought bars according to the schematics

in Fig. 2] and some specimens were aged at 800°C for 2000
hours before testing and machining in order to simulate
microstructural degradation from extended service time.
The setup of the tests were done according to [I0], with
spot welded thermocouples aligned in the longitudinal di-
rection, at a distance of 1 mm between each other and the
strain was measured with a high-temperature extensome-
ter with a gauge length of 12.5 mm. The thermal strain
was subtracted from the measured total strain, so that
the mechanical strain could be controlled as suggested by
[T0]. The number of cycles to failure (N¢) was defined as
the point where the maximum stress range (Ac) decreases
10% [10]. However, the test was not stopped until a load
drop of 60% occurred. In order to examine the creep effect
at the dwell times, a constant mean stress was considered
during the relaxation for every test cycle and with the
Young’s modulus (at 800°C), the strain rate during the
dwell time was approximated.

2.3. Microscopic investigation
After testing, the specimens were cut, ground and pol-
ished following the procedure shown in Table 2] The mi-

Table 2: Steps of the sample preparation.

min

Mechanical Strain

Figure 1: Common TMF test cycles.

crostructural investigations were performed with a HITACHI
SU-70 field emission gun (FEG)-SEM equipped with a
solid-state backscattered electron (BSE) detector, using
10-20 kV acceleration voltage and working distances be-
tween 7 mm and 18 mm. The different techniques used
for analysis were electron backscatter diffraction (EBSD),

energy-dispersive spectroscopy (EDS) and wavelength-dispersive

spectroscopy (WDS). WDS was mainly used for separat-
ing tungsten and silicon peaks. The software Thermo-Calc
together with the TCFE9 (Steels and Fe-Alloys) database,
were used for equilibrium simulations of the precipitation
process for the investigated materials.

Grinding paper /polishing cloth Grain size [y] Time [min] Number of papers
SiC paper, 500 30 4 2

SiC paper, 1200 15 4 1

SiC paper, 4000 5 4 3

Silk cloth Diamond suspension, 3 8

Woven wool cloth Diamond suspension, 1 10

Rayon-viscose fibres cloth Diamond suspension, 0.25 15

Neoprene foam cloth Colloidal silica suspension, 0.04 5

Neoprene foam cloth water 1

2
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Figure 2: Schematics of the test specimens (units in millimetres).
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Figure 3: Sanicro 25 cyclic hardening/softening curves. Stress amplitude vs. number of cycles, (a) virgin material, (b) pre-aged material.

The test data are also published in [I1].

3. Results

3.1. Sanicro 25

In Fig. [3] the difference in cyclic hardening and soft-
ening for the TMF cycled virgin and pre-aged Sanicro 25
can be seen. After the initial 10 cycles, the pre-aged spec-
imens (Fig. hardened until fracture, while the virgin
specimens (Fig. first hardened but then softened until
the load-drop stop-criteria were reached. Another interest-
ing observation in Fig. [3]is the big difference in TMF-life
for the pre-aged and virgin specimens, of which the pre-
aged specimens has shorter TMF-life compared to the vir-
gin specimens with corresponding mechanical strain range.
The plastic strain amplitude at half-life linearly increases
with the mechanical strain range (Aepecn) and are gener-
ally higher for the pre-aged specimens. This can be seen in
Fig. where the plastic strain amplitude (e,,) is plotted

against number of cycles (V). In Fig. it can be seen
that the dwell time strain rate (¢) for the pre-aged speci-
mens is generally higher compared to the virgin specimens
at comparable dwell-time mean stress levels (o).

8.1.1. Microstructural observations

In Fig. [5] the microstructure of TMF tested virgin and
pre-aged Sanicro 25, with Ae e, =0.6%, are shown. Given
the resolution of the EDS-technique, it was difficult to gain
precise quantitative results and identification of the differ-
ent phases and precipitates, especially for those contain-
ing light elements (C and N). All the quantitative results
can be seen in Table. 3] In the TMF tested virgin mi-
crostructure, Fig. [fa] the EDS-results indicates that the
Nb, Cr and N-rich precipitates are Z-phases, in the form
of CrNbN [12] 13]. In the as-received condition these
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Figure 4: Sanicro 25, (a) Plastic strain amplitude at half-life vs. cycles to failure, (b) strain rate at dwell time vs. mean stress at dwell time.

were the predominant phases [12, T4HI8]. The Nb-, C-
and N-rich and Cr-decreased precipitates were identified
as Nb(C,N) in the virgin samples. This is in accordance
with [12) [I5HIS], but in this case the precipitates were
coarser. For the more refined precipitates in the matrix
and at grain boundaries e.g. type-1, type-2 and type-3
sites in Fig. [5] the resolution of the EDS-point technique
was poor and precise identification became difficult. How-
ever, with the support from literature and Thermo-Calc
software calculations [19] the identification process was
greatly improved. CraN and Mo3Cy were identified as the
precipitates of the Cr-, N-, C-, and W-enriched type-1 sites
[14, 16l 18]. The Cr-, C-, and W-enriched type-2 sites, lo-
cated in the grain boundaries, were identified as u-phase,
represented by (Cr,Fe)7(Mo,W)2(Cr,Fe,Mo,W), and car-
bides represented by Ma3Cg [13], [17]. There was a modest
increase in chromium at the type-3 sites (grain bounderies
between type-2 precipitates) and given the small size of
these areas, this indicated that My3Cg was present, simi-
lar conclusions has been made by [14HI6]. In addition to
the presented EDS-results, investigations by Heczko et al.
[15] showed the presence of coherent Cu-rich nanoparticles
homogeneously precipitated throughout the austenitic ma-
trix. Findings of tungsten and strain induced NbC precipi-
tates in solid solution together with the Cu-rich nanoparti-
cles were reported to greatly contribute to the obstruction
of dislocation movement [7, [12] [15] [16].

In the TMF tested pre-aged microstructure, Fig.
the EDS-investigations indicated that Z-phases are present,
but larger and reduced in numbers, compared with the vir-
gin microstructure. The needle shaped W-rich precipitates
inside the grains were identified as Laves phase (Fe, Cr)o W
[18,20]. In contrast to the results from J. Zurek et al. [17],
Laves phase was better suited to represent the precipitates
in type-1 sites for the pre-aged microstructure. This co-

incided with the finding from Chai et al.[20] and Vujic et
al.[18]. These precipitates and My3Cg-carbides were also
present in the grain boundaries, at type-2 sites shown in
Fig. [17, [18] [20]. The composition of the type-3 sites
were found to be similar to those in the virgin condition,
but with an increase of tungsten and chromium. These re-
sults indicated conformity with the study by Zurek et al.
[I7], where Sanicro 25 was aged for 3000 hours at 750°C
and resulted in a substantial degree of precipitated Ma3Cyg
in the grain boundaries. These precipitates were increased
in size compared to those found in type-1 sites in the virgin
microstructure. This was also confirmed by Thermo-Calc
simulations and calculations done by Vujic et al. [I§].

The characteristic crack propagation for a virgin and
a pre-aged specimen can be seen in Fig. [f] and Fig. In
Fig. [6] the specimens were tested with different mechan-
ical strain ranges but resulted in similar TMF-life. How-
ever, the difference in crack formation and propagation
were notable. In the virgin material, Fig. [6a] cracks ini-
tiated from the surface and propagated mostly intergran-
uarly with a lot of crack branching and side cracks. In ad-
dition, closely located crack initiations tend to coalesce in
to bigger cracks. In the pre-aged microstructure, Fig. [6b]
there were fewer but bigger cracks and they propagated
without any branching and with fewer secondary cracks,
indicating higher degree of local plasticity compared to
the virgin material. In Fig. |8 both conditions show in-
tergranular cracking and highly deformed grains close to
the crack path. The pre-aged microstructure, Fig. [8D] also
show high deformation in the interior of the grains. The
crack propagation were in both cases oxidation assisted
and one example of this is shown in Fig. [7] where the crack
tip contains chromium oxides and the area in front of the
crack is Cr-depleted. This has also been investigated and
reported by Poldk et al. [21H24].



Figure 6: Sanicro 25 main crack overview, (a) virgin specimen (Aepyech=0.8%, Nf = 400 cycles), (b) pre-aged specimen (Aépecn=0.6%, N
~ 450 cycles)

Topm Electron Image 1
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Figure 7: Pre-aged Sanicro 25 (Aeyecn=0.6%) crack tip EDS-mapping



Table 3: Minimum and maximum values (in wt.%) for the quantitative data of the microstructures in Fig.

Precipitations C N Cr Fe Ni Nb W
Virgin Sanicro 25
Nb(C,N) 6.3-8.3 5.2-8.3 13.5-16.8 4.2-5.2 1.3-1.9 45.2-59.0 1.3-1.6
Z-phase 3.6-4.8 6.3-7.7 26.5-28.5 6.3-8.5 1.6-2.4 41.8-49.6 2.4-3.8
CraN/Ma3Cg (1-type sites) 2.3-49 3.3-42 27.9-29.1 23.6-26.9 9.3-144 8.5-13.1 4.5-6.0
p-phase/Ma3Cg (2-type sites) 3.8-4.0 0.2-0.3 25.5-27.6 32.4-36.1 17.3-20.7  1.5-1.7 3.4-6.9
Ms3Cs (3-type sites) 3.4-4.0 0.2-1.0 22.6-27.6 36.1-40.3 21.7-24.3 0.0-0.1 1.5-3.1
Pre-aged Sanicro 25
Z-phase 3.0-3.6 7.3-85 245-264  7.6-8.1 1.4-2.8  44.7-49.0 3.4-6.1
Laves phase 2.0-3.1 0.1-04 204-24.5 28.5-30.6 11.2-144 0.2-1.0  35.8-38.2
Laves phase (1-type sites) 3.0-4.1 0.1-0.2 18.6-22.7 33.5-37.0 16.0-17.9  0.1-0.2  23.9-26.3
Ms35Cg/Laves phase (2-type sites) 3.2-3.9 0.2-04 19.9-24.7 24.8-29.2 8.9-12.8 0.0-0.2 30.5-40.9
My3Cg(3-type sites) 2.5-3.3 0.0-0.1 26.6-28.8 38.8-41.1 22.4-24.7 0.2-0.3 3.0-3.9

Figure 8: Sanicro 25 crack characteristics (EBSD mapping by IPF colouring with grain boundary contrast), Aeyecn=0.8%, (a) virgin

specimen, (b) pre-aged specimen.



3.2. Sanicro S1HT

In the case of Sanicro 31HT, the TMF-life were shorter
for the pre-aged specimens compared to the virgin spec-
imens, with corresponding test conditions. This can be
seen in Fig. [0 In Fig. D4l it can be seen that the virgin
Sanicro 31HT specimens first softened for a few cycles and
then hardened until failure or stop due to the stop criteria.
In contrast to the virgin Sanicro 25 specimens, the virgin
Sanicro 31HT specimens have similar TMF-life for all the
different test configurations. As for the pre-aged Sanicro
25 specimens, the pre-aged Sanicro 31HT specimens ex-
perienced hardening until failure or stop, but in contrast
to Sanicro 25 the stress levels were lower for the pre-aged
specimens compared to the virgin specimens. Fig. [T1a]
indicates that there is a linear relationship between plas-
tic strain amplitude at half-life of the virgin and pre-aged
specimens with different TMF-life and mechanical strain
ranges. However, the scatter is larger than in the case of
Sanicro 25.

During the dwell time the strain rate of the relaxation
were higher for the pre-aged specimens compared with the
virgin specimens for equal mean stress levels. This can
be seen in Fig. In addition, the virgin specimens ex-
perienced relaxation at lower mean stress levels, although
the trend is similar for both the virgin and the pre-aged
specimens.

3.2.1. Microstructural observations

As for Sanicro 25, microstructural investigations were
performed for virgin and pre-aged Sanicro 31HT using
EDS-analysis, Thermo-Calc software calculations and pre-
vious published investigations. Table. [4] includes the EDS
quantitative results for the investigated precipitates. In
Fig. the BSE images show the locations of the EDS-
analysed sites for each testing condition. Both titanium
carbides (TiC) and My3Cg were found in the grain bound-
aries for the virgin specimen, Fig. TiC-precipitates
were also found inside grains randomly dispersed, gener-
ally with a diameter of approximately 1 pym. These pre-
cipitates form during solidification and the intragranular
precipitates does not dissolve (can happen for intergran-
ular TiC) during the solution treatment before the TMF
testing. From investigations by L.Tan et al. [25], there
could also be (Cr, Ti)3C precipitates in the FCC matrix,
which in this case would have similar appearance as the
TiC in the virgin microstructure. In Fig. the mi-
crostructure of the pre-aged condition is shown. The EDS
quantitative results revealed that My3Cg were present in
the grain boundaries. They were substantially larger and
fewer than in the virgin microstructure, this have also been
observed in other studies [25H27]. At the type-1 sites,
small precipitates were found and they were homogenously
dispersed throughout the grains. These precipitates were
hard to analyse and identify with only the quantitative
EDS-results (Table. , but the results indicate an increase
of chromium and carbon. This has also been observed and
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Figure 9: Sanicro 31HT cyclic hardening/softening curves. Stress
amplitude vs. number of cycles (a) virgin material, (b) pre-aged
material.

denoted as My3Cgs by Khan et al. [27] and Erneman et
al. [28]. Another alternative identification for these small
precipitates could be NisTi, designated as gamma prime
(v), but according to [28], they should not be present in
the microstructure after ageing over approximately 720°C.
The Ti-rich area included TiC and these precipitates were
in general fewer and coarser throughout the pre-aged mi-
crostructure compared to the virgin microstructure. One
additional observation was that the grain boundaries in
Fig. [I0b] had substantial enrichment of carbon according
to the EDS-results.

The crack characteristics for both the virgin and pre-
aged condition can be viewed in Fig. For the virgin
condition, the crack propagation was mostly intergranu-
lar with a lot of branching and secondary cracks (as seen
in the top of Fig. [I2a]). The secondary cracks and crack
branches from the main crack, formed and propagated in
the grain boundaries. The crack propagation in the pre-
aged microstructure was both intergranular and transgran-
ular. This can be seen in Fig. The image also show



small recrystallized grains close to the crack and at crack
tips, probably formed from recrystallization of the plastic
zone in front of the crack tips before or after crack propa-
gation. There were few secondary cracks or crack branches
as for the virgin microstructure, but the propagation of the
crack was intergranular through precipitated grain bound-
aries. In addition, the average grain size appear to be
larger in the pre-aged condition, Fig.

Figure 10: Sanicro 31HT (Aéemech = 0.7%) microstructure (a)
virgin specimen, (b) pre-aged specimen.
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dwell time.

Table 4: Minimum and maximum values (in wt.%) for the quantitative data of the precipitates in Fig.

Precipitations C Al Ti Cr Fe Ni
Virgin Sanicro 31HT
TiC 4.0-7.6 0.0-0.1 0.0-0.1 28.4-30.5 10.8-13.3 38.1-40.6 10.0-10.9
Ma3Cs 2.8-3.0 0.2-0.3 0.2-0.3 0.4-1.6  35.9-44.1 30.3-31.6 18.4-22.1
Type-1 sites 2.7-2.9 0.4-0.5 04-05 0.3-04  20.7-21.3 44.6-45.6 29.2-30.0
Pre-aged Sanicro 31HT
Ti-enrich 5.8 0.1 0.0 79.5 4.7 7.1 2.4
Mao3Cg 5.7-6.2 0.1 0.1 0.5 62.2-71.9 9.5-11.5  6.2-11.6
Type-1 sites 2.9-3.2 0.4-0.5 04-0.5 0.4-0.5  20.5-20.6 44.4-44.7 28.9-29.6

8



Figure 12: Sanicro 31HT crack characteristics (EBSD mapping by IPF colouring with grain boundary contrast), Aemech=0.7%, (a) virgin
specimen, (b) pre-aged specimen.



3.3. Esshete 1250

The cyclic hardening/softening curves for Esshete 1250
can be seen in Fig. [[3] In Fig. [I3a] the virgin specimens
show hardening until a maximum level was reached after
approximately 10 cycles, then they all continuously soft-
ened until the failure/stop criteria is reached and the stress
equals the levels in the beginning of the tests. The pre-
aged Esshete 1250 TMF testing could only be performed
with mechanical strain ranges below 0.5% in order to get
results with data for more than 10 TMF-cycles. These re-
sults are shown in Fig. and as expected, testing with
lower mechanical strain ranges resulted in lower stress lev-
els than for the virgin specimens. Using lower mechanical
strain ranges, the influence of pre-ageing yielded longer
TMF-life compared the virgin specimens and less plastic
strain at half-life (Fig. . In Fig. it can be seen
that the strain rate during dwell times were much higher
for the pre-aged specimens.

3.3.1. Microstructural observations

The general microstructure of Esshete 1250 can be seen
in Fig. For the virgin condition, there was a difference
in structure close to the specimen surface compared to the
middle of the specimen. Close to the surface and at crack
tips, Fig.[I54] the crack tip and the following crevices were
highly oxidised. This whole area was also mixed with large
C- and Nb-rich precipitates at type-1 sites. In agreement
to the findings of Yuin [29], NbC precipitates were found
in the as-received state and the precipitates at type-1 sites
were coarse NbC with increased amount of carbon. In
Fig. [I5a] enrichment of Si was also found in an oxidised
area. In the middle of the specimen, Fig. precipitates
similar to those at type-1 sites near the surface were found.
These were also identified as NbC with increased carbon
content, but slightly reduced in size. In this area, finely
dispersed NbC precipitates were present at type-3 sites
inside the grains. Also, Si- and O-rich precipitates identi-
fied as SiO4 were discovered. These oxides have a melting
point of approximately 1700°C and they were probably
formed during the manufacturing process of the material
[30). Fig. shows the microstructure of the pre-aged
condition. Large C- and Nb-rich precipitates identified as
carbon rich NbC precipitates were found at type-1 sites. In
addition to these, finely dispersed NbC precipitates were
found at type-3 locations and the area at type-4 sites were
enriched in chromium, carbon and molybdenum. As for
the virgin condition, the crack fronts of the pre-aged con-
dition were highly oxidised (chromium oxides [31]). No
SiOs inclusions were identified in this area, but there were
Si-enriched spots that were usually located in the vicin-
ity of type-1 sites. In other areas, there were some SiOq
inclusions.

The formation and propagation of cracks for the virgin
and pre-aged material can be seen in Fig. The propa-
gation of cracks were generally both transgranular and in-
tergranular, with crack branching. The black areas in front
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Figure 13: Esshete 1250 hardening/softening curves. Stress
amplitude vs. number of cycles, (a) virgin material, (b) pre-aged
material.

of the cracks were found to be SiOs inclusions or cavities
where such precipitates were located before the grinding
process. The pre-aged microstructure in Fig. were in
general heavily deformed, which resulted in reduced EBSD
indexation quality of the grain boundaries and the FCC
structure. However, from the image, it is clear that the
crack propagated along the grain boundaries. The areas
coloured in black in the microstructure, were identified as
NbC precipitates or Nb-and C-rich precipitates similar to
those found at type-1 sites in Fig. [T6]
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Figure 14: Esshete 1250, (a) plastic strain amplitude at half-life vs. cycles to failure, (b) strain rate at dwell time vs. mean stress at dwell
time.

Figure 15: Virgin Esshete 1250 (Aemech=0.8%) microstructure (a) area close to the specimen surface, (b) area at a distance from the
specimen surface.

Figure 16: Microstructure of pre-aged Esshete 1250 (Aépecn=0.4%).
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Table 5: Minimum and maximum values (in wt.%) for the quantitative data of the precipitates in Fig. [15|and Fig.

Precipitations C (6] Si Cr Mn Fe Nb Mo
Virgin Esshetel1250
(close to the surface)

NbC (Type-1 site) 16.7-18.6 0.8 0.1-0.3 3.049 1.7-0.7 11.9-19.4 52.9-60.0 0.7-0.8
Highly oxidised area 3.6-5.3  25.3-304 0.6-09  13.3-27.7 4.3-7.3 24.9-309 1.8-20.7 0.4-0.6
Si-enrichment area 4.8 11.8 1.3 9.5 2.5 55.4 3.2 1.2

Virgin Esshetel1250
(In the bulk)
SiOs 3.3-4.1 15.8-23.5 11.1-17.8 9.9-12.2 3.9-5.1 36.3-38.2 0.1 0.2-0.3
NbC (Type-1 sites) 15.5-16.4 0.7 0.1 3.4-4.3 0.8-1.2 6.9-10.1 63.8-67.5 0.7-0.8
C-rich (Type-2 site) 19.6 10.9 2.3 11.7 4.9 42.6 2.0 0.5
NbC (Type-3 sites) 4.2-5.3 0.3-0.6 0.3-0.4 13.5-15.6 4.0-5.5 49.6-53.9 10.9-12.1 0.5-1.0
Pre-aged Esshetel250
NbC (Type-1 sites) 13.1-19.3 0.7-1.0 2.3-3.6 1.7-4.0 0.5-0.7 4.1-4.7 68.9-74.0 0.7-1.6
NbC (Type-3 sites) 5.0-5.2 0.5-0.6 0.3-0.5 10.6-13.4 3.8-4.0 49.9-51.2 11.0-12.3 0.9-1.6
(Type-4 site) 3.7 0.8 0.9 28.7 5.8 49.7 0.0 5.8
Oxidised area 2.9 14.0 0.9 15.5 7.5 51.1 0.1 0.7

Figure 17: Esshete 1250 crack characteristics (EBSD mapping by IPF colouring with grain boundary contrast), (a) virgin specimen

(Aemech=0.6%), (b) pre-aged specimen (Aemech=0.4%)
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3.4. Fatigue properties

In Fig. [I§ both plastic strain amplitude at half-life vs.
number of cycles to fracture (Coffin-Manson curve) and
stress amplitude at half-life vs. plastic strain amplitude at
half-life (cyclic stress-strain curve, CSSC) are shown. The
relationship for the Coffin-Manson curve (Fig. [18a) was
approximated by eq. [I] and fitted to experimental data
using the least squares procedure.

€a, = €7(2Ny)° (1)
The derived parameters, fatigue ductility coefficient
(6}) and fatigue ductility exponent (c¢) are displayed in
Table [l The data from Fig. indicates that, for
both Sanicro 25 and Esshete 1250, the virgin specimens
generally showed more plastic strain than the pre-aged
specimens and had higher values for the fatigue ductil-
ity constant and exponent. However, Sanicro 31HT shows
a reversed relationship for the trends of the virgin and
pre-aged specimens. In addition, for these specimens the
fitting was not so good for predicting a reliable trend.

The relationship for the cyclic stress-strain curve (Fig. [L8b))

was approximated by eq.[2|and fitted to experimental data
using the least squares procedure.

Oq = K}(sap)n (2)

The derived parameters, fatigue hardening coefficient
(K’) and fatigue hardening exponent (n) can be found in
Table [f] The virgin and pre-aged Sanicro 25 in Fig. [I8D]
have almost a linear CSSC-response, where the pre-aged
specimens are shifted to the right. There is a trend shift
(at 0, = 295M Pa) where the pre-aged specimens display
lower stress amplitude for corresponding plastic strain am-
plitude. The Sanicro 31HT data points showed quite large
scatter, both for the virgin and pre-aged condition. The
virgin specimens showed higher stress amplitudes for corre-
sponding plastic strain amplitudes, but the trend was con-
verging for lower stress amplitudes. Esshete 1250 showed
similar CSSC-response as Sanicro 25 but for lower stress
amplitudes.

Both the mechanical strain range and the stress am-
plitude vs. cycles to failure are plotted in Fig. The
relationship for the Wohler curve (Fig. was approxi-
mated by eq. 3| and fitted to experimental data using the
least squares procedure.

Oa = U}(2Nf)b (3)

Fig. [19a] show a summarising plot of the amount of cy-
cles to fracture in relation to the mechanical strain range.
The results in the image provide an overview of the TMF-
lives for all the investigated materials and testing condi-
tions. It was clear that the Sanicro 25 specimens had the
longest TMF-lives, given that the same testing conditions
are compared.

The results from the hardness testing, after the TMEF-
cycling, are showed in Fig. According to the curves,
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the pre-aged Sanicro 25 samples showed the highest overall
Vickers hardness values and they increase with increasing
applied mechanical strain ranges. The highly deformed
pre-aged Esshete 1250 specimens showed very high Vickers
hardness for low mechanical strain ranges compared to the
other specimens. The Vickers hardness values of Sanicro
31HT were low and they were not affected much by age-
ing, but the hardness increased with increasing mechanical
strain ranges. The hardness values in the as-received con-
dition were approximately 145 HV for Sanicro 31HT, 175
HV for Esshete 1250 and 200 HV for Sanicro 25, which
does not quite correspond to tabulated values by [§]. The
Vickers hardness values were increased after TMF testing
for all materials in both conditions.
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Table 6: Parameters of the cyclic stress-strain and TMF-life curves for all investigated materials.

Material, condition ey ¢ K' [MPa n o [MPal b

Sanicro 25, Virgin 0.716  -0.9 541.0 0.0947 495.2 -0.077
Sanicro 25, Pre-aged 0.014 -0.309 1416 0.247 492.9 -0.076
Sanicro 31HT, Virgin 0.005 -0.121 15220 0.671 787.2 -0.175
Sanicro 31HT, Pre-aged 0.011 -0.260 475.3 0.141 225.4 -0.0181
Esshete 1250, Virgin 0.253 -0.914 1041 0.259 768.5 -0.2473
Esshete 1250, Pre-aged ~ 0.106  -0.695 2057 0.375 890.7 -0.261
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4. Discussion

The investigation of the thermomechanical fatigue prop-
erties of three austenitic alloys resulted in different be-
haviour for the analysed materials, both in mechanical
response and microstructural evolution. The investigated
materials are designed for evolution of precipitation during
high temperature in order to enhance the mechanical prop-
erties and consequently the fatigue life [7) [12] [16], 25| 29].
In this study, prolonged service degradation was simulated
by TMF testing of pre-aged specimens at corresponding
mechanical strain ranges as for the virgin specimens. The
investigated materials showed different thermomechanical
behaviour, but they all showed a clear deterioration in
fatigue response (and fatigue life) for the pre-aged speci-
mens. The extent of this effect on the mechanical proper-
ties and the difference between the materials, can be ob-
served when studying Fig. [I8] Fig.[I9] Table.[f|and Fig.
From the cyclic stress strain- and Wohler diagrams, the es-
timated trend lines seems to indicate that Sanicro 25 have
much lower induced plastic strain and more cycles to fail-
ure at equivalent stress levels during TMF. The curves also
indicate that Sanicro 31HT performs better than Esshete
1250 in this aspect. However, the scatter of the data points
for Sanicro 31HT made it hard to fit reliable trend lines,
which gives an ambiguous result. The TMF testing also re-
sulted in an estimated Coffin-Manson relationship. Again,
the scatter for Sanicro 31HT made the trend lines less cred-
ible. When comparing both conditions for the other two
tested materials, the influence of ageing had a more detri-
mental effect on Esshete 1250 than for Sanicro 25. This
corresponds to the difference in TMF-cycle life in Fig.
especially at lower mechanical strain ranges. The reported
differences in mechanical response of the investigated ma-
terials during TMF are connected to the microstructural
evolution during the testing. It is therefore important to
analyse this connection in order to be able to understand
the TMF behaviour of the investigated materials for both
testing conditions.

Sanicro 25 is a relatively high-alloyed austenitic stain-
less steel and the different alloying elements gives a com-
plex microstructural evolution under high temperature fa-
tigue conditions. In Fig. 3| the difference in fatigue be-
haviour for the virgin and pre-aged specimens relates to
the microstructural evolution difference during testing. This
difference in cyclic behaviour is due to a combination of dif-
ferent microstructural deteriorations, giving different frac-
ture behaviour for the two conditions. The pre-aged spec-
imens suffer from an enhanced embrittling effect of the
grain boundaries and this is due to the evolution of brit-
tle phases like Laves-phase, Z-phase and excessive pre-
cipitation of carbides (mostly Cra3Cs) [7, 12]. Damage
are introduced in the interface surfaces of precipitates and
phases in the embrittled grain boundaries, both during the
dwell time (due to relaxation) and thermomechanical cy-
cling. These damage initiations in the bulk material can
be seen in Fig. [6] and Fig. Bl In addition, the sensitisa-
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tion of grain boundaries were increased for the pre-aged
condition due to the excessive precipitation of chromium
containing phases and carbides. Thus, the crack initiation
and propagation were enhanced by an oxidation process.
This has also been observed by [14, 21|, 22] and in Fig.
this can be seen for the pre-aged specimen tested using
Aemecnh=0.6%. The oxidation process were most active
during the dwell times, where the initiated crack tips had
time to oxidise, thus adding to the embrittlement of the
grain boundaries and then during the compressive part
of the TMF-cycle, the brittle grain boundary oxides crack
and then the process start over again. At half-life, the pre-
aged specimens also show higher plastic strain amplitudes
(Fig. and this should be connected to loss in solid solu-
tion strengthening during ageing. Elements forming solid
solution precipitates like carbon (Nb(N,C) and carbides),
nitrogen (Nb(N,C)) and tungsten (laves phase) are tied
up due to excessive precipitation. Consequently, less dis-
location movement can be impeded which gives increased
plastic deformation. This has been studied in more de-
tail by Heczko et al. and Poldk et al. [I5] [16, 22]. The
strain rates during the dwell times, Fig. [4D] are in gen-
eral also higher for the pre-aged specimens, which indi-
cates that the change and raised levels of grain boundary
precipitations also lowers the creep resistance. For the
pre-aged specimens, the described higher ongoing plastic
deformation yield a more steady state hardening behaviour
(Fig.|3) until the deformation in the grains reaches its limit
and the deformation are accommodated in the embrittled
grain boundaries, which require higher stress. Large cracks
forms when the stress is high enough to induce further de-
formation and propagate in the preferred damaged sites of
the grain boundaries.

In Fig.[3aland Fig.[9a] the stress drops quickly after the
maximum peak stress has been reached for virgin Sanicro
25 and virgin Sanicro 31HT tests with higher mechani-
cal strain ranges. These drops are too small to render
the specimens as “failed” according the limit suggested by
[10]. However, after the initial hardening, multiple surface
crack initiations lowers the load-bearing area which results
in continuously decreasing stress amplitude and when the
small crack initiations coalesce, larger cracks are initiated
which generate these sudden drops in stress [32]. One ex-
ample of this can be seen for a virgin Sanicro 25 specimen
in Fig. [6al

The resulting hardening/softening curves for Sanicro
31HT show similar characteristics as for the Sanicro 25
specimens, but at lower overall stress amplitudes. How-
ever, the overall stress amplitudes for the pre-aged spec-
imens are lower than for the virgin specimens (Fig. E[)
There is also a bigger difference in plastic strain amplitudes
at half-life between two testing conditions of correspond-
ing mechanical strain ranges, compared to the specimens
of Sanicro 25. Besides, during the dwell time, the pre-aged
specimens show higher strain rates compared to the virgin
specimens at the same stress levels. All this indicates the
detrimental influence of ageing on the mechanical prop-



erties during thermomechanical fatigue. The microstruc-
tural differences of virgin and pre-aged Sanicro 31HT are
showed in Fig. [[5] and Fig. From the images and the
results presented in the previous section, it is clear that
chromium carbides in the grain boundaries grows with in-
creased ageing time and this have also been observed by
other investigations [27) 28]. The coarsening of these pre-
cipitates negatively affect the creep properties and relates
to the increased strain rate during the dwell time for the
pre-aged specimens [27]. The lowering in stress, needed
for the mechanical straining, during TMF-cycling of the
pre-aged specimens should be attributed to a decrease in
solid solution strengthening due to the decrease of homoge-
neously distributed solid solution elements in the matrix.
The decrease is probably related to increased amount and
sizes of the titanium carbides and the carbides (both in the
matrix and in the grain boundaries) that tie up the homo-
geneously distributed elements. This should give lower ini-
tial protection against the retardation of dislocation move-
ment for the pre-aged specimens. When the deformation
reaches a certain level inside the grains the stress levels
must be high enough to start the damage process in the
embrittled grain boundaries, thus giving the raise in stress
before brittle failure along the grain boundaries occurs.
This also relates to the difference in crack propagation be-
tween the virgin and pre-aged materials seen in Fig.
where virgin condition experience more crack branching
and secondary cracking compared to the pre-aged condi-
tion, for which the propagation is concentrated in a single
crack front movement through grain boundaries.

The Esshete 1250 virgin and pre-aged specimens have
the same principal differences in mechanical behaviour as
for Sanicro 31HT. However, the softening of the Esshete
1250 virgin specimens starts already after 10 cycles and the
different mechanical strain levels are reached with lower
stress amplitudes, see Fig. In addition, TMF test-
ing for the pre-aged specimens could not be performed
with mechanical strain ranges above 0.4% without fast
failure and structural instabilities. An indication of this
is the clear differences in the degree of deformation seen
in Fig. [[7] and between Fig. [I5] and Fig. The negative
effect of ageing should be due to the presence of the big,
condensed and less dispersed Nb- and C-rich precipitates
(denoted type-1 sites) and the presence of accompanied
C-,Cr- and Mo-rich precipitates (denoted type-4 sites) in
Fig. which depletes these elements in the matrix so that
the amount of finely dispersed NbC, Mo and C decreases
substantially, thus lowering the creep resistance and the
solid solution strengthening. The effect of depletion and
coarsening of the NbC precipitates, have also been assessed
by Yuin et al. [29]. This would explain the big differ-
ences in strain rate for relatively low stress levels during
the dwell time for the virgin and pre-aged Esshete 1250.
Moreover, the crack initiation and propagation seems to
be oxidation assisted according to the microstructural im-
ages and the quantitative data, especially for the pre-aged
condition. In this case the areas around the crack tips can

16

be chromium depleted to critical levels due to the presence
of the precipitates in type-4 sites, this coincide with the
brittle intergranular fracture seen in Fig. The same
damaging cyclic oxidation process that was discussed for
Sanicro 25, also apply for Esshete 1250.

5. Conclusions

The thermomechanical fatigue behaviour of three austenitic

stainless steels were analysed. The influence of prolonged
service degradation was simulated by pre-ageing of some
specimens before TMF testing. The mechanical results
were analysed and processed, yielding standard fatigue
curves and coefficients. The SEM techniques EBSD, EDS
and WDS were used to investigate and analyse the mi-
crostructure after testing, in order to understand the me-
chanical behaviour of the alloys during TMF testing. From
this study, these conclusions were reached:

e All the materials investigated experienced a detri-
mental effect by the influence of pre-ageing. This
was due to the decrease in both creep- and fatigue
strength, attributed to negative microstructural evo-
lution during the high temperature cyclic condition.

e For Sanicro 25 and Esshete 1250 the crack initiation
and propagation was oxidation assisted, which added
to the embrittling effect of the grain boundaries to-
gether with the precipitation of carbides. This leads
to fast fracture for most of the pre-aged specimens.

e Of the investigated materials, Sanicro 25 showed the
best thermomechanical fatigue performance, for both
testing conditions. This was due to the superior mi-
crostructural strengthening mechanisms during high
temperature conditions.
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