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Microstructural evolution related to the mechanical response from isothermal dwell-fatigue testing at 700 °C of
two austenitic steels, Esshete 1250 and Sanicro 25, is reported. Coherent Cu-precipitates and incoherent Nb-
carbides were found to impede dislocation motion, increase hardening and improving the high temperature
properties of Sanicro 25. Sparsely placed intergranular Cr- and Nb-carbides made Esshete 1250 susceptible to
creep damage and intergranular crack propagation, mainly from interaction of the carbides and fatigue induced

slip bands. Dynamic recrystallization of the plastic zone at the crack tip appeared to affect crack propagation of
Sanicro 25 by providing an energetically privileged path.

1. Introduction

Flexible generation of power is critical to compensate for the de-
ficiencies of renewable power generation, such as solar and wind power,
which is bound to increase the number of start-and-stop cycles in future
power plants [1-3]. These operating conditions contribute to a com-
bined accumulation of cyclic fatigue damage and time-dependent creep
damage originating from thermal transients during start-up and shut-
down and stresses during operation. The interaction behaviour of
creep and fatigue of a boiler material is complex and can be an indi-
vidual, a competing or an additive process [4,5]. Traditionally, ferritic
and austenitic stainless steels are used for critical components of power
plants. However, recent studies indicate that highly alloyed austenitic
stainless steels could be the more suitable candidates for long-term
service with these more demanding operating conditions [6]. Ogata
and Arai [7] investigated two commonly used boiler materials, the
austenitic stainless steels SUS304 and 316FR, and reported that they
showed creep and creep-fatigue (CF) interaction damage in their mi-
crostructures after high temperature cycling. Prior creep damage did not
affect the subsequent fatigue damaging process, it only accelerated the
creep damaging mechanisms i.e. the interlinking between the trans-
granular fatigue cracks and the creep-initiated cavities was not
enhanced by creep pre-loading. Hales [8] presented four principal cases
of creep-fatigue interaction damage based on the austenitic stainless
steel AISI 316: (1) Transgranular 100% fatigue driven cracking, (2)
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transgranular competing propagation where both fatigue and creep
obey their own separated failure criteria (no interaction), (3) mixed
interaction where transgranular fatigue driven cracks interlink with
creep-initiated cavities and (4) intergranular 100% creep driven prop-
agation. Illustrations of these cases can be seen in Fig. 1. Later these
principal layouts were extended by Plumbridge [4] and expanded the
concept with the additive, competitive and interactive cases. The
different cases have been incorporated into damage interaction dia-
grams which feature in many high temperature code cases (ASME, R5,
RCC-MR etc.), which typical methodology is to assess the damage for-
mation when both fatigue and creep mechanisms operate. Test data is
plotted as creep life fraction and fatigue life fraction and by drawing
lower bound lines to the data inputs, the parameters for safe design can
be computed [9]. For the austenitic stainless steels Sanicro 25 and
Esshete 1250 such a diagram was generated and evaluated using the
principal cases of Hales [8] and Plumbridge [4], in a previous publica-
tion by Warner et al. [10], but no microstructural investigations were
considered. In that study it was found that both materials suffered from
creep-fatigue interaction damage that limited the amount of cycles to
failure, Esshete 1250 showed more creep elongation and Sanicro 25
suffered higher maximum stresses but in general still showed superior
CF life compared to Esshete 1250. Other studies have also investigated
the high temperature properties of Sanicro 25 in terms of low cycle fa-
tigue (LCF), thermomechanical fatigue (TMF) and creep and they report
high initial hardening rate (due to nano sized precipitates), stable

Received 8 July 2020; Received in revised form 4 October 2020; Accepted 8 October 2020

Available online 13 October 2020

0142-1123/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:hugo.warner@liu.se
www.sciencedirect.com/science/journal/01421123
https://www.elsevier.com/locate/ijfatigue
https://doi.org/10.1016/j.ijfatigue.2020.105990
https://doi.org/10.1016/j.ijfatigue.2020.105990
https://doi.org/10.1016/j.ijfatigue.2020.105990
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijfatigue.2020.105990&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Warner et al.

Transgranular,
‘competing’

Transgranular,
100% fatigue

International Journal of Fatigue 143 (2021) 105990

/N

CASE 1 CASE 2

Fig. 1. Different cases of creep-fatigue interaction damage according to Hales [8] (Courtesy of publisher).
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Table 1

Chemical composition (in wt%) of the austenitic alloys.
Material C Cr Ni w Co Mn Nb N Si A Mo Fe
Sanicro 25 0.1 22.5 25.0 3.6 1.5 0.5 0.5 0.23 0.2 - - Bal.
Esshete 1250 0.1 15 9.5 - - 6.3 1.0 - 0.5 0.3 1.0 Bal.

microstructural evolution, very good creep and LCF properties
compared to other austenitic stainless steels e.g. the medium alloyed
Esshete 1250 [11-14]. Reportedly Esshete 1250 is strengthened by ho-
mogeneous dispersed MX (Nb-rich) particles of various sizes and was
developed for withstanding high temperature creep loadings [15].

This paper presents a microstructural investigation of two austenitic
stainless steels, that are candidates for critical components in the power
generation industry. The investigations were performed after the spec-
imens had been exposed to high temperature isothermal dwell-fatigue in
order to determine the creep-fatigue interaction behaviour and damage
mechanisms. The mechanical response has partly been evaluated in a
previous study [10].

2. Materials and methods

The materials considered for this study were Sandvik Sanicro 25
(solution heat-treated at 1220 °C for 10 min) and Esshete 1250 (solution
heat-treated at 1100 °C for 15 min). Sanicro 25 had an average initial
grain size of ASTM 3.8 (average diameter of 26.9 pm, but larger grains
up to 150 pm were seen in the microstructure) and Esshete 1250 had an
average initial grain size of ASTM 4.3 (average diameter of 21.6 pm, but
larger grains up to 100 pm were seen in the microstructure). The
chemical compositions of the investigated materials in wt% can be
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Fig. 2. Schematics of the test specimen (units in millimetres).

viewed in Table 1. Specimens of the materials, processed according to
Fig. 2, were subjected to isothermal dwell-fatigue testing at 700 °C as
shown in Fig. 3, with strain controlled cyclic part (black dotted line) and
load controlled dwell part (black solid line). All the evaluated conditions
from [10] can be viewed in Table 2. The number of cycles to failure (Ny)
was defined as the point where the maximum stress range (Ac) decreases
10%, as specified in [16]. More details regarding the dwell-fatigue
experiment are given in [10].

Longitudinal cross sections of the tested specimens were ground and
polished following the procedure used in [11]. The microstructural in-
vestigations were performed with a HITACHI SU-70 field emission gun
(FEG)-scanning electron microscope (SEM) equipped with a solid-state
backscattered electron (BSE) detector, using 10-20 kV acceleration
voltage and working distances between 7 mm and 20 mm. The analysis
techniques used were electron backscatter diffraction (EBSD), energy-
dispersive spectroscopy (EDS) and wavelength-dispersive spectroscopy
(WDS). Scanning transmission electron microscopy (STEM) were used to
investigate deformation substructures and nano sized precipitates of
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Fig. 3. Sketch of the dwell-fatigue test cycle. The solid lines represents the load
controlled parts and the dotted lines represents the strain controlled parts.
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Table 2
Dwell-fatigue conditions of the investigated specimens [10].

Material Ae/2 [%] Dwell time, tq [s] Temperature [°C]
Sanicro 25 0.25 300 700
Sanicro 25 0.25 600 700
Sanicro 25 0.25 1800 700
Esshete 1250 0.25 300 700
Esshete 1250 0.25 600 700
Esshete 1250 0.25 1800 700

thin foils prepared from the gauge section of the tested specimens. The
TEM samples were ground to 60 pm and then punched into 3 mm discs.
Twin-jet electro-polishing was conducted with an electrolyte solution
containing 10% perchloric acid and 90% ethanol, using a polishing
temperature of —25 °C. The STEM investigation was performed by a FEI
Tecnai G2 microscope operated at 200 kV. Images were captured using
different camera lengths: high angle annular dark field images were
obtained with a camera length of 140 mm, dark field with 350 mm and
bright field with 2100 mm.
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Fig. 4. Mechanical response of the investigated conditions, Ae/2 = 0.25% [10].
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3. Results

Previous studies that have investigated the mechanical response
during high temperature dwell-fatigue conditions agree that the sus-
ceptibility for creep and the interaction of creep and fatigue are found to
be the most important life limiting properties [10,12,13,17]. The dwell-
fatigue performance focusing on the creep resistance during the dwell
time of the two investigated materials are summarised in Fig. 4. Clearly
there is a difference in creep resistance of the two materials where the
creep strain (referring to the accumulated strain during the constant
load part (solid line) in Fig. 3) at mid life, e. (Ny/2), are lower for the
Sanicro 25 tests, although the maximum stresses at mid life, 6/ma. (Nf/2),
are higher than for equivalent Esshete 1250 tests. The hysteresis curves
in Fig. 5 and Fig. 6 show the evolution of the plastic response and the
creep straining for both material test extremes, i.e. the tests with the
shortest and the longest dwell time, t4. Fig. 5 (a-b) both show prominent
hardening, from the beginning of the test to 25% of the CF life for the
two Sanicro 25 test conditions. As indicated in Fig. 4, the maximum
stress of the ty = 1800 s test, is generally lower due to increased creep
damage during the longer dwell time. During the CF life the Esshete
1250 test extremes both show increasing plastic strain range, Agp, as
shown by Fig. 6(a-b). Compared to the Sanicro 25 tests, the hardening in
the first CF life quarters is not as prominent. As can be seen in Fig. 4,
longer tq yield increased e, (Ny/2), for both materials.

In Fig. 7 the microstructure of a Sanicro 25 test with the longest dwell
time can be seen. From the crack overview in Fig. 7a, the crack path is
highly branched and interconnected with secondary cracks. In Fig. 7b
intergranular cavities can be observed in the region close to the trans-
granular crack path. Due to the existence of those grain boundary cav-
ities, the transgranular crack path was perturbed and turned
intergranular. In addition, the EBSD analysis in Fig. 7c shows that the
behaviour of the crack paths are most irregular, alternating between
transgranular and intergranular and the sites indicated in the figure
shows the creep-initiated grain boundary cavity sites. These sites are
also commonly associated with areas of smaller average grain sizes. The
microstructures of the Sanicro 25 t4=600 s test, Fig. 8, also show similar
characteristics and with high plasticity in the vicinity of the cracks, even
though the branching is not as appreciable. In Fig. 8a the magnified
highly plasticised area, show recrystallized grains at the vicinity of the
crack path, where fully recrystallized grains are indicated by blue,
highly deformed structures are indicated by red and low deformation
level structures are indicated by yellow (RX-image). Fig. 8b show
transgranular crack interaction with areas of creep initiated damage, but
these are less numerous compared to the t;=1800 s test. The reduced
accumulation of life limiting creep-fatigue interaction damage is
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Fig. 5. Hysteresis curves of Sanicro 25; (a) t; = 300 s, (b) t; = 1800 s [10].
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Fig. 6. Hysteresis curves of Esshete 1250; (a) t; = 300 s, (b) t = 1800 s [10].

therefore attributed to the decreased amount of possibilities for the fa-
tigue driven crack path to link up with the creep-initiated grain
boundary cavities. Precipitates and dislocation structures can be seen in
Fig. 9 and Fig. 10. The EDS analysis in Fig. 9a show increased amount of
chromium, nitrogen, copper and niobium and the pattern of the analysis
indicates that there are most likely Z-phase (CrNbN), Nb-carbides and
copper-rich precipitates located around and on the grain boundaries.
There are also numerous small black circular spots that do not show any
elemental enrichment and are most probably holes of removed pre-
cipitates due to etching of the TEM-sample. The dislocation structure
and pile up close to a grain boundary are presented in Fig. 9b where the
increase in dislocation density close to the grain boundary can be seen.
In addition, there are Nb- and Cr-carbides in roughly 100 nm-scale in the
interior of the grain. In Fig. 10, close up images of the deformation

Fig. 7. Crack overview of Sanicro 25, ty = 1800 s; (a) middle of the crack path,
(b) and (c) at the end of the crack path.

structure show very small precipitates that interact with the dislocation
arrangements. From EDS-analysis these precipitates are identified as Cr-
carbides shown in Fig. 10a, a, Nb-carbides shown in Fig. 10b) and
copper-rich precipitates shown in Fig. 10b.

The Esshete 1250 tests also showed increased accumulation of &,
(N¢/2)with increasing dwell time and as mentioned before, all these
tests show higher &. (Ny/2)compared to the equivalent Sanicro 25 tests.
By analysing the micrographs of the tests with t4=600 s and t4=1800 s
(Fig. 11 and Fig. 12(a-c)) it is obvious that the crack propagation is
associated with damage in the grain boundaries. In both cases, there are
evidence of regions containing high density of planar slip bands
(Fig. 11a and 12a) which interact with the grain boundaries and the
local residing precipitates, this can be seen in Fig. 13b) and Fig. 14b.
According to the WDS analysis, presented in Fig. 11c and the STEM EDS-
analysis, presented in Fig. 14b the precipitates in the grain boundaries
and in the grain interiors would be Cr- and Nb-carbides. In Fig. 14a there
are evidence of dislocation pinning Nb-carbide and holes originating
from ground out precipitates. In contrast to the Sanicro 25 tests, for-
mation of recrystallised grains in the crack tip plastic zone seems to be
negligible, as indicated by Fig. 12d.

For the tests with shortest dwell time, t4=300 s, linkage of the fatigue
initiated cracks with the creep-initiated grain boundary cavities are less
likely, but the same crack characteristics as for the longer tg tests is still
observed according to the Sanicro 25 microstructure, as shown in the
overview image Fig. 15a and the EBSD map of Fig. 15b. This contributes
to overall reduced dwell-fatigue damage. For Esshete 1250, the fatigue
dominated damage contributes less to the overall damage of the
precipitated grain boundaries. However as shown in Fig. 16b, the crack
path is still intergranular and similarly to the other Esshete 1250 tests
this is because of the slipband interaction with the grain boundary
precipitates, which is visible in the overview image Fig. 16a.

4. Discussion

On a nanoscale, the microstructures of both the investigated mate-
rials contains Nb-carbides that interfere with the movement of disloca-
tions during plastic deformation and increase the strength of the
materials at high temperatures. As can be seen in the micrographs, they
appear in different configurations and for Sanicro 25 they are commonly
positioned at the dislocation lines, as evident in Fig. 10, but they also
appear heterogeneous distributed throughout the matrix most likely due
to detachment of the dislocation lines during cyclic straining. This has
also been reported by Heczko et al. [18] where Nb-carbide nucleation
and dislocation detachment continuously occur during high tempera-
ture cyclic deformation, which increase the density of incoherent Nb-
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Fig. 8. Crack overview of Sanicro 25, ty = 600 s; (a) overview of the crack path, with EBSD and recrystallized fraction analysis of a zoomed in area of a highly
plasticised zone containing a crack tip, (b) at the end of the crack path.

Fig. 9. Dislocation structure and grain boundary precipitates of Sanicro 25, tq = 600 s; (a) STEM dark field imaging and EDS-analysis of grain boundary precipitates,
(b) STEM bright field imaging of dislocation structures and dislocation pile ups in the vicinity of a grain boundary.
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Fig. 10. Dislocation and precipitate interaction at nanometre scale of Sanicro 25, t4 = 600 s; (a) STEM dark field imaging, (b) STEM bright field imaging and

EDS-analysis.

m Oxidé layer

Fig. 11. Crack overview at the specimen surface of Esshete 1250, ty = 1800 s; (a) crack path overview, (b) zoomed in area in (a), (c) WDS-mapping of (b).

carbide obstacles that promotes a hardening effect. In addition, the ev-
idence of Cr-carbides at 100 nm-scale and coherent copper-rich pre-
cipitates (Fig. 9 and Fig. 10) contributes to impeding of dislocation
movement [13,18] and therefore also add to the hardening effect. These
mechanisms ought to elucidate the mechanical response of the Sanicro
25 tests in Fig. 5(a-b). Similar effect of formation and nucleation of Nb-
carbides seems to be present in the Esshete 1250 microstructure. How-
ever, the grain boundaries have generally lower density of strengthening
precipitates compared to Sanicro 25 and instead they contain sparsely
spaced Cr-carbides and Nb-carbides, which result in the lower resistance
to creep damage, owing to the higher grain-boundary cracking suscep-
tibility [15,19,20]. This can be explained by considering the planar slip
bands interaction with the grain boundaries and the local residing pre-
cipitates (Fig. 13b) and Fig. 14b) which contributes to debonding of the
hard precipitates on the grain boundaries. Furthermore, dislocation pile
ups at intersections of slip planes and grain boundaries cause grain

boundary voids (slip voids) and grain boundary sliding leading to frac-
ture of brittle grain boundary Cr-carbides that generate cavities. These
concurrent damage mechanisms have also been observed and evaluated
by Manson et al. [17], Bayerschen et al. [21] and Calmunger et al. [22].
Because of these active damage mechanisms during the different dwell-
fatigue loadings of Esshete 1250, fracture solely occurs along the grain
boundaries, while the interior of the grains experience high plasticity in
the form of pronounced slip band movement. This explains the
comparatively high and increasing plastic strain range, Ag,, shown in
both cases of Fig. 6. Consulting the interaction diagram of Esshete 1250
from [10] there should be some evidence of interactive damage lowering
the overall cyclic life for these loadings. However, the principal inter-
action cases proposed by Hales [8], presented in Fig. 1, suggests that the
Esshete 1250 dwell-fatigue tests, which have a substantial fatigue
portion, are 100% creep dominated. This is based on the macroscopic
overview of the crack propagation, but in the case of Esshete 1250
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Fig. 12. Crack overview at the specimen surface of Esshete 1250, ty = 600 s; (a) crack path overview, (b) zoomed in area in (a) and (c) EBSD-image of crack initiation
close to the specimen surface, (d) recrystallized fraction analysis of (c).

Fig. 13. STEM bright field imaging of dislocation structure for Esshete 1250, ty = 600 s; (a) at a grain boundary intersection, (b) in the interior of the grain.
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Fig. 14. STEM dark field imaging of dislocation structure and precipitate formation for Esshete 1250, ty = 600 s; (a) Precipitates close to a grain boundary and the

interaction with dislocations, (b) EDS-analysis of a precipitated grain boundary.

High
plasticity
zone

Fig. 15. Sanicro 25 microstructure, tq = 300 s; (a) crack propagation overview and zoomed in area of crack junction, (b) EBSD-image of crack propagation overview.

subjected to dwell-fatigue loadings at an elevated temperature, both
fatigue- and creep associated damage mechanisms seems to induce
accelerated intergranular crack propagation. Therefore, it could be
problematic to base the evaluation of the crack propagation only on the
macroscopic analysis based on the principal cases of Hales [8] and
Plumbridge [4]. This has also been discussed by Skeleton and Gandy [5].

For the Sanicro 25 tests, case 3 in Fig. 1 seems to coincide with the
microstructural investigation considering the alternating intergranular

and transgranular crack propagation, where the rate of propagation is
dependent on the linkage of the cracks initiated by fatigue with the
intergranular creep-initiated cavities. In these areas smaller grain sizes
will favour the diffusion-controlled creep mechanisms and interlinking
with fatigue driven intergranular propagation is then more probable.
For the transgranular propagation, smaller grain sizes are unfavourable,
but with the interlinking of the creep damaged zones the overall cyclic
life is decreased. This process is observed for all the investigated Sanicro
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Fig. 16. Esshete 1250 microstructure, ty = 300 s; (a) initiation overview, (b)
EBSD-image of crack initiation close to the specimen surface.

25 conditions presented in Fig. 7b, Fig. 8b and Fig. 15. The Sanicro 25
images also show areas with high plasticity associated with crack path
junction, Fig. 7a or at the vicinity of the crack tip Fig. 8a. Because of the
relative low stacking fault energy (SFE) of common austenitic stainless
steels it is favourable to form wider stacking faults that makes cross-slips
or climbing more difficult, which add to the increase of dislocation
density and reduction of dynamic recovery. From the study of stacking
fault energy (SFE) of different alloyed austenitic alloys by Lu et al. [23],
the alloying of Sanicro 25 should render at least medium level SFE
(similar to those measured in the study). This implies higher mobility of
dislocations and ability for dislocations in a crystal to glide onto an
intersecting slip plane easier than for the common austenitic stainless
steels. In this context, considering possible DRX mechanisms that could
apply for the crack tip plastic zone of Sanicro 25, discontinuous- and
continuous dynamic recrystallization (DDRX and CDRX) would be up for
scrutiny. From the review study of high temperature deformation of
metals by Huang and Logé [24] the two mechanisms are usually most
active either in low/medium SFE metals (DDRX) or in medium/high SFE
metals (CDRX). The mechanism for DDRX is commonly attributed to
accumulation of dislocations to a certain critical level, or critical strain,
that cause DDRX nuclei groups to form by shearing/sliding of partial
pre-existing grain boundaries that induce inhomogeneous local strain
and bulging of serrated grain boundaries together with dislocation sub-
boundaries or twins. DDRX nuclei groups are commonly observed to
develop into so called “necklace structures” on the grain boundaries.
Mechanisms attributed to CDRX are homogeneous misorientation in-
crease under high temperature straining so that accumulation of dislo-
cations progressively increase their misorientation and low angle grain
boundaries (LAGBs) are created. With further straining, high angle grain
boundaries (HAGBs) are formed when misorientation angles reach
about 15°. However, interaction with pre-existing grain boundaries have
also been described by [24] to nucleate CDRX and microshear bands is
known to assist CDRX during severe plastic deformation (SPD). The
DDRX mechanisms is unlikely in the case of crack tip recrystallization in

International Journal of Fatigue 143 (2021) 105990

Sanicro 25 because of the transgranular cracks and no available pre-
existing grain boundaries, even though the relatively low/medium SFE
would suggest this. In addition, the typical necklaces structure has not
been observed. According to Dong et al. [25], high temperature during
testing increases the SFE which would increase dislocation mobility and
the possibility for cross slip and this promotes the described mechanisms
of CDRX for the crack tip plastic zone. The second phase particles of
Sanicro 25 would also influence the mechanism of DRX and according to
[24,26] fine dispersed dispersoids (10-300 nm) hinder boundary motion
and retard recrystallization and coarse particles (>1 pm) can benefit
recrystallization due to large amount of stored energy in the particle
plastic zone, which is termed particle stimulated nucleation (PSN). As
have been presented in the result section (Fig. 9b, Fig. 10(a-b)) and in
previous microstructural investigations with EDS [11], the interior of
the Sanicro 25 grains consist of both coarse (Cr-carbides and Nb-
carbides) and fine (coherent copper particles and Nb-carbides) second
phase particles which should both influence the rate of DRX in opposite
ways. Although, at high enough strain the fine particles can lose its
coherency and DRX is then more probable as in the case of coherent
copper precipitates studied by Miura et al. [27]. Evidently the DRX
process is present in the vicinity of the magnified crack tip during the
high temperature CF tests of Sanicro 25 (see Fig. 8a). The mechanism
described for CDRX deemed the most reasonable to be involved during
propagation of the crack and the interaction between the two damaging
mechanisms, but to precisely define the process and its influence are
hard without continuous examination of the crack propagation (inter-
rupted testing) or high-resolution microscopy study of the crack tip.
However from current results and discussion, the crack propagation and
interaction procedure are proposed in Fig. 17: (1) A transgranular crack,
originated form the surface by cracking of the oxide layer, form a plastic
zone in the vicinity of the crack tip containing a region with high
dislocation density. The dislocations rearrange and migrates into sub-
networks to accommodate the high level of deformation (1-2). When a
certain level of strain has been reached and the misorientation of the low
angle grain boundaries (LAGBs) is high enough, high angle grain
boundaries (HAGB) and dislocation free recrystallized grains are created
(3-4). Then during the dwell time, the development of diffusion-
controlled creep damage of the grain boundaries is more effective (5).
The crack now propagates along with high amount of branching and the
preferred path is through the creep damaged recrystallized grain
boundaries (5-6). The process of 1-6 (indicated by the arrow) is then
repeated for the next propagation stage of the crack (7). If a nearby area
contains pre-existing creep damage, the global transgranular propa-
gating crack will interlink with this favourable crack path and thereby
adding to the overall damage and accelerate the cyclic failure (7-8). In
this way the crack propagation gains its interchanging, rough and jagged
nature with unambiguous crack branching, as can be seen in Fig. 7a,
Fig. 8(a-c) and Fig. 15a. Observations and suggestions of similar crack
propagation and recrystallization process has been presented before, but
for other materials and loading conditions. For superalloys, similar
recrystallized grain structures close to the main cracks were observed in
[28-31] and for Kanesund et al. [28] and Kuhn et al. [29], DRX of crack
tip plastic zone during thermomechanical fatigue were due to coars-
ening of the y’-phase which lost its ability for pinning of the migrating
boundaries. Similar loss for pinning functionality of the copper-rich
precipitates and Nb-carbides of Sanicro 25 could apply in present
study, where this effect only apply to the highly deformed plastic zone of
the crack tip and which produce the recrystallized structure around the
main cracks and not homogeneously throughout the microstructure.
Furthermore, the process of DRX in the plastic zones of crack tips has
also been observed for solder joints (SAC305) during thermal cycling,
where strain-enhanced AgsSn coalescence and facilitates recrystalliza-
tion [32]. The authors suggest a crack propagation process analogous to
what have been presented in this paper for Sanicro 25.
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Creep damage

Creep damage

Recrystallized grains

Recrystallized grains

Fig. 17. Suggested schematic overview of the crack propagation and interaction process of Sanicro 25.

5. Conclusions

The microstructural evolution during high temperature cyclic
loading with different dwell times of the two austenitic stainless steels,
Sanicro 25 and Esshete 1250, was investigated using high-resolution
microscopy techniques. The two alloys exhibit different crack propa-
gation and creep-fatigue (CF) interaction behaviour, mainly due to the
microstructural evolution during loading. The main microstructural-
and CF-interaction behaviour of the two investigated alloys during the
dwell-fatigue tests can be summarised as follows:

e Confirmation was found for the occurrence of coherent copper pre-
cipitates and incoherent Nb-carbides, which acted as dislocation
obstacles and therefore add to the prominent hardening effect and
high temperature properties of Sanicro 25 during the investigated
dwell-fatigue conditions. In addition, Z-phase particles located at the
grain boundaries and larger Cr-carbides were also found. Nb-
carbides were also found in the Esshete 1250 microstructure,
which have the same effect as for Sanicro 25, but the grain bound-
aries contained sparsely placed Cr- and Nb-carbides which made
them more susceptible to creep damage and intergranular crack
propagation.
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In contrast to the predicted cases of Hales [8], Esshete 1250 solely
experienced fracture along the grain boundaries, while the interior of
the grains showed high plasticity in the form of pronounced fatigue
induced slip bands. The interaction of the slip bands and the grain
boundaries is considered to enhance the intergranular damage
process.

The creep-fatigue interaction and crack propagation process of
Sanicro 25 was proposed, which involved dynamic recrystallization
(DRX) of the crack tip plastic zone. This creates high angle grain
boundaries that gives an energetically privileged path of the main
crack, both during the fatigue- and the dwell time part of the test
cycle, which adds to the overall reduction of cyclic life in a inter-
active manner.
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