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Abstract

The increased use of renewable energy pushes steam turbines toward a more frequent operation schedule. Consequently, compo-
nents must endure more severe fatigue loads which, in turn, requires an understanding of the deformation and damage mechanisms
under high-temperature cyclic loading. Based on this, low cycle fatigue tests were performed on a creep resistant steel, FB2, used in
ultra-supercritical steam turbines. The fatigue tests were performed in strain control with 0.8–1.2 % strain range and at temperatures
of 400 ◦C and 600 ◦C. The tests at 600 ◦C were run with and without dwell time. The deformation mechanisms at different tem-
peratures and strain ranges were characterised by scanning electron microscopy and by quantifying the amount of low angle grain
boundaries. The quantification of low angle grain boundaries was done by electron backscatter diffraction. Microscopy revealed
that specimens subjected to 600 ◦C showed signs of creep damage, in the form of voids close to fracture surface, regardless of
whether the specimen had been exposed to dwell time or been purely cycled. In addition, the amount of low angle grain boundaries
was lower at 600 ◦C than at 400 ◦C. The study indicates that a significant amount of the inelastic strain comes from creep strain as
opposed to being all plastic strain.
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1. Introduction

Steam turbine materials need to be designed to endure both cyclic and prolonged static loading at high temperatures.
Higher temperatures and pressures are desired in steam turbines to increase thermal efficiency. The challenge, however,
is to achieve materials with sufficient strength under such conditions. The 9–12 % Cr steel family has been widely
used in steam turbines due to good mechanical properties. The newly developed 9 % Cr steel called FB2, under the
European program COST 522, showed a significant improvement over several other materials and was able to satisfy
requirements for use in ultra super-critical (USC) turbine conditions with temperatures up to 620 ◦C. This mainly due
to the stability of its martensitic structure at high temperatures Kern et al. (2008).
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The shift in the operation schedule of power plants (due to the integration of renewable and conventional energy
systems) pushes the turbines toward a more flexible operation with frequent starts and stops. Thus, it is important
to investigate the material’s cyclic damage and life, which is usually done by low cycle fatigue (LCF) testing. Many
studies have been conducted on creep resistance steels, but results for the FB2 steel are limited in the literature.
Studies on similar materials include e.g. Mishnev et al. (2015) and Guguloth et al. (2014) who looked into the LCF
analysis of martensitic stainless steels. It was found that the steels experienced cyclic softening due to the reduction
in dislocation density, coarsening of martensitic laths and formation of sub-grains. Furthermore, the increase of strain
range was shown to reduce the life due to the acceleration of crack growth. Although these type of steels are designed
to withstand high temperatures, creep is still a major issue and the use of the FB2 steel above 620 ◦C is limited
Holdsworth (2004). Hence, temperature activated phenomena, such as creep, is still the main reason for the limitation
of this material and microstructural investigations are necessary to examine the material behaviour.

This study looks at the mechanisms behind the effect of temperature on fatigue life. LCF testing has been done
at two temperatures and two strain ranges, with and without dwell time. The aim is to carry out a microstructural
analysis to investigate the contribution of inelasticity and the effect of temperature on life under LCF loading.

2. Experiments

2.1. Mechanical testing

Isothermal LCF testing was performed on cylindrical specimens made from the rotor steel FB2 with the nominal
composition shown in Table 1. The tests were performed isothermally in strain control in an MTS servo hydraulic
testing machine equipped with an Instron 8800 control system, an Instron 2632-055 extensometer, and an MTS 652.01
furnace. The applied total strain ranges, ∆ε, during the tests as well as other test parameters are listed in Table 2. One
test was performed using a dwell time of 5 min under constant total strain applied both in tension and compression.
The specimens were run until final rupture and the LCF life was determined at 25 % load drop.

Table 1. Material nominal composition in wt. % taken from Holdsworth (2004).

Material designation C Mn N Al Co Cr Mo Nb Ni V B

FB2 (9CrMoCoVNbNB) 0.12 0.9 0.02 <0.01 1.0 9 1.5 0.06 0.2 0.21 0.011

Table 2. Performed low cycle fatigue tests.

Temperature, ◦C Total strain range, % Strain ratio Dwell time, min Fatigue life, cycles Life, h Inelastic strain range, %

400 0.8 -1 0 2735 12.15 0.28
600 0.8 -1 0 1344 5.97 0.37
600 1.2 -1 0 789 5.26 0.78
600 0.8 -1 5 870 148.86 0.57

2.2. Microstructural characterisation

The fractured specimens from the LCF tests where cut along the stress axis, mounted and polished so that regions
immediately below the fracture surface as well as regions away from the fracture could be studied. A Hitachi SU-70
field emission gun scanning electron microscope (SEM) was employed to investigate the microstructure of virgin
and LCF tested specimens. The virgin sample was taken from the end of a specimen tested previous in LCF at room
temperature. The virgin sample could therefore potentially contain minor deformation, but no thermal exposure.
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The SEM technique electron channelling contrast imaging (ECCI) was used to qualitatively analyse the deformed
microstructure Gutierrez-Urrutia et al. (2009). The ECCI was performed using a solid state 4-quadrant backscatter
electron detector, an acceleration voltage of 10 kV and a working distance of 7 mm.

In order to analyse the crystallographic orientation and quantifying the plastic deformation Lundberg et al. (2017),
electron backscatter diffraction (EBSD) was used. EBSD was performed using a working distance of 20 mm, an
acceleration voltage of 20 kV and a step size of 0.5 µm. To evaluate the EBSD measurements, the HKL software
Channel 5 was used. A misorientation (i.e. orientation difference between two neighbouring measurement points)
between 1◦ and 10◦ defines a low angle grain boundary (LAGB) while larger angles than 10◦ are regarded as a high
angle grain boundary. In the EBSD maps, LAGBs are represented with black lines while angles larger than 10◦ are
shown with white lines. Non-indexed points (zero solutions) are represented as white dots.

Fig. 1. Stress–strain (σ–ε) mid-life hysteresis curves for specimens tested at 400 ◦C and 600 ◦C. The tests were performed with total strain ranges
of either ∆ε = 0.8 % or ∆ε = 1.2 %. One of the specimens was tested with a dwell time, td, of 5 min.

Fig. 2. Backscatter electron micrographs for: a) virgin state; b) 400 ◦C, ∆ε = 0.8 %; c) 600 ◦C, ∆ε = 0.8 %; d) 600 ◦C, ∆ε = 1.2 % and e) 600 ◦C,
∆ε = 0.8 %, 5 min dwell.
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3. Results and Discussion

3.1. Fatigue tests

The fatigue lives, duration of thermal exposure (i.e. the length of the test in hours) and the mid-life inelastic strain
ranges are listed in Table 2. Mid-life hysteresis curves are shown in Fig. 1. Notably, at 600 ◦C, the maximum stress
was the same for specimens tested with ∆ε = 0.8 % and ∆ε = 1.2 %. This could possibly indicate that the creep rate
is rapid at 600 ◦C thus limiting the maximum achievable stress. The mid-life cycle for the test with 5 min dwell time
reached lower maximum stress than both the tests without dwell at 600 ◦C; the hardening behaviour was similar to
the test with the larger strain range (∆ε = 1.2 %).

3.2. Microstructure

Figure 2 shows micrographs from the virgin state as well as after performed fatigue tests; the micrographs have been
taken far away from the fracture surface. At low magnification, no major difference in microstructure was detected
except some coarsening of martensite laths at 600 ◦C which became more pronounced in the dwell time specimen,
see Fig. 2.

At higher magnification, some of the specimens revealed grain boundary features determined to likely be voids.
Whenever present, the voids only occurred in the region adjacent to the fracture surface, meaning they did not form
from thermal exposure alone; given this, they were considered unlikely to be precipitates. For the specimen tested at
400 ◦C, as well as for the virgin sample, no voids could be discerned, see Fig. 3 a) and b). All specimens tested at 600
◦C, however, had various levels of grain boundary voids as indicated by arrows in Fig. 3 c)–d). For the pure cyclic
case, the specimen tested at 600 ◦C at ∆ε = 1.2 % had higher number of voids and larger void size compared to the
specimen tested at ∆ε = 0.8 % at the same temperature, see Fig. 3 c) and d). The largest grain boundary cavitation
were found in the dwell time specimen tested at 600 ◦C at ∆ε = 0.8 % which may indicate void coalescence, see Fig. 3
e). Grain boundary voids are likely caused by creep-fatigue interaction Hales (1980) hence indicating that significant
amount of the inelastic strain should come from creep deformation (in addition to plastic deformation). There seem

Fig. 3. Backscatter electron micrographs for: a) virgin state; b) 400 ◦C, ∆ε = 0.8 %; c) 600 ◦C, ∆ε = 0.8 %; d) 600 ◦C, ∆ε = 1.2 % and e) 600 ◦C,
∆ε = 0.8 %, 5 min dwell. Voids were visible at grain boundaries for all specimens tested at 600 ◦C (indicated by black arrows) where the specimen
tested at ∆ε = 0.8 % had the least. No voids were seen at 400 ◦C (∆ε = 0.8 %) or for the virgin condition.
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Fig. 4. EBSD maps showing the grain structure as well as low angle grain boundaries (black lines) for specimen tested at: a) 400 ◦C, ∆ε = 0.8 %;
b) 600 ◦C, ∆ε = 0.8 %; c) 600 ◦C, ∆ε = 1.2 % and d) 600 ◦C, ∆ε = 0.8 %, 5 min dwell. The colour map is based on the inverse pole figure, e).

to be a critical temperature and applied strain range where this behaviour is triggered since the test at 400 ◦C with
∆ε = 0.8 % shows no sign of creep deformation near the fracture surface. Azeez et al. (2019) found by finite element
modelling, for the same material, that the onset of creep dominated damage should occur around 500 ◦C and is very
strain range dependent at this temperature.

3.3. Characterisation of plastic deformation

The amount of plastic deformation in the tested specimens was characterised in terms of the fraction of low angle
grain boundaries. Figure 4 shows EBSD maps where low angle grain boundaries are marked with black lines; it is
apparent that the amount of LAGBs vary between the different specimens. The relatively large step size caused the
measured LAGBs to have a grid like appearance and a smaller step size might be preferable in the future, however,
since the same step size was used for all specimens a comparison is still possible.

The amount of LAGBs was quantified from the EBSD results; the fraction of low angle grain boundaries is shown
in Fig. 5 for all specimens. Interestingly, the fraction of LAGBs is the highest for the specimen tested at 400 ◦C with
∆ε = 0.8 %. The specimen subjected to the highest total strain range (∆ε = 1.2 % at 600 ◦C) had the lowest fraction
of LAGBs among the tested specimens. Additionally, adding a 5 min dwell time at 600 ◦C with ∆ε = 0.8 % caused
the fraction of LAGB to drop compared to the pure cyclic case. The amount of low angle grain boundaries were also
measured for the virgin state for reference; the virgin state contained the lowest amount of LAGBs out of all the
specimen.

Comparing the fraction of LAGBs from Fig. 5 with the inelastic strain ranges from Table 2, a discrepancy can be
noticed. For example, the specimen with the highest inelastic strain range (tested at 600 ◦C, ∆ε = 1.2 %) had the
lowest fraction of LAGBs. Conversely, the specimen with the lowest inelastic strain range (tested at 400 ◦C, ∆ε = 0.8
%) had the highest fraction of LAGBs. Since low angle grain boundaries are associated with plastic deformation
Lundberg et al. (2017), the lower fraction of LAGB at 600 ◦C suggests that a substantial part of the inelastic strain at
600 ◦C may be creep strain. It could be argued that a lower fraction of LAGB at higher temperatures is also due to
annihilation of dislocations through recrystallisation. However, as seen in Fig. 4, no significant recrystallisation has
occurred. Thus, again, indicating that large deformation at 600 ◦C results in significant amounts of creep strain rather
than extensive plastic strain.
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Fig. 5. The fraction of low angle grain boundaries (LAGB) in the tested specimen.

4. Conclusions

Specimens made from the steam turbine steel FB2 was tested in isothermal low cycle fatigue. Microstructural
investigation (including EBSD mapping) of ruptured specimens revealed that:

• Grain boundary voids were detected in specimens tested at 600 ◦C, indicating significant creep at this tempera-
ture.
• Voids did not only occur for the dwell time test but also for the pure cyclic case, indicating rapid creep rate at

this temperature (i.e. 600 ◦C).
• The fraction of low angle grain boundaries (which can be taken as an indication of plastic deformation) was

lowest for the specimen with the highest inelastic strain range. The specimen with the lowest inelastic strain
range (for which no creep damage could be detected) had the highest amount of low angle grain boundaries.
• It is considered likely that a significant amount of the inelastic strain at 600 ◦C is creep strain, also for the

pure cyclic case, which may lead to a different damage mechanism compared to specimens tested at lower
temperatures.
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