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Abstract. This work includes an investigation of two commercial austenitic steels: UNS S21500
(Esshete 1250) and UNS S31035 (Sandvik SanicroTM 25). The materials were exposed to isothermal 
strain controlled fatigue with load controlled dwell time at maximum strain. The testing temperature 
used was 700°C and the test cycles were performed in tension. Mechanical test data were obtained 
and analysed in order to define creep-fatigue damage diagrams at failure for the investigated 
austenitic alloys. During the given conditions, Sanicro 25 showed superior creep-fatigue life,
suffered less amount of creep elongation for the same amount of strain amplitude and dwell times 
compared to Esshete 1250. Both alloys showed creep-fatigue interaction damage for specific test 
configurations.

1 Introduction  
Rising global energy consumption and the increase in 
emissions of greenhouse gases (e.g. CO2) causing global 
warming, make need for more sustainable power 
generation [1, 2]. This could be accomplished by 
increasing the efficiency of biomass-fired, biomass co-
firing and coal-fired power plants, which is achieved by 
increasing the steam temperature and steam pressure in 
the boiler sections [3–5]. By increasing the steam data to 
advanced-ultra super critical condition (A-USC) with 
temperature up to 700°C and pressures up to 36 MPa the 
efficiency can be increased to over 50% and the 
emission of CO2 can be reduced by up to 10% compared 
to conditions with steam data at 25 MPa and 540°C
(Super critical condition) [4, 6]. In addition, flexible 
generation of power is critical to compensate for the 
deficiencies of renewable power generation, such as 
solar and wind power, and this will increase the number 
of start-and stop cycles [3, 7, 8]. The change in operation 
conditions will increase the demands on the materials in 
the critical components of the power plants. Both cyclic 
condition and extended service in a long-term high 
temperature environment are operation conditions that 
such materials must withstand. Traditionally, ferritic and 
austenitic stainless steels are used for critical 
components of power plants, but with more demanding
conditions other highly alloyed austenitic stainless steels 
could be more suitable for long-term service [6].

These new operating conditions involves a combined 
accumulation of cyclic damage and creep damage 
originated from start-up and shut-down and extended 
service at increased temperature and pressure. The
interaction behaviour of creep and fatigue for a material 
is a complex and sometimes a competing process that 
depend on temperature, strain rate, dwell time, chemical 
composition and environment. Relevant investigations of 
the creep and fatigue process has been conducted for the 
austenitic 316 stainless steel by Hales [9] and 
Plumbridge [10]. The investigations reported four types 

of interaction cases where the type of initiation damage 
in the microstructure depend on if fatigue, creep or both 
fatigue and creep is the dominant process. For highly 
alloyed austenitic stainless steels, this has not been fully 
investigated and further work are needed to verify that 
the demands on safety for cyclic long-term usage is 
fulfilled. 

This paper will present results from Creep-Low 
Cycle Fatigue (LCF) testing with alternating strain 
amplitudes and dwell times. Two austenitic alloys,
candidates for critical components in the power 
generation industry, were investigated and the
mechanical response of different creep-LCF conditions
were analysed in order to determine the interaction 
behaviour and type of initiation damage. 

2 Material and methodology

2.1 Austenitic alloys

The investigations involved two commercial austenitic 
alloys UNS S21500 (Esshete 1250) and UNS S31035 
(Sandvik SanicroTM 25). Before mechanical testing 
Sanicro 25 were solution heat treated at 1220°C for 10 
minutes and Esshete 1250 were solution heat treated at 
1100°C for 15 minutes. Sandvik Materials Technology 
AB (SMT) provided and heat-treated the materials. The 
chemical composition of the materials in wt% is given in
Table 1. 

2.2 Methodology

The mechanical testing were performed using an MTS 
servo hydraulic testing machine equipped with an 
Instron 8800 control system. The strain was measured by 
an Instron 2632-055 extensometer and the isothermal 
condition, at 700°C, was controlled by an MTS 652.01 
furnace. The Rε=0-type test cycle involved a strain 
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controlled part, dashed line in Figure 1, and a load 
controlled part, solid line in Figure 1. Strain ranges from 

0.5-1.0% and dwell times, td, from 0-1800 seconds were 

Table 1. Chemical composition (in wt%) of the austenitic alloys.

Material C Cr Ni W Co Cu Mn Nb N Si V Mo Fe

Sanicro 25 0.1 22.5 25.0 3.6 1.5 3.0 0.5 0.5 0.23 0.2 - - Bal.

Esshete1250 0.1 15 9.5 - - - 6.3 1.0 - 0.5 0.3 1.0 Bal
tested. Setup and employment of the test as well as 
definition of   plastic strain range, Δεp, stress range, Δσ,
and total strain amplitude, Δε/2, were conducted 
according to ASTM standard E2714-3 for Creep-
Fatigue testing [9]. The number of cycles until failure, 
Nf, was defined as the point at which the amplitude 
stress, Δσ/2, decreases 10% below the tangent line 
constructed at the last point of zero curvature, as 
suggested by [11].  

Fig. 1. Sketch of the Creep-LCF test cycle, strain (ε) versus 
time (t). 

The creep-fatigue interaction diagrams were 
constructed similarly to those in “ASME boiler and 
pressure vessel code” [12] with the assumption that 
creep damage and fatigue damage may be evaluated 
separately and then merged to receive the total damage 
i.e. linear summation damage technique (Miners rule). 

This is displayed in equation (1).  

Where D is the creep-fatigue damage factor, (Nl)j is the 
number of allowable cycles of type j, (Tl)k is the 
allowable time at stress level k, n is the actual number of 
cycles of type j and ∆t is the actual time at stress level k.  

The performed test used for construction of the 
diagrams can be viewed in Table 2. Reference data for
creep rupture time at different stress levels were 
provided by SMT [13], however, the cyclic reference 
data were obtained from this study.   

3 Results  

3.1. Sanicro 25

In the stress versus cycles to failure diagram, Figure 2, 
at the beginning, Sanicro 25 shows cyclic hardening 
followed by cyclic softening after the maximum stress 

and until failure, for tests with different Δε/2 and
constant

Table 2. Test for the Creep-Fatigue interaction diagrams.

td. Also higher strain amplitude yields shorter creep-
fatigue life. In Figure 3 a) tests with constant Δε/2 and 
different td, shows that longer td results in lower 
maximum stress and shorter creep-fatigue life. In Figure 
3 b), the life is calculated in total test time instead of 
cycles to failure and plainly, tests with longer td have 
longer life. 

The hysteresis loops in Figure 4 a) shows that with 
increasing number of cycles, maximum stress and
elongation during td also increases. Although, in the 
same figure it is clear that the Δεp decreases with 
increasing number of cycles. Comparing a cycle at the 
beginning of the test with a cycle at 90% of life, the 
reduction of Δεp is 14.4%. At lower Δε/2, displayed in
Figure 4 b), Sanicro 25 show an earlier decrease of 
maximum stress than at higher Δε/2 (Figure 4 a)) and 
Δεp decreases with 44.4% compared with a cycle at the 
beginning of the test and a cycle at 90% of life. 

�(∆t Tl⁄ )k + �(n/Nl)j   ≤ D (1)

Test Nr Material Δε/2 [%] td [s]
1 Sanicro 25 0.25 0
2 Sanicro 25 0.25 300
3 Sanicro 25 0.375 600
4 Sanicro 25 0.25 600
5 Sanicro 25 0.25 1800
6 Esshete 1250 0.25 0
7 Esshete 1250 0.25 100
8 Esshete 1250 0.25 300
9 Esshete 1250 0.25 600
10 Esshete 1250 0.25 1800
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Fig 2. Maximum stress versus cycles to failure curve for 
Sanicro 25 tests with different strain amplitudes and constant 

dwell time.

Fig 3. Sanicro 25 test result for tests with different dwell time and constant strain amplitudes, a) Maximum stress versus cycles to 
failure, b) Maximum stress versus time to failure. 

Fig 4. Sanicro 25 hysteresis curves for selected cycles, a) test with higher strain amplitude, b) test with lower strain amplitude.

3.2. Esshete 1250

In Figure 5, the mechanical response for Esshete 1250
can be observed. At the initial part of test life, for tests 
with lower Δε/2 (0.25% and 0.375%), there are a rapid 
increase in cyclic hardening and then a cyclic softening
after maximum stress. For the test with highest Δε/2
(0.5%) instead of a reduction in hardening after the 
initial state to a steady-state with constant stress, the 
response is continuous cyclic hardening before failure. In 
Figure 6 a), tests with lower td (100s and 300s) have
almost the same mechanical response and creep-fatigue 
life. This is also the case for tests with medium and long
td (600s and 1800s). However, these similarities are not 
seen in Figure 6 b), were life is calculated in time.

The hysteresis loops in Figure 7, shows that with 
higher Δε/2 (Figure 7 a)), the elongation during td
increases with increasing number of cycles. Comparing a
cycle at the beginning with a cycle at 90% of life, the 
increase in Δεp is approximately 56%. In addition, the 
maximum stress increases from the beginning of the test 
to 25% of life, but then stay at the same level until 

failure. At lower Δε/2 (Figure 7 b)) there are first an 
increase in maximum stress to 25% of life and then 
cyclic softening occurs until 90% of life. The Δεp
increases with increasing numbers of cycles, but the 
largest increase, 12%, is between a cycle at the 
beginning of the test to a cycle at 25% of life, instead of 
a cycle at 90% of life. 

Fig 5.  Maximum stress versus cycles to failure curve for 

a) b)

a) b)
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Esshete 1250 tests with different strain amplitudes and constant dwell time.

Fig 6. Esshete1250 test result for tests with different dwell time and same strain amplitudes, a) Maximum stress versus cycles to 
failure, b) Maximum stress versus time to failure.

 

Fig 7. Hysteresis curves for selected cycles, a) test with high strain amplitude, b) test with lower strain amplitude.

3.3. Creep-fatigue Interaction diagram

In Figure 8, the linear summation of the creep damage, 
Dc, and the fatigue damage, Df, are displayed for both 
Sanicro 25 and Esshete 1250. For Esshete 1250 
(Triangular markers) the test with longest td (1800s), is 
situated (1.01) over the maximum total damage D=1 line 
and the test with td = 300s is close to the D=1 line. The 
other Esshete 1250 tests both exhibits total damage of 
approximately D=0.5. 

The Sanicro 25 tests all exhibit more creep damage 
than fatigue damage. Comparing the two tests with td =
600s, the test with higher Δε/2 showed more creep 
damage and total damage, D, but less amount of fatigue 
damage. The test with td  = 300 seconds showed almost 
equal creep and fatigue damage and the test with longest 
td  (1800s), showed an greater amount of creep damage 
situated close to the D=1 line.   

4 Discussion

Comparing the different mechanical responses from the 
Creep-LCF testing of the two investigated austenitic 
alloys, there are differences in stress levels, Nf, Δεp, 

Fig 8. Creep-fatigue interaction diagram for both Sanicro 25 
and Esshete 1250.

hardening and softening behaviour. The Sanicro 25 tests 
all showed increased Nf and higher stresses, compared to 

a) b)

a) b)
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Esshete 1250 tests with the same Δε/2. This is evident in
Figure 9, where stress at half life is plotted against Nf
using the same dwell time (td  = 600s).  

Considering the hardening behaviour of Sanicro 25, 
it is evident in Figure 3 and 4 that there are a large 
increase in stress at the beginning of the tests. In 
addition, there are serrations of the curve at the 
beginning of the tests, in Figure 4. This is commonly
related to dynamic strain aging (DSA) [14, 15]. DSA 
reduces the dislocation elimination rate and produce 
point defect concentration because of sufficient 
movement possibility of interstitial carbon and/or 
nitrogen atoms or carbon- and/or nitrogen-vacancy pairs 
or substitutional chromium atom and therefore increases 
the hardening behaviour which gives higher maximum 
stresses [14]. In Figure 7, this phenomenon is not seen 
for Esshete 1250 and is most likely due to the small 
amount of carbon and chromium content and the absence 
of nitrogen. This is probably associated with the 
reduction in Δεp and the increase of maximum stress for 
the Sanicro 25 tests and the continuous increase of Δεp 
and the stagnation of maximum stress for the Esshete 
1250 tests.

Fig 9. Maximum stress at half cycle life versus cycles to failure 
for the investigated austenitic alloys.

The tests with different td and constant Δε/2  for 
Esshete 1250 (Figure 6), shows that in general the test 
with longer td and therefore more creep, exhibits shorter
creep-fatigue life but longer life calculated in time.
However, the test with td = 300 seconds show both, 
longer creep-fatigue life compared to the test with td =
100 seconds and longer life calculated in time compared 
to the test with td = 600 seconds. Consulting the 
interaction diagram in Figure 8, this test configuration is 
close to the maximum total damage D=1 line and is 
therefore not considered to suffer that much from 
interaction damage and have most likely a competitive 
damage process (case 2 in Figure 10) [16]. The two test 
with td = 100 seconds and td = 1800 seconds lies further 
at the fatigue part and the creep part of the diagram
respectively, which is quite understandable given the 
difference in cycle configuration. In coherence with 
Hales and Plumbridge [9, 10], the damage interaction 
behaviour for the test with td = 100 seconds should be 
mostly fatigue dominated even though creep is still 
active. This should yield transgranular initiation 

followed by intergranular crack growth in an interactive 
manner (case 3 in Figure 10), because of the distance to 
the maximum damage D=1 line [16]. The test with td =
1800 seconds would most likely show both intergranular 
initiation and growth with some transgranular damage. 
This in a competitive manner because of the position 
close to the maximum damage line and therefore lack of 
interaction damage (case 2 in Figure 10). If the test with
td = 600 seconds is considered in the interaction diagram, 
it has a central position with estimated high amount of 
interaction damage and should exhibit the transgranular 
crack damage from fatigue to grow into a intergranular 
progression caused by an additive process between 
fatigue and creep (case 3 in Figure 10). This interactive 
damage behaviour could also be contributed from 
internal triple point wedge cracks, grain boundary voids 
and initiations from matrix pore or inclusion according 
to [10].     

Fig 10. Different cases for creep-fatigue interaction damage, 
according to Hales [9] (Courtesy of publisher). 

From findings of Hales [9], creep damage is more 
prominent at higher strain ranges. This coincides with 
the results in Figure 8, from Sanicro 25 test 
configurations with the same amount of dwell time (td =
600s) but different strain amplitudes i.e. the test with 
Δε/2 = 0.375% and the test with Δε/2 = 0.25%. In the 
figure, the test with the higher Δε/2 (0.375%) exhibits a
dominant part of creep damage and also less effect of 
interaction damage because of the position closer to the 
maximum interaction damage line compare to test 4. 
Further more, the test with lower Δε/2 (0.25%) show less 
interaction damage compared to the Esshete 1250 test 
with identical test configuration which could be 
contributed by slightly more dominant creep damage 
process. 

If the creep damage fraction is high (Dc ≥ 0.7) in the 
Creep-fatigue interaction diagram (Figure 8) the 
interaction damage part becomes almost non-existent,
for the two investigated austenitic alloys and the damage 
initiation mechanism should be close to case four in
Figure 10, with intergranular growing cracks. When the 
tests with the highest amount of creep damage (td =
1800s) is compared for the alloys, the Esshete 1250 test
has higher fraction of creep damage, even though it 
experience lower maximum stress and yield less amount 
of Nf,. In this case, it is therefore reasonable to establish 
that Sanicro 25 has superior creep strength to Esshete 
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1250 and that it enhances the creep-fatigue life. 
According to Guocai et.al [13], the high creep strength at 
elevated temperatures for Sanicro 25 is because of
interaction of dislocation and precipitates acts as pinning 
points for dislocation movement. Also nano-sized 
particles like M23C6 and Laves phase and smaller nano-
precipitates such as copper rich- and MX particles were 
found to impede dislocation movement [13]. 

If the creep damage fraction is lower (Dc ≤0.7), in the 
Creep-fatigue interaction diagram (Figure 8), the 
interaction damage influences the creep-fatigue life more 
and it is harder to predict the amount of interaction 
damage for a specific test cycle configuration. This is 
evident if the Esshete 1250 tests with Dc ≤0.7 is 
considered in Figure 8. For Sanicro 25 tests, the 
interaction damage seems to stay close to 30% 
independent of the cycle configuration, but more tests 
and with different configurations need to be analysed 
before a general design trend can be established.

The obtained mechanical data from this study has 
been analysed using Hales and Plumbridges work [9, 10]
to predict and estimate the type of initiation damage 
from creep-fatigue interaction behaviour. However, a
microstructural investigation for the different tested
specimens from this study should be conducted before a 
more comprehensive analysis and understanding of the 
damage mechanisms can be obtained.

5 Conclusions 
The creep-fatigue interaction study for the two austenitic
alloys contributed results, analysis of the mechanical 
response and estimated damage initiation mechanisms. 
From the discussed results, these conclusions are
deduced: 

• Sanicro 25 suffered higher maximum stresses 
but still shows superior creep-fatigue cycle life 
compared to Esshete 1250.

• Compared with Sanicro 25, Esshete 1250 shows 
more creep elongation for the same amount of
strain amplitude and dwell times. 

• Both alloys shows creep-fatigue interaction 
damage for most test configurations.  
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