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A B S T R A C T   

Understanding of crack growth behaviour is necessary to predict accurate fatigue lives. Out-of-phase thermo
mechanical fatigue crack propagation tests were performed on FB2 steel used in high-temperature steam turbine 
sections. Testing results showed crack closure where the compressive part of the fatigue cycle affected crack 
growth rate. Crack closing stress was observed to be different, and had more influence on the growth rate, than 
crack opening stress. Crack growth rate was largely controlled by the minimum temperature of the cycle, which 
agreed with an isothermal crack propagation test. Finite element models with stationary sharp cracks captured 
the crack closure behaviour.   

1. Introduction 

As power production turbines to a greater extent supports renewable 
energies, the turbines are required to manage flexible operation with 
faster loading ramps [1,2]. This flexibility is needed due to the inter
mittent nature of renewable energy sources, which is influenced by the 
change in weather. For steam turbines, the frequent start-ups with fast 
ramping rates put several components under large thermal stresses due 
to temperature gradients, especially in thick-walled components at the 
high- and intermediate-pressure turbine sections [1,3]. 

Under such loading conditions, i.e. thermomechanical fatigue (TMF) 
loading, the turbine component’s life need to be determined with ac
curate and less conservative fatigue life prediction models to allow for 
more start-ups. This is done by letting the components operate closer to 
their end of life, i.e. passing the crack initiation phase and allowing 
crack growth. The controlled growth of cracks provide a useful tool to 
extend operation and avoid unnecessary waste of resources within safe 
limits. This particularly emphasises the need for crack propagation 
models. Thus, testing and modelling of TMF crack propagation have 
arisen as important fields of research in the turbine sector. The choice of 
TMF cycle type, i.e. how the temperature vary along with the load, 
depends mainly on the target component being investigated. In the 
current work, the main focus is on the inner section of the steam turbine 
casing, where an out-of-phase (OP) type of TMF loading is present. 

Isothermal fatigue crack growth testing is widely used as it has a well 

established and less complicated testing procedure as well as less 
complicated data post-processing methods compared to TMF crack 
growth testing. Nevertheless, TMF crack growth testing has emerged as 
an important topic when studying critical components. Thus, several 
researches have been focusing on investigating and laying guidelines for 
TMF crack propagation testing [4–6]. 

In studies done on nickel-based polycrystalline alloys, several TMF 
crack propagation tests showed clear dependency on crack closure [7]. 
By compensating for crack closure using an effective stress intensity 
range [8], OP-TMF tests with different load ratios fell onto a single 
master curve [9,10]. Furthermore, OP-TMF crack growth curves were 
seen to collapse on isothermal tests done at temperature close to the 
minimum temperature of the OP-TMF cycle, which was explained by 
plasticity induced crack closure [10]. Similarly, crack growth curves for 
titanium alloys tested under OP-TMF conditions collapsed on isothermal 
test done at the minimum temperature of the OP-TMF cycle [11]. Crack 
growth investigation done on single-crystal nickel-based alloys under 
OP-TMF conditions showed a different behaviour after correcting for 
crack closure compared to isothermal crack growth tests [12]. This was 
explained by the different thermal exposure histories between the two 
types of tests. Interestingly though, the OP-TMF crack propagation rates 
were not affected by different maximum temperatures used in the tests 
[12]. 

Regarding crack closure, the contribution from the compressive part 
of the cycle has been observed to affect the crack growth behaviour due 
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to the crack not being completely closed [13]. Crack opening stress, 
when the crack becomes fully open during loading, has usually been 
used to account for the closure effects. Nevertheless, crack closing stress, 
when the crack starts to close during unloading, has been observed to 
differ and normally be lower than the crack opening stress [14]. The 
difference between crack opening and crack closing stresses increases 
with the increase in the maximum stress of the cycle which is explained 
by the large reversed plasticity required to close the crack [14]. Residual 
stresses due to plasticity in the first half cycle has been used to provide a 
sufficient load ratio correction [15]. It has also been shown that linear 
elastic fracture mechanics (LEFM) could still be satisfactorily applied to 
hysteresis loops slightly deviating from linear elastic behaviour (i.e. 
where some minor degree of plasticity occurred) [15]. 

In the current work, OP-TMF crack propagation testing was per
formed under stress and strain control for various stress and strain 
ranges. The crack growth behaviour was investigated to understand the 
effect of loading ratio on crack growth. In addition, an isothermal crack 
propagation test was performed at a temperature corresponding to the 
minimum temperature in the OP-TMF cycle. Crack closure was 
accounted for both experimentally and by finite element (FE) modelling 
in an attempt to arrive at a single master crack propagation curve for all 
thermomechanical loading conditions. 

2. Material and experiments 

2.1. Material 

The material used in this work is FB2 steel (9Cr-1Mo-1Co-0.2 V- 
0.07Nb-0.01B-0.02 N, all in wt%). The material was subjected to a heat 
treatment consisting of austenitisation at 1100 ◦C with rapid cooling 
followed by two stages of tempering at 570 ◦C and 710 ◦C [16]. A 
microstucture study of FB2, by [17], revealed that the microstructure 
was tempered martensite. This steel belong to the 9–12 % Cr steel class 
and can be used in structural components up to around 625 ◦C [18–20]. 
The development of FB2 was done within the European Cooperation in 
Science and Technology (COST) 522 program (1998–2003) [16,18]. The 
creep and steam oxidation resistance of this material at high tempera
ture has made it favourable for usage in the steam turbine components 
operating in ultra-super critical steam conditions [18,21]. Although FB2 
steel is intended for use in components produced by forging (such as 
rotors [20]), this study uses TMF conditions from the casing (which is 
produced by casting). This to avoid the trouble of testing coarse-grained 
alloys. 

2.2. Isothermal fatigue crack propagation 

Isothermal fatigue crack propagation testing was performed at 
100 ◦C using a compact tension (CT) specimen. The specimen had an 
effective width, W, of 25 mm and thickness, B, of 12.5 mm with a 
manufactured crack starter of length a = 11 mm, as shown in Fig. 1. 
After machining and drilling of holes, the detailed profile of the CT 
specimen, with the manufactured crack starter, was made using elec
trical discharge machining (EDM) without application of additional 
surface finishing processes. The specimen was pre-cracked at room 
temperature to an initial crack length of about a = 12.5 mm and further 
tested at elevated temperature (100 ◦C) using a load range of 4500 N and 
a load ratio R = Fmin/Fmax = 0.05; Fmin and Fmax being the minimum and 
maximum load during the cycle. A trapezoidal waveform was chosen 
with a ten second ramp-up, a one second hold at maximum load, fol
lowed by a ten second ramp-down and a one second hold at minimum 
load. The testing was performed in a 100 kN Alwetron electro- 
mechanical test frame equipped with an external digital controller 
580 V from Doli and a 3-zone split furnace. 

Crack lengths, a, were measured using a pulsed direct-current po
tential drop system from Matelect using a current of 5 A pulsed with a 
frequency of 1 Hz. The determination of a from voltage for CT specimen 
was done following Ref. [22]. The crack propagation was assessed based 
on LEFM, where the equations for the stress intensity factor, K, can be 
readily found in various handbooks or standards, e.g. Ref. [23], 

K =
F

B
̅̅̅̅̅
W

√ fCT

( a
W

)
(1)  

where F is the applied load, B and W are specimen dimensions (see 
Fig. 1), and fCT is the stress intensity factor function for CT specimen 
given by 
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(2)  

with a being the crack length measured from the load line, see Fig. 1. 

2.3. Thermomechanical fatigue crack propagation 

Crack propagation tests under TMF conditions involve subjecting 
cracked specimens to both cyclic load and cyclic temperature. The 

Fig. 1. The geometry of the compact tension specimen used for isothermal fatigue crack propagation (a) isoparametric view showing the variables W, B, and a; (b) 
detailed drawing. 
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variation in both load and temperature impose conditions more repre
sentative for the actual investigated component compared to isothermal 
testing. An OP type of TMF cycle was selected, as it is relevant for the 
target component, i.e. the inner part of the steam turbine casing. A 
schematic view of a single OP-TMF cycle is shown in Fig. 2, where the 
maximum load occurs at the minimum temperature and vice versa. In 
the present work, both stress controlled and strain controlled tests were 
performed. For the strain controlled tests, the nominal mechanical strain 
component, εmec, was controlled, defined as 

εmec = εtot − εth (3)  

where εtot is the strain measured by the extensometer, and εth is the 
thermal strain due to thermal expansion. For both stress and strain 
control, loading is defined as causing the crack to open and unloading as 
causing the crack to close (see Fig. 2). 

Overall seven specimens were tested in OP-TMF conditions, pre
sented in Table 1, with the same minimum and maximum temperatures, 
Tmin = 100 ◦C and Tmax = 600 ◦C respectively. One specimen was tested 
in stress control with a stress ratio of Rσ = σmin/σmax = 0; σmin and σmax 

being the minimum and maximum nominal stresses during the cycle. 
The rest of the specimens were tested in strain control with three 
different mechanical strain ranges, Δεmec, of 0.5%, 0.6% and 0.7%, and a 
strain ratio of Rε = εmin/εmax = − ∞; εmin and εmax being the minimum 
and maximum mechanical strains during the cycle. All the specimens 
were pre-cracked at room temperature prior to the testing with the 
exception of specimen SET-06 which was cycled twice prior to the pre- 
cracking under OP-TMF conditions. This is done to support the model
ling assumption of the sharp crack not affecting the initial compressive 
inelastic half cycle. 

Single edge crack tension (SET) specimens, displayed in Fig. 3, were 
used for the TMF testing. The specimens included a manufactured crack 
starter, shown in the schematic view of detail B in Fig. 3, which acted as 
an initiation position during pre-cracking to establish a sharp crack. The 
crack starter was made by EDM and had a nominal length of l = 2 mm, 
while the pre-cracking added 1–2 mm of sharp crack. The actual length 
of the crack starter, l, for each specimen was measured after machining 
and presented in Table 1. The combined length of the sharp crack and 
the crack starter, relative to the outer edge, is referred to as the crack 
length, a (see Fig. 3). The gauge cross section, see section cut A-A in 
Fig. 3, was not completely rectangular due to the curved edges, this 
results in a cross section area of Acs = 35.62 mm2. All the specimens 
were manufactured with turning and the gauge section was produced 
using EDM. The specimens were manufactured without the application 
of any additional surface finishing processes. 

The cooling and heating rates were the same for all tests and was 
5◦C/s, giving a cycle length of 200 s/cycle. Some tests were interrupted, 
then restarted, as indicated in Table 1. The restarting procedure required 

compensating for the permanent inelastic strain the specimen had 
endured. For SET-01, the interruptions were deliberate and made to 
increase the stress range, Δσ, and the restarts were successful. However, 
for the SET-02 specimen, an unintended interruption occurred and the 
restarting was not completely successful which led to an altered strain 
ratio of approximately Rε = − 11, which was different to what was 
intended (i.e. Rε = − ∞). 

An instron 8801 servo hydraulic test machine, shown in Fig. 4, was 
employed to carry out all the TMF crack propagation tests including 
thermal profiling, elastic modulus measurement, and pre-cracking. The 
test machine was equipped with an induction coil surrounding the test 
specimen as a heating source, while compressed air was used to cool the 
specimen through three nozzles distributed around the specimen. To 
ensure proper temperature distribution within the specimen, a thermal 
profiling procedure was performed at the start of the testing series. This 
procedure involved attaching a total of six different N-type thermo
couples, three on each side of the specimen gauge spaced evenly along 
the axial direction. The heating from the coil and the air flow from the 
nozzles were calibrated to obtain a uniform temperature distribution of 
less than 10 ◦C difference throughout the temperature cycle, as advised 
by Ref. [24,25]. During testing, the temperature of the specimen was 
monitored using an N-type thermocouple that was spot-welded at the 
gauge section. Furthermore, an Instron extensometer 2632–055 with 
12.5 mm gauge length was positioned over the crack starter to measure 
the total strain, εtot. All performed experiments were controlled using 
Instron TMF software that also carried out a pre-test procedure at the 
beginning of each test which included thermal stabilisation, thermal 
strain measurement and validation. The software also contained an 
elastic modulus measurement procedure that was conducted before pre- 
cracking to obtain the uncracked stiffness, Euncrk, for each uncracked 
specimen at 6 different temperatures within the range 100–600 ◦C. In 
this work, an SET specimen that has a crack starter of length, l, but no 
sharp crack is defined as uncracked specimen. The elastic modulus 
measurement was done using an isothermal stress controlled cycle 
within the elastic limit, i.e. ±20 MPa. For the pre-cracking, the speci
mens were cycled at room temperature with a stress range of 180 MPa 
and a stress ratio of Rσ = − 1 at a frequency of 20 Hz. 

3. Evaluation methods for thermomechanical fatigue crack 
propagation 

The data obtained from the OP-TMF tests were processed to deter
mine the crack lengths and the stresses at which the crack opens and 
closes. This was evaluated using a compliance based method [12,26]. 
The mode I stress intensity factor, K, was calculated with the aid of FE 
modelling for the SET specimen. Different K values were obtained for the 
maximum, minimum, opening, and closing nominal stresses, σmax, σmin, 
σop and σcl, respectively, in each cycle giving Kmax, Kmin, Kop and Kcl, 
respectively. Only mode I K was investigated since the observed crack 
surface was confirmed to be fairly planar for all tests. The nominal stress, 
σnom, during the cycle was defined as 

σnom =
F

Acs
(4)  

where F is the applied force and Acs is the gauge cross section area of the 
SET specimen with no sharp crack and no crack starter, see section cut A- 
A in Fig. 3. 

3.1. Crack length measurement method 

To determine the crack length for the TMF crack propagation tests, a 
compliance based method adapted for varying temperature was used 
[12,26,27]. The method utilises the concept that during a test, the 
change in the crack length, a, produces a change in the normalised 
stiffness, Enorm, of the specimen. By obtaining a function, g, that describes 

Fig. 2. Schematic illustration of a single out-of-phase thermomechanical fa
tigue, OP-TMF, crack propagation cycle. 
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the relation between Enorm and a, through an FE model, the experimental 
crack length can be evaluated as 

a = g(Enorm) (5)  

where Enorm is the normalised stiffness defined as 

Enorm =
Ecrk

Eref
(6)  

where Ecrk and Eref are the cracked stiffness and the reference stiffness, 
respectively. During testing, as the crack length, a, increases, Ecrk drops. 
For each cycle, the experimental σnom − εmec curve was used to determine 
Ecrk from the slope of a line fitted within an elastic unloading interval, 
see Fig. 5 (a). The interval of elastic unloading must represent a fully 
open crack as recommended by Ref. [28]. For an OP-TMF cycle, this 
interval corresponds to the heating of the specimen (see Fig. 2 and Fig. 5 
(a)). In this work, the interval was set between T1 = 125 ◦C and T2 =

225 ◦C, i.e. starting from Tmin plus 5% of ΔT to Tmin plus 25% of ΔT, 
where ΔT = Tmax − Tmin. The reference stiffness, Eref , is generally 
computed from the uncracked stiffness. Since existing methods 
[12,26,27] do not provide a unique definition for Eref , the current work 
propose 

Eref =
σnom(T1) − σnom(T2)

σnom(T1)
Euncrk(T1)

−
σnom(T2)
Euncrk(T2)

(7)  

where σnom and Euncrk are the nominal stress and the uncracked stiffness, 
respectively, at temperatures T1 and T2, see Fig. 5. In strain controlled 
tests, σnom at T1 and T2 can change for each cycle. Fig. 5 (b) shows an 
example of Euncrk versus temperature obtained from the elastic modulus 
measurement procedure (discussed at end of Section 2.3) done on the 
uncracked specimen, SET-05. An uncracked specimen does not have a 
sharp crack but has a crack starter with a known length, l (see Fig. 3). 
Since different l was seen for each tested specimen (see Table 1), a 

Table 1 
Out-of-phase thermomechanical fatigue crack propagation tests performed in this work.  

Specimen Tmin , ◦C  Tmax, ◦C  control Rσ  Rε  Δσ, MPa  Δεmec, %  l, mm  status 

SET-01 100 600 Stress 0  200  2.13 Interrupted and restarted  
100 600 Stress 0  250   Interrupted and restarted  
100 600 Stress 0  300   Stopped 

SET-02 100 600 Strain  − ∞   0.5 2.12 Interrupted and restarted  
100 600 Strain  ≈-11   0.5  Stopped 

SET-03 100 600 Strain  − ∞   0.5 2.22 Stopped 
SET-04 100 600 Strain  − ∞   0.6 2.20 Stopped 
SET-05 100 600 Strain  − ∞   0.6 2.14 Stopped 
SET-06 100 600 Strain  − ∞   0.6 2.04 Stopped 
SET-07 100 600 Strain  − ∞   0.7 2.21 Stopped  

Fig. 3. Detailed drawing of the single edge crack tension specimen used for thermomechanical fatigue crack growth. The schematic view of detail B show the crack 
length, a, and the crack starter length, l. Section cut A-A shows the gauge cross section area, Acs, with no sharp crack and no crack starter. 
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unique polynomial function of Euncrk was found for each specimen. 
To obtain the function g, a linear elastic FE model of the SET spec

imen (see Fig. 3) excluding the crack starter was evaluated using the FE 
software, ABAQUS [29]. The displacement boundary conditions, 
extensometer sensors locations, and reference nodes were specified as 
discussed in Section 5.1. The loading was applied in the axial direction 
on the grips cross section surfaces through the reference nodes (see 
Section 5.1). The model used an arbitrary elastic modulus of 200 GPa 
with a stress controlled cycle of Rσ = 0 and a stress range of 10 kPa. A 
through-thickness sharp planar crack was inserted between the exten
someter sensors with length aFE measured from the outer curvature 
(same as the definition of crack length, a, in the schematic view of detail 
B in Fig. 3). Multiple models with different FE crack lengths, aFE, were 

created. For each aFE, the FE model stiffness, EFE, was determined from 
the slope of the modelled σnom − εmec curve, as shown in Fig. 6. The 
insertion of different sharp cracks and the remeshing processes were 
done using Franc3D software [30]. The FE normalised stiffness as a 
function of the FE crack length, EFE

norm(aFE), was defined as 

EFE
norm(aFE) =

EFE(aFE)

EFE(l)
(8)  

where EFE(aFE) is the FE model stiffness as a function of the FE crack 
length (see Fig. 6) and EFE(l) is the FE model stiffness at FE crack length 
equal to the crack starter length, l. The function g was established by 
interpolating EFE

norm as a function of aFE using shape preserving piecewise 
cubic polynomial [31]. Since the tested specimens had a varying crack 
starter length, l, (see Table 1) a unique function g was produced for each 
SET specimen. 

Fig. 4. Instron 8801 servo hydraulic test machine rig used for the thermo
mechanical fatigue crack propagation tests. 

Fig. 5. An example describes the crack length measurement method applied on specimen SET-05, showing (a) the experimental σnom − εmec curve at cycle 100; (b) the 
uncracked stiffness, Euncrk, as a function of temperature. 

Fig. 6. The FE model stiffness, EFE, as a function of the FE crack length, aFE, 
produced from the linear elastic FE model of the SET specimen excluding the 
crack starter. 
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3.2. Crack closure stress measurement method 

The presence of a macrocrack within the specimen would produce a 
noticeable change in its stiffness depending on whether the crack faces 
are being in contact or not. Following this concept, a compliance based 
method to assess crack closure while accounting for the variation in 
temperature, due to TMF conditions, was developed by [12]. The 
method determines crack closure by defining a degree of crack opening, 
Dop, that goes from 0, crack being fully closed, to 1, crack being fully 
open, as the load increases during the loading of the TMF cycle. By 
defining a limit for Dop that corresponds to the crack being open, i.e. 
close to 1, the opening nominal stress, σop can be determined. In the 
current work, a degree of crack closing, Dcl, is introduced, which is 
applied during the unloading of the TMF cycle (see Fig. 2). Thus, Dcl goes 
from 1 to 0 instead, producing the closing nominal stress, σcl, when it is 
close to 1, i.e. the crack just begins to close but still completely open. The 
definition proposed by [12] for Dop was modified to include Eref , intro
duced in Eq. (7), as 

Dop =
1 − Eld

Eref

1 − Enorm
(9) 

and for Dcl as 

Dcl =
1 − Eunld

Eref

1 − Enorm
(10)  

where Eld and Eunld are the tangent stiffnesses during the loading curve 
and the unloading curve, respectively. For each curve, i.e. loading or 
unloading, the tangent stiffness, i.e. Eld or Eunld, evaluation was done at 
sixty different stress points equally spaced along the nominal stress 
range of the cycle, see Fig. 7 (a). Each stress point has an overlapping 
interval of 5% of the nominal stress range in the cycle. As shown in Fig. 7 
(a), the tangent stiffness was obtained from the slope of a line fitted 
within the stress point interval, where Eld was from points on the loading 
curve and Eunld was from points on the unloading curve. The minimum 
and maximum temperatures within each stress point interval were set to 
T1 and T2, respectively, to compute Eref by Eq. (7). Furthermore, Enorm 

was obtained for each cycle from Eq. (6) as described in Section 3.1. 
Thus, unique Eld and Eref values were obtained for each stress point on 
the loading curve, producing Dop versus nominal stress, σnom, for each 
cycle. Also, unique Eunld and Eref values on the unloading curve, pro
ducing Dcl versus σnom for each cycle. Fig. 7 (b) shows the evolution of 

Dop and Dcl over a single cycle for SET-05 test (OP-TMF Δεmec = 0.6 %) at 
cycle 100. 

The choice of suitable levels for Dop and Dcl to obtain σop and σcl is 
necessary to produce reliable crack closure results. [12] found that using 
Dop = 0.9 would produce a 6% overestimation of the effective stress 
intensity range. However, Dop = 0.9 was considered usable since higher 
values of Dop would increase the scatter and complicate the evaluation of 
short crack lengths. Consequently, Dop and Dcl equal to 0.9 were used to 
produce σop and σcl for all tests in this work (an example is shown in 
Fig. 7 (b)). 

3.3. Crack growth assessment method 

The crack growth assessment method for the TMF tests is based on 
LEFM and utilises the stress intensity factor. This is justified since the 
hysteresis loops were close to linear elastic. The majority of the inelastic 
deformation occurred during the first few cycles of the TMF test (as will 
be shown later). For the SET specimen, the mode-I stress intensity factor, 
K, takes the general form 

K = σnom
̅̅̅̅̅
πa

√
fSET

( a
W

)
(11)  

where fSET is the geometrical factor for the SET specimen with a width 
W = 12 mm (see Fig. 3). To obtain fSET, the linear elastic FE model 
introduced in Section 3.1 was used. For each aFE, an average mode I FE 
stress intensity factor, KFE, was computed along the crack front 
(excluding one value from the end of each side) through the built-in 
routines in Franc3D [30]. The software utilises a path-independent 
line integral around the crack tip to compute the stress intensity fac
tor. The geometrical factor, fSET, was evaluated at several normalised 
crack length, a/W, as shown in Fig. 8, and fitted using a 7th degree 
polynomial function, 

fSET

( a
W

)
= 261.22

( a
W

)7
− 772.7

( a
W

)6
+ 918.2

( a
W

)5
− 556.4

( a
W

)4

+180.51
( a

W

)3
− 28.49

( a
W

)2
+ 2.692

( a
W

)
+ 1.12.

(12) 

The geometrical factor, fSET, is then used in Eq. (11) to compute K for 
any nominal stress, σnom, in the experimental cycle for which the crack 
length, a, is known. 

The fatigue crack growth was characterised by Paris law [32] 

Fig. 7. An example describes the crack closure measurement method applied on specimen SET-05 at cycle 100, showing (a) the experimental σnom − εmec curve; (b) 
the degree of crack opening and closing, Dop and Dcl, as a function of the nominal stress, σnom. 
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da
dN

= C̃ΔKm̃ (13)  

where the relation between the crack growth rate, da/dN, and the stress 
intensity range, ΔK, follows a power law relationship with ̃C and m̃ being 
material parameters. Various definitions of ΔK exist [28], most common 
is to exclude the compressive part of the cycle, i.e. negative stress in
tensities, giving 

ΔK =

⎧
⎨

⎩

Kmax − Kmin if Kmin > 0
Kmax if Kmin ≤ 0
0 if Kmax ≤ 0

(14)  

where Kmax and Kmin correspond to the stress intensity factor at σmax and 
σmin, respectively. An alternative definition is using the full stress range 
giving the full range stress intensity factor, ΔKfr, as 

ΔKfr = Kmax − Kmin. (15) 

To account for crack closure effects that influence the crack growth 

behaviour, only the part of the cycle that correspond to the crack being 
fully open is considered [8]. For the loading part of the cycle 

ΔKeff,op = Kmax − Kop (16)  

where ΔKeff,op and Kop are the effective opening stress intensity range 
and the stress intensity factor at σop, respectively. For the unloading part 
of the cycle 

ΔKeff,cl = Kmax − Kcl (17)  

where ΔKeff,cl and Kcl are the effective closing stress intensity range and 
the stress intensity factor at σcl, respectively. 

4. Experimental results 

All strain controlled OP-TMF crack propagation tests were done in 
negative mechanical strain (except for the restarted test of SET-02 with a 
slight positive εmec of about 0.04 %). The main driving factor for crack 
growth came from tensile stresses introduced as a result of the first half- 
cycle being inelastic. Fig. 9 (a) shows σnom − εmec curves for test SET-05 
(OP-TMF Δεmec = 0.6 %) with excessive plasticity and creep in the 
first half-cycle, especially above 500 ◦C, causing tensile stress as εmec 

returned to zero. For all strain controlled tests, σmin of the first cycle 
reached a similar level between − 294 MPa to − 350 MPa, followed by 
relaxation with cycles suggesting that creep is the main controlling 
factor of σmin after the initial plasticity during the first half-cycle. On the 
other hand, for σmax, a dependency on a, Δεmec, and Rε, was observed for 
the strain controlled OP-TMF tests. 

The isothermal crack propagation test at 100 ◦C and the stress 
controlled OP-TMF test, SET-01, (at all stress ranges) showed no signs of 
crack closure as no change in the stiffness was observed in the σnom − εmec 

curves. However, all the strain controlled OP-TMF crack propagation 
tests showed visible changes in the stiffness below zero nominal stress 
for all cycles, suggesting premature crack opening and closing, e.g. see 
Fig. 9 (a). To account for this effect, the nominal stresses at which the 
crack closure occurred during the loading and the unloading parts of the 
cycle, σop and σcl respectively, were calculated for all strain controlled 
tests using the the method discussed in Section 3.2. Fig. 9 (b) shows an 
example of crack opening and closing stresses, σop and σcl, for SET-05 
(OP-TMF Δεmec = 0.6 %). The σop and σcl were not necessary equal 
and the largest difference between them occurred at short crack lengths. 
However, the difference reduces as the crack length increases with 

Fig. 8. The geometrical factor for the SET specimen, fSET, as a function of 
normalised crack length, a/W. 

Fig. 9. The SET-05 specimen tested under 100–600 ◦C OP-TMF, Δεmec = 0.6 % showing (a) experimental σnom − εmec curves at cycles 1, 100 and 2000; (b) crack 
opening and closing stresses, σop and σcl, as a function of cycles, N. 
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cycles, see Fig. 9 (b). 
Fig. 10 (a) shows the crack growth rate, da/dN, versus ΔK, i.e. the 

stress intensity range for the tensile part of the cycle. All strain 
controlled OP-TMF tests appear to give faster crack growth rates than 
both stress controlled OP-TMF (SET-01) and isothermal crack growth at 
100 ◦C. Also, lower Δεmec gives faster crack growth than large Δεmec. 
However, for the restarted SET-02 test (OP-TME Δεmec = 0.5 %), the 
increase in Rε, from − ∞ to − 11, gave lower crack growth rates, as 
shown in Fig. 10 (a). On the other hand, using the full stress intensity 
range, ΔKfr, presented in Fig. 10 (b), showed no improvement in the 
prediction of the crack growth behaviour. 

By accounting for crack closure, as shown in Fig. 11, the crack 
growth rates for the different tests tend to collapse on a single master 
curve. In Fig. 11 (a), ΔKeff,op was used to account for closure captured 
from the loading part of the experimental cycle (see Eq. (16)), while in 
Fig. 11 (b), ΔKeff,cl was used to account for closure captured from the 
unloading part of the experimental cycle (see Eq. (17)). 

For all strain controlled tests, the crack growth rate starts from the 
highest value and decreases with cycles, unlike stress control tests where 
crack growth rate starts from the lowest value and increases with cycle, 
see Figs. 10 and 11. It can be observed that the initial part of the tests 
done at Δεmec = 0.5 % OP-TMF (SET-02 and SET-03) shows a large 
decrease in crack growth rate at constant stress intensity range. How
ever, this was not observed for the other strain ranges. The shift in Rε, 
due to test interruption, for SET-02 (OP-TMF Δεmec = 0.5 %) shifted the 
crack growth rate to a slightly different level (see Fig. 10); however, 
when accounting for crack closure, the growth behaviour followed the 
main trend (see Fig. 11). 

5. Finite element modelling of crack closure 

To predict the crack closure behaviour seen in the strain controlled 
OP-TMF tests, a three dimensional finite element model of the SET 
specimen with a stationary sharp crack was set up. Three different strain 
controlled OP-TMF tests with Δεmec of 0.5 %, 0.6 %, and 0.7 %, all with 
Rε = − ∞, were simulated. Each model was simulated with 7 different 
crack lengths, a, of 3.15 mm, 3.5 mm, 4.0 mm, 4.5 mm, 5.0 mm, 5.5 mm, 
6.0 mm. The stress controlled OP-TMF test was also simulated to confirm 

the non-existence of crack closure behaviour using the FE model. 

5.1. Boundary conditions, loading, and mesh 

Full SET specimen (see Fig. 3) with a crack starter of exactly 2 mm 
was modelled using the FE software ABAQUS [29]. Boundary conditions 
and loading were applied as shown in Fig. 12 to generate an FE model 
close the actual crack propagation test. The ends of the specimen were 
sectioned at the centre, perpendicular to the X and Z directions, to apply 
displacement constrains that fixes the specimen in the X and Z di
rections, see Fig. 12 a). Moreover, the displacement in the Y direction 
was fixed at the middle and through the thickness of the gauge section. 
At each end of the specimen, all nodes on the grip’s cross section surface 
were coupled, using kinematic coupling, to a reference node, as shown 
in Fig. 12 b). In kinematic coupling, all nodes on the surface follow the 
same movement as the reference node connected to it. 

The mechanical loading was applied uniaxially on the specimen as 
force in the Y-direction through the reference nodes (see Fig. 12 a)). The 
desired mechanical strain, εmec, was obtained using two sensors, located 
at the same location as the actual extensometer rods. Since no thermal 
expansion was included in the model, the total strain computed from the 
sensors was equivalent to the mechanical strain. Furthermore, to ach
ieve OP-TMF conditions, a time dependent uniform temperature field 
was assigned to the whole specimen. Strain controlled testing was 
simulated using user defined amplitude subroutine where the applied 
load on the reference nodes was controlled to achieve the desired εmec 

from the sensors. The modelled SET specimen was meshed, as shown in 
Fig. 13, using quadratic hexahedron elements with reduced integration. 
Fig. 13 b) shows the mesh refinement within the gauge section. 

5.2. Sharp crack and contacts conditions 

A sharp planar crack was inserted at the root of the crack starter, see 
Fig. 12 a. This was done by defining a through thickness surface and 
duplicating all nodes on it (except for the nodes at the tip) creating two 
set of nodes on each face of the crack. A contour mesh was used around 
the crack tip, as shown in Fig. 13 b). The elements at the tip were 
hexahedron elements collapsed to wedge elements to improve the strain 

Fig. 10. Fatigue crack growth behaviour without accounting for crack closure, using (a) da/dN versus ΔK (only tensile part of the fatigue cycles); (b) da/dN versus 
ΔKfr (full range of the fatigue cycles). 
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Fig. 11. Fatigue crack growth behaviour accounting for crack closure, using (a) da/dN versus ΔKeff,op (closure level from the loading part of the cycle); (b) da/dN 
versus ΔKeff,cl (closure level from the unloading part of the cycle). 

Fig. 12. The FE model of SET specimen used for simulating OP-TMF tests showing, a) boundary conditions, sensors, and reference nodes; b) kinematic coupling 
between reference nodes and the grip’s cross section surfaces. 

Fig. 13. Meshing of the FE model showing, a) the modelled SET specimen and mesh refinement though the gauge thickness; b) mesh refinement within the 
gauge section. 
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singularity. In addition, the nodes that were collapsed at the same 
geometrical location were constrained to move together as a single node. 
The crack tip mid-side nodes were moved closer to the tip (30% away 
from crack tip). This produced a crack tip singularity suitable for linear 
elastic models [29]. Contact conditions were applied on the sharp crack 
surface to prevent interpenetration during compressive load. Self- 
contact condition was used, which can be though of as a surface that 
has been completely folded to form the sharp crack. The contact 
formulation used was a finite-sliding tracking approach with surface-to- 
surface discretisation. For the mechanical properties of the contacts, 
rough friction was used, which implies that no slipping occurs once the 
crack surfaces are in contact. For the contact constraint enforcement, a 
linear penalty method was used, which implies that transmission of 
contact pressure occurs only when the surfaces are in contact and the 
contact force is linearly proportional to the penetration distance. 

5.3. Material models 

The FE simulations in this work used both cyclic elasto-plastic and 
creep material models, which were provided by the FE software, ABA
QUS [29], as built-in constitutive models. All the parameters employed 
to calibrate the material models were extracted from separate 
isothermal low cycle fatigue (LCF) testing on smooth cylindrical speci
mens done in a previous work by the authors, see [17]. These tests were 
done on the same steel, FB2, and from the same material batch. The 
parameters for the elasto-plastic model were extracted from the mono
tonic loading of the first half-cycle and the parameters for the creep 
model were taken from LCF cycles with dwell times. 

A linear elastic model and a nonlinear kinematic hardening model 
with two back-stresses were used for the elasto-plastic material model. 
An associated flow rule with von Mises yield criteria was utilised. The 
evolution law of the hardening model consisted of Ziegler’s kinematic 
law plus a recall term for each of the back-stresses, αm, [29] 

α̇m = Cm
σ − α

σy
ε̇p

− γmαmε̇p (18)  

with the total back-stress tensor 

α =
∑2

m=1
αm (19)  

where Cm and γm are temperature dependent material parameters with 
m = 1,2, while α̇m, σ, σy, and ε̇p are the rate of the back-stress tensor, the 
stress tensor, the yield strength, and the equivalent plastic strain rate, 
respectively. The temperature dependent material parameters used for 
the elasto-plastic model are presented in Table 2 where E and ν are the 
elastic modulus and Poisson’s ratio, respectively, while Δεmec is the 
mechanical strain range of the LCF test at which the kinematic hard
ening parameters were taken from. 

The creep behaviour was modelled using a Norton power law as [33] 

ε̇c
= Aσ̃n (20)  

where ε̇c and σ̃ are the equivalent creep strain rate and the equivalent 
stress, respectively, while A and n are temperature dependent fitted 

material parameters. 
These parameters were fitted for the first few cycles at the dwell 

region in tension for the LCF tests with dwell times. The fitting pro
cedure to obtain the creep parameters is explained in details in [17]. The 
parameter A was fitted using an Arrhenius type equation and n using a 
2nd degree polynomial. These fits were used to obtain the creep pa
rameters at any desired temperature. Table 3 present the fitted creep 
parameters for each tested temperature. All the temperature dependent 
material parameters presented in Table 2 and 3 were interpolated over 
the temperature range 100–600 ◦C (extrapolated to 100 ◦C in the case of 
creep parameters) for every 10 ◦C prior to including them in the FE 
model. 

5.4. Verification of the finite element model 

The first few cycles of the strain controlled OP-TMF tests were 
simulated to check the accuracy of the FE model. Fig. 14 shows a 
comparison of σnom − εmec curves from the experiments and the FE 
simulation for SET-06 (OP-TMF, Δεmec = 0.6 %), which was cycled a few 
times without a sharp crack (prior to pre-cracking). The FE simulation 
showed a satisfactory prediction considering that the material model 
was calibrated using isothermal LCF tests. This also indicates that the 
applied loading, boundary conditions, and mesh were acceptable. 

The strain controlled OP-TMF tests with the first σnom − εmec cycle 
done after pre-cracking were simulated by including sharp crack and 
contact conditions in the FE model (see Section 5.2). The simulated 
100–600 ◦C OP-TMF tests were SET-2 and SET-03 at Δεmec = 0.5 %, 
SET-05 at Δεmec = 0.6 %, and SET-07 at Δεmec = 0.7 %, as shown in 
Fig. 15 (a), (b), and (c), respectively. For all the three FE simulations, 
a = 3.5 mm was modelled, since the first cycle of all the experimental 
tests were observed to have approximately similar crack lengths. The 
σnom − εmec curves in Fig. 15 shows sufficiently accurate agreement be
tween the experiments and the FE simulations. Thus, the sharp crack and 
the contact conditions implemented in the FE model are justified. 
Furthermore, by observing Fig. 14 and Fig. 15 (b), it can be seen that the 
assumption of including a fully closed sharp crack in the FE model was 
valid, since similar inelastic behaviour was achieved during the 
compression part of the first cycle with or without the sharp crack. 
Although further cycling would relax the minimum stress, σmin, in the 
experimental result (see Fig. 9 (a)), the FE simulations were not adapted 
to capture this behaviour and only a small relaxation occurred before a 
stable σmin was reached (around − 300 MPa after 5 simulated cycles) for 
all simulated Δεmec and crack lengths. It should be noted that the crack 
starter did not close during compression in either the experimental or 
the FE results. 

Table 2 
The elasto-plastic temperature dependent material parameters used for simulating OP-TMF crack propagation tests.  

Temperature, ◦C E, GPa  ν  Δεmec, %  σy, MPa  C1, MPa  C2, MPa  γ1  γ2  

20 213.97 0.285 2.0 588.40 44,680 322,985 426.07 4157.7 
400 186.69 0.299 1.2 481.22 85,958 229,111 828.84 5821.7 
500 179.91 0.305 1.2 420.31 101,264 257,438 870.96 5782.6 
550 170.24 0.308       
600 159.41 0.312 1.2 300.20 118,360 584,880 1056.4 7054.7 
625 147.36 0.314        

Table 3 
Temperature dependent material parameters, A and n, for the Norton power law 
creep model.  

Temperature, ◦C A, 1/(GPan⋅s) n  

500 6.65 × 104  30.27 

550 8.10 × 102  19.95 

600 16.37 13.69  
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5.5. Finite element crack closure prediction 

The stationary sharp crack with contact conditions in the FE model 
caused a change in the stiffness below zero nominal stress, i.e. crack 
closure. This change in the stiffness could be observed from the loading 
of the first modelled cycle for all simulated Δεmec and crack lengths, e.g. 
see Fig. 15. To determine the crack closure level in the FE simulations, 
the crack closure stress measurement method, discussed in Section 3.2, 
was used. The method was applied on both the loading and the 
unloading part of the modelled cycle to obtain the FE crack opening 
stress, σop, and the FE crack closing stress, σcl. All the FE simulations 
were run for 5 cycles so that a stable closure stresses were reached; 
however, it was observed that the FE σcl stabilises faster (on the 2nd 
cycle) than the FE σop. Nevertheless, σop and σcl from all the FE simu
lations were taken from the 5th modelled cycle. Fig. 16 shows the 
experimental and FE modelled crack closure stresses (σop and σcl) as a 
function of the crack length, a. The FE crack opening and closing stresses 
were interpolated over a using a shape preserving piecewise cubic 

polynomial [31]. For both experimental and FE results, σop shows a 
rather weak dependence on Δεmec (see Fig. 16 (a)), while σcl shows a 
larger distinction with Δεmec (see Fig. 16 (b)). In general, the FE crack 
closure stresses (σop and σcl) seem to predict the experimental results 
better for short crack lengths. Nevertheless, the maximum difference 
between the experimental and FE computed crack closure stresses was 
relatively small, i.e. ≈ 20 MPa. Thus, the FE predictions for the crack 
closure stresses were acceptable. Furthermore, the FE simulations seem 
to predict the difference between the opening and closing of the crack, i. 
e. the difference between σop and σcl, see Fig. 16. 

The stress intensity factors for FE σop and FE σcl, i.e. FE Kop and FE Kcl, 
were computed using Eq. (11). This allowed the computation of the FE 
effective opening and closing stress intensity ranges, i.e. FE ΔKeff,op and 
FE ΔKeff,cl, respectively, using Eq. (16) and (17). By accounting for the 
crack closure effects through the FE simulations, the crack growth 
curves collapses together using both FE ΔKeff,op and FE ΔKeff,cl, as shown 
in Fig. 17. However, the crack growth behaviour seem to align better 
with the OP-TMF stress controlled tests and the isothermal crack prop
agation test when using the FE effective closing stress intensity range, FE 
ΔKeff,op, as seen in Fig. 17 (b). 

6. Discussion 

The crack closure measurement in the current study was based on the 
change in the specimen’s global stiffness obtained from the σnom − εmec 

curves following a compliance method adapted for TMF conditions (see 
Section 3.2). Local measurement of crack opening stress using two- 
dimensional FE model with a node-release scheme has been seen to 
correlate well with the use of compliance method [7]. Both the experi
mental and the modelled crack closure stresses in the current work (see 
Fig. 16) were produced by the compliance method for the same 
threshold level of Dop and Dcl, i.e. 0.9. 

Accounting for crack closure from the experimental σnom − εmec cy
cles, as shown in Fig. 11, seem to align all strain controlled tests with the 
results from the stress control OP-TMF tests (SET-01) and the isothermal 
fatigue crack propagation test at 100 ◦C (which did not change since no 
crack closure was detected). This shows that OP-TMF crack growth in 
the studied material (FB2) is largely determined by the low temperature 
part of the cycle, i.e. at 100 ◦C. It could also be seen, in Fig. 11, that using 
ΔKeff,cl collapsed the curves for all strain controlled tests better than 
ΔKeff,op, especially for large stress intensity range values where the crack 

Fig. 14. Experimental and modelled σnom − εmec curves for SET-06 (OP-TMF, 
Δε = 0.6 %) cycled prior to pre-cracking (without sharp crack). 

Fig. 15. Experimental and modelled σnom − εmec curves for the 1st cycle of OP-TMF test with sharp crack and Δεmec of (a) 0.5 %, (b) 0.6 %, and (c) 0.7 %; where a is 
the crack length. 
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lengths are short (in all strain controlled tests, the crack driving force 
decreases as the crack grows). This suggests that σcl has more influence 
on the crack growth behaviour than σop. 

The largest difference between the crack opening and closing 
stresses, σop and σcl, was observed at short crack lengths, see Fig. 9 (b) 
and Fig. 16. However, this difference decreases as the crack length get 
longer. The proposed explanation for this behaviour is that, as the crack 
opens during loading (see Fig. 9 (a)), the crack tip accumulate large local 
stresses, especially for short cracks in strain controlled tests; during 
unloading those residual stresses hinders the crack closing process. 
However, when reaching maximum compression, those stresses at the 
crack tip relaxes quickly due to the rapid creep rate in this material at 
600 ◦C. Thus, during the next loading, the low residual stresses at the 

crack tip requires a higher load level to open the crack. This mismatch 
between the closing and opening of the crack is also the reason for the 
hysteresis loop being slightly open, see Fig. 9 (a). The degree of this 
mismatch reduces with cycles for strain controlled tests (see Fig. 9 (b) 
and Fig. 16), since the residual stresses reduces with increase in the 
crack length. 

The explanation for the rather large change in the crack closing 
stress, σcl, with crack length, a, (see Fig. 16 (b)) can be understood from 
the FE σnom − εmec curves shown in Fig. 18. A drop in the maximum 
nominal stress of the cycle, σmax, can be observed in Fig. 18 at longer 
crack lengths for all the FE simulated Δεmec. This leads to lower local 
residual stresses at the crack tip, which in-turn reduces the resistance to 
crack closing (i.e. a drop in σcl) bringing σcl closer to σop as the crack 

Fig. 16. Experimental and numerical crack closure levels as a function of crack length, a using (a) crack opening stress, σop; (b) crack closing stress, σcl.  

Fig. 17. Crack growth rate versus FE effective stress intensity range using (a) FE effective opening stress intensity range, FE ΔKeff,op; (b) FE effective closing stress 
intensity range, FE ΔKeff,cl. 
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grows. In addition, the increase in Δεmec can be seen, in Fig. 18, to in
crease σmax which explains the noticeable distinction of σcl with different 
Δεmec (see Fig. 16 (b)). However, the change in crack length has no effect 
on the minimum nominal stress of the cycle, σmin, explaining the lack of 
distinction of σop with different Δεmec (see Fig. 16 (a)). Nevertheless, in 
the experimental results, σmin increases with time as the crack grows (see 
Fig. 9 (a)), which explains the discrepancy of the FE crack closure pre
dictions compared to experimental values as the crack length, a, in
creases (see Fig. 16). This is mainly since higher σmax can be reached if 
σmin is increasing. Thus, improving the constitutive model to include the 
change in σmin is considered desirable in future work. 

The crack growth behaviour for SET-06, which was cycled prior to 
pre-cracking, coincides with SET-04 and SET-05 (OP-TMF with Δεmec =

0.6 %) as seen in Figs. 10 and 11. This suggest that it does not matter 
whether or not the crack is present during the inelastic compression in 
the first half-cycle. Thus, justifying the use of a completely closed sharp 
crack with contacts conditions to model the first half-cycle (see Fig. 15). 

The three-dimensional FE model with a stationary crack and contact 
conditions (without any node-release or crack growth schemes) was 
successful in approximating the crack closure stresses obtained from the 
experimental cycles using the compliance method (see Fig. 16). The FE 
model incorporated the sever plastic and creep behaviour from the first 
half-cycle using both elasto-plastic and creep material models for all the 
simulations. In addition, the relaxation of local stresses was allowed at 
high temperatures due to the creep model. Any other history depen
dence effects were not captured by the FE model due to the use of a sharp 
stationary crack. Both experimentally and numerically computed crack 
closure stresses were seen to collapse the fatigue crack growth curves 
together with good agreement, see Figs. 11 and 17. 

7. Conclusion 

The crack propagation behaviour was investigated for the 9–12 % Cr 
martensitic steel FB2 which is commonly used at the high-temperature 
section of steam turbines. The testing was performed under out-of- 
phase thermomechanical fatigue in both stress and strain control with 
a temperature range of 100–600 ◦C. The main conclusions are  

• Crack closure was observed for all the tests done in strain control 
(negative Rε). This was indicated through the change in the global 
stiffness of specimen below zero nominal stress. A difference was 
seen between the crack opening stress and the crack closing stress 
which was more pronounced at short crack lengths and at high me
chanical strain ranges.  

• Load ratio dependency was observed in the crack growth rate curves 
when using stress intensity range for only the tensile part of the cycle. 
By accounting for the crack closure experimentally, i.e. using the 
effective stress intensity range, the crack growth rates curves 
collapsed into a single master curve. A better collapse of the curves 
were seen when using crack closing stress (not crack opening stress). 
The collapsed curves coincided with an isothermal fatigue crack 
growth test at 100 ◦C which suggests that the crack growth rate for 
FB2 is strongly determined by the minimum temperature of the 
cycle.  

• The crack closure levels were predicted numerically using a three 
dimensional finite element model with a stationary sharp crack and 
contact conditions. The finite element effective stress intensity 
ranges were similar to the experimentally computed.  

• The difference between the crack opening and closing stresses was 
captured and motivated by the finite element modelling. The 
reduction in the difference between opening and closing stresses 
with increasing crack length was attributed to the drop in the 
maximum stress of the cycle, which occurred at lower strain ranges 
and for long cracks (for strain controlled tests). The maximum stress 
in the cycle determines the level of the local residual stresses intro
duced at the crack tip. Large residual stresses would hinder crack 

closing process but relax at the minimum stress of the cycle (due to 
the creep behaviour of the material at the maximum temperature of 
600 ◦C) creating the mismatch with the crack opening stress. 
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