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Abstract: Problem statement: Lifetime of standard dog-bone specimens made form steel as affected 
by phasing between thermal cycles and strains cycles and by cycle duration in thermomechanical 
fatigue is assessed under various conditions of loading. Approach: The methodology used was based 
on finite element post-processing analysis by specialized fatigue software package that takes into 
account coupling of damage from three primary sources: Fatigue, oxidation and creep. Results: A 
parametric study has been conducted for various thermomechanical loadings and effects of phasing 
and cycle duration on lifetime have been evaluated. The associated percentages of damage mechanisms 
due to fatigue, oxidation and creep have been determined. Conclusion: It has been shown that both 
phasing and cycle duration have considerable effect on lifetime. In the range of parameters investigated, 
the in-phase cycles were found to reduce considerably damage in the specimen for low pressures and low 
temperatures. The results have shown also that there was no way of unique comparison of the various 
phasing configurations, since there exists always a case of thermomechanical loading for which one 
phasing configuration yields higher damage than any another configuration.   
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INTRODUCTION 

 
 Mechanical properties of materials are temperature 
dependent. In general, material performances decrease 
with increasing temperature, but this is not always the 
case because Young’s modulus of some tempered steels 
increases slightly at mid temperatures before decreasing 
at high temperatures. The effect of high temperature on 
mechanical properties is linked to transformations 
occurring at the material microstructure level under 
various physical processes. In general, inelastic 
deformations occur more easily at elevated 
temperatures yielding that more plastic deformation and 
creep can develop in the plastic zone near a fatigue 
crack tip. Fatigue resistance is also affected by 
temperature and by oxidation process which may be 
activated. Fatigue damage accumulation is expected 
then to be very affected by temperature increase. All 
these characteristics constitute the mean features of 
what it is termed Thermomechanical Fatigue (TMF).   

 The combined action of cyclic strains at high 
temperatures with time-dependent temperature 
variations applies in practice to specific components 
that are exposed during their service to high 
temperatures and to oscillating mechanical loads.  In 
general, the temperature profile varies between a high 
operating temperature and a low temperature. Cyclic 
thermal stresses can develop then if the structure is 
constrained against free expansion. This yields to 
considerable complexity of the fatigue problem 
scenario as temperature and time become two 
additional variables. 
 Discarding situations where temperature transients 
are significant, temperature can be assumed at each 
instant to be uniform over the whole domain and only 
concurrent static thermal cycles and static strain cycles 
could be assumed to occur.  
 Thermomechanical Fatigue (TMF) is characterised 
by strong interaction between mechanical fatigue, creep 
and oxidation which leads to complex damage 
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mechanisms, (Rahman et al., 2009a; Zhuang and 
Swansson, 1998). Thomas et al. (1982) had shown 
through experiments that TMF testing is more severe 
than isothermal testing conducted at the maximum 
temperature. Bill et al. (1984) had found that lifetime of 
material specimens under in-phase thermomechanical 
cycling is well below isothermal creep-fatigue lives 
obtained at various fixed temperatures belonging to the 
temperature range that had been investigated. Fatigue 
damage is dependent on the phase relationship between 
strain and temperature. There are two extreme 
thermomechanical situations that have been generally 
considered; In-Phase (IP) and out-Of-Phase (OP) 
cycles. In general, both in-phase and out-of-phase stress 
and temperature cycles were found to be more 
damaging than isothermal stress cycles. Often, but not 
at all times, in-phase stress cycles and temperature 
cycles were found to be more damaging than out-of-
phase cycles. The phasing effect was also found to be 
material dependent. In the special case of metal matrix 
composites undergoing low cycle fatigue, this phase 
effect was discussed in (Halford et al., 1976).  
 The fatigue damage process is driven by cyclic 
plastic strains where oxidation and creep effects could 
be neglected. Fatigue damage is dominant at high strain 
ranges, strain rates and low temperatures. 
 Creep damage result essentially from a 
microscopic diffusion process. Maximum stress has a 
dominant role in this fatigue mechanism and the 
interaction of the strain rate and temperature was 
recognized to have a strong influence on it, (Sehitoglu 
and Boismier, 1990; Sehitoglu, 1992; Djavanroodi, 
2008).  
 Oxidation damage can occur at the surface 
material. This process occurs more spontaneously at 
higher temperatures according to two major 
mechanisms, (Sehitoglu and Boismier, 1990; Sehitoglu, 
1992; Abdullah et al., 2009). In the first case, the oxide 
layer forms when the surface is hot and in compression. 
The oxide layer becomes brittle at the lower 
temperature and during mechanical straining it cracks 
to expose new clean metal surfaces which will rapidly 
oxidize.  In the second case, the oxide forms during the 
hot portion of the loading cycle while the material 
undergoes tension. Cooling after that will cause 
delamination and fracture of the oxide and new clean 
metal surfaces are then exposed. Oxidation during TMF 
is an important factor while it is hardly perceptible in 
isothermal loading as various tests had demonstrated 
this fact. 
 Both creep diffusion and oxidation is highly 
temperature and time dependant. In particular cycle 
duration is of crucial importance in these fatigue 

mechanisms, (Sehitoglu and Boismier, 1990; Sehitoglu, 
1992). 
 A large number of thermomechanical fatigue 
models were proposed in the literature for the 
prediction of TMF lifetime, (Zhuang and Swansson, 
1998). Each model was derived however for a 
particular use of a given material under specific ranges 
of temperature and cyclic strain. No versatile model can 
nowadays be used to predict lifetime under arbitrary 
thermomechanical loading conditions.  
 In this work, fatigue damage resulting from various 
thermomechanical loadings acting on the structure of a 
standard dog-bone specimen is investigated. This 
specimen is used habitually to investigate 
experimentally TMF (Lawson et al., 1991; Velay et al., 
2006). The special effects of phasing between strain 
cycles and thermal cycles and that of cycle duration are 
assessed. Finite element modeling of the part is 
performed at first, the most loaded node is identified 
after that, then the specialized fatigue post-processing 
software package, e-fatigue, is used to calculate lifetime 
under any considered combination of thermal cycles, 
strain cycles and cycle durations according to the strain 
accumulation based Sehitoglu model (Neu and 
Sehitoglu, 1989; Sehitoglu and Boismier, 1990; 
Sehitoglu, 1992). 
 

MATERIALS AND METHODS 
 
 Different approaches have been introduced for 
the prediction of fatigue lifetime (Swanson et al., 
1986; Rahman et al., 2009b; Abdullah et al., 2009; 
Gocmez et al., 2010). There are phenomenological 
models which relate measured total mechanical fields 
and lifetime without considering explicitly the different 
damaging mechanisms, (Gao et al., 2005; 2007). In this 
kind of approaches considerable experimental data is 
usually needed to identify the model parameters. To 
reduce the experimental effort to a strict minimum, 
rational approaches to modeling fatigue lifetime were 
considered. These include three families: damage 
partitioning based methods, crack growth based models 
and fatigue theories based on energetic approaches. In 
all these approaches model parameters are identified 
from specific tests. 
 In cumulative damage based models, explicit 
consideration of the different damaging mechanisms is 
carried out, (Halford et al., 1976; 1988; Rees and 
Dyson, 1986; Neu and Sehitoglu, 1989; Sehitoglu, 
1990; Lemaitre and   Chaboche, 1990; Sehitoglu, 1992; 
Kang et al., 2007). In crack growth based models, life is 
related to local inelastic strains at the crack tip (Newman, 
1984; Christ et al., 2003; Djavanroodi, 2008). In 
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energetic based fatigue theories, a relation between 
dissipated energy and the number of cycles to failure is 
assessed (Skelton, 1991; 1993). 
 From a practical point of view, damage strain 
partitioning based methods were recognized to be 
pertinent if one decides to estimate fatigue lifetime by 
performing finite element post-processing, (De-
Andres et al., 1999; Gaiera and Dannbauera, 2003; 
Kocabicak and Firat, 2004; Lei, 2008; Sun and Shang, 
2010). Strain damage partitioning method will be used 
in the following to perform prediction of TMF lifetime 
(Boismier and Sehitoglu, 1990; Sehitoglu and Boismier, 
1990; Sehitoglu, 1992) by means of finite element post-
processing. 
 There are many active mechanisms in the TMF 
process. But, it is convenient to consider damage to 
result from three major sources: fatigue, oxidation and 
creep. Damage from each process is summed to obtain 
an estimate of the total fatigue life, Nf, according to the 
following equation, (Neu and Sehitoglu, 1989a; 1989b): 
 

m ox cr
f f f f

1 1 1 1

N N N N
= + +  (1) 

 
Where: 

m
fN  = The fatigue damage lifetime, ox

fN the oxidation 

lifetime  
cr
fN  = The creep lifetime 

 
 The strain-life equation is the most common 
description mode of the fatigue damage process. This 
equation writes 
 

( ) ( )b cm mf
f f f2N 2N

2 E

′∆ε σ ′= + ε  (2) 

 
Where: 

f′σ  = The fatigue strength coefficient 

b = The Basquin’s fatigue strength exponent 

f′ε  = The fatigue ductility coefficient, c the Coffin-

Manson fatigue ductility exponent  
E = The Young’s modulus 
 
 A linear temperature dependence for the elastic 
modulus is frequently employed: 
 

E = E0-E1T 
 
Where: 
E0 = The elastic modulus 
E1 = The elastic modulus temperature dependence 

 The oxidation damage formulation due to (Neu and 
Sehitoglu, 1989a; 1989b) predicts that oxide damage 
will occur when the strain range exceeds a threshold 
∆εmech>ε0 for oxide cracking. Oxidation damage 
equation is given by: 
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Where: 
ε0  = The threshold strain for oxide cracking 
tc  =  The cycle duration 
Hcr  = A constant related to critical oxide thickness 
β  =  The mechanical strain range exponent 
λ  =  The thermal strain rate sensitivity exponent 
ξ0x  =  The oxidation phasing constant for thermal and 

mechanical strains 
∆H0x  =  The activation energy for oxidation 
Kpeff  = The effective parabolic oxidation constant 
D0 =  A scaling constant for oxidation  
 
 The phasing factor ξ0x is introduced to account for 
the type of oxide cracking that can occur in either IP or 
OP loading. Phasing is represented by the ratio of 
thermal and mechanical strain rates th mech/ε ε& & . From 

laboratory tests the OP-TMF (th mech/ 1ε ε = −& & ) showed 

the most oxidation damage, ox 1Φ = , while for the free 

expansion case  th mech/ε ε = ±∞& &  no oxidation damage 

was observed, ox 0Φ = . 

 The creep formulation suggested by (Neu and 
Sehitoglu, 1989a; 1989b) predicts damage according to 
the equation: 
 

cr
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Fig. 1: Geometric configuration of the considered 

specimen 
 
Where: 
∆Hcr  =  The activation energy for creep  
Acr  =  A scaling constant for creep  
m  =  The creep stress exponent   
σ    =  The equivalent stress ( ij ij(2 / 3)S Sσ =  with Sij  

the deviatoric stresses) 
σm  =  The hydrostatic stress (σm = σii/3)  
α1  =  A stress state constant 
α2  =  A hydrostatic stress sensitivity constant 
ξcr  = The creep phasing constant for thermal and 

mechanical strains 
m  =  A material constant  
K = The drag stress 
 
 The drag stress is an internal state variable that is 
related to the strength of the material. It is the stress that 
defines the transition from creep to plasticity dominated 
deformation. It is not constant but depends on the 
temperature, T. A linear temperature for the drag stress 
is often employed:  
 

K = K0-K1T 
 
Where: 
K0  = The back stress  
K1 = The back stress temperature dependence  
 
 If no creep damage occurs in compression α1 = 1/3 
and α2 = 1. From laboratory tests the IP-TMF 
( th mech/ 1ε ε =& & )  showed the most creep damage, cr 1Φ = . 

 The following methodology is used to derive a 
numerical modeling of TMF. At first, finite element 
modeling of the dog-bone specimen under specific 
applied mechanical loading cycles and temperature 
cycles is performed. The most strained mesh point is 
identified. Total strains histories in that point are then 
extracted. These constitutes with the cycle duration and 
the material TMF data inputs of the eFatigue system 
(https://efatigue.com/) which is used for evaluating 
fatigue life through using the High Temperature Fatigue 
Calculator.  
 The standard dog-bone specimen is axisymmetric 
with length L = 126×10−3 m and variable radius 

between Rmin = 7×10−3 m and Rmax = 16×10−3 m. Only 
the quarter of a meridian section of this specimen needs 
to be modeled. Finite element modeling is performed 
by assuming 2-D axisymmetric deformation.  
 Elastic or Elastic plastic strain cycles and thermal 
cycles are considered to act simultaneously on the 
specimen. The mechanical loading results from 
applying a tension pressure designated by P at the 
outside extremity of the specimen. To obtain a thermal 
stress loading under homogeneous uniform temperature 
distribution, the specimen was restrained against axial 
expansion by creating an interaction boundary 
condition at its outside edge (Fig. 1).  
 The material properties used are those of the SAE 
1070 steel. This steel is considered in the temperature 
range 20 and 600°C. 
 The stresses are computed by using the constitutive 
model suggested by (Bodner et al., 1979). In this 
model, the combined effects of creep and plasticity are 
treated as inelastic strains. At lower stresses 0Kσ ≤ , 

where σ  is the equivalent stress and 0K a drag stress, 

time dependant creep dominates the behavior. Plasticity 
dominates at higher stresses when 0Kσ ≥ . The drag 

stress is an internal state variable that is related to the 
strength of the material. It is the stress that defines the 
transition from creep to plasticity dominated 
deformation and depends on the temperature. 
 The Bodner et al. (1979) constitutive model writes: 
 

 
1n in

mech 0

H
A exp if K

E K RT

 σ σ ∆ ε = + − σ ≤  
   

&
&  (5) 

 
Where: 
∆Hin  =  The activation energy for inelastic deformation  
A0  =  Scaling constant  
n1  = Exponent for creep dominated deformation  
n2  = Exponent for plasticity dominated deformation 
 
 The thermal expansion coefficient α is also needed 
in the analysis to determine thermal strains.  
 Poisson’s coefficient does not depend on 
temperature and takes the constant value υ = 0.3.  
 These TMF equations represent a model for steady 
state deformation and require a total of 27 material 
modeling constants. For the SAE 1070 steel Fatigue 
Calculator provides fatigue material characteristics as a 
default option. Using the units: MPa for E, f′σ  and K0 

and °C for temperature T, the following parameters 
were used during eFatigue simulations:  
 
α = 1.18×10−5; E(T)=211000+35T if T≤435°C; E(T) = 
318100-283T if T>435°C; υ = 0.3; K0 = 256+0.0014T2 
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if T<304°C; K = 568-0.6T if T≥304°C; n1 = 5.4; n2 = 
8.3; A0 = 4×109; ∆Hin = 210600; E = 201510; f 958′σ = ; 

b = -0.093; f 0.0996′ε = ; c = -0.464; ξcr = 0.4; ∆Hcr = 

248100; Acr = 1.562×1014; m = 11.34; α1 = 0.333; α2 = 
1; ξ0x = 2; λ = 0.75; β = 1.5; D0 = 6.95×107; ∆H0x; Hcr = 
1.536×10−2; ε0 = 0. 
 
 The thermomecanical loading was applied 
according to  the  phasing  configurations  shown in 
Fig. 2-5. The phasing is defined as the advance of 
temperature cycles with respect to strain cycles. 
 Five different types of analyses were performed 
under Abaqus software:  
 
• Isothermal mechanical loading containing one 

strain cycle and   temperature is  constant (Iso), 
Fig. 2 

 

 
 
Fig. 2: Isothermal cyclic loading  
 

 
 
Fig. 3: Thermomechanical in-phase cyclic loading  
 

 
 
Fig. 4: Thermomechanical out-of-phase cyclic loading  

• Thermomechanical loading containing one strain 
cycle and one thermal cycle with temperature in 
phase with strain (IP-TMF), Fig. 3 

• Thermomechanical loading containing one strain 
cycle and one thermal cycle with temperature out 
of phase with strain (OP-TMF), Fig. 4 

• Nonproportional thermomechanical loading 
containing one strain cycle and one thermal cycle 
with temperature in advance of a quarter of period 
(A-TMF), Fig. 5 

• Nonproportional thermomechanical loading 
containing one strain cycle and one thermal cycle 
with temperature in delay of a quarter of period (D-
TMF), Fig. 6 

 
 Mesh refinement is one of the most important 
issues in the finite element simulation of fatigue stress 
concentration. Here, an adaptive remeshing technique 
was used. Beginning with a coarse mesh, Fig. 7, the 
initial mesh was refined to satisfy the asymptotic 
convergence condition. Figure 8 shows the refined 
mesh for a particular case of TMF loading. 
 

 
 
Fig. 5: Nonproportional thermomechanical cyclic 

loading with a quarter of period advance  
 

 
 
Fig. 6: Nonproportional thermomechanical cyclic 

loading with a quarter of period delay  
 

 
 
Fig. 7: Initial coarse mesh of the modeled portion of the 

specimen 
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Fig. 8: Refined mesh of the modelled portion of the 

specimen 
 
 Abaqus finite element results are analysed and the 
most strained point is determined. The total strain 
history at this point is extracted and transferred after 
that as input to the fatigue post-processing software 
Fatigue Calculator.  In addition to strain cycles, user can 
define temperature cycles to be considered in TMF 
lifetime prediction. But, since the  original  TMF theory 
of  Sehitoglu  as  formulated  by Eq. 1-4  is  one-
dimensional and the dog-bone specimen is subjected to 
axisymmetric loadings, three-dimensional TMF model is 
needed. This is achieved by extending the one-
dimensional theory to a three-dimensional state of stress 
using the concept of critical plane, (Affeldt et al., 2003). 
The maximum shear strain is then used instead of the 
one-dimensional strain according to: 
 

( ) ( )b cm mmech e f
f p f f

(1 )
2N (1 ) 2N

2 E

′∆γ + υ σ ′= + + υ ε  (6) 

 
Where: 
γmech = The maximum mechanical shear strain on 

the critical shear plane 
υe and υp = The Poisson’s ratios for respectively 

elastic and plastic deformation 
 
 The values υe = 0.25 and υp = 0.5 are used in this 
work. 
 

RESULTS 
 
 A parametric study was conducted on a dog-bone 
specimen having the material data specified here above 
under the following conditions: 
 
• Two values of the pressure were applied: P1 = 360 

MPa and P2 = 560 MPa 
• For the isothermal case, the reference temperature 

was varied in the set {200; 400; 600} (°C) 
• For the thermomechanical fatigue cases, the 

temperature range values were varied in the set 
{[200, 400]; [200, 600]} (°C) 

• Three values of cycle duration were applied: ∆t1 = 
30 sec; ∆t2 = 120 sec and ∆t3 = 210 sec 

 
 
Fig. 9: Decimal logarithm of cumulated fatigue 

lifetime cycles as function of the loading case 
and cycle duration 

 
Table 1: Loading case numbering as function of applied pressure, 

temperature range and phasing 
Loading case Pressure Temperature  Phasing 
number (MPa) range (°C) duration 
1 360 200 Isothermal 
2 560 200 Isothermal 
3 360 400 Isothermal 
4 560 400 Isothermal 
5 360 600 Isothermal 
6 560 600 Isothermal 
7 360 200-400 IP-TMF 
8 560 200-400 IP-TMF 
9 360 200-600 IP-TMF 
10 560 200-600 IP-TMF 
11 360 200-400 OP-TMF 
12 560 200-400 OP-TMF 
13 360 200-600 OP-TMF 
14 560 200-600 OP-TMF 
15 360 200-400 A-TMF 
16 560 200-400 A-TMF 
17 360 200-600 A-TMF 
18 560 200-600 A-TMF 
19 360 200-400 D-TMF 
20 560 200-400 D-TMF 
21 360 200-600 D-TMF 
22 560 200-600 D-TMF 
 
 Pressure P1 was chosen to yield only elastic 
deformations in the whole dog-bone specimen when 
subject to isothermal loading, while pressure P2 is 
chosen to yield plastic deformations in the central zone 
of the specimen. 
 Table 1 summarizes all the combinations for 
isothermal and TMF fatigue analyses performed in the 
following. 
 Using the finite element software Abaqus, the dog-
bone specimen was modelled and the most loaded point 
identified. Strains either resulting from the applied 
pressure or from the temperature gradient were 
computed at that point. Fatigue computation for each 
case was then performed by means of eFatigue 
software.   
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 Figure 9 gives the obtained cumulated fatigue 
results in terms of the decimal logarithm of lifetime 
cycles for all the isothermal and TMF and cycle 
duration cases.  
 

 
 
Fig. 10: Decimal logarithm of fatigue lifetime cycles as 

function of the loading case and cycle duration 
 

 
 
Fig. 11: Decimal logarithm of oxidation fatigue 

lifetime cycles as function of the loading case 
and cycle duration 

 

 
 
Fig. 12: Decimal logarithm of creep fatigue lifetime 

cycles as function of the loading case and 
cycle duration 

 Figure 10 gives the obtained fatigue results in 
terms of the decimal logarithm of fatigue lifetime 
cycles for all the isothermal and TMF and cycle 
duration cases. 
 Figure 11 gives the obtained fatigue results in 
terms of the decimal logarithm of oxidation fatigue 
lifetime cycles for all the isothermal and TMF and 
cycle duration cases. 
 Figure 12 gives the obtained fatigue results in 
terms of the decimal logarithm of creep fatigue lifetime 
cycles for all the isothermal and TMF cases and cycle 
durations. 
 

DISCUSSION 
 
 A general remark is that increasing the cycle time 
yields decrease of the lifetime cycles for all cases where 
oxidation and creep are significant. Except for the two 
first loading cases for which temperature is low, all the 
others loadings show sensitivity to cycle time.   
 By comparing the load case 6 with the cases 10, 
14, 18 and 22, Fig. 9 shows that the isothermal loading 
can be more damaging than themomechanical loading, 
unlike what is widely quoted in literature dealing with 
TMF.  
 As shown in Fig. 9, the OP-TMF lifetimes, cases 
11-14, were found to be most of the time less than the 
isothermal case with the same pressure and the same 
temperature range, but for pressure P3 the isothermal 
fatigue at 600°C is found to be more damaging than the 
OP-TMF fatigue in the temperature range 400 and 
600°C. 
 From Fig. 9, it can be noticed that almost all the 
time the OP-TMF lifetime is less than that of the IP-
TMF case. However for high pressures and high 
temperatures the difference between the In-Phase and 
Out-of-Phase cases decreases. 
 Considering now the phasing effect, Fig. 9 shows 
that there is no universal hierarchy as to the fatigue 
lifetime when comparing all the phasing configurations.  
There exists always at least a combination with the 
same pressure and temperature range data for which a 
phasing configuration has longer life than another and 
vice versa. 
 The last remark can also be drawn when comparing 
the lifetime cycles related to mechanical fatigue, 
oxidation or creep, as given in Fig. 10-12.  
 Considering damage percentages associated to the 
various mechanisms of fatigue, it could be noticed that 
in the isothermal case all the mechanisms: fatigue, 
oxidation and creep are present. Fatigue mechanism 
part dominates at lower temperatures and its effect 
increases with increasing pressure. Oxidation 
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mechanism becomes important for temperatures 
exceeding 400°C and dominates damage for the 
temperature 600°C. Creep mechanism is not significant 
for temperatures strictly less than 400°C while it 
becomes very critical for temperatures exceeding 
400°C. 
 

CONCLUSION 
 
 Lifetime of a standard dog-bone specimen with 
special boundary conditions and subjected to the action 
of various thermomechanical loadings was investigated 
by using finite element numerical modeling in 
conjunction with specialized fatigue post-processing 
software. Numerical simulations have shown that 
thermomechanical fatigue is not always more damaging 
than isothermal fatigue. The in-phase cycles were found 
to reduce considerably damage in the specimen for low 
pressures and low temperatures in comparison with the 
isothermal case while out-of-phase cycles had yielded 
more damage than the isothermal case. The results have 
shown also that there is no unique comparison of the 
various phasing configurations, since there exists 
always a case for which one phasing configuration 
loading yields higher damage than the other 
configurations.   
 All the damaging mechanisms were recognized to 
be active with fatigue to dominate at high pressures and 
low temperatures, while oxidation and creep effects 
were found to increase rapidly with increasing 
temperature and to be strongly coupled to the phasing 
configuration.  
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