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Life Prediction Methodologies for Materials and Structures

ONERA’s Multiaxial and 
Anisothermal Lifetime 

Assessment for Engine 
Components

This paper presents the calculation methods developed at ONERA to assess the 
lifetime of aeroengine structures subjected to multiaxial thermo-mechanical 

loadings. The complexity of the steps required in this process has grown over 
the past years, in order to take advantage of extremely accurate observations 
in materials and more precise experimental results. The research activities in 
the field of fatigue are presented within a framework that covers microstructural 
observations, mechanical testing, the development of constitutive equations and 
fatigue damage models associated with numerical calculations. All of these steps 
are today closely interrelated in the complex analysis of lifetime predictions. A 
fundamental aspect is highlighted: the simultaneous consideration of multiaxial 
and anisothermal loadings, which requires specific developments. These points 
are detailed, illustrated by many examples of applications and positioned with 
respect to research works in the literature.

Introduction

The lifetime prediction of complex structures, such as the high 
temperature components of aircraft engines is a critical step in 
the design process. Despite the number, the complexity and the 
effectiveness of existing lifetime assessment models in the literature 
(see the reviews of [32, 76, 66, 47 and 8]), none of them is far 
from unanimous. Effectively, these models must be integrated into 
a lifetime analysis workflow and require a consistency between the 
determination of mechanical fields in the component and the use of 
these fields in the fatigue model.

This workflow, schematically detailed in figure 1, is divided into several 
sequential steps, as generally admitted for metallic materials. It starts with 
the observation and the characterization of the material microstructure 
at the finest scales (grains, dislocations, precipitates etc.).

This first stage, conducted in parallel with some mechanical characterization 
tests, is essential to propose constitutive equations reproducing the observed 
phenomena. This formalism can be described by a purely phenomenological 
macroscopic approach [11] or by some multi-scale approaches [46], whose 
complexity will depend on the local phenomena to be taken into account 
regarding the effects of the microstructure and the dissipation mechanisms 
observed at this local scale. The third step consists in computing the 
component using the constitutive equations by the finite element method, 
in order to determine all of the stabilized mechanical fields (stresses, strains 
and internal variables) and then to predict the lifetime with the adequate 
fatigue damage model. In our analysis, the lifetime is related to the number 

of cycles before the detection of the macroscopic crack initiation with a 
conventional experimental device. Once the crack initiates, further analysis 
consists in following the crack propagation as a function of the applied loads 
and the stress concentrations, using classical tools within the Linear Fracture 
Mechanics framework [69, 26, 48], or more sophisticated ones taking into 
account the generalized plasticity [17, 1, 25, 42, 54].
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Figure 1 – Lifetime analysis workflow used as an optimization loop
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In the near future, it will be possible to propose an optimization loop consisting 
in finding the best microstructures in the component, in order to delay the 
crack initiation and then improve the lifetime of the structure.

Generally, this dimensioning process for metallic structures involves at least 
the steps 2 to 4 which are the most critical and require the consistency 
cited above. The damage model must be adapted to the complexity of the 
performed calculation (elasticity, with reduced models, viscoplasticity taking 
into account strong non-linearities, only to mention growing complexities) 
or, conversely, the constitutive equations must be consistent with the 
fatigue damage model, depending on the availability of the models in the 
computational codes and/or the degree of sophistication of the analysis.

This consistency is the key to achieving correct results and reducing the 
scatter that is often observed.

In this paper, we focus our analysis on the more complex methods, based on 
calculations taking into account the non-linear behaviors linked to the cyclic 
hardening or softening of the material, the relaxation of the mean stress or 
the ratcheting, to name only the phenomena that are commonly observed. 
These computations of the material behavior are therefore associated with 
the fatigue damage models able to integrate all of this available information. 
Two fundamental issues are addressed: the loading multiaxiality and the 
temperature effects. However, this modeling step cannot be achieved 
without the development and validation of experimental tests. Again, the 
complexity of the test increases with the phenomena that we want to 
highlight, starting with "conventional" isothermal tests and achieving complex 
multiaxial anisothermal fatigue tests. The goal is to get closer to the operating 
conditions of the component, reproducing the temperature maps and the 
mechanical loads with regard to the geometrical stress concentrations in 
the best way possible.

The paper is divided into four sections. The first one is devoted to the 
presentation of constitutive equations developed at ONERA to model the 
non-linear behavior in cyclic elasto-viscoplasticity of metallic superalloys 
used in the hot parts of engine aircrafts. The second section presents an 
extensive literature review on fatigue damage models with respect to the 
position of our models. In the third section, particular emphasis is placed 
on the description of multiaxiality and mean stress effects, together with 
the development of sophisticated experimental tests. The last section of 
this paper presents some applications of this workflow analysis performed 
on increasingly complex structures, ranging from classical characterization 
tests up to real operating ones.

Cyclic inelastic analysis

The development of constitutive equations within the general 
thermodynamics framework of the continuum media and specifically 
in elasto-viscoplasticity is the core activity of the Metallic Materials and 
Structures Department at ONERA. This modeling stage is fundamental 
to properly reproduce the anisothermal viscoplastic cyclic behavior of 
the material, which can be complex regarding the several phenomena 
observed in service. For this purpose, thermo-mechanical tests have 
been developed, together with the modeling approach, allowing to 
observe and to characterize the dissipative mechanisms, in order 
to identify the material parameters of the constitutive equations and, 
finally, to validate these models on structural specimens representative 
of aeroengine parts in terms of stress/strain fields.
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Figure 2 – Ti64, cyclic softening (up) and mean stress relaxation (down)

The observation of experimental results of the Ti64 superalloy cyclic 
behavior in figure 2 shows a cyclic softening when the material is loaded 
under constrained strain. Also, for a strain ratio (εmin/εmax) equal to 0 and 
a strain amplitude lower than 1%, the mean stress does not relax to 0 as 
presented in figure 2 (right). It is therefore essential that the constitutive 
equations representative of the material behavior take into account these 
phenomena, in order to correctly predict the stress and strain fields at the 
stabilized state in the structural component, i.e., their levels and also their 
amplitudes. For this purpose, the formalism adopted to correctly represent 
the cyclic behavior of metallic materials is characterized by:
•	 A criterion for the flow rule based on the octahedral shear stress 

invariant, 
•	 Non-linear isotropic hardenings (to describe the cyclic softening or 

hardening), 
•	 Non-linear kinematic hardenings (to describe the Bauschinger effect), 

or more complex relations, in order to reproduce the partial relaxation of 
the mean stress for dissymmetric strain loading conditions, as observed 
experimentally (see figure 2) [10]. 
•	 This characterization being performed for high temperatures, the 

viscosity of the material is described by a Norton law, or more recently by 
a hyperbolic sine law, in order to be able to simulate the behavior in a wider 
range of strain rates, namely a saturation of the strain rate effects for high 
plastic strain rates.
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These constitutive equations are the basis of the model for isotropic 
materials. Based on the same formalism but performed at the scale 
of the grain, a crystal plasticity model has been proposed by [56] 
and recently improved at ONERA by the introduction of a recovery 
term in the back stress, to allow a better description of the secondary 
creep in metals. In this model, internal variables related to the isotropic 
and kinematic hardenings are introduced on each crystallographic slip 
plane. The model takes the anisotropic behavior of metallic materials 
implicitly into account and it has been successfully applied to model 
the non-linear behavior of a f.c.c. Ni-based single crystal superalloy. 
In [5] authors investigated torsion tests of a single crystal superalloy 
at 950°C. These tests were performed under torque control and 
show the structural effect due to the crystal viscoplasticity (figure 3). 
This peculiar case requires Finite Element calculations, due to the 
appearance of zones with higher strains depending on the material 
secondary direction and obviously to the complex redistribution of 
stresses. This work highlighted the importance and the impact of 
crystal anisotropy (octahedral and cubic slip systems) on mechanical 
behavior. 
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Figure 3 – Torsional fatigue at 950°C of a single crystal superalloy

This work has been recently improved by [33] and [39], who have 
investigated the influence of the evolution of the microstructure on 
the mechanical properties of this single crystal superalloy. When the 
material is subjected to creep at high temperatures, its microstructure 
evolves and precipitates lose their initially cuboidal shape to reach 
a rafted pattern. This rafting process has a strong influence on the 
macroscopic behavior. Some additional internal variables have been 
introduced in the constitutive equations, in order to describe the 
evolution of the shape of the precipitates as a function of the load 
history and its impact on the material parameters. The result of this 
analysis is shown in figure 4, which presents a comparison between 
cyclic tests performed on both the reference material and the modified 
microstructure. In this figure it is possible to see the influence of 
the rafted microstructure on the overall behavior, inducing a softer 
macroscopic response that is qualitatively well represented by the 
proposed model. Work is in progress to improve the results of the 
modeling.
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Figure 4 – Tension tests and simulations at two different strain rates, taking 
into account ageing effects

A similar approach has been proposed for a polycrystalline Nickel 
based superalloy, N18, [4]. A precipitation model [68] was improved 
to predict the evolution of the size and the volume fraction of γ’ 
secondary and tertiary precipitates as a function of the thermal 
history. The influence of the precipitate distribution on the mechanical 
response of the material is then introduced in the plastic threshold of the 
viscoplastic model. More specifically, Boittin [4] used, to account for 
the precipitate distribution, relations based on approaches considering 
the resolved shear stress necessary to move a dislocation through 
a glide plane containing precipitates as Orowan: for dislocations 
bypassing the precipitates, or Hüther and Reppich [41]: for strongly 
coupled dislocations shearing the precipitates or Brown and Ham 
[6]: for weakly coupled dislocations shearing the precipitates. The 
proposed model provided a good description of the cyclic behavior 
of several different γ' particle distributions obtained through various 
cooling paths and/or aging treatments in coarse grain size superalloy 
N18, as shown in figure 5.
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Figure 5 – Influence of the precipitate distribution on the cyclic behavior 
of coarse grain size superalloy N18 - Comparison of the model and the 
experimental response in the first and stabilized cycle

On the other hand, experimental observations have shown that Nickel-based 
or Cobalt-based superalloys could present very complex viscoplastic 
behavior, depending on the applied temperature and related to the dynamic 
strain aging phenomena [12]. In an intermediate temperature range (from 
300°C to 800°C), a very important hardening process that depends on 
the applied plastic strain can be observed in the material. Other crucial 
phenomena are the inverse strain rate dependency and serrations occurring 
in the strain-stress curve induced by the propagation in the material of 
strain rate localization bands. Other effects can also be observed, like 
static recovery of kinematic hardening, even at temperatures around 
600°C. The classical macroscopic formalism presented before has 
been enriched to account for these phenomena and to allow an accurate 
description of the observed experimental behavior. 

Figure 6 summarizes the possibilities of the viscoplastic constitutive 
equations, including cycling hardening and dynamic strain aging, to 
accurately estimate the material behavior under complex thermo-mechanical 
cyclic loads. As can be observed, the model prediction (solid black line) 
is very close to the experimental data (red points).
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Figure 6 – Anisothermal cyclic behavior identification of a cobalt based 
superalloy

Another important step of this analysis (as proposed previously) is the 
validation of the model under anisothermal conditions. Once the model 
parameters are identified from a set of isothermal characterization 
tests, it is validated on cyclic thermo-mechanical tension/compression 
tests with in-phase or out-of-phase load paths interacting time/strain 
/temperature, as presented in figure 7 for the load path and figure 8 
for the comparison between experimental results and the model, 
in the case of the AM1 single crystal superalloy. A more complex 
validation case concerns tension/torsion Thermo-Mechanical Fatigue, 
as represented in figure 9. It is worth noting that the main difficulty of 
these TMF tests is the application of the mechanical strain obtained by 
the control of the total strain during the thermal cycle. The structural 
effect in torsion requested to develop a specific algorithm to control 
the imposed displacement of the crosshead using Finite Elements 
simulations. This numerical scheme is based on a perturbation 
method, in order to impose the proper displacement to obtain locally 
the desired strain measured by the extensometer.
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Figure 7 – Thermo-mechanical applied load on cylindrical specimens
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Finally, once the model has been identified and validated, it is used in 
the finite element analysis of the structure, as presented in figure 10 
(left), for the simulation of the cyclic behavior of a cruciform specimen, 
on which it is possible to impose multiaxial (tension/tension) loads.

Figure 10 (right) presents the contours of the cumulative plastic strain 
stress obtained for an equibiaxial tension finite element simulation and 
the cyclic response on a point in the critical region (the center of the 
specimen), showing that the stabilized cycle is reached after more 
than 100 cycles. This important evolution of the stresses and strains 
is a key point for the fatigue damage analysis.
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Multiaxial and anisothermal fatigue modeling

Critical aeroengine components, such as cooled turbine blades, 
turbine and compressor discs or combustion chambers, are submitted 
to complex thermo- mechanical loadings that can induce multiaxial 
stress states. The interaction between low cycle fatigue and high 
cycle fatigue, combined with high biaxialities and mean stresses, is 
one of the main topics of concern in fatigue. The exposure to high 
temperatures will additionally induce various mechanisms, such 
as creep and oxidation. For turbine discs, the microstructure of the 
constitutive material and the equibiaxial state play a significant role, 
while for turbine blades, high service temperatures involve a more 
important influence of creep and oxidation interacting with geometrical 
singularity effects induced by the cooling channels.

Also, it is important to specify that, despite the variety of the 
approaches, the fatigue damage remains closely linked to the effects of 
the material microstructure in connection with the applied mechanical 
load, for instance, the multiaxial state and the level of an equivalent 
mean stress. This is a major difficulty for correctly modeling the 
fatigue behavior taking into account this multiaxiality, the influence of 
time and temperature dependent phenomena, and the mean stress 
effects in a very complex geometry. 

Multiaxial models

As has already been mentioned in the introduction, many multiaxial criteria 
can be found in the literature. From Garud’s paper [32], a trend has 
emerged to classify the models according to several categories:

The empirical models, mainly based on experimental observations, are 
the oldest ones and began to be developed in the late nineteenth century 
with the rise of railways. These multiaxial criteria, often based on bending-
torsion tests, offer endurance curves (ellipse quadrant). This category 
includes the work of [37, 63, 64] and extensions of the Manson-Coffin 
model for low cycle fatigue, taking into account the influence of plasticity.

The next category concerns criteria based on critical plane approaches, 
which have received great attention in the literature. These criteria were 
developed from experimental observations showing that, in fatigue, the 
crack initiates in a critical crystallographic plane and then propagates 
perpendicular to the direction of the maximum principal stress. The various 
proposed formulae are different, but the process to follow is merely the 
same. Firstly, one must find the critical plane and secondly check whether 
the criterion is met on this plane. It is possible to classify these approaches 
as stress-based, generally developed for HCF [29, 51, 52, 24, 53, 21, 14, 
67, 9], strain-based, which are also valid in LCF ([7, 45] and its variants, 
the criterion of [28]) and energy-based, discussed hereafter.

Energy-based approaches use the product of the stress and strain to 
quantify the fatigue damage. Various energy parameters are available 
and can be divided into three groups, depending on the strain energy 
density per cycle chosen as a damage parameter: criteria based on elastic 
strain energy density [65], valid for high cycle fatigue, criteria based on 
plastic strain energy density, [59, 32] valid for low cycle fatigue and finally 
criteria based on elastoplastic strain density energy [27, 70] with the aim 
of covering both high and low cycle fatigue. The most recent works on 
multiaxial fatigue proposed models based on critical plane approaches 
using an energy damage parameter, such as the criterion of Liu [49, 50], 
which describes the crack initiation in three modes, one in the normal 
direction and two modes in the plane perpendicular to the normal direction 
(see also [18, 34, 35]). One can also mention the well-known SWT model 

[74], which uses the product of the maximum normal stress by the strain 
amplitude in a chosen critical plane for multiaxial applications.

The last more popular category concerns equivalent effective stress or 
strain models. Based on the invariants of the mechanical fields, such 
models are essentially extensions of static yield criteria and often combine 
the hydrostatic pressure to take into account the mean-stress effects 
and the octahedral shear stress amplitude. This framework includes the 
models proposed by Sines [73] and Crossland [19] (which generalizes 
[38]). Chaudonneret [15, 16] proposed in 1993 a multiaxial extension 
of the ONERA fatigue damage model [13], which has the particularity 
of describing, in accordance with experimental observations, non-linear 
damage accumulation for complex variable amplitude loadings. This model 
was based on a compilation of many two-level fatigue test results and 
has the capability of reproducing sequence effects and more complicated 
loading sequences. In particular, it is able to take into account the damage 
effects of loading cycles performed below the initial fatigue limit. A new 
formulation is thus proposed to describe multiaxial loadings, providing a 
better overall adjustment through a new material parameter that allows, 
for specific values, to obtain Sines, Crossland or results close to the 
Dang-Van criterion. Using [71], the influence of the hydrostatic pressure 
was also introduced for the static fracture. In addition, to account for 
non-proportional loadings, she introduced the concept of stress path and 
defined a weighted octahedral shear amplitude.

Such a general formalism has served to develop life assessment tools 
for high temperature applications by coupling the fatigue damage with 
other damaging mechanisms, such as creep [72, 57, 70, 23] or oxidation 
[62, 61, 2].

The ONERA creep-fatigue damage model has been applied with 
success on several materials in various applications (gas turbine blade 
polycrystalline superalloys, turbine disc materials and waspaloy during 
the initial design of some components of the Vulcain engine of Ariane V). 
For complex thermo-mechanical loadings, a multiaxial extension based 
on the multisurface plasticity theory [60] of the commonly uniaxial 
rainflow technique has been proposed, together with a calculation of 
an equivalent temperature, as proposed by Taira [75] over the thermo-
mechanical cycle using a simplified incremental model. However, for high 
temperature applications, as for turbine blade applications, Gallerneau 
[31] shows insufficiencies of the creep-fatigue damage model, namely 
due to oxidation effects. A new formulation is then proposed, based on 
the separation between microinitiation and micropropagation stages and 
incorporating environment enhanced damage effects into the framework 
of a creep-fatigue-oxidation model. He also proposed an extension of 
the Hayhurst criterion [40] to describe multiaxial creep loadings, in 
order to account for the anisotropy in creep resistance of single crystal 
superalloys.

Despite several other formulations having been proposed in the literature 
to describe the interaction between fatigue, creep and eventually oxidation 
damages, few authors [43, 55, 57, 2, 70, 77, 20, 3] address the case of 
anisothermal multiaxial loadings.

Figure 11 shows the ability of Gallerneau’s model to correctly predict 
lifetimes for different anisothermal conditions. The material considered 
is again AM1 single crystal superalloy. The critical cycling mentioned in 
this figure is relative to the anisothermal load path presented in figure 7, 
while other cycling is more relative to proportional loadings. Another 
feature is the accurate description of torsional loading under isothermal 
and anisothermal conditions, taking into account crystal plasticity and 
isotropic damage.



Issue 9 - July 2015 - ONERA’s Multiaxial and Anisothermal Lifetime Assessment for Engine Components
	 AL09-08	 7

Axial TMF – critical cycling
Axial TMF – others cycling
Torsional TMF - critical cycling
Axial-torsional TMF – critical cycling
Axial-torsional TMF – others cycling
Torsion (Torque) 950°C–5Hz
Torsion (Torque) 950°C-10s-300s-10s

Number of cycles – Experiments

×3

∕ 3
Nu

m
be

r o
f c

yc
le

s 
– 

ca
lc

ul
at

io
ns

106

105

104

103

102

101

100
101 102 103 104 105 106

Figure 11 – Lifetime predictions for several anisothermal and multiaxial tests
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Figure 12 – Comparison of Sines, Crossland, Gonçalves and the ONERA criteria on Ti64 superalloy
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A new multiaxial criterion

The majority of the aforementioned models often failed to accurately 
predict the lifetime for complex loads involving an important 
contribution of the mean stress and multiaxiality. Recently Bonnand 
[5] proposed a new multiaxial formulation for low temperature fatigue 
that can correctly reproduce experimental results obtained in tests 
involving both high multiaxiality and significant mean stress effects. 
This model has been formulated with the objective of accurately 
estimating the shear and equibiaxial conditions. The effective stress 
is written as 

( )0
1σ σ σ= +

eff eqa a D eqb t (1)

with the following expression for the triaxiality factor:

( )(1 ) 1
1

ξ ξ= + − −
+
F F

eq F
F

s tt s
t (2)

where 
( )σ
σ

=
eq

mean
F

a

Tr
t  and 

max1
σ σ

σ

−
− = eq

eq

p a
F

a

s , σ
eqa  is the 

octahedral shear stress amplitude, ( )σ meanTr  is the mean value 

of the first stress invariant during the cycle and finally 
maxpσ  is the 

maximum stress Eigen. The term 0σD  represents the fatigue limit for 
a reversed cycle at 107 cycles and b is a material parameter that will 
be identified from uniaxial tests with mean stress effects. Finally ξ 
is a material parameter. This new model gives results similar to the 
Sines one when  Ft  tends towards zero and similar to a model with 

=eq Ft s  for high values of Ft .

This new formalism has been compared with models in the literature 
([73, 19, 36] for instance) and give very accurate results, as presented 
in figure 11 (from [5]), which can be seen as a multiaxial extension of 
Haigh’s diagram.

Lifetime analysis of critical components

In order to validate or disprove the existing models and to propose 
a new formalism, a wide experimental campaign was conducted on 
aeronautical superalloys, such as Ti64 and INCO718 for discs or the 
AM1superalloy developed for turbine blades, on a set of test specimens 
ranging from a classical geometry used for characterization, up to 
technological specimens approximating real geometries.

The laboratory of complex tests at ONERA has several experimental 
devices dedicated to multiaxial and anisothermal fatigue tests. Each 
device has its own specificity to enrich the experimental database, 
especially in poorly explored areas (loads, geometries,, etc.). It is 
possible to perform uniaxial characterization tests, as well as biaxial 
tests under tension/torsion or tension/internal pressure on tubular 
specimens, with in-phase or out-of-phase temperature evolutions and 
biaxial tests (tension/tension) on cruciform specimens for various 
applied loads ratios. For all of these tests, the temperature is imposed 
by induction, which, regarding its compactness, enables mechanical 
and optical measurements to be performed to instrument the test as 
well as possible.

To illustrate these developments and the complexity of experimental 
tests and modeling performed within this framework, the developments 
around the fatigue analysis of the single crystal superalloy AM1 are 
presented hereafter. This application example is part of recent PhD 
work [22].

The purpose of the study was to investigate the lifetime of single crystal 
high pressure turbine blades. The geometry of these blades is very 
complex, with areas involving cooling channels inducing significant 
mechanical and thermal gradients, which are essential to evaluate. 
For this purpose, two geometries were tested: the smooth cylindrical 
specimen heated outside and cooled inside by forced air circulation 
and the same cylindrical specimen but with a network of cooling holes. 
These specimens are loaded with the real thermal gradients observed 
in operating blades. The geometry of the perforated specimen is 
shown in figure 13 (the perforated area is magnified), together with 
the high temperature experimental device (from [46]).

Figure 13 – Perforated tubular specimen (left) and the high temperature tension/torsion/internal pressure experimental device (right)
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This progressive approach validated the experimental device and 
the associated measures developed to properly assess the thermo-
mechanical fields (temperature gradient and strain gradient). In addition, 
an analysis of such complexity cannot be derived only from experimental 
results, it is also necessary to perform a numerical analysis in order to 
adequately catch fields that are not measurable, such as the temperature 
inside the cooling channels. For this purpose, fully coupled calculations 
in Thermal/Solid/Fluid mechanics (Zset and Cedre codes from ONERA) 
have been carried out on these complex geometries. The thermal gradient 
over the specimen wall was estimated at 68°C for a 1mm thickness. 
Complex thermo-mechanical cycles were applied to simulate a real engine 
mission, as presented in figure 14. Heating and cooling rates were up 
to 50°C/s with a good reproducibility and stability over lots of cycles. 
In this configuration, copper coils make it possible to avoid the use of 
classical extensometers with fixed gage length. This is the reason why 
Digital Image Correlation (DIC) was extended to the high temperature 
range by treating the loss of optical contrast due to Planck’s law. This 
image methodology allows “strains” to be measured by means of a virtual 
extensometer, which is used together with finite element calculations. 
Under these conditions, the proposed strain must be considered as a 
relative displacement integrating the temperature inhomogeneity into the 
gage length. The fatigue life prediction is performed as a post calculation, 
using the fatigue-creep interaction damage model presented previously.

Another main difficulty arising during the fatigue damage analysis of 
a structure or a specimen containing holes is linked to the gradient 

effect. It has been well established that the crack will initiate faster 
for low stress concentration gradients than for higher ones for the 
same maximum local stress. This is related to the volume of matter 
affected by the gradient and the potential defects present in this 
volume. A specific procedure has been developed [46] in order to take 
into account this fact, consisting in proposing a non-local damage 
approach, averaging the damage parameter, or the variables that 
govern the damage, over a spherical volume. The radius of this sphere 
is a new parameter of the model.

Figure 14 is an illustration of this application on the tubular specimen 
using the anisothermal fatigue damage model proposed by [31]. Two 
sets of tests and their simulations are presented: isothermal fatigue 
(TF) (with a steady state temperature gradient) and thermo-mechanical 
fatigue (TMF) performed on smooth specimens and perforated ones 
subjected to relatively complex cyclic loads.

The comparison between experimental results and life prediction is 
quite satisfactory. The slight over-estimation observed on smooth 
specimens was shown by DIC to result from the ratcheting effect 
not precisely described during the hold time. It is important to notice 
that this agreement has only been possible by taking into account in 
the modeling the true thermal gradient in the thickness of the tubular 
specimen and around the holes, the stress gradient and the size effect 
close to the holes, the multiaxiality and the mean stress effects in the 
specimen.
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Conclusion and perspectives

The purpose of this paper was to make an assessment of the fatigue 
damage modeling taking into account the effects induced by the 
temperature and multiaxial loadings. It showed the strong influence 
induced by a non-zero mean stress on the lifetimes observed in 
experimental results obtained on standard specimens, as well as on 
technological ones representative of real structures. The main findings 
can be summarized as follows:

It is necessary to develop consistent approaches in the lifetime 
analysis workflow, which includes the three main stages from the 
material experimental characterization (microstructure, behavior, 
fatigue,, etc.) and the development of constitutive equations, up to the 
fatigue damage model.

While it is possible, for the modeling of the constitutive equations, 
to define a general framework based on a given approach that will 
be enhanced according to the phenomena taken into account and 
the degree of sophistication that we want to introduce, this kind of 
framework does not exist for fatigue damage modeling and requires 
the approach to be adapted according to the observed experimental 

results. For example, for a given material, a strain invariant based 
approach will be sufficient, whereas for another material (or for the 
same one under different conditions), an energy-based or critical-
plan approach will be more appropriate. This is induced particularly 
by the physical phenomena involved in the analysis, which are not 
only numerous but also very distinct and directly linked to the material 
microstructure, its defects and the stress/strain states. It is therefore 
necessary to distinguish the modeling of the microstructure for the 
constitutive equations from the modeling of the microstructure for the 
fatigue damage models, since the physical phenomena do not develop 
necessarily at the same scales.

In the case of severe thermo-mechanical loads, as in the example 
of the cooled blade, it is necessary to reproduce the applied loads 
as precisely as possible from the experimental point of view, as well 
as from the numerical point of view. In the latter case, multi-physics 
coupled approaches must be developed to approximate the real in-
service conditions and to be able to expect predictive results to be 
produced.

These points define the main research topics that we will follow over 
the next decade n
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[56] L. MÉRIC and G. CAILLETAUD – Single Crystal Modelling for Structural Calculations. Part 2 - Finite Element Implementation. J. Eng. Mater. Technol. 113(1), 
pp. 171-182, 1991.
[57] M. METZGER, B. NIEWEG, C. SCHWEIZER and T. SEIFERT – Lifetime Prediction of Cast Iron Materials Under Combined Thermomechanical Fatigue and High 
Cycle Fatigue Loading Using a Mechanism-Based Model. International Journal of Fatigue, 53, pp. 58-66, 2013.
[58] N. MILHET-GAYRAUD – Etude expérimentale et modélisation de la précipitation γ' dans le superalliage N18. Ph.D. thesis, Institut National Polytechnique de 
Grenoble, France, 1994.
[59] J. MORROW – Fatigue properties of metals, section 3.2. In: Fatigue Design Handbook, Pub. No. AE-4. SAE, Warrendale, PA., 1968.
[60] Z.MROZ – On The Description of Anisotropic Workhardening. Journal of Mechanics and Physics of Solids, 15(3), 163-175, 1967.
[61] G. MURTAZA and R. AKID – Empirical Corrosion Fatigue Life Prediction Models of a High Strength Steel. Engineering Fracture Mechanics, 67 (5), pp. 461-474, 2000.
[62] R. NEU and H. SEHITOGLU – Thermomechanical Fatigue, Oxidation and Creep: Part I And II. Metallurgical transactions A 20 (9), pp. 1755-1783, 1989.
[63] T. NISHIHARA and M. KAWAMOTO – The Strength of Metals under Combined Alternating Bending and Torsion. Memoirs of the College of Engineering, Kyoto 
Imperial University, 10, 6, 1941.
[64] T. NISHIHARA and M. KAWAMOTO – The Strength of Metals under Alternating Bending and Torsion with Phase Difference. Memoirs of the College of 
Engineering, Kyoto Imperial University, 11, 6, 1954.
[65] T. PALIN-LUC and S. LASSERRE – An Energy Based Criterion for High Cycle Multiaxial Fatigue. Eur. J. Mechanics, A/Solids, 17(2) :237–251, 1998.
[66] I.V. PAPADOPOULOS, P. DAVOLI, C. GORLA, M. FILLIPPINI and A. BERNASCONI – A Comparative Study of Multiaxial High-Cycle Fatigue Criteria for Metals. 
Int J Fatigue, 19, pp. 219–35, 1997.
[67] I.V PAPADOPOULOS – Long Life Fatigue under Multiaxial Loading. International Journal of Fatigue, 23: pp. 831-849, 2001.
[68] J. PARK and D. NELSON – Evaluation of an Energy-Based Approach and a Critical Plane Approach for Predicting Constand Amplitude Multiaxial Fatigue Life. 
Int. J. Fatigue 22, pp. 23 – 39, 2000.
[69] P. PÉDRON and A. PINEAU – Crack Growth Behavior of Inconel 718 At 650°C Under Fatigue, Creep and Combined Loading. Effect of Microstructure and 
Environment. Materials Science Engineering, 56, pp. 143–156, 1982.
[70] L. REMY – Fatigue and Thermomechanical Fatigue at High Temperature. In: K.H. JÜRGEN BUSCHOW et al. (Eds.) – Encyclopedia of Materials: Science and 
Technology. Second Edition, Elsevier, Oxford, pp. 2866-2877, 2001.
[71] J. RICE and D. TRACEY – On the Ductile Enlargement of Voids in Triaxial Stress Fields. Journal of the Mechanics and Physics of Solids, 17, pp. 201-217, 1969.
[72] P. SERMAGE, J. LEMAITRE and R. DESMORAT – Multiaxial Creep-Fatigue under Anisothermal Conditions. Fatigue & Fracture of Engineering Materials & 
Structures, 23, pp. 241–252, 2000.
[73] G. SINES – Behaviour of Metals under Complex Stresses. In: G. SINES and J.L. WAISMAN (Eds.) – Metal fatigue. New York: McGraw-Hill, pp. 145–169, 1959.
[74] K.N. SMITH, P. WATSON and T.H. TOPPER – A stress-strain function for the fatigue of metals. Journal of Materials JMLSA, 5, pp. 767-778, 1970.
[75] S. TAIRA – Relationship Between Thermal and Low Cycle Fatigue at Elevated Temperatures. Fatigue at Elevated Temperatures, ASTM STP 520, American 
Society for Testing and Materials, pp. 80-101, 1973
[76] Y.Y. WANG and W.X. YAO – Evaluation and Comparison of Several Multiaxial Fatigue Criteria. Int. J. Fatigue, 26, pp. 17-25, 2004.

Serge Kruch received his PhD in Theoretical Mechanics from 
the University Pierre et Marie Curie, Paris 6, in 1988 and his 
Habilitation à Diriger des Recherches in 2007 from Paris 6. He 
was hired at ONERA in 1989. He is now Maître de Recherche 
2 and Special Advisor in the Metallic Materials and Structures 
Department. His research interests mainly include non-linear 

modeling and multiscale approaches for metallic materials

Pascale Kanoute received her PhD in Solids, Structures and 
Mechanical Systems from the University Pierre et Marie 
Curie, Paris 6, in 1999. She has been working at ONERA 
since 1999 in the Metallic Materials and Structures 
Department. Since 2010, she is also a part-time associate 
professor at the Université de Technologie de Troyes. Since 

2013, she is the head of the Behavior and Damage Mechanics research unit at 
ONERA. Her main research topics are non-linear and multiscale modeling, 
fatigue-creep interaction and lifetime assessment.

Vincent Bonnand received his PhD in Materials Science and 
Engineering from the Ecole des Mines de Paris in 2006. He 
has worked at ONERA since 2007 in the Metallic Materials 
and Structures Department lab. His research topics concern 
the experimental mechanics at the intersection of different 
fields, such as solid and fluid mechanics, thermal analysis, 

associated measurements and non-destructive technologies.

AUTHORS


