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Abstract

A coupled deformation damage model recently developed for reduced activation ferritic martensitic (RAFM) steels and
implemented in the finite element code ABAQUS was used to simulate thermo-mechanical fatigue tests performed on
EUROFER 97 tube specimens. Previous evaluation of these tests showed that thermo-mechanical fatigue loading leads
to remarkably reduced lifetime in comparison to isothermal fatigue loading with the same mechanical strain range, but
changes in the stress range as well as actual test conditions, e.g. temperature gradients, were not considered. However,
by applying the coupled deformation damage model, changes in stresses between isothermal and thermal loadings were
taken into account. Results showed a local mechanical strain range that was greater than that obtained experimentally.
However, the lifetime due to the calculated fatigue load was still higher than that was found experimentally. Some geome-
tric nonlinear deformation instabilities are suggested, but must be verified.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Reduced activation ferritic martensitic (RAFM)
steels as structural materials of fusion reactors will
be subjected to complex thermo-mechanical cyclic
loading and high irradiation doses. Correct charac-
terization of their deterioration under these loading
conditions is a precondition of a sufficiently reliable
lifetime prediction procedure. In the majority of life-
time prediction approaches and in existing design
codes as well lifetime assessment of thermo-mechan-
ically loaded structures is made on the base of
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isothermal lifetime data and prediction rules consid-
ering phenomena mainly observed under isothermal
loading. Thus, it is very important to verify the pre-
diction capability of the proper rules in thermo-
mechanical load cases and if necessary to modify
them considering specific phenomena.

Within the adopted lifetime prediction approach
a coupled deformation damage model taking into
account the complex non-saturating cyclic softening
of RAFM steels has been developed and success-
fully applied to describe the creep-fatigue behavior
of F82H mod and EUROFER 97 under isothermal
cyclic loading [1]. In this model an internal state var-
iable for damage representing in a phenomenologi-
cal manner all kinds of material deterioration is
introduced and an evolution equation describing
.
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its change under creep-fatigue loading is formulated
(for more details see [1]). To analyze structures built
from RAFM steels the model has been implemented
in the finite element code ABAQUS, which is used
to simulate thermo-mechanical fatigue (TMF)
tests for verification. In the following, the thermo-
mechanical fatigue tests considered are briefly
described and thereafter the procedure and results
of their simulation are presented and discussed.

2. Thermo-mechanical fatigue tests

The thermo-mechanical fatigue tests considered
here were performed on EUROFER 97 (9CrWVTa–
RAFM steel, see [2] for composition) using cylindri-
cal hollow specimens and the thermo-mechanical
fatigue rig as described in [3]. During the test, the
specimen, which is clamped between two stiff rods
in a stiff load frame, is cooled and heated cyclically
between the upper and lower temperatures starting
from the mean temperature, at which the specimen
initially is stress free. Due to clamping, the total
strain of the specimen remains constant during the
test and equal to 0 so that cooling and heating of
the specimen result in induced out of phase mechan-
ical strain and stress (Fig. 1). The amplitude of
induced mechanical load is varied from test to test
by varying the upper temperature of the test. In a
first evaluation, the mechanical strain range deter-
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Fig. 1. Test conditions of thermo-mechanical fatigue
mined for the cycle at the half number of cycles to
failure is plotted versus the number of cycles to
failure and compared with the corresponding plots
obtained from the isothermal fatigue tests (Fig. 2).
For the same mechanical strain range, the thermo-
mechanical fatigue tests show up to a factor of 20
lower numbers of cycles to failure than the isother-
mal fatigue tests. Consequently the fatigue lifetimes
of thermo-mechanical fatigue tests may lie very close
to and even below the design curve constructed from
the average curve of isothermal fatigue tests using
the criteria of ASME BPVC, Section III, code case
N-47 by applying a safety factor of 2 with respect
to strain range or a factor of 20 with respect to num-
ber of cycles to failure, whichever gives the lower
value [4] (Fig. 2). These safety factors are supposed
to consider reliably all influencing factors not con-
sidered under isothermal fatigue, e.g. those under
thermo-mechanical fatigue. In addition, this differ-
ence between thermo-mechanical fatigue and iso-
thermal fatigue test results for EUROFER 97 is
much higher than the differences published in the lit-
erature for other materials [5].

The thermo-mechanical fatigue tests are analyzed
in a first step from the mechanical point of view in
order to identify whether the highly reduced lifetime
is an effect related to the test conditions or to the
material or to both. When doing so it is recognized
that the mechanical strain range determined and
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experiments and the resulting mechanical loads.
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Fig. 2. Results of thermo-mechanical fatigue tests in comparison to those of isothermal fatigue tests and the design curve derived from
mechanical strain range at the half number of cycles to failure versus number of cycles to failure.

rod 

specimen

cut-out A

cut-out A

screw 
connection 

gauge length 

Fig. 3. Finite element mesh of the thermo-mechanical fatigue rig.
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plotted in Fig. 2 for thermo-mechanical fatigue tests
is actually that measured for the gauge length of the
specimen, at which the temperature drops from its
middle, where the temperature is controlled equal
to the nominal value, to its ends. Depending on
the nominal temperature, the temperature variation
from the middle to the ends of the gauge length may
amount to several tens of �C, so that the mechanical
strain range at the middle of the gauge length, where
the specimen fails, might be much higher than that
measured for the total gauge length. In addition,
this difference is expected to increase from cycle to
cycle due to the cyclic softening behavior of EURO-
FER 97. This consideration gave us reason to
perform finite element simulations to estimate the
mechanical strain range at the middle of the gauge
length.

3. Finite element simulations of thermo-mechanical

fatigue tests

The finite element simulations of thermo-mechan-
ical fatigue tests have been performed using the finite
element code ABAQUS, in which the coupled non-
linear deformation damage model developed for
RAFM steels [1] had been implemented via the user
material interface UMAT. The finite element com-
(Ave. Crit.: 75%)
E_IN_EQ

-3.929e-08
+2.038e-02
+4.076e-02
+6.114e-02
+8.152e-02
+1.019e-01
+1.223e-01
+1.427e-01
+1.630e-01
+1.834e-01
+2.038e-01
+2.242e-01
+2.446e-01

(
D

Fig. 4. Shape of deformed specimen, equivalent inelastic strai
putations using such a nonlinear material model
were expected to be computationally time consum-
ing, so we limited our simulations considering the
thermo-mechanical fatigue test to the test conditions
of 100–550 �C (lower–upper temperatures).

The axis symmetric finite element model used
consists of the specimen and screw connections to
the rods (the rig whose length is kept constant
during the test). Due to symmetry, only half of this
rig needs to be considered (Fig. 3). The specimen
building the lowest part of the model on Fig. 3 is
a tube with an inner diameter of 8 mm and a wall
thickness within the gauge length of 0.4 mm. The
gauge length whose half is modeled is 10 mm.

Initially, a non-homogeneous temperature field is
applied to the finite element model corresponding to
the field measured during the test when achieving
the nominal mean temperature at the middle of
the specimen. Thereafter, the model is loaded by
fixing its total length and varying the non-homoge-
neous temperature field cyclically according to the
temperature measurements performed in the real
test. When applying the temperature field, the
temperature change across the cross section of the
specimens is neglected.

Fig. 4 shows the deformed shape of the specimen
and the equivalent inelastic strain and damage fields
Ave. Crit.: 75%)
AMAGE

-2.165e-11
+2.698e-05
+5.396e-05
+8.094e-05
+1.079e-04
+1.349e-04
+1.619e-04
+1.889e-04
+2.158e-04
+2.428e-04
+2.698e-04
+2.968e-04
+3.238e-04

n and damage fields calculated after 500 thermal cycles.



Fig. 5. Scanning electron microscopy image showing fatigue crack origin on fracture surface obtained in one of the thermo-mechanical
fatigue tests considered.
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Fig. 6. Maximum mechanical strain range at the half number of cycles to failure calculated using finite element simulations versus number
of cycles to failure for thermo-mechanical fatigue tests in comparison to those of isothermal fatigue tests and the design curve derived
therefrom.

554 J. Aktaa et al. / Journal of Nuclear Materials 367–370 (2007) 550–555



J. Aktaa et al. / Journal of Nuclear Materials 367–370 (2007) 550–555 555
calculated after 500 cycles. It can be recognized, that
the specimen is seriously deformed within the strain
gauge and visibly buckles. The maximum inelastic
strain and the maximum damage as well are located
at the inner side of the specimen mid-section
(Fig. 4). This location corresponds very well with
the fatigue crack initiation position determined by
scanning electron microscopy (SEM) investigations
of fracture surface obtained (Fig. 5). At this loca-
tion, the mechanical strain range calculated for the
500th cycle is 0.0062 and is thus higher than the
value measured as an average for the gauge length
in the real test (cf. Fig. 2). However, this maximum
mechanical strain range is still lower than that cor-
responding to the experimentally observed fatigue
life predicted on the base of isothermal fatigue data
(Fig. 6). In addition, the damage values calculated
verify that the simulation would yield higher
number of cycles to failure than that observed
experimentally. In other words, the finite element
simulations could explain a part of the reduction
in fatigue life but not as much as observed in the
thermo-mechanical fatigue tests considered here.

4. Discussion

On the basis of the finite element results, one may
conclude that thermo-mechanical cycling of EURO-
FER 97 yields more fatigue damage than isothermal
cycling with the same mechanical strain range.
Before doing so, we would point out that the pro-
gressive strain localization calculated at the middle
of the thermo-mechanical fatigue specimen (Fig. 4),
caused by both temperature gradients in the speci-
men and cyclic softening behavior of the material,
leads to speculation that the lifetime observed might
be influenced by deformation instabilities which
would yield locally higher fatigue loads. These defor-
mation instabilities and the resulting higher local
fatigue loads cannot be correctly modeled by the
geometric linear simulations performed here. How-
ever, geometric nonlinear simulations, which would
be the next recommended investigation step, need a
specific implementation of the coupled deformation
damage model with respect to finite deformations.
Possibly modification of the coupled deformation
damage model, which was developed and verified
for strain magnitudes less than 2%, might also be
necessary. In addition the role of deformation insta-
bilities on lifetime observed in the thermo-mechani-
cal fatigue tests can be investigated experimentally
by performing thermo-mechanical fatigue tests with
the same test conditions using specimens of different
geometries and different buckling behavior, respec-
tively. If these tests show lifetimes independent on
specimen geometry, the deformation instabilities
can be eliminated as an explanation for the unex-
pected low lifetime observed in the thermo-mechan-
ical fatigue tests considered.

5. Conclusions

Simulations of thermo-mechanical fatigue tests
using the finite element method in combination with
an advanced coupled deformation damage model
result in a local mechanical strain range greater than
that assumed experimentally on the base of strain
gauge measurements. However, the lifetime due to
the calculated local fatigue load is still higher than
the lifetime observed experimentally with the corre-
sponding high fatigue load derived from isothermal
fatigue experiments. On the basis of strain localiza-
tion observed in the finite element simulations, geo-
metric nonlinear deformation instabilities are
expected, which would yield even higher local fatigue
load and thus explain the very low fatigue lifetime
observed experimentally. To verify this assumption,
geometrically nonlinear simulations, which require
development of additional tools, as well as thermo-
mechanical fatigue tests with specimens of different
geometries are recommended.
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