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Abstract

In the first line, the aim of the activity represented in this work is an applicationof two advanced material models
to a simulation of the test blanket module (TBM) undergoing cyclic thermal and mechanical loadings. The first
model is thereby the ABAQUS standard combined non-linear isotropic-kinematic hardening model whereas
the second is a viscoplastic material model considering material damage and being newly implemented as an
ABAQUS user material (UMAT).

Material parameters for both models are adjusted using results of isothermaltensile and cyclic experiments per-
formed at Forschungszentrum Karlsruhe GmbH (FZK) on EUROFER 97.As is generally known, EUROFER
97 is an important blanket material for the future fusion reactor and belongs to reduced activation ferritic-
martensitic steels (RAFM), which soften under cyclic loading in contrast to austenitic steels exhibiting cyclic
hardening.

Moreover, the work is focused on the application of some existing design rules considered for austenitic steels
and further evaluation of the rules by comparison of their predictions with results of cyclic simulations using
the advanced material models mentioned above. Thereby, some important allowable stress limits are calculated
under consideration of the cyclic softening of RAFM.

Finally, new considerations concerning a mock-up experiment allowing to verify the advanced material models
used in the present work and to assess a capability of the actual TBM design are represented here.

key words: blanket; test blanket module; reduced activation; ferritic-martensitic steel;EUROFER 97; struc-
tural design code; cyclic softening; stress categorization; ratcheting; high-temperature design rules; fatigue;
first wall materials



Überpr üfung der Rechmässigkeit der Verwendung

von ITER-Designregeln bei Auslegung

von Bauteilen aus RAFM-Sẗahlen.

Zusammenfassung

Die in dieser Arbeit pr̈asentierte Aktiviẗat ist ausgerichtet auf die Anwendung von zwei recht komplizierten Ma-
terialmodellen an die Simulation vom Testblanketmodul unter der Einwirkung von thermischen und mechani-
schen Lasten. Das erste Modell ist dabei ein standardmässiges kombiniertes nichtlineares isotropisch-kinemati-
sches Verfestigungsmodell aus der ABAQUS-Bibliothek, während das Andere ein gekoppeltes viskoplastisches
Deformation/Scḧadigungsmodell ist, das als ein anwenderdefiniertes Material (UMAT) in ABAQUS implemen-
tiert wurde.

Die Materialparameter für beide Modelle wurden aufgrund von Experimentaldaten aus den isothermischen zyk-
lischen Zugversuchen angefittet, die bei verschiedenen Temperaturenam Forschungszentrum Karlsruhe GmbH
(FZK) an EUROFER 97 durchgeführt wurden. Es ist allgemein bekannt, dass der Stahl EUROFER 97 ein
wichtiges Material f̈ur die erste Wand der zukünftigen Fusionsreaktoren konzipiert wurde. Dieses Material
geḧort zu den so genannten niedrigaktivierenden ferritisch-martensitischen Sẗahlen (RAFM), die im Gegensatz
zu den austenitischen Stählen eine zyklische Entfestigung aufweisen.

Weiterhin ist diese Arbeit schwerpunktmässig auf den Einsatz von einigen existierenden Designregeln fokussiert,
die urspr̈unglich für austenitische Stähle formuliert wurden. Die ausgewählten Regeln sollen dabei evaluiert
werden, indem ihre Aussagen mit den Ergebnissen der zyklischen Simulation unter Verwendung der o.g. Ma-
terialmodelle verglichen werden. Nebenbei sind auch einige wichtige zulässige Spannungsintensitäten unter
Berücksichtigung der zyklischen Entfestigung von RAFM hergeleitet worden.

Ein Mock-Up-Experiment soll f̈ur die Zwecke der Verifizierung der verwendeten Materialmodelle sowie der
Bewertung der Tauglichkeit der vorgeschlagenen TBM-Designs dienen. NeueÜberlegungen bezüglich eines
solchen Mock-Up-Experiments sind auch in dieser Arbeit dargestellt.

key words: blanket; test blanket module; reduced activation; ferritic-martensitic steel;EUROFER 97; struc-
tural design code; cyclic softening; stress categorization; ratcheting; high-temperature design rules; fatigue;
first wall materials
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Chapter 1

Introduction

This work is a part of the development activity of the ITER test blanket module(TBM). A determination
of high-temperature design rules considering creep-fatigue is the final aim of this activity. According to the
present-day vision, the TBM should be manufactured from a reduced-activation ferritic-martensitic (RAFM)
steel EUROFER 97, which exhibits severe softening during cyclic loading,in contrast to austenitic steels. This
abnormal behavior leads to a necessity to revise the traditional formulation ofsome important design rules,
especially related to the protection against the C-type damage such as the well-known3Sm rule.

Such a revision requests, firstly, a wide experimental data base and, secondly, an advanced material model able
to describe the realistic behavior of the material. The fulfillment of both these requirements as well as acute
needs of blanket designers for renewed rules thus form positive initialconditions for the appearance of the work
presented. We have recently reported the results of first simulations usingthe advanced materials models, see
Sunyk & Aktaa [14, 13].

The report is structured as follows. Firstly, we give a detailed descriptionof material models used for simu-
lations and represent the original experimental data using to adjust unknown material parameters. Then, we
represent the 2D discretized finite element model of TBM and results of thermal simulations being performed
to obtain temperature distributions in the model depending on the plasma heating aswell as the temperature
in cooling channels. After this, we investigate conditions causing an appearance of any inelastic response in
the structure after the1st operating cycle. In the next chapter, we discuss a behavior of TBM during first 600
operating cycles simulated using both material models. In the following chapter,we calculate some important
stress intensity limits under consideration of the material softening mentioned above, verify some important
design rules according to SDC-IC [1] and compare predictions of the rules with results of the cyclic simula-
tions performed separately. Finally, we represent our considerations concerning a mock-up experiment, which
would allow to verify the advanced material models used in the present work and to assess a capability of the
actual TBM design. Numerous additional illustrations and diagrams are placed in appendix.
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Chapter 2

Material Models

To simulate a realistic behavior of the TBM, two different material models have been used in the finite element
simulations: the standard combined non-linear isotropic-kinematic hardening model, see ABAQUS user’s man-
ual [2] ch. 11.2.2, and a viscoplastic material model accounting also for material damage and implemented as
a user material subroutine (UMAT), see J. Aktaa & R. Schmitt [7].
Experimental data stemming from a life time study of the EUROFER 97 at450◦C (723K), 550◦C (823K)
and650◦C (923K) performed by J. Aktaa & R. Schmitt [7] as well as at room temperature (RT)provided by
M. Weick [16] have been used to adjust material parameters required forboth material models. Some chosen
cycles recorded at650◦C (923K) during isothermal uniaxial tensile tests with the predefined total strain of
1.5% are depicted in fig. 2.1 on the left-hand side. Thereby, the material softening cycle by cycle is evident.
The decrease of the maximum tensile stress with the increasing accumulated plastic strain is shown also in fig.
2.1, on the right.
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Figure 2.1:Results of isothermal uniaxial tensile tests: chosen cycles recorded at650◦C (923K) (on the left) and the
maximum tensile stress as a function of the accumulated plastic deformation (on the right).

2.1 ABAQUS Standard Combined Hardening Model

For the metals subjected to cyclic loading, ABAQUS provided a non-linear isotropic-kinematic hardening
model. This model is able to account e.g. for the Bauschinger effect, cyclichardening/softening with plas-
tic shakedown, as well as for ratcheting. Here, we give a short description of the model based on the ABAQUS
manual cited above.
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2.1.1 Theoretical Background

The total strain rate can be decomposed into the elastic, plastic and thermal strain rates:

ǫ̇
tot .= ǫ̇

el + ǫ̇
pl + ǫ̇

th , (2.1)

whereby the elastic part is captured within the linear elasticity as

σ = E
el : ǫ

el (2.2)

and the thermal part is given by the following conventional expression:

ǫ
th = α [T − T0] I . (2.3)

Here,Eel denotes the elastic4th-order tangent operator,I is the identity tensor,T andT0 are the current and
the reference temperatures respectively; finally,α is the thermal extension coefficient. The yield condition is
given in terms of the usual von Mises plasticity

f (Σ)
.
=

√

3

2
Σ
dev : Σdev = σ0 (2.4)

with the deviatoric part of the overstressΣ defined as

Σ
.
= σ − Ω (2.5)

and the backstress or the kinematic shiftΩ. The size of the elastic range is denoted asσ0. The rate of plastic
flow is given here by the associated plastic flow rule

ǫ̇
pl = ǫ̇

pl ∂
[

f (Σ) − σ0
]

∂σ
(2.6)

with the equivalent rate of plastic flow

ǫ̇
pl .

=

√

2

3
ǫ̇
pl : ǫ̇

pl . (2.7)

Equations (2.1) - (2.7) are common for a wide class of plasticity models. The model-specific assumptions
concerning the evolution of hardening and based on the work of Lemaitre and Chaboche [11] are reviewed
below. The size of the elastic rangeσ0 is defined as a function of the equivalent plastic strain

ǫpl
.
=

√

2

3
ǫpl : ǫpl ,

temperatureT and field variablesfi:

σ0
(

ǫpl, T, fi

)

= σ|0 +Q (T, fi)

[

1 − e−b (T, fi) ǫ
pl

]

(2.8)

with the yield surface size at zero plastic strainσ|0 and material parametersQ andb, which should be adjusted
using experimental data. Thereby,Q is the maximum change in the size of the yield surface andb defines the
rate at which the size of the yield surface changes with the development of plastic straining.
The evolution of the kinematic componentΩ is given by a combination of the linear hardening Ziegler law, see
Ziegler [17]1, and the relaxation or dynamic recovery termγΩ ǫ̇

pl
, which introduces the non-linearity:

Ω̇ =
C

σ0
ǫ̇
pl

Σ − γΩ ǫ̇
pl

+
1

C
Ω Ċ (2.9)

Here, the initial kinematic hardening modulusC and the rate of the decrease of the kinematic hardening mod-
ulus with the increasing plastic deformationγ should be calibrated again from cyclic tests. Note that in general
C is a function of temperature and field variables. If this dependence on the field variables is omitted, the last
term in (2.9) vanishes.

1Rice [12] generalized this law aṡΩ = µ̇[σ − Ω] + hΩ Ṫ .
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2.1.2 Adjustment of Material Parameters

Integration of (2.9) over a half cycle yields the following expression:

Ω =
C

γ

[

1 − eγ ǫ
pl

]

. (2.10)

ParametersC andγ for the kinematic part of the hardening can be determined by fitting of this expression to
1/4 of the first cycle, see fig. 2.2, on the left. Other two parametersQ andb defining the isotropic hardening
should be determined by fitting of (2.8) to the overstress curves represented as functions of the accumulated
plastic strain, see fig. 2.2, on the right. The determined values are collected intable A.1, see appendix A.1. To
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Figure 2.2:Experimental data used to determine model parameters:1/4 of the first cycle (on the left) for the kinematic
hardening and the overstress as a function of the accumulated plastic strain for the isotropic hardening at four different
temperatures.

verify the adjusted parameters, a strain-controlled cyclic test has been simulated at three different temperatures
using a simple 2D finite element (FE) model depicted in fig. 2.3. Thereby, the total strain range has been set to
1.5%. Results of the simulation shown evidently a very good agreement with the experimental data.
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Figure 2.3:Verification of the material parame-
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2.2 A Coupled Viscoplastic Material Model

A usual operating mode of ITER contains hold times at high temperatures (HT), which should be significant
for a formation of creep-induced defects in the TBM. The proposed viscoplastic model combines a deformation
model suitable to describe the undamaged material and a damage model to describe the material behavior up to
the failure. Thereby, the failure of a material point is defined by the macro crack initiation at that point, i.e. the
life time covers the time needed for micro crack initiation and its propagation up to a macro crack.
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2.2.1 Theoretical Background

To describe damage, a simplified version of the ISRM (inelastic strain rate modified) model used by Aktaa
and Schinke [6] has been applied in the present work. The simplification is based on the assumption using
experimental observations that damage accumulates linearly under varyingloading. The ISRM model has been
applied successfully to numerous simulation of metallic alloys at HT also in a post-irradiated state , see e.g.
Aktaa and Schinke [6] and Aktaa et al. [4]. The model is thus capable to describe creep, fatigue as well
as the creep-fatigue interaction. In the simplified ISRM model, the evolution of the internal state variableD
describing damage and ranges between0 for the undamaged material and1 for the totally damaged material is
given by the following expression, see Aktaa et al. [4]:

Ḋ =

〈

χ(σ)

A

〉r

ǫ̇
in

[1 −D]−κ (2.11)

with the unknown damage parametersA, r andκ and the equivalent rate of inelastic flowǫ̇
in

defined as in (2.7).
χ(σ) is thereby given by the following expression:

χ(σ)
.
= α1 σI + α2 σ : I + [1 − α1 − α2]σeq (2.12)

with the maximum principal stressσI , the equivalent von Mises stress

σeq
.
=

√

3

2
σdev : σdev

and two additional material parametersα1 andα2. Here,σdev is the deviatoric part of the stress tensorσ. The
brackets〈 〉 denote that damage does not vary ifχ(σ) becomes negative. Finally, damage remains constant if
no inelastic deformation occurs.

Within the continuum damage mechanics approach, deformation and damage can be coupled by substitution
of the stressσ by an effective stress̃σ. Both tensors are connected by the following expression, see Lemaitre
[10]:

σ̃ =
σ

1 −D
. (2.13)

The elastic-viscoplastic material model proposed is the model of Chaboche [8] with a modification capturing
the complex cyclic softening behavior of RAFM, see Aktaa & Schmidt [7]. The model belongs to the so called
unified deformation models describing viscoplasticity without the separation intothe time-dependent creep
and the time-independent plasticity, see Walker [15], so thatǫ̇

pl should be substituted bẏǫin in (2.1). Under
consideration of damage, the elasticity law (2.2) can be rewritten as

σ = [1 −D] E
el : ǫ

el (2.14)

In general, equations (2.3) and (2.4) remain unchanged. However, theoverstressΣ in (2.4) has another defini-
tion than in (2.5):

Σ
.
=

σ

ψ [1 −D]
− Ω (2.15)

with the isotropic softening variableψ described below. The following flow rule is used within the model
instead of (2.6):

ǫ̇
in =

3

2

〈

f (Σ) − σ0

Z

〉n
Σ

f (Σ)
(2.16)

with the unknown material parametersZ andn 2. The isotropic softening variableψ is subdivided into two
partsψ1 andψ2 allowing a description of the non-saturating part and the non-linear part ofthe cyclic softening
respectively:

ψ
.
= ψ1 + ψ2 : ψ1|t=0 = 0 and ψ2|t=0 = 1 (2.17)

2The operator〈 〉 is defined as follows:〈x〉
.
= [ x + |x| ] /2

5



The change of each part is given by a separate evolution equation:

ψ̇1 = −h ǫ̇
in

(2.18)

ψ̇2 = c [ψs − ψ2] ǫ̇
in

− rψ |ψ2 − ψr|
mψ−1 [ψ2 − ψr] (2.19)

with

ψs
.
= 1 − ψs,∞

[

1 − e
−cs max

−∞<τ<t
ǫin(τ)

]

(2.20)

to capture the memorized increase of the cyclic softening capacity with increasing amplitude of inelastic strain,
the equivalent inelastic strain

ǫin(τ)
.
=

√

2

3
ǫin(τ) : ǫin(τ)

and seven material parameters:h, c, ψr, ψs,∞, rψ,mψ, cs.
Finally, the change of the kinematic hardening is described by an appropriate evolution equation, cf. (2.9):

Ω̇ =
2

3
H ǫ̇

in −DΩ ǫ̇
in

−R

[

3

2
Ω : Ω

][m−1]/2

Ω (2.21)

with the new unknown parametersR, D, H andm. Last terms in (2.19) and (2.21) represent static recoveries
of the isotropic softening and the kinematic hardening respectively, which could be observed under creep,
relaxation or a cyclic loading with a hold time.

2.2.2 Adjustment of Material Parameters

For the determination of the set of material parameters, they have been subdivided into several subsets. Thereby,
members of each subset exhibit a strong correlation with respect to (wrt.) each other and cannot be determined
separately. A stepwise identification of parameters is performed by a minimizationof the error between the
model and the material response using the following error function, see Aktaa [3]:

χ2 =

nexp
∑

m=1

ndatm
∑

n=1

[

σmodelmn − σexperimentmn

ndat,m

]2

(2.22)

with a number of experiments for each subsetnexp and a number of data points from the experimentm used
for the fitting. The optimization code MINUIT from the CERNLIB has been used.
The parameter identification has been performed according to the strategy presented above in the following
order3:

step 1 determine parametersk, Z, n, H andD by fitting the model response to the first cycles (stress-strain
curves) of the LCF tests without and with the hold time; thereby other parameters have been set to
negligible values and fixed;

step 2 determine parametersR andm by fitting the model response to the stationary creep rates data; the
parametersk, Z, n, H andD are thereby set to their values adjusted during the step 1; other parameters
remain fixed at negligible levels;

step 3 determine parametersh, c, ψs,∞ andcs by fitting of the model response to the cyclic softening curves
(peak stress vs. number of cycle) of the LCF tests without the hold time up to thehalf failure time;
thereby all already determined parameters are set to their values adjusted during the step 1 and 2 whereas
other parameters remain fixed at negligible levels;

3Initial values have been estimated on the basis of experience and first assessments of experimental data.
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step 4 determine parametersrψ, ψr andmψ by fitting of the model response to the cyclic softening curves of
the LCF tests with hold times up to the half failure time; other parameters are handledas in the previous
steps;

step 5 determine parametersA, r andκ by fitting of the model response to the cyclic softening curves of the
LCF tests without hold times up to the failure time; other parameters are handled asin the previous steps.

Parameters determined for the EUROFER 97 at450◦C (723K) and550◦C (823K) as well as for F82H at
450◦C (723K), 550◦C (823K) and650◦C (923K) according to the procedure described above are listed
in appendix A.1.
Fig. 2.4 demonstrates the quality of the adjustment for EUROFER 974. Indeed, the stress-strain behavior
within the first cycle can be quite well captured by the model for different total strain ranges, see fig. 2.4, on
the left. On the other hand, the complex softening behavior is also well described by the model, see fig. 2.4, on
the right.
A good agreement between the simulation and experiment can also be achieved for the damage (lifetime)
behavior, see fig. 2.5. The differences between the calculated and measured lifetimes lie within a range of
factor two except for the tests with the lifetime lying in the transition range to the highcycle fatigue (HCF), see
fig. 2.5, on the right. In the HCF regime, the ISRM damage model is expected to underestimate the lifetime,
see also Aktaa & Munz [5], and is however a conservative save prediction.

Figure 2.4:Comparison between material (markers) and model (line) responses for the stress-strain hysteresis for dif-
ferent strain ranges (on the left) and for the variation of the stress amplitude with the increasing number of cycles (on the
right) of a strain-controlled LCF tests.

4For more plots we refer to the report [7].
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Chapter 3

Determination of the Elastic Limit

3.1 Finite Element Model

To verify the material model described above, a 2D model of a quarter of the TBM has been created according
to the current design and meshed using PATRAN. The model is shown in fig.3.1 together with mechanical
constraints (symmetry boundary conditions). The only external mechanical load in the non-accident operating
mode is the hydrostatic pressure of80bar = 8MPa in all cooling channels.
First simulations using plain strain elements CPE8 have exhibited non-physicallyhigh out-of-plane stresses,
which have a numerical source. For those simulations where thermal stresses occur, ABAQUS provides a
so called generalized plane strain element formulation, which accounts for an elongation in the out-of-plane
direction and thus avoids enormously high non-physical out-of-plane stresses , see ABAQUS user’s manual [2]
ch. 13.1.2. The 8-node generalized plane strain elements CPEG8 have been used here for this reason.

500 kW/m
2

60 kW/m
2

35 kW/m
2

T
cc

= 773 KK

L

A B

Figure 3.1:The FE model of the TBM with mechanical and thermal constraints and loadings; the represented temper-
ature distribution (K) is due to the depicted thermal constraints and loads; the paths AB and KL are used for the stress
categorization as described below.

3.2 Thermal Simulation

During the operating mode, the model should account for a heat flux of250 up to 500 kW/m2 (peak) on
the plasma-facing side as well as a heat flux of60 kW/m2 and of35 kW/m2 on the vertical and horizontal
interior respectively due to breeder units, see fig. 3.1. For reason of simplicity, temperature boundary conditions
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depicted in fig. 3.1 have been considered in the simulations.1

In order to determine acceptable loads, the behavior of the TBM should be simulated under consideration
of different temperature distributions. To obtain such distributions, thermalsimulation has been performed
for four values of plasma heating:250 kW/m2 (the usual operating mode),500 kW/m2, 750 kW/m2 and
1000 kW/m2, as well as for three different temperatures in the cooling channels (T cc): 673 K, 773 K and
873 K. The heating due to the breeder unit remains thereby constant. Results of athermal computation for
the plasma heating of500 kW/m2 andT cc = 773 K are shown also in fig. 3.1 as an example of the typical
temperature distribution with the constant temperature in the cooling channels.

3.3 Mechanical Simulations using various Plasma Heating and Pressure in
Cooling Channels (no cycling)

By variation of both the temperature in cooling channels and plasma heating, a critical pressure has been de-
termined using both material models. The critical pressure is thereby definedas the minimum pressure causing
any inelastic deformation after the first heating i.e. after half of the first cycle for the ABAQUS-own material
model and after the whole first cycle for the viscoplastic material model.
The critical pressure is shown in fig. 3.2 for both material models as a function of the plasma heating and the
temperature in the cooling channelsT cc. Evidently, the critical pressure is strongly dependent on the tempera-
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Figure 3.2:The critical pressure as a function of plasma heating and thetemperature in cooling channels obtained using
the ABAQUS-own material model (on the left) and the UMAT (on the right).

ture in the cooling channels and relatively slightly on plasma heating up to450 − 500 kW/m2 approximately.
Increasing plasma heating takes however a leading influence on the criticalpressure whereas the temperature in
the cooling channels plays a decreasing role and, finally, plastic deformation occurs for allT cc without pressure
due to the temperature gradient alone if plasma heating reaches approximately750 kW/m2 or 1000 kW/m2

for the UMAT and the ABAQUS-own material model respectively.
For this heating, plastic deformation is localized in a narrow band along the plasma-facing side, see fig. 3.3 (on
the left). A high pressure causes an additional plastic deformation located ina left bottom or left top corners
of the1st or 2nd cooling channels if the pressure in the channels reaches a critical value discussed above, see
fig. 3.3 (on the right). The magnitude of the pressure-induced plastic strainbecomes thereby higher than the
magnitude of the pure thermal plastic strain.
With the aim of better understanding, the data are also presented in diverse2D plots. For instance, fig. 3.4

shows the critical pressure depending on plasma heating for different temperatures in the cooling channels ob-
tained using both material models.

1In the reality, the temperature distribution in the cooling channels is not homogeneous; the inhomogeneity can cause additional
temperature gradients, see section 6. However, the consideration of thephenomenon is a challenge for further simulations.
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P = 0MPa P = 50MPa

T cc = 773K , 1000 kW/m2

Figure 3.3: Distribution of the equivalent plastic strain in the most loaded region of the TBM for plasma heating of
1000 kW/m2 atT cc = 773K in the absence of pressure (on the left) and at the pressure of50MPa obtained using the
ABAQUS-own model.

Another cross-section of the 3D plot in fig. 3.2 is shown in fig. 3.5. Here, the critical pressure is plotted
as functions ofT cc for different values of plasma heating. The plots confirm the proposition about the slight
dependence of the critical pressure on plasma heating up to approx.500 kW/m2.
3D plots in fig. 3.6 illustrate the maximum von Mises stress in the model corresponding to the critical pressure
again as a function of plasma heating andT cc; figs. 3.7 and 3.8 represent 2D cross-sections of these plots. Evi-
dently, the user-defined material model (UMAT) leads to lower values of themaximum stress due to relaxation
during hold times. Diagrams in fig. 3.7 show a dominant influence of plasma heating on the maximum von
Mises stress for high values of plasma heating (at least from750 kW/m2. The UMAT yield even an absolute
independency of the maximum von Mises stress fromT cc for T cc ≥ 773K, see additionally the right-hand side
diagram in fig. 3.8. Furthermore, both diagrams in fig. 3.8 show that the critical von Mises stress corresponding
to 1000 kW/m2 changes in a relatively narrow band. It means thatT cc plays a secondary role in this case. This
proposition concerns also the case of750 kW/m2 computed using the UMAT.
The UMAT leads evidently to more conservative results, which should be probably more correct due to taking
into account of a high-temperature creep.
The maximum von-Mises stress as a function ofT cc is shown in fig. 3.9 at the constant pressure of8MPa
corresponding to the usual operating mode and for different values ofplasma heating. Except for1000 kW/m2,
the maximum von Mises stress depends rather on plasma heating and is almost non-sensitive to the variation of
T cc at this pressure. Note that both models lead thereby to quantitatively well comparable results.
This particular result can however be generalized using the following plots: the maximum von-Mises stress
vs. the pressure in cooling channels for differentT cc represented separately for each value of plasma heating,
see fig. A.1 in appendix A.2. It is easy to see that, except for750 kW/m2 and1000 kW/m2, the von Mises
stress remains independent ofT cc and is controlled by the pressure in cooling channels up to a pressure, which
is characteristic for each value of plasma heating. This characteristic pressure decreases with the increasing
plasma heating and remains higher than8MPa up to500 kW/m2. Both models lead to quantitatively similar
results forT cc ≥ 773K and heating values up to at least500 kW /m2. Simulations with a higher plasma
heating exhibit however a dependency on a material model.
To illustrate the plots presented, we give some contour plots of the distribution of the von Mises stress over
a most loaded region in the model. These plots are intended to show, how the pressure influences the stress
distribution and also to detect critical regions where the von-Mises stress becomes maximum and causes plastic
deformation. For instance, fig. 3.10 illustrates a distribution of the von Mises stress corresponding to the critical
pressure atT cc = 773K under consideration of plasma heating of250 kW/m2 (on the left) and1000 kW/m2,
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see also the 3D plot on the left-hand side in fig. 3.2.
As shown in the left-hand side in fig. A.2 in appendix A.3 , plasma heating without the pressure causes a high
equivalent stress along the plasma-faced side. The value of this stress isstrongly dependent on plasma heating.
On the other hand, an overlaying of the pressure leads to a shift of the highest loaded area to corners of the
cooling channels, see fig. A.2, the right-hand side. The dependency ofthe maximum values on the heating
becomes thereby not as strong as if the pressure is absent.
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Figure 3.4:The critical pressure as a function of plasma heating for different temperatures in cooling channels obtained
using the ABAQUS standard model (on the left) and the coupleddeformation-damage model.
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Figure 3.6:The corresponding maximum von Mises stress as a function of plasma heating and the temperature in cooling
channels obtained using the ABAQUS-own material model (on the left) and the UMAT.
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Figure 3.7:The maximum von Mises stress corresponding to the critical pressure as a function of plasma heating for
different temperatures in cooling channels obtained usingthe ABAQUS standard model (on the left) and the coupled
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Figure 3.10:distribution of the von Mises stress corresponding to the critical pressure atT cc = 773K under considera-
tion of plasma heating of250 kW/m2 ( on the left) and1000 kW/m2.

14



Chapter 4

Simulations of the Cyclic Behavior of TBM

The cyclic behavior of the TBM model has been studied again using both the ABAQUS-own material model
described above and the UMAT. Thereby, the following load case has been considered:T cc = 600◦C (873K);
the plasma heating750 kW/m2 and the coolant pressureP = 50MPa (500 bar). It was assumed on the basis
of the study reported in the previous section that such abnormal high loadsshould cause an important amount
of inelastic deformation.
Each cycle consists of four steps: (1) heating and application of the pressure,30 sec; (2) holding at the high
temperature (HT),400 sec, (3) cooling to RT,100 sec and, finally (4) holding at RT for1400 sec. Note that
steps (2) and (4) are not relevant for the ABAQUS-own time-independent material model.
We have simulated a few hundred cycles using both material models (300 with the ABAQUS-own material

ABAQUS UMAT

σmaxvm = 287MPa σmaxvm = 154MPa

Figure 4.1:A distribution of the von Mises stress after the heating within the cycle300 obtained using the ABAQUS
standard material model (on the left) as well as the UMAT under consideration of plasma heating of750 kW/m2, T cc =

873K and the pressure in cooling channels of50MPa

and600 with the UMAT). Because of the high computing time and huge memory capacity needed, it seems
unrealizable to continue such a simulation until the material fails (approximately6000 to 10000 cycles). For-
tunately, the method proposed in [9] by Kiewel, Aktaa & Munz allows the simulationof such number of cycles
by extrapolation of simulation data. However, it is a challenge for a further activity.
Figs. 4.1 and 4.21 show distributions of the von Mises stress and the equivalent plastic strain respectively after
the heating within the cycle300 obtained using the ABAQUS standard material model (on the left) as well as

1A change of the distributions step by step is shown in appendix A.4 for the cycle300.
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the UMAT under consideration of loadings described above. Both materialmodels yield qualitatively similar
stress distributions. However, the ABAQUS standard model leads to a double stress compared to the UMAT,
see fig. 4.1. On the other hand, the maximum equivalent plastic strain obtainedusing UMAT is considerably
(approx. factor 10) higher than the corresponding value provided byother material model, see fig. 4.2. This ob-
servation can be explained in terms of the stress relaxation due to the consideration of creep within the UMAT.
The results have been also generated in a table format along the paths AB and KL depicted in fig. 3.1. An ex-

ABAQUS UMAT

ǫmaxpl = 1.37E − 3 ǫmaxpl = 2.57E − 2

Figure 4.2: A distribution of the equivalent plastic strain after the heating within the cycle300 obtained using
the ABAQUS standard material model (on the left) as well as the UMAT under consideration of plasma heating of
750 kW/m2, T cc = 873K and the pressure in cooling channels of50MPa

amination of the contour plots has shown that the most loaded region in the model isthe vicinity of the point L
in the path KL. Fig. 4.3 shows a change of the damage variable near this pointduring first600 cycles. Thereby,
distributions of the damage variableD are shown additionally for the cycles100 and300. A damaged area lies
thereby again near the point L.
Additional plots in appendix A.5 depict the change of both the von Mises stress and the equivalent plastic
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Figure 4.3:A change of the damage variableD near the point L during first600 cycles together with its distribution in
the most loaded region after the cycles100 and300 obtained using the UMAT under consideration of plasma heating of
750 kW/m2, T cc = 873K and the pressure in cooling channels of50MPa
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Figure 4.5:Von Mises stress as a function of the ac-
cumulated plastic strain computed using the UMAT for
the first600 cycles.

strain along KL for some chosen cycles up to300 and600 for the ABAQUS standard model and for the UMAT
respectively. The ABAQUS standard model yield only a negligible increaseof the accumulated plastic strain as
well as a negligible relaxation of the von Mises stress. Contrariwise, an application of the UMAT leads to both
an increase of the equivalent plastic strain and a relaxation of the von Mises stress. However, both parameters
seem to reach saturated values corresponding to a non-ratcheting behavior.
This convergence can be also observed in the plot representing a change of the maximum equivalent plastic
strain near the point L within the first300 and600 cycles for the ABAQUS-own material and the UMAT re-
spectively, see fig. 4.4. Furthermore, a presentation of the equivalentstress as a function of the accumulated
plastic strain shown in fig. 4.5 corresponds rather to a non-ratcheting behavior. However, to get a definite
answer, the extrapolation method mentioned above should be applied.
It is difficult to compare both material models on the basis of the simulation performed due to relatively long
hold times at HT, which are significant for creep. For this reason, we have simulated100 cycles without the
hold time at HT and RT i.e. each cycle consists of only two steps: the heating during 30 sec and the cooling
during100 sec. A follow-up examination shows however that even in this case both material models yield quite
different results. Indeed, diagrams in fig. 4.6 show that the UMAT yields considerably greater plastic strain
even without the hold time. Note that both models lead to quite similar values of the plastic strain after the
first heating, see the right-hand side diagram in fig. 4.6. As follows from this diagram, the hold time at HT
provides for a significant amount of plastic strain. Nevertheless, the difference between results obtained using
the UMAT becomes not as dramatical as between results yielded by different models already after the first100
cycles.
Fig. 4.7 illustrates the change of the von Mises stress near the point L during100 cycles. It it easy to recognize

that a gap between the results obtained using different material models becomes significant already after the
first five cycles.
Figs. 4.8 and 4.9 illustrate an influence of the hold time on simulation results if the UMAT is used. Not later
than at this place, it becomes plausible that the ABAQUS own material model is unfortunately inappropriate to
describe the component behavior under cyclic loadings partly at HT. Consequently, only the more conservative
results obtained based on an application of the UMAT are used below for theverification of some design rules.

17



0.0E+00

4.0E-03

8.0E-03

1.2E-02

1.6E-02

0.0E+00 5.0E+04 1.0E+05 1.5E+05 2.0E+05

Time, sec

E
q

u
iv

a
le

n
t

P
la

st
ic

S
tr

a
in

UMAT with Hold Time at HT

ABAQUS

UMAT without Hold Time at HT

Cycle 100

1.0E-03

1.5E-03

2.0E-03

2.5E-03

0 500 1000 1500

Time, sec

E
q

u
iv

a
le

n
t

P
la

st
ic

S
tr

a
in

UMAT with Hold Time at HT

ABAQUS

UMAT without Hold Time at HT

I II

III

IV

Figure 4.6: On the left: a change of the equivalent plastic strain near the point L during first100 obtained using
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Chapter 5

Verification of Design Rules

The aim is now to compare the results discussed above with a prediction of somedesign rules based on linear-
elastic simulations. To apply the design rules, different material limits should be evaluated. There are the
allowable primary membrane stress intensitySm, the allowable primary plus secondary membrane stress in-
tensitySe, the allowable total stress intensitySd for low temperature rules as well as the primary stress creep
usage fractionUt for high temperature rules.

5.1 Calculation of Material Limits

Firstly, we calculate the material limits mentioned above under consideration of theexperimental data obtained
in the uniaxial cyclic tensile tests represented in section 2.

5.1.1 The allowable primary membrane stress intensity

According to ITER SDC-IC [1], subsection IC 2723,Sm is the lowest stress intensity at a given temperature1

among the time-independent strength quantities:

Sm
.
= min

{

1

3
Su ,

2

3
Sy

}

(5.1)

with the minimum2 ultimate tensile strengthSu as well as the minimum yield strengthSy.
AvailableSm values do not consider a change of the tensile strength and yield stress under a cyclic loading. This
change can however be taken into account ifSm is calculated on the basis of the experimental data reported by
J. Aktaa and R. Schmitt in [7]. Note that the available maximum achieved tensile stress has been used here for
calculations instead of the ultimate tensile strength. To obtain the needed tensile strengths, isothermal tensile
tests should be performed after e.g.10, 20 etc. cycles.
The new value,calculated in such manner, is represented in fig. 5.1 togetherwith the availableSm values from
ITER SDC-IC [1], appendix A. It was thereby assumed that each cycleis 1930 sec = 0.54 h long. To avoid a
misunderstanding, the value has been labeled asS∗

m.
As follows from the diagrams in fig. 5.1, ITER SDC-IC [1], appendix A provides too high values ofSm.
Unfortunately, it is not straightforward to compare directly cycles in tensile experiments carried out at a constant
temperature on small specimens with operating cycles of a component includingmechanical pressure in cooling
channels and possibly high temperature gradients. For this reason, we have calculated only oneS∗

m value for
each temperature and labeled it asSCm, whereby the subscriptC denotes that the value should be applied if
C-type loadings appear in contrast toSm values valid for M-type loadings. This value corresponds to a cycle
numberNf/2 highlighted in fig. 5.1 and is representative for the given temperature.S∗

m becomes therewith a
transient value and is not applied below. As follows from diagrams depictedon the left in fig. 5.2, the value

1A dependence on the neutron fluence in not considered here.
2The minimum value between the values at the room and at the given temperature.
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exhibits a very similar behavior as a function of temperature with the referenceSm values. A gap between the
curves increases with increasing temperature as shown again in fig. 5.2, on the right. Thereby, the gap increases
almost linearly at HT beginning with450◦C (723K). The reduction of the allowable stress intensity due to
cyclic softening should definitively be considered in design estimations if C-type loadings are considered.
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5.1.2 The allowable primary plus secondary membrane stress intensity

The allowable primary plus secondary membrane stress intensitySe is defined as, see ITER SDC-IC [1], sub-
section IC 2724,

Se
.
=







1
3Su(Tm) + 1

3
E(Tm)

2 r1
[ǫu(Tm) − 0.02] if ǫu(Tm) ≥ 2%

1
3Su(Tm) if ǫu(Tm) < 2%

(5.2)

with the minimum ultimate tensile strengthSu, the Young’s modulusE, the minimum uniform elongation3 ǫu
and the elastic follow-up factorr1 = 4 (the conservative value). All the parameters should be evaluated at the

3The plastic component of the engineering strain at the time when the neckingbegins; the values are reported in ITER SDC-IC [1],
appendix A for the EUROFER 97.
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thickness averaged temperatureTm. It turned out thatǫu(Tm) < 2% if Tm ≥ 425◦ (698K). The change of the
elastic modulus with temperature obtained from the cyclic experiments reported above is depicted in fig. 5.3.
The allowable stress intensity calculated according to (5.2) under consideration of theSu values from the cyclic
experiment and labeled asSCe similar toSCm is shown in fig. 5.4 as a function of temperature together with the
values based onSu available in ITER SDC-IC [1], appendix A. Note that theSe limit must not be evaluated for
ductile materials. Nevertheless, here we check also the fulfillment of this criterion.
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Figure 5.4: Change of SC
e with temperature up to

700◦C (973K); data computed on the basis of available val-
ues for the ultimate tensile strengthSu and the minimum uniform
elongationǫu for these temperatures are also given for compari-
son.

5.1.3 The allowable total stress intensity

According to ITER SDC-IC [1], subsection IC 2725, the allowable total stress intensity is given by the following
expression:

Sd
.
=

2

3

[

Su(Tm) +
E(Tm)

r

ǫtr(Tm)

TF

]

(5.3)

with E, Su andTm are defined in the previous section and the minimum true strain at ruptureǫtr is given
for EUROFER 97 in ITER SDC-IC [1], appendix A. The triaxiality factor TFis defined as the ratio of the
hydrostatic stress to the von Mises norm and normalized to unity for an uniaxial tension. In the calculation of
Sd, we have usedTF = 2.01, which is the maximum positive TF value within the first600 cycles simulated
using the UMAT, see fig. 5.5. The elastic follow-up factor takes differentvalues in dependency on whether the
peak stressF is included to the total stress intensity:

• the peak stressF is includedPm + Pb +Q+ F

r2
.
= max {KT , 4} (5.4)

• the peak stressF is excludedPm + Pb +Q

r3
.
=

{

∞ if ǫu(Tm) ≤ 2%
4 if ǫu(Tm) > 2%

(5.5)

wherebyKT is the elastic stress concentration factor. Here, we have assumedr2 = 4 for all calculations. The
change ofSd calculated usingSu values from both the cyclic tests and ITER SDC-IC [1], appendix A as a
function of temperature is depicted in fig. 5.6. The value calculated on the basis of the cyclic tensile tests is
labeled again asSCd . It turned out that values corresponding tor3 6= ∞ are very sensitive with respect toǫtr
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andTF . In the case if the peak stress is not considered in the total stress intensity and ǫu is less than2% i.e.
Tm ≥≈ 425◦C (698K), r3 = ∞ and (5.3) takes an especially simple format depending neither onǫtr nor on
TF :

Sd
.
=

2

3
Su(Tm) (5.6)

Similar to theSe limit, the Sd limit also must not be evaluated for ductile materials. Nevertheless, here we
check also the fulfillment of this criterion for the particular case described above.
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Figure 5.6: Change of SC
d with temperature up to

700◦C (973K); data computed on the basis of available values
for the ultimate tensile strengthSu and the minimum true strain at
ruptureǫtr for these temperatures are also given for comparison.

5.2 Stress Categorization

To separate primary and secondary stresses, linear-elastic simulations have been performed for three load cases:
thermal and mechanical loads acting together and separated. A comparisonof the results obtained allows the
recognition that the influence of plasma heating is partially compensated by the coolant pressure. Results of
these simulations have been linearized automatically along the paths discussed above using the corresponding
option of the ABAQUS VIEWER.

5.3 Design Rules chosen for Evaluation

Within the frame of the work presented, the following low-temperature design rules have been evaluated:

• rules for prevention of immediate plastic collapse and plastic instability (M-type damage)

Pm ≤ Sm (5.7)

Pm + Pb ≤ Keff Sm (5.8)

• the rule for prevention of immediate plastic flow localization (M-type damage)

Pm +Qm ≤ Se (elastic analysis) (5.9)

ǫplm1 ≤
ǫu (Tm)

2
(elastic-plastic analysis) (5.10)
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• the rule for prevention of immediate local fracture due to exhaustion of ductility(M-type damage)

Pm + Pb +Q ≤ Sd (5.11)

• the rule for prevention of progressive deformation or ratcheting (C-type damage)

Pm + Pb +
[

∆Pmax + ∆Qmax
]

≤ 3Sm (elastic analysis) (5.12)

ǫplm1 ≤ 0.5λ1 min
Tm

{ǫu (Tm)} (elastic-plastic analysis) (5.13)

Note that all overlined expressions above mean the von Mises norm defined as

σ
.
=

√

1/2
[

[σ11 − σ22]
2 + [σ22 − σ33]

2 + [σ33 − σ11]
2 + 6

[

σ2
12 + σ2

23 + σ2
31

]

]1/2

Furthermore,Keff is the effective bending shape factor, which ranges in general between 1.0 and2.0. In
the case of an irradiated material,Keff = K = 1.5, whereK is the usual bending shape factor used in the
RCC-MR and in the ASME code.ǫplm1 denotes the significant mean plastic strain defined in ITER SDC-IC
[1], subsection IC 2616 as the greatest positive principal strain of the membrane strain tensorǫm. Furthermore,
λ1 = 0.3 is the safety factor for the level A. Besides these three factors, the following conventional notations are
used here:Pm, Pm + Pb andPm +Qm denote the primary membrane stress intensity, the primary membrane
plus bending stress intensity as well as the primary plus secondary membranestress intensity excluding plasma
disruption loadings, respectively;Pm + Pb +Q is the total stress intensity excluding the peak stressF . ∆Qmax
and∆Pmax are the maximum in the thickness secondary (thermal) stress intensity range and the stress intensity
range due to disruption loadings (here not considered). Possibly,∆Pmax should also include the stress intensity
range due to the change of the pressure in cooling channels. Furthermore, the low-temperature Bree-diagram
rule has been also evaluated:

Y ≤

{

1/X if 0.0 ≤ X ≤ 0.5
4[1 −X] if 0.5 ≤ X ≤ 1.0

(5.14)

Thereby,
X

.
= Pm/Sy

Y
.
=

[

∆Pmax + ∆Qmax
]

/Sy
(5.15)

Here,Sy is the average of the minimum yield strength evaluated at the minimum and maximum thickness-
averaged temperatures and fluences during the cycle calculated along thesupporting line segments.
We have also evaluated two high-temperature rules based again on the linear-elastic analysis:

• Creep effects
Ut

(

Pm
)

≤ 1 (5.16)

Ut

(

Pm + Pb/Kt

)

≤ 1 (5.17)

with the creep usage fraction for primary stressUt, see ITER SDC-IC [1], subsection IC 2764 and the creep
bending shape factorKt

.
= [Keff + 1] /2.

5.4 Evaluation of the Low-Temperature Design Rules

The maximum values required for evaluation of (5.7)-(5.12) except for (5.10) are collected in table 5.1. An
easy comparison shows that none of the five criteria is fulfilled even for values stemming from ITER SDC-IC
[1], appendix A atT cc = 600◦C (873K). If a stress intensity limit value at the average temperature along the
path (approx.625◦C or 899K) is considered, the difference becomes more essential. The stress intensity limit
values for this temperature calculated on the basis of the cyclic experiments are out of any competition. How-
ever, we should note that the average temperature appearing in the simulationpresented cannot be considered
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as a usual operating temperature lying at approximately500◦C (773K)-550◦C (823K). In addition to the
tables, fig. 5.7 illustrates the change ofSCm,K SCm and3SCm from RT up to650◦C or 923K whenSCm becomes
zero. We have also represented all stress limits together for the aim of comparison, see fig. 5.8.
An application of (5.14) shows that the less conservative Bree-diagramrule is fulfilled for three different tem-
peratures from873K to 923K, see table 5.2. Nevertheless, criterion (5.12) should also be satisfied before an
application of the high-temperature3Sm rule, see ITER SDC-IC [1], subsection IC3541.3.

An evaluation of both (5.10) and (5.13) rules requires a calculation of the significant mean plastic strain
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ǫplm1. Fig. 5.9 illustrates the change ofǫplm1 along the path KL within the first600 cycles simulated using the
UMAT. The maximum value corresponds to the last simulated cycle and lies at0.37%. The rule (5.10) requires
however a maximum significant mean plastic strain obtained under a monotonic loading multiplied by a safety
factor given in ITER SDC-IC [1]. Unfortunately, this value is not available so that we use the more conserv-
ative value reported above. This value should be compared with the half ofthe uniform elongationǫu at the
thickness-averaged temperatureTm i.e. at approximately625◦C (898K) in our case. Available values ofǫu
are represented in fig. 5.10 in dependence on the temperature, wherebyaveraged values are given by the upper
curve whereas the lower curve connects the minimum values. A half of the minimumvalue corresponding to
Tm is approximately0.40%. It means that (5.10) is fulfilled even with the conservative value ofǫplm1.
The rule (5.13) requires a minimum value ofǫu for all times during the total operating period. As follows
from fig. 5.10,minTm {ǫu (Tm)} = 0.5 at Tm = 600◦C (873K). Therewith, (5.13) is not fulfilled since
0.5 · 0.3 · 0.5 = 0.075 < 0.370.
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5.5 Evaluation of the High-Temperature Design Rules

In general, the HT design rules should be evaluated first if the low-temperature criteria are fulfilled. It is not the
case but nevertheless we evaluate the rules (5.16) and (5.17) to show how Ut can be estimated.
A time-dependent allowable stress intensity for primary stressesSt is needed to calculateUt and defined in
ITER SDC-IC [1], subsection IC 2726 as a temperature and time-dependent stress intensity limit

St
.
= min

{

2

3
σcrp , 80%σtertiary , σ1%

}

. (5.18)

Here,σcrp is the minimum stress corresponding to average creep rupture timet at the temperatureT , σtertiary
is the minimum stress causing the tertiary creep to timet at the temperatureT and, finally,σ1% is the minimum
stress to cause the creep strain ofmin {1% , ǫC/5} with the total elongation at ruptureǫC determined from
uniaxial isothermal tensile creep tests.
The creep usage fraction for the primary stressUt generalizes theSt for the case if the stress or the temperature
depends on time. To computeUt, the operating time should be subdivided intoN time intervals4 , whereby
only those time intervals should be considered, for which the temperature is higher than a defined temperature
corresponding to the beginning of non-negligible creep processes. Such temperature lies at425◦C (698K) for
the EUROFER 97, see ITER SDC-IC [1], appendix A. For each intervalj of the durationtj should be found the
highest temperatureTj and the highest total stress intensityσj . For these stress and temperature, the maximum
allowable timets, j should be obtained from theSt curves, see fig. 5.11, the left-hand side diagram.Ut is then
defined as the following sum:

Ut
.
=

N
∑

j=1

tj
ts, j

. (5.19)

In the case of the linear-elastic simulation, all cycles are evidently identical sothat we can consider only one
cycle consisting of four steps described in section 4. The highest temperature reaches thereby715◦C (988K);
we use here however the thickness-average temperature of approximately 625◦C (898K). The durationt1
of the interval above425◦C (698K) is equal approximately to454.2 sec. The required in (5.16) and (5.17)
maximum stress intensities take the following values within the interval:Pm = 117MPa; Pm + Pb/Kt =
163.6MPa. Simple analysis of theSt curves in the right-hand side diagrams in fig. 5.11 shows that the

4For the aim of plausibility, we use hereN = 1. Generally, this assumption is however incorrect.
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Table 5.1:Maximum absolute values of the categorized stress components and their
combinations among all values for the chosen paths togetherwith the corresp. values
of the availableSm and calculatedSC

m stress intensity limits; the units are MPa.
Pm S 898K

m SC 898K
m S 873K

m SC 873K
m

117.0 87.0 14.5 98.0 29.1
Pm + Pb K S 898K

m K SC 898K
m K S 873K

mt K SC 873K
m

179.7 130.5 21.8 147.0 43.6
Pm +Qm S 898K

e SC 898K
e S 873K

e SC 873K
e

129.9 86.6 61.8 97.7 68.4
Pm + Pb +Q S 898K

d SC 898K
d S 873K

d SC 873K
d

260.9 173.1 123.6 195.3 136.8
Pm + Pb + ∆Qmax 3S 898K

m 3SC 898K
m 3S 873K

m 3SC 873K
m

179.7+215.8=395.5 261.0 43.6 294.0 87.2

Table 5.2:Application of the Bree-diagram rule.
T ,K Sy ,MPa X 1/X 4[1 −X] Y

873 282 0.41 2.41 - 0.77
898 250 0.47 2.14 - 0.86
923 214 0.55 - 1.81 1.01

maximum allowable time at the average temperature under the load of117MPa is approximately3 hour. The
criterion (5.16) is then fulfilled ifN does not exceed22 cycles. The second criterion (5.17) cannot be fulfilled
for the average temperature. It becomes true first for575◦C (848K) if N ≤ 16. If we however consider
that the life time of the component should be approximately1E + 4 cycles, it becomes evident that the high-
temperature criterion is not fulfilled. The result colud be probably enhanced if we would subdivide the whole
time interval into several shorter intervals. It would be reasonable first ifthe low-temperature criteria would be
fulfilled.
Thus, the chosen design rules predict (a) the plastic collapse and plastic instability , (b) the probable plastic flow
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Figure 5.11:St curves needed to calculate the creep usage fraction for primary stressUt(Pm) andUt(Pm + Pb/Kt).

localization, (c) the local fracture due to the exhaustion of ductility as well as(d) the probable accumulation of
plastic deformation. The prognoses confront however with simulation results using of the viscoplastic material
model that includes damage, which show rather a non-ratcheting behaviorat least for the first600 cycles.
However, as mentioned above, to obtain a more definite result, the extrapolation method proposed by Kiewel,
Aktaa and Munz [9] should be applied and, on the other hand, all design criteria should be checked according
to the scheme given in ITER SDC-IC [1], subsection IC 3030.
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Chapter 6

Considerations concerning the Mock-Up
Experiment

In this section, we propose a relatively simple mock-up model of the TBM and perform an investigation, how
a variation of some geometrical and loading parameters influences an accumulation of inelastic deformation as
well as an evolution of the damage in the model. Thereby, we use the coupled deformation-damage material
model described in section 2.2.

6.1 Model Assumptions

According to our proposition, the box-shaped model has three cooling channels as depicted in fig. 6.1. The
coolant pressureP is firstly assumed to be constant and equal to100 bar = 10MPa. The coolant temperature
should vary from channel to channel in accordance with the reality in the TBM. In the study, we consider the
following four cases:

1. T1 = 300◦C (573K) & T2 = 350◦C (623K)

2. T1 = 350◦C (623K) & T2 = 300◦C (573K)

3. T1 = T2 = 300◦C (573K)

4. T1 = T2 = 350◦C (623K)

3
0
0

k
W

/m
2

P

P

P

T1

T2

T1

P=100 bar = 10 MPa

Adiabatic

OWT
Figure 6.1: The geome-
try of the proposed mock-up
model together with the me-
chanical and thermal loads
(on the right).

The cycles are chosen similar to the working cycles of the TBM:(1) heating and application of the pressure,
30 sec; (2) holding at the high temperature (HT)tHThold, (3) cooling to RT,100 sec and, finally, (4) holding at RT
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for 600 sec. Thereby,tHThold is evidently relevant for the amount of inelastic deformation and has for this reason
been chosen as the1st design parameter. The outer wall thickness (OWT) has been chosen as the 2nd design
parameter and changes in the range of1mm to 5mm.
Thus, within the frame of the work presented we have simulated first50 cycles forOWT = 1.0mm ; 2.0mm;
3.5mm ; 5.0mm andtHThold = 600 sec ; 1800 sec; 3600 sec ; 7200 sec on the basis of a 2D model. The temper-
ature distribution as well as the linear-elastic behavior have been simulated however on the basis of a 3D model.

6.2 The Finite Element Discretization

The finite element model includes only a half of the total component. Fig. 6.2 depicts a FE discretization if
OWT = 3.5mm corresponding to the current design of the TBM. We have used 8-nodelinear brick elements
C3D8 and 8-node biquadratic quadrilateral generalized plain strain elements CPEG8 for the 3D and 2D FE
models, respectively. The corresponding diffusive heat transfer elements DC3D8 and DC2D8 have been used
for thermal simulations.

Z

Y

X

1

2

3

Figure 6.2: The discretized 3D finite element
model forOWT = 3.5mm.

6.3 Thermal Simulations (3D)

For the aim of simplicity, we suppose that the temperature is constant at the surface of each cooling channel also
for a 3D model. As shown in fig. 6.1, the front side of the model undergoesa heat irradiation of300kW/m2

remaining constant for all simulations performed. For other outer surfaces, the adiabatic boundary condition is
considered, see fig. 6.2. Typical temperature distributions in the model with theOWT = 3.5mm computed
for the cases 1 to 4 are shown in fig. 6.31.
The maximum temperature in the model is depicted on the left-hand side diagram in fig. 6.4 as a function of
the OWT for all four cases. It turned however out that the cases 3 and4 are uninteresting since they care only
for a small difference between the minimum and maximum temperatures in the model, see the right-hand side
diagram in fig. 6.4. Evidently, the temperature gradient becomes highest in the case 2. Thus, only the cases 1
and 2 are used for the modeling represented below.

6.4 Linear-Elastic Simulations (3D)

Using the temperature distributions described in the previous section, we have firstly computed a material
response on the basis of a linear-elastic material model. The influence of thecoolant pressure and the plasma
heating on the stress and strain distributions has been thereby studied for the cases if both these loadings act

1For temperature distributions in models with different OWT we refer to appendix B.1
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Figure 6.3:An example of the temperature distribution (in K) in the model with theOWT = 3.5mm calculated
for the cases 1 (on the left) and 2.

simultaneously and separate. The corresponding contour plots are placed in appendix B.1.
Diagrams represented in fig. 6.5 allow the understanding, how the loadings influence the maximum von Mises
stress and the total strain depending on the OWT. TheOWT = 1.0mm provides for the highest von Mises
stress placed in the thin outer wall. For the same reason i.e. due to the thick outerwall, the von Mises stress
is influenced by the coolant pressure fewest ifOWT = 5.0mm. For all load cases, the temperature gradient
provides for the main amount of the total strain.

6.5 The Behavior under Cyclic Loading (2D)

6.5.1 Dependence on the Hold Time at HT

As mentioned above, we have simulated 50 working cycles with the different hold time at the high temperature
tHThold for the 2D models with the different OWT using the UMAT. Distributions of the von Mises stress, the mag-
nitude of the accumulated inelastic strain and the damage variable after the holdingat HT if tHThold = 7200 sec
are collected in appendix B.2. The plots are thereby qualitatively representative for alltHThold checked.
The plots allow the finding some critical points depicted explicitly in fig. 6.6 togetherwith mechanical bound-

ary conditions. Indeed, the pairs of points 1-1 & 4-1 as well as 2-1 & 2-2are critical ifOWT = 1.0mm and
OWT = 2.0mm for the case 1 and 2, respectively. ForOWT = 3.5mm andOWT = 5.0mm, the pairs 2-1
& 3-1 and 2-2 & 5-1 are critical in the case 1 and 2, respectively. However, the highest damage occures in the
points 2-1 & 2-2 ifOWT = 3.5mm and in the points 3-1 & 5-1 ifOWT = 5.0mm. Important is thereby the
fact that the stress/strain/damage distributions are qualitatively similar for these two OWTs.
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cases 1 and 2.

An amount of inelastic strain is represented in fig. B.7 for the cases 1 and 2.It is easy to see that the inelastic
strain exhibits only a slight dependence on the hold time whereas the OWT playsa main role in this process.
Thereby, the maximum inelastic strain occurs ifOWT = 1.0mm. Note also that the case 2 leads to a signifi-
cant amount of inelastic strain ifOWT = 5.0mm.
The diagrams drown to a larger scale in fig. 6.8 allow the recognition thatOWT = 3.5mm provides for a

minimum amount of inelastic strain. This fact is important for TBM designers. Within the frame of the work
presented, we are however aimed to reach a failure of the mock-up model within as short as possible time.
Thereby, the mock-up model and the TBM should have similar critical areas.According to actual propositions,
the TBM has the outer wall thickness of exactly3.5mm. It means thatOWT = 5.0mm combined with the
case 2 is more appropriate for the mock-up model thanOWT = 1.0mm in combination with the case 1 in
spite of the higher grade of damage in the last case.
The next step is to choose the optimum hold time at HT. Thereby, we compare only two cases providing for a
highest damage:OWT = 1.0mm andOWT = 5.0mm. Diagrams in fig. 6.9 represent an evolution of the
accumulated inelastic strain in the actual critical point during the first 50 cycles with the different hold time at
HT only for two important combinations:OWT = 1.0mm & case 1 (on the left) andOWT = 5.0mm &
case 22. Evidently, the combinationOWT = 5.0mm & case 2 provides for an amount of inelastic strain and

2Similar plots containing additionally evolutions of the von Mises stress and damage for all combinations are collected in appendix
B.3. The plots show definitely that the combinationOWT = 5.0 mm & case 1 is absolutely uninteresting due to the almost elastic
material response even after 50 cycles; the combinationOWT = 1.0 mm & case 2 does not provides for as high damage as the
combinationOWT = 1.0 mm & case 1.
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picted. Note that only one node is constrained at
the bottom right corner.
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Figure 6.7:The maximum magnitude of inelastic strain in the model depending on two design parameters:tHT
hold and

OWT .

damage3 , which is absolutely comparable with the amount reached in the combinationOWT = 1.0mm &
case 1. An important conclusion is thereby thattHThold influences the accumulation of inelastic strain slightly so
that it does not make sense to use the hold times longer than1800 sec.
This proposition is confirmed by evolutions of the von Mises stress depicted infig. 6.10. Indeed, the stress
becomes almost independent of the hold time already after the first 10 - 20 cycles. Note thereby that the cycle
with tHThold = 7200 sec is approximately6 times longer than the cycle withtHThold = 600 sec.

6.5.2 Dependence on the Coolant Pressure

Thus, we have chosen the following combination for a further investigation:OWT = 5.0mm & case 2 &
tHThold = 1800 sec. Next, we investigate the sensitivity of the material response concerning thecoolant pressure
Pcc for the chosen combination. Recall thatPcc = 10MPa was used in all previous simulations.

An analysis of diagrams in fig. 6.11 yield a strong dependence of the von Mises stress, the accumulated
plastic strain and the damage variable on the coolant pressure. Thereby,maximum values depend onPcc
almost linearly, see fig. 6.12. It means that the coolant pressure should be chosen as high as allowed by the

3The corresponding diagrams for the damage variable are represented in fig. B.14.
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Figure 6.8:Details of fig. B.7: the magnitude of inelastic strain rangesup to2E − 4.

experimental set-up, at least however10 − 15MPa.

6.5.3 Dependence on the Temperature Difference in the Cooling Channels

All previous studies have assumed the constant temperatures in cooling channels reported in the beginning
of the current chapter:T1 = 350◦C (623K) & T2 = 300◦C (573K) corresponding to the case 2. In this
subsection, we investigate a change of the material response caused by the change ofT1 as well as the coolant
pressure. Thereby, we have simulated additionally the following cases:T1 = 450◦C (723K) & T1 = 550◦C
(823K) as well asPcc = 10MPa , 20MPa , 30MPa. Note thatT2 = 300◦C (573K) remains unchanged
as well astHThold = 1800 sec andOWT = 5.0mm.
The new computed temperature distributions corresponding toT1 = 450◦C (723K) andT1 = 550◦C (823K)
are compared with the previously discussed caseT1 = 350◦C (623K) in fig. 6.13.
The surfaces in fig. 6.14 represent a maximum magnitude of the accumulated inelastic strain (on the left) and
the damage variable (on the right) as functions of the coolant pressure and the difference between temperatures
in cooling channels. The surfaces can be seen therewith as a generalization of the curves given in fig. 6.12.
For the aim of plausibility, we use cross sections of the surfaces for further study, see fig. 6.15. The damage
variable and also the accumulated plastic strain is influenced by change in∆T ≡ T1 − T2 evidently stronger
than by change inPcc: both internal variables lie within the same order of magnitude for all values ofPcc
if ∆T = const and change within approximately 3 orders of magnitude if∆T increases at constantPcc.
For instance, the maximum damage after 50 working cycles is almost independent of the coolant pressure if
∆T = 250K. It means that the experimental set-up should be enhanced rather in the way of increasing of the
maximum allowable coolant temperature, whereby the coolant pressure canlie at 10MPa (100 bar). Even if
∆T becomes 100 degrees, the maximum damage increases by approximately 2 orders of magnitude. In other
words, the combination∆T = 150K & Pcc = 10MPa is more favorable than the combination∆T = 50K
& Pcc = 30MPa and differs insufficiently from the combination∆T = 150K & Pcc = 30MPa.
The evolution of the accumulated plastic strain and the damage variable during the first 50 working cycles is
shown in fig. 6.16 for different values of∆T andPcc. The data points used in figs. 6.12 and 6.15 correspond
thereby to the cycle 50. Another argument to use higher∆T follows from the analysis of contour plots depicted
in appendix B.4. Indeed, if∆T = 150K or more, the highest damage occur in the point 2-1 (cf. fig. 6.6) like
in the caseOWT = 3.5mm proposed by designers. Recall that∆T = 50K leads to the appearance of the
highest damage in the point 5-1.
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Figure 6.9: An evolution of the amount of inelastic strain in the actual critical point during the first 50 cycles with
differenttHT

hold for the following combinations:OWT = 1.0mm & case 1 (on the left) andOWT = 5.0mm & case 2.
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Chapter 7

Conclusions and Outlook

In the present work, material parameters required for the non-linear kinematic-isotropic hardening ABAQUS
standard material model have been determined. These parameters have been used together with a coupled
deformation-damage viscoplastic material model to determine the coolant pressure causing plastic deformation
as a function of the temperature in the cooling channels and the plasma heating.Furthermore, the cyclic be-
havior of the TBM has been simulated using both material models. It turned outthat the ABAQUS standard
material model used is not appropriate enough to describe behavior of components undergoing different load-
ings at HT for a longer time. However, this time-independent material model can be involved for simulations
under monotonic loadings to verify the low-temperature rules for the M-type damage requiring a pure plastic
strain part without the creep part.

On the other hand, some important design rules have been applied to the modeland their predictions have been
compared with results of the cyclic simulations. It thereby turned out that the criterions are not fulfilled, even
if the conventional limit values of stress intensities are used. The newly calculated values of allowable stress
intensitiesSCm, SCe andSCd accounting for the cyclic softening of the EUROFER 97 lead to a larger gap between
the target and actual results.

An investigation of the temperature dependence of the allowable stress intensities shows that cyclic loadings
lead to a reduction of conventional values of e.g.Sm by approximately40-80MPa. For this reason, we would
recommend to use the available values to design a component underlying to monotonic loadings and the pro-
posed valuesSCm if cyclic loadings occur.

The results of the cyclic simulations exhibit neither plastic collapse nor ratcheting after the first600 cycles. This
discrepancy could mean that the criterions could be possibly too conservative for EUROFER 97 and should be
revised. The suggestion, however, requires a further in-depth studyincluding a verification of all (elastic and
elastic-plastic) design rules preventing both the M-type and C-type damage,a consideration of the effects of
irradiation, the hydrogen effect, and corrosion effect by the coolantas well as the possible changes in the actual
TBM geometry.

On the basis of several thermal, linear-elastic and cyclic simulations based ona coupled deformation damage
material model with consideration of creep we propose the following parameters for the mock-up model of the
TBM, cf. fig. 6.1:

• case 2 for the surface temperature of the cooling channels i.e.T1 = 450◦C (723K) & T2 = 300◦C
(573K) 1;

• the outer wall thicknessOWT = 5.0mm;

1Evidently, higherT1 = 550◦C (823 K) results sufficiently in a reduction of the number of cycles up to the failure ofthe model.
The temperature should be however realizable experimentally.
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• the hold time at the high temperaturetHThold = 1800 sec;

• the coolant pressurePcc at least10MPa i.e. 100 bar.

If T1 = 450◦C (723K) is not realizable and onlyT1 = 350◦C (623K) can be reached experimentally,Pcc
should be increased up to at least15 − 20MPa i.e. 150 − 200 bar.

For the modeling, we have used geometrical parameters corresponding to actual propositions of TBM designers.
Among all these parameters, we have varied only the outer wall thicknessOWT . The heating of the front side
is considered to be constant and equal to300 kW/m2. We recall also another model assumption concerning
the constant temperature over the total surface of a cooling channel. Thereby, surface temperatures in different
cooling channels should not be equivalent, see fig. 6.1.

We also found out thattHThold influences damage amount only slightly in contrast toOWT andPcc and, on the
other hand,∆T influences damage more sufficient thanPcc.

Further design propositions can occur due to a variation of other geometrical parameters, plasma heating,
a simulation of more cycles using both the RESTART option and the extrapolation method. Moreover, the
temperature on the surface of the cooling channels is not constant and should be determined on the basis of a
thermo-hydraulic simulation.
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Appendix A

Additions to the TBM Part

A.1 Parameters for both Material Models.

Table A.1:Parameters for the ABAQUS standard hardening material model; γ = 1150 for all T .

T ,K 293 723 823 923
C ,MPa 147200 153922 180590 194900
Q ,MPa -104.00 -133.00 -145.00 -108.77
b 0.89 1.05 1.80 3.70

Table A.2:Parameters for the coupled deformation-damage material model

Material F82H mod EUROFER 97
T , ◦C 450 550 650 450 550
E , MPa 176170 160000 137450 166300 153890
k , MPa 5.57 1.3E-6 2.14E-5 175 6E-6
Z , MPa · sec1/n 391.6 524 600 177.6 428
n 31.8 11.7 6.66 13.7 12.6
H , MPa 104823 78708 75646 115508 98391
D 619 692 1046 704 764
R , MPa1−m · sec−1 1.0E-21 9.9E-17 8.0E-17 4.0E-17 1.0E-16
m 8.67 0.428 0.397 6.1 0.428
h 1.70E-3 1.87E-3 4.25E-3 1.85E-5 9.80E-4
c 6.30 5.02 6.21 1.82 3.62
rψ , sec

−1 8.27E-5 1.03E-4 2.00E-5 7.00E-5 1.00E-4
ψr 0.501 0.519 1E-4 0.622 0.542
mψ 1.0 1.0 1.0 1.0 1.0
ψs,∞ 0.308 0.346 0.377 0.293 0.350
cs 2452 3000 2814 2764 2507
A , MPa · sec1/r 2293 1592 1391 2202 2057
r 2.91 2.64 2.34 2.91 2.25
κ 33.51 12.64 12.44 33.51 12.25
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A.2 Maximum von Mises Stress vs. Pressure in Cooling Channels.

ABAQUS UMAT
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Figure A.1: The max. von Mises stress as a function of the pressure in cooling channels obtained using the ABAQUS
standard material model (the left column) and the UMAT for different values of the plasma heating and differentT cc.
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A.3 Distribution of the von Mises Stress atT cc = 773 K after the 1st Cycle
for Different Values of the Plasma Heating and two Levels of the Pressure
obtained using the ABAQUS Standard Material Model

P = 0MPa T cc = 773K P = 50MPa

250 kW/m2

500 kW/m2

1

2

3

750 kW/m2
1

2

3

1000 kW/m2

Figure A.2: Distributions of the von Mises stress atT cc = 773K under consideration of the plasma heating from
250 kW/m2 up to1000 kW/m2 without pressure in cooling channels (the left-hand side column) and with the pressure
of 50MPa.
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A.4 Distribution of the von Mises Stress and the Equivalent Plastic Strain for
Different Steps of the Cycle300 obtained using both Material Models.

cycle 300 750 kW/m2 T cc = 873K P = 50MPa

ABAQUS UMAT

step1:
after the heating

σmaxvm UMAT = 154MPa

σmaxvm ABAQ = 287MPa

step2:
after the holding at the HT

σmaxvm UMAT = 154MPa

step3:
after the cooling

σmaxvm UMAT = 212MPa

σmaxvm ABAQ = 125MPa

step4:
after the holding at the RT

σmaxvm UMAT = 192MPa

Figure A.3: Distribution of the von Mises stress during the cycle300 obtained using the ABAQUS standard material
model (on the left) as well as the UMAT under consideration ofthe plasma heating of750 kW/m2, T cc = 873K and the
pressure in cooling channels of50MPa
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cycle 300 750 kW/m2 T cc = 873K P = 50MPa

ABAQUS UMAT

step1:
after the heating

ǫmaxpl UMAT = 2.57E − 2

ǫmaxpl ABAQ = 1.37E − 3

step2:
after the holding at the HT

ǫmaxpl UMAT = 2.58E − 2

step3:
after the cooling

ǫmaxpl UMAT = 2.58E − 2

ǫmaxpl ABAQ = 1.37E − 3

step4:
after the holding at the RT

ǫmaxpl UMAT = 2.58E − 2

Figure A.4: Distribution of the equivalent plastic strain during the cycle 300 obtained using the ABAQUS standard
material model (on the left) as well as the UMAT under consideration of the plasma heating of750 kW/m2, T cc = 873K

and the pressure in cooling channels of50MPa
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A.5 Distribution of the von Mises Stress, the Equivalent Plastic Strain for Dif-
ferent Steps of Chosen Cycles obtained using both Material Models.

750 kW/m2 T cc = 873K P = 50MPa

ABAQUS UMAT
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Figure A.5: Distribution of the von Mises stress along KL during some chosen cycles obtained using the ABAQUS
standard material model (on the left) and the UMAT under consideration of the plasma heating of750 kW/m2, T cc =

873K and the pressure in cooling channels of50MPa
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750 kW/m2 T cc = 873K P = 50MPa

ABAQUS UMAT
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Figure A.6:Distribution of the equivalent plastic strain along KL during some chosen cycles obtained using the ABAQUS
standard material model (on the left) and the UMAT under consideration of the plasma heating of750 kW/m2, T cc =

873K and the pressure in cooling channels of50MPa
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Appendix B

Additions to the Mock-Up Part

B.1 Illustrations on the 3D Thermal and Linear-Elastic Simulations

1

2

3

OWT = 1.0 mm, von Mises stress

(Ave. Crit.: 75%)
S, Mises

+9.57e-01
+1.49e+01
+2.88e+01
+4.28e+01
+5.67e+01
+7.07e+01
+8.46e+01
+9.86e+01
+1.13e+02
+1.26e+02
+1.40e+02
+1.54e+02
+1.68e+02
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2

3

case 1 case 2

(Ave. Crit.: 75%)
S, Mises

+4.37e+00
+1.42e+01
+2.40e+01
+3.38e+01
+4.36e+01
+5.34e+01
+6.32e+01
+7.30e+01
+8.28e+01
+9.26e+01
+1.02e+02
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+1.22e+02
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(Ave. Crit.: 75%)
S, Mises

+3.68e+00
+1.45e+01
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+3.61e+01
+4.69e+01
+5.77e+01
+6.85e+01
+7.94e+01
+9.02e+01
+1.01e+02
+1.12e+02
+1.23e+02
+1.33e+02
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3

(Ave. Crit.: 75%)
S, Mises

+4.55e+00
+2.27e+01
+4.08e+01
+5.90e+01
+7.71e+01
+9.53e+01
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+1.32e+02
+1.50e+02
+1.68e+02
+1.86e+02
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(Ave. Crit.: 75%)
S, Mises
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+1.55e+01
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+3.95e+01
+5.15e+01
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+7.55e+01
+8.75e+01
+9.94e+01
+1.11e+02
+1.23e+02
+1.35e+02
+1.47e+02
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3

Figure B.1:The discretized FE model (1st row on the left); the v. Mises stress distr. due to only the coolant pressureP cc

(1st row on the right); von Mises stress distr. due to only the temperature gradients∆T (2nd row) and bothP cc and∆T

acting simultaneously (3rd row). The left and the right columns correspond to the case 1 and 2 resp.
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OWT = 1.0 mm, total strain

1

2

3

(Ave. Crit.: 75%)
E, Max. Principal

+3.62e-06
+7.59e-05
+1.48e-04
+2.20e-04
+2.93e-04
+3.65e-04
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+5.10e-04
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+6.54e-04
+7.26e-04
+7.99e-04
+8.71e-04

1

2

3

case 1 case 2

NT11

+5.73e+02
+5.81e+02
+5.88e+02
+5.96e+02
+6.04e+02
+6.11e+02
+6.19e+02
+6.27e+02
+6.34e+02
+6.42e+02
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+3.59e-03
+3.70e-03
+3.80e-03
+3.90e-03
+4.00e-03
+4.11e-03
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Figure B.2:The discretized FE model (1st row on the left); the maximum principal total strain distribution due to only
the coolant pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left
and on the right respectively); maximum principal total strain distributions due to only the temperature gradients∆T (3rd

row) and bothP cc and∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and
2 respectively.
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OWT = 2.0 mm, von Mises stress

Z

Y

X
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S, Max. Principal
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Figure B.3: The discretized FE model (1st row on the left); the von Mises stress distribution due to only the coolant
pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left and on the
right respectively); von Mises stress distributions due toonly the temperature gradients∆T (3rd row) and bothP cc and
∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and 2 respectively.
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OWT = 2.0 mm, total strain
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Figure B.4:The discretized FE model (1st row on the left); the maximum principal total strain distribution due to only
the coolant pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left
and on the right respectively); maximum principal total strain distributions due to only the temperature gradients∆T (3rd

row) and bothP cc and∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and
2 respectively.
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OWT = 3.5 mm, von Mises stress
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Figure B.5: The discretized FE model (1st row on the left); the von Mises stress distribution due to only the coolant
pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left and on the
right respectively); von Mises stress distributions due toonly the temperature gradients∆T (3rd row) and bothP cc and
∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and 2 respectively.
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OWT = 3.5 mm, total strain
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Figure B.6:The discretized FE model (1st row on the left); the maximum principal total strain distribution due to only
the coolant pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left
and on the right respectively); maximum principal total strain distributions due to only the temperature gradients∆T (3rd

row) and bothP cc and∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and
2 respectively.
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OWT = 5.0 mm, von Mises stress
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Figure B.7: The discretized FE model (1st row on the left); the von Mises stress distribution due to only the coolant
pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left and on the
right respectively); von Mises stress distributions due toonly the temperature gradients∆T (3rd row) and bothP cc and
∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and 2 respectively.
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OWT = 5.0 mm, total strain
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Figure B.8:The discretized FE model (1st row on the left); the maximum principal total strain distribution due to only
the coolant pressureP cc (1st row on the right); temperature distributions (in K) for the cases 1 and 2 (2nd row on the left
and on the right respectively); maximum principal total strain distributions due to only the temperature gradients∆T (3rd

row) and bothP cc and∆T acting simultaneously (4th row). The left and the right columns correspond to the case 1 and
2 respectively.
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B.2 Contour Plots on the Cyclic Simulations using the UMAT, T1 =
350◦C (623 K)

cycle 50, step 2,tHThold = 7200 sec, P cc = 10MPa
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Figure B.9:Distr. of the v. Mises stress after the holding at the HT during the cycle 50 for different values of the OWT
if tHT

hold = 7200 sec andPcc = 10MPa. The left and the right columns correspond to the case 1 and 2 resp..
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cycle 50, step 2,tHThold = 7200 sec, P cc = 10MPa
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Figure B.10:Distributions of the inelastic strain magnitude after the holding at the HT during the cycle 50 for different
values of the OWT iftHT

hold = 7200 sec andPcc = 10MPa. The left and the right columns correspond to the case 1 and
2 respectively.
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cycle 50, step 2,tHThold = 7200 sec, P cc = 10MPa
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Figure B.11:Distributions of the damage variable after the holding at the HT during the cycle 50 for different values
of the OWT if tHT

hold = 7200 sec andPcc = 10MPa. The left and the right columns correspond to the case 1 and 2
respectively.
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B.3 Evolutions of the von Mises Stress, Magnitude of Inelastic Strain and
Damage during the first 50 Cycles,T1 = 350◦C (623 K).

OWT=1.0 mm; case 1; Pt. 1-1
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OWT=5.0 mm; case 1; Pt. 3-1
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OWT=1.0 mm; case 2; Pt. 4-1
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OWT=5.0 mm; case 2; Pt. 5-1
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Figure B.12:An evolution of the von Mises stress in the actual critical point during the first 50 cycles with differenttHT
hold.

The upper and the lower rows correspond to the cases 1 and 2 respectively; the left and the right columns correspond to
OWT = 1.0mm andOWT = 5.0mm respectively.
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OWT=1.0 mm; case 1; Pt. 1-1
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OWT=5.0 mm; case 1; Pt. 3-1
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OWT=1.0 mm; case 2; Pt. 4-1
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Figure B.13:An evolution of the amount of inelastic strain in the actual critical point during the first 50 cycles with
differenttHT

hold. The upper and the lower rows correspond to the cases 1 and 2 respectively; the left and the right columns
correspond toOWT = 1.0mm andOWT = 5.0mm respectively.
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Figure B.14:An evolution of the damage variable in the actual critical point during the first 50 cycles with differenttHT
hold.

The upper and the lower rows correspond to the cases 1 and 2 respectively; the left and the right columns correspond to
OWT = 1.0mm andOWT = 5.0mm respectively.
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B.4 Distributions of the von Mises Stress, Accumulated Plastic Strain and
Damage Variable during the Cycle 50 for Different Values ofPcc and T1.
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Figure B.15:Distributions of the von Mises stress after the holding at the HT (tHT
hold = 1800 sec) during the cycle 50 for

different values ofT1 andPcc; T2 = 300◦C (573K) remains thereby constant; all displacements are magnified by factor
100.
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Figure B.16: Distributions of the accumulated plastic strain after the holding at the HT (tHT
hold = 1800 sec) during

the cycle 50 for different values ofT1 andPcc; T2 = 300◦C (573K) remains thereby constant; all displacements are
magnified by factor 100.
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Figure B.17:Distributions of the damage variable after the holding at the HT (tHT
hold = 1800 sec) during the cycle 50 for

different values ofT1 andPcc; T2 = 300◦C (573K) remains thereby constant; all displacements are magnified by factor
100.
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