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ABSTRACT. We utilize phenomenological constitutive equations thesicdbe inelastic
behavior of advanced 9-12%Cr heat-resistant steels at tegtperature and multi-axial
stress state. The model is calibrated against experimenégp curves and verified for
different isothermal and non-isothermal loading paths.ahelyze an idealized start-up,
holding and shut-down sequence of a component under a ntederaperature gradient.
To estimate the thermal fields, transient heat transfer ysialis performed. The results
are applied in the subsequent structural analysis usingdiéeloped inelastic constitu-
tive model. The outcome is a multi-axial thermo-mecharfai#ue loop which can be
used for a damage assessment.

INTRODUCTION

Many important components of steam turbines operate urederstemperature environ-
ment and mechanical loadings over a long period. Criticaitfpms like notches or welds
may be subject to fatigue damage due to thermal transiedisracreep damage during
holdings at high temperature. Generally, the structuriggnty of a component is en-
sured through reliable design, precise manufacturingnitiefn of allowable operational
modes, and timely inspection. However, permanently chrangconomic situations and
environmental conditions require more flexible operatiomdes in service, e.g. daily
start-up and shut-down and/or increase of steam pressdreemperature. The demand
for higher flexibility and efficiency could be reached by able life-time assessments
through the use of adequate structural analysis and miatsiang.

The aim of this paper is to analyze a power plant componetmglan idealized start-up,
holding and shut-down sequence under a moderate tempegatwdient. In particular, we
generate a multi-axial thermo-mechanical fatigue (TMEding loop as a result of non-
stationary thermal environment. Towards this goal, wezatih robust constitutive model
that reflects inelastic deformation processes in advaneE2P8Cr heat resistant steels
under service-type loading conditions at high temperatdi@ characterize hardening,
recovery and softening processes we apply a multi-axialehoflbinary mixture with
inelastic-hard and inelastic-soft constituents. Creapatge processes are characterized
by a state variable in the sense of continuum damage meechartie material constants
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and the response functions in the model are calibrated stgaperimental creep curves
under tensile and compressive loading. For the verificasonulations of the inelastic

response under different loading paths are performed ande8ults are compared with
experimental data.

For a steam temperature profile corresponding to a typicabktast-up, transient heat
transfer analysis of an idealized steam turbine rotor i$op@ed to compute the tem-

perature field. The results are applied for the subsequechanéal analysis using the
developed inelastic constitutive model. To illustrate kbeal loading changes over the
whole cycle, appropriate values of stresses and straingrasented. The results build a
base for creep and fatigue damage assessment.

CONSTITUTIVE MODEL

Below we address the modeling of inelastic processes inna&e¢b9-12%Cr heat resis-
tant steels designed for the use at steam temperaturesb6p4G. We limit the range of
temperatures t850 — 650°C. To explain the model assumptions, let us begin with the
uni-axial stress state.

A materials science approach to the modeling of inelast@abier is based on the com-
posite having inelastic-hard and inelastic-soft constita [1]. The corresponding inelas-
tic strain rates are characterized by independent, pHiysioativated laws, where den-
sities of mobile dislocations and their mean velocitiesamesidered. The inelastic-hard
constituent is associated with subgrain boundaries. Thregjponding volume fraction is
related to microstructural parameters such as the meananolsjze. Because both the
subgrain and the carbide microstructures tend to coarsewalume fraction is assumed
to decrease towards a certain saturation value. The ady@atahis approach is the pos-
sibility of simulation hardening as a result of stress reitigtion between the constituents
and softening due to the decrease in volume fraction. Horvehvis approach is currently
limited to the uni-axial stress state.

A similar approach in continuum mechanics is based on a maxtwodel with two or
more constituents with different inelastic properties.eTdasic assumption is that the
internal force is non-uniformly distributed over an infestmal area element as a result
of inelastic deformation. To approximate this distribatibwo or more stress tensors can
be introduced. With the balance equations and constitaisgeimptions for the partial
stresses, the constitutive model for the inelastic mixtare be formulated. The material
parameters and response functions are identified from tleeos@opic data on tensile
and/or creep behavior.

Let us introduce an iso-strain mixture with two constitgeiio designate the properties of
the constituents we use the subscripts s (inelastic-sadthdinelastic-hard), respectively.
Let s andey, be the strains of the constituents andandoey, the corresponding effective
stresses. With the iso-strain approach we can write

0= (1—1n)0s +1n0h, €=¢én =5, 1)
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whererny, is the volume fraction of the inelastic-hard constituente #sume that the
behavior of the constituents is governed by the followingagmpns
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whereK is the bulk modulus( is the shear modulusy,, () is the saturation stress
value in the hard constituent asflis the average inelastic strain of the mixturg(x)

is a monotonically increasing function with(0) = 0 andg(T) is the Arrhenius type
function of the absolute temperature With the new variables
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wherery, is the reference value af,, Egs (1) and (2) can be transformed to

e=flle—prie(ic=gr - i (5) Ao ey (€ F15) @

In Egs (3)B, 0 < B < B« andI', Ik, < I' <1 play the role of internal state variables.
The underlined term has a minor influence on the inelastairstate and can usually
be neglected [2]. If the fraction is kept constant then byirsgtl” = 1 we obtain the
kinematic hardening/recovery model proposed in [3]. Tlueee the variableg8I" can be
termed backstress or kinematic stress. Let us assumé tthatreases with the increase
of the average inelastic strain towards the saturatioreval(r) viz

B =

I'= As(L = D&, 4)

whereA; is a constant. Then the set of Eqgs (3) and (4) describes theatecof the strain
rate as a result of stress redistribution between the ¢oasts and the increase of the
strain rate as a consequence of softening processes.

Figure 1 shows the experimental data for 12%Cr steel affer (4eep tests were per-
formed under constant compressive and tensile true seesis| The creep rate vs. creep
strain curves under compression clearly show the hardemdgoftening regimes. Based
on the experimental data, the material constants and resgonctions in Egs (3) and (4)
are identified. Tensile creep curves under the same stresis kexhibit higher tertiary
creep rate, Fig. 1. The results of metallographic analysisvshat tertiary creep under
tension is additionally controlled by the nucleation anavgh of voids [4]. To consider
creep damage we introduce the parameter the sense of continuum damage mechanics
[5]. The constitutive and the damage evolution equatiorpastulated as follows

e = (BB 20 om0 L e

w

wherer(w), h(c) ande, (o) are response functions. Based on tensile creep curves, Egs
(5) are calibrated. The results are presented in Fig. 1 leglilthe material constants and

327



6
10 ¢

5
10
<l
>~
?w 4
— 10
|o| = 150MPa (compression
o = 150MPa (tension)
10 |o| = 175MPa (compression
o ¢ = 175MPa (tension)
|o| = 185MPa (compression
a o =185MPa (tension)
Experimental data after [4] |o| = 196MPa (compression
]02 v o = 196MPa (tension)

0 0.05 0.1 0.15 0.2 0.25 ||

Figure 1. Normalized creep rate vs. creep strain for X20C/&1 steel at 600C
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Figure 2. Stress-strain diagrams for X20CrMoV12-1 steél-at2.63 - 10~ 45!

response functions were determined for a class of 9-12%@tsstFor X20CrMoV12-1
steel the values are presented in [2].

For the verification of the model we performed simulationgnefastic responses under
different loading paths. Figure 2 shows the experimentakststrain diagrams obtained
in [6]. The solid line presents the model prediction. Altgbouhe transition from the
linear-elastic to the viscoplastic behavior is too stitise maximum stress values and the
softening behavior are well reproduced by the model. Figuikustrates the simula-
tion results of the stress response under TMF loading. Exeetal data for such strain
and temperature controls are presented in [7] for uni-aspaktimens from 10%Cr steel
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Figure 3. Stress response under TMF loading path for X20G/\2e1 steel

and in [8] for cruciform specimens from 1%Cr steel under l@bboading. Although for
X20CrMoV12-1 steel such data are not available, the reguisented in Fig. 3 quali-
tatively meet experimental data published in [7]. In [2] s&al examples are presented
that verify the model for different isothermal, stress4rolted tests. It is shown, that the
model reproduces experimental creep curves after rapdingahanges. Furthermore, it
provides a good estimation of long-term strength curvesvinda stress range.

To generalize the model to multi-axial stress states wenasdismall (elastic and inelas-
tic) strains. Lek be the infinitesimal strain tensef, the corresponding inelastic part and
o the Cauchy stress tensor. Equations (3) - (5) are genettazéllows [2]

3. (0 5 1 3
sCZEf(UVM )8(T> 5= Tp, s =0zl G =5t (52
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wheres is the stress deviatol, is the second rank unit tensd,is the kinematic stress
deviator andr; is the maximum principal stress.

HEAT TRANSFER AND STRUCTURAL ANALYSIS

As an example, let us consider an idealized steam turbioe eigure 4 shows a sketch
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Figure 4. Geometry, loading and temperature profile in arroto

of geometry, loading and temperature distributions. Theene properties are specified
for X22CrMoV12-1 steel. The steam temperature profile orstiréace of the rotor corre-
sponds to an idealized hot start. The maximum steam temypef@t in the notched area
Is increased frord00°C up to600°C, kept600°C and decreased down400°C, Fig. 4.
The changes in the steam density and velocity during warrangpbcool-down are taken
into account by the time varying heat transfer coeffici&gntJo compute the temperature
field in the component, transient heat transfer analysisti®opmed by the finite element
program ABAQUS. The time variation of the temperature in setected pointsl and

B are shown in Fig. 4. At = 4.3 h during warm-up the greatest difference between
the temperatures & andB is observed. The contour plot illustrates the correspandin
temperature distribution.

The obtained temperature field as well as primary loadsr(spgassure on the surface of
the rotor and the centrifugal force) are applied for the sghent structural analysis. The
constitutive model (6) is utilized inside ABAQUS by a userteral subroutine. Figure 5a
illustrates time variations of the mechanical strain tegse ¢ — a7ATI in the pointA

of the surface, wherer is the coefficient of thermal expansion. The correspondimg t
variation of the stress state is presented in Fig. 5b. Dukda@dnfidentiality of material
parameters the results for the absolute values of straidss@asses were normalized.
Therefore, they should be considered in a just qualitatie@mer. Let us note that the
normaln, the tangentiat and the circumferentia,, directions on the surface are the
principal directions of both the stress and the strain tens®he strain compone#t,,

is determined by the Hookes law &g, = tr /3K — (8 + &,,) While 7, = —p,
wherep is the steam pressure. Based on time variatiortg; o, 0+ ando,, One may
recognize the local compression during heat-up with theimam att = 4.3 h, the creep
range characterized by an increase in strain and the seles@tion during the holding
and the local tensile regime during shut-down with the peadk=a32.5 h. From Fig. 6a
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Figure 5. Local loading vs. time at PoiAt (a) mechanical strain tensor; (b) stress tensor

we observe that the local loading is non-proportional. Nbé& only the principal values
of the strain tensor are non-proportionally changing whiile principal directions are
approximately fixed. The local hysteresis loops presemidelg. 6b are consistent with
the experimental data under idealized uni-axial and baldaading conditions [7, 8].

CONCLUSIONSAND RECOMMENDATIONS

The aim of this paper was to analyze inelastic behavior invegpplant component under
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Figure 6. Local loading paths at poiAt (a) strain paths; (b) hysteresis loops

331



realistic non-isothermal loading. The principal outcoméhie possibility to generate the
multi-axial TMF loading loops over one or several cycless&ahon the results we may
conclude as follows

e The obtained hysteresis loops are qualitatively condistéh the test results for
cruciform and notched specimens under TMF loading [7, 8fuc®tral analysis
over several loading cycles and experimental data providafut for the fatigue
life estimations.

e The stress and strain states during holdings correspoine tiypical creep regime.
Estimation of creep damage and creep life in a structurerustdéonary loading
and temperature is provided by the constitutive model I&e Examples for creep
damage analysis in structures are presented in [5, 9], amihegs.

¢ Although constitutive models like (6) are able to reflecidiodeformation behavior
and creep damage, surface induced fatigue damage procesgedormation of
micro-extrusions are currently not accounted for. Basedemerated multi-axial
TMF loops and related material testing, further investaye to elaborate driving
force(s) and kinetics for fatigue damage should be perfdrme
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