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Introduction

I Sustainable energy system is a combination of wide variety of energy resources.

I Result in flexible power generation.

I New requirements for boiler creep fatigue design due to intermittent power demand.



Thermodynamic formulation

Developed models are completely defined by two potential functions:
the specific Helmholtz free energy ψ = ψ(T, εte, ω),
(linear kinematics assumed ε = εe + εc + εth, εte = ε− εc, ω = 1−D)
and the complementary dissipation potential ϕ(Y, q,σ;T, ω) defined as
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Together with the Clausius-Duhem inequality

γ = −ρ(ψ̇ + sṪ ) + σ: ε̇− T−1 gradT ·q ≥ 0

results the constitutive equations
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Consistently coupled heat equation

From the energy balance equation (TD1):

ρcεṪ = −divq + ρr + σ:ε̇c + ρ
∂2ψ
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where the specific heat capacity cε is defined as

cε = −T ∂
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.



Specific models
The specific Helmholtz free energy

ρψ = ρcε

(
T − T ln

T

Tr

)
+

1

2
(εte − εth): ωCe: (εte − εth),

εth = α(T − Tr), thermal strain, Ce elasticity tensor, α thermal expansion coefficients, Tr stress free
reference temperature.

The complementary dissipation potential

ϕ(Y, q,σ;T, ω) = ϕth(q;T ) + ϕd(Y ;T, ω) + ϕc(σ;T, ω),

where the thermal part is

ϕth(q;T ) =
1

2
T−1q·λ−1q.

For creep the following Norton type potential function is adopted

ϕc(σ;T, ω) =
hc(T )

p+ 1

ωσrc

tc

(
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)p+1

,

σ̄ =
√

3J2, hc(T ) = exp(−Qc/RT ).



Damage potential

Kachanov-Rabotnov type

ϕd(Y ;T, ω) =
hd(T )

r + 1

Yr
td ωk
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, model 1

ϕd(Y ;T, ω) =
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( 1
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(
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, model 2

td is a characteristic time for damage evolution,

hd(T ) = exp(−Qd/RT ),

Qd is the damage activation energy and R is the universal gas constant.
The reference value Yr = σrd

2/(2E), where σrd is a reference stress for the damage process.



Monkman-Grant parameter

Experimental relationship
CMG = (ε̇cmin)mtrup ≈ constant.

For the two models the Monkman-Grant parameter have the values (m = 1)

CMG = ε̇cmintrup =
1

1 + k + 2r

tdhc
tchd

(
σ

σr

)p−2r

model 1

CMG =
td
tc

model 2.

Model 2 can be obtained by imposing the following constrains to the model 1:

p = 2r,
1

1 + k + 2r

tdhc
tchc

= constant.



T24 material parameters
The calibrated model parameters for the 7CrMoVTiB10-10 steel (T24), qc = Qc/R and qd = Qd/R,

p(T ) = pr(1 + a(T − Tr)/Tr) and r(T ) = rr(1 + b(T − Tr)/Tr), σrc = σrd = σr = σy0(T ) = σ∗ − cT ,

with σ∗ = 1123 MPa, c = −1 MPa/K.

mod tc [s] pr td [s] a qc [K] rr qd [K] b

1 3039.9 14.77 37.768 −4.804 7137.6 7.545 9350.1 −5.201
2 3414.1 14.59 41.26 −4.891 7137.6 - - -
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Minimum creep strain-rate (lhs) and the creep strengths (rhs).
Solid lines = model 1, dashed lines = model 2. Top 500◦C, middle 550◦C bottom 600◦C.



Monkman-Grant parameter
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Constant stress creep test
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At temperatures 500◦C (blue curves) and 600◦C (red curves) with stress levels 150 MPa and
200 MPa. Model 2 results with thicker line.



Implementation to ANSYS as USERMAT subroutine

Evolution equations for stress and integrity

σ̇ = fσ(σ, ω),

ω̇ = fω(σ, ω),

where

fσ(σ, ω) = ωCeε̇e + ω̇Ceεe + ωĊeεe

= ωCe(ε̇− ε̇th − ε̇c) +
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ω
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Time discretisation using backward Euler scheme and linearisation

[
H11 h12

h21 H22

]{
δσ
δω

}
= ∆t
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fω

}
−
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∆σ
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}
,

where

H11 = I − ∆t
∂fσ
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,

h12 = −∆t
∂fσ
∂ω
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∂fω
∂σ

,
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.

The Jacobian matrix, i.e. “the algorithmic tangent” matrix has the form

Calg = ωH̃
−1

11 Ce, where H̃11 = H11 − h12H
−1
22 h

T
21. Unsymmetric!



Error in one step solution



FE analysis and results

The mesh consists of mainly 20 node hexahedral ANSYS SOLID186 elements & some 10 node
tetrahedal SOLID187 elements.
Prescribed displacement history at the end of the tube nozzle.

The computed lifetime is roughly 150 cycles. Ramp time 1 hour and hold time 200 hours. Internal

pressure 14 MPa.
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6. Implementation 

The described model has been implemented in a structural FE-code ANSYS as a user-defined material 
subroutine. Integration of the rate dependent model is performed by using the implicit backward Euler method, 
which has proven to be accurate especially for large practically usable time step sizes in solving rate-dependent 
problems Kouhia et al. (2005), although it does not completely herit such a nice property when combined with 
damage Wallin and Ristinmaa (2001); Eirola et al. (2006). 

To illustrate the implementation of the model in ANSYS, a part of a typical steam boiler superheater header 
made of steel T24 and operating within a temperature range from 500 to 600 °C has been analyzed under creep-
fatigue loading. A part of the superheater header Ø355.6x32 mm with two symmetry planes has been analyzed 
under a static internal pressure of 14.0 MPa(g), the static axial stress components caused by the internal pressure, 
time-varying creep temperature and a time-varying displacement at the end of the tube nozzle Ø44.5x6.3 mm. 
The displacement is considered to be a result of thermal expansion caused by variable operating temperature and 
local temperature differences in a large superheater structure. The analyzed lifetime of the header is 150 creep-
fatigue cycles in which the duration of load changes is one hour and the duration of hold periods at constant load 
is 200 hours. 

                    

                 (a)                                             (b)                                                                                (c) 

Fig. 2. The FEM-model mesh in ANSYS (a) and the time-varying displacement at the end of the tube nozzle (b). The displacement at the end of 
the tube nozzle and the creep temperature changes periodically and the periods consist of ramp and hold times (c).  

The main results of the analyses, the values of the damage parameter and the equivalent creep strains at the 
most critical location are shown in Fig. 3. The most critical location in these analysis was on the surface of the weld 
between the header pipe and the tube nozzle in all situations, although it shall be noted that these models do not 
take the special characteristics of a welded joint into account. According to the results, the values of the damage 
parameter calculated using the model 1 are slightly higher than the values calculated using the model 2. In any 
case, the values of the damage parameter calculated using the model 1 are only 3–7 pp greater than the values 
calculated using the model 2, and thus the results of the both models are relatively precise for practical 
applications. In practical applications the analyzed material can be considered to be damaged, when the value of 
the damage parameter is over 0.3 and the onset of the tertiary creep phase has occurred. Despite the slight 
difference in the values of the damage parameter between the models, the equivalent creep strains at the most 
damaged location are almost equal between the models 1 and 2.  
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Results
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                             (a)                                                           (b)                                                                     (c) 

Fig. 3. The accumulated damage of the header at the most critical location (a). The accumulated damage at the most critical location (b) and 
the accumulated equivalent creep strain at the most damaged location (c) as functions of the length of the displacement in the analyses. 

From a practical point of view, the both developed models yield relatively equal results within the temperature 
range 500–600 °C. However, the model 2 is accurate only in relatively high creep temperatures and it becomes 
slightly inaccurate as the temperature lowers, which is a result of the assumed Monkman-Grant relationship. The 
model 1 is more accurate also in low creep temperatures mainly because of its greater flexibility due to higher 
number of calibration parameters.  
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equivalent creep strain at the most critical location as functions of the prescribed displacement.



More close to the real structure
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Kuva 7.2. Tulistinkammion Usermat-materiaalimallin versiolla 1 mallinnettujen osien
teholliset von Mises -jännitykset analyysin ensimmäisen käyttöjakson alussa alkuperäi-
sen tulistingeometrian tapauksessa.

Tulistinkammion aisaputken ja kammioputken välisen hitsin, jossa suurimmat
jännitykset esiintyvät, tehollisen von Mises -jännityksen arvot tulistimen käyttöajan
funktiona on esitetty kuvassa 7.3. Kuvan mukaisesti rasitetuimmassa hitsisaumassa
esiintyvät suurimmat 263 MPa:n suuruiset jännitykset relaksoituvat hyvin nopeasti jo
ensimmäisen tulistimen 2000 tunnin käyttöjakson aikana vain noin 170 MPa:n suurui-
siksi. Kuvasta havaitaan myös tulistimen suurimpien jännitysten relaksoituvan vain noin
151 MPa:n suuruisiksi jo tulistimen toisen 2000 tunnin käyttöjakson jälkeen, jonka jäl-
keen tulistimen rasitetuimman hitsin reunaviivalle esitettyyn maksimijännitysten esiin-
tymiskohtaan muodostuu käyttötilannetta suuremmat jännitykset kattilan ollessa alas-
ajettuna. Kattilan käyttöjaksojen edelleen lisääntyessä tulistimen rasitetuimmassa hitsis-
sä esiintyvät käyttötilanteen jännitykset jatkavat relaksoitumistaan saavuttaen 200 000
tunnin käyttöiän jälkeen tehollisen von Mises -jännityksen arvon 95 MPa. Käyttöjakso-
jen määrän lisääntyessä samassa hitsin kohdassa esiintyvä jännitys kattilan ollessa alas-
ajettuna kasvaa kuitenkin jatkuvasti ollen 200 000 tunnin käyttöiän lopussa jopa 225
MPa. Aisaputken hitsissä esiintyvä suurin jännitys kattilan ollessa alasajettuna käyttöiän
lopussa on kuitenkin selkeästi matalampi kuin teräksen SA-213 T24 20 °C:ssa esiintyvä
myötöjännitys 450 MPa (Arndt et al. 2000, s. 27). Näin ollen tulistinkammion rasitetuin
aisaputki tai sen liitoshitsi ei kuitenkaan myödä kattilaa alas ajettaessa ja kattilan alas-
ajot eivät täten kehitetyn materiaalimallin tuottamien tulosten mukaan vaurioita raken-
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tin plastisen venymän maksimiarvot, mikä on luonnollista vaurion ja ekvivalentin plas-
tisen venymän arvojen ollessa riippuvaisia tehollisen jännityksen arvosta. Vaurion mak-
simiarvo esiintyy kuitenkin kuvan 7.7 mukaisesti putken seinämän sisällä eikä aivan sen
pinnassa kuten ekvivalentin plastisen venymän ja tehollisen von Mises -jännityksen
maksimiarvot. Kuvien mukaisesti vaurion suurimmat arvot esiintyvät myös hyvin pie-
nellä alueella aisaputken hitsin rajaviivan lähistöllä ja vaurion arvo pienenee voimak-
kaasti vaurioituneimmasta kohdasta etäämmälle siirryttäessä kuvan 7.6 mukaisesti.
Vaurion arvo laskee myös voimakkaasti vaurioituneimmasta kohdasta aisaputken sei-
nämän sisäpintaa kohti siirryttäessä siten, että vaurio putken sisäpinnalla on vaurion
maksimiarvon läheisyydessä vain noin 0,05. Kuvan 7.6 tuloksista myös havaitaan mate-
riaalin vaurioitumisen kammioputkessa ja taivutettujen aisaputkien alaosissa olevan
hyvin vähäistä.

Kuva 7.6. Tulistinkammion Usermat-materiaalimallin versiolla 1 mallinnettujen osien
vaurion arvot käyttöiän lopussa alkuperäisen tulistingeometrian tapauksessa.



Concluding remarks

I Thermodynamically consistent model for high-temperature creep fatigue analyses has been
developed.

I A specific model with Norton-Bailey type creep and Kachanov-Rabotnov type damage models are
used.

I Two version of the damage evolution equations. One-version satisfies the Monkman-Grant
hypothesis exactly. Howewer, it restricts the model such that the behaviour is not realistic at
lower temperatures.

I Materials parameters for the 7CrMoVTiB10-10 steel (T24) have been estimated in the
temperature range 500-600 0C.

I Developed models have been implemented in the ANSYS FE-software by using the USERMAT
subroutine.
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