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Abstract This paper presents a novel direct method, witthie Linear Matching Method (LMM)
framework, for the direct evaluation of steady estayclic behaviour of structures subjected to high
temperature — creep fatigue conditions. The LMM waginally developed for the evaluation of shakedo
and ratchet limits. The latest extension of the LMikes it capable of predicting the steady statsst
strain solutions of component subjected to cydhiertnal and mechanical loads with creep effects. The
proposed iterative method directly calculates tieejg stress and cyclically enhanced creep strainglthe
dwell period for the assessment of the creep dajmeue also creep enhanced total strain range for th
assessment of fatigue damage of each load cyclelefmnstrate the efficiency and applicability oé th
method to assess the creep fatigue damage, tws tfpeeldments subjected to reverse bending moatent
elevated temperature of 550C are simulated by thposed method considering a Ramberg-Osgood model
for plastic strains under saturated cyclic cond#i@nd a power-law model in “time hardening” foron f
creep strains during the dwell period. Further expental validation shows that the proposed dimethod
provides a general purpose technique for the deggue damage assessment with creep fatigue atitena
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1. Introduction

Engineering structures and components subjectegdiec loading at elevated temperature means
that the operating lifetime may be limited eithgr éxcessive plastic deformation, creep rupture,
ratchetting, or cyclically enhanced creep defororatand total strain range enhanced by the
creep-fatigue interaction. In order to assess timponent lifetime associated with cyclic responses
with creep fatigue interaction, construction of tingsteresis cycle (Fig. 1) is key to an R5 V2/3
assessment procedure [1] since it provides thenstemge from which the fatigue damage is
calculated, and the start-of-dwell stregsand creep strain®, from which the creep damage is

assessed.

Figure 1. Typical saturated hysteresis loop witeprfatigue interaction

When a structural component is subjected to théackmad condition beyond the elastic shakedown
limit, the introducing plastic strains will lead tee structure failure by either low cycle fatigiige
to alternating plasticity or incremental plastidlapse due to ratchetting. In the presence of ¢reep
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the response of the structure to cyclic loadingngea significantly, due to the synergistic
interaction of plasticity and creep. A structuréjsated to cyclic loading with creep dwell period
can present different asymptotic behaviours [2]:nd) stress relaxation is taking place, as the
accumulation of creep strain is determined by tieady-state primary load; 2) with a cyclically
enhanced creep during dwell time, the stress retaxgrocess introduces an additional residual
stresses field to enhance the total strain rareggsisg more significant creep and fatigue damages.
In the asymptotic behaviour 2), a closed hystetesig could be generated if the creep dwell period
is limited and the introducing creep strain coukl fecovered by the plastic strain during the
unloading process.

In order to predict lifetime of component underhigmperature and creep fatigue conditions, an
evaluation of steady state cyclic behaviour ofdtites under such conditions would be necessary
to construct a hysteresis loop. The simplified rodthin R5 [1] assessment procedure for the high
temperature response of structures are less tegtrtban those based on elastic solutions, without
requiring the complexity of full inelastic computat. These simplified approaches use reference
stress and shakedown concepts and inevitably incatig conservatism. Another method is to
perform incremental step-by-step Finite Elementipsia (FEA). However, to achieving the steady
state response of structures subject to cyclicitmgdt requires a significantly large number of
increments in full step-by-step analysis which lmees computationally expensive. Therefore,
direct methods have been developed to assessathibsstd response of structures subject to cyclic
loading. The Direct Cyclic Analysis (DCA) [3] hagdn recently incorporated into Abaqus [4] to
evaluate the stabilized cyclic behaviour direciljis method uses a combination of Fourier series
and time integration of the nonlinear material hvébar to obtain the stabilized cyclic response of
the structure iteratively. Due to the characterisfi DCA and the inevitable numerical error due to
the approximation and convergence problem, the D@# not always be able to provide accurate
solutions for complicated engineering problems.

In this paper, a novel direct method, the Lineatdiimg Method (LMM) [5, 6], is adopted for the
direct evaluation of steady state cyclic behavmfstructures subjected to high temperature — creep
fatigue conditions. The basis of the LMM is throuthie simple idea of representing histories of
stress and inelastic strain as the solution ofi@ali problem where the linear moduli are allowed to
vary both spatially and in time. In this way, théiM combines both the convenience and
efficiency of rule based methods [1] and the acyu simulation techniques. The LMM has been
implemented into ABAQUS for all stages of life assment code R5 [1] for the evaluation of high
temperature responses of structures, based upasathe fundamental assumptions and materials
database as R5 but with significantly greater amur Typical of cyclic problems considered
includes shakedown and limit analysis [7], ratclwit analysis [8], creep rupture analysis [9],
creep and fatigue interaction [5, 6]. The LMM ABAQUiser subroutines have been consolidated
by the R5 research programme [10] of EDF energh@ocommercial standard, and are counted to
be the method most amenable to practical engirgedapplications involving complicated
thermomechanical load history.

In this paper, the latest extension of the LMM igksummarised for directly predicting the steady
state cyclic behaviour of component subjected wicyhermal and mechanical loads with creep
effects. The efficiency and effectiveness of thehoe was validated in [6] through benchmark
examples of Bree problem and a holed plate. Inghser, the developed method is further applied
to more practical engineering applications, wheve types of weldments subjected to different
reverse bending moments with various creep dwelbge are simulated by the proposed method
considering a Ramberg-Osgood model for plastidngtrander saturated cyclic conditions and a
power-law model in “time hardening” form for crespains during the dwell period. The obtained
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steady state cyclic stress strain solutions ane tised to calculate the number of cycles to failure
due to the creep fatigue damage, where the nunhdifetane results are validated by the existing
experimental solutions [11, 12] for the Type 2 daren weldment.

2. Numerical Procedures
2.1. Asymptotic cyclic solution

We consider a structure subjected to a cyclic hystd varying temperaturey9(xt) within the
volume of the structure and varying surface loge%x.t) acting over part of the structure’s surface
Sr. The variation is considered over a typical cyolet<atin a cyclic state. Herg, and/, denote
the load parameters, allowing a whole class ofit@atistories to be considered. On the remainder
of the surface& denoted bys,, the displacement=0.

Corresponding to these loading histories theretgexisinear elastic stress history:
02 (% 1) = 4,0 (X ) + 4,52 (%, D) ()
where o"if and g denotes the varying elastic stresses dug(xgt) andP(xt), respectively. The

asymptotic cyclic solution may be expressed in seghthree components, the elastic solution, a
transient solution accumulated up to the beginnifigthe cycle and a residual solution that
represents the remaining changes within the cyidie. general form of the stress solution for the
cyclic problems involving changing and constanideal stress fields is given by

0 (X t) = a-iT(Xk't)"'pij (Xi)+10irj (% t) (2)
where p, denotes a constant residual stress field in eguitib with zero surface traction ds
and corresponds to the residual state of stretd® dteginning and end of the cycle. The histgvi}/
is the change in the residual stress during thke@md satisfies:

:Oirj (X, 0)= :0|rj (X, At)=0 (3)

For the cyclic problem defined above, the stresses strain rates will become asymptotic to a
cyclic state where:

O (X% ) =0y (X t+AY)  &(X, 1) = (X, t+AD) (4)
It is worth noting that the above asymptotic cychiclutions are common to all cyclic states
associated with inelastic material behaviour incligdoth the plasticity and creep.

2.2. Numerical procedure for the varying residual gess, creep strain and plastic strain range

Adopting the same minimum theorem for cyclic steside solution and the same Linear Matching
condition as described in [5, 6] for each iteratime assume that plastic or creep strains occhir at
instantst,, t,......t,, where t, corresponds to a sequence of points in the chditory. Hence the

accumulation of inelastic strain over the cycle,is =iA5- ) where pg () is the increment of
ij ij\'n
n=1

plastic or creep strain that occurs at time Define the shear modulus by linear matching
0-0 = ang (Agu (tn )) (5)
whereaoy is the von Mises yield stress or creep flow sti@sd #, is the iterative shear modulus.

The von Mises yield stress will be replaced by creep flow stress if the creglpxation occurs at
the load instance.

The Linear Matching Method procedure for the asees$ of residual stress history and the
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associated plastic or creep strain range due toyttlec load history is described below. The entire
iterative procedure includes a number of iterattynles, where each cycle contaiNsiterations
associated witiN load instances. The first iteration is to evaluatchanging residual stresso,;
for the action of the elastic solutiod;(t,) at the first load instance. We defing;’ as the
evaluated changing residual stressritrload instance atith cycle of iterations, wheren =1, 2, ...

N and m=1, 2, ..M. At each iteration, the above changing residuasstsg;" for nth load
instance ainth cycle of iteration is calculated for the combirsadion of applied elastic stress at the
nth load instance and previously calculated accunuarati of residual stresses

m-1 N | n-1 | . .
G+ Aplj k+; Ap”. . When the convergence occurs at kit cycle of iterations, the

k=1 1=1

N
summation of changing residual stressesNatime points must approach to zerd Ag" =0)
=1

according to the condition of the steady stateicy@sponse. Hence the constant element of the
residual stress for the cyclic loading history mustdetermined by

N N N
o :ZAIOij;+ZAIOij2+"'+ZAIOier\1/I—1 (6)
n=1 n=1 n=1
The corresponding increment of plastic strain ogagrat time t, is calculated by
1 jal I I
I ORPE LAORZION ™

where notation (") refers to the deviator commore &7 and ;. p;(t,) is the converged
accumulated residual stress at the time instani.e.

P (t,) = Pt ZApin/l (8)
k=1

In this paper, the Ramberg-Osgood type is adoptedttie cyclic stress and strain range
relationship:

1

A_£ = E +(£jﬁ (9)
2 2E 28

where Ag is the true stress rangdéé& is the true strain rangg, is the elastic modulu® andf

are the Ramberg-Osgood plastic hardening constahesfirst term on the right-hand side of the

above equation represents the elastic strain amdpliand the second term corresponds to the plastic

strain amplitude. Then the plastic strain rangenfieq. (9) can be written as:

AE = Z(E)% (10)
P 2B
If we define yield stressy in Eq. (5) as half stress range:
AT Ag
0,=— =B(—2)* 11
0= ( 5 ) (11)

then the iterative von-Mises vyield stresg(t,) from Ramberg-Osgood material model can be

obtained from Eq. (7) as:

£(Ag](t,))
2

For the calculation of creep strain and stressxaglan during a creep dwell period, the relevant
numerical scheme and theoretical formulations anensarized below.

a,(t,) = B( )’ (12)
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2.3. Numerical procedure for the creep strain andldw stress

When calculating the creep strain during the dweliod, g,in equation (5) equals to creep flow

stress g, = g,, which is an implicit function of creep stradlig® and residual stres@0°during the
creep dwell period.

Adopting a time hardening creep constitutive relati

£°=Bot" (13)
where £°is the effective creep strain raté is the effective von Mises stregss the dwell time,
andB, m andn are the creep constants of the material. Whe@, the time hardening constitutive

equation becomes the Norton’s law. During the r&iax process there exists an elastic follow up
factor Z, i.e.

s=-L5 (14)
E

whereE =3E/2(L+v) Eis the Young's modulus and =(c;).

Combining (13) and (14) and integrating over thesliitvme, we have
BEAt™ _ 1 11
Z(m+1) n—1{ @.)" @, )}
where g, is the effective value of the start of dwell sti&gs is the effective value of the creep

(15)

flow stress at dwell timét, and O, = 5(05”- +A,Ocij). Integrating (14) gives the effective creep
strain during the dwell peridit as,

AF = -

my| N

(0.-0,) (16)

Combining (15) and (16) and eliminating/E ~ gives
_ B(n-1At™ (g, -7,)

AV (17)
1 1
(7~ =)(m+1)
O-C O-S

For the pure creep wherd = 0_, the creep strain becomes:

AFC = Ba At™ "
Tmel (18)
The creep strain rat&" at the end of dwell timeAt is calculated by Eq. (15) and (17):
- _ AE° (m+1) " 1 1
£ =B(0,)"M" = — | 5" (19)
Mt (n-1) (O,-0,)\ 0.~ O,

For the pure creep wher&, = 0, , the creep strain raté& ' becomes:

- — \n

g" =B(ag,) A" (20)
Hence in the iterative process, we begin with cntr&stimatedﬁg, 5; and use Eq. (17), (19) or

(20) to compute a new value of the creep strgssfrom Eq. (21) to replaceg, in the linear
matching condition (5):



_(EF )

To validate the efficiency and effectiveness of thanerical scheme, the proposed method was
applied to benchmark examples of Bree problem ahdled plate [6]. In the next session of this
paper, two types of weldments subjected to differemerse bending moments with various creep
dwell periods are evaluated by the proposed method.

3. Numerical application: welded joints under hightemperature—creep fatigue
conditions

3.1. Problem Description

In this paper, the proposed LMM is applied to easduthe creep fatigue lifetime of both Type 1 and
Type 2 weldments [13] subjected to cyclic bendingment under creep condition. Fig. 2 shows the
dimensions and configurations of the consideredeT¥mnd 2 welded joints, and the applied 2D
symmetric FE model of the specimen assuming a pktreen condition with designation of
different materials (parent, weld materials andifadfected zone), boundary conditions and loading.
A cyclic linear distribution of normal pressure $dpplied to the end face of the parent material
(Fig. 2) to simulate the reverse pure bending mdriverand a schematic bending moment loading
history with a dwell periodt considered for the creep-fatigue analysis ismiveFig.3. In addition

to the pure fatigue case, one hour and 5 hoursl gp@ebds are considered to investigate the effect
of dwell period on the creep fatigue behavior. Rlagiants of reverse bending moment are analyzed,
which correspond to 1.0%, 0.6%, 0.4%, 0.3% and %.28 total strain range at remote parent
material.

tk type 2 type 17
P Y 2 P(y)

{ §550°Cg { { i

H S P(y)
type 1 ] !
} H type 2
B ] || material without creep
u D parent material D totally elastic material
B veld metal B heat-affected zone

Figure 2. Dimensions and Finite Element modelsTfgre 1 and Type 2 weldments, according to [13]

M1 A At

wi LA U\ [ e
V.V

Figure 3.Schematic bendmg moment loading history for crisgjgue analysis using the LMM
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A Ramberg-Osgood formulation was adopted to sireutgtlic stress strain relationship, and a time

hardening creep constitutive model was used toachanze creep behavior. The detailed material

properties adopted are given in Table 1. In theeprfatigue damage assessment, the LMM was
used to evaluate a steady-state cyclic behaviortarmbnstruct a saturated hysteresis loop. Then
obtained total strain range during the cycle wasdu® assess fatigue damage combining R66
fatigue endurance curves [1]. The evaluated cre@nsand stress relaxation data were adopted to
evaluate creep damage considering time fractiomant using the experimental creep rupture data.
The final lifetime of the cruciform weldment wasthobtained based on the calculated fatigue and
creep damage under creep-fatigue interaction condit

Table 1. Material constants in Ramberg-Osgood m(ktpl 9) and creep time hardening model (Eq. 13)

Zone E(MPa) B(MPa) B o,(MPa) A(MPa'/h) n m
Parent 160000 1741.96 0.2996 270.7 6.604e-19  5.760.55
Weld 122000 578.99 0.1016 3079 6.597e-23 7.596 5 -0.
HAZ 154000 1632.31 0.2530 338.7 6.6e-21 6.683 §).52

3.2. Numerical results and verifications

( Available —— parent R66 curve
1 LCF tests —— weld R66 curve
1 e kfittings [11]: = — X-weld LCF tests |,
A I IO e ey e —————" ;
N I X-weld @ X-weld fatigue
~ ‘ test data - @ - X-weld At=1h
X
= [12]: = - X-weld At=5h
& [ T e e R T e e L e e e R e e B
c
©
@
©
°
= FEA - @ - X-weld fatigue
with LMM -0 - X-weld Af=1h
results: - A - X-weld At=5h
0.2

200 1000 10000 100000
number of cycles to failure

Figure 4. Results of creep-fatigue assessmentglicagtion to Type 2 cruciform weldment with expeemial
comparisons [11, 12]

The creep fatigue lifetime of Type 2 cruciform waleht assessed by the LMM and its experimental
comparisons [11, 12] are presented in Fig. 4. Viswaparison of the observed and predicted
number of cycles to failure in Fig. 4 for 3 varisuaf dwell periodAt (At=0 for pure fatigue) shows
that 9 of the 11 simulations accurately predicteékperimental results. Therefore, it can be used fo
the formulation of an analytic assessment moddhbkla for the fast estimation of lifetime for a
variety of loading conditions. The low computatibedfort required by the LMM compared to
other computational techniques makes it possibl@ @hatively easy to extrapolate numerical
predictions for loading conditions not capturedtiy available experiments.

The contour plots of LMM solutions including totstkain range, creep strain, creep stresses at the
beginning and end of dwell period, and the outpfitreep fatigue assessment procedure including
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(9)

total equiv. equiv equiv.
strain creep VM stress vM stress
range strain O O
tot cr
Ae £ (MPa) (MPa)
1.862e-02 2.845e-03 359.018 307.895
1.707e-02 2.607e-03 328.958 282.089
1.552e-02 2.370e-03 298.898 256.283
[ 1.396e-02 2.132e-03 - 268.838 230.477
1.241e-02 1.894e-03 238.778 204.67!
1.086e-02 1.657e-03 208.719 178.864
9.307e-03 1.419e-03 178.659 153.058
7.755e-03 1.181e-03 148.599 127.252
6.202e-03 9.433e-04 118.539 101.445
4.650e-03 7.056e-04 88.479 75.639
3.098e-03 4.679e-04 58.420 49.833
1.546e-03 g.302e—04 28.360 24.026
pure pure creep- number
creep fatigue fatigue of cycles
damage damage damage to failure
Cr tot
w” w w N*
9.870e-01 5.532e-01 9.680e-01 2.673e+07
4.942¢-01 3.191e-01 5.596e-01 4.989e+06
- 2.266e-01 1.749e-01 3.068e-01 1.099e+0€
[ 9.374e-02 9.075e-02 + 1.577e-01 2.812e+05
3.460e-02 4.425e-02 7.601e-02 8.222e+04
1.122e-02 2.018e-02 3.395e-02 2.710e+04
3.146e-03 8.568e-03 1.396e-02 9.954e+03
7.479e-04 3.356e-03 5.246e-03 4.036e+03
1.476e-04 1.205e-03 1.786e-03 1.786e+03
2.370e-05 3.925e-04 5.443e-04 8.570e+02
2.992e-06 1.156e-04 1.468e-04 4.426e+02
2.889e-07 3.033e-05 3.466e-05 2.432e+02
0 7.029e-06 7.077e-06 1.419e+02

Figure 5. Contour plots of LMM results for type Eldment corresponding &, = 1% on the outer fiber
of plate and\ t = 5 hours of dwell period

1.592e-02

y 14596-02
e

g e-
total 1:0606-02
- 9.2686-03
strain 7.9376-03
6.607¢-03

equiv. equiv.

=1t N O

range strain 7:1640.04 O 119,629
3700-04 MP 89 354

( a) 28.804

2.723e+07

56756406
e

.| - N e+
ssies number §§ tisee
.835e- .981e+04
7:9366-03 of cycles | 75106404
311896-03 . 6.2520+03
1185¢-03 to failure - 23805e+03
4.033e-04 1.358e+03
1.2526-04 N* 7.015e+02
3.504e-05 4.014e-05 3.846e+02
8.782e-06 9.007e-06 2.228e+02

Figure 6. Contour plots of LMM results for type 2ldment corresponding e = 1% on the outer fiber
of plate and\ t = 5 hours of dwell period
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pure creep damage, pure fatigue damage, creepidatigmage and number of cycles to failure are
presented in Fig. 5 and 6 for Types 1 and 2 weldshearresponding tée: = 1% on the outer
fiber of remote parent material aiddt = 5 hours of dwell period. It can be seen that bigthes 1
and 2 weldments have the same critical locatiothéweld toe adjacent to HAZ. In terms of the
accumulated total damage at failure, Type 1 weldrhas less residual life (N=142) than Type 2
weldment (N =223) due to the increased values of parameteasacterising hysteresis loop (e.qg.
total strain range and creep strain, see Figsd%an

6 0.003 0.01 003 0.1 0.3 1 3 10 No. of cycles
10
1.5 20
50
1.4 100
- 200
5 "3 30 500
E 12 1000
g ~— 2000
1.1 —— 5000
3 10000
2 1.0 20000
p ~—— 50000
£ 09 100 | —— 100000
2 os —— 200000
500000
0.7 1000000
300 2000000
0.6 Y
1000
0.5 :
0.01 0.1 1 10 100 1000 10000 | — life (years)
dwell time (hours) O O tests

Figure 7. Design contour plot for creep-fatigueathility based on extrapolation of cycles to failtweand
residual lifeL*

The key engineering parameters including the numbgcycle to failure Mand the residual life’d
characterising creep-fatigue durability of the we&ht have the principal importance for the design
and assessment applications. For the purpose bfligaboth parameters Nand L* obtained by
LMM calculations and assessments can be representbd form of design contour plot, shown in
Fig. 7 for the Type 2 cruciform weldment. The camtbnes (dashed for Nand solid for E) allows

a design engineer to define approximately and hapide level of reverse bending moment
acceptable for the required service life and assumerage value of dwell period. For a given
reverse bending moment and creep dwell periodntimebers of cycle to failureNand the residual
life L* of the cruciform weldment can be approximatelyneated from Fig.7.

A full discussion of the solutions and further pagdric studies are given by Gorash and Chen [14,
15], which demonstrate that, for such complex imdais problems, the LMM is capable of
providing lifetime related solutions that are mumstre illuminating than conventional analysis.

4. Conclusions

This paper presents the latest development of kil lon evaluation of the steady state behavior of
an elastic plastic creep body subjected to cydeding under high temperature — creep fatigue
conditions. The proposed LMM successfully calcuddtee plastic strain range, the creep stress and
accumulated creep strain over a dwell period fetemdy state load cycle by an iterative process
using a general cyclic minimum theorem. Combininghwhe experimentally defined creep and
fatigue damage data, the final lifetime of the comgnt can then be obtained based on the
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calculated fatigue and creep damage under cregpHdatnteraction conditions within the LMM
framework.

By the application of the LMM to both Types 1 anda2ldment subjected to reverse bending
moment at creep fatigue condition with experimewtahparisons, it confirms the efficiency and
effectiveness of the proposed method for the cfadgue damage assessment and demonstrates
that LMM may be applied to complicated engineeragplications with a much wider range of
circumstances.
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