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Abstract

Structural integrity assessment is essefdiamany industries, especially for industries which

have machinery components and structures in operation at high temperature. Nuclear power
plant industry is one of a good example, and they have planned to introduce the very high
temperature reactor tmcrease efficiency. The high temperature operations may improve
power productions but cause severe structural problems due to creep, fatiguéatogyeep

failure mechanisms. Hence, performing structural integrity assessment accurately and

developing eféctive assessment methods are vital tasks in these industries.

In order to contribute to ehresearch field of the high temperature industries, this thages

achieva the following three main objectives:

Firstly, thisthesisprovides insights into cyclic plasticity and cregygelic plasticity behaviours

of high temperature engineerimgoblems which have not been explored in the past. A
numerical study investigates cyclic plasticity behaviours of 90°-tmblack pipe bendsnder
cyclic thermemechanical load and constant press@mother numerical study investigates
creepcyclic plasticity behaviours of Particle Reinforced Titanium Matrix Composites
(PRTMCs), which is a futuristic engggering material, subjected to a cyclic thenmechanical
load. Both numerical studies are carried out using a novel direct method Taketd MM

Framework

Secondly, thighesishas enhanced the LMM Framework allowing to evaluate the structural
response in neisothermal condition and multiple dwell periods. Inartb demonstrate this,
the extended method is applied to analyse eogelfic plasticity behaviour of a superheater
outlet tube plate subjected to a cyclic thermechanical loadand to evaluate credatigue

damage endurance

Finally, this thesisintroduces a critical high temperature failure mechanism, named as
Structural Creep Recovery Mechanism (SCRMjlising a numerical technique involving
cyclic creep and plastibehaviours This study identifieshte cause of this critical failure
mechanism and defines factors that have substantial influences on the structural integrity in
the presence of SCRM. Chabochenlinear kinematic hardening model and temperature
dependent material parameters are empldagedemonstrate the effectiveness of SCRM in

practical problems.



Achievements Publications and Awards)

Peer Reviewed Publications

1. Cho, N-K., & Chen, H Investigation of structural creep strain recovery and its impact
on structural integrity. 24th International Conference on Structural Mechanics in
Reactor Technologywolume 1, Page 65665.

2. Cho, N-K., & Chen, H Shakedown, ratchetnd limit analyses of 90° baek-back
pipe bends under cyclic 4plane opening bending and steady internal pressure.
European Journal of MechanicA/Solids, Volume 67, January 2018, Pages-232

3. Cho, N-K., Chen, H, Boyle, J., & Xuan, FZ. Enhanced figue damage under cyclic
thermoemechanical loading at high temperature by structural creep recovery
mechanisminternational Journal of Fatigue, Volume 113, August 2018, Pages 149
159

4, Cho, N-K., & Chen, H.Cyclic plasticity behavior of 90° badk-back ppe bends
under cyclic bending and steady pressure. 26th International Conference on Nuclear
Engineering Volume 9,ICONE26:82386 July 2018.

5. Giugliano, D., Barbera, D., Chen, HGho, N-K., & Liu, Y. Creepfatigue and
cyclically enhanced creep mechanismaluminium based metal matrix composites.
European Journal of Mechanica/Solids, Volume 74, MardhApril 2019, Pages 66
80.

6. Giugliano, D, Cho, N-K., Chen, H Gentile, L.Cyclic plasticity and creepyclic
plasticity behaviours of the SiCFB242 Particulate Reinforced Titanium Matrix
Composites under thermmechanical loadingsComposite Structue, In Press,
Accepted Manuscript, March 2019

7. Cho, N-K., Chen, H, Mackenzie, D.Giugliano, D.Investigating the effects of cyclic
thermemechanical loding on cyclic plastic behaviour of a ninatggree backo-
back pipe bend systerdounral of Pressure Vessel TechnologyPress Accepted
ManuscriptMarch2019

8. Cho, N-K., Wang, R., Ma, Z., Chen, H., Xuan;Z: Creepfatigue endurance of a
superheater tube plate under ssothermal loading and muitiwell condition

International Journal of Mechanical Scienddsder Review



Awards

1. Engineering the Future (ETF) Studentship, University of Strathclyde, July 2015.
2. Postgraduate Researthavel Award, University of Strathclyde, Feb 2017.
3. Qualified Student Award, ASME 96 International Conference on Nuclear

Engineering, Apr 2018.
4, Akiyama Medal (Best Student Award), ASME "2énternational Conference on
Nuclear Engineering, July 2018.

~\ =

¥ w

SETTING THE STANDARD

ICONE-26 ORGNANIZING COMMITTEE
Presents a
Certificate of Appreciation

Nak—‘](tyoun Cho

For the paper:

Cyclic Plasticity Behavior of 90° Back-to-Back Pipe Bends
Under Cyclic Bending and Steady Pressure
ICONE26-82386

Selected as a

Winner in the
ICONE-26 Student Best Paper Competition:
UK / Europe

at the
26t International Conference on Nuclear Engineering
ICONE-26
London, United Kingdom
July 22 - 26, 2018

~
T HRh (Gt oy
Guogiang Wang
Chair, ASME Nuclear Engineering Division

Lei Zengguang
Chair, Chinese Nuclear Society

- 7)
/l/ o) /]///\ U /C// [/Q(\‘/a ”
Nobuyuki Ueda Shripad Revankar
Chair, JSME Conference Chair, Technical Program

Vi



Contents

Y 6111 = Lo SO PO P PPPTPPPUPRRRPPPPPPPPPIN AV AP
Achievements (Publications and AWards)................uuvvvmmmmmmmmeeeeeeeeeeeeeesscmmmmrseeeeeeene Mann,
L0 0] 01 (=T 01 £ PP PPPPRPPPPRTR V4 | I
IS A ) T T =SSR PPPPPRRRRR U
LiSt Of TADIES.....eeeiiiiiiiiiiii e immmmememr et emmmmmmmme e emmmmmmmm s s e Y
NOMENCIALUIES.......coeiiiiiiiiiitemmmeeee e mmmmmmmmr et e e e e e e e s smmmmmmmmsssneneeeeeeee s smmmmmmme eV |
Yol (0] 01/ 10 1 TSP SPRSTTRTRrsspRmRTRTD. 9.4 | |
O [ 10T ¥ T [0 o PP PPPPPPPRI I
1.1  Research Background..............ooooiiiimmmiiiee e e s
1.2  Objectives Of the thESIS.........uuuuuiiuiiiiimmmmmmmr e s
1.3 Outline of the theSIS........cooiiiiiieeeeeee e emmmmmmnne e

s Wb

1.4 ENQINEEriNG UNILS.....ccccoiiiiiiiiii i ecceeeme et vmmmmmmmms e e e e e e e e e e e e e s emmmmmner s s ennnes

o

2. High Temperature Component Design and Design Assessment Caodes.............
P22 A 11 0o [ Tox 1o T o OSSP POPPP
2.2 Structural Responses under Cyclic Load at High Temperature...................6......

2.2. 1 CyCliC PIaSHCItY........iiiiiiiieiiesimmemmme e mmmmmmmme e mmmmemme e

2.2.1.1 EIastic SNAKEAOWN........ccciiiiiiiiiiiimmmmmmemseeee ettt e e e e emmmmmmmme e e

2.2.1.2 Plastic SNAKEAOWN..........ccoiiiiiiiiiimmmeeene ettt smmmmenme e vememmnnes

2.2.1.3 RAICNEIING. .. uuteeeieiiiiiee et immmmmmmns et e e e emmmmmmmms e e e

b N D D b

i
LW W

2.2.2  CreepCyclic PIastiCity..........cccoiiiiiiiiiieeeeeeemiieieeee e e s e e e eeeesseeen
2.2.3  CreepFatigue Damage Evaluations.....................eeeeeeeemicciiieeesesssomeeeaal B

2.3  Design Codes and procedures for Assessing Structural Integrity under High
L= 00 1= = L L PPN, |

2.3.1. R5 Assessment Procedure for the High Temperature Response of
SHTUCTUIE. ..ttt e e e e e et b smmmmmmmme s e e e e e s et emmmmmmnme 00 2

23.2. ASME BPVC Section Il Subsection NH.............oooiiimmmmmece e 28..

2.4 Chapter SUMMAIY........cuuuuuruuunnnimmmmmmmmeeeeeeeeeeeeessimmeeesesrssssssnnnssssssmmmmmmmmeeeesee s Q3.
3. Advanced Numercal Direct Method.............ccooeviiiimmmmmemiiiiiiieeeeee e A0
I A 11 oo [0 Tox 1 o o PP PRSP PUPPRPRRTPPPRPOPPPRPPRY” | 0 JUP

3.2 Shakedown ANalYSIS..........cuuueriiiiiimmmmmmiiiiiee e e AL

3.3  Direct Stead Cycle Analysis (DSCA)......ccuuveieeeiiiiimmmemeeriieeeeeeeeee s emmmmmmeme o A3
3.4  Extended Direct Steady Cycle Analysis (EDSCA).........ceiiiiiiiccie e 44...

34.1 Original numerical procedure for creep strain and flow stress............41.

Vi



3.4.2  The modified numerical procedure for creep strain and flow stress....48
3.5  Chapter SUMMAIY........ccuuuuiiuueeimmmmmmmmeeeeeeeeeeeeessemmmmmmenssssnnsnnnns s smmmmmmmmeeeeeee 2 Q.

4. Cyclic Plasticity of 90° Backo-Back Pipe Bends under Cyclic Thermal Loading,
Cyclic Bending, and Constant Internal Pressures..............ooevvviceeeecemecceeseinneenss sl

4.1 L)1 (0 T 110170 o AT PTPRT > ¥ N

4.2  Finite Element MOGEL...........ooooiiiii e mmmrememe e smmmmmnene 2D
4.2.1  Geometry of the 90° backo-back pipe bends.............cc.ovvvivieemmmecmee . 52.
4.2.2 Material properties and Boundary and loading conditions.................. 53...

4.3  Cyclic InPlane Bending and Constant InterndPressures..............cceeevvvieee 55
43.1 Limit load, shakedown limit, and ratchet limit boundaries................... 55...
4.3.2  Verification Of reSUIS ...........uviiiiiiiii i eee D L
4.3.3  Parametric studies anddiSCUSSIONS................evvrerimcccccemeeeeeeininnes meenann2 9
4.3.3.1 Geometry effects of the pipe bends structure.................oovvceeeeeeennnnens h9.
4.3.3.2 Effect of the horizontal straight pipe length................ccviiimmeemeee e, G3..

4.4  Cyclic Outof-Plane Bending and Constant Internal Pressures...................! 65....
44.1 Limit load, shakedown limit and ratchet limit boundaries.................... 65...
4.4.2  Verification Of reSUlLS..........ccuviiiiiiiiiie e e B0,
4.4.3  Parametric studies and diSCUSSIONS.............c..cuvvieccmmemreeeeesiniireescmmeen 08
4.43.1 Geometry effects of the pipe bends..........ccccevvviiicmeeeeee i 88
4.4.3.2 Effects of the horizontal straight pipe length...........cccccvviiiimmmmeecis 71.

4.5 Cyclic Thermal Loading, Cyclic Outf-Plane Bending and Constarinternal
R (TS U = 7SR £ 3

451  Geometry effects of the pipe bends..........cccvvvviiimmeeececiiiiieeev e T
4.6  Chapter SUMMAIY.......uuuuueiee i e e cmmmmmmmmeeeeeeeeeeeeee s emeemesemsssnnnssees s e e smmmmmmmmeeeeeees L3,
5. CreepCyclic Plasticity Behaviours of Metal MatriXComposite...........cceeeeeeverieees 81

5.1 ()0 o [1Tox 170 ] o N O RPTRRRTRY o 3 N

5.2  Finite Element MOdEl...........cccuiiiiiieeeee e e B2
5.3  Creepcyclic plasticity of PRTMCs under thermanechanical loading.......... 86

5.3.1. Effect of spatial particle distribution on the creepcyclic plasticity
FESPONSES B...ovviiiiiiiiiiiii s i et eeemmmmms s e e e e e e e e e s emmmmmmmms e e s s seensssss s mmmmmnnd [

5.3.2.  Effect of varying dwell time and tensile load level on the creepyclic
PlASHICILY FESPONSE. .....uviiiiiiiiiiee e emmmmmmmme ettt e s e bt s QD

5.3.3.  Effect of volume fractions on the creefzyclic plasticity response for a
fixed particle arrangement............oooo oo eeeee Q1

5.4 Chapter SUMMAIY........cuuuueieiiiiisimmmmmmisneieeeeeesammmmmms s sssnnsss s mmmmmmme oo e A3

VIl



6. Creepfatigue endurance of a superheater outlet tube plate under nowisothermal
loading and multi-dwell condition ...............oooviiiieeeeeeeercceee e eeeeee Q4

6.1  INtrOTUCTION ...ovviiiiiiiiiiiieii st immmmmmmme et emmmmmmmme e emmmmmmmm e D
6.2  Investigation ProCEAUIES..........ccooiiiiiiiimmmmmmemr e e e e vmmmmmmmmrs e e e e emmmen OO
6.3 Problem DesCriptioN...........uuuuuuiiiisimmmmmmmr e eeeeeeeee e eemmmeeeer e smmmmmmmme e e s Q]
6.3.1.  Finite element model and boundary conditions................c...simeeeeee... 97
6.3.2. Material properties and modelling parameters......................cecceeeee.. 100
6.4  Numerical Results and DiSCUSSIONS.............cceeeiiiemmeenccessvreeeees s nnemmnns . 106
6.4.1. Creepcyclic plasticity behaviour..............cccccoeviimmmmecciiiiiiee e veeee2. 106
6.4.2. Creepfatigue damage endurance..............c.covvvveeeeemmmcceeeeeseessemmmmmmnad 12
6.5  Chapter SUMMANNY........cueiiiiiiieeeiimmmmmmmsiiieeeeeeeeeesemmmmmmm e ee e e s smmmmmmmm 00 L L8

7. AdvancedNumerical Investigations of a Critical Failure Mechanism at Elevated
L= 0] 1= = 1L PP PORSSPR 74 0

4% S 1 11 {0 o [ Tox 1o o I TSSO P PP PP PP PTPPRPPPN 24 0
7.2  Problem Description and the Finite Element Model.................ooi i ieeeeeee. . 122
7.2.1  Geometry and Loadings for the AnalySiS........ccccoeeeiiii i, 122.
7.21 Material properties and FE model.............cccooviiimmmeeemiiiiieeeiie e 123

7.3 Results and Parametric StUIES.......vvenieeee e ecemmcee et e e et s e e 125

7.3.1 Investigation of the Structural Creep Recovery Mechanism.............. 125

7.3.2 Effect of Dwell Time and Load Leven the Structural Creep Recovery
=T od o= T 1] o PP 242

7.3.3  Effect of Temperature Dependent Parameters on the Structural Creep
Recovery MeCINISM ..........cooiiiiiiiiiceeeeeeeme et smmmmmmems et e e e s emmmmmmmme e LD

7.3.4  Effect of Practical Hardening Parameters on the Structural Creep
Recovery MeChaNiSML........uuiiiiiiii i eeeemmem s e e e e e e e e e e emmmmmmmme e e e e e e s LD

7.4 IS CUSSIONS ..t ee et ecememme et e e e e s e s e e e e en s e e smmmmmmmmeeeeneennenne e L3O

7.4.1 Practical Problems Involving the Structural Creep Recovery
MechanisnB 8 8 8888888888888888888888888818888888

7.4.2 Limitations of the Elastic Followup Factor in the Structural Creep
Recovery MeChaniSm.............oooiiiiieemmeeemeeeeeee e e e e e smmmmmmmmeeeeeeeeeeee e e s smmmmmmmme s sneee e LA0

7.4.3  Structural Integrity Assessment in the Presence of the Structural Creep
Recovery MeChaniSM..........ueiiiiiii i eeemmmmm s s e e e e e e e e s emmmmmmmme e e e e oo s LA 2

7.2 Chapter SUMMAINY.........uueeiiiiiiieeimmmmmmmmeessitieeeeeesssmmmmmmms s sssssessse s emmmmmmmns e oo LAD
8. CONCIUSIONS. ... e ettt eemmmmt e e e e e e s s vmmmmmmmn s e e enae e e e e s emmmen L 4O
ST A U L U ST AY /] o N 7 o

REIEIENCES. ...ttt e e e e et emmmmmmmn e e e e e e en s e s ammmmmmmme e e e 1D0)



List of Figures

Figure 1.1 (a) aeep crack in the firtree bottom serration [7] and (b) creepfatigue

damage inthe gas turbine blade[8].......cccoveeiiiiii it e 2.
Figure 2.1 Structural response subjected to cyclic loading condition................cccevveeee ..
. . De
Figure 2.2 Low cycle fatlgue7- N; CUNVE....ociiiiiiiiie e D
Figure 2.3 Basic creep curve for constant stress and temperature..................c..eeeeen 14

Figure 2.4 Dfferent creep-cyclic plasticity responses at tensile creep peak [39]: (a)

elastic response, (b) elastic shakedown, (c) creep enhanced plasticity, &l

creep enhanced plastic shakedown[39]..............covviiiiimmmrrrriiivieee e 1B
Figure 2.5 The creepfatigue damage envelope............cccccoeevimmcmnviiieieieeeecemmmmmeen 17
Figure 2.6 Rocedures of creepfatigue damage evaluation.................coooi e 18.

Figure 2.7 Hfective creep stress parameteZ for simplified inelastic analysis using test

D=1 QNG B3 [LL]. v eemeeeee e s e vmemmmemes st eeeeeee e remmmemmme e s s s eneneanDEh,
Figure 2.8 Hfective creep stress parameteZ for simplified inelastic analysis using test

o3 OO |-
Figure 2.9 Creep-fatigue damage envelope provided iIASMENH[11]............cccvvvveeee 36....

Figure 4.1 Geometry of the 90° backto-back pipe bends with two attached vertical
Straight PIPE SECHIONS.......viiiiiiiiiie s immmmmmmme e e e e ee e e e e e s emmeemmeer et smmmmmmmme e e e e e e es D3
Figure4.2 Rill model of 90° backto-back pipe bends with I solid elements meshed.
.-53.
Figure 4.3 (a) loading paths for the classic bree problem and (b) a loading domain for
the three load combBINAtIONS..............uuiiiiiiii e eeeeeneD D)
Figure 4.4 Equivalent stress contours from linear elastic stress analyses for a)-plane

opening bending momentM | b) internal pressures P ..........cccovveeiiiiiceecccmnee 56.

Figure 4.5 The limit, shakedown limit, and ratchet limit boundaries of the pipe bends
structure under cyclic in-plane opening bending and constant interngbressures.
...D6.
Figure 4.6 Rastic strain increment history (PEMAG over number of loading instance
for cyclic loading points A, B,C, D, andE)................c..ovvvviceemmmemeeeieee e e e e e e e ecmmoeeeen. .08
Figure 4.7.Gecometries of the pipe bends structure for the parametric studies; (a) fixed
r/t=10 with varying R/r ratio and (b) fixed r/t=10 with varying length Ln............ 59
Figure 4.8 The effects of varyingR/r with (a) r/t=5, (b) r/t=10 , and (c)r/t=20 on the

limit load, shakedown limit and ratchet limit boundaries.............ccooevevniiemmeeenn. . 61



Figure 4.9. Reverse plasticity limit and limit pressure trends with respect to bend

characteristic inarage fromh=01t0 h= 1 ........ccccccimrrriirriccccc 02
Figure 4.10 The effects of varying length_, with (a) r/t=5, (b) r/t=10 , and (c)r/t=20
under the cyclic inplane bending and constant internal pressures.................... 64...

Figure 4.11 Fuivalent stress contours from linear elastic stress analyses for (a) out

of-plane bending momentM _ (b) internal pressures P, ..........c..cccvvveeiiieenennees... 65

Figure 4.12 The limit, shakedown limit, and ratchet limit boundaries of the pipébends
structure under cyclic outof-plane opening bending and constant internal
ST LSETST U £ SRS UUP PRSP ) o

Figure 4.13 Rastic strain increment history (PEMAG of cyclic loading points @&, B, C) in

FIQUIE 4. 12, .o e v e e e e e e e e e e e e e s smmmmmnnr s s s st s nnn s smmmmmmmms DT
Figure 4.14 Hfect of varying Rir with (a) r/t=5, (b) r/t=10 , and (c)r/t=20 under the
cyclic out-of-plane bending andconstantinternal pressureS.............coeeeeeeevieeee 89

Figure 4.15 Reverse plasticity limit and trends of the ratioRT = RB,/ RR against the

bend characteristic in arage fromh=01t0 h=1.....cccccoeeevriiiiriiiim e eeeeeeeiiee 71...
Figure 4.16 Hfect of varying lengthL, with (a) r/t=5, (b) r/t=10 , and (c)r/t=20 under
the cyclic outof-plane bending and constant internal pressures........................ 73...

Figure 4.17 Linear elastic solutions; (a) maxprincipal stress under thermal load, (b)
equivalent stress under outof-plane bending moment, and (c) equivalenttsess
UNEr INtEINAl PrESSUIES... .. it ii e i e e e e e eeeet ettt vmmmmmmmms s e e e e e e e e e e s s smmmmmnnnr s D)

Figure 4.18 (a) shakedown and ratchet boundaries of the 90° bagk-back pipe bends
subjected to cyclic thermal load, cyclic oubf-plane bending and constant internal
pressure and (b) shakedown domain in the threelimensional loading space.....75

Figure 4.19 Shakedown and ratchet boundary of the pipe bendsrf=5 ) subjected to
cyclic thermal load and constant internal pressure with respect to varying/r
2= Lo TSSO O PP PP PUPUPPPRRROPPRPRY 4

Figure 4.20 Plastic strain history (PEMAGof Rr ratio of 3 and 4 at cyclic loading point
d and of Rir ratio of 5 at cyclic loading point €.............cevvviviviicmmmmmmme e eeeeeeeeeeee e 1.8,

Figure 4.21 Shakedown boundary of the pipe bendsr{t=5 ) subjected to cyclic thermal
load and constant internal pressure and bending moment with respect to varying
L = LA J PP OO P PP PPPPRPPPPRRROPPRY A°

Figure 5.1 Goups of nodes on the boundary faces of thRVESs(a) inner face nodes, (b)

inner edge nodes and (c) corner N0des [91].......ccoiviiiiiiii i eeeeee B2

Xl



Figure 5.2 Typical FE models with six particles and (a)Vi =10%, (b) Vi =14%, (c) V;

Figure 5.3 (a) RVEwith tensile mechanical load s ,(t) and cyclic thermal load Dg(t)

and (b) load history applied [91, 92]...........uvuviiiiiiiimmmmmmmm e e 83
Figure 5.4 Shakedown boundaries for different particle arrangements withNpar 2, 4, 6,
8, and 10 and (a: =10%, (b) V; =14% and (c)V: =25% [91, 92]......ccccevvevrrrrrnnn. 86....

Figure 5.5 Qeep strain contours for the microscaledSGTi6242 prtmcs subjected to a
cyclic load pointP2 for a dwell time of 10hrs; analysed by (a) abaqus gpeby-step
method and (b) theLMMEDSCA .........oooviiiiiiiitmmmmmmmmie e e e e s s s ee@ o

Figure 5.6 Seady state hysteresis loops of th&@VEmodels subject to cyclic loadind2
for dwell time 10hrs; (&) Nparr=10 with Vi=10%, (b)Nparr=2 with vi=25% and (c)
Npart=6 WIth V=250, ....eeeiieieiiiiiiiiii oo v e 023

Figure 5.7 Seady-state hysteresis loops of alRVEmModel that hasNpar: = 6 with Vi=10%
for variations of dwell 1hr, 10hrs, and 100hrs at cyclic load point; (alp1,( b) P2

AN (C) P3O
Figure 5.8 Maximum principal stress distributions of aRVEmModel Npar: = 6 with V
=10% for dwell time 10hrs: (a) s, =0 and (b)s, =0.158; «.cccceerrvvrrrirrrsrienaan90

Figure 5.9 Seady-state hysteresis loops o0RVEmodels that have a fixed particle

arrangement subjected to cyclic loadingP2 and dwell time of 10hrs with variations

of volume fractions: (2)Npat=6 and (b) Npart=10........ceerriiiiiiiririmmmmmeenre e e e 92..
Figure 6.1 Aproposed flow chart for the study of the tube plate through the modified
Y1V =T IS @ & 1= 1 o Lo USSR SSRRSRRRL * | o U

Figure 6.2 Smplified 3-dimensional tube plate model with certain surfaces selected: (a)
internal surface, (b) external surface, (c) tube holes, and (d) sheathbe weld
LU 7= Lo =T PP P POUPPPPPPPRTPPPR ° I 4t
Figure 6.3 (a) side view of the tubeplate model, (b) front view of the tubeplate model,
and (€) meshed tube Plate............oooviiiiiiirrmemeeeee e e D8
Figure 6.4 Loading waveform under multidwell for six months operations................ Q0.

Figure 6.5 Inelastic strain energy which leads to the creep damage: &), > " and b)

Figure 6.6 Ceep-fatigue damage envelope for type 316 stainless steel Ax6MENH
0ESIGN COURS....oiiiiiiiieiiii i cmmeeeeeee ettt e e e e e e e s smmmmmmmms et eee e e e e s smmmmmmmms s nnnsneeeee s smmmme LOO
Figure 6.7 Hastic stress solutions: (a) mechanical load only, (b) thermal load only, and

(c) both mechanical and thermal l0ads..............cccoooiiimmmeeemiiiiieeeeee e 107

XIl



Figure 6.8 (a) temperature distribution at the 1st dwell, (b) non-isothermal creep
parameters at the ®t dwell, (c) temperature distribution at the2nd dwell, and (d)
non-isothermal creep parameters at the®d dwell.............ccccoooiiiiimmmeeemieeeeeenn 108.

Figure 6.9 Hjuivalent stress distribution contours: (a) the tloading, (b) the Bt dwell,

(c) the 2nd loading, (d) the 2d dwell, and (e) unloading.................ccev v iecceenene.... 109
Figure 6.10 Hfective creep strain increment contours at: (a) the ¢ dwell (element

number: 15107) and (b) the 2d dwell (element number: 2)...............coeeiiiivieeenn 110
Figure 6.11 Sturated stressstrain hysteresis loops for the critical locations: (a)

element 15107 and (b) element 2...............ooovviiviecemmmmmieseeeeeeeeeees e eeeeeeennn 1O,

Figure 6.12 Geep damage contours at the stdwell: (a) TFmodel with s, , (b) DE

model with MDF, and (c)SEDEModel With MDFVEN: «««vvvveeereeeeeeieiissvmmmemeemeeeeeee 113
Figure 6.13 Geep damage contours at the 2 dwell: (a) TFmodel with s, , (b) DE

model with MDF, and (c)SEDEModel With MDFNEN: «+«vvvvvveeeieeeeieiissimmmeeeemeeeeeee 113
Figure 6.14 Maximum principal stress contours at dwell periods: (a) start of the ¢

dwell, (b) end of the Ftdwell, (c) start of the 2d dwell, and (d) end of the 2d dwell.

..114.

Figure 6.15 (a) total strain range and (b) fatigue damage per cycle.........cccceeeeenneee 115

Figure 6.16 Design fatigue curveDU -N, for 316 stainless steel inASMENH[11].....116

Figure 6.17 Total damage per cycle: (aJ Fmodel with s , (b) DEmodel with MDF,

and (c) SEDEModel With MDRNVEN - «««vveeeeiriiiieiee i sieeeeemm i emmmmmms e LB
Figure 7.1 (a) geometry of the holed plate and loading conditions and (bfEmeshed
070 1= PP 20

Figure 7.2 loading instances: (a) mechanical loading and (b) thermal loading......122
Figure 7.3 $akedown and ratchet limit boundaries for the holed plate subjected to the
thermo-mechanical loads and six load cases for investigations of thuctural
creep recovery MeChaniSmM...........c..uuviiiiiieecece e eeeeeee L 2O
Figure 7.4 vonMises stress distribution at load case 1 for dwell time of 200hrs at the
last loading cycle: (a) loading, (b) creep, (c) unloading, and (d) corresponding
creep Strain INCrEMENL............ooooiiiiiiiiiccceeeem e smmmmmmmme e e e e e e e e e e e e e e smmmmneenr e s L 2D
Figure 7.5 Qeep stressrelaxation curves and creep strain increment with load case 1
for a dwell time of 200hrs at the point of INterest...............ccvvvvimeeecccce e 126.

Figure 7.6 Stress components,,; distributions for each load instance with load case 1

for dwell time of 200hrs: (a) loading, (b) creep, (c) unloading............ccccceeereeeee 127

X



Figure 7.7 Hastic stress solutions: (a) stress components,; from monotonic thermal
gradient only with 3f =0.7 and (b) stress components,, from monotonic

mechanical load only with A;€ T 8pg0.... A ...ooiiiiiiiiieeeee e 128
Figure 7.8 Response of steady state stresstrain hysteresis loop corresponding to load
case 1 for a dwell time Of 200NrS.......ccoviviiiiiii i eeemmmmme . 129,

Figure 7.9 Response of steady state stresstrain loop corresponding to load case 1 for

a dwell time of 100hrs and 200hrs each..............ccvvvivieccccccce e eeemeeee .. 130
Figure 7.10 Response of steady state stresstrain loop corresponding to load cases 1,
2, and 3 for a dwell time of 200NIS......oicveiieeiie s emmmcemme e e ee s mmmmmmmme e L 3L

Figure 7.11 Qeep stress relaxation curves for a dwell time of 200hrs per load casE32

Figure 7.12 Qeep stress relaxation curves in load case 3 for a dwell time of 60,000hrs.

..133.
Figure 7.13 Response of steady state stresstrain loop corresponding to load case 5
for dwell time of 200NrS. ... e e e e meeeeeens s LD

Figure 7.14 Gclic test result at 600°c [116] and simulation result,3 R € 23....1.837 M

Figure 7.15 Sructural responses in a transition from the first cycle to the saturated
cycle at the 1@ cycle for load Case B...............evvvvvvimmmmmmmmieeeeeeeeeeeees s eeeenn 139

Figure 7.16 Definition of general elastic followup factor Z.............cccvvvveviiommmeennne 141

XV



List of Tables

Table4.1. Key dimensions of the 90° baeto-back pipe bends and the two straight
pipes (all dimenSIoNS IN MM ... e e e e e DD
Table4.2. Temperature dependent yield StreSS............ooiiiiiieememmmm e e e e e e e vmeeeeeen . 04

Table4.3. Reference loads of cyclic bending moment and constant internal pressure

and axial pressure with respect tor /t ratio. ..............eeevveiesicmmmmmmeciviveeeeeeesinmmmnnn29
Table 5.1 Mechanicalproperties at 500°C..............uvvuririiieiccc e QD
Table5.2 Creep PAr@MELEIS. . ... e i iiii i i e e e e e e e ettt emmmmmmm s e e e e e e e e e e e e s e s e ee s DD,
Table 5.3 Creep strain and ratchetting strain from the cyclic creep and plastic analyses

Of @ll tNE RVEMOAEIS.........uiiiiiiiiiiiie e e DO
Table5.4 Oeep and ratchetting strain from the creep behaviour analyses ofNpar = 6

AT Y 0 T * [0

Table 5.5 Oeep and ratchetting strains forNyar=6 andNpa=10 of RVEmodels that have

a fixed particle arrangement subjected to cyclic loading2 and dwell time of 10hrs

with variations of volume fraCtions..............uuvvvveiiiicccccme e e 92000
Table 6.1 Geometry dimensions of the tube plate (all dimensions in mm)................. 98..
Table 6.2 Temperature dependent yield stresses ofype316 stainless steel............ 100
Table 6.3 Creep parameters for calculating creep strain.................ooo v icccceeemvvvvnnnns 100
Table 6.4 Material constantsfor TFmodel of Type 316 stainless steel...................... 102.

Table 6.5 Material constants for creep ductility of Type 316Hstainless steel [99].....103
Table 6.6 Material constantsfor SEDEmodel of Type 316Hstainless steel............... 104
Table 6.7 Coefficient Of EQ.(6.13)........cuuuvriiiiiiieeiimmmmmmmiiiiiieieeee s cmmmmmmms s eeeneeel 06
Table 6.8 Sressesand creep strain histories for the element 15107 at the 2 dwell:

creep stresss,, effective creep straine®, principal stressess,, s, ¢ and mean
S 1SS T O B 1 1

Table 6.9 Comparisonsof creep-fatigue damage lives for six months operation.......118

Table 7.1 Stress history between signed voamises stress and stress componeng,; .

..127.
Table 7.2 Comparison of critical values and features with load case 1 for different dwell
111001 PP B 10

Table7.3 Comparison key values and feature for dwell time of 200hrs with different
mechanical 10ad CASES.........ccuuiiiiiii i e eeeeeeeme e DL

Table7.4 Temperature dependent material parameters and creep material constants
(0 1 =32 3 I 7 1 ' |

XV



Table 7.5 Key values and feature with load case 5 for dwell time of 200ht............. 135

Table 7.6 Material properties for the simulation..............cccccoveiiieeee e e 137

Table7.7 Key values and feature at the initial cycle and saturated cycle with load case 6
for a dwell time Of LONF...........cooiiiiiiiiiimeeeeee e e nenmemmn 0 138

XVI



Nomenclatures

Effective creep strain rate

Inelastic strain energy density rate

Effective creep strain

Creep ductility considering effects of multiaxial ductility factor
Effective end of creep stress

Effective start of creep stress

Cyclic mechanical load by bending moment
Frequency factor for A

NEAAAOEOA 91 01T Cc60 i1 AOI OO
Horizontal pipe length between pipe bends
Global gas constant

Plastic strain

Temperature at outside surface of the holed plate
Material parameters for uniaxial creep ductility
Material constants for0

Coefficientsfor the unified creep-fatigue equation
Material constants for kinematic hardening
Dummy nodes

Creep damage

Fatigue damage

Mean pipe diameter

Axial tension

XVII



Length of Representative Volumé&sl Al AT O 26 %Qqbé O

Limit bending moment

Number of cycles to initiate a crack having size of at total strain
range

Number of cycles to creegfatigue damage failure
Number of designed allowable cycles

Number of cycles tdfatigue failure

Number of particle of PRTMCs RVE

Limit pressure

Gas pressure

Steam pressure

Maximum change in the yield surface size
Activation energy

Reverse plasticity limit under cyclicin-plane bending
Reverse plasticity limit under cyclic outof-plane bending
Gas temperature

Steam temperature

Volume fractionsof PRTMCs RVE

Back stress for kinematic hardening

Crack size

Nucleation of a defect size

Total creepfatigue damage per cycle

Total creepfatigue damage per cycle with ASME NH designed
fatigue curve

Total creepfatigue damage per cycle with the Modified Universal
Slope Method

XVIII

i



Total creepfatigue damage per cycle with the unified creefatigue
equation

Creep damage per cycle
Creep damage at thestdwell

Creep damage at the2 dwell

Creep damageer cycle based on Ductility Exhaustion method with
the multiaxial ductility factor

Creep damage per cycle based on Strain Energy Ductility Exhausti
method with the multiaxial ductility factor proposed by Wenet al.

Creep damage per cycle based on Time Fraction rule with the
multiaxial creep stress

Fatigue damage per cycle

Fatigue damage per cycle according to ASME NH designed fatigue
curve

Fatigue damage per cycle basesh the Modified Universal Slope
Method

Time point at loading instance and unloading instance respectively
Creep rupture time

Dwell time for creep strain being fully recovered

Dwell time for the structural creep recovery mechanim to occur
Displacement rate

Nodal variable at a specific node

Failure strain energy density

Strain rate

Creep strain before the structural creep recovery mechanism to
occur

Lower shelf creep ductility at high strainrate
Elastic strain at loading instance

Plastic strain at loading instance

Creep strain in the process of the structural creep recovery
mechanism to occur

XIX



o 4
¢

Upper shelf creep ductility at high strain rate
Elasticstrain at Unloading instance

Plastic strain at Unloading instance

Fatigue ductility

Creep ductility

Constant mechanical load by internal pressure
Effective stress

Yield surface size of isotropic hardening
Maximum, Medium, Minimum Principal stresses
Stress component in xaxis

Tensile strength of a material at room temperature
Tensile mechanical load

Tensile mechanical load over time period
Reference tensile mechanicdbad

Multiaxial rupture stress

Stress amplitude

Hydrostatic stress or Mean stress

Yield stress

Thermal load

Effective total strain range

Effective creep strain increment

Effective elasticstrain increment

Elastic strain range

XX



YR Inelastic strain range

YR Plastic strain range
50 Activation energy range in Strain Energy Ductility Exhaustion
method
y— Reference temperature/thermal load range
Y, Cyclicreference mechanical load by pressure
Y, Cyclic mechanical load by pressure
A Cyclic thermal load
yao Time period or Dwell time
YR Total strain range
M| Temperature/thermal load range
I O Cyclic thermal load over time period

! Creep coefficient

$ Total creepfatigue damage
% 91 01 ¢c60 11 ADI OO
* Invariant equivalent stress tensor
=¢] Material constants for power law equation of creep rupture time
0 Limit pressure against the pipe bend parameter h for the 903ack-
' to-back pipe bends
i Time exponent for creep power law
) 300A00 Agpi TAT O A O .1T001T60 A
BN Empirically derived constants for- [
= Saturated constant value for yield surface changa isotropic
hardening
24 Ratio of Y0 to 'Y 0
4 Temperature

XXI



Creep usage

Volume

Overall back stresses for kinematic hardening

Elastic follow-up factor

Shear strain

Strain

Temperature at the inside of the holed plate

Temperature variation at the inside of the holed plate over time
0T EOOT 180 OAOQEI

Stress

XXII



Acronyms

ASME NH
C.S.R
CAE
CEGB
DE
DMMCs
DRTMCs
DSCA
ECM
EDF
eDSCA
EPP
FEA
JAEA
JRC
LCF
LDS
LMMF
MDF
MECM
MMCs

MUSM

American Society of Mechanical Engineers Boiler and Pressure

Vessel Codé&ectionlll Subsection NH

Creep Strain Recovery

Computer Aided Engineering

Central Electricity Generating Board
Ductility Exhaustion

Discontinuous Metal Matrix Composites
Discontinuously Reinforced Titanium Matrix Composites
Direct SteadyCycle Analysis

Elastic Compensation Method
Electricité de France

extended Direct Steady Cycle Analysis
Elastic Perfectly Plastic

Finite Element Analysis

Japan Atomic Energy Agency

Joint Research Centre

Low CycleFatigue

Linear Damage Summation

Linear Matching Method Framework
Multiaxial Ductility Factor

Modified Elastic Compensation Method
Metal Matrix Composites

Modified Universal Slope Method

XX



PEEQ Equivalent Plastic Strain
PEMAG Plastic Strain Magnitude

PRTMCs Particle Reinforced Titanium Matrix Composites

Assessment procedure for the high temperature response of

R5
structure
Design and Construction Rules for Mechanical Components in high
RCCMRXx : )
temperature structures, experimental reactors and fusion reactors
RVE Representative Volume Element
SCRM Structural Creep Recovery Mechanism
SEDE Strain Energy Ductility Exhaustion
SiC Silicon Carbide
SMDE Stress Modified Ductility Exhaustion
TF Time Fraction
TMCs Titanium Matrix Composites
u.s United States
UMAT User subroutine to define a material's mechanical behaviour

XXIV



This page intentionallieft blank

XXV



1. Introduction

1.1Research Background

According to the World Electricity Generation provided in DNV GL's Energy Transition
Outlook, global energy demand is expected to exceed more than twofold in 2050, and three
times by 2100.To meet such a huge demamdary renewable energy sourchave been
developedor generating electricity, and the role of the nuclear power plant is also becoming

more important as a future energyurce1].

Raising the operating temperatuce itcrease electricity production in the nuclear power
industry is a practical solution in the aspectefffciency and emissions reductiol also
reduces the cost of power productidm.terms ofenhancing efficiency, a negeneration
nuclear reactor design which is called Generation IV reactor (Gen IMgiigy developed
through new research and developmijt Gen IV design considers mantwo types of
reactors which are thermal reactors with three systems and fast reactors with thre¢3$ystem
The thermal reactor includes a very high temperature rea¢ttrR), a supercriticalvater

cooled reactor (SCWR), and a molten salt reactor (MSR). The fast reactor includes a gas
cooled fast reactor (GFR), a sodiwmoled fast reactor (SFR), and a lealed fast reactor
(LFR). Among Gen IV reactors, SFR type is egfed tobe commercialisedirst. SFR uses
sodium as a coolant that has a melting point of 98 amilliag point of 883 at atmospheric
pressure, thus forming a liquid state in the operating temperature of 550. Unlike conventional
light water reactor (LWRJhe primary and intermediate loops where liquid sodium flows can
be operatedt atmospheric pressure. Consequently, the thickness of the reactor vessel and
piping equipment can be a thivalled design which can reduce capital expenditure and
operating expnse[4]. Moreover, the high temperat liquid sodium increases the thermal

efficiency considerably.

However, regarding structural integrity, such high temperature has a significant impact on the
life of nuclear power plant componenf. At high temperatures, failure mechanisms can
include creep, fatigue, credgatigue, andhermal fatigug6]. Creep causes damages which can
take place in several forms. For examplarecreep inducedimensional changes that cause
distortions and wall thinning to steam turbine casing and piping systems. Localised creep
deformation can cause swelling and leaks due to crack in headers and steam pip&sni.ong

creep failure generally takes place fronpatheated reactor tubes and rotor serrations, which



involves cavitation and crack growth at interfaces and high stresseé&igrgal.1-(a) shows

creep induced crack in the-firee bottom serration.

Figure 1.1 (a) creep crack in t he fir -tree bottom serration [7] and (b) creep -
fatigue damage in the gas turbine blade [8].

Creepfatigue failure induced by thermal stresses is also a significant problemrminhig
temperature componenfd]. Literature has reporteypical failure caseshat occur in the

power plant industry due tbe creegdatigue interactio10]. The damagean be either eep
dominated or fatigue dominated depending on the stress type that drives structural response
within the loading cycle. In general, crefgigue damage that occursgower planis caused

by thermal stresses which are generated by restriction of thexpansions. Since crack
initiation occurs in less than 1000 cycles due to thermally induced stresses, this sort-of creep
fatigue damages also referredo as thermemechanical fatigue and low cycle fatigue
Furthermore rotor grooves and header borelsolre components that may have potential
failures due to considerable plastic strain caused by this-tatgpe failure. Figure1.1-(b)

shows creeffatigue damage in gas turbine rotor blades. These complex high temperature
failure mechanisms make the relationship between the actual stresses and strain occurring in
the structure more complicated, making it difficult to predict the service life. Henedo the

trend of increasing high temperature operating conditions, it is imperative to evhieate

accuratestructural integrity of the reactors.

Many efforts had been made to develop standardised methods for high temperature integrity
assessment.he American Society of Mechanical Engineers Boiler and Pressure Vessel Code
Sectionlll subsectionNH (ASME NH) [11] and the R5 Procedures for Assessing the High

Temperature Response of Structure)(R2] are results of the efforts. They are frequently

used to assess the component 6s tioris.fHewweveme wher



these code and procedure are validated for a limited number of materials and predict lifetime
based on the simplified approach such as thebated method, resulting in conservative
service life calculation.The ruled based methods do nmtovide detailedevaluation
procedures fothecomplexinelastic responsaf thehigh temperaturstructuresFurthermorg

they have other limitations in predicting the structural integrity; they cannot consider the
environmental effects such as oxidatiihm breakage and impurities in helium, and carret
appliedto other materials of which damage accumulated do not follow the linear damage
summation rule. lalsorequires the development of a guideline for materials that do not follow
typical creep cwes. Therefore,more effortis requirel in this research field to predict the

service life of high temperature components more accurately.

As part of such effortghe Linear Matching Method Framework (LMM Framework) has been
developed as an alternativeetnod[13, 14]and used for various engineering probldits

17]. The LMM Frameverk consists of Linear Matching Method (LMM), Direct Steady Cycle
Analysis (DSCA), and extended Direct Steady Cycle Analysis (eDSI®)design code and
procedure as mentioned earlier provide minimum design requirements that allow the user to
evaluate whiher structures are showing a strict shakedown response or whether they have
significant effects of creep, but the results are overly conservative. The LMM is capable of
calculating limit load and strict shakedown boundaries, even ratchet and creep rupture
boundaries with DSCAMoreover, eDSCHL8] can evaluate the accurate behaviours of the
inelastic creep and plasticity much faster tbanventional no#iinear Finite Element Analysis
(FEA).This alternativanethod can be utilised to optimise high temperature structure design,
and to validate thestructuralresponse assessed by the -hdsed method. Based on the
reliability of the LMM Franework, R5 has acknowledged it as one of the structural response
evaluation method3.herefore, it is also vital to develop other Direct Methods or to extend the
current Direct Method, for solving many other engineering problems that occur at high
temperatre. In this thesis structural responses of engineering problems will be analysed
utilising the LMM Framework, and the conventiofial incremental cyclic analysisiethod

will validate the obtained results

1.2 Objectivesof the thesis

The rulebased method may predict conservative load levels or short service life of the

structure at elevated temperature. In other words, under the name of securing safety, the



running cost may be increased, as structures have premature retirementnieuethiérthe
structure shows a significant inelastic response that requires a detailed inelastic analysis with
the conventional FEA, it may expend much computational resource to evaluate the structural
response or may have convergence problems. Underirthenstance, demands for the
alternating approaches are arising from power industries such as EDF Energy, Rolls Royce,
and Siemens, and these industries U.K. based have shown interests in the LMM Framework
[19-21].

The following three objectives habeen definedo meetthese demands from the industyies

by solving engineering problems that will be presentedomfchapters 4 to chapter 7:

1) Investigating cyclic plasticity and creepyclic plasticity behaviours of both an
engineering structure in macroscopic scale and a futuristic material in the microscopic

scale, which have not been studied in the past.

2) Many high temperature components equipped with the forced cooling system are
running in service under neésothermal condition. The present LMM eDSCA method
has been widely used for predicting cragpglic plasticity behaviour of many
engineering problems but hasme limitations, which are not capable of considering
effects of noAsothermal creep parameters and multiple dwell periods.

3) Through performing advanced numerical investigations, a new high temperature
failure mechanism is identified, whicis namedas Structural Creep Recovery
Mechanism(SCRM). This thesis will investigate the effects of the SCRM on the

structural integrity assessment.

1.3 Outline of the thesis

This thesis istructuredas follows:

Chapter 2provides essential theoretical backgroufatscyclic plasticity and creepyclic
plasticity and existent methods to structural integrity assessment involvingfatiege
interaction. Crack initiation assessment procedures of the design procedure and code, R5 and

ASME NH, are briefly summarised step by step order.



Chapter 3describes detailed numerical procedures of the LMM Framework for shakedown
analysis, Direct Steady Cycle Analysis (DSCA), extended Direct Steady Cycle Analysis
(eDSCA), and the modified eDSCA which considers effects ofismthermal load and

multiple dwell condition.

Chapter 4presents cyclic plasticity behaviour of a 90° béwmkack pipe bends structure
subjected to cyclic thermramechanical loading (cyclic thermal load, cyclieplane bending,
cyclic outof-plane bendig, and constant internal pressures) employing the LMM.

Chapter Snvestigates creepyclic plasticity behaviours of Metal Matrix Composites (MMCs)
material subjected to cyclic thermal load and constant mechanical load through the LMM
eDSCA. Titanium maix reinforced with silicon carbide (SiC) particles (PRTMCs) has been

selected for this investigation due to a high potential to exploit in the aerospace industry.

Chapter 6 investigates creepyclic plasticity behaviour of a superheater outlet tube plate
under thermemechanical loading condition and evaluates cfatigue damage endurance,
using the modified LMM eDSCA. Temperatttlependent material properties are employed

to calculate more practicable structural behaviour and lifetime prediction.

Chager 7introduces the newly identified failure mechanism at high temperature utilising full
incremental cyclic analysis. Utilising combined hardening model and temperature dependent
material parameters, it proves that the failure mechanism can occur iicgdraperating

condition.

Chapter 8concluces researches of the thesis affdrs recommendations for further works.

1.4Engineering Units

All data presented in this thesis follows the International System of Units (SI system). Length
in mm, stress in MemgPascal (MPa), and sdiute strain value are adopt&bme strain values

are shownn symbolswhich have the relevant symbols



2. High Temperature Component Design and Desigissessment
Codes

2.1Introduction

This chapter provides essential theoretical backgroundsniderstandindnigh temperature
structural behaviour under cyclic loading conditiBeatures of cyclic plasticity response such
as shakedown, alternating plasticity, and ratche#tnegdescribed=ffects of creep behaviour
on cyclic plasticity such as cyclicallgnhancedcreep and creep enhanced plasticite
examined This chapteralso offers comprehensive reviews of crégfigue damage
assessmergrocedures and design coadich are R5 and ASHE NH. Reviewing scope of
boththe procedure and thdesign codés focused on crack initiation assessment which is in

line with the research scope of this thesis.
2.2 Structural Response under Cyclic Load at High Temperature

2.2.1 Cyclic Plasticity

Under monotonic loading condition, a load lewklerea structure can withstandfbee plastic
collapse is knowmsallimit load. For cyclic loading condition, a structure is likelyfédl ata
lower level than the limiload. Because accumulated residgtiess and plastic straaffect
structural responses of followingycles, particularly nosymmetrystructures subjected to
complex cyclic loadings may experience incremental plastic collapdardbwer level than
the limit load.The dructureundercyclic load exhibitsthe following structural responses:
elasticresponse elasticshakedowtrgstrict shakedownplastic shakedowfglobal shakedown),
andratchetting The structural responses dasshowrby Bree diagrann Figure2.1.

When astructurehas a cyclic load leveinderelastic responsesgion no plastic deformation
will develop If thecyclic load level exceeds the elastic response,liptdistic strais begin to

develop andit will leadto following structural responses:



Plastic
shakedown

Instantaneous
collapse

Figure 2.1 Structural response subjected to cyclic loading condition.

9 Elastic shakedowrplastic strains develogithin the first loadhg cycles due to yielding
but thefollowing cycle remainsnelasticresponse.

9 Plastic shakedowra fixed range oplastic strainglevelopover the entirdoading cycle,
butnoincrementsn total strainaccumulations.

T Ratchetting plastic strainglevelopwith every loading cycle, leading to an incrensnt

plastic collapse.

2.2.1.1 Elastic Shakedown

The shakedown static and kinematic theoremese introducedfor elasticperfectly plastic
material. Among these theorems, M¢R#2] and Koiteds[23] theoremsare widely usedor

constructinghe elasticshakedown region whickolves many engineering problems.

Melants theorenis definedasiiFor a given cyclic load set the structure will shakedown if a

constant selequilibrating residual stress field care foundsuch that the yield conditios

notviolaedf or any combination of cyMelrstheommssti ¢ a
known as the lower bound shakedown theorem due to the calculated limit value is equal to or

less than the actual elastic shakedown limit.

Koiter& theorem is defined d@for a prescribed load set P(t) with a cyclic period t, if any

kinematically admissible strain rate can be found during a time interval (0, t) such that the



strain field is compatible with a displacement field u (which satisfies the applied displacement

boundary conditionsand g Puz  Hd\it, where Dis the rate of plastic dissipation per
0

ov
unit volume corresponding to the admissible strain éatethen elastic shakedowras not
0 ¢ ¢ u r. Kokedsdheorem is known as the upper bound shakedown theorem of which the

calculated value is equal to or greater than the actual elastic shakedown limit.

Melans theorem provides conservative results, thus popularly being selectetiefor
developmentof numercal technique as discussed $ection 3.1. However it is worth

mentioning that whetheelasticshakedown limit of complex geomeisycalculatedy Finite

El ement Met hod, Mel anés theorem might predi c
for finite element model that h&scal stress concentrations which resalabnormally large

stress magnitudéoiterés theorem predicts the elastic shaked limit based orthe energy

balance of internal and external work dof@usit is known, generally, providing more

accurate results than MefartheoremHowever the predicted limit is wtonservative to the

actuallimit. Thereforethe predicted elaist shakedown limit needs to be taken from the least

value between the upper and lower bound limits

2.2.1.2 Plastic Shakedown

Cyclic load located in the plastic shakedown region does<aose théncremental plastic
collapse of a structure but a fixed rangelafstic deformation which magffectthelifetime
of the structure by Low Cycle Fatigue (LCF). To evaluate the LCF dargagerally total

strain rangés measuredrom strain controlled experimeri¥he total strain rang®e canbe

expresseds the sum of the elastic strain rariyg and the plastic strain ranBe,. The high

cycle fatigue cae expresselly the relationship between the strassplitudeS, andthe
number of cycles to failul . The elastic strain range can be expressedeas=C_N° ,

whereC, and b are material constantt the case of low cycle fatigui,canbe expressed

by theMansonCoffin equatiorso thathe plastic strain range caedefinedas De, =C N°,
where C and C are material constanté/ith theequations abovéherelationship between the

total strain range ar@ number otycle to fatigue failurd; canbe expresseds

De = [ +,BCN; CN% (2.1)



Eqg.(2.1) carbe expressefibr anumber ofreversals to failur&N, as

De_De, De, s b
—=—7= +— =(2N eH2N, ) 2.2
Z= et ZLRN ) eHeN,) @2

Where.s:'f and b are the fatigue strength coefficient and exponent respectize'gkynd Care

the fatigue ductility coefficient and exponent respectively. The relatiorsttipeentotal

strain range and number ofcycle to failure cameillustratedas e- N, curvein Figure2.2.

' De S : c
& B3 :Ef(ZNf ) e (2N;)

De,
2

s
=Ef(2Nf)b

0.1 10 100 1010 2N,

Figure 2.2 Low cycle fatigue %- 2N, curve

The method of estimating the- N curveis mostlybasednthe use of mechanical properties
and the use of hardneskhis sectionprovidesa brief introduction onlyto themethod based
on the use of mechanical properties whichopularlyuse

din industries. The methagsing ofthe mechanical properties can be divided into a method

using tensile strength, and fatigue ductilitye; and a method using only tenssieengtls .



A method using tensile strenth s, and fatigue ductility &,

i)  Original four-paint correlation method by Manson

Thisclassic method uses two points to construct each linear relationship bédaesm

N; and betweenDe, and N . Points P1 and P3 obe, -N; relationship are

. a St a S .
corresponding tgN; =0.25, B, Q.SE and gN, =10, @, @'QEB . Points P2
¢ ¢
3
g and

N

a
and P4 ofDe, -N; relationship are corresponding g@\lf =10, B,

*

0.0132 & _ -
T . Those four points from P1 to P4 are utilised to express

the De -N; relationship which is the same as Eq.(2.1), bistkhownthat the agreement

10', 2,

f

v p%g.)o
1

with the actual test results is not very good.

ii)  Original universal slopes method by Mang24]

This method useghe following equation to presenbe -N; the relationshipof all
metallic materials:
S
De = ¥ +p 3_5=E£ N-f0.12 ?'GM{O'E (2.3)

Eq.(2.3)is very convenient and easy to use, but it tends to predict shorter fdtghan

the actualifespanaboutlong lifespan

10



ii)

Modified universal slopes method kdgralidharan and Mansoi25]

This is the modified method of Eq.(2.3) and expressed as:

- 0,832 % - 053,
De 4175 § N;°° ©.02668™ N (24)
cE = ? +

Eq.(2.4) s known agthe best fit to steel materig6]. Therefore, it will be employed to
calculate fatigue damage life in Chapter 6.

Modified fourpoint correlation method by Orjg7]

This is the modified methodf the original foutpoint correlation method by Manson
Si

a
which points P1 and P3 are corresponding toadN; =1O°,IB'e -E— and
¢

o 0,81
Sy 0
(=10, B, @.1%EEg 6 and points P2 and P4 are corresponding to

»09% Qo

0.00737. 2%

(N =10, B, =9 and &, =10', B, =

8 o

5074 . The results predicted are

O

better than the original method but it is not so good.

Mitchellés method28]

This method is the designed methpdrticularly for steel materialsandthe De -N;

relationships expresseds:

1, $2(sg+345) 1
De _ (sg +345) G T a4 100 4.
— =8 Z 22N = Y dn N 25
2 g o) gaiO(}RAng) (29

where RA is the reduction of ared&; can be obtained from a relationship between

transitionfatigue life and hardness.
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vi) Modified Mitchelts method by Park and Sof&9]

This is the modified method of Eq.(2.5) and designsdnly for predictingthe fatigue

life of aluminium alloy and titanium alloy.

$2(s5+335) B
De _ (s +335) %% 04, § , & 100 0.664
e YYIION 5 Y 4n N, 2.6
2 E ( ) giOO— RA = gZ ) =9

Eq.(2.6)shows the best agreement watkperimenal results of titanium alloy.

A method using only tensile strengths

i)  Uniform material law by Bumeland Seeger{30]

Thisis the method only using tensile strength of individual metallic material and provides

two equations as:

%':1.55—EB (N, )% 40,59 (N, )°* (2.7a)
De 0.095 0.6¢
=1 67 B (N, 1°%5 +0.35 (N, ) (2.7b)

where2& £ 60,002,y =1; EB >0.003, y =1.375 125;_ Eq.(2.7a)is usedfor

unalloyedsteel and lowalloy steel. Eq.(2.7bis usedfor aluminiumalloy and titanium

alloy.
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i) Medians method by Maggiolaro and Castgd]

Maggiolaroand Castro introduced a method using the median value from each parameter
of De. 2N, thecurveconcerning345 types of materials. This method also only requires
2

tensile strength.

%9:1.5%8(2\1f JO% 40.45(N, )°5° 2.8
%9:1.9%8 (2N, YO1 40.28(2N, O 2.9

Eq.(2.9 and EQq.(29) have good predictions for steel material and aluminium alloy
respectivey. It is noteworthy that Eq.(2) shows the best results for aluminium alloy

compared to other methods.

2.2.1.3 Ratchetting

If cyclic load level increased to a point within the ratchetting zone, plastic strain develops
incrementally with every cycleEventualy, the structure may collapse before reach the
designed service cycle. Ratchetting is a complex structural behaviour and usually associated
with a load cycle that has a naero mean stress level, mainly affected by mechanical load
but sometimesy varyingthermal load. Ratchetting response is the failure mechanism which
cancoincidein several places of a structure, unlike to elastic shakedown responseisvhich
consideredsalocalisedmechanismTherefore, theyclic load levelfor operationshould not

be located in the ratchetting zone unless desigervice life iextremelyvery shortsuch as

a designed operation cycle less than 20 cy€les assessment procedure andigmign codes

such as RA2], ASME NH[11], and RCEGMRx [32]allow the maximum loadevel to the
extent that it causes an elastic shakedown structural respangeglastic shakedowaccurs,

a low cycle fatigue damagessessmerghallbe performed

2.2.2 CreepCyclic Plasticity

13



As describechbove inSection2.2.1, structural behaviour under cyclic loading is moncite
compicatedthan that shown under monotonic loading. If the advanced hardening model such
as the combined isotropic and kinematic modetonsideredcyclic plasticity of a structure
is more difficult to understand. To make matters worse, if the structure untled@adingis
subjectedo high temperature, the strength of materials is not dedyradedut also effects
of viscoplasticity due to creep shall be considered. In this case, the total strain range of a
structure caibe expresseds:

De = + B 3 (2.10)

e

where Deg, is the inelastic strain increment due to creep.

Creep is a tim@ependent inelastic response that occurs when a masehs@dedat high
temperature, and thiemperaturehas a significant effect on deformati§d3]. The creep
deformationis causedby microstructural defect rearrangement of which proisesscelerated

at high temperate. Generally mathematicamodellingof creep deformatiors performeds

shownin thecreep tesbf Figure2.3. The obtained creep curigdescribedn three pats: the
primarycreep is a part of decreasing creep strain rate; the secondary creep is a part of constant
creep strain rate; the tertiary creep is a part of increasing creep strain rate which leads to

fracture.

Tertiary

Fracture

Total Strain

I Secondary
|

Primary

specimen
T = const

>

Time

Figure 2.3 Basic creep curve for constant stress and temperature.

There are variousiathematicatreep models because the creep deformation state is different
according to the type afaterial and stress statédowever this thesiswill restrict the

applicationof creep stage to primary and secondary creep utilising the time hardening power
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law which is very common in creep analysis. Detailed cromgystitutivemodels or various

creep mechanisms associated with the creep ggeadl not be described either in tisection

Meng and Wang introduced a comprehensive review of the related equations and various creep
mechanism$34].

Under cyclic loading, creep may enhance fatigue damage process of high temperature structure.
The typical failure mechanisms associated with the synergistic diseqe interaction are
crack initiations due tdlow cycle fatigue (LCF) andfcreep ratchéingod. LCF inducesfinite
lifetime of components due thigh-stresslevels and a low number of cycles to failure.
Common factors that haveeen attributetb creep ratchettingreficyclic enhanced creéand
ficreep enhanced plastiaityj12, 18] On the one hand, creep deformatisngenerally
enhancedby cyclic loading especiallyfor a more extendeddwell period. Stresstrain
interaction often reports neslosed hysteresis loop due to the enhancement in creep strains,
where itis referredo cyclicenhancedreep On the othehand,if significant stress relaxation
occurs within small creep deformation, it can alsad tothe creep ratchetting due to
consideral# unloading plasticity, where is referredto thecreeperhancedplasticity. If an
applied cyclic loading level is under either strict or global shakedown limit without creep, no
ratchetting mechanism appears in the steady sp®ns¢35]. However, with creep, for the
same loading level appliethe ratchettingresponse can takdage due to either cyclically
enhancecdcreep or creep enhanced plasticity depending on primary load level, known as
rupture reference stress, or duration of dwell pef36e38].

Barberaet al. presentediifferent creepcyclic plasticity graphically ifFigure2.4 [39]. Figure

2.4(a) and (b) show nimcrementaplastic strain in the absence of creep, but the inelastic strain
increases at every cycle due to the effect of creep, resulting in ratchetting. In this ease, th
ratchettingis calledcreep ratchetting enhanced by cyclic creep efféitgire 2.4(c) and (d)

also show the creep ratchetting mechaniBigure 2.4(c) is calledcreep enhanceplasticity

that causes ratchetting with unloading plasticity due to significant creep stress relaxation. In
the case oFigure2.4(d), the structure without creep effect has only a fixed rangsasfic

deformation, but it causes severe cresphettingdue to cyclically enhanced creep.
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Figure 2.4 Different creep -cyclic plasticity response s at tensile creep peak [39]:

(a) elastic response, (b) elasti ¢ shakedown, (c) creep enhanced plasticity, and (d)
creep enhanced plastic shakedown [39] .

It is noteworthy that if tensile creep ratchetting ocairsnsile creep peak, the induced creep
ratchetting came judgedas a phenomenon caused by cyclically enhanced dhieggever if
compressive creep ratchetting occurs at tensile creep peakrith&ry mechanism that
inducesthe creep ratchetting the cree@nhanceglasticity.

For ensuring thestructural integrityR5 procedurealso recommends to evaluate lifetime of a
high temperature component against followfagure mechanisms: plastic collapsslure,
creep rupture failure, ratchettiogllapse, crack initiation due to crefgiigue interaction, and
excessive cyclic enhanced creep deformdti@h In orderto satisfy the design requirements
cyclic plastic analysis and cyclic creep and plastic analysis havébetocarried out

independently.

2.2.3 CreepFatigue Damage Evaluations

Although geep ratchettingould occuiin earlyload cycles, the creep ratchettinghechanism
may or may nobe foundn the steadygyclic state due tthecomplexinteraction of creep and
cyclic plasticity. Whether or not creep ratchetting occting structural integritybeing

deterioratd can be seedue to the augmented total strain range caused by the inelastic strain
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increment inFigure2.4. For ersuringstructural integrityit is necessary tevaluatethe total
damage caused loyeepand fatigue interactiorisenerally the hightemperaturelesigncodes
evaluate total damage in the following way:

D.+D; ¢ & (2.11)

where D, and D; are the total creep damage and total fatigue dantageis the allowable

total creepfatigue damage factor which is depending on the type of matéhi.creep
fatigue damage relationship caa depictedsFigure2.5 tha shows the creefatigue damage
envelogs. If the total damage factdf .. is equal to unity the total damage envelop can be
expressed witla linearline. However if allowable creep and fatigue damage is equal to 0.3
or other factors, the damagavelop can be created with an insectionpoint reflecting each

damage factor.

1.0 T T T T
~ — — Linear N
Q” 0.8 L. ---- Bilinear_locug0.3,0.3) _|
T kY . — Bilinear_locug0.1,0.01)
5] J ~ o
& X N
g 06 \ S )
= N \.(\0.3, 0.5) |
=" * ~
S 04 kY R i
5 +(0.3,0.3) ~
[— e ~ o
= Teell ~ N
“5 0_2 ~-“‘--,___‘ ~ -
) ~~..__‘H S
(0.1, 0.01) T
0.0 1 . 1 N | " 1 PSS
0.0 0.2 0.4 0.6 0.8 1.0
Total fatigue damage, D

Figure 2.5 The creep-fatig ue damage envelope.

To evaluate the total credptigue damage, ASME BPVC and R@®MRx codes use the
procedure of creefatigue damage evaluation as shownFigure 2.6. According to the
procedure, creep damaged fatigue damage are separately evaluated based on generally
elastic analysis solutions with various coefficients which take into account inékelstiziours.
However, the total damage calculatedsed on the proceduis predicting a generally
conservativdifetime. It is worth to know that for creep damage evaluation the desigies
ASME NH and RC@VIRx use Time Fraction approach (TF), andu’&Ductility Exhaustion
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method (DE). Spindler introduced a modified DE method (SMDE) that reduce the over
conservatism of DE model by reflecting the stress effect on DE riw@lelTakahashet al.
developed energy based ductilexhaustionmodel (SEDE) and showed its predictability
through systematic evaluation of crefatigue Ife with several materials which are popularly
used inthe nuclearindustrnf41]. In chapter 6, creep damage life will be evaluated with TF,

DE, andSEDE modelsind some discussions for the resuwlill be made

The fatigue damage céde calculatedrom the equations shown 8ection2.2.1.2 using total

strain range. In the case of the design codes, ASMEprovidese- N; curve for several

materials: 304SS, 316SAlloy 800H, 2.25Cf1Mo Steel.

Fatigue damage fraction Creep damage fraction

A — -
’ \/\/ Time « ’ \/ \/ Time . Time

Stress relaxation behaviour ’
4 [']

creep
1
|
1 i
A4 ]

Fatigue Life
Ae — Ny diagram for LCF

Total creepfatigue damage
Envelop
] a}
Fatigue damage » D.+D, ¢ E / - Creep damage
c f F
D, =N D, =N At

N, r

rain

Strain
Strain
St

End

@
screep o
= ‘5 |36 _m
1 |

dt Time Creep rupture timetr

Strain
Stress

D¢
Figure 2.6 Procedures of creep -fatigue damage evaluation.

Apart from the separated damage assessment methods, thaienplified creepfatigue
damage assessment models that prealicimber ofcycles to creeffatigue failure. For
stainless steel 314&iu et al.introduced a unified creefatigue equation that predicts fatigue
damage considering the effect of inelastic stfdi#t]. The unified equation came expressed

in a strainform: e, =C,c(T,t, HN® and a power law forme, =Coc(T, t, @ N Y

According to the authors, the unified model basn verifiedn stainless steel 316husthe
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unified equation in the paosv law form will be used to calculate crefgigue damage in
Chapter 6. For example, in the case of P91 steel, following two simplified n{d8eld4]
have been introduced talculatethe creegatigue life cycles:

NfO
Ne. ¢ (t,) = K (2.12a)
1+ o
AMH mm:
)
For(Rt,T) A 2 Arog® A T (2.12b)

whereparametersA™ and m°are derivedrom creep rupture model&® is the curve fitting

parameter; b is the elastic expom¢ of the Manso+Coffin equation shown in Eq.(2.2§ ,
A, , A, and A, are parameters to optimise crdafigue data obtained froraxperiments

Eq.(2.12a) is the MansedHalford creegfatigue lifecycleprediction modelandEqg.(2.12b) is

the F model using the Wilsher equati¢45]. Japan Atomic Energy Agency (JAEA) data
reportedthat thesesimplified models successfully predict the Joint Research Centre (JRC)
creepfatigue test data for specific temperature rafd@é. However it hasbeen reportethat

the evaluated results of the damage envelop based sintpéfied modelsare derivedrom

the test conditions using relatively e strain range and short hold tinkhus the creep
damage evaluatediigore significanthan actual creep damad@é’]. Usually, hightemperature
structuresare runfor several months ashorttermor a couple of years dsng-termduring

one operation, so creepstng under long hold time condition is required for proper creep
damage evaluationand this should be used to improve understanding of -tengp

microstructural evolution.

So far, the structural responses and the integrity assessment methods of bigtattam
components subjected to cyclic loading h&veen briefly describedlhe nextsection will
briefly describe two design codes, RBd ASME NH thatare widely usedor the high

temperature integrity assessment.
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2.3Design Codesand proceduresfor Assessingstructural Integrity under High

Temperature

2.3.1. R5Assessment Procedure for the High Temperature Response of Structure

Over 30 years ago the life assessment procedures of teigheraturecomponentswere
developed within the UkCentral Electricity Generating Board (CEGHB)enabled tassess
structural integrity at high temperature, lbkie old procedures did not handle some details
such as weldments and defect toleraiterefore further developmenof theproceduravas
carried out within the CEGRndthen the R5 higkemperatur@assessment procedure was out
by British Energy (now EDF Energgnd mainly used ithe UK nuclear power industry.

Structure operating under higgmperaturenay have life limitation due tfllowing failure
mechanisms:instantaneousplastic collapse, creep rupture, ratchetting, enhanced creep
deformation and crack initiation and crack propagation due to-€atigpe interaction. R5 is

the lifetime assessment procedure thaovides stefby-step instructions covering

mechanisms abov&5 consistef following five volumes:

Volume 1:0verview

Volume 2/3: Creefiatigue initiation procedure fodefectfreestructures

Volume 4/5: Procedures for assessing defects under creep andfatigele loaling

Volume 6: Assessment procedure for dissimilar metal welds

Volume 7: Behaviour of similar welds: guidance for steady creep loading of CrMoV pipework

components

Among those fivevolumes this sectionmainly describes procedureof volume?2/3 d which
aim is to evaluate the steady cyclic state lgjnaplified technique fordefectfree structures
subjected to cyclic loading involving creep effects. The volumep2d¥ides stefpy-step
procedures that estimate the number of cycles to create kaafracdefined sizeThen the
number of cycles obtained ised to estimate the total damage atractureunder creep

fatigue loading.
The stepoy-step procedure consists of a series of eighteen steps irbtdtale lasttwo steps

are not considerech this review due to having little to do with crefgigue damage

assessment. Brief introductions to each atepmades follows.
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Step 1. Resolve load history into cycle types

Step 1is a simplification process of a real operational load history so thegdbeednumber
of different loading cycless usedfor the crack initiation assessmeAtsimilar process has
alsobeenadoptedyy other codes, such as RGARx and ASME.

Step 2. Pdorm elastic stress analysis

Elasticstress analysis is performeddefine criticalzones in a structure investigated where
show maximum stress levels, stress range, maxitamperaturéevels. For the elastic stress
analysisfinite element methodsrecommonly usedandit calculates equivalent elastic stress
and strain, and equivalent elastic stress and strain ranges.

Step 3. Demonstrate sufficient margins against plastic collapse

In R5 it is ensured that a structure does not havéngtantaneousollapseunder the first
loading before the steady cyclic steeeachedTo define the load level that causes the plastic
collapseis the limit load analysis. There are various ways to perform the limit load analysis
but R5acknowledgeshe modiied elastic method. The Linear Matching Method, whigh
mainly usedfor studies in this thesis, @eof the numerical methods acknowledged by R5.

Step 4. Determine whether creep is significant

If thefollowing equation is satisfied R5 suggest theeef§ of creep malye neglectedwhere

NC is the total number of cycle of each cycle typg andt, are the dwell time and the

maximum time respectively at the referetemperaturer .

& NGIYt,(T)], <1.0 (2.13)

R5 also provides curves gf against temperatures for ferritic and austenitic steels.

21



Step 5. Demonstrate that creep rupture endurance is satisfactory

A rupture reference stressy, is usedfor creep rupture assessment in Rbie rupture
reference stress calculatedusing primary load reference stress; :

sref = I:)prime sy/ I:)Limit (214)

whereP

prime

is the prime load levels is the yield stressE,, is the limit load at plastic

collapse. For creep ductile material the rupture stress canltdatedfrom Eq.(215), but

other materialsare calculatedrom Eq (2.16), where ¢ is the stress concentration factor
which is calculatedfrom ¢=7§ ../ .§ wheres,  is the maximum equivalent elastic

stress anevhen ¢ ¢ 4.0, the evaluation is accigble N is the stress exponents for Norfen

creep law.

ref

s =[1 90.13(c 4 5 (2.15

se =[1 «1/n) (@ 1)- 5 (2.16)

ref

The creep usage) canbe expresseds a summation of the total number of cycles of each

cycle type is less than 1.0, whedteis the allowable time from the creep rupture curve.

. e 7}
— > 1 <

Step 6. Perform simple test for shakedown and chedkdigmificantcyclic loading
This step is to ensure if the structure experienahetting which causdacrementaplastic
failure. If thestructures subjectedo insignificantcyclic loading, then Steps from 7 to 14 can

be exempted and directly go to step Ogherwise a following simple test for shakedown,

whichis calledas strestinearizationmethod, needs to be performed.

§e|,|in (X’ t) ¢ Kssy (218)
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5, (x 1) isthe equivalent elastic stresglpoint X of over the structure withitheoverall
periodt ; K_is the parameters provided by R5;is the 0.2% proof stress of the material. If

an additional condition Eq.(28) is satisfied,wherer ; andr  are the extent of the length of
the stress classification line at inner and ostefacesespectively W is thesectionthickness,
then Step 7 can be exempted as applyjp@r r,,to the cyclic plastic zone sizg. As an

alternativeway, the shakedown limit calbe computedimply by the LMM.

ro+r  @.2v (2.19)

pi po

To determine the insignificant cyclic loading following criteria needs to be fulfilled: a) the
most severe cycle is within the elastic range, b) the total fatigue damage is less than 0.05 and

c) Creep behaviour is not affected by cyclic loading as saigiPs, .., ¢35, KS) .,

where S _is thesteadystatecreep stress; the subscript refers to value at necreep end of

the cycle.
Step 7. Perform global shakedown check and calculate cyclic ptastisize

Global shakedown which is a structural response that causes a fixed range of plastic
deformation over entire loading cycle without an incremental plastic strain diweladsured

for a structure assessed in R5. Althougitractureexperiences the shakedown wittnstant
residual stresghe structure may have additional residual stresses over the cyclic history with

creep. Therefore ihe creepis insignificant to a structure forming the global shakedown, the
steadycyclic stressed (x,t) can be expressed i (x,t) = sHx,t) +E¢x), where£, (x,1)

is the elastic stress squtionE(X) is the residual stress fieldhe £ (x,t) replaces the
equivalent elstic stress history as the steady cyclic history of equivalent sit¢gst) which
then needs to satisfy the shakedown critedg(x,t) ¢ KS, . If global shakedowris not

achievedhen it may require detailed inelastic analysis to ensure the structural integrity over
the designed life. As an alternative methiba globalshakedown limit can be calculated by

the LMM without considering creep effects.

23



Step 8. Calculate shakedoweferencestress, reference temperature ahe start of dwell

stress

In this step a shakedown reference stress and associated reference temperature are calculated
to evaluate theverallcreep deformation and the creep rupture life stiractureunder gclic

loading. The 5 (x,t) calculatedin Step 7 is used to calculate modified the reference stress

which is termedas the shakedown reference stre§s for the corresponding temperature

S andT?

TS . If a structure is within the global shakedothe s ~ Pproducea conservative
creep usage. If there is no residual stress accumulated after the firsitaehdye seen the

structure within the elastishakedownthe start of dwell stress, may converge to the
primary load reference stress, at the steady cyclic state. Start of the dwell stressbean

estimatedrom

Ss = D‘_gel,max (_Kssy) nc (220)

It is noteworthy that if the investigated point is within the global shakedownstheray

provide too large value. In thease it is recommended to adopt a lgssssimisticnumber
provided in R5.

Step 9. Estimate elastic follewp factor and associated stress drop during creep dwell

Whenhightemperature structur@se subjectetb cyclic thermal loadingt can be seerthe
stress relaxatioduring adwell period.This relaxation may asse extra residual stresses that

affectfollowing elastieplastic behavioursthe stress drop can be expressed by elastic follow
up factorZ which canbe definedas a ratio ofeffective creep strain incremebg® to

equivalent elastic strain incremdd®° over a designed dwell time.

De*
De®

/=

(2.21)

R5 provides three options for evaluations of the elastic fellpvactor. The first option is to
assume no stresslaxationtaking place within a dwell, leading Z = =. Thesecond option

is to assumez =3, provided that the higllemperaturestructure is undethe isothermal
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condition and primary loads are smaller than sedamy loads that satisfy a conditiari
(PL + PB) .25, whereP, and P, are the primary stressen, everywhere of the structure.

The last option is to calculaté from aninelastic analysis usingsmplified manner rather

than full inelastic analysis. In thisise Z canbe estimated from

z=(B,, +RB/E)/ HE (2.22)

where Dé

total

is the total strain incremenDs , is the stress drop froexperimentest results;

Eis the effective Youn® modulusE =3E/2(1 #). If Z >1 thenDs , in Eq.(222) needs

to be replaced by eonsistent value dDs 'where is taken from cyclic relaxation data.
Step 10. Calculatthetotal strain range

For thetotal strain rangecalculation it can follow thesimplified methods described in
previoussectiors if resultants are satisfied with the required crit@®iherwisethe total strain

rangeis computedby usingthe enhanced elastic stress ral;?g_ee"r =B +'§:. If a

material behaviour follows cyclic stresstrain curve represented by a Range®sgood
eguation, the total strain range is calculated using the total stress'?gngfhich is solved

by Neubeds rule,where A" and b are constants used for Ramb&@ggood equationDg,,

is the increase in volum@rocedures toalculate D&, canbe referredo RCGMR code.

DS, Dg, € B +B/E ~EsDEsh ~/AFD @23

by

_ — _ «\lb _
D&, =% DYE (+&x) & (2.24)

vol

Step 11. Check limits on cyclically enhanced creep and calculate creep usage factor

This stepchecls if a structure has no creep ratchetting due to accumulations of the creep

deformation under cyclic loading by calculating the creep usage Mttor
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.. e 7]
= >t <
W a NG & L (55.T8) iH<:L.o (2.25)

ref 1

The shakedown reference stressat thereferenceaemperaturd ” is calculatedrom

ref

whenY(1- X) 4, sy =lY 2JY@d X 1KS (2.26)
whenY(l- X) 2, Se = XYS (2.27)

where X =s /S andY=Q,,../ S, where Q. is the maximum elastic thermal stress

range.

Step 12. Summarise assessnpamameters

This stepsummarise the parameters obtained from previous st&pe identified ones are
like as follows and wilbe usedor creepfatigue damage calculations in following steps 14

and 15:r, the cyclic plasticity zoneT,;, the shakedown referentemperaturgs  the start

of the dwell stressZ the elastic followup factor; Ds ' the dwell stress dromange;D&.

the total strain rang&)/ the creep usage factor.
Step 13. Treatment of weldments

For treatment ofveldmentsthe assessment methods are similar with those parent materials,

but thefollowing additional pointsare considereih the previousectiors.

Potential mismatch of materials properties.
The introduction of welding defects.

The presence of high local residual stress.

= =4 -4 -

The effect oburfacdinishescreating the difference betweélressedand@ndressed

welds.

Appendix A4 in R5 provides modification details to the procedure that describe relevant

fatiguestrengthreduction factors and guidance for use.
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Step 14. Calculate fatigue damage per cycle

Fatigue damage per cyctk is calculatedrom Eq (2.28), where N, is the number of cycles

to initiate a crack havingsizeof a, at the total strain rang@e, ., . R5 defines the nucleation

otal *

of a defect sizey, of 0.02mm for fatigue damage accumulation.
d, =1/N, (2.28)

GenerallyN, can be calculated from empirical equations derived in fatigue ercudata.

R5 suggestthefollowing three steps:

9 Obtain the relevant fatigue endurance data.

9 Partition the endurance daiato curve describing the number dfie cycle for

nucleatiorlN; and growthN ;. In(N,) =In(N)) -8.06N °** where N, is the number

of cycles tdfailure.

9 Calculate the number of cycléxl;;J =M ﬁlg to grow the crack from siza toa,,
wherethe calculatingprocedureof M canbe foundin R5.The fatigue endurander

a,is calculatedrom N, =N, +N, .
Step 15. Calculate creep damage per cycle
For insignificant cyclic loading the creep damage per cycle caalbelatedrom:
d. =t/t (s (2.29)

wheret, (s,)is the rupture time at the steady state end of the divesFor general stress

relaxation case R5 suggests a ductility exhaustion method to calculate the creep damage per

cycle, whereg; (;9 is the creep ductility that considers effects of stress state and instantaneous

creep strain increment dag the dwell period.

d = n_f—_g dt (2.30)
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If creep damage in transition phase under the cyclic loading is more significant than the
damage at the steady state, the creep damage per individual cycle must be calculated and

summed for the tat creep damage calculation.
Step 16. Calculate total damage

R5 suggests the linear damage summation method for the assessment ofdamemdD, | ,

which canbeexpresseas D, =D, D;:

D, =4 nd, (2.31)

N and,
N cand (2.32)

D, =4
where D, and Dy are the total creep and fatigue dameggpectively n, is thenumber of the

loading cycle.

If D, ; <1.0 thestructureis free from a risk of the crack initiation, otherwise crack growth

assessment shoubed performedollowing R5 volume 4/5.

2.3.2. ASME BPVCSectionlll Sub sectionNH

For the life evaluations of the high temperataoenponentsASME (Boiler and Pressure
Vessel)code also habeen used in many countries. ASME cadeels more general and
contairs a broad range of rules sues generakpecification, material selection, design,
fabrication, tests and certification process. In ghigtion review of those codes performed
for the integrity assessment procedure of the teghperatureomponenti.e. ASME BPVC
Sectionlll subsectionNH (ASME NH).

ASME NH defines six loading categories consisting of desigdilm, service loadings (level

from A to D) and test loadings. Stresses employed for analysis in ASME NH codbe can

mainly classifiedinto primary stress (primary membrane stRsdocal primary membrane

stressP, and primary bending streB9, secondary stresd and peak stress . ASME NH
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also suggests taking into account the stress intensity baflegihoaximumshea stress theory

for the multiaxial stress state.

The first stage in ASME NH is the design of components satisfyindotiiéemperature
operatngrange defined by ASME co@&ectionlll NB. Operation at the higtemperaturenay
causdime-dependentiamagecases, therefore following six damage moddsetconsidered

I.  Creep rupture under monotonic loading

[I.  Enhanced creedeformationrunder monotonic loading
Il. Creep ratchetting under constant primary load and cyclic secondary load
IV. Creepfatigue cdamage under cyclic primary, secondary and peak stresses
V. Creep crack growth and neductile fracture

VI.  Creep buckling

To design the higtemperatureomponents ASME NH also defines mechanical and physical

properties consisting of the time function.

ASME NH canbe mainly categoriseid sevensubsectiors:

1)  Stress intensityimit

2)  Hightemperaturdimit under cyclic loading

3) Deformation and strain limits for structural integrity
4)  Creepfatigue damage evaluation

5)  Creep crack growth and neductile fracture

6) Timeindependenbuckling

7)  Timedependenbuckling

Out of the seven sgbctiors above, items 5, 6, and7 are outside the scope d¢h#ss Thus

they are not covered here. Regarding the concersitigectiondrom 1 to 4, essential

eguations and conditions b@ metare examinedne by one.
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Subsection 1Stress intensity limit

In the stress intensity limithe allowablelimit of overal primary membrane stress intensity

S, should be consideringmperatur@ndtime-dependenstress intensity for creep effects as

S.

a) For base metal in higtemperaturethe S, is definedas S, which is a lower value
betweenS, and § . In the caseof the material not following the typical creep curve, the
definition of § shouldbe modified

b) For weldmentsS,_ shall be aken as the lower value betwegpand 0.8S ® Rwhere

S is the expected minimum stress to rupture strengtiis the appropriate ratio of the

weld metal creep rupture strength to the base metal creep raptngth
c) In ASME NH, the general membrane strdesal membrane stress, and bending stress
shall satisfythefollowing conditions for different service dalings.

For service loading A and B (normal operation and moderetidenty, whereK is the
section factor for thecrosssection being consideredK, is the factor accounting for the

reduction in extremdibre bending stress due to the effect of creep, which is detiyed
K, =(K 4)/2.

P ¢S, (2.33a)
P +R ¢KS, (2.33b)
R+RIK €§ '

(2.34a)
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/K oS (2.34b)
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For service loading D (limitingaults),

(2.35a)

~

f0.8RS |
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43,
P+R qe S5

1.055,
g0.67S

P+R/
PRI q;o.SRsf‘

<o

(2.35h)

where§, is thetensile strength @ giventemperatureln addition the use fraction sum for

service loadings A, B and C should be less than 1.0.
Subsection 2High temperaturdimit under cyclic loading

In the case of the effect of creep is significant, the inelastic analysis should be performed for
the hightemperaturenaterial Austenitc steelT >427 C and Ferritic steel >37IC) in
ASME NH. The detailed nomandatoy requirement cabe foundin Appendix NHT.

Subsection Peformation and strain limits for structural integrity

Deformation and strain limits at elevatednperaturare provided in ASMHEH so that it can
prevent that theprincipal strains accumulatedver the service life exceed the allowable
inelastic strain limit for the different service loading conditions, but exceptional for service

loadingD.

a) Based metal has the limits for inelastic strains which shall not exceed following

conditions a) strans averaged through thickness 1%, b) strains atutface due to an
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b)

equivalent linear distribution of strain through the thickness 2%, and c) local strains at

any point 5%.

The welded region shall have the inelastic strain accumulations not excebdlhstein
value of the parent material.

In order b satisfy strain limits elastic analysis cabe employedhrough three tests

numbered as A, A-2 and A3. If anyoneof those three tests is satisfied, the strain limits

are consideredas satisfied. These tests are expressed XbyandY , where
+
X:(PL Pb/ Kt)max andY= mmax ]

Sy,average Sy,average

For test Al:

X+Y ¢§/ § (2.36a)
where S, is the lower valu¢akenfrom betweerl.255 andtheaveragevalueof S, -

For test A2:
X+Y a@.0 (2.36b)

It is applicablefor those cyclesluring which the average wadmperaturet one of the
stress extremes defining the maximum secondary stress range is bekpptipeiae

temperature.

For test A3: as preconditions, limits of NB3222.2, NB3222.3, and NE3222.5 shalbe

fulfilled. Then additional requirements followed by shalkhésfied

A % ¢0.1 (2.36¢)
i id
A € ¢0.2% (2.36d)
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d)

wheret; is the total service timd;, is the maximum allowable timestress to rupture;
e’ is the creep strain at a stress leokf 255, . If the aboveconditions are satisfied,

finally thefollowing condition has to be met:

DR R)mx HE . 3% (2.37)

35_should be the lesser 85, and 35 wherel.55, + S, when only one extreme of
stress difference occurs atesnperatur@bove those effects of creep not talegligible
S, + § when both extreme of stress differermecus at a temperatureabove those

effects of creep not to beegligible

In orderto satisfy strain limitssimplified inelastic analysis can be employed utilising
three tests numbered aslBB-2, and B3.

For test B1 and B2, there are eight general requirementssatisfied Essentialfive

requirementsre summariseds below:

i) Test B1 shallbe usedor structures where the peak stress is negligible, but t@st B
appliesto any structures and loading.

i) The individual cycle as defined in the Design Specification canadplitinto sub
cycles.

iii) Secondary stresses with elastic follay are classifiedas pimary stresses for

evaluations.

iv) At least one of the maximum and minimum values of the stress cycle must be lower

than the temperature where creep is negligible.

v) Loading combination within the ratchetting regimgifRFigure2.7 is not allowed.
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Figure 2.7 Effective creep stress parameter Z for simplified inelastic analysis
using Test B-1 and B-3 [11] .

If the general requirements are satisfied, for test, Bffective creep stress can be

calculated froms_=2zs, , wheres  is thes value at the average wall temperature

with respect tahe minimum stress of the secondary stress rafge;the creep stress

parameter for Test8 and B3 in Figure2.7. If S; is less thans,,, creep strain cabe
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evaluatedvith 1.255 stress held constant throughout tieperaturdime history ofthe

entire service life.

For test B2, the creep stress parameter banakerfrom Figure2.8.

Secondary Stress Parameter, Y

0.0 1.0
Prumary Stress Parameter, X

Figure 2.8 Effective creep stress parameter Z for simplified inelastic analysis
using Test B-2 [11].

Test B3 is the least conservative and allow for cycles in all regimes shoigure2.7,
but only applicable tdhe axissymmetrystructure. For cycles evaluated using tes3, B
the resulting plastic ratchet strains and the enhanced creep straih&mddedo strains
calculated by test B or B-2. The detailed equations cée foundin the ®de NHT-
1333.
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Subsectior. Creepfatigue damage evaluation

a) Damage equation
Combined loading of service levels A, B, and C shalevaluateébr accumulated creep
fatigue damage, including hold time and strain rate effétis relation caeexpressed

as:

) 0 9. D& O
a aq\rll— ot a ?ae G% (2.38)
jzl(;‘ d J-+ k 2 (Q K -

whereD is the total creepfatigue damage(Nd)j is the number of designed allowable
cycles for cycle typej corresponding to the maximum temperatoceurringduring the
cycle; (Td)k is the allowable time duration fgivenstress and the maximum temperature

at the point of interest aratcurringduring the time intervak . Figure2.9 presents the

relation of Eq.(238) as creegatigue damage envelopes for different materials.

1.0
T T
304 and 316 stainless steels,
\ intersection (0.3, 0.3)
0.8 \
\
>
0.6 \ 21/4,Cr-1Mo steel and Ni-Fe-Cr Alloy
’ \ 800H, intersection (0.1, 0.1)
at A
T \
0.4 \ 9Cr-1Mo-V steel,
intersection (0.1, 0.01)
7\§<
0.2 ~
| 4 T~
\ 7~ TN
| y [——
0.0 ] T4 SR N R P ey~ B

0.0 0.2 0.4 0.6 0.8 1.0
_n
Ny

Figure 2.9 Creep-fatigue damage envelope provided in ASME NH [11] .
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b)

An equivalent strain range is used to evaluate the fatigue damage for both elastic and

inelastic analysis. ASME NH code provides calculation procedure of theagentigtrain
range defined by five steps which detailed procedurebeaioundin NH-T-1413. The

equivalent strain range calculatedrom

De, - [3?)2 (+yi zi-)z@( 2t eQu)z

e
i ¢ (2.39)
v )e>(w v 0 4

oo o ol

where n° =0.5 for inelastic analysis andn =0.3 for elastic analysis;
De,., =MAX[ Tk.

Limit using elastic analysis

There are three requirements to be foetheuse ofelastic analysisandthe details can
be foundin NH-T-1430:

i) Satisfying the test AL, A-2, and A3, or the test BL usingZ ¢1.0.

i) If the 3S, limit satisfes D(R, R, ® 38, in NB-3222.2, using for3 S, the

lesser of §, and 35, .

iif) Pressureanducedmembrane and bending stresses and thermal induced membrane

stresseare classifie@s primary stresses.

Fatigue damage evaluation

If the three requirements aboare mein 4-b), the total strain rangbg,,,,, is calculated

using amodified maximurmrequivalent straimangeDe, , .

Dérotal :Kv Tl%d K+ - (2-40)

C

whereK, is the multiaxialplasticityand Poisson ratio adjustment fact#t;is the local
geometric concentration factdpg, is the creep strain incremeiihe detailed procedure

for calculatinddg, ., K,, andK areprovidedin NH-T-1432.
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d) Creep damage evaluation

ASME NH provides two procedures which one is the general procednsestingof 10

stepsandthe other one is the alternative procedure which cannot be used for any service

life if the De,,,, exceeds3S, / E . In here, the general proceduses briefly described

as five stepshutthe alternative procedureanbe foundin NH-T-1433.

Define the total number of houts at a temperatureover 425C and the dwell

temperaturel,; to be equal to theoperatinglocal metal temperature during

operation.

Define the average cycle tine and select the timmdependent isochronous stress
strain curve corresponding tioeT,,; .

Evaluate stress relaxation during titeconsidering multiaxial stress state or by
entering the appropriate isochron@iessstraincurve.

Define taay » Strany » @Nd Tray » Which are the time point of expended during

elevated temperature transient condition, load controlled stress intensity at the time

point, and the cycle transient temperature respectively.

Create envelope streime history usindzay, Sipays @nd Trpay @nd calculate the

allowable time duratiol, considering stress factd , finally evaluate creep

damagausing Eq.(2.38)

Creepfatigue damage usirigelastic analysis

An equivalent strain range calculated using inelastic analysis can be used to cilgulate

for the fatigue damage evaluation without modifications. For creep damage evaluatio

creep damage term in Eq.38) shallbe replacedo integration form as:

™ dt

fi (2.41)

0

If multiaxial stress state needslkie consideredeffective stress calculatedrom

S« = Zexpé ol 1
eff — -
oS,

(2.42)

™ %(‘D*

[y

de O
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whereJ, =s, +s +5;S =85 +§ +§yg  the constant C is defined depending on

thetype of material. The constant cée foundin NH-T-1411.

f)  Creepfatigue at welds
Since the ductility of the weld meta limited at high temperatures or there is a high
probability of strain concentration at the weld heat affected zibvee creegdatigue

evaluation shall use reduced valugfsan allowable number of cycleN, and the
allowable timeT, in Eq.(2.38). The value i, shall be onéalf the value permitted

for the parent material, and the valuelgf shall be determined by multiplying the parent
material stress to rupture value by the weld strength reduction factors. Detalls can

foundin NH-T-1715.
2.4 Chapter Summary

Thereview of structural behaviours under cyclic load at elevated temperafoavided It
descrilesexpected failure mechanisms for individual structural responsprawidiesconcise

andessentiabtructural integrityassessment procedures

For cyclic plasticity behaviour, stresdtrain relationship under cyclic loadter yieldingis
clearly defined and explained with Bree diagraihere plasticshakedowmesponse that may
require low cycle fatigue damage assessment, a variety of evaluation metboasttocthe
e- N curvesare introducedand it describes dable materials which thee- N curves

showthe bestpredictability.

Creep induced failurmmechanisms of structures under cyclic l@adintroducedby utilising
graphical materials which show various cregplic plasticity behavioursCreepfatigue
damage modelsf the damage summation method and the unified assessment rae¢hod
presentedand the typical assessment procedures prowda8ME NH and RCEMRXx codes

are described
Finally, crack initiation assessment procedure provided ide¢biginprocedure, R5 procedures

and the design code, ASME NH, are summarised in step bysiepssso that usersan

overview of the large volume procedures and rules easily.

39



3. AdvancedNumerical Direct M ethod

3.1Introduction

To define the structural responseder the cyclic loading a complex procesand it requires
advanced computational analysis such as mergal Finite Element AnalysisCurrently
Incremental Finite Element Analysis has been used to défimetructuralresponse of
components subjected avariety of load combination. However Incremental Finite Element
Analysisis only able tevaluate thathestructureexhibits a specific structureésponsemong
shakedown, alternating plasticapdratchetingwith respect t@ given cyclic load condition.
Furthermoreit requiresa significant number of trial and error calculatiam®rderto create
the stuctural response boundaries like Bree diagf@%]. Consequently many Direct
Methods havéeendevelopedand used in order to obtdiast and approximatémit load and

shakedown boundaries

lterative elastic analysiBirect Methods include the Elasticompensation Metho(ECM)
[48], the Dhalla Reduction Procedyd9], the Gloss RNode Method50], and the Linear
Matching MethodLMM) [51]. The ECM was further modified by Yareg al. as Modified
Elastic Compensation MethodMECM) [52]. Muscat and Mackenzie presented a
superposition method to establelasticshakedown loads using the lower botimebren53].
Muscatet al.introduced a notfinear superposition methd84] based on Polizzotts work
[55] to estimate an elastic shakedown boundary of a stestiljeceéd toa combinedcyclic
and steady mechanical load. Abdatiaal. presented shakedown limit loads fotwo-bar
structureproblem and the Bree cylinder problem usirgiraplified techniqug56]. Chen and
Ponter extendethe scope of the LMM tancluderatchet limit, creep rupture limit, and cyclic

plasticity considering creefatigue interactiof57, 58]

The LMM matchesthe norlinear material response to a linear material behaviour using
iterative computational procesd®schangingthe elastic modulus at each integration point of
a finite elemenimodel For the shakedowthimit analysis, the LMMcomputesboth upper
bound and lower bound limit multipliers under cyclic loadingreating a load envelofie
showa limit of structural responsas Bree diagranThe LMM was extendetb the Direct
Steady CycleAnalysis OSCA) [59] that calculags the stabilised response of a structure
subjected to cyclic loadirsgwith accuracy and efficiencthat supersedesther traditional
Direct Methodg$20]. The LMM DSCA method walsirtherextended by Cheet al.to evaluate
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a structural response tweepcyclic plasticity behaviour in the steady stafEhe extended
Direct Steady Cycle Aalysis method (eDSCA)as been actively being utilised to assess the
low cycle fatigue, and the credégtigue damageg39, 60] Validity and applicability ofthe
LMM framework havealso beeracknowledgedby a variety of commercial industry partners
[17, 19, 60] in particular R5 have selected the LMM athe commercial standaf2]. Also,

the LMM eDSCAhasbeen usedecentlyfor a couple otudiesregardinginvestigationson
creepcyclic plasticitybehaviours of mtal matrix composites [61, 62]

In this chapternumericalprocedure®f shakedowranalysis, DSCA, and eDSO#hich are
part oftheLinear Matching Method framewodc¢e briefly presented’he rumericalprocedure
of shakedown analysis describedn Section3.2. The rumericalprocedure of DSCAIsed
for the steady cycle analysis ati@ ratchet limit analysis presenteih Section3.3.Section
3.4 describethenumericalprocedures of eDSCA including theodifiedLMM eDSCA which
is enhanced byhe authorof this thesis. The modified eDSCA is the extended version of
eDSCA which is capable of predicting mamecuratecreepcyclic plastigty behaviour of

engineering components under fisathermaland multipledwell conditions.
3.2 ShakedownAnalysis

It is assumedhat a structure followthe elasticperfectlyplastic model (EPP) with a volume
V and a surface area 8fas well assatisfyingthe vorMises yieldcondition The structures

subjectedo the cyclic thermal load dt) acting across the and thesteadymechanical load

/ P(t) imposingon the part ofthe surfaceSr overthe periodo ¢ t ¢ Dt , wherea-denotes

load parameterg\ remaining surfacéz (SQ =S- Sr) is constrained by ndisplacement rate

(Y 1. Upon the loading and boundary conditions, a linear elastic stress solution can be
expressed by E@(1):

£0)= /%) + J& (3.)

where /ﬁ’ and /d'.:-'; denote changing elastic stresses corresponding(tbandP(t) ,

respectivelyFor the cyclic problem, a general form of #lasticsolution can be expressed

by Eq.B.2) with three different componés
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£M)= §&) +,r O (3.2)

wherethe elastlcstressﬁ*(t) the constant residusiress™; ; thevaryingresidualstress (t) .

ij?
The history of 7;(t) is the change in the residual stress within the cycle satidfies
ri (0) = r;j(Dt), so that the stresd strain rates will beconasymptoticto a cyclic state.
For the shakedown analysis,} (0) =0must be achievedrhereforeratchetting response of

the structure will not occur with the zero plastic strain accumulation during the cycles.

Theshakedowranalysis considers a globainimisationprocess to evaluate thg; imposed

by the combined cyclic and stha loads. The shakedownondition and the global

minimisation process of the energy based on the Ké&téreorem[23] are integrated, giving

aminimisationfunction in an incremntal form as Eq3.3), whereDg, denotes a plastic strain

incrementoccurringat thetime t,, N increases from 1 tdl during the cycle, and'ss is a

shakedown upper bound multiplier.

1Dg, &) FA{ s P e H)s oV €0 (3.3)

v n=1

Transforming the Eq:3(3) the /3 can be obtained as Eg.4):

/UB n ‘ﬁ/ é “)Ed'[dV
"6 PV

(3.4)

where- is a kinematically admissible strain rate arld is the effective strain rate
é= /2 Ei The upper bound multiplier is updated by the iterative process till converging
to the least upper bound limiatisfying/ % 2 /o5, Where / .pis the exact shakedown limit.
The shakedown lower bound muItipIiégE,;is calculatedccording taVielants Theorenj22].

By checking theri; (t) within the computation process of the upper bound multiplier, the

iterative process continues to calculdt until where the modified elastic solution at each
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integration point does natolate the yield condition of the materi;.ll;lz,itisfying/;BD ¢/,

/'S can be expressed by Ej).

f(/sBt)+,) © (3.5)

3.3Direct Steady Cycle Analysis (DSCA)

Direct steady cycle response can be achievedalyulating varying residual stresﬁ and

corresponding plastic strain rangéa steady statby an incremental minimization of the

energy functionl (e”k J for thepredefined cyclic loasloverthe time period irBection3.2:
. ~ D .
&, J=0, fys-;)sdey (3.6)
\%

Wheresi;‘ denotes a yield stress corresponding to the kinematically admissible stra&aﬁ:ﬁ rate

Based on a steady cycle response of the structure obtained by, B¢kt limit of the

structureis calculatedby performing a global minimization of the shakedown theorem with
respect to an extra constant Iqﬁ where the varying residual stres# (x, t) at steady cycle

enhancethe cyclic elastic solution. Hence the cyclic elastic solution for ratchet limit analysis
can be defined by:

‘ﬁ:a‘%EE"'ijg(Et) 1 (x 1), (3-9

Whereﬁj(x, t) is an elastic solution with constant resideabssfij’ . Direct steady cycle

analysis (DSCA) in the LMM framework performs the calculation of the accumulated residual

stress historyDSCA utilisesa series of iterative cyclegefined asm=1,2,...,M . Within

each iterative sub cychg, load instances ds =1, 2,...,K aredefined. Botlconstantesidual
stress fijr and varying residual stresl§rijr corresponding to the elastic solution che

calculated as E(.8) andEq(3.9):
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ri=a abf(xt), (38

rixt)="7T0 a pext), (3.9

The onveged plastic strain developed at tifjecan be expressed as E410):

1 . =n
De’(x,t) =———aB'(x + 3.10
(% 4) 2/_7;,'(X,tk)3$( t) HAxt) (3.10)
wheremi s t he iterative shear modul us cal cul at e

stress and strairOutlining von-Mises vyield criterion in associated with elastic perfectly

plasticity, the ratchet upper bound muItipIiQ?BC can be defined by:

1z ::lsy_{cp i'j‘)edV- ﬁ;@?’(ﬁi) +i () grdv.
/URBC :V - \ =
Fﬁ(a k:q)# ﬁv

(3.11)

_ . . . 2 .
where & is the effective stralr‘g(qo i@ = /5 ¢ g - Based on thiprocedure, the LMM

calculates a series of ratchet upper bounkiatconverge to the least ratchet upper bound limit.
Fortheratchet lower bound limit %, thevaryingresidual stress field considered together

with the constant residual strestsevery iterative processlodifying Eq(3.1) with reference
to Eq.3.7), the lower bound multiplieis given by:

(/5 E+ E+) e (3.12

3.4ExtendedDirect Steady Cycle Analysis (eDSCA)
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The eDSCA procedurealculates the cyclic stress history at the steagylic state associated
with residual stresses accumulated by inelastic strains either plastic or creep during the loading
cycle. The eDSCA utilise a similaninimisation procedure with Eq.(3) which has an

assumptiorthat plasticstrain only occurs a timet,, whereN (from n = 1 toN) denotesa

total number of loading instances. Tenimisationfunction of the eDSCA in an incremental
form canbe givenby Eq.G.13.

"(De)) | § Peghls) ,'4) g,dve o (3.13)

By an iterdive process, the strain incremeIDE,';1 can becalculatedby the minimisation

process until the requested a total number of cydle$he number of load instanseN is
performedas sukcycles within each cyclen, wherem (from m = 1 to M). Hence, the
accumulated residual stress fof' load instanceat m™ the cycle of iterations canbe

expressetby Eq.(3.14).

ri6).=a aD0kL) +& @), (3.14)

For exampleif the cyclesnandm+1 are only consideredhe iterative sheanodulus 777, (t,,)
ataload instance, can be defined by E§3.15) wheres (t,),,denotes the veMises yield

stress of th&PPmodel, which issubstitutedo creep flow stress . when thet, involves a

load instance of creep.

Pt) = T7ft)— 2o

= 3.15
s(B)+ 1), $19

Without consideration of a load instance of creep, the inelastic strain incr&agftf,) .., at
the cyclem+1 canbe calculatedoy Eq (3.16) where ri; (t,,) is the accumulated previous

residual stress before the tirfigand thenotation(’) refers to the deviatoric component:
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(t”u)m+1 2%(t ){ %( ) +Ijr(tn —1)m B +igm)m l}¢

(3.16)

wherethe residual stress accumulated at the aydkethe summation of the previous varying
residual stress and constant residual stress

rit.dn= ) + D) + @) + gp‘]; (3.17)

When Rambergsgood(RO) material modés usedfor expressing the strain hardening

behaviour the following relationshipis consideredwhere DS and Dé are true stress and
strain rangesB and b are hardening constants

De Ds 4 D

22925

-|Q§z"‘

(3.18)

The second term on the righand side of Eq.(3.18) is the plastic strain amplitate the
plastic strain rang®e€, canbe expresskas

_ abs
De =2
p gg B

-I-ﬁ:(q")‘ =

(3.19)

Eq.(3.19) can b&ansformedo half stress range and redefineith respect taterative von
Mises stress ,(t,) whichreplacsthe s (t,),,in Eq.(3.15)

(3.20)
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3.4.1 Original numerical procedure for creep strain and flow stress

The followingtime hardening power lai used to calculate creep strain accumulated during
adwell period

e=A3 t" (3.21)

where °is the effective creep strain ratg; is thevon-Mises stresst, is the dwell time;A,

nandmare creep constants.

It is assumethat the stress relaxation process followiaedr relatiorwhich can be expressed
as an elastic followp factor Z, whereE is the effective Youn@ modulus which cabe

definedas E =3E/2(1 #); E is Youngs modulus;/? is the Poissois ratio; 5 = g 9

(3.22)

¥

I
mil N

(I\I.

Eq.(3.21) and Eq.(3.28re combinednd then integrated the combined equation over the

dwell time Dt :

AEDt™ 1 a1 1
Z(m+1) n-lg"'s‘;“1 g

(3.23)

where S is the start of the dwell stresS; is the end of the dwell stress (creep flow stress)

which replace thes , (t,),in Eq.(3.15) within théterative process.

Integrating Eq.(3.22) over the dwell tini& and thencombinedwith Eq.(3.23) in order to

eliminate Z/E , whereDé°® is the effective creep strain increment otrerdwell time

_A(n-1) 0™, )

D—C
" s s m )

(3.24)
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The creep strain raté® at the end of the dwell timBXis calculatedfrom Eq.(3.23) and
Eq.(3.24).

(3.25)

Initially, the iterative process starts with estimafedand S, values andthe Eq.(3.24) and

Eq.(3.25)compute new creep flow stre:~T§f using Eq(3.26) so that the?cf replaces , (t,),,

in Eq(3.15)to carryout the linear matching condition.

Q_)o
®I-
[3)
L.~ Rw‘ =

(3.26)

I
j

3.4.2 The nmodified numerical procedure for creep strain and flow stress

Three modifications havgeen madby the author of this thesis for calculating the creep strain
and flow stress more practically.

The first improvements to implement notisothermalcreep properties into cyclic creep and

plasticanalysis.

The second improvemerns to calculate instantaneous dwell stress, principal stresses and
mean or hydrostatic stressesiaerdefineddwell time increment within dwell period, which

allows more accurate prediction of crflafigue damage life.

The final improvements to imdementthe effectsof multi-dwells on calculations of the creep

strain and flow stress.

I n ¢eltitd on, the modified numerical procedur e
introduced. UMAT i s the wuser subroutahe whi
constitutive behaviour of a materi al provide
ABAQUS. It can be used with any procedure t

can analyse complex structurabrbebhawieob@or wian
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functions

t hat ABAQUS do not provide as a de
| n oo diemp It dmeeimstot h er ma k h eckofnescAiasn tEqi § 8f 2 ¢ d
f darhe variation of the temperature by adoptir
A=Afexp(_QeV ) (3.27)
RgasT
whereQ

eng

is the activation enerdkJ/ mol ; r_.is global gasconstanfkd/ mol/ K] ;

T is thetemperaturén Kelvin; A gMPa " Gh™ s the frequency factor.

In order b predict thecreepstress relaxation historijt is assumedhat the resulting dwell

stress against a time increment Htias following relationship[38] for the arbitrary elastic
follow-up Z value as Eq.(3.23

(3.28)

where5; and 5 aretheinstantaneousndof the dwell stress anthe instantaneoustart
of thedwell stressespectively;B is the creep coefficient for thiestantaneousme increment
Dt; over the dwell timeDt . Hence Eq.(3.24) can lmnsformednto the following equation

Eq.(3.29) to calculate the instantaneous effective creep strain incrametite creep strain
increment over the dwell period cha calculatecis De*

Déic _A;(n- 1) [vnﬂ(s_s -_‘%I)

3 =3 (3.29
By Y

Utilising the dwell stress btory, the principal stress histor{d§, ,Ds,,and Ds ;) and the
: Ds, +
mean stress histonys,, = &

+
3 Hi) can be predicted over the dwell time using
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interpolation techniques, the analysed, and DS are used to calculate a creep damage

predictionbased ortime fraction ruleand stress modified exhaustion methalowing for
multi-axial ductility factord40, 63] All the mathematicalormulashown in Chapter & also

implemented irthis modified version of eDSCA for the damage calculations.

For the multidwell effects, the eDSCA hdmeenmodifiedas the users can inpaitnumber of
loading instances in the UMA3ubroutines as they wish. The enhanced procedure makes the
resultant stress and strain from a prior loading instance to become a residual stress field for
stress and strain calculais in the next loading instance.

3.5Chapter Summary

Structural integrity assessmesitengineering components subjected to cyclic loadimgore
difficult and complex than the one subjected to monotonic loading owing to cyclic plasticity
behaviours of raterials under variations of loading conditidrherefore,the design and
assessment codes have been putting more efforts for many yeatsulatemorereliable

load boundarywhile avoiding ratchetting response.

The numerical technique, thé1 M Framework, introduced in this chapter is a very powerful
tool to construct limit load, shakedown limit and ratchet limit boundaries with both upper
bound and lower bound approaches. Comparedrwericatechniques provided by the design
codes, thdeMM produces much less conservative results using vemyall computational
resources less than 10% of the conventional methods. For thecyitiepplasticity analysis

EDF hasacknowledgd internallythat the Linear Matching Methgmbtentially provides more
accurate values of start of dwell stress, elastic follpwfactor and strain range than values

obtained using R5 volume 2/3 procedure.

Sincethe LMM was developed by Chen and Pomeginy researcherbavebeeninvolved in
the developmenbf this powerful methodHowever, therés roomfor further development
within the framework whiclncludes but notestrictedo the inclusion of kinematic hardening
model in the shakedown limit analysis and strain hardening creep law grethgcyclic
plasticity analysis. Thee further achievementwill benefit the use of the framework with

confidence in R5 assessment and other design code such d¢RCC
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4. Cyclic Plasticity of 90° Back-to-Back Pipe Bendsunder Cyclic
Thermal Loading, Cyclic Bending and Constant Internal

Pressures

4.1 Introduction

Power plant piping systesrare designed to avoid plastaollapseunder monotonic loading
andlow cycle fatigue and ratcheting failures under cyldiding.Piping systers aremainly
composed of straight pipe and pipe benthponentsPipe bendsre generally employeidr
routing piping systems by connecting to straight pipepeciallybackto-back pipe bends are
necessary components for confined space applicatngturdintegrity assessment of pipe
bends isnore comgtatedthanfor a straighpipdine [64-66]. Moreover, when the pipe bés
are subjectedo cyclic loadng at elevated temperatur¢he yield stressof the materialis
reducedpotentiallyleading to severdeformationor even failure due to low cycle fatigue or
incremental plastic collapsét is, therefore, necessaty consider temperatwgepenent
yield effects wherevaluaing shakedowrand ratchetimit boundaries opipe bendsunder
operating load conditionsStructural integrity assessment under cyclic loadisgmessential
feature in a wide range of engineering applicatiansimanytypes of researchave reported
cyclic plasticity behaviouof engineering probleni§7-70].

Integrity assessment pipe bendssubjected to cyclic bending momesandconstant internal
pressuresiasbeen the subject of several previous stufiiés’6]. However, no research has
beenpresentedor the cyclic plasticityresponseof the 90 backto-back pipe bends under
thermoemechanical load with temperature dependent material propeftigs.research
presents the results of a detailagestigaton cyclic plastic behaviour d®0° backto-back
pipe bendsunder cyclic irplane and oubf-plane bending and cyclic thermédad with
constant internapressure The obtained resultare verifiedby the full incrementalcyclic
analyses using Abaqus step-stepmethod Additionally, systematigparametric studies are
carried outfor investigatingthe geometryeffects of the pipe bendtructureon the cyclic
plasticity behaviour

The finite element model of the pigeendsstructure including geometry data, material
properties anappliedboundary conditionare presenteith Section4.2. Nunerical results of
the pipe bends structure subjected to cychplane bending and constant internal pressures

are presenteth Section4.3. Cyclic plasticity behaviours of the piptructuresubjected to
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cyclic outof-plane bending and constantdmal pressureare presenteih Section4.4. For
both Sectiors 4.3 and 4.4 provide comprehensive parametric studies fgetmetryeffects
under the different directions of the cyclic bendiSgction4.5 presentshe effectsof cyclic
thermal loading on the cyclic plasticity behaviours of the identical pipe strymtessursed
by the same loading condition of the internal press@estion4.6 concludes this work.

4.2 Finite Element Model

4.2.1 Geometry of the 90° baeto-backpipe bends

The gecometryof the90° backto-back pipe bends with the two straight pipe esddhown in
The pipe dimensions conform 1d.S standard pipe size 10inch NPS Schedul&d’48.mean
pipe diameter i®m, the straight end runs are lengthandthe bend connectingin length is
Lm. The pipe bend geometiy consideredn terms oftwo ratios:R/r andr/t , whereRis the
bend radiusr is the mean radius of the pipe, and the wall thickness. Dimensions of the
configurationare summasedin Table4.1. Here, he pipe bends havé# ratio of 14.23and
R/r ratio of 2.89Bend behaviouis generally describeid terms ofthese ratios and the pipe

bend parameter or pipe factar

h=—=— 4.1

Straight pipe

Left side pipe bend <

Right side pipe bend

Figure 4.1 Geometry of the 90° back-to-back pipe bends with two attached
vertical straight pipe sections.
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Complete 3D finite elememhodek of the configurationgn Abaqus usin@D solid C3D20R
guadratic elementsas shown inFigure 4.2. Following a meshrefinement studythe
configurationof the pipe systemwas meshedith 13,800elementsThree elementarecreated
through thewall thickness. Each pipe bend has 25 elemalung its length and 50 around its
circumference. The vertical straightrunsL are mesheavith fifty elementswith the mesh
refined towards thatersectiorwith the pipe bend.

Table 4.1. Key dimensions of the 90° back -to-back pipe bends and the two
straight pipes (all dimensions in m m).

Dp, t R L L=5D,,

263.78 9.27 381 0 1318.9

Figure 4.2 Full model of 90° back-to-back pipe bends with 3D solid element s
meshed.

4.2.2 Material propertiesand Boundary and loading conditions

The material used in this work is the samaterial properties ofype 304 stainless steel
Youngs modulus of 1934GPa and Passons ratio of 0.2642are used Temperature
dependenyield stresses up to 556 used for each analysise listed inTable4.2, andthe
elastiecperfectly plastic model is used The displacemenbehaviourof the pipe bend is
assumed to follow small deformation theofeyield stressat room temperaturis usedfor
the shakedown anthe ratchetanalysesncludingthe parametric studiés Sectiors 4.3 and
4.4. Thetemperaturelependenparameterareemployedor a numericalstudyinvolving the

cyclic thermal loadingn Section4.5. The material imssumed to have a thermal conductivity
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of 43gvm* K* andthethermalexpansion coefficient of 1.7 x f%_C‘l . Thethermal

expansioreffectof a long pipéas achievedy applying an equation to constrain the top surface

of theright side verticapipe asaplanecondition

Table 4.2. Temperature dependent yield stress.
Temperaturgc) 20 100 200 300 400 500 550

s,[MP4] 271.93 253 229 207 188 172 156

As shown in, two cylindrical coordinate systenase createdt both the top and bottom of the
pipe bendsmodel. A reference node is created at the origin of each cylindrical coordinate
system a® for the top and- for the bottom. All nodes placed on the bottom surface of the
pipe structureare constrainetyy utilising Kinematic Coupling to follow all motions of the
nodeF except the expansion/contraction in the radial direction. The same coregbziesto

all nodes on the top surface, which are restrained against motions of thB bodallowed

the pipe to move freely in the radial direction.

The cyclic inplane bending and the eot-plane bending are achieved by a clockwise moment
about the zaxis and the »axis each applied on nod® The resultantmomentvaluesare

normalisedoby a reference momenwhich isthe limit momentM, for the thin wall straight

pipe as given
M_=s DX (4.2)

Constaninternal pressuris appliedto the inner surfaces ¢fiewholestructurelt is assumed
that the pipe bendsre ina closeeend condition; thus the axial tension is applied on the top
surface of the upper straight pipe proportionally to the internaspred he internal pressure

and axial tensiorare normalisedy the equations which atée limit pressureP, and axial

tensionF, for the thin wél straight pipe as givefrom:
_ 2
P = —3(25yt/ D,) (4.3)

73

F,=P.D,/4t (4.4)
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For the cyclic thermal loading, thermal gradient throtighwall thickness of the pipe bends
are createavith atemperaturef 550 C at theinsidesurface and20 C at theoutsidesurface,
so thatit implementghe most severe thermal loading conditituming fistartupd. A reference

temperatureDg, =550 C normalises the thermal loadingis worth to mention that thigin-

walledstraight pipe hathenormalisedvalues of 1.0 by Eq.(4.2)Eq(4.3), and Eq.(4.4).

Figure4.3 (a) illustratesloading paths between the cyclic bending and the congtassure

and between the cyclic thermal loading and the constant pressure that follow the classic Bree
problem. Figure 4.3 (b) depicts a cuboid loadj domain for the three load combinations
(bendingthermal, and pressure). A thrdimensional shakedown boundary of the pipe bends

considering theuboidloading domain wilbe presentedn Section4.5.

DM/ M,

A
Ds\, and Dg
A

P/R

L

(a) Pl D8 (b)

Figure 4.3 (a) loading paths for the classic Bree problem and (b) a loading

domain for the three load combinations.

4.3 Cyclic In-Plane Bending andConstant I nternal Pressures
4.3.1 Limitload, shakedowrimit, and ratchet limitboundaries

Figure4.4 depicts two linear elastic solutions for the 90° bazkack pipe structure which is
subjected to the cyclic bending momentsl ahe constantinternal pressures. Tha-plane
bending causethe maximum equivalent stress at the flank of the right side pipe bend due to
the clockwi® moment. The internal presswrauseshe maximum equivalenstress at the

flank of the left side pip bend due to the axial tension creating the anticlockwise moment.
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S, Mises

(Avg: 75%)
+1.758e+03
+1.611e+03
+1.465e+03
+1.319e+03
+1.172e+03
+1.026e+03
+8.796e+02
+7.332e+02
+5.869e+02
+4.406e+02
+2.943e+02
+1.480e+02
+1.636e+00

S, Mises

(Avg: 75%)
+8.0672+02
+7.420e+02
+6.773e+02
+6.126e+02
+5.478e+02
+4.831e+02
+4.184e+02
+3.537e+02
+2.890e+02
+2.243e+02
+1.596e+02
+9.485e+01
+3.013e+01

(@)

(b)

Figure 4.4 Equivalent stress contours from linear elastic stress analyses for a) in -

plane opening bending moment

M, b) internal pressure s R, .

Figure4.5illustrates the limit load, shakedown, and ratchet limit interaction curves for the 90°
backto-back pipe model under the cyclictane bending moment and tbenstaninternal
pressures duced by the LMM. Comparing to theormalised value ofhe thin-walled

straight pipe the endurance capability of the pipe bertkcreases to 47% and 76%,

respectively.
DM/ M, 0.5+ g
PN oo, Pibedl |9
+— I x **‘\!\_
8 \A\\'\.-\
g 0.4 - 5 A\‘ e
S .
= “\
B 0.3 - N
@ N\
g 1l— m— Limit load curve g
D (.2 J[—®— Shakedown limit curve |
= --4-- Ratchet limit curve |
g 1 = Point A \
S e PointB !
2z . =
019 4 Ppointc /
v PointD s
Point E !
OO T T T T I
0.0 0.2 0.4 0.6 0.8

Normalised internal pressures P/P

Figure 4.5 The limit, shakedown limit , and ratchet limit boundaries of the pipe
bends structure under cyclic in -plane opening bending and constant internal
pressures.
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The cyclicin-planebendingmakessevere impacts aie structuralintegrity of the pipe bend
structure Interestingly,some points on the limit load boundary show thatmalisedvalues
arelargerthana normalisedimit momentat the zero pressuendlimit pressuresit the zero
moment It is explainedthat the clockwise bending moments affsetby the axialtension
thatinducedthe anticlockwise moment under the combibedding and pressure loadings

The shakedown boundary has a similar form to Bree diagram with the constant reverse

plasticity continuingill P/ P = 0.47. Thenormalizedshakedown boundary at zero pressure

is known as the reverse plasticity limit where plastic strains dewslepgoadingcycle but
remains a fixed range, al so known as daltern
and ratchet boundaries is callbe reversed plasticity zone where it will cause the alternating
plasticity mechanism to occur. If the pipe bend strudaiseibjectedo any load level placed

in the reverse plasticity zone, low cycle fatigue damage assessment should be performed to
enurepipelineintegrity.

The ratchet boundary haslifferentshape from the typical Bree diagram as the cyclic moment
at zero pressures is intersected withyttexis Thisis because that the applied cyclic load is
not the cyclic thermal load. The ra@thboundary has a similar form to the shakedown

boundary as keeping horizontal ratchet limitRillP, = 0.3Z. Afterwards it converges to
the shakedown boundary whé&éP = 0.61. The area between the ratchet boundary and the

limit load boundary is called the ratchetting zone. The limit, shakedown, and ratchet
boundaries ahezeromomens are convergetb a normalised pressure value which is called
the limit pressure. If any laing point beyond the limit pressutheplasticcollapse will occur

immediately.

4.3.2 Verification of results

The full incrementalcyclic plastic analyseare performed forife cyclic loadingpoints
(labelled A, B, C, D, and E iRigure4.5) in orderto verify the accuracy of the shakedown and
ratchet boundariesbtained Chenet al. [73] provedthe accuracyandreliability of results
computed by theMM by showingan errorrateof less than 1% from the Abaqus Riks analysis.
Therefore the accuracyof the limit load boundary is not examined within this verification

work.
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Figure4.6 depictstheplastic strainncrementistory using Plastic Strain Magnitu(REMAG)
over the number of loading instandes the cyclic loadingpoints A, B, C, D, and EThe
PEMAG considersign of plastic strain in evolution, giving correct total plastic strain
accumulation rather than Equivalent Plastic StrREBEQ. The plastic strain history of the
five pointsis referredto the maximumPEMAG value among the eight Gaussian integration

points.
14
10
S
.§ 8 4
) 1 .
S B e T , Point A
3 . Point B
B 4 ; Point C
Point D
54 Point E
0 T 1 T 1 T ] T 1 T 1 T T T |
0 20 40 60 80 100 120 140

Number of Loading Instance

Figure 4.6 Plastic strain increment history ( PEMAQ over number of loading
instance for cyclic loading points (A, B, C, D, and E

The point A and E clearly show the elastic shakedoxaponseandthe point B showshe
reverse plasticityesponseBoth points C and D display the ratchettingsponsewith the
plastic strainaccumulatingup with everyloadingcycle. PointC presents aidtinguishable
increment of the plastic straimoroughthe whole number of cycle, whereas the pdnt
appears a small plastic strain increment \eiterycycle. Due to the small ratchetting zone,
point D exhibitsinsignificant ratchettingesponseHoweve, the plastic strain increment in
early cycles exceeds 10% and keeps increasing with the@astlt strairincrement. Hence
the structural response of poltcan be taken into account as the ratchetting mechanism.

58



4.3.3 Parametric studies and discussisn

Figure4.7 illustratesdifferent geometies of the pipe bend structure used fbe parametric
studies The r /t ratio is fixed in order toevaluatethe effectsof R/ rratio on the cyclic
plasticity behaviour Another geometry effect is consideredfor investigating the cyclic

plasticity behaviour with variations tfie horizontal straight pipe length, againsthe fixed

r /t ratio. With the same equations frod.p) to @4.4), the cyclic bendingand constant

pressures for each/t ratio arenormalised. Theeferencdoadsaresummarisedn Table4.3.

e

/ / /
[ L,=0(mm) Ly, = 250(mm) Ly, = 500(mm)

(b)

Figure 4.7.Geometries of the pipe bends structure for the parametric studies; (a)
fixed r/t=10 with varying R/r ratio and (b) fixed r/t=10 with varying length Ln.

Table 4.3. Referenceloads of cyclic bending moment and constant internal
pressure and axial pressure with respectto r/t ratio.

rit M. [Nmn]  Pi[MPa] Fa[MPq]
5 4.99E+08  62.54 156.36
10 2.50E+08  31.27 156.36
20 1.25E+08  15.64 156.36

4.3.3.1 Geometry effectsf the pipe bendstructure

Figure 4.8 shows the limit, shakedowimit and ratchetlimit boundarieswvith variations of
R/ rratiosof 3, 4, andb againsffixed r /t ratiosof 5, 10and 20. The other geometries such
as the mean diameter of the pipg, and the length of the vertical straight pipeare the

same as the dimensionsTinble4.1.
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As generatrends from resuitobtained thereverse plasticity limit tends to decrease with an
increase ofr /t ratio, whereas limit pressure increases. Bsr ratio increasethe reverse
plasticity limitincreaseshutthelimit pressure decreasdsis noteworthythatthevariationof

the ratchelimit boundary of thdackto-backpipe bendss different fromasinglepipebend

Forthick-walled pipebends (/t = 5) in Figure4.8 (a), the shakedowhoundaiesfor thelower

pressures P/ R < 0.3) have a different shape frotihe Bree diagramMoreover the

shakedowroundariesire very close tthe limitload boundariefor the lower pressure3hus

the ratchet boundarshould be considered #w e shakedown boundary. The marginsverse
plasticity zonepetween the limitoad and shakedowboundarieseginto appearafter the
lower pressuredPue to the small margin for the lower pressures, allowable load level should
be selected conservativdlpm farbelow the shakedown boundarit#iss noteworthythat the

pipe bend structures witarger R/ r ratiohaveconstant limit pressuréer DM / M, < 0.75.
Unlike the shakedown boundariesasfingle 90° pipe bend structure[73], the 90° backo-

back pipebendstructure has lowandurance againkmit pressuresvith an increasef R/ r.

Thus thisobservatiomequires consideration when designapgping network withthedouble

pipe bends

Shakedown boundaries thin-walled pipe bendsin Figure4.8 (b) andFigure4.8 (c) have a
similar shape witlthe Bree diagram. AR/ rratio increase, reverse plasticity limit increases
but limit pressure decreases. The masdiatweenshakedown and limit boundas tendto
increase aR/ rratio decreases bircreasessr /t ratio increasesForr /t =10, ratchet
boundaryat R/ r=5 should be considered #se shakedowrboundary at the samr/ r
ratio. As R/ rratio decreasehe marginsare clearly observedinder the ratchet boundary.

Forr /t =20, ratchet boundaries are noticeable at every ratio.

The shakedown boundaries constructed show thaldhiele pipe bends with/t =10arean
appropriatedesign for the operational loadevels where normalised cyclic bending and
constantpressures are lower than 0The pipe bends withr /t =20 would be appropriate
solutions for higher internal pressurelie expectediue to lower endurance against cyclic

bending.
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Figure 4.8 The effects of varying R/r with (&) r/t=5, (b) r/t=10, and (c) r/t=200n the
limit load, shakedown limit and ratchet limit boundaries.
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Quadratic relationshigpbetween the reverse plasticity limit and tendcharacteristic for the
single 90° pipe bend structure subjected to cyiliplane bendingand constantinternal
pressuresverederivedby Chenet al.[73]. The same approach is made to find correlatidns

the reverse plasticity liminder cyclic inplane bendindRR, andthelimit pressure.P against

the bendcharacteristich for the 90° backo-back pipe structurdzigure4.9 showstrends of
the quadraticrelationshipsTwo semiempirical equationarederivedfrom the relationships
definedby Egs. 4.5 and(4.6):

RR, = 0.784f %.624h 8.04¢ (45)

LP=0.22477 -0.6238 +0.87¢ (4.6)

Utilising these derived equations, lielps the pipeline designerspredict approximated
shakedowrboundaryof the pipe bend structurth the bend characteristic arange from 0
to 1 without performing the Fk

0.9 Jos
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Bend Characteristic (h)

Figure 4.9. Reverse plasticity limit and limit pressure trends with respect to bend
characteri sticin arage from h=0to h= 1.

From these studie#,can be deducetthat thethick-walled pipebendswith a largerR/ r ratio

is asuitabledesignfor the piping systeraperatedinderahighlevel ofcyclicin-plane bending
momentand lowerconstanpressures. lis also foundhat the reverse plasticity limit and the
limit pressure have quadratic relationshggainstthe bend characteristic, which can be

expressed bthetwo 2" order polynomial equations.
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4.3.3.2 Effect of the torizontal straight pipe length

Figure4.10 illustrates the shakedown, ratchet, and limit load boundafi#ee 90° backo-
back pipebend structurenderthe cyclicin-plane bendingndconstantnternalpressurswith
varying horizontal pipe lengthL,, of 0, 250, and 50@m againstthe fixed r/t ratio of 5, 10,
and20. The other geometries such as the bending rajinsean diametdd_, and vertical
pipe lengthL are identical to the dimensionsTmble4.1. As general trendsbserved from

investigatiorresultswith an increase off/t ratio the reverse plasticity limit decreasdsereas

the limit pressure increases. The longer pipe lehgtis vulnerable to theonstaninternal

pressures rather than cydieplane bending

Thethick-walledpipebend(r /t = 5) showsa more or less the same reverse plasticity limit
asthe limit momentregardless of the horizontal pipe length However the limit pressure

decreases with an increase of the lengttResults shovthatminima margirs areobserved

between the shakedovamd limitloadboundariedor thelower pressuresg/ p, < 0.3). Thus

the ratchetboundaryshouldbe considereds the shakedowrboundary Due to the small
margin, allowable load level should be limited to far below the shakedown boundary in the

case of the low pressures applied.

Thethin-walledpipebends(r /t =10 andr /t = 20) showa similar trendin the shakedown,
ratchetand limit load boundaries. Thhin-walled pipe bendswithout thehorizontal pipe
exhibit larger limitload boundarghan otherswvith the horizontal pipeThe interestingpoint

is that the horizontal pipsectiors haveonly impactson the limit pressure but neither on the
reverse plasticity limit nor the limit momerithis is because that the anticlockwise bending
caused by the axial tension makes significant influences to the left side pipd betichit

pressure decreases with ancrease of the length, , resulting in thatratchet boundaries

increasess the length., decreases.

These studies provide understandings of the horizontalspgi®mnbetween the pipe bends
which have significant effects on the limit pressures but minor effects on the cyclic moment.
Thuseffects oflimit pressure level should becansideratiorwhen designing pipe network

with double pipe bends combining witie horizontal pipsection
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Figure 4.10 The effects of varying length Ly with (&) r/t=5, (b) r/t=10, and (c) r/t=20

under the cyclic in-plane bending and constant internal pressures.
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4.4 Cyclic Out-of-Plane Bending and ConstantInternal Pressures

4.4.1 Limitload, shakedown limit and ratchet limiboundaries

Figure4.11showstwo linear elastic solutions for the 90° baickback pipe structure subjected

to the cyclc outof-plane bending and theonstantinternal pressuresThe outof-plane
bending moment causes the maximum equivalent stress at thafiolet flank of the left side
pipe bend due to the clockwise overturning mom#tiith the consideration dhe synmetry

of the pipe geometry ithex-y plang it is expectedhatthemaximumstress level wouldccur

at the oppositéocationsif the anticlockwisemomentwereapplied.For the internal pressures
only, themaximumequivalent stressevelopsat the reainside flank of the left side pipe bend

as same aSection4.3.1 due to the corresponding axial tension creating the anticlockwise

moment.

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+1.280e+03 +8.067e+02
+1.173e+03 +7.420e+02
+1.067e+03 +6.773e+02
+9.602e+02 +6.126e+02
+8.536e+02 +5.478e+02
+7.471e+02 +4.831e+02
+6.405e+02 +4.184e+02
+5.340e+02 +3.537e+02
+4.274e+02 +2.890e+02
+3.209e+02 +2.243e+02
+2.143e+02 +1.596e+02
+1.077e+02 +9.485e+01
+1.181e+00 +3.013e+01

(b)

Figure 4.11 Equivalent stress contours from linear elastic stress analyses for (a)
out-of-plane bending moment M, (b) internal pressure s P, .

Figure 4.12 shows the limit loadand shakedown boundaries of the 90° baadack pipe
bendsunder cyclic oubf-plane bending and constant pressures produced by the LMM.
Comparing to thenormalised values dhe thin-walled straight pipethe limit moment and

limit pressureof thedoublepipe bendsubjected to monotonic cof-plane bendingecreases

to 53%, but 6% higher than the pipe bends subjected to monoteplamebending. Theout
of-plane bendingnomentalso hasevere impactsn the structuralintegrity of the concerning
geometry more than the internal pressures. It is noteworthy that une&rmane bending,
there is no normalised valueore significanthanthe limit moment at zero pressure ahe

limit pressures at zero bending moment, untiie limit load boundary under the-ptane

bending and constant interradessureshown inFigure4.5. Thisis because that the cot-
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plane bendings not offsetby the anticlockwise moment caused by the axial tension caused

by internal pressure.
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Figure 4.12 The limit, shakedown limit , and ratchet limit boundaries of the pipe
bends structure under cyclic out -of-plane opening bending and constant internal
pressures.

The interestingpoint associated with thehakedown boundary under cyclic -mitplane
bendingis thatthe reverselasticity limit is very close to theormalisedimit moment. For

the pipe bends under cyclic-ptane bendingthe shakedowrboundary has a similar form to

Bree diagram with enough margins between the shakedown and limit load boundaries. On the
contrary, the shakedown boundary under cyalieof-plane bending forms very similar shape

to resultant limit load boundary wittiny margin whereP/ R >0.4 . As results, ratchet
boundary forP/ R <0.4 should be considered ashakedowrboundary. Although theris
asmallmargin forP/ R >0.4 , it is hard to define the ratchet boundary. Upon the case, the

whole ratchet boundary requires to be taken into account as the shakedown boundary in a

conservative manner.

4.4.2 Verification of results

In orderto verify the shakedown and ratchet bouraaconstructedthreeload points are

selected (labelled A, BC in Figure4.12), andthe full cyclic plasticanalysisis performed
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Figure4.13 showsplastic strain history using &tic Strain Magnitude (PEMAG) in Abaqus
for the points A, B, C againatnumberof loading stepsThe plastic strain history of tlieree
pointsis referred tothe maximumPEMAG value among eight Gaussian integration points.
The point Aand Bdemonstratéhe elastic shakedowasponsevith noplastic strain increment
at the steadygyclic state The point C showsthe ratchetting mechanism withcremental

plastic deformation irvery cycle.

Due to the smalimnargin between the shakedown and limit load boundaries, corresponding
ratchet limit boundary wadifficult to be determingdut the plastic strain history at point C
confirms that the ratchet limit is very close to the shakedown lfritn these verifidéons,

the structural responses compugedreliable with accuracy.
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-Point C

Plastic Strain (%)
=

0 * 1 ' I > 1 L 1 ~ 1 2 1 b/ I
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Number of Loading Instance

Figure 4.13 Plastic strain increment history ( PEMAG of cyclic loading points (A,
B, Q in Figure 4.12.
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4.4.3 Parametric studies and discussions

The cyclic plasticity behaviours di¢ samegeometryshown inSectior4.3.3 under the cyclic
out-of-plane bending ancbnstantnternal pressureare investigatedVith the same equations
from (42) to (44), the calculated moments aptessures are normalised. The referenadd

are summariseith Table4.3 in Section4.3.3

4.4.3.1 Geometry effects of the pipe bends

Figure4.14 shows shakedowandratchetboundarieswith varying R/r ratiosof 3, 4, and 5
againstfixed r/t ratiosof 5, 10, and 20The other geometries such as the mean diameter of
the pipeD,, and the length of the vertical straight pipeare the same as the dimensions in
Table4.1. As generaffeatures reverse plasticity limiis very close tdhe normalisedimit
moment at zero pressureshich means the changesgaometryseldom affect the reverse
plasticity limit under cyclic ouof-planebending. The revergaasticity limit tends tancrease

with a decrease dft ratio, whereaghe limit pressure decreases. Tipe bends witharger

R/ rratio can withstand a higher cyclic bending moment, but the endurance capacity against

theinternalpressuralecreases

For the thickwalled pipebends ¢ /t = 5), shakedown boundasfor P/ R < 0.3 areequal

to corresponding limit load boundarieBhe margins between the shakedown and limit load
boundaries begin to form whef/ P > 0.3 but they are small. Although the margins tend
to become larger with an incredseR/r ratio, it is still hardto construct the ratchet boundary.
Hence it is recommended that the ratchet boundary sheutibnsidereds the shakedown
boundary. Thehick-walled pipe has higher resistance to cyclic-ot#plane bendingather
than theinternal pressures. AR/r ratio increases, the endurangaits against cyclic oubf-

plane bending and constant internal pressures incfeas®/ R < 0.3, but decreasefor
P/ R > 0.3. Compared tahe cyclic plasticity under cyclic +plane bending irSection

4.3.3.1, cyclic oubf-plane bending has larger elastic shakedown boundary but smaller
alternating plasticity zon&.herefore, the thickvalled pipe bends are a ®bledesign fora
piping network operatednder a high level of cyclic owf-plane bending moments.
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Figure 4.14 Effect of varying R/r with (@) r/t=5, (b) r/t=10, and (¢) r/t=20 under the
cyclic out-of-plane bending and constantinternal pressures.
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For thethin-walled pipe bends ( /t =10 and r /t =20) shakedown boundaries haae
similar form to their limit load boundarie§he margin is tomarrow to construct the ratchet
boundary for eachR/ r ratio so that the ratcheboundaryshould be consideredas the
shakedown boundary. As/t ratio inceases, normalised values ont-of-plane bending

momentincrease, but normalised values in the pressures decrease.

For r /t =10, asR/ rratio increases, shakedown and limit load boundaries increase where
P/ P < 0.45, butdecreasdsr P/ P > 0.45. For r /t =20, thelarger R/ r ratio hasnore
substantialshakedown and limit load boundaries f8f R < 0.68, whereas they become
small for P/ R >0.68 . Reverse plasticity limits for /t =20 under cyclic oubf-plane

bending are higher than cyclicplane bending, which means the pipe structure can withstand
a high level ottyclic bending moments in the eof-plane direction than the-jplane

The correlations of reverse plasticity liniRR, and limit pressured.P against the bend

characteristich for the pipe bends subjected to the cycliepiane bendingand constant
internalpressuresvere derivedy two quadratic relationships aguationg4.5) and (46). For
the identical pipe bends subjected to the cyclic -oftplane bending and constanternal

pressures, relations ofverse plasticity limiRR, andthe bendcharacteristich are derived

by adoptingthe QuadraticRegression method as given Eq.(4.7). Dueduivalentconstant
loading applied to the pipe bends, the limit pressures under thef-platine bending is
identicalto Eq.(4.6).

RR,= 0.5032F 2.022h ©.33¢ 4.7)

There isanotherrelationship to be derived between a rat®T(= RB,/ RR) and thebend
characteristic. Trends for the newly deriveglationsare illustratedn Figure4.15, and R-

squaredralue of the all equations from (4.5) to (4a8higher than 0.98.

RT =1.4317 - 2.362 +1.9154 (4.9)
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Figure 4.15 Reverse plasticity limit and trends of the ratio RT= RB./ RR against
the bend characteristic in arage from h=01to h=1.

4.4.3.2 Effects of the horizontal straight pipe length

Figure4.16illustrates shakedowandratchetboundarie®of the pipe bend structursubjected
to the cyclicout-of-plane bendingndconstantnternalpressuravith changing horizontal pipe
length L of 0, 2%, 500mm againstthe fixed r /t ratios of 5, 10, and 20. The other
geometries such as the mean diamé&igrand vertical pipe lengti. are the samdimensions

asTable4.1.

The general trends for eadlipe of geometryarethatreverse plasticity limitlecreasesut

limit pressurs increaseas the lengthL, decreaseHowever the variation in the reverse
plasticity limit isminimal. The reverseglasticity limits are very close to thegorresponding

limit moments at zero pressure, which means changes of the horizontal length have no effects
on the size of the alternating plasticity zone whidh referredto the margin. Due to small
margins between shakedown and limit load boundaries, ratchet boshdatgibe considered

asa shakedowrboundary.Contrary to the effects of the horizontal pipe length under cyclic
in-plane bending irSection4.3.3.2,the horizontal pipe lengthunder cyclic oubf-plane
bending has minor effects on the reversetjdifg limit but significant impacts on the limit

pressures.
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For thethick-walled pipe bends(r /t = 5), regardlesf the length ofLn, the reverse
plasticity limit andthe normalisedlimit moment at zero pressures are identical to 0.79.

However limit pressurs decrease witincreasingf the lengthL,, . Themargirs between the

shakedown and limitoad boundariesappearwhere P/ P, > 0.2, but very small. Hence

correspondingatchetboundaryshould be assumed as owhakedowrboundary When it
comes to the enduranaapability the thick-walled pipe structure has larger normalised
moment values than normalised pressure vakgardles®f the horizontal pipéength Thus
the thick-walled pipe bends aran appropriatesolution fora high level ofcyclic bending

moment expected durirgperations

For the thin-walled pipe bends(r /t =10andr /t =20) reverse plasticity limits and
normalised limit moment values at zero pressures are nearly equal. The mahiange in
the reverse plasticity limit between each horizontal length is 0.1. The limit pressure decreases

as the lengthLn increases. The margins ¢f/t =10and r /t =20 appears at where

P/P,> 0.26and P/ P, > 0.39, respectively but still too narrow to construct the ratchet

limit boundaries.

Compared to the structural response under cychagldne bending, the pipe structures of

r/t =10 andr /t = 20under cyclic oubf-plane bending haveehigherbending resistance

of 15%and 204 respectively It observed that changes in the horizontal straight pipe length
makeless impacbn the reverse plasticity limit but effective on internal pressures. In particular,
the pipe structure of /t = Swith L =500mm has over 20% pressure reduction from the

pipe structure withouthe horizontal pipe. Therefore, the horizontal pipe length should be
designed as short as possible if thick walled pipe bends subjected to high internal pressure

operation.

Compared to the structural response under cychagldane bending, the pipe structures of

r/t =10 andr /t = 20under cyclic oubf-plane bending havehigherbending resistance

of 15%and 206 respectively It observed that changes in the horizontal straight pipe length
makeless impacbn the reverse plasticity limit baffective on internal pressures. In particular,

the pipe structure of /t = Swith L =500mm has over 20% pressure reduction from the

pipe structure withouthe horizontalpipe. Therefore, the horizontal pipe lengshould be
designed as short as possible if thick walled pipe bends subjected to high internal pressure

operation.
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Figure 4.16 Effect of varying length Ly with (a) r/t=5, (b) r/t=10, and (c) r/t=20
under the cyclic out-of-plane bending and constant internal pressures.



These studieshow the effects of the horizontal pipe length on the integrity of the pipe
structure,which has significantimpactson theconstantpressures but minor effects on the
cyclic bending Due to the smalimargins plastic collapsecan occur if operational loading

beyondthe elastic shakedown boundary.

4.5 Cyclic Thermal Loading, Cyclic Out-of-Plane Bendingand ConstantInternal

Pressures

It is critical to consider two temperature fields that have the effects of cyclic thermal loads on
the pipe structure integrity sessment: a neisothermal condition for the stamp and shut

down, and an isothermal condition for the regular operation. In order to investigate the effects
of the temperature fields on the integrity of the same pipe bends, the shakedown and ratchet
andyses are performed for cyclic thermmechanical loading consisting of cyclic thermal load,
cyclic outof-plane bending, and constant pressure. The isothermal temperature field does not
create any significant thermal stress over the pipe beFuefore,the nonisothermal
condition is only considered in this stud¥hetemperaturelependent yield streshiownin
Table4.2 is usedThesame equatiorfsom (4.2) to (4.4) normalise the bending moments and

theinternal pressue and a reference temperatudg, =550 C is employedto normalise

thethermalload. Thetop side of the pipe bends constrainedasa planeconditionso that it

can achievéhelong pipe effects.

Figure 4.17 depictsthree linear elastic solution®f the 90° backo-back pipe structure
subjected tahermal loading, oubf-planebending and internal pressuihe thermal load
produceghe maximum ensile stress at the outside of the pipe structuréheutompressive
stress at the inside due to the sisothermal effects. The thermal expansion coefficietihef
material is acritical factor that leads tthese thermal stressé&dastic analysis sations of the

other two loadings are presented befor8éaation4.4.1.

The thermemechanical loading is classified into the three combined load ;dasading

Type A: cyclic outof-plane bending and constant internal pressilueeling Type B: cyclic

thermal load and cyclic owif-plane bending, andoading Type C: cyclic thermal load and
constant internal pressures. The shakedown and ratchet limit boundaries under the three load
types are presented kiigure4.18 (a). Figure4.18 (b) illustrates a shakedown limit domain of

the pipe structure in a thremensional loding space shown iRigure4.3 (b).
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Figure 4.17 Linear elastic solutions ; (a) Max. principal stress under thermal load,
(b) equivalent stress under out-of-plane bending moment , and (c) equivalent
stress under internal pressures.
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Figure 4.18 (a) Shakedown and ratchet boundaries of the 90 ° back-to-back pipe
bends subjected to cyclic thermal load, cyclic out -of-plane bending and constant
-dimensional loading

internal pressure and (b) shakedown domain in the three
space.
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Loading Type A
Analysis results and discussidosthe double pipbendunder Loading Type A adescribed
in Section4.3.1.

Loading Type B

When it comes to the ratchetting boundary, the pipe bend structure can withstiading

at 53% under cyclic outf-plane bending and 54% under cyclic thermal load, compared to
their reference bending moment and temperature respectively. Regardigngtise plasticity

limit, the normalised value by the cyclic thermal load is almost the same as by the cyclic out
of-plane bending. Hence the effects of cyclic thermal load on the pipeline integrity require

serious considerations.

Different from the shape of the shakedown boundary under Loading Type A, Loading Type B
develops a shakedown boundary of a triangular shape which merges to the reverse plasticity
limit of cyclic outof-plane bendingfor DM/ M, 6.5. Hence, e ratchet limit under
Loading Type Bshould be considered @ise shakedown boundary whé/ M, ©6.5.

However, the margin between the shakedown boundary and the ratchet boundary becomes
larger as the cyclic thermal load increases up tadterse plasticity limit of cyclic thermal

load Dg/ Dg ©.54. It is noteworthy thattte thermal ratchetting does not occur in the Bree

problemunder the pure cyclic thermal lgdulit it does in the double pipe bestducture where

Dg/ Dg 6.54. Thereforethe allowable load level should be selected from below the

shakedown boundary.

Loading Type C
Shakedown boundary under Loading Type C shows very similar shapect@thplaryBree

diagram. Wher@/ R <0.3, the shakedowboundarymaintains the @anstant reverse plasticity
limit, andafterward slightly decreasesntil P/ P =0.4. Themargin that shows the reverse

plasticity response mmall dued thethermal ratchettingimit. Thereforetheproperoad level

shouldbe selectedinder the shakedown boundary.
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45.1 Geometry effects of the pipe bends

Figure4.19 showsa comparisorof the shakedown andtchetboundariegor changingR/ r
ratioagainsfixed r /t =5. The shakedown boundaries have a very similar shape to the typical
Bree diagramThe results analysed provide interesting observations that the value of the
reverse plasticity limit is the same regardless of variatior®/ofratio. The variations of

R/ rratios (3, 4and § have minor effects on the thermal stresgnitudeof the pipe structure.

It demonstrates that the reverse plasticity limit reportdéignre4.18 (a) is also the samas

in Figure4.19. Chenet al. presentedhe effect ofcyclic thermal load on a single elbow bend
with the varying R/ rratio, it confirms thatreverse plasticity limits are very close to each

other[73]. The limit pressures for eadR/ r ratio are the same &sgure4.14 (a).
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Figure 4.19 Shakedown and ratchet boundary of the pipe bends (r/t=5 )
subjected to cyclic thermal load and constant internal pressure with respect to
varying R/r ratio.

Ratchet boundariesf R/ r ratio of 4 and Shave the thermal ratchet limit, thus they have a
similar form with a shakedown boundary of the Bree diagtdowever, no thermal ratchet
limit is observedor R/ r =3 belowthe normalsedthermal load of 1.0Two cyclicloading
points D and Eare createdo validate the ratchet interaction curyvaedthe full incremental
analysis is performed to evaluate the plastic strain incremenaouenber ofoadinstances.
The dear ratchettingresponseappears inR/ rratio 4 and5, whereasR/ r ratio 3 shows

alternating plasticityFigure 4.19 demonstrate higher temperature field affects pipe bends
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with alarger R/ r ratio; consequentlyplasticshakedown zone becomes smaller asRter
ratio increasesThe cyclic thermal load affects ratchet boundary but merely shakedown

boundary for variations oR/ r ratio.
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Figure 4.20 Plastic strain history ( PEMAQ of R/r ratio of 3 and 4 at cyclic
loading point D and of R/r ratio of 5 at cyclic loading point E.
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Further studys performedor thesame pipe bends subjectedatdifferent combination of the
thermoemechanical loacthe cyclic thermal loadconstantnternal pressure argbnstanbut-
of-planebending. depictsthe resultingshakedown boundariegith the varying R/ r ratio
(3, 4, and 5) againfitked r /t =5 .

Althoughthe constanbut-of-plane bendingnomentis appliedtogether with th@ressurethe

shape of shakedown boundaries is similar to the @emram.Thereverse plasticity limitslo

not change forP/P & M/ M, < 0.2, regardless of the variation dR/ r ratio, but the
combined constant pressure and bending moment are redoc&d%, 7%, and 5%
respectivelyas R/ r ratioincreases, 4, ands. Therefore it is deducedhatthe geometry
changesunder cyclic thermal load and constant pressure (or combined with the bending
moment) have minor effecs on the shakedown boundariesit considerable impacts on

thermal ratchet limit
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Figure 4.21 Shakedown boundary of the pipe bends ( r/t=5 ) subjected to cyclic
thermal load and constant internal pressure  and bending moment with respect
to varying R/r ratio.

4.6 Chapter Summary

The shakedown and ratchet boundaries ¢fl@tkto-back pipe bends subjected to cyclic
thermemechanical loading with constant internal pressures were investigateeans ofhe
LMM.

Without thermal load, results showed that cyclic bending makes more impacts on the integrity
of the double pipe bends tharternal pressuregqarticularlycyclic in-plane bending affects

more than cyclic odbf-plane bending. The cyclim-plane bendingproducesshakedown
boundary which has a typical shape of Bree diagram, as welhgdistinguishable ratchet
boundary iconstructed within the margin between shakedown and limit load bounddmes.
cyclic outof-plane bending results in shakedown boundary which is almost equal to
corresponding limit load boundary, so that ratchet boundary shmulconsidereds the
shakedwn boundary. The cyclic owtf-plane bending has larger elastic shakedown
boundary than cyclic #plane bendingHowever, due to the ratchet boundargpnservative

approach should be taken under cyclic-afuplane bending when designirige allowable
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load level. The horizontal pipesectionmakes significant impacts on the limit pressures but

minimal on the reverse plasticity limits.

With thermal load effects, the pipe bend structure under cyclic thermal load shows almost the
same reverse plasticity limit as trlstructure subjected to cyclic owf-plane bending.
Thereforethe thermal stress effects requseriousconsideréabn of the integrity assessment

of the pipe bends structure. Moreover, this steimonstratethat geometry changes such as
variations ofr /t & R/ r ratios do not affect reverse plasticity limit of the pipe bends under
the cyclic thermal load, whereas they haigmificantinfluences on the reverse plasticity limit
under the cyclic bending moments.

Theparametric studies provided understandings ohiccglasticity behaviour of the pipe bend
structure in associated with geometry effects of the pipe bends under different combinations
of the loadings defined. In particular the semipirical equations derived Bectiors 4.3 and

4.4 can be utilistto predict shakedown limit boundary without performing the complex finite

element analysis.
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5. Creep-Cyclic Plasticity Behavioursof Metal Matrix Composite

5.1Introduction

Research oMetal Matrix Compogtes(MMCs) has been ongoing for more than 50 years to
develop stronger, lighter materials, and is now widely used ingendration aerospace and
automotive industrigg7]. Discontinuous MMCs (DMMCs) can combine metallic phase
(including Al, Mg, Cu, Ti, and Fe) and ceramic reinforcement (including borides, carbides,
nitride, oxides, and their mixturelherefore, DMMCs tend to show highemechanical
properties, durability, and stability than corresponding monolithic matrix material. Although
DMMCs have such superior advantages, there are still many things that need improvement:
for instance, highemperature damage tolerance, production dfomogeneousliscrete

distribution of the reinforcement, and high development cost.

For the hightemperatureapplication,significant research and effortgve been puin the
developmentof DMMCs and by using titanium alloynatrix discontinuouslyreinforced
titanium matrix composites (DRTMCs) now possess improved high temperature durability
including other enhanced mechanical properties in recent j&&rdn particular, tanium

matrix composites (TMCs) reinforced with sdit carbide (SiC) continuous fibres haveigh
potential to exploit in the aerospaamed weapoindusties[79]. These composites are stronger,
more ¢eep and fatigue resistant and have a lower weight to stiffness ratio than conventional
metal alloyq80].

Regardingheproduction of d&aomogeneoudiscrete distribution of the reinforcemedéspite
highlighted advantages the DRTMCsfurther challenges to their damage tolerance and high
temperaturestrength are requireld9]. The increasingvolume fraction of theeinforcement
may enhance the high temperatsteengthbut deterioratetheir ductility [78]. On the other
hand arrangements of thesinforcementhave significant impacts othat ductility and
deformability, but tailoring ofthe spatialdistributionof thereinforcements very difficult to
control to ensurdhomogeneougarticle arrangement in productig@l]. As a promising
solution, fabricating titanium matrix with powder metallurgy is highlighted to resmlve

ensureboth high ductility and strength at room temperature and high tempd8&&lre

Manytypes of researcivere carried oubr investigating mechanical properties goiasticity

of particlereinforced metal matrix compositf&3-85]. However,there is no studgn creep
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cyclic plasticity behaviour of particle reinforced titanium matrix composRETMCS9. As a
result, the significancef neither the spatial particle distribution nor the volume fraction
inelastic behaviour of PRTMCs has been repottthce, his workfocuseson investigating
creepcyclic plasticity behaviours of the PRTMCs against effects ofspatial particle
distributions,anumber ofparticles, and volume fractions of the reinforcement, thighLMM
eDSCAandthreedimensionamulti-particles unit cell$86-88].

Section5.2 showsthe microstructure generation of the mygtrticle unit cellalong with the
boundary conditions applied for tieimericalinvestigation.Section5.3 presents numerical
results and discussions ftite creepcyclic plasticitybehavioursof the PRTMCs Effects of
spatial particledistributions, variations of dwell time, and volume fractions on the material
behaviourare presentedsinghysteresis stesstrain loopsandTables with summarised data

It discussesomprehensivelyhe effect otritical parameters affecting the cyclic plasticity and
creepcyclic plasticity behaviour of the PRTMGSonclusions and remarks of this stuate

madein Section5.5.

5.2 Finite Element Model

In order to carry outhis numerical investigatigrihreedimensional multparticle unit cells

have been employed. TR& models used come from a previous study on the optimization of

the spatial particledistribution d MMCs [89]wh er e t he Youngoxsaxisnodul us
has been considered as objective function to derive both its upper bound and lower bound. The
RVE (Representative Volume Elemefjorithm presented if89] is used to create periodic

unit cells and, periodic boundary conditions are applied to {aén

(a) (b) b (c)
Figure 5.1 Groups of nodes on the boundary faces of the RVEs (a) inner f ace
nodes, (b) inner edge nodes and (c) corner nodes [91].
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(b) )

Figure 5.2 Typical FE models with six particles and (a) Vi =10%, (b) Vi =14%, (c)
Vi =25% [91] .

Upon defining three node groups on the boundary faces i.e. inner face nodes, inner edge nodes
and corner nodethree systems of equations reportedbid)( (6.2) and 6.3) are set upwhich

will be applied between the relative node pairs. Into the aforementioned equatiertbe
nodal variable at a specific node within a node group related to the degree of freeiten
uiDl,uiDz , and uiD3 are the perturbation carried out on the dummy ndieS. and Dz and
lLreel S t he | engt h Fathis studye theRnvestiyation ésadagred out with the

perturbationu™ | Oandu’2 =y°3 .

o)

leO
pd t
d (o4}

(b) b

Figure 5.3 (a) RVE with tensile mechanical load s (t) and cyclic thermal load
Dg(t) and (b) load history applied [91, 92].
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Among the optimized arrays of the previous study related to the upper bound optimization,
threevolume fractionof the reinforcementave been considereldereinafter referred to as

Vi, i.e. Vi=10%,  =14%, \t =25%, and five particl@istributions with 2, 4, 6, 8, and 10
number of particles hereinafter referred to as«NI'hree of the FE models employed are
shown inFigure 5.2 and a typical RVE is meshed with Abaqus C3Dé&Bahedral and is
comprised of 60000 elements.

Figure5.3 shows a typical RVE with the mechanicaldagpplied on the dummy nodr and

the thermal load applied by Abaqus temperature field throughout its régieneffect of

spatial particledistribution, number of particleand farticle volume fractions on cregyclic
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plasticitybehaviour has been iestigated by superimposing a tensile mechanical JDpa(d)

along thex direction on a cyclic thermal Ioaldq(t) with a dwell timegt= 1hr, 10hrs, and

100hrs shown inFigure5.3 (b). Constituent material properties were chosen to correspond to
elastic SiC particles perfectly bonded to @242 matrix that follow the data reportedriable
5.1

Table 5.1 Mechanical properties at 500°C.

SiC Ti-6242
E (GP3 380 95
3 0.19 0.32
U(ech 4.1¢€° 8.1€°
&, (MPa) 3450 350

Due to the temperature considered, it is relevant to evaluate the creep strain only for the
titanium matrix. The creep constitutive equation adopted is the Nortatméwepresents the
steadystate creep rate of the material within the seconda&spcstage

°=A & exf( Qe‘%g 1) (6.4)

where €° denotes creep strain rate,is the stress exponemk is a constantQ,,, is the

activation energyR,,. is the universal constant of gases, and T isattgolutetemperature

[K]-

Creep parameters are taken from the tensile creep test dat@Aif4Y material in which test
performed at 20@Paand 600°G93]. Ti-6Al-4V materialshowssimilarcreep behaviour with
Ti-6242. The creep properties are sumingalin Table5.2.

Table 5.2 Creep parameters.
Material A gMPa' " h 1 n Qengg(\] Ono[l Rgas g\] Onor ! |O'l
Ti-6Al-4V 4432.45 4.6 267 8.314
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5.3 Creep-cyclic plasticity of PRTMCs under thermo-mechanical loading

Recently, Giuglianet al. presented cyclic plasticity behaviours of the PRTMCs atGG
Figure5.4. With the same RVE modelhecreepcyclic plasticity behaviours of the PRTMCs
areinvestigatedas an extended research work.

@ \
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Figure 5.4 Shakedown boundaries for different particle arrangements with N = part
2,4,6, 8, and 10 and(a) Vi =10%, (b) Vi=14% and (c) Vi =25% [91, 92] .
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Cyclic creep behaviousf the PR MCs subjected to different cyclic load points which Bie
(s,=0andg=08q,), P2(s, =0.15s ,andg=08g,), P3(s,=03s, andg=0.8q,)
are analyseemployingthe LMM eDSCA method. EG(4) is used to obtairhé creep
parameter for the thermal loadigg- 0.8¢, . A full incremenal cyclicanalysiss performedo

verify theresultsanalysedrom the LMM eDSCAusing Abaqus stepy-step(SBS)method
for an RVE with Nyar=6 andV=10% subjected to the load point P2.

Figure5.5 presentsesultanicreep strain incremeint thesteadystatecycle analysed from the
SBSshown inFigure5.5(a) andtheLMM eDSCAshown inFigure5.5(b), where, the legends
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in Figure5.5, SDV6 denotes creep strain isorent computed by the LMM eDSCBEMAG

IS the creegtrain magnitude analysed by SBS method. The creep strain computed by the LMM
eDSCAis in line with the result by the SBS. It is worth noting that the LEIMCSAproduces
reliable results withina shortcomputational time less than 10% of the SBS. Based on the
efficient performance, the LMM eDSCA has been selected to analyse thecgodiep
plasticity response of the PRTMCs rather ttt@conventionaFEA.

CEMAG

(Avg: 75%)
+8.150e-03
+7.466e-03
+6.782¢-03
+6.099¢-03
+5.415¢-03
+4.732¢-03
+4,048e-03
+3.364e-03
+2.681e-03
+1.997e-03
+1.314e-03
+6.29%¢-04
-5.367e-05

SDVé

(Avg: 75%)
+7.987e-03
+7.316e-03
+6.645e-03
+5.974e-03
+5.302e-03
+4.631e-03
+3.960e-03
+3.268%¢-03
+2.618e-03
+1.946e-03
+1.275e-03
+6.03%e-04
-6.728e-05

() (b)

Figure 5.5 Creep strain contours for the micro -scaled SiGTi6242 PRTMCs
subjected to a cyclic load point P2 for adwell time of 10hrs; analysed by (@)
Abaqus step-by-step method and (b) the LMM eDSCA.

5.3.1. Effect of spatial particledistribution on the creegyclic plasticityresponse

The fifteen different RVEs subjected to a cyclic load p&@t shownin Figure 5.4, are
investigated fom dwell time of 10hrCreep strain and ratchetting strain are calculated for the
most critical location where has theaximumcreep strain accumulated at each RVE model.
The resultare summasedfor a different volumdraction inTable5.3. Stressstrain hysteresis
loops for nadable RVE modelsthat have significant creep strain or ratchetting straia

presentedn Figure5.6.

Investigation resultshownin Figure2.4 demonstrate that when a structigesubjectedo a

cyclic loading point under shakedowoundary structuralresponses in the steady state are
likely to appeaeitherno plastic strain incraentor thecreep enhanced plasticity this work,
however, despite the loading level P2 located under the shakedown boundary for all RVEs, it
is observedhat all RVEs experiencereep ratchettingy the cyclically enhanced creep. As
mentioned, without creep effects, cyclic loading under both elastic and global shakedown
limits do not induce any ratchetting mechanism. However, with creep, the structural response

can be the creep ratchetting due t@eety of factors such as geometry, creep constant, other
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materialproperties Hence the creegyclic plasticity behaviours of a structure should not be
predefined by the cyclic loaaty level but should be thoroughhwestigated From theresults

t no clear correlations between either creep strain or ratchetting straith@ndmberof
particles for a fixed volumé&action Thereforethe results demonstrate that spatial particle
distributions have significant effects on higimperaturelamage tolerare.

Table 5.3 Creep strain and ratchetting strain from the cyclic creep  and plastic
analyses of all the RVE models.
Volume Fraction

10% 14% 25%
No. of Creep Ratchetting  Creep Ratchetting Creep Ratchetting
particles  strain (%)  strain(%) strain strain (%)  strain (%)  strain (%)
(%)

2 0.57 0.28 0.55 0.25 1.92 2.00

4 0.52 0.30 0.46 0.23 0.38 0.16

6 0.62 0.18 0.70 0.43 0.15 0.07

8 0.51 0.24 0.69 0.22 0.38 0.10

10 1.65 0.32 0.42 0.10 0.51 0.09
200 m / / 20

(a) (b) (€)

Figure 5.6 Steady state hysteresis loops of the RVE models subject to cyclic
loading P2 for dwell time 10hrs; (&) Npat=10 with V =10%, (b) Npat=2 with V=25% and
(€) Npart=6 with Vi=25% .

Somenaotableresultsare presenteth Figure5.6. The RVE forNpa=10 with V=10% and
another RVE forNya=2 with V=25% show themost considerablereep deformation. In
particulat the lattelRVE developsignificant total strain rangever 2 % within a cycleéwith

reference to the cyclic loading P2 of the two concerning RVHSguare 5.4, their loading
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levels are quite close to the reverse plastigitit Dg,, . On the contrarythe former RVE for

Npar=6 with V=25%, shows the highest creep endurancdaurthe same loading P2, where
the cyclic loadlevel is the furthest down from its reverse plasticity limit. Based on these
observationsit can be seethat the cyclic load points closer to reverse plasticity limit may
cause significant creep deformation.

5.3.2. Effect of varying dwell time and tensile load leveh the creepcyclic plasticity

response

The parametric studieare carried outor an RVE modelwhich hasNpa=6 with Vi=10%in
orderto understand theffects ofdwell time and a tensile load level on theeepcyclic
plasticity behaviour of the PRTMC§he cyclic creep and plastic analysase performedor
the RVE moded whichare subjectetb eah cyclic load point P1, P2, and P3 using the LMM
eDSCA for three independent dwell of 1hr, 10hemyd 100hrsFigure 5.7 presents He
hysteresis loops constructed for the magitical element of each cas€reep strain and
ratchetting straimnalysedare summariseith Table5.4.
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Figure 5.7 Steady-state hysteresis loops of an RVEmodel that has Npar =6 with V¢
=10% for variations of dwell 1hr, 10hrs, and 100hrs at cyclic load point ; (a)
P1,(b) P2and (c) P3.

For the nontensile loadshown inFigure 5.7 (a), the dwell stress relaxatioaffects the
unloading plasticity but closellysteresisloops appear for all thedwell times. As dwell
increases, creep deformatimereaseshutthe magnitde ofthe endof dwell stress decrease
Different from other thermal stress induced by Hswthermal loading over a structure, the

RVE has the thermal stress caused by a difference of thermal expansion coefficients between

the titanium phase and the etin carbide in the isothermal conditidimereforeno back stress
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effects exist during the relaxatipthe pure thermal stress will be close to zero ovésray

termdwell.

For the tensile loaslshown inFigure5.7 (b) andFigure5.7 (c), creep ratchetting resporsse
occurateverydwell timedue to the cyclically enhanced cre&poverall, creep deformations
significantly increase as tensile load levelreases despite the same dwallerestingooints

to be notedrom Figure5.7 are that the RVE models subjected to the larger tensile load level
P3 have thelwell relaxationstartedand ended at higher stress letven the otherP1 and P2.
Whenthetensile load andhe thermal loadare appliedo the R/E models,primary tensile
stresseandsecondary compressigtressesleveloprespectively Critical stresescombined
between the primary and secondary stresses in the RVE naodiiitely to occur at locations

where the metal matrix encloses the particleshasvnin Figure5.6.
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+5.640e+03
+4.731e+03
+3.822e 403
+2.914e+03
+2.005e+03
+1.096e+03
+1.873e+02
-7.216e+02
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Figure 5.8 Maximum principal stress distributions  of a RVE modelNpar = 6 with
Vi=10% for dwell time 10hrs :(a) s, =0 and (b) s, =0.15g, .

Table 5.4 Creep and ratchetting strain from the creep behaviour analyses of
Npart = 6 Wlth szlo% .

Cyclic load point Dwell time Creep strain (%) Ratchetting strain (%)

lhr 0.39 0.00

P1 10hrs 0.50 0.00
100hrs 0.56 0.00

1hr 0.41 0.04

P2 10hrs 0.62 0.18
100hrs 0.70 0.22

lhr 0.93 0.80

P3 10hrs 3.55 3.50
100hrs 9.84 9.25
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Themaximum principal stress of the RVE maoslelibjected to the three different loadings P1,

P2, and P& investigatedn order b find a dominant stress component of the-Mises stress
shownin Figure5.7. Figure5.8 exhibits contours of the maximum principal stréis¢ributions

for P1 and P2. The locations where the critical stress imposed have the tensile maximum
principal stress component, whereasrdw ofthe metallic phase in the RVE model has the

compressive stress component.

Hence, as the tensile load increases, the start and the end dwell stress level increase, while the
thermal stress being in relaxations for the same diaelmTable5.4, it can bepresumd that
creep strain may be accumulated ol for a dwell of an houwithin acycleif the tensile
load level exceeddP3. Therefore the creepdamage shouldbe carefully assessadhen the

PRTMCsis subjectedo tensile loading conditioalong with the cyclic thermal load.

5.3.3. Effect of volume fractionson the creepcyclic plasticity responsfor a fixed particle

arrangement

As demonstrated iBection6.3.2 the optimised particle distributions in the RVE models do
not direcly benefits to creep enduran¢téowever it is worth investigating what influences

the variations of the particle arrangement giving to the ecgelic plasticity behaviour of the
PRTMCs. For the investigations;yclic creep and plastic analysise performedor RVE
models that have a fixed particle distributmmmcerninga number ofparticles.

Two RVE modelswhich haveNpa=6 andNpa=10 with Vi=25% eachare selecteds a
reference particle arrangement. For each number of particles, four RVE awedelsatefbr
differentvolume fractionsf 10%, 14%.18%,and 22% with a fixed arrangementhe gsclic
creepandplasticanalyss is performedor the eight RVE models subjectedth® cyclic load
point P2 for a dwell time of 10hrsFigure5.9 presents tsessstrain hysteresis loodsr the
most critical element of eéa RVE model in the steaehtate Table 5.5 reports creep and

ratchetting straimccumulated foeachRVE model.
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Figure 5.9 Steady-state hysteresis loops of RVE models that have a fixed particle
arrangement subjected to cyclic loading P2 and dwell time of 10hrs with
variations of volume fractions: (a) Npar=6 and (b) Npar=10.
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Overallresults frombothnumbes of particles present that the cyclically enhanced creep leads
to creep ratchetting response without loading plasticity. As a common trEigiine5.9, both
Npar=6 andNpar=10 modelshavean increase in theress rangasvolume fractionncreases

An interestingooint to be noted is that RVE models withlume fractionghat do not induce
unloading plasticity havapproximatelythe same creep strain of 0.1%.

Table 5.5 Creep and ratchetting strain s for Npat=6 and Npat=10 of RVE models
that have a fixed particle arrangement subjected to cyclic loading P2 and dwell
time of 10hrs with variations of volume fract ions.

Number of Particles  Volume fractions (%) Creep strain (%) Ratchetting strain (%)
10 0.10 0.10
14 0.10 0.10
6 18 0.09 0.10
22 0.09 0.09
25 0.15 0.08
10 0.11 0.11
14 0.13 0.13
10 18 0.20 0.13
22 041 0.12
25 0.53 0.12

Converselythe creep strain increases ongdoading plasticity appeargdndit keepson
increasing as the unloading plastic strain incre&gcreasing therolume fractiorwithin

a fixed particle arrangement, a stress concentration occurs around the reinfibchggriethe
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reducedcamount of the titanium matrix. In additions, when the RVE model has the unloading
plasticity accumulated, the residual stress from the unloading instance affects the start dwell
stress tancreaseeventually it leadsto anincrease in creep strain accumulation. In the sense

of the aboveinvestigationsNpa=10 models may havéessstress concentration around the
reinforcementhanN,a=6 models, which results in the unloading plasticity taking place early.

In the meantimgthe ratchetting strains accumulatedbothnumbes of particles daot have

any influence$rom thevariation ofvolume fraction

5.4 Chapter Summary

The creepcyclic plasticity behaviours of the PRTMGOsas investigatedhroughthe LMM
eDSCA.Key observidons from the results are summadsas follows:

All the RVE models analysed show creep ratchetting responses due to cyclically enhanced
creep,despitea cyclic load applied is under the strstiakedowrboundary. Despite the same
number of particles, variations of volume fractidms/e no direct influences on creep or
ratchetting endurances due to nariform spatial particledistribution. Therefore, the
numerical results demonstrate again th#dring of the reinforcement arrangement affects the
high temperature damage tolerance substantidlgverthelessthe nonuniform spatial
particle distribution, ayclic loadingcloser to the reverse plasticity limit causes significant
creep deformatio. Moreover, tensile load level has significaffiects orbothcreepstrain and

ratchetting strain increment as a dwell increases.

For RVE models witlafixed particle arrangement, variations of volume fractinange effects

on a magnitude of a stresaige within a cycle, which enhance unloading plasticity as volume
fractionsincrease. On the other harallarge number of particles augmertise total strain
range for the same volume fraction. Therefae RVE model that has a smaller volume

fractionexhbits outstanding creep endurance.
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6. Creep-ffatigue endurance of a superheater outlet tube plate

under non-isothermal loading and multi-dwell condition

6.1Introduction

With decades of development, the steam pgwants have become the primary source of
electricity throughout the world. They typically use steam as the working fluid and operate on
the Rankine Cycl¢94]. As a crucial part of a steam power plant, a traditional and standard
shellandtube heat exchanging equipment, the superheater has been broadly employed in oil
and energy indstrieg95]. The superheaters often work together with reheaters to in¢chease
saturated steam temperature and make the electricity generation process more efficient. As
typical singlephase heat exchangers, they operate the steam inside inner pipes and allow the
flue gas outside to heat the steam, in the form of dtoas [96]. They are relatively
inexpensive and straightforward to produce and maintain, also being adaptive and reliable to
withstand working conditios of high temperature and pressure. Among the numerous
components of a superheater, tube plates are one of the most critical parts which are attached
to the tubes and shell simultaneously. Extremely sophisticated loading conditions can often be
detectedn a tube plate comprising both complex thermal and mechanical loadings, which may

additionally induce creep and fatigue damage.

There are two ways to conduct a créafigue assessment in the field of industry: thdeed

and analysifbased. Rukbased miodswidely adopted by U R5 procedures and ASME

NH are usually consideret be overconservative and inaccurateleanwhile, thefinite
element (FE) analysisasednethod has been developedttogstructuraintegrity assessment

at high temperature and improved dramatically in the past decade, especially for Direct
Methods that can balance between tifficiency and accuracy compared to the time
consuming step by step analysifie LMM eDSCAis one of the ngresentative Direct
Methods for evaluating creeagyclic plasticity behaviour of structures at elevated temperature
and capacity of the LMMeDSCA can predict creefatigue damage life by performing
implemented irhouse posprocessing codd45, 97}

However, since the LMMDSCASsubroutine can onlgonsider isothermal creep parameters
and one dwell period in a load cycle, there is some limitation for the IHBEMCAto solve
morecomplex engineering problems such as structures iAnsminermal condition or muki

dwell creep behaviour within a loading cycle. Besides, numerical procedures implemented in
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the LMM eDSCA are not able to predict creep stress relaxation history over timell
Therefore, the LMMeDSCAwas only able tocompute the creep damage with an average
creep stress value, providing slightly conservative life predickience the. MM eDSCAIs
further modifiedto overcome these limitationandthe detaled updates describedn Section
3.4.2.

In this Chapter, witithe modified LMM Framework, effects of the nmothermal loading on
the cyclic creep behaviour and the créajigue life of tube plate under mutiivell periods
are thoroughly investigate@he realgeometry data of the forged superheater outlet tulbe pla
and apracticalloading conditionwith six months of operation periochre consideredBy
applying the temperature dependent material parameters taken from experimental data, it
obtans the trustworthy structural response under cyclic creep effects andatigap life of
the tube platevariousmethodsare usedor creepfatigue damage evaluation of the tube plate.
For cieep damage evaluatiofime Fraction rulg(TF), Ductility Exhaustion metho¢(DE), and
Strain Energy Ductility Exhaustion methodSEDE) are employed For fatigue damage
evaluation, theModified Universal Slope Method (MUSM) and DesignedFatigue Curve
provided in ASME NHare consideredFor total @dmage evaluatiorthe Linear Damage
Summation(LDS) method andhe Unified CreepFatigue equatioare used In consideration

of the multiaxial stress state, two types of multiaxial ductility factor (M&re)employedor

the damage evaluation.

Section6.2 introduces the overall investigation procedufesction6.3 provides problem
descriptions and relevant modelling paramet&rkere Section6.3.1 describes the finite
element model, boundary conditions and loading waveformg afitie plate structureshere
Section6.3.2 presents material properties and relevant parameters employed for predicting
creepcyclic plasticity behaviour and creég@tigue damage modelSection6.4 demonstrates

the performance of the extded LMM eDSCA with numerical results and provides
comprehensive discussions on the ciizijgue interaction of the tube plata.detail,Section

6.4.1 focuses on cyclic cregpasticity behaviour of the tube plate and presents the complex
structural response clearly with hysteresis ststssn loops.Section6.4.2 deals with the
creepfatigue damage life of the tube plate based on theagarmodels mentioned earlier.

Finally, Section 6.5 concludes with critical remarks and findings.
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6.2Investigation Procedures

A flowchart is firstly proposed to exhibit the logic of the numerical investigation in this work
in Figure6.1.

CAE model for
the tube plate

EPP for cyclic Norton law for
plasticity creep model
The modified
LMM eDSCA

Creepfatigue behavior in
the steady state cycle

| |
MUSM &
ASME NH TF DE ||SEDE
l |
v A4
Fatigue damagsd Creep damage

v

Investigations of creep
fatigue endurance

Figure 6.1 A proposed flow chart for the study of the tube plate through the
modified LMM eDSCA method.

The numerical procedures thie modified LMMF with the combinations ai CAE modelthe
elastic perfectly plasticHPP model withtemperaturelependent yield stressas well asa
temperature dependesteep consititutivequation(Nortonlaw) areusedto analysehecyclic
creep and plasticity behaviouds the tube platein the steadystatecycle. After that, the
Modified Universal Slope Method (MUSM) and the Design Fatigue Curve provided in ASME
NH are used to evaluate fatigue damagd theTime fraction (TF), the Ductility Exhaustion
model (DE) and the Strain Energy Density Exhaustion model (SEEREmMployedo assess
creep @mage evaluation. Finally, tHanear DamageSummation(LDS) method and the

unified creepfatigue equation are us¢a evaluate the total damage evaluatibime damage
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endurance evaluatedemonstrates trend of conservativeness of eaevablation method

comparing to experimental data.

6.3 Problem Description

6.3.1. Finite element model and boundary conditions

An FE model of he simplifiedsuperheater tubplate with the 14 tailpipe configuratiais
createdas shown inFigure 6.2. Some features on the actual industrial tpkete are not
modelled including the steam pipes (thin pipes that penetrate through the bores), pintles
(connection components between steam ppestubeplate on external surface figure6.2

(b)), internal tailpipes (connection components between steam pipes apthtelmn internal
surface inFigure 6.2 (a)), and sheath tube (a case being welded tojilatte on surface in
Figure6.2 (d)). The reasons that the stress concentration occurs arountyahesurface of

the tubeplate perforation regardless of the presence of these features. The corners inside the
tubeplate have been modelled with round fillets albeit that the gouge outside thalateée

for gimbal attachment h&&en neglectedt is worth mentioning that only nominal dimensions

are adopted during the modelling procasiso corrosion or erosids consideredThe detailed

dimensionsare showrin Table6.landFigure6.3 (a) and(b).

@ ‘ ,//"/\\\

Figure 6.2 Simplified 3 -dimensional tube plate model with certain surfaces
selected: (a) internal surface, (b) external surface, (c) tube holes, and (d) sheath
tube weld surface .

Half of the whole tubelateis madelledsince the structure is symmetric about tkeplane.
The FE model is constructed and meshed using commercial finite element software ABAQUS

as showrin Figure 6.3 (¢). The model consists of 15832 quadratic brick elements. For heat
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transfer analysis and stress analytsisjdentical geometry and mesh configuratiame used
excepting the element type, where DC3D20 for heat transfer analysis and C3D20R for stress

analsis respectively.

Table 6.1 Geometry dimensions of the tube plate (all dimensions in mm)
T t D d a
110 60 421 38.3 24

@ w ©

R20

Figure 6.3 (a) Side view of the tubeplate model, (b) Front view of the tubeplate
model, and (c) meshed tube plate.

The loading waveform and boundary conditire assumedasedon the actual working
condition of asixmo n t shperfieater operation. For normal full power reactor transient, the
gas inlet temperature 830 "C andthe gas pressure is MPa , whichare appliedo the
external surfaces iRigure6.2 (b) of thetubeplate The steam temperature580 C and

the steam pressure is 18¥Pa, whichare appliedo the inside surfaces irigure6.2 (c) of

the bores of tubglate. With multidwell stages in the loading waveforih,considershe
thermal and mechanical loads cycle betw&é@% of full power loading and 6 of full

power loading, as shown Kigure6.4.

No pressuresire appliedon the internal surfacda Figure 6.2 (a) of the tube plate which
operates at atmospheric pressurbe thermal loadis simplified suchthat it appliesthe
temperature directlio the surfaces without considering heat transéefficients between the
working fluid and solid structure. The reason is not only for simplicity but also for

conservatism as the simplified thermal condition has been proved to yield larger thermal stress
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than the actual working conditiom addition,only the pressure and temperature loadirey
consideredbut the seHweight of the tubglateis neglectedince it has an insignificant effect

on simulation results.

qO :[Tgas :680 C_& Tsteam 53:0 C] -
r pr —
DqD%& D%so‘” Sy =[P, #IMPa& R, E5.9MPd
A
1.05hansnnnnnns
1.0 Dt =291(hrs
> t

t, ity ty  ts

Figure 6.4 Loading waveform under multi -dwell for six months operations .

A reference poiris createdvith six degrees of freedom fixed at the centre of fplbée, which

is also connected to the tupkate - sheath tube weld surface (surfacerigure 6.2 (d)) by

means okinematic coupling constraint. This constraint has beefiguned to allow the weld
surface teexpandonly in radial directionln addition a symmetry boundary condition about
x-direction has been applied to simulate the whole structure with the half model. According to
thetrial heat transfer assessment, the circumferential distribution of temperature alongside the
sheath tube may cause ttheformation of the weld surface in both axial and circumferential
directions. Thus the existing boundary condition may -@esstrain the surface in the
circumferential direction. But this oveonstraint is accégble because the stiffness of the

tubeplateis judged to be much larger than the sheath tube in the case of this deformation mode.

Regarding the deformation in the axial direction, it basfirmedthat stress concentration
happens within the tubglate body, away from the area affected by the axial temperature
variation. Therefore,regarding rationality and simplicity, these influences have been
disregarded. Incidentallyin accordance wittactual working conditions, there are some
constraints ancgendpipe loadings generated from tailpipes and steam tubes being also
neglected herein because they are quite flexible and are remote from regions of stress

concentration.
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6.3.2. Material properties and modelling parameters

1 Cyclic plasticity

Type 316 stainlessteelis often useds a material for the superheater outlet tube plate. To
obtained conservative resultyclic plasticity of the the plate was analysed using diastic
perfectlyplasticmodel(EPP) with temperature dependent yield streSsasle6.2 shows the
temperaturelependenyield stresseg$or the temperature ranges betweiC and750°C.

The vyield stresses unspecified iFable 6.2 are calculated by extrapolation method
implemented in thenodifiedLMM eDSCA

Table 6.2 Temperature dependent yield stresses of Type316 stainless steel
Temp['C] 20 500 550 600 650 700 750

s, [MPd 205 110 105 100 95 90 85

1 Creep constitutive model
Consideringhat each dwell period threemonths, the inelastic deformation of the tube plate
due to creep is assumed to follow Norton law which shows the secondary creep regime and

-Q

the temperature dependent creep paramgtekp(—— )is applied by using Arrhenius law,

as

- L ©) a
e =A & end 5 6.1
e /RT ¢

where °is the equivalent creep strain ra#; is the frequency factarQ,,, is theactivation

energy[KJGnol '] ; R, is the gas constaifif Gnof* K] ; T representsemperature in

Kelvin [K] ; N is the stress componeithedetailedcreep parameteese listedn Table6.3.

Table 6.3 Creep parameters for calculating creep strain.
A Q R n
46333.8 330 8.314 6.1
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1 Creep-fatigue damage models

Theframework ofLinear Damage SummatiohDS) divides the creefatigue estimation into
two parts, namely the fatigue damage and creep damagesiedolystatecycle. Theequation
of thegenerakreepfatiguelife prediction based on LDS cére expresseds

1
Ny =——— (6.2)
D, +D,
where N, is thenumber of cycles toreepfatiguefailure, D, andD, respectively denote

fatigue and creepagnage in thsteadystatecycle

As mentioned irBection2.2.1.2, the Modified Universal Slope Method (MUSMuiedto
calculate fatigue damag#’*" of Type 316 stainless steel. Eq.(2ig)convertedo half

cycle %'- 2N, design fatigue curveVith consideration ofhe high temperature operating

condition tensile strengtls , of Type 316 stainless steelreplaced with creep rupture stress
of 68MPa at 700 C for 10,000 hours and fatigue ductilig is assumed to be 0.4 which is

found to be 0.077 at room temperature. If tensile strength decreases and fatigue ductility

increases, the number afcle to fatigue failure N, shorten, leading to predianhore

conservative fatigukfetime than one at room temperature.

0,832 - 053,
D

D8 062852 o™ 1001080 B O o (6.3)
2 cE = E% e

TF, DE, and SEDE methodsare employedto predict creep damagéde and compare the
prediction capacities. lis knownthat TF and DE have been widely used in engineering
structuresand incorporatedinto ASME NH, RCGMRXx, and R5 procedure respectively.
However, some limitationsemainin predictions of increased creep damagelgbe 316

stainless stedbr longer dwell periods.
Themultiaxial rupturestress, Sy , @and creep rupture timé, , are considered to be the two

dominated parameters that havgreatimpact on creep damage in tseadystatecycle in

TF model, which is given by
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o dt

Ef (SRUP’T) (64)

0

TF@rup —
d. =

where d]"®"* is the creep damage in tisteadystatecycle by using the TF modeThe

function oft, (S,p, T) canbe expresseds the following two equations

logt; (SrpuesT)=K &p? (6.5a)
Snp=0.133335. ©.867. (6.50)

wherek anda are two material constants in the posiawr relationship, and s theinstant
equivalent stress. The magnitudeskoind & at various temperatures betweg®0 C to
750 C for the TF modelarebased oneferencg98], as listed infable6.4. The parameters

k and & for nonspecified temperatures betwe880 Cand750 C are calculated using

the interpolation technigue implemented in the modified LEINSCA

Table 6.4 Material constants for TF model of type 316 stainless steel

TemperatureC k a
500 1557.2 1.02
550 290 0.777
600 86.305 0.598
650 38.861 0.483
700 22.276 0.406
750 15.526 0.363

Themultiaxial creep damage calculatedn the basis dR5 ductility exhaustion mod€DE),
where the creep ductilitye , has a function of the creep strain ra&&andtemperatureThe
creep damage in theteadystatecycle with the combinations d)E model andmultiaxial

ductility factor MDF), d°**°F  can be written as

Dt =c
dDE@/IDF — ~ e
C

A"
Nz T)aVDF

(6.6)
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In the uniaxiaform, the creemluctility € can beexpressedby:
e = min.g @,Max.( B )e (6.7)
where €, is the upper shelf at high strain rat€sis the lower shelf at low strain rates and

m are the material parameters. Creep ducti@tythat considers effects of MDF cdre

representeds Eq. (6.8):

Qo
RN

Si
S

2= H*°A@) KMDF  £(°¢ T)expap S 6.9

(XD~ (D~
VOPLQJO

-O: 0t
O

W

1O 0

wheres, and S are the maximum principal stress, mean or hydrostatic stress respectively;
p=2.38 andq=1.04 are the empirically derived constants for austenitic §8%ls
Parameters for Eq.(6.7) should consider-ismthermal temperature effects, but limited data
published Thus parameters uniaxialcreep ductility ofex-serviceType 316H at570°C and

600°C are employed for creep damage evaluation based on DE methoddeTdiked

parameterare listedn Table6.5. According toSection6.4 analysis results, maximum creep
deformation occurs near the tube holes, and this region has a temperature range ¥&m 530

to 560°C.

Table 6.5 Material constants for creep ductility of type 316 H stainless steel [100] .
&, (%) B m e (%)
50 1.0496 0.3258 6.04

Wenet al.[63] proposed the MDien as an alternative way oféiMDF provided in R5, which

canbe expresseds:

&2&n 05 § B3 0.5-5,,8
MDF,, = eXpg= : 2 m .
wen = P38 1 0.5 %bex'o &&05 59 ©9
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The SEDE model containinyIDF,, is firstly introducedby this research where the
inelastic strain energy density rafe, , and the failure strain energy density, , are used to
evaluate the creep damage

W,

Dt
d SEPEMDRien — 3 dt 6.10
¢ (["\Nf (Wn’T)GVIDENen ( )

where d>EP"MPRe s the creep damage in theeadystatecycle by considering SEDE and

MDFwen. Similarly, the functiorof W; (V\(n,T) by consideringhe Arrhenius law

W = aexpgeDGSED RT 8@? (6.1

where B, and B, are two material constants for the expression of failure strain energy

density, andDGg.,; is the activation energy range in the SEDE mod@lbe parametersf

SEDEmodel are fitted to SMDE data of Type 316H stainless §i®€l] and listed inTable
6.6.

Table 6.6 Material constants for SEDEmodel of Type 316H stainless steel .
B.L BZ |:BSEDE
1.795 0.16 25843

Different from the previous work for pure straiontrolled tests, the complicated structures
are always subjectdd mixed strairstress controlled situations for each integration point. In
such a casd, is worthto mentiontwo different casethatdescribe thelastic followup factor

during dwell pBigue65ods, as seen in

Based on that, the calculations of inelastic strain energy densityvatesan be presenteals

shaded areas defined:by

w,= B ® =ft 0, O ). 3) (6.120)
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w,= B° ® Zf e, O )}, ) (6.12)

where D&° is the equivalent creep strain range during one dwell pesiod5, and 5,

respectively denote the equivalamn-Mises stress at the beginning agrd of one dwell

period.

a]" .IILE hj _.II.E

2

L OAFT L AFT | _
i i * E

— : Btress strain relation

AZ"  AF

) ¥

: Dniving energy for creep damage
Figure 6.5 Inelastic strain energy which leads to the creep damage: (a) 5.> 3§
and (b) 5.> 3.

After the estimations of fatigue and creep damages, the-tatgpe interaction diagram
provided in ASME NHfor type 316 stainlessteelcanbe shownin Figure 6.6, where the

vertical axialis definedas total creep damag®,, and horizontal axiak definedas total

fatigue damageD; .

As mentioned in Section 2.2.2.1, the unified cregue equation ipowerlaw form isused

to predictthetotal damagedife d""®* in thesteadystatecycle, which carbe definedas

total

ep = C:O g‘ _Cl (T -'I:ef) g‘lf— temr; Pt BT Fer) (613)
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wheree,is the plastic strainC,,C, , b,, andb, are the coefficientsT is the reference

temperaturef 873K . It shouldbe mentionedhat total strain rang®é,,, is used to predict

conservative creefatigue damage life instead o$inge, .

1.0

S
o0

=
foN

o
~

Total creep damage, D,

=
[\

-~
-~
-
-
Sl
-
-~

o
o

= = Unity

Type 316SS

S
o

0.2 0.4 0.6

0.8

Total fatigue damage, Dy

Figure 6.6 Creep-fatigue damage envelope for Type 316 stainless steel in ASME

NH design codes.

Table6.7 shows theoefficients of Eq.(6.3) for fatigue damage evaluation of type 316 stainless

steel.
Table 6.7 Coefficient of Eq.(6.13) .
Temp.range C, C, b, b,
72X - 87X 1.997 0.002955 0.62375 -0.000309
87X - 92K 2.452 0.002668 0.80713 0.00088

6.4 Numerical Resultsand Discussions

6.4.1. Creepcyclic plasticity behaviour

The linear elastic analysids performedfor the superheater tube plate subjectedht®

mechanical loadthe thermal loadand the thermemechanical loadespectively so that
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individualloading effects on the tube plate can be undersitloel resultant elastic vedises

stress contours for each loadiag illustratedn Figure6.7.

von-Mises

von-Mises ) von-Mises
- {Average-compute B
(Averigezgg;nfg:e) +3.317402 (Average-compute)
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+4,9422 401 +2.191e+02 +3'160 +02
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¥
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Figure 6.7 Elastic stress solutions: (a) mechanical load only, (b) thermal load
only, and (c) both mechanical and thermal loads.
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| oaTdhseagmidfudequi val ent streesétoodetimbe t heg
thamder the mddgdif{ecsphlowlsoasd.mi |l ar equi valent
contour with the steremasl dli csd d itdhhed yingdegoriu nsdhebrev g

of the equivalent stress. Hence it can be pr
componenmnteimmathtaeni c al |l oading condition, and
t her mal | oeands i p reo dsutcree sts e s . It is noteworthy

equi val ent gthreersmsc hiamd eranmid rHemd asdusb bieshast B e s s
range at t hleaictkeso | perde daarcetae,de t ube pl ate may h
defr mati on during |l oading and unloading | oad

Thecyclic creepandplastic analysiss performedor the tube platsubjected tahe therme
mechanical load and the multiple dwell periodingthe modified LMMeDSCA Figure6.8

exhibits temperature distribution andemperature dependent creep parameters

A exp( Qe%% 1) over the tube plate at each dwell periéd.one of thamprovemens of

the modified LMM eDSCA the temperaturedependent creep parameter effects shown in

Figure6.8 have been considered in creglic plasticitybehaviouranalysed.
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Figure 6.8 (a) Temperature distribution at the 1
parameters at the 1 stdwell, (c) temperature distribution at the2

(d)

Y

L.,

st dwell, (b) non -isothermal creep
nd dwell, and (d)

non-isothermal creep parameters at the2 nd dwell.

Figure 6.9 showsequivalentstress contours at steady cyclic state for each load instance. For
the 18t loading instance, the maximum equivalent stress with yielding occthslatled area

of tube In the 15t dwell, the loaded stresses relax to approximately half, and the maximum
equivalent stressaxccur atthe inside fillet edges of the tube plalue tothe 5% increased
loading condition at the"®loading the magnitude of the maximum equivalent stiesseases
slightly at the inside fillet edges$n the 29 dwell, the imposed stress from ti2&" loading

relaxego around half, but the maximum equivalent stresses octhe different location, the

108



tube holed aredrom the 2 dwell. Finally, Figure6.9 (e) showsthe residual stress fields of

the tube platatthe unloading instance
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Figure 6.9 Equivalent stress distribution contours: (a) the 1stloading, (b) the 1st
dwell, (c) the 2nd loading, (d) the 2nd dwell, and (e) unloading.

Figure 6.10 shows maximum effective agp strain increment at each dwell dfigure6.11
presents stresstrain hysteresis loops for the concerning locations show#igure 6.10. In

the F' dwell, the maximum creep deformation occurs at the tube holed area in thikich
element numbes 15107 and in the ? dwell, maximum creep deformation occurs at the top
of the nside fillet edges in which element number isA.interesting findingsmaximum
creepdeformation at each dwell domst occur at locations where maximum equivalent stress
occurs In the monotonic creep test undbe isothermalcondition, itcannot happen, but it
does in the structure levalVith shown hysteresis loops Figure6.11, the reasonsvill be

explained
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Figure 6.10 Effective creep strain increment contours  at: (a) the 1stdwell
(element number: 15107) and (b) the 2nd dwell (element number: 2) .

For the *'loading instance, the inside fillet edges produce quite snegjiévalenstress level

than tube holed areahusan increase of creep stress appears duringttbevdll. The inside

fillet edges have larger creep constants than the tube holed areas due to high temperature, but
the small creep stress level at the fillet edgasnot develogignificantcreep deformation.

On the contrary, in the"2dwell, since the start of creep stress level at tube holed areas is
similar to the fillet edges, the larger cremgnstantof the fillet edges develogargercreep

deformation thanube holed areas.
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Figure 6.11 Saturated stress-strain hysteresis loop s for the critical locations : (a)
element 15107 and (b) element 2.
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For the element 15107, significant creep stress relaxation occurs through both dwell periods,
leading to considerable unloading plasticity taking place that reduces ratchetting strain
increment. However, owing to no yielding over a cycle occurs at thertéinthe inside fillet

edges causes larger ratchetting strain increment than tube holed areas. Both elements 15107
and 2 show creep ratchetting responses in the steady state due to cyclically enhanced creep

mechanism.

As one of theimprovemens in the rumerical technique, the modified LMM eDSGzan
present stresses and creep strain histories aleelbperiod.Table6.8 shows thestresseand
the creep strain histies for the element 15107 at th¥ @well. Theserelaxation histories in
the stresses and the creep strain are essential data to calculafatigaepmlamage life. In the
following section creepfatigue damage lives based on commonly used appes will be

evaluated using those relaxation histories.

Table 6.8 Stresses and creep strain histories for the element 15107 at the 2nd

dwell: creep stress 5., effective creep strain &°, principal stresses s,, s, ¢ and
mean stress s, .

Dwell Time 13 a° s, S, S, S,
[h]
291 53.7 7.73E04 23.7 -0.124 -16.41 2.4
582 50.6 1.27E03 25.1 -0.128 -16.36 2.9
873 48.3 1.63E03 26.2 -0.131 -16.33 3.2
1164 46.6 1.91E03 27.0 -0.134 -16.31 35
1455 452  2.14E03 27.7 -0.136 -16.29 3.8
1746 44.0 2.34E03 28.3 -0.137 -16.27 4.0
2037 429 2.50E03 28.8 -0.139 -16.26 4.1
2328 42.0 2.64E03 29.2 -0.14 -16.24 4.3
2619 412 2.77E03 29.5 -0.141 -16.23 4.4
2910 40.5 2.88E03 29.9 -0.142 -16.22 4.5
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6.4.2. Creepfatigue damageendurance

The ai Meofd .0dns2dnootp rao vsiodd d weiotnhcsl puestisee h ect i on
ofdamage. mintcedé sd usses damage | ives based on
utilises the modifitad bk MME a BfEafta ngcuoeflledhs noarg e s .
section TF, DE, and SEDE methods are emplojyeablving multi-axial ductility factors for
creepdamage calculation&dSME NH and RCE@MRx codes adopt TF method, amstead

R5 proceduresmployee DE method for creep damage evaluailite. fatigue damagés
evaluatedoy using MUSMshownin Eq.(6.3) and the Design Fatigue Curve of 316 stainless

steel provided in ASME NH.

Figure6.12 andFigure6.13 present creep damage per cycle in the steady state fodwatth
respectively. @lculatedcreep damage lives based on the three metaidsummariseih .

TF method causes maximum creep damage to the inside fillet edge and the outside of the tube
plate, whereis exposed to the highertemperaturge at eachdwell respectively, but the

concerning areas withonsideral® creep damage are in compressive stresses. As shown
maximum principal stresS; contours inFigure6.14, compressive stresses axarinant at

high temperaturareas for both dwell periods. It shoble highlightedhat the modified LMM
eDSCA can produce maximunprincipal stress history over the dwell period, which can

calculate mor@ccurate creep damage under multiaxial stress state.

According to ASME NHJ[11], creepdamageunder compressive and multiaxial states of
stresses is calculated using Eq.(6.4). Creep datifager TF method is calculatedith

regard taa critical element 56 7@hich shows the maximum creep damage per cycle within a
cycle. TF method is designeddalculatehe creep damage from dwell time over creep rupture
time at temperature. It isasonabléo seehat the maximum creep damageusat the higher
temperatureside in whichit has the shorter creep rupture tir@®nsequentlythe tube holed
areawhich has lower temperature than the outside of the tube plate shows smaller creep

damage.
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Creep Damage TF Creep Damage DE Creep Damage SEDE

(Average-compure)
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-1.860e-05
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Figure 6.12 Creep damage contours at the 1stdwell: (a) TF model with s , (b)
DE model with MDF, and (c) SEDE model with MDFwen.

Figure 6.13 Creep damage contours at the 2nd dwell: (a) TF model with s, , (b)
DE model with MDF, and (¢) SEDE model with MDFwen.

It is observed that thmaximum creep damageccuss at the elementof 15107for both DE
and SEDE model#n reference téigure6.14, the element 15107 is imposed maximum tensile
principal stresses during both dwell periodéth regard tacompressive dwell, the R5 states
that the upper shelf uniaxial creep ductility is used to estimate creep dagja@pindler
suggestedhe Stress Modified Ductility Exhaustion methdam that creepdamage under
compressive dwell should beegligible based on creep cavitati mechanismvherecreep
cavities neithenucleats norgrows under compressivatressegg0]. For compressive dwell in
both DE and SEDE methods, it is assuntiedt the creep damagis negligible and the
assumption haseenimplemented into the modified LMM eDSCAIthough the inside fillet
edges show the maximum equivalent pregeformation in the 2ndiwell, they are in

compressive stresthus theelement2 is considered as zero damage as shown in

113


















































































































