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A parametric study on creep-fatigue strength of weldedgousing the linear matching
method

Yevgen Gorash, Haofeng Chien
Department of Mechanical Aerospace Engineering, University of Strathclyde, Jameis Building, 75 Montrose Street, Glasgow G1 1XJ, UK

Abstract

This paper presents a parametric study on creep-fatigeagtr of the steel AISI type 316N(L) weldments of types 1 and 2
according to R5 Vol. B Procedure classification at 580 The study is implemented using the Linear Matching MetfiddM)

and is based upon a latest developed creep-fatigue examiymticedure considering time fraction rule for creep-dge@ssessment.
Parametric models of geometry and FE-meshes for both tyjpgsldments are developed in this way, which allows variatid
parameters governing shape of the weld profile and loadingditons. Five configurations, characterised by individsets of
parameters, and presentingtdient fabrication cases, are proposed. For each configayaiie total number of cycles to failure
N* in creep-fatigue conditions is assessed numerically fffedint loading cases including normalised bending moriveand
dwell periodAt. The obtained set dfi* is extrapolated by the analytic function, which is depenaenM, At and geometrical
parametersg andpg). Proposed function foN* shows good agreement with numerical results obtained bizMhd. Thus, it is
used for the identification of Fatigue Strength Reductiottéia (FSRFs) intended for design purposes and depende} @ng.

Keywords: Creep, Damage, Finite element analysis, FSRF, Low-cytipu@, Type 316 steel, Weldment

1. Introduction long-term strength of weldments is a wide research areaiwhi
requires some unified integral approach able to improvefine |
According to industrial experience, during the service lif prediction capability for welded joints. The most compnehe
of welded structures subjected to cyclic loading at high-temsive overviews of studies devoted to investigation of influe
perature, welded joints are usually considered as thecakiti of various parameters on fatigue life of welded joints are- pr
locations of potential creep-fatigue failure. This is cdidy sented in [1, 2, 3]. However, the influence of creep on residua
higher stress concentration, altered and non-uniform miahte life is not investigated in these works.
properties of weldments compared to the parent material of This paper presents further extension of a latest developed
the entire structure. Therefore, creep and fatigue cheniaet approach [4], which includes a creep-fatigue evaluati@ter
tics of welded joints are of a priority importance for lorgifh dure considering time fraction rule for creep-damage asses
integrity assessments and design of welded structuresteThement and a recent revision of the Linear Matching Method
were attempts to develop analytical tools [1] to estimat&lo  (LMM) to perform a cyclic creep assessment [5]. The appli-
term Strength of welded jOintS under variable |0ading. HOW'Cab”ity of this approach to a Creep_fatigue ana|ysis was ve
ever, residual life assessments are frequently compticatel  fied in [4] by the comparison of FEAMM predictions for an
inaccurate because of complex material microstructuré@md  A|S| type 316N(L) steel cruciform weldment at 53Dwith ex-
many parametersfi@cting the strength of welded joints. They periments by Bretherton et al. [6, 7, 8, 9] with the overal ob
include technological parameters of welding process arstt po jective of identifying fatigue strength reduction fact¢FSRF)
weld heat treatment, accuracy of modelling of weldment maof austenitic weldments for further design applicationsn A
terial microstructure, influence of residual stresses astid  gyerview of previous modelling studies devoted to analgais
tions, geometrical parameters of the shape of the weld prasimylation of these experiments [6, 7, 8, 9] is given in [4grG
file and non-welded root gaps, parameters of service comditi  era|ly they investigated an accuracy of residual life zasests
such as temperature, mechanical loading and dwell perivd. Iaccording to R5 creep-fatigue crack initiation procedur@] [
view of the complexity of a unified model development for the and its more recent revisions and potential improvements.
asse_ss_ment of cr_eep-fangue strength, there are a_hrmrmdber Effective and fast modelling of structural components with
of existing analytical approaches, but none O,f which are &bl complex microstructure and material behaviour such as-weld
account for all of weldment parameters mentioned abovesThu o i« inder high-temperature and variable loading camiti
can be implemented by the application of FEA with direct anal
*Corresponding author. Tek44 141 5482036; Faxt44 141 5525105. ysis mEIhOd.S’ which calculate the. stabilised cyclic respat
Email addresshaofeng.chen@strath.ac.uk (Haofeng Chen) structures with far less computationafeet than full step-by-
URL: http://www.thelmn.co.uk (Haofeng Chen) step analysis. The most practical among these methods are Di
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rect Cyclic Analysis [11, 12] and the LMM framework [13, 14]. /] thk
The LMM is distinguished from the other simplified methods 2 type 2
by ensuring that both the equilibrium and compatibility sa¢- d,

isfied at each stage [13, 14, 15, 16]. In addition to the shake
down analysis method [15], the LMM has been extended be>|""
yond the range of most other direct methods by including the
evaluation of the ratchet limit [13, 14, 16] and steadyestat
cyclic behaviour with creep-fatigue interaction [17, 18]he
LMM ABAQUS user subroutines [19] have been consolidated

most amenable to practical engineering applications uing|
complicated thermo-mechanical load history [14, 16]. &wH
ing this, the LMM was much improved both theoretically and
numerically [5] to include more accurate predictions of ke
bilised cyclic response of a structure under creep-fatiguneli-
tions. This, in turn, allowed more accurate assessmentseof t
resulting cyclic and residual stresses, creep straintiplstsain
range, ratchet strain and elastic follow-up factor. Finat aid
wider adoption of the LMM as an analysis tool for industry,
the development of an Abagi@®AE plug-in with GUI has been
started [20]. For this purpose, the UMAT subroutine code has
been significantly updated [20] to allow use of multi-prams
for the FE-calculations of shakedown and ratchet limits.
The parametric study presented in this paper is based on the
research outcomes given in prior work [4] validated by match
ing the basic experiments [6, 7, 8, 9]. These outcomes briefl¥_ o . _ _
. . .. . . . igure 1: Designations of parameters fully describing walafile geometries
include: 1) more re_ahstlc_modelllng of a material behaviou types 1 and 2 weldments and applied bending moment, dogorl[6]
of the weld regions (including LCF and creep endurance) when
compared to previous studies; 2) a creep-fatigue evaluptio-
cedure considering time fraction rule for creep-damagesass 2. Parametric models of weldments
ment and a non-linear creep-fatigue interaction diagrgrap3
plication of the recent revision of the LMM outlined in [5].sA Referring to [1], generally creep-fatigue test results efdw
a result, the approach proposed in [4] provides the most-accument specimens contain various levels of scatter, whiclus u
rate numerical prediction of the experiments [6, 7, 8, 9hwit ally caused by geometric and processing variations suchras p
less conservatism when compared to previous works, particdit-up, weld gap, variation in feed rates, travel rates, waaid
larly to [18]. Thus, exactly the same assessment approach @es, etc. This scatter complicates the interpretatiorsif ite-
used in the current study and is applied to parametric studiesults, and often makes it nearly impossible tffatientiate the
of the weldment geometry in order to assess ffiece on the effects of geometry, material non-uniformity, residual strasd
predicted life. other factors. It has been indicated [1] that one of the miaist ¢
Another outcome of the previous work [4] is the formulation ical factors &ecting the creep-fatigue life of a welded joint is
of an analytical function for the total number of cycles td-fa the consistency of the cross-sectional weld geometry. TThe s
ureN* in creep-fatigue conditions, which is dependent on norplified weld profile is usually characterised by the follogin
malised bending momei and dwell periodit. This function — geometric parameters [1]: plate thicknes#getive weld throat
N*(M, At) matches the LMM predictions with reasonable ac-thickness, weld leg length, weld throat angle, and weld &e r
curacy and is used for the investigationAtfinfluence on the dius. In this case the weld profile is assumed to be circular fo
FSRF. Therefore, thefiect of creep on long-term strength of type 1 and triangular for type 2 weldments with fillets on toes
type 2 dressed weldments (according to the classificati®bin connecting with parent plates. A vast quantity of reseaech r
Vol. 2/3 Procedure [10]) is taken in to account. viewed in [1, 2, 3] has been devoted to investigationftéas
Apart from accounting for operational parameteks &nd  produced by these parameters on residual life.
At), it is necessary to investigate the influence of a weld @rofil  In the present study, the geometry of the weld profile for type
geometry on creep-fatigue strength within a parametridystu 2 weldment is more completely specified in order to investiga
The introduction of geometrical parameters into the fuocti its as-welded, dressed and intermediate configuratioresb@h
N*(M, At) allows the calculation of the FSRF as a continuoussis of the parametric models shown in Fig. 1 are the sketches
function able to cover a variety of weld profile geometries in of the weldment specimens produced by the Manual Metal Arc
cluding type 1 and 2 in dressed, as-welded and intermediat@MA) welding and reported in [6]. The type 1 weldment spec-
configurations. imen contains a double-sided V-butt weld, and the type 2 weld




ment specimen contains 2 symmetric double-sided T-buticru ~ The direct transitions are formulated as follows

form fillet welds. The parent material for the manufacturarfig thk/2 d,

aII_ specimens are continuous plates of widtlr= 200 mm and cos@ +B) T sin @+p)

thicknessthk = 26 mm made of the steel type AISI 316N(L). Rz = Sina cosa and

The typical division of the weld into three regions is adapte - - (2)
here analogically to [4] including: parent material, welétal sinfw+p) cos@+p)

and heat-fiected zone (HAZ). It should be noted that the HAZ D2 R, cosa +thk/2 2R,

thickness is assumed to be 3mm based on the geometry given cos @ +p) '

in [6]. These 3 regions haveftirent mechanical properties de-
scribed by the following material behaviour models and eorr ) ) )
sponding constants at 58Din [4] for the FEA with the LMM: 5= arc z{dz + (thk/2)* - R - (R, + D/2) }

—2R2 (R2+D/2) ’

The reverse transitions are formulated as follows

e Elastic-perfectly-plastic (EPP) model for the design tani

as a result of shakedown analysis; a = 9C° — arcta % -B
2d, ©)
e Ramberg-Osgood (R-O) model for the plastic and total R2 - (Ry + D/2)* - d2 — (thk/2)?
strains under saturated cyclic conditions; —arcco .

-2 (R, + D/2) {/d? — (thk/2)*

e S-N diagrams for the number of cycles to failure caused Relations between independent parametand controlled
by pure low-cycle fatigue (LCF); parameteis for type 1 weldment are formulated using basic
trigonometric calculus in conjunction with the thicknedsao
o Power-law model in “time hardening” form for creep Pplate cross-sectiaimkand the corresponding associated param-

strains during primary creep stage; eters iy andd,) as illustrated in Fig. 1:
thk thk—hy
e Reverse power-law relation for the time to creep rupture 1713 and d, = 2 tan40. @

caused by creep relaxation during dwells; The direct transition is formulated as follows

¢ Non-linear diagrams for creep-fatigue damage interaction §=Ri(1-cose) with Ry =dy/sine. )
for the estimation of total damage. The reverse transition is formulated as follows
. . . Ri-6\ . 5§ o
The profile geometry of type 2 weldmentis comprehensively  « = arcco R with Ry = > + 25 (6)
1

characterised by one of two pairs of parameters: (1) indepen
dent parametersy(andp), which are not dependent on a plate  Since the proposed parameters for both types of weld profile
thicknesghk, and (2) technologically controlled parametd®s ( are fully convertible, they can be used to characterifiemint
andD), which change their values with a change of plate thick-scales of technological dressing of weldments by grindiraps
nessthk. The advantage of the 1st couple is that it is not sensias dressed, as-welded and intermediate. Thus, in order to re
tive to simple scale transformation of the weldment geoynetr duce the computational costs, only five configurations ofiwel
The advantage of the 2nd couple is that it could be easily meagrofile, listed in Table 1, were chosen for parametric studynf
sured and controlled according to technological requirgse among the possible parameter combinations. It should esinot
Therefore, in parametric relations for strength of type 2dwe that configuration no. 2 of the type 2 weldment titled “tygiga
ments the independent parametersafid 8) should be used dressed” (characterised in Fig. 1 by = 3mm,R, = 25mm,
with a capability of transformation into controlled paraers D = 59 mm,« = 7.745 andg = 38.382) has been an object of
(R, andD). As illustrated in Fig. 1, angle represents a local research in prior work [4]. Configuration no. 1 is charactedi
geometrical non-uniformity caused by a deviation from#ret by a tangent condition between parent plate and weld profile
gent condition between parent plate and weld. Arjtepre-  contours. Configuration no. 5 presents the extreme varfaat o
sents a global geometrical non-uniformity caused by déiposi  roughly manufactured welded joint without any dressingug;h
of weld metal connecting the orthogonal part. configurations no. 2, 3 and 4 correspond to some intermediate
The relations between the two parameter paitg3(andR,,  variants of weldment fabrication between the scales “jotisfe
D) for a type 2 weldment are formulated using basic trigono-dressed” and “coarsely as-welded”.
metric calculus in conjunction with the thickness of a plate The FE-meshes for the 2D symmetric models of type 1 and
cross-sectionthk and the corresponding associated parameterd weldments are shown in Fig. 2 assuming plane strain condi-

(h> anddy) as illustrated in Fig. 1: tions. Each of the FE-meshes includes 5 separate areasifvith d
ferent material properties: 1) parent material, 2) HAZ, &dv
thk thk thk — hy metal, 4) material without creep, 5) totally elastic matkrin-

2= gaaee AMd &2 == +he+ ——1an60. (1)  troduction of 2 additional material types (material withoteep



Table 1: Geometrical configurations of weld profiles for typand 2 weldments defined by the dimensions from Fig. 1

Independent parameters Controlled parameters
a B a+pf D R 0
Perfectly dressed 0 43.387 43.387 54.578 25 0
Typically dressed 7.745 38.382 46.127 59 25 0.682
Precisely as-welded 17.685 32.079 49.764 64 25 1.566
Typically as-welded| 32.371 18.415 50.786 68 40 2.923
Coarsely as-welded 45.177 9.6541 54.831 72 60 4.189

No. Configuration

a b wWwNPE
™ O 4= ¥

| 3. Plastic bending of plates

= ru)
{kﬁ;& 3.1. Solution with Ramberg-Osgood model
— The cyclic stress-strain properties of the steel AISI type

g 3550°C§ g § é 316N(L) parent material and associated weld and HAZ met-
als are presented in terms of the conventional Ramberg-@dsgo

=3 P equation and implemented in the LMM code for the creep-

‘ fatigue analysis [4]. The R-O model has the advantage that

— it can be used to accurately represent the stress-straiesaf

metals that harden with plastic deformation, showing a ¢moo

elastic-plastic transition at high temperatures:

VAR

[ | material without creep
| ] parentmaterial [ ] totally elastic material .
B weld metal B heat-dfected zone Aot _ Ao (AU) "

= — 4| —
2 2E 2B
Figure 2: FE-meshes for type 1 (a) and type 2 (b) weldments dasignation . . o .
of different materials, boundary conditions and mechanical hgadi whereAe is the total strain rangeyo- is the equivalent stress

range in MPa;B andg are plastic material constants;is the
effective elastic modulus in MPa defined as
and totally elastic material) representing reduced sepaodnt _ 3E
material properties in the location of bending moment appli E= 200 (10)
cation avoids excessive stress concentrations in ratchatid
creep analysis. Both FE-models use ABAQUS element typd'here the Young's modulus in MPa and the Poisson’s ratio
CPESR: 8-node biquadratic plane strain quadrilaterals vt~ are the uni-axial elastic material properties.
duced integration. The FE-meshes for type 1 and type 2 welds Although this relationship (9) is not explicitly solvablerf

(9)

consist of 723 and 977 elements respectively. stress rang@éo-, an approximate solution faxo can be found
Referring to the technical details [6, 7, 8, 9] the testingwa USing following recursive formulation:

pgrformed at_55£93°C under fully-reversed 4-point bendi_ng Aos Aswi Aoy VP .

with total strain rangedes;; of 0.25, 0.3, 0.4, 0.6 or 1.0% in > = 5 " oE with n> 3, (11)

the parent plate and hold periodsof 0, 1 or 5 hours using a
strain rate of 0.0396. For the purpose of shakedown and creepvhere the initial iteration is defined as
analysis using LMM, the conversion from strain-controllest Ao Aser \P

L. . . . . . 0 tot
conditions to force-controlled loading in the simulatiarsing — = ( > )
bending momeni has been carried out and explained in [4].

Another dfective analysis technique, successfully employed For the case of plastic bending of a plate with a rectangu-
in [4], was to apply the bending momeltt through the linear lar cross-section, i.e. as was used in the experimentalestud
distribution of normal pressur over the section of the plate implemented by Bretherton et al. [6, 7, 8, 9], it is possilue t
as illustrated in Fig. 2 with the area moment of inertia inarey ~ formulate an analytic relation using the R-O material mdaiel
to horizontal axisX: the applied bending moment as proposed in [21]:
38+ 3. 3

_ 2W0oeop [ thk 2|1+ 28+ 18+ ms
where the width of plater = 200 mm and the thickness of plate -3 ( 2 ) 1+ 8)?
thk = 26 mm. Therefore, the normal pressure is expressed in

terms of applied bending momeM and vertical coordinate \here the maximum normal stress over a cross-sectiedge-
y of plate section assuming the coordinate origin in the m'd'of-plate stressreqp is defined based upon the plane strain as-
surface: sumption using equivalent stress

P(y) =My/Ix. (8) Teop=20/V3=Ac/ V3 (14)

(12)

Ix = w thi¢/ 12, (7)
) (13)




—~12 T
Table 2: The values of bending mométobtained by Eqgs (11-15) correspond- % |
ing to the values of total strain range:o; from experiments [6, 7, 8, 9] 3 10F------mmm ””””””” o
Aeo,% | 10 06 04 03 025 = T PR
M,kN-m | 10.068 7.924 6.368 5.347 4.739 g ! < 200 mm ‘>
g€ 51— A - - - = --
o | N '26 mm
and the ratio between plastic and elastic strains is fortadlas '-g \steel 316N(L) at 550°C\
. & (Ac\"F2E So ? ?
é=—=\75] i (15) 0 0.5 1.0 1.5
Eel o total strain range (%)

Other parameters of relation (13) include the material con-
stants of the R-O mod%( B, E_) and the geometric parameters Eigure 3: Curve p_resentirigl vs._Astm relatiorlship for a parent plate with par-
of a pIate (hk andw) For the case of reverse bending tests Oftlcular cross-section and described by particular R-O riodeerial constants
cruciform weldments at 58C implemented by Bretherton et
al. [6, 7 8, 9], the total strain range . in outer fibre of parent 3.2, Evaluation of limit load
ga;ﬁgagfﬁlﬁéer;emiz f\:ZIrSe\geIgnvg)f\jvsle(ijonetrg;lter?etgtggirlri:ggocn It is desirable to convert the absolute values of bending mo-
| at | g f th 9 | AIS| 316N LymentM into values of normalised bending momewf which
Se pa_ltr)erétt:nathenaR grope(;n?sgo the stede. T bltyqe : ? ( 4‘(3 suitable for the formulation of an analytic assessmerdeho
E(S)(r::et?ic )z;rtar?"let_ersrgfs eec(:ir%gni(o—rtg 6 Ir:maan?i/v ? 2[0(]) aN%or number of cycles to creep-fatigue failuNe, as proposed
?nm) aIIows the calculationpof the vaﬂjes of bendin _momentin [4]. Referring to [4]M is defined as the relation of variable
O . . 1ding Sbending moment rangeM to shakedown limiA Mgy,
applied in experiments [6, 7, 8, 9] during the period of saiien
cyclic response, as reported in Table 2. M = AM/AMgp, (18)
Referring to [21], Eq. (13) gives a smooth variation of mo- ) S )
ment with strain, which could be derived analytically enyplo WhereMs is calledinitial yielding momentccording to [21]
ing recursive formulas (11) and (12) far- dependent oheyo. f';md corresponds to the structural conditions, when yigldin
Applying the recursive approach, the dependence of tathst  1USt beginning at the edge of a beam. .
rangeAei: on applied momenM could be obtained. Firstly, The limit load and shakedown limit are evaluated with an

Eq. (13) is inverted to recursive formula taking into accoun €lastic-perfectly-plastic (EPP) model and a von Misesdyiel
Eq. (14) as follows: condition using material properties corresponding to tie-s

rated cyclic plasticity responsg(cy andvy) reported in Table 1

Ao _ M of [4] for the steel AISI type 316N(L) at 55C.

2 S+ Mgn + igﬁ In the case of a rectangular cross-section plate in bendsag,
Aw (ﬂ() 2p+1 B+2 suming plane strain conditions (14 is defined analytically
3v3\ 2 (1+8n)? (16)  according to [21] as

Y o= B erpthth . B i
with &, = (Acrn) 2E and n>3 Msh = ——5—— With  oeopy = \/gay. (19)
2B Aop
where the initial iteration is defined as The values c_>f ben_dmg moment exceedmg, V\."th further
Ao M growth of plz_isnc strain gr_adu_ally a_pproach th_e limit loadue
—_— = (17)  orfully plastic momentwhich is defined analytically [21] as
2 2w 2 (thk\* 3
3 (7) B+2 Miim = 0eopyW thi¢/4. (20)

Secondly, the conventional formulation of the R-O model (9) When M reaches the value d#l;y,, it is assumed that the
is applied to evaluate the total strain rartyg,; correspond- plate cross-section is completely in plastic flow leadingato
ing to the equivalent stress range obtained in Eqgs (16) ar)d (1 plastic hingeand structural collapse. It should be noted that
Such a useful relation fokei (M) allows the estimation of an  the ratioM;i,m /Mgy = 1.5 changes if the cross-sectional shape
important control parameter of the LCF experiments, when this not rectangular or if a plate with rectangular crossisact
geometry of specimen is known and plastic deformation of aontains welds. Refer to [21] for other cases of a beam cross-
material is comprehensively described by the R-O modek Figsection. In particular case of type 1 or 2 weldments avdilabi
ure 3 illustrates the application of both approaches (tliogc ity, the value ofM;, remains the same, because thevalues
Egs (11-15) and inverted by Egs (9, 16, 17)) to the parent masf weld associated materials are usually higher tharvthef
terial plate used in the experiments [6, 7, 8, 9] with patdcu parent material. So plastic hinge usually happens in looati
dimensions of cross-sectiothk = 26 mm andv = 200 mm)  remote from weld for uniformly distributed bending moment.
and particular material properties described by the R-Oahod At least, this assumption is true for the steel AlSI type 3(§N
(E=160GPay =0.3,B= 174196 MPa = 0.2996). at 550C [4]. However, the valud/s, for welded plate usually



e « o numerical values oMmax1
e o ¢ numerical values oMmax2

Table 3: The values of maximum normalised bending monivanpt obtained 2.6 ~ 60
numerically and corresponding to the configurations definéible 1 % -
— - ge 244 —— analytic fit of Mmax 1} 77777777 50
No. Configuration type 1 type 2 8 2s analytlc fit omeaxz

1 Perfectlydressed | 1.50906 1.51593 <}

2  Typically dressed | 1.54644 1.55124 E 2

3 Precisely as-welded 1.74042 1.78075 S

4  Typically as-welded 2.02637 2.05556 218 | | ‘

5 Coarsely as-welded 2.32326 2.30184 Xl (e oo valuesofs | T, L 10

S ' fit of B(a)

decreases, since the yielding starts at lower values ofeappl "4 0 fo 50 3b Jo 500
bending momenM comparing to whole plate, because of ma- anglee (%)

terial and geometry non-uniformity. In [4], this ratio weadled
the maximum normalised bending moment

'\7|max = AMijim /AMsh» (21)

and it had a value of .B51 for Type 2 dressed weldment [4].  In notation (23)m; = 0.00483 andm, = 1.50906 are fit-
Therefore Mmax is dependent on the particular geometric con-ting parameters of the first linear pdit); ms = 0.02062 and
figuration of the weldment, and therefore should be takem intm, = 1.37825 are fitting parameters of the second linear part
account in the formulation of parametric relations. Follogv  f,(«); ms = 8.28436 is the value af corresponding to intersec-
this assumption and Eqgs (18) and (21) the normalised bendingbn of functionsf;(e) and f,(a) andmg = 5 is the smoothing

Figure 4: Numerical values of maximum normalised momamax from Ta-
ble 3 fitted by analytic approximations (23) and (24)

moment is introduced in the following form: parameter in an analytic approximatibife) of the Heaviside

. M MM oy Wthié step function. The result o_f fitting _tij.‘Imaxl numerical values

M = ——— Wwith Mjm = ———=—.  (22) from Table 3 by the analytic functioNax1(e) in the form of
Mg~ Mim 23

Eq. (23) is illustrated in Fig. 4.

Thus, the awareness of the parent material yield sirgss Since the dierence between values B, for types 1 and
of the steel AISI type 316N(L) reported in Table 1 of [4] and 2 corresponding to the same valuesedis relatively small, it
geometrical parameters of speciménk(= 26 andw = 200)  can be concluded that the angldias a much more significant
allows the calculation of the limit bending momentMg,, = impact on the maximum normalised moméW.a than the
10.564 [kN- m] for the conditions of experiments [6, 7, 8, 9]. angleg for the type 2 weldment. Moreover, théect of 3 on
If the weld geometry is the same as in the cruciform weldment{g,__ - is limited to a quite narrow range of angles. Therefore,
specimens, theMmax = 1.551 and the values of normalised ap, optimal way to account for anghds to fit the diference be-
bending momeni in experiments [6, 7, 8, 9] are calculated as tyeenNi, ., , andM a1 from Table 3 with a Gaussian function
reported in Table 4 of [4]. For other geometrical configuasi  gependent o and produce a symmetric “bell” curve. In this
of weldments, the set dfl will be slightly different, because case, the maximum normalised moméfax for the types 1
Mmax is individual for each geometrical configuration and wereand 2 weldments is dependent on anglesdg:
estimated numerically using step-by-step FEA. . .

Table 3 lists the values dfima corresponding to the geo- Mmax(@; 8) = Mmax 1(a) + fTbeXIO(—ms B - mg]z), (24)
metric configurations defined in Table 1 for type 1 and 2 weld-
ments. These values are calculated by Eq. (21), which ieslud
the values oM, andMsgy, obtained numerically for each of the
10 configurations using step-by-step FEA with an EPP materia
model. Using the values d&fl from Table 2, the values Miax
reported in Table 3 and the value B, = 10.564 [kN- m],
the values of normalised momeNdtfor each configuration and Bla) = 44.1451- 0.765300. (25)
eachAegi,; can be calculated by applying Eq. (22). Thus, in or- o . .
der to provide the values dfl in fully analytical form, the val- ~ Substitution of Eg. (25) into Eq. (24) means théax is a func-
ues ofMyax have to be defined as dependent on the geometn%on of @ only, as illustrated in Fig. 4.

wherem; = 0.06768 is the height of the curve’s peakg =
0.01437 controls the width of the “bell”, analy = 25.995 is

the position of the centre of the peak. To reduce the number of
varlables in Eq. (24), the angles@fandp were chosen so that
their values formed a linear relation

The maximum normalised momellﬁlmaxl for the type 1 Ed. (13) for the fully p|aSt|C r_nomerM..m, which are both de-
weldment is dependent on angles follows pendent on material propertiel, (v, B, 8, oy) and parameters

~ . of plate cross-section(andthk), and Eq. (24) for the max-
Mmax1(@) = f1(e) [1 ~ H(a)] + fo(a) H(a)  with imum normalised momer¥l.x dependent on parameters of
fil@) =ma+m, f(e)=mge+m and (23)  Weld profile ¢ andg), and using them in Eq. (22) results in
a—Mms the fully parametric formulation of the normalised bending-
H(e)=05+05 tan){T)_ ment dependent on total strain rafgéAe;o).



4. Structural integrity assessments of dwell period and the elastic follow-up factdr These pa-
) ) . rameters from each integration point with material prapsrt

4.1. Numerical creep-fatigue evaluation for elasticity, fatigue and creep, defined in the ABAQUS in-

Since the principal goal of the research is the formulatiorput file, are transferred into a new subroutine. This sulimeut
of parametric relations able to describe long-term stmatin-  implements the next 4 steps of the procedure [4], which ealcu
tegrity of weldments, the creep-fatigue strength of eacthef |ates and outputs the following parameters into ABAQUS ltesu
configurations from Table 1 should be evaluated in a widegangODB-file: time to creep rupturt, creep damage accumulated
of loading conditions. These conditions are presented By di per cyclewS!, number of cycles to fatigue failurd*, fatigue
ferent combinations oket in the parent plate outer fibre, as a damage accumulated per 1 cya@c, and the most important
characteristic of fatiguefiects, and durationt of dwell period,  — total number of cycles to failure in creep-fatigue cormtig
as a characteristic of creeffects. The set ofieo; values used  N* obtained using the damage interaction diagram proposed by
are the same as in the experimental studies [6, 7, 8, 9], see Tgkelton and Gandy [22]. It should be noted that this evabmati
ble 2. The set oft values used are the same as in the previougprocedure was implemented in previous work [4] using Excel
simulation study [4]: 0, 0.5, 1, 2, 5, 10, 100, 1000 and 1000Gspreadsheets only for the most critical locations, idesttifnan-
hours. Therefore, for each of the 10 configurations 45 creepually as sites oAy, ando; maximum values.
fatigue evaluations must be performed witlffelient values of An example of the creep-fatigue evaluation procedure out-
Aot andAt. In order to estimate 450 values of number of cy-puts for the configuration no. 2 (typically dressed) of type 2
cles to failureN*, 450 FE-simulations of the parametric models weldment corresponding to the loading caséaf; = 1% and
shown in Fig. 2 have been carried out, using the LMM methodAt = 5 hours is illustrated in Fig. 5. These results correspond
material models and constants given in [4]. The outputsef thto the FEA contour plots of the LMM outputs (obtained in Step
LMM have been processed by the creep-fatigue procedure pray including Aer, £, g\‘i,‘\‘/l at the beginning of dwell ansf,‘\‘/I
posed in [4] to evaluatél*, because it has been successfullyat the end of dwell, explained in [4] and illustrated there in
validated against experimental data [6, 7, 8, 9]. Fig. 9. The critical location witiN* = 279 cycles to failure

The concept of the proposed creep-fatigue evaluation procéor this case is the corner element in the weld toe adjacent to
dure, considering time fraction rule for creep-damagesasse HAZ. The distribution of pure creep damagg, with maxi-
ment, is explained in detail in [4] and consists of 5 steps: mum valuewT® = 0.294 at the critical location is shown in

1. Estimation of saturated hysteresis loop using the LMM; Fig- 5a. The distribution of pure fatigue damagewith max-
. Estimation of fatigue damage using S-N diagrams: imum valuew™ = 0.375 at the critical location is shown in

. Assessment of stress relaxation with elastic follow-up; Fig. 5b. The distribution of total damageo with maximum

2

3 max o o -
L . . valuew ™ = 0.669 at the critical location is shown in Fig. 5c.

4. Estimation of creep damage using creep rupture curves; o

5

Estimation of total damage using an interaction diagram It should be noted that value af™ doesn't exceed 1, because
' 9 9 9raM- the non-linear damage interaction diagram [22] is usedapur

Since the LMM requires lower computationaf@t com-  fatigue evaluation. The distribution & with minimum value
pared to other methods, it appears to befé@otive tool for ex- N, = 279 at the critical location is shown in Fig. 5d.
press analysis of a large number afeient loading cases using  Exactly the same approach is used to demonstrate an exampl
automation techniques. In order to perform 450 FE-simotesti  of a type 1 weldment comprising geometry configuration no. 2
in CAE-system ABAQUS andfgectively retrieve 450 values of (typically dressed) and loading case &,; = 1% andAt =
N*, 3 analysis improvements using automation have been dé& hours. Figure 6 shows the outputs of FEA with the LMM,
veloped and applied in this parametric study. while Fig. 6 shows the outputs of the creep-fatigue evabuati

The first automation technique is the embedding of all 5 stepprocedure. The critical location witk* = 206 cycles to failure
of the proposed creep-fatigue evaluation procedure in FORfor this type 1 is the same as for the type 2 weldment — the
TRAN code of user material subroutine UMAT containing the corner element in the weld toe adjacent to HAZ.
implementation of the LMM and material models described in  The distribution of total strain rangke, with maximum
[4]. For a detailed description of the numerical procedare f value Aef®* = 1.58 % at the critical location, is shown in
the creep strain and flow stress estimation in the LMM codd-ig. 6a. The distribution of equivalent creep strafhat load
refer to [5, 20], and for a general guide to the LMM imple- instance 2 with maximum valus:_ = 2.40953E-3 at the crit-
mentation using the ABAQUS user subroutines refer to [19]ical location is shown in Fig. 6b. The distribution of equiv-
The creep-fatigue evaluation procedure is implemented oncalent von Mises stresst,, at the beginning of dwell at load
the LMM has converged upon the stabilised cyclic behaviourinstance 1 with value;" = 334743 MPa at the critical loca-
The LMM analysis was performed using three load instances ition is shown in Fig. 6¢. The distribution of equivalent von
the cycle with creep dwell: 1) end of direct loading, 2) end ofMises stresw\"f,f',I at the end of dwell at load instance 2 with
dwell period, 3) end of reverse loading. This results in a satvaluea-gq = 287.954 MPa at the critical location is shown in
urated hysteresis loop in terms dfective strain andféective  Fig. 6d. Therefore, the drop of streas®9 = 46.789 MPa dur-
von Mises stress for each integration point in the FE-maatel, ing At = 5hours of dwell provides the value of elastic follow
shown in Fig. 5 of [4]. The most important parameters (detive up factorZ = 7.25 at the critical location.
in the 1st step of the procedure) for further creep-fatigiadiLe The distribution of pure creep damagg, with maximum
ation are the total strain range:, stressr; at the beginning  valuewd® = 0.323 at the critical location is shown in Fig. 7a.
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Figure 5: Contour plots of LMM results for type 2 weldmentresponding ta\eior = 1% on the outer fiber andt = 5
failure in weld toe after 279 cycles: a) pure creep damaggb) pure fatigue damagey; c) creep-fatigue damageg; d) number of cycles to failurél*
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Figure 6: Contour plots of LMM results for type 1 weldmentresponding ta\eior = 1% on the outer fiber of plate ad = 5 hours of dwell: a) total strain range
Astor; b) equivalent creep strait’; c) equivalent von Mises stresg,?,I at the beginning of dwell; d) equivalent von Mises strq% at the end of dwell

Figure 7: Contour plots of LMM results for type 1 weldmentmesponding ta\eior =
failure in weld toe after 206 cycles: a) pure creep damaggb) pure fatigue damagey; c) creep-fatigue damage; d) number of cycles to failurél*
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2.889e-07 3.033e-05 3.466e-05 2.432e+02
0 7.029e-06 7.077e-06 1.419e+02

1% on the outer fiber andt = 5 hours of dwell, which lead to creep-fatigue



The distribution of pure fatigue damagg with maximum  Table 4 should be defined as dependent on geometric param:
valuew["® = 0.345 at the critical location is shown in Fig. 7b. eterse andg using the least squares method. For the type 1
The distribution of total damagey, with maximum value weldments these parameters are dependent on arayily:

max _ 1+ i i H i
w = 0.668 at the critical location is shown in Fig. 7c. The all(a) = —4.175- 10502 + 2.72. 103 a + 0227,

distribution ofN* with minimum valueN>, = 206 at the criti- 2 3 1
cal location is shown in Fig. 7d. a7 (e) =-2169-10%a +1.21-107,
In spite of the same critical location and almost equal \alue all(a) = 1.907- 103« - 7.093- 1072,
of the accumulated total damage at failure for types 1 and 2 al’(e@) = -5.352- 10*a + 1.968- 102
weldments, type 1 has less residual life caused by the isedea bii(e) = ~4.76324 103 + 0.793 (28)

vglueesqof epz]arameters characterising the hysteresis loag,( bT'(a) = 1.42- 104 a? — 8.547- 103 ar + 0.4028
e”, o, o, andZ). Thus, one can conclude that geometrical T 3
parametep has a significant influence dw*. by*(e) = 1.531- 10" - 0.3015

The second automation technique is the development of bi(e) = -3.08-10* @ + 8.364- 1072

a stand-alone application using Embarcadero Delphi inte- For the type 2 weldments these parameters include the de-

grated development environment using Delphi programmingz)end(_:‘nCe on angte from Eqs (28) and an additionaffect of
language. This simple application automatically carries o angles as in the following form:

the sequence of all 45 FE-simulations withfdientM (cor-

responding toAg according to Table 2) andt values for agX(a.p) = a)*(@) +3.179- 1045 + 2.355- 10°3,
each of the configurations from Table 1. This is implemented aj%(a,B) = ] () — 1.636- 10733 + 3.043- 1072,
by automated modification of the UMAT subroutine including al(a,B) = al'(a) + 1.636- 1038 - 3.043- 102,

changing of loading valuesV andAt) and output file names,

T2 _ ATl . 4 . 3
therefore producing 45 ABAQUS result ODB-files. 8(a.f) = a5°(e) ~4.136- 1074 + 7.33- 107,

The third automation technique is the development of ascrip by*(a. B) = by*(@) +0.0291 (29)
using ABAQUS Python Development Environment (Abaqus -1.684-107* exp(016228),
PDE) using Python programming language [23]. This simple b/?(e.B) = bj}(@) — 0.1789
script, when started in ABAQUEAE environment, appends bl2(a., ) = bl%(e) + 0.1558

the list of 45 ABAQUS result ODB-files corresponding to one T2 T1 2
configuration. For each of ODB-files, it reads the valueklbf bs*(e, B) = by (@) —4.546- 10°%,

in each integration point, selects the integration poitiwiin- The verification of the fit quality using the the geometrical
imum value ofN* over the FE-model, and writes the elementparametersa andp) for the proposed relations (28) and (29)
number, integration point number and material name to an ouis implemented by applying Eqgs (26) and (27) to estinidte

put text file. Therefore, the critical locations and cor@msging  Number of cycles to failurél* is estimated for each of the 10
values ofN* are extracted automatically for all 450 configura- configurations using the corresponding values of angles fro
tions and loading cases. Obtained results can be used for tAable 1 and for the same load combinations as were used for the
formulation of an analytic assessment model suitable fer thLMM analyses. The results of the verification are illustcbo®

fast estimation oN* for a variety of loading conditiongy{ and  diagrams in Fig. 8 for type 1 and Fig. 9 for type 2 weldments in

At) and geometrical weld profile parametersandp). the form ofN* obtained with the analytic function (26) vsl*
obtained with the LMM. Comparison of the analytic and nu-
4.2. Analytic assessment model mericN* for both types of weldments shows that the quality of

f";malytic predictions is quite close to the line of optimaltaia
and provides a uniform scatter of results through all vasian
of loading conditions and configurations. The discreparesy b
tween analytic predictions and numerical LMM outputs is-gen
erally found to be within the boundaries of an inaccuracydiac
equal to 2, which is allowable for engineering analysisdpi
Iog(N*) = NI7PA ) g (At), (26) ing both conservative and non-conservative results. ltuksho
be noted thalN* for type 1 weldments approximately belongs
where the fitting parameters dependent on dwell petioare to the range from 10 to £Qsee Fig. 8), while for type 2 weld-
ments it belongs to the range from 1 to®18ee Fig. 9). This

For each of the 10 configurations from Table 1, the array o
assessment results consisting of 45 valueblbfcorrespond-
ing to particular values oM and At is fitted using the least
squares method by the following function proposed in thenfor
of power-law in [4]:

a(At) = aglog (At + 1)° + &g log (At + 1) observation shows that type 1 weldment is less creep-fatigu
+a;log(At+1)+a; and resistant than type 2 weldment in the same ranges of loading
_ 3 2 (27) I, : o : -
b (At) = bslog (At + 1)° + b, log (At + 1) conditions and manufacturing variations. This fact codetk
+by log (At + 1) + by plained by the significantly smaller amount of weld and paren

material used for manufacturing of type 1 weldment compared
and the independent fitting parameters are reported in able to type 2 for the same plate thickness, resulting in lesslitigi
In order to capture all configurations with an unified set ofand load-bearing capacity for type 1 weldment. Another im-
fitting parameters, parameteas a;, a, as, bo, b1, by, bz from portant observation is that the average creep-fatigustiasy



Table 4: Sets of fitting parameters for Eq. (27) not dependenit corresponding to configurations from Table 1

Conf Type 1 weldment Type 2 weldment
"| No.1 No. 2 No. 3 No. 4 No.5 | No.1 No. 2 No. 3 No. 4 No. 5
ao 0.22459 0.24922 0.26192 0.26872 0.2658@.24646 0.25916 0.27454 0.27947 0.27007
a 0.11759 0.11152 0.07864 0.05009 0.0238a@.07922 0.06958 0.06265 0.04906 0.03958
a -0.0733 -0.0606 -0.0281 -0.0074 0.011150.0383 -0.0196 -0.0131 -0.0052 -0.0035
as 0.02034 0.01692 0.00765 0.00151 -0.008D.01101 0.00559 0.00352 0.00083 0.00032
bo 0.77482 0.76997 0.72078 0.63676 0.5722@.59539 0.71263 0.72463 0.66209 0.60055
by 0.39622 0.35439 0.29853 0.26549 0.31070.38309 0.16595 0.11959 0.09628 0.06507
b, -0.3080 -0.2892 -0.2725 -0.2349 -0.24550.2711 -0.1207 -0.1161 -0.0924 -0.0630
bs 0.08473 0.08028 0.07884 0.07130 0.0713@.06572 0.02987 0.03439 0.03033 0.02533

of configuration no. 1 (perfectly dressed) is relatively itigh-

of parent material. The FSRF is determined experimentally b

est among all configurations for both types of weldments. Theomparing the fatigue failure data of the welded specimeh wi

average resistivity is slightly reducing from one configima
to another with the growth of angltevalue as shown in Figs 8
and 9, resulting in the minimum averaby¢ for the configura-
tion no. 5 (coarsely as-welded).

Having defined the number of cycles to failuhe* by
Eq. (26), the residual service life in years is thereforeetep
dent on the duration of 1 cycle, which consists of dwell pgrio
At and relatively short time of deformation as follows:

At
365-24

2 A8tot('\7|)
£(365-24-60-60) ’

*

L*=N

(30)

whereeg = 0.03%/s is a strain rate according to experimental

conditions [6, 7, 8, 9], and the parametric analytical iefa for

Astot(l\7l) are derived in Sect. 3. These relations consist of Eq

(9), (16) and (17) given in Sect. 3.1 to evaluatao(Ac(M)),
whereM is replaced byM and M, using Eq. (22) andVmax

using Eg. (24) given in Sect. 3.2. The aforementioned grou

of equations for the relationstot(l\7l) include the geometrical
parameters of parent plate cross-sectitk &ndw) and weld
profile (@ andpg), and parent plate material parametes ¥,

B, B8, oy). This group of equations (9), (16), (17), (22) and
(24) replaces Eq. (35) from [4], which is suitable for onlyeon
particular variant of weldment (type 2), weld profile (coRf-
typically dressed) and parent plate cross-section [6, 9].8,

5. Parametric formulation of FSRF

Since the functioN* (M, At) proved its validity in the pre-
vious subsection, it can be applied for the fast creep4atig

S

the fatigue curve derived from tests on the parent platenahte
The current approach in R5 Volumé32Procedure [10] op-
erates with the fixed values of FSRF for 3fdrent types of
weldments taking into account dressed and as-welded vsrian
which consider only the reduction of fatigue strength ofdvel
ments compared to the parent material. For austenitic steel
weldments [24, 25], FSRE 1.5 is prescribed for both vari-
ants of type 1, and FSR¥F 1.5 for type 2 dressed and FSRF
2.5 for as-welded variant. All this variety of the FSRFs ip-re
resentative of the reduction in fatigue endurance causedey
local strain rangey, enhancement in the weldment region due
to the material discontinuity and geometric strain conGitn
effects. The introduction of FSRF as dependenabim [4] us-
ing functionN* (M, At) for the case of type 2 dressed weldment
allowed the influence of creep to be taken into account, and
to provide the adjusted values of FSRF for the real operation
conditions, where creep-fatigue interaction takes pld¢ere-

I?ore, the same approach [4] is applied to obtatrdependent

FSRFs for a variety of geometrical configurations considgeri
additional dependence on parameters of weld prafilendg).
For this purpose Eq. (26) is converted analytically to tha-re
tion M(N*, At) and inserted into the group of relatiofus(M)
given in the end of previous subsection, resulting in thatieh
Aeioi(N*, At, @, B). This relation describes thesy in the par-
ent material remote from weldment corresponding to paeicu
values ofN* andAt for a particular geometrical configuration
of weldment defined by andB. Thus, the FSRFs, appropri-
ate to varying values oft and equal values dfi*, are defined
by the relation between the S—N diagram corresponding to fa-
tigue failures of parent material plate and S—N diagramsfor

assessments of new welded structures during the desiga stagveldment defined by andg:

However, it is generally hard to generate conclusions atheut
service conditionsNl, At) required to estimate particular value

FSRF= Al (N*) / Asiot(N*, At, @, ), (31)

of N*. Loading conditions comprise a wide range of mechani
cal loading described by or corresponding range @fso; in
parent material adjacent to welded joints. Thus, introiduct
of a Fatigue Strength Reduction Factor (FSRF) allows a wide
range of mechanical loading relevant to application area of with the following polynomial cofficients referring to [25]:
designed welded structure to be captured. The FSRF takes inpo = 2.2274,p; = —0.94691 andp, = 0.085943.

account the dference in behaviour of the weldment compared The FSRFs estimated by Eq. (31) corresponding to the range
to the parent material, considering weldments to be contposeof At [O...105] hours are defined in some particular range of

10

‘where the S—N diagram for parent material plate is defined as

log(A&fy) = po + p1 log(N*) + pz log (N)?, (32)
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Figure 10: Dependence of FSRF on duration of dwell pefbtbr (a) type 1 and (b) type 2 weldments corresponding to tmdigorations from Table 1
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. Conclusion
Table 5: The values of FSRFs for pure fatigue for types 1 anceRiwents 6. Conclusions

corresponding to the configurations from Table 1

The parametric study on creep-fatigue strength of the steel

Conf. 1 2 3 4 S AISI type 316N(L) weldments of types 1 and 2 according to
Typel| 1.146 1444 2062 2.896 3.308 classification of R5 Vol. B Procedure [10] at 55C has been
Type2| 1.362 1682 2372 3.137 3.430 implemented using the LMM. The study is based upon the latest

developed creep-fatigue evaluation procedure [4] conisige

time fraction rule for creep-damage assessment. This guoee
N*. This range is dferent for each value oft characterised has been successfully validated in [4] against experinhdata
by reducing value of the averadl with the growth ofAt. The  [6, 7, 8, 9] comprising reverse bending tests of cruciforndwe
upper bound of th&l* range is governed by the mathematical ments for diferent combination of loading conditions (dwell
upper limit of the S—N diagramely (N*) for parent material ~ periodAt and normalised bending momet.

plate, which is defined in [4] as loNf,,) = p1/(2p2) = 5.51 Parametric models of geometry and FE-meshes for both
or Asl5'(10°5%) = 0.416%. The lower bound of thé* rangeis  types of weldments shown in Figures 1 and 2 are developed
flexible and governed bxt using the following function: in a way which allows variation of parameters governing ghap
of the weld profile (angles andg) and loading conditionsit
IOQ(Nr;in) —3-05log(At+1). (33) andM). Five configurations, characterised by individual sets of

parameters listed in Table 1, are proposed to preséierelint
fabrication cases and to characterise weldment manufagtur
quality. For each of configuration, the total number of cgcle

. . . . to failure N* in creep-fatigue conditions is assessed numeri-
using simple averaging procedure over a dynamic rangé*of . . . .

R . i cally for different loading cases using several LMM-analysis
from lOQ(.Nmin) 10 10g(Nfra) W't_h step 0'01' The resultant de- automation techniques described in Sect. 4.1. The obtaieied
pende_nue_s of FSRFs att are illustrated n F|g._10a for type_ of N* is extrapolated by the analytic function (26) dependent on
1 and in Fig. 10b for type 2 weldments with designation of dif- i \ i fitting functions (27) dependent akt, which includes
ferent configurations. First of all, these figures show gigni the fitting parameters (28) and (29) dependent on geometrica
cant enhancement of FSRF for dwells > 0.1 hour caused parametersg andg). The diference in analytical predictions

compared to LMM-based assessment is that the results fer pur

Finally, for each of the 10 configurations from Table 1 the
FSRF is defined as a continuous functiorAdfusing Eq. (31)

by creep, which is important for design applications. The in
tial values of FSRFs corresponding to pure fatigue conuitio fatigue are relatively conservative, but are still withie factor

(At = 0) are listed in Table 5 and could be compared with theys 5 5 0yyed by engineering standards, as shown in in Fig. 11.
values recommended in R5 Vqum;é%Procedl_Jre [_10_]' Proposed function (26) foX* shows good agreement with

The FSRF for type 1 dressed weldments is within the rang@merical results obtained by the LMM in Figures 8 and 9 for
1.146-1.444 depending on the quality of grinding, while RStypes 1 and 2 weldments correspondingly. The discrepancy be
gives the value 1.5 (refer to [24, 25]), which is more conseryyeen analytic predictions and numerical LMM outputs is-gen
vative. The FSRF for type 1 precisely welded joints with- gra|ly found to be within the boundaries of an inaccuracydic
out grinding is within the range 1.444-2.062 depending @n th oqa) to 2, which is allowable for engineering analysis dpio
quality of welding, while RS gives the same value 1.5, whh i juq photh conservative and non-conservative results. Toee
non-conservative. The FSRF for type 1 coarsely weldedgointjt s ysed for the identification of FSRFs intended for design
without any a_ldditional treatment may reach up to 3.308, evhil purposes and dependent ahand geometrical parameters (

RS doesn’t give any value for this case. andg). The proposed function for FSRFs (31) is applied to all

The FSRF for type 2 dressed weldments is within the ranga0 configuration from Table 1 characteriseddywnds in or-
1.362-1.682 depending on the quality of grinding, while R5der to obtain continuous dependencies\vpwhich are shown
gives the value 1.5, which approximately corresponds to-avein Figures 10a and 10b for types 1 and 2 weldments respec-
age value for the obtained range. The FSRF for type 2 prgcisetively. Therefore, this approach improves upon existingigte
welded joints without grinding is within the range 1.68222  techniques, e.g. in R5 Procedure [10], by considering tie si
depending on the quality of welding, while R5 gives the valuenificant influence of creep. Moreover, the obtained FSRFs for
2.5, which is more conservative. The FSRF for type 2 coarselpure fatigue revises the values recommended in R5 Procedure
welded joints without any additional treatment may reachoup [10] removing the redundant conservatism for type 1 dressed
3.43, while R5 doesn't give any value for this case. weldments and type 2 undressed weldments.

Using the proposed approach in this work, the values of FS- Finally, in order to conclude about the global sensitivify o
RFs reported in Table 5 could be easily revised, if the rangesreep-fatigue strength to a change of parameters, the set of
of anglese andg characterising the quality of weldment are equations (26) — (29) foN* (M, At, a, 8) are applied to create
modified. It should be noted that the FSRF of 1.682 for type 2a set of contour plots shown in Fig. 11. These plots charac-
dressed weldment revises the value of 1.77 reported inqusvi terise the influence of geometric parametersa(ids) on N*
work [4], because the form of fitting functions (26) and (2&sh at 4 diferent combinations of loading conditionst(and M)
been improved in this work providing less conservatisiin  for type 2 weldment. The global tendency is thagenerally
predictions for pure fatigue. decreases the strength, wiilgenerally increases it. However
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Figure 11: Contour plots for type 2 weldment characteriging influence of geometric parametets gnd8) on number of cycles to failur&l* for different
combinations of loading conditiona{and M) obtained with Eqgs (26) — (29)
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influence ofa to positive and smoothes the positive influence
of B on N*. The intensity of a parametet ©r 3) influence is References

characterised by the relative density of contour edgesBTOS 1. ee, v.-L., Barkey, M.E., Kang, H.-TMetal Fatigue Analysis Hand-
the corresponding axis. Since both parameters can notisere book: Practical Problem-Solving Techniques for Computeted Engi-
their values simultaneously, only half of each plot, indhe neering Oxford: Butterworth-Heinemann; 2012.

upper lef, lovier left and lower rght corners, s of impatea. 2 [20%, 0 Sensve, €, ke, eatoue Assessment of hetded
Figure 11 shows that the change of both loading parameters 2nded.: 2006.

(At and M) quite significantly changes the location of contour 3. tagoda, T..Lifetime Estimation of Welded JointsBerlin: Springer-

edges, and therefore the contributioreofinds on N*. Verlag; 2008. . .
. Gorash, Y., Chen, H.. Creep-fatigue life assessment
Further research is devoted to parametrlc StUdy on creep- of cruciform weldments using the linear matching method.
fatigue strength of Type 3 weldment, which includes the-vari Int J of Pressure Vessels& Piping 2012;:14 p.,Manuscript
able distance between welded pdris the 3rd geometric pa- Eo. I(:IDVP3»257,I in pr(j)_sib 5 4D|O|:s . 1;-132613;5-22\%2-;3600363
; ; * ttpsy/docs.google.cofopen?i x4lucS7z9cp em8.
rameter along withy and’B' The function forN*® should b.e 5. Chen, H.F., Chen, W., Ure, J.. Linear matching method eretaluation
extended to account for théfect ofl based upon the numerical of cyclic behaviour with creepfiect. In:Proc. ASME Pressure Vesséls

results using LMM for diferent configurations. This will allow Piping Conf. (PVP2012)Toronto, Canada: ASME; 2012, July 15-19.
consideration of theféect of| on theAt-dependent FSRF for 6. Bretherton, I., Knowles, G., Slater, 1.J., YellowleesF.S The fatigue

~ ; ; and creep-fatigue behaviour of 26mm thick type 316L(N) wdldruci-
Type 3 dressed and as-welded variants, which has the value of form joints at 550C: An interim report. Report for Nuclear Electric Ltd

3.2 for pure fatigue prescribed in R5 Voli3Procedure [10]. no. RNE/432; AEA Technology plc; Warrington, UK; 1998.
7. Bretherton, 1., Knowles, G., Bate, S.K.. PAGR/5087: The fatigue
and creep-fatigue behaviour of welded cruciform joints:e&and interim
ACknOWIedgementS report. Report for British Energy Generation Ltd no. AEATE®; AEA

. . . . Technology plc; Warrington, UK; 1999.
The authors deeply appreciate the Engineering and Physicalg pgretherton, 1., Budden, P.J.. Assessment of creepdiatindurance of

Sciences Research Council (EPSRC) of the UK for the financial  large cruciform weldments. Irifrans. 15th Int. Conf. on Structural Me-
13



chanics in Reactor Technolog$MiRT15 — FO%2. Seoul, Korea: IAS-  MMA  Manual Metal Arc

MIRT; 1999, p. 185-192. R-O Ramberg-OSgood
9. Bretherton, I., Knowles, G., Hayes, J.-P., Bate, S.Ksthy C.J..

PCAGR/5087: Final report on the fatigue and creep-fatigue behaod

welded cruciform joints. Report for British Energy GenéamatLtd no. Variables, Constants

RJCBRDO01186R01; Serco Assurance; Warrington, UK; 2004. (on stress
10. Ainsworth, R.A., editorR5: An Assessment Procedure for the High Tem- Ag- stress range
perature Response of StructureéBrocedure R5: Issue 3. British Energy Teop edge-of-plate stress

Generation Ltd, Gloucester, UK; 2003.

11. Nguyen-Tajan, T.M.L., Pommier, B., Maitournam, H., lday M., ’5 Stra!n
Verger, L., Du, Z.Z., et al. Determination of the stabilize$ponse of & strain rate
a structure undergoing cyclic thermal-mechanical loada iyect cyclic g ratio between plastic and elastic strains

method. In:Proc. 16th Annual ABAQUS Users’ Conferendéunich, As

Germany: Dassault Systemes Simulia Corp.; 2003, June 4-6. strain range

12. ABAQUS Analysis User's ManualDassault Systtmes Simulia Corp.; ¥ qamage parameter
Version 6.10 ed.; 2010. t time
13. Ponter, A.R.S., Chen, H.F.. A minimum theorem for cyttiad in At dwell period

excess of shakedown, with application to the evaluationraf@het limit.

European Journal of Mechanics -/Solids200120(4):539-553. E Young's (elasticity) modulus
14. Chen, H.F., Ponter, A.R.S.. A method for the evaluaticmratchet limit ~ E effective elastic modulus
and the amplitude of plastic strain for bodies subjected/tticloading. u Poisson’s ratio
European Journal of Mechanics -/30lids200120(4):555-571. N number of cycles
15. Chen, H.F.. Lower and upper bound shakedown analysisuaftsres L residual life
with temperature-dependent yield stref&surnal of Pressure Vessel Tech- .
nology2010132(1):011202:1-8. z elastic follow-up factor
16. Chen, H.F., Ponter, A.R.S.. A direct method on the etialnaf ratchet M bending moment
limit. Journal of Pressure Vessel '!'echnoldg@&(_);l32(4):041202:1—8. M normalised moment
17. Chen, H.F.,, Ponter, A.R.S.. Linear matching method enetfalua-
tion of plastic and creep behaviours for bodies subjectegdtic thermal AM moment range
and mechanical loadindnternational Journal for Numerical Methods in P normal pressure
Engineering200668(1):13-32. Ix area moment of inertia
18. Ponter, A.R.S., Chen, H.F.. Modeling of the behavior aletded joint Ww. thk width and thickness of plate
subjected to reverse bending moment at high temperatdeeirnal of ’ . .
Pressure Vessel Technolog907129(2):254-261. @, angles governing the form of weld proflle
19. Tipping, D.J.. The Linear Matching Method: A Guide to hBAQUS Ry, Ry radiuses of weld profile for type 1 and type
User Subroutines. Generic Report ndRERBBGB/0017GEN/07; Cen- 2 weldments correspondingly
gg:)gngineering Support; British Energy Generation Ltthugester, UK; 5 height of weld profile in type 1 weldment
20. Ure, J., Chen, H., Tipping, D.. Development and impletaéon of the D distance between opposite weld surfaces in
ABAQUS subroutines and plug-in for routine structural grtey assess- type 2 weldment
ment using the Linear Matching Method. IRroc. SIMULIA Regional hy, dy, hy, do auxi”ary geometrica] parameters for type

User Meeting Manchester, UK: Dassault Systemes Simulia Corp.; 2012,

September 25-27, 1 and type 2 weldments correspondingly

21. Dowling, N.E..Mechanical Behavior of Materials: Engineering Meth- Oy yield stress
ods for Deformation, Fracture, and FatiguéJpper Saddle River, USA: B, R-O model constants
” FS’T(aTtSO” F’F:eg“cg Hzll; 33’ e‘é? 200?{ 5 cioland Po, P1, P2 codficients for parent material S-N curve
. Skelton, R.P., Gandy, D.. Creep-fatigue damage acaiionland in- e *
teraction diagram based on metallographic interpretatfanechanisms. 8, .-, a3, o, ..., bs f!tt!ng parameters fo'\NI
Materials at High Temperature200825(1):27-54. my, ..., My fitting parameters foMmax
23. ABAQUS Scripting User's ManualDassault Systemes Simulia Corp.;
Version 6.10 ed.; 2010. Subscripts, Superscripts

24. Dean, D.W.. Recent developments in the R5 procedures$assing the

. . : corresponding to initial value
high temperature response of structueisiterials at High Temperatures P 9

201128(2):95-102. cr creep
25. Bate, S.K. Hayes, J.-P., Hooton, D.G., Smith, N.G.. tarr f fatigue
analyses to validate the R5 volumg32procedure for the assessment g| elastic
of austenitic weldments. Report for British Energy Gerierattd no. | lastic
SA/EIG/1189QR002; Serco Assurance; Warrington, UK; 2005. P P . .
# corresponding to pure fatigue
* corresponding to creep-fatigue
Nomenclature vM von Mises
eq equivalent
Abbreviations tot total
EPP  Elastic-perfectly-plastic 1c perl Cycle_ .
FEA  Finite Element Analysis lim correspond|_ng to limit load .
FSRF Fatigue strength reduction factor sh corresponding to shakedown limit
HAZ Heat-dfected zone parent corresponding to parent material
LCF  Low-cycle fatigue T1 corresponding to type 1 weldment
LMM  Linear Matching Method T2 corresponding to type 2 weldment

14



