-

View metadata, citation and similar papers at core.ac.uk brought to you by .{ CORE

provided by University of Strathclyde Institutional Repository

I._‘.
Unlversltyﬂ@

Strathclyde
Glasgow

Strathprints Institutional Repository

Gorash, Yevgen and Chen, Haofeng (2013) On creep-fatigue endurance of TIG-dressed weldments
using the linear matching method. Engineering Failure Analysis, 34. pp. 308-323. ISSN 1350-6307

Strathprints is designed to allow users to access the research output of the University of Strathclyde.
Copyright © and Moral Rights for the papers on this site are retained by the individual authors
and/or other copyright owners. You may not engage in further distribution of the material for any
profitmaking activities or any commercial gain. You may freely distribute both the url (http://
strathprints.strath.ac.uk/) and the content of this paper for research or study, educational, or
not-for-profit purposes without prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:
mailto:strathprints@strath.ac.uk

http://strathprints.strath.ac.uk/


https://core.ac.uk/display/16429568?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://strathprints.strath.ac.uk/
http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk
http://strathprints.strath.ac.uk/

On creep-fatigue endurance of TIG-dressed weldments tisenlgnear matching
method

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

Abstract

This paper is devoted to parametric study on creep-fatigdemnce of the steel type 316N(L) weldments at®&50
identified as type 3 according to R5 Vo}3%rocedure classification. The study is implemented usitigeat method
known as the Linear Matching Method (LMM) and based upon tlee-fatigue evaluation procedure considering
time fraction rule for creep-damage assessment. Severgooations of the weldment, characterised by particular
values of a geometrical parameggrare proposed. Paramejerwhich represents fferent grades of TIG dressing,
is a ratio between the radius of the fillet of the remelted hraiaa weld toe and the thickness of welded plates. Fol
each configuration, the total number of cycles to failNrein creep-fatigue conditions is assessed numerically fol
different loading cases defined by normalised bending moMeand dwell periodAt. The obtained set dfi* is
extrapolated by the analytic function dependent\dnAt and parametes. Proposed function foN* shows good
agreement with numerical results obtained by the LMM. Tfeeee it is used for the identification of Fatigue Strength
Reduction Factors (FSRFsfected by creep, which are intended for design purposes,egpehdent ot andp.

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

1. Introduction

According to industrial experience, during the service f welded structures subjected to cyclic loading at high
temperature, welded joints are usually considered as ttieatlocations of potential creep-fatigue failure. Tlés
caused by higher stress concentration, altered and ndorommaterial properties of weldments compared to the
parent material of the entire structure. Therefore, cregpfatigue characteristics of welded joints are of a pryorit
importance for long-term integrity assessments and dedigrelded structures. There were many attempts to develo
analytical tools [1, 2, 3, 4] to estimate long-term strengtivelded joints under variable loading. However, residual
life assessments are frequently complicated and inacchestause of complex material microstructure and too man
parametersféecting the strength of welded joints. They include techgal parameters of welding process and
post-weld heat treatment, accuracy of modelling of weldnnegterial microstructure, influence of residual stresse:s
and distortions, geometrical parameters of the shape ofviié profile and non-welded root gaps, parameters of
service conditions such as temperature, mechanical Igadid dwell period. In view of the complexity of a unified
model development for the assessment of creep-fatiguegstrethere are a limited number of existing analytical
approaches, but none of which are able to account for all tfiwent parameters mentioned above. Thus, long-tern
strength of weldments is a wide research area, which rexjgome unified integral approach able to improve the
life prediction capability for welded joints. The most corapensive overviews of studies devoted to investigation o
influence of various parameters on fatigue life of weldedt®are presented in [1, 2, 3, 4].

It should be noted that the influence of creep on residualif®t investigated in these works. However, the recen
edition of the British Standard 7910 [5] presents some bgsideline for the assessment of flaws in austenitic anc
ferritic weldments in creep-fatigue conditions. Moreq\u$ 7910 [5] includes methods for assessment of fracture
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fatigue crack growth, creep crack growth and “other modé&iiture, e.g. stress corrosion and buckling, of strucsure
with flaws.

This paper presents a further extension of a recently dpedlapproach [6], which includes a creep-fatigue evalu-
ation procedure considering time fraction rule for creepadge assessment and a recent revision of the Linear Matc
ing Method (LMM) to perform a cyclic creep assessment [7]e Epplicability of this approach to a creep-fatigue
analysis was verified in [6] by the comparison of FERMM predictions for an AISI type 316N(L) steel cruciform
weldment at 550C with experiments by Bretherton et al. [8, 9, 10, 11] with ¢iverall objective of identifying fatigue
strength reduction factors (FSRF) of austenitic weldmémtsurther design applications. An overview of previous
modelling studies devoted to analysis and simulation deélexperiments [8, 9, 10, 11] is given in [6]. Generally they
investigated an accuracy of residual life assessmentsa@ingdo R5 creep-fatigue crack initiation procedure [124la
its more recent revisions and potential improvements.

Effective and fast modelling of structural components with plax microstructure and material behaviour such
as weldments under high-temperature and variable loadindittons can be implemented by the application of FEA
with direct analysis methods, which calculate the staduilisyclic response of structures with far less computationa
effort than full step-by-step analysis. The most practical mgnihnese methods are Direct Cyclic Analysis [13, 14]
and the LMM framework [15, 16]. It should be noted that thede®essor of the LMM is “the method of variable
codficients of elasticity” formulated by Birger [17]. As mentied in [18], it was applied to the solutions of the
non-linear equations of deformation theory in the case adéwing using successive approximations.

The LMM is distinguished from the other simplified methodsdmguring that both the equilibrium and compati-
bility are satisfied at each stage [15, 16, 19, 20]. In additiche shakedown analysis method [19], the LMM has beel
extended beyond the range of most other direct methods hydimg the evaluation of the ratchet limit [15, 16, 20]
and steady-state cyclic behaviour with creep-fatiguerautiton [21, 22]. The LMM ABAQUS user subroutines [23]
have been consolidated by the R5 Procedure [12] researghgonone of EDF Energy to the commercial standard,
and are counted to be the method most amenable to practgiakening applications involving complicated thermo-
mechanical load history [16, 20]. Following this, the LMM svenuch improved both theoretically and numerically
[7]to include more accurate predictions of the stabilisgdlic response of a structure under creep-fatigue conmitio
This, in turn, allowed more accurate assessments of thétirgsayclic and residual stresses, creep strain, plastic
strain range, ratchet strain and elastic follow-up fadtamally, to aid wider adoption of the LMM as an analysis tool
for industry, the development of an Abag@aE plug-in with GUI has been started [24]. For this purpalse, UMAT
subroutine code has been updated [24] to allow use of mudtigssors for the FE-calculations of shakedown anc
ratchet limits.

The parametric study presented in this paper is based oms$eanch outcomes given in prior work [6] success-
fully validated by matching the basic experiments [8, 9, 1T, These outcomes briefly include: 1) more realistic
modelling of a material behaviour of the weld regions inahgd CF and creep endurance; 2) a creep-fatigue evalue
tion procedure considering time fraction rule for creepadge assessment and a non-linear creep-fatigue intaractic
diagram; 3) application of the recent revision of the LMM lmed in [7]. As a result, the approach proposed in
[6] provides the most accurate numerical prediction of thegeeiments [8, 9, 10, 11] with less conservatism when
compared to previous works, particularly to [22].

Another outcome of the work [6] is the formulation of an aniglgl function for the total number of cycles to
failure N* in creep-fatigue conditions, which is dependent on norsedlibending momerd and dwell periodat.
This functionN* (M, At) matches the LMM predictions with reasonable accuracy anéd for the investigation of
At influence on the FSRF. Therefore, theeet of creep on long-term strength is taken into accountyfoe € dressed
weldments according to the classification in R5 Vg8 Procedure [12].

Apart from the &ect of operating parametesl(@andAt), the influence of a weld profile geometry on creep-fatigue
strength is investigated within several parametric stdiehe introduction of geometrical parameters (anglesd
B) into the functionN* (M, At) allowed the calculation of the FSRF as a continuous funciole to cover a variety
of weld profile geometries for types 1 and 2 including dresasevelded and intermediate configurations as reporte
in [25]. Thus, exactly the same assessment approach [6s 2)id in the current work and is applied to parametric
study of the type 3 weldment geometry in order to assessfteet®n the predicted life and the FSRF influenced by
creep and geometric parameters variation.



2. Parametric models of weldments

2.1. Geometrical relations

Referring to [1], generally creep-fatigue test results efdment specimens contain various levels of scatter, whicl
is usually caused by geometric and processing variatiotts as part fit-up, weld gap, variation in feed rates, travel
rates, weld angles, etc. This scatter complicates thepirgtation of test results, and often makes it nearly imbssi
to differentiate thef@ects of geometry, material non-uniformity, residual str&sd other factors. It has been indicated
[1] that one of the most critical factorgtacting the creep-fatigue life of a welded joint is the cotesisy of the cross-
sectional weld geometry. The simplified weld profile is usuaharacterised by the following geometric parameters
[1]: plate thickness,féective weld throat thickness, weld leg length, weld thraggle, and weld toe radius. Usually,
the weld profile is assumed to be circular for type 1, circaatriangular for type 2, and triangular for type 3
weldments with fillets on toes connecting with parent plafegast quantity of researches reviewed in [1, 2, 3, 4] has
been devoted to investigation dfects produced by these parameters on residual life.

Table 1: Geometrical configurations of the type 3 weldment

P~ thk Con. |1 2 3 4 5 6 7
0 20 15 10 05 02 01 O
9
[ 160 mm 0
N = <
550°C H
M E TIG\':/ n E i
dressing g g & é g g :<E
L P(y) =
a > 0.7 thk, e i ]
haz= thk/ 8.666, haz ]
and || parent material Nl
h; <1 mm+0.3a, thk B weld metal ] material without creep NI
but max. 4 mm 2 B heat-dected zone| | totally elastic material

Figure 2: FE-mesh for type 3 weldment with designation d¢ifedent materials,

Figure 1: Designations of parameters for type 3 weldment boundary conditions and mechanical loading

profile and applied bending moment, according to [26, 27]

In the present study, the geometry of the weld profile for t3peeldment is more completely specified in order
to investigate its as-welded, dressed and intermediatiigemations. The basis of the parametric model for type 3
weldment shown in Fig. 1 are the sketches of weld profiles amcesponding regulations from British Standards
[26, 27] for the weldment, which contains a root gap betwéenpiarts to be joined. The type 3 weldment specimer
contains 2 symmetric double-sided T-butt cruciform mftiet welds. The parent material for the manufacturing of
all specimens are continuous plates of width= 200 mm and thickneshk = 26 mm made of the steel type AISI
316N(L). The typical division of the weld into three regidesadopted here analogically to [6, 25] including: parent
material, weld metal and heaffected zone (HAZ). It should be noted that the HAZ thickness®imed to be 3mm
based on the geometry given in [8].

Since the geometry of type 3 weldment profile due to mitretfilenuch simpler compared to the geometry of
type 1 and 2 weldments, there are only a few parameters gogetiris type of geometry. The form of type 3 weld
is a isosceles triangle with right angle, as shown in Fig.tls tharacterised by the weld thraatwhich should be
(a = 0.7 thk) according to the standard [26]. The gap between the welded s should satisfy the requirement
(hs < {1+ 0.3a mm), but it shouldn’t exceed 4 mm according to the standardl [2



The fatigue performance of the original type 3 weld profilguste poor due to significant stress concentration in
the weld toe caused by inconsistency of weld profile i Mboreover, the gap between the welded parts decreases
effective cross-section limiting it to the only area of weld aleFor the purpose of the fatigue life improvement, dif-
ferent post weld treatment techniques are applied to thd teel, as a potential location of failure. TIG (tungsten-arc
inert-gas) dressing was found in [28] to be the best suitestl\weld treatment for implementation in mass production
compared to burr grinding and ultrasonic impact treatmagtause of the large improvement observed in the exper
ments (up to 40% increase in fatigue strength). TherefRy @ Fig. 1 is the radius of fillet produced by TIG dressing
on the weld toe. The angle of discrepancy for the tangencglition between TIG weld metal and patent plateds 5
since it is a minimum allowable angle for a finite element idearnot to be distorted.

Types 1 and 2 weld profiles were governed in [25] by two geoicatparameters (anglesandg) to characterise
different scales of weldment dressing by grinding using five garditions. Analogically, in order to reduce the
computational costs, seven configurations of weld profiged in Table 1, are chosen for parametric study of the
type 3 weldment. The éierent scales of TIG dressing are characterised by the ptgamado between fillet radius
and plate thicknesgi = R3 / thk. Configuration no. 1 witlh = 2.0 corresponds to perfectly dressed condition, while
configuration no. 7 witlhh — O corresponds to as-welded condition.

2.2. Finite element models

The FE-mesh for the 2D symmetric model of type 3 weldmentaswshin Fig. 2 assuming plane strain conditions.
Analogically to [6, 25], the FE-model includes 5 separatsmarwith dfferent material properties: 1) parent material,
2) HAZ, 3) weld metal, 4) material without creep, 5) totallagtic material. Introduction of 2 additional material
types (material without creep and totally elastic matgniapresenting reduced sets of parent material propertie
in the location of bending moment application avoids exgesstress concentrations. The FE-model is meshed witl
ABAQUS element type CPE8R: 8-node biquadratic plane straadrilaterals with reduced integration. The FE-mesh
for type 3 weldwent contains the range of elements from 100&€bnf. 1 to 908 for Conf. 7o — 0) respectively.

The basic testing [8, 9, 10, 11] was performed atE5C under fully-reversed 4-point bending with total strain
rangesAe of 0.25, 0.3, 0.4, 0.6 or 1.0% in the parent plate and holdoplerht of O, 1 or 5 hours using a strain rate
of 0.03%s. For the purpose of shakedown and creep analysis using LtMGonversion from strain-controlled test
conditions to force-controlled loading in the simulatiarssng bending momemd has been explained in [6].

Another dfective analysis technique, successfully employed in [ to apply the bending momeldt through
the linear distribution of normal pressupeover the section of the plate as illustrated in Fig. 2 withdhea moment
of inertia in regard to horizontal axi: 1y = w thik®/ 12, where the width of plates = 200 mm and the thickness of
platethk = 26 mm. Therefore, the normal pressure is expressed in tefrapgpded bending momerl and vertical
coordinatey of plate section assuming the coordinate origin in the midage:P(y) = M y/ Ix.

Mechanical properties of the materials composing crucifeveldment manufactured of the steel AISI type
316N(L) include the following material behaviour model$&®’C [6]:

1. Ramberg-Osgood (R-O) model for the plastic and totairstnander saturated cyclic conditions:

1
%=§%+(§—E) ! with E = %; 1)
2. S—N diagrams for the number of cycles to failure causedung jpw-cycle fatigue (LCF):
log (Astor) = Mo + my log (N*) + my log (N*)?; (2
3. Power-law model in “time hardening” form for creep stsaduring primary creep stage:
& =Ac"t" or & =[A/(m+1)] " t™; (3)
4. Reverse power-law relation for the time to creep ruptaresed by creep relaxation during dwells:
t'=BoK (4)



5. Non-linear diagram for creep-fatigue damage interad@®] to define total number of cycles to failure:

Wi Wer
+

=1 5
1—wer 1-ws ()
All the material constants for parent, weld and HAZ matesr&t!550C required for cyclic plasticity modeB 3,
E, v) in EQ. (1), LCF failure estimatiomfy, my, n) in Eq. (2), creep strain model( n, m) in Eq. (3), creep failure
estimation B, k) in Eq. (4) are reported in [6].

3. Plastic bending of plates

3.1. Solution with Ramberg-Osgood model

The R-O model (1) has the advantage that it can be used toaselurepresent the stress-strain curves of metal:
that harden with plastic deformation, showing a smoothtielgdastic transition at high temperatures. It estaldish
the relation between the total strain rardgg,; and the equivalent stress ranfye in MPa using the material constants
B andp to describe plastic strain and the Young’s modWiuign MPa and the Poisson’s ratioto describe elastic
strain.

Although this relationship (1) is not explicitly solvablerfstress rangao-, an approximate solution fako- can
be found using following recursive formulation:

Aoni Aot Ao A .
_ = _— = — >
5 B( 5 5 ) with n> 3, (6)

where the initial iteration is defined as

AO’O Aé‘totﬁ
— = . 7
72— (5] ™

For the case of plastic bending of a plate with a rectangulassesection, i.e. as was used in the experimenta
studies implemented by Bretherton et al. [8, 9, 10, 11], gassible to formulate an analytic relation using the R-O
material model for the applied bending moméhas proposed in [30]:

1+—35+3§:+—3 &
_ZWerp% Zﬁ-‘rl ﬁ+2
-3 4 (1+5)?

: (8)

where the maximum normal stress over a cross-secti@uge-of-plate stresseop is defined based upon the plane
strain assumption using equivalent stress

a’e0p=20'/\/§=A0'/\/§ (9)
and the ratio between plastic and elastic strains is
UB o2
~  €pl Ao 2E
=— == —. 1
‘ el (2 B) Ao (10)

Other parameters of relation (8) include the material amtstof the R-O model3(B, E) and the geometric
parameters of a platéhk andw). For the case of reverse bending tests of cruciform weldsers50C implemented
by Bretherton et al. [8, 9, 10, 11], the total strain rarigg, in outer fibre of parent material plate remote from
weld was controlled to correspond to one of the requiredesaliKnowledge of the stabilised cycle parent material
properties of the steel AlSI type 316N(L) described by th® Riodel (1) reported in Table 1 of [6] and geometric
parameters of specimethk = 26 mm andw = 200 mm) allows the calculation of the values of bending maimen
applied in experiments [8, 9, 10, 11] during the period ofissted cyclic response, as reported in Table 2.

Referring to [30], Eq. (8) gives a smooth variation of momeith strain, which could be derived analytically
employing recursive formulas (6) and (7) fb- dependent oAsy:. Applying the recursive approach, the dependence

5



of total strain rang@\e; on applied momeni could be obtained. Firstly, Eqg. (8) is inverted to recurdivenula
taking into account Eq. (9):

Aoyt _ M
2 3,8+ 3 3 22
4w thi? 2,8+ 1o ,8+ B+ 2°m
3v3 4 (1+&n)? (11)
. [Aoa\YE 2E
with 8”:(28'1) v and n> 3,
where the initial iteration is defined as
AO’O M
—_— > . (12)
2 2w 2 thk 3
3 \/' B+2

Secondly, the conventional formulation of the R-O modelislz)tpplied to evaluate the total strain rangg.:
corresponding to the equivalent stress range obtained sn(Et) and (12). Such a useful relation #&(M)
allows the estimation of an important control parameterhef tCF experiments, when the geometry of specimer
is known and plastic deformation of a material is comprelvehsdescribed by the R-O model. Figure 3 illustrates
the application of both approaches (direct by Egs (6-10)iavetted by Eqgs (1, 11, 12)) to the parent material plate
used in the experiments [8, 9, 10, 11] with particular din@ms of cross-sectioritfk = 26 mm andv = 200 mm) and
particular material properties described by the R-O moHet (160 GPay = 0.3, B = 174196 MPa,8 = 0.2996).

Table 2: Bending momentel obtained by Egs (6-10) corresponding
to the strain rangeAeto; from experiments [8, 9, 10, 11]

12
’g | | Aégior, %0 | 1.0 0.6 0.4 0.3 0.25
Zz 10 S i M,kN-m | 10.068 7.924 6.368 5347 4.739
4
c
[0} 21—~ " —— —_——m——— - ——— - —— — —————— ==
£ g : S S S S S S R
54 - A 2.0+ == . - -
i 26 mm ’% ! e o o numerical values oMmax 3 !
c 1.94 4-- - -4
S \steel 316N(L) at 550°C] § ., & | —— analyticfitofNnas )
g E- 4 I I I I I I I I :
0 T T E 1.7+ o Ty
0 05 1.0 5 5 NO
total strain range (%) < 7'6’”’7‘” S S N
% e o L °
QS 15 | | | | | | | | | |
Figure 3: Curve presenting vs. Asto relationship for a parent plate with & 0 02 04 06 08 10 12 14 16 18 20
particular cross-section and described by particular R€@dehmaterial parametep
constants

Figure 4: Numerical values of maximum normalised monidat.x
from Table 3 fitted by Eq. (18)

3.2. Evaluation of limit load

It is usually preferable to convert the absolute values ofdiiey momentM into values of normalised bending
momentM, which is suitable for the formulation of an analytic assesst model for number of cycles to creep-
fatigue failureN*, as proposed in [6]. Referring to [6f] is defined as the relation of variable bending moment rang
AM to shakedown limiA Mgy

M = AM/AMgp, (13)

where Mg, is calledinitial yielding momen{30] and corresponds to the loading conditions, when yigjds just
beginning at the edge of a beam profile.

The limit load and shakedown limit are evaluated with antagserfectly-plastic (EPP) model and a von Mises
yield condition using material properties correspondmgiie saturated cyclic plasticity respongg {y andv) re-
ported in Table 1 of [6] for the steel AISI type 316N(L) at 380
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Table 3: The values of maximum normalised bending monvigy obtained numerically for type 3 weldment

Conf. 1 2 3 4 5 8 9 6 7
P 2.0 15 1.0 0.5 0.2 0.15 0.125 0.1 0
Mmax | 1.54405 1.54644 1.54884 1.5585 1.69036.82967 1.9323 2.06405 2.09434

In the case of a rectangular cross-section plate in bendsgyming plane strain conditions (%)g is defined
analytically according to [30] as
TeonyW thié . 2
Mgp = % With  oegpy = 73@. (14)
The values of bending moment exceedMg, with further growth of plastic strain gradually approack thmit
load value offully plastic momentwhich is defined analytically [30] as

WhenM reaches the value My, itis assumed that the plate cross-section is completgdiastic flow leading to
aplastic hingeand structural collapse. It should be noted that the Mdtig/Msn = 1.5 changes if the cross-sectional
shape is not rectangular or if a plate with rectangular esgssion contains welds. Refer to [30] for other cases of &
beam cross-section. In particular case of types 1, 2 or 3meds availability, the value d¥l;,, remains the same,
because the values of weld associated materials are usually highertthas, of parent material. So plastic hinge
usually occurs in locations remote from weld for uniformligtdbuted bending moment. At least, this assumption is
true for the steel AISI type 316N(L) at 530 [6]. However, the valudgy, for welded plate usually decreases, since
the yielding starts at lower values of applied bending manh&romparing to whole plate, because of material and
geometry non-uniformity. In [6], this ratio was called thexxmum normalised bending moment

Mmax = AMlim /AMsh~ (16)

ParameteMax had a value of 551 for type 2 dressed weldment as defined in [6], and valuesiges from 509 for
dressed to 323 for as-welded type 1 weldments and frofblb for dressed to.201 for as-welded type 2 weldments.
S0 Mmax is dependent on the particular geometric configuration efteldment, and therefore should be taken into
account in the formulation of parametric relations. Follogvthis assumption and Eqs (13) and (16) the normalisel
bending moment is introduced in the following form:
M = ﬁ = M Mumax with My, = 7O'thhk2
Msh Miim 23

Thus, the awareness of the parent material yield swgssf the steel AISI type 316N(L) reported in Table 1
of [6] and geometrical parameters of specimthk (= 26 mm andw = 200 mm) allows the calculation of the limit
bending moment abl;, = 10.564 [KN- m] for the conditions of experiments [8, 9, 10, 11]. If the digleometry is
the same as in the cruciform weldment specimens, Mey = 1.551 and the values of normalised bending momen
M in experiments [8, 9, 10, 11] are calculated as reported krieT4 of [6]. For other geometrical configurations of
weldments, the set dfl will be slightly different, becaus®imay is individual for each weld type and geometrical
configuration and were estimated numerically using stegtbp FEA.

Table 3 lists not only the values & ,ax corresponding to the configurations defined in Table 1 foe t§pveld-
ments, but it also contains values Mf.x for two additional configurations 8 and 9 defineddgf 0.15 and 0125.
These all values are calculated by Eq. (16), which includesalues oM;i,, andMsp, obtained numerically for each
of the 9 configurations using step-by-step FEA with an EPRerr@tmodel. Using the values & from Table 2, the
values ofMmax reported in Table 3 and the value My, = 10.564 [KN- m], the values of normalised mome¥it for
each configuration and eadtz,,; can be calculated by Eq. (17). Thus, in order to provide theegofM in fully
analytical form, the values dfl,ay are defined as dependent on the geometric parameter of tHeovedile p:

Mmax3(0) = fa(p) [1 - H(p)] + f2(0) H(p) with
f1(0) = Mg + mpp™, fr(p) = My + mgp™ and H(p) = 0.5+ 0.5 tanl—(

7

17

p- m7) (18)
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Figure 5: Flowchart of the parametric study implementatising several analysis automation techniques

In notation (18) constantsy = 2.09434,m, = -9.92412.- 10° andnmg = 7.51539 are fitting parameters of the
first power-law partf; (o), and constantsy = 1.5427,ms = 5.59388 102 andmg = —5.59388 are fitting parameters
of the second power-law pafi(p). Constanim; = 0.12 is the value op corresponding to intersection of functions
f1(p) and f2(p), andmg = 0.001 is the smoothing parameter in an analytic approximaii¢) of the Heaviside step
function. The result of fitting th&lmax 3 numerical values from Table 3 by the analytic functMpax (o) in the form
of Eq. (18) is illustrated in Fig. 4.

Finally, taking Eq. (15) for the bending momevitand Eq. (8) for the fully plastic momeM;,,, which are both
dependent on material propertids ¢, B, 8, oy) and parameters of plate cross-sectraidthk), and Eq. (18) for
the maximum normalised momedt,a, s dependent on parameter of weld profil@nd using them in Eq. (17) results
in the fully parametric formulation of the normalised bemgimoment dependent on total strain rafjg\sior).

4, Structural integrity assessments

4.1. Numerical creep-fatigue evaluation

Since the objective of the research is a formulation of patamrelations able to describe long-term structural
integrity of weldments, the creep-fatigue strength of eemhfiguration from Table 1 should be evaluated in a wide
range of loading conditions. These conditions are predemyediferent combinations oley in the parent plate
outer fibre, as a characteristic of fatigugeets, and durationt of dwell period, as a characteristic of credfeets.
The set of 5 values foke is the same as in the experimental studies [8, 9, 10, 11],@ele 2. The set okt values
used is the same as in the previous simulation study [6]:5),102, 5, 10, 100, 1000 and 10000 hours. Therefore, fo
each of 7 configurations for type 3 weldment 45 creep-fatepaduations must be performed wittigirent values of
Ao andAt, analogically to [25] for type 1 and 2 weldments. In the scofygarametric study, 315 FE-simulations of
the parametric models shown in Fig. 2 have been carried simg the LMM method, material models and constants
given in [6]. The outputs of the LMM have been processed bytkep-fatigue procedure proposed in [6] to evaluate
all the values of number of cycles to failure evaluate. The concept of the proposed creep-fatigue evaluatiol
procedure, considering time fraction rule for creep-daeegsessment, is explained in detail in [6] and consists of
steps including estimation of:

1. Saturated hysteresis loop using the LMM;
Fatigue damage using S-N diagrams;
Stress relaxation with elastic follow-up;
Creep damage using creep rupture curves;
Total damage using an interaction diagram.
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Figure 6: Contour plots of LMM results for type 3 weldmentresponding td\eior = 1% on the outer fiber of plate and = 5 hours of dwell: a)
total strain rangé\sor; b) equivalent creep straief"; c) equivalent von Mises stres‘éf\‘,I at the beginning of dwell; d) equivalent von Mises stress
gy atthe end of dwell

Since the LMM requires lower computationdf@t compared to other methods, it appears to befiative tool
for express analysis of a large number dfelient loading cases using automation techniques. In ocodearty out
hundreds of FE-simulations in CAE-system ABAQUS and re&ieorresponding values df*, 3 analysis improve-
ments using automation techniques have been developed ipatametric study, which are illustrated in the form of
flowchart in Fig. 5. The key elements of this flowchart aredaiihg:

1. The stand-along application allows running automdsicdle sequence of analyses withfdrent values of
applied bending moment and dwell period.

2. The UMAT subroutine written in FORTRAN comprises all 5pteof the proposed creep-fatigue evaluation
procedure, and implementation of the LMM and material mgdel

3. In order to process the results from hundreds of ODB-fdd®ython script has been developed, which identifies
the locations with minimum number of cycles to failure anttasts them into text file along with numbers of
element and node.

The first automation technique is the development of a stdode application using Embarcadero Delphi inte-
grated development environment using Delphi programmangliage. This simple application automatically carries
out the sequence of all FE-simulations witlffeient values oM andAt for each configuration from Table 1. This is
implemented by automated modification of the UMAT subroaiiimcluding changing of loading valuesi(andAt)
and output file names, therefore producing individual ABARtésult ODB-file for each loading case.

The second automation technique is the embedding of allgs stethe proposed creep-fatigue evaluation proce:
dure in FORTRAN code of user material subroutine UMAT camitag the implementation of the LMM and material
models described in [6]. For a detailed description of theaxical procedure for the creep strain and flow stres:
estimation in the LMM code refer to [7, 24], and for a generdtig to the LMM implementation using the ABAQUS
user subroutines refer to [23]. The creep-fatigue evalngtrocedure is implemented once the LMM has converge
upon the stabilised cyclic behaviour. The LMM analysis wag@rmed using three load instances in the cycle with
creep dwell: 1) end of direct loading, 2) end of dwell periBYiend of reverse loading. This results in a saturatec
hysteresis loop in terms offective strain andféective von Mises stress for each integration point in thenfidgtel,
as shown in Fig. 5 of [6]. The most important parameters yeerin the 1st step of the procedure) for further creep-
fatigue evaluation are the total strain rangg,;, stressr; at the beginning of dwell period and the elastic follow-up
factorZ. These parameters from each integration point with materaperties for elasticity, fatigue and creep, de-
fined in the ABAQUS input file, are transferred into a new suibiree. This subroutine implements the next 4 steps
of the procedure [6], which calculates and outputs the fahg parameters into ABAQUS result ODB-file: time to
creep rupturé”, creep damage accumulated per cyof, number of cycles to fatigue failuid®, fatigue damage
accumulated per 1 cycleflc, and the most important — total number of cycles to failurerieep-fatigue conditions
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Figure 7: Contour plots of LMM results for type 3 weldmentresponding td\eiot = 1% on the outer fiber antit = 5 hours of dwell, which lead
to creep-fatigue failure in weld toe after 379 cycles: agneep damagec; b) pure fatigue damage; c) creep-fatigue damagayt; d) number
of cycles to failureN*

N* obtained using the damage interaction diagram proposedkeélod and Gandy [29]. It should be noted that
this evaluation procedure was implemented in previous i@fkising Excel spreadsheets only for the most critical
locations, identified manually as sites/&d,; ando; maximum values.

Examples of the FE results for the types 1 and 2 weldmentsgitdily dressed (no. 2) configuration can be
found in [6, 25]. Those contour plots correspond to the Ingdiase ofAei, = 1% andAt = 5 hours. Figure 6 in
[25] and Fig. 9 in [6] show the outputs of FEA with the LMM (obtad in Step 1) for type 1 and type 2 weldments
correspondingly includinger, £, 5y at the beginning of dwell ane}!, at the end of dwell. Figure 7 and Fig. 5
in [25] show the outputs of the creep-fatigue evaluatiorcpdure for type 1 and type 2 weldments correspondingly
including wer, wf, wier andN*. The critical location withN* = 206 for type 1 is the same as for analogical type 2
weldment withN* = 279 — the corner element in the weld toe adjacent to HAZ.

Exactly the same approach is used to demonstrate an exafrtple type 3 weldment comprising the typically
dressed configuration (no. 3 from Table 1) and loading cages@f = 1% andAt = 5 hours. Figure 6 shows the
outputs of FEA with the LMM, while Fig. 7 shows the outputs loétcreep-fatigue evaluation procedure. The critical
location withN* = 379 for this type 3 is the same as for analogical types 1 andi@wents — the corner element in
the weld toe adjacent to HAZ.

The distribution of total strain rangeso;, with maximum value\et?* = 1.143 % at the critical location, is shown
in Fig. 6a. The distribution of equivalent creep strafhat load instance 2 with maximum valgf,, = 1.745- 1073
at the critical location is shown in Fig. 6b. The distributiof equivalent von Mises strexsvﬁ,I at the beginning of
dwell at load instance 1 with valwefq = 320712 MPa at the critical location is shown in Fig. 6¢c. The dhsition of
equivalent von Mises stresg,, at the end of dwell at load instance 2 with valg = 276063 MPa at the critical
location is shown in Fig. 6d. Therefore, the drop of stits89 = 44.649 MPa during\t = 5 hours of dwell provides
the value of elastic follow up facta = 5.5.

The distribution of pure creep damage: with maximum valuew® = 1.001- 102 at the critical location is
shown in Fig. 7a. The distribution of pure fatigue damagevith maximum valug,® = 0.763- 1072 at the critical
location is shown in Fig. 7b. The distribution of total dareage: with maximum valueup®* = 1.765- 1073 at the
critical location is shown in Fig. 7c. The distributionNf with minimum valueN}, = 379 at the critical location is
shown in Fig. 7d.

In spite of the same critical location and almost equal \&bféhe accumulated total damage at failure for types 1
2 and 3 weldments, type 1 has minimum residual life comparedter types, because of higher values of parameter
characterising the hysteresis lodfe(y, £, 3%, o5 andZ). The reduced residual life isfected by the smaller weld
deformation sttness caused by smaller overall size of the type 1 weld prafitepared to types 2 and 3.

The third automation technique is the development of a susimg ABAQUS Python Development Environment
(Abaqus PDE) using Python programming language [31]. Tdripts when started in ABAQUS environment, appends
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Table 4: Sets of fitting parameters for Eq. (20) independanttdor type 3 weldment

Conf. | No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7

0 2.0 15 1.0 0.5 0.2 0.1 0

ag 0.241276 0.244349 0.246553 0.259228 0.281809 0.279272 89032
a; 0.081673 0.084144 0.084864 0.078608 0.053713 0.044155 40920
a -0.034886 -0.036391 -0.036562 -0.032019 -0.015003 -@B885 -0.001699
az 0.009661 0.009863 0.009823 0.008879 0.004838 0.001026 00802
bo 0.699869 0.687317 0.675843 0.581696 0.537877 0.586562 23806
b, 0.269679 0.251640 0.243094 0.348330 0.271017 0.13785337®91P
b, -0.214709 -0.200898 -0.198880 -0.259515 -0.211524 -@.120 -0.111733
bs 0.052596 0.050037 0.050015 0.059313 0.051960 0.033343 32913
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Figure 8: Comparison dfi* obtained with the LMM and the analytic function (19) for typeveldment

the list of available result ODB-files corresponding to onafgguration. For each of ODB-files, it reads the values of
N* in each integration point, selects the integration poirthwiinimum value ofN* over the FE-model, and writes
the numbers of element and integration point and materiakerna an output text file. Therefore, the critical locations
and corresponding values Nf are extracted automatically for all configurations and log@¢ases. Obtained results
can be used for the formulation of an analytic assessmenghsadable for the fast estimation bif* for a variety of
loading conditions {1 andAt) and geometrical parametewralues.

4.2. Analytic assessment model

For each of the 7 configurations from Table 1, the array ofssssent results consisting of 45 valuesNof
corresponding to particular values bf and At is fitted using the least squares method by the following tionc
proposed in the form of power-law in [6, 25]:

log (N*) = M™40/ a(At), (19)
where the fitting parameters dependeni\bare

a(At) = aglog (At + 1)° + az log (At + 1)? + a1 log (At + 1) + a9 and

20
b (At) = bz log (At + 1)® + by log (At + 1)? + by log (At + 1) + by, (20)
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and the independent fitting parameteag-az andbg - bs) have particular values, which are individual for each type
of weldment and each available configuration. For type 3 meldk they are reported in in Table (4).

In order to capture all configurations with an unified set @iifit parameters, parametexs- ag andbg - b from
Table 4 should be defined as dependent on geometric pargmedirg the least squares method:

al¥(p) = —4.506- 102 In(p + 1) + 0.285 bg3(p) = 0.118 Inp + 1) + 0.57,

al’(p) = 41102 In(o + 1) + 4.701- 10°2, b{3(p) = 8.742- 1072 In(p + 1) + 0.195
al®(p) = —3.202- 102 In(p + 1)~ 7.575: 103, bl3(p) = —7.197- 102 In(p + 1) — 0.152
al®(p) = 8.74-107 In(p + 1)+ 210773 103, bl3(p) = 1.397- 102 In(p + 1) + 4.034- 10°2.

(21)

The verification of the fit quality using the the geometricatgmetep for the proposed relations (21) is imple-
mented by applying Egs (19) and (20) to estimidte Number of cycles to failuré&l™* is estimated for each of the 7
configurations using the corresponding values of ratio fi@ile 1 and for the same load combinations as were use
for the LMM analyses. The results of the verification aresitated on diagram in Fig. 8 for type 3 weldments in
the form of N* obtained with the analytic function (19) vBl* obtained with the LMM. Comparison of the analytic
and numeridN* shows that the quality of analytic predictions is quite eltsthe line of optimal match and provides
a uniform scatter of results through all variants of loadiogditions and configurations. The discrepancy betweel
analytic predictions and numerical LMM outputs is generalithin the boundaries of an inaccuracy factor equal to
2, which is allowable for engineering analysis, producinthiconservative and non-conservative results.

It should be noted that the scatter Wf for type 3 weldments approximately belongs to the range fiota
300,000 as shown in Fig. 8. It is slightlyftBrent from the scatter for type 2 weldments (approx. from 200,000)
shown in Fig. 9 of [25] and the scatter for type 1 weldmentgpfap. from 2 to 500,000) shown in Fig. 8 of [25].
This observation shows that type 1 weldment is less cregufaresistant than types 2 and 3 weldments in the sam
ranges of loading conditions and manufacturing variatidrigs fact could be explained by the significantly smaller
amount of weld and parent material used for manufacturingé 1 weldment compared to the types 2 and 3 for
the same plate thickness, resulting in less rigidity anddoearing capacity for type 1 weldment. Another important
observation is that the average creep-fatigue resistofitgonfiguration no. 1 (perfectly dressed) is relatively the
highest among all configurations. The average resistigisftightly reducing from one configuration to another with
the reduction of ratip value as shown in Fig. 8, resulting in the minimum averddefor the configuration no. 7
(as-welded).

Having defined the number of cycles to failu¥é by Eq. (19), the residual service life in years is dependant o
the duration of 1 cycle, which consists of dwell peritdidand relatively short time of deformation:

At n 2 Astot(l\7l)
365-24 £ (365-24-60-60)|’

L*: *

(22)

wheree = 0.03%/s is a strain rate according to experimental conditions [809 11], and the parametric analytical
relations forAsi(M) are derived in Sect. 3. These relations consist of Eqs (1), &nd (12) given in Sect. 3.1 to
evaluateAei(Ac(M)), whereM is replaced by andM;im using Eq. (17) andilmax Using Eq. (18) given in Sect. 3.2.
The aforementioned group of equations for the relafien;(M) include the geometrical parameters of parent plate
cross-sectiontfik andw) and weld profile ¢), and parent plate material parametdgs ¥, B, 8, oy). This group of
equations (1), (11), (12), (17) and (18) replaces Eq. (3ff6], which is suitable for only one particular variant of
weldment (type 2), weld profile (conf. 2 — typically dressadyl parent plate cross-section [8, 9, 10, 11].

5. Parametric formulation of FSRF

Since fatigue experimental data is usually obtained frondaal controlled test environment, a Fatigue Strengtt
Reduction Factor (FSRF) is an usual approach, which allowstount for a real working environment resulting in a
reduction of residual life. For example in [32], a FSRF isaaiuced as scaling factor in stress-life approach to adcour
for the influence of aggressive corrosive environment. T @&irve obtained in vacuum is used as a basic curve
while the curves for dierent grades of corrosivdfect can be evaluated by transformation of the basic S-N curv
using a corresponding FSRF. The same approach can be edterstein-life approach, where FSRF is calculated ac
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a relation between the strain range on the basic fatigueeamd the strain range on theeted fatigue curve leading
to the same number of cycles to failure, and it is also uswalbraged over the defined strain range. In strain-life
approach FSRF accounts for influence of temperature ine@asreep dwell period increase or geometri¢bdas
such as introduction of weld or change of weld profile. In teisearch, the basic curve is the fatigue curve obtained fo
whole plate manufactured of the parent material — steel 3\ (L) at 550C without creep dwell periods.fiected
curves are the curves for welded plates obtained witledint dwell periods and for fierent weld profile geometries,
as shown in Fig. 9.

Since the functioN* (M, At) proved its validity in the previous subsection, it can beligal for the fast creep-
fatigue assessments of new welded structures during thgndgtiage. However, it is generally hard to conclude abou
the service conditiona\, At) required to estimate particular valueMf . Loading conditions comprise a wide range
of mechanical loading described I or corresponding range a@fs;; in parent material adjacent to welded joints.
Thus, introduction of a FSRF allows a wide range of mechaméealing relevant to application area of a designed
welded structure to be captured. The FSRF is usually detechexperimentally [8, 9, 10, 11, 33, 34] by comparing
the fatigue failure data of the welded specimen with theytegicurve derived from tests on the parent plate material

Table 5: FSRFs for pure fatigue of type 3 weldments

A b Conf. [ 1 2 3 4 5 6 7
1 Aed FSRF | 1.3 1425 1595 18/2 2.362 3252 _ 3.46
FSRF= 5 D et
= * &
609 N tot -
. Configurations:
g, Influence of: 10 1.p=20
% \ - change of weld geometry 91 2.p=15
4 Al b \ - increase of temperature 8+t 3.p=10
c > — ’
= tot increase of creep dwell At L7 4.p=05
*3 &4l 5.p=02
= Agtba o 6.p=01
= ot basic °T 7. As-welded
—Dasic . As-

<} ~— e

x x effected 3t

Nef Nba
A » 2..,
number of cycles to failurél* 1 -+ —
0.01 0.1 1 10 100 1000 10000

Figure 9: Purpose of FSRF for fatigue strain-life approachpplication
to creep-fatigue endurance of weldments

dwell time (hours)

Figure 10: Dependence of FSRF on duratiom\bfor different con-
figurations of type 3 weldments

The current approach in R5 Volumé32Procedure [12] operates with the fixed values of FSRF forfigrint
types of weldments taking into account dressed and as-defgants, which consider only the reduction of fatigue
strength of weldments compared to the parent material. Bsteaitic steel weldments [34, 33], FSRF1.5 is
prescribed for both variants of type 1, and FSRR.5 for type 2 dressed and FSRF2.5 for as-welded variant,
and FSRF= 3.2 is prescribed for both variants of type 3. All this vayief the FSRFs is representative of the
reduction in fatigue endurance caused by the local straigea,; enhancement in the weldment region due to the
material discontinuity and geometric strain concentratifects. The introduction of FSRF as dependent\bin
[6] using functionN* (M, At) for the case of type 2 dressed weldment allowed the influeficeeep to be taken into
account, and to provide the adjusted values of FSRF for tleoperation conditions, where creep-fatigue interactior
takes place. Therefore, the same approach [6] is appliett@mt-dependent FSRFs for a variety of geometrical
configurations considering additional dependence on peterof weld profilep.

For this purpose Eq. (19) is converted analytically to thatien M(N*, At) and inserted into the group of relations
Agii(M) given in the end of previous subsection, resulting in thatien Asio(N*, At, p). This relation describes the
Aeor in the parent material remote from weldment correspondinggtrticular values oN* and At for a particular
geometrical configuration of weldment defineddyThus, the FSRFs, appropriate to varying valueataind equal
values ofN*, are defined by the relation between the S-N diagram cornelipg to fatigue failures of parent material
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Figure 11: Contour plots for type 3 weldment characterisirginfluence of geometric parameteon number of cycles to failurll* for different
variant of dwell periodAt obtained with Egs (19) — (21)

plate and S-N diagrams for a weldment defineghby
FSRF= Ashq(N*) / Aeioi(N*, At, p), (23)

where the S-N diagram for parent material plate is

log(Aeky) = po + pr log(N) + p2 log (N*)?, (24)

with the following polynomial cofiicients referring to [33]pg = 2.2274,p; = —0.94691 andp, = 0.085943.

The FSRFs estimated by Eq. (23) corresponding to the range«J[O...105] hours are defined in some particular
range ofN*. This range is dferent for each value okt characterised by reducing value of the averbgewith
the growth ofAt. The upper bound of th* range is governed by the mathematical upper limit of the Sialgrdm
Ale'(N*) for parent material plate, which is defined in [6] as INgj(,) = p1/(2 p2) = 5.51 orAeba (10°%1) = 0.416%.
The lower bound of th&* range is flexible and governed by using the following function:

log(N7;,) = 3— 0.5 log(At + 1). (25)

Finally, for each of the 7 configurations from Table 1 the FS&HBefined as a continuous function &f using
Eq. (23) using simple averaging procedure over a dynamgaahN* from Iog(N;“n) to log (N4 with step 0.01.
The resultant dependencies of FSRF&\bare illustrated in Fig. 10 for type 3 weldments with desigmabf different
configurations. First of all, this figure shows significanhancement of FSRF for dwellst > 0.1 hour caused by
creep, which is important for design applications. Theahitalues of FSRFs corresponding to pure fatigue condition
(At = 0) are listed in Table 5 and could be compared with the valeesmmended in R5 Volumg2Procedure [12].

The FSRF for type 3 dressed weldments is within the range2+B@25, for type 3 welded joints with moderate
TIG dressing it is within the range 1.425-2.362 dependintheramount of TIG dressing, while R5 also doesn't give
any value for these cases. The FSRF for type 3 as-welded jaithout any additional treatment may reach up to
3.252-3.459, while R5 gives the value 3.2, which approxétyatorresponds to lower bound for the obtained range
It should be noted that the value of FSRF for type 3 recommahglér5 procedure may be significantly conservative,
if some kind of TIG dressing is applied.

6. Conclusions

The parametric study on creep-fatigue strength of the #t&#l type 316N(L) weldments of type 3 according
to classification of R5 Vol. B Procedure [12] at 55C has been implemented using the LMM. The study is base
upon the latest developed creep-fatigue evaluation proeed] considering time fraction rule for creep-damage
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assessment. This procedure has been validated in [6] agaipsrimental data [8, 9, 10, 11] comprising reverse
bending tests of cruciform weldments fofférent combination of loading conditions.

Parametric model shown in Figs 1 and 2 allows the variatiopapdmetep governing shape of the weld profile
and loading conditions\t andM). Seven configurations, characterised by individual \&hfg listed in Table 1, are
proposed to presentftierent grades of TIG dressing. For each configuration, tta motmber of cycles to failurll*
in creep-fatigue conditions is assessed numerically fideidint loading cases using automation techniques shown |
Fig. 5 and explained in Sect. 4.1. The obtained séibfs extrapolated by the analytic function (19) dependent or
M with fitting functions (20) dependent axt, which includes the fitting parameters (21) dependent.on

Proposed function (19) fol* shows good agreement with numerical results obtained by.Mid in Fig. 8.
The discrepancy between analytic predictions and numdrldd outputs is generally within the boundaries of
an inaccuracy factor equal to 2, which is allowable for ergiing analysis, producing both conservative and non
conservative results. Thus, it is used for the identificattb FSRFs intended for design purposes and dependent c
At andp. The proposed function for FSRFs (23) is applied to all 7 camition from Table 1 characterised pyn
order to obtain continuous dependencie\brwhich are shown in Fig. 10. Therefore, this approach imgsaypon
existing design techniques, e.g. in R5 Procedure [12], mgicering the significant influence of creep. Moreover,
the obtained FSRFs for pure fatigue revises the value recarded in R5 Procedure [12] removing the redundan
conservatism for type 3 dressed weldments. In order to cortfie applicability of the proposed improvements, the
analytical formulations for FSRFs still need final validetiagainst some additional experiments.

Both numerical and analytical predictions (19) confirm fhig-dressing can improve up to 10 times the residual
life of type 3 weldments in pure fatigue conditions and up @% the residual life of weldments in creep-fatigue
conditions. In order to conclude about the sensitivity @ep-fatigue strength to a variation@fthe Eqgs (19) — (21)
for N*(M, At, p) are applied to create a set of contour plots shown in FigThése plots characterise the influence of
geometrical parametgrand mechanical loading intensiby on N* at 3 diferent variants of dwell perioti for type
3 weldment. The global tendency is thagenerally decreases the strength, whilgenerally increases it. However
the contribution of each parametgrgnd M) is dependent on type of creep-fatigue interaction charsetd by the
dwell durationAt. The positive influence gb is much more significant at pure fatigue conditions than urnlde
creep-dominant conditions, where it is suppressed bysstedaxation caused by creep. Since the creep-relaxatic
reduces the stress in locations of its concentration, tieaity of mechanical loading becomes more important unde
pure creep conditions.
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Nomenclature

Abbreviations

EPP  Elastic-perfectly-plastic

FEA  Finite Element Analysis

FSRF Fatigue strength reduction factor
HAZ Heat-dfected zone

LCF  Low-cycle fatigue

LMM Linear Matching Method

R-O  Ramberg-Osgood

TIG Tungsten-arc inert-gas

Variables, Constants

>

Z T WNPPC-zZz® mmz
=

stress

stress range

edge-of-plate stress

strain

strain rate

plastic-elastic strains ratio

strain range

damage parameter

time

dwell period

Young's (elasticity) modulus
effective elastic modulus
Poisson’s ratio

number of cycles

residual life

primary creep material constants
elastic follow-up factor

creep rupture material constants
bending moment

normalised moment

AM moment range

P normal pressure

Ix area moment of inertia

w, thk width and thickness of plate

a,f angles governing the form of
types 1 and 2 weldments

Je ratio governing the weld form

Rs radius of weld profile

a width of weld throat

oy yield stress

B.B R-O model constants

Po, P1, P2 codficients for parent material
S-N curve

ao, ..., as, by, ..., b3 fitting parameters foN*

my, ..., Mg fitting parameters foMmax

Subscripts, Superscripts

0
cr
f

el
pl
%k

*
vM
€q
tot
1c
lim
sh
par
T3

corresponding to initial value
creep

fatigue

elastic

plastic

corresponding to pure fatigue
corresponding to creep-fatigue
von Mises

equivalent

total

per 1 cycle

corresponding to limit load
corresponding to shakedown limit
corresponding to parent material
corresponding to type 3 weldment
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