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Summary

This study concerns the welding process induced residual stresses in nuclear power plant
(NPP) reactor circuit component welds, and their modelling for structural integrity analyses.
The present study continues the work of the previous parts of the project. Here the emphasis is
on a literature study concerning various weld residual stress (WRS) relaxation assessment
procedures for NPP component welds. Also numerical simulations of WRS distributions were
carried out with the same finite element method (FEM) model as was used in 2008, i.e. that
consisting of a safe-end connecting to a nozzle and pipe. The scope of the analyses was
extended so that here it was examined how the WRS distributions in the safe-end/pipe joint
weld region behave under constant cyclic loading. Several load cycle sequences with different
load amplitudes covering loading condition ranges from moderate to relatively severe were
covered. Based on the obtained FEM simulation results analytical expressions for the
assessment of WRS relaxation were formed. Also uncertainties and probabilistic aspects of
WRS distributions are considered in this study.

Selection of suitable WRS distribution estimates for structural integrity analyses is an issue
requiring careful consideration. Several WRS definition procedures are currently available.
Seven of those are compared in this study in the light of application examples for a
representative set of NPP pipe components. One purpose for this is to have a starting point for
WRS relaxation simulations, which are covered further in the study.

The main results of this study are the altogether 25 discovered residual stress (RS) relaxation
assessment procedures. These were found as aresult of an extensive literature survey covering
a great number of sources of information, including the major technical scientific journals,
with tracing of cited references in each new article as it was obtained, as well as conference
papers, academic theses, dissertations, handbooks and technical reports, both from libraries in
paper format and from Internet databases. Brief descriptions of the main characteristics of the
found WRS relaxation assessment procedures are given. In addition to the procedure
equations/formulas, also mentioned are the original reference/authors, target of application,
required input data, parametersto be fitted, range of applicability and the covered phenomena.

Typically the available RS data contains measurement uncertainties, which vary from
technique to technique. Generally the main uncertainties in RS measurement can be
categorised to those that are technique specific, material specific, and component/geometry
specific.
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The published experimental as-welded state WRS data have a substantial scatter.
Consequently the WRS distributions defined in the commonly used fitness-for-service
procedures have been developed as tensile upper bound solutions based on the data. However,
according to several authors, this approach not only lacks consistency for the same type of
joints and welding parameters, but can either significantly overestimate the WRS level in
some cases, or underestimate it in others.

Concerning probabilistic methods to define WRS distributions, the following procedures are
described in this study: least-squares technique, Bayesian statistical approach, spatial Bayesian
approach, spatial deconvolution approach, heuristic method, fuzzy-set approach, and goodness
of fit technique. Also described in this study is the treatment of WRSs in some current notable
probabilistic crack growth analysis codes. These PFM based codes are WinPRAISE, PRO-
LOCA, ProSACC and PASCAL-SP.

Based on the numerical WRS simulation results and within their scope, two analytical WRS
relaxation assessment equations were also developed for the considered safe-end/pipe weld
region. The obtained results provide also an example of an approach to derive analytical WRS
relaxation equations for practical applications. Moreover, as the involved computational effort
is reasonable, it is considered that the approach used here is technically feasible, and can thus
be applied to components with other geometries, materials and experienced loads.
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List of symbols and abbreviations

Note that for clarity the parameters and variables concerning the WRS relaxation assessment
procedure formulas and equations are presented only in the associated compilation tables in
this study, see Chapter 4. Otherwise all symbols and abbreviations concerning this report are

presented here.

Latin symbols

A Experimental scaling constant in spatial Bayesian approach

a, Normalised constants describing the ratios between the weights in heuristic
method

b; Congtants in linear function for stress measurement data in heuristic method

B Background signal in spatial Bayesian approach

C.; binary a-cut combinations in fuzzy-set approach

Dk Independent stress measurements in least-squares technique

e(x) Random error function in heuristic method

f adjustment factor in WinPRAISE

f(y) Analytical model in spatial Bayesian approach

Fx Analytical prediction corresponding to independent stress measurementsin
least-squares technique

H(y) Instrumental resolution function in spatial Bayesian approach

ID Inner diameter

m Number of experimental dataitemsin heuristic method

N Number of load cycles

N Number of independent stress measurements

N Number of fuzzy material parameters in fuzzy-set approach

N, number of combinations per a-cut in fuzzy-set approach

oD Outer diameter

p Pressure

Prmax Maximum pressure value

Prin Minimum pressure value

I Correlation coefficient of stress between ith and jth point (neighbouring points)
in PASCAL-SP

R Stressratio

R? Relative squared differences

S Weld residual stress in pipe component wall thickness direction at ith point in
PASCAL-SP

gqave Average weld residual stress in pipe component wall thickness direction at ith

' point in PASCAL-SP

S5 Difference between measured stress data and best-fit data in goodness of fit
technique

S Difference between measured stress data and mean value of all measured
stresses in goodness of fit technique

t Time

twall Component wall thickness

T Temperature
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Ti(X) Linearly independent basis functions in heuristic method

W, Relative weights in heuristic method

X Quantity of interest consisting of several measurements

X Free parameters of the computation model

Xe Weld residual stress distribution distance parameter in PRO-LOCA

Xi Fuzzy material parameters in fuzzy-set approach

Xt Left end of the range of variation of fuzzy materia parametersin fuzzy-set
approach

X2 Right end of the range of variation of fuzzy material parametersin fuzzy-set
approach

X iR Nominal value of fuzzy material parameters in fuzzy-set approach

Yk Position of measurement in spatial Bayesian approach

y Linear function for stress measurement data in heuristic method

Y, Measured values for weld residual stress in heuristic method

v Values for weld residual stress to be fitted in heuristic method

z Random number following a standard normal distribution in PASCAL-SP

Greek symbols

ant Heat transfer coefficient

Ds Total stressload range

f Outer diameter

ntX) Membership function (possibility distribution) in fuzzy-set approach

S Weld residual stress field in fuzzy-set approach

Sa Applied stress amplitude

Se von Mises equivalent stress

Sg Data group specific variance in heuristic method

Sh Hydrostatic stress

s, Standard deviation of weld residual stressin PASCAL-SP

Sk Estimated error in least-squares technique

Smax Load cycle specific maximum stress value

Smin Load cycle specific minimum stress value

sk Weld residual stress

s Residual stress at surface

SwrsaxiaL  Maximum remaining axial weld residual stress

s, Yield stress, yield strength

S1 Maximum principal tensile stress

s?2 Overall variance in heuristic method

Abbreviations

AP
ASME
BG
BS
BWR

American Petroleum Institute

American Society of Mechanical Engineers
BerékningsGrupp

British Standard

Boiling water reactor
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EFPY Effective full power year

FEA Finite element analysis

FEM Finite element method

IGSCC Intergranular stress corrosion cracking
IHS| Heating stress improvement

WM Fraunhofer-Institut fir Werkstoffmechanik
JAEA Japan Atomic Energy Agency

LBB L eak-before-break

LC Load cycle

LCS Load cycle sequence

LLNL Lawrence Livermore National laboratory
LOCA L oss-of-coolant-accident

LWR Light water reactor

MIG Metal inert gas welding

MSIP Mechanical stress improvement process
NPP Nuclear power plant

ORNL Oak Ridge National Laboratory

PFM Probabilistic fracture mechanics

PNNL Pacific Northwest National Laboratory
PWHT Post weld heat treatment

PWR Pressurised water reactor

PWSCC Primary water stress corrosion cracking
RPV Reactor pressure vessel

RS Residual stress

SAW Submerged arc welding

SCC Stress corrosion cracking

SINTAP Structural Integrity Assessment Procedures for European I ndustry
SMAW Shielded meta arc welding

SO Start of operation

SS Stainless steel

SSM Stral Sakerhets Myndigheten (Swedish Radiation Safety Authority)
TIG Tungsten inert gas welding

TVO Teollisuuden Voima Oyj

USNRC U.S. Nuclear Regulatory Commission

VSR Vibratory stressrelief

VTT Technical Research Centre of Finland

VYR State Nuclear Waste Management Fund (Valtion Y dinjéehuoltorahasto)
WCL Weld centre line

WOL Weld offset line

WRS Weld residual stress
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1 Introduction

Firstly, this report presents a literature study concerning computation procedures for the
relaxation of the welding processinduced residual stresses in steel components. The
applicability of the covered procedures for Nuclear power plant (NPP) components under
operation is also discussed. Secondly, the performed numerical simulations concerning WRS
distributions and their behaviour under cyclic loading are presented, as well as are
uncertainties and probabilistic aspects associated with assessing WRS distributions.

This study represents the results concerning the third year, i.e. 2009, of a research project
spanning four years, i.e. 2007 — 2010. A literature study concerning various commonly used
WRS definition procedures was carried out in the first project year in 2007, see ref. [1]. In
that study seven different WRS definition procedures were presented, reviewed and compared
againgt each other for a representative set of application examples concerning NPP reactor
circuit piping welds. During the second project year 2008 it was studied with numerical
simulations how the WRSs alter over the years in plant operation in primary circuit
component welds due to various typical/anticipated transient load cases. The target of
application was from a Finnish Boiling Water Reactor (BWR) unit. With such stress results, it
was then examined what is their impact to the corresponding simulated crack growth rates. In
the latter analyses a fracture mechanics based analysistool was used.

The present study continues the work of the previous parts of the project. Here the emphasisis
on a literature study concerning various WRS relaxation assessment procedures for NPP
component welds. Also numerical simulations of WRS distributions were carried out with the
same FEM model as was used in 2008, i.e. that consisting of a safe-end connecting to a nozzle
and pipe. The scope of the analyses was extended so that here it was examined how the WRS
distributions in the safe-end/pipe joint weld region behave under constant cyclic loading.
Several load cycle sequences with different load amplitudes covering loading conditions
ranging from moderate to relatively severe were considered. Based on obtained FEM
simulation results analytical expressions for assessment of WRS relaxation were formed. Also
uncertainties and probabilistic aspects of WRS distributions are considered in this study.

As compared to the work plan, due to time resource limitations one topic was postponed to be
covered in the next part of the project. This topic concerns for crack growth analysis
procedures a parametric study in which it is clarified based on existing world-wide and/or
TVO crack data, what should the WRS distributions be like, so that the crack growth analysis
results would correspond to existing crack data. Here it is assumed that the available material
and process condition specifically constant crack growth formula parameters are defined
realistically/correctly. Analysis code VTTBESIT, which is based on fracture mechanicsand is
partly developed at VTT, will be used in the involved crack growth analyses. Also, applicable
existing crack data for these analyses remains to be obtained. The challenge here is to find
such data which includes also the duration of the crack growth process, starting from a
relatively early stage (sufficiently close to nucleation) up to the time of detection.

After this introductory chapter, the conditiong/treatments that can relax the relatively high
WRSs are described in Chapter 2. These conditions/treatments include irradiation effects,
thermal effects and mechanical load effects.
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Chapter 3 concerns the selection of the suitable WRS definition procedures for structural
integrity analyses. Applicability of commonly used WRS definition procedures for numerical
simulations is discussed first. Comparison of seven commonly used WRS definitions as
applied for a representative selection of NPP piping components is presented then. One
purpose for thisisto have a starting point for WRS relaxation simulations, which are covered
further in the study. Namely, the approach for obtaining the WRS distribution data used in the
simulations is presented here.

Chapter 4 presents the discovered residual stress relaxation assessment procedures. These are
the main results of this study. Altogether 25 different WRS relaxation assessment procedures
were found as a result of an extensive survey covering a great number of sources of
information, including the major technical scientific journals, with tracing of cited references
in each new article as it was obtained, as well as conference papers, academic theses,
dissertations, handbooks and technical reports, both from libraries in paper format and from
Internet databases.

Chapter 5 describes the uncertainties and probabilistic aspects of WRS distributions. The
uncertainties concerning WRS distribution definitions are discussed first. Next a selection of
currently applied probabilistic methods to define the WRS distributions is presented. The
treatment of WRSs in some notable current probabilistic crack growth analysis codes is
described then.

The above mentioned FEM simulations of WRSs in the safe-end/pipe joint weld region are
described in Chapter 6. This includes describing the needed analysis input data and the FEM
model, and presenting the analysis results. The analyses cover eight loading histories, each
including a constant amplitude load cycle sequence, and together spanning a representative
range of loading conditions. Here are also presented the analytical expressions for the
assessment of WRS relaxation, as developed within this study.

Chapter 7 presents discussion and suggestions for further research.

Finally, conclusions concerning the whole study are presented in Chapter 8.
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2 WRSs and their mechanical relieving

2.1 Introduction to WRSs

Assessment of the structural integrity of critical components and structures in NPPs is of
remarkable importance for safe operation. When assessing the structural integrity of a
component, both the loading and the load-carrying capacity are determined. The WRSs are
included in the analysis on either the loading or capacity side, depending on the design

strategy.

Since WRSs with various magnitudes and distributions are present in virtually all structurally
engineered components, there is a demand for accurate assessment of the WRS distributions,
especially in critical components. The residual stress distributions present in a structure are
the result of the manufacturing history and the elastic-plastic properties of the structure. The
former referring to the mechanical and thermal processes executed during the whole
production sequence and the latter to the elastic-plastic behaviour of the structure. Because
the elastic-plastic properties influence the severity and distribution of the WRSs, it follows
that a structure comprised of several materials will experience the development of the WRSs
in acompletely different way than one made of a single material.

Depending on the importance of the WRSs, different approaches have been introduced for the
assessment of the structural integrity. In structures where the effect of the WRSs on the
performance is limited or small, the assessment of the WRSs is of less importance. On the
other hand, in the structures where their integrity is of remarkable importance for their
reliability, such as NPP primary circuit components, a thorough and accurate assessment of
the WRS state is of primary concern. NPPs are typically concerned with manufacturing and
managing components which are strongly regulated by national and/or international technical
guidelines, standards and design codes to ensure reliable operation.

WRSs are defined as static mechanical stresses that are present in a thermodynamically (and
mechanically) closed system of equilibrium. In a more general way, WRSs are mechanical
stresses that exist in a component without any external applied mechanical or thermal loads. A
direct consequence of the definition is that all internal forces and moments resulting from the
WRSs of a system are in mechanical equilibrium. The size of the considered system
determines the type of the WRSs that are assessable.

Another consequence of the above mentioned definition is that the internal stresses induced
by therma transients are outside the scope of the WRSs, as they do not represent closed
systems. Such load transients are typical for uneven cooling during heat treatments and
thermal in-service loads. However, the thermal transients can relax WRSs, when the yield
strength is exceeded locally and plastic flow occurs.

The mechanical properties that govern the formation of WRSs are primarily the modulus of
elasticity and the strain hardening coefficient. For a work hardening material the WRSs are
completely different than for a work softening one. Thus, a mismatch in strain hardening
capabilities in adjoining materials, with otherwise similar elastic properties, induces local
plastic deformation in the weaker material.
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Manufacturing of welded structuresin NPPs is carried out with traditional methods for which
there is considerable welding experience. The methods are shielded metal arc welding
(SMAW), tungsten inert gas welding (TIG) and submerged arc welding (SAW). However,
metal inert gas welding (MIG) is generally not used due to a higher risk for lack of fusion.
Manufacturing of cladded structures is a time consuming process, and therefore it is mostly
done with SAW. Other methods have also been used, though less frequently. Butt welding of
pipes, on the other hand, is made with TIG.

Regardless of the welding method used, the material properties of the welds and the structural
materials affect the formation and distribution of WRSs. The resulting WRS state in a welded
component is determined by welding related parameters and geometrical constraints. The
former refers to the local shrinkage, quench and phase transformations resulting from the
localised thermal cycle. The latter is dealt with through the unbalance in material properties of
dissimilar metal welds, and the constraining effect of the surrounding structure.

The components of primary interest in NPPs often have a bi-metallic or dissimilar metal
structure, where the mechanical properties of the joined materials are different, and thus add
to the formation of the WRSs. However, in most cases NPP primary circuit welds are similar,
i.e. same materials are joined inaweld.

2.2 On the conditions/treatments that relieve WRSs in
NPP components

In the assessment of the WRS distributions in NPP components, the possible relaxation of
them by post processing or during service operation is necessary to be taken into account.

Before considering computation procedures for the relaxation of the WRSs in NPP
components, the conditions/treatments that relieve WRSs are first described briefly. Thus one
gains a better understanding of the physical reality which WRS relaxation computation
procedures attempt to capture.

It is a generally known fact that there are three primary sources for WRS redistribution or
relaxation. These are described in the following.

2.2.1 Irradiation effects

The first source of WRS relaxation is related to irradiation effects, which have been studied
for several stainless steels and nickel-base alloys. The results showed that exposure to a high
neutron fluency level corresponding to over ten Effective Full Power Years (EFPY) causes
the WRSs to relax by 30 % [13].

However, in practise irradiation is not used to relax the WRSs in components. Besides NPP
reactor pressure vessel (RPV) and its internals, the scale of irradiation to other metallic NPP
components is so low, that its effects to physical/material properties are practically negligible
[14].
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2.2.2 Thermal effects

The second source of WRS relaxation is related to thermal effects. It is well known that
prolonged holding or operating times at elevated temperatures cause WRSs to relax. If a
specimen of pure metal is annealed at a temperature of 50 % of its melting or solidus
temperature, and then cooled down to room temperature, almost total relaxation of the
residual stresses arising from forming, machining, heat treatment or joining operations can be
achieved. The necessary annealing time depends essentially on the specimen dimensions and
the material state. Residual stress relaxation by annealing is brought about by thermally
activated processes, for which the annealing temperature and the annealing time are
interchangeable within certain limits [47]. In order to achieve comparable residual stress
relaxation at a lower annealing temperature, the annealing time must be increased
correspondingly. Thermal residual stress relaxation is fundamentally affected by the residual
stress state itself and by the material state [15, 16].

At the BWR operating temperature of 286 °C the time dependent relaxation of WRSs due to
creep is of very moderate scale. Even though the operating temperature of a Pressurised Water
Reactor (PWR) is approximately 50 °C higher than that of a BWR, the thermal relaxation
effects still remain small. Relaxation of the WRSs requires higher temperatures, where the
yield strength drops below the WRS and plastic flow occurs.

A controlled reduction in the magnitude of the WRSs is obtained when applying a post weld
heat treatment (PWHT) to the component. The treatment time and temperature are primarily
determined by the involved alloys [17]. Besides complete PWHT, also annealing at
approximately 450 °C, which has been done for many NPP components, has an impact on the
WRSs. The effect is caused by reduction intensile WRS at the elevated temperature.

2.2.3 Mechanical load effects

The third source of WRS relaxation is associated with static or cyclic mechanical load applied
to the component to cause local plastic yielding, which redistributes/relaxes the residual
stresses. In case of static loading the relaxation occurs when a critical loading value is
exceeded and a directed dislocation movement converts the elastic strain associated with the
macro residual stress into micro plastic strain. Whereas in case of cyclic loading it is the
critical stress amplitude that is to be exceeded and the dislocation movement leading to
relaxation progresses cyclically but is otherwise the same as for gatic load.

Concerning cyclic loading, many studies have shown that the effect of macro residual stresses
decreases with increasing stress amplitude and growing number of cycles as a result of
residual stress relaxation, see e.g. refs. [15, 16]. This is illustrated in Figure 2.2.3-1 for
guenched and tempered AISI 4140 steel specimen in a shot-peened condition that has
undergone a push/pull fatigue test. More specifically, this figure shows the altering of the
shot-peening induced residual stresses at the surface, s™ [MPa), as a function of the number
of cycles, N[ - ]. Theresidual stress values are strongly reduced in the first cycle. After that a
stress range specific linear dependency between the residual stresses and the number of load
cycles prevails. Repeated cyclic loading can also cause gradual changes in the residual
stresses over time, even if no single fatigue cycle induces local yielding [19].

The above mentioned shot-peening is a surface treatment, thus affecting mainly/only the
residual stresses in the component surface layers. With this treatment it is attempted to create
a beneficial compressive residual stress distribution to the component surface layers, leading
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e.g. to prolonged fatigue life [20, 21, 22]. As compared to shot-peening vibratory stress relief
(VSR) introduces energy into the whole of the metalic component by means of vibrations.
The applied vibration energy reorganizes the crystalline atomic structure, relieving residual
stresses and stabilizing the piece, without distortion [23, 24, 25, 26]. Based on the weight of
the piece, the VSR method introduces into it high amplitude and low frequency vibrations for
a given period of time, typically within the scale of tens of minutes. This relieves residual
stresses without distortion or alteration of tensile strength, yield point or resistance to fatigue,
and the static equilibrium is restored. The most efficient vibrations are the resonant ones,
because in the resonance frequency vibrations stresses are better distributed, if compared with
sub-resonant frequency.

g ° 500
< | - —
_400 0,=400 MPa |

—-600 Lyt L 1 ! ' L
10— 1 102 104 106

Number of cycles, N

Figure 2.2.3-1. For quenched and tempered AlS 4140 steel specimen in a shot-peened
condition that has undergone a push/pull fatigue test, the altering of resdual stresses at the
surface, s [MPa], as a function of the number of cycles, N[ - ], for a selection of applied
stress amplitudes s, [MPa], seeref. [18].
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3 Onthe selection of suitable WRS
assumptions for structural integrity
analyses

Based on the measurement data from experiments concerning the relaxation of the WRSs,
analysis models have been developed to capture this effect. In addition to collection of and
discussion concerning analytical WRS relaxation computation procedures, one object in this
study is to examine with numerical simulations how repeated mechanical loads affect the
local WRS maximum and overall levels.

To have astarting point for WRS relaxation simulations, the as-welded state WRSs need to be
assessed first. Those are obtained from the selection of the current notable WRS definition
procedures for steel components covered in ref. [1]. In the following, the applicability of these
WRS assumptions for numerical simulations is assessed first. Then they are compared against
each other by applying them to a set of representative NPP piping components. In this
connection also the input data treatment approaches of these definition procedures are briefly
described and compared against each other. The results from the WRS assumption application
comparisons presented then are a revision of the corresponding ones presented inref. [1]. The
motivation to carry out this revision was to provide a more practical set of as-welded state
WRS digtribution examples and starting points than the more parametric WRS assumption
application examples in ref. [1]. Namely, the WRS distribution definitions found from the
fitness-for-service procedure collections and handbooks almost invariably base their formulas
to material yield strength, and separate formula sets are typically given for austenitic and
ferritic steels. Inref. [1] one value for material yield strength was selected as a starting point,
corresponding more to an austenitic stainless steel, and it was used as such as part of the input
data when applying WRS distribution formulas both for austenitic and ferritic steels. In the
present study two actual NPP piping component materials are chosen, being an austenitic
stainless steel and a ferritic steel, and in the ensuing WRS distribution formula applications
their material yield strengths are also used with recommended correction factors, where
necessary. Furthermore, the limitations of use of the covered WRS distribution definitions, a
subject which was mainly omitted in the application examples in ref. [1], are taken fully into
account here.

3.1 Applicability of current notable WRS definitions for
numerical simulations

The WRS procedures considered here are: the ASME recommendations [2, 3], the British
Standard BS 7910: 1999 [4], the R6 Method, Revision 4 [5], the SSM handbook [6], the
SINTAP Procedure [7, 8], the APl 579 Procedure [9] and the FITNET Procedure [10]. The
covered WRS type here is as-welded state. The SSM handbook [6] is an updated and
expanded version of the earlier SAQ handbook [11], which was used in ref. [1]. Otherwise the
same WRS definition procedures were covered here asin ref. [1].

The WRS definitions in the mentioned procedures are based both on the available
experimental data and FEM analysis results. In some older ones of the mentioned WRS
procedures, uniform distributions have conservatively been defined to WRSs for some cases
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due to lack of data, e.g. those given for parallel to weld for austenitic stainless steel for pipe-
to-pipe welds in ASME recommendations [2, 3].

The published experimental WRS data have a substantial scatter. Consequently the defined
WRS distributions have been developed as tensile upper bound solutions based on the data.
However, according to [86, 87, 88, 89], this approach not only lacks consistency for the same
type of joints and welding parameters, but can either significantly overestimate the WRS level
in some cases, or underestimate it in others.

Over the last decade or s0, WRSs have received increasing attention in the pressure vessel and
piping research community. The driving force for thisinterest can be attributed to the fact that
application of modern structural integrity assessment procedures for defective welded
components, e.g., the British Standard BS 7910: 1999 [4], R6 Method, Revision 4 [5],
SINTAP Procedure [7, 8], APl 579 Procedure [9] and FITNET Procedure [10], require
considerably more input data on the WRS state to give a more realistic assessment. The
conventional approach for characterising a WRS profile has been to adopt a tensile upper
bound solution, as mentioned above. All WRS procedures covered here base their definitions
on material yield strength, so that typically the maximum tensile WRS values are of the scale
of yield strength in and near the inner weld surface. The variation of the yield stress values
within the typical operational temperature range in light water reactor (LWR) NPP piping
systems, being approximately from 20 to 330 °C, is of the scale of 10 %. According to most
of the covered WRS assumption procedures, for austenitic NPP piping stainless steels (SSs)
the stress values at 1.0 % strain should be used for yield strength, whereas for corresponding
ferritic steelsthe stress values at 0.2 % strain should be used, respectively.

The mentioned seven WRS definition procedures provide a range of approaches to define the
WRS distributions. In older WRS procedures, such as ASME recommendations [2, 3], only
one approach in the form of a few simple functions is given, whereas in the more recent WRS
procedures, such as R6 Method Rev. 4 [5] and FITNET Procedure [10], a selection of levels
for defining WRSs are presented, ranging from coarse level 1 definitions giving single values,
to level 2 with WRS definitions as analytical functions, to subtle and computationally
laborious level 3 approaches, requiring e.g. the use of advanced non-linear 3D FEM analysis
tools. Depending on the needed accuracy and available resources, one can choose which WRS
procedure and level to apply. In general, the WRS distributions are defined in all of the
mentioned seven procedures also (or only) with analytic functions, such as polynomials and
exponent function. On the behalf of the more recent WRS assumption procedures, these
correspond to level 2 definitions. Separate definitions are typically given for austenitic and
ferritic steels, weld types and weld wall thickness ranges. Also, overall validity ranges are
given in most procedures for WRS definitions, as a function of e.g. weld wall thickness and
yield strength.

One unfortunate departure from realism in case of some of the more recent WRS assumption
procedures, e.g. R6 Method Rev. 4, APl 579 and FITNET, is that in the transverse to weld
direction the WRSs are mostly not self-balancing. While making local crack growth
calculations with a fracture mechanics based analysis tool this feature may not pose
remarkable problems, but in case of corresponding 3D FEM analyses it is quite the other way
around, as in order to achieve equilibrium FEM automatically modifies the WRSs towards
self-balanced distributions over the component model walls, and thus the origina WRS
distributions are not maintained.

In the light of the present WRS assumption application results for cases concerning austenitic
SS, only ASME recommendations and SINTAP procedure in all cases, and SSM handbook in
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most cases, give WRS digtributions that are self-balancing in the transverse to weld direction.
Of them the least over conservative WRS assumption procedure appears to be SINTAP. As
for the corresponding analysis results for cases concerning ferritic steel, for Small and Large
cross-sections SSM handbook gives self-balancing WRS distributions, whereas for Medium
cross-section only SINTAP procedure gives a self-balancing WRS distribution, respectively.

3.2 Comparison of current notable WRS definitions

3.2.1 Input data considerations

Geometry, materials and loads

In this study the WRS distributions are calculated with the above mentioned seven procedures
for the same representative small, medium and large NPP reactor circuit pipe cross-sectionsin
a Finnish BWR unit as in ref. [1]. The dimensions of these pipes are:

Small pipe; outer diameter = 60 mm, wall thickness = 4.0 mm,

Medium pipe; outer diameter = 170 mm, wall thickness= 11.0 mm,

Large pipe; outer diameter = 510 mm, wall thickness = 26.0 mm.

For these three pipe sizes the WRS digtributions through wall are calculated in both
perpendicular and parallel to weld directions. The covered weld condition in the calculations
isas-welded state.

The considered materials are austenitic stainless steel SS 2353, which corresponds to steel TP
316L according to U.S. standards, and ferritic steel SS 2301, which corresponds to steel
ASTM 405 according to U.S. standards.

Table 3.2.1-1. Some relevant material property values of austenitic stainless sted SS 2353 as
a function of temperature [12].

Temperature Y oung's modulus Yield strength Tensile strength
[°C] [GPa] [MPa] [MPa]
20 198 210 515
286 176 125 412
Temperature Coefficient of thermal Thermal conductivity Specific heat
[°C] expansion [109/K] [W/mK] [I/kgK]
20 16.5 135 440.0
286 18.0 17.4 537.2

Table 3.2.1-2. Some relevant material property values of ferritic steel SS2301 as a function of

temperature [12].
Temperature Y oung’'s modulus Yield strength Tensile strength
[°C] [GPa] [MPa] [MPa]
20 225 250 540
286 204 184 540
Temperature Coefficient of thermal Thermal conductivity Specific heat
[°C] expansion [10°9/K] [W/mK] [I/kgK]
20 11.0 235 460.0
286 114 25.3 557.2
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In the two tables above the yield strength corresponds to the stress value at strain of 0.2 % in
the stress-strain curve. As the stress values at strain of 1.0 % are not available, first
approximation approaches recommended in the WRS procedure documentations to obtain
them were resorted to.

Due to often lacking more specific weld material data a commonly followed approach to use
the material property data of the adjacent base material for the structural integrity analyses of
the weld as well isalso followed here.

The pressure and temperature are set to 7.0 MPaand 286 °C in all calculations, corresponding
to normal operation conditions in Finnish BWR NPP units. The evenly through wall
distributed axial and circumferential stress components corresponding to pressure were
calculated with analytical expressions for thin walled cylindrical shells.

Treatment of yield strength according to covered WRS definition procedures

The treatment of material yield strength according to the covered WRS definition procedures
is described here in more detail. This is because all other WRS definition procedures covered
here besides the ASME recommendations [2, 3] base their WRS formulas to the material yield
strength. To clarify the issue more, this means that the yield strength linearly scales the WRS
values calculated with these formulas. For instance, increasing the used yield strength value
with a factor of two would provide the same effect to the resulting WRS distribution values.
Corresponding decrease effect results when using lower yield strength value. The treatment
and selection of yield strength values holds importance also in regard of considered
temperature, as yield strengths of various steel types are all temperature dependent. Examples
of this are the yield strength data for the selected austenitic and ferritic steels as presented in
Tables 3.2.1-1 and 3.2.1-2. When comparing yield strength values at room temperature 20 °C
and normal operation temperature of 286 °C, for the selected austenitic steel the value at the
latter temperature is59.4 % of that in the former temperature, whereas for the selected ferritic
steel thisratio is 73.4 %, respectively.

According to the covered WRS definition formulas the treatment of material yield strength, as
obtained from the results of uniaxial tests or applicable material standards, is as follows:
ASME recommendations [2, 3]; yield strength not included in the WRS formulas,
the British Standard BS 7910: 1999 [4];

o both in WRS formulas for austenitic and ferritic steels the stress to be used as
yield strength is that corresponding to 0.2 % strain,

0 concerning the associated temperature range when selecting the yield strength
value to be used, no information is given regarding what temperature it is
assumed to correspond to,

the R6 Method, Revision 4 [5];

o inWRSformulas for ferritic steels the stress to be used as yield strength is that
corresponding to 0.2 % dtrain,

0 in WRS formulas for austenitic steels the stress to be used as yield strength is
that corresponding to 1.0 % strain, and if no actual stress-strain data is
available it is assumed that as a first approximation 1.5 times the stress
corresponding to 0.2 % strain can be used as that for the stress corresponding
to 1.0 % drain,

0 concerning the associated temperature range when selecting the yield strength
value to be used, it is assumed to correspond to room temperature,
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the SSM handbook [6];

o for ferritic steelsthe stress to be used as yield strength in WRS formulas is that
corresponding to 0.2 % strain,

o for austenitic steels the stress to be used as yield strength in WRS formulas is
that corresponding to 1.0 % strain, and if no actual stress-strain data is
available, as a first approximation 1.3 times the stress corresponding to 0.2 %
strain can be used as that for the stress corresponding to 1.0 % strain,

0 concerning the associated temperature range when selecting the yield strength
value to be used, it is assumed to correspond to each temperature in the
material temperature history, as caused by the analysis case in question,

the SINTAP Procedure [7, 8];

0 in WRSformulas the stress to be used as yield strength for ferritic seelsis that
corresponding to 0.2 % dtrain,

o0 in WRS formulas the stress to be used as yield strength for austenitic steels is
that corresponding to 1.0 % strain, and if no actual stress-strain data is
available, as a first approximation 1.5 times the stress corresponding to 0.2 %
strain can be used as that for the stress corresponding to 1.0 % strain,

0 concerning the associated temperature range when selecting the yield strength
value to be used, it is assumed to correspond to that temperature in which it
reaches the maximum value over the temperature history of the analysis case in
guestion,

the API 579 Procedure[9];

o for both ferritic and austenitic steels the stress to be used as yield strength in
WRS formulas is the sum of that corresponding to 0.2 % strain and 69 MPa,

0 concerning the associated temperature range when selecting the yield strength
value to be used, it is assumed to correspond to each temperature in the
material temperature history, as caused by the analysis case in question,

the FITNET Procedure [10];

o0 inWRSformulas for ferritic steels the stress to be used as yield strength is that
corresponding to 0.2 % dtrain,

0 in WRS formulas for austenitic steels the stress to be used as yield strength is
that corresponding to 1.0 % strain, and if no actual stress-strain data is
available it is assumed that as a first approximation 1.5 times the stress
corresponding to 0.2 % strain can be used as that for the stress corresponding
to 1.0 % drain,

0 concerning the associated temperature range when selecting the yield strength
value to be used, it is assumed to correspond to room temperature.

The main reason for selecting the yield strength value for austenitic steels as the stress
corresponding to 1.0 % strain is the relatively large work hardening part of the stress-strain
curves associated with this material type. Typically the tensile strength for austenitic steelsis
of the scale of two times higher than the stress corresponding to the 0.2 % grain. Whereas in
case of ferritic steels, typically the work hardening part of the stress-strain curves associated
with this material type is relatively moderate, so that there is a somewhat distinctive
difference in the path of the stress-strain curve before and after approximately 0.2 % strain
point.
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Validity rangesfor as-welded stateresidual stressesfor steels

The validity ranges of application concerning the as-welded state WRS assumptions for steels
vary between the covered procedures, and not all of them give specific information
concerning thisissue in the associated documentations.

To begin with the WRS distribution assumptions given in the ASME recommendations [2, 3],
their use is limited to austenitic SS welds. Also, no validity range limitations concerning the
wall thickness are given.

For the WRS distribution assumptions in the British Standard BS 7910: 1999 [4], R6 Method,
Revision 4 [5], SINTAP Procedure [7, 8] and FITNET Procedure [10], their validity range of
useisgiven in Table 3.4-1 in the following.

Table 3.4-1. Validity ranges for as-welded WRS definitions for piping component profiles.
For WRS distributions in the R6 Method, Revision 4 [5] and FITNET Procedure [10] these
limitations concern only ferritic steels, whereas for the British Sandard BS 7910: 1999 [4]
and SINTAP Procedure [7, 8] they concern both austenitic and ferritic steels.

Geometry Thickness [mm] Yield strength [MPa] Electrical heat input per
unit length [kJ/mm]

Pipe circumferential 9-84 225-780 0.35-19

butt welds

As for the WRS distribution assumptions in the APl 579 Procedure [9], it is mentioned that
they apply as such both to welded joints located in equipment that has been in-service, aswell
as to new constructions. Also, a distinction is not made concerning the material of
construction. The WRS assumptions in APl 579 are mainly intended for welds associated
with base materials of ferritic steel. However, it is currently assumed that stainless steel welds
can be assessed with equal accuracy using these WRS distribution equations. No validity
range limitations concerning the wall thickness are given.

Asfor the WRS distribution assumptions in the SSM handbook [6], the following information
concerning their range of applicability is given. The WRS distributions are recommendations
based on numerical investigations on austenitic stainless steel pipes. They are valid for ainner
radius to thickness ratio of approximately 8 but can conservatively be used for profiles with
higher value for this ratio. The validity range of heat input relative to the pipe thickness is
from 75 to 101 MJm?. The validity range concerning wall thickness is up to 40 mm, and for
pipe wall thickness greater than thisthe WRS recommendations should be conservative.

Also, for the time being the SSM handbook [6] is the only one of the covered WRS definition
procedures that provides WRS distributions for a selection of dissimilar weld types as well.
These are applicable to e.g. dissmilar welds connecting ferritic RPV nozzles to safe-ends of
stainless steel.

3.2.2 WRS definition comparison results

The comparison of the covered WRS definitions, namely those in the ASME
recommendations [2, 3], the British Standard BS 7910: 1999 [4], the R6 Method, Revision 4
[5], the SSM handbook [6], the SINTAP Procedure [7, 8], the API 579 Procedure [9] and the
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FITNET Procedure [10], for a representative selection of NPP piping welds is described in
this section.

WRSs defined with the above mentioned seven procedures were calculated for three pipe
sizes in this study, which are presented in Section 3.2.1. These sizes were taken to correspond
to representative small, medium and large pipes in Finnish BWR NPP piping systems,
respectively, and they were provided by a representative from TV O [27], which is gratefully
acknowledged. The considered two NPP piping materials are austenitic stainless steel SS
2353, and ferritic steel SS 2301, as mentioned earlier. For both of these materials the needed
material property data are presented in Section 3.2.1. As full stress-strain curves for the
considered materials were not available, the earlier mentioned treatments for yield strength
values were resorted to. Also the earlier mentioned procedure specific validity ranges for
WRS assumptions were taken into account here.

For the three considered pipe sizes the as-welded state WRS distributions through wall were
calculated in both perpendicular and parallel to weld directions. The results are presented in
the following Figures 3.2.2-1 to 3.2.2-6. These results are an update to those presented in ref.
[1], as mentioned earlier. In the result figures, twa [Mm] in the horizontal axis is the radial
coordinate through pipe wall with origin on the inner surface. In the figure legends, “Au” in
the end of WRS procedure name means that the curve in question is for austenitic stainless
steel SS 2353, correspondingly “Fe” in the end of procedure name means that the curve in
guestion is for ferritic steel SS 2301. Also, the presented computation results correspond to
WRS distributions through the weld centre line.
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Figure 3.2.2-1. As-welded state WRS distributions in weld centre line and perpendicular to
weld for the Small pipe, calculated with the seven covered WRS procedures. Here for
FITNET, R6 Rev. 4, BS 7910: 1999 and APl 579 procedures, low heat input was
conservatively used. Here the wall thickness was not within the covered validity range in
case of some/all WRS formulas of FITNET, R6 Rev. 4, BS 7910: 1999 and SINTAP
procedures.
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Figure 3.2.2-2. As-welded state WRS distributions in weld centre line and perpendicular to
weld for the Medium pipe, calculated with the seven covered WRS procedures. Here for

FITNET, R6 Rev. 4, BS 7910: 1999 and APl 579 procedures, low heat input was
conservatively used.
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Figure 3.2.2-3. As-welded state WRS distributions in weld centre line and perpendicular to
weld for the Large pipe, calculated with the seven covered WRS procedures. Here for
FITNET, R6 Rev. 4, BS 7910: 1999 and APl 579 procedures, low heat input was
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conservatively used.

Concerning the discussion of the results in the following it should be kept in mind that in the
considered temperature of 286 °C the 0.2 % strain yield strengths for the considered austenitic
stainless steel and ferritic steel are 125 and 184 MPa, respectively.

As can be seen from Figures 3.2.2-1 to 3.2.2-3, the WRS distributions through wall and
perpendicular to weld in as-welded state, as calculated for the three examined pipe sizes with
the covered WRS definition procedures, differ quite much from each other. Near and in the
inner surface the WRS values vary approximately between 50 to 350 MPa of tension, where
the highest values are given by the R6 Method, Revision 4 [5] and FITNET Procedure [10].
Correspondingly, the lowest WRS values are mostly given there by the SSM handbook [6]
and SINTAP Procedure [7, 8], respectively. Also elsewhere within the weld wall and in the
outer surface the R6 Method, Revision 4 [5] and FITNET Procedure [10] give the highest
WRS values, staying through wall clearly in tension, whereas in case of all other WRS
procedure definitions besides the APl 579 Procedure [9] the WRS distributions turn to
compression, reaching its maximum at the outer surface. Thus in axial direction self-
balancing WRS distributions are provided by these latter WRS definition procedures. In all
cases the R6 Method, Revision 4 [5] and FITNET Procedure [10] give identical results. None
of the covered WRS assumption procedures give values that exceed the material tensile
strength, so realism is not violated.

As more than 90 % of the piping crack cases have been oriented circumferentially, see e.g.
ref. [98], it is these perpendicular to weld WRSs that play a prominent role in piping
component crack growth considerations.
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Figure 3.2.2-4. As-welded state WRS distributions in weld centre line and parallel to weld
for the Small pipe, calculated with the seven covered WRS procedures. Here the wall
thickness was not within the covered validity range in case of some/all WRS formulas of
FITNET, R6 Rev. 4, BS7910: 1999 and SNTAP procedures.
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Figure 3.2.2-5. As-welded state WRS distributions in weld centre line and parallel to weld
for the Medium pipe, calculated with the seven covered WRS procedures.
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Figure 3.2.2-6. As-welded state WRS distributions in weld centre line and parallel to weld
for the Large pipe, calculated with seven different WRS procedures.



25 (82)
V7T RESEARCH REPORT VTT-R-02200-10

Concerning the discussion of the results in the following it should be kept in mind that in the
considered temperature of 286 °C the 0.2 % strain yield strengths for the considered austenitic
stainless steel and ferritic steel are 125 and 184 MPa, respectively.

As can be seen from Figures 3.2.2-4 to 3.2.2-6, the WRS distributions through wall and
parallel to weld in as-welded state, as calculated for the three examined pipe sizes with the
covered WRS definition procedures, again differ quite much from each other. Near and in the
inner surface the WRS values vary approximately between 100 to 320 MPa of tension, where
the highest values are again given by the R6 Method, Revision 4 [5] and FITNET Procedure
[10]. Correspondingly, the lowest WRS values are mostly given there by the SSM handbook
[6] and SINTAP Procedure [7, 8], respectively. Also elsewhere within the weld wall and in
the outer surface the R6 Method, Revision 4 [5] and FITNET Procedure [10] give the highest
WRS values. All parallel to weld WRS distributions stay through wall clearly in tension,
interestingly only the API 579 Procedure [9] gives WRS distributions that decrease towards
the outer surface. In all casesthe R6 Method, Revision 4 [5] and FITNET Procedure [10] give
identical results. None of the covered WRS assumption procedures give values that exceed
the material tensile strength, so realism is not violated.

In the light of the presented application example results, some more general conclusions can
be drawn. Apparently the main reason for the R6 Method, Revision 4 [5] and the FITNET
Procedure [10] for giving in all cases the highest WRS values is that concerning the
associated WRS formulas they require material yield strength value in room temperature to be
used. In the temperature of normal BWR operation, yield strength values are considerably
lower than those in the room temperature, as described earlier. All other WRS procedure
definitions allow the use of yield strength to be considered in the temperature of the analysis
case in question. The upper bound approach in forming the WRS definitions applied in most
of the covered WRS procedures also considerably adds to the conservative nature of the
resulting WRS distributions. This shows especially in case of the British Standard BS 7910:
1999 [4], R6 Method, Revision 4 [5], APl 579 Procedure [9] and FITNET Procedure [10],
which generally do not give self-balancing WRS distributions in the transverse to weld
direction, which is not realistic. Moreover, in the documentations of the R6 Method, Revision
4 [5] and FITNET Procedure [10] it is clearly mentioned that the resulting transverse to weld
WRSs may not be, or are not in all cases, self-balancing.
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4 Procedures to assess WRS relaxation in
NPP Components under operation

This chapter presents the results of the literature study part of this work. When considering
the conditiong/treatments causing WRS relaxation, which were briefly described in section
2.2, it is mainly the mechanical load effects that the WRS relaxation models attempt to
capture. This broadly divides to relaxation due to static mechanical loads and cyclic loads.
Thermal effects are important for WRS relaxation too, but they begin to have more
pronounced effect mainly in temperatures higher than those encountered in the LWR
environments. However, cyclic thermal stresses due to temperature fluctuation are an
exception, and it is necessary in most cases to take them into account. Whereas when
considering creep for steels, it becomes a matter of technical concern when the operating
temperature exceeds about 40 % of the absolute melting temperature of the material, see e.g.
refs. [28, 29]. The melting range of SSs varies from approximately 1400 to 1450 °C, while the
melting point of ferritic steels is approximately 1540 °C, see e.g. refs. [30, 31]. Thus the
threshold temperature for creep to sart to affect is for austenitic SSs at lowest approximately
560 °C, and for ferritic steels approximately 615 °C, respectively. Considering irradiation
effects to the WRS, of the load bearing NPP components it is the RPV where they have an
effect that needs to be taken into account. Outside the RPV the effect of irradiation to load
bearing components is negligible.

The structure of this chapter is such that the purpose and scope of the performed literature
study are described first. Then the results of the literature study are presented, together with
some remarks concerning the compiled WRS relaxation assessment procedures.

4.1 Purpose and scope of literature study

In the following is presented a literature survey of the current understanding concerning
residual stress relaxation in metallic components. The survey focuses on the computational
residual stress relaxation assessment proceduresmodels. This includes redistribution and
relaxation due to static mechanical load, repeated cyclic loads, fluctuating thermal loads as
well as the combination of the latter two loading types. However, residual stress (RS)
relaxation due to crack growth is not considered here.

Besides the set of WRS definition application examples presented in Section 3.2, relatively
little attention is paid here to the detailed analysis of initial RS states (especially for life
enhancement methods that involve substantial changes to the material state) and to the
experimental methods used to measure RSs. Both of these topics are large and complex, and
were judged to be beyond the scope of the present investigations. Here the RSs both on
surface layers and within wall are considered.

The literature survey resulted with a few hundred RS relaxation associated references.
However, larger part of them concern various mechanical means and methods of relaxing RSs
and less such references were found that also contain any RS relaxation modelling
procedures. Computer searches concerning the major technical scientific journals and other
significant publication databases were employed widely, in addition to the tracing of cited
references in each new article as it was obtained. The literature search was limited to English
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language journal articles, conference papers, academic theses, dissertations, handbooks and
technical reportsthat are available to the general public. Articlesin other languages as well as
academic theses dissertations and technical reports with limited circulation were included
only in a few occasions. All found references containing any RS relaxation modelling
approach are covered in this survey.

This literature survey is not a definitive critical review. However, reasonable effort was
provided to evaluate the relative merits of the different explanations and models proposed. On
the other hand, the technical scope of the covered issue was too broad and the available
resources too limited to very thoroughly explore every single discovered RS relaxation
assessment model. However, those models that after first screening looked to be promising
ones concerning the applicability to NPP components, are planned to be examined and
evaluated in more detail in the next part of the project. Which is an issue with a variety of
agpects to be considered, as most of the found RS relaxation assessment models are developed
for other than NPP environments, e.g. for aircraft, vehicle, conventional machinery and
offshore structures/components.

The main Internet literature sources/databases not freely available that were used in this study
include:

Science Direct;

0 contains more than 2500 scientific journals and almost ten million articles at
early 2010,

0 contains scientific journals in four main categories; Physical Sciences and
Engineering, Life Sciences, Health Sciences, and Social Sciences and
Humanities,

0 the category mainly containing literature concerning RSs is Physical Sciences
and Engineering, and it contains scientific journals in nine sub-categories,
Chemical Engineering, Chemistry, Computer Science, Earth and Planetary
Sciences, Energy, Engineering, Materials Science, Mathematics, and Physics
and Astronomy,

o0 more than ten journals containing RS related/associated articles were found,

o => more than one hundred RS related/associated articles were obtained.

Compendex/Engineering village;
0 contains more references than Science Direct,
0 doesnot contain actual articles,
0 => was not used very much as each article/reference had to be obtained from
another source, most often purchased,
0 =>sometensof RS related/associated articles were obtained.

ETDEWEB;

0 the name stands for; ETDE World Energy Base,

o ETDEWEB is produced by the member countries of the Energy Technology
Data Exchange (ETDE), an international agreement under the International
Energy Agency (IEA),

0 contains over 4246000 literature references and more than 261000 full text
documents at early 2010,

0 includes information on energy R&D; energy policy and planning; basic
sciences (e.g., physics, chemistry and biomedical) and materials research; the
environmental impact of energy production and use, including climate change;
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energy conservation; nuclear (e.g., reactors, isotopes, waste management); coal
and fossil fuels, renewable energy technologies (e.g., solar, wind, biomass,
geothermal, hydro).

4.2 Results of the performed literature study

In this section are presented the results of the performed literature study concerning RS
relaxation assessment procedures. This is displayed in the form of three tables, see Table
4.2-1, 4.2-2 and 4.2-3. Then follows a summary of the covered RS relaxation assessment
procedures, as presented in Table 4.2-4, showing procedure specifically the necessary input
data parameters.

Of all the found residual stress relaxation assessment procedures concerning metallic
components, those 25 cases are included here that were deemed to be applicable to NPP
components to any extent. This meaning that it appears that the scope of application of
various RS relaxation assessment procedures varies substantially, but that even those that
show to have even the slightest capability to be applicable to NPP component welds were
included here as well. Brief descriptions of the main characteristics of the procedures are
given. In addition to the relaxation assessment procedure equations/formulas, also mentioned
are the original reference/authors, target of application, required input data, parameters to be
fitted, range of applicability and the covered phenomena.

The RS relaxation assessment procedures presented in the following are divided to three
categories according to characteristics of the stress relaxing physical phenomena they cover.
Within these categories the RS relaxation assessment procedures are presented in
chronological order together with some remarks providing background. The mentioned three
categories are:
Mechanical residual stress relaxation; Relaxation of macroscopic residual stresses as well
as work hardening can occur with increasing applied stress amplitude and number of load
cycles during cyclic deformation at temperatures below creep region, see e.g. ref. [47]. See
RS relaxation assessment proceduresin Table 4.2-1.
Thermal residual stress relaxation; Residual stress relaxation at elevated temperatures is
caused by thermally activated processes, e.g. creep, see e.g. ref. [47]. Didocation
movement, rearrangement as well as annihilation occur at elevated temperatures and cause
the relaxation process. See RS relaxation assessment proceduresin Table 4.2-2.
Thermomechanical residual stress relaxation; Recently, more advanced applications
consider cyclic loading at elevated temperatures. Under such conditions mechanical and
thermal residual stress relaxations may occur simultaneously. However at present not
much information concerning thermomechanical residual stress relaxation exist, see e.g.
refs. [59, 60, 61]. Some authors report that under isothermal fatigue loading,
thermomechanical residual stress relaxation should be in principle separated into two
parts. mechanical and thermal. Nevertheless, thermomechanical residual stress relaxation
phenomena are still not completely clear, hence they need to be examined further. See RS
relaxation assessment proceduresin Table 4.2-3.
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Table 4.2-1. Results of the performed literature study concerning mechanical residual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress.

(RS Relaxation Eq. 3)

confidence for
materials, specimen
configurations or
loading spectra
substantially
different from those
investigated

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
s s -5 & & Morrow, fatigue tests of Smy; Mean stress at 1% b; material and experimental results | mean RS
- Y 2. C—a% xogN Sinclair, SAE 4340 cycle, s, stressamplitude, | strainrange support mode for; | relaxation dueto
Sm S m Syg [32], 1958 s, yield stress, N; dependent number of Ioaed cyclic
cyclesN< 10 mechanical
(RS Relaxation Eq. 1) number of foad cycles loads
s =5"(N=1)- n{gN Morrow, metallic materials | s (N =1); RSvalueafter | m material specific | model covers RS relaxation
Ross, first load cycle, N ; number | Slope parameter mainly RS dueto
Sinclair, of load cycles linearly dependent | relaxation of mechanical
[51], 1960 on stress amplitude | metallic materials cyclic loading
dueto cyclic
loading, isvalid for
(RS Relaxation Eq. 2) number of load
cyclesN>1
Ses =Sro >exp[( a xNxDe, x[)sa)/s y] Impellizzeri, notched test S o INItIA RS, s g yiedd | a; material specific | modd _combi nes RS relaxation at
[48], 1970 specimens of stress, N: number of load emp|r|(_;a||y theorenc_al_ concepts notc_h root dueto
aluminium alloys cydles, De., Ds . ; applied determined constant | and empirical cyclic
7075-T6 and MIL- o TTal Trar of proportionality, relationshipsand as | mechanical
A-8866 strainand stressrangeat | jndependent of such cannot be used | loads
notch root, respectively geometry with a great deal of




VITr

30 (82)

RESEARCH REPORT VTT-R-02200-10

Table 4.2-1. Results of the performed literature study concerning mechanical residual stress relaxation assessment procedures, together with brief

descriptions of their main characteristics. Here RS means residual stress. Continued from the previous page.
WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
S =A+mxgN Kodama, shot-peened mild | N; number of load cycles | A, m; material and experimental results | surface RS
[35], 1972 steel specimens stress amplitude support model only | relaxation dueto
dependent after first load cycle | cyclic
(RS Relaxation Eq. 4) mechanical
loads
SptKxs, In[N/(N + K)] ' Rotvel, [52], | carbon sted, S o INitid RS, Ky; notch | K; material specific | model arguably RS relaxation
S T K, S, - In(1+K) 1972 corresponding to | factor, s, mean nominal parameter applica_blefor RS dueto _
K = K(s e KT,sy,C) SAE 1064 dress, s, , e, _; local dependent on mean relaxat_|on of _ mec_hamcal_
square averaged metallic materials cyclic loading
root mean suare avera_ged stress and grain,
sressand drain, s yield | o factor, yield
_ stress, C; clippingratio, N ; | stress and clipping
(RS Relaxation Eq. 5) number of load cycles ratio
S =Sm x(N)B Jhansale, ductile structura Sm1; Mean stress at 1% B; material model is based on mean RS
Topper, metals, mild steels | cycle, N; number of load softening and strain | experimental relaxation due to
[33], 1973 cycles range dependent observations, covers | cyclic
at least RS mechanical
(RS Relaxation Eq. 6) rdaxationof | loads
consdered materias
é&eN o U Potter, [58], | notched coupons | K ; eladtic stress C ; material specific | model coversmean | RSrelaxationin
Sp =K xS, ’eXIOgN ™ n(O-l)g' 1973 of 2024-T4 concentration factor, s, ; | Proportionality stressrelaxation of | notches due to
EP O a aluminum alloy diff betw ) constant, m, n; aluminium, mechanical
Ngp = C/[(KT S (e %)”] : erence EWESN M&X | loading level arguably also other | cydlic loading

Nep is equilibrium period

(RS Relaxation Eq. 7)

working stress and
overload stress, N ; number
of loadcycles, s, S .

max nomina and mean
stress

specific constants
defining relative
contributions

metallic materials
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Table 4.2-1. Results of the performed literature study concerning mechanical residual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress. Continued from the previous page.

(RS Relaxation Eq. 10)

ratio

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
_ Y 6‘_;[ De 0 Landgraf, ductile structural | De total strain range, Day,; | B; thisistheBin empirical modd, mean RS
B=8.540 >§ " De = Chernenkoff, | metals, mild steels | threshold strainrangefor | Jhansale & Topper | coversat least RS | relaxation dueto
"o [34], 1988 mean stress relaxation, modd [33] relaxation of cyclic
D;th :exp[- 8.41+5.36x10° ><(HB)] HB; Brinell hardness considered materia's | mechanical
(RS Relaxation Eq. 8) oads
1st load cycle; Takanashi, pipe welds, as E; élastic modulus e, ; A, B; weld material | model coverspipe | relaxation of
sy =Exe- e, ); Kamata, lida, | fabricated with | strain corresponding to and loadingrange | component welds, | longitudina RS
ete.fe,, and [46], 2000 _normal_ andpure | jnitid RS, e, drain at spemflcflttgd _ only Iongltudmal (i.e. pardld to
i ) iron wire, base , ) congtants; givenin | RSsconsideredas | weld RS) due to
Se=Sy - EXem - €); material being 500 | Y18 €na A €13 YO® | g o o weld | in tests [46] cydlic
e+e;>e, MPa class high specific maximum and materids & loading | transverse RSsdid | mechanical
other considered load cydles; strength sted! of minimum strans, s ; ranges not notably change | loads
s, = A+BAgN; 20 mmthickness | yield strength, N; number as afunction of load
1£ N £10° of load cycles cycles, model not
. valid for number of
(RS Relaxation Eq. 9) load cycles N > 10°
sre é x5 2 o ) Zhuang, wrought IN718 5. initid RS, s; stress | A, m, B; dress and incorpo_rat&s RSrd axati_on
'r“e = Aé 2 U N-1)°%-1 Halford, rectangular bar amplitude, s _; yidd strain response Baus_chmger_ effect, | dueto c_ycllc
‘50 g(l' R) >‘(Cw ><Sy) o! [36], 2001 Y dependent constants | dastic-plastic mechanical
stress, C,; degree of cold stress-strain relation | loads
Workmg, N; number of andinitial cold
load cycles, R; loading work effect




VITr

32(82)

RESEARCH REPORT VTT-R-02200-10

Table 4.2-1. Results of the performed literature study concerning mechanical residual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress. Continued from the previous page.

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
sRN =sR. Bxexp(- CxN) Smith, forged shot- s%: initial surface RS, N; | B, C; material model arguably surface and to
Farrahi, Zhu, | blasted bars of number of load cycles, specific constants applicableto some extent bulk
McMahon, En15R sted resultsfrom FEM analyses | fitted to FEM various metals, as RS relaxation
[42], 2001 with multilinear kinematic | analysis results, compared to test dueto cyclic
hardening model results good mechanical
correspondencefor | loads
tensileload cycles,
whereastoo rapid
RS rel axation for
(RS Relaxation Eg. 11) tensile-compressive
load cycles
( ini app) s <1 Han, Kang, |wed jointswith Sapp; pplied stress, s ; Exponent kis model arguably RS relaxation
i « Shin, SUS-316 stainless ield stress, s - initidl materia dependent, | applicableto several | dueto cyclic
Stes =S N [38],2001, | steel and SM490B 4 res’ herefitted for SUS- | stedl grades, gives | mechanical
(s ini 4 Sapp) s, Han, Lee, as base materials | RS, N; number of load 316 thevalueis non-conservative | loads
o o g . » Shin, cycles 0.004 resultsfor some
St = ’{ 16*[( +S ) y] +2-6}>‘N [39], 2002 large scle weld
(RS Relaxation Eq. 12) details
s =A(s,)- m(s,)¥dgN Lohe, quenched and N; number of load cycles, | A, m; determined for | mechanical surface | mechanical
Voéhringer, tempered AlSI experimental fatigue data | each stress RS relaxation of surface RS
[47], 2002 4140 in shot- for each stressamplitude | amplitude, s _, from | metallic materials, | relaxation dueto
peened condition the experimental model valid for cyclicloading in
datain linear number of load room
section of RSN cyclesN>1 temperature
(RS Relaxation Eq. 13) curves
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Table 4.2-1. Results of the performed literature study concerning mechanical residual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress. Continued from the previous page.

number of load cycles

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
&S+ ol Goo, Yang, | weldnotchroot, | s.;initid RS, Sna; local | ky, ko; material arguably wel ded RS relaxation
Sp=Smi 8-k >4n§ e —u>exp[ k, N - 1)]> | seo, [45], base material JS | gress as caused by specific constants | metallic Sructures | dueto cyclic
Sy A 2005 SM 490 A nominal stress S, N: fitted to FEM mechanical
y
yield stress,
results from FEM
. analyses with dagtic-
(RS Relaxation Eq. 14) plasii’c el o
Ds =1.05X0° xK xE x5 , {1- exp(- 1.13642xN/s )] | Rao, Wang, | stedl 304L, as K; ratio of initial RSand | E; dynamic modulus | incorporatesinitial | RS relaxation
Chen, Ni, subjected to yield stress, N; number of | corresponding to RS, dynamic gress | dueto cyclic
[37], 2007 vibratory fatigue | load cycles, s4; dynamic strain, dynamic amplitude and mechanical
(RS Relaxation Eq. 15) stress amplitude strm_s amplitude and | cyclic z_altering of loads
loading frequency dynamic modulus
(s ini app) s, <1; Li, Wan, sh;g str:lc;urr]al Sapp; pplied stress, s ; ?o ggranoztgrsto be mo?eéa%rlguably " a;nou;dt of
Wang, Ji, sted, w ot : i i itted, m applicable to several | relaxed RS at
2 cles ini
< / Sie =1 [40], 2009 spot yieldsiress, s&; initia possibly applicable | steel grades hot spot due to
(5 ini app) s, RS for cyclic loads by mechanical
after- max |n| ini US- ng emh |OadS, pOSS bly
S'es =-1 1>{( +s ) y] +2.1 computed mean RS
gder-maxgs g for relaxation dueto
next cycle cydlic
(RS Relaxation Eq, 16) mechanical
loads
é & 4xe, N g, ou Kwofie, metallic materials, | sp; initid pesk stress, Qo; initial slope of at least for metallic | RSreaxation
Dsg = (s o~ S y)><§1 @(pésizg [41], 2009 as subjected to s ;yidd stress, &; cyclic | flow stress-strain materials subjected | dueto cyclic
e y a vibratory fatigue - . ] curve to vibratory fatigue | mechanical
(RS Relaxation Eq. 17) strain amplitude, N; loads
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Table 4.2-1. Results of the performed literature study concerning mechanical residual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress. Continued from the previous page.

(RS Relaxation Eq. 18)

T76511

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
& 0 2l o o Arcari, De high strength s, initid mean stress, N ; | B; material specific | model coversmean | mean stress
IggSmi E: 81- m;*lg[N xB>EXm- 1) +1] , Vita, _ aluminumalloys, | number of load oydles, E; coeffipient, m; stress relaxatiqn of relaxatiqn dueto
for mt 1 Dowling, 7475-T651, 7075 | g astic modulus materia specific metallic materials mechanical
m [54], 2009 T6511, and 7249- exponent cyclic loading




VITr

35 (82)

RESEARCH REPORT VTT-R-02200-10

Table 4.2-2. Results of the performed literature study concerning thermal residual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress.

(RS Relaxation Eq. 22)

constant, T; considered
temperature

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application _ _ fitted applicability phenomena
S e ( kxtp) Rovinskiy, RPV base materia | s ; initid gress, t; time k; temperature model covers stressrelaxation
S, —ep Lutsau, [55], | and cladding of dependent material | therma RS due to thermal
1957, WWER-440 and specific constant, p; | relaxation of creep
Borzdyka, WWER-1000 type temperature metallic materials
; etsov, , | reactors ependent materi
(RS Relaxation Eq. 19) 33972 56 d ,f_d 'ta'
specific exponen
s RS(T,t) _ [ m] Voéhringer, metallic materials sg‘s; RS before annealing, | m; exponent therma RS RS relaxation
sE =exp|- (Ax)"|: [43], 1983 in generd T: temperature, t; time, C: dependent on relaxation of dueto thermal
A=C >exp(- DH /K xT) vel ocity constant, DH:; rel a>;]at|(_)n metallic materials annealing
At . mechanism
(RS Relaxation Eq. 20) activation entalphy, k
Boltzmann constant
- “(n-1 . ¥ strém, pe of ferritic s _(0); initial equivalen ; materia specific | m coversonly | therm
s.()=ls.(0) ™ + 1 {n- V) e, 1 77, Sandstrd Pipe of ferriti . tial dent |K a specif odel | hermal RS
< ol ' Malén, RPV sted A533B | gress E. : elagtic congtant, n; material | therma RS relaxation asa
/ =1 for uniaxial case, ; &S By iy , . .
3 /6 L s.(0) o Otterberg, W|_th wall modulus, t: time, 71 specific exponent rela>.<at|on, arguably | function of time
| == é(1+’7)+*"(1' ZW)XLWQ for [44], 1983 thicknessof 130 | piiccon coefficient, S, (0): apphcablefco several
2/ & 3 0 mm and o oo steel materias
multiaxial case, containing aweld |n|t|gldstr$sdqi\.gt§tor inthe
~ ) . considered direction,
x=1/|08+1.3xs , (0)/s . (0))?] for sted ma_terlals 5., (0); initial hydrostatic
(RS Relaxation Eq. 21) stress
é = A>(s :)n sexp(- DH /kxT), where Viereck, shot-peened s, averagevaueof RSs | A; material specific | model coversonly | thermal RS
. . . Lohe, AlSI4140 stedl as | \within regarded time velocity constant, n; | therma RS relaxaion asa
é ispladic strainrate Vi ched and \ €g ne o e olaxai ablv | function of i
P Shringer, quen an interval, DH , ; activation material specific relaxation, arguably | function of time
Macherauch, | tempered entalohy. k- Boltzmann Norton eguation applicable to severa
[50], 1991 Py, Ki exponent steel grades
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Table 4.2-2. Results of the performed literature study concerning thermal resdual stress relaxation assessment procedures, together with brief
descriptions of their main characteristics. Here RS means residual stress. Continued from the previous page.

(RS Relaxation Eq. 24)

model [43] exponent m

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena
6 1 /ey Webster, notched compact | s,; initial stress, t; time, | C; temperature model covers stress relaxation
S =5, i 10 Ainsworth, tension specimens | E- g astic modulus dependent material | therma RS due to thermal
%H CxEXn- s % [53], 1994 of Type 316H constant, n; power- | relaxation of creep
) austenitic stainless law stress exponent | metallic materials
(RS Relaxation Eq. 23) stedl at 550 °C
s™(Tt) _ [ D] Hoffmeister, | Ni based shot- s ¥, RSbefore annealing, | my, my; exponent therma RS RS rel axation
e = =exp|- (A%)°]: Schulze, peened superalloy | T temperature, t: time, C; values dependent on | relaxation of dueto thermal
Wanner IN718, which isa |\ o o | relaxation metallic materials, | annealing
i 2 /.05 ' ' vel ocity constant, DHag, '
A= Cxexpi DH,, +DH >exp[— (r-T)/ a]L) : Hessert, turbine component | oy . gctivati on ental?olhy mechanism, &; model isa
i kT [49],2008 | materid values corresponding to parameter modification of
D =m, +m,exp|- (T- T,/ temperatures T, T, k governing the Véhringer model
Boltzmann constant, T transition between [43] to incorporate
temperature corresponding two different _ temperature
to anomaly in Vohringer parameter zones, i.e. | dependency for
regular and anomaly | exponent m
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Table 4.2-3. Results of the performed literature study concerning thermomechanical residual stress relaxation assessment procedures, together with

brief descriptions of their main characteristics. Here RS means residual stress.

(RS Relaxation Eq. 25)

concerning isotropic
hardening

however includes
several material
specific parameters
to befitted

WRSrelaxation model formulas and equations Author (s), Target of Required input data Parametersto be Range of Considered
ref., year application fitted applicability phenomena

_ Y G-Hp Kwangsoo, metallic materials | H; kinematic stress, G; Y ; materia specific | this elastic visco- stressrelaxation
¢ =- E, >§i' R ;j [57], 2009 in general back stress, constant, E, ; plastic model isof | dueto both
& israteof uniaxial stress relaxation, materia specific general type mechanical
for clarity purposes only 1D model is presented here, inelastic modulus | covering both cyclicloading
instead of the more general and compllex 3D model that is based on total | thermal effectsand | and thermal
that is also given in the source ref. strain, R, materia | those caused by creep

specific scalar cyclic loading,
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Table 4.2-4. A summary of the input data parameters concerning the covered RS relaxation assessment
eguations. Equation numbers are used here, for actual equations, see Tables 4.2-1, 4.2-2 and 4.2-3.

Input data parameter name, symbol RSrelaxation model equation number

Q| NM (0O~
[

[e)=] S
OO [ ||| —A|N N

25

—(N|M
ANM | SO AN|N[N

x |18

— o]
initial mean stress, Sy, Smi X X

initial residual stress, Sgg X X XX |X| | X[X[|X X X

residual stress value after first load cycle s (N =1) X

initial peak stress, Suo X

applied stress, Say X

mean nominal sress, S, X

x

max mean Stress, Syen

max nominal stress, Syax X

local stress as caused by nominal stress, Sy X

extraction of max and overload stress, So. X

dynamic stress amplitude, sy X

x
x
x

applied stressrange, Ds, X

applied strain range, De, X X X

x

local root mean square averaged Stress, Syms

local root mean square averaged strain, @ms X

loading ratio, R X

x

strain corresponding to initial residual stress, &

x

cycle specific maximum strain, Gnax

x

cycle specific minimum grain, i,

threshold strain range for mean stress relaxation, Day, X

x

initial dope of flow stress-strain curve, gy

number of load cycles, N XXX XXX | XX

yield giress, s, X||X] X

strain at yield, g,

X | X | XX

elastic modulus, E

dynamic modulus corresponding to load & stress, E X

material dependent parameter(s) X X|X X|X| X X X|X|X] |X

material & Stress range dependent parameter(s) X| |X X| X X

material & strain range dependent parameter(s) X X

material & drain & stress dependent parameter(s) X

strain & stress dependent parameter(s) X

x
x

elastic stress concentration factor, Ky

clipping ratio, C X

degree of cold working, C,, X

stress & strain field results from FEM analyses X X

fatigue test data for each stress amplitude X

initia gress, s, X X

initial equivalent gress, s¢(0) X

x

initial direction specific stress deviator, $,(0)

initial hydrostatic stress, s(0) X

X

kinematic stress, H

back stress, G X

plastic strain rate, dg)/dt X
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Table 4.2-4. Continued from the previous page. A summary of the input data parameters concerning
the covered RS relaxation assessment equations. Equation numbers are used here, for actual
equations, see Tables 4.2-1, 4.2-2 and 4.2-3.

Input data parameter name, symbol RSrelaxation model equation number

alajo| <t o]0~ |o|o|SE[H|G|S|BS|S|8|2 KIS N Q]X[&
temperature, T X[ |IX] |X
anomaly temperature, Tq X
time, t X|X|[X] |X
material specific inelastic modulus, E; X
Poisson coefficient, n X
Boltzmann constant, k X| [X| |X
material & temperature dependent parameter(s) X
relaxation mechanism dependent parameter(s) X X
velocity constant, C X| X
activation enthalpy, DH X| [X| |X
trangition parameter between behaviour zones, a X

In the following are some remarks concerning the presented RS relaxation assessment procedures.

As can be seen, most of the collected RS relaxation assessment procedures consider mechanical cyclic
loading as the covered loading phenomena. This is quite as expected, as in general RS relaxation
procedures have been mainly developed to applications associated with repeating load cycles and
relatively moderate altering of temperatures, such as vehicle and machinery components. Much less were
found RS relaxation assessment procedures that consider thermal loading as the covered loading
phenomena. These are mainly developed for assessment of effects of thermal annealing and creep to RS
distributions in components. Only one thermomechanical RS relaxation procedure was found. This is
assumed to be due to challenges in both measuring as well as computationally assessing such joint effects
to RS relaxation, as only quite recently have there been available the means to these, e.g. numerical
analysis codes with coupled analysis capabilities and computers with enough memory capacity and
process efficiency to enable to perform the analysis runs with reasonable effort.

However, due to resource limitations, it is possible that not all RS relaxation assessment procedures
applicable to NPP components were found within the available time frame, and thus the presented
procedure compilation might not be an exhausting one. Still, it among other data combines those in the
most recently published RS relaxation associated bibliography studies, so it is not very likely that any
relevant RS relaxation assessment procedure is missing.

The adopted categorisation of the RS relaxation assessment procedures was selected by the author of this
work. Other categorisation systems could be envisaged as well, e.g. such that are in more detail based on
the various treatments that can cause the RS relaxation, such as welding, machining, PWHT, and shot-
peening, or such that depict the scope of RS relaxation in question, such as surface RS relaxation and
mean RS relaxation. However, as here the scope is to consider NPP component welds and the loading
phenomena they are actually and/or anticipated to be exposed to under operation, the adopted
categorisation system was deemed to be the most applicable one for this purpose.
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The adopted categorisation of the RS relaxation assessment procedures was selected by the
author of this work. Other categorisation systems could be envisaged as well, e.g. such that
are in more detail based on the various treatments that can cause the RS relaxation, such as
welding, machining, PWHT, and shot-peening, or such that depict the scope of RS relaxation
in question, such as surface RS relaxation and mean RS relaxation. However, as here the
scope is to consider NPP component welds and the loading phenomena they are actually
and/or anticipated to be exposed to under operation, the adopted categorisation system was
deemed to be the most applicable one for this purpose.

As was implicitly mentioned above, not all of the covered RS relaxation assessment
procedures consider specifically welds, but also selected details in the base material side, such
as surfaces, notches, geometry details with relatively small radius of curvature and local
holes, or regular and continuous geometries as well. However, as the physical events that can
cause RS relaxing are by and large the same for most metallic materials, especially
concerning various steel grades, the presented RS relaxation assessment procedures are
assumed to be applicable to NPP steel component weld materials as well.

Also, several of the presented RS relaxation assessment procedures are mainly developed for
assessing the gradual relaxation of intentionally induced surface RSs that have been obtained
with various surface treatments, such as shot-peening, which typically create a compressive
surface RS distribution, which in turn prolongs the fatigue life of the component. As all such
RS relaxation procedures include material specifically adjustable parameters, they can
presumably be fitted so that they are applicable to through thickness RS relaxation
assessments of NPP component welds as well.

All in al, each of the covered RS relaxation procedures here contain material and/or
temperature range dependent parameters that need to be fitted to sufficiently large amount of
accurate enough data. Also required are data concerning the initial RS state. If measured RS
data are not available, the initial RS distribution has to be assessed somehow, e.g. using such
alternatives from the WRS definition procedures covered in Chapter 3 that give reasonably
conservative and in transverse to weld direction self-balancing RS values. For the time being
it appears that only advanced numerical analysis codes with coupled analysis capabilities, e.g.
certain finite element analysis (FEA) codes, enable to perform analyses that at the same time
take into account all possible relevant physical RS relaxation phenomena.
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5 Uncertainties and probabilistic aspects
concerning assessing WRS distributions

The uncertainties and probabilistic aspects concerning assessing WRS distributions are
considered in this chapter. This includes describing uncertainties concerning measured WRS
distributions, and probabilistic methods to assess WRS distributions. Also the treatment of
WRSs in some most notable current probabilistic crack growth analysis codes are briefly
described, most notably those implemented in probabilistic fracture mechanics (PFM) based
code PRAISE.

5.1 Uncertainties concerning measured WRS
distributions

Typicaly the availlable RS data contains measurement uncertainties, which vary from

technique to technique. Generally the main uncertainties in RS measurement can be

categorised according to ref. [62] as:

(1) Technique specific — inherent uncertainties associated with the different techniques,
volume/area averaging as well as operator expertise etc.

(2) Material specific — highly textured, non-uniform microstructures, accurate mechanical
and physical property data.

(3) Component/geometry specific — dissimilar materials, duplex structures, complex
geometries, stabilities of RS state, geometric effects, removal of materials etc.

Three commonly used techniques nowadays to measure WRS distributions are:
Neutron diffraction method,
Deep hole drilling method, and
Contour method.

These three methods display different features of uncertainty which are briefly described
below.

Concerning the Neutron diffraction method, the sources of uncertainty are associated with the
positioning error, diffracting peak position uncertainty, variability of material within
component and stress free reference uncertainty. The typical uncertainty in terms of the stress
for surface and through wall measurement is between 20 to 40 MPa [62].

Concerning the Deep hole drilling method, the technique suffers from limited strain
sensitivity and potential errors and uncertainties related to the dimensions of the hole
(diameter, concentricity, profile, depth etc), surface roughness, flathess, and specimen
preparation. The typical uncertainty in terms of the stress for surface measurement (within 0.5
mm from the surface) is between 50 to 100 MPa, but may be higher with fine increments and
low strain gauge readings close to the surface [62].

Concerning the Contour method, the main factors of uncertainty that should be taken into
account are the plasticity during cutting, i.e. the cutting error, the roughness of cut or out-of-
plane cutting (e.g. due to insufficient clamping), and the determination of RS at the surface in
the subsequent analysis. The typical uncertainty in terms of the stress for surface
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measurement (within 0.5 mm from the surface) is approximately 50 MPa, depending on the
geometry of the material. Whereas the typical uncertainty in terms of stress for through wall
measurement is slightly lower than the surface measurement, being approximately 40 MPa
[62].

In general, errors in measuring WRSs are often classified as systematic or random [63, 65].
Systematic error is usually caused by factors that systematically affect measurement such as
the use of the instrument (e.g. miscalibration and specimen alignment), inaccurate values for
elastic modulus and Poisson coefficient, and the type of stress analysis used in fitting the data
(use of different fitting techniques, algorithm and software). Systematic errors may also arise
from the use of a different assumption model in deriving stresses from the measured
guantities. Random error is caused by factors that randomly affect measurements. It can be
estimated for a particular measuring device by repeating the measurements many times. This
kind of error reflects both human and technical incapability to perform the same measurement
in exactly the same way several times to obtain exactly the same answer. Practically, it is very
difficult to account for unknown systematic and random errors while analysing stress data;
particularly when dealing with historical data. However, where stress data are obtained using
different measurement techniques, results may need to be corrected to remove any known
systematic errors, for example by recalculating stresses using the same stress assumption
models.

The published experimental as-welded state WRS data have a substantial scatter.
Consequently the WRS distributions defined in the commonly used fitness-for-service
procedures have been developed as tensile upper bound solutions based on the data. However,
according to [86, 87, 88, 89], this approach not only lacks consistency for the same type of
joints and welding parameters, but can either significantly overestimate the WRS values in
some cases, or underestimate them in others.

As the relaxation of the WRSs during NPP operation is an issue that has this far received
quite limited attention, it was no surprise that no documentation specifically concerning
guantification of its uncertainties were found available. It can be estimated, however, that the
sources of uncertainty associated with defining the as-welded state WRSs do not decrease in
guantity when moving on to using any of the WRS relaxation assessment procedures covered
here. This is an issue that appears to require further research. At least one can perform
sensitivity analyses with the WRS relaxation assessment procedures e.g. to see what is the
model response for altering its primary variables within their assessed realistic regions of
variation. More specifically this could be realised so that the uncertainties quantified as
variation in basic material properties, such as elastic modulus and yield strength, would be
taken fully into account when assessing the values for the material specific fitting parameters
in the WRS relaxation assessment procedures, thus obtaining a range of values for them,
which would then be further used when computing the model response. In this connection
also the relatively strong temperature dependency of most of the material properties is
necessary to be taken into account. At the same time some variation should be given for initial
WRS distribution, which is also needed among input data when using most of the WRS
relaxation assessment procedures covered here.

5.2 Probabilistic methods to define WRS distributions

The number of continuous reliability distributions available which empirically describe the
scatter of test data is considerable. Commonly used distribution functions include e.g.



43 (82)
V7T RESEARCH REPORT VTT-R-02200-10

exponential, polynomial, normal, log-normal and Weibull distributions. Also several data
fitting procedures exist, such as least-squares technique, regression analysis and maximum
likelihood method, from all of which a number off variations have been developed. However,
here the scope is limited to such distribution functions and fitting procedures that have been
used when assessing WRS distributions.

A number of probabilistic/statistical methods to define WRS distributions have been
developed. All of them are based on the underlying WRS data, which have been obtained
from laboratory experiments and/or FEA results. A representative selection of the most useful
ones of these procedures, covering both earlier and more recent examples is described in the
following.

Statistics are commonly used to best estimate a quantity X of interest consisting of several
measurements. For WRSs, estimating the best stress value based on a number of
independently measured stresses can be achieved by calculating the stress mean at each
measurement location or by fitting an analytical model that reasonably represents the
measured data at all locations [66].

It is important to emphasize that the analytical model to be fitted in the statistical treatment
must reasonably well represent the associated experimental data and preferably have the least
number of free parameters.

Here mainly both conventional and Bayesian statistical techniques are considered. The latter
approach uses probability distributions for both the measured data and the free parameters in
analytical models used to fitting the data. In contrast, conventional statistical techniques only
consider the probability distributions of experimental data. In addition the Bayesian approach
can incorporate sources of prior information about measurements and this allows analysts to
include their personal judgments in the analysis[63].

5.2.1 Least-squares technique

Arguably the most widely used method to fit an analytical model to experimental data is the
least-squares technique [66]. Suppose that we have N independent stress measurements Dy
and their unknown error bars sx. The least-squares technique optimises the model free
parameters by minimising the X ? function defined as [64]:

2
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(5.2.1-1)

where values Fy are the analytical predictionsand R? arethe relative squared differences.

5.2.2 Bayesian statistical approach

The Bayesian method uses the probability distributions of both measured data and the free
parameters defined in analytical model [67, 68]. The Bayesian method defines a probability
distribution of the free parameters from which those parameters can be optimised. Such a
method can incorporate sources of prior information about measurements allowing analysts to
include their personal judgments in the analysis. Suppose that the noise of N independent
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stress measurements (Dy, Sok) from various laboratories can reasonably well be represented as
a Gaussian process and the measured data contain individual members with uncertainties
larger than the stated error bars, sy, the Bayesian analysis leads to the following posterior
probability [63, 66]:

ifprobebility(x,D, 1] = constant + § inSL- 0l RE/2)0

5.2.2-1
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where X represents the free parameters of the model and values R? are defined as in equation

(5.2.1-1). This technique provides a method of analysing data from the different laboratories
that is less constrained and more robust than a traditional least-squares fit. The other
advantage of this approach is that the estimated mean is far less affected by outliers than the
traditional mean value [68]. Thus it is very effective in dealing with data of relatively poor
accuracy, especially when there are relatively few data points.

5.2.3 Spatial Bayesian approach

The measured stresses are influenced by the spatial resolution of the measurement technique
and it is desirable to account for this in statistical treatments of data. This can be dealt with
using two different approaches. The first approach is to add the effect of spatial resolution
which exists in the experimental data to the analytical model, by smearing it with the
instrumental resolution function H(y). This results in the construction of a new analytical
model Fy, defined as[63]:

Fo = Af (y)H (v, - y)dy+B (5.2.3-1)

where A is an experimental scaling constant that may be proportional to the amount of time
for which the experiment was conducted [67], f(y) is the analytical model, B is the background
signal and yx is the position of measurement. Fy in equation (5.2.1-1) is then replaced by the
new analytical model defined here in equation (5.2.3-1). This ensures that both the theoretical
and measured data have the same spatial resolution effect.

5.2.4 Spatial deconvolution approach

The second spatial approach is to remove the effect of spatial resolution from the measured
data by deconvolving the measurements with the instrumental resolution function.
Deconvolution, which is the inverse of convolution, allows the reconstruction of the original
stress profile (by removing spatial resolution effect). This approach requires measurements to
be uniformly sampled [63].

5.25 Heuristic method

The heuristic method for statistical analysis of WRSs is based on a combination of the
weighted least-squares method and the application of expert judgement [62]. Thus it is a
gpecific example of Bayesian statistical analysis methods. The least-squares method allows a
model of the WRS profile to be determined as a linear combination of the basis functions; the
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expert knowledge gives the flexibility of applying expert judgement to determine the weights
from the observed scatter in the WRS data.

In WRS data analysis, a heuristic method is based the following assumptions [62]:

(1) The measurement data may be arranged in groups with expert judgement being used to
assess the relative weights of each different group. The relative weights are used to reflect
the scatter of the data where more than one measurement techniques are employed. For
example, it may be judged that one technigque deserves a weight twice as large as another.

(2) The measurement data for the same weld type and measurement technique can be
arranged in groups. The determination of the weights is then equivalent to the
determination of the weights of each group.

(3) The measurement datais assumed to be homoscedastic (i.e. with constant variance) within
each group.

The above assumptions have been incorporated into a generalised weighted least-square
method. In this method, the measurement data for stress can be expressed as a linear function
of:

y=b,+Db XTl(x) +..+b XTn_l(x) + e(x) (5.25-1)

where Ti(X) are linearly independent basis functions and e(x) is a random error function. The
coefficients, bj, j = 0, ..., n-1, are constants that cannot be determined exactly but can be
estimated by the least-square method. The best estimates for the coefficients b; can be shown
to be those for which the following function has a global minimum:

2
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where m is the number of experimental data items, (x;, yi) represent the measured normalised
through-wall position and stress, and w is a weight assigned to each data item.

In heuristic fitting method, instead of assigning weight to each observation, the weight is
assigned to each group of data, and thus equation (5.2.5-2) becomes:
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where my + mp+...+m, = m. The variance sq for each group of data is assumed to be

proportional to an overall variance s ? that describes how the data is scattered about the mean
curve:

2=g s’ (5.2.5-4)
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The overall variance s isrelated the relative weights w, by:
w, =1/(a, xs?) (5.2.5-5)

where values a, are constants chosen to describe the ratios between the weights and are
normalised such that:

A a =1
aa; = (5.2.5-6)
g

The overall variance can be calculated by assuming a uniform weight value (1, for example)
for all data:

1 ¥ n
st=- xa w {y; - 9. (5.2.5-7)

where 'y, is the measured value for WRS which is known, and Y, is the value to be fitted.
The parameter n is the degree of freedom. The values of §. can be calculated by the least-
square method using the uniform weights value. Once the values of y. are determined, the
values for s? can be calculated using equation (5.2.5-7), and the values of w, can then be
obtained using equation (5.2.5-5) where a, is determined by the expert knowledge.

Applying equation (5.2.5-3) with relative weights w,, the new values for ¥, are obtained, and

the upper bound residual stress curve can then be determined to a pre-determined confidence
level.

In the following are some remarks concerning the uncertainty and relative weights associated
with the heuristic method [62]. The measurement uncertainty is related to the relative weights
through congtants a,, as seen in equations (5.2.5-5) and (5.2.5-6). The values of a, are

weight ratios among different data sets. In other words, it presents the relative magnitude of
uncertainties among these data sets when different measurement techniques are employed.
Once the relative magnitudes of measurement uncertainty are known, the relative weights can
be obtained from equation (5.2.5-5).

To obtain the relative weights, expert knowledge on measurement uncertainties is required.

However, difficulties arise in obtaining expert knowledge. Thisis mainly due to:

(1) Measurement uncertainty of WRS varies considerably depending on the technique used
and on the component/material type measured.

(2) Itisdifficult to obtain comprehensive, complete data of measurement uncertainties from
experts as every expert only has experience on specific measurement techniques or
material type and may not be familiar with all the measurement techniques. The use of
incomplete data could result in large errors in determining the upper bound stress profile.

The results in ref. [62] show that with the heuristic method, it is possible to obtain less
conservative WRS profile to a known confidence level.
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5.2.6 Fuzzy-set approach

A more advanced probabilistic method to define WRS distributions is the fuzzy-set approach.
In ref. [69] this approach has been used together with FEA simulations of the fusion welding
processes to quantify the effect of uncertainty in material properties to the corresponding
uncertainty/variability in WRS distributions. Due to scarcity of experimental data and the
limitations of measurement technology, many of the material parameters involved in the
kinetic laws concerning the metallurgical transformations cannot be determined/estimated
with sufficient accuracy/repeatability. In the study presented in ref. [69] it is considered that
in the welding process the nature of the uncertainty in material properties is non-stochastic
(e.g. uncertainty arising from imprecision or fuzziness). Thus the fuzzy-set approach is
suggested to be more appropriate for modelling such uncertainty [69, 70]. The results of the
mentioned study are the upper and lower bounds (i.e. envelopes) for the WRS distributions as
functions of the variability (uncertainty) in material parameters.

For ssimulating the fusion welding processes, the following FEA procedure was used [69]. The
strains and strain rates encountered during welding are typically small, and therefore the heat
resulting from the inelastic work is negligible as compared to the heat input from the welding
arc [71]. Thus, an uncoupled thermo-mechanical analysis is performed. Temperature history
is obtained first from the heat transfer analysis, and subsequently it is input to the stress-strain
analysis. In the latter analysis, an elastic-plastic material model with nonlinear kinematic
hardening and temperature dependent material properties is adopted. In both the heat transfer
and stress-strain analyses, the metallurgical transformations that occur during the entire weld
thermal cycle are taken into account. The associated mathematical modelling includes
metallurgical transformations, thermal model for heat incorporated from the welding arc as
well as temperature field history in the weld material, and constitutive model for depicting
stress-strain relationship.

The steps of the fuzzy-set analysis are briefly described in the following. Uncertainty due to
imprecision (i.e. variability or fuzziness) in any material parameter X is introduced by
specifying a membership function (possibility distribution) n¢X). It isassumed in ref. [69] that
the membership functions of all fuzzy parameters are triangular as shown schematically in
Figure 5.2.6-1. The WRS distributions are functions of the material parameters, and hence are
treated as fuzzy functions. The analysis aims at constructing the possibility distributions of the
fuzzy WRSs by using the so-called Vertex method to numerically implement the extension
principle.

In the Vertex method, the membership functions of all fuzzy material parameters X; (i = 1, 2,
..., N) are discretized using several so-called a-cuts. An a-cut of a fuzzy variable X denotes

the interval [X, X?] in which the possibility of X is at least equal to a, see Figure 5.2.6-1.

Thus, [XOL : X(?] refers to the range of variation of X and X ;% denotes the nominal value of X,
which does not necessarily bisect the range of variation. Upon discretizing the membership
functions, different binary combinations are formed by the left and right end points of the a-
cut intervals for all fuzzy parameters. The number of combinations per a-cut N, is:

i2" forOf£af£l
c/a =1 (526-1)
71 fora =1

N

where N isthe number of fuzzy materia parameters.
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Figure 5.2.6-1. Triangular membership functions for the fuzzy (uncertain) material
parameters.

For brevity, the binary combinations are referred to henceforth as C, ; wherej =1, 2, ...,
N.,. Also, the WRS field s = s(Xi, Xz, ..., Xn) is written in the abbreviated form
S =s (Cayj). For agiven a-cut, the corresponding interval in s is obtained from the relation:

[sé';,sf] = [minwyj{s (Cwyj)},max\wyj{s (CWJ)}] , w>a, j=12..,N, (5262

The possibility distributions n{s) can thus be constructed by applying equation (5.2.6-2) to a
sweep of a-cuts at different possibility levels ranging from O to 1. Accuracy of the
constructed distributions is directly proportional to the number of a-cuts employed. The range

of variation of s is given by the interval a a = 0; i.e. [sOLsg*] . The nominal value of the

WRS field is that corresponding to the combination of the nominal values of all fuzzy
material parameters, i.e. a a = 1. It can be seen from equations (5.2.6-1) and (5.2.6-2) that the
computational cost of the analysis is strongly dependent on the number of input fuzzy
variables. It is therefore desirable to have only a small number of input fuzzy variables and/or
make use of a rapid re-analysis technique to reduce the computational cost. A significant
advantage of the fuzzy-set approach to modelling uncertainty is that it can be implemented in
series with existing deterministic FEA codes in the form of a pre-processor and a post-
processor.

The following example of results obtained with the above described fuzzy-set approach is
presented in ref. [69]. Consider two straight and identical plates of mild steel, with length x
width x thickness as 127 x 25.4 x 5.8 mm, with shorter ends joined plate-to-plate with buitt-
welding while the corresponding other ends of both beams are rigidly supported. As results
from the FEA assisted computations, three stress quantities are chosen as examined WRS
components. These quantities are the maximum principal tensile stress s;, the von Mises
equivalent stress s., and the hydrostatic stress sy, respectively. Variations in the parallel to
weld direction of the upper bounds, lower bounds, and nominal values of these WRS
guantities are shown in Figure 5.2.6-2 for the root of the weld.
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Figure 5.2.6-2. Envelopes of the RS distribution along the weld root for GMA welding of the
HY-100 steel butt-welded plates[69].

5.2.7 Goodness of fit technique

The goodness of fit technique is not a probabilistic method to define WRS distributions, but
ingtead a means to assess the accuracy/quality of an already developed WRS distribution. The
performance of the predicted stresses in fitting the measurements can be evaluated e.g. using
the R? quantitative goodness of fit technique [72]. Values close to 1 indicate good fits and
correspondingly values close to 0 mean poor fits. The value of R? is calculated from the sum
of squared difference between the measured stress data and the best-fit data (SS;), normalised
to the squared difference between the measured stress data and the mean value of all
measured stresses (SS), as follows:

RP=1- X (5.2.7-1)

When the value of R? equals zero the predictions fit the data no better than a straight line. The
value of R? can sometimes be negative when the fit is worse than a horizontal line. Using the
R? goodness of fit technique, it has been found that in general there is a reasonable agreement
between the predicted and measured WRSs [66]. This agreement is better in the axial
direction compared with the hoop direction and better in thick pipes compared to thin pipe
welds.
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5.3 Treatment of WRSs in probabilistic PRAISE
analysis code

53.1 Introduction

PRAISE isa PFM based analysis code for estimating probabilities of leaks and breaks in NPP
cooling piping. The code was originally developed at Lawrence Livermore National
laboratory (LLNL) for the assessment of seismic events on the failure probability of
pressurized water reactor (PWR) piping. PRAISE is an acronym for Piping Reliability
Analysis Including Seismic Events [73]. The original version of PRAISE considered only
fatigue induced crack growth, a more recent version called PC-PRAISE includes also a
probabilistic treatment of stress corrosion cracking (SCC) [74]. The latest version of the code
is named as WIinPRAISE, which is a Windows version of the PC-PRAISE code.

PC-PRAISE considers the initiation and growth of crack-like defects in piping welds. The
cumulative crack growth probability can be computed up to 40 years. The initiation analyses
are based on the results of laboratory studies and field observations in austenitic piping
material operating under BWR conditions. The considerable scatter in such results is
guantified and incorporated into a probabilistic model. The crack growth analysis is based on
deterministic fracture mechanics principles, in which some of the inputs, such as initial crack
size and applied stresses, are considered to be random variables. Monte Carlo simulation, with
stratified sampling on initial crack size is used to generate weld reliability results [74].

5.3.2 Residual stresses

The RSs can be input to WIinPRAISE using one of the altogether seven options, both
deterministic and random. In fatigue they only influence the crack growth through the R ratio.

Deterministically defined residual stresses

The RSs can be deterministically defined by an axisymmetric linear through wall variation
(which will not be necessarily self-equilibrating).

Random distribution of resdual stressesin large austenitic lines (OD > 20 inches)

The distribution was obtained by curve fitting to experimental values. These data suggest that
axial stresses are axisymmetric and self-equilibrating. Line size adjustments were made to
RSs in order to improve the agreement between the code predictions and field data. In the
case of large pipes the RSs (and stress intensity factors) are multiplied by a factor of 0.15. In
WInPRAISE, the user can define a multiplier to these RSs. This multiplier is applied to the
stresses along with the benchmarking factor. Pre-defined values of this multiplier are 1, 0.5
and 0.25 for the “High”, “Medium” and “Low” level, respectively. This distribution is
considered also applicableto ferritic piping.
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Random digtribution of resdual stressesin small and intermediate austenitic lines

It was found that the RSs in these lines vary through the wall thickness as well as around the
circumference. At a given angular location, the stress on the inside surface is sampled from a
normal distribution having a positive mean (tensile stress). At the OD the stress is sampled
from the same normal distribution, although the mean in this case is negative (compressive
stress). Further, the stress is assumed to vary linearly through the wall between the values
sampled from the appropriate distributions. For these lines, the benchmarking factor
introduced in order to improve the agreement between the code predictions and field data is
0.20. In WIinPRAISE, the user can define a multiplier to these RSs. This multiplier is applied
to the stresses along with the benchmarking factor. Predefined values of this multiplier are 1,
0.5 and 0.25 for the “High”, “Medium” and “Low” level respectively. This distribution is
considered also applicable to ferritic piping.

Residual stressfollowing remedial treatment

The WInPRAISE code provides capabilities for treating the effects of using procedures to
obtain a more favourable RS distribution, such as Induction Heating Stress Improvement
(IHS!) or the Mechanical Stress Improvement Process (MSIP). Experimental data suggest that
these stresses can be adequately described as axisymmetric with a linear through wall
gradient. The stresses at the ID follow a normal distribution whose mean and standard
deviation should be defined by the user. The stresses at the OD are obtained by imposing the
self-equilibrium condition.

Decreased WRS distributions as compared to ASM E recommendations

Perhaps the most commonly used definitions for WRSs in NPP reactor circuit component
welds are those recommended by the ASME code Section XI Task Group for Piping Flaw
Evaluation [2, 75]. These recommendations apply only for austenitic stainless steel pipe-to-
pipe welds in as-welded state. Both axial and circumferential WRS components through the
pipe wall in weld centre-line are considered, see Figure 5.3.2-1. How WRSs even out in
perpendicular to weld direction is not explained. Considering Figure 5.3.2-1, “&’ is radial
coordinate through pipe wall thickness with origin a the inner surface, and S = 30 Ksi
corresponds to 206.8 MPain S| units.

Sengitivity studies were performed to determine the components of the developed PFM model
that could be adjusted by reasonable amounts to improve the agreement between calculated
and observed piping behaviour. It was found that adjustments to the WRSs were most
effective in improving agreement. Adjustments were made for each of the three ranges of pipe
sizes, and good agreement was obtained [76].

In the SCC analyses it is necessary to consider the WRS distributions in full, and it is also
assumed that this degradation mechanism is mainly active under the operational state, in
which static conditions the NPPs reside most of their lifetime. Further, as the WRS values in
large pipes (OD > 20 inches) are according to the ASME recommendations [2, 75] dependent
on the WRS value in the inner pipe component surface, it is appropriate to assume that it
corresponds to the material yield stress in the operational temperature. For instance, for the
austenitic stainless steel SS 2353 considered in Section 3.2 the yield stress at operational
temperature of 286 °C of the Finnish BWR unitsis 125 MPa[12].
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Now it is possible to compute according to PRAISE approach [76] some decreased WRS
values as compared to ASME recommendations [2, 75] for large (OD > 20 inches),
intermediate (OD = 10 to 20 inches) and small (OD = 4 to 10 inches) lines of austenitic
stainless steel, as follows:
- Large lines; inner surface; tyay > 1 inch; axial WRS = 0.15*125 = 19 MPa, and when tya
< 1inch; axial WRS = 0.15* 207 = 31 MPa,
Intermediate lines; inner surface; tya > 1 inch; axial WRS = 0.2* 125 = 25 MPa, and when
twann < 1 inch; axial WRS = 0.2*207 = 41 MPa,
Small lines; inner surface; twan < 1 inch; axial WRS = 0.2* 207 = 41 MPa,
Large lines; inner surface; twan > 1 inch; circumferential WRS = 0.15*0.5*207 = 15 MPa,
and when tya) < 1 inch; circumferential WRS = 0.15*207 = 31 MPa,
Intermediate lines; inner surface; tya > 1 inch; circumferential WRS = 0.2¥0.5*207 = 21
MPa, and when tya; < 1 inch; circumferential WRS = 0.2*207 = 41 MPa,
Small lines; inner surface; twan < 1 inch; circumferential WRS = 0.2* 207 = 41 MPa.

Through-Wall Residual Stress 1
Wall Thickness
Axial Circumferential®
<1inch
21inch See Note 3
Bogs: .
S = 30 ksi

2 Considerable variation with weld heat input.
3 o= 0;[1.0 -6.91 (a/1) + 8.69 (a/1)* -~ 0.48 (a/)® - 2.03 (a/t)]
o ; = stress at inner surface (a =0)

Figure 5.3.2-1. Recommended axial and circumferential WRS distributions for austenitic
stainless steel pipe welds [2, 75]. Here ID stands for inner diameter, i.e. inner surface, and
OD for outer diameter, i.e. outer surface.

However, the relatively remarkable adjustments to WRS distributions as described above
exceeded the estimate bounds of the uncertainties in the WRS levels. Therefore the material
experts at Pacific Northwest National Laboratory (PNNL) revisited the prior calibrations by
adjusting the effects of plant loading/unloading cycles in addition to adjusting the WRS levels

[77].

The local WRSs at the inside surface of small and intermediate pipes are treated as being
normally distributed. The through thickness distributions of WRSs are assumed to be linear
variations between local values sampled for the inner and outer surfaces. For small pipes, the
mean value of WRS at the inner surface was 168 MPa with a standard deviation of 100 MPa.
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The independently sampled WRS at the outside surface was 168 MPa with a standard
deviation of 98 MPa. For the intermediate pipe, the inner surface WRS had a mean value of
64 MPa and a standard deviation of 98 MPa. The independently sampled WRS at the outer
surface of the intermediate pipe had a mean value of 64 MPa with a standard deviation of 98
MPa[77].

According to the results obtained by PNNL [77], for the above mentioned three pipe sizes
indicate that for WRS adjustment factor, f, avalue of f = 0.75 gives good agreement between
predicted and observed leak probabilities.

Thus according to the most recent results obtained by PNNL [77] the decreased WRS values
as compared to ASME recommendations [2, 75] for large, intermediate and small lines of
austenitic stainless steel are as follows:
All three line sizes; inner surface; twa > 1 inch; axial WRS = 0.75*125 = 94 MPa, and
when tya < 1 inch; axial WRS = 0.75* 207 = 155 MPa,
All three line sizes; inner surface; tyg > 1 inch; circumferential WRS = 0.75*0.5*206 = 77
MPa, and when tya < 1 inch; circumferential WRS = 0.75* 207 = 155 MPa.

5.4 Treatment of WRSs in some other notable
probabilistic crack growth analysis codes

Concerning the treatment of WRS distributions in NPP components, the probabilistic analysis
codes covered in this section are PRO-LOCA [79], ProSACC [6] and PASCAL-SP [80].
Other notable current probabilistic analysis codes applicable for NPP components, such as
PRODIGAL [81] and STRUREL [82, 83] were excluded here, as they do not contain any
useful procedures for treatment of WRS distributions.

5.4.1 PRO-LOCA

The PFM based PRO-LOCA analysis code has been developed for the prediction of break
probabilities for loss-of-coolant-accidents (LOCAS) in NPP piping systems. In brief the
background of PRO-LOCA is that in 2003 the USNRC began its development [78] with the
intension to adopt and apply advances in fracture mechanics models, and thereby to provide
the successor to the PRAISE code. Like PRAISE, the PRO-LOCA code addresses the failure
mechanisms associated with both pre-existing cracks and service induced cracks. Both fatigue
and intergranular SCC (IGSCC) are addressed. In addition, PRO-LOCA can also predict
failure probabilities for primary water SCC (PWSCC). Other improved capabilities are in the
areas of leak rate predictions and the prediction of critical/unstable crack sizes. PRO-LOCA
has also incorporated an improved basis for simulating WRS distributions.

In prior versions of PRO-LOCA, WRS distributions that were geometry specific were
included. The through thickness WRS values from FEAs were normalised againgt the material
yield strength. The code sampled on yield strength to simulate the variability of the WRS
values. Even though this may capture the material variability in the WRSs, it does not capture
other variabilities such as those concerning welding parameters and analysis assumptions. In
the recent version of PRO-LOCA, the user can provide a WRS distribution input as described
in Figure 5.4.1-1. In this case, the user provides as input a distribution of ID WRS, and a
distribution of distance parameter X.. In this context, X is defined in the radial pipe cross
section coordinate direction as the distance between the inner surface and the location within
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the wall where WRS crosses through zero. The code then calculates a 3rd order polynomial
distribution that balances through the wall thickness. For the time being the scope of this
approach does not include WRS distributions of repair welds [79].

WRSp

W RSDD

Distance from ID

Welding Red dual Stress

X [

Figure 5.4.1-1. WRSdistributions in PRO-LOCA [79].

54.2 ProSACC

The Swedish analysis code ProSACC, which stands for Probabilistic Safety Assessment of
Components with Cracks, has been developed for probabilistic assessment of crack growth
due to SCC and fatigue. The analysis code also has an option which enables the assessment of
cracks according to the 1995 edition of the ASME Boiler and Pressure Vessel Code, Section
X1, Appendices A, C and H, for assessment of cracks in ferritic pressure vessels, austenitic
piping and ferritic piping, respectively. The probabilistic assessments with ProSACC are
based on the R6 Method only [6].

Within the PFM based computation procedure of ProSACC analysis code, several parameters
are treated as random parameters [6]. As for stresses these include:

Primary stresses,

Secondary stresses.

The WRS distributions belong to the category of secondary stresses. In ProSACC the random
parameters are treated as not being correlated with one another. The random parameters can
follow a normal, log-normal, Weibull or exponential distribution. For al of these distributions
the user needs to provide the necessary mean value and standard deviation data.

The scope of the associated guidelines for estimation of WRSs in steel components due to
welding given in ref. [6] is deterministic, with no quantification of the uncertainty associated
with the WRSs nor suggestions concerning how to expand the scope of their assessment to
probabilistic.

Thereis also another Swedish analysis code, ProLBB, intended for probabilistic examinations
of NPP components. More specifically this analysis code has been developed as a
complement to the demonstration of leak-before-break (LBB) and also to help to identify the
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key parameters that influence the resulting leakage and failure probabilities [85]. As the
probabilistic LBB approach of ProLBB was implemented using the calculation engine from
the analysis code ProSACC [6], it is assumed that it provides the same treatment capabilities
to the WRS distributions as ProSACC does.

5.4.3 PASCAL-SP

The PFM based PASCAL-SP analysis code has been developed by Japan Atomic Energy
Agency (JAEA) for the prediction of failure probabilities of NPP piping components due to
SCC [80]. PASCAL-SP uses Monte Carlo simulation and includes a simplified probabilistic
model for defining WRS distributions. This model is based on FEM analysis results, which
have then been applied to the PFM based failure probability analysis procedure of the analysis
code.

A WRS database is used to determine the WRS distributions in the PASCAL-SP. The
database consists of results from parametric FEM analyses covering a representative range of
heat input levels and welding speeds, based on welding experiments. The 108 cases of
parametric FEM analyses with a 2D axisymmetric model were performed for 250A piping
[84]. It is assumed that the uncertainty of WRS at a point in or near welding joint follows a
normal distribution. The statistics in the form of average and standard deviation of WRS at
each point and correlation coefficient between nearest neighbouring points in piping thickness
direction are introduced to determine the WRS distribution, see Figure 5.4.3-1. The standard
deviation represents the uncertainties and the correlation coefficient means the tendency of
fluctuations associated with increase and decrease of WRS. The values of the average,
standard deviation and the correlation coefficient are estimated using the results from the
parametric FEAs. The WRS distribution in piping thickness direction for each sampling
calculation is evaluated in PASCAL-SP as follows, see also Figure 5.4.3-2. At first, the WRS
following a normal distribution at each point is determined based on the data in the database.
The following equation is used to determine the stress § [MPa] a each point in pipe
component wall thickness direction:

S =s, ><(Ci +Z %/1- rij2 )+ S (5.4.3-19)

and:

r >{S| } Slave)

C =- 5.4.3-1b
s ( )

where § [MPd] is the WRS at the ith point, S** [MPa] is average stress, s, [MP4] is the

standard deviation of the WRS, r; [ -] isthe correlation coefficient of stress between ith and

jth point (neighbouring points) in pipe component wall thickness direction, and Z [ - ] isa
random number following a standard normal distribution. Secondly, a fourth order
polynomial expression in pipe component wall thickness direction is determined according to
the least-squares method using the stress S. The polynomial coefficients are used for the
calculation of stress intensity factor values, as based on influence function method. Using the
calculated stress intensity factor values, crack growth rate is determined according to SCC
growth rate diagram as prescribed in the ISME FFS code. By repeating the procedures above,
the uncertainties of residual stress distribution are evaluated.
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The scatter of the WRS valuesis calculated as follows:

ave

S -
Scatter === (5.4.3-2)

The standard deviation of WRS at a point in the database, see Figure 5.4.3-1, represents
uncertainty at that point. The difference of the standard deviation at each point corresponds to
the extent of uncertainty.

FEM Analyses

A

Uncertainty
i | at Each Point

Residual Stress

Correlation between
4 Nearest Neighbors

Distance from Boundéry between Bgse and Weld Metal, L

Figure 5.4.3-1. Contents of WRSdistribution database [ 80].

1. Determine Residual Stress at
A Point by the Statistics
(Average, Standard Deviation and
Correlation Coefficient)

| Stress in Database I

Residual Stress

2. Determine Fitting to Forth Order
Polynomial Eq. by the Least Square Method

»

Distance from Inner Surface /
Thickness of Piping, X

Figure 5.4.3-2. Probabilistic model for WRSdistributions [80].
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6 Numerical modelling of WRSs and their
relaxation

The NPP primary circuit components analysed here are a safe-end connecting to a nozzle and
pipe, resembling those that connect the feed water system to the Reactor Pressure Vessel
(RPV) in BWR units. In particular, it is examined how to smulate with FEM the WRS
distributions and their behaviour for a number of different constant amplitude load cycle
sequences in the safe-end/pipe weld joint. The as-welded state WRS distribution for this weld
is assumed according to SINTAP procedure [7]. The main background documents for the
presented numerical simulations are refs. [90, 91], in particular the latter one.

6.1 Examined weld, initial WRSs, considered loads and
other relevant input data

The general geometry of the analysed NPP component assembly is presented in Figure 6.1-1
in the following. The relevant numerical geometry, material, WRS and loading input data
values are presented in Table 6.1-1 and Table 6.1-2, respectively. The types of the considered
materials are for nozzle; ferritic steel, for base metals of safe-end and pipe; austenitic stainless
steel, and for the examined safe-end/pipe joint weld material same properties are assumed as
for the associated base materials. As detailed analysis input data concerning the considered
NPP components are presented in the associated research reports [90, 91], they are presented
here only briefly.

nozzle weld safe-end weld
pipe

T T R

Figure 6.1-1. The overall geometry of the safe-end connecting to a nozzle and pipe,
resembling those that connect the feed water system to the RPV in BWR units; horizontal
section of the components at the level of their common symmetry axis. The outer diameter
is of the scale of a few hundred mm.
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Table 6.1-1. Geometry, material and WRS input data for numerical simulations concerning
the safe-end/pipe joint weld, here weld material properties are taken as to correspond those
of the austenitic SSsafe-end material. The material property data values are fromref. [92].

Geometry & Material Property Data WRSData
Outer diameter [mm] afew WRS definition procedure SINTAP
hundreds
Wall thickness [mm] ~ 16 WRS direction axial
Yield strength at 20/286 °C [MPa] 241/220 (*) | WRS, inner surface at 20/286 °C [MPa] | 269/245
Tensile strength at 20/286 °C [MP4] 586/586 WRS, outer surface at 20/286 °C[MPa] | -269/-245
Y oung’s modulus at 20/286 °C [GPa] | 214/199 Variation of WRS between inner/outer linear
surface

(*) These yield strength values correspond to 0.2 % strain.

The main cyclic loading used here, see Table 6.1-2, was applied in the form of even stress
distribution over the pipe end cross-section surface, i.e. load sequence specifically it varies
only as a function of time. The direction of the stress loading is axial, i.e. paralel to the
common symmetry axis of the considered components. Also inner pressure was a cyclically
altering load parameter here. Altogether eight different load cycle sequences were prepared.
They all are constant amplitude load sequences with linear altering of the loading parameter
values within the respective loading ranges. The rising and decreasing load cycle parts are
separated with parts of static loading conditions having the same duration as the neighbouring
altering parts. All prepared load cycles end up to the same loading conditions as they start
with. The prepared load cycle sequences cover a representative range of stress amplitudes
from moderate up to relatively severe loading conditions.

Table 6.1-2. Load cycle sequence (LCS) data for numerical simulations concerning the safe-
end/pipe joint weld. The cyclic loads are: even stress distribution perpendicular to the weld
and acting over the pipe end cross-section surface, and inner pressure. Here Spin and Spax
denote minimum and maximum axial stress|oads, whereas prin and prmax denote minimum and
maximum inner pressure loads, respectively, and LC means a single load cycle.

LCSNO. | Smax Smin R = Smin/Smax | Pmax/Prmin Temperature
[MPa] [[MPa] [bar] [°C]

1 150 0 0 70.0/1.0 286

2 100 0 0 70.0/1.0 286

3 50 0 0 70.0/1.0 286

4 25 0 0 70.0/1.0 286

5 150 -150 -1 70.0/1.0 286

6 100 -100 -1 70.0/1.0 286

7 50 -50 -1 70.0/1.0 286

8 25 -25 -1 70.0/1.0 286

L C Rising/Decreasing/Static Part Durations|[s] 100/100/100

LC Duration [g] 400

No. of LCsinLCS 10x 5

The loading events considered in the heat transfer and the stress/strain simulations were
applied as load histories, the total duration of each of which being 60000 s. Also, the dead
weights of the analysed components were considered, based on their dimensions and material
densities. Each considered load history started with the loading of the WRSs, during which
event no other mechanical loads were present and the overall temperature was kept at 20 C°.
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Following that, the pressure and temperature were elevated to the values corresponding to the
operational conditions, those being for the considered BWR environment pressure of 70 bar
and temperature of 286 °C, respectively. This was realised with a load event called here Start
of operation (SO), resembling typical plant load transient Cold start-up. For all considered
load histories these first two load events were exactly the same. Then followed the load
history specific LCS, ending itself and at the same time the considered load history to steady
state. Altogether eight load histories were covered, and consequently eight separate FEM
analyses were performed. A diagram showing in principal the two types of prepared LCs is
presented in Figure 6.1-2 in the following. For both types a set of five LCs are shown in the
Figure 6.1-2, corresponding to the performed FEM analyses where the covered LCSs were
composed of step assemblies with ten of LC setsin each.

S, p[%]
temperature [°C]

——S &p; Type 1, p; Type 2 —S; Type 2 —— Tinternal
-150 : : : -300

0 500 1000 1500 2000
time [

Figure 6.1-2. A diagram showing in principal the two types of prepared load cycles. Here S
is axial stress at pipe end, p isinternal pressure, Type 1 corresponds to LCSs from 1 to 4,
and Type 2 correspondsto LCSsfrom 5 to 8, respectively. For Sand p the shown values are
percents of the respective LC specific maximum value, and when being on the negative side
they correspond to compression. Tinternal isinternal temperature.

6.2 Numerical heat transfer and stress/strain
simulations

All heat transfer and stress/strain analyses were performed with FEM code Abagus, version
6.8-2 [93, 94]. Concerning the analysis steps loading of WRSs and Start of operation that
include both mechanical and temperature loads, they were performed as fully coupled. This
means that the heat transfer and stress/strain solutions were obtained from the same analysis
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run. As for anaysis steps corresponding to analysis case specific load cycle sequences with
altering mechanical loads but constant temperature, they were performed as static stress/strain
analyses. To summarise, for each analysis run the first two steps were performed as fully
coupled and the rest as satic.

With Abagus the time incrementation in a transient heat transfer analysis can be controlled
directly by the user or automatically by the analysis code. Automatic time incrementation is
generally preferred [94]. However, here due to the selected fully coupled analysis type, only
user predetermined incrementation is allowed by the analysis code. This is carried out as a
function of time, so that for each analysis step a suitable time increment is selected, i.e. these
increments are analysis step specific. For analysis steps loading of WRSs and Start of
operation, with corresponding durations of 3000 and 27000 s, the selected time increment for
both was 50 s.

As for static analysis steps in the performed analyses, i.e. the load cycle sequences with total
duration of 30000 s in each case, the maximum allowed time increment was 25 s. And as an
ending criterion the analyses were continued keeping as static conditions those with which the
last load cycle ended until the stress distributions had ceased altering, which took at
maximum 1000 s, depending of the case.

As all considered loads, including WRS distributions, are symmetric in relation to geometry
symmetry axis of the considered components, it sufficed to prepare an axisymmetric FEM
model for the numerical simulations. The examined safe-end/pipe joint weld region of the
prepared FEM model used in the simulations is shown in Figure 6.2-1, in the following.

safe-end weld pipe

X

Lv

Figure 6.2-1. Detail of the element mesh of the axisymmetric FEM model of the examined
safe-end/pipe joint weld, showing all involved material regions emphasised with different
colours.

The thermal boundary conditions of the overall FEM model are such that for the outer
surfaces and for the two cut-off sections with which the model was cut from the global
structure, adiabatic boundary condition was applied, whereas for the inner surfaces, where
heat will be exchanged between the water and the metal, the value of the heat transfer
coefficient, ayr, varied between 1000 and 70000 W/m?K.



61 (82)
V7T RESEARCH REPORT VTT-R-02200-10

In addition to the displacement boundary conditions caused by axial symmetry, those
concerning the overall FEM model are such that for the safe-end side vertical cut-off surface,
the horizontal displacements are set to zero, whereas the pipe side vertical cut-off surface is
set to remain vertical and straight, but allowed to deform perpendicular to itself.

The axisymmetric FEM model was meshed with general purpose continuum elements. The
selected element type from the Abagus element library is CAX4RT, which is a 4-node
rectangular bilinear displacement and temperature element, with reduced integration and
hourglass control. Active degrees of freedom are the two displacements in the model plane,
i.e. in the vertical (x-axis) and horizontal (y-axis, being here also the FEM model symmetry
axis) directions, and temperature. The number of the nodes and elements in the whole model
are 2836 and 2650, respectively.

The Oak Ridge National Laboratory (ORNL) has created a material model to describe the
behaviour of austenitic SSs of types 304 and 316, see the Nuclear Standard NE F9-5T [95].
This model was used in the performed FEM analyses for the weld, safe-end and pipe
materials, respectively. In this model the constitutive theory is uncoupled into a rate
independent plasticity response and a rate dependent creep response, each of which is
governed by a separate constitutive law. The plasticity theory uses a von Mises yield surface
that can expand isotropically and trandate kinematically in stress space. For kinematic work
hardening, Ziegler's hardening rule [96] generalized to the non-isothermal case, is used in
Abaqus [94]. The Nuclear standard NE F9-5T [95] provides for some coupling between the
plasticity and creep responses by allowing prior creep strain to expand and trandate the
subsequent yield surface in stress space. For SSs of types 304 and 316, however, prior
plasticity does not change the subsequent creep response.

To improve convergence in the FEM analyses, the line-search technique was used. With this
technique one obtains a direction from an iterative procedure such as full and modified
Newton-Raphson iteration [97]. The advantage in this technique is that by solving only a one-
dimensional problem a better approximation is obtained. Then also the computation times of
the anaysis runs become shorter. Moreover, in some cases when it was not possible to
achieve convergence with any other available means, it finally succeeded with the line-search
technique.

It was deemed that 50 LCs in each prepared load history would suffice to show how the
WRSs change/decrease as a function of LCs in the FEM simulations, if at all. This selected
number of covered load cycles was also based on the computational feasibility, because as
each load history was incorporated to a single analysis run, it was noticed in the preliminary
analyses that the size of the output files soon became relatively large, i.e. of the scale of
several GBs. With the selected number of analysis run specific load cycles the size of the
output files and the analysis run durations stayed reasonable. Here a 2.0 GHz PC having two
CPUsand 2.0 GB of RAM memory was used.

6.3 Analysis results from the viewpoint of WRS
relaxation
In the following is a presentation concerning the heat transfer and stress/strain analysis

results, mainly from the viewpoint of WRS relaxation. It was decided to limit the presentation
here to concern only axial WRSs, as worldwide more than 90 % of the detected piping crack



62 (82)
V7T RESEARCH REPORT VTT-R-02200-10

cases have been oriented circumferentially, see e.g. ref. [98], and it is mainly the axial stresses
that make such cracks grow.

More specifically, the WRS results obtained with FEM for the safe-end/pipe joint weld are
examined in two sets of element mesh nodes, see Figure 6.3-1 in the following. In the through
wall direction the spacing of the nodes is even for both node sets. As for the directions of the
lines along which the nodes of the two examined node sets are located, the weld centre line
(WCL) is vertical, whereas the weld offset line (WOL) tilts slightly from the vertical direction
near the middle of the wall.

In the following is a brief description concerning the WRS simulation results in general:

- For LCS1 to LCH4, see Table 6.1-2, i.e. LCSs of Type 1 with R = O; depending on the
case, the WRSs ceased to change after 2 to 6 experienced LCs,
For LCS5 to LCS8, see Table 6.1-2, i.e. LCSs of Type 2 with R = -1; depending on the
case, the WRSs ceased to change after 2 to 5 experienced LCs,
For al performed analyses the total stress exceeds the material yield strength in some
regions of the component surfaces, i.e. in tension at inner surface and in compression at
outer surface,
For al performed analyses, the LCSs with larger stress load range decreased maximum
WRS values more than those with smaller stress load range,
For LCS1 to LCH4 in the weld centre line; the maximum WRS values in tension, which
take place in node 30, decreased approximately from 28 to 60 %, depending on the casein
guestion, whereas for maximum WRS values in compression, which take place in node
28, this decrease was negligible,
For LCS5 to LCSS8 in the weld centre line; the maximum WRS values in tension, which
take place in node 30, decreased approximately from 22 to 48 %, depending on the casein
guestion, whereas the maximum WRS values in compression, which take place in node
28, decreased approximately from 9 to 54 %, respectively,
For all performed analyses in the weld centre line; within the wall the maximum WRS
values both in tension and compression increased to some extent,
For all performed analyses in the weld offset line; the maximum WRS values both in
tension and compression decreased tens of percents both at inner & outer surface and
dlightly less so within wall,
Note that despite the applied means to enhance convergence, analysis case LCS1 till
diverged after 13" load cycle, while in the other seven cases the analysis runs converged
through the considered load histories.

Aswithin the scope of the performed numerical simulations the changing of the WRSs ceased
relatively soon, in all cases in less than ten load cycles, it did not seem meaningful enough to
examine further the behaviour of the WRSs in this respect. Instead, it was investigated in
more detail how the WRSs alter as a function of applied stress range. Also, keeping in mind
the result summary of the performed WRS relaxation procedure literature study, see Section
4.2, the altering of the considered load and stress response parameters was compared to the
material yield strength, asit is mainly the part of the total stresses exceeding the yield strength
that causes the WRSs to alter. Concerning the relaxation of the WRSs due to first load cycle
as compared to that caused by the subsequent load cycles, it varied case specificaly between
approximately 50 and 80 % of the total WRS decrease. Thisis in line with what is described
in many WRS relaxation assessment procedure source documents, see Section 4.2.
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Figure 6.3-1. The node numbers of the two examined node sets in the safe-end/pipe joint weld
element mesh region. Both sets are evenly spaced in the through wall direction, with the weld
centre line being vertical, whereas the weld offset line tilts dightly near the middle of the
wall.

In the following are presented the results of this investigation. Figure 6.3-2 presents for LCS1
to LCS4, i.e. LCSs of Type 1 with R = 0, the axial WRSs at the end of the considered load
histories as a function of the part of the cyclic max total stresses perpendicular to weld
exceeding the yield strength, with both axis parameters being divided by the yield strength.
Also presented is a distribution that is linearly fitted to these results. Figure 6.3-3 presents the
corresponding results for LCS5to LCSS8, i.e. LCSs of Type 2 with R = -1, again together with
a fitted linear distribution. In Figure 6.3-3 the results are presented for two nodes, as
corresponding to the locations of both maximum tension and compression, because unlike the
results for LCSs of Type 1 as presented in Figure 6.4-2, with LCSs of Type 2 the total stresses
exceed the yield strength also in compression, in addition to that in tension. The linear
distribution was selected for fitting the mentioned results because due to the shapes of their
distributions it was deemed to suit best for that purpose. Logarithmic fitting was not
attempted here, even though a number of the covered WRS relaxation assessment procedures
use that function to describe cyclically occurring WRS relaxing, because in those procedures
the loading amplitude is assumed as constant, and possible WRS relaxation for relatively
large number of load cycles is examined. Then, for comparison purposes Figure 6.3-4
presents only the two mentioned linearly fitted distributions.

In these three result figures the yield strength corresponding to 0.2 % strain is denoted as sy,
whereas the part of the total cyclic max stresses exceeding the yield strength is denoted as
(Stota,max - SY), respectively. It is also reminded that the results presented here were obtained
for temperature of 286 °C, in other temperatures they would be to some extent different.
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Figure 6.3-2. For LCSL to LCHA the axial WRSs at the end of the considered load histories
as a function of the part of the cyclic max total stresses perpendicular to weld exceeding the
yield strength corresponding to 0.2 % strain, with both axis parameters being divided by the
yield strength. Also presented is a distribution that islinearly fitted to these reaults.
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Figure 6.3-3. For LCS5 to LCS3 the axial WRSs at the end of the considered load histories
as a function of the part of the cyclic max total stresses perpendicular to weld exceeding the
yield strength corresponding to 0.2 % strain, with both axis parameters being divided by the
yield strength. Also presented is a distribution that islinearly fitted to these reaults.
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Figure 6.3-4. Separately both for LCS1 to LCHA and LCS5 to LCS3B, the linearly fitted
distributions describing the axial WRSs at the end of the considered load histories as a
function of the part of the cyclic max total stresses perpendicular to weld exceeding the yield
strength corresponding to 0.2 % strain, with both axis parameters being divided by the yield
strength.

The effect of the magnitude of the applied loading stress range to the decrease of the WRSs
can clearly be seen from the mentioned three result figures. In addition, Figure 6.3-4 on its
behalf shows that the stressratio R also contributes to the altering of the WRSs, so that with R
= 0 they decrease quite accurately with an offset of 8.0 % more than with R = -1, respectively.

The more detailed discussion concerning the WRS simulation results here is focused on result
data from surface nodes. This is because in them the absolute values of the total stresses
exceeded often the material yield strength during the covered cyclic loading histories.
Whereas in inner nodes the experienced absolute values of the total stresses stayed mainly
lower than the yield strength, and consequently in them the WRSs altered during loading
histories very little, if at all.

The developed equations for the two linearly fitted distributions describing for the considered
austenitic SS in the temperature of 286 °C the max axial WRSs at the end of the considered
load histories LCS1 to LCS8 as a function of the applied total stress load range, are as
follows:

2 20

S WRsAXIAL™ 3 %S totel,max T 12 xs,,forR=0, (6.3-1)
2 21
S WRsAXIAL™ 3 S totat,max T I s, forR=-1, (6.3-2)

and the validity range for both equation (6.3-1) and (6.3-2) is:
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where SwrsaxiaL [MPa] is the remaining max axial WRS, sy [MPq] is yield strength
corresponding to 0.2 % strain, Sioa,max [MP4] is cyclic max total axial stress value (i.e. sum of
max value of applied cyclic stress load and initial WRS value), and R [MPa/MPa] is stress
ratio, i.e. Smin/ Smax, respectively.

As compared to relative units of WRS results presented in Figures 6.3-1 to 6.3-3, the
eguations (6.3-1) and (6.3-2) have been written straight for axial WRS values, so asto obtain
more useful expressions for WRS decrease assessment purposes.

It could be argued, that for the results concerning LCS5 to LCSS, i.e. LCSs of Type 2 with R
= -1, two separate linear distributions could be fitted, with one for maximum tensile axial
WRSs (corresponding to Node 30) and the other for maximum compressive axia WRSs
(corresponding to Node 28), respectively, see the red and green result curves in Figure 6.3-3.
However, the material model used here is identical for tension and compression, and also the
cyclic loading in this case is symmetrical, i.e. the absolute values of the maximum loading in
tension and in compression are equal. Only the geometry of the model deviates from
symmetry over the component wall, having here basically a cylindrical structure, and thus
geometrical effect for the inner and outer surface differ to some extent. In addition, the wall
thickness is not constant over the component model, as on the nozzle side it is more than
twice thicker than on the pipe side. Thus it is considered that the approach followed here in
forming the WRS decrease equations is appropriate and realistic enough.

The scope of the performed FEM analyses with cyclic loading was relatively limited, and so
consequently is that of the fitted equations (6.3-1) and (6.3-2). However, the obtained results
provide an example of an approach to derive analytical WRS relaxation equations for
practical applications. Moreover, as the involved computational effort is reasonable, it is
considered that the approach used here is technically feasible. Thus the scope of the WRS
relaxation assessment equations could be widened to consider other temperatures and load
amplitudes quite easily without the needed computational work becoming too resource
demanding. Also, as it is FEM that is applied here, the presented approach could be well
extended to other components having other materials and geometries as well. However, the
thus obtained WRS relaxation equations should be to a sufficient extent verified against
measurement data.
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7 Discussion and suggestions for further
research

According to experimental measurements and FEM analysis results the WRSs are typically
relatively high in NPP component welds which are in as-welded state. Also, many NPP
component welds have not been subject to any improvement treatment after
manufacturing/installation, i.e. the welds remain in as-welded state. Thusit is of considerable
importance to take the WRSs into account in the structural integrity analyses, e.g. crack
growth sensitivity analyses. The residual stress distributions present in a structure are the
result of the manufacturing history and the elastic-plastic properties of the structure. The
former referring to the mechanical and thermal processes executed during the whole
production sequence and the latter to the elastic-plastic behaviour of the structure.

The conditions/treatments that relieve residua stresses in NPP components include irradiation
effects, thermal effects and mechanical load effects. In practise irradiation is not used to relax
WRSs. Thus irradiation concerns mainly the RPV and its internals, as they are exposed to
nuclear irradiation emanating from inside of the RPV, whereas its effect to other NPP systems
and components is negligible. Thermal effects include annealing and PWHT, which are
commonly used means to relieve the residual stresses. Also mechanical loads can relax the
residual stresses, current techniques include e.g. shot-peening and vibratory stress relief.

Selection of suitable WRS distribution assumptions for structural integrity analyses isan issue
requiring careful consideration. Several WRS definition procedures are currently available.
Seven of those are compared in this study in the light of application examples for a
representative set of NPP pipe components.

The main results of the performed literature study are the altogether 25 discovered residual
stress (RS) relaxation assessment procedures. These were found as a result of an extensive
survey covering a great number of sources of information, including the major technical
scientific journals, with tracing of cited references in each new article as it was obtained, as
well as conference papers, academic theses, dissertations, handbooks and technical reports,
both from libraries in paper format and from Internet databases.

Brief descriptions of the main characteristics of the found WRS relaxation assessment
procedures are given. In addition to the procedure equations/formulas, also mentioned are the
original reference/authors, target of application, required input data, parameters to be fitted,
range of applicability and the covered phenomena.

The found WRS relaxation procedures are divided to three categories according to
characteristics of the stress relaxing physica phenomena they cover. The mentioned three
categories and the numbers of the associated found RS relaxation procedures are:

Mechanical residual stress relaxation; 18 procedures,

Thermal residual stressrelaxation; 6 procedures,

Thermomechanical residual stress relaxation; 1 procedure.

Not all of the covered RS relaxation procedures consider specifically welds, but also selected
details in the base material side, such as surfaces, notches, geometry details with relatively
small radius of curvature and local holes, or regular and continuous geometries as well.
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However, asthe physical events that can cause RS relaxing are by and large the same for most
metallic materials, especially concerning various steel grades, the presented RS relaxation
procedures are assumed to be applicable to NPP steel component weld materials as well.

Also, severa of the presented RS relaxation procedures are mainly developed for assessing
the gradual relaxation of intentionally induced surface RSs that have been obtained with
various surface treatments, such as shot-peening, which typically create a compressive surface
RS distribution, which in turn increases the fatigue life of the component. As all such RS
relaxation procedures include material specifically adjustable parameters, they can
presumably be fitted so that they are applicable to through thickness RS relaxation
assessments of NPP component welds as well.

Typicaly the availlable RS data contains measurement uncertainties, which vary from
technique to technique. Generally the main uncertainties in RS measurement can be
categorised according to ref. [61] to those that are technique specific, material specific, and
component/geometry specific, respectively.

In general, errors in measuring WRSs are often classified as systematic or random [63, 65].
Systematic error is usually caused by factors that systematically affect measurement such as
the use of the instrument (e.g. miscalibration and specimen alignment), inaccurate elastic
modulus and Poisson coefficient, and the type of stress analysis used in fitting data (use of
different fitting techniques, algorithm and software). Systematic errors may also arise from
the use of a different assumption model in deriving stresses from the measured quantities.
Random error is caused by factors that randomly affect measurements.

The published experimental as-welded state WRS data have a substantial scatter.
Consequently the WRS distributions defined in the commonly used fitness-for-service
procedures have been developed as tensile upper bound solutions based on the data. However,
according to [86, 87, 88, 89], this approach not only lacks consistency for the same type of
joints and welding parameters, but can either significantly overestimate the WRS level in
some cases, or underestimate it in others.

As the relaxation of WRSs during plant operation is an issue that has this far received quite
limited attention, it was no surprise that no documentation specifically concerning
guantification of its uncertainties were found available. It can be estimated, however, that the
sources of uncertainty associated with defining the as-welded state WRSs do not decrease in
guantity when moving on to using any of the WRS relaxation assessment procedures covered
here. This is an issue that appears to require further research. At least one can perform
sensitivity analyses with the WRS relaxation assessment procedures e.g. to see what is the
model response for altering its primary variables within their assessed realistic regions of
variation.

Concerning probabilistic methods to define WRS distributions, the following procedures are
described in this study: least-squares technique, Bayesian dstatistical approach, spatial
Bayesian approach, spatial deconvolution approach, heuristic method, fuzzy-set approach, and
goodness of fit technique. Thus here mainly both conventional and Bayesian statistical
techniques are considered. The latter approach uses probability distributions for both the
measured data and the free parameters in analytical models used to fitting the data. In
contrast, conventional statistical techniques only consider the probability distributions of
experimental data. In addition the Bayesian approach can incorporate sources of prior
information about measurements and this allows analysts to include their persona judgments
inthe analysis[63].
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Also described in this study is the treatment of WRSs in some current notable probabilistic
crack growth analysis codes. These PFM based codes are WinPRAISE [74], PRO-LOCA
[79], ProSACC [6] and PASCAL-SP [80]. The WRSs can be input to WinPRAISE using one
of the altogether seven options, which being both deterministic and random. The
documentation [77] related to WinPRAISE also conciders what should the WRS distributions
be like, so that the crack growth analysis results would correspond to existing crack data. As
compared to ASME recommendations [2, 75], according to the piping component test results
obtained by PNNL [77], for WRS adjustment factor, f, a value of f = 0.75 gives good
agreement between predicted and observed leak probabilities. In the PRO-LOCA, the WRSs
are assumed to follow a 3rd order polynomial function through component wall. The
associated probabilistic aspects are that the user can give as distributed the WRS at inner
component surface as well as the location within the wall where the WRS changes from
tension to compression. In ProSACC the distribution of WRSs can follow a normal, log-
normal, Weibull or exponential distribution. For all of these distributions the user needs to
provide the necessary mean value and standard deviation data. However, no recommendations
concerning them are given, nor guidance from where such data could be obtained. PASCAL-
SP includes a WRS didtribution database that consists of results from parametric 2D
axisymmetric FEM simulations for 250A pipe component. It is assumed that the uncertainty
of WRS at a point in or near welding joint follows a normal distribution. The statistics in the
form of average and standard deviation of WRS at each point and correlation coefficient
between nearest neighbouring points in piping thickness direction, are introduced to
determine the WRS distribution.

The numerical simulations of WRS distributions in this study were carried out with the same
FEM model as was used in the previous part of the project, i.e. that consisting of a safe-end
connecting to a nozzle and pipe, see ref. [90]. The scope of the analyses was extended so that
here it was examined how the WRS digtributions in the safe-end/pipe joint weld region
behave under constant cyclic loading. A more detailed description of the performed
simulations is presented in the associated analysis report [91].

The wall thickness in the region of the examined safe-end/pipe joint weld is 16 mm. The
initial WRS values for the examined weld were assumed according to the as-welded state
WRS distribution equations of the SINTAP procedure [7, 8]. In this case they vary in
perpendicular to weld direction linearly from 245 MPa in the inner surface to -245 MPainthe
outer surface, for temperature of 286 °C. Of the load types provided by Abaqus, the Body
Force was selected for modelling WRSs in the safe-end/pipe joint weld region in the
axisymmetric computation model. With this load type it is possible to set density forces to act
on elements, or more specifically throughout their volumes, as the physical dimension this
load type is N/m®. The heat transfer and stress/strain FEM analyses were performed with
Abagus version 6.8-2 [93, 94].

The performed analyses cover altogether eight loading histories, each being a constant
amplitude load cycle sequence (LCS), and together spanning a representative range of loading
conditions. This means that eight separate FEM analyses were carried out. The mentioned
LCSs divide to two main types, with the axially oriented stress being the main cyclic load
parameter. For the Type 1 the load range varies between 0 and 150 MPa, the stress ratio being
in these cases 0. Whereas for the Type 2 the load range varies between -150 and 150 MPa, the
stress ratio being in these cases -1, respectively. All prepared load histories include 50 load
cycles, which was a sufficient number to show how the WRSs change/decrease as a function
of LCsinthe simulations, if at al.
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The ORNL material model [95], specifically prepared to describe the behaviour of types 304
and 316 austenitic SSs, was used in the performed FEM analyses for the weld, safe-end and
pipe materials. In this model the constitutive theory is uncoupled into a rate independent
plasticity response and a rate dependent creep response, while the plasticity theory uses a von
Mises yield surface that can expand isotropically and trandate kinematically in stress space.
For kinematic work hardening Ziegler's hardening rule [96], generalized to the non-isothermal
case, is used in Abagus [94]. To improve convergence in the FEM analyses, the line-search
technique was used [97]. With this technique a better approximation is obtained, also the
computation times of the analysis runs become shorter.

In the following is a brief description concerning the WRS simulation results:

- For al performed analyses the total stress exceeds the material yield strength in some
regions of the component surfaces, i.e. in tension at inner surface and in compression at
outer surface.

For all performed analyses, the LCSs with larger stress load range decreased maximum
WRS values more than those with smaller stress load range.

For Type 1 load histories with stress ratio of O; in the weld centre line the maximum WRS
values in tension, which take place in inner surface, decreased approximately from 28 to
60 %, depending on the case in question, whereas for maximum WRS values in
compression, which take place in outer surface, this decrease was negligible.

For Type 2 load histories with stress ratio of -1; in the weld centre line the maximum
WRS values in tension, which again take place in inner surface, decreased approximately
from 22 to 48 %, depending on the case in question, whereas for maximum WRS valuesin
compression, which again take place in outer surface, this decrease was approximately
from 9 to 54 %, respectively.

Concerning the relaxation of the WRSs due to first load cycle as compared to that caused
by the subsequent load cycles, it varied case specificaly between approximately 50 and 80
% of the total WRS decrease.

For all performed analyses in the weld centre ling; within the wall the maximum WRS
values both in tension and compression increased to some extent.

For all performed analyses in the offset line which is located approximately 4.5 mm to the
base material side from the weld edge; the maximum WRS values both in tension and
compression decreased tens of percents both at inner & outer surface and dightly less so
within wall.

Based on the numerical WRS simulation results and within their scope, two analytical WRS
relaxation assessment equations were also developed for the considered safe-end/pipe weld
region in the temperature of 286 °C.

The scope of the WRS relaxation assessment equations could be widened to consider other
temperatures and load amplitudes quite easily without the needed computational work
becoming too resource demanding. Also, as it is FEM that is applied here, the presented
approach could be well extended to components having other materials and geometries as
well. However, the thus obtained WRS relaxation equations should be to a sufficient extent
verified against measurement data.

Concerning cyclic loads, and keeping in mind that here only constant amplitude load cycle
sequences were applied, it would be interesting to examine the model response for variable
amplitude load cycle sequences as well. For instance, to see for the components analysed in
this study whether such new results would fall between those obtained here for the congtant
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amplitude load cycles with stress ratio, R, as 0 and -1, or somewhere outside the region
spanned by these results, and if so, then in what magnitude.

Here an axisymmetric FEM model was used in the fully coupled thermal-stress/strain
analyses. The next step could be to use a suitably optimised global 3D FEM model in these
analyses, or a coarser global 3D model in combination with alocal but large enough and more
densely meshed sub-model containing the region of interest, i.e. a weld. 3D modelling
approach would also allow including bending loads.

One option to create local WRS distributions to a FEM model, which was due to work
schedule limitations not attempted here, would be to use such values for the coefficient of
thermal expansion in the weld region that the resulting stress field within the covered
temperature range would match the desired WRS distribution. When using this approach the
values of the coefficient of thermal expansion for the other material regions would be
maintained in their original (i.e. correct) values or modified slightly.

Thermomechanical residual stress relaxation phenomena are still not completely clear, hence
they need to be examined further.

As for crack growth analysis procedures, a parametric study is planned to be carried in which
it is clarified based on existing world-wide and/or TVO crack data, what should the WRS
distributions be like, so that the crack growth analysis results would correspond to existing
crack data. Here it is assumed that the available material and process condition specifically
constant crack growth formula parameters are defined realistically/correctly. Fracture
mechanics based analysis code VTTBESIT, which is originally developed by Fraunhofer-
Ingtitut fir Werkstoffmechanik (IWM) and further developed at VTT, will be used in the
involved crack growth analyses. Also, applicable existing crack data for these analyses
remains to be obtained. The challenge here is to find such data which includes also the
duration of the crack growth process, starting from a relative early stage (sufficiently close to
nucleation) up to the time of detection.

Also a set of computational examples for a representative selection of NPP component welds
is planned. This will cover applicable WRS relaxation assessment procedures as well as as-
welded state WRS definitions from commonly used fitness-for-service procedure handbooks.
The set of computational exampleswill cover:
application of WRS relaxation assessment procedures to NPP component welds,
comparison of WRS distributions as obtained from experiments to those according to
various WRS definition procedures,
crack growth analyses with VTTBESIT for piping welds including WRSs.

Finally, the formation of the WRSs themselves could be examined via numerical simulations.
Relevant guidance concerning thistask will be provided e.g. in the next edition/revision of the
R6 Method, see R5/R6 Newsletter [99]. Also this would necessitate the use of 3D FEM
models, as manufacturing of circumferential (or any) weld is essentially a process taking
place and causing effects three dimensionally.
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8 Conclusions

One unfortunate departure from realism in case of some of the more recent WRS procedures,
e.g. R6 Method Rev. 4, APl 579 and FITNET, is that in the transverse to weld direction the
WRSs are mostly not self-balancing. While making local crack growth calculations with a
fracture mechanics based analysis tool this feature may not pose remarkable problems, but in
case of corresponding 3D FEM analyses it is quite the other way around, as in order to
achieve equilibrium FEM automatically modifies the WRSs towards self-balanced
distributions over the component model walls, and thus the original WRS distributions are not
maintained.

In the light of the obtained WRS application results for the considered Small, Medium and
Large sized pipe components of austenitic SS, only ASME recommendations and SINTAP
procedurein all cases, and SSM handbook in most cases, give WRS distributions that are self-
balancing in the transverse to weld direction. Of them the least over conservative WRS
procedure appears to be SINTAP. As for the corresponding analysis results for cases
concerning ferritic steel, for Small and Large cross-sections SSM handbook gives self-
balancing WRS distributions, whereas for Medium cross-section only SINTAP procedure
gives a self-balancing WRS digtribution, respectively.

According to the above mentioned and other commonly used WRS assumption procedures, if
aweld has not been in any improvement treatment, such as PWHT, the WRSs will not alter in
service from the considerably high values corresponding to the as-welded state. When
considering NPPs that have been in operation for decades, this assumption does not appear
exactly realistic. Thus one motivation to carry out a thorough literature survey concerning
assessment procedures for altering/relaxing of WRSs in NPP components that have
experienced decades worth of typical transient load cases and operational conditions in
general, stems from this background. With such assessment procedures the unnecessarily
added conservatism in many computational structural integrity analyses could hopefully be to
some extent decreased, which would consequently lead to more realistic analysis results. For
instance, the structural integrity analyses concerning SCC typically include using crack
growth equations having material and environment specific constant parameters the values for
which have been defined as upper bound solutions based on the underlying laboratory
measurement data. The ensuing crack growth sensitivity analysis results obtained using such
eguation parameter values, as unfortunately no best estimate alternatives are presently
available, already show faster crack growth that in reality has been experienced in the plants.
As the effect of SCC is time dependent, it remarkably increases the already conservative
computed crack growth rates when including to considered loads also conservatively defined
WRS distributions and even letting them remain in their maximum i.e. as-welded state values
through crack growth sensitivity analyses spanning several decades of plant operation.

The main results of this study are the altogether 25 discovered RS relaxation assessment
procedures. These were found as a result of an extensive literature survey covering a great
number of sources of information.

Most of the found RS relaxation procedures consider mechanical cyclic loading as the
covered loading phenomena. This is quite as expected, asin general RS relaxation procedures
have been mainly developed to applications associated with repeating load cycles and
relatively small altering of temperatures, such as vehicle and machinery components. Much



73(82)
V7T RESEARCH REPORT VTT-R-02200-10

lesswere found RS relaxation proceduresthat consider thermal loading as the covered loading
phenomena. These are mainly developed for assessment of effects of annealing and creep
range temperatures to RS distributions in components. Only one thermomechanical RS
relaxation procedure was found.

All in al, each of the covered RS relaxation procedures here contain material and/or
temperature range dependent parameters that need to be fitted to sufficiently large amount of
accurate enough data. Also required are data concerning the initial RS state. If measured RS
data are not available, the initial RS distribution has to be assessed somehow, e.g. using such
alternatives from the WRS definition procedures covered in Chapter 3 that give reasonably
conservative and in transverse to weld direction self-balancing RS values. For the time being
it appears that only advanced numerical analysis codes with coupled analysis capabilities, e.g.
advanced finite element analysis (FEA) codes, enable to perform analyses that at the same
time take into account al possible relevant physical RS relaxation phenomena.

Aswithin the scope of the performed numerical simulations the changing of the WRSs ceased
relatively soon, in all cases in less than ten load cycles, it did not seem meaningful enough to
examine further the behaviour of the WRSs in this respect. Instead, it was investigated in
more detail how the WRSs alter as a function of the applied stress range. The linear
distribution was selected for fitting the FEM results because due to the shapes of ther
distributions it was deemed to suit best for that purpose.

The developed analytical equations for the two linearly fitted distributions describing for the
considered austenitic SS in the temperature of 286 °C the max axial WRSs at the end of the
considered load histories as a function of the applied total stress load range, are as follows:

2 20
S WRSAXIAL™ " 5 XS toiamax T 1 XSy, forR=0, and
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and the validity range for both equationsis:
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where SwrsaxiaL [MPa] is the remaining max axial WRS, sy [MPd] is yield strength
corresponding to 0.2 % strain, Siota,max [MPQ] is cyclic max total axial stress value (i.e. sum of
max value of applied cyclic stress load and initial WRS value), and R [MPa/MPa] is stress
ratio, i.e. Smin/ Smax, respectively, see equations (6.3-1) and (6.3-2) in Section 6.3.

The scope of the performed FEM analyses with cyclic loading was relatively limited, and so
consequently is that of the developed fitted equations). However, the obtained results provide
an example of an approach to derive analytical WRS relaxation equations for practical
applications. Moreover, as the involved computational effort is reasonable, it is considered
that the approach used here is technically feasible, and can thus be applied to components
with other geometries, materials and experienced loads.
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APPENDIX 1

Appendix 1: Summary of input data parameters
necessary for RS relaxation assessment
procedures

Concerning the covered residual stress (RS) relaxation assessment procedures, here is presented
procedure specifically a summary of the necessary input data parameters, see Table A1 in the next page.
This is the same table as Table 4.2-4 in Section 4.2, only now it is fitted to one page. Equation numbers
are used in the table, for actual equations, see Tables4.2-1, 4.2-2 and 4.2-3 in Section 4.2.
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Table Al. Summary of input data parameters necessary for RS relaxation assessment procedures.

Input data parameter name, symbol

RSredaxation model equation number
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24
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initid mean stress, Sy, Sm

- ©
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X |18

initia residual stress, Sgo

X |X X|X{X] |X

resdual stress value after first load cycle s *(N=1)

initial peak stress, spo

applied stress, Sqp

mean nomina stress, Sy,

max mean stress, Syean

max nominal stress, Syux

local stress as caused by nominal stress, Syax

extraction of max and overload stress, Sy

dynamic stress amplitude, s4

applied stressrange, Ds,

applied strain range, D¢,

local root mean square averaged SIress, Syms

local root mean square averaged strain, €

loadingratio, R

strain corresponding to initial residual stress, &

cycle specific maximum strain, €na

cycle specific minimum strain, €y,

X([X|X

threshold strain range for mean stress reaxation, Dey,

initid slope of flow stress-strain curve, g

number of load cycles, N

yield stress, s,

X([X|X

strain at yield, g

elastic modulus, E

XX | X[X

dynamic modulus corresponding to load & stress, E

material dependent parameter(s)

material & stress range dependent parameter(s)

material & strain range dependent parameter(s)

material & strain & stress dependent parameter(s)

strain & stress dependent parameter(s)

€l astic stress concentration factor, Kt

clipping ratio, C

degree of cold working, C,,

stress & strain field results from FEM anadyses

fatigue test data for each stress amplitude

initia stress, sy

initid equivalent stress, s¢(0)

initid direction specific stress deviator, $5(0)

initid hydrostatic stress, s,(0)

X([X|X

kinematic stress, H

back stress, G

plastic strain rate, dey/dt

temperature, T

anomaly temperature, T

time, t

material specific indastic modulus, E;

Poisson coefficient, n

Boltzmann constant, k

material & temperature dependent parameter(s)

relaxation mechanism dependent parameter(s)

velocity constant, C

activation enthal py, DH

XXX

trangition parameter between behaviour zones, a




