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FOREWORD

This publication was prepared by ASME ST-LLC and sponsored by ASME and EPRI. The project was
conducted by EPRI under a cost-sharing agreement with ASME ST-LLC.

Longitudinal seam-welded, high-temperature piping, given its susceptibility to premature failure with
sometimes catastrophic consequences, continues to be of concern. In an effort to provide additional
safequards at the construction phase, the ASME Board on Pressure Technology Codes and Standards
(BPTCS) formed a project team to address the concern. To develop a consistent set of Code requirement
n long seam-welded piping construction, the project team identified specific needs relating to laberator
ata, field experience data, and methods for structural evaluation that could be used in develdping th
afeguards for use in the Boiler and Pressure Vessel Code and the B31 Power Piping Codes. T hese need
ave been defined as (a) weld strength reduction factors that can be considered inherent to.the material
nd methods of construction; (b) weld joint influence factors that capture specifics of thejstructure; and (G
uidance for application of the weld strength reduction factor and the weld joint influence factor in desig
Liles. Consistent with these needs as identified in ASME ST-LLC’s request for proposal, this document i
resented in three separate parts (reports) as follows.

R D~ D 0 P O
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art 1: Development and Application of Weld Strength Reduction Factars,Guideline (Task 1b/3 projeq

pport

[his report ties the elements of Parts 2 and 3 into an applicationyguideline. The guideline includes

escription of a framework for analyzing laboratory data andiusing the weld joint influence factgr

evelopment methods. The Part 1 report provides examples ofgpplication to two weld/weldment databases

pr longitudinal seam welds, illustrating the usefulness of thexmethodology. The examples are for Grade 9L
]

teel that is susceptible to weld heat-affected zone failurerand Grade 22 steel that has and continues to b
sed in long seam-welded piping construction. The results are compared with current Code rules, literatur,
ndings, and experience.

=h C N =h O O |5

art 2: Literature Review, Industry Approach;iand Data Compilation in Support of WSRF Development
Task 1a project report)
[his report includes a compilation of labaratory and experience data on weldments for select materials df
ommon use and interest — carbon steel,"Tow alloy CrMo steels, austenitic stainless steels, Alloy 800/800H,
nd Grade 91. A critical part of thisextensive database development was collecting relevant informatiop
ot available to the ASME Code:committees when allowable stresses were set for some of these materials.
\Iso given in this report is-a.summary of approaches that have been taken in establishing weld strengt
pduction factors worldwvide:

= S 5 Q O adil1g
=)

art 3: Development of Weld Joint Influence Factors (Task 2 project report)
[he report describes an analysis tool to evaluate the creep rupture strength of a weldment relative to that gf
ase metal, benchmarked against select cases of field experience and laboratory component testing. The
hethodology:can be used for calculating weld joint influence factors for any practical combination of
haterials¢and weldment geometries in a relatively quick and computationally efficient manner, alsp
dllowing for use of relatively simple materials models readily available to designers.

b T S an il 1 o |

his publication references the original project task reports that have been reproduced here In the three
parts as identified above: Part 1-Tasks 1b and 3; Part 2-Task 1a; Part 3-Task 2.

(EPRI is acknowledged for supporting this publication. EPRI conducts research and development relating
to the generation, delivery and use of electricity for the benefit of the public. An independent, non-profit
organization, EPRI brings together its scientists and engineers as well as experts from academia and
industry to help address challenges in electricity, including reliability, efficiency, affordability, health,
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safety and the environment. EPRI’s members represent approximately 90 percent of the electricity
generated and delivered in the United States, and international participation extends to more than 30
countries.

Established in 1880, the ASME is a professional not-for-profit organization with more than 135,000
members and volunteers promoting the art, science and practice of mechanical and multidisciplinary
engineering and allied sciences. ASME develops codes and standards that enhance public safety, and

16l Lfol [ H o+ | P 1 o ' T o £i42 +la H H o+ [ [
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ommunity. Visit (https://www.asme.org/) for more information.

o

ASME ST-LLC is a not-for-profit Limited Liability Company, with ASME as the sole member;\formed i
004 to carry out work related to new and developing technology. The ASME ST-LLC misSion include
neeting the needs of industry and government by providing new standards-related products and services
vhich advance the application of emerging and newly commercialized science and’ technology, an
roviding the research and technology development needed to establish and maintain the technicg
elevance of codes and standards. Visit (http://asmestlic.org/) for more informatien,
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PART 1: DEVELOPMENT AND
APPLICATION'OF WELD
STRENGTH REDUCTION

FACTORS GUIDELINE
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1 APPLICATION GUIDELINE

1.1 Overview

The purpose of the ASME-EPRI research project is to develop the methodology and data to help establish
weld strength reduction factors (WSRF) for service in the creep regime for a wide range of materials with
applicability to varlous sections of ASME Boiler & Pressure Vessel Codes A rewew of how varlous codes

oo+ 5 Q O 0O 5 0O O = Q)

D O

hat no clear consensus exists between oreven W|th|n various sections of codes around the world. The rangg
f approaches include: no rules, requirements to follow ‘good engineering practice,” simple faetors o
esign irrespective of material, and factors on design which may depend on material, clas$/group o
haterial, time, or combination of material and weld metal (based primarily on assessments©f\weld met3
nly data). ASME Section I11-NH contains the most extensive set of rules for welded components based o
esign life, material and weld metal combination, and temperature. The origins of the strength factor
pplied in Section I11-NH are primarily based, for stainless and nickel-based alloys,con the ratio of wel
netal strength to base metal strength, the source for the chromium-molybdenumcsteels is not known, an
he grade 91 values are biased on some cross-weld data with more recent data.showing the assessment t
e non-conservative at higher-temperatures and/or longer-times [1]. The applicability of these rules ha
een assessed for a few of the material-weld metal combinations by Corum2] for a large body of structurg
feature’ tests, and the results are provided in Figure 1. The figure shéws that in all cases, the applicatio
f the Section I11-NH rules to welds produced conservative lifetimes-relative to measured life in the tes
uggesting a material/material class grouping approach is appropriate for design purposes.

D ) O L0 O e
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Figure 1: Summary of the Ratio of Stress to Cause Rupture to the Calculated Minimum Stress
from ASME Section IlI-NH (formerly N-47) Rules as a Function of Rupture Time for Structural
Feature Tests on 316, 304, and 2 1/4Cr-1Mo Showing All Ratios, Regardless Of Material and
Rupture Time, Are Greater Than 1, i.e. the Calculated Stresses Are Conservative [2]
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How the weld affects the performance of(the structure is critical to the success of any approach fg
developing and applying WSRFs. It shouild be also understood that the cross-weld creep-rupture test the
Has been employed for much of the recent laboratory testing around the world can be viewed as not only
material property test but a structuraltest as well. Therefore, specimen configuration can have an importar
impact on the test results. If cress-weld data are to be analyzed, the structural analysis used to evaluate th
gross-weld data should ideally)be the same as that to develop the WSRFs. Based on this discussion, it i
glear that a modeling methodology/tool was necessary for this project.

Ih Task 2, a brief review of modeling method for creep of welded structures was provided [3]. Detaile
finite element analysis (FEA) methods are routinely used for high-temperature creep assessment @
structures. When-applied to welded structures, the amount of input data is very high, often requiring materiz
gonstitutive models for the various zones of the weldment such as: base metal, weld metal, coarse-graine
Heat-affected zones (HAZ), etc. Obtaining such data requires testing of materials heat-treated to simulat
the zone'processes or by specialized techniques. Therefore, very limited data exist for limited materials an
est-conditions. Considering the variability in material creep properties and welding processes, th

—*

lost weld strength reduction factors (WSRFs)-have been based on a relatively simple comparison of
hboratory-measured material properties, but the application of these factors are to components or designs.

D D —~+ D e~ —
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suitapitity of broadty apptying suchdata, whichare ot Tiecessarity producedto Tecogrized stardards, 1

guestionable. For cases involving life assessments of specific components, detailed FEA modeling with
constitutive equations has been successfully employed. For design purposes, however, this type of FEA
modeling is not easy to implement within current design codes, especially those based on design by rule

approaches.
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Realizing the application limitation of a detailed FEA approach, Task 2 investigated simplified methods o

f

FEA analysis, including a decoupling of the stress and creep damage analysis. The decoupled approach

identifies ‘local damage initiation’ as failure of the structure. This has good technical basis within othe

r

design codes and was shown in the Task 2 work (and by other researchers) that the conservatism inherent
in the decoupled approach was generally less than a factor of 2 in failure time either by measured laboratory
results or detailed FEA modeling. Thus for stress-based design, the approach has good technical merit and
is not overly conservative. The principle advantages of the Task 2 method/tool are: shortened computational

t-l LLi~3 fUI quiu't\ ;I IVCDt;UatiUII Uf a rical :y ;I Iﬁl |itc Turl IbCl Uf vdal iab=ca ;II thc Yyctull ICtI y Uf ch=dCd Dtl ubtul CJ
the ability to use rupture data when no creep-strain rate data are available, and the potential to extrag
material data from simple cross-weld tests.

[he global issue of the safe design of welded structures operating in the creep regime for a large number g
naterial, weld metal, and heat-treatment combinations with a nearly infinite number of geometric an
pading conditions is a complex problem. The databases collected on this project and available within th
terature rarely contain the level of detail necessary to construct detailed constitutive models for a wid
rray of materials, welds, welding processes, and heat-treatments. However, the databases do often contai
good cross-section of welding processes, testing conditions, and specimen configurations. Based on th
roblem statement, it is believed that the data assembled in Task 1a and thesmethodology/tool from Task
an be utilized to provide a good technical basis for developing weld strength reduction factors for us
vithin ASME B&PV code. The concept of drawing on large databases of materials, conducting glob3
nalysis, and factoring in experience is, in fact, the basis for many,of‘the rules and stress-allowables in th
ASME B&PV code today. In this spirit, the following section is-an application guide to utilizing the dat
nd methodologies in the project. In the following chapters, this guide is put to use for two examples tha
how varying levels of input data and analysis.

W O Y D < O T QO Q 2= = 5 ]
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.2 Application Guideline

|

[0 provide the information necessary for Code sections to develop weld strength reduction factors, a fiv

tep process is proposed as follows:

1. Develop Database

2. Analyze Data

3. Base Material Strength Facter(s) (a measure of inherent strength change due to weld, exclusive g
structurally-influenced constraint)

4. Application to Welded:Structures

5. Design Strength Ratios

(7]

|

[hese steps, their inputs-and logic, and the options within each for testing and refinement are provide

()

chematically in Figure 2. The following sections provide the salient features and actions within each step.

—
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Figure 2: Box Chart Describing the Application of the Data and Methods in This Project for
Developing the Information Needed by ASME Code Sections for Determining Weld Strength
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.2.1 Step 1: Develop Database

A number of databases are availablé inthe Appendix of the Task 1a report. Censoring of the data is not
ecessary part of the database deveélopment because the data analysis step (Step 2) should remove any dat|
ot appropriate for analysis. However, from the development of the Task la databases and through th
nalyses provided in the following chapters, a number of features that are necessary in a database hav
ecome apparent. The type of data and requirements are provided in Figure 3 at three levels. The ‘Minimur
Yequired’ represents the information needed to conduct a coarse global analysis which may lead to ovg
onservatism for welds in the creep regime, the ‘+’ column are the additional data which should allow th
nalyst reasonable refinement of the dataset to improve accuracy and reduce conservatism in the analysis
and the ‘++’(column are the data in addition to the + column which offers the greatest opportunity for th|
nalyst to refine the data and analysis. It should be noted that the data provided in the ++ column includ
ariablés.that if found significant are not necessarily addressed in typical qualification of welds in ASMI

o = o O b DD D

mr o W <

Figure 3: Information Required for Development of a Database

Data Type Minimum
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Desired
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(allows
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(allows
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analysis of variables that may
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current ASME Section X

requirements)
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Material Base metal and weld | Weld/joint BM & WM chemistry, welding
/weld metal identification, | angle/geometry process detail (heat-flux, etc.)
information | weld process (SAWY,
SA, GTAW, etc),
heat-treatment

— e e+ N~ S Y L

NNT O O O 3 — < Q)

O O ol

Specimen Specimen type (BM, | Specimen size (diameter, | Specimen orientation/location
Information | WM, Cross-weld) cross-section, gauge | from joint (orientation to
fength) fusion fing, tocation in weld —
root, etc.)
Test Temperature, stress Applicable testing
Conditions standards

Test Results Rupture time, failure | Elongation, reduction of | Failure location/mode as
location (e.g, WM, | area, creep strain data | refined from \metallurgical
BM, HAZ) (WM & BM tests), | analysis (microstructural
minimum creep-rate cross-sectiohing for e.g., fine-
grain HAZ, etc.)

2.2 Step 2: Analyze Data

'he goal of Step 2 (Analyze Data) is to produce trend curves that describe the creep strength (rupture lifg
f the available data. If possible, data that describes the creep strain-rate behavior can be analyzed t
otentially improve the analysis. The use of time-temperature patameters to represent the data, construg
rend curves, and extrapolate creep data to longer times is not the subject of this report per se, but a separat
ASME S&T, LLC project is currently being undertaken texproduce an Excel™-based tool to perform

me-temperature parameter analysis which has been used within ASME Section |1 for a number of year
D develop stress allowables. At the time of this work;the tool was not available, so the analysis performe
n the examples in the following chapters utilized optimized Larson-Miller parameters with different stres
Linctions.

LI O D ~ O

1N°)

[0 separate the data for analysis, a pre-analysis grouping is first conducted. This is identified in Figure

nd expanded in Figure 4. Specimens arge;culled into three main groups: base metal, weld metal, and crosg
veld. The cross-weld data are further segmented into standard specimen sizes and non-standard sizes.
Unless a large database exists far the non-standard sizes, these data are not included in the initial analysi
ut are used for Step 3. For thestandard size cross-weld specimens (typically 0.2 to 0.5” diameter standar
ize specimens with a weldin-the center of the gauge or the weld fusion line in the center of the gauge), th
ata are further segmented-by failure location. If failure location is not provided for cross-weld tests, th
ross-weld data cannot)be used in the analysis, leaving a large uncertainty in any assessment that i
erformed. After this first pre-analysis, and based on the available data in each ‘bin’ (highlighted in Figur,
), trend curves-should be developed for each set of data.

D O (b (b O,

'he analyst-can then assess the accuracy and goodness of the fits as well as comparisons between th
eveloped-trend curves. Depending on the size of the database and the level of information available (
olumns in Figure 3), further refinement can be attempted. Restricting or sorting the data may include:

D

==

e Time or stress censoring of datasets where short-time high-stress data that are not representative df

low-stress long-time data are effecting the goodness of fit

e Sorting by weld type Figure 3 weld process
Sorting by base metal or weld metal chemistry

e Segmenting or sorting data within standard cross-weld specimen sizes for fusion line angle to
minimize range of geometric variables with the standard specimen sizes

e Segmenting or refining cross-weld data by failure mode. In the best case, the failure location may
include failure mode data such as fine-grained versus coarse-grained heat affected zone (HAZ)
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from metallurgical evaluations, failure characteristics (necking, shear, etc.), and/or reduction of
area measurements which give clues to the failure mode.

If possible, refined trend curves can be compared to the trend curves developed after the pre-analysis to
determine the best representations of the data for Step 3. The critical trend curves for use in Step 3 should
be the best representations for failure locations/modes in standard cross-weld data.
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Pre-Analysis

[ Global Database ]

[ Base IMetal ] [ Weld IMetal ] [Crossl-Weld]

[Non-Stlandard] [ Std.1Size ]

Failure Location

[ BM ][ WM ][Fusion Line][HAZ ]

.2.3 Step 3: Base Material Strength fFactor

]
The Base Material Strength Factor représents a measure of the inherent strength change due to the welg
gxclusive of any structurally-influepnced-constraint. The time-temperature strength relationships for bas
metal, weld metal, and cross-weld faiture locations/modes (possibly a function of additional variables) hay
Heen used to set WSRFs by comparing the relative strengths of these trend curves. However, as discusse
in the overview, this does nat take into account how a weld performs in a structure. Based on the Task
work, the ability to back-out-a ‘base material strength factor’ is proposed in this work. The concept is base
q
¢
V
t
M

D (D -

n the assumption that-a-standard specimen cross-weld test has a structural component. From Step 2, th
ehavior of the baseymetal and standard cross-weld is known, so a simple FEA model of the standar
veldment can besconstructed with basic knowledge of failure location/mode. By a trial and error approach
he relative strength of the weak zone can be backed out by applying a material strength factor to the bas
hetal and apphying this to the cross-weld test and matching the data.

O (D X 1N OO

D <

When'the Task 2 methodology is applied to the cross-weld test data, one basic assumption that has to b
rade;'which is new to this work, is a transition from effective stress (von Mises stress) controlled ‘ductilg
fture at “high™ SIresses 10 maximuim principat Siress (ViPSycontrotted brittie faiiure at fTower SUesses.
This methodology can explain apparently contradictory phenomena such as strengthening of cross-weld
tests with specimen size, and the details of long-term field weld joint failures. In this report, the procedure
is to use cross-weld data to infer the reduction in material creep strength (compared with parent material
data) and the transition between the effective stress and MPS mechanisms, which explain the average cross-
weld failure trendline. Note that the inhomogeneity of crossweld tests means that it would be exceptional
to find rupture data that was not affected (positively or negatively) by some degree of constraint. This

D
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constraint has a strengthening effect in the effective stress regime, and often, but not always, a weakening
effect in the MPS regime. Thus a model of the cross-weld specimen with the likely “weak” zone is essential
to obtain corresponding material properties. Some independent confirmation of these properties is desirable.
The following data and sources of test data have been used to obtain and confirm the methods and material
strength properties used in this project (Task 2 and Chapters 2 & 3):
Conventional (0.25” — 0.5” dia) cross-weld rupture trendlines
Base metal and weld metal rupture trend data

Targe~ cross-weld Specimens test results
Selected failure case studies

h this view, a number of options are available as testing tools. Any large or non-standard speCimen dat
xtracted/removed from the original analysis may be particularly useful for this activity as annindependen
heck of the assumption. For the case of large specimens with properly documented geometry, a FEA mode
f the specimen and the material inputs (including the base material strength factor) can be evaluated.
ross differences exist between prediction and experiment, it may be necessary to4evisit the assumption
N the cross-weld model, but if the behavior of the non-standard specimens is properly represented, the
nis Step is completed.

O O O @M =
5 ) =h = —~+ D
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Ih lieu of test data, for cases of weak weld metal, the weld metal trend cusves (or weld metal data) may b
d good check of the data. For cases where no debit on properties (weakness) is found, it may be good t
gvaluate service experience. If the material is new, no service €xperience exists, and no non-standar
gpecimen tests are available, an assumption of principal stress-¢ontrol for all conditions can be made tha
Has been shown to best match long-term data or may be conservative depending on test condition. Figure
!
S

~ Ol —~ L O (D

rovides a simple representation of the processes. The dashéd line indicates a repeat path if the data do ng
upport the initial strength factor analysis.

Figure 5. Detail of Process to Determine the laherent Material Strength Factor From Cross-Weld

Tests
| 1
1 ]
+ Test Assumptions
NModel Cross-Weld Test [Large Specimens]
3. Base Material -
Strength Factor(s) v xpenence
Extract Base Material Research/Data (not
Strength Factor included in analysis)
T

Notes: Dashed,Line Represent a Repeat Path Where Prior Strength Factor Derivation is Not Supported b
A\vailable Data.

h
~

1.2.40 Step 4: Application to Welded Structure

With the completion of Steps 1-3, the model/tool can be used to examine structures for the purpose of
developing rules including WSRFs. The first step is to define the geometry and loading of the structure,
that may be done by the relevant construction code committee. For the examples in the following chapters,
the chosen geometry was a long seam-welded pipe under internal pressure loading. Other welded structures
that could be addressed include girth welds (without bending), penetrations, saddle welds, etc. The second
step is to define the boundary conditions or number of different structures. For the simple case of seam
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welds, one option could be to address minimum and maximum thickness in typical production today. Other
options include weldment angle, double-V versus J-groove geometry, peaking, ovality, etc.

With this matrix of structures and boundary conditions, the model can be run for the structure with and
without the weldments for given conditions. The committee will again be potentially needed for this
exercise because the difference or ratio between the two structures may be a function of stress, time, and
temperature. One pragmatic solution to this problem is to evaluate the structure(s) only for temperatures in
tIC t;IIIC'deCIIdCIIt DtICDD bUIItIU”Cd rdiiyt as dCf;IICd ;II SCbt;UII ”'D, Tab=co 10. (J.IIC!I 1b Thua, th
temperature range would only explore the creep-dependent regime. A number of loading (stress) condition
will also be necessary. At first glance, the design stress for the structure appears to be a good value'to usq
Qut aside from limited thermally accelerated test data, there is little or no data at design stress levels sinc
t
i
t
g

[72]

pst durations at these levels are exceedingly long. So, loading conditions should be chosen such th3
esulting lives vary from some minimum time (depends on needs of code committee) to.a maximum tim
hat exceeds 100,000 hours. This will allow for developing 100,000-hour rupture strength estimates whic
re in line with current Code practice for setting allowable stresses.

> D —~ (D -

.2.5 Step 5: Design Strength Ratio

'he analyses of Step 4 provide the basis for estimating the design strength-ratio. The design strength rati
5 the calculated (per Code rule or formula) stress for local damage initiation in a welded structure divide
y the calculated stress for local damage initiation in the same structure without a weld. The ratio can be
Lnction of time and temperature, depending on the material behavior and structural constraint effects for
iven welded structure. In the examples provided in the following/chapters, cases where this ratio change
vith time and temperature are presented. The three main variables for any analysis are material, loadin
onditions, and geometry. Under what conditions these variables are constants or are evaluated for a rang
f conditions directly relates to applicability to a specific Code section and allows for determination @
VSRFs. Given the design strength ratios for the full range of structures of interest would be impossible t
etermine, as described below, select cases invelving combinations of material, loading conditions an
eometry may be analyzed to develop an aggregate assessment of strength ratios from which WSRFs ma
e established for a particular range of variables. Two situations envisaged for such an approach are g
pllows.

= 5O O 0O < (O =h T e o] b
T O s O O D O

=

.2.5.1 Defined material and loading with variable geometry

h this example analysis, a-specific material (or material class) is evaluated under specific loadin
onditions for a range of patential geometric considerations. The current WSRFs for seam welds in Sectio
and B31.1 are examples where such an analysis could be utilized. For WSRFs that will be directly applie
D allowable stress values from Section I11-D, Table 1a and 1b, it is recommended that the design strengt
atio at 100,000 haurs be utilized for analysis. Even with design strength ratios at 100,000 hours for
tructure, transkating this data into a WSRF requires a final analysis. For the case of seam welds, th
ounding conditions to consider for this case would include:

Material (Constant): one material

Loading (Constant): internal pressure to produce 100,000-hour rupture in structure without weld

Geometry (Constant): longitudinal seam weld, no peaking, no ovality
PY (-‘.nnmpfry (\/nrinhln)' mnlfipln diameter/thickness m'rinc, weld gnnmnfr\ll

X W 5 ok = () =
[ ]
D D O O o

Based on the results for the minimum and maximum expected diameter to thickness ratios, a number of
strength ratios will be developed at each temperature. If all these values are close to the same number,
universal WSRFs may be applied. If these values only depend on temperature, a temperature-specific
WSRF may be developed, and if these values also depend on the geometry, the minimum or average
strength ratio can be used to set the WSRF.
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1.2.5.2 Defined geometry and loading with variable material (weld deposit and quality) and
fabrication-related geometric features

In this analysis, a specific geometric feature relating to fabrication, peaking for this example analysis, is
considered for a range of materials under specific loading conditions. In general, the analysis set can include
variations in material related to weld process and to quality (e.g., flux type and oxygen content). Design
codes seeking to put limits or impose penalties on peaking, ovality, etc. could use such an approach to
improve rules or impose WSRFs. For the following:

Material (Variable): multiple materials

Loading (Constant): internal pressure to produce 100,000-hour rupture in structure withoutweld
Geometry (Constant): longitudinal seam weld

Geometry (Variable): range of peaking

=

or a specific seam weld, a range of materials and peaking angles are assessed. The effect of peaking o
ne performance of each material may exhibit trends for decreased life with increased péaking (suggeste
h Task 2 work on this subject using a general set of material strength ratigs).~Option for the Codp
ommittees may be to limit peaking or penalize peaking with an additional WSRFas a function of peaking.

O =+ T
-

(Qther examples where material, loading, and geometry are either constants-or variables can be conceiveg
Hut laying out this simple foundation provides a roadmap to take design¢strength ratios and develop wel
strength reduction factors or impose rules limiting fabrication.

| &

.3 New Materials

]

A general outcome of this project and the proposed Task<lbr-application guideline for applying the Task
methodology for developing WSRFs is what data should be requested for new material or should b
g
(¢
¢

D (D 1INV

earched for beyond the scope of the databases assembled in Task la. Before addressing this issue, som
omments on the use of ‘large’ specimens for deterimining welds strength reduction factors should be note
ased in part on this research.

=N

.3.1 Comments on Specimen Size

]

There is considerable disagreementcon-the design of cross-weld specimens and their use for determining
WSRFs. Because some studies have shown that cross-weld creep-rupture life is a function of specimen sizg
[B], [5], it has been suggestedsthat the data derived from ‘large’ specimens are representative of ‘actugl
domponents’ and the results-from these tests can be used to directly calculate WSRFs. There are three maip
reasons which suggest suchan approach to developing WSRFs may be limited, flawed, or potentially non
gonservative. Hence,the“current application guideline in this chapter is based on an initial analysis gf
standard cross-weld.data.

'he first argument for the limitation of using ‘large’ specimens to directly set WSRFs is based on thg
nethodology-proposed in this chapter. The transition from ‘ductile’ to ‘brittle’ behavior (effective stress tp
haximum,principal stress controlled local damage initiation) proposed in this chapter clearly indicates that
horter=time data at higher-stresses may not represent long-term behavior of the component. Thus,
gotentially significant effects or trends for large specimens versus standard specimens may be a function gf
testing time and temperature. This same argument applies to using the standard specimen size cross-weld
data, which is why using these data to back-out a base material strength factor is a critical step in the
analysis. In other words, neither ‘large’ non-standard or standard specimens should be used to directly infer
a WSRF without a structural analysis. To add to this point, there is not a guarantee that a ‘large’ cross-weld
specimen will accurately reflect the behavior of a structure, even if thicknesses are similar. In Chapters 2
and 3, different trends were in fact observed for two different classes of materials.

DN

10
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Secondly, not all studies have determined that a clear trend exists between specimen size and rupture life.
A review of Type IV failures cited conflicting research on specimen size effects [6], a recent examination
of Grade 91 showed no effect of specimen configuration [7], while another study suggested differences in
failure mode with specimen size but no difference in rupture times [8]. For the studies that have found
differences in life with specimen size, it has generally been proposed that with increasing specimen size for
a fixed weak narrow material zone such as a HAZ region, constraint increases resulted in increased rupture
life. Rarely is this greater than a factor of 3 in time. Thus, even based on the data that do show increased

I
r
t

Dot d O ad 3

WD Q) N = < =h = < TS5 N b

O 5 S+ 0 < 5 Q Q = =

-fc VV;th ;IIbICQDCd DIJC\;;IIICII D;LC, thc Cfbet ;D III;IIUI al Id CUISCI vativc fUI a Dtl cao-baacd dCD;UII. CICC}.‘
Lipture data typically have a scatter on the order of one order of magnitude (10X in life), which is far greate
nan any research has found for specimen size effects.

'he results show that rules based on standard specimens (formerly N-47, now ASME Section I11-NH) ar

'herefore, the importance of ‘large’ specimen tests may not be in setting WSRFs butdnstead as good test
D confirm or refute simplified model assumptions. In Chapters 2 and 3, this approach is evaluated for tw
eparate cases.

.3.2 Data Requirements

ASME Section I, Part D Appendix 5 requires for new materials: “suyfficient time-dependent data shall b
rovided for weldments and filler metals to allow ASME to assess the properties in comparison with th
ase material [9].” It requires stress-rupture data in excess of 6;000 hours at each temperature and for eac
velding process and minimum creep rate data on new -filler metals. This work suggests additiona
nformation is necessary to properly assess the necessity forWWSRFs when a new material is being propose
pr service in the time dependent regime. Of particular @mportance is not only creep and rupture data, by
vhat information is reported with the data. Any data analysis based on cross-weld needs to take into accour
hformation (Step 2 in the Application Guidelipe) including: weld configuration, specimen orientatior
pecimen size, failure location, failure mode,\etc. If these data are unknown, the applicability of th
pproach proposed in this chapter is of limited value. Based on this work, reporting of cross-weld dat
hould, at a minimum, be covered in the*+-column in Figure 3.

h general, the database should facilitate a data assessment of standard cross-weld tests to estimate ruptur,
n 100,000 hours. Weld metal data should include both rupture and creep-rate to facilitate estimation of a
verage creep-rate of 10-°%/hr)over the range of time-dependent temperatures. Such testing requirement
re in line with the goals.ofthe current base metal requirements in the Code. For base metal, three heats ar,
pquired and the data issanalyzed on a lot basis. Current requirements are for testing of all weld processes
vhich if not followed; will potentially restrict certain weld processes. Another issue that is not clearl
efined is weld metal composition. Unless restricted in the code case, any weld metal can be used to qualifi
he joint to ,SecCtion IX, which is based on room temperature requirements and is not necessaril
epresentative-of high-temperature behavior. Because of the myriad of potential combinations of wel
hetals, weld processes, and heat-treatments, the database requirements for welds and weldments (per th

\ third reason for utilizing standard specimen data is the results of Corum already presented in Figure 1.

onservative for a wide array of structure tests and multiple materials that fail in<different manners.

urrentrules) should result in databases that are larger than the base metal databases and likely impractical.
Therefore, one solution proposed to this dilemma is to identify weld metal and weldments on a lot basis, &

=

O

— M+ L == D (D (D

D (D &

D O 2O (D

D LN N N -

S

defimedm Figure 6. Yporn review of this mformmatior, the Code commmittes carm tharmdecide to timitor ot

imit the applicable processes. Preliminary proposed requirements are provided in Figure 6.
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Figure 6: Minimum Proposed Data Requirements for Weld Metal and Weldment Test Data to
Facilitate Analysis for This Project
Minimum Test type and Minimum Reporting Reporting
Number of | duration (c,d) | Number of | Requirements | Requirements
Lots (a,b) Temps for Weld / for Test
Weldment Results (e)
| - suggest Co i c:
nominally Rupture, bR
Weld matchin Creep- Specimen
Metal i & P 3 including Orientation to
iller metal if | rate o )
available Max >0°C n
3= " rupture | (100°F) BM chemistry, | weld/weldment,
sugge§ time in | above the WM chemistry, | tést conditions,
lots contain . . .
excess | maximum welding rupture life,
two weld Standard . - s
of intended process, joint minimum creep
processes cross- 6,000 use geometry rate (weld
Weldments | and/or two | weld h
) rs temperature metal),
different rupture .
reduction of
filler metal tests )
heat area, failure
eats location
(chemistries)
a) A lotis defined as a weld or weldment made by a defined process with a defined filler metal hedt

(chemistries); for example, two weldments made hy:the same process with the same filler metg
heat will count as one lot, but if two different heats of filler metal are utilized for the same proceg
each weldment will count as one lot

Weld metal can be removed from a weldment or taken from a weld pad build-up provide
specimens are taken such that any chemical dilution in the weld metal is not included in the test
and (if applicable) post-weld heat-treatment is performed
Longer test durations are advantagéous with the goal of facilitating estimated 100,000 hour life fg
comparison with base metal dataset

Standard cross-weld specimens meet the requirements for base metal specimens tested to
recognized international standard such as ASTM with either the weldment in the center of the gaug

or the fusion-line centered in the gauge with weld metal comprising %2 of the specimen length.

When the weld is gentered in the gauge, to ensure sufficient base metal is present on each side g
the weldment, the length of base metal (1) plus the width of the weld metal (w) should meet/excee
the typical ASTM requirement of gauge length (L) equal to four times the specimen gauge diametg
as follows:‘L= (I + w) > 4d
Details-onreporting specimen failure location and/or metallographic assessment of failure mode
is encolraged

[2m N

=

-

D

= (L =—h
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e

2 APPLICATION TO CHROMIUM-MOLYBDENUM LONGITUDINAL SEAM

WELDS

This chapter describes the evaluation of the EPRI Grade 22 weld/weldment database, an analysis of th

e

database, the application of the modeling tool/procedure to evaluate the cross-weld data, a comparison with

data on large cross-weld specimens, and implications for WSRFs.

1 Step 1: Grade 22 Database & Step 2 Pre-Analysis

The EPRI Grade 22 base metal, weld and cross-weld stress rupture database as described in the Task 1
report [10] was reviewed.

2.1.1 Base Metal

The base metal (BM) stress rupture database includes 354 data points, the majority of which (330) are fror
ASTM Data Series DS 6S2 that includes data on quenched and tempered, normalized-and tempered, an
dnnealed material. Test durations ranged from about 500 hours to 22,000 hours, stréssfrom 3.7 to about 7
Ksi, and temperature from 900 to 1200°F. Figure 7 is a representation of the BM-data on a Larson-Millg
Rarameter (LMP = T(deg R).[20+log t(h)]) — Rupture Stress plot. The graphi¢.Suggests that the data beloy
g stress of about 20 ksi exhibit far lower scatter than do the data above thisGtress level. Indeed, below abot
40 ksi at the relatively higher LMP values where the effect of prior heat'treatment would potentially was
qut during testing, there was no obvious effect of heat treatment, For this study and demonstration, n
gttempt was made to separate the data on the basis of heat treatment. Also, given that data above 20 ksi &
Ibw LMP values were likely to be influenced by heat treatment or-generated in a stress-temperature regim
V

1.2 Weld Metal

'he weld metal (WM) stress rupture database comprises 842 data points. The vast majority of the teste
veld metals were in a post-weld heat treat (PWHT) condition, although the database does include materi3
N the as-welded, subcritically annealed, and-normalized & tempered conditions (estimated at < 20%). Th
ata include welds made with the SAW, SMAW, GTAW processes, although no attempt has been mad
ere to separate the data on the basis.of>weld process. Test durations ranged from less than 10 hours t
bout 46,000 hours, stress from 4.5'to’about 110 ksi, and temperature from 750 to about 1300°F. Figure

5 a representation of the data_on a Larson-Miller Parameter (LMP = T(deg R).[20+log t(h)]) — Ruptur,
tress plot. As in the case of base metal, the scatter increases with increasing stress. Given the predominanc
fPWHT weld metal in the\database, for this study and demonstration, no attempt has been made to separat
ata on the basis of heat(treatment. Also, for consistency with the base metal database, and given the natur,
f the scatter, the preliminary evaluation again suggests a censoring of the data above 20 ksi.

[\\h

QO 0O O (N = Q —F O = < .l

.1.3 CrosscWeld Data

'he cross-weld database consists of 243 data points. Test durations ranged from less than 10 hours to abol
5,000 fiaurs, stress from 3.4 to about 65 ksi, and temperature from 850 to 1300°F. The reported failur
pcations were as follows:

N

el S |

Vhere lifetime is not creep-governed, a preliminary evaluatioh.suggests a censoring of this data for analysis.

D =+ O 2 ~+ < = O IO

D (D (D (D OO O (D (D = &L

D —+

o Not reported: 59

BM: 84

WM: 80

WMI/FL (weld metal/fusion line): 8
FL:3

HAZ (heat-affected zone): 9
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In this particular case of Grade 22 weldments, the service experience provides an indication of the most
relevant failure locations, so the data may simply be censored on the basis of failure location. The data of
particular relevance to the service application include data where failures have been reported to be in weld
metal, at the weld metal/fusion line area, at the fusion line and in the heat-affected zone (HAZ). Figure 9
summarizes the available data on a Larson-Miller Parameter (LMP = T(deg R).[20+log t(h)]) — Rupture
Stress plot. While the limited HAZ failure location data appear to be at the higher end of the scatterband,
the WM, WM/FL, FL and HAZ failure location taken together appear to exhibit a single trend. The
IC“I I I;I ary cva=uatiuu ;I |dibatco tho.t thCDC data VV;th fa”w C :Ubat;ul 15 TCPTTOTI |tativc Uf OCI V;bC CAMCI ;CI ILE

may be separately analyzed.

\Vith regard to heat treatment, again given the bulk of the data were for material in the PWHT/conditiorn
hat the database is relatively small, particularly for the service-relevant failure locations, and given th
bserved trends exhibited in Figure 9, for this study and demonstration no attempt was made to separat|
ne data on the basis of heat treatment.

D (D =

~ N o~

).
(2]

[est specimen sizes, where reported (80 tests not reported), varied in diameter or.equivalent diameter &
pDllows (number of data points in parentheses): 0.12 in. (81); 0.2 in. (6); 0.32 in. (65); 0.38 in. (6); an
51in. (2).

—h
j =

fan)

Figure 7: Grade 22 Base Metal Stress Rupture Data from EPRI TR-110807 [10]

45000

O\Grade 22 BM

40000 o

35000

MP (C=20)

30000

25000
1 10 100
Stress (ksi)
Votes::Note the relatively low scatter below about 20 ksi.
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Figure 8: Grade 22 Weld Metal Stress Rupture Data from EPRI TR-110807 [10]

45000
4 Grade 22 WM
40000
35000
LMP (C=20)
30000
25000
1 10 100 1000

Stress (ksi)

Figure 9: Grade 22 Cross-Weld (X-W) Specimen Stress.Rupture Data from EPRI TR-110807 [10]

45000
4 Grade 22 X-W_Fail Loc Not Reported
O Grade 22 X-W Fail Loc: BM
# Grade 22 X-W Fail Loc: WM, FL & WM/FL
(] - i :
20000 Grade 22 X-W Fail Loc: HAZ

4’4

B .
35000 “A o e
*
LMP (C=20) A 80 E’ﬁ

*
2t *
’ o
30000 B-a o
=R
oe =]
o @ [=]
o)
o
25000
1 10 100

Stress (ksi)
Notes: Note the generally consistent trend exhibited with the service-relevant failure location data (WM,
FL, WM/FL and HAZ).
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2.2 Step 2: Grade 22 Data Analysis

A preferred analysis method was first developed through exploration of the base metal database. Following
this, the same method was employed for the weld metal and the cross-weld databases. The approach and

results are briefly summarized below.

2.2.1 Base Metal Data Analysis

Cs U Y £rbts £ 43 [ ol
LLES1IPIA'A'AYS IILlIIIg TUTricturio wtTitT C)\}JIUICU.

e ASME Code-typical (log stress polynomial) :
log tr = a0 + a/T + ax(logS)/T + a3(logS)?/T +as(logS)*/T
e Spera function, as used in 1990 by the ASME Code for Grade 22 [11]:
log tr = bo + b/T + bo(logS)/T + ba(S)/T +ba(S)4T

where tr is the rupture time, T is the test temperature in absolute units, S is the test stress, and th
goefficients, ao through a4 and bo through by are coefficients determined through a regression curve-fittin
grocedure.

Ih each case, in order to examine the behavior in comparison withthatexpected from experience, ap and b
were allowed to float and their best-fit values checked against the)expected LMP constant C=20 value (g
and by = -20). The final regression fits used in this study weredeveloped by constraining the ao and by to
40.

For a first view of the behavior, all of the data were analyzed. Both curve-fits gave floating ao and by value
that were significantly lower in magnitude than the expected 20, suggesting that this database exhibit
Rehavior different from that used in development‘ef the ASME Code allowable (bo close to -20). Howeve
donstraining the fits to a;=ho=-20 did not reduce the quality of the fits by much. The Spera function fit gav
d lower standard error of the estimate (SEE) for log tr. Based on the overall fitting capability for the dat
sets examined here, it was decided to use-the Spera function throughout the remainder of this Grade 22 dat
gnalysis.

As noted earlier, a case maybe made for censoring the data above 20 ksi. Further, a re-analysis of th
densored data (245 data points) gave a vastly improved quality of fit, reducing the log tr SEE from 0.44 t
Q.12 for the Spera function fit. Figure 10 shows the data and corresponding curve-fit to the base metal dat
gt 20 ksi and below,-The best-fit function is:

lag-tkr = -20 + 43009.92/T — 2884.39(1ogS)/T - 338.394(S)/T + 4.094(S)%/T Q)
with tr inheurs, T in degree R, S in ksi and a log tr SEE of 0.118.

2.2.20 Weld Metal Data Analysis

D

o

DD D - O O 1

DO D

he weld metal data exhibited considerably more scatter than did the base metal data (Compare FIgs. ¢ an

d

9). As aresult, the curve-fits gave significantly higher standard errors. As with the base metal data analysis,
the analyzed data were restricted to 20 ksi and below. The data scatter increases with stress, and the extent
of scatter above 20 ksi (see Figure 9) is such that restricting the analysis to data at 20 ksi and below

significantly improved the curve-fit. As with the base metal, the floating LMP constant fit produced a valu

e

for C of about 13, significantly lower than the value of 20 typical and expected for base metal. Constraining

the fit to C=20 increased the SEE (from about 0.33 to 0.39). For consistency with the base metal dat
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analysis, however, and given that the SEE increase was not considerable, the fitting procedure constrained
the fit to C=20. Figure 11 illustrates the data and Spera function curve-fit.

log tR = -20 + 43940.61/T — 4962.68(10gS)/T — 271.024(S)/T +6.2169(S)2/T )

Figure 10: Grade 22 Base Metal (BM) Specimen Stress Rupture Data at < 20 ksi from EPRI TR-
110807 [10] and the Corresponding Spera Function Curve-Fit

45000
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40000 \

35000
MP (C=20)

logtR=  bO+b1/T+b2*LOG10(S)/T+b3*S/T+ba*(52)/T
b0 -20
bl 43009.92

30000 b2 -2884.39
b3 -338.394
ba 4.094038
SEE 0.118454

25000

1 10

Stress (ksi)
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Figure 11: Grade 22 Weld Metal (WM) Specimen Stress Rupture Data at < 20 ksi from EPRI TR-
110807 [10] and the Corresponding Spera Function Curve-Fit

45000
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b0 -20

30000 bl 43940.61
b2 -4962.68
b3 -271.024
b4 6.216883
SEE 0.395752

25000

1 10

Stress (ksi)

2.2.3 Cross-Weld Specimen Data Analysis

Given the service experience with respect to failuré.location, only cross-weld specimen data where th
failure location was reported as WM, HAZ, FL o WM/FL (100 data points) were analyzed. The data wer
gxplored in three ways. First, the data were not-Censored on the basis of the 20 ksi stress level used fo
gnalysis of the base metal and weld metal .data. Data above 20 ksi were included here mainly because 0
the limited size of the database and because-the higher stress test specimens failed at locations representativ
af the service experience. Second, the-data were censored as for the base and weld metal analyses (exclusio
gf data above 20 ksi). Finally, a set of-analyses was conducted to examine whether this dataset would shoy
gbvious specimen size-dependent-trends, recognizing however that nearly all of the tested specimens are g
q

All WM, FL, HAZ Failure Location Data

Rigure 12 summarizes the data and analysis results for the cross-weld data where test specimens exhibite
fpilure in weldmetal (WM), at the fusion line (FL), in weld metal near the fusion line (WM/FL), and th
Heat-affected zone (HAZ) (100 data points). Also shown is the Spera function curve-fit with the Larson
Miller parameter constant C constrained to 20:

onventional laboratory dimensions and of a small size relative to thick-section structural applicationg.

= - ~ = (D =h == (D (D

D

log te = -20 + 47571.52/T — 13081.7(logS)/T +247.1096(S)/T -3.7182(S)%/T 3)

with a log tr SEE of 0.45.

WM, FL, HAZ Failure Location Data at Stresses < 20 ksi

Figure 13 summarizes the data and analysis results for the cross-weld data where test specimens exhibited
failure in weld metal (WM), at the fusion line (FL), in weld metal near the fusion line (WM/FL), and the
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heat-affected zone (HAZ) and where the test stresses were < 20 ksi (81 data points). Also shown is the
Spera function curve-fit with the Larson-Miller parameter constant C constrained to 20:

log tr = -20 + 38516.22/T + 8601.43(logS)/T -1327.13(S)/T + 28.334(S)/T ()

with a log tr SEE of 0.37

| 4 | N R Y Aot P Y LD+ £+ [ Lict: hal H H N
T alt WU UUVIUUS LUTILTTTIS VWILIT T Udla difu 11 (1) UIc 11U STTUVVS urircansuv UtTiavivul 1T UlIe
gxtrapolated regions outside of the data, a likely consequence of the second concern: (2) sparseness_ang

N
=N

catter of the data. For further analyses, the curve-fit to all of the data per Eq. (3) appears to be the preferre
ghoice.

Figure 12: Grade 22 Cross-Weld (X-W) Data and Best-Fit Spera Curve for Specimgns Exhibiting
Failure in WM, FL, WM/FL and the HAZ

45000
¢ Grade 22 X-W Fajl Lot: WM, FL & WM/FL
® Grade 22 X=\W\Fail Loc: HAZ
—— Spera Eurve-Fit
40000
35000
MP (C=20) *
logtR=  cO+cl/T+c2*LOGI0(S)/T+c3*5/T+ca*(542)/T . 4
0 -20 * °
cl A7571.52
30000 2 -13081.7
c3 247.1096
cd -3.7182
SEE 0.45162
25000
1 10 100

Strece (keil
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Figure 13: Grade 22 Cross-Weld (X-W) Data and Best-Fit Spera Curve for Specimens Exhibiting
Failure in WM, FL, WM/FL and the HAZ and Tested at < 20 ksi

45000
¢ Grade 22 X-W Fail Loc: WM, FL & WM/FL <=20ksi
® Grade 22 X-W Fail Loc: HAZ <=20ksi
Spera Curve-Fit
40000
35000
L MP (C=20)
logtR=  dO+d1/T+d2*L0OG10(S)/T+d3*S/T+da*(5~2)/T
do -20
30000 ——dl1 38516.22
d2 8601.432
d3 -1327.13
da 28.33396
SEE 0.368429
25000
1 10 100

Stress (ksil

|

[he Specimen Size Effect

\ preliminary examination of the data for possible*specimen size effects showed that size-splitting th

dowever, the smaller size set behaved very.Much like the cross-weld data and fit (Eq. (3)). The size effed
xplored using the two sets of data did notiappear reasonable on account of the larger size data fit predictin
xceedingly low rupture life. The existing database does not show any evidence of a trend in behavior as
unction of specimen size. This is.not'surprising, given the database consists of test data on specimens g
onventional laboratory specimen dimensions and of small size relative to section sizes in thick-sectio
tructural applications.

D O =hHh D D T O O 3

2.4 Summary

[\\hY

igure 14 is a summary of the best-fit curves of Egs. (1), (2) and (3) for the three cases: BM, WM, an
Cross-Weld Behavior, respectively, the last consisting of only data where the failure locations represer
nose seen in‘service.

—~ O

ross-weld WM-HAZ-FL data into two sets - 0.08-0:2 in. dia. (26 data points; SEE=0.38) and 0.32-0.51 in).
ia. (62 data points, SEE=0.39) - gave excessively low predictions for the larger size set at > 1000°H.

D

S —h O O =~

—
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Figure 14: Grade 22 BM, WM and Cross-Weld (X-W) Best-Fit Behavior as Derived from the EPRI
Database

45000

SN e X-W Best-Fit (WM,FL,HAZ fail loc)
~ = = = WM Best-Fit (<=20ksi)

AN BM Best-Fit (<=20ksi)

40000

{mP (c=20)

35000

30000

Stress\(Ksi)

Notes: While the extrapolations to stress levels above~about 5 ksi do not appear reasonable, the behavig
in the 5 to 15 ksi range may be useful in further analyses.

The extrapolation of the curves to low stresses (below about 5 ksi) provide predictions that do not appea
reasonable (cross-weld behavior strengthens significantly compared with both base and weld met3
Hehavior). For the purpose of this investigation into developing suitable interpretations of cross-weld tes
gpecimen behavior for structural applications, the data in the 5 to 15 ksi range provide potentially usefy
information.

.3 Step 3: Extracting the Base Metal Strength Factor from Cross-Weld Tests

DD

\s noted in Chapter 1;we seek to explain the cross-weld trend line in Figure 14 with:
) A base material.strength factor (BMSF)
b) A basis for the-transition from effective stress behavior to maximum principal stress (MPS) behavior

e S

|

'he method-is as follows.
) Perfotm a limit analysis of a representative or typical test specimen geometry. The outputs from th
analysis for each load step up to the limit are for the point or points with highest MPS:

=

—_— e —

D

a) Maximum principal stress

b) Effective stress
c) Inelastic strain
d) Load
2) Then for a particular sample test stress the following quantities are calculated:
a) MPS =test stress x limit MPS / limit load
b) Effective stress = test stress x limit effective stress / limit load
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Note: these quantities may depend on which point in 1 is used. It is usually clear which is the region
of highest MPS in the limit analysis. The associated plastic strain may be compared with a
calculated creep strain at the effective stress. This gives a basis for selecting a particular load step
to define the MPS and effective stress to characterize the component or sample.
3) These stresses divided by the base material strength factor (BMSF) may then be used to calculate
rupture life to match cross-weld data.
4) If there is an indication that some combination of effective stress and MPS should be used to calculate
luptun:, thCII thC fU“UVV;IIu plUdeulC ib uacd.
a) Using ASME FFS-1 [12] data, the ratio (omega/creep exponent, n) is calculated for the effectiv
stress in 2. It is postulated that as this ratio increases, the rupture behavior will be drive
increasingly by MPS. Conversely, as it decreases, the rupture behavior will be driven increasingl
by effective stress.
b) The limits of this ratio for the transition from one type of behavior to the other. are calculated tp
match crossweld data.

A g ¢ )

'he key to understanding crossweld tests is to be able to analyze the specimen efficiently, allowing multipl
est conditions to be understood in terms of effective stress and maximum prineipal stress. Limit analysi
hows the development of constraint and multiaxial stress with inelastic strain» The results may be used i
preadsheet calculations to derive material strength factors characterizing’/crossweld sample failure an
sed to predict weldment failure. Figure 15 and Figure 16 showi«maximum principal stress (MPS
istributions for minimum and maximum constraint cases of cross-weld geometry.

O C W o
~~ L O U (D

igure 15 and Figure 16 show finite element limit analyses of'd crossweld specimen with diameter = 0.4’
vith different weak zone sizes. Even for the minimum constraint case, the maximum principal stress i
reater than the nominal tension stress.

O < T
[72]
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Figure 15: Maximum Principal Stress Distribution for 2:1 Weak Zone : Specimen Diameter Ratio
(Assumed Cross-Weld Sample Geometry)
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&
Figure 16: Maximum Principal Stress Dist[i@ﬁ‘on for 1:1 Weak Zone : Specimen Diameter Ratio
K\
5, Mau, Principal \O
[Awg: 75%) %
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+2.278e+01
+2.087e+01 -
-

+1,895e+01
+1.704e+0 N
+1.512e+0
+1.321
+1.12%+0
+9.3%8e4+00
+dEZa+00

5,547 e+00

23


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

The combinations of von Mises and maximum principal stress in this analysis were used to back out a base
material strength factor (BMSF), and the transition from ductile to brittle rupture, which match the
crossweld data described in the previous section. Figure 17 shows the trend lines defining the BMSF.

From limit analyses of a series of geometries, and the properties used in Figure 17, it is possible to calculate
the effect of specimen size on rupture time. This is shown in Figure 18, where we see that both strengthening
and weakening behaviors are possible, depending on stress.

Figure 17: Results of Matching Cross-weld and Base Metal Rupture Data
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Notes: For Stress in the range 6 — 15 ksi, derived,;BMSF = 0.9. ratios of “Omega/n” for the ductile/brittle
Fansition are 1 and 4.

—

Figure 18: Predicted Sample'Size Effect Showing Strengthening and Weakening Behavior

Sample Size Effect

diam/weld width = 0.5,

16.0

1100F
14.0 AN — diam/weld width =1,
1100F
4.2\D\
diam/weld width = 2.5,
1100F

[
o
=]

AN
6.0 \

4.0

Stress'(Ksi)

2.0

0.0
34E+04 35E+04 36E+04 37E+04 3EBE+04 39E+04 J4.0E+04

LM Parameter

24


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

2.4  Step 4: Testing Assumptions

As a check on these calculations, the base metal strength factor (BMSF) calculated from crossweld tests
and the ratio of weld metal strength to base metal strength may be compared. Figure 19 shows the factored
base metal data, the crossweld data and the weld metal data from the previous section. The weld metal is
slightly stronger than the crossweld specimens, suggesting that some crossweld specimens may have had

weaker material than the weld metal.

Figure 19: Comparison of Factored Base Metal, Cross-weld and Weld Metal Strength Trend Lines
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|

2.5 Step 5: Application to Seam(Weld Structure

The calculation of welded joint life proceeds along the same lines as used to analyze crossweld specimeng.
The effective stress to maxipum principal stress transition may be modeled if there is a basis for th

required parameters. If not;-it-is conservative, and recommended for design, that the maximum principd
stress is used. In this section the method is illustrated for a heavy Grade 22 Pipe section with a 50 semi
ngle “U” groove weld and a thinner ‘hot reheat size’ X-groove.

'he application-ofthe analysis methods to a heavy walled pipe geometry (shown in Figure 20) is as follows.

— D
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Figure 20: Seamweld model: Pipe OD =762 mm, ID =457 mm, weld semi-angle = 50

igure 21 and Figure 23 show the results from the limitzanalysis. The area of highest maximum principa
tress is on the OD, as a result of re-distribution froni-the bore due to yielding. The value of MPS in th
veak zone is no higher than the plain pipe OD valtie. Maximum inelastic strain occurs in the bore in th
veld region. Figure 23 shows the development '0f"OD von Mises and Tresca stresses as yielding occurs.

= < OO T

|

[he weldment design and life predictionstare shown in Figure 24. Two approaches are used.

he life assessment calculation follows the description given above. The HAZ maximum principal stress i
nodified by the BMSF which is'the derived material strength factor from crossweld data in Figure 18. Fg
ach of the three temperatures, the internal pressure is calculated which leads to a predicted life of 100,00
ours, based on the mean base metal trend lines. These pressures are then used to calculate design stresse
sing the design calculation S = p/In(OD/ID), where p = design pressure. (The stresses are clearly highe
han realistic design-stresses, the use of 100,000 hours to define rupture stress is convenient and typical
'he “design” lives\aSsociated with these stresses are then calculated from the design stress, modified by
veldment strength reduction factor (WSRF). In general, these will be different from the BMSF’s, dependin
n the weldyjeint analysis. In this case it was found the weldment weak zone did not weaken the joint mor
han the BMSF. This should mean that the design and calculated lives are the same. In this case there is
light discrepancy due to the calculated MPS being slightly lower than the design calculation. (This ma
edue’to the limit analysis not getting to the theoretical limit pressure. Smaller minimum increments coul

D (D =

LN W (D N~ 0 O = O»!m

=N O <& ot C T DTN

4la. [FAY
MPTUVE UI1C TTOUITL).

The conclusion is that for this weldment geometry, WSRF = BMSF.
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Figure 21: Distribution of Plastic Strain Prior to Collapse

PEMAG
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Notes: High strain is Iocallzeé%r bore.

Figure 22: Distribution of MQ@\Dnor to Collapse

©
5, Max. Principal \,

(Avg: 75%)
+1.166e+01
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Notes: Max. weld values similar to design OD values.
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Figure 23: Development of Max. Weld MPS to OD with Inelastic Strain and Time
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Notes: Redistribution from bore to OD can be seen. Nominal.DeSign Pressure = 50 MPa.

Figure 24: Calculation of Joint WSRF: Single Sided “U” Weld

Life
assessment Design
Temp. | Pressure Life Tresca Life
C MPa MPS BMSF | hours stress WSRF | hours
500 55.77 107.8 0.90 | 100000 109.2 0.91 100000
525 43.46 84.0 0.90 | 100000 85.1 0.91 100000
550 33.04 63.8 0.90 | 100000 64.7 091 100000

— QO WD N D

=

'o compare with the ‘heavy wall” U-groove pipe section (diameter:thickness ratio of ~4.5), a thinner wa
eam-welded pipe with an X-graove configuration (diameter:thickness ration of ~ 26) was modeled in th
ame manner using the samenput data. Figure 25 depicts the geometry of the pipe section and Figure 2
hows the distribution of the,MPS. Careful inspection of the results show a high-stress region in the cus
f the fusion line (FL) between the weld and the base metal. Figure 27 provides the weldment design an
fe prediction calculations for the same three temperatures as in Figure 24.

It can be seendhat in this case WSRF # BMSF. Under different conditions, the X-groove weldment i
veaker than the weakest material.

L0 O) (D =
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Figure 25: “X-Groove” Weld Geometry in 20” OD x 0.76” Thick Pipe

Q 4
S
%@}Qgtrain in Weld Metal

Figure 26: Distribution of Maximum Principal Stress Due to Inel

Al

(O]
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N

Figure 2@Qalculation of Joint WSRF: “X-Groove” Configuration

O()’ Life
O\ assessment Design
Temperatur%‘ ressure Life Tresca Life
C ,\Q‘ MPa BMSF hours stress WSRF hours
5}&\) 6.80 0.90 100000 89.7 0.89 100000
1550 424 0.90 100000 55.9 0.8 100000
\?‘%\ 580 2.90 0.90 100000 38.2 0.8 100000

In Figure 24 and Figure 27, comparisons are given of life assessment calculations based on finite element
limit analysis with the BMSF, and design calculations, where a different WSRF from the BMSF may be
necessary. In the case of the single “U” weld, there is no significant difference. In the case of the “X-
groove” weld, there is a significant difference. These results show that in order to obtain the design WSRF,
an analysis of the weld geometry is important and will, in general, affect the results.
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2.6

Step 6: Summary and Implications for WSRFs

The analysis of the Grade 22 weld/weldment database in this chapter by the methodology proposed
in this project produced a BMSF = 0.9 for stress in the range of 6 — 15 ksi. This value was not found
to be a function of time and temperature.

It was also noted from the specimen size effect analyses (Figs. 18-20), that the minimum WSRF is
more likely to be seen with tests under accelerated temperature conditions. A general implication
of this finding is that accelerated temperature creep testing should be preferred over stres

Q

A\ summary plot of the current ASME Section | WSRF for CrMo weldments, the findings from the statistica
nalysis of service failures, the BMSFE used in the analysis, and the two weldment geometries is provide
in Figure 28 to clarify the points.above.

accelerated testing when evaluating Grade 22 weldment behavior. (Note: Accelerated temperature
isostress testing of CrMo boiler tubes and piping has been used for many years as a valid life
assessment approach, so such a finding is not surprising but does add to the justification for such
an approach with this material class)

It is also apparent from the size effect analyses, that trends for large specimens,versus standar
specimens may be a function of testing time (applied stress) and temperature,p that universall
opting for, or requiring large specimen weldment test data is not justified and-.can’even lead to non
conservative predictions of component lifetime if applied directly. The findings suggest that usin
standard specimen data to back-out a base material strength factor and applying this factor to

structural analysis is the preferred method for helping establish WSRFS:

Examples of seamweld analyses show that WSRF’s less than the BMSF are likely for double “X’}-
groove weldments. Single sided “U”-groove weldments may have WSRF = BMSF.

In the Task 1 report, a statistical analysis of estimated failure-rates in CrMo piping was conductef
(based on reported pipe design conditions). Assuming the estimated failure rate could bg
represented by the same data scatter (statistical distribution) which was found in development df
the Grade 22 stress allowables (creep data analysis),the ratio of allowable stress to the failure rate
stress was found to be 0.93 for only reported failures and 0.83-0.89 with considerations fdr
estimates of inspections and minor damage. These values are in general agreement with the analysis
conducted in this chapter. Thus, this analysis and experience suggest the current ASME Sectiop
1/B31.1 WSRFs for CrMo seam welds appear conservative at 1000°F and above (and potentially gt
lower temperatures).

D O N &L

ol —
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Figure 28: Summary Plot of CrMo Steel Weldment Reduction Factors
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Notes: Including current ASME Section | WSRFs, the findings from Task 1a on a statistical study of
failure experience, the BMSF used in this.analysis, and the two geometries used for this study
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3 APPLICATION TO SUBCRITICALLY HEAT-TREATED GRADE 91 SEAM

WELDS

This chapter describes the evaluation of the Grade 91 weld/weldment database, an analysis of the database,
the application of the modeling tool/procedure to evaluate the cross-weld data, a comparison with data on

large cross-weld specimens, the application to seam-weld geometries, and implications for WSRFs.

31 Step 1: (Database) & Step 2 Pre-Analysis (Analyze Data)

'he Grade 91 weld/weldment database is described and found in the Task 1a report [13]. The key concer
ased on the limited failure experience with Grade 91 and from laboratory studies is failure in the-heat
ffected-zones (HAZ) of weldments, often referred to as Type IV failure. Therefore, the weldment’(cross
veld) specimen database (282 data points) was interrogated on the basis of failure mode~ Researcher

0 failures were identified as occurring in the base metal (base, BM). 59 failures were identified in the wel
netal (weld, all weld, WM). 51 failures were identified in the fusion line locations (Flg, FL/HAZ, HAZ/FL
\VMFL). 98 failures were in the Type IV/IHAZ (HAZ, IV, FG-HAZ). In summary, 218 of the 282 data point
ad reported failure locations.

Figure 29 contains four plots of the failure data as a function of applied,est stress and temperature wit
failure location identified. In each plot, the entire database is plotted'with data for one failure mod
iflentified. Failure maps have been proposed as a function of stress’and temperature for Grade 91 by
inspections of these plots do not show any clear trends. Base metalfailures are restricted to higher-stresses
Hut the data are limited. Weld metal, fusion line, and Type I\/HAZ failures appear to occur over the rang
qf test conditions.

As an alternative, Figure 30 is the same data plotted as'afunction of temperature and time to rupture. Whil
rlo obvious failure map is observed for all mechanisms, inspection of the Type IV/HAZ failures show
region at shorter times and lower temperatures where that failure mechanism does not appear. Figure 31 i
g plot describing where the suggested Type IV failures are likely or are not likely to occur. The data sugges
that at very long-times even at temperatures as low as 550°C, Type IV / HAZ failures are possible an
should be considered in any data analysis procedure.

1
H
g
\
glassified failures using differing terminology; thus the data were grouped into four majorAfailure locationg.
1
1
\
I..

=)

[72]

[72]
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Figure 29: Failure Locations as a Function of Test Stress and Temperature for Grade 91
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Figure 30: Failure Locations as a Function of Rupture Life and Temperature for Grade 91
Weld/Weldment Creep-Rupture Database
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Figure 31: Suggested Regions Where TypeWW/HAZ Failures Occur for Grade 91 Weldments
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To qualitatively compare the time to rupture data for the various failure locations, the database is plotted
using the Larson-Miller Parameter (LMP) with a constant of C=28.944 in Figure 32, Figure 33, Figure 34,
and Figure 35. Included on the plot is the Grade 91 base metal average (solid line) and base metal minimum
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(dashed line) behavior. The value for the base metal LMP constant, the fit used, and the minimum line
(defined as 1.65 standard deviation at 100,000 hours) is based on the findings from a detailed study of a
1700+ base metal data point analysis of Grade 91 (using and evaluating over 15 different modeling
methods) conducted by Fishburn as presented to ASME as the preferred fit to the database [14]. The
equation is provided in Figure 39 (Chapter 3.2). The limited base metal failures in cross-welds, Figure 32,
occur near the Grade 91 average line with no datapoints falling below the minimum, in agreement with the
base metal analysis.

Figure 32: Larson-Miller Parameter (C=28.944) Comparison of Grade 91 Base Metal Average and
Minimum Curves to Cross-Welds with Base Metal Cross-Weld Failures Identified
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h Figure 33,-the weld metal failures are plotted. A wide scatter of data is observed with some rupture
xceeding the expectations of the base metal and some data falling below the minimum. To extend thi
valuation, the weld failures identified as weld metal only tests (data taken not from cross-welds but wher
heentire specimen was weld metal) were identified as solid diamonds in the plot. All of these datapoint
attabovethe Gr—§1average suggesting the wetd metat{mot thewetdment)strengthrstightty exceeds tha
of the base metal. Data that fell below the Gr. 91 minimum were examined, and in some but not all cases,
the failures were in short-times less than 100 hours. Weld defects or sources of failures were not identified,
but could not be ruled out as a source of the apparent premature failures. Thus, for modeling exercises
relevant to long-term behavior, it appears the Gr. 91 weld metal is generally as strong or stronger than the
base metal if good weld quality is assumed.

-~ D D -
—~ O (D OO O
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Figure 33: Larson-Miller Parameter (C=28.944) Comparison of Grade 91 Base Metal Average and
Minimum Curves to Cross-Welds with Weld Metal Failures and All Weld Metal Test Data ldentified

t

Reported fusion lines failures are plotted in Figure 34. At higher stresses, above ~130MPa, the failures wer
within the Gr. 91 average to minimum expected behavior. With decreasing stress, the failures tend to shit

gn fusion line failures _are-provided in the appendix of the Task la report. Generally, the failure
rhacroscopically appear;as ‘shear’ failures without necking. Location is assumed to be on the weld metg
gnd base metal interface, but unless specimens were metallographically prepared, identifying the differenc
Hetween weld metal; the interface, and the heat-affected zones is ‘best guess’ in most cases.
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pwards the Gr. 91 minimum(and below ~100MPa, most data fall below the Gr. 91 minimum. Some detail

D = ) O e~ (D
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Figure 34: Larson-Miller Parameter (C=28.944) Comparison of Grade 91 Base Metal Average and
Minimum Curves to Cross-Welds with Fusion Line Failures Identified
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igure 35 is a plot of the Type IV/HAZ failures for all cross-weld tests. Similar to the fusion line failures
t high stresses, ~130MPa and.above, failures fall within the Gr. 91 average to minimum expectations. A
pwer stresses, the data clearly fall below the minimum expectations. This is consistent with recent researc
see [13]) on Type 1V failures. Unlike the fusion line failures, examination of the database shows thes
pilures exhibited some.degree of necking. Only one datapoint was identified as a shear failure, and in thi
ase, it was the testat 55MPa that fell above the Gr. 91 average curve. Thus, it appears to be an outlier i
ne dataset. Twosother outliers were examined, but no reason for exclusion from the database could b
Ustified. The-trend for Type IV/HAZ failures as reported by other researchers is clearly observed in thi
atabase. Eurthermore, other data that had no failure location identified follow this same trend. Thereforg
developing.a representation of these cross-weld data on the basis of HAZ/Type IV failure mode should b
viewed:as an important improvement for evaluating the cross-weld data as compared to almost all othe
studies that have used full cross-weld databases without detailed examination of failure data.

Q"=+ O =h—~ = Q T
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Figure 35: Larson-Miller Parameter (C=28.944) Comparison of Grade 91 Base Metal Average and
Minimum Curves to Cross-Welds with Type IV/HAZ Failures Identified
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3.2 Step 2: (Analyze Data) Development of Trend Curves
Based on the qualitative assessment of the Gr. 91 weld/weldment database by investigation of failure moda,
twvo assessments of the data appear useful. The first assessment is for the Gr. 91 weld metal. Because welf
metal data were limitéd and generally follow the Gr. 91 database, a regression analysis was performed with
the same LMP constant. A log-linear stress fit (Spera fit) was utilized to match the Grade 91 base metal as
fpllows in equation 1:
log( o o
|09(tr)=Ao+i+A2 %), A (Eqgn. 1)
T T T
\Wherae A, ic tho | NMDP conctant A. A. and A. are tho roareccinn constante T ic ahealiite temnoratir
VhereAc-is-the LMP constant—A+—As-—and-As—are-the regression-constants,—is-absolutetemperatur

(Kelvin), ois applied stress (MPa), and t; is the rupture life. The results of the regression (Weld Metal Fit)
are plotted along with the data in Figure 36. Because data were limited, the fit was constrained to the base
metal by using the same LMP, A, and Az constants (parallel fit). Because the stress range of interest may
extend beyond the limits of the data in an analysis, the weld metal fit is plotted to 30MPa to ensure (visually)
that there is not a gross divergence or unanticipated cross-over in the curve fit. The standard error of the
estimate (SEE) in log(t,) for the fit was calculated and is provided along with the regression constants in

Figure 39.
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Figure 36: LMP Plot for Grade 91 Base Metal Average and Minimum Curves with the Weld Metal
Fit Curve Plotted
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Notes: Including the Cross-Weld Data with Eailures Identified in the Weld Metal and the Weld Metal
Test Results

\ second assessment was conducted..on the HAZ/Type IV failure data. As previously described, on
atapoint was identified as a ‘shear’type failure and was removed from the analysis. The other outlig
atapoints were retained as no_technical justification was found for their removal. Additionally, two teg
ata on large cross-weld spegimens were removed from the analysis so specimen size would not factor int
ne analysis. Therefore, fromvthe original 282 data collected, the HAZ/Type IV analysis was conducted o
5 cross-weld datapoints representing specimen diameters from 0.236-0.315” and weld angles from 30 t
5 degrees. Variouswelding processes were represented, but since all failures that were located in the fusio
ne, weld metal,base” metal, and those not reported were censored, the weld metal was not used to limit th
atabase. Maximum test durations exceeded 10,000 hours at multiple temperatures.

O — DN QO O O O 2

A regression was performed to minimize the error in log (t;) for equation 1. A plot of the expected an
measured rupture lives based on the regression analysis is shown in Figure 37. Three datapoints are clearl
qutliers and are identified by circles. From the remaining data, all but one data fall within +/- 5X on lif

D O O O U ~ — (D
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conservative prediction, but further inspection of the data show that the main reason for the low slope is the
short-term data less than 200 hour, most of which fall above the unity line. For long-term data beyond 8,000
hour test duration, all but one datapoint fall within a +/- 2X on rupture life (shaded area), suggesting very
good prediction for long-term data analysis. The SEE, found in Figure 39 along with the regression
constants, is 0.409. Segmenting short-term data or using an alternate stress function to equation (1) was
explored to improve the goodness of fit, but based on the predictive capability for long-term data and

realizing the variation in the data (high SEE), the fit was judged acceptable for further study. To check th
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applicability of using a different LMP constant from the base and weld metal, an additional assessment was
performed using the same LMP constant as the base metal, but when the fit was plotted by the same method
as Figure 37, the number of outlying datapoints increased. A LMP plot of the fit, the data used in the
analysis, and the two large cross-weld tests (which failed in the Type IV FG-HAZ) are plotted in Figure 38.

Figure 37: Comparison of Expected and Measured Rupture Life for Fit of HAZ/Type IV Failures

*
>
A7 * o

2 R P

N 10,000 + L e

IS 3 o

= @ - (S olf'”

o P

% .

5 *

Q2

£ 1,000 +

o b

2

Q.

>

(04

8 ®

3 100 +

-4 b

>

Qi

10
10 100 1,000 10,000 100,000
Rupture Life (hrs)

Figure 38: LMP Plot (Optimized.€324.859) of the HAZ/Type IV Data Curve-Fit Result
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Notes: Includes the censored dataset used in the analysis and two test results on large cross-welds (X-
Weld) that failed in the Fine-Grained Heat-Affected-Zone (FG-HAZ) not used in the data analysis

Figure 39: Regression Constants for Equation (1) Time-Temperature Analysis for Grade 91

Developed by Evaluation of the Database

Base Metal (1) Weld Metal (2) | HAZ-Type IV (3)
Ao -2.8944469E+01 -2.8944000E+01 -2.4859059E+01
A 3.8871568E+04 3.9235093E+04 3.3892627E+04
Az -4.2069257E+03 -4.2069257E+03 -4.4428451E+03
As -1.1664457E+01 -1.1664457E+01 -6.3124865E-01
SEE 0.351 0.364 0.409

(1) Equivalent to Fishburn Analysis to ASME [14]

(2) Based on weld metal only tests (not cross-weld failures)

(3) Analysis of cross-welds with reported HAZ and/or Type IV failures:”diameter = 0.236
0.315", fusion-line angle = 30-45deg

[0 further examine the goodness of the datafits, Figure 40 through Figure 43 dre isothermal plots of th
redicted base metal averages, base metal minimum (1.65 standard deviations), the weld metal (WM
verage prediction (Figure 39), and the HAZ-Type IV average predictions (Figure 39). For each plot, th
ata with failure location is plotted. Additionally, weld metal test data{(weld metal only) and the large cross
veld specimen (Large X-Weld Type 1V) data are plotted where agplicable.

S O QTS el

o |

igure 40 is the isothermal plot at 550°C. The divergence ofithe HAZ-Type 1V prediction with decreasin
tress is observed at long-times. In general, all of the observed failures, whether HAZ-Type IV, weld meta
r fusion line all fall within the scatterband for the Gr91 base metal as expected by the prediction.

Q-

igure 41 is the isothermal plot at 593°C. Again, the divergence of the HAZ-Type IV prediction wit
ecreasing stress is observed. The short-term data fall within the base metal scatterband. The weld metg
pilures are generally above the Gr. 91 average as predicted by the WM-Average curve. At long-times, th
usion line failures trend with the HAZ-Type 1V failures. Because the fusion line failures were not include
N the analysis of the data, this suggests that the fusion line failures may be the result of the same failur
nechanism observed in the HAZ-Type IV failures, that some fusion line failures may in fact be located i
ne HAZ, or the life of the weldments may be reduced due to a difference in strength between the bas
hetal and weld metal where damage is preferentially located at the fusion line. In any case, the HAZ-Typ
\/ failure prediction appears to work well to describe the fusion line failures.
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Figure 40: Comparison of Predictions in Figure 39 Plotted with Data at 550°C
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Figure 41: Comparison of Predictions in&igure 39 Plotted with Data at 593°C
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Figure 42 is the isothermal plot at 600°C. The failure data strongly support the predictions at these
temperatures. Weld metal failures, with only a few exceptions, trend with the WM -average line above the
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Gr. 91 base metal average. Type IV failures clearly diverge with decreasing stress, with the HAZ-Type IV
trendline intersecting the observed failures.

Figure 43 is the isothermal plot at 650°C. Data from tests conducted at 649°C are also included in the plot.
The weld metal data meet the expectations of the WM-average curve. Both the HAZ-Type IV failures and
the fusion line failures are in good agreement with the HAZ-Type IV trendline. The large specimen cross-
weld data are slightly higher than the expected HAZ-Type IV trendline, but below the base metal minimum.

Overall, Figure 40 through Figure 43 show that the analysis and trendline found in Figure 39, which ar
Hased on data censored by failure location and specimen size/configuration, well describe the.entir
database of Gr. 91 weld/weldments. Figure 44 is a comparison of the predicted stress for rupture4in 100,00
Hours for the base metal average and HAZ-Type IV average expected stresses at the tempefatures in th
grevious figures. The ratio between these stress levels is also calculated. Compared to WSRFs proposed i
q
g
r
t

D O (D (D

ther research [13], most notably Japan, they are more pessimistic. This may be becausethey are based o
n optimized assessment of a database censored on the basis of failure location. It shotld be noted that thes
ptios are not WSRFs because specimen size and application to seam weld geometries are not included i
nis comparison. Analysis of these data will be provided in the later sections.

= (D O 9

Figure 42: Comparison of Predictions in Figure 39 Plottedwith Data at 600°C
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Figure 43: Comparison of Predictions in Figure 39 Plotted with Data at 649/650°C
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Figure 44: Stress (MPa) for 100,000 Hour PredictedAverage Rupture Life for Grade 91 Base Meta
and HAZ-Type.lV Failures

Temperature (°C) 550 593 600 650
BM - Average 15443 96.8 89.0 46.2
HAZ-Type IV - Average 120.3 63.0 56.7 26.4
Ratio: 0.80 0.65 0.64 0.57

3.3 Step 3: Extracting the Base Material Strength Factor

As noted in Chapter 1, we segkto explain the cross-weld trend lines in Figure 40 through Figure 43 with:
(a) A base material stfength factor (BMSF)
(b) A basis for the transition from effective stress behavior to MPS behavior.

The method is as.follows:

(a) Perform*a’limit analysis of a representative or typical cross-weld test specimen geometry. In thi
case'we consider a 0.25” diameter specimen with a 0.08” wide weak HAZ at 35° to the transvers
etoss section. Figure 45 shows the maximum principal stress distribution at the maximum loa
before the limit analysis failed to converge. The outputs from the analysis for each load step up t
the limit are for the point or points with highest MPS:

(D) Maximum-principal stress
(2) Effective stress

(3) Plastic strain

(4) Load

(b) Then for a particular sample test stress the following quantities are calculated:
(1) MPS = test stress x limit MPS / limit load
(2) Effective stress = test stress x limit effective stress / limit load.

O WL (D Oh
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(3) Note: these quantities may depend on which point in 1 is used. It is usually clear which

is the region of highest MPS in the limit analysis. The associated plastic strain may be

compared with a calculated creep strain at the effective stress. This gives a basis for selecting

a particular load step to define the MPS and effective stress to characterize the component or
sample.

(c) These stresses divided by the base material strength factor (BMSF) may then be used to calculate

rupture life to match cross-weld data.
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(e) A confirmation of the limit analysis prediction should be made with a creep analysis. This turne

igure 45 shows maximum principal stress distributions in the standard crossweld specimen, indicatin
nite internal volumes over which maximum pringipal stress driven damage is expected to initiatg.
hternal/subsurface damage initiation in the HAZ:of Grade 91 is an observed failure mode. Figure 4
hrough Figure 48 show the results of the strength“factor calculations. The conclusion is that the base met3
trength factor (strength of the weak Type-~lV region) accounting for cross-weld behavior depends o
emperature, with the value being 0.95, 0.85;and 0.82 for 550°C, 600°C, and 650°C, respectively.

Figure 45: Distribution of Maximum Principal Stress (MPS) in the Weak HAZ of the 0.25”Diameter

calculate rupture, then the following procedure is used.

(1) Using ASME FFS-1 data [15], [16], the ratio (omega/creep exponent) is calculated,for th
effective stress in 2. It is postulated that as this ratio increases, the rupture behavior 'Wwill b
driven increasingly by MPS. Conversely, as it decreases, the rupture behavior will be drive
increasingly by effective stress.

(2) The limits of this ratio for the transition from one type of behavior to the other are calculatel
to match cross-weld data.

(3) It may be seen that the change in slope of the crossweld rupture, whieh.is clear in the Grade 9
data and trend plots, is associated with this transition. The implication is that if lower streg
cross-weld data existed, it would indicate a second change in slope, returning to the slope g
the base metal or weld metal trends.

- (U (D

— 0 =

out to be more difficult with the ASME FFS-1/API1 579 Grade-91 data than for Grade 11 and Grad
22 data, for reasons that are not clear, but the significant discrepancies between it and the ASM
111 NH data may be associated with the problem.

D =

Y

= = O)

Cross-weld Tensile Specimen for 66 MPa Tension

5, Max, Frincipal

(Avg: 75%)
+7.835e+01
+7.61Ba+01
+7.400e+01
+7.183e+01
+6.965e+01
+6.748e+01
+6.530e+01
+6.313e+01
+6.095a+01
+5.878e+01
+5.660e+01
+5.443a+01
+5.225e+01

Notes: Note the predicted initial failure locations on specimen center and HAZ edges

45


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

Figure 46: Comparison of Average HAZ and Other Trendlines with Predicted Cross-weld Behavior
(550°C) Using a Base Metal Strength Factor =0.95
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Figure 47: Comparison of Average HAZ and Other Trendlines,with Predicted Cross-weld Behavioy
(600°c) Using a Base Metal Strength-Factor =0.85.
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Figure 48: Comparison Of Average HAZ And Other Trendlines With Predicted Cross-weld

Behavior (650°C) Using A Base Metal Strength Factor =0.82
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4.1 Masuyama Specimens
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racks.

|

grincipal stress.

4 Step 4: Testing Assumptions Against’Non-Standard Specimens

'wo non-standard uniaxial cross-weld tests were identified to test the base material strength factor. Som
escription of the specimens and test results is provided in the following sections.

lasuyama [17] tested large specimens:40mm x 32mm with two different weld geometries (U & X groove
s shown in Figure 49. The test condition was 650°C-66MPa and the results are given in Figure 53. The |
roove had slightly longer rupture life compared to the X groove which was slightly longer than th
stimated life from standard Specimen tests. The rupture times were relatively short, less than 3,000 hours
nd the estimated Type I\~Jife from the equation in Figure 39 was 1,142 hours (Figure 44). Figure 5
ontains post-test metallographic assessment of the specimens. Failure was confirmed in the Type IV HA!
pgion, but interestingly, the side of the weldment that did not fail, showed cracks originating from th
urface. Typical<long-term Type IV failures in Grade 91 generally manifest themselves as subsurfac

'his coptradiction in failure mode supports a transition in failure mode from effective stress to maximun

D

[ >

D (D 1IN O~
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Figure 49: Large U and X-Groove Specimens Evaluated by Masuyama [17]

U-Groove X-Groove

/N
_“"w “\

w 40 mm by t 32 mm w 40'mm by t 32 mm
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Figure 50: Test Results for Large Cross-Weld Specimens Tested at 650°C-66MPa [17]

X-Groove

U-Groove

Cross-Weld
Creep

2 3 4 b 6
tr=2775.2 h

tr = 204846 h

Figure 51: Limit Analysis of Masuyama 32 mm x 40 mm Tensile Specimen Showing the Predicted
Weak Zone MPS Failure Location on the Center (Symmetry) Plane

+5.579e401
+5.450e+01

\

Tension

Rigure 51 shows maximum principal stress distributions in the Masuyama specimen, indicating finit
internal volumes over whichmaximum principal stress-driven damage is expected to initiate. The time t
rupture results for the medeted Masuyama specimen are provided in Figure 53. The value for the BMS
was 0.82. For the test-Conditions, the model predicts the Masuyama specimen will have an ~23
improvement in life)compared to a standard specimen, which is in very good agreement with th
gxperimental data:
igure 52 illustrates the key differences between the 0.25” diameter (standard) cross-weld and Masuyam
pecimens-that as inelastic strain accumulates, effective stress and maximum principal stress chang
ifferent ways. The nominal (loading) stress is 66 MPa. As creep strain accumulates, maximum principa

D /N IO (D

H
S
q
S

tress increases from 66 MPa to 80 MPa. The effective stress decreases from 66MPa, to 60 MPa for th

D =— (D D

standard specimen, and to 40 MPa for the Masuyama specimen. Therefore, depending on whether the
controlling rupture stress is effective stress, maximum principal stress or a combination, the different
specimens could exhibit strengthening or weakening. A second implication of these stress histories is that,

with the reduced effective stress, creep strain rates will be correspondingly reduced, and when the failur

e

surfaces are examined, they will appear to have reduced ductility compared with less constrained failures.
Therefore, the observed low ductility in multiaxial conditions may be at least partially due to the relatively
low effective stress, rather than a material degradation. Section 3.4.2 shows the size and constraint effects
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on life for the tensile cross-weld specimens, the Masuyama 32 x 40 mm specimen, and two EPRI specimens
with different weld angles.

Figure 52: Calculated Changes in Stress for the Two Cross-weld Specimens Considered

Change in Reference Stress With Strain
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Notes: Note the significant reduction in effective stress predicted for the 32 x 40 mm (Masuyama)
specimen (Section 3.4-1),

Figure 53: Table of Comparison of Time to Rupture @and Estimated Time to Rupture for Grade 91
Large Specimen Cross-Weld Tests

650°C-66MPa Time to Rupture (hrs)
Grade 91 Base Metal - Average 11029.6
HAZ-Type IV (analysis of std. specimen size cross-welds — Figure 39) | 1141.6
Masuyama Large X-Groove 2048.6
Masuyama Large U-Groove 2775.2
Prediction (This work) U-Groove (BMSF = 0.82) 1600 - 2800

h

3.4.2 EPRI Large Specimens

BEPRI is currently condueting a research program on Grade 91. Data from this project have not been mad
gvailable in this publigation or in the database, but some non-standard cross-weld tests are being conducte
[[L8]. The results for.one such test are given in Figure 56. Figure 54 is a sketch of two Grade 91 cross-wel
gpecimens madeswith typical B-9 filler metal using identical welding processes with the only variabl
ghanged as thejoint angle. The results in Figure 56 show the joint with a 10 degree angle had over tw
t
g
{
M

O O O OO

mes the life.of the same weld with a 37.5 degree angle. The HAZ equation for standard cross-welds give
life 0fi2/500 hours for the test condition, which is just shy of the measured life of the 37.5 degree samplg.
Jsing.the same methodology and data as described previously, life estimates were performed for Grade 9L
haterial and welds. Figure 55 shows the MPS distribution calculated for these specimens. Results for time
to rupture (initiation) are given In Figure 56, which are In excellent agreement with experimental
measurements. To illustrate the effect of specimen size and geometry, Figure 57 plots the calculated time
to rupture as a function of applied stress for the standard specimen, Masuyama single-V specimen, and the
EPRI specimens.
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Figure 54: Sketch of Cross-Weld Specimen Configuration for EPRI Tests [18]
Same Configuration

\., 37.5%] "gllf, _
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Figure 55: Limit Analysis Maximum Principal Stress Plots on Symmetry Planes of EPRI 37.5° and
10° Samples

S, Max. Principal

(Avg: 75%)
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+1.020e+01
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+0.467e+00
+8.222e+00
+8.977e+00
+8.733e+00
+8.488e+00
+8.243e+00
+7.998e+00
+7.753e+00
+7.508e+00

5, Max. Principal

(Avg: 75%)
+1.288e+01
+1.220e+01
+1.153e+01
+1.085e+01
+1.018e+01
+9.501e+00
+8.825e+00
+8.149e+00
+7.474e+00
+6.7986%00
+6. 1226400
+50446e+00
+4.771e+00

Figure 56: Comparison of Time to Rupture and Estimated Time to Rupture for EPRI Grade 91
Cross-Weld Tests [18]

Gﬁ‘f’ﬁC-SOMPa (Estimated) Time to Rupture
O (hrs)
Grade 91 Base Métal - Average 24,415
HAZ-Type IV, (analysis of std. specimen size cross-welds — 2579.5
Figure 39)
EPRI 37:5%angle (75°V — 1.5” thick) W3-CW-3 2850
EPRILI0™angle (20°) — 1.5” thick) 6250
WA4<CW-|
Prediction 37 50 2410
Prediction 100 6580

51


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

Figure 57: Predictions of Grade 91 Cross-weld Tests Show Strengthening Effect of Constraint for
a Wide Range of Stress for Both Sets of Non-Standard Samples Analyzed

EPRI Grade 91 Tests: 625 C
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.5  Step 5: Application to Welded Structures

[he calculation of welded joint life proceeds along the same lines as used to analyze cross-weld specimens.
'he effective stress to maximum principal stress transition may be modeled if there is a basis for th
pquired parameters. If not, it is conservative, and recommended for design, that the maximum principa
tress-is used. In this section, the method is illustrated for a heavy Grade 91 pipe section with a 10° “U|
roove weld and a thinner ‘hot reheat size’ X-groove.

S——D

The application of the analysis methods to a heavy walled pipe geometry (shown in Figure 58) is as follows.
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Figure 58: Seamweld HAZ Model Pipe OD =762 mm, ID =427 mm, Weak HAZ Width =2 mm, Weld
Semi-Angle = 10°

igure 59 and Figure 60 show the results from the limit analysis. The aréa’of highest maximum principgl
tress is on the OD, as a result of re-distribution from the bore due te. yielding. The value of MPS in thp
veak zone is no higher than the plain pipe OD value. Maximum jnélastic strain occurs in the bore in the
veld region. Figure 61 shows the development of OD von Miseg-and Tresca stresses as yielding occurs.

=S < 0O T

|

'he weldment design and life predictions are shown in Figure 56. Two approaches are used.

'he life assessment calculation follows the description(given above. The HAZ maximum principal stress i
nodified by the BMSF, which is the derived material strength factor from cross-weld data in Figure 4
hrough Figure 48. For each of the three tempetatures, the internal pressure is calculated which gives

redicted life of 100,000 hours, based on the.mean base metal trend lines. These pressures are then used t
alculate design stresses using the design calculation S = p/In(OD/ID), where p = design pressure. (Th
tresses are clearly higher than realistic design stresses; the use of 100,000 hours to define rupture stress i
onvenient and typical.) The “designj™ lives associated with these stresses are then calculated from th
esign stress, modified by a weldment strength reduction factor (WSRF). In general, these will be differen
rom the BMSF’s, depending-enthe weld joint analysis. In this case it was found that the weldment wea
one did not weaken the jaint-more than the BMSF. This should mean that the design and calculated live)
re the same. In this case there is a slight discrepancy due to the calculated MPS being slightly lower tha
he design calculation, (This may be due to the limit analysis not getting to the theoretical limit pressurg.
maller minimumsincrements could improve the result).

A~ QO N = O O O O 75 ot =
— ) AN e~ (D O (D U D O) Oh

|

[he conclusion is that for this weldment geometry, WSRF = BMSF.
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Figure 59: Distribution of Inelastic Strain Prior to Collapse. High Strain is Localized in Bore

PEMAL

(AVg: 75%)
+4.580e-02
+3.926e-02
+3.271e-02
+2.617e-02
+1.963e-02
+1.30%9e-02
+6.543e-03
+0.000e+00

&)

Figure 60: Distribution of MPS Prior toéollapse
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OQ‘ Notes: HAZ values similar to general OD values.
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Figure 61: Development of HAZ Stress Near OD with Creep Strain and Time
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Notes: Redistribution from bore to OD and effects of constraint can be seen.

Figure 62: Calculation of Joint WSRF: Single Sided “U” Weld

Life
assessment &§' Design
Pressure %) © | Life Tresca Life
Temperature C MPa MPS . ’@’MSF hours stress WSRF | hours
550 10.44 140.7 0.95 | 100000 137.7 091 99999
600 5.61 756 0.85 | 100000 74.0 0.83 100000
650 281 37.9 0.82 | 100000 37.1 0.80 | 100000

'o compare the ‘heavy wall” U-groave pipe section (diameter:thickness ratio of ~4.5), a thinner wall seam
velded pipe with an X-groove configuration (diameter:thickness ration of ~ 26) was modeled in the sam
hanner using the same inputdata. Figure 63 depicts the geometry of the pipe section and Figure 64 show
he distribution of the MPS. Careful inspection of the results show a high-stress region in the cusp of th
HAZ. Figure 65 provideS the model results for the same three temperatures.

Tt NS
D O D

Figure 63: “X-groove” Weld Geometry in 20” OD x 0.76” Thick Pipe
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Figure 64: Position of Maximum HAZ Maximum Principal Stress

S, Max. Principal
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Figure 65: Calculation of Joint WSRF: “X-Groove” Configuration

Life
assessment Design
Temperature | Pressure BMS | Life Tresca WSR | Life
C MPa MPS F hours stress F hours
550 10.44 140.7 0.95 100000 137.7 0.91 99999
600 561 756 085 100000 740 0:83 100060
650 2.8l 379 0.82 100000 37.1 0.80 100000

In Figure 56 and Figure 62, comparisons are given of life assessment calculations based on finite elemer
[jmit analysis with the BMSF, and design calculations, where a different WSRF from the BMSF may b
necessary. In the case of the single “U” weld, there is no significant difference. In the‘case of the “X
groove” weld, there is a minor difference. These results show that in order to obtain thedesign WSRF, a
gnalysis of the weld geometry is important and will affect results.

.6 Step 6: (Design Strength Ratio) Summary & Implicatiofns for WSRFs

fdhY

h this chapter a critical assessment of the Grade 91 weld/weldment database was conducted. The analysi
howed the behavior of standard cross-weld failures identified as TypeIM-HAZ resulted in strength factor,
s a function of time and temperature. Applying the methodology developed on this project, the BMSF wa
pund to be a function of temperature. Effects in non-standard~large specimens from two independer
tudies with different weldment configurations were captured<y'the model even though the data were ng
sed in the initial data analysis. Plots of changes in effective.stress states as a function of specimen sizd
pst time, and strain helped explain the experimental obsérvations from these tests. The model and input
vere then applied at three temperatures to two seam<weld pipe geometries representing two pipin

or the thick-section weld, time to damage initiation was essentially the same as the calculated BMSFs, bu
pr the thin-section X-groove, damage initiation was predicted at slightly shorter-times (or higher-stresses
pading to WSRFs lower than the BMSFs:

= = Tl o] D < o+ (N =h Q) (N =

A comparison of the standard cross-weld analysis, the determined BMSF, the 100,000 hour U-groove pip,
VSRF, the 100,000 hour X-Gfaeove WSRF, the current ASME Section | WSRFs, and a Japanese analysi
fom the Task 1 report is shown in Figure 66. Clearly, the ASME Section I/B31.1 WSRF’s are conservativ|
ompared to any other analysis. The analysis of the standard cross-welds in this work are in generally goo
greement with other(Studies such as those in the UK (Task 1 report) which suggest the data trending to
VSRF of 0.60 at higher-temperatures and longer times. The ratio results for the cross-welds in this wor
re lower than the:Japanese values. This is most likely due to the fact that in this analysis, only the Typ
\VV-HAZ reported failures were considered, whereas the Japanese did the regression on all the cross-wel
ata irrespective of failure mode. The BMSF obtained from analysis of the cross-welds was higher than ha
enerally“been reported for WSRFs. When the BMSF and the approach developed in this project wa
pplied-to the pipe geometries, a narrow range of WSRFs at 100,000 hours were obtained at or slightl

QO O = Q) <7 Q) O =h < N

fan

xtremes: a thick-walled U-groove ‘main-steam’ pipe and a thin-wall X-groove ‘hot-reheat’ pipe geometry.
[hese two geometries, using the same input data @and BMSFs, produced differing WSRFs at 100,000 hours.

= 1 (D e+

- = =~ 0 O O

[72]

N —t+

VoS A = T C R I 0

= -~ O ) D

elow the BMSF. One conclusion from these findings could be that WSRFs will have to be developed fg

a range of materials and geometries. However, it is also clear that the ratio obtained from the standard cross-

welds were conservative compared to the model predictions for pipes using the data. Therefore, in th

e

absence of modeling a range of geometries, careful long-term analysis of standard cross-welds, segmented

by failure mode and/or failure location appear to provide a lower bound for development of WSRFs.

The following summary observations are made:
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The analysis of the Grade 91 weld/weldment database in this chapter by the methodology proposed
in this project produced a BMSF that decreased with increasing temperature. The application of
this BMSF to welded structures is expected to produce a similar temperature-varying WSRF.

It was also noted from the specimen size effect analyses that the minimum WSRF is more likely to
be seen with tests under accelerated temperature conditions.

It is also apparent from the size effect analyses that trends for large specimens versus standard
specimens may be a function of testing time (applied stress) and temperature, so that universally

Higure 66: Comparison of Reduction Factors Calculated Fromi, This Work (Ratio Between Standard
Specimen Type IV-HAZ and BM Curves, BMSF, and WSRES _Calculated for Two Pipe Geometries)
Compared to ASME Section 1/B31.1 Seam-Weld WSRFs,'and Japanese (Yoshida et al.) Analysis

opting TOr, Of Tequiring farge specimen Weldment test data IS not justitied and can even fead t0 No
conservative predictions of component lifetime if applied directly. The findings suggest that using
standard specimen data to back-out a base material strength factor and applying this facter to p
structural analysis is the preferred method for helping establish WSRFs.

For the seam weld cases considered, the WSRFs obtained for subcritically heat-treated grade 9
were at or slightly below the obtained BMSF results.

The database analysis showed the behavior of standard cross-weld failures identified as Type I
HAZ resulted in strength factors as a function of time and temperature.<The magnitude of th
observed reduction was higher than some global cross-weld data analyses)of Grade 91. This wa
most likely due to this analysis segmenting data by failure modes as apposed to grouping all crosg
welds together. However, final magnitudes were consistent with-Studies suggesting a long-tim
high-temperature reduction ‘floor’ of 0.60.
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4 OVERALL PROJECT SUMMARY AND FINDINGS

The purpose of the ASME-EPRI research project was to develop the methodology and data to help establish
weld strength reduction factors (WSRF) for service in the creep regime for a wide range of materials with
applicability to various sections of ASME Boiler & Pressure Vessel Codes. As noted earlier, the reports of
the various project tasks that are discussed below have been reproduced for this publication: Part 1-Tasks
1b and 3; Part 2-Task 1a; Part 3-Task 2. The Task 1a report includes: an extensive weld/weldment database
covering 6 materials/material classes including reviews of each database and research performed, a review

d
q
t
t
.
i
(
«

f seam weld failures, a first-of-a-kind global statistical analysis of CrMo seam weld failure rates, and
omparison of various methods used around the world for design rules of welded structures operating i
he creep regime. The Task 2 report covers the model development and the research completed ta,asses
ne use of simplified methods for the purpose of design. The methodology that was developed by thi
psearch (Task 1b) and its reasoning is provided in the first chapter of this report. Special attedtion is give
N this chapter to specimen size and data requirements. The methodology has been appliédito two dataset
developed as part of a larger Task 1la database effort) in Chapters 2 and 3 of this publication. From thi
ody of research, a summary of key findings and conclusions is as follows:
e Taskla
o Experience:
= Reported experience shows seam-weld failures”itr CrMo piping (primarily i
power generation applications) have occurredyat a rate higher than would b
expected based on the design allowable andstatistical distribution of base metg
creep rupture data.
= The best-estimate CrMo seam-weld field/failure rate corresponds to a failure rat
that would be expected in base metak(per the laboratory base metal data) with th
stress elevated above the design-allowable by a factor of about 1.12. Fqr
perspective on WSRFs, the fieldfailure rate therefore suggests a desired reductiop
of the allowable by a factor, of about 0.9 (=1/1.12).
= Limited CrMo low allay,seam-weld failures have been reported for piping i
petrochemical applications and some operation-related factors have beep
suggested for this apparent discrepancy with the power generation experience, by
additional work-is-warranted for improved understanding.
= Failures in creep-strength enhanced ferritic steels (CSEF) seam welds have bee
reported. Various studies have shown subcritically heat-treated seam-welds have
significantly reduced strength due to a weak fine-grained heat-affected-zone (FG
HAZ).with failures in the Type IV region of weldments.
= _Research shows that the service experience with carbon steel weldments does ng
exhibit evidence of premature failures of the kind seen with the low alloy CrM
steels.

O O O U 29 9D

—_— (D

D (D

> — >

|=ar—

o ~Codes
= Codified approaches around the world for weldment strength reductions for servic
in the creep regime vary substantially. ASME, particularly ASME Section 111-NH
has one of the more developed methodologies. However, some data and analysi
are not available, including the origins and data used in the development of the
1/4Cr-1Mo weldment values.

D

o) =

o Database development
= A detailed review and analysis of the carbon steel weldment data was conducted.
Most data were from serviced exposed materials. No deficiencies were found to
support the need for WSRFs for carbon steel.
= Databases for 6 materials/material classes were assembled for use in this project
and future ASME projects.
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e Task?2

o A brief review of modeling methods for creep of welded structures was conducted which
concluded that although sophisticated continuum damage mechanics (CDM) approaches
are now available, their application, in light of the broad goals for this project, was limited.

o A simplified approach (analysis tool/methodology) was developed to evaluate the creep
rupture strength of a weldment relative to that of a base metal.

o The approach was benchmarked against selected high-temperature, long seam weldment
piping-faitures, ful-CHivtmodets,andcomponent testingexperience:

o The approach has good technical basis as similar research around the world has shown it
applicable for design purposes without over conservatism.

o The approach has been used to develop a simplified methodology to enable“quick anf
computational economical methods for evaluating WSRFs which, in Task 2-were applied
to a range of geometries and loading conditions to demonstrate the usefulness of the
approach

e Task1lb

o An application guideline for developing WSRFs was developed:on‘the basis of available
input data, the Task 2 modeling approach, and perceived needsfor design codes.

o A 5-step process was outlined:

= Develop Database

= Analyze Data

= Base Material Strength Factor(s)
= Application to Welded Structures
= Design Strength Ratios

o Akey feature of this process is the development of Base Material Strength Factors (BMSH)
extracted from standard size cross-weld-creep-rupture tests.

o Non-standard or ‘large’ cross-weld specimen data are not necessary but are useful in testing
out model assumptions.

o Critical input data for this approach are details on specimen geometry and failure locatiop
in cross-weld specimens.

o A general outline for data requirements is provided as part of the task.

o Task3
o Grade 22 analysis

= Segmenting the database to less than 20ksi was required to provide meaningfyl
datafits'for WSRF analysis

= Cross-weld data were used to develop a BMSF of 0.94 where the model predictefl
failure in the weld metal at the fusion line between the weld metal and the basg
metal which is consistent with a large percentage of field failures

»  Developed behavior from cross-welds suggested slightly weaker weld metdl
compared to the overall rupture behavior of the weld metal

= The BMSF and WSRFs for two weldment geometries are in general agreemerjt
with the statistical treatment of service experience (Task 1a report)

= Accelerated temperature creep testing will be useful for evaluating Gr. 22 weldef
material behavior.

= Based on-the-Gr—22-analysisand-experience—t-is-suggested-thecurrept- ASME
Section 1/B31.1 WSRFs for CrMo seam welds are conservative at temperatures
greater than 1000F (and potentially at lower temperatures as well).

o Subcritically heat-treated Grade 91

= A clear trend in changing failure mode was not observed for the developed
database, but the qualitative analysis suggested Type IV FG-HAZ failures can
occur at long times at 550°C.
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= The database analysis showed the behavior of standard cross-weld failures
identified as Type IV-HAZ resulted in strength factors as a function of time and
temperature. The magnitude of the observed reduction was higher than some
global cross-weld analyses of Grade 91. This was most likely due to this analysis
segmenting data by failure modes as opposed to grouping all cross-welds together.
However, final magnitudes were consistent with studies suggesting a long-time
high-temperature reduction ‘floor’ of 0.60.

LT QD O O 2 N m—

- /-\\pp=yi||g the |||cthudu=ugy dcvt::upcd of-this plUijt, the BMSHwas-found-tobe
a function of temperature with the value being 0.95, 0.85, and 0.82 for 550°C,
600°C, and 650°C, respectively.

= The model and inputs where applied at three temperatures to two seamsweld pipg
geometries representing two piping extremes: a thick-walled U-gioove ‘main-
steam’ pipe and a thin-wall X-groove ‘hot-reheat’ pipe geometry. These twp
geometries, using the same input data and BMSFs, produced differing WSRFs gt
100,000 hours. For the thick-section weld, time to ddmage initiation was
essentially the same as the calculated BMSFs, but for the.thin-section X-groovs,
damage initiation was predicted at slightly shorter-times (or higher-stresseq)
leading to WSRFs lower than the BMSFs.

= For Grade 91, the importance of weldment configuration of the WSRF was
demonstrated.

= |n the absence of modeling a range of geometries, careful long-term analysis @
standard cross-welds segmented by faildre*mode and/or failure location appear t
provide a lower bound for development of WSRFs.

o From the size effect analyses, it was found that trends for large specimens versus standar
specimens may be a function of testing time (applied stress) and temperature, so th3
universally opting for, or requiring lafge specimen weldment test data is not justified an
can even lead to non-conservative-predictions of component lifetime if applied directly.
The findings suggest that using.standard specimen data to back-out a base material strengt
factor and applying this facter to a structural analysis is the preferred method for helpin
establish WSRFs.

U™ =—h

O O
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h summary, this research represents an effort to evaluate material behavior and component performanc
and their interaction) for application in the safe design of weldments operating in the creep regime. Thes
nree reports provide the roadmap (Task 1b: Application Guideline), the methodology (Task 2), and th
ata (Task 1a) to develop WSRFs. The process has been demonstrated for two materials (Task 3). In th
ourse of this research, New insights were gained on field failure rates in CrMo seam welds, the behavio
nd usefulness of standard and non-standard cross-weld specimens was investigated, data and analysis wa
rovided in support.of needs on C-steels weldments, critical analyses and comparisons were developed fg
brade 22 and Grade 91 weldments, and information to guide data requirements was provided.
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1 INTRODUCTION

This report represents part of a larger research project aimed at developing weld strength reduction factors
(WSRF) and weld joint influence factors (WJIF) for service in the creep regime. The project is sponsored
by ASME Standards and Technology, LLC (project # 3052) with co-funding from the Electric Power
Research Institute. The overall objective of the project is to provide materials data and a methodology for
addressing weldments in ASME codes and design allowable stresses. This report covers Task 1a of the
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ork-whith—is—atiteraturereviewof creepfaitures-inwetded—components,approaches—to-wetd-strengt
eduction factors, and a compilation of creep-rupture data on welds and weldments. A review of gree
nodeling of weldments and structures is included in the Task 2 report.

Chapter 2 covers a detailed review of the service experience with chromium-molybdenum seam-welds an
rovides context for the industry failures in terms of the ‘survivor’ population. By comparing the statistica
istribution for base metal creep data and design, a unique perspective is gained on.the overall issue
Fxperience with creep strength enhanced ferritic steels are also provided in chapter 2, suggesting concer
pr Type IV fine-grained heat-affected zone failures in these materials. Some., discussion on servic
xperience differences between industry design practice is also discussed.

Chapter 3 reviews current design practices for weld strength reduction_factors within ASME and othg
odes. A historical review of the current ASME rules is provided along with equations used to develop th
ules. A number of different European practices are presented. Overall;'there exist considerable difference
etween approaches around the world.

Chapter 4 describes the development of the weld and weldment database for this project. Tabular data ar
ontained within the appendices. Some limited analyses-were conducted on the carbon steel data that wer
nostly limited to ex-service materials as part of this:eéxercise. Additional work was undertaken to revis
Id data and tested specimens from Grade 91 studies to develop additional data on failure modes that ma
e critical to analyzing the data. A review is also included on the numerous studies that have suggeste
veld strength reduction factors for Grade 91.
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2 CREEP FAILURES IN SEAM-WELDED COMPONENTS

This chapter summarizes experience with welded steel components operating at elevated temperatures. The
focus is on long seam-welded pressure boundary equipment for which designs may be directly impacted by
ASME Code rules involving weld strength reduction factors (WSRF) [1], [2]. Concerns for the integrity of
long seam-welded components operating at elevated temperature have stemmed from several failures, some
catastrophic, of low alloy CrMo steel piping in fossil-fueled electric power plants. As a result, the vast

najority of available data on failure experience and operational factors, and on research into the behavior

n
«
6
t
!
6
«
«
6
!

DD

—_—0 N =h ] DO C ~t T

S5 <SS O Mmooz

f high-temperature weldments has been related to power plant piping. Following is a description ofth
xperience with power plant long seam-welded piping, summary of some relatively recent experienee wit
he creep strength enhanced ferritic (CSEF) steels, results of a limited review into comparable pipingin th
rocess (refinery and petrochemical) industry, and implications of the assessment of the powerplant pipin
Xperience with respect to WSRFs. This summary of experience is intended to provide globab perspectiv|
n failure and damage rates of high-temperature long seam-welded piping with consideration of the mile
f piping that have evidently performed satisfactorily for decades. No attempt is made-here to provide g
xplain the possible root cause(s) of any of the failures. As such, the failures are listed and examined onl
vithin the context of reported design parameters.

DA (D D5 (D
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.1 CrMo Power Plant Seam-Welded Piping Experience

ollowing the catastrophic failure of a hot reheat pipe long seam weld at the Mohave power station in 1985
ne Electric Power Research Institute (EPRI) has been actively epgaged in documenting experience wit
se of long seam-welded piping at elevated temperatures, and)in developing and helping implemer
uidelines for the evaluation of such piping in service. This Section focuses on summarizing the body g
xperience that EPRI has documented on fossil power plant-long seam-welded high-temperature piping.
'he experience includes failures (ruptures and leaks), cases where damage in the form of cracking has bee
pund, and an estimation of the overall population ofifessil plant long seam-welded piping that has been i
ervice. The population estimate, that includes the‘survivors” and approximate duration of service, help
ut the documented cases of damage and failure“into perspective and provides additional general insigh
nto what WSRFs may be suitable for design-of low alloy CrMo long seam-welded equipment.

— —~+ = -
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luch of the damage and failure experience summarized here has been taken from EPRI’s 4" edition g
buidelines for the Evaluation of Seam*Welded High-Energy Piping [3]. This edition, an update of the 199
EPRI Guidelines [4], includes experience accumulated through to 2003. In addition, the 2003 editio
ocumented instances of damage detected using an advanced ultrasonic test method or the specific sear
veldment inspection procédure developed and recommended by EPRI in 1996. Prior to establishing th
eed for an enhanced damage detection procedure over that previously used (per ASME Boiler & Pressur,
essel Code, Section.V) and the development of the EPRI procedure, field inspections were generall
hadequate for detection of such damage. This summary therefore includes inspection-based informatio
enerated onlyZfter 1996. Over the last decade, there has been a significant reduction in the frequency o
bng seam-welded high-temperature failures in the power industry, perhaps partly due to the progressiv|
eplacement of seamed piping with seamless product and the increased frequency and enhanced quality g
h-service”inspections of seamed piping. The extent of seam-welded piping replacement is not precisel
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l1nown, so assumptions have been made in estimating the “survivor” population and duration of exposure|

2.1.1 Failures and Major Cracking

EPRI has documented 27 cases of failure and major cracking (near- or imminent failures) in high-
temperature seam-welded piping of fossil plants [3]. Of these, 20 cases have reported steam design
temperature and pressure, and pipe diameter and wall thickness information. These cases have been used
to illustrate where these worst-case instances of performance sit with respect to design pressure stresses as
compared against the ASME Code allowable stress for the material at the design temperature.Figure 67 is
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a summary of the 20 failure and major cracking cases, as prepared primarily from the data in Refs. [3] and
[4]. In three instances, as referenced in the table, other published data [5], [6] were used to infer the exposure
time and the operating temperature and pressure. In one case where operating hours were not available,
these have been estimated assuming 7000 operating hours per year of service. The table provides the
reported nominal design-type information (pressure, temperature, pipe dimensions, component type, weld

c

onfiguration) in each case. Also included in the table are the results of calculations made to help provide

a stress-based, WSRF-relevant perspective on these worst-case failures. Recognize that these cases
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dlbeit coarse, semi-quantitative assessment of the many miles of long seam-welded high-temperature pipin
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ontributing to damage, some possibly extreme, and cannot therefore be used in isolation to help establis
r evaluate WSRFs for design. However, they provide a conservative rough first cut in any,‘use g
xperience toward helping evaluate WSRFs for future design. Note that this chapter also includes-a first,
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hat have not failed, for a more balanced view of the issue.

or perspective on the negative margins against failure in terms of the ASME Codé base metal desig
Xpectations, in each of these cases, the nominal operating primary pressure hoop-stress was calculated pg
ne ASME Code design rule (Boiler and Pressure Vessel Code, Section | and®ower Piping Code, B31.1
pr the reported pressure and pipe dimensions. This “design” stress was then.compared against an estimat
f the stress that would be required to produce failure in the lifetime observed, assuming base metal ruptur,
trength properties. Two estimates of base metal rupture strength werekused — a mean stress that represent
xpected average rupture behavior, and a lower-bound “minimum’”stress that represents highly pessimisti
upture strength properties. The comparison was made in the formyof ratios — (operating) hoop stress/mea
tress and (operating) hoop stress/minimum stress. For Grade<22, the as-analyzed ASME Code data an
ata package on annealed Grade 22 [7] was used to estimate-'the mean and minimum stress for rupture i
ne observed lifetime and at the reported temperature. For Grade 11, a database comprising EPRI-archive
ata and the Japanese NIMS (National institute of Materials Science, formerly NRIM) database on Grad
1 was analyzed using a Spera function and a Larson-Miller polynomial. In addition, the ASTM Data Serie
DS 50 Larson-Miller rupture behavior average.and minimum curves for wrought 1-1/4Cr-1/2Mo-Si wer|
sed. The “EPRI-NIMS” database analysis~results provided average and minimum strength estimate
omparable to the ASTM DS 50 graphic predictions. Mean and minimum stress estimates from this analysi
vere used in Figure 67. For both Gradé_11 and 22, the lower-bound minimum properties used were 95%
tatistical lower-bound values as reported (in case of Grade 22) or as determined from the standard error op
tress via analysis of the data (Grade 11).
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'he following observations are made from Figure 67 and from the EPRI failures and major cracking
atabase:
e The experience’suggests that both Grade 11 and Grade 22 long seam weldments are susceptible tp
premature‘failure with no distinguishable preference between the two.

o Failure lifetimes in these documented cases represent a fraction of the expected lifetime of basg
metal_(<15%); the failure lifetimes varied from 88,000 to about 300,000 hours, with a mean gf

about 186,400 hours.

o «..None of the documented instances of failure and major cracking have been explained on the basis
of abnormal operating conditions or cycling.

D

\Alhal

—Whieirferiorweld-metal-creeprupture-properties-duete-high-exygenhighreclusion-preducing
acid flux use in submerged arc welds could be a contributing factor in some cases [8], this by itself
does not explain all of the failures and the many miles of long seam-welded “survivor” piping.

e The failed thicker-section main steam line weldments generally endured longer exposure times than
did the failed thinner section hot reheat pipe weldments.

e The thicker-section main steam weldment failures were consistently Type IV failures in the fine
grain HAZ in base metal or in weld metal at the centerline or associated with a repair weld.
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e The thinner section hot reheat line weldment failures were predominantly fusion line failures (weld
metal very near fusion line) typical of the breadth of experience with this class of components.

e Indications are that the thinner section hot reheat weldments can also experience Type IV fine grain
HAZ cracking and failure over longer exposure durations.

o The database does not conclusively illustrate what determines the “winner” of the apparent
competition between fusion line and Type IV cracking. Damage is potentially driven by the stress
(and strain gradients) associated with section thickness and the relative width of the heat-affected
ZOnNe, Dy The geometry of the weld (Thinner section double-V Versus thick-Section single-U), and by
the post-weld heat treatment (subcritical versus normalized and tempered).

e Except for one case that appears to be an outlier, the ratio of the nominal operating pressure-stres|
to the mean rupture strength of base metal for the duration of service at operating temperature varie
between about 0.5 and 0.7; and the ratio of the nominal operating pressure stress tothe minimun
rupture strength of base metal for the duration of service varies between about 0.65 and 0.85.

e Froma WSREF perspective (discussed in some detail later in this chapter), these warst-case incident
may be considered to reflect an average inferiority in weldment rupture strength of 50-70% to thg
of base metal.
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Codes
Figure 67— Tabte of EPRI Databaseof - Setectincidents of Major CrackimygarndFaiture of tomg—Seamm=Wetdgd Piping
Hoop ASME
b c . d d
Weld Exposure Min. Wall [stress, o | Allow” o | Min~ o | Mean" o | Hdop ¢~ | Hopp o
Plant Unit MW Vintage Pipe Typea Ceometry time, t, Hrs T(F) P(psig) OD (in) (in.) (ksi) (ksi) (ksi) (ksi) /Minc | /Mgan o Mode Locatione
S1 220 62-79 |[HRH Bend(11) Double-V 120000 1000 488 20 0.74 6.25 6.3 8 10.3 0.75 0.61|Rupture FL
S2 220 62-92 |[HRH Bend (11) Double-V 212000 1000 488, 20, 0.74] 6.25 6.3 7.2 94 0.84] 0.69|Leak FL
M2 750 71-85 |[HRH Straight (11) Double-V 88000 1000 597 30 1.313 6.40 6.3 8.4 10.8 0.72 0.59|Rupture FL
P1* 326 60-85 |[HRH Straight (11) 175000 1000 484, 17.75 0.81 4.96 6.3 7.4 9.6 0.64] 0.52|Maj Cracking |NR
F 745 70-86 |[HRH Clamshell Elb (11) |Double-V 101000 1000 600 30 1.4 6.01 6.3 8.3 10.75 0.69 0.57|Maj Cracking |FL
U NR ??-'97 ||HRH Clamshell Elb (11) 152341 955 575 27 0.9 8.33 9 10.7 14 0.72 0.59|Rupture NR
MS3 570 65-93 |[MS Header Out-Lead (11)|U-Groove 172000 1000 2640 20 3.375 5.97 6.3 7.5 9.5 0.77 0.63|Maj Cracking |Type IV
FG-HAZ of
Repair
SB1 147 60-95 [[MS Clamshell Elb (11) 278500 1000 2000 14 2 5.60. 6.3 7 9.1 0.80 0.65|Leak Weld
ECG4 250 62-01 |[HRH Bend (11) Double-V 160000 1000 465 20 0.832 5.26 6.3 7.6 9.8 0.67 0.55|Rupture FL
M1 760 70-86 |[HRH Straight (22) Double-V 97000 1000 730 32 1.505 7.25 8 9.94 12.05 0.73 0.60|Rupture FL
FL(HAZ of
J 200 57-85 |[HRH Straight (22) Double-V 184000 1050 360 18 0.75 4.07 5.7 6.03 7.31 0.67 0.56|Maj Cracking [Repair)
G2** 250 57-85 |[HRH Straight (22) U-Groove 174000 1050 390 27.5 1.125 4.49 5.7 6.05 7.33 0.74] 0.61|Maj Cracking |FL
B 1120 75-87 |[HRH Straight (22) Double-V 80000 1000 720 36, 2.25 5.26 8 10.35 12.59 0.51 0.42|Maj Cracking [FL
FL& Type
C NR 65-93 |[HRH Straight (22) U-Groove 150000 1050 515 27.64 1.44 4.58 5.7 6.31 7.59 0.73 0.60[Maj Cracking [IV
FG-HAZ (W
MS1 570 65-90 |[MS Link (22) U-Groove 152000 1000 2640 16, 2.75 5.83 8 9.2 11.22 0.63 0.52|Maj Cracking |Center)
FG-HAZ (W
MS2 570 65-92 |[MS Link (22) U-Groove 168000 1000, 2640 16 2.75 5.83 8 8.91 10.72 0.65 0.54|Leak Center)
G1 880 74-93 |[MS Header Out-Lead (22)|U-Groove 156000 1000. 3600 18 3.625 6.42 8 9.33 11.48 0.69 0.56|Leak Type IV
Cl 552 72-99 |[MS Link (22) NR 198000 1000 2500 20, 3.032 6.50 7.77 8.6 10.23 0.76 0.63|Leak NR
H5*** 500 67-98 |[MS Straight Vert (22) J-Groove 200000. 1005 2500 18 2.75 6.79 8 8.3 10.7 0.82 0.63|Rupture ID-to-OD
SIA*** 565 65-96 |[MS Straight (22) NR 190000 1000 2640 20 3.5 5.69 7.77 8.5 10.1 0.67 0.56|Rupture NR

a: HRH: Hot Reheat; MS:
b: ASME I/B31.1-calculatd

c: Current ASME Section |

d: Mean and Minimum (M
N&T Grade 11 (curve-fit c

e: NR: Not Reported; FL: H

Nain Steam; Elb: elbow; Vert.: Vertical pipe'\run

d stress

IAllowable Stress for SA-335 (Gfades 11 and 22)

usion Line; HAZ:/Heat-Affected Zone; FG: Fine Grain; W: Weld

* Estimated hours at 7,000/year

** Exposure time inferred from other published data [5]

*** Exposure time and operating temperature & pressure inferred from o

in) rupture stress for observed failure time determined from analysis of EPRI & NIMS database for
bmparable to ASTM DS50)and ASME Code Data ("Annealed" Grade 22) [7] (minimum curve used is the 95% lower-bound on log [rupture tim

her published data [6]

e])
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2.1.2 Cracking and Damage from Inspections

In addition to the 27 cases of major cracking and failure, EPRI has also documented instances of minor
cracking and has surveyed fossil power plant owner-operators for their findings from in-service inspections
[3]. The survey findings briefly summarized here include only the results of in-service inspections
reportedly performed using advanced ultrasonic methods or the specific EPRI-recommended procedure
published in 1996 [4]. For reasons having to do with the inadequacy of inspections performed prior to 1996
and a consequent underestimation of the extent of damaged equipment, the results of the first EPRI survely
immediately following the Mohave failure (1985-86) have been excluded from this summary.

4.1.2.1 Minor Cracking

Sixteen cases of minor cracking in long seam-welded CrMo piping have been summarized,[3]' These case
include 7 base-loaded, hot reheat pipe weldments, and 9 thick-section main steam pipe weldments, 5 of thg
were reportedly in cycling or peaking service. Reported operating steam temperatufe was 1000°-1005°
(P38°-540°C), except in one case of a hot reheat unit with temperature of 950% (510°C) and one mai
steam unit with a temperature of 900°F (482°C). The nominal margin on the design pressure stress is ng
K
r
q

= O

nown in most cases. The operating hours were estimated from the reported\service duration using 700
ours of operation per year, and the estimated operating hours varied from‘alow of about 147,000 to a hig
f 343,000 hours with a mean of about 232,000 hours.

= I ~+ I

4.1.2.2 Inspections Survey

Rollowing development of its 1996 Guidelines [4], EPRI.completed a survey of seam-welded pipin
ipspections. Reportedly, these inspections were conducted using advanced ultrasonic procedures g
fpllowed the procedures put forth in the 1996 Guidelings [4]. This survey covered 162 units with 47,00
f
q

= O = OO

pet (14,000 m) of seam-welded high-energy piping.*<The reported inspection results were from inspectio
f 30,000 feet (9,000 m) of in-service seam weld.

The reported flaws included:

o 37 flaws that were >0.2 inch (5 fxim) deep

e 23 flaws that were 0.1-0.2 ingh (2-5 mm) deep with a continuous or intermittent length (parallg
to seam) >2 ft (0.6 m)

e Hundreds of short flaws,.0.1-0.2 inch (2-5 mm) deep

Results of this survey suggested a significant fraction of reported flaws were non-propagating.

2.2 Creep Stfength Enhanced Ferritic Steels Long-Seam Experience

This section summarizes some of the published experience with long seam weldments of the relatively nev
glass of creep_strength-enhanced ferritic (CSEF) steels that are subject to WSRFs via ASME Section | an
B31.

| ——

\Vhile’the focus of this chapter is on the low alloy CrMo steel long seam-welded piping for which there has
been a great deal of documented pylnpripnr‘p' itis npprnprinrp to hripfly mentiaon the creep Q'rrpng'rh enhanced
ferritic steels (CSEFs) in current use. These steels include Grades 91, 911, 92, 122 and 23, although long
seam-welded 92 would not currently be ASME Code-compliant (the plate form is not ASME Code-listed).
Except for Grade 91, the relevant thick-section welded component experience with these steels is relatively
limited.
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Many of the CSEF steels have shown a susceptibility to premature weldment cracking and failure in the
creep temperature range, and are potentially subject to long seam weldment WSRFs as are the low alloy
CrMo materials.

Grade 91, for which considerable experience has been gained since its commercial use began in the 1980s,
has experienced a multitude of thick-section weldment cracks and failures (e.g., [9], [10], [11], [12], [13],
[14]), including a few failures associated with long seam weldments ([13], [14]). The vast majority of the

C al o4 1ol + £ la o £ 4l b | AW AR PHen | Y P | H +la £ H
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ntercritical region of the heat-affected zone (HAZ). In one long seam-welded pipe case where nomingl
perating and design information were reported, the failure occurred, May 2001, in the intrados seamwel(l
f a hot reheat pipe clamshell elbow after about 65,000 hours of operation at a maximum temperature gf
105°F (596°C). The failure was predominantly associated with Type IV cracking apparently\initiated g
he cusp location (near the ID) of an asymmetric (cusp near ID) of a double-V weld.

—

lominal pressure stress levels appeared to have been less than 50% of the base material expected minimur
nd average rupture strength. The failure was attributed to stress intensification atthe elbow intrados, locg
tress concentration at the double-V cusp, and excessive weld heat input rate that produced hot cracking i
he weld metal and reduced the strength of the joint [14]. Regardless of the relative contribution of the man
ossible factors, the nature and location of the failure indicates that damage drivers operative in this cas
re similar to those seen with the low alloy CrMo weldments experiericing the Type 1V problem, albeit o
different time and stress scale.

= DN D -

Regarding Grade 122, there have been published reports of at least one long seam-welded Grade 122 pipin
pilure in Japan (noted in Refs. [14], [15]), and unpublished feports of at least two such failures. Reportedi
14], one of the failures (June 2004) occurred in the long seam weldment of a hot reheat pipe after abod
3,000 hours of operation at a maximum temperature.6f+1121°F (605°C). In this case, the reported noming
ressure stress was about 10% higher than what is-currently permitted by Code Case 2180 of the ASME
Boiler and Pressure Vessel Code, but still less than about 75% of the expected base metal average ruptur,
trength. This failure occurred in the Type IV region [15], although details are not known. It is generall
cknowledged that many of the CSEF steels are susceptible to the Type IV HAZ damage phenomenon (e.g
16]). At the present time, however, theresis insufficient detail available on the weldment cracking and fiel
se and failure experience with these steels to help provide a perspective on WSRFs.

o SR B ) (o

'here exists some laboratory-¢eross-weld data that allows for a preliminary assessment of weldmer
enalties associated with this,form of cracking in case of some of the 9-12%Cr steels. While the laborator
ata need not reflect field,behavior, a few comments are in order. Following the Grade 91 and 122 lon
eam weldment failure experience in Japan, the Japanese Nuclear and Industrial Safety Agency conducte
review of laboratory cross-weld data for several CSEF steels (91, 92, 122 and 23) [15]. A review [17] @
ne published Grades 91, 92, 122 and 23 lumped Larson-Miller parametric analysis of Yoshida et al. [15
uggests various reduction factors on rupture strength as shown in Figure 68 below. The reduction factor
vere estimated as a ratio of the Yoshida et al. average curve-fit-calculated 100,000-hour cross-weld ruptur
trengthito 1.5 times the listed ASME Code allowable stress for pipe. Yoshida et al. used a split-regio
nalysis for Grades 92, 122 and 23, and in these cases, the long-term behavior has been used for th

D DO (D O e = L CJ X —~+

= _Q N < Nt Q) N OO TS

diction factor estimation
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Figure 68: Table of Estimates of Strength Reduction Factors Reflected in the Best-Fit Average
Larson-Miller Behavior of Laboratory Cross-Weld Data of Yoshida et al. [15] Compared with

Approximate Average Behavior of Base Metal*

Material | 900°F 950°F 1000°F 1050°F 1100°F 1150°F 1200°F
(482°C) | (510°C) | (538°C) | (566°C) | (593°C) | (621°C) | (649°C)
91 1.0° 1.0 0.90 0.83 0.79 0.73 0.73
92 1.0 1.0 1.0 0.82 0.69 0.57 0.45
122 1.0 1.0 1.0 0.84 0.73 0.64 0.53
23 1.0 1.0 1.0 0.84 0.64 0.63 | 0°

1
i
p
I,.
!
V
H
i
q
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industry in that there have_reportedly been very few failures. The American Petroleum Institute (AP

in catalytic refermer units. However, the details on these failures are not available, except that as indicated

Average base metal rupture strength taken as 1.5XxASME Code allowable
. Calculated factors >1.0 have been truncated at 1.0
: Calculated weldment strength exceeds “ASME average” base metal

'he calculated reduction factors of Figure 68 are based on limited laboratory data and’presented only fg
reliminary perspective on the CSEF steels. Other laboratory test-based findings-give similar results. Fg
xample, Abson et al. [18] have reported comparable 100 khr rupture strength.reduction factors on tests g
brade 122 cross welds. The UK Fourcrack program concluded, in a study of\Grades 911, 91, 92, and 12
veldments, that the weldment creep rupture strength falls toward a floor“value of about 60% of the bas|
netal strength in the longer term [19]. A key aspect of the UK perspective(is that the WSRF gets lower wit
ncreasing creep exposure time.

= DI = = =

LI

 summary, at a minimum, the CSEF steels should be considered susceptible to premature Type IV HAJ
amage and failure, although the field experience is currenthy: insufficient to help provide full perspectiv|
n WSRFs for these alloys. The laboratory cross-weld specimen data for these steels, while not necessaril
irectly reflecting expected in-service behavior, previde a means of inferring in-service behavior vi
uitable stress and data analyses. This issue has been examined as part of a separate task in this project.

T X (D

.3 Process Plant Long-Seam Experience

Briefly included in this section are comments on the experience with long seam-welded piping in process
lants primarily in the refining and petrochemical industries.

'he long seam-welded compongent ‘experience in process plants contrasts with that in the electric pows

=

)
eports in its APl Recommended Practice 571 [20] that cracking has been found at long seam welds in somg
igh temperature piping'and in reactors on catalytic reformers. A detailed search and review of the availablp
ublished informationen the subject, however, revealed only one fully documented instance of a long seam
velded Grade 14.pipe having failed in a refinery catalytic reforming unit [21], [22]. As reported b
Buchheim et alin describing this failure [22], there were two other low alloy steel seam weld pipe failure

O <<

ne failute was attributed to a poor factory repair of the weld seam, and the other to severe mismatch at th
veld.
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This documented failure [21], [22] occurred in a vertical section of thin-wall, large diameter pipe (36 in.
OD, 2 in. thickness). The failure occurred at the weldment with the predominant cracking having occurred
at the fusion line, a location common to the thin-wall reheat piping failures in fossil plants (Figure 67).
Reportedly, the pipe had been in service for approximately 100 khr with operating conditions varying
between 970°-1000°F (521°-538°C) and 150-170 psig (1034-1172 kPa) temperature and pressure,
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respectively. For the range of operating conditions, a set of nominal calculations were made as were done

in developing Figure 67.

The ratio of the nominal operating pressure stress to the mean rupture strength of base metal for the duration
of service at operating temperature is estimated at about 0.4 to 0.6; the ratio of the nominal operating
pressure stress to the minimum rupture strength of base metal for the duration of service is about 0.5 t0 0.7.
Fallure I|fet|me in thls case represents a very smaII fractlon of the expected I|fet|me of base metal (1 to 6

prprng farlures mdrcatrng that the fallure was even more premature than what has been seen W|th the pows
glant piping incidents. There is at least one reason for this: as explained in the failure investigation [22], th
gipe had a significant weld peak profile (0.31 in. maximum radial deviation from circular or-abolt a 5§
deviation) that elevated the maximum effective stress by nearly a factor of 4 as elastically. determineg
gersisting even with relaxation to about 1.4 in 100 khr. The apparent crack initiation location at the wel
tpe at the pipe ID is consistent with the peaking effect.

The design parameters for the failed pipe were not reported, but the operating conditions reflect a significarn
margin on lifetime with estimated expected average base metal lifetime well above one million hours an
ds high as six million hours for the lowest temperature and pressure condition.”Put in terms of stress an
temperature: (1) at the reported maximum operating temperature of 1000°F (538°C), the Code-calculat
gressure stress has about a 5 to 15% margin on the allowable; (2) at the reported lowest operatin
temperature of 970°F (521°C), the Code-calculate pressure stress has about a 25 to 35% margin on th
dllowable; (3) depending on the operating conditions, the calculated Code-allowed temperature margin cal
Re as high as about 55°F (31°C) above the operating condition:

2.3.2 Comment

This review did not include a survey of the design, ‘eonstruction and operating conditions of long seam
welded high-temperature components in the process industry. As a result, the contrast in failure experienc
Retween the electric power and the process industry cannot be fully explained.

It is possible that the difference in experience in the two sets of industries relate to differences in desig
rpargins. Preliminary indications are-that design temperatures may be 25°-50°F (14°-28°C) higher than th
rmaximum operating temperature (e.g:7[23]) in case of refinery/petrochemical component designs. The nee
tp accommodate variations in qressure and temperature beyond the normal operating conditions may, i
gome process industry environments, drive piping designs toward higher margins. In addition, while th
germissible variations inshort-term pressure and temperature excursions beyond design are greater in cas
qf ASME B31.3 processpiping than are those for ASME B31.1 power piping, the requirement on the B31.
designer to determine-that such variations do not impact safety can also drive the design toward highe
rpargins. The relativély high margins (compared with typical power plant piping) associated with the on
documented refinery piping failure is one illustration of the design difference.

In summaary, proper understanding of the process industry experience will require a survey of that industr

for details on its use (design, fabrication and operation) of high-temperature long seam-welded components.

D
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24— tmptications to WSRF

The low alloy steel long seam weldment piping damage and failure experience documented by EPRI for
fossil power plants has potentially quantifiable implications with regard to what weld strength reduction
factors (WSRFs) may be appropriate for this class of weldments. The database of experience in case of

other materials such as the CSEF steels, however, is currently too limited to permit any quantification. Thi
section is therefore restricted to an evaluation of the low alloy CrMo long seam weldment experience.
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Given (a) that there have been numerous cases of long seam-welded piping failures that have occurred in a
fraction of the lifetime that is expected for all-base metal piping (<15%); (b) that these failures have
occurred at nominal operating pressure stress levels well below a level that would be expected to cause
failure in all-base metal piping in these service durations (50-70% of expected stress); and (c) that the mode
of failure can be catastrophic, an immediate inference drawn is that these failures reflect a need for
imposition of a WSRF in this class of components. However, since the documented cases of failure and
damage represent a very small fraction of the population of relevant components, it is important that the

Lvmaﬂ CAPCLiCll\/C, iududiug ﬂlC “bul ViVUl” pupulaﬁuu, 1UC bUllbidClCd ill abbebiug ﬂlC illl})hbatiullb t
WSRFs. This section focuses on an aggregate, global, semi-quantitative evaluation of the damage. an
failure experience in fossil plant low alloy steel long seam-welded piping in terms of a rate of ‘failur
measured against the performance of the overall population. The evaluation is a coarse, approximate on
that required making a set of assumptions in order to estimate the extent of seam-welded'\piping an
gssociated operating hours for the population of such piping, data that are not available.

4.1 Damage and Failure Rate

[\\bY

ince any quantitative assessment of experience requires knowledge of the operating time and the lengt
f seam weld, an “exposure” parameter has been defined and used, represented by the arithmetic produg
f the length of weld and the operating time. The exposure is defined as:

Qo 0O (N

Exposure (ft-hrs) = Length of long seam-welded piping (ft) x Operating time (hrs)

A Damage or Failure Rate can then be defined as the Exposurg associated with damaged or failed pipin

()

ile.,
Exposure of Pamaged or Failed Seam—Welded Pipin

ivided by the Exposure associated with the overall population of long seam-welded piping of this clasy;

T (D (D I O

— =
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Pamage or Failure Rate = Exposure of Population of Seam—Welded Piping

Bstimates of rates were made for the 27 cases of major cracking and failure, and also for the damag
represented by the minor cracking cases and the inspection survey results. The minor cracking cases an
the number of potentially significant flaws of the inspection survey total 76 (16 cases of minor crackin
and 60 reported inspection flaws).(The number of units represented in this database of failures, ming
gracking, and surveys is 204. For perspective on the size of this sample, the United States EIA (Energ
Information Administration) 2006 database indicates a total of 2157 fossil units of size >30 MW operatin
in the US. Thus, the sample,size used here is roughly 9.5% of the total number of units, but would b
donsiderably higher if anly units with long seam-welded piping are considered. The same EIA databas
dllowed for an estimation of the average age of these fossil units as 34 years, the number used in estimatio
af operating hours:

Calculation.af Exposure requires knowing the length of piping of concern and the operating hours, both o

several ‘assumptions were made:
o) "Average susceptible seam-welded piping per unit is 290 feet (based on survey reporting 47,000 fegq

which may<not be reported or easily available. In order to conduct this assessment and utilize the datg

= (D D OJ X — & LI

=
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for 162 units)

e Forsurvey data, assumed 10 ft of affected or damaged piping in each instance of reported flaw

e For EPRI-tabulated data on failures and major cracking, assumed 20 ft of damaged/failed pipe

length in each case, except for S1 and S2 where specific inspection data and damaged pipe length
were reported
o Where exposure time is not known, assumed 7,000 operating hours per year of service
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e Assumed that on average, 50% of all fossil units had seam-welded HRH piping until 2003; this
assumption is intended to partly account for post-1986 long seam-welded piping replacement with
seamless piping and the mix of inventory of seamless and seam-welded piping in fossil plants

Figure 69 summarizes the Exposure parameters derived for the overall population of long seam-welded
piping and the subsets of piping that experienced major cracking or failure, piping that exhibited minor
cracking and damage from the inspection survey, and the subset of the seam-welded piping population that
ipctudedontyunits-thathad-faituresand reported-cracking:

Figure 69: Table of Exposure Parameters Estimated for Long Seam-Welded Piping in Fossil
Power Plants

Relevant Piping Length Average Operating Exposure
(ft) Hours (ft-hrs)
Failures & Major Cracking 533 161,370 8.6 E+07
(27 cases)
All Damage? (103 cases) 1,453 208,530 3.03 E+08
Entire Population 312,765 238,000 744 E+10
Only Units Inspected / Affected 59,160 220,080 .30 E+10
(204)

a: Includes failures, major cracking, minor cracking and inspectiops survey

=

Rigure 70 is a summary of the result of a set of Failure Rate<calculations using the Exposure parametg
alues of Figure 69. The table includes several measures of Failure Rate:
e Only the cases of major cracking and failures measured against the Exposure of the entir]
population. This is assuredly non-conservative since it excludes the minor cracking and results g

the inspections survey that include numereus instances of damage.

e All of the damage cases that include failures, major cracking, minor cracking, and the results of th
inspections survey measured against the Exposure of the entire population. This estimate may b
considered a best-estimate, but sifice it excludes unreported data, it is possibly non-conservative.

o All of the damage cases, but-measured against only the units that were inspected or that wer
associated with failures or ctracking. In this case, the denominator excludes the majority of th
population for which there is no reported data or failures. As such, this estimate is believed to b
conservative.

<
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Figure 70: Table of Estimation of Failure Rates

Case Failure Rate % | Comments

Failures & Major-Cracking/Entire 0.11 Non-conservative; excludes inspection survey
Population and minor cracking

All Damage/Entire Population 041 Best-estimate, but potentially non-conservative
All Damage/Only Inspected or 2.3 Considered conservative; large fraction of
Affected Units population excluded in denominator

The estimated failure rates provide semi-quantitative support for WSRFs, given that for this class of CrMo
seam-welded piping, the experienced rates have been >0.4% and can conservatively be put at 2.3%. As
described below, for perspective, these rates were compared against corresponding percentiles of the
statistical distribution of rupture strength for a base metal data set.
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2.4.2 Perspective on CrMo Failure Experience

One way to gain perspective on the estimated failure rates of CrMo long seam-welded piping is to look at
what these failure rates correspond to in a typical distribution of rupture strength properties. This may be
done by considering the estimated failure rates to be equivalent to the probability of failure in a statistical
distribution of rupture strength. A review was conducted of the statistical distribution of the laboratory data
used in developing the ASME Code allowable stresses for Grade 22 (2-1/4Cr1Mo) steel [24]. That ASME
data package includes a description of the as-analyzed normal distribution on both log (rupture time) and
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n log (rupture strength or stress). The distribution on log (rupture strength) for annealed Grade 22 wa
sed for this exercise.

Ref. [24] lists the standard error of the estimate (SEE) of the log normal distribution of rupture\strength, a
5 0.0474526. The SEE can be easily used to determine the statistical lower-bound percentile.or probabilit
f failure for any selected stress level (area under the standard normal curve below theselected stress

Lonversely, the stress-to-mean rupture strength ratio corresponding to any lower-bound percentile can b

FFigure 71: Table of Points of Interest on the Grade 22 Statistical Rupture Strength Distribution of

Ref. [24]
6/Gave® Lower-bound
percentile or P
Minimum stress 0.835 495%
Allowable stress 0.667 0.011%

a: cave= average stress in the distribution; b:Pr = Probability of Failure or Failure Rate

By comparing the failure rate (i.e., probability of failure) estimates in Figure 70 with the number
ppresented by the minimum and allowable<stress levels of the selected Grade 22 base metal distribution i
igure 71, it can be seen that while the estimated seam-welded piping failure rates are well below the failur
robability of Grade 22 base metal at'the minimum rupture strength, they are, not surprisingly, significantl
reater than what may be expected for base metal at stress levels at and below the Code allowable. Th
uestion that remains then is what relative base metal design stress levels would the estimated failure rate
orrespond to for this specific.Grade 22 distribution of rupture strength?

igure 72 illustrates what'each of the estimated failure rates of Figure 70 correspond to by way of stres
bvel, o, in the distribution of rupture strength. The stresses are presented as ratios to the average stress
pave, and to the alfewable stress, caiow Of the distribution. The caiow/o ratio reflects a multiplier on the failur,
pte-correspanding stress level needed to bring the failure rates down to that represented by the allowabl
tress for.this distribution. As such, this exercise and the caiow/c ratio provide a general failure rate-base
erspective on a WSRF.

vhere the ratio of the rupture strength to the estimated mean strength of the distribution is known).

etermined. Figure 70 illustrates points of interest in the Grade 22 rupture strength@istribution of Ref. [24].
Note that Ref. [24] indicates that the minimum stress was defined to be at the 4195% lower-bound percentile.
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Figure 72: Table of Stress Level, o, in the Distribution of Grade 22 Rupture Strength,
Corresponding to the Estimated Failure Rates of Figure 70

Case Failure Rate % Oave/C | Oallow/C Comments
Failures & Major 0.11 1.40 0.93 Failure rate is non-
Cracking/Entire Population conservative
All Damage/Entire 0.41 .33 0.89 Best-estimate failure
Population rate, but potentially non-
conservative
All Damage/Only Inspected 23 .24 0.83 Considered a

or Affected Units

conservative estimate of
failure rate

ince the evaluation included consideration of the survivor population of long seam=welded piping,
rovides a more balanced view on the margins against failure in this class of welded CrMo piping, abser
he imposition of any design WSRFs. To be clear, there is no specific recommengdation intended here wit
pgard to application to design, although this preliminary quantification of experience, heretofore unknowr
5 a useful benchmark for the development of WSRFs.

= =
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3 CURRENT DESIGN PRACTICES FOR WELD STRENGTH REDUCTION

FACTORS
3.1 ASME Approach: Section Il N-H

3.1.1 Section Il N-H

he history of construction rules for high-temperature nuclear components was summarized by Snow an
Jakub in 1982 [25] and Dhalla in 1991 [26]. Although the rules for welded construction were central to'th
garly codes, which considered materials such as 304H and 316H stainless steels in Code Case #331-
(L971), no mention was made of stress factors for welds for creep or fatigue until the 1980s. Minutes fror
BPV code committees show that consideration of weld metal strength for use in the high<temperatur
rjuclear code began in the BPV SG-Elevated Temperature Construction and the SG-Strength ef Weldment
in the early 1980s and was based on research undertaken in the 1970s to support the design and constructio
rules for the Fast Flux Test Facility (FFTF) at Hanford [27] and the Fast Breeder Reagtor programs at Oa
Ridge [28]. By 1984, correlations for the stress-rupture strength of the filler metals ‘for 304H and 316K
stainless steels appeared [29], [30], [31]. For the 304H stainless steel filler metal, namely 308 stainless stee
the specific model used to represent the rupture life, t,, was as follows [29]:

log tr = Ch -0.01573 S -0.02043 T -0.002185, Tlog S,

where t, is the life in hours, Ch is the average “lot Constant,” T jsstemperature in Kelvin, and S is stress i
MPa. The value for the average Cy is given as 27.862.

|

'he specific model used to represent the rupture life, t;, for one of the 316H stainless steel filler metals
rlamely 16-8-2 stainless steel, was as follows [30]:

log tr = Ch -0.01044 $<0.01702 T -0.005687 T log S,

=

vhere t, is the life in hours, Ch is the average™lot Constant,” T is temperature in Kelvin, and S is stress i
MPa. The value for the average Cn was given as 31.525.

The specific model used to represent the stress-rupture life, tr, for 316 stainless steel filler metal was a
pllows [30]:

—$

log tr = Ch -0.0102 S -0.01387 T -0.002668 T log S,

=

vhere again t; is theife in hours, Cy is the average “lot Constant,” T is temperature in Kelvin, and S i
tress in MPa. The value for the average Cs is given as 22.483.

(7]

The specific'models used to determine the stress-rupture life relationship with stress and temperature fg
the fillermietals for alloy 800H and 2 1/4Cr-1Mo steel and were not found in the minutes and other record
that were available. However, the data that formed the basis for the stress-rupture models used for the allo

= N DO O b oS5 OTr

00H filler metal, namely alloy A (ENiCrFe-2) and alloy 82 (ERNiCr-3), are reviewed in another sectio

- < OO =

of this report.

The Stress Rupture Factors for weld metals were proposed for CC N-47 in the mid 1980s. The Stres

S

Rupture Factor, R, was defined as the average rupture strength of the deposited filler metal to the average
rupture strength of the base metal. The limits for load controlled stresses, currently covered in NH-3221 for
weldments, made use of the Stress Rupture Factor, R, in two ways. First, the allowable limit of the general

primary membrane stress intensity, Sm, had to be taken as the lower of Sy or

7
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0.8SrxR.

where S, was the expected minimum stress-to-rupture strength. Second, the temperature and time-dependent
stress intensity limit, S;, had to be the lower of S; or

0.8SrxR.

|

[hus, it was necessary to provide the minimum stress-to-rupture strength correlations with time.angd
bmperature as well as the R values to make use of the Stress Rupture Factors in design.

—*

urther modifications of the Stress Rupture Factor values were undertaken in the ensuing-years and a
dditional material, 9Cr-1Mo-V steel, was included. In the case of the 9Cr-1Mo-V steel, however, the Streg
Rupture Factor was based on the results of cross weld tested specimens rather than deposited weld metg
pecimens. The correlation for the stress-rupture of 9Cr-1Mo-V steel was developed by Brinkman and cg
vorkers [32], [33] and the specific model was as follows:

< O T D T
1 - =

log tr = Ch -0.0231 S -2.385 log S, -0.01387 T +.31080/T,

where again t; is the life in hours, Cy is the average “lot Constant,” T\is temperature in Kelvin, and S ifs
stress in MPa. The value for the average Cn was given as 24.257.<Fhe ' model was numerically identical tp
the base metal, except for the value of the average lot constant. The effect of the model was to producg
values for R that were not time-dependent.

By 1986, “reduction factors” for weld metal were propased for use in CC N-253. Included were fillers far
04H, 316H, alloy 800H, 2-1/4Cr-1Mo steel, and 9Cr-1Mo-V steel. Values that appeared in Table C 1.3 gf
LC N-253 were based on the stress factors for 100,000 hours. Finally, in 1987, creep and fatigue reduction
pctors appeared in CC N-47-26. Corum [34] published the technical justification for the factors that werg
he same as those that appear in 111-NH today.Other weldment issues addressed by BPV I11-NH were briefly
overed by Jetter [35].

QO = =h M )

briffin summarized a number of weldment issues related to safety [36]. The concerns of the Nucleg
Regulatory Commission were identified as follows: a) early crack initiation near the inside wall of welfl
HAZs; b) deleterious effects associated with large variations in the materials properties within the weld
one that could lead to creep-fatigue or creep-rupture damage; and c¢) the damaging effect of time rate, cyclg
ate, and hold time op.thé propagation of long shallow cracks in the HAZ of the weldment. No issue
pecific to the use ofthe’stress factors were identified but a “confirmatory program” to address several othg
mportant issueswas‘outlined [36].

=

= = N T T~
I

3.2 ASME Approach: Section | and B31

3.2.1s.Background on Universal ‘Presumptive’ Factor

Ih 2007, ASME took broad action to adopted weld strength reduction factors (WSRF) for longitudinal seam
welds operating in the creep regime. The actions focused on Section I, B31.1, and B31.3. The impetus for
this work was a concern that various studies have shown reduced creep life for weldments compared to
base metal, and the failures of seam welded components in the fossil power industry (already discussed in
detail in chapter 2). The initial proposal was based on work conducted within B31.3 for a ‘presumptive’
weld strength factor [37]. In the absence of specific data, the developed weld strength reduction factors in
ASME Section I11-NH at 100,000 hours were plotted and a universal factor was fit to the data that varied
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from 1.0 at 950°F (510°C) to 0.5 at 1500°F (816°C). Figure 73 is a plot of the 100,000 hour reduction

factors taken from ASME Section 111-NH along with the proposed ‘presumptive’ weld factor (factor).

Figure 73: Basis for Universal ‘Presumptive’ Weld Factor from [37]
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3.2.2 Development of WSRFs far Section |, B31.1, and B31.3

This universal ‘presumptive’ weld ‘factor was further developed by an ASME standards committee t
develop factors that were adopted.in ASME Section I, B31.1, and B31.3 in 2008. Numerous changes wer
made to the original factor_proposal. First, the factor was only applied to components fabricated with
Ipngitudinal seam weld (girth welds for example were not addressed). Second, the slope of the universa
‘presumptive’ weld factor was maintained for Chromium-Molybdenum steels (Cr-Mo), creep strengt
gnhanced ferritic (CSEF) steels in the normalized and tempered condition (N+T), and austenitic stainles
steels and alloys800H and 800HT, but the minimum temperature of application was tied to the start of th
haterial’s creep(regime, that was defined as 50°F (25°C) lower than t-note temperature. For Cr-Mo thi
was 800°F, and for CSEF (N+T) steel and for the austenitic stainless steels and alloys this was 950°F. Du
in part tg./good service experience’ with cabon steel pipes (primarily in B31.3 application), no WSRF wa
applied:to carbon steel pipes and tubes.

@A (D O (D U O = D (D

Lol 1l VaYal ml wi b 1 los n & L - 1 4 Lol L e b R 4 L ) H
Uuraoridirty, CoLF SIETTS SUUJELIEU WU d SUlLTIiLdl PUST=WETU TTEAL=UTALTTIETIL (SUULTIL. ) WETTE YIVETl

d

universal WSRF of 0.50 at 950°F and above due to concerns over very short-term type IV failures and
numerous studies suggesting the WSRF for welded joints of 91, 92, and 122 were approaching 0.5 at long-

times and high-temperatures (see chapter 2.2 and 4.6.3). Autogenously welded austenitic stainless steel

S

were exempted from a WSRF, provided that solution annealing and non-destructive evaluation are
conducted. Additionally, for type 304 and 316 stainless steels welded with 16-8-2 chemistries, relief from
austenitic stainless steel WSRFs can be obtained with use of proper filler metals and solution heat-
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treatment. Finally, welding process and flux acidity are restricted for CrMo and CSEF steels based on
service experience with these alloys. Figure 74 is a reproduction of ASME Section | Table PG-26 which
was developed by the committee. Similar tables are found in B31.1 and B31.3.

For Section I, w is defined as the weld joint strength reduction factor. It is applied by multiplying the
maximum allowable stress value at the design temperature of the metal (S) by w in the PG-27 calculations
for minimum required thickness (t) or maximum allowable working pressure (P). The user is cautioned that

o

[Fh] R VR R N AR | 1.C £ b I D ISR | I A o 1 .11 .1 Lot
HICTC AITIdITy 1dUCLOLS Uldl Illd y dI1CCL UIT TTIT O a WCIUTU JULL dal CTICVAlCU LCHIPTIALUIT dalll 411 UIUSC 1attUl

dannot be addressed in the table of WSRFs’ [38].
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Figure 74: Weld Strength Reduction Factors and Applicable Notes for ASME Section | PG-26 [38]

Temperature,°F 700 750 800 850 900 950 1,000 1,050 1,100 1,150 1,200 1,250 1,300 1,350 1,400 1,450 1,500
Temperature, °C 371 399 427 454 482 510 538 566 593 621 649 677 704 732 760 788 816
Steel Group Weld Strength Reduction Factor [Notes (1)-(6)]
Cr-Mo [Notes (7)-(9)1 ... ... 1.00 0.95 0.91 0.86 0.82 0.77 0.73 0.68 064 NP NP NP NP NP NP
CSEF (N+T) [Notes (9)-(11)] ... ... ves ... ... 100 095 091 086 0.82 077 NP NP NP NP NP NP
CSEF (subcrit.) [Notes (9), ... ... ... ... 1,00 0.50 0.50 0.50 0.50 0.50 0.50 NP NP NP NP NP NP

(12)1 \/\

Austenitic stainless

steels and alloys (19

800H (N08800) and ,\

800HT (N08810) /\

[Notes (13), (141 ... ... vee +v. ... 100 095 091 0.86 0.82 077 0.73 068 0.64 o.st.s 0.50
4

Autogenously welded Q

austenitic stainless ’

NS v o i ..o ... ... 100 1.00 1.00 1.00 1.00 100 1.00 1.00¢%o 1.00 1.00 1.00

N
GENERAL NOTE: Nothing in this table shall be construed to permit materials that are not permitted by P -s%ugh PG-9 of this Section or
to permit use of materials at temperatures beyond limitations established by this Section. Several materi red by this table are currently
permitted for Section I application only via code case.

NOTES: %

(1) Cautionary Note: There are many factors that may affect the life of a welded joint at elevat perature, and all of those factors cannot
be addressed in a table of weld strength reduction factors. For example, fabrication Issnﬁoc as the deviation from a true circular form
in pipe (e.g., “peaking” at longitudinal weld seams) or offset at the weld joint can gaust-@n increase in stress that may result in reduced
service life, and control of these deviations is recommended. Q

(2) NP = not permitted.

(3) Carbon steel pipes and tubes are exempt from the requirements of PG-26 able PG-26.

(4) Longitudinal seam welds in pipe for materials not covered in this table t&linq in the creep regime are not permitted. For the purposes
of this table, the creep regime temperature range is defined to begin af perature 50°F (25°C) below the T-note temperature listed in
Section 11, Part D design property tables for the base material Invov.

(5)  All weld filler metal shall have a minimum carbon content of 0. or the Cr-Mo and CSEF materials and a minimum carbon content of
0.04% for the austenitic stainless steels.

(6) At temperatures below those where WSRFs are tabulated, ue of 1.0 shall be used for the factor w where required by the rules of this
Section; however, the additional rules of this table and do not apply.

(7) The Cr-Mo steels include %Cr-%Mo, 1Cr-%Mo, 1% Mo-Si, 2%Cr-1Mo, 3Cr-1Mo, and 5Cr-%Mo. Longitudinal welds shall either be
normalized, normalized and tempered, or subjecﬁ@ proper subcritical PWHT for the alloy.

(8) Longitudinal seam fusion welded constructior\gno permitted for C-%4Mo steel.

(9) Basicity index of SAW flux 2 1.0. .

(10) N + T = normalizing + tempering P\C}\

(11) The CSEF (creep strength enha@er’rmc) steels include Grades 91, 92, 911, 122, and 23.

.

uired. No exemptions from PWHT are permitted. The PWHT time and temperature shall meet the

(12) subcrit. = subcritical PWH '
requirements of Table PW~ e alternative PWHT requirements of Table PW-39.1 are not permitted.

| rticularly for those grades whose creep strength is enhanced by the precipitation of temper-
e ot _o' el g }tainless e sy . ion in the weld heat-affected zone that can lead to premature
resistant carbides @ afbo-nitrides, can suffer from an embrittlement condition in wel a

failure of wel ponents operating at elevated temperatures. A solution annealing heat treatment of the weld area mitigates this
susceptibility, %

following factors may be used as the weld joint strength reduction factor for the materials and welding consumables
ided the weldment is solution annealed after welding.

Temperature, °F 950 1,000 1,050 1,100 1,150 1,200 1,250 1,300 1,350 1,400 1,450 1,500

@é Temperature, °C 510 538 566 593 621 649 677 704 732 760 788 816

Materials Weld Strength Reduction Factor

%; 304 stainless steel welded with

SFA-5.22 EXXXT-G (16-8-2 chemistry),

=a e 3 o o 4 CCACOED 10 00 100 100 1.00 1.00 1.00 1.00
STA DL 100 C, AU U Iv o7 =it o o e

Type 316 stainless steel welded with
SFA-5.22 EXXXT-G (16-8-2 chemistry),
SFA 5.4 E 16-8-2, and SFA-5.9 ER 16-8-2 1.00 085 090 097 099 1.00

(15) Autogenous welds (without weld filler metal) in austenitic SS materials have been assigned a WSRF of 1.00 up 1,500°F (816°C), provided
that the product is solution annealed after welding and receives nondestructive electric examination, in accordance with the material

specification.
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3.3 European Practices

3.3.1 Practices of Determination and Use of WSRF in European Countries

In the European approach, all factors that in some sense are related to the weakening effect of weldments
in high temperature applications are regarded as weldment reduction (sometimes called adjustment) factors.
Therefore, for some of the design codes or assessment procedures, the weldment reduction factor is not a
factor directly applied to the allowable stress, or strain, but a factor which, for example, enhances the stress
Ievel in the weldment region in order to account for the deficiency of the weldment.

In the German AD-Merkblatt and French RCC-MR, the weldment reduction factors are used to reduce th
llowable stress level. The AD-Merkblatt uses the most simplified approach that can be used fornan arbitrary
eld system, while RCC-MR base reduction factors on results from tests of actual welded components wit
ell-known, pre-specified weld systems.

D

=)

British PD6539 and R5, and French PODIS, factors are instead applied to different stress measures g
imilar, in order to take account of the weldment weakening effect. Among these pracedures, R5 is the mos
omprehensive one.

~—~ =S

nly two assessment procedures, i.e. PD6539 and R5, consider the\influence of the weldment hig
temperature response in the assessment of weldments containing cracks. The approach used in PD6539 i
simplification of what is done in the R5 procedures.

[T ]

he Italian approach is similar to the ASME approach.

.3.1.1 Practices of Use of WSRF in Germany

he need for higher performance of power generation plants requires higher steam temperature which i
turn requires use of welded larger piping. The German approach is that the creep failure of welded ferriti
eel pipes can be prevented by modified design'and/or production methods. The German high temperatur,
esign procedure is TRD 300/301 and assessment procedure is TRD 508, VGB-R509L.

D C) =

these procedures it is noted that(the creep failure of ferritic weld steels is affected by base metal angl
onstraint effect in loading and temperature. It is noted that at maximum service temperature, the strength
ratio of weld metal to base metal; named “weldfactor”, is close to 0.5. The failure will also be effected by
dditional design-related loading such as bending moments and loading in pipe length direction thdt
increase the “weldfactor” further.

order to prevent.creep failure of welded steels, designers consider creep “weld reduction factor” as

aterial specific_property. It is also noted that in welded components of ferritic-martensitic steels, th
ilure in hedt affected zone (HAZ) is confined to a narrow zone, and the criteria used for base metal, suc
s 1% op 2% strain, is not applicable. Hence, DIN EN 13480-3, Section 5.3.1, introduced an additiona
requirement of 20% strain on base metal data if creep rupture data is not available for weld-metal. A similg
ppreach is taken in Draft European Norms EN 13445-2:20002/prA1:2006.7 as well as EN 13445
:2002/prA1:2006.9

I = = 2 (D &

Thus, defined “weld factor”, z, is multiplied with “weld creep strength reduction factor (WCSRF), c,, which
takes the value of:
e ;,=1: when experimental data determined following Annex C EN13445-2:2002/prA1:2006.7 is
available and meet the conditions in Annex C for the value of 1.
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e (;,<1: when experimental data following Annex C EN13445-2:2002/prA1:2006.7 is available but

does not meet the conditions in Annex C for the value of 1.
e (;,=0.8: when there is no experimental data determined following Annex C EN13445
2:2002/prA1:2006.7 is available.

The material data showed a reduced base metal average value of 50% for high alloyed steels at highe

r

temperatures. This has a consequence on the codes that DIN EN 13480-3 as well as EN 13445-

r

372002/prAt:2006-9 are ot CoNSeTvative. A further gap 1m asSessment of weldments 15 the avaitabitity
Ipng time weld metal creep data and extrapolation of weld creep data. State—of-the-art extrapolation alHow
g factor of 3 on rupture time of base metal data.

3.3.1.2 Practices of Use of WSRF in Italy: ISPESL P.T. 15/92

'he creep rupture data may be taken from national or international standards, or fromvtests performed i

ertified laboratories. If the required data is not available, the original material deSign data shall be useg

uch that:

e Considering a WCSRF (weld creep strength reduction factor)s.eonsidering welding join]
characteristics, base material behaviour, etc..

e Considering half of maximum cycle foreseen for base material low cycle for creep-fatigu
calculation.

DO od ™

|

'he typical WSRF values used are 0,7-0,85-1, according to NRElevel. In case information about welds ar,
missing, WSRF of 0,9 shall be adopted.

A WCSRF is mandatory in case of longitudinal joints;While it may be avoided in case of circumferentia
pints. In case of welds located on shell openings, there is a special evaluation of the joint which include
onsidering the real direction of the main stressgHowever, it is left to the responsibility of the user. Th
rocedure of life expectancy of pressure compenents is the same as of EN 12952-4, including mandator
DE tests.

el o T @ Bl

.3.1.3 Practices of Use of WSRF in;UK: R5

[he British Energy code R5 is a comprehensive creep assessment document. The development specificall

ddressed weldments and defects so that R5 goes beyond the scope of existing design codes to defeg

ssessment procedure. The(R5 document consists of 5 volumes:
e Volume 1: The Overview

[d%)

Q Q)

e Volume 2/3:—/Creep-Fatigue Crack Initiation Procedure for Defect-Free Structures

e Volume 4/5: Procedure for Assessing Defects Under Creep and Creep-Fatigue Loading

e Volume®: Assessment Procedure for Dissimilar Metal Welds

e Volume 7: Behaviour of Similar Weldments: Guidance for Steady Creep Loading of Ferritig

Pipework Components

ife assessment of welded components requires creep rupture data of base and weld metakof.a welded joing.

u
S

=)

—

D

<0 O —

—_ e~

The.general procedures are given in VVolumes 2/3 and 4/5. Volumes 6 and 7 are applications of the creeq
ot . .

Reactors.

The current approaches to calculation of both creep-fatigue damage and creep-fatigue crack growth us

respectively, to particular weldments and operating conditions found in UK Advanced Gas Cooled

e

adjustment (reduction) factors applied to methods for homogeneous components. Such adjustment factors
have been used for many years and were developed at a time when inelastic analysis of multi-material
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components was difficult if not impossible. Materials testing to obtain the properties of the individual
regions of a weldment was also difficult. The adjustment factors are successful when they are based on test
data collected under conditions that closely match those in the component being assessed. However, they
are less successful in describing, for example, creep-fatigue interactions under a wide range of conditions
from creep-dominated to fatigue-dominated cycles. Developments in computational modelling and
improvements in miniaturized testing and material descriptions are now allowing more detailed assessments
to be made. Hence, it is now possible to refine procedures for assessing weldments in order to obtain greater
cluliacly. ThC dCVC:U}J;IIU ICﬁIICIIICIItD tU thC RS }JIUdeuICD alc dCDbI Ide ;II SCbt;UIID 4 Cl.lld 5 fUI CICTCTH-

fatigue initiation and creep-fatigue crack growth, respectively.

3.3.1.3.1 R5: Modifications for Weldments

N R5, the procedures of Volume 2/3 are set out as step-by-step instructions. The weldment isymodelled 4
single material for elastic analysis (Step 2). For dressed weldments, an accurate representation of the wel
rofile is used, so that the elastic analysis includes peak stresses due to local weld geometry. For undresse
velds, the nominal geometry of the weldment, excluding the detail of the weld profile, is modelled.

LI

s T Q) 2=
[N

In Step 5, the limit load given in Equation (1) to assess creep rupture using a rupfure reference stress, which
is calculated using the primary load reference stress, Gfef , which may be ‘ealculated from

o =Po, /P (1)
vhere P represents the magnitude of the primary loads and P, is the.corresponding value at plastic collaps
pr a rigid plastic material with yield stress G, .

<
D

—h

[ is replaced by a so-called mismatch limit load, PLmis, derived for the component where the yield stress is
ssumed to vary with position x in the structure as

oy (X) o SgIM(X), T(x), 1] )
vhere Sr is the rupture strength for material M*at temperature T (which may also vary with position) fg

V r
the time at temperature or desired service life, t. Although there is a single value of Pymis, Equation (1)
Ipads to a reference stress that differs in the different material zones because of the spatial variation of yielg
S n
i

Q

tress. However, these all lead to the same increment of creep usage because the corresponding variation i
Lpture strength is the same as the variation in yield stress.

In the shakedown analysis-of-Step 6, the geometrical modelling in Step 2 leads to peak stresses being
included in the calculations for dressed weldments but not for undressed welds.

h Step 8, the start<Qf-dwell stress for dressed welds is calculated from a standard shakedown analysis usin
ne elastic stresses.from the single material analysis. If the position where creep damage is being calculate
5 in weld metal*and the yield stress of the weld metal is higher than that of the parent, then the calculate
tart-of-dwrelt stress is multiplied by the ratio of the weld to parent yield stresses to account approximatel
pr the éffect of the increased strength of the weld. The increased stress is then used in Step 15 in conjunctio
viththe creep ductility of the weld metal to calculate the creep damage. More generally, the creep ductilit
b hé"used is that of the material at the location being assessed.

D I G WP G5 N L W |

— e iy (f) ==t et —

3.3.1.31 R5: Procedure for Dissimilar Metal Welds

The procedures of R5 VVolume 6 follow the principles of Volume 2/3 as described above, but differ in some
details particularly in the use of weldment specific data.
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The rupture reference stress is defined for the specific circumferentially welded geometry in terms of mid-
wall hoop, radial and axial stresses and a multiaxial factor. This may be considered as a specific definition
of limit load in Equation (1) incorporating the stress concentration effects of Equation (3).

For creep ductile materials the rupture reference stress is then calculated from:

o = 1+0.13)x —1]lc", A3)

Fan

=

o

o

=N _ O N = =k O = <

Vhere the stress concentration factor y is calculated from:
=G /cP (4)
X el,max ref
bhere G max 1S the maximum elastically calculated value of equivalent stress, at the-chosen section.

Lreep damage for the conditions dominated by primary loading in British Energy plant is due to the primary
pading and this is evaluated as in Equation (5).

[he increment of creep usage factor, dU, in a cycle of duration t is then

U —; (5)

o R
tf (Gref ' Tref)
vhere t; is the allowable time, from the creep rupture curve at the rupture reference stress GrRef , at the
eference temperature Trer.

[hus, a mismatch limit load is not used and so theseffects of material differences are included in the rupture
ata used in Equation (5), which are derived from cross-weld samples of the specific weldments of interest.

.3.2 The ECCC Approach on Detérmination of WSRF

Vithin the European Creep Collabarative Committee, an evaluation of the influence of welding on cree
psistance was performed 1993. The test results from cross-weld and parent metal creep testing wer
ompiled for ferritic, martensitic:and austenitic creep resistant materials. The concept of strength reductio
pctors and life reduction factors are discussed, the former for design purposes and the latter for judging th
fetime of welded components at normal design stresses. Strength reduction factors for weldment
ubjected to creep are(suggested for a number of weld systems. For P91, in the temperature range of 600 t
50°C, a strength teduction factor of 0.7 is suggested. The risk of determining non-conservative strengt
eduction factars, when performing accelerated cross-weld creep tests, is also addressed.

=2 O O (D 2D (b O

'he importance of considering the influence of the multiaxial stress state in the weldment region whe
ssessingweldments subjected to creep is also addressed. A semi analytical approach in determininp
veldment creep strength reduction factors is described. This approach has sufficient accuracy to a low cosf.

=

—_— Q)

L iS’Suggested that the spatial distribution of constitutive parameters is determined by uniaxial testing while

the creep response of components is simulated by numerical methods. By considering the stress
multiaxiality and the corresponding stress redistribution process, weldment creep reduction factors are then
derived. The use of simple weld reduction factors (0.8 with respect to creep rupture, 0.5 with respect to
cyclic life) in the life prediction procedure for welds may risk being nonconservative.
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3.3.3 WSRF in European Codes

3.3.3.1 French Code: RCC-MR

The French RCC-MR Code for Fast Reactors (FRs), which includes design rules for elevated temperatures
(> 425°C), was issued by AFCEN (French Society for Design and Construction Rules for Nuclear Island
Components) in 2007. However, the rules and requirements provided by this Code are not limited to FRs,
and RCC-MR is therefore the most consistent set of rules applicable in the high temperature domain.

The modifications to RCC-MR and subsections are made in the 2007 edition (which is available in Erench
nd English) and include:
o Improvement of sets of material properties for base metal and associated welded joints taking int
account the latest test results from R&D European activities
e Larger use of references to European standards
Modification of design rules taking into account the feedback from design -studies and recert
improvements resulting from R&D work
e Extension of the scope of the RCC-MR by the introduction of a guide-for Leak Before Break
analysis (Subsection Z, Appendix A16)

Q
O

The RCC-MR code provides in Section 1, Subsection Z, Appendix A3; Géneral, consistent sets of materiz
groperties that are needed for the application of the design rules ofySection I. Appendix A3 covers i
garticular the following groups of materials:

e Austenitic stainless steels: 316 or 316L(N), 304, 3161<,/304L

Nickel Iron alloy (alloy 800)

Carbon manganese steels

Chromium molybdenum steels: 2.25 Cr 1 Mo@nd 9 Cr 1 Mo V Nb grades

Precipitation hardened austenitic steel for bolting (25 Ni 15 Cr Mo V Ti Al)

e o o o
)

D

'he material properties of Appendix A3 are-applicable to the base material. The allowable stresses of th
velded joints depend on the quality of the-weld (type of joint, extent of control) and on the materig
roperties of the base and weld metal_Subsection Z, Appendix A9: Characteristics of Welded Jointg
rovides weld joint factors that can_be used to determine the material properties of the welded joints o
ne basis of the properties of the hase material. The allowable stresses for base metal, Sm, S, Sr. are presente
N Annex 9.

—

—_— et TS TS S
=N

|

'he general rules for us€ of the base metal properties are given in Section 1, Subsection RB3252: Rules fo
grevention of type P_damage in case of significant creep, and Subsection RB3260: Rules for prevention g
ype S damage in e¢ase of significant creep.

~+
=+ =

|

'he rules farluse of weld joint coefficients, Jm, Ji, Ji, Jr are given in Section 1, Subsection RB3290, where
o Jiisthe characteristic coefficient for the weld

e «.Jvis the characteristic coefficient for the weld at flow

¢_) J; is the characteristic coefficient for the weld at rupture

The allowable stresses in the weld are directly deduced from those of the base metal by multiplying
allowable stresses for base metal by characteristic coefficients. The coefficients Jm, Ji, Ji, Jr are given in
tables in Appendix 9, although for limited number of materials. The work is in progress on other materials
which is expected to be published in the next edition of the RCC-MRx in 2010.

The WSRF is named in RCC-MR as Jr coefficient which is defined above. Its application involves materials
data provided in Appendix A9, and creep damage, W, is calculated from
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tl’

W _J' dt
0 ¢ 1.350 (6)
" nJ,

—h

Unlike the ASME Section I11-NH, where WSRF is defined as the uniaxial creep rupture strength ratio g
veld metal to base metal (for stainless steel), the RCC-MR defines WSRF as the ratio of the strength of th
veld joint to the strength of the base metal. The RCC-MR definition of WSRF does not-provide an
ecommendation for the size effect.

= < < —
<D

|
=

[0 handle multiaxial stresses, RCC-MR allows the use of either the maximum shear-theory (Tresca) g
ctahedral shear theory to compute stress intensities or stress range intensities.

o

|
O

'he average stress to rupture values for the weld joint are obtained by multiplying the average stress t
rupture values for the base metal given in the RCC-MR code with the correspending weld strength reductio

=

factors given in Figure 75 below.
Figure 75: Table of Weld Strength Reduction Factors for 326L(N) SS as Recommended by RCC-
MR Code
Time (h) 8T K 923K
I DO9 0.92
10 0.99 0.92
30 0.99 0.92
10 0.94 0.85
300 0.86 0.78
1000 0.78 0.76
3000 0.76 0.73
1000 0.74 0.70
30000 0.72 0.66
[ Q000 0.70 0.63
30O 0.66 0.58

3.3.3.2 European Norm: EN 13480-3:2002 and EN 12952-3:2001
'he approach taken in EN is briefly mentioned in section 3.3.1.1.

|

|

[he ‘design stress for welded connections operating under creep conditions

When the creep properties of the welded connection are known, the smallest of the design strengths of the
welded connection and the two joined materials shall be used for loading at the weld seam.

When the creep properties of the welded connection are not known, but those of the filler material are

known, the design strength for this loading shall be reduced by 20% from the smaller of the design strengths
of the joined materials.
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When the creep strength of the filler metal is not known, the joint strength shall be reduced by a further

20%.

In the case of austenitic steels, the following shall be used:
o ifits elongation after rupture exceeds 30%, 2/3 of Ret.

e or, alternatively, and if its elongation after rupture exceeds 35%, 5/3 of Ret and 1/3 of Rmgo.

\\VetdJoimt Coefficient

|

series of joints show no significant imperfections: 1,
o for equipment subject to random non-destructive testing: 0,85;

Q-

f the component.

Examples of governing welded joints are:

¢ |ongitudinal or helical welds in a cylindrical shell;

¢ |ongitudinal welds in a conical shell;

e any main weld in a spherical shell/head;

e main welds in a dished head fabricated-from two or more plates.

The following welded joints are not governing welded joints:
than hemispherical,

o welds attaching nozzles:to shells;
welds subjected exclusively to compressive stress.

—

Clause 6,

'he joint coefficient z shall be used in the calculation of the thicknesses of components which include on
gr several butt welds, other than circumferential, and shall not exceed the following values:
o for equipment subject to destructive and non-destructive testing which confirms that the whol

o for equipment not subject to non-destructive testing other than visual inspection: 0,7.

For the calculation of the strength of butt welded assemblies under exceptional operating conditions g
Ynder test conditions, it shall not be necessary to take a joint coefficient intgaccount.

Ror the calculation of the required thickness of certain welded components (e.g. cylinders, cones an
pheres), the design formulae contain z, which is the weld joint coefficient of the governing welded joint(g

o circumferential weld between a'cylindrical or conical shell and a cylinder, cone, flange or end othg

NOTE: Circumferentialyjoints may become governing joints due to external loads.

For the normal eperating load cases, the value of z is given in Figure 76 (original Table 5.6-1). It is relate
D the testing group of the governing welded joints. Testing groups are specified in EN 13445-5:2002

Figure 76: Table of Weld Joint Coefficient and Corresponding Testing Group

D

=

~—

=

= 1 0ec

r yUJ

01
X}

Testing Group 1,2 3

4

Note: In parent material, away from governing joints, z = 1.

For exceptional and testing conditions, a value of 1 shall be used, irrespective of the testing group.
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3.3.3.3 British Standards: BS 7910
There is no explicit coverage of creep assessment of high temperature welds in BS7910.

3.3.3.4 British Energy Code: R5

R5 does not use WSRF for creep assessment of welds. In predominantly load controlled situations where
rupture strength is used in the procedure, the rupture data for different weldment zones is used. In the case

c'F RaFFOW T\lnn N/ zannc 1n r‘l\/l\l \n:f\lnlo thoco Aata ara Ahtainad fram it onna €rOSS \unlrl 'I-no'l-o I:nr
LILILLZLBLAA ]H LI LVUTITCO 11T Tvl U\’, CTUJIL UL UTOC UNTUITTICU 1TTVTTT TTTUTL VTV UV o 14%3 \* L}

greep-fatigue and strain controlled situations, R5 uses ductility exhaustion.

3.3.3.5 Swedish Pressure Vessel Code: TKN87, Tryckkarlskommissionen, 1987

The Swedish Code TKN87 use a Weld Reduction Factor only related to NDE after manufactusing, with np
gther allowance for weldments operating in creep regime.
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4 DATABASE OF WELD AND WELDMENT CREEP-RUPTURE PROPERTIES

41 Carbon Steel

A literature search and review was conducted for information on the creep rupture behavior of C-steel
weldments. The search produced a very limited number of published papers on the subject. The most
relevant papers describe creep rupture testing of weldments and base metal sample material removed from
in-service petro-chemical plant equipment. The test durations were nearly always less than 10,000 hours
and typical test durations did not exceed 4000 hours. Additional stress-rupture data were also supplied\on
garbon steel filler metal by a boiler OEM. Appendix A contains the tabular data. The limitations of the data
rfotwithstanding, the review and analysis yielded some preliminary findings as summarized below.

N

1.1 Summary of Data

D

'he available cross-weld data were reviewed and evaluated against (a) base metal data from the sam
ource, and (b) the plate base metal data of ASTM DS 11S1 [39]. Figure 77 is a sumimary of the publishe
ata analyzed. The following relevant features of the data sets are noted:

o All of the tested materials were ex-service, removed from petro-chemigal plants. As such, a direg
comparison of the ex-service cross-weld (X-W) behavior againstsunexposed base metal woul
likely be conservative.

e Some of the data sets include tests on ex-service base metal, so that to the extent possiblg
comparisons may be made between cross-weld and basemetal behavior removed from the sam
piece of equipment.

e The creep rupture test durations are generally short (well below 10,000 hours and typically leg
than 4,000 hours) and extrapolations to typical setvice conditions are uncertain. In any case, the
Larson-Miller time-temperature parameter has been used for the comparative analysis.

¢ In the majority of cross-weld cases, the rupture test specimen failure occurred in the fine grai
material of the heat-affected zone (HAZ).-In the remaining cases, the failure locations appeared t
be evenly split between the base metal (BM) and the weld metal (WM).

O D o
=N

L —+

D <

(2]

O 3

Figure 77: Summary Table of Published Data Analyzed

Reference Material Service Creep Rupture Comments
Conditions Test Conditions

Ellis et al. | Ex-service, mitered | 26 yrs., | BM: 1.75-3.5  ksi, | Al X-W specimens

(1993) [40] | C-steel elbow’ (long | Temperature [150°-1300°F,  80- | failed in the FG HAZ

seam (and girth | conditions not | 4400 h.
weld) )in transfer | reported. Future | X-W: 2.7, 3.75 ksi,
line.,) of  petro- | operation at | 1100°-1300°F,  66-

chemical plant 145 ksi and | 10080 h.
1022F.
Mclaughlin® | Ex-service C-steel | Approximately | Only X-W tests. Allat | All X-W specimens
et al, (1994) | petro-chemical 40 yrs., | 3 ksi. 1125° 1175°F, | failed in the FG HAZ
[419 plant reactor Maximum 908-4167 h.
temperature of
970°F

Moss & | Ex-service material | 27, 33 and 36 | X-W: 2.6 — 7.0 ksi, | X-W specimens
Davidson from three FCCU |yrs, at 932° | 1074°-1238°F, 132- | failed in the FG Wm
(1993) [42] | reactor vessels, A | 970° and 973°F, | 1635 h. and the FG HAZ
201 Grade A or B respectively. Plotted BM data
appeared to be in
error and not used.
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A

X-W: 10.15-24.66 ksi,

Reference Material Service Creep Rupture Comments
Conditions Test Conditions
Ray et al. | Ex-service material | Approximately BM: 10.15-17.4 ksi, | Al X-W specimens
(2000) [43] | from FCCU reactor | 32 yrs. at 900°F | 842°, 887°, 932°F, | failed in the BM. As
vessel, A 201 Grade 360-2370 h. analyzed, the X-W

and BM data were

842°, 887°, 932°F, 4- | indistinguishable.

£2476N.

Wilson,
WRC
(1957) [44]

C: 80khr, 925°F
D: 88khr, 890°F
F: 25khr, 913°-
930°F

C: 9-18 ksi, 5-750 h
D: 9-14 ksi, 7-900 h
F: 9-14 ksi, 25-1200 h
All tests at 1000°F.

Failure locatiens
varied: FG HAZ  for
C, BM for\D, and
WM forcF

Ex-service

petroleum refining
equipment from 3
plants (C,D,F).
Plates are A 20l
(C,D: Grade A and
FD: Grade
unknown)

32

41.2

—h <=

2
14

1
=

\Vith regard to the relative performance of cross-welds (weldments)Ycompared with base metal, th
pllowing general observations are made:

Qualitative Observations

The data of Ellis et al. [40] on ex-service material indicatesthe weld metal rupture strength to be th
highest, followed by that of the base metal, and the créss-weld configuration in that order.

In the absence of creep rate data, no firm conclusions can be made regarding the relative cree
resistance of weld metal and weldments compared with base metal. However, the majority of th
documented laboratory and in-service instances of cracking and failure occurred in the fine grai
HAZ, and the weak weld-driven fusion_{ine failure problem of the low alloy CrMo steels i
evidently absent.

In the case of C-steels, weld metal, Creep and creep rupture strength may be assumed to b
comparable to, or better than base metal. This is discussed below.

The HAZ region of cross-weld.Specimens was observed to undergo greater creep deformation tha
the adjacent base and weld metal [41].

The reported service experience did not show the kind of premature weldment failures seen wit
the low alloy CrMo steels, consistent with a relatively minimal mismatch effect.

In three of the fout_ex-service material test cases where base metal and cross-weld test data wer
obtained [40],.[42], [44] the cross-weld rupture strength was reportedly somewhat lower than th3
of the basemetal. In one case [40], the investigators report Manson-Succop parametric paralle
heat-centered (base metal and cross-weld treated as heats) analysis constants that suggest a crosg
weld tébase metal rupture strength ratio of about 0.9. In the fourth case, the base metal and cross
weld-rupture data were comparable.
The reported cross-weld tested specimen ductility, while typically lower than that in base met3
specimens, remained substantial — 20-27% elongation.

D

O D b O D

D

— (D

All of the published creep rupture data from the references of Figure 77 were represented on a Larson-
Miller parametric plot, along with the ASTM DS 11S1 plate data, and third-order logarithmic stress best-
fit and minimum (90% normal distribution lower statistical bound) curves representing the ASTM data. All
of this is shown in Figure 78. For clarity, the figure is reproduced without the ASTM data as Figure 79.

The noteworthy aspects of the data as presented in the figures are:
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e The ex-service cross-weld and base metal test data at the lower stresses (and higher temperatures —
Ellis et al. [40], McLaughlin et al. [41], and Moss & Davidson [42]) are well within the band of the
ASTM data and not distinguishable from the unexposed base metal data. Test temperatures for the
data ranged from 1100° to 1238°F.

e The ex-service cross-weld and base metal test data at the higher stresses (test temperature was
1000°F for the Wilson WRC 32 data [44] and ranged from about 840° to 940°F for the Ray et al.
[43] data) appeared to fall at the low end of or below the ASTM data. This is likely due to the effect

O W W < T35 D T D el

Of TM=SeTvite aging Wit 15 ot Teftected 1 the unexposed base metat data i this Stress Tange:
e Of the three cases where there were cross-weld data and base metal data generated on material/from
the same source and ex-service equipment sample [40], [43], [44], it qualitatively appears-that th
cross-weld data were slightly inferior to that of the base metal in two cases (Ellis et al. [40] an
Wilson WRC 32 [44] and nearly identical to that of the base metal in the third case (Rayet al. [43]).

I (D

'he ex-service data of Ray et al. [43] and Wilson WRC 32 [44]) were separately reviewed and analyzed t
xamine the difference between base metal and cross-weld behavior. The data of EHis et al. [40] could ng
e analyzed due to the limited data and spread across the test stresses. Given thedimited nature of the dat
ets, a simple first order log stress LMP fit was made to the base metal data. Fellowing this, a similar, by
arallel fit was made to the cross-weld data in each case. Figure 80 illustrates these curve-fits. The crosg
veld and base metal data best-fits of Ray et al. are indistinguishable. The-fits to the Wilson WRC 32 dat|
howed a stress offset or cross-weld to base metal best-fit stress ratio of 0.94. Given the statisticg
catterband for the data, the base metal and cross-weld data for ‘these two sets are not statisticall
istinguishable.

— D e~ O

N = D |

Figure 78: As-Reported C-Steel Weldment and Base Metal Rupture Data [40], [41], [42], [43], [44]
on a Larson-Miller Parameter (LMP) Plot Along with,the ASTM DS 11S1 Plate [39] and the Curve-
Fits to That Data
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Figure 79: Reproduction of Figure 78 Without the ASTM Data
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nd some data are above the ASTM(data best-fit curve.

\Vhile a similar exercise could not be conducted for the data from Ellis et al. [40], as noted earlier, th
nvestigators reported heat-specific (base metal and ¢ross-weld considered as heats) Manson-Succop hea
onstants that translate to an approximate stress ratio (cross-weld to base metal rupture strength) of 0.9.
\Vhat is perhaps more important is that all of the<data are well within the unexposed base metal data ban
nd some data are above the ASTM data best-fit curve (Figure 78 and Figure 79).

'he ex-service cross-weld data from Refs. [41], [42] similarly are well within the ASTM data scatterban

~ (D
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Figure 80: Base Metal and Cross-Weld Test Data Linear Fits Compared for Ex-Service Material
Rupture Tests from Ray et al. [43] and Wilson WRC 32 [44]
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41.4 Weld Metal Behavior

This review focused on comparing cross-weld/neldment behavior against base metal, and no effort ha
Heen made to examine the relative behavior-of weld metal. However, given that weldment creep ruptur,
Hehavior may be affected and predicted.hy the relative difference in performance of base metal and wel
metal separately, a review was conducted'of the all weld metal (E7018 filler) stress rupture data provide
Ry Babcock & Wilcox Co. (B&W) to_EPRI [45]. In addition, the limited ex-service weld metal data of Elli
gt al. [40] was reviewed along with the B&W data set.

The B&W stress rupture data consisted of tests on E7018 filler weld metal of three carbon content level
(hominally 0.05, 0.1 and ‘0.15 weight %, henceforth referred to as low, medium and high carbor
respectively) with tests at 800° and 950°F and with a maximum duration of about 4,400 hours. Tests wer|
mostly conducted with specimens oriented longitudinal to the weld with a limited number of tests transvers
tp the weld. Theweld material was tested in both the as-welded and in the stress-relieved conditio
(L125°F/8 hours).

B&W-cancluded that all of its tested weld metal stress rupture data were above the average ASTM DS 11S
Rase metal properties. The comparison was made isothermally, apparently using pipe/tube base metal data

o L (D O

= (D (D =

I
.

B&W alsg observed for the two highsr carbonweld deposits that there appeared to be a change in-slope

f

the isothermal rupture behavior at 950°F occurring at 1000 hours, such that the weld metal data would be

projected to cross-over the ASTM average behavior at 10,000-20,000 hours.

For this review, the data were, as for the cross-weld cases described earlier, presented on a LMP plot
illustrating the ASTM DS 11S1 plate data and curve-fits (Figure 81). Also included on the plot are the ex-

service weld metal data of Ellis et al. [40] It can be seen from the graphic that:
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o Except for some of the B&W stress-relieved weld metal data and one as-welded test data point at
800°F, all of the weld metal data are above the ASTM DS 11S1 base metal data.

e The effect of stress-relief is not seen at 950°F, indicating that the suggested possibly inferior (to
base metal) behavior at 800°F is due to “accelerated” aging of the stress-relief, and would likely
not persist to longer test durations.

o While not illustrated in the figure and as mentioned earlier, the ex-service weld metal data of Ellis
et al. exhibited superior rupture strength to the base metal and cross-weld material from the same
sample.

o The reviewed weld metal test data do not indicate significant evidence of a relative (to base metal)
weak weld. Indications are that in case of C-steel, the weld metal may have a rupture‘strengt
comparable to, or even slightly higher than base metal.

-

Figure 81: All Weld Metal Data from B&W [45] and the Ex-Service Weld Metal Data.of Ellis et al.
[40] in Comparison with the ASTM DS 11S1 Plate Data and Curve-Fits on a Ldarson-Miller
Parametric Plot, SR: Stress-Relieved
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4.1.5 Summary

)

'hisCinvestigation into the creep rupture behavior of C-steel weldments resulted in the following finding
D dlate:

e The broad search for C-steel weldment creep rupture data resulted in very limited published
information. This may well be because the service experience with C-steel weldments has not
shown evidence of premature failures of the kind seen with the low alloy CrMo steels.

e Indications are that C-steel weldments do not suffer from the weak weld mismatch effect that drives
near-fusion line failures in the low alloy CrMo steel. C-steel weldments appear to have weld metal
rupture strength that is comparable to or slightly superior to that of base metal.

[72]

—
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The limited published laboratory cross-weld data reviewed showed that the fine grain heat-affected
zone of C-steel weldments is the prominent creep rupture failure location in cross-weld tests,
although the data show no evidence that this failure mode results in a significant decrease in rupture
life compared with base metal.

In a qualitative comparison of the available ex-service cross-weld data with unexposed plate base
metal data, the higher temperature, lower stress test data lie well within the scatterband of the base
metal data and show no evidence of significantly lower rupture life.

N

S 0 QO = ol

.2

2.1

'he Electric Power Research Institute (EPRI) conducted a detailedteview of available data on Chromium
Nolybdenum (Cr-Mo) steels in 1998 [46]. The report, “A Review of High Temperature Performanc
[rends and Design Rules for Cr-Mo Steel Weldments, TR-1}10807,” is found in Appendix B. The tabulg
atabase are included in this report and covering a total 0f=1400 weld metal or weldment creep test dat
nd another ~1600 base metal data primarily on Grades-t1 (1-1/4Cr-1/2Mo) and 22 (2-1/4Cr-1Mo). Figur
2 and Figure 83 contain a summary of the spread.of data obtained from this work which covered a wid
ange of welding processes and chemistries from@33 references. As is evident by inspection of these tables
he Grade 11 database contains relatively shorter duration tests and few datapoints.

EX-SErVice Weldment Cross-weld Tests at the Nigher Stress and TOWer temperatures Snow rupiu
lives that appear shorter than that of unexposed base metal, likely a consequence of the in-servic
aging effect. However, a direct comparison of the cross-weld rupture data against the base-met3
data within each data set showed that the cross-welds were not significantly inferior,to the bas
metal.

Stress-rupture data on carbon steel weld metals with various levels of carbon allmet or exceede
the expected creep strength of C-steel base metal.

The review did not produce substantive evidence that weldments of C-ste€l are susceptible t
premature failure.

(D = (D C(

=N

(=)

Chromium-Molybdenum Steels (Gr. 11 & 22)

Database

D DO P = T

Figure 82: Summary Table0f"Grade 11 Weld and Weldment Data from Ref [46]

Grade 11 All CW Weld Metal | Other
Datapoints; 138 37 [0l

Failure Lécation 9 n/a

Creep Strain No No

Temperature °F | 900-1229 | 1000-1229 | 900-1200

(°C) (482-665) | (540-665) | (482-649)
Approximate Max | 12,000 6,000 12,000

Test Time (hrs)

Figure 83: Summary Table of Grade 22 Weld and Weldment Data from Ref [46]

Grade 22 All Cw Weld Metal | Other

Datapeints: H-74 258 900 Lo(HAZ)

Failure Location 188 n/a

Creep Strain Yes Yes Yes

Temperature °F | 750-1319 | 850-1300 | 900-1292 1022-1319 (550-715)
(°O) (400-715) | (454-704) | (482-700)

Approximate Max | 46,000 25,000 46,000 1650

Test Time (hrs)
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4.2.2 Summary of Observations

As part of the database development effort, the weldment data were qualitatively compared to base metal
rupture data and design curves in a series of isothermal and time-temperature-parameter plots. Trends in
the data suggested some systematic influences on performance including: post-weld heat-treatment, weld
metal carbon content, and fabrication. Trends were examined for welding process, specimen type, and weld
fusion angle boundary, but trends were either non-existent, unclear, or inconsistent. Overall, the study
found, based on the data examined, that combining the weld strength reduction factors for 2-1/4Cr-1Mo as
grescribed in ASME Code Case N-47 (now ASME Section 111-NH) to the maximum allowable stresses in
ASME Section I, VIII, and B31.1 would be ‘excessively’ conservative. It should be noted the report alsp
uggests that the use of standard specimens may not reflect the crack initiation and growth behavior offong-
brm failure modes, but the report did not interrogate the database on the basis of failure mode; so np
upporting evidence was presented for this statement.

LN =+ N Ny

Ih summary, the report found for Grades 11 and 22:

e In terms of currently available creep-rupture data, combining the weld reduction factors given i
Code Case N-47 with maximum allowable stresses prescribed by ASME Sections | and VII an
B31.1 represents an unwarranted level of conservatism for inspected weldments.

e In comparison with design practices in Europe, the practice of Code-Case N-47 is less conservative
under 1000°F but is substantially more conservative above 1000°F.

e There appear to be the following systematic creep-rupture” performance trends based on p
gualitative assessment of the data:

o For service temperatures at or below 1000°F, minimizing PWHT and tempering
temperatures should be advantageous, but fer.service above 1000°F, PWHT condition hg
little effect on weldment life.

o In some (but not all) cases, annealeddnd tempered microstructures were found to b
superior to PWHTed material above 1000°F.

o Excessively long (greater than¢d2 hours) heating times should be avoided at PWHT
temperatures above 1250°F.

o For service temperatures at.er below 1050°F, the higher (>0.05%) carbon versions of G
11 and 22 weld metals are-advantageous. Above 1050°F, weld metal carbon content has
negligible effect between 0.02 and 0.15%.

o Creep-rupture performance trends associated with welding process, specimen type, and fusio
boundary angle are unglear or inconsistent and require further study.

| mp—

[72]

D

D=
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Rinally, the report suggests-an effort to evaluate industry experience with weldment creep performanc
hrough computational and/or experimental studies is necessary, including an understanding of standar
nd full-size specimen behavior.

D

—*
|

Q
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1.3  308(Stainless Steel Weld Metal and 304/308 Stainless Steel Weldment Stress
Rupture Data

4 3.0+ Review of Studies

11954 ‘vAvl'y'”c, Cui‘cy, and Lcyda [47] rchrtcd restits-of-stress rupture-testson “eleven LUlu}JUDiﬁuuo f
commercial stainless steel weld deposits.” Weld pads were produced using the shielded metal arc process
(SMA), and these pads were of sufficient thickness to produce all-weld-metal specimens parallel and
transverse to the welding direction. Three carbon levels (0.09, 0.07, and 0.03%) for 308 filler metal were
examined. Specimens were 0.252 and .505-in. diameter. Stress-rupture tests were performed at 1050°F
(566°C) and 1200°F (650°C). Rupture strengths were tabulated for 100, 1000, and 10,000 h. Wylie, Corey,
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e

and Leyda provided stress-rupture plots. Hardness and magnetic permeability measurements were taken on

aged specimens, and changes were reported.

In 1958, Voorhees and Freeman [48] produced a compilation of weldment data published by the American
Society for Testing and Materials. Stress-rupture data for three lots of “18-9” stainless steel weld metal
were included in the database. All welds were produced by the SMA process, and one filler metal was a
low-carbon composition. Reported data included stress, life, and elongation at 1050 and 1200°F (566 and

QA0SO
U539 CJ.

Ih 1966, Canonico and Swindeman [49] performed exploratory fatigue, tensile, and stress-rupture-fests o
gpecimens machined from 304/308 weldments. Butt welds were made in 5/8-in. (16-mm) plate‘by'the ga
tungsten arc (GTA) process, and 1/4-in. (6.3-mm) diam. gage specimens were machined transverse to th
weld. Some specimens were tested in the as-welded condition. Other specimens were annealed at 1850°
(L010°C) prior to testing. All failures were in the base metal.

pavis and Cullen [50] examined the influence of nitrogen on the strength of 308 stainless steel weldment
in 1968. Three nitrogen levels (0.053, 0.14, and 0.29% N) were introduced by ddding nitrogen to the argo

649 to 815°C). All failures occurred in the 308 weld metal.

Ih the late 1960’s, the Department of Energy (DOE), then the U:"S» Atomic Energy Commission and late
the Energy Research and Development Agency, initiated a major research and development program o
gustenitic stainless steel weld metals. Research included\the evaluation of existing filler metals, th
development of filler metals with improved strength and ductility, and the development of a desig
methodology for use in nuclear construction. A very latge number of papers and reports were issued durin
the program which lasted more than 15 years. Resgarch on filler metals started with an examination of th
gffect of ferrite content on microstructure and properties summarized by Edmonds, Vandergriff, and Gra
[b1]. Electrodes with different coatings were, produced by Combustion Engineering, Inc. and butt weld
were made in 304 stainless steel plates by the shielded metal arc (SMA) process. Button-head specimen
were machined parallel to the welds and_having 1/8-in. (3.2-mm) gage diam. These specimens were teste
in the as-welded condition at 1200°F_(649°C). Summary reports and papers included those by Berggren, ¢
dl. 1977 and 1978 [52], [53]. Mest of the original data have been destroyed, but minimum creep rate an
rupture life data for a few weld\metals remain.

From the work of Edmonds, et al. [51], Berggren, et al. [52], [53], King, et al. [54], and Stiegler, et al. [55
dame a coated electrode that produced a deposit with controlled residual elements (CRE) - titaniun
ghosphorus, and beren. Typically, titanium was around 0.06%, phosphorus was around 0.04%, and boro
was around 0.007%. The 308CRE stainless steel electrode was used to produce welds in 2 3/8-in.(60-mm
J04H stainlgss)steel plates that were ordered for the fabrication of the pressure vessel in Fast Test Flu
Hacility (FETF) at Hanford, WA. Two heats of 304H stainless steel base plates were used for th
gxperimental program, and more than fourteen heats of 308CRE stainless steel filler metal were consume
in welding the test plates with a double-U groove configuration. The plates were sawed to make over on

[
i
gover gas during the butt welding of 347 stainless steel tubes by the gasmetal-arc (GMA) process.
Weldments were annealed prior to testing, which was performed in the temperature range of 1200 to 1500°F
(
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Hundred blocks, each 8x12x2-3/8 inches (200x300x60 mm). Testing of specimens machined from th

D

blocks included physical properties, tensile, creep, fatigue, crack-growth, and aging studies. Several testing
laboratories were involved in the evaluations [56], [57], [58]. Most of the elevated-temperature testing was
in the temperature range of 900 to 1200°F (482 to 649°C), although some testing was performed as high as
1600°F (871°C) and the creep and stress-rupture testing at the Oak Ridge National Laboratory (ORNL)
involved three filler metals. Specimens from three locations through the thickness were tested, and it was

found that the specimens closest to the crown of the weld were weaker than specimens whose location
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were toward the root. The weld metal was found to be substantially stronger and more ductile than weld-
deposited 308 stainless steel.

As part of the research sponsored by the DOE, a testing program was initiated at the Hanford Engineering
Development Laboratory (HEDL) to determine the strength and ductility of austenitic stainless steel
weldments in the irradiated and aged conditions [57], [58]. Similar and dissimilar welded joints were
produced at HEDL and ORNL, and testing on weld metal, HAZ metal, and base metal was performed at
Uth :abUI G.tUI ;Cb. FI”CI IIICtG.:D ;IIb:UdCd 308 G.Ild SOSCRE ataiu:caa DtCC:D. VVC:d;IIU MITULTOSTS hlb:udcd yag-
ingsten-arc (GTA), shielded-metal-arc (SMA), and submerged-arc (SA). Tests included tensile, creep, an
tress-rupture at temperatures as high as 1200°F (649°C). The data produced by HEDL and ORNL wer
sed in establishing Stress Reduction Factors for various combinations of base metals and fillermetals.

—
=

[72)

D

—

N the mid-1970’s Edmonds and Bolling [59], Klueh and Edmonds [60], and others started a study t
xamine the effect of controlled residual elements on the stress-rupture properties 0f<308 stainless stegq
eposited by the gas-tungsten-arc (GTA) process. As with the 308CRE electrodes<for the SMA proces
escribed above, the residual elements of interest for the GTA welds were titanium;,-phosphorus, and boror).
Laboratory heats and commercial heats of filler metal were produced as wire. Butt welds were made in 1/2
N (13-mm plate), and button-head specimens with 1/8-in. (3.2-mm) diamsgage sections were machine
arallel to the welding direction. All testing was performed at 1200°F (649°C). The research showed thg
tanium was effective in improving the strength and ductility of GTA weld metal. A combination g
tanium, phosphorus, and boron was found that enhanced properties over titanium additions alone. Effort
vere made by Edmonds and coworkers [61] to develop a submerged arc (SA) welding technology th3
vould deposit 308 stainless steel filler metal with improved strength and ductility.

U - O

& &t 7S = —) ) (D =
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\gain, titanium, phosphorus, and boron were added to the*308 composition. Small and large experiments
eats of weld wire were produced, and SA welds werglmade in 1-in. (25-mm) plate with a single VV-groov|
nd a 3/4-in. (75-mm) root opening. The backing strip was the same material as the base metal plate (3044
tainless steel). Specimens were machined from.the plate parallel to the welding direction. Gage diameter
vere 1/4-in. (6.3-mm). Creep tests were performed at 1200°F (649°C). Generally, the rupture strength g
ne SA welds from the 308CRE stainless steel wire exhibited about the same strength level as conventiong
08 stainless steel welds. Data trends' suggested that extrapolated long-time strength was bettef.
Ponventional SA welds of 308 stainless steel in pipes were also examined by Edmonds and coworkers, anfl
tress rupture data were collected.,

(D =

D OV~ < 0 Q T 3
— = O =

(lueh and Canonico [62], [63] examined the microstructure and mechanical properties of a 304H stainles
teel forging overlay clad with 308 stainless steel weld. The 30-in. (760-mm) diameter forging was simila
D the tubesheet procured for the FFTF intermediate heat exchanger. Six layers of 308 stainless steel fillg
hetal were deposited by the submerged-arc process. Specimens were machined in the radial, tangentia
nd axial directions of the cladding and the base metal near the cladding. Tensile, creep, and stress ruptur
bsts were performed at temperatures in the range of 900 to 1100°F (482 to 649°C). The 308 weld met3
vas obseryed to be weaker than the forging steel near the fusion line and away from the fusion line. Cross
veld specimens failed in the 308 stainless steel weld metal.

= = 0

< < =~ Q) = e~ (H =
I == (D =

In1977 and 1981, McAfee Richardson, and Sartory [64], [65] reported the results of a series of experiments
on 304H stainless steel tubes [4-in. (100-mm) diameter] containing 308 stainless steel welds. These pipes
contained girth welds and end cap welds. The tubes were pressurized at 1100°F (593°C). Both deformation
and rupture life data were collected for eleven experiments covering the time range from 35 to 9712 hours.
McAfee, et al. [64] concluded that the lives of the tubes were controlled by the base metal properties and
rupture lives correlated best with uniaxial base metal data through the maximum principal stress criterion.
Although all failures were in the base metal, some cracking was observed near or in the weld region of the
end caps. Cracking was attributed to the high discontinuity stresses that existed in those locations.
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In 1978, the Metals Properties Council, Inc. sponsored a symposium on the properties of steel weldments
for elevated temperature [66], [67]. Hauser and VVanEcho [67] reported the results of creep-rupture tests on
shielded metal arc weld metals with varying ferrite contents. Four levels of ferrite content were produced
in weld pads, and the microstructures were fully characterized. Specimens having 0.505-in. (12.5-mm)
diam. were machined from the pads for tensile and creep-rupture testing. Creep tests were performed at
temperatures in the range of 1000 to 1200°F (538 to 649°C). Results of the experimental work suggested
that the high-ferrite weld possessed the best short-time strength and ductilities, while the low and extra-low

f ++ 1l Py PO N 4+l 4 % PR
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Lleyda, et al. [68] reported stress-rupture data for 304H stainless steel plates butt-welded with 308 stainleg
steel by the SMA welding process. Testing temperatures were 1050, 1100, and 1200°F (5661 593, an
§49°C). Most failures occurred in the weld metal. Strengths were compared to the database for 304k
S
1t

O O O\

tainless steel, and it was found that weldment strength decreased, relative to base metals with increasin
bmperature. A need for a strength reduction factor at 1200°F (649°C) was suggested.

In 1978, White and LeMay [69], [70] published results of creep-rupture tests on-composite specimens in
which 308L stainless steel was used to join 316 stainless steel bar. Cross-weld,specimens were machinefl
and tested at temperatures in the range of 1065 to 1697°F (575 to 925°C)sAHl failures were in the 308L
stainless steel filler metal.

Swindeman, Bolling, and King [71] performed tensile and creeprupture tests on weldments of 308CR
stainless steel to assist the study of weldment behavior by Manjaine [72], [73], [74], [75], [76]. Butt weld
were produced in 1/2-in (13-mm) 304 stainless steel platescusing 308CRE stainless steel electrodeg.
Samples were machined from various sections parallel to thesweld and in the weld, heat affected zone, an
Hase metal. Transverse specimens were machined. Tensile and creep tests were performed at 1100°
(P93°C). It was found the 308CRE stainless steel weld metal was substantially stronger than the 304k
S
g
[
&
q
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tainless steel base metal. A creep law was formulated for the weld metal. Manjoine reported results fror
series of tests on 304H stainless steel plates and-bars containing welds and notches [72], [73], [74], [75]
76]. Both deformation and rupture life data-were collected at 1100°F (593°C) over the time period fror
0 to 20,000 hours. Manjoine observed that-the strength of axial and transverse weldments exceeded thg
f all-base metal plates. Such performance was expected for the 308CRE filler metal.

—_ -

an der Schaaf, de Vries, and Elen [77], [78] provided creep-rupture data for weldments extracted fror
bTA welds in 20-mm (0.79-jn:)-thick plates of 304H (DIN 1.4849) stainless steel. The weld configuratio
bas a double “V.” The ro0t pass was by GTA and the finishing passes by SMA. All samples were cros
velds 8.8 mm (0.35-in.). They tested at 1022°F (550°C) for times to 10,000 hours, and all failures were i
ne weld metal.

— < < M
o 0 O o

N 1981, an effgrthegan at ORNL to expand the database for "commercial™ heats of 308CRE stainless stegl
ller metal [79]. Butt welds were made in 1/2-in (13-mm) stainless steel plate using the GTA process anfl
ommercial. 308CRE stainless steel wire. Button-head specimens were machined along the center line df
he weldand transverse to the weld. Long-time testing at temperatures in the range of 1000 to 1200°F (53B
D 649°C) were planned, but the program was canceled before full testing was begun. A few high-
=mp9raturp tests on transverse Qpprimpnq were mmplptpd

~ ~ () oy =

Swindeman and Williams [80] performed tensile and creep tests on specimens machined from a 304H/308
stainless steel weldment that simulated the weld joint between a dummy nozzle skirt and a cylindrical vessel
being used for structural testing under creep-ratcheting conditions [35], [36]. Weld metal, HAZ metal, and
weld metal specimens were tested at 1100°F (593°C). Creep rates for the 308 stainless steel were much
below those for base metal, and trends suggested that the weld metal would be stronger than the base metal
for times to at least 10,000 h.

100


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

Padden [80], in 1983, and Dhalla [81], in 1991, reported the results of tests on a vessel that included 308
stainless steel weld joints between a 304 stainless steel nozzles and a 304H stainless steel shell. The vessel
was a test configuration intended to examine ratcheting mechanisms. The nominal peak temperature was
1050°F (566°C) and total testing time was less than 2000 hours. Cracking was observed in the heat affect
zones of three nozzles. The weld metal did not appear to be the initiation site. Failures appeared to be similar
to creep rupture. A possible mechanism is relaxation cracking due to the cold work in the nozzle skirt.
Whatever the cause, the vessel operated under conditions where the SRF for the weldment would be close

Iso in the early 1980's, McAfee, et al. [82] performed creep-rupture tests on 304 stainless steel plates wit
Ipngitudinal and transverse welds of 308CRE stainless steel. Specimens were cut from identical, welds fqg
ontrol data. Tensile and creep tests were performed on 1/4-in. (6.3-mm) diam. specimens machine
arallel to the welding direction in the base metal, HAZ, fusion line region, and weld metal. Data of test
t 1100°F (593°C) indicated that the 308CRE weld metal was stronger than the 304H base metal. McAfeq
attiste, and Swindeman reported the results of tests on welded plates in 1984,{83]. Plate specimen
ontained longitudinal welds produced by GTA welding with 308CRE wire. Testing,was at 1100°F (593°C
ith time extended to 6400 hours. Results were similar to those produced by Manjoine. Cracking initiate
t the fusion line and extended into the base metal and weld metal. Again, the*SRF for the 304H/308CR
as expected to be 1.0.

O = D

LILLEE = S 7 ™

major testing program on 308 stainless steel was undertaken by the National Research Institute for Metalls
(NRIM) in the 1980s [84], [85], [86]. Four heats of controlled<chiemistry filler metal were used to butt
elded 304H stainless steel plates of two heats by the submerged-arc process. Filler metals containe
tjtanium and niobium at low levels, and very detailed descriptions of the welding conditions were provided.
pecimens were machined that were centered on the “eenter” and “quarter” locations. Base metal, wel
etal, and cross metal specimens were tested over.a broad range of temperatures and stresses. Testin
temperatures ranged from to 887 to 1292°F (475.16.700°C) and times extended to 100,000 h. Creep dat
ere obtained for two of the weld metals. The tesults of the testing program were described by Monma, €
I [85], [86]. Depending on the combination of materials and test conditions, failures were observed i
gither base metal or weld metal of cross-weld specimens. Generally, the strength of the weld metals wa
greater than standard 308 stainless steel_but less than the strength of the 308CRE deposited by the SM4
¢

=N
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rocess.

Ih 1983, Huthman and Borgsted*[87] published results from tests of cross-weld (GTA) specimens take
from butt-welded plate speCimens. These stress-rupture data plots were provided for 1022°F (550°C). Othg
work in Europe on the effects of residual elements were reported in this time period [88].

= =

Lin and Battistte evaluated the creep and cyclic behavior of a welded-beam at 593°C (1100°F) [89].
Although the heam test was not taken to failure, a deformation model based on a multiple material zon
(
t

D

weld metal,(HAZ, heat affected base metal, and base metal) was used in the elastic-plastic-creep analysi
hat yielded.“excellent agreement.”

[72)

Beggsiand Iberra [90] reported results of all-weld metal tests on 308 and 308L stainless steel filler metals
deposited by the SMA process. Their work was intended tao examine the influence of ferrite content oh
stress-rupture. All testing was performed at 1250°F (677°C). They found that weld deposits with high ferrite
numbers were weaker than base metal while welds with ferrite numbers of 5 and lower exhibited similar or
better strength than 304H stainless steel base metal.

Vitek, David, and Sikka re-examined the effect of the residual elements in improving the strength and
ductility of 308 stainless steel weld metal [91]. To provide samples for detailed metallurgical studies,
conventional 308 stainless steel and 308CRE stainless steel welds were produced by the GTA process and
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samples were tested at 1200°F (649°C). Creep data were gathered and creep tests were interrupted for
metallurgical studies. It was observed that the 308CRE weld metal did not form embrittling carbide
networks under the testing conditions that were examined, and the improved creep ductility of the CRE
stainless steel was attributed to this characteristic.

A report by Etienne and Heerings in 1993 cited two European references to stress-rupture testing of
weldments in 304H (DIN 1.4948) at temperatures in the range of 550 to 650°C (1022 to 1202°F) [92]. The

[{Talh D 1 i I R 20 L b 1 41 10 0001 VI IR 1 1 4+l 00
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\s part of a project to examine improved materials for superheater tubing, Swindeman initiated testing of
04 stainless steel tubing butt-welded with 308 stainless steel filler metal [93]. Welds were produced by
ne GTA process, and cross weld specimens were machined from the tubing for testing at termperatures ip
he range of 1000 to 1800°F (538 to 982°C). Failures occurred in the filler metal.

— ~ ()Y

Rinally, the NIMS report on long-time stress-rupture testing of 304H/308 weld metaland weldments wals
ipsued in 1995 [94].

4.3.2 Summary of the Database on the Stress-Rupture of 304H/308 Stainless Steel Filler
Metals and Weldments

=N

A listing of data sources extracted from the research effort summarized-above is provided in Figure 84 an
figure 85. Information in Figure 84 includes the type of filler métal, the type of base metal, the weldin
¢
(

O

rocess, the maximum temperature of testing, and one or two references for the source of the information.
Dften, the references include more than one filler metal, as described above.

Rigure 85 provides more detail on the available data..Categories are listed under the ITEM column th3
include the welding process, the product form being“welded, the thickness of the product, the filler metg
“composition”, the make-up of the testing specimens, the condition of the testing coupons, the coupo
I
q
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pcation within the weldment, the type of time-dependent data, the number of lots, and the number of timg
ependent tests in each data file.

\(Veld processes include SMA, GTAand SA. Weld configurations include butt-welded plates, girth weld
in pipes and tubes, overlay (pad) depositions on plates and forgings, longitudinal welds in large diametg
fdipes, and nozzle skirts to shells:-Product thicknesses range from 0.3 to over 2 in (7.6 to 50 mm). Wel
greps include single V, double V, single U, and double U.

O = U

Hiller metals include #standard” 308 filler (wire, coated electrodes, and cored wire), low-carbon grade
(benerally, dilutiondncreases the carbon level in the deposited weld metal), and controlled residual elemer
(ICRE) additives«(either in the metal or in the coating). Composition and deposition procedures for th
S
(
M
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tandard 308 filler metal range sufficiently to examine ferrite effects, nitrogen effects, and titanium effect
from the electrode coating). Controlled residual elements additions include titanium, niobium, phosphorus
itrogeniand boron.

Rost-weld conditions include as-welded, post-weld heat treatments, solution anneals, and some aging.

Test coupon locations include near root, quarter thickness, centerline, and near crown. Microstructures
represent all-weld metal, HAZ base metal, and cross-weld. Test sections in the coupons cover diameters
from 1/8 to ¥ inch (3.2 to 13 mm). Data from a few “full section” tubes, pipes, and plates are included.
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All references include stress-rupture data, and many references include minimum creep rate (mcr) data.
Lambda values may be obtained from files that provide mcr, rupture-life, and elongation data. Data are
provided in Appendix C.

Figure 84: Summary Table of 304H/308 Filler Metal & Weldment Creep-Rupture Data Sources

File Filler | Base | Type | Temperature | Reference Date
Number | Metal [ Metal | Weld Maximum
(°F)
I 308L 316 GTA 1562 White & Le May 1978, 1980
2 308 SMA 1200 Voorhees & Freeman 1958
2 308L SMA 1200 Voorhees & Freeman 1958
2 308 SMA 1200 Voorhees & Freeman 1958
3 308L 304 SMA 1200 Wylie, Corey, & Leyda 1954
3 308 304 SMA 1200 Wylie, Corey, & Leyda 1954
3 308L 304 SMA 1200 Wylie, Corey, & Leyda 1954
4 308CRE 304 SMA 1200 King, Stiegler, & Gogdwin 1973
5 308CRE 304 SMA 1600 King, Stiegler, & Goodwin 1973
6 308CRE | 304 SMA 1200 King, Stiegler, & Goodwin 1973
7 308CRE 304 GTA 1100 McAfee, Battiste, & Swindeman 1984
8 308CRE 304 SMA 1100 Swindeman, Bolling, & King 1980
9 308 304 GTA 1100 Wardf{.et al., Ward 1971, 1974
10 308 304 SA 1100 Ward, et al., Ward 1971, 1974
Il 308L 304L | GMA 1100 Ward, et al., Ward 1971, 1974
12 308L 304L SA 1100 Ward, et al., Ward 1971, 1974
13 308 304 SA 1100 Ward, et al., Ward 1971, 1974
14 308CRE 304 SMA 1000 Ward, et al., Ward 1971, 1974
15 308CRE 304 SMA 1000 Ward, et al., Ward 1971, 1974
16 308CRE 304 SMA h000 Ward, et al., Ward 1971, 1974
17 308CRE 304 SMA 1000 Ward, et al., Ward 1971, 1974
18 308 304L | SMA 1200 Ward, et al., Ward 1971, 1974
Edmonds & Bolling, Klueh
19 308CRE 304 GTA 1200 Edmonds 1975, 1992
20 308 304 SA 1200 Edmonds, King, et al. 1975
21 308 304 SMA 1100 Hauser & Van Echo 1978
22 308 304 SMA 1100 Hauser & Van Echo 1978
23 308 304 SMA 1100 Hauser & Van Echo 1978
24 308 304 SMA 1100 Hauser & Van Echo 1978
25 308 SMA 1200 Leyda, Katz, Gold, & Snyder 1978
26 308 304 GTA 1500 Swindeman & Canonico 1966
27 308L 304 GTA 1800 Swindeman 1995
28 308L 304 GTA 1400 Bolling & Swindeman 1980
29 308 304 SMA 1200 Swindeman-8- Wilkams 1980
30 308 304 SA 1292 Monma, Yokoi, & Yamazaki, NRIM | 1984, 1995
31 308 304 SA 1292 Monma, Yokoi, & Yamazaki, NRIM | 1984, 1995
32 308 304 SA 1292 Monma, Yokoi, & Yamazaki, NRIM | 1984, 1995
33 308 304 SA 1292 Monma, Yokoi, & Yamazaki, NRIM | 1984, 1995
34 308 347 GMA 1500 Davis & Cullen 1968
35 308 304 GTA 1200 Edmonds & Bolling 1975
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File Filler | Base | Type | Temperature | Reference Date
Number | Metal | Metal | Weld Maximum
CF)
Edmonds & Bolling, Klueh
36 308CRE | 304 GTA 1200 Edmonds 1975, 1982
Edmonds & Bolling, Klueh
37 308CRE | 304 GTA 1200 Edmonds 1975, 1982
Edmonds & Bolling, Klueh
38 308CRE | 304 SA 1200 Edmonds 1975,.992
Edmonds & Bolling, Klueh
39 308CRE | 304 SA 1200 Edmonds 1975, 1992
40 308 304 SA 1100 Klueh & Canonico 1976
4| 308 304 SA 1200 Bolling & King 1976
42 308 304 SMA 1200 Bolling & King 1976
43 308CRE | 304 GTA 1200 Vitek, David, & Sikka 1992
44 308 304 SMA 1200 Breggren, et al. 1977
45 308CRE | 304 SMA 1200 Cole, Goodwin, & Bolling 1973
46 308CRE | 304 SMA 1200 Cole, Goodyin; & Bolling 1973
47 308 SMA 1200 Booker 1984
48 308 SA 1200 Booker 1984
49 308 304 GTA 1022 Huthman & Borgstedt 1983
50 308 SMA 1250 Beggs & Ibarra 1991
51 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
52 308 304 SMA 1350 Combustion Engineering Unpublished
53 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
54 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
55 308 304 SMA 1200 Combustion Engineering Unpublished
56 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
57 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
58 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
59 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
60 308CRE | 304 SMA 1350 Combustion Engineering Unpublished
6l 308CRE | (304 SMA 1350 Combustion Engineering Unpublished
62 308 304 SA 1350 Combustion Engineering Unpublished
63 308 304 SMA 1022 van der Schaaf, de Vries, & Elen 1979
Note: File for.same reference may include cross welds, different heats, different ferrite numbers, ...
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Figure 85: Summary Table of 304H/308 Filler Metal & Weldment Creep-Rupture Data

DATA FILE NUMBER

ITEM 1 2 3 4 5 6 7 8 9
Welding Process GTA [SMA [SMA [SMA [SMA |SMA |[GTA |SMA |GTA
Product Form B PLT |PAD |PLT |PLT [PLT |PLT |PLT |[PLT
Thickness (inch) 1 1 2 2 2] 05] 0.5 1
Filler Metal Std STD |[STD STD
Composition |LC LC LC LC

CRE CRE |[CRE |CRE [CRE |[CRE
No. Chem 1 3 3 1 1 1 1 1 1
Orientation  |All-weld W W W W W W W W

Cross C C C C
Specimen As-welded |[AW |AW [AW AW [AW AW AW  [AW  |AW
Condition annealed ANN

Aged AGE
Specimen Root R R R R
Location Quarter Q Q Q Q Q Q Q Q

Crown C C C
Size (8th inch) 2 2,4 2[1,2 2 2 1 1
Data Rupture R R R R R R R R R
Available MCR MCR MCR |MCR [MCR |MCR |MCR

Creep C C C

Lambda L L L L L
No. Lots 1 3 3 1 1 1 1 1 1
No. Data 1106 26 24 20 8| 116 17 14 12 5
NOTES: GTA= Gas Tungste-Arc SA = Submerged-Arc

SMA = Shielded Metal-Arc GMA = Gas Metal-Arc

PP = pipe product LC = low carbon in filler metal

B = bar product CRE = Controlled residual elements

F = ferrite content variation Crown = crown of the weld | \

N = nitrogen content variation Quarter =half-way between root & crown

Ti = titanium effect Root = toward the root pass

|
MCR = minimum creep rate
Creep = some measure of deformation versus time beyond the mcr.
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DATA FILE NUMBER

ITEM 10 11 12 13 14 15 16 17 18

Welding Process SA |GMA [SA SA SMA |SMA |SMA [SMA |SMA

Product Form PLT [PLT |[PLT |[PLT |[PLT |[PLT |PLT |PLT |PLT

Thickness (inch) 1 1 2 2 1 2 2 1

Filler Metal—1Std STD ST

Composition |LC LC LC LC
CRE CRE [CRE |CRE |CRE

No. Chem 1 1 1 1 1 1 1 1 1

Orientation All-weld W W W W W W W W W
Cross C

Specimen As-welded [AW |AW [AW |JAW |AW [AW AW AW |AW

Condition annealed ANN
Aged AGE
Specimen Root
Location Quarter Q Q Q Q
Crown
Size (8th inch) 1 1 1 X 1 1 1 1 1
Data Rupture R R R R R R R R R
Available MCR MCR |MCR |[MCR.YMCR |MCR |MCR [MCR |MCR |MCR

Creep C C C C C C C C C
Lambda |[L L L L L L L L L

No. Lots 1 1 1 1 1 1 1 1 1
No. Data 1106 9 5 36 6 1 3 7 5 10
NOTES: GTA = Gas.Tungste-Arc SA = Submerged-Arc

SMA = Shielded Metal-Arc GMA = Gas Metal-Arc

PP = pipe product LC = low carbon in filler metal

B.= bar product CRE = Controlled residual elements

R ='ferrite content variation Crown = crown of the weld | \

N = nitrogen content variation Quarter =half-way between root & crown

Ti = titanium effect Root = toward the root pass

MCR = minimum creep rate
Creep = some measure of deformation versus time beyond the mcr.
Lambda = ratio of total creep strain to linear creep strain (after the

loading strain and the transient strain are extracted from the creep curve)
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DATA FILE NUMBER

ITEM 19 20 21 22 23 24 25 26 27
Welding Process GTA |SA |SMA |SMA |SMA |SMA |SMA [GTA |GTA
Product Form PLT |PP PAD |PAD |PAD |PAD [PLT [PLT |Tube
Thickness (inch) 0.5 1 0.5 0.3
Filler-Metal—Std STb—F E E E ST
Composition |LC LC

CRE CRE
No. Chem 10 1 1 1 1 1 1
Orientation  |All-weld W w W W wW W W

Cross C C C
Specimen As-welded |AW |[AW |AW [AW AW |AW AW NAW  |JAW
Condition annealed ANN

Aged
Specimen Root R
Location Quarter Q Q Q Q Q Q Q

Crown
Size (8th inch) 1 2 4 4 4 4 2 2
Data Rupture R R R R R R R R R
Available MCR MCR.{MCR |MCR [MCR

Creep C C C C

Lambda L L L L
No. Lots 10 1 1 1 1 1 1 2 1
No. Data 1106 26 10 11 13 12 11 19 7 10
NOTES: GTA = Gas Tungste-Arc SA = Submerged-Arc

SMA = Shielded Metal-Arc

GMA = Gas Metal-Arc

PP = pipe product

LC = low carbon in filler metal

B = bar product

CRE = Controlled residual elements

F=/ferrite content variation

Crown = crown of the weld | \

N = nitrogen content variation

Quarter =half-way between root & crown

Ti = titanium effect

Root = toward the root pass

MCR = minimum creep rate

Creep = some measure of deformation versus time beyond the mcr.

Lambda = ratio of total creep strain to linear creep strain (after the

loading strain and the transient strain are extracted from the creep curve)
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DATA FILE NUMBER
ITEM 28 29 30 31 32 33 34 35 36
Welding Process GTA |SMA |SA |SA |SA |SA |GMA [GTA |GTA
Product Form PLT |PLT |PLT |PLT [PLT [PLT |[TUBE|PLT |PLT
Thickness (inch) 0.5 1 1 1 1 1 1l 05] 05
FillerMetal Std STD N
Composition |LC LC LC
CRE CRE |CRE |CRE |CRE CRE
No. Chem 1 1 1 1 1 1 3 2 5
Orientation  |All-weld W w W W wW W wW W
Cross C C C C C C
Specimen As-welded |AW |[AW |AW [AW AW |AW AW |AW
Condition annealed ANN
Aged
Specimen Root R R R R
Location Quarter Q Q Q Q Q Q Q Q
Crown
Size (8th inch) 2 2 2 3 3 2 2 1 1
Data Rupture R R R R R R R R R
Available MCR MCR |MCR |MCR MCR MCR |MCR
Creep C C C
Lambda L L L L
No. Lots 1 1 1 1 1 1 4 2 5
No. Data 1106 3 8 32 30 34 32 36 8 16
NOTES: GTA = Gas Tungste-Arc SA = Submerged-Arc
SMA = Shielded Metal-Arc GMA = Gas Metal-Arc
PP = pipe product LC = low carbon in filler metal
B _= bar product CRE = Controlled residual elements
F='ferrite content variation Crown = crown of the weld | \
N = nitrogen content variation Quarter =half-way between root & crown
Ti = titanium effect Root = toward the root pass
|
MCR = minimum creep rate
Creep = some measure of deformation versus time beyond the mcr.
Lambda = ratio of total creep strain to linear creep strain (after the
loading strain and the transient strain are extracted from the creep curve)
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DATA FILE NUMBER

ITEM 37 38 39 40 41 42 43 44 45
Welding Process GTA |SA SA SA SA SMA |GTA |SMA [SMA
Product Form PLT |PLT |PLT ([PAD |PLT |PLT |[PLT |PLT |PLT
Thickness (inch) 0.5 1 1l 07 2 2l 05| 05| 05
Filer-Metal—Std SHb—SFHb{SHb—{sHb—{F
Composition |LC

CRE CRE |CRE |CRE CRE CRE
No. Chem 5 4 5 1 1 4 6 1
Orientation  |All-weld W W W W W W W W W

Cross C
Specimen As-welded [AW AW AW [AW AW AW AW NAW AW
Condition annealed ANN ANN

Aged AGE
Specimen Root R R
Location Quarter Q Q Q Q Q Q Q Q Q

Crown C C
Size (8th inch) 1 1 1 2 2 2 2 1 1
Data Rupture R R R R R R R R R
Available MCR MCR |MCR |[MCR.4YMCR |MCR |MCR [MCR |MCR |MCR

Creep C C C C C

Lambda |[L L L L L L L
No. Lots 5 4 5 1 1 1 4 5 1
No. Data 1106 16 13 15 41 18 8 18 16 3
NOTES: GTA = Gas.Tungste-Arc SA = Submerged-Arc

SMA = Shielded Metal-Arc GMA = Gas Metal-Arc

PP = pipe product LC = low carbon in filler metal

B.= bar product CRE = Controlled residual elements

R ='ferrite content variation Crown = crown of the weld | \

N = nitrogen content variation Quarter =half-way between root & crown

Ti = titanium effect Root = toward the root pass

|

MCR = minimum creep rate

Creep = some measure of deformation versus time beyond the mcr.

Lambda = ratio of total creep strain to linear creep strain (after the

loading strain and the transient strain are extracted from the creep curve)
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DATA FILE NUMBER

ITEM 46 47 48 49 50 51 52 53 54
Welding Process SMA [SMA [SA GTA |SMA |SMA |SMA |SMA |SMA
Product Form PLT |PLT |PLT ([PLT |PLT |PLT |[PLT |PLT |PLT
Thickness (inch) 0.5 0.75] 25| 05 2 2 2
Filer-Metal—Std T SHB—SFHb—SHb—{s+b
Composition |LC LC

CRE CRE CRE |CRE |CRE [CRE
No. Chem 3 1 1 1 1 1 1
Orientation  |All-weld W W W W W W W W

Cross C
Specimen As-welded [AW |AW [AW |JAW |AW [AW AW AW JAW
Condition annealed

Aged
Specimen Root R R R R R
Location Quarter Q Q Q Q Q

Crown C C C C
Size (8th inch) 1 1 11,2 2 2 2 2 2
Data Rupture R R R R R R R R R
Available MCR MCR |MCR |MCR

Creep C

Lambda L L
No. Lots 3 18 10 1 2 1 1 1 1
No. Data 1106 6 67 50 10 9 27 4 9 21
NOTES: GTA = Gas.Tungste-Arc SA = Submerged-Arc

SMA = Shielded Metal-Arc GMA = Gas Metal-Arc

PP = pipe product LC = low carbon in filler metal

B.= bar product CRE = Controlled residual elements

R ='ferrite content variation Crown = crown of the weld | \

N = nitrogen content variation Quarter =half-way between root & crown

Ti = titanium effect Root = toward the root pass

|

MCR = minimum creep rate

Creep = some measure of deformation versus time beyond the mcr.

Lambda = ratio of total creep strain to linear creep strain (after the

loading strain and the transient strain are extracted from the creep curve)
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DATA FILE NUMBER

ITEM 55 56 57 58 59 60 61 62 63
Welding Process SMA |SMA |SMA |SMA [SMA |SMA [SMA |SA SMA
Product Form PLT |PLT |PLT [PLT [PLT |[PLT |PLT |PLT |PLT
Thickness (inch) 2 2 2 0.75
FillerMetal— Std SHB—SHB
Composition |LC
CRE CRE |CRE |CRE |CRE |CRE |CRE |CRE
No. Chem 2 1 2 1 2 2 2 3 1
Orientation All-weld W W W W W W W W
Cross C
Specimen As-welded |JAW AW AW AW AW [AW [AWNAW AW
Condition annealed PWHT,|
Aged
Specimen Root R R R
Location Quarter Q Q
Crown C C C
Size (8th inch) 2 2 2 4 2 2 4 2
Data Rupture R R R R R R R R R
Available MCR MCR
Creep C
Lambda
No. Lots 2 1 2 2 2 2 2 3 1
No. Data 113 13 17 23 17 4 4 2 21 12
NOTES: GTA = Gas Tungste-Arc SA = Submerged-Arc
SMA = Shielded Metal-Arc GMA = Gas Metal-Arc
PP = pipe product LC = low carbon in filler metal
B = bar product CRE = Controlled residual elements
F\="ferrite content variation Crown = crown of the weld | \
N = nitrogen content variation Quarter =half-way between root & crown
Ti = titanium effect Root = toward the root pass
|
MCR = minimum creep rate
Creep = some measure of deformation versus time beyond the mcr.
Lambda = ratio of total creep strain to linear creep strain (after the
loading strain and the transient strain are extracted from the creep curve)
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4.4 316H & 16-8-2 Weld Metal

4.4.1 Review of Research on the Stress-Rupture of 316 and 16-8-2 Stainless Steel Fille
Metals and Weldments

r

Guarnieri evaluated autogenous welds in 316 stainless steel in 1951 [95] and found that the creep-rupture
strength of the weldment specimens was lower than the base metal at 1200, 1500, and 1800°F (649, 816,
and 982°C). Depending on the temperature and time, the weldments exhibited strength from 70 to 90% of

the base metal. All failures were in the weld metal.

N 1954, Wylie, Corey, and Leyda [96] reported results of stress-rupture tests on “eleven compositions o
ommercial stainless steel weld deposits.” Weld pads were produced using the shielded metal\akc proces|
SMA), and these pads were of sufficient thickness to produce all-weld-metal specimens parallel an
ransverse to the welding direction. Two carbon levels (0.10 and 0.03%) for 18Cr-12Ni=Mo filler met3
vere examined. Specimens were Y- and 1/2-in. (6.3- and 13-mm) diameter. Stress-fupture tests wer

dardness and magnetic permeability measurements were taken on aged specimens, and changes wer
eported. The investigators found that the weld metal specimens had lower strength than expected for bas
netal. Depending on the temperature and time, the weld metal exhibited strengths from 55 to 95% of th
ase metal. In the discussion of the paper Thomas provided additional, stress-rupture data for 316 stainleg
teel weld metal that indicated slightly lower strength at 1200°F (649°C) [96].

Ih 1958, Voorhees and Freeman [97] produced a compilation ofiweldment data published by the America
Society for Testing and Materials. Stress-rupture data for séveral lots of “316” stainless steel weld meta
were included in the database. All welds were produced ‘iy’'the SMA process, and one filler metal was
Ipw-carbon composition.

Rowe and Stewart reported the “weld efficiency?>for rupture strength of weld metal relative to base metd
fpr temperatures of 1350, 1500, and 1650°F (732, 816, and 900°C) in 1962 [98]. Welds were made by th
GTA process in %-in. (13-mm) plates that were cut from 6 %-in. (165-mm) bar and prepared with a doubl
“IV” configuration. They tested cross-weld:specimens in the as-welded, 1600°F (871°C) stress-relieved, an
1950°F (1038°C) annealed conditiens: All samples failed in the “weld bead.” They found the wel
gfficiency decreased with increasing rupture time and observed values as low as 50%.

Christoffel reported on the notch sensitivity of the heat-affected zone of welds in 316 stainless steel usin
16-8-2 filler metal [99].,-AHl-specimens were tested at 1100°F (593°C) and included both as-welded an
solution-annealed conditiens for times to 10,000 hours. The solution-annealed specimens lasted longer tha
ds-welded specimensat the lower stresses. All notched specimens exhibited greater lives than smooth bas
metal specimens:

|

[ruman and:Hardwick reported on the rupture life of solution-treated weldment specimens in 316 stainles
steel at 1200, 1200, and 1300°F (593, 649. and 704°C) [100]. All failures occurred in the weld metal.

In thé late 1960’s, the Department of Energy (then the U. S. Atomic Energy Commission and later th
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gerformed at 1200, 1350, and 1500°F (649, 732, and 816°C). Rupture times extended-to beyond 10,000 h.
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Energy Researcnh and Development Agency) Initiated a major research and development program O

n

austenitic stainless steel weld metals [101], [102], [103], [104], [105], [106], [107], [108]. Research
included the evaluation of filler metals and weld processes to determine the performance of candidate
materials for liquid metal fast breeder reactor components. Filler metals of interest included 308, 308L, and
16-8-2 stainless steels. Welds were made in 1-in. (25-mm) thick plate by shielded metal arc (SMA), gas-
tungsten arc (GTA), and submerged arc (SA) processes. Button-head specimens having 1/8-in and Ya-in.
(3.2- and 6.3-mm) gage diameters were machined as weld-metal and cross-weld specimens. These
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specimens were tested in the as-welded condition at temperatures from 900 to 1200°F (482 to 649°C).
Aging effects and irradiation effects studies were included [106]. Generally, it was found that the stress-
rupture data for weld metal and weldments fell within the range of scatter for 316H stainless steel base

metal. No effort was made to determine stress-rupture factors.

In 1977 and 1978, White and LeMay [109], [110] published results of creep-rupture tests on 316/316L
stainless steel weld joints. Cross-weld specimens were machined and tested at temperatures in the range of

10605+ A00700C (CI70 20 OO0\ AL £-21 H oo 21 1 U | 'S L £:11 ro |
HJUUI LU LUTT T \JI7I WU Joo © ). Al TaITUulTts WeTT TIT T O LUL StdlTliTos ST THITT TTITtlar.

h the mid and late 1970s, development work was undertaken to understand and improve the perfgfmanc
f filler metals for 316 stainless steel components needed for the fast breeder reactor concepts [111],]112
113], [114], [115]. A number of different electrodes were examined for 316 and 16-8-2 stainless steel fille
hetals. Material from longitudinal welds in formed-and-welded pipe was examined as well-as girth weld
N large diameter piping. Creep and stress-rupture testing covered temperatures from 9000 1200°F (482 t
49°C). Generally, the weld metal and weldments were weaker than the base metal athigh stress and sho
mes but tended to converge with the strength of the base metal at long times.

e i o MLl B W W

N 1980, Etienne and co-workers reported on their studies of 316 stainless steel weld metal and weldment
N ~2-in (50-mm) thick plate under creep conditions [116], [117]. They.tested specimens extracted fror
pur zones through the weld (weld, HAZ, near-weld base metal, and away from the weld) at temperature
rom 1022 to 1202°F (550 t0 650°C). They found the weld metal (deposited from “coated electrodes™) t
e weak relative to the base metal and the HAZ material to bestrong [116]. An analysis was undertake
or creep and plasticity of a “thick” section weldment using, the data from the coupons extracted from th|
pur zones [117]. The analysis was consistent with the test.on'the composite but showed that testing cross
veld specimens led to a very conservative prediction of life.

S —h T —h —h = —

n 1981, weld Stress Rupture Factors were appreved by the code Working Group on the Strength g
\Veldments for weldments designed to the rules.of ASME Section Ill Code Case N-47. These were base
n early work at the Hanford Engineering, Development Laboratory for Code Case 1592. Howeve
pproval for incorporation into CC N-47 did-not occur for several years afterward.

QD O <7 =

n early 1980s, an effort was undertaken by Edmonds and co-workers to develop Controlled Residu3
Flement (CRE) additions to 316.and 16-8-2 stainless steel filler metals for improved creep strength an
uctility [118], [119]. Titanium, boron, and phosphorous additions were introduced. The GTA and SA
rocesses were employed (using both “experimental” and “commercial” heats of filler wire. Deposite
hemistries of several CRE weld metals were within the chemistry limitations of straight 316 stainless stee
veld metal. Creep and.stress-rupture testing of weld metals was limited to 1200°F (649°C) but some testin
xtended to 20,000-heurs. Some success was achieved in improving ductility, but optimized compositiong
pnges for the fitler metals were not established.

= 0O < O O m =—

ikka and co-workers examined stress-rupture behavior of 16-8-2 stainless steel GTA weldments at severs
emperatures [120], [121]. Some weldment specimens were extracted from girth welds in large diamete
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giping Aged materials were included. Weldment specimens exhibited lower rupture strength that bas
rhetal at 10,000 hr

In the mid 1980s, the Stress Rupture Factors for 316 and 16-8-2 stainless steel weldments were developed

from the criteria established earlier. One of the criteria was the ratio of the average stress-to-rupture for th

e

deposited filler metal to the average time to failure for the base metal (316 stainless steel) for a specified
time. Confirmatory testing was initiated that involved stress-rupture testing of “special welded structures”
that included beams, plates, pipes and tubes. Corum and coworkers produced a series of reports and papers
that covered the results of testing of 316 stainless steel configurations that contained welds [122], [123],
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[124], [125], [126], [127]. Corum compared the ratio of the life of welded 316 stainless steel component

S

to the N-47 minimum life for 316 stainless steel for 14 structural weldments and found ratios in the range
of 1 to 4, with an average of 2.3. Typically, testing temperatures were in the range of 1000 to 1100°F (538
to 593°C) and lives extended to 10,000 hr. Several of the tests included the evaluation of the cracking

characteristics near the fusion line.

The W Cie IX Working Group Creep reviewed work on Strength Reduction Factors (SRFs) and Lifetime

hcduutiun Fabtum (LRFD) fUI ch=dIIICIItD ;II 1993 [128] Thcy pIUV;dCd UII:_y UTIT ICfCICIIbC fUI vvm'r\ V)
316H stainless steel weldments and cited values of 0.95 for 1202°F (650°C) and 1.0 for 1292°F (700°C
[[L29].

Hsiao, Zhang, and Daehn examined the distribution of stresses and creep damage in 316 stainless stegq
pined by 316 and 16-8-2 filler metals at 1202°F (650°C) [130]. They found failures to oceur in the weake
veld metal, although analysis showed the stress to be significantly higher in the base metal.

P

4.4.2 Review of the Database on the Stress-Rupture of 316 and 16-8-2 Stainless Stee
Filler Metals and Weldments

\ listing of data sources extracted from the research effort summarized above' is provided in Figure 86 fg
he 16-8-2 stainless steel filler metal and Figure 87 for the 316 stainlessssteel filler metal. Information i
oth tables includes the type of filler metal, the type of base metal,~the welding process, the maximun
bmperature of testing, and one or two references for the source ofithe information.

L Y o il e S

'he database for the 16-8-2 filler metal consists of results-from about 300 tests. Weld processes includ
MA, GTA, and SA. Weld configurations include butt<welded plates, girth welds in pipes and tube{
verlay (pad) depositions on plates and forgings, and langitudinal welds in large diameter pipes. Produd
hicknesses range from 0.3 to over 2 in (7.6 to 50 mm). Weld preps include single V, double V, single U
nd double U. Appendix D contains the chemistries and creep-rupture data.

Q = O (N el

O

Controlled residual elements additions in¢lude titanium, niobium, phosphorus, nitrogen, and boron.
Some data are available that relate.to-post weld heat treatment, solution annealing, and some aging.

[est coupon locations include)near root, quarter thickness, centerline, and near crown. Microstructure
epresent all-weld metal, HAZ base metal, and cross-weld. Test sections in the coupons cover diametef
fom 1/8 to %2 inch (3.240-13 mm). Data from a few “full section” tubes, pipes, and plates referenced abov
re not included.

Q) =k ==

|

[he database fof 316 stainless steel filler metal is smaller than that for the 16-8-2 stainless steel filler meta
nd consist.@f-only 160 entries. Most of the data for the controlled residual element weldments have bee

o Q

iller metals include “standard” 16-8-2 stainless steel and controlled residual element compositions.

mitted.but; even so, the scope of the testing program on the 316 stainless steel weldments was not as broad.

— —
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—
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Figure 86: Summary Table of 16-8-2 Filler Metal Data

File Filler Base | Type | Temperature Reference
Number Metal Metal | Weld Maximum
CF)
wl-3 towl-4 16-8-2 316 GTA 1100 HEDL TME 74-25
w4-| to w4-6 16-8-2 316 GTA 1200 ORNL 5107
13-4 16-8-2 316 SMA 1100 Booker Note
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File Filler Base | Type | Temperature Reference
Number Metal Metal | Weld Maximum
(°F)
17-1 16-8-2 316 GTA 1200 ORNL 5107
18-1 16-8-2 316 GTA 1200 Booker Note
18-2, 18-3 16-8-2 316 SMA 1200 Booker Note
18-4 16-8-2 316 GTA 1200 Booker Note
16-5 16-8-2 316 GTA 1200 Booker Note
22-3 16-8-2 316 SA 1200 Booker Note
22-4, 22-5 16-8-2 316 SA 1200 ORNL 5218
24-1, 24-2 16-8-2 316 GTA 1200 Booker Note
24-5 16-8-2 316 SA 1200 Booker Note
FFTF-I 16-8-2 316 GTA 1200 ORNL 5594
FFTF-ICW 16-8-2 316 GTA 1200 ORNL 5594
FFTF-2 16-8-2 316 GTA 1200 ORNL5594
2546 16-8-2 316 GTA 1200 ORNIL 5945
35047 16-8-2 316 SA 1200 ORNIL 5945
9236sa, 9206sa | 16-8-2 316 SA 1200 ORNL 5945
9213sa, 9234sa | 16-8-2 316 SA 1200 ORNL 5945
9235sa 16-8-2 316 SA 1200 ORNL 5945
9213gta, 16-8-2 316 GTA 1200 ORNL 5945
9234gta
9235gta, 16-8-2 316 GTA 1200 ORNL 5945
9236gta
77-15,77-16 16-8-2 316 SA 1200 ORNL 5594
77-17 16-8-2 316 SA 1200 ORNL 5594
E-13, F-14 16-8-2 316 SA 1200 ORNL/TM-7394
H-22 16-8-2 316 SA 1200 ORNL/TM-7394
Booker Note: Data with these IDs wereincluded in the evaluation of SRFs for BPV I11-NH.
Booker Note Sources include TME 74-25, and TME 71-118.
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Figure 87: Summary Table of 316 Filler Metal Data

File Filler Base | Type | Temperature | Reference
Number Metal Metal | Weld Maximum
°F
wl-2 316 316 GTA I(IO%) HEDL TME 74-25
w9-4 to w9-9 316 316 SMA 1500 Booker Note
wl9-3 316 316 GTA 1200 ORNL 5105
wl9-6 316 316 SMA 1200 Booker Note
w24-3, W24-3cw 316 316 SA 1200 ORNL-739%4
w24-4, w24-4CW 316 316 GTA 1200 ORNL-739%4
w9-8, wl9-11,
wl9-2 316 316 SMA 1350 Booker Note
ERR, ERR-CW 316 316 SMA 1202 Etienne, et al:
W-M-CW 316L 316 GTA 1200 White & Le/May
R-S-CW 316 316 GTA 1200 Rowe & Stewart
WD 316 316 GTA 1650 Ward

Booker Note: Data with these IDs were included in the evaluation of SRFs-for BPV I11-NH.
Booker Note Sources include TME 74-25, and TME 71-118.

N

4.3 A Brief Review of the Determination of Stress Rupture Factors for 316 and 16-8-2

'he Stress Rupture Factors in BPV 111-NH Table 1-14.10 B-Xand B-2 are mostly based on the collectio
f data from the references listed above for the years up to 1980 and analysis methods described by Booke
nd Booker [131]. The specific model used to represent the'rupture life, t,, for 16-8-2 stainless steel fille
netal was as follows:

e T @ B T o TN |

log tr = Ch -0.01044 Sz0.01702 T -0.005687 T log S,

vhere t; is the life in hours, Cy is the average “lot Constant,” T is temperature in Kelvin, and S is stress i
/IPa. The value for the average Cy is.given as 31.525. The Lot Constant used to determine the minimun
fe is 30.756. The database used to develop the model consisted of 109 lives obtained at temperatures fron
00 to 1200°F (482 to 649°C) and time in the range of 20 to 9000 hours. Data from GTA, SMA, and S4
veld deposits were included.

=< (O = — <

|

'he specific model usedto.represent the rupture life, tr, for 316 stainless steel filler metal was as follows
log tr = Ch -0.0102 S -0.01387 T -0.002668 T log S,

vhere again (tr)is the life in hours, Ch is the average “lot Constant,” T is temperature in Kelvin, and S i
tress in MiPa. The value for the average Ch is given as 22.483. The Lot Constant used to determine th
ninimumvlife is 21.630. The database used to develop the model consisted of 82 lives obtained 3
pmperatures from 1000 to 1500°F (538 to 816°C) and time in the range of 10 to 11000 hours. Data fror

= = 2
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ETA. SMA, and SA weld deposits were included.

4.5 Alloy 800/800H

4.5.1 Identification of Alloy 800/800H Filler Metals and Weldment Stress-Rupture Data

Alloy 800H is one of three classes (or “grades”) of 33Ni-42Fe-21Cr alloy that are listed in ASME Section
I1 and approved for construction of pressure boundary components. The three grades are identified as UNS
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N08800, UNS N08810, and UNS N08811 for alloy 800, alloy 800H, and alloy 800HT, respectively. Alloy
800 (NO0880) corresponds to a relatively fine-grained annealed condition normally used at lower
temperatures where creep strength is not an important consideration. Alloy 800H (N08810) corresponds to
a relatively coarse-grained material (ASTM grain size number 5 or greater) with a carbon range of 0.05 to
0.10% which is typically annealed around 1150°C (2175°F). This material is approved for construction to

982°C (1800°F) under the rules of ASME Section VIII.

LIT /ANlNnQQ
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gf 0.85 to 1.2%, and the annealing temperature to be at least 1149°C (2150°F). This stronger version\g
3lloy 800H is used when creep strength is important and relaxation cracking is not of great concern. Onl

lloy 800H is permitted under the rules in ASME I11-NH and an additional restriction requiresithe” Al+T]
gontent to be in the range of 0.4 to 1.2%. The specific grade of base metal and its associatedproperties ar
important considerations in this review which includes the data produced on weldments that'may ruptur
in the base metal heat affected zone or the base metal itself. Since the three grades havedifferent strengthg
ane might expect that the SRFs would have a different value for each grade.

A number of filler metals have been used for joining similar and dissimilar méetal"'welds with alloy 800H
Some compositions are listed in Figure 88 for coated electrodes for shielded\metal arc welding (SMAW
included in the AWS 5.11 specification. Only one of these filler metals, altoy A (ENiCrFe-2), is permitte
in ASME I11-NH, according to Table 1-14.1(b), and Table 1-14.10 C-% provides stress factors for the bar,
glectrode equivalent (ENiCrFe-2, see Figure 89) used for SMAW. The database reviewed here include
dlloy 132, alloy A, alloy 617, and 21/33/Nb which is considered, to be a matching filler metal for allo
q00H.

Figure 88: Comparison Table of Chemistries for Coated Filler Metal Electrodes Used to Join the
Three Grades©f Alloy 800

D0 = —=h ¢

_~ ) D I~ .

Element alloy 132 alloy A alloy 182 alloy 617 21/33/Nb
ENiCrFe-1 ENiCrFe-2 ENiCrFe-3 ENiCrCoMo-1

(W86132) (W86133) (W86182) (W86117)
C 0.08 max 0.10 max 0.10 max 0.05-0.15 0.06-0.12
Mn 3.5 max 1.0-3.5 5.0-9.5 0.3-2.3 1.6-4.0
Fe 11.0 max 12.0 max 10.0 max 5.0 maxRem
P 0.03(max 0.03 max 0.03 max 0.03 max 0.03 max
S 0.015 max 0.02 max 0.015 max 0.015 max 0.02 max
Si 0J75 max 0.75 max 1.0 max 0.75 max 0.6 max
Cu 0.50 max 0.50 max 0.50 max 0.50 max -
Ni 62.0 min 62.0 min 59.0 min Rem 30.0-35.0
Co - 0.12 max* 0.12 max* 9.0-15.0 -
Ti - - 1.0 max- - -
Cr 13.0-17.0 13.0-17.0 13.0-17.0 21.0-26.0 19.0-23.0
Nb 15-4.0 0.5-3.0 1.0-2.5 1.0 max 0.08-1.5
Mo - 0.5-2.5 - 8.0-10.0 0.5 max
Notes—=Co-0-12-mex-when-specifiedbyptrchasermax-forotherelements1s-6-56-

Compositions for bare filler metal electrodes (SFA-5.14) are listed in Figure 89. Only ERNIiCr-3 (alloy 82)

is permitted for use by ASME I11-NH, according to Table 1-14.1(b), and Table 1-14.10 C-2 provides stres
factors for joints with this alloy.
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Figure 89: Comparison Table of Chemistries for Bare Filler Metal Electrodes Used to Join Three
Grades of Alloy 800

Element alloy 82 alloy 617
ERNICr-3 ERNiCrCoMo-1
(N06082) (N06617)

C 0.10 max 0.05-0.15
Mn 2.5-3.5 0.3-2.3
e 3.0 max5b.0 max

P 0.03 max 0.03 max
S 0.015 max 0.015 max
Si 0.50 max 0.75 max
Cu 0.50 max 0.50 max
Ni 67.0 min Rem

Co 0.12 max* 9.0-15.0
Ti 0.75 max -

Cr 18.0-22.0 21.0-26.0
Nb 2.0-3.0 1.0 max
Mo - 8.0-10.0

Notes: * Co 0.12 max when specified by purchaser; max forother elements is 0.50.

N

5.2 Review of Research on the Stress-Rupture of Filler Metals and Weldments

Farly data on filler metals and weldments used for alloy 800<and nickel base alloys were summarized i
he Elevated-Temperature Properties of Weld-Deposited Metal and Weldments (ASTM STP No. 226
132]. Pages 154 to 170 of the report provided McBee-type-data sheets for a number of filler metals. Tw
ata sheets were provided for alloy 132 deposited fillermetal. Two data sheets were provided for alloy 13
Iler metal in alloy 800H plates. Most weldment rupttres occurred in the weldment fusion line.

= O~ 1 mMm
NN O ~—~ 5

rork and Flury performed a literature search for suitable filler metals for alloy 800 and selected Incoloy 8
& 182 filler metals for joining alloy 800 [133]. It was reported that weldments from the two filler metal
gxhibited similar tensile and creep-rupture-properties for temperatures less than 649°C (1200°F). This wor
V
g

QI XN O O

vas in support of the fast-breeder reactor (FBR) program which had a need for a steam generator operatin
t less than 649°C (1200°F).

[

Studies by Klueh and King-in-support of the FBR program were published in 1978 and 1979 and include
greep and stress-rupture-behavior of ERNiCr-3 weld metal [134], [135], [136], [137]. Data for deposite
dlloy 82 filler metal wergreported to 732°C (1350°F).

=

Sartory required,a:creep law for an inelastic ratcheting analysis of a 2 %Cr-1 Mo steel pipe joined to typ
J16H stainlesssteel using alloy 82 filler metal [138], [139]. The creep law was developed and revised fron
test data on-eoupons machined from a dissimilar metal weld test article. Data were in the range of 510 t
566°C (950 to 1050°F).

O o (D

Bogker and Strizak produced cyclic data on weld-deposited alloy 82 at 649°C (1200°F) [140]. Hold time|
at constant stress were introduced in tensile or compression and strains were reversed by strain-rate control
to produced creep reversed by plasticity or plasticity reversed by creep. Tests were also performed with
creep reversals in both tension and compression. No effort was made to develop expressions for the creep
behavior.

[72]
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Klueh and King examined the thermal aging behavior of alloy 82 weld metal and weldments [141]. Aging
was performed at 510 and 566°C (950 and 1050F). Tensile testing was performed to 677°C (1250°F) and

creep-rupture tests to 566°C (1050°F).

Nippon-Kokan (NKK) reported the properties of Tempaloy 800H tubes welded with matching filler metal
and alloy 82 [142]. Information included composition, microstructures, cross weld hardness, and tensile
properties for as-welded and solution-annealed weldments in 11-mm plates. The tensile data indicated

100000
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(L832°F) but the same ultimate strength. No stress-rupture data for weldments were provided.

Alloy 82 and 182 fillers were used. Testing was at 550 and 700°C (1022 to 1292°F). All tube-burst failure
qccurred in the base metal.

In 1982, Klueh and J. F. King examined the elevated-temperature tensile and creep*fupture behavior @
dlloy 800H/ERNICr-3 Weld Metal/2 ¥4Cr-1Mo steel dissimilar-metal weldments f144]. Creep-rupture dat
gxtended to 732°C (1350°F).

McCoy and King investigated the tensile and creep-rupture properties of weld-deposited alloy A (EniCrFg
4) and alloy 82 filler metal and weldments including alloy 800H and«Hastelloy X [145]. Tensile data o
deposited alloy A weld metal went from 23 to 871°C (70 to 1600°F) ‘and creep rupture data were gathere
from 482 to 760°C (900 to 1400°F). Tensile and creep-rupture data for weldments were produced to 649°(
(L200°F) for both filler metals. Testing data for aged weldments were included. They also investigated th
mechanical properties of weld-clad alloy 800H tubesheet forgings [146].

Lindgren, Thurgood, Ryder, and Li reviewed the mechanical properties of welds in commercial alloys fo
igh-temperature gas-cooled reactor componentsin 1984 [147]. They presented creep-rupture data fo

ncluded were alloy 88 and alloy 188, alloy 82 and alloy 182. Plots of stress-rupture behavior were show
pr temperatures to 760°C (1400°F).

Ih the same issue of Nuclear Technology, Bassford and Hosier discussed the production and weldin
technology of some high-temperature nickel alloys and provided guidance and data for welding alloy 800k
fpr applications up to 790°C (1:450°F) [148]. Stress-rupture data for all-weld metal were tabulated for allo
A and alloy 82 to 982°C (18Q0°F).

Schubert, Bruch, Caok, Diehl, Ennis, Jakobeit, Penkalla, te Heesen, and Ullrich reviewed the creep-ruptur
Rehavior of candidate’ materials for nuclear process heat applications [149]. The paper provided one figur
that plotted stress-versus rupture life for alloy 82 and a 21/33/Nb at 850 and 950°C (1575 and.1650°F) Th
dlloy 82 weld metal was weaker than average strength alloy 800H while the 21/33Nb matching filler meta
gppearedto.have strength comparable to the base metal.

In 1986, an INCO brochure provided a table for the stress-rupture for strength of alloy A and alloy 82 g

[Data for pressurized alloy 800H tubes containing butt welds were reported by Stannett and Wickens[143].

L
r
several filler metals and weldments used for jeining alloy 800H and dissimilar metal tubes or pipeg.
|
f
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temperatures in the range of 538 to 982°C (1000 to 1800°F) and times to 10,000 hours [150]. Alsa, a figur

was provided for the stress-rupture of deposits from welding electrode 117 in comparison to alloy 800HT
for temperatures in the range of 649 to 982°C (1200 to 1800°F) and time to 10,000 hours. About the same
time, Bassford, provided tensile and stress-rupture data for alloy 117 and alloy 112 deposited weld metal

and cross welds in alloy 800H [151]. Temperatures ranged to 1093°C (2000°F).

A Survey and Guidelines for High Strength Superheater Materials- Alloy 800H was compiled for the
Electric Power Research Institute in 1987 [152]. This report included a “steel maker’s search on alloy
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800H” by three participants: Sumitomo Metal Industries, Ltd., Nippon Steel Corp., and Nippon Kokan K.
K (NKK). The reviews drew heavily from the studies of alloy 800H that were performed in support of the
high-temperature gas-cooled reactor programs (in the US, UK, and Germany) and the fast breeder reactor
programs in the US. In the summary section, plots for tensile data were supplied that were constructed from
seven sources and ranged to 1100°C (2000°F). Several filler metals including alloys 82 and 182 were listed
and both deposited metal and joint configurations were included. Stress-rupture data were provided as a
stress versus Larson Miller parameter plots. Again, both deposited metal and joint data were included.

'he review by Sumitomo Metal Industries, Ltd. was the most extensive with respect to filler metals. Of th
93 references, there were 32 references that addressed weld metal and weldment issues. About 14-0f thes
eferences reported mechanical behavior such as tensile or creep-rupture properties. About half of thes
vere of Japanese origin. Figures were provided that were reproduced from many of these references.

< S e

McCoy produced tensile and creep test data for a heat of alloy 800H in 1993. Data for<deposited alloy 8
weld metal and weldments were provided [153], [154]. Tensile data ranged to 8712€/1600°F) and creeq
rupture data ranged to 816°C (1500°F).

45.3 Assembly of the Stress-Rupture Database
'he bulk of the stress-rupture data for deposited weld metals and weldments data for various grades of allo

1
g

These data were used to develop the Stress Rupture Factors (SRESY in ASME Section I11-NH Tables 1-14
10 C-1 and C-2. Although meager, some data exist for highertemperatures. A summary of available dat
sources outlined above is provided in Figure 90 and actual data*are provided in the Appendix E.

The tabulated data were extracted from tables in reportsfAvhen possible, but some data were extracted fron
glots in papers and reports. These data lacked the preeision and accuracy that was desired, but considerin
the overall lot-to-lot variability were considered tobe better than no data at all. Since ASME I11-NH onl
grovides SRFs that are based on stress-rupture behavior, data bearing on other aspects of the time-depender
Rehavior of filler metals, such as time to 1%.creep and the time to the initiation of tertiary creep, were nd
dollected. Data for several types of fillermetals were included. These filler metals are listed in Figure 8
and Figure 89 of this report. Alloy 132-(ENiCrFe-1) was an exception, and data for this filler metal wer
rfot included in Figure 90 and the appendix.

Figure 90:) Summary Table of 800H Weld and Weldment Data

[ oo ot ool 4 o lo HPH L deota ot Fy al H £ Al +alal
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00 was produced by programs focused on components intended fer~operation below 750°C (1382°F).

D (D (D

O

D

D0 ~ ~+ < & 2

Number Metal Metal | Weld | Maximum
°C
INCO-I A SMA g82) INCO
M-K-1, M-K=.= A 800H 760 McCoy & King TM-8728
CW.
BMI-EW A 927
3343| 21-33Nb | 800H 850 Schubert, et al.
19424 21-33Nb | 800H 950 Schubert, et al.
SHINO, SHINO= 182 800H—T—SMA 927 Shino
CcWwW
INCO-2 82 800H | GTA 982 INCO
K-K-1 82 800H | GTA 732 Klueh & King TM-5404
K-K-2 82 800H | GTA 732 Klueh & King TM-5783
HEM-1-CW 82 800H | GTA 732 McCoy TM-7399
SCH 82 800H | GTA 950 Schubert, et al.
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Number Metal Metal | Weld | Maximum
(Y]
HEM-2-CW 82 800H | GTA 816 McCoy TM-12438
K-M, K-M-CW 82 800H | GTA 649 King & McCoy TM-9108
M-K-CW 82 800H | GTA 482 McCoy & King TM-8728
82-13 82 800H | GTA 1000 EPRI 82-13

4.6 Review of 9Cr-1Mo-V (Grade 91) Steel Weld Metal and Weldments Creep
Rupture Data and Weld Strength Reduction Factors

N

.6.1 Background and Data Sources

\ developmental program on 9Cr-1Mo-V steel was undertaken by Combustion Enginéering, Inc. in 197
D meet the property goals identified by Patriarca, et al. in 1976 [155]. A screening program was undertake
D reach these goals [156] that included weld filler metal development. The emphasis was on the Shielde
letal Arc (SMA) process, and batches were produced with 127 different compositions. The SMA wire
vith the best impact properties were selected for production of larger batches of wire to be used for bot
he SMA and Gas Tungsten Arc (GTA) welding processes. Creep-rupture-testing at 538, 593, and 649°(
1000, 1100, and 1200°F) was undertaken on two filler metals that Wwere judged to be the best based o
pughness. Of these, one proved to be superior in stress-rupture to the reference base metal and the othe
hferior. The chemistry of the undiluted weld pad for the best wire was 0.064% C; 0.64% Mn; 0.01% R;
.011% S; 0.20% Si; 0.02% Ni; 9.15% Cr; 1.03% Mo; 0.04%.Cb; 0.053% N, 0.001% Al; 0.16% V; an
.03% Cu. Work on the poorer performing weld filler metakwas discontinued.

= 2D (J IO O»n L o Of
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rom 1975 to the mid-1990s, the U.S. Department of ‘Energy (DOE) supported further mechanical testin
f weldments in Gr 91, and the Oak Ridge National Laboratory (ORNL) assumed the management of th
bchnology program. By 1982, when data packages were prepared for submission to ASME Section | an
ection VI for code approval, the availablecreep-rupture data were from weldments fabricated using bot
tandard 9Cr-1Mo filler and matching 9Cr-1Mo-V filler. Except for the developmental work of Bodine,
, all welds were produced by the gas-tungsten arc (GTA) process. Further development by Sikka an
qoworkers produced weldments by the' submerged arc (SA) and shielded metal arc (SMA) processes [157
[158], [159], [160]. The filler metal most often used was the standard 9Cr-1Mo (Gr 9) steel. By 1987
jecame clear that weldments™in Gr 91 were significantly weaker than the base metal with the relativi
eakness increasing with increasing temperature [161], [162]. Various welding procedures and post wel
eat treatments were examined, but the lower strength associated with a weakness in the fine-grained regio
df the heat affected-zone (HAZ) persisted [163], [164], [165]. These observations were confirmed b
intensive investigations of weldment performance undertaken in Europe and Asia to qualify the materig
gnd components-for usage in power-generating applications for the temperature range from 550 to 650°
(L020 to 1200°F) [166], [167], [168], [169].
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he DOE-~sponsored programs produced virtually all of the information that led to the development of stres
rupture factors for Gr 91 weldments similar to those in ASME I11-NH Table 1- 14 10 for other materialg.

[72]

metal [163] In the subsequent revisions of ASME III Code Case N 47 that Ied to ASME III NH the
material specifications for the Gr 91 filler metals that were addressed by the original code case submission
were altered from SFA 5.4 (E505) to those mentioned earlier in this report, namely SFA-5.28 ER 90S-B9,
SFA-5.5 E90XX, and SFA-E.23 EB9. Since the HAZ in the base metal was thought to control the stress
factor for weldments, the filler metal was not of primary concern and the stress rupture factors were not
changed. The stress rupture factors for Gr 91 were found to be relatively time independent but decreased
with increasing temperatures. Since 1990, procedures and estimates of weld strength reduction factors were
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developed in Europe and Asia, and several papers relating to their development have been published.
Generally speaking, weld metal and weldment test data have not been available for inclusion in the database
available for the re-assessment of Stress-Rupture Factors (section 4.5.3 reviews these studies). However, in
addition to the data gathered in the original compilation used for development of Stress-Rupture Factors in
ASME BPV I1I-NH, new data were obtained and are reported in Appendix F as follows:

N

—) D T

e Test data from Oak Ridge National Laboratory since the original ASME code case including a re-
evaluation of specimen failure modes which was not generally reported [170]
D
temperature on the performance of Gr. 91 SMA welds [171], [172]
e Reported European test results from Jandova et al. [173], including test data in excess of,40,00D
hours at lower stress including failure mode investigation
o Results on Grade 91 cross-weld creep from a Japanese study by Masuyama et alC[174], [175],
including limited data on weldment configuration and specimen size effect
e Rupture data on Grade 91 filler metal made by GTAW with ER90S-B9 filler metal [176]

.6.2 Characteristics of the Gr. 91 Weld and Weldment Database

'he original database for Gr 91 weldments in ASME 111-NH was focused oh-He stress-rupture behavior.
However, some data on creep behavior and ductility were produced and reported. There were a number gf
ignificant factors that were considered and evaluated with respect to the stress-rupture for weldments.
'hese included:

e Base metal composition and product thickness

Filler metal composition and flux or coating, if used

Welding process and process variables

Weld configuration and number of passes

Preheat temperature, interpass temperature, and-hold/drop preheat prior to PWHT
Post weld heat treat temperature and time

Test specimen location (all-weld or cross-weld) and size

Failure location (weld, fusion line, HAZ, base metal away from weld)

Appendix F.1 is a listing of chemistry:-information on approximately 75 weldments and Appendix F.
rovides information on the weld and-specimen configurations. Appendix F.3 provides drawings for man
f these welds as listed in F.2. Products included plates, tubes, and pipes of Gr 91 with thicknesses in th
pnge of 9 to 200 mm (3/8 t0 8'in.). Filler metals included both standard 9Cr-1Mo steel and 9C-1Mo-
teel deposited by SMA, GTA, SA, and flux core arc (FCA) welding processes. Not all 75 welded products
vere tested in creep-rupture. Some were used for toughness testing, bend testing, aging studies, tensile testg,
ptigue tests, crack growth studies, and the like. Some weldments were tested in the as-welded conditior,
ut most were postweld heat treated (PWHT) in the temperature range of 705 to 785°C (1300 to 1450°F
Fmphasis was flaced on PWHT at 730 and 760°C (1350 and 1400°F) with times being one hour or longe
pr products.ef25-mm (1-in.) or more thickness. Some weldments were re-normalized and tempered (NT).

D< N

I

tresssrupture data for weld and weldment specimens are listed in Appendix F.4. There are approximately
70.entries representing about 45 welds and weldments. The table includes temperature, stress, rupture lifg,

o a la Liira lonats
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ORNL data was obtained by inspecting more than 150 specimens recovered from archival storage.
Typically, failures identified as “shear” were in the fine-grained HAZ of the base metal. When the weld
HAZ was more normal to the specimen axis, necking was sometimes observed. The failure locations in the
database include 85 failures classified as heat affected zone (HAZ) and/or Type IV failures, 60 weld metal
failures (including both weld metal and cross-weld tests), and the rest being classified as base metal, fusion
line (FL), or not reported failure locations.

122


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

The distribution of testing times with filler metals, weld process, PWHT temperature, and test temperatures
are shown in Figure 91 for the ORNL data. About the same number of tests were performed on weldments
from standard Gr 9 and Gr 91 filler metals, but the testing times for the standard filler metal were longer.
Several of the longer times represent discontinued creep-rupture tests, so most of the data pertain to times
less than 10,000 hours. The longer time tests were mostly from the GTA weldment, although a few of the
SA welds exceeded 10,000 hours. Most of the testing was performed at 538 and 593°C (1000 and 1100°F).
There were no data below 538°C (1000°F). Finally, the number of tests on material with the 732°C (1350°F)

VAZLLL 140000\ DAAZLLT

T [N + 4l £ +la 000 [ Tl Aot + lotadl + N OVDNLL Aot t
VVITT Wdo dUUUL UTT odITIC as TUT LT 7TOU L (15UU T7) TVVITT. TTIC Uala TIUL TTIdITU LU T UTNINL  Udldd
(priginally used for development of the ASME Section I11-NH factors) generally contains tests at highgr

temperatures, lower stresses, and longer times.
Figure 91: The Distribution of the ORNL Rupture Data for Filler Metal (a), Weld Process, (b), Test
Temperature (¢) and PWHT Temperature (d)
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4.6.3 Review of Reports and Papers on WSRFs for Grade 91

In the service experience portion of this report, limited failures in grade 91 and creep strength enhanced
ferritic steels were enumerated (chapter 2). Additionally, some research on WSRFs for CSEF was reviewed.
In this section, a more in-depth review of grade 91 studies related to development of WSRFs for this alloy
is presented.

Early work in Japan revealed low rupture strengths in the fine-grained region of the HAZ. Significant
differences between base metal and weldments were observed by Sakaguchi for times to beyond 1000.h
850, 600, and 650°C (1020, 1110, and 1200°F) with rupture strength ratios as low as 0.60 [167}. 4
i

ecommendation was made by Sakaguchi to lower the tempering temperature of the base metal to_ belov
00°C (1290°F) but increase the PWHT at 760°C (1400°F). This procedure improved the relative strengt
gf the weldment. About the same time, Toyoda et al. performed stress-rupture tests on weldments wit
RWHT at 750°C (1380°F) and observed very little reduction in strength for times to 10,000*h [168]. Simil3
results were obtained by Taguchi, et al. [169]. They provided stress-rupture curves t0-10;000 h for welde
J
t

D L= DO O < 2~ —+

jpints in plates, forgings, and tubes. At 500 and 550°C (930 and 1020°F) the weldmeéntstrengths were clos
D base metal strengths while at 650°C (1200°F).

—

Studies were undertaken of the all-weld metal properties and the re-normatized and tempered properties @
weld metal and weldments [156], [170], [178], [179], [180], [181].\Fhese studies generally showe
improved strength relative to the PWHT weldments.

=N

Middleton et al. performed extensive evaluations of data from-Jaboratory weldment tests, HAZ simulate
naterial tests, and field in-service ruptures to establish the.conditions that produced Type IV cracking i
br 91 weldments [181]. They defined the temperature-life-regions for parent metal failures and for Typ
\V HAZ failures and made estimates of a weld strengtheduction factor. Masuyama and Askins publishe
neir test results of butt welds in tubes welded to headers and found significant early failures in Gr 9
veldments at 655°C (1210°F) due to Type V. ¢cracking [183]. Tanoue et al. evaluated damage in thicK
ection Gr 91 weldments tested at 650°C (1200°F) [184]. They observed Type IV cracking and failure g
he HAZ after 6000 h at 58.8 MPa. Based ori.the average strength of base metal determined in Part 1 of thi
eport, the SRF from the work of Tanoug'et al. would be around 0.81.

=N+ (N < ot m— N S =
D =—h 1 = OO (D 3 X

lonaka and coworkers examined stress-rupture behavior of welded P91 piping and elbows at 650°(
1200°F) [184], [185]. They tested full-thickness specimens extracted from the piping and elbows i
ddition to the pressurized-pipes and elbows. Results showed similar failure modes and similar stress
upture behavior in extracted’samples and full section components when stress was based on the maximur]
rincipal stress. Although’'no SRFs were provided, it was clear that test data based on full-section, cros
veld samples werea@reliable indication of pressurized welded piping behavior.

S TS =S QS =
0 =2 1 =2 \J

Masuyama ape&omai published results on continued testing in Japan of thick-section weldments and but{-
welded tubés-of Gr 91 [186]. They compared thick-section cross weld specimen data to base metal ang
included'some results on pressurized vessels. One comparison was on the basis of the Larson Millgr
garameter in which a parametric constant of 36 for both the base metal and weldments was used. The stress
functions were found to differ, and the trends suggested that the SRFs decreased with increasing
tEMperature and time. INterpotation of the CIVIP TUrves for 10° T at 500°C (930°F ) indicated an SRFaroun
0.91 or 0.92. At the other extreme, it was possible to estimate the SRF for 10* h at 650°C (1200°F) to be
around 0.77. These SRF values were consistent with values in ASME I111-NH. In a later paper, Masuyama
re-plotted the LMP curves using a parametric constant of 20 [187]. In this interpretation, the SRF at 650°C
(1200°F) decreased to near 0.64. Comparison of the LMP curves for the two parametric constants, however,
showed that the higher value for the parametric constant (C=36) was a better choice in fitting the data.
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Cohn and Coleman reviewed work on the cross weld testing of Gr 91 and considered the effect of the
PWHT temperature [188]. They found better strength when the PWHT was at 649°C (1200°F) rather than
704 or 760°C (1300 to 1400°F). They estimated some SRFs and observed that they decreased with
decreasing stress and increasing time. They mentioned SRF values of 0.76 at 621°C (1150°F) and 0.8 at
607°C (1125°F). Most testing involved relatively short times, so decreases in the SRFs below the estimates
provided by Cohn and Coleman were judged to be likely for longer times.
dluminum and low nitrogen were susceptible to premature rupture [189], [190], [181]. The HAZ\Q
eldments in such lots exhibited low rupture strength relative to average strength material. Again, th
relative strength decreased with increasing time and increasing temperature. The SRF values at 2000'h wer|
ground 0.75 for both 600 and 650°C (1110 and 1200°F). They suggested that SRFs could-decrease to
“Ifloor value” near 0.60.

D (D (D =—h -—

Jchubert, Klenk, and Maile studied weldment behavior in several Cr-Mo-V steels for times to beyon
40,000 h [191]. They found that at high stresses and short time, failures occurreg:inthe base metals awa|
from the welds. With decreasing stresses and increasing time, HAZ ruptures were encountered, the stress
rupture curves for weldment data diverged from the base metal curves, and {ife asymptotically approache
stress-rupture curves representing 100% simulated HAZ materials. For the_¢lass of steels that includes G
91, they suggested the SRF should be around 0.95 at 550°C (1020°%F)*and 0.65 at 600°C (1110°F) fo

00,000 h. The value at 550°C (1020°F) is higher than that in ASME [1I-NH while the value at 650°
(L200°F) is much lower.

O T <<=

[

he SRFs in ASME I11-NH formed the basis for the weld joint strength reduction factors (WSRFs) adopte
for use with ASME B31.3 piping rules. The rationale for the WSRF values was provided by Becht [192],
ho recognized that the criteria for setting stress interisities in ASME 111-NH differed from the criteria fg
setting allowable stresses for B31.1 Table A-1. Fortemperatures of 566°C (1050°F) and above, the WSRFs
for Gr 91 were essentially identical to the SRFs:{WASME 111-NH.

=

abuchi and Takahashi provided a very comprehensive evaluation of WSRFs for Gr 91 based on
gollection of 370 welded joint data [193].JJoining processes included SA, SMA, GTA, and metal active ga
(MAG) welds and testing times extended to well beyond 20,000 h at 550°C (1020°F). They used the Larso
iller parameter in combination.with a second order polynomial log-stress function to represent the bas
etal and weldment data. Comparisons with the model used by Brinkman [163] to develop the SRFs fg
ASME I11-NH revealed a very similar fit and prediction of stresses. Tabuchi and Takahashi also examine
Jubsets of data that included (a) only tests that failed in the HAZ of the base metal and (b) only tests o
thicker products that -had specimen locations, groove angles, and HAZs typical of components. The mode
as based on 141vdata from specimens that qualified, with respect to HAZ width and groove angle, §
typical of a strdctural component. The WSRFs recommended by Tabuchi and Takahashi were based o
§0% of the.minimum strength of the weldment for 100,000 h life divided by the allowable stress for th
hase metalfor that same life. The minimum strength corresponded to the stress for a rupture curve that wa
gisplaced to shorter times by 1.65 multiples of the SEE of the model. This criterion for estimating the WSR
as ‘different than the criterion used by Brinkman for estimating the SRFs for ASME I11-NH, so a direq
omparison of the SREs and WSRFESs was not passible

— 11T (D 3O O = I3 =< o OO D

Further work on Gr 91 weldments was published in 2007. Tabuchi et al. investigated GTA weldments with
a “high” Ni filler metal for times to 10,000 h [194]. Again, Type IV failures occurred in the fine-grained
HAZ of the base metal. At 600°C (1110°F), the slope of the log stress-log life curve for weldments between
1000 and 10,000 h was near -4. The estimated SRFs for 10,000 h at 550, 600, and 650°C (1020, 1110, and
1200°F) were 0.83, 0.65, and 0.58, respectively. Yamazaki, Hongo, and Watanabe examined the creep
behavior of thick section Gr 91 GTA weldments for times to 10,000 h [195]. Their findings differed slightly
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from Tabuchi et al. [194] in that ruptures at 550°C (1020°F) and times to 1000 h at higher temperatures
occurred in the weld metal. At 10,000 h the estimated SRFs at 550, 600, and 650°C (1020, 1110, and
1200°F) were 0.87, 0.67, and 0.67, respectively.

Product thickness could be important since the base metal properties are known to be sensitive to thickness.
In ASME Section Il Part D, products thicker than 75 mm (3 in.) have lower allowable stresses than thinner
products for some temperatures. Thus, depending on the thickness, one might observe different SRFs for
t 1T SAllic tCIIIpCIatUIC't;IIIC CUI |C|'itiw 195, ThC databaac bUIID;dCICd hCIC ;IIb:udCd UII:_y UI'IT th;blr\ pludud, altl
nly five data at 593°C (1100°F) were produced on the thick material. European and Asian researchers
ndertook more testing of weldments from thick products but no clear pattern emerged. Howeyver) it is
ignificant that Tabuchi and Takahashi did not consider thin products in their development of WSRFs[193].
'he filler metal composition could be important. Sometimes, Ni is added to filler metal for improve
pughness. When the Ni + Mn exceed 1.2%, the Aci, martensite start, and martensite finish temperature
re lowered. The creep strength of the weld metal may be affected by untempered martensite produced fror
ne retained austenite after tempering [196], [197]. This will extend the region of faildres in the weld meta
vhich normally occur at short times and high stresses. A few data from high Ni +Mn welds were include
N the database. Half of the welds in the database were standard 9Cr-1Mo steel<Fhis weld metal is expecte
D be weaker than 9Cr-1Mo-V.

L. =2 O L

—+ = g Q) = D C O
[N

lost of the test results included in the database were produced on 6:3-mm (1/4-in) diameter specimeng.
ome testing of full-thickness weldments is considered to be important to capture the effect of geometri
pstraint on the stress state in the HAZ. A few multiaxial testséwere performed of the type described b
Lorum [198], and these generally supported the usefulness of‘the small specimen test results. Fortunately
psting of full-section weldments was undertaken by the Japanese [185], [186], [193], [194].

— M =S (N =
-~ Q)
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5 SUMMARY

In this report, a wealth of information is provided on the performance of welds and weldments in service
and laboratory tests. A review and statistical analysis of CrMo seam-weld failure rates in fossil piping
application was conducted. Since the evaluation included consideration of the survivor population of long
seam-welded piping, it provides a more balanced view on the margins against failure in this class of welded
CrMo piping, absent the imposition of any design WSRFs. The analysis is provided as a useful benchmark
when considering the development of WSRFs. Discussions are also presented on the potential differences
in design/operation practices between various industry applications. Limited failures in creep strength

nhanced ferritic steels are also presented.

review of the origins of ASME code rules for the imposition of WSRFs was also conducted. Som
omparisons were made with other codified approaches to welded structures in the creep regime. Whil

me international codes provide more rigorous rules for the creep analysis of welds, many: codes have n
pproach beyond ‘good engineering practice.” As the ASME rules have evolved; it*is clear that th|
erformance of weldments, not only weld metal, is critical to developing WSRFs, 10 ‘complete this repor
large body of creep-rupture data on welds and weldments was assembled. Somepreliminary assessment
f the data were conducted and all data are tabulated in the appendix, allowing‘access for future codes anfl
tandards activities as needed.

W O (D (D

DO QD T
w

\dditional work was conducted on critical materials, such as grade 91, to identify failure locations an
ather data from various researchers/organizations to be representative of the worldwide experience an
psearch on these alloys. A review of service exposed carbon steel material showed no systemati
eficiencies in the creep-rupture performance of this class of.materials. These data will be used in Task
n the development of WSRFs.

Q0O =0 Y
TO () o o
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APPENDIX A: CARBON STEEL
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A.1 Ex-Service Weldment Data
F. Ellis, S. Ibarra and N. Mack, “Remaining Creep Life Estimation for Carbon Steel Mitered Elbow,” Proc.,
ASME PVP 1993, PVP-Vol. 261, pp213-220

Material: C-Steel mitered elbow with long seam and girth welds. 26 years of service. Operating temperature
not reported.

Al test specimens transverse to pipe axis. All X-weld specimens failed in the FG HAZ.

Stress Temp. Rupture Time Elong. Reduction In Area
(MPa) (©) (Hours) (%) (%)

Base Material - Conventional 6.4 mm dia.

19 621 4404 .4 23 52
12.1 649 3459.9 16 43
19 649 1210.5 23 -
24.1 649 459.8 38 57
19 677 291.2 30 46
19 704 81.9 55 72

Base Material - Miniaturé 5 mm dia.

19 649 1199.4 48 65
19 677 332.1 52 58
9 677 3120 58 73
19 704 81.3 63 80
19 704 101.6 62 75

Girth Butt Weld Metal 6.4 mm dia.

19 649 1986.0 23 42
24.1 649 1265.3 23 -
19 o077 1196.6 25 20
19 704 312.2 25 38

Longitudinal Seam Weldment | 9:5mm dia.

19 593 10079.8 16 20
19 621 2718.8 22 36
19 649 691.7 23 68
25.9 649 254.2 25 48
19 704 66.0 50 71
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J.E. McLaughlin, G.G. Karcher and P. Barnes, “Life Assessment of Carbon Steel Vessel with Cracks
Operating in the Creep Range,” Proc., ASME PVP 1994, PVP-Vol. 288, pp 351-361

Material: C-Steel of petro-chemical plant reactor. Sample contained weld. Approximately 40 years of
service. Operating temperature: 970°F maximum.

All test specimens were cross-weld containing the entire weld within the gage, and failed in the FG HAZ.

Sample Temperature Stress Rupture Time Minimum Creep
Type °F(°C) ksi (MPa} {hours) Rate (%)
1) 0.252" 0 by 1.0" gage 1175 (635) 3 {20.69) 908 2 : 0.0073
2) 0.252" 0 by 1.0" gage 1175 (635) 3 (20.69) 1185.5 0.0050
3) 0.252"0 by 1.0" gage 1175 (635) 3(20.89) 1343.3 0.0060
4) 0.505" 0 by 2.0" gage 1125 (607) 3(20.89) 4166.8 0.0017
5) 0.505" 0 by 2.0" gage 1G75 (580) 3 (20.69} * 0.0083

A Test interrupted
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C.J. Moss and J.L. Davidson, “Graphitisation in Type 201 Carbon Steel in Petro-Chemical Plant after Long
Term Service,” Materials Forum, v. 17, 1993, pp 35-359

Material: A 201 Grade A or B from three FCCU reactor vessels, 27, 33 and 36 yrs, at 932°, 970° and 973°F,
respectively.

Data digitized from as-reported plots of cross-weld specimen rupture time. Cross-weld specimens failed in
the FG WMand the FG HAZ Piottet BV data appeared 1o e N erfor and Not USed.

Reactor | Test Temperature, deg C | Test Stress (MPa) | Rupture Time (h)
A 630 28.00 1326
A 650 28.00 420
B 619 18.00 1634
B 639 18.00 1215
B 644 18.00 1076
C 648 24.00 366
C 648 24.00 331
C 677 24.00 [47
C 677 24.00 132
C 579 48.00 425
C 605 48.00 148
C 606 48.00 140
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A K. Ray et al., “Prediction of Remaining Life of a FCCU Reactor Plate,” Engineering Failure Analysis,
vol. 7, no.2, 2000, pp 75-86

Material: A 201 Grade A from FCCU reactor vessel after approximately 32 years at 900°F. Sample material
from head (dome)-to-shell weld.

The weld, axial specimens identified in the table are cross-weld specimens with the weld metal at the center
gfthegage—Specimenswereof rectangutarcross=section, 6-25-mmx4mmm,and reportedty faited-nBivt:

Creep rupture test results®

Test mark Temperature, "C Stress, MPa Rupture, h % elongation
WA 450 166 21 18
WA 475 170 4 18
WA 475 100 594 26
WA 500 100 137 20
WA 500 70 2496 16
BAS 450 100 2370 30
BAS 450 120 360 38
BAS 475 80 1326 32
BAS 475 100 450, 37
BAS 500 70 1008 24
BAD 475 120 720 40
BAD 475 100 640 31
BAD 500 70 722 23
BCS 450 120 576 32
BCS 475 80 1728

BCS 475 100 450 37
BCS 500 70 1416 31

“ WA weld, axial: BAD base metal, axial, dome; BAS base mgtal, axial, shell; BCS base metal, circumferential, shell.

|
[22]

'hree additional cross-weld data points (1985\study of same reactor) digitized from the reported Streg
(MPa) versus T(20+logtr) plot:

Stress (MPa) T(K)[20+log t(h)]
59.3 |.82E+04
69.9 [.79E+04
99.5 |.70E+04

132


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

J.G. Wilson, “Graphitization of Steel in Petroleum Refining Equipment” and “The Effect of Graphitization
of Steel on Stress Rupture Properties,” Welding Research Council (WRC) Bulletin 32, WRC, New York,
NY, 1957

Material: Ex-service petroleum refining equipment from 3 plants (C, D, F). Plates are A 201 (C, D: Grade
A, and F: Grade unknown)

Caal [ 2 radl O LIA 7 Y A \AINA £ |
arurc 1otauvurlis valricu. 7o T'1IAL Ul U, diu VVvIvI TUl T,

£ Talllnl W I3
Ul 'O, DIVIET

Specimen | T(F) | S (ksi) | tR(h) | Specimen | T(F) [ S (ksi) | tR(h)
BMC4A | 1000 | 16 65 |X-WCI |1000] I8 35

BMC5A | 1000 | 16 93 | X-WC3 |[1000 | 14 403
BMCIA | 1000 | 14 557 |X-WC8 |[1000] 12 1513
BMC2A | 1000 | 125 | 1539 [X-W C5 | 1000 |9 746.6
BMC3A | 1000 | 105 | 7576 |X-WF3 | 1000 | 14 74.6
BMF2B | 1000 | 16 276 | X-WFl | 1000 | 12506523
BMFIB | 1000 | 125 | 1822 [X-WF4 | 1000 | I 149
BMF3B | 1000 | Il 406.1 [X-WF5 | 1000/9 380
BMF4B | 1000 | 9.5 12017 [X-W F2 | 10004825 | 6749
BMDIB | 1000 | 14 7.1 X-W D3 | 1000 | 14 16.2
BMD2B | 1000 | 125 | 406 |X-WDI_</ 1000 | I2 80

BMD4B | 1000 | I I51.7 | X-W D5~/ 1000 | 105 | 235
BMD4B | 1000 | 9 805 | X-WD4 | 1000 |9 886.4

133


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

A.2 Weld Metal Stress-Rupture

E-7018 Weld Metal

Carbon Content:

0.155%

Specimen Test Stress, Elongation % Reduction
No_ Condition Temp. °E psi Hours 2" of Area_%
9RA AW 800 42,000 559 22.5 80.8
10RA AW 800 39,000 1,076 21.0 81.0
11RA AW 800 36,500 2789 215 80.0
13RA AW 950 21,000 365 26.0 87.6
14RA AW 950 19,000 845 29.5 87.2
15RA AW 950 16,000 1158 55.0 89.0
16RA AW 950 15,000 1462 45.0 88.5
17RA AW 950 13,500 1891 60:0 89.6
18RA AW 950 11,500 4273*

*Test Stopped- Specimen Not Ruptured

Carbon Content:

0.089%

Specimen Test Stress, Elongation % Reduction
No. Condition Temp., °F psi Hours 2" of Area, %
9RC AW 800 42,000 3449 40.0 70.4
11RC AW 800 44,000 1386 14.0 77.1
12RC AW 800 46,000 1344 12.0 76.0
14RC AW 950 26,500 61 22.5 84.9
15RC AW 950 21,000 669 17.0 84.7
16RC AW 950 17,500 959 28.5 86.8
17RC AW 950 15,000 2150 28.0 41.0
18RC AW 950 13,500 3564 38.0 87.0

Carbon Content:

0.051%

Specimen Test Stress, Elongation % Reduction
No. Condition Temp., °F psi Hours 2" of Area, %
5RB AW 800 42,000 4367 18.0 76.9
6RB AW 800 44,000 2141 11.0 60.0
7RB AW 800 46,000 1357 13.0 73.2
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E-7018
Weld Metal

Carbon Content:

0.155%

Specimen Test Stress, Elongation % Reduction
No. Condition Temp., °F psi Hours 2" of Area, %
1RA AW + SR 300 40,000 174 2(.5 (2.4
2RA AW + SR 800 37,000 645 28.0 81.0
3RA AW + SR 800 34,000 672 32.0 83.0
4RA AW + SR 800 31,000 1930 28.5 83.0
5RA AW + SR 950 18,000 920 27.5 85.7
6RA AW + SR 950 20,000 388 28.0 87.5
7RA AW + SR 950 14,500 2365 41.5 86.4

Carbon Content:

0.089%

Specimen Test Stress, Elongation % Reduction
No. Condition Temp., °F psi Hours 2" of Area, %
1RC AW + SR 800 36,000 1026 36.5 81.0
2RC AW + SR 800 40,000 129 33.5 80.8
3RC AW + SR 800 33,000 711 325 82.0
4RC AW + SR 800 30,000 1710 53.0 79.0
5RC AW + SR 950 24,000 41 41.5 86.0
6RC AW + SR 950 20,000 162 53.5 88.4
7RC AW + SR 950 15,000 1050 49.5 85.8
8RC AW + SR 950 12,500 3685 37.0 84.0

Carbon Content:

0.051%

Specimen Test Stress, Elongation % Reduction
No. Conditien— Temp., °F psi Hours 2" of Area, %
1RB AW +SR 800 30,000 6424*
2RB AW + SR 800 38,000 2625 46.0 78.4
3RB AW + SR 800 40,000 30 25.5 78.0
4RB AW + SR 800 39,000 23 26.0 19.9

*Test Stopped- Specimen Not Ruptured

StresS.Relief: 1125°F + 25°F/8 hrs
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E-7018
Weld Metal
Specimens Transverse to Weld
Direction
Carbon Content: 0.051%

Specimen Test Elongation % Reduction
No. Condition Temp., °F Stress, psi  Hours 2" of Area, %

1469-1TRB AW + SR 800 30,000 o006 0.0 44.0

1469-2TRB AW + SR 800 25,000 1819*

1469-3TRB AW + SR 800 37,500 4.5**

Carbon Content: 0.089%

Specimen Test Elongation.%. Reduction
No. Condition Temp., °F Stress, psi  Hours 2" of Area, %

1469-1TRC | AW + SR 950 19,000 149 240 73.8

1469-2TRC | AW + SR 950 15,000 571 155 80.6

Carbon Content: 0.155%

Specimen Test Elongation % Reduction
No. Condition Temp., °F Stress, psi  Hou(s 2" of Area, %

1469-1TRA | AW + SR 950 19,000 243 26.0 88.0

1469-2TRA | AW + SR 950 14,000 1363 17.0 68.0

1469-3TRA | AW + SR 800 32,000 1169 16.0 54.0

Carbon Content: 0.051%

Specimen Test Elongation % Reduction
No. Condition Temp., °F Stress,psi Hours 2" of Area, %

1469-4TRB AW 800 40,000 55 17.5 79.0

1469-5TRB AW 800 30,000 1988*

Carbon Content: 0.089%

Specimen Test Elongation % Reduction
No. Condition y* Temp., °F Stress, psi Hours 2" of Area, %

1469-4TRC AW 950 22,500 168 155 80.6

1469-5TRC AW 950 17,000 946 19.0 87.0

1469-6TRC AW 800 40,000 592 19.0 81.0

Carbon Contént: 0.155%

Specimen Test Elongation % Reduction
Ng. Condition Temp., °F Stress, psi  Hours 2" of Area, %
1RB AW 950 22,500 112 24.5 43.0
2RB AW 950 17,000 503 16.5 70.0
SRB AW c00 40,000 (03 29.0 01.0

*Test Stopped- Specimen Not Ruptured
**Failed at flaw in weld metal- not a valid
point

Stress Relief: 1125°F + 25°F/8 hrs
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APPENDIX B: CARBON STEEL
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See EPRI report, provided separately:

A Review of High Temperature Performance Trends and Design Rules for Cr-Mo Steel
Weldments, EPRI, Palo Alto, CA: 1998. TR-110807.
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APPENDIX C: 308 STAINLESS

STEEL WELD METAL AND 304/308

STAINLESS STEEL WELDMENT
STRESS-RUPTURE DATA
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Codes

A Dot
VI, NnEu.

Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

1B 308L CROSS GTA 1697 6.72 3.72  3.44E+00 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1562 6.72 58.9 1.80E-01 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1474 6.72 207 3.00E-02 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1411 6.72 1032 4.80E-03 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1612 8.96 3.1 3.55E+00 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1472 8.96 34.5 2.15E-01 1B, White & le.May butt wid i bar
1B 308L CROSS GTA 1382 9.96 439.8 1.73E-02 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1335 8.96 1085 5.90E-03 1B, White & lé May butt wid in bar
1B 308L CROSS GTA 1384  11.59 130.8 1.02E-01 1B, White'& le May butt wid in bar
1B 308L CROSS GTA 1474  11.59 13.9 8.79E-01 1B WHite & le May butt wid in bar
1B 308L CROSS GTA 1382 15.15 25.05 4.30E-01 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1472 15.15 2.43 4.49E+00 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1382 17.92 12.05 1.22E+00 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1292 17.92 72.4 9.40E-02 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1474 17.92 0.69 1.58E+01 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1247 17.92 350.1 1.90E-02 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1202 17.92 1409.8 3.10E-03 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1292 21.39 19.6 3.54E-01 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1292 24.96 9.1 1.46E+00 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1202 24.98 149.7 5.30E-02 1B, White & le May butt wid i bar
1B 308L CROSS GTA 1206 30.3 15.95 4.67E-01 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1202 35.84 0.75 4.63E+00 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1137 35.84 21,75 1.55E-01 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1108 35.84 78.1 5.07E-02 1B, White & le May butt wid in bar
1B 308L CROSS GTA 1065 35.84 361 7.07E-03 1B, White & le May butt wid in bar

140


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the Creep Regime and Application to ASME
Codes

Min. Red.
Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong.  Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
2B-Lot 1 308 WELD SMA 1200 25 76 23.6 2B, Voorhees & Freeman
2B-Lot 1 308 WELD SMA 1200 22 174 19 2B, Voorhees & Freeman
2B-Lot 1 308 WELD SMA 1200 20 250 1.7 2B, Voorhees & Freeman
2B-Lot 1 308 WELD SMA 1200 18 1112 18.1 2B, Voorhees & Fréeman
2B-Lot 1 308 WELD SMA 1200 15 3537 12 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1200 28 8 26 2B, Voorhees &Freeman
2B-Lot 2 308L WELD SMA 1200 14 1071 4.5 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1200 12 2728 0.5 2B, Yoorhees & Freeman
2B-Lot 2 308L WELD SMA 1200 10 6037 3 2B, Moorhees & Freeman
2B-Lot 2 308L WELD SMA 1200 8 11250 6 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1050 40 41 17 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1050 35 260 15 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1050 30 466 5.5 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1050 22 6934 VIS 2B, Voorhees & Freeman
2B-Lot 2 308L WELD SMA 1050 22 6146 3.5 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1050 35 155 15 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1050 30 699 7 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1050 25 2289 4.5 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1050 22 5336 0.5 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1200 25 34 17 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1200 15 779 6 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1200 11 3087 2 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1200 9 5929 2B, Voorhees & Freeman
2B-Lot 3 308 WELD SMA 1200 7.5 11299 2 2B, Voorhees & Freeman
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A Dot
VI, NnEu.

Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
3B-Lot A 308 WELD SMA 1050 40 150 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1050 32 600 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1050 26 2100 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1050 20 5400 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1200 28 40 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1200 15 800 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1200 11 3200 3B, Wylie et al. weld pad
3B-Lot A 308 WELD SMA 1200 9 5930 3B, Wylieet al. weld pad
3B-Lot B 308 WELD SMA 1200 28 80 3B, Wylie'et al. weld pad
3B-Lot B 308 WELD SMA 1200 20 250 3B Wylie et al. weld pad
3B-Lot B 308 WELD SMA 1200 19 1050 3B, Wylie et al. weld pad
3B-Lot B 308 WELD SMA 1200 15 3900 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1050 42 43 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1050 40 280 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1050 31 490 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1050 20 6200 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1050 20 7000 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1200 14 1100 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1200 12.5 3100 3B, Wylie et al. weld pad
3B-Lot-C 308L WELD SMA 1200 10 6000 3B, Wylie et al. weld pad
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

4B 308CRE | WELD SMA 1100 30 74.2 55.2 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1100 25 521.2 22.1 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1200 22.5 56.5 54 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1200 17.5 712.3 42.6 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1200 15 5309.7 11.4 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1200 22.5 168.2 29.7 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1200 17 2979.9 2.2 King et al. 1973 Lot IDCA drown

4B 308CRE | WELD SMA 1200 17.5 3816.1 4.7 King et ah, 1973 Lot IDCA drown

5B-1 308CRE | WELD SMA 1100 35 267.1 9.1 Kitg,-et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 12.2 26 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 24.7 47.7 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1300 12.5 8993 10.4 213  King, etal. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 22.7 18.8 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1050 37 106.4 18.8 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 556 10:2 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1050 37 1149 15.3 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 908.4 6.9 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 1231 7.6 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1100 35 83.8 18.7 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1050 36 1.26D King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1500 7.5 1076.1 9.00E-04 1.8 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1400 12.5 765:2 5.00E-03 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1600 6 366.6 3.00E-03 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
5B-1 308CRE | WELD SMA 1600 7.5 101.1 1.00E-02 King, et al. 1973 Lot HBEA 1/8 sps. Various locations
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Creep of

Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
5B-Base BASE 1100 35 508.6 16.1 King, et al., 1973 Base near[HAZ 1/8 sps
5B-Base BASE 1100 35 768.7 12.3 King, et al., 1973 Base near[HAZ 1/8 sps
5B-Base BASE 1100 35 713.3 32.8 King, et al., 1973 Base near[HAZ 1/8 sps
5B-Base BASE 1100 35 339.7 204 King, et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1600 6 130.4 0.024 45.2 40 King, etal., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1050 36 1974 10.9 King, et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 530.5 19.6 King, et al.,, 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 350.7 18.5 King, et al.;{1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 434.8 22.1 Kingset\al, 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 100.2 21.4 King,et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 327.5 21.4 King, et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 278.5 18.5 King, et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 158.1 204 King, et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1100 35 251.1 24.3 King, et al., 1973 Base near|HAZ 1/8 sps
5B-Base BASE 1600 7.5 30.1 1 57.9 44.2  King, etal., 1973 Base near|HAZ 1/8 sps
5B-2 308CRE |WELD SMA 900 45 1008D 2.60E-03 6.6 King, et al., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE |WELD SMA 1050 35 2779 1.80E-03 21.9 King, et al., 1973 Lot HBEA |quarter, 1/4 sps
5B-2 308CRE |WELD SMA 900 50 2396 1.30E-03 27.9 King, et al., 1973 Lot HBEA |quarter, 1/4 sps
5B-2 308CRE |WELD SMA 1050 37 67.95 3.40E:01 32.9 65.3  King, etal., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE |WELD SMA 1100 33 441.9 8.10E-03 214 52.2 King, etal., 1973 Lot HBEA [root, 1/4 sps
5B-2 308CRE | WELD SMA 1100 30 236.4 5.80E-02 26.2 54.6 King, etal.,, 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 1100 33 73.3 2.50E-01 35.8 49.9 King, etal.,, 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 1100 25 8153 3.90E-04 26.1 64  King, etal.,, 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 900 45 6765 9.20E-04 21.6 31.7 King, etal., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 1100 28 36147 2.80E-05 7.2 King, et al., 1973 Lot HBEA |root, 1/4 sps
5B-2 308CRE | WELD SMA 900 55 873 5.50E-04 36.2 57.7 King, etal., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 1100 28 5284 2.80E-04 221 54.8 King, etal., 1973 Lot HBEA |quarter, 1/4 sps
5B-2 308CRE |WELD SMA 900 45 14529 19.1 King, et al., 1973 Lot HBEA [root, 1/4 sps
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v Red-
Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
5B-2 308CRE | WELD SMA 900 50 2417 1.70E-03 15.3 63.6 King, etal.,, 1973 Lot HBEA |root, 1/4 sps
5B-2 308CRE | WELD SMA 900 55 913.8 1.50E-04 29.6 41.5 King, etal.,, 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 900 55 353.9 7.30E-03 27 35.9 King, etal., 1973 Lot HBEA |root, 1/4 sps
5B-2 308CRE | WELD SMA 900 60 0.1 313 43.4 King, etal,, 1973 Lot HBEA,|root, 1/4 sps
5B-2 308CRE | WELD SMA 900 57.5 341.1 6.00E-03 20.3 15.7 King, etal., 1973 Lot HBEA |quarter, 1/4 sps
5B-2 308CRE | WELD SMA 900 57.5 0.1 345 46.2 King, etal., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE |WELD SMA 1200 20 3249.4 3.50E-04 20.5 60.5 King, et als1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 900 57.5 0.1 31.6 King, et al, 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 1200 25 128.8 52.2 King.etal., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 1100 35 86 25 King;et al., 1973 Lot HBEA |root, 1/4 sps
5B-2 308CRE | WELD SMA 900 45 1886 40.8 King, et al., 1973 Lot HBEA,|crown, 1/4 sps
5B-2 308CRE | WELD SMA 900 55 19.2 27.8 King, et al., 1973 Lot HBEA |root, 1/4 sps
5B-2 308CRE |WELD SMA 1050 35 139.6 1.50E-01 30.2 53.7 King, etal., 1973 Lot HBEAY, Block 15 crown, 1/4 sps
5B-2 308CRE |WELD SMA 1200 28 23.6 1.70E-02 38.1 54.4  King, etal., 1973 Lot HBEAY, Block 15 crown, 1/4 sps
5B-2 308CRE |WELD SMA 1050 35 7417.9 9.80E-05 138 49.6 King, etal., 1973 Lot HBEAY, Block 15 root, 1/4 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE |WELD SMA 1050 35 1311.3 2.90E+00, 15.7 49.5 King, etal,, 1973 Sps
5B-2 308CRE |WELD SMA 1050 35 1195.4 4.10E-03 28.2 49.6 King, etal., 1973 Lot HBEAY, Block 15 root, 1/4 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE | WELD SMA 1050 37 703.8 7:20E-03 18.8 49.2 King, etal.,, 1973 sps
5B-2 308CRE | WELD SMA 900 40 26938 2.20E-04 27.1 King, et al., 1973 Lot HBEAY, Block 15 crown, 1/4 sps
5B-2 308CRE | WELD SMA 900 40 10000D 1.00E-05 King, et al., 1973 Lot HBEAY, Block 15 root, 1/4 sps
5B-2 308CRE | WELD SMA 1100 30 2791.2 5.20E-04 18.1 47.9 King, etal., 1973 Lot HBEAY, Block 15 root, 1/4 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE | WELD SMA 900 55 492.4 7.30E-04 18.7 28.2 King, etal., 1973 sps
5B-2 308CRE | WELD SMA 900 50 1921.9 4.30E-04 24.3 52.3 King, etal., 1973 Lot HBEAY, Block 15 crown, 1/4 sps
5B-2 308CRE | WELD SMA 1100 35. 18.5 2.60E+00 55.3 65.6  King, etal.,, 1973 Lot HBEAY, Block 15 crown, 1/4 sps
5B-2 308CRE |WELD SMA 1100 225 38739 27.9 King, et al., 1973 Lot HBEAY, Block 15 crown, 1/4 sps
5B-2 308CRE |WELD SMA 1200 22 785 8.10E-04 43.3 King, et al., 1973 Lot HBEAY, Block 15 crown, 1/4 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 30 4446.3 27.1 53.1 King, etal., 1973 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE | WELD SMA 1200 28 97.5 20.8 King, et al., 1973 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 33 610.2 8.80E-03 239 35.5 King, etal., 1973 sps
Lot HBEAP, Block 15 quarter, 1/4
5B-2 308CRE | WELD, SMA 1100 35 9.40E-01 30.6 60.3 King, etal., 1973 Sps
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5B-2 308CRE | WELD SMA 1100 28 1.50E-03 1873.9 27.7 58.1 King, etal., 1973 Lot HBEA1, Block 15 crown, 1/4 sps

Lot HBEAP, Block 20 quarter, 1/4
5B-2 308CRE | WELD SMA 1200 22 6425.1 4.00E-05 20.5 45.8 King, etal., 1973 sps
5B-2 308CRE | WELD SMA 1200 22 360.6 47.2 King, et al., 1973 Lot HBEAY, Block 20 crown, 1/4 sps
5B-2 308CRE | WELD SMA 1200 22 343 46.9 King, et al., 1973 Lot HBEA1, Block 20 crown, 1/4 sps
5B-2 308CRE | WELD SMA 1200 28 13510 6.6 King, et al., 1973 Lot HBEA1, Block 20 root, 1/4 sps
5B-2 308CRE | WELD SMA 1300 15 6320 1.10E-04 8.8 23.5 King, etal., 1973 Lot HBEA1, Block 20 crown, 1/4 sps

Lot HBEAP, Block 20 quarter, 1/4
5B-2 308CRE | WELD SMA 1300 10 12000D King, et.al; 1973 sps

Lot HBEAP, Block 20 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 25 2000D King;-et al., 1973 sps

Lot HBEAP, Block 20 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 20 1313D King, et al., 1973 sps
5B-2 308CRE | WELD SMA 1200 22 269 48.2 King, et al., 1973 Lot HBEAY, Block 20 crown, 1/4 sps
5B-2 308CRE | WELD SMA 1200 30 23.5 44.1 King, et al., 1973 Lot HBEAY, Block 20 root, 1/4 sps
5B-2 308CRE | WELD SMA 1200 28 191 252 King, et al., 1973 Lot HBEAY, Block 20 root, 1/4 sps

Lot HBEAP, Block 22 quarter, 1/4
5B-2 308CRE | WELD SMA 1200 28 42.3 49.5 King, et al., 1973 sps
5B-2 308CRE | WELD SMA 1300 20 131 2.00E-02 23.8 41.3 King, etal,, 1973 Lot HBEAY, Block 22 crown, 1/4 sps
5B-2 308CRE | WELD SMA 1400 10 2638 2.60E:04 4.5 6.2 King, etal., 1973 Lot HBEAY, Block 22 crown, 1/4 sps

Lot HBEAP, Block 69 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 33 481 29.6 King, et al., 1973 sps
5B-2 308CRE |WELD SMA 1100 28 606.9 63.2 King, et al., 1973 Lot HBEAY, Block 69 crown, 1/4 sps
5B-2 308CRE |WELD SMA 1100 28 433.5 60.2 King, et al., 1973 Lot HBEAY, Block 69 crown, 1/4 sps

Lot HBEAP, Block 69 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 35 197.2 32.8 King, et al., 1973 sps

Lot HBEAP, Block 69 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 33 235.4 50.4 King, et al., 1973 sps

Lot HBEAP, Block 69 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 33 621.6 40 King, et al., 1973 sps

Lot HBEAP, Block 69 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 30 854.4 36.4 King, et al., 1973 sps

Lot HBEAP, Block 69 quarter, 1/4
5B-2 308CRE | WELD SMA 1100 30 4390 25.7 King, et al., 1973 sps
5B-2 308CRE |WELD SMA 1100 33 265.2 43.2 King, et al., 1973 Lot HBEAY, Block 69 root, 1/4 sps
5B-2 308CRE | WELD SMA 1100 33 333.6 37.2 King, et al., 1973 Lot HBEAY, Block 69 root, 1/4 sps
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5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, hged @ test temp root, 1/4
age E WELD SMA 1200 28 19.7 59.3 King, et al., 1973 sps
5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, hged @ test temp root, 1/4
age E WELD SMA 1200 28 40.9 54.1 King, et al., 1973 sps
5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 900 55 0.1 26.8 King, et al., 1973 Sps
5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, pged @ test temp root, 1/4
age E WELD SMA 900 50 630.5 29.6 King, et al., 1973 sps
5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 900 50 284.7 45.3 King, et al., 1973 sps
5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 1100 30 20.2 51.2 King, et al., 1973 sps
5B-2-4K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 1100 35 84.9 46.3 King,&£tal., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, iged @ test temp root, 1/4
age E WELD SMA 1200 28 19.3 50.9 King) et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 1200 28 42.6 52.5 King, et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 900 45 1796 44.2 King, et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, fged @ test temp root, 1/4
age E WELD SMA 900 50 438.2 33.2 King, et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, figed @ test temp root, 1/4
age E WELD SMA 900 525 0.1 40.2 King, et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, figed @ test temp root, 1/4
age E WELD SMA 900 50 247 39.8 King, et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, figed @ test temp root, 1/4
age E WELD SMA 900 52.5 159 32.4 King, et al., 1973 sps
5B-2-10K- 308CR Lot HBEA?, Block 69, 65, 20, figed @ test temp root, 1/4
age E WELD SMA 1200 30 272 66.5 King, et al., 1973 sps

308CR
5B-2 E WELD SMA 1200 28 114.4 27.6 King, et al., 1973 Lot HBEA?, Block 83 root, 1/4 sps

308CR
5B-2 E WELD SMA 1200 22 1910 33.9 King, et al., 1973 Lot HBEA?, Block 83 crown, 1)/4 sps

308CR
5B-2 E WELD SMA 1200 28 201 45.2 King, et al., 1973 Lot HBEA?, Block 83 root, 1/4 sps

308CR
5B-2 E WELD SMA 1200 30 13.6 45.2 King, et al., 1973 Lot HBEA?, Block 83 root, 1/4 sps

308CR
5B-2 E WELD SMA 1200 30 14.3 36 King, et al., 1973 Lot HBEA?, Block 83 root, 1/4 sps

308CR
5B-2 E WELD SMA 1200 22 543 67.4 King, et al., 1973 Lot HBEA?, Block 83 crown, 1)/4 sps
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Lot JADA, Block 43, crown, 1/4 sps, base or HAZ
6B-1 308CRE  CRQSS SMA 1100 33 455.8 8.6 King, etal., 1973 failures
6B-1 308CRE  CRQSS SMA 1100 33 1861.6 7.9 King, etal., 1973 Lot JADA, Block 43, root, 14 sps, base or HAZ failures
6B-1 308CRE  CRQSS SMA 1100 35 798.6 1.2  King, etal., 1973 Lot’JADA, Block 43, root, 144 sps, base or HAZ failures
6B-1 308CRE  CRQSS SMA 1100 33 771.1 5.9 King, etal., 1973 kot JADA, Block 43, root, 144 sps, base or HAZ failures

Lot JADA, Block 43, crown, 1/4 sps, base or HAZ
6B-1 308CRE  CRQSS SMA 1100 35 673.8 10.2 King, etal., 1973 failures

Lot JADA, Block 43, quarfer, 1/4 sps, base or HAZ
6B-1 308CRE  CRQSS SMA 1100 33 1773.9 5.6 King, etal., 1973 failures

Lot JADA, Block 43, quarfer, 1/4 sps, base or HAZ
6B-1 308CRE  CRQSS SMA 1100 35 912.5 6.7 King, etal., 1973 failures
6B-2 308CRE  WELD SMA 1100 37 124.2  7.70E-02 20.6 48.5 King, et al. ;{1973 Lot JADA, Block 43, crown 1/4 sps
6B-2 308CRE  WELD SMA 1100 37 954.4  3.20E-03 11.1 42  King,et al;/1973 Lot JADA, Block 43, quarter| 1/4 sps
6B-2 308CRE  WELD SMA 1100 35 1071.3  5.80E-03 11.8 42.5 King)etal., 1973 Lot JADA, Block 43, crown 1/4 sps
6B-2 308CRE  WELD SMA 1100 37 251  6.70E-03 7.7 33.4 <King, etal., 1973 Lot JADA, Block 43, root 1/4 sps
6B-2 308CRE  WELD SMA 1200 22 3003.6 32.9 King, et al., 1973 Lot JADA, Block 43, quarter 1/4 sps
6B-2 308CRE  WELD SMA 1100 37 242.5 1.50E-02 14.2 43,8 King, etal., 1973 Lot JADA, Block 43, root 1/4 sps
6B-2 308CRE  WELD SMA 1100 35 3203.4 12.6 King, et al., 1973 Lot JADA, Block 43, root 1/4 sps
6B-2 308CRE  WELD SMA 1100 35 2230.3 11.5 King, et al., 1973 Lot JADA, Block 43, quarter 1/4 sps
6B-2 308CRE  WELD SMA 1100 30 2852.8 6.50E-04 48 King, et al., 1973 Lot JADA, Block 43, crown 1/4 sps
6B-2 308CRE  WELD SMA 1100 30 7097.9 7.9 King, et al., 1973 Lot JADA, Block 43, quarter 1/4 sps
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7B-1 308CRE | WELD GTA 1100 35 206.8 0.025 7.6 McAfee, et al. 1984 Control fofr plate test, 1/4 sps
7B-1 308CRE | WELD GTA 1100 25 2373D 3.00E-04 McAfee, et al. 1984 Control fofr plate test, 1/4 sps

FUSION
7B-2 Base LINE 1100 35 61.9 0.205 14.9 McAfee, et al. 1984 Control fof plate test, 1/4 sps

FUSION
7B-2 Base LINE 1100 25 842.1 0.011 15.7 McAfee, et al. 1984 Control fof plate test, 1/4 sps
7B-3 Base HAZ 1100 35 45.1 0.35 24.1 McAfee, et al (1984 Control fof plate test, 1/4 sps
7B-3 Base HAZ 1100 25 758.7 0.009 10.9 McAfee, et al. 1984 Control fof plate test, 1/4 sps
7B-4 Base 1100 25 901 0.01 16.08 McAfee, etal. 1984 Control fof plate test, 1/4 sps
7B-4 Base 1100 25 696 0.012 14.42 McAfee, et al. 1984 Control fof plate test, 1/4 sps
7B-4 Base 1100 35 48.9 0.348 McAfee, et al. 1984 Control fof plate test, 1/4 sps
7B-4 Base 1100 25 863 0.009 14.35 McAfee, et al. 1984 Control fof plate test, 1/4 sps
7B-4 Base 1100 35 44.1 0.338 26.48 McAfee, et al. 1984 Control fof plate test, 1/4 sps
7B-4 Base 1100 25 662 0.012 12.31 McAfee, et al. 1984 Control fof plate test, 1/4 sps
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8B-1 308CRE | WELD SMA 1100 35 48.8 0.54 48 57 Swindeman, et al. 1979 Control fofr plate test, 1/4 sps
8B-1 308CRE | WELD SMA 1100 32 237.6 0.1 47 55 Swindeman, et al. 1979 Control fofr plate test, 1/4 sps
8B-1 308CRE | WELD SMA 1100 30 1850 0.03 46 54 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
8B-1 308CRE |WELD SMA 1100 28 3488 0.002 35 52  Swindeman, et al. 1979 Control fof plate test, 1/4 sps
8B-1 308CRE |WELD SMA 1100 25 12700 0.00045 35 Swindeman, et al. 4979 Control fof plate test, 1/4 sps
8B-1 308CRE | WELD SMA 1100 20 0.00001 Swindeman, et.al\1979 Control fof plate test, 1/4 sps
8B-1 308CRE | CROSS SMA 1100 32 86.4 0.03 21 Swindeman, et.al. 1979 Control fof plate test, 1/4 sps
8B-1 308CRE | CROSS SMA 1100 32 85.7 0.082 13 11  Swindeman, €t al. 1979 Control fof plate test, 1/4 sps
8B-1 308CRE | CROSS SMA 1100 28 317.2 0.016 10 6  Swindeman, et al. 1979 Control fof plate test, 1/4 sps
8B-1 308CRE | CROSS SMA 1100 25 752.9 0.001 7.1 9 Swipdéman, et al. 1979 Control fof plate test, 1/4 sps
8B-1 308CRE | CROSS SMA 1100 20 5731 0.0002 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
FUSION
8B-2 BASE LINE 1100 30 312.5 0.04 30.7 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
FUSION
8B-2 BASE LINE 1100 20 4.20E-05 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
8B-3 BASE 1100 35 0.5 60 31 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
8B-3 BASE 1100 30 0.065 257.9 25 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
8B-3 BASE 1100 18 0.00007 Swindeman, et al. 1979 Control fof plate test, 1/4 sps
9B-1 308 CROSS GTA 1100 40 4.4 1.19 14.7 Ward, 1971 1/8 sps
9B-1 308 CROSS GTA 1100 35 73.3 0.61 12.2 Ward, 1971 1/8 sps
9B-1 308 CROSS GTA 1100 30 196.9 0.016 10 Ward, 1971 1/8 sps
9B-2 aged 308 CROSS GTA 1100 25 14.6 0.0005 2.3 Ward, 1971 1200 h at[L1100F 1/8 sps
9B-1 308 CROSS GTA 1100 25 1526 0.0006 1.9 Ward, 1971 1/8 sps

150


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the Creep Regime and Application to ASME
Codes

A Dot
VI, NnEu.

Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

10B-1 308 CROSS SA 1100 45 0.3 23.3 21.3 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1100 40 1 11.4 28.4 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1100 30 48.8 0.213 15.2 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1100 25 286 0.021 10.6 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1100 23 589 0.0061 4.8 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1100 21 1144.8 0.0004 8.4 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1000 45 35.5 0.274 204 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1000 33 435.5 0.0153 11.6 Ward, 1974 1/8 sps

10B-1 308 CROSS SA 1000 28 2498 0.0014 7.6 Wargd; 1974 1/8 sps

11B-1 308L CROSS GMA 1100 40 3.2 3.88 25.1 Ward, 1974 1/8 sps

11B-1 308L CROSS GMA 1100 30 38.1 0.174 10.3 Ward, 1974 1/8 sps

11B-1 308L CROSS GMA 1100 25 275 0.0147 10.7 Ward, 1974 1/8 sps

11B-1 308L CROSS GMA 1100 21 6030 0.0056 6.9 Ward, 1974 1/8 sps

11B-1 308L CROSS GMA 1100 18 1099 0.0027 48 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1000 45 4.1 3.12E+00 32.4 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1000 39 49.3 3.62E-01 29 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1000 35 230.7 4.81£:02 23 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1000 30 21135 2.08E-03 10.2 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1000 28 3943.4 1.14E-03 9.4 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1100 35 9 2.20E+00 29.5 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1100 28 949 1.13E-01 26.2 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1100 28 124 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1100 25 268 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1200 25 13 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1200 18 121 Ward, 1974 1/8 sps

12B-1 308L WELD SA 1200 15 610 Ward, 1974 1/8 sps

12B-2 ann 308L WELD SA 1000 45 16 8.23E-01 36.8 Ward, 1974 annealed [L950F, 1/8 sps
12B-2 ann 308L WELD SA 1000 40 117 1.40E-01 314 Ward, 1974 annealed [L950F, 1/8 sps
12B-2 ann 308L WELD SA 1000 35 257 5.13E-02 26 Ward, 1974 annealed [L950F, 1/8 sps
12B-2 ann 308L WELD SA 1000 31 2165 6.07E-03 25 Ward, 1974 annealed [L950F, 1/8 sps
12B-2 ann 308L WELD SA 1100 35 8.8 1.93E+00 33 Ward, 1974 annealed [L950F, 1/8 sps
12B-2 ann 308L WELD SA 1100 28 84.4 2.80E-01 35.6 Ward, 1974 annealed [L950F, 1/8 sps
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13B 308 WELD SA 1000 45 40.1 3.69E-01 28.8 Ward, 1974 1/8 sps
138 308 WELD SA 1000 39 215.1 6.80E-02 223 Ward, 1974 1/8 sps
138 308 WELD SA 1000 35 1472.3 3.87E-03 8.2 Ward, 1974 1/8 sps
13B 308 WELD SA 1000 31 2540.5 2.43E-03 15.7 Ward, 1974 1/8 sps
13B 308 WELD SA 1100 28 103.9 1.29E-01 21 Ward, 1974 1/8 sps
13B 308 WELD SA 1100 22 632.6 5.00E-03 5.7 Ward, 1974 1/8 sps
14B 308CRE | WELD SMA 1000 35 2015.2 0.0017 18.6 Ward, 1974 1/8 sps
15B-1 308CRE | CROSS SMA 1000 50 55.6 0.084 21.6 Ward;"1974 1/8 sps
15B-1 308CRE | CROSS SMA 1000 35 0.0001 Ward, 1974 1/8 sps
15B-1-
10Kage 308CRE | CROSS SMA 1000 43 349.2 0.0143 15.4 Ward, 1974 aged 10K pt 1000F 1/8 sps
16B-1 308CRE | WELD SA 1000 45 217.9 3.60E-02 228 Ward, 1974 1/8 sps
16B-1 308CRE | WELD SA 1000 43 350.9 2.30E-02 18.4 Ward, 1974 1/8 sps
16B-1 308CRE | WELD SA 1000 40 9761.9 2.40E-04 13.3 Ward, 1974 1/8 sps
16B-2 308CRE | CROSS SA 1000 55 18 1.50E-0% 14 Ward, 1974 1/8 sps
16B-2 308CRE | CROSS SA 1000 45 649.9 3.90E:03 8.4 Ward, 1974 1/8 sps
16B-2 308CRE | CROSS SA 1000 40 2010.9 1.10E-03 6.7 Ward, 1974 1/8 sps
16B-2 308CRE | CROSS SA 1000 38 1'60E-04 Ward, 1974 1/8 sps
178 308CRE | WELD SMA 1000 2.62 1521 4.70E-02 17.9 Ward, 1974 1/8 sps
178 308CRE | WELD SMA 1000 45 127.3 7.80E-02 25.4 Ward, 1974 1/8 sps
17B 308CRE | WELD SMA 1000 40 3061.9 8.80E-04 10.2 Ward, 1974 1/8 sps
17B 308CRE | WELD SMA 1000 45 77.4 8.80E-02 20.3 Ward, 1974 1/8 sps
17B 308CRE | WELD SMA 1000 45 1232 1.60E-03 10 Ward, 1974 1/8 sps

152


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the Creep Regime and Application to ASME
Codes

A P
VI, nNEu.

Creep of
Weld Specimen Welding  Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
SMA or

18B 308 WELD SA? 1200 30 10.4 1.73E-01 13.4 Ward, 1974 deposit cHem shows 0.5%C, 1/8 sps
SMA or

188 308 WELD SA? 1200 27 23.8 8.20E-02 14.4 Ward, 1974 deposit chem shows 0.5%C, 1/8 sps
SMA or

18B 308 WELD SA? 1200 25 32.2 5.30E-02 10 Ward, 1974 deposit cHem shows 0.5%C, 1/8 sps
SMA or

188 308 WELD SA? 1200 23 53.1 2.84E-02 11.5 Ward, 1974 deposit chem shows 0.5%C, 1/8 sps
SMA or

188 308 WELD SA? 1200 22 67.4 2.10E-02 8.4 Ward, 1974 deposit chem shows 0.5%C, 1/8 sps
SMA or

18B 308 WELD SA? 1200 21 171.5 4.57E-03 4 Ward, 1974 deposit cHem shows 0.5%C, 1/8 sps
SMA or

188 308 WELD SA? 1200 16 1391 1.80E-04 1 Ward, 1974 deposit chem shows 0.5%C, 1/8 sps
SMA or

18B 308 WELD SA? 1200 14.5 1201 2.47E-04 1.2 Ward, 1974 deposit cHem shows 0.5%C, 1/8 sps
SMA or

18B 308 WELD SA? 1200 11 8.00E-05 Ward, 1974 deposit cHem shows 0.5%C, 1/8 sps
SMA or

18B 308 WELD SA? 1200 11 7.60E-05 Ward, 1974 deposit chem shows 0.5%C, 1/8 sps

19B-V-8 308CRE | WELD GTA 1200 25 40.2 39.1 47.5 Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE | WELD GTA 1200 20 262.2 18.8 24.1  Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE | WELD GTA 1200 16 1198 46 112 Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE | WELD GTA 1200 25 26.5 28.2 42.6  Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE | WELD GTA 1200 20 190.4 13.4 22.4  Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE |WELD GTA 1200 16 1091.7 6.4 6.7 Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE |WELD GTA 1200 25 11.4 37.5 80.7 Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE |WELD GTA 1200 20 25 13.6 40.4  Edmonds, Klueh,.. experimental CRE Lots

19B-V-8 308CRE |WELD GTA 1200 14 936.7 25.4 36.6 Edmonds, Klueh,.. experimental CRE Lots

19B-V-11 308CRE | WELD GTA 1200 25 15.7 32.7 62.1 Edmonds, Klueh,.. experimental CRE Lots

19B-V-11 308CRE | WELD GTA 1200 16 357.4 331 50.8 Edmonds, Klueh,.. experimental CRE Lots

19B-V-11 308CRE | WELD GTA 1200 14 1496.6 15.4 44.7  Edmonds, Klueh,.. experimental CRE Lots

19B-V-12 308CRE | WELD GTA 1200 20 215.2 10 21.7 Edmonds, Klueh,.. experimental CRE Lots

19B-V-12 308CRE |WELD GTA 1200 16 922 4.3 9.2 Edmonds, Klueh,.. experimental CRE Lots

19B-V-13 308CRE |WELD GTA 1200 20 495.1 6.3 15.3  Edmonds, Klueh,.. experimental CRE Lots

19B-V-13 308CRE |WELD GTA 1200 16 1634.5 5.5 8.4  Edmonds, Klueh,.. experimental CRE Lots

19B-V-15 308CRE |WELD GTA 1200 25 100.3 28.8 94.6  Edmonds, Klueh,.. experimental CRE Lots
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Camments
19B-V-15 308CRE [WELD GTA 1200 20 991 35.8 66.1 Edmonds, Klueh,.. experimental CRE Lots
19B-V-15 308CRE |WELD GTA 1200 18 2083 37.1 63.4 Edmonds, Klueh,.. experimental CRE Lots
19B-V-16 308CRE |WELD GTA 1200 20 432.4 12.1 21.1 Edmonds, Klueh,.. experimental CRE Lots
19B-V-16 308CRE |WELD GTA 1200 16 1980 6.3 13  Edmonds, Klueh,.. experimental CRE Lots
19B-V-16 308CRE |WELD GTA 1200 16 1980 6.3 13  Edmonds, Klueh,.. experimental CRE Lots
19B-V-130 308CRE |WELD GTA 1200 30 59.1 42.5 64.5 Edmonds, Klueh,.: experimenta| CRE Lots
19B-V-130 308CRE |WELD GTA 1200 28 74.2 46.6 70.5 Edmonds, Klueh,.. experimenta| CRE Lots
19B-V-130  308CRE |WELD GTA 1200 25 422.4 29.4 60.9 Edmonds, Kldeh,.. experimental CRE Lots
19B-V-130  308CRE |WELD GTA 1200 22 1168.9 34.3 66.8 Edmopds;Klueh,.. experimental CRE Lots
19B-V-130 308CRE |WELD GTA 1200 18 3001.9 11.41 Edmonds, Klueh,.. experimental CRE Lots
20B-1 308 WELD SA 1200 25 35.5 62.2 55,2, King, 1975 welded pipe) 1/4 sps
20B-1 308 WELD SA 1200 25 24.5 59.5 573 King, 1975 welded pipe) 1/4 sps
20B-1 308 WELD SA 1200 20 831.4 30.8 King, 1975 welded pipe) 1/4 sps
20B-1 308 WELD SA 1200 18 1798.3 17.9 14.8 King, 1975 welded pipe) 1/4 sps
20B-1 308 WELD SA 1200 18 1568.5 1657 14.8 King, 1975 welded pipe} 1/4 sps

welded pipg, 1/4 sps, weld metal
20B-2 308 CROSS SA 1200 25 126 14.8 21.1 King, 1975 failures

welded pipg, 1/4 sps, weld metal
20B-2 308 CROSS SA 1200 22 547.9 9.1 8.9 King, 1975 failures

welded pipg, 1/4 sps, weld metal
20B-2 308 CROSS SA 1200 20 1324.3 3.9 5 King, 1975 failures

welded pipg, 1/4 sps, weld metal
20B-2 308 CROSS SA 1200 18 2169.4 3.5 King, 1975 failures

welded pipg, 1/4 sps, weld metal
20B-2 308 CROSS SA 1200 18 2167.1 9.8 King, 1975 failures
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

21B 308 WELD SMA 1100 45 10 8.00E-01 28.9 57.3 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1100 40 81.6 7.50E-02 26.4 53.9 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1100 35 615 5.00E-03 23.3 41.2 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1100 33 1513.6 1.40E-03 12.8 35.7 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1100 30 5470.2 1.20E-04 4.2 5.1 Hauser & Van Echa] 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1100 28.5 10756 4.80E-05 4.7 6.8 Hauser & Van Ecthe, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1000 54 9.8 2.00E-02 15.6 40.5 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1000 47 283 3.20E-02 19.2 33.7 Hauser &Van'Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1000 42.5 1769 2.90E-03 12.8 30.7 Hauger &Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1200 31.5 34 1.10E-02 27.9 47.6  Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

21B 308 WELD SMA 1200 22 2748 9.00E-05 5.9 10.9 _“Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps

22B 308 WELD SMA 1100 45 1.3 1.00E+01 28.1 60.3 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 40 30.8 5.00E-01 29.3 49.9 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 37 52.3 2.50E-01 41.2 60.3 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 33 229.6 2.20E-02 336 56.7 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 31 1220 2.50E-03 9.8 21.7 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 29 2301.1 8.50E-04 13.6 24.1 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 27 6126.6 1.10E-04 4.3 7.9 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1100 25.5 7797.2 6.40E-05 4.1 4.3  Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1000 41 9.8 2.00E-02 15.6 40.5 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1000 43 283.5 3.20E-02 19.2 33.7 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1000 50 17692 2.90E-03 12.8 30.7 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1200 27.5 122.8 2.70E-02 20 38.6 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
22B 308 WELD SMA 1200 20.5 2.03E+03 1.70E-04 5.1 12.7 Hauser & Van Echo, 1978 weld pad,|medium ferrite, 1/2 sps
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

23B 308 WELD SMA 1100 45.0 7.6 2.00E+0 30.2 39.3 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1100 40.0 55.7 2.00E-1 26.8 37.2 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1100 35.0 207.5 3.00E-2 17.0 31.3 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1100 30.0 1413.5 1.70E-3 06.1 13.7 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1100 27.5 3375.6 4.20E-4 04.2 11.3 Hauser & Van Echa) 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1100 26.0 4889.7 2.00E-4 02.5 03.3 Hauser & Van Eche, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1100 24.0 7562.6 7.00E-5 03.4 03.7 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1000 53.0 35.8 2.00E-1 14.9 37.2 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1000 47.0 430.2 2.10E-2 19.0 29.3 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1000 435 871.2 7.70E-3 14.0 25.4 Hausér & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1200 26.5 153.8 3.30E-2 14.1 27.9 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
23B 308 WELD SMA 1200 17.5 2267.6 2.20E-4 03.4 6.0 Hauser & Van Echo, 1978 weld pad,|high ferrite, 1/2 sps
24B 308 WELD SMA 1100 45 10.7 1.20E+00 28.5 57.2  Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1100 40 61 7.00E-02 10.6 20.4 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1100 35 626.1 3.20E-03 102 27.5 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1100 33 1148.5 1.00E-03 5.1 24  Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1100 30.5 4961 9.50E-05 3.4 7.4  Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1100 29 3333.2 8.50E-05 3 7.2 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1000 52 142.6 2.00E-02 15.6 40.5 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1000 47 400.8 1.20E-02 12.4 20.7 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1000 42.5 2093.3 9.00E-04 7.7 22.5 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1200 30 119 2.60E-02 26 27.4  Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
24B 308 WELD SMA 1200 235 11427.4 2.60E-04 4.1 13.4 Hauser & Van Echo, 1978 weld pad,|low ferrite, 1/2 sps
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
25B-1 308 CROSS SMA 1050 35 132 24 45.1 Leyda, 1978
25B-1 308 CROSS SMA 1050 32 265 24.9 43.1 Leyda, 1978
25B-1 308 CROSS SMA 1050 28 797.7 16.7 40.3 Leyda, 1978
25B-1 308 CROSS SMA 1100 25 465 14 26.6 Leyda, 1978
25B-1 308 CROSS SMA 1100 22 910 11.3 26.1 Leyda, 1978
25B-1 308 CROSS SMA 1200 18 245 10 20.6 Leyda, 1978
25B-1 308 CROSS SMA 1200 15 960 5.7 8.5 Leyda, 1978
25B-2 308 CROSS SMA 1050 32.4 240.5 6.5 15.3  Leyda, 1978
25B-2 308 CROSS SMA 1050 32 260 6.3 19.1 Leyda, 1978
25B-2 308 CROSS SMA 1050 28 648.8 5 18.1 Léyda; 1978
25B-2 308 CROSS SMA 1050 20 9914 2.2 4.3 *eyda, 1978
25B-2 308 CROSS SMA 1100 25 361 4.3 17.3 “~“leyda, 1978
25B-2 308 CROSS SMA 1100 22 995 2.4 145  Leyda, 1978
25B-2 308 CROSS SMA 1100 18 5273 2.4 6.7 Leyda, 1978
25B-2 308 CROSS SMA 1200 20 143 3.7 14.3  Leyda, 1978
25B-2 308 CROSS SMA 1200 20 160 4.6 14.8 Leyda, 1978
25B-2 308 CROSS SMA 1200 17 378.8 2.5 10.1 Leyda, 1978
25B-2 308 CROSS SMA 1200 14 1162 1.8 7.8 Leyda, 1978
25B-2 308 CROSS SMA 1200 11 4529 4 2.4 Leyda, 1978
26B-1 308 CROSS GTA 1300 15 121.2 42  Canonico & Swindeman, 1966 butt weld|in plate, 1/4 sps
26B-1 308 CROSS GTA 1400 9 390.7 33.4 Canonico & Swindeman, 1966 butt weld|in plate, 1/4 sps
26B-1 308 CROSS GTA 1500 6 305 22.4  Canonico & Swindeman, 1966 butt weld[in plate, 1/4 sps
26B-1 308 CROSS GTA 1500 6 182.8 24.2  Canonico & Swindeman, 1966 butt weld[in plate, 1/4 sps
butt weld|in plate, 1/4 sps, 1850F
26B-1-ann 308 CROSS GTA 1300 15 100.9 Canonico & Swindeman, 1966 ann
butt weld|in plate, 1/4 sps, 1850F
26B-1-ann 308 CROSS GTA 1300 1275 422.9 37.6  Canonico & Swindeman, 1966 ann
butt weld|in plate, 1/4 sps, 1850F
26B-1-ann 308 CROSS GTA 1500 9 19.4 30.5 Canonico & Swindeman, 1966 ann
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FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Comments

butt“weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1100 32 598.8 39.2 Swindeman, not published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1200 25 292.2 41  Swindeman, not published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1300 20 69.7 44.9  Swindeman, not published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1400 125 94 37 Swindeman, not published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1500 10 34.5 36.4 Swindeman, notpublished failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1500 6 924.7 13.5 Swindeman, hot published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1600 6 226.5 22.4  Swindéman, not published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1600 4.3 598.8 20/ Swindeman, not published failures

butt weld in tubp, 3/16 sps, weld metal
27B 308 CROSS GTA 1700 2.5 655.3 35.2 Swindeman, not published failures

butt weld in tubp, 3/16 sps, base metal
27B 308 CROSS GTA 1800 2.5 53.8 36.4 Swindeman, not published failure
28B 308CRE  CROSS GTA 1300 15 7855  4.50E-04 19.4 25.9 Bolling & Swindeman, not pub butt weld in plate,|1/4 sps base metal failure
28B 308CRE  CROSS GTA 1350 15 1723  1.35E-03 21.6 54.8 Bolling & Swindeman, not pub butt weld in plate,|1/4 sps base metal failure
28B 308CRE  CROSS GTA 1400 15 332.8  1.20E-02 18.4 40 Bolling & Swindeman, not pub butt weld in plate,|1/4 sps base metal failure
29B-2 Base 1100 30 471 Swindeman & Williams, not pub butt weld in plate,|1/4 sps
29B-2 Base 1100 25 3600 Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-2 Base 1100 20 3052D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-2 Base 1100 15-.°5238D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-1 308 CROSS SMA 1100 30 2375 Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-1 308 CROSS SMA 1100 25 3027D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-1 308 CROSS SMA 1100 20 3601D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-1 308 CROSS SMA 1100 15 2739D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-3 HAZ HAZ2 1400 30 1423 Swindeman & Williams, not pub butt weld in plate,|1/4 sps
29B-3 HAZ HAZ5 1100 25 Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-3 HAZ HAZ3 1100 20 5122D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
29B-3 HAZ HAZ6 1100 15 5187D Swindeman & Williams, not pub  butt weld in plate,[1/4 sps
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FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Coniments

34B-1 308 CROSS GMA 1200 35 23.8 7 13 Davis & Cullen, 1968 butt weld 347 tube 2050 ann. 0.053%N
34B-1 308 CROSS GMA 1200 35 18.3 10 15  Davis & Cullen, 1968 butt weld 347 tube 2050 ann. 0.053%N
34B-1 308 CROSS GMA 1200 27.5 105.2 7 9  Davis & Cullen, 1968 butt weld 347 [tube 2050 ann. 0.053%N
34B-1 308 CROSS GMA 1350 20 11.9 7 17 Davis & Cullen, 1968 butt weld 347 [tube 2050 ann. 0.053%N
34B-1 308 CROSS GMA 1350 9 1197 4 Davis & Cullen, 1968 butt weld 347 [tube 2050 ann. 0.053%N
34B-1 308 CROSS GMA 1400 12 25.2 9 Davis & Cullen, 1968 butt weld 347 [tube 2050 ann. 0.053%N
34B-1 308 CROSS GMA 1400 6 1977 2 Davis & Cullen, 1968 butt weld 347 [tube 2050 ann. 0.053%N
34B-2 308 CROSS GMA 1200 35 20.5 8 19  Davis & Cullenf1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-2 308 CROSS GMA 1200 35 15.8 13 20 Davis & €ullen, 1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-2 308 CROSS GMA 1200 27.5 95 10 9 Davis&Cullen, 1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-2 308 CROSS GMA 1350 20 16.3 8 11  Davis & Cullen, 1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-2 308 CROSS GMA 1400 12 61.6 5 16 / ,Davis & Cullen, 1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-2 308 CROSS GMA 1400 9 363.3 4 Davis & Cullen, 1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-2 308 CROSS GMA 1450 4.8 839 2 Davis & Cullen, 1968 butt weld 347 ftube 2150F ann. 0.053%N
34B-3 308 CROSS GMA 1200 35 47.5 10 17  Davis & Cullen, 1968 butt weld 347 [tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1200 27.5 199.1 9 14  Davis & Cullen, 1968 butt weld 347 [tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1200 25 223 9 13 Davis & Cullen, 1968 butt weld 347 [tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1250 25 95.2 10 13 Davis & Cullen, 1968 butt weld 347 [tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1350 20 16.4 3 Davis & Cullen, 1968 butt weld 347 tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1350 16 53.7 4 Davis & Cullen, 1968 butt weld 347 tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1400 12 61.6 5 16  Davis & Cullen, 1968 butt weld 347 tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1400 9 16902 4 9  Davis & Cullen, 1968 butt weld 347 tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1400 7 1250.5 3 Davis & Cullen, 1968 butt weld 347 [tube 2175F ann. 0.14%N
34B-3 308 CROSS GMA 1450 6 287.3 Davis & Cullen, 1968 butt weld 347 ftube 2175F ann. 0.14%N
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong.  Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Comments

butt weld |347 tube 2175F ann.
34B-4 308 ICROSS GMA 1200 35 17.2 7 15  Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 CROSS GMA 1200 30 75 13 18  Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 ICROSS GMA 1200 25 223.4 9 13 Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 CROSS GMA 1250 20 154.3 10 10 Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 ICROSS GMA 1350 20 20.6 7 6  Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 CROSS GMA 1350 15 111.2 5 4 Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 CROSS GMA 1350 13 187 4 2, Davis & Cullin, 1968 0.029%N

butt weld (347 tube 2175F ann.
34B-4 308 CROSS GMA 1400 135 111.3 7 1 Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 CROSS GMA 1400 10 174.1 5 2 Davis & Cullin, 1968 0.029%N

butt weld (347 tube 2175F ann.
34B-4 308 CROSS GMA 1500 10 30.4 Davis & Cullin, 1968 0.029%N

butt weld (347 tube 2175F ann.
34B-4 308 CROSS GMA 1500 7 119 2 1 Davis & Cullin, 1968 0.029%N

butt weld |347 tube 2175F ann.
34B-4 308 CROSS GMA 1500 5 209 3 1 Davis & Cullin, 1968 0.029%N
35B-1 308 \WELD GTA 1200 25 26.6 2.60E-01 18.8 29.3 Edmonds & Biling, 1975 weld V-5, 1/8 sps
35B-1 308 WELD GTA 1200 25 24 3.40E-01 20.6 24.4  Edmonds & Biling, 1975 weld V-5, 1/8 sps
35B-1 308 WELD GTA 1200 20 1154 4.30E-02 11.6 14.7 Edmonds & Biling, 1975 weld V-5, 1/8 sps
35B-1 308 \WELD GTA 1200 20 143.5 3.00E-02 7.9 20.7 Edmonds & Biling, 1975 weld V-5, 1/8 sps
35B-1 308 \WELD GTA 1200 14 927 1.50E-03 2.7 6.1 Edmonds & Biling, 1975 weld V-5, 1/8 sps
35B-2 308 \WELD GTA 1200 20 164.7 2.40E-02 8.8 14.6  Edmonds & Biling, 1975 weld V-14, 1/8 sps
35B-2 308 \WELD GTA 1200 16 733 2.30E-03 3.6 10 Edmonds & Biling, 1975 weld V-14, 1/8 sps
35B-2 308 WELD GTA 1200 14 1630 3.70E-04 3.6 4.8 Edmonds & Biling, 1975 weld V-14, 1/8 sps
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36B-1 308CRE | WELD GTA 1200 18 3116 1.00E-04 321 55.9 Edmonds, et al., 1983 lot 9190, 1/8 sps
36B-1 308CRE | WELD GTA 1200 23 441 3.10E-02 34.6 62.6 Edmonds, et al., 1983 lot 9190, 1/8 sps
36B-1 308CRE | WELD GTA 1200 28 89 6.60E-02 37.5 64.1 Edmonds, et al., 1983 lot 9190, 1/8 sps
36B-2 308CRE | WELD GTA 1200 18 2916 2.20E-04 2.9 4.6 Edmonds, et al., 1983 lot 9210
36B-2 308CRE | WELD GTA 1200 23 746 6.50E-03 3.9 2.4 Edmonds, et al., 1983 lot 9210
36B-2 308CRE | WELD GTA 1200 28 199 8.50E-03 4.4 9.2 Edmonds, et al., 1983 lot 9210
36B-3 308CRE | WELD GTA 1200 18 5625 1.00E-05 29.7 69.1 Edmonds, et al.,1983 lot 9219
36B-3 308CRE | WELD GTA 1200 23 1216 5.80E-03 28.5 71.5 Edmonds, ét4l., 1983 lot 9219
36B-3 308CRE | WELD GTA 1200 28 301 3.20E-02 31.8 69.7 Edmonds, et al., 1983 lot 9219
36B-4 308CRE |WELD GTA 1200 18 5505 2.00E-06 4 3.9 Edmonds, et al., 1983 lot 9220
36B-4 308CRE |WELD GTA 1200 23 334 6.10E-03 9.9 19.8 _*Edmonds, et al., 1983 lot 9220
36B-4 308CRE | WELD GTA 1200 28 32 2.00E-02 25.3 49.3 “~“Edmonds, et al., 1983 lot 9220
36B-5 308CRE | WELD GTA 1200 18 4505 1.20E-03 33.1 58.2 Edmonds, et al., 1983 lot 9221
36B-5 308CRE | WELD GTA 1200 23 1176 3.40E-03 13.3 21.5 Edmonds, et al., 1983 lot 9221
36B-5 308CRE | WELD GTA 1200 35 8 1.28E+00 29.4 52.3 Edmonds, et al., 1983 lot 9221
36B-5 308CRE |WELD GTA 1200 27.5 147 6.90E-01 221 34.3 Edmonds, et al., 1983 lot 9221
37B-1 308CRE |WELD GTA 1200 30 96 1.80E-01 34.4 63.3  Edmonds, Klueh, 1983 lot 35050
37B-1 308CRE |WELD GTA 1200 25 714 1.60£202 41.3 34.2 Edmonds, Klueh, 1983 lot 35050
37B-1 308CRE | WELD GTA 1200 20 4127 1:30E-03 36.2 72.4  Edmonds, Klueh, 1983 lot 35050
37B-1 308CRE | WELD GTA 1200 20 4127 1.30E-03 36.2 72.4  Edmonds, Klueh, 1983 lot 35050
37B-2 308CRE | WELD GTA 1200 18 11590 1.10E-04 13.7 47.8 Edmonds, Klueh, 1983 lot A2283
37B-2 308CRE | WELD GTA 1200 20 8033 8.30E-04 7.1 12.3 Edmonds, Klueh, 1983 lot A2283
37B-2 308CRE | WELD GTA 1200 25 524 1.20E-02 11.5 17.4 Edmonds, Klueh, 1983 lot A2283
37B-2 308CRE | WELD GTA 1200 30 131 7.00E-02 20.5 22.8 Edmonds, Klueh, 1983 lot A2283
37B-3 308CRE | WELD GTA 1200 15 5814 21.6 50.5 Edmonds, Klueh, 1983 lot 2548
37B-3 308CRE | WELD GTA 1200 30 308 1.40E-02 16.5 42,9 Edmonds, Klueh, 1983 lot 2548
37B-3 308CRE | WELD GTA 1200 25 1316 2.50E-03 13.6 41  Edmonds, Klueh, 1983 lot 2548
37B-4 308CRE | WELD GTA 1200 17 16885 6.00E-05 25 46  Edmonds, Klueh, 1983 lot 11386
37B-4 308CRE | WELD GTA 1200 22 5814 4.00E-04 21.6 50.5 Edmonds, Klueh, 1983 lot 11386
37B-4 308CRE | WELD GTA 1200 30 308 1.40E-02 16.5 42,9 Edmonds, Klueh, 1983 lot 11386
37B-5 308CRE | WELD GTA 1200 20 1408 9.80E-03 44.7 69.1 Edmonds, Klueh, 1983 lot 35046
37B-5 308CRE | WELD GTA 1200 17 5784 7.00E-04 20.1 43.8 Edmonds, Klueh, 1983 lot 35046
37B-5 308CRE | WELD GTA 1200 30 15 1.60E+00 55.7 66.9 Edmonds, Klueh, 1983 lot 35046
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Codes

A Dot
VI, NnEu.

Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

Edmonds, et al, 1983
1/8-in. diam. specimens, longitudinal
308CRE submerged arc welds large commercial heats

38B-1 308CRE | WELD 35050 1200 15 7792 8.00E-05 5.2 8.6  Edmonds, Klueh, 1983 lot 25050
38B-1 308CRE | WELD 25050 1200 20 523 4.10E-03 12.7 36.6 Edmonds, Klueh, 1983 lot 25050
38B-1 308CRE | WELD 35050 1200 25 70 1.40E-01 18.6 40.1 Edmonds, KlueH, 1983 lot 25050
39B-1 308CRE | WELD SA 1200 22,5 65 1.00E-01 24.7 72.8 Edmonds, Klueh, 1983 lot A2284
39B-1 308CRE | WELD SA 1200 17.5 8247 1.70E-04 7.5 20.6 Edmonds, Klueh, 1983 lot A2284
39B-1 308CRE | WELD SA 1200 125 23303 8.00E-05 5 11  Edmonds, Klueh, 1983 lot A2284
39B-2 308CRE | WELD SA 1200 15 2210 1.00E-04 28.3 59.4 _*Edmonds, Klueh, 1983 lot 2548

39B-2 308CRE | WELD SA 1200 17.5 924 9.30E-03 30.8 48.7 “~Edmonds, Klueh, 1983 lot 2548

39B-2 308CRE | WELD SA 1200 22.5 107 1.20E-01 26.6 518 Edmonds, Klueh, 1983 lot 2548

39B-3 308CRE | WELD SA 1200 15 926 1.20E-02 43.5 70.8 Edmonds, Klueh, 1983 lot 11372
39B-3 308CRE | WELD SA 1200 17.5 247 9.00E-02 324 Edmonds, Klueh, 1983 lot 11372
39B-3 308CRE | WELD SA 1200 22,5 49 1.96E+00 172 57.6 Edmonds, Klueh, 1983 lot 11372
39B-4 308CRE | WELD SA 1200 15 2586 3.40E-04 5.3 14 Edmonds, Klueh, 1983 lot 35046
39B-4 308CRE | WELD SA 1200 20 352 1.20E-02 18.4 28.5 Edmonds, Klueh, 1983 lot 35046
39B-4 308CRE | WELD SA 1200 25 22 5.90E-01 26.8 45.5 Edmonds, Klueh, 1983 lot 35046
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Codes

A Dot
VI, NnEu.

Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
308 weld metal; tangential orientation, 1/4-in. diam. specimens

overlay | cladding, 1/4  sps,
40B-1 308 WELD SA 1100 45 3 6.06E+00 35.9 44.8  Klueh & Canonico, 1974, 1976 tangentia

overlay | cladding, 1/4  sps,
40B-1 308 WELD SA 1100 40 58.9 1.90E-01 24.6 26  Klueh & Canonico, 197451976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1100 35 151.4 5.30E-02 214 23.4  Klueh & Canonico,1974, 1976 tangentia

overlay | cladding, 1/4  sps,
40B-1 308 WELD SA 1100 32.5 379.6 1.60E-02 16.2 23.2  Klueh & €atonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1100 30 1030.9 3.00E-03 9.9 8.2 Klueh & Canonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1000 55 4.3 3.27E-01 32.8 59.6 (“Klueh & Canonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1000 50 100.7 7.50E-02 34.6 34,7 Klueh & Canonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1000 45 303 3.32E-02 21.8 30.6 Klueh & Canonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1000 40 1377 4.87E-03 17.2 26  Klueh & Canonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 1000 37.5 9.60E-04 Klueh & Canonico, 1974, 1976 tangentia

overlay |cladding, 1/4  sps,
40B-1 308 WELD SA 900 62.5 339 2,50E-03 27.3 25.9  Klueh & Canonico, 1974, 1976 tangentia
40B-1 308 WELD SA 1100 45 2.4 5.24E+00 24.7 42.6  Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1100 40 14.1 8.20E-01 22.2 44.6  Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1100 35 95.6 5.20E-02 15.8 24.1  Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1100 30 546.6 4.00E-03 9.9 15.4  Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1100 27.5 1294.1 1.40E-03 5 7.4  Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1100 25 3703.4 1.65E-04 4 3.8 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1000 55 8.5 2.03E-01 24 35.8 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1000 50 48.5 8.00E-02 24.8 39.2 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1000 45 263 4.40E-02 26.2 34.7 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1000 40 1176 4.90E-03 15.3 25.1 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1000 375 1568 2.67E-03 10.5 21.7 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 1000 375 2101 2.41E-03 16.2 25.2  Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 900 62.5 499.1 2.10E-03 23.1 27.5 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 900 61 744.3 1.60E-03 21 25.9 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
40B-1 308 WELD SA 900 60 1257 1.00E-03 19.3 18.7 Klueh & Canonico, 1974, 1976 overlay cladding, 1/4 sps, radial
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Codes
foATT Red:
Creep of
Weld Specimen  Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal  Type Process  (F) (ksi) Life (hrs)  (%/hr) (%) (%) Reference Comments
5.33E- overlay cladding, 1/4 sps,| failure @ fusion line into
40B-2 308 CROSp SA 1100 40 66.3 02 12.4 37.3  Klueh & Canonico, 1974, 1976 weld
8.50E- overlay cladding, 1/4 sps| failure @ fusion line into
40B-2 308 CROSp SA 1100 35 333.1 03 16.1 44.6 Klueh & Canonico, 1974, 1976 weld
6.00E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 1100 32.5 456.7 03 11.9 36.7 Klueh & Canonico, 1974, 1976 weld
1.10E- overlay cladding, 1/4 sps,| failure @ fusion line into
40B-2 308 CROSp SA 1100 32 571.1 03 16.5 44.8 Klueh & Canonico, 1974, 1976 weld
4.30E- overlay cladding, 1/4 sps)| failure @ fusion line into
40B-2 308 CROSp SA 1100 30 5551 04 7.6 5.4  Klueh & Canonico, 1974,"1976 weld
1.80E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 1100 30 3257 04 43 213 Klueh & Canonicg, 1974, 1976 weld
2.08E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 1000 55 36.4 01 38.5 60.7 Klueh &Canonico, 1974, 1976 weld
2.75E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 1000 50 114.8 02 17.3 17.1  Kldeh & Canonico, 1974, 1976 weld
2.00E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 1000 47.5 219 02 21.8  54.9. Klueh & Canonico, 1974, 1976 weld
4.10E- overlay cladding, 1/4 sps|failure @ fusion line into
40B-2 308 CROSp SA 1000 45 617.7 03 12.4 (108 Klueh & Canonico, 1974, 1976 weld
1.00E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 1000 42.5 2210 03 102" 26.5 Klueh & Canonico, 1974, 1976 weld
overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 900 62.5 0.1 30.2 51.2 Klueh & Canonico, 1974, 1976 weld
1.00E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 900 61 891.8 03 29.3 389 Klueh & Canonico, 1974, 1976 weld
8/60E- overlay cladding, 1/4 sps)|failure @ fusion line into
40B-2 308 CROSp SA 900 60 976.4 04 246 284 Klueh & Canonico, 1974, 1976 weld
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A Dot
VI, NnEu.

Creep of

Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
40B-3 BASE 1100 50 47.6 1.62E-01 21.6 21.8 Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1100 48 121.8 3.90E-02 16.1 16.3  Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1100 45 186.8 1.90E-02 11.8 13  Klueh & Canonico, 1974, 14976 near fusiop, tangential
40B-3 BASE 1100 42.5 654.5 5.70E-03 14.4 17.6  Klueh & Canonico, 1974,1976 near fusiop, tangential
40B-3 BASE 1100 40 1298 2.60E-03 17 23.3  Klueh & Canonico,{1974, 1976 near fusiop, tangential
408B-3 BASE 1100 40 1126 3.00E-03 16.9 20.5 Klueh & Canonito;1974, 1976 near fusiop, tangential
408B-3 BASE 1100 375 2882 1.40E-03 17.8 23.7 Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1000 60 82.7 3.30E-02 29.1 27.7 Klueh & €ahoenico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1000 57.5 192.6 8.40E-03 16.2 15.9 Klueh*&Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1000 55 457.5 4.60E-03 13.8 13.2  Klueh& Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1000 53 738.8 6.00E-03 12.9 11.4 _*Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1000 50 1136 1.40E-03 10.1 8.9 ““Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1000 48 1563.9 6.90E-04 10.6 174 Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 900 64 1096 2.90E-04 33.1 32.7 Klueh & Canonico, 1974, 1976 near fusiop, tangential
40B-3 BASE 1100 45 174 1.10E-02 8.7 15 Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1100 42.5 727.5 5.30E-03 169 24.7  Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1100 42.5 723.2 3.50E-03 11 23.3  Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1100 40 1140 2.00E-03 9.4 15.5 Klueh & Canonico, 1974, 1976 near fusioh, radial
40B-3 BASE 1100 35 5331D 2.80E:04 Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1000 60 77.5 2.79E-02 27 23.9 Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1000 55 383.4 4.60E-03 15.4 14.6  Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1000 53 621.5 2.60E-03 14.1 13.7  Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 1000 50 15017 1.10E-03 10.2 12.3  Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 900 64 574 5.60E-04 24.8 23.9 Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-3 BASE 900 62 1342 3.40E-04 20.6 20.6  Klueh & Canonico, 1974, 1976 near fusiop, radial
40B-4 Base 1100 45 78.1 4.70E-02 19.4 16.6  Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1100 40 427 6.10E-03 15.2 15.7  Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1100 37.5 1208 3.00E-03 17.4 19.9 Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1100 35 2246 1.50E-03 26.9 31.2 Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1000 58 119.4 1.09E-02 26.4 22.4  Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1000 55 207.4 5.00E-03 21.9 24.1  Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1000 48 1197.1 2.00E-03 14.9 16.8 Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 1000 45 1871.1 9.60E-04 14.6 14.3  Klueh & Canonico, 1974, 1976 tangentia
40B-4 Base 900 64 2161.5 3.50E-04 30.9 25.5 Klueh & Canonico, 1974, 1976 tangentia
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Codes

A P
VITTT. NEU.

Creep of
Weld bpecimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal ['ype Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Comments
40B-4 Base 1100 45 69 6.60E-02 21.6 19.9 Klueh & Canonico, 1974, 1976 radial
40B-4 Base 1100 40 457.1 5.00E-03 16.5 13.7 Klueh & Canonico, 1974, 1976 radial
40B-4 Base 1100 37.5 1275.2 3.00E-03 23.8 26.9 Klueh & Canonico, 1974, 1976 radial
40B-4 Base 1000 58 105.5 8.30E-03 30.6 21.3  Klueh & Canonico, 1974,41976 radial
40B-4 Base 1000 55 197.9 5.00E-03 27 21.8 Klueh & Canonico, 1974,1976 radial
40B-4 Base 1000 48 689.8 1.80E-03 19.1 25.2  Klueh & Canonico, 1974, 1976 radial
40B-4 Base 1000 48 618.8 2.10E-03 17.3 21.3  Klueh & Canonico,-1974, 1976 radial
40B-4 Base 1000 45 1753.1 7.80E-04 17.8 21.7 Klueh & Canohico, 1974, 1976 radial
40B-4 Base 900 64 1164.7 3.50E-04 32.9 28.9  Klueh &Canonico, 1974, 1976 radial
40B-4 Base 1100 45 77.4 5.80E-02 20.7 22.8  Klueh&:Canonico, 1974, 1976 axial
40B-4 Base 1100 40 515.9 7.90E-03 20.3 19.7 Klueh'& Canonico, 1974, 1976 axial
40B-4 Base 1100 37.5 1125 3.60E-03 23.6 27.17, Kideh & Canonico, 1974, 1976 axial
40B-4 Base 1100 35 2420 1.80E-03 314 341" Klueh & Canonico, 1974, 1976 axial
40B-4 Base 1100 30 2662D 8.70E-04 Klueh & Canonico, 1974, 1976 axial
40B-4 Base 1000 60 50 3.30E-02 33.7 28.2  Klueh & Canonico, 1974, 1976 axial
40B-4 Base 1000 58 83.6 2.00E-02 3119 29.1 Klueh & Canonico, 1974, 1976 axial
40B-4 Base 1000 55 193.3 6.90E-03 27 24.5 Klueh & Canonico, 1974, 1976 axial
40B-4 Base 1000 50 964.7 1.50E-03 16.2 16.2  Klueh & Canonico, 1974, 1976 axial
40B-4 Base 1000 48 1009.4 1.40E-03 15.2 13.9 Klueh & Canonico, 1974, 1976 axial
40B-4 Base 900 65 0.1 47.9 65.8  Klueh & Canonico, 1974, 1976 axial
40B-4 Base 900 64 1540.3 2.50E-04 41.4 33  Klueh & Canonico, 1974, 1976 axial
40B-4 Base 900 60 2542 2.00E-04 31.1 25.8  Klueh & Canonico, 1974, 1976 axial

butt weld 2-ip, double U, quarter, 1/4
41B-1 308 WELD SA 1200 25 144.9 3.30E-02 19 26.7 Boling & King, 1976 sps

butt weld 2-ih, double U, quarter, 1/4
41B-1 308 WELD SA 1200 20 786.4 9.60E-04 7.6 7.9 Boling & King, 1976 sps

butt weld 2-|n, double U, crown, 1/4
41B-1 308 WELD SA 1200 25 69.1 2.00E-01 36.3 29.1 Boling & King, 1976 sps

butt weld 2-|n, double U, crown, 1/4
41B-1 308 WELD SA 1200 20 42.6 Boling & King, 1976 sps

butt weld 2-|n, double U, crown, 1/4
41B-2 308 CROSS SA 1200 25 204.5 9.30E-03 8.4 8 Boling & King, 1976 sps

butt weld 2-|n, double U, crown, 1/4
41B-2 308 CROSS SA 1200 20 623.9 5.70E-04 3.8 2.5 Boling & King, 1976 sps
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Codes
T Red:
Creep of
Weld Specimen  Welding Temp. Stress  Rupture Rate Elong. Area

FILE # Metal  Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Comments

butt weld'2-in, double J, quarter, 1/4 sps, 1125F-
41B-3-SR 308 WELD SA 1200 25 147.9  3.90E-02 25.5 25.7 Boling & King, 1976 4h

butt weld 2-in, double |, quarter, 1/4 sps, 1125F-
41B-3-SR 308 WELD SA 1200 20 957  6.90E-04 7.1 5 Boling & King, 1976 4h

butt weld 2-in, double|U, crown, 1/4 sps, 1125F-
41B-3-SR 308 WELD SA 1200 25 71.9 30.3 33.4 Boling & King, 1976 4h

butt weld 2-in, double|U, crown, 1/4 sps, 1125F-
41B-4-SR 308 CROSS SA 1200 25 217.1  9.80E-03 9.4 14 Boling & King, 1976 4h

butt weld 2-in, double|U, crown, 1/4 sps, 1125F-
41B-4-SR 308 CROSS SA 1200 20 1190 Boling & King, 1976 4h

butt weld 2-in, double [, quarter, 1/4 sps, 1800F-
41B-5-ann 308 WELD SA 1200 25 166.2 1.60E-01 57 42.4  Boling &King, 1976 2h

butt weld 2-in, double [, quarter, 1/4 sps, 1800F-
41B-5-ann 308 WELD SA 1200 20 1320 12.6 10.9 Boling & King, 1976 2h

butt weld 2-in, double|U, crown, 1/4 sps, 1800F-
41B-5-ann 308 WELD SA 1200 25 79.2 2.70E-01 42.1 36.5¢_/Boling & King, 1976 2h

butt weld 2-in, double|U, crown, 1/4 sps, 1800F-
41B-5-ann 308 WELD SA 1200 20 50D Boling & King, 1976 2h

butt weld 2-in, double|U, crown, 1/4 sps, 1800F-
41B-6-ann 308 CROSS SA 1200 25 211.4  7.50E-02 28 46  Boling & King, 1976 2h

butt weld 2-in, double|U, crown, 1/4 sps, 1800F-
41B-6-ann 308 CROSS SA 1200 20 1170D Boling & King, 1976 2h
42B-1 308 WELD L1 1200 22 66.5 63.3 Boling, not published butt weld, double U, cown
42B-1 308 WELD L2 1200 22.5 838 71.4 Boling, not published butt weld, double U, qliarter
42B-1 308 WELD L1 1200 17.5 1810, 34.1 Boling, not published butt weld, double U, cown
42B-1 308 WELD L2 1200 17 3121 7.6 Boling, not published butt weld, double U, qliarter
42B-1 308 WELD L3 1200 25 62.2 49.5 Boling, not published butt weld, double U, rqot
42B-1 308 WELD L1 1200 20 206.2 74.1 Boling, not published butt weld, double U, cown
42B-1 308 WELD L3 1200 20 1310 25 Boling, not published butt weld, double U, rqot
42B-1 308 WELD L1 1200 20 257.6 52.4 Boling, not published butt weld, double U, cown
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Codes

A Dot
VI, NnEu.

Creep of

Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
43B-2 308CRE | WELD CRE-2 1200 16 550D Vitek, et al., 1992
43B-3 308CRE | WELD CRE-3 1200 16  4059D 3.00E-04 Vitek, et al., 1992
43B-4 308CRE | WELD CRE-4 1200 16 7136D 4.60E-04 Vitek, et al., 1992
43B-5 308CRE | WELD CRE-1 1200 16 10223 4.40E-04 37.6 60.1 Vitek, et al., 1992
43B-0 308 WELD 308-3 1200 16 74D Vitek, et al., 1992
43B-0 308 WELD 308-2 1200 16 673D 2.70E-03 Vitek, et al., 1992
43B-0 308 WELD 308-5 1200 16 1605D 1.30E-03 Vitek, et al,, 1992
43B-0 308 WELD 308-4 1200 16 2154D 8.00E-04 Vitek, et@l¥, 4992
43B-0 308 WELD 308-1 1200 16 3614 1.24E-04 19.2 33.3  Vitekretal., 1992
43B-3ann 308CRE | WELD HCRE-3 1200 16 50D Vitek,€ét al., 1992 2155F 1 hl|after re-melt
43B-2ann 308CRE | WELD HCRE-2 1200 16  1498D \litek, et al., 1992 2155F 1 hl|after re-melt
43B-4ann 308CRE | WELD HCRE-4 1200 16 3021D Vitek, et al., 1992 2155F 1 h|after re-melt
43B-1ann 308CRE | WELD HCRE-1 1200 16 7382 39.2 68  Vitek, et al., 1992 2155F 1 h|after re-melt
43B-0ann 308 WELD H308-3 1200 16 63D Vitek, et al., 1992 2155F 1 hl|after re-melt
43B-0ann 308 WELD H308-4 1200 16 2300D Vitek, et al., 1992 2155F 1 h|after re-melt
43B-0ann 308 WELD H308-5 1200 16 3494D Vitek, et al., 1992 2155F 1 hl|after re-melt
43B-0ann 308 WELD H308-2 1200 16 4688 54.1 47.3  Vitek, et al., 1992 2155F 1 hl|after re-melt
43B-0ann 308 WELD H308-1 1200 13 8415 33.6 36.9 Vitek, etal., 1992 2155F 1 hl|after re-melt
44B-1 308 WELD SMA 1200 25 180 2:10E-02 32.5 47  Breggren, etal., 1977 V24, 0.6%|ferrite
44B-1 308 WELD SMA 1200 22 840 6.00E-03 28 47  Breggren, etal., 1977 V24, 0.6%|ferrite
44B-1 308 WELD SMA 1200 20 750 37.5 55  Breggren, etal., 1977 V24, 0.6%|ferrite
44B-2 308 WELD SMA 1200 25 23 2.50E-01 29 63  Breggren, etal., 1977 V24, 0.6%|ferrite
44B-2 308 WELD SMA 1200 22 80 7.00E-02 34 70  Breggren, et al., 1977 V24, 0.6%|ferrite
44B-2 308 WELD SMA 1200 18 520 6.20E-03 36 65 Breggren, et al., 1977 V24, 0.6%|ferrite
44B-3 308 WELD SMA 1200 25 39 1.10E-01 49 52.5 Breggren, et al., 1977 V26, 5.2%|ferrite
44B-3 308 WELD SMA 1200 22 98 3.10E-02 35.5 54  Breggren, et al., 1977 V26, 5.2%|ferrite
44B-3 308 WELD SMA 1200 18 400 9.00E-03 26 45  Breggren, et al., 1977 V26, 5.2%|ferrite
44B-4 308 WELD SMA 1200 25 30 3.20E-01 35.5 55  Breggren, etal., 1977 V27, 6.2%|ferrite
44B-4 308 WELD SMA 1200 18 390 1.20E-02 27 33  Breggren, etal., 1977 V27, 6.2%|ferrite
44B-5 308 WELD SMA 1200 25 28 5.20E-01 38 53  Breggren, etal.,, 1977 V28, 9.4%|ferrite
44B-5 308 WELD SMA 1200 22 59 1.80E-01 24 43 Breggren, et al., 1977 V28, 9.4%|ferrite
44B-5 308 WELD SMA 1200 16 640 7.40E-03 13.5 23.5 Breggren, etal.,, 1977 V28, 9.4%|ferrite
44B-6 308 WELD SMA 1200 25 33 4.20E-01 33 36 Breggren, etal., 1977 V29, 11.6% ferrite
44B-6 308 WELD SMA 1200 22 80 1.40E-01 22.5 30.5 Breggren, etal., 1977 V29, 11.6% ferrite
44B-6 308 WELD SMA 1200 16 520 3.20E-03 6 10.5 Breggren, etal., 1977 V29, 11.6% ferrite
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45B 308CRE | WELD SMA 1200 30 964 1.75E-03 8.5 Cole, et al., ORNL 4524, 1973 V136
45B 308CRE | WELD SMA 1200 28 1784 4.50E-04 Cole, et al., ORNL 4524, 1973 V136
45B 308CRE | WELD SMA 1200 25 4184 1.00E-04 4.7 Cole, et al., ORNL 4524, 1973 V136
46B-1 308CRE | WELD SMA 1200 20 569 1.40E-02 21.5 Cole, et al., ORNL-4524, 1973 V148, .1Ti} .006B, .042P
46B-1 308CRE | WELD SMA 1200 15 7440 7.00E-05 13.7 Cole, et al., ORNL 4524, 1973 V148, .1Ti} .006B, .042P
46B-2 308CRE | WELD SMA 1200 20 1664.3 6.00E-04 13.88 Cole, et al#ORNL 4524, 1973 V149, 0.6Ti, .006B, .042P
46B-2 308CRE | WELD SMA 1200 18 7357 4.00E-05 8.53 Cole, et ak, ORNL 4524, 1973 V149, 0.67i, .006B, .042P
46B-3 308CRE | WELD SMA 1200 25 6192 5.24 Colé, et al., ORNL 4524, 1973 V150, 1,2%Ti, .006B, .042P
46B-3 308CRE | WELD SMA 1200 20 15330 5.47 Cole;et al., ORNL 4524, 1973 V150, 1,2%Ti, .006B, .042P
47B-1-1 308 WELD SMA 1200 14.5 1201 2.50E-04 1.2 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 16 1391 1.80E-04 1 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 21 171.5 4.60E-03 4 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 22 67.4 2.10E-02 84 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 23 53.1 2.80E-02 115 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 25 32.2 5.30E-02 10 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 27 23.8 8.20E-02 14.4 Booker collection, 1984 repeats many other files?
47B-1-1 308 WELD SMA 1200 30 10.4 1.70E-01 13.4 Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1100 25 1212 7.80E-04 2.3 5.2 Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1100 35 43.2 3.40E-01 29.8 25.3  Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1200 18 575.5 Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1200 18 654.9 9.00E-04 0.8 0.6  Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1200 20 362.6 5.00E-04 2 10 Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1200 25 16 3.70E-01 29.6 19.9 Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1200 25 25.7 2.10E-01 23 Booker collection, 1984 repeats many other files?
47B-3-6 308 WELD SMA 1200 25 44 3.70E-02 10.2 Booker collection, 1984 repeats many other files?
47B-3-7 308 WELD SMA 1100 25 529 3.70E-03 13.2 11.9 Booker collection, 1984 repeats many other files?
47B-3-7 308 WELD SMA 1200 18 212 5.60E-03 6 5.6  Booker collection, 1984 repeats many other files?
47B-3-7 308 WELD SMA 1200 20 135 1.10E-02 11.5 19.9 Booker collection, 1984 repeats many other files?
47B-3-7 308 WELD SMA 1200 25 26.7 2.50E-01 22.5 Booker collection, 1984 repeats many other files?
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47B-3-8 308 WELD SMA 1200 18 715 2.20E-04 1.4 2.4 Booker collection, 1984 repeats many other files?
47B-3-8 308 WELD SMA 1200 20 327 8.00E-04 2.3 7.5 Booker collection, 1984 repeats many other files?
47B-3-8 308 WELD SMA 1200 25 28.7 1.90E-01 243 23.7  Booker collection, 1984 repeats many other files?
47B-3-9 308 WELD SMA 1200 18 490.3 5.00E-04 4.5 7  Booker collection, 1984 repeats many other files?
47B-3-9 308 WELD SMA 1200 20 346 5.00E-04 4 19.4  Booker collection, 4984 repeats many other files?
47B-3-9 308 WELD SMA 1200 25 315 1.65E-01 22 23.8 Booker collection1984 repeats many other files?
47B-19-4 308 WELD SMA 1200 20 1859.9 3.00E-05 2.3 6.4  Booker collection, 1984 repeats many other files?
47B-19-4 308 WELD SMA 1200 20 3177.3 2.00E-06 3.2 3.6  Booker collection, 1984 repeats many other files?
47B-19-4 308 WELD SMA 1200 22.5 900.3 8.40E-04 9.6 31.1 Booker collection, 1984 repeats many other files?
47B-19-4 308 WELD SMA 1200 22.5 949.3 5.00E-04 4.7 21.6  Bdoker collection, 1984 repeats many other files?
47B-19-4 308 WELD SMA 1200 25 317.8 2.30E-03 9.9 49.5 _*Booker collection, 1984 repeats many other files?
47B-3-10 308 WELD SMA 1200 18 591.9 1.00E-03 3.2 10.2 “~“Booker collection, 1984 repeats many other files?
47B-3-10 308 WELD SMA 1200 20 127 2.80E-02 15.7 13.8  Booker collection, 1984 repeats many other files?
47B-3-10 308 WELD SMA 1200 25 39.7 1.56E-01 26.7 62  Booker collection, 1984 repeats many other files?
47B-3-11 308 WELD SMA 1200 18 1654.8 1.00E-04 1 Booker collection, 1984 repeats many other files?
47B-3-11 308 WELD SMA 1200 20 1329 2.60E-04 44 18 Booker collection, 1984 repeats many other files?
47B-3-11 308 WELD SMA 1200 25 47.4 6.00E-02 15.5 15.1 Booker collection, 1984 repeats many other files?
47H-3-12 308 WELD SMA 1200 18 710 1.10E-04 13 Booker collection, 1984 repeats many other files?
47H-3-12 308 WELD SMA 1200 20 651 3.00E:04 13 4.6  Booker collection, 1984 repeats many other files?
47H-3-12 308 WELD SMA 1200 25 26.5 1:00E-01 16.3 19.7 Booker collection, 1984 repeats many other files?
47H-3-13 308 WELD SMA 1200 18 525.9 7.60E-04 0.8 1.1  Booker collection, 1984 repeats many other files?
47H-3-13 308 WELD SMA 1200 20 333 2.00E-04 2.6 15.6  Booker collection, 1984 repeats many other files?
47H-3-13 308 WELD SMA 1200 25 476 6.00E-02 15.5 15.1  Booker collection, 1984 repeats many other files?
47B-3-14 308 WELD SMA 1200 18 548 3.00E-04 0.7 1.9 Booker collection, 1984 repeats many other files?
47B-3-14 308 WELD SMA 1200 20 292 8.00E-03 4 18.8  Booker collection, 1984 repeats many other files?
47B-3-14 308 WELD SMA 1200 25 31 1.46E-01 314 23.1  Booker collection, 1984 repeats many other files?
48B-25-21 308 WELD SA 1200 14 493 1.70E-02 133 8.3  Booker collection, 1984 repeats many other files?
48B-25-21 308 WELD SA 1200 18 62 1.43E-01 14 18 Booker collection, 1984 repeats many other files?
48B-25-21 308 WELD SA 1200 25 5 2.92E+00 14.3 15.5 Booker collection, 1984 repeats many other files?
48B-25-22 308 WELD SA 1100 25 367 3.00E-02 18.5 12 Booker collection, 1984 repeats many other files?
48B-25-22 308 WELD SA 1100 28 120 1.20E-01 24 22.4  Booker collection, 1984 repeats ny other files?
48B-25-22 308 WELD SA 1200 14 949 3.20E-03 5.9 12 Booker collection, 1984 repeats many other files?
48B-25-22 308 WELD SA 1200 18 171 5.60E-02 12.4 30 Booker collection, 1984 repeats many other files?
48B-25-22 308 WELD SA 1200 25 12 9.80E-01 17.9 54  Booker collection, 1984 repeats many other files?
48B-25-22 308 WELD SA 1100 20 2082 3.20E-03 10 12.2  Booker collection, 1984 repeats many other files?
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48B-25-23 308 WELD SA 1100 20 1225 5.00E-03 10 40.6  Booker collection, 1984 repeats many other files?
48B-25-23 308 WELD SA 1100 25 283 5.40E-02 24 16  Booker collection, 1984 repeats many other files?
48B-25-23 308 WELD SA 1100 28 130 1.20E-01 23.1 26.1 Booker collection, 1984 repeats many other files?
48B-25-23 308 WELD SA 1200 14 663 1.10E-02 10.3 17  Booker collection, 1984 repeats many other files?
48B-25-23 308 WELD SA 1200 18 126 1.20E-01 19.9 38 Booker collection, 4984 repeats many other files?
48B-25-23 308 WELD SA 1200 25 11 1.40E+00 22.8 47  Booker collection)\1984 repeats many other files?
48B-25-23 308 WELD SA 1200 13 1314 2.70E-03 6.4 14.3  Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1100 28 46 15.8 16.3  Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1200 16 556 1.70E-02 11.7 18.7 Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1200 18 236 6.10E-02 18.4 21.3  Bdoker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1200 25 9 1.40E+00 17 59.5 _*Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1200 25 9 1.30E+00 18.3 52.5 “~“Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1100 25 194 1.80E-03 13.9 6214  Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1100 20 3132 6.20E-03 10.6 24.4  Booker collection, 1984 repeats many other files?
48B-25-24 308 WELD SA 1200 15 1247 6.00E-02 11.2 18.6  Booker collection, 1984 repeats many other files?
48B-25-25 308 WELD SA 1100 20 878 1.35E-02 212 46.1  Booker collection, 1984 repeats many other files?
48B-25-25 308 WELD SA 1100 25 128 9.60E-02 19.2 46.1  Booker collection, 1984 repeats many other files?
48B-25-25 308 WELD SA 1200 14 614 8.10E-03 8.9 6.4  Booker collection, 1984 repeats many other files?
48B-25-25 308 WELD SA 1200 125 1430 3.30E:03 5.5 5.6  Booker collection, 1984 repeats many other files?
48B-25-26 308 WELD SA 1200 18 170 6.00E-02 18.5 31.2 Booker collection, 1984 repeats many other files?
48B-25-26 308 WELD SA 1200 14 820 1.30E-02 13.9 22.3  Booker collection, 1984 repeats many other files?
48B-25-27 308 WELD SA 1100 28 124 9.00E-02 16.4 19.8  Booker collection, 1984 repeats many other files?
48B-25-27 308 WELD SA 1100 25 268 2.70E-02 11.1 17.3  Booker collection, 1984 repeats ny other files?
48B-25-27 308 WELD SA 1100 20 1166 6.40E-03 10.1 26.2  Booker collection, 1984 repeats many other files?
48B-25-27 308 WELD SA 1200 25 13 7.50E-01 23.1 36 Booker collection, 1984 repeats many other files?
48B-25-27 308 WELD SA 1200 18 121 1.00E-01 17.9 33.9 Booker collection, 1984 repeats many other files?
48B-25-27 308 WELD SA 1200 15 610 1.50E-01 13.9 30.3  Booker collection, 1984 repeats many other files?
48B-25-27 308 WELD SA 1200 14 1022 7.60E-03 11.7 23.5 Booker collection, 1984 repeats many other files?
48B-25-28 308 WELD SA 1100 25 79 9.60E-02 20.1 58.9  Booker collection, 1984 repeats many other files?
48B-25-28 308 WELD SA 1100 20 712 7.80E-03 15.3 55.8  Booker collection, 1984 repeats many other files?
48B-25-28 308 WELD SA 1200 14 735 1.60E-02 18.6 54  Booker collection, 1984 repeats many other files?
48B-25-28 308 WELD SA 1200 12.5 1995 2.40E-03 8.8 14.7 Booker collection, 1984 repeats many other files?
48B-25-29 308 WELD SA 1200 22.5 76.4 2.15E-01 28.7 47.4  Booker collection, 1984 repeats many other files?
48B-25-29 308 WELD SA 1200 17 774.4 6.60E-03 20 47.6  Booker collection, 1984 repeats many other files?
48B-25-29 308 WELD SA 1200 12.5 6157.1 1.90E-03 16.1 13.9 Booker collection, 1984 repeats many other files?
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48B-25-30 308 WELD SA 1200 22.5 75 3.80E-01 44.3 55.6  Booker collection, 1984 repeats many other files?
48B-25-30 308 WELD SA 1200 17 851.6 1.70E-02 17.8 17  Booker collection, 1984 repeats many other files?
48B-25-30 308 WELD SA 1200 125 5528.7 3.00E-03 6.2 5.7 Booker collection, 1984 repeats many other files?
48B-25-30 308 WELD SA 1200 22.5 183.6 9.00E-02 33.4 39.4  Booker collection, 1984 repeats many other files?
48B-25-30 308 WELD SA 1200 17 1035.3 1.00E-02 29 35.1 Booker collection, 4984 repeats many other files?
48B-25-30 308 WELD SA 1200 12.5 5676.2 1.20E-03 15.6 16.3  Booker collection,\1984 repeats many other files?
49B 308 CROSS WIG 1022 38.9 95 Huthman, ét4l., 1983 data scaled from plot
49B 308 CROSS WIG 1022 38.9 125 Huthmang; et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 33.6 230 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 33.6 320 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 32.9 470 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 32.9 610 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 28.7 1800 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 28.7 2200 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 25.8 3400 Huthman, et al., 1983 data scaled from plot
49B 308 CROSS WIG 1022 25.8 3900 Huthman, et al., 1983 data scaled from plot
50B-1 308L WELD SMA 1250 20 206 Beggs & lbarra, 1991
50B-1 308L WELD SMA 1250 18 438 Beggs & lbarra, 1991
50B-1 308L WELD SMA 1250 17 607 Beggs & lbarra, 1991
50B-1 308L WELD SMA 1250 17 569 Beggs & Ibarra, 1991
50B-1 308L WELD SMA 1250 16.5 984:1 Beggs & lbarra, 1991
50B-2 308 WELD SMA 1250 20 878.1 Beggs & lbarra, 1991
50B-2 308 WELD SMA 1250 20 1866.5 Beggs & lbarra, 1991
50B-2 308 WELD SMA 1250 18 3641.6 Beggs & lbarra, 1991
50B-2 308 WELD SMA 1250 17 4594.5 Beggs & lbarra, 1991
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51B 308CRE | WELD SMA 1050 41 69.2 31 60.8 C-E Met Lab root
51B 308CRE | WELD SMA 1050 39 106.5 30 55.9 C-E MetLab quarter
51B 308CRE | WELD SMA 1050 39 60.4 39 54.4 C-E Met Lab crown
51B 308CRE | WELD SMA 1050 37 158.2 36 60.2 C-E Met Lab crown
51B 308CRE | WELD SMA 1050 37 456 28 59 C-E Met Lab quarter
51B 308CRE | WELD SMA 1050 36 268.8 33 55.1 C-E MetLab crown
51B 308CRE | WELD SMA 1050 36 1658.6 27 52 C-E Met Lab quarter
51B 308CRE | WELD SMA 1200 31 30.4 25 64.1 C-E Mettab quarter
51B 308CRE | WELD SMA 1200 30 66.6 25 59.1 C-E Metlab quarter
51B 308CRE | WELD SMA 1200 29 63.9 31 64.1 CUEjMe€t Lab quarter
51B 308CRE | WELD SMA 1200 28 162.5 26 65.2 _C-E'Met Lab quarter
51B 308CRE | WELD SMA 1200 27.5 190.4 22 62.8 “~C-E Met Lab root
51B 308CRE | WELD SMA 1200 27 486.9 28 613 C-E MetLab quarter
51B 308CRE | WELD SMA 1200 26 226.2 26 67.4 C-E Met Lab crown
51B 308CRE | WELD SMA 1200 26 666.9 24 66.5 C-E MetLab root
51B 308CRE | WELD SMA 1200 25 3088.7 21 64.8 C-E Met Lab quarter
51B 308CRE | WELD SMA 1200 24 3491 23 63.1 C-EMetLab quarter
51B 308CRE | WELD SMA 1200 23 798.4 30 65.8 C-E Met Lab crown
51B 308CRE | WELD SMA 1200 23 C-E Met Lab root
51B 308CRE | WELD SMA 1350 21 45.7 24 68.4 C-E Met Lab quarter
51B 308CRE | WELD SMA 1350 20 29.2 32 729 C-E MetlLab crown
51B 308CRE | WELD SMA 1350 19 161 29 71.8 C-E MetLab quarter
51B 308CRE | WELD SMA 1350 18 379 39 76.4 C-E Met Lab crown
51B 308CRE | WELD SMA 1350 18 198.9 26 66.6 C-E Met Lab quarter
51B 308CRE | WELD SMA 1350 17 55.9 34 69.5 C-E Met Lab crown
51B 308CRE | WELD SMA 1350 17 152.3 33 72.3 C-E Met Lab root
51B 308CRE | WELD SMA 1350 16 705.5 24 59 C-E Met Lab quarter
51B 308CRE | WELD SMA 1350 15 503.7 30 57.6 C-E Met Lab crown
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528 308 WELD SMA 1350 17 6.7 54 72.8 C-E Met Lab IBCA crown
528 308 WELD SMA 1350 17 10.9 46 65.8 C-E Met Lab IBCA root
528 308 WELD SMA 1350 13 315 19 36.3 C-E Met Lab IBCA crown
52B 308 WELD SMA 1350 13 173.8 22 35 C-E Met Lab IBCA root
53B 308 WELD SMA 1350 19 94.4 34 69.8 C-E Met Lab ICIA root
53B 308 WELD SMA 1350 18 107.2 30 72.8 C-E Met Lab ICIA crown
53B 308 WELD SMA 1350 17.5 57 42 73.8 C-E MettabJICIA crown
53B 308 WELD SMA 1350 17.5 228.8 25 72.4 C-E Metlab ICIA quarter
53B 308 WELD SMA 1350 16 175.9 38 70.7  CUE;M€t Lab ICIA crown
53B 308 WELD SMA 1350 16 569.2 25 67.1 _C-E'Met Lab ICIA quarter
53B 308 WELD SMA 1350 15 455.8 37 66.7 “~C-E Met Lab ICJA crown
53B 308 WELD SMA 1350 15 2342.8 15 2414 C-E Met Lab ICJA root
53B 308 WELD SMA 1350 14 881 25 64.4 C-E Met Lab ICJA crown
548 308CRE | WELD SMA 1050 39 16.9 51 63.3 C-E Met Lab HBEA crown
548 308CRE | WELD SMA 1050 39 42.8 47 72.3  C-E Met Lab HBEA quarter
548 308CRE | WELD SMA 1050 37 173 32 57.8 C-E Met Lab HBEA crown
548 308CRE | WELD SMA 1050 37 316 33 63.9 C-E Met Lab HBEA quarter
54B 308CRE | WELD SMA 1050 35 229.5 51 61.6 C-E Met Lab HBEA crown
54B 308CRE | WELD SMA 1050 35 2021.6 28 56.8 C-E Met Lab HBEA root
54B 308CRE | WELD SMA 1050 34 445.5 29 67.1 C-E Met Lab HBEA crown
54B 308CRE | WELD SMA 1050 34 39219 32 62.5 C-E Met Lab HBEA crown
548 308CRE | WELD SMA 1350 19 30 43 67.4 C-E Met Lab HBEA crown
548 308CRE | WELD SMA 1350 19 22.8 41 78  C-E Met Lab HBEA root
548 308CRE | WELD SMA 1350 175 17.9 44 71.8 C-E Met Lab HBEA crown
548 308CRE | WELD SMA 1350 1756 134.9 26 70.6 C-E Met Lab HBEA quarter
54B 308CRE | WELD SMA 1350 17 101.1 22 72.1 C-E Met Lab HBEA crown
54B 308CRE | WELD SMA 1350 17 80 28 71.5 C-E Met Lab HBEA crown
54B 308CRE | WELD SMA 1350 17 172.4 29 67.7 C-E Met Lab HBEA root
54B 308CRE | WELD SMA 1350 17 473.2 13 46.6  C-E Met Lab HBEA root
54B 308CRE | WELD SMA 1350 15 1181 31 53.3  C-E Met Lab HBEA crown
54B 308CRE | WELD SMA 1350 15 81 25 54.8 C-E Met Lab HBEA root
54B 308CRE | WELD SMA 1350 14 849.5 18 51.6 C-E Met Lab HBEA crown
54B 308CRE | WELD SMA 1350 14 1750D C-E Met Lab HBEA root
54B 308CRE | WELD SMA 1350 13 1750D C-E Met Lab HBEA crown
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A Dot
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
55B-1 308 WELD SMA 1050 40 24.4 39 67.9 C-EMetLab M7692
55B-1 308 WELD SMA 1050 35 182.1 46 59.2 C-E MetLab M7692
55B-1 308 WELD SMA 1050 35 163.6 44 53.1 C-EMetLlab M7692
55B-1 308 WELD SMA 1050 27 2201D C-E Met Lab M7692
55B-1 308 WELD SMA 1200 25 72.6 26 62 C-E Met Lab M7692
55B-1 308 WELD SMA 1200 22 886.9 22 47.4 C-E Met Lab M7692
55B-1 308 WELD SMA 1200 19 2273D C-E Met Lab M7692
55B-2 308 WELD SMA 1050 40 29.9 40 59.1 C-E Mettab M7692
55B-2 308 WELD SMA 1050 35 138.4 43.5 48.8 C-E Metlab M7692
55B-2 308 WELD SMA 1050 27 2102 7 21 CEMet Lab M7692
55B-2 308 WELD SMA 1200 25 30.4 31 46.7 _C-E'Met Lab M7692
55B-2 308 WELD SMA 1200 21 531 8 16.1 “~C-E Met Lab M7692
55B-2 308 WELD SMA 1200 17 1221D C-E Met Lab M7692
56B 308CRE | Weld SMA 1050 40 21.5 39 63.4 C-E Met Lab M7693

56B 308CRE | Weld SMA 1050 36 120 39 63.9 C-E Met Lab M7693

56B 308CRE | Weld SMA 1050 35 188.6 40 63.8 C-E Met Lab M7693

56B 308CRE | Weld SMA 1050 33 261.7 42 60 C-E Met Lab M7693

56B 308CRE | Weld SMA 1050 30 2524 20 50.2 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 33 1.2 45 68.3 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 27 19.8 46 72.3 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 24.6 914 32 64.1 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 24 59:9 47 69.1 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 24 198 29 69.1 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 22 278.6 28 63.7 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 19 4001.8 22 304 C-E Met Lab M7693

56B 308CRE | Weld SMA 1200 18 2615.5 17 47.4  C-E Met Lab M7693

56B 308CRE | Weld SMA 1350 20 2.9 47 68.3 C-E Met Lab M7693

56B 308CRE | Weld SMA 1350 15 74.9 26 53.2 C-E Met Lab M7693

56B 308CRE | Weld SMA 1350 13 78.8 45.6 60.3 C-E Met Lab M7693

56B 308CRE | Weld SMA 1350 13 320.4 12 31.9 C-E Met Lab M7693
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A Dot
VI, NnEu.

Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp

CE Metallurgical Laboratory
308CRE weld metal M7745 & M7871
Shielded Metal Arc weld: 1/4-in.-diam. specimens

57B-1 308CRE | WELD SMA 1050 36 121.8 32 54.8 C-EMetLab M7745
57B-1 308CRE | WELD SMA 1050 33 294.1 32 48.9 C-E Met Lab M7745
57B-1 308CRE | WELD SMA 1050 30 1875.3 23 35.7 C-EMetlab M7745
57B-1 308CRE | WELD SMA 1200 24 102.9 30 51.8 C-EMetLab M7745
57B-1 308CRE | WELD SMA 1200 22 385 22 50 C-E Mettab M7745
57B-1 308CRE | WELD SMA 1200 19 2745.3 8 26.6 C-E Metlab M7745
57B-2 308CRE | WELD SMA 1050 39 53.4 40 62.7 CYEjMe€t Lab M7871
57B-2 308CRE | WELD SMA 1050 39 57.5 39 57.5 C-E'Met Lab M7871
57B-2 308CRE | WELD SMA 1050 38 51.7 40 60.6 “C-E Met Lab M7871
57B-2 308CRE | WELD SMA 1050 37 71.3 36 536 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1050 36 57.6 44 59.2 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1050 35 214.4 30 53.3 C-EMetLlab M7871
57B-2 308CRE | WELD SMA 1050 34 368.5 38 524 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1200 28 25.4 37 59.2 C-E MetLab M7871
57B-2 308CRE | WELD SMA 1200 26 13.5 35 63.2 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1200 26 41.4 34 68.8 C-E MetLab M7871
57B-2 308CRE | WELD SMA 1200 25 117.7 26 61.7 C-E MetLab M7871
57B-2 308CRE | WELD SMA 1200 23 303.2 28 55.6 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1350 19 15.9 29 64.1 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1350 17 526 35 61.1 C-EMetLab M7871
57B-2 308CRE | WELD SMA 1350 16 68.9 34 59.2 C-E Met Lab M7871
57B-2 308CRE | WELD SMA 1350 15 191.5 20 42.7 C-EMetlab M7871
57B-2 308CRE | WELD SMA 1350 14 314.3 11 32 C-EMetlab M7871
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Creep of

Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area
FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
588 308CRE | WELD SMA 1050 40 51 30 55.8 C-E Met Lab, M7898 crown
588 308CRE | WELD SMA 1050 39 790 25 57.7 C-E Met Lab, M7898 quarter
588 308CRE | WELD SMA 1050 39 197 33 63.9 C-E Met Lab, M7898 quarter
58B 308CRE | WELD SMA 1050 37 1595.5 26 59.3 C-E Met Lab, M7898 quarter
58B 308CRE | WELD SMA 1050 37 256.3 32 62 C-E Met Lab, M7898 crown
58B 308CRE | WELD SMA 1050 36 635.3 29 63.8 C-E Met Lab, M7898 quarter
58B 308CRE | WELD SMA 1200 23 6743.1 28.5 61.1 C-E Met Lab, MZ898 crown
588 308CRE | WELD SMA 1350 19 49.1 35.5 78.8 C-E Mettah,M7898 crown
588 308CRE | WELD SMA 1350 19 112.9 28 77  C-E Metlab, M7898 quarter
588 308CRE | WELD SMA 1350 18 104.7 38 72  CE:Met Lab, M7898 root
588 308CRE | WELD SMA 1350 17.5 164.5 46 77.9 _C-E'Met Lab, M7898 crown
58B 308CRE | WELD SMA 1350 17 351 38 73.4 “~C-E Met Lab, M7898 root
58B 308CRE | WELD SMA 1350 16 568.7 33.5 735 C-E Met Lab, M7898 root
58B 308CRE | WELD SMA 1350 16 589 24.5 66  C-E Met Lab, M7898 quarter
58B 308CRE | WELD SMA 1350 15 490 313 74.1  C-E Met Lab, M7898 crown
588 308CRE | WELD SMA 1350 14 1095 36 58.5 C-E Met Lab, M7898 crown
588 308CRE | WELD SMA 1350 13 2086.5 18.5 45.4  C-E Met Lab, M7898 root
59B-1 308CRE | WELD SMA 1050 39 64.4 34 63.9 C-E Met Lab EOGA crown
59B-1 308CRE | WELD SMA 1050 17.5 406.3 7 20.9 C-E Met Lab EOGA root
59B-2 308CRE | WELD SMA 1350 17.5 264.9 C-E Met Lab KAGA crown
59B-2 308CRE | WELD SMA 1350 17.5 367.7 C-E Met Lab KAGA root
60B 308CRE | WELD SMA 1050 39 268.3 31 54.4  C-E Met Lab CAEA crown
60B 308CRE | WELD SMA 1350 19 55 29 72  C-E Met Lab CAEA crown
60B 308CRE | WELD SMA 1350 19 520.3 C-E Met Lab CAEA root
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Creep of
Weld Specimen Welding Temp. Stress Rupture Rate Elong. Area

FILE # Metal Type Process  (F) (ksi) Life (hrs) (%/hr) (%) (%) Reference Commentp
62B-1 308 WELD SA 1350 19 2.1 16 27.2 C-EMetLlab HR
62B-1 308 WELD SA 1350 15 9.7 12.9 13.1 C-EMetlab HR
62B-1 308 WELD SA 1350 10 176.7 3 3.1 C-EMetlab HR
62B-1 308 WELD SA 1350 8 109.3 2 4.6 C-E Metlab HR
62B-1 308 WELD SA 1350 6 452.4 3 3.1 C-EMetlab HR
62B-1 308 WELD SA 1350 5 1144.5 1 1.6 C-EMetlab HR
62B-2 308 WELD SA 1050 35 110.5 20 24.4 C-EMetlab TJ
62B-2 308 WELD SA 1050 30 460.5 15 19.7 C-E MettabTJ
62B-2 308 WELD SA 1050 25 2236.8 3 4.7 C-EMetlab TJ
62B-2 308 WELD SA 1200 25 11.6 23 33.8 CEMe€tlab TJ
62B-2 308 WELD SA 1200 20 106.5 23 20.5 C-EMetlab TJ
62B-2 308 WELD SA 1200 17 305.1 19 24.6 “~C-EMetlLab TJ
62B-2 308 WELD SA 1200 15 607.5 9 87 C-EMetlab TJ
62B-2 308 WELD SA 1200 14 1017.5 10 10.1 C-EMetlab TJ
62B-2 308 WELD SA 1200 12 1387.2 6 4.7 C-EMetlab TJ
62B-3 308 WELD SA 1050 35 126.8 169 23.8 C-E Met Lab AP
62B-3 308 WELD SA 1050 30 274.3 10 159 C-E Met Lab AP
62B-3 308 WELD SA 1050 22 2569.4 1 3.1 C-EMetLab AP
62B-3 308 WELD SA 1200 20 41 10 153 C-E Met Lab AP
62B-3 308 WELD SA 1200 15 247.8 3 6.3 C-E Met Lab AP
62B-3 308 WELD SA 1200 12 892.4 1 3.1 C-E Met Lab AP
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D.1 Chemistry

Chemistry in wt%

Heat ID Reference Product Process Filler Flux FN C Mn p S Si Ni Cr Mo \Y Nb Ti Co Cu B N
16- Arcos

77-15 ORNL-5594 Plate SA 8-2 S-4 7.3 0.048 1.33 0.03 0.016 0.96 9.22 17.11 179 0.03 0.01 0.0 0.07 0.002 0.034
16- Arcos

77-16 ORNL-5594 Plate SA 8-2 S-16 7.7 0.055 1.38 0.028 0.017 0.88 8.37 16.8  2.237) 0.03 0.0f 0.08 0.002 0.034
16- Linde

77-17 ORNL-5594 Plate SA 8-2 0091 2.3 0.059 0.79 0.026 0.014 0.5 9.33 1533 (=85 0.04 o.p 0.08 0.002 0.032
16- Arcos

S-11 ORNL-5594 Plate SA 8-2 S-11 1.3 0.047 1.48 0.026 0.012 0.89 10.03 1485,/ 176 0.04 0.01 0.0 0.09 0.028
16-

E-13 ORNL/TM-7394 Pipe GTA+1060C 8-2 1.3 0.053  1.57 0.014 0.014 0.49 9.42 16.18 195 0.04 0.01 0.0p 0.13 0.001  0.041
16-

F-14 ORNL/TM-7394 Pipe GTA+1066C 8-2 5.8 0.026  1.57 0.02 0.009 0.51 1162 17.88 2.08 0.08 0.01 0.1 0.17 0.001  0.037

G-15 ORNL/TM-7394 Pipe GTA+1093C 316 0 0.051 1.5 0.026 0.021 053 12.68 1619 217 0.05 0.01 002 0.2 0.27 0.002 0.059

G-16 ORNL/TM-7394 Pipe Auto+1066C  none 0 0.055 1.46 0.027 0.023 ~0.49 12.67 1633 2115 0.05 0.01 002 02 027 0.002 0.062
16-

H-22 ORNL/TM-7394 Pipe SA+1066C 8-2 0 0.055 1.72 0.025 0.021 0.53 9.83 15.14 2.06 0.04 0.01 0.0 0.21 0.002 0.044
16-

9234  ORNL/5945 Wire 8-2 0.038 1.86 0:037 0.013  0.45 8.59 15.88  2.05 0.19 0.0052

Note: FN = Ferrite Number
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Crermstry T wit’s

Heat ID Reference Product Process  Filler Flux FN C Mn P S Si Ni Cr Mo \Y Nb Ti Co Cu B N
9236  ORNL/5945 Wire 16-8-2 0.038  2.07 0.03 0.14 0.48 8.45 16.1  2.03 0.16 0.0036
9213  ORNL/5945 Plate GTA 16-8-2 0.016 2.04 0.013 0.016  0.49 9.11 1559  2.15 006 0.002 0.069
9234  ORNL/5945 Plate GTA 16-8-2 0.02 176 0.031 0.014 0.49 9.3 15.43  2.18 0.18 0.002 0.057
9236  ORNL/5945 Plate GTA 16-8-2 0.027 193 0.026 0.015 0.51 9.22 15.77 214 0.1 0.002 0.051
Arcos
9206  ORNL/5945 Plate SA 16-8-2 S-11 0.052 195 0.036 0.016  1.05 9.4 1555  2.13 0.07 0.004 0.027
Arcos
9213  ORNL/5945 Plate SA 16-8-2 S-11 0.047 1.88 0.02 0.015 0.94 9.39 1496  2.15 0.02 0.002 0.035
Arcos
9234  ORNL/5945 Plate SA 16-8-2 S-11 0.046 1.72 0.034 0.014 0.8 9.3 1486 216 0.03 0.003 0.031
Arcos
9235  ORNL/5945 Plate SA 16-8-2 S-11 0.056 1.92 0.032 0.012 1.18 9.35 15.38¢ ~2.09 0.16 0.003 0.024
Arcos
9236  ORNL/5945 Plate SA 16-8-2 S-11 0.041 1.9 0.028 0.014 092 9.53 1486 2.16 0.04 0.003 0.037
Arcos
9237  ORNL/5945 Plate SA 16-8-2 S-11 0.051 1.79 0.036 0.014 1.18 9.97 1486 217 0.05 0.003 0.026
Arcos
35047  ORNL/5945 Plate SA 16-8-2 S-11 0.051 1.85 0.022 0.012 094 10.26 1576  2.15 0.13 0.001 0.019
Arcos
XXXXX ORNL/5945 Plate SA 16-8-2 S-4 0.056 1.95 0.022 0.012 1.4 9.63 16.97 2.09 0.1 0.001 0.019
Arcos
35049  ORNL/5945 Plate SA 16-8-2 S-11 0.054 1.88 0.042 0.01" 0.87 9.54 15.71  2.15 0.06 0.001 0.017
Arcos
25468 ORNL/5945 Plate SA 16-8-2 S-11 0.052 1.88 0.037 0.18 0.95 9.44 15.86  1.95 0.07 0.003 0.026

Note: FN = Ferrite Number
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D.2 Data

Notes: C=cross-weld[specimen, R=weld metal specimen, T=transverse orientation, L=longitudinal orientation
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elong (%) Reduction

Heat/ ID Temp Stress  Rupture Area (%) Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) (%/hr) Process Filler Reference Comments
wil-3 593 207 2866.9 17.9 0.0024 TME 74-25 Booker analysis
wil-3 593 241 605.6 24 0.018 TME 74-25 Booker analysis
wil-3 593 255 251.1 32.7 0.059 TME 74-25 Booker analysis
wil-3 593 276 120.9 30.5 0.12 TME 74-25 Booker analysis
wl-4 593 241 832.6 19.6 0.014 TME 74-25 Booker analysis
wl-4 593 255 384.6 21.4 0.0343 TME 74-25 Booker analysis
wl-4 593 276 220.7 26.6 0.0666 TME 74-25 Booker analysis
wi4-1 649 145 1775.4 10.9 27.4 0.0011 ORNL 5107 Booker analysis
wi4-1 649 152 817.7 14.9 48.8 0.0029 ORNL 5107 Booker analysis
wi4-1 649 162 843.9 27.6 47.2 0.0028 ORNL 5107 Booker analysis
wi4-1 649 172 328.5 16.6 64.5 0.00616 ORNL 5107 Booker analysis
wi4-1 649 193 126.9 19.6 51.6 003 ORNL 5107 Booker analysis
w4-2 649 124 1204 43.7 54.8 0:0518 ORNL 5107 Booker analysis
w4-2 649 172 97.1 25.6 67.8 0.075 ORNL 5107 Booker analysis
w4-2 649 138 431.8 344 73 0.016 ORNL 5107 Booker analysis
w4-3 649 138 435 31.7 59 0.013 ORNL 5107 Booker analysis
w4-3 649 138 1339.3 21.7 56.3 0.028 ORNL 5107 Booker analysis
w4-3 649 152 804.2 21.6 53.6 0.003 ORNL 5107 Booker analysis
w4-3 649 172 74.6 20.5 4537 0.07 ORNL 5107 Booker analysis
w4-3 649 172 190.4 29.6 47.7 0.008 ORNL 5107 Booker analysis
w4-3 649 193 28.4 34.9 68.4 0.33 ORNL 5107 Booker analysis
wi4-4 649 152 3204.9 8.2 14.6 0.00046 ORNL 5107 Booker analysis
wi4-4 649 172 791.6 11.9 55.6 0.001 ORNL 5107 Booker analysis
wi4-4 649 193 358.5 12.5 50.6 0.004 ORNL 5107 Booker analysis
wi4-4 649 207 127.2 26.5 44.5 0.021 ORNL 5107 Booker analysis
w4-5 649 172 1630.6 53.3 52.6 ORNL 5107 Booker analysis
w4-5 649 193 396.5 42.5 51.7 ORNL 5107 Booker analysis
w4-5 649 207 171.9 52.1 50.8 ORNL 5107 Booker analysis
wi4-6 649 172 767.7 22.2 47.4 0.00085 ORNL 5107 Booker analysis
wi4-6 649 193 262.1 28.8 33.8 ORNL 5107 Booker analysis
wi4-6 649 207 175.3 24.9 40.3 0.0275 ORNL 5107 Booker analysis
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
13-4 593 207 728 2.3 0.00073 Booker analysis
13-4 593 241 103.4 11.5 0.041 Booker analysis
13-4 : 593 276 45.3 6.2 0.091 Booker analysis
13-4 593 310 7.2 18.8 1.25 Booker analysis
17-1 482 379 8261 20.5 19.2 0.000093 ORNL 5107 Booker analysis
17-1 593 207 11896.5 17.9 28 ORNL 5107 Booker analysis
17-1 649 152 3602.4 40.1 63.3 ORNL 5107 Booker analysis
17-1 649 172 513 30.1 70 ORNL 5107 Booker analysis
17-1 649 193 107.1 55 64.5 ORNL 5107 Booker analysis
18-1 482 310 14402.5 Booker analysis
18-1 482 345 18863.5 375 51.5 Booker analysis
18-1 482 379 2047.1 40.7 52 Booker analysis
18-1 593 172 5600 10.9 7.1 Booker analysis
18-1 593 207 563.3 42.5 48.5 Booker analysis
18-1 593 241 91.6 60.6 61.8 Booker analysis
18-1 649 110 5671.8 23.7 28.4 Booker analysis
18-1 649 124 1703.2 29.8 41.5 Booker analysis
18-1 649 138 756.6 47.6 44.8 Booker analysis
18-1 649 152 722.6 19.8 31 0.0017 Booker analysis
18-1 649 172 104.3 62.9 529 Booker analysis
18-1 649 172 176.8 45.7 50.2 Booker analysis
18-1 649 193 68.6 41 56.6 0.0617 Booker analysis
18-1 649 172 1267.2 17.9 34.6 Booker analysis
18-2 649 152 1485.7 376 52.2 0.0017 Booker analysis
18-2 649 172 844.5 439 449 0.0049 Booker analysis
18-2 649 193 138.5 55.5 50.3 Booker analysis
18-2 649 207 132 39.9 54.7 0.0676 Booker analysis
18-2 649 322 04 45.8 55.9 Booker analysis
18-3 649 172 954.6 39.1 56.8 Booker analysis
18-3 649 193 810.6 18.1 44.5 0.0017 Booker analysis
18-3 649 207 81 38.6 49.6 0.055 Booker analysis
18-4 649 138 432.2 9.8 21.3 0.0061 Booker analysis
18-4 649 152 230.5 10.5 29 0.014 Booker analysis
18-4 649 152 406.1 33.2 54.7 0.011 Booker analysis
18-4 649 172 241 27.6 60.4 0.0085 Booker analysis
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
18-5 649 138 2590.5 27 65.6 0.00026 Booker analysis
18-5 649 152 356.8 36 56.3 0.0102 Booker analysis
18-5 649 152 531.8 25.6 69.7 0.0022 Booker analysis
18-5 649 172 113.2 30 60.7 0.042 Booker analysis
18-5 649 172 114.7 24.9 64.7 0.015 Booker analysis
22-1 566 241 899.2 31 53.1 0.00725 Booker analysis
22-1 566 276 126.5 43.6 63.9 0.068 Booker analysis
22-1 566 276 195.1 35.2 49.8 0.051 Booker analysis
22-1 649 110 1963.5 26.7 29.2 0.00188 Booker analysis
22-1 649 110 2069.6 39 44.8 0.00146 Booker analysis
22-1 649 138 321.2 47.7 63.4 0.00976 Booker analysis
22-1 649 138 326.8 49.3 49.3 0.0211 Booker analysis
22-2 566 221 3022.6 29.3 34.1 0.0015 Booker analysis
22-2 566 241 1182.9 26.2 39.3 0,0043 Booker analysis
22-2 566 241 2338.9 23.7 50.6 0.0015 Booker analysis
22-2 566 276 206.8 32.8 53.6 0.0334 Booker analysis
22-2 566 276 216.5 26.9 35.1 0.0303 Booker analysis
22-2 566 310 66.2 31.6 55.1 0.142 Booker analysis
22-2 566 310 103.2 45.7 32.3 0.105 Booker analysis
22-2 649 110 2574.1 21.4 315 0.00204 Booker analysis
22-2 649 110 3969 21.2 29.5 0.00062 Booker analysis
22-2 649 138 618.7 47.8 55 0.0128 Booker analysis
22-2 649 138 728.5 25.4 38.4 0.0105 Booker analysis
22-2 649 172 68.2 43 60 0.0939 Booker analysis
22-2 649 172 109.1 453 50 0.119 Booker analysis
22-2 649 221 12.2 87.6 46.2 1.5 Booker analysis
22-3 566 207 3148.4 25.8 39.3 0.00063 Booker analysis
22-3 566 207 36554 15.4 24.3 0.00095 Booker analysis
22-3 566 221 545,8 15 21.9 0.0086 Booker analysis
22-3 566 241 479.1 20.9 27.2 0.0207 Booker analysis
22-3 566 241 431.3 24.2 35.9 0.0178 Booker analysis
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
22-3 566 276 80.3 19.9 27.3 0.069 Booker analysis
22-3 566 276 158.6 23.3 32.1 0.0909 Booker analysis
22-3 649 110 2901.6 41.4 43.3 0.00145 Booker analysis
22-3 649 124 859.9 59.4 67.1 0.00425 Booker analysis
22-3 649 138 325.7 49.5 59.7 0.035 Booker analysis
22-3 649 138 369.6 45.2 61.6 0.011 Booker analysis
22-3 649 172 34.1 53.7 65.8 0.213 Booker analysis
22-3 649 172 70.9 50.4 61.9 0.07 Booker analysis
22-4 566 241 699.8 26.2 62 0.0158 ORNL 5218 Booker analysis
22-4 556 276 174 40.3 38 ORNL 5218 Booker analysis
22-4 566 276 209.3 23.3 29.3 0.1 ORNL 5218 Booker analysis
22-4 566 310 78.8 34.7 36.2 0.088 ORNL 5218 Booker analysis
22-4 649 110 3401.6 39.8 51 0.00105 ORNL 5218 Booker analysis
22-4 649 110 3656 52.4 62.3 0,0026 ORNL 5218 Booker analysis
22-4 649 138 478.5 42.5 54 0.047 ORNL 5218 Booker analysis
22-4 649 138 609.4 44.2 56.1 0.0085 ORNL 5218 Booker analysis
22-5 566 207 6324.8 8.9 10 0.00041 Booker analysis
22-5 566 207 6696 6.2 17.3 0.00022 Booker analysis
22-5 566 241 820.7 25.3 36.3 0.0069 Booker analysis
22-5 566 310 45.8 44.1 456 0.296 Booker analysis
22-5 649 172 31.5 44.2 58.3 0.072 Booker analysis
22-5 649 172 73.9 48.5 50.1 0.0822 Booker analysis
23-1 566 207 42500 36 50.4 ORNL 5660 Booker analysis
23-1 566 241 2451.5 45 48.9 0.0062 ORNL 5660 Booker analysis
23-1 566 276 316.7 54.5 413 0.0525 ORNL 5660 Booker analysis
23-1 649 124 9208 42.4 59.2 0.0002 ORNL 5660 Booker analysis
23-1 649 138 796 50.8 62.7 0.0211 ORNL 5660 Booker analysis
23-1 649 155 5719 46.3 77.2 0.0626 ORNL 5660 Booker analysis
23-1 649 172 1573 53.7 63.7 0.145 ORNL 5660 Booker analysis
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
23-2 566 241 3408.9 22.4 46.5 0.00177 ORNL, 5660 Booker analysis
23-2 566 259 1661.9 31.7 50.3 0.00588 ORNL'%S660 Booker analysis
23-2 566 259 13200 33.3 38.7 QRNL 5660 Booker analysis
23-2 566 276 464.6 39.6 58.3 0.0248 ORNL 5660 Booker analysis
23-2 566 276 539.2 41.7 51.6 0.0226 ORNL 5660 Booker analysis
23-2 566 293 294.8 35 47.8 0.037 ORNL 5660 Booker analysis
23-2 649 138 2865.1 30.7 68.8 0.000585 ORNL 5660 Booker analysis
23-2 649 155 1195 38 69.6 0.00455 ORNL 5660 Booker analysis
23-2 649 172 266.7 41 71.2 0.0416 ORNL 5660 Booker analysis
23-2 649 190 86.1 57.2 50.2 0.146 ORNL 5660 Booker analysis
23-2 649 207 42.3 47.1 63.8 0.468 ORNL 5660 Booker analysis
24-1 538 310 1750.9 16 15.6 0.0016 Booker analysis
24-1 538 379 209.4 34 42.9 0.022 Booker analysis
24-1 649 152 854.4 42.8 70.1 0.0103 Booker analysis
24-1 649 207 65.7 46.3 57.3 0.34 Booker analysis
24-2 538 310 649.7 28.2 46.2 0.0087 Booker analysis
24-2 649 125 618.6 62.4 74.8 0.0425 Booker analysis
24-2 649 207 15.9 50.7 71 1.475 Booker analysis
24-5 649 152 247.9 14.4 28.7 0.0254 Booker analysis
24-5 649 207 12.7 16.9 239 0.695 Booker analysis
24-5 538 310 464 20 20.9 0.0025 Booker analysis
24-5 538 379 565.8 29.6 335 0.00575 Booker analysis

187


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the Creep Regime and Application to ASME
Codes

Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
FFTF 1 566 241 2451.5 45 49 0.0062 gta ORNE-5594

FFTF 1 566 276 316.7 54.5 41 0.052 gta ORNL*5594

FFTF 1 649 124 9208 42 59 0.0002 gta QRNL-5594

FFTF 1 649 138 796.7 51 63 0.0211 gta ORNL-5594

FFTF 1 649 155 517.9 46 77 0.0626 gta ORNL-5594

FFTF 1 649 172 157.3 54 64 0.145 gta ORNL-5594

FFTF 1cw 566 241 4666.3 14 45 0.00105 gta ORNL-5594 cross-weld
FFTF 1cw 566 276 883.1 11.4 50 0.00535 gta ORNL-5594 cross-weld
FFTF 1cw 566 310 272 10.5 39.5 0.00888 gta ORNL-5594 cross-weld
FFTF 1cw 566 310 163.6 17 45 0.0223 gta ORNL-5594 cross-weld
FFTF 1cw 566 345 89.3 20 49 0.0228 gta ORNL-5594 cross-weld
FFTF 1cw 649 138 2917.9 18 35 0.00276 gta ORNL-5594 cross-weld
FFTF 1cw 649 138 2938.9 23 57 0.00238/ gta ORNL-5594 cross-weld
FFTF 1cw 649 155 1135.1 19 55 0,0056 gta ORNL-5594 cross-weld
FFTF 1cw 649 175 397.7 18 47 0.02 gta ORNL-5594 cross-weld
FFTF 1cw 649 172 272.5 18 74 0.018 gta ORNL-5594 cross-weld
FFTF 1cw 649 207 48.1 18 61 0.154 gta ORNL-5594 cross-weld
FFTF 2 566 241 3408.9 22 46.5 0.00177 gta ORNL-5594

FFTF 2 566 259 1661.9 32 50 0.00588 gta ORNL-5594

FFTF 2 566 276 464.6 40 58 0.0248 gta ORNL-5594

FFTF 2 566 276 539.2 42 52 0.0226 gta ORNL-5594

FFTF 2 566 293 294.8 35 48 0.037 gta ORNL-5594

FFTF 2 649 138 2865.1 31 69 0.000585 gta ORNL-5594

FFTF 2 649 155 1195 38 70 0.00455 gta ORNL-5594

FFTF 2 649 172 266.7 41 71 0.0416 gta ORNL-5594

FFTF 2 649 190 86.1 57 50 0.146 gta ORNL-5594

FFTF 2 649 207 42.3 47 64 0.468 gta ORNL-5594
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate
No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
2546 v235 649 155.1 13440 13.46 40.98 0.0001 gta ORNE:5945
2546  v235-2 649 189.6 3285 10.98 52.15 0.0024 gta ORNL*5945
2546 v235-3 649 2413 363 41.77 15.71 0.0125 gta ORNL-5945
35047 wv172-1 649 2413 19 46.22 64.27 0.0428 gta ORNL-5945
35047 v172-2 649 1724 904 2591 47.13 0.00475 gta ORNL-5945
35047 v172-3 649 1241 8125 32.27 45.02 0.0004 gta ORNL-5945
35049 v174-1 649 2413 81 24.36 39.43 0.0545 gta ORNL-5945
35049 v174-2 649 2413 114 34.62 51.72 0.0475 gta ORNL-5945
35049 v174-3 649 155.1 2904 19.84 31.13 0.0017 gta ORNL-5945
35047 el13-1 649 1724 184 23.64 75.7 0.013 sa ORNL-5945
35047 el13-2 649 206.8 11 25.09 60.63 0.12 sa ORNL-5945
35047 e13-3 649 137.9 1287 31.38 70 0.00081 sa ORNL-5945
35047 el13-4 649 103.4 17719 4.98 8.57 0.000032/ sa ORNL-5945
35047 el4.l 649 1724 39 34.76 66.09 0111 sa ORNL-5945
35047 el4.2 649 1379 1157 22.31 3341 0.00213 sa ORNL-5945
35047 el4-3 649 155.1 212 23.66 63.64 0.0084 sa ORNL-5945
35047 el4-4 649 103.8 14855 34 5.35 0.0001 sa ORNL-5945
35049 e18-1 649 1724 123 27.82 60.14 0.14 sa ORNL-5945
35049 e18-2 649 137.9 2661 12.25 25.25 0.0002 sa ORNL-5945
35049 e18-3 649 103.4 10409 17.02 41.23 0.000151 sa ORNL-5945
9236 e42-1 649 120.7 1330 32.98 76.73 0.014 sa ORNL-5945
9236 e42-3 649 103.7 9345 40.13 63.38 0.0001 sa ORNL-5945
9236 e42-4 649 137.9 1053 43.9 75.6 0.0223 sa ORNL-5945
9236 e42-5 649 1724 43 29.96 79.73 sa ORNL-5945
9237 e43-1 649 120.7 3552 33.88 69.52 0.0013 sa ORNL-5945
9237 e43-2 649 144.8 1002 24.8 69.68 0.0982 sa ORNL-5945
9237 e43-3 649 1724 84 23.5 67.63 0.01 sa ORNL-5945
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate
No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
9206 e44-1 649 120.7 3437 24.93 69.11 0.0008 sa ORNE:5945
9206 e44-2 649 1379 16242 34.69 0.0002 sa ORNL*5945
9206 e44-3 649 179.3 86 27.78 66.93 0.005 sa ORNL-5945
9213 e41-2 649 120.7 788 52.3 66.57 0.0261 sa ORNL-5945
9213 e41-4 649 96.5 4184 49.53 78.05 0.0046 sa ORNL-5945
9213 e41-6 649 1379 457 30.22 65.35 0.011 sa ORNL-5945
9234 e39-1 649 120.7 3242 40.9 73.46 0.0047 sa ORNL-5945
9234 e39-2 649 1448 828 27.39 68.7 0.0183 sa ORNL-5945
9234 e39-3 649 1724 109 30.13 66.79 0.12 sa ORNL-5945
9235 e34-2 649 144.8 2036 20.31 46.38 0.0013 sa ORNL-5945
9235 e34-3 649 179.3 1999 11.73 47.35 0.001 sa ORNL-5945
9235 e34-4 649 120.7 8785 22.49 57.44 0.0003 sa ORNL-5945
9235 e34-5 649 206.8 61 19.64 71.71 0.092/ sa ORNL-5945
9213 v181-1 649 155.1 5542 8.87 37.24 0.00018 gta ORNL-5945
9213 v181-2 649 189.6 1369 16.71 48.6 gta ORNL-5945
9213 v181-3 649 2413 50 26.93 58.66 0.09 gta ORNL-5945
9234 v180-1 649 155.1 6964 431 11.62 0.00019 gta ORNL-5945
9234 v180-2 649 189.6 1522 8.8 47.05 0.00032 gta ORNL-5945
9234 v180-3 649 2413 113 10.4 50.45 0.0066 gta ORNL-5945
9236 v182-1 649 155.1 3245 8 24.51 0.00023 gta ORNL-5945
9236 v182-2 649 189.6 881 11.91 36.48 0.0004 gta ORNL-5945
9236 v182-3 649 2413 23 13.78 50.42 0.0925 gta ORNL-5945
9237 v184-1 649 155.1 4518 4.13 4.62 0.00026 gta ORNL-5945
9237 v184-2 649 189.6 1598 5.87 6.22 0.00103 gta ORNL-5945
9237 v184-3 649 2413 327 9.51 20.78 gta ORNL-5945
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Heat/ ID Temp Stress  Rupture elong (7o) Reduction Min Creep Rate

No. Weld No. |(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference Comments
77-15 566 207 sa 16-8-2 ORNE:5594 C
77-15 566 241 899.2 31 53.1 0.00725 sa 16-8-2 ORNL*5594 C
77-15 566 276 195.1 35.2 49.8 0.051 sa 16-8-2 QORNL-5594 C
77-15 566 276 126.5 43.6 63.9 0.06795 sa 16-8-2 ORNL-5594 R
77-15 649 110 1963.5 26.7 29.2 0.00188 sa 16-8-2 ORNL-5594 C
77-15 649 138 326.8 49.3 49.3 0.0211 sa 16-842 ORNL-5594 C
77-15 649 110 2069.6 39 44.8 0.00146 sa 16-8-2 ORNL-5594 R
77-15 649 138 321.2 47.7 63.4 0.00976 sa 1648-2 ORNL-5594 R
77-16 566 220 3022.6 29.3 34.1 0.0015 sa 16-8-2 ORNL-5594 C
77-16 566 241 1182.9 26.2 39.3 0.0043 sa 16-8-2 ORNL-5594 C
77-16 566 276 216.5 26.9 35.1 0.0303 sa 16-8-2 ORNL-5594 C
77-16 566 310 103.2 45.7 323 0.105 sa 16-8-2 ORNL-5594 C
77-16 566 241 2338.9 23.7 50.6 0.0015¢ sa 16-8-2 ORNL-5594 R
77-16 566 276 206.8 32.8 53.6 0,0334 sa 16-8-2 ORNL-5594 R
77-16 566 310 66.2 31.6 55.1 0142 sa 16-8-2 ORNL-5594 R
77-16 649 110 2574.1 21.4 31.5 0.00204 sa 16-8-2 ORNL-5594 C
77-16 649 138 728.5 25.4 38.4 0.0105 sa 16-8-2 ORNL-5594 C
77-16 649 172 109.1 45.3 50 0.119 sa 16-8-2 ORNL-5594 C
77-16 649 220 12.2 87.6 46.2 1.5 sa 16-8-2 ORNL-5594 C
77-16 649 110 3969 21.2 292 0.000625 sa 16-8-2 ORNL-5594 R
77-16 649 138 618.7 47.8 58 0.0128 sa 16-8-2 ORNL-5594 R
77-16 649 172 68.2 43 60 0.0939 sa 16-8-2 ORNL-5594 R
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Codes

Heat/
No.
77-17
77-17
77-17
77-17
77-17
77-17
77-17
77-17
77-17
77-17
77-17
77-17
77-17
E-13
E-13
E-13
E-13
E-13
E-13
E-13
E-13
F-14
F-14
F-14
F-14
F-14
F-14

ID

Weld No.

Temp Stress  Rupture elong (7o) Reduction Min Creep Rate
(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference
566 207 31484 25.8 39.3 0.00063 sa 16-8-2 ORNL:5594
566 221 545.8 15 21.9 0.0086 sa 16-8-2 ORNL*5594
566 241 429.1 20.9 27.2 0.0207 sa 16-8-2 QRNL-5594
566 276 80.3 19.9 27.3 0.069 sa 16-8-2 ORNL-5594
566 207 3655.4 15.4 24.3 0.00095 sa 16-8-2 ORNL-5594
566 241 431.3 24.2 35.9 0.0178 sa 16-8<2 ORNL-5594
566 276 158.6 23.3 32.1 0.0909 sa 16-8-2 ORNL-5594
649 110 2901.6 41.4 43.3 0.00145 sa 1648-2 ORNL-5594
649 124 859.9 59.4 67.1 0.00425 sa 16-8-2 ORNL-5594
649 138 325.7 49.5 59.7 0.035 sa 16-8-2 ORNL-5594
649 172 34.1 53.7 65.8 0.213 sa 16-8-2 ORNL-5594
649 138 369.9 45.2 61.6 0.011 sa 16-8-2 ORNL-5594
649 172 70.9 50.4 61.9 0.0%¢/ sa 16-8-2 ORNL-5594
538 310 1750 16.03 15.56 0,0016 gta 16-8-2 ORNL/TM-73p4
538 310 1619.1 14.4 32.64 0.00068 gta 16-8-2 ORNL/TM-73p4
538 379 209.4 34.04 42.9 0.022 gta 16-8-2 ORNL/TM-73p4
538 379 209.4 21.72 24.98 0.0072 gta 16-8-2 ORNL/TM-73p4
649 152 854.4 42.78 70.07 0.0103 gta 16-8-2 ORNL/TM-73p4
649 152 1368.9 21.6 56.81 0.0054 gta 16-8-2 ORNL/TM-73p4
649 207 65.7 46.27 57.32 0.34 gta 16-8-2 ORNL/TM-73p4
649 207 107.1 26.64 54.07 0.1355 gta 16-8-2 ORNL/TM-73p4
538 310 649.7 28.18 46.16 0.0087 gta 16-8-2 ORNL/TM-73p4
538 310 1164.7 24 47.95 0.0022 gta 16-8-2 ORNL/TM-73p4
538 379 42.6 35.05 64.11 0.0266 gta 16-8-2 ORNL/TM-73p4
649 152 618.6 62.4 74.78 0.0425 gta 16-8-2 ORNL/TM-73p4
649 152 502.5 23.2 75.08 0.016 gta 16-8-2 ORNL/TM-73p4
649 207 15.9 50.74 70.98 1.475 gta 16-8-2 ORNL/TM-73p4
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Codes

Heat/ ID
No.
F-14
G-15
G-15
G-15
G-15
G-15
G-15
G-15
G-15
G-16
G-16
G-16
G-16
G-16
G-16
G-16
G-16
H-22
H-22
H-22
H-22
H-22
H-22
H-22
H-22

Weld No.

Temp Stress  Rupture elong (7o) Reduction Min Creep Rate
(C) (MPa) Life (hrs) Area (%) (%/hr) Process Filler Reference
649 207 24.1 23.04 61.4 0.436 gta 16-8-2 ORNL/TM-73p4
538 310 2091.9 15.18 19.52 0.00013 gta 316-SS ORNL/TM-73p4
538 310 1602.3 15.2 28.15 0.00007 gta 316-SS QRNL/TM-73p4
538 379 539.8 29.6 23.9 0.0012 gta 316-SS ORNL/TM-73p4
538 379 444.9 27.2 33.75 0.00075 gta 316-SS ORNL/TM-73p4
649 152 6990.7 25.61 64.82 0.00017 gta 316-8S ORNL/TM-73p4
649 152 6329.1 20.8 48.03 0.00013 gta 316SS ORNL/TM-73p4
649 207 189.2 4.8 10.74 0.0128 gta 316-SS ORNL/TM-73p4
649 207 117.5 10.4 16.02 0.0233 gta 316-SS ORNL/TM-73p4
538 310 1572.5 20 27.12 0.00018 gta autogenous ORNL/TM-73p4
538 310 1875.1 16 27.51 0.00005 gta autogenous ORNL/TM-73p4
538 379 374.8 33.6 34.7 0.00187 gta autogenous ORNL/TM-73p4
538 379 456.7 26.4 35.62 0.00068/ gta autogenous ORNL/TM-73p4
649 152 6263.9 25.6 54.48 0,0002 gta autogenous ORNL/TM-73p4
649 152 5700.9 18.4 51.36 0.00022 gta autogenous ORNL/TM-73p4
649 207 89.8 18.4 22.54 0.054 gta autogenous ORNL/TM-73p4
649 207 73.3 11.2 28.98 0.0305 gta autogenous ORNL/TM-73p4
538 310 464 20 20.89 0.0025 sa 16-8-2 ORNL/TM-73p4
538 310 660.2 17.18 17.36 0.00073 sa 16-8-2 ORNL/TM-73p4
538 379 565.8 29.6 33.48 0.00575 sa 16-8-2 ORNL/TM-73p4
538 379 152.6 20.75 24.7 0.0081 sa 16-8-2 ORNL/TM-73p4
649 152 247.9 14.4 28.7 0.0254 sa 16-8-2 ORNL/TM-73p4
649 152 418.1 9.95 36.33 0.00865 sa 16-8-2 ORNL/TM-73p4
649 207 12.7 16.87 23.86 0.695 sa 16-8-2 ORNL/TM-73p4
649 207 20.6 10.33 30.67 0.215 sa 16-8-2 ORNL/TM-73p4
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Codes

Notes: BMF = Base Ivtetat Faiture, D="Discontinued-Test Prior to Faiture
Time to
Temperatur Stress Rupture  Elong. Red. Of Min. Creep Filler
ITEM (C) (MPa) (hrs) (%) Area (%) Rate (%/hr) Process  Metal Reference Specimen Type Comment
INCO 538 414 100 SMA ALLOY A INCO WELD METAL
INCO 538 352 1000 SMA ALLOY A INCO WELD METAL
INCO 538 269 10000 SMA ALLOY A INCO WELD METAL
INCO 649 241 100 SMA ALLOY A INCQ WELD METAL
INCO 649 169 1000 SMA ALLOY A INCO WELD METAL
INCO 649 110 10000 SMA ALLOY A INCO WELD METAL
INCO 760 114 100 SMA ALLOY A INCO WELD METAL
INCO 760 76 1000 SMA ALLOYA INCO WELD METAL
INCO 760 49 10000 SMA ALLOY A INCO WELD METAL
INCO 871 48 100 SMA ALLOY A INCO WELD METAL
INCO 871 25 1000 SMA ALLOY A INCO WELD METAL
INCO 871 13 10000 SMA ALLOY A INCO WELD METAL
INCO 982 16 100 SMA ALLOY A INCO WELD METAL
INCO 982 6 1000 SMA ALLOY A INCO WELD METAL
HEM-1 482 482 47 42 39 0.027 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 538 414 436 24 29 0.006 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 649 241 177 41 58 0.079 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 649 172 1675 26 54 0.011 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 649 103 16900D 0.0000025 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 760 138 27 53 45 0.22 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 760 103 139 30 34 0.055 SMA ALLOY A McCoy & King WELD METAL TM-8728
HEM-1 760 69 1330 2.8 1.9 0.00045 SMA ALLOY A McCoy & King WELD METAL TM-8728
15373 BMF
HEM-1 482 414 800H SMA ALLOY A McCoy & King HAST X/A/800H CRIOSS WELD TM-8728
340 BMF
HEM-1 538 414 800H SMA ALLOY A McCoy & King HAST X/A/800H CROSS WELD TM-8728
5721 BMF
HEM-1 538 345 800H SMA ALLOY A McCoy & King HAST X/A/800H CRIOSS WELD TM-8728
186 BMF
HEM-1 649 241 800H SMA ALLOY A McCoy & King HAST X/A/800H CRIOSS WELD TM-8728
2189 BMF
HEM-1 649 172 800H SMA ALLOY A McCoy & King HAST X/A/800H CRIOSS WELD TM-8728
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Codes

TiIIIC |9)
Temperatur¢  Stress Rupture  Elong. Red. Of Min. Creep Filler
ITEM Q) (MPa) (hrs) (%) Area (%) Rate (%/hr) Process  Metal Reference Specimen Fype Comment
11555 BMF
HEM-1 482 414 800H GTA ALLOY 82  McCoy & King HAST X/82/800H CROSS WELD TM-8728
315 BMF
HEM-1 538 414 800H GTA ALLOY 82  McCoy & King HAST X/82/800H CROSS WELD TM-8728
3266 BMF
HEM-1 538 345 800H GTA ALLOY 82 McCoy & King HAST X/82/800H CROSS WELD TM-8728
163 BMF
HEM-1 649 241 800H GTA ALLOY 82 McCoy & King HAST X/82/800H CROSS WELD TM-8728
2318 BMF
HEM-1 649 172 800H GTA ALLOY 82 MeCoy & King HAST X/82/800H CROSS WELD TM-8728
BMI-Cross 81 75.8 48 SMA ALLOY A BMI INCO A CROSS WELID
BMI-Cross 81 54.5 340 SMA ALLOY.A BMI INCO A CROSS WELID
BMI-Cross 81 40.7 1200 SMA ALLOY'A BMI INCO A CROSS WELID
BMI-Cross 81 29 3900 SMA ALLOY A BMI INCO A CROSS WELD
BMI-Cross 927y 27.6 48 SMA ALLOY A BMI INCO A CROSS WELD
BMI-Cross 927y 15.2 400 SMA ALLOY A BMI INCO A CROSS WELD
BMI-Cross 927y 9.7 2500 SMA ALLOY A BMI INCO A CROSS WELD
BMI-Cross 927 6.8 12000 SMA ALLOY A BMI INCO A CROSS WELID
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Codes

ITEM

tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438
tm12438

Temperatur,

(€

53
53
59
59
64
64
70
70
76
76
81
81
53
53
53
59
59
64
70
70
76
76
81
81

b

A=A =2 B~ i — e — e — = S " L~ v B v ) B < i < S e — S = B = - = = v~ v

Stress
(MPa)

345
448
207
276
138
207
103
138
68.9
103
55
68.9
345
345
345
309
276
138
103
103
68.9
103
55
55

TiIIIC |9)
Rupture
(hrs)
9690D
178D
5505D
1662D
1453D
1069.6
9767
1507D
6840
347
1364
391
576
1332
550.3
576.6
760
2420D
1399
2421D
3450
288
1159
1082

Elong.
(%)

3.9

0.9
20

Red. Of
Area (%)

Min. Creep
Rate (%/hr)

0.00375

0.0205

Process
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA

Filler
Metal

ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY.82
ALLOY'82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82

Reference
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy,
MeCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy
McCoy

Specimen Fype

ALLOY 82 WELD M
ALLOY'82 WELD M
ACLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W
ALLOY 82 CROSS W

FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
ELD
ELD
ELD
ELD
ELD
ELD
ELD
ELD
ELD
ELD
ELD
ELD
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Codes

e to

Temperaturg  Stress Rupture  Elong. Red. Of Min. Creep Filler

ITEM Q) (MPa) (hrs) (%) Area (%) Rate (%/hr) Process  Metal Reference Specimen Fype Comment
TM9108 649 207 1070 24 20 0.011 GTA ALLOY 82 King & McCOY ALLOY 82 WELD TM-9108
TM9108 649 207 930 19 27 0.0082 GTA ALLOY 82  King & McCOY ALLOY'82 WELD TM-9108
TM9108 649 241 802 27 17 0.014 GTA ALLOY 82  King & McCOY ALLOY 82 WELD TM-9108
TM9108 649 241 1032 41 40 0.017 GTA ALLOY 82  King & McCOY ALLOY 82 WELD TM-9108
TM9108 649 241 420 22 24 0.035 GTA ALLOY 82  King & McCOY ALLOY 82 WELD TM-9108
TM9108 649 241 307 18 26 0.041 GTA ALLOY 82 King & McCOY ALLOY 82 WELD TM-9108
tm9108-CW 649 206.85 1695 GTA ALLOY 82 King & MeCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 64p 206.85 27.6 GTA ALLOY 82 King.& McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 649 241.32 141 GTA ALLOY 82 King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 649 241.32 154 GTA ALLOY 82 {"»~King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 649 241.32 126 GTA ALLOY.82 ° King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 649 241.32 139 GTA ALLOY'82  King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 64p 241.32 163 GTA ALLOY 82 King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW 64p 241.32 139 GTA ALLOY 82 King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW-

PWHT 649 241.32 122 GTA ALLOY 82 King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW-

PWHT 649 241.32 155 GTA ALLOY 82  King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW-

ann 649 241.32 157 GTA ALLOY 82  King & McCOY ALLOY 82 CROSS WELD TM-9108
tm9108-CW-

ann 649 241.32 126 GTA ALLOY 82 King & McCOY ALLOY 82 CROSS WELD TM-9108
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Codes

e to
Temperatur Stress Rupture Elong. Red. Of Min. Creep Filler
ITEM Q) (MPa) (hrs) (%) Area (%) Rate (%/hr) Process  Metal Reference Specimen Fype Comment
epri 82-15 90 40.208 58 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-15 90 33.343 90 GTA ALLOY 82  EPRI SURVEY ALLOY'82 CROSS WELD
epri 82-15 90 26.478 260 GTA ALLOY 82  EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-15 90 17.652 900 GTA ALLOY 82  EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-15 90 13.73 3000 GTA ALLOY 82  EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 70 156.91 220 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 70 156.91 580 GTA ALLOY 82 EPRI SURVEY: ALLOY 82 CROSS WELD
epri 82-13 70 98.068 3500 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 70 78.454 19000 GTA ALLOY 82 EPRASURVEY ALLOY 82 CROSS WELD
epri 82-13 80 88.261 68 GTA ALLOY 82 (EPRI'SURVEY ALLOY 82 CROSS WELD
epri 82-13 80 83.358 440 GTA ALLOY 82 {"»~EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 80 39.227 4200 GTA ALLOY.82 ° EPRISURVEY ALLOY 82 CROSS WELD
epri 82-13 90 27.459 380 GTA ALLOY'82  EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 90 21.575 1900 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 90 17.652 7000 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 100 15.691 490 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 100 9.8068 5200 GTA ALLOY 82 EPRI SURVEY ALLOY 82 CROSS WELD
epri 82-13 100 7.3551 6000 GTA ALLOY 82  EPRI SURVEY ALLOY 82 CROSS WELD
INCO 53 400 100 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 53 359 1000 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 53 324 10000 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 64 252 100 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 64 190 1000 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 64 141 10000 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 76 110 100 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 76 79 1000 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 76 57 10000 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 87 47 100 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 87 24 1000, GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 87 12 10000 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 98 19 100 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
INCO 98 9 1000 GTA ALLOY 82  INCO ALLOY 82 WELD METAL
INCO 98 4 10000 GTA ALLOY 82 INCO ALLOY 82 WELD METAL
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e to
Temperaturg¢  Stress Rupture Elong. Red. Of Min. Creep Filler
ITEM (C) (MPa) (hrs) (%) Area (%) Rate (%/hr) Process  Metal Reference Specimen Fype Comment
TM5404 454 517.12 3.2 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 454 510.23 142.3 GTA ALLOY 82  Klueh & King ALLOY'82 WELD METAL TM-5404
TM5404 454 496.44 715.1 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 454 496.44 1012.6 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 454 489.55 1075.4 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 5190 482.65 10.9 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 5190 455.07 39.4 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 5190 448.17 357.1 GTA ALLOY 82 Klueh,& King ALLOY 82 WELD METAL TM-5404
TM5404 5190 434.39 1205.1 GTA ALLOY 82 Klueh‘&King ALLOY 82 WELD METAL TM-5404
TM5404 510 413.7 1645.4 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 510 393.02 3255 GTA ALLOY 82 {"»Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 510 379.23 6770.4 GTA ALLOY.82 ° Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 566 434.39 29.5 GTA ALLOY'82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 566 413.7 112.8 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 566 396.46 448.2 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 566 379.23 841.1 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 566 365.43 1087.5 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 566 344.75 6003.3 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 621 379.23 21.2 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 621 310.27 295.1 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 621 293.04 653.1 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 621 275.8 1195.9 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 621 241.32 3109.4 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 67y 275.8 26 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 67y 241.32 89 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 67y 206.85 215 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 67y 172.38 778.5 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 67y 137.9 3590 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 732 172.38 30.7 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 73p 137.9 103.6 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 73p 103.43 634.4 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
TM5404 73p 82.74 2792.8 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5404
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e to
Temperaturp  Stress Rupture  Elong. Red. Of Min. Creep Filler
ITEM (C) (MPa) (hrs) (%) Area (%) Rate (%/hr) Process  Metal Reference Specimen Fype Comment
TM5491 454 496.44 1671.2 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 454 482.65 4228.8 GTA ALLOY 82  Klueh & King ALLOY'82 WELD METAL TM-5491
TM5491 454 455.07 8222.4 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 51p 448.17 106.1 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 51p 434.39 260 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 51p 413.7 1049.7 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 51p 396.46 6637.7 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 51p 241.32 12746 GTA ALLOY 82 Klueh,& King ALLOY 82 WELD METAL TM-5491
TM5491 56p 379.23 129.8 GTA ALLOY 82 Klueh‘&King ALLOY 82 WELD METAL TM-5491
TM5491 56p 365.43 247.1 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 56p 344.75 432.3 GTA ALLOY 82 {"»Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 56p 327.51 2776.1 GTA ALLOY.82 ° Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 62 310.27 204.7 GTA ALLOY'82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 62| 275.8 652.9 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 62[L 241.32 1401.2 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 67y 206.85 183 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 67y 172.38 546.7 GTA ALLOY 82 Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 67y 172.38 366.8 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 67y 137.9 2263.1 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 73R 82.74 1526.6 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 73R 103.43 459.1 GTA ALLOY 82  Klueh & King ALLOY 82 WELD METAL TM-5491
TM5491 73p 137.9 77.2 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 53B 344.75 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 53B 448.17 178 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 598 206.85 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 598 275.8 GTA ALLOY 82  McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 64p 137.9 GTA ALLOY 82  McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 64p 206.85 1069.6 GTA ALLOY 82  McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 70 103.43 9767 GTA ALLOY 82  McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 70E 137.9 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 76p 68.95 6940 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 76p 103.43 347 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 81p 55.16 1364 GTA ALLOY 82  McCoy ALLOY 82 WELD METAL TM-7399
HEM7399 81p 68.95 301 GTA ALLOY 82 McCoy ALLOY 82 WELD METAL TM-7399
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Codes

ITEM

Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert
Schubert

(€

Temperatur,

85
85
85
85
85
95
95
95
95
95
95
95
95
95
95

b

Tro OO oo o oo oo oo o o

Stress
(MPa)

35

30

30

35

30

18.5

18.5

14.5

14.5

14.5

12.5

12.5

13

7.8

TiIIIC |9)
Rupture
(hrs)
500
500
600
600
680
130

145
330
390
600
600
720
1300
4800
4800

Elong.
(%)

Red. Of
Area (%)

Min. Creep
Rate (%/hr)

Process
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA
GTA

Filler
Metal

ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY 82
ALLOY.82
ALLOY'82
ALLOY 82
ALLOY 82

Reference

SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET ALS
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT/ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.
SCHUBERT, ET AL.

Specimen Fype

ALLOY 82 WELD M
ALLOY'82 WELD M
ACLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M
ALLOY 82 WELD M

FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
FTAL
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Codes

F.1 Composition
Composition (wt%)
Weld ID Product Wire C Mn P S Si Ni Cr Mo V Ch Ti Al N2
F5349-wire chem 0.1 0.43 0.01 0.013 0.36 0.12 8.83 0.94 0.208 0.0588 0.01 D.09 0.001 0.011
1 1/1
PC-2 Plate std 9CrMo
PC-4 5/8 Plate F5349-deposit 0.072 0.41 0.01 0.015 0.36 0.11 8.69 0.95 0.21 0.057 0.007 .09 0.001 0.012
PC-5 1/2 Tube F5349
PC-9 5/8 Plate F5349
std 9CrMo-
PC-10 5/8 Plate deposit 0.074 0.49 0.01 0.013 0.41 0.12 9 0.96.v 0.054 0.019 0.006 D.04 <.001 0.02
std 9CrMo-
PC-13 5/8 Plate Y3738F505
std 9CrMo-
PC-16 5/8 Plate XA3664
PC-32 5/8 Plate 30182
30182-base metal
PC-35 5/8 Plate tube 0.081 0.36 0.013 0.003 0.11 0.09 8.32 0.90 0.208 0.176  0.002 .04 0.004 0.053
PC-36 1 Plate 30394
30394-base metal
PC-39 1 Plate plate 0.084 0.46 0.01 0.003 0.4 0.09 8.57 1.02 0.198 0.073  0.005 D.04 0.014 0.053
PC-42 1 Plate 30394
PC-45 1 Plate 30394
PC-52 11/2 Plat¢ 30383-C2616
std 9CrMo-
PC-58A 30D Tubg A1977F505
std 9CrMo-
PC-58B 30D Tubg A1977F505
std 9CrMo-
PC-59 Tube CAOQIG
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Codes

Composition (Wi%)

Weld ID Product Wire C Mn P S Si Ni Cr Mo \Y Cb Ti C Al N2
std 9CrMo-
CAOIG-wire

PC-63 Tube chem 0.052 0.62 0.005 0.007 0.14 <.01 9.27 0.87 0.03 D.05
std9CrMo-

PC-64 8N9AMIX19 0.089 0.75 0.011 0.011 0.25 0.06 8.05. 0.97
std 9CrMo-
CAOIG-wire

PC-65 Tube chem 0.052 0.62 0.005 0.007 0.14 <.01 9.27 0.87 0,03 D.05
std 9CrMo-

PC-67B 1 Plate 8N20AMIX24 0.078 0.69 0.006 0.015 0.29 0.07 8.1 0.97
std 9CrMO-

PC-71 1 Plate E4390-E505 0.08 0.69 0.015 0.006 0.29 0.07 8.1 0.97%
std 9CrMo-

PC-72 2 Plate E4390-E505
std 9CrMO-

PC-73 2 Plate E4390-E505

PC-74 1 Plate
PC-75 1 Plate
PC-77 2 Plate
PC- 80 2 Plate 0.089 0.53 0.012 0.003 0.48 0.09 8.25 1.04 0.2 0.071 0.004 D.04 0.007 0.048
PC- 86 1 Plate 0.036 0.45 0.016 0.009 0.34 0.22 8.75 0.98 0.036 0.006 0.004 0.3 0.007 0.012
PC-90
PC-93 8 Plate 0.076 0.55 0.008 0.007 0.35 0.08 8.38 0.96 0.01 0.007 0.005 D.05 0.012 0.019
PC-94
PC-95
PC-98 0.011 0.4 0.016 %0.012 0.28 0.2 8.78 1.02 0.051 0.006 0.001 D.18 0.003 0.035
PC-99
PC-100 0.038 0.5 ,0:016 0.009 0.38 0.14 8.99 1.08 0.048 0.007 0.002 D.18 0.003 0.052
PC-102
VS1
PC-104
ETEC
PC-109
PC-110
PC-111
302B
303B
SW-1
SW-2
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Codes

Composition (Wi%)

Weld ID Proguct Wire C Mn P S Si Ni Cr Mo V Ch Ti du Al N2
PC-129
PC-132
PC-150
PC-156
LNKS 2 Plate Thermanit MTS3 0.11 0.57 0.012 0.01 0.15 0.74 9.39 0.9 0.22 ~ 0.034 0.002 0.04 0.015 0.051
4R 1 Plate 0.13 0.13 0.012 0.009 0.34 0.3 8.8 1 0.16 0.03 0.01 <.01 0.04
5R 1 Plate 0.13 0.89 0.012 0.008 0.33 1 10 11 0.2 0.05 0.01 <.01 0.06
9R 1 Plate 0.1 0.57 0.014 0.008 0.25 0.85 10.25 1.07 0.21 0.04 0.01 0.01 0.04
10R 1 Plate 0.1 0.56 0.014 0.008 0.26 0.82 9.94 1.05 0.22 0.05 0.01 0.01 0.04
Pipe- Thermanit MTS3
ECCC2009 GTAW (root) 0.126 0.61 0.007 0.002 0.24 0.67 8.93 0.99 0.18 0.069 0.007 0.058
Pipe- Chromo Vv
ECCC2009 SMAW (electrode) 0.1 0.62 0.009 0.006 0.24 0.73 9:05 1.05 0.2 0.05 0.007 0.4
Plate- Thermanit MTS3
ECCC2009 GTAW (root) 0.126 0.61 0.007 0.002 0.24 0.67 8.93 0.99 0.18 0.069 0.007 0.058
Pipe- Chromo Vv
ECCC2009 SMAW (electrode) 0.1 0.62 0.009 0.006 0.24 073 9.05 1.05 0.2 0.05 0.007 0.4
weld
ER90S-B9 metal ER90S-B9 0.113 0.59 0.002 0.004 0.2% 0.63 8.93 0.95 0.185 0.05 <.001 <.001 0.056
bas¢
EPRI1004702+ metal 0.11 0.48 0.011 0.003 0.27 0.28 8.36 0.98 0.217 0.078 0.13 0.16 0.046
ER9015-B9 HA4
EPRI1004702+ SMAW (root) 0.09 0.73 0.007 0.008 0.24 0.37 8.55 1.05 0.17 0.054 0.03 0.004 0.022
ER9015-B9 HA4
EPRI1004702+ SMAW (fill) 0.08 0.62 0.008 ©:007 0.22 0.39 9.14 1.11 0.19 0.05 0.01 0.004 0.033
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F.2 Weld Confifguration & Details
Spec|men
PWHT: Blank
Bage Base Base (degqF V¥ Length (in)
Metal Metal Metal Base Metal Joint Welding Weld uriless and
ID/Ref.  Product Heat Condition  Thickness  Configuration Process Wire Weld Wire Heat Passes ‘noted) Orienfation Comment
std
PC-2 Plate Quaker NT 1 1/16 90° VvV GTA 9Cr Y3738F505 37 1450 1.25(TW DWG W1
PC-4 Plate F5349Y NT 5/8" \% GTA Grol F5349Y 16 1400 1.25(TW DWG W2
PC-5 Tube F5349Y NT 5/8" 75°V GTA Grol F5349Y 4 1400 1.25|TW DWG W2
PC-9 Plate F5349Y NT 5/8" 90° vV GTA Grol F5349Y 24 1350 1.25|TW DWG W2
std
PC-10 Plate F5349Y NT 5/8" 90° vV GTA 9Cr Y3738F505 20 1350 1.25|TW DWG W2
std
PC-13 Plate F5349Y NT 3/4" \Y GTA 9Cr Y3738F505 34 11/4plW DWGW3
PC-16 Plate F5349Y NT 3/4" \Y GTA Grol XA3664 20 1350 11/4plW DWGW3
PC-32 Plgte 30182 NT 5/8" \Y GTA Grol 30182 9 1350 1.25|TW DWG W2
PC-35 Plate 30182 NT 5/8" 75°V GTA Grod 30182 2.25(TW DWG W4
PC-36A as-
1-8 Plate 30394 NT 1" 60° V GTA Gral 30394 25 welded 2.25|TW DWG W4
PC-36B
9-16 Plate 30394 NT 1" 60° V GTA Grol 30394 25 1350 2.25|TW DWG W4
PC-39 Plgte 30394 1038/677 1" 60° V GTA Grol 30394 17 1400 2.25[TW DWG W4
PC-42 Plgte 30394 1038/704 1" GTA Grol 30394 6 2.25[TW DWG W4
PC-45 Plate 30394 NT 1" 60° V GTA Grol 30394 9 1400 1.25|TW DWG W2
PC-52 Plate 30384 NT 1" \% GTA Grol C2616 (30383) 11 1350 1.25|TW DWG W1
3"0D 1/2 std
PC-58A Tulpe 30394 NT wall 60°V GTA 9Cr A1977F-505 10 1350 1.25(TW DWG W5
3"0D 1/2 std as-
PC-58B Tube 30394 NT wall 60° V GTA 9Cr A1977F-505 10 welded 1.25|TW DWG W5
3"0D 1/2 std
PC-59 Tube 30394 NT wall 60° V SMA 9Cr CAOQIG-505 26 1.25|TW DWG W5
3" Ob-1/2 std
PC-63 Tulpe sumitomo NT wall 60° V SMA 9Cr CAOQIG-505 26 1350 1.25|TW DWG W5
3")0D 1/2 std
PC-65 Tube sumitomo NT wall 60° V SMA 9Cr CAOQIG-505 28 1350 1.25|TW DWG W5
std
PC-67B Plate 30176 NT 1" 75°V SMA 9Cr 8N20AMIX24 31 1350 1.25|TW DWG W1
std
PC-71 Plate 30176 NT 1" SA 9Cr E4390-505 13 1350 11/4plW DWG W6
std
PC-72 Plgte 30383 NT 2" SA 9Cr E4390-505 37 1350/2h  11/4pllW DWG W7
std
PC-73 Plgte 80383 NT 2" 3/4 Root-15° SA 9Cr E4390-505 69 1350/2h  11/4pllW DWG W7
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SO cimen
Blank
Base Base Base PWHT (deg. ~." Lenfth (in)
Metal Metal Metal Base Metal Joint Welding  Weld F unless and
ID/Ref.  Product Heat Condition _ Thickness  Configuration  Process  Wire Weld Wire Heat  Passes noted) Origntation Comment
std
PC-73 Plate 30383 NT 2" 3/4 Root-15° SA 9Cr E4390-505 69 1850/2h 11/palw  DWGW7
std
PC-74 Plate 30394 NT 1" 60°V SMA 9Cr mix10153R5804 30 1350 1.45TW DWG W2
PC-75 Plate 30394 NT 1" 60° V SMA Gr9l  mix10166R5804 32 1350 1.45 TW DWG W2
PC-76 Plate 30176 NT 1" 3/4 Root-15° SA std9Cr E4390-505 15 1350
PC-77 Plate 30383 NT 2" 1 Root-15° SA std9Cr 33669-505 63 1350/2h 11/palw DWGW7
PC-
80A Plate 30383 NT 2" 3/4 Root-15° SA Gral C2616 (30388) 50 1350/2h 2.5 TW DWG W8
PC-
80B Plate 30383 NT 2" 3/4 Root-15° SA Gral C2616,(30383) 50 1900/1400/2h 2.5 TW DWG W8
PC-86 Plate 30394 NT 1" 3/4 Root-15° SA std9Cr ...-E~505 19 1350 1.5 TW DWG W1
3'0D 1/2 std
PC-90 Tube sumitomo NT wall 60° V SMA 9Cr C€EM10292 20 1350 1.5 TW DWG W5
5/8 Root-7 std
PC-93 Plate 10148 NT 7.6" 1/2° SA 9Cr. 33669-505 145 1350/6h 2.5 TW DWG W9
5/8 Root-7 std
PC-93 Plate 10148 NT 7.6" 1/2° SA 9Cr 33669-505 145 1350/6h 1.5 TW DWG W9
5/8 Root-7 std
PC-93 Plate 10148 NT 7.6" 1/2° SA 9Cr 33669-505 145 1350/6h 11/4allw DWG W9
3"0D 1/2 std
PC-94 Tube 59020 NT wall 60° V SMA 9Cr CEM10292 12 1350 1.45TW DWG W5
3"0D 1/2 std
PC-95 Tube 59020 NT wall 60° V SMA 9Cr CEM10292 17 1350 1.5 TW DWG W5
PC-98 Plate 30394 NT 1" C SA std9Cr .... E-505 20
PC-99 Plate 30394 NT 1" \ GTA std9Cr E4390-505 30 1350 1.5 TW DWG W2
PC-
100 Plate 30394 NT 1" 60° V GTA 18
PC- 3"0D 1/2 std DWG
102 Tube 59020 NT wall \ SMA 9Cr CEM10292 10 1350 28 TW W10
DWG
VS1 Pipe NT 1/2"\wall SMA M9412 1350 2.245TW w11
PC-
104 Plate 30394 NT 1" 60° V GTA std9Cr A1977F-505 30 1250 2.5 TW DWG W1
PC-
104 Plate 30394 NT 1" \ GTA std9Cr A1977F-505 30 1300 2.245TW DWG W1
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Spcu:men
Blﬂ?k
Base Base Base Length (in)
Metal Metal Metal Base Metal Joint Welding Weld Weld Wire PWHT (deg. F and
ID/Ref.  Product Heat Condition Thickness  Configuration Process Wire Heat Passes unless noted) " Orienjation Comment
ETEC- 9" 0D 1/2 ERNiICr-
1 Pipe? NT wall GTA 3 1350 2.25(TW DWG W2
ETEC- 9" 0D 1/2 ERNiICr-

2 Pipe NT wall GTA 3 1350+950/2Kh 2.25(TW DWG W2

PC-
109 Plate 10148  1900/1150 2" \Y SAW std 9Cr  D3612F505 1400/1.5 25all w?  DWGW1
PC-
110 Plate 30176  1900/1150 1" \Y GTA std 9Cr 33669 1400 2.25(TW DWG W1
PC-
111 Plate 30394  1900/1150 1" \Y GTA std 9Cr 33669 1400/1.5 1.25(TW DWG W1
3"0D 1/2
302B Tube NT wall \% SMA Grol M9412 1350
3"0D 1/2
303B Tube NT wall \Y SMA std 9Cr CAOIG 1350
3"0D 1/2
304B Tube NT wall \Y SMA Gr22 CAADJ 1350 1.25(TW DWG W5
SW-1 Plate 10148 NT 2" SA sth9Cr*  D3612F505 1350/2h 25w DWG W1
SWM-

2 Plate 1900/1400 1" SMA std 9Cr 1400/2h? 25w DWG W2
PC- DWG
129 Plate 30176 NT 1" GTA Gro1? 21078? 1350 11/4jall W w12
PC- std
132 Plate 30176  1900/1400 1" SMA 9Cr? Kobe 1400 2.25|TW DWG W1
PC-

150 Plate 30176  1900/1150 1" GTA Gro1? 21648? 1350 2.25|TW DWG W1
PC- USW-
156 Plate 30176  1900/1400 11/8" SA std 9Cr 21648 23 1375/1h 2.25(TW DWG W1
LKNS-
1 Plate Lukens  1900/1400 2" SA Grol MTS3 44 1425/8h 1.25|TW DWG 13
LKNS-
2 Plate Lukens  1900/1400 2" SA Grol MTS3 44 1425/8h 11/4fllW  DWG 13
LKNS-
3 Plate Lukens  1900/1400 2" SA Grol MTS3 44 1904/1364 1.25(TW DWG 13
LKNS-
4 Plate Lukens  1900/1400 2" SA Grol MTS3 44 1904/1364 11/4fllW  DWG 13
LKNS-
5 Plate Lukens  1900/1400 2" SA Grol MTS3 44 1904/1436 1.25(TW DWG 13
LKNS-
6 Plate Lukens  1900/1400 2" SA Grol MTS3 44 1904/1436 11/4lW  DWG 13
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Specimen
PWHT Blank
Hase Base Base Base (deg. F Length (in)
Metal Metal Metal Metal Joint Welding Weld Weld Wire unless and
ID/Ref. Prpduct Heat Condition  Thickness  Configuration Process  Wire Heat Passes noted) Orlentation  Comment
9R Hlate 51383 1922/1418 3/4" FCA Gro1 25B52-9R 1400/4h 1Y4alw
9R Hlate 51383 1922/1418 3/4" FCA Grol 25B52-9R 1400/4h 125 TW
10R Hlate 51383 1922/1418 3/4" FCA Grol 25B52-10R 1400/4h 1V4alw
10R Hlate 51383 1922/1418 3/4" FCA Grol 25B52-10R 1400/4h 125 TW
WA4R-1 Hlate 30394 1900/1400 1" FCA Grol 25B52-4R 1400/4h 1V4alw
W4R-1 Hlate 30394 1900/1400 1" FCA Gro1 25B52-4R 1400/4h 125 TW
WA4R-2 Hlate 30394 1900/1400 1" FCA Gro1 25B52-4R 1400/4h 1Y4alw
W4R-2 Hlate 30394 1900/1400 1" FCA Grol 25B52-4R 1400/4h 1125 TW
W5R-1 Hlate 30394 1900/1400 1" FCA Grol 25B52-5R 1400/4h 11/4 allw
W5R-1 Hlate 30394 1900/1400 1" FCA Grol 25B52-5R 1400/4h 125 TW
W5R-2 Hlate 30394 1900/1400 1" FCA Grol 25B52-5R 1400/4h 1V4alw
W5R-2 Hlate 30394 1900/1400 1" FCA Grod 25B52-5R 1400/4h 125 TW
1050C-
1.5hrs oil- GTAW-
quench, root
Pipe- 750C- SMAW: Thermanit
ECCC2009 Ripe 3.5hrs 1" Fill 91 MTS3 760C/3.5hrs  crgss-weld  8mm dia.
1050C-
1.5hrs oil- GTAW-
quench, root
Plate- 750C- SMAW-
ECCC2009 Hlate 3.5hrs 1" Fill 91 Chromo 9V 745/2.5hrs crgss-weld  8mm dia.
6mm dia.
Masuyama- + Large
Std. Hlate Grol crgss-weld CW
1038C-
62min Air
Cool,
788C- 649-
EPRI1004702+ Hlate C1472 109min 1.5" 37.5 deg. SMA Grol E9015-B9 760C/2hrs  crgss-weld  0.25" dia.
Mild
Steel
Buttered
with
E9018- 121376
B9 E90S-  (Williams all weld
ER90S-B9 Hlate electrgde 45degV GTA B9 Welding/INE) 745C/3hrs mgtal
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F.4 Creep-Rupture Database

Min.
Rupture Creep Red. Of Specimen
Specimen  ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref 0] TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
PC-2 1-T 20728 788 pwht 649 117.2 4.5 22.5 91 weld neck CwW 0.25
PC-2 2-T 20733 788 pwht 649 82.7 336 6.8 36.4 CwW 0.25
PC-2 3-T 20744 788 pwht 538 220.6 17.2 20.5 88.3 Aweld neck CwW 0.25
PC-2 7-T 20773 788 pwht 538 179.3 85.2 27.1 89.1C~weld neck CW 0.25
PC-2 8-T 20785 788 pwht 538 151.7 12238D discontinued |CW 0.25
PC-4 2-T 20991 760 pwht 649 117.2 35.3 18 73.1 CW 0.25
PC-4 3T 20993 760 pwht 649 82.7 307.2 13.4 49.3 CW 0.25
PC-4 4-T 20997 760 pwht 538 234.4 290 16 75.4 Cw 0.25
PC-5 2-T 20998 760 pwht 649 117.2 25.9 13.9 80.7 HAZ neck Cw 0.25
PC-5 3-T 21003 760 pwht 649 82.7 194.1 13.2 725 HAZ neck Cw 0.25
PC-9 2-L 21215 732 pwht 649 117.2 30.2 19.8 68.3 HAZ neck Cw 0.25
PC-9 4-L 21225 732 pwht 649 82.7 308.3 14.4 379 HAZ shear CW 0.25
PC-9 5-L 21236 732 pwht 538 234.4 201 17.2 73.5 HAZ neck CW 0.25
PC-10 2-L 21257 732 pwht 649 117.2 45.2 12.4 541 HAZ neck Ccw 0.25
PC-10 4-L 22981 732 pwht 593  158.6 537.9 0.0053 12.8 54.51 CW 0.25
PC-10 5-L 22995 732 pwht 593 172.4 2382 12.5 60.3 Cw 0.25
PC-13 1-L 21418 649 117.2 89.9 33.4 82.8 weld neck Cw 0.25
PC-13 2-L 21490 649 82.7 1068.4 32.7 80.1 weld neck Cw 0.25
PC-13 3-L 21492 538 2758 379.8 26.4 83.3 weld neck Cw 0.25
PC-16 1-L 21519 732 pwht 538 275:8 10505D discontinued |CW 0.25
PC-16 2-L 23233 732 pwht 649-\\117.2 2834D discontinued |CW 0.25
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IWH
VI

Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
PC-32 3T 21954 732 pwht 649 103.4  2037.8 19.5 78.3 CW 0.25
PC-32 4-T 22060 732 pwht 593 193.1 35.2 22.1 72.9 weld CW 0.25
PC-32 5-T 22072 732 pwht 593  158.6 163.7 18.7 77.1 CW 0.25
PC-32 6-T 22086 732 pwht 538 2344 385.4 18 83.4 CW 0.25
PC-32 7-T 22093 732 pwht 538 275.8 50.4 18.2 84 CW 0.25
PC-32 8T 22099 732 pwht 538 2344 682.9 19.8 84.5 CW 0.25
PC-36 3T 22434  as-welded 593 193.1 770.9 3.2 16.6 CW 0.25
PC-36 13-T 22478 732 pwht 593 193.1 292 5.1 413 CW 0.25
PC-39 3T 22529 760 pwht 649 117.2 72.4 3.7 27.6 CW 0.25
PC-39 4-T 22530 760 pwht 593 193.1 297.4 4.9 20.2 CW 0.25
PC-39 6-T 22534 760 pwht 649 103.4 103.1 34 25.2 CW 0.25
PC-36 14-T 22549 732 pwht 593 89.6 1850.1 27 6.2 CW 0.25
PC-39 7-T 22550 760 pwht 593 158.6 1447.7 2.6 11.3 CW 0.25
PC-35 7-T 22559 NT 593 179.3 460.8 8.6 9.8 Cw 0.25
PC-42 3T 22596 1038/704/24h 593 193.1 17.7 18.7 84.3 CW 0.25
PC-42 4-T 22609 1038/704/24h 593  158.6 319.8 18.9 86.3 CW 0.25
PC-42 6-T 22627 1038/704/24h 593 1448 1136 16 85.4 CW 0.25
PC-45 1-T 22836 760 pwht 593 158.6  2317.5 4.1 9.7 CW 0.25
PC-45 2-T 22860 760 pwht 593 124.1 47651 3.2 27.6 CW 0.25
PC-52 5-R 22916 732 pwht 593 158.6 813.2 5.3 236 FL shear Ccw 0.25
PC-52 5-C 22934 732 pwht 593 158.6 1537.7 2.4 16.8 FL shear CW 0.25
PC-52 7-R 22935 732 pwht 593 1448~ 2318.9 4.9 223 FL shear CW 0.25
394L 2-L 22937 as-welded 593 | 2448 HAZ neck Cw 0.25
394L 1-L 22938 as-welded 593~ \158.6 HAZ neck CW 0.25
394L 4-L 22945 as-welded 538~ 220.6 HAZ neck CW 0.25
394L 3L 22946 as-welded 538 179.3 HAZ neck CW 0.25
394L 5-L 22948 as-welded 538  206.9 HAZ/FL  neck CW 0.25
394L 6-L 22449 as-welded 565 1724 HAZ neck CW 0.25
394L 7-L 22950 as-welded 565 124.1 FL shear CW 0.25
394L 11-L 23736 732 pwht 677 414 13318 12.1 59.1 HAZ neck CW 0.25
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Codes
Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
PC-58-B 3L 23022 732 pwht 593 1724 554.6 15.2 76.2 HAZ neck CW 0.25
PC-58-B 4-L 23023 732 pwht 593  158.6 1203.1 9.7 53.2 FL shear CW 0.25
PC-58-B 5-L 23025 732 pwht 538 206.9 26800.2 6.3 184 FL shear CW 0.25
PC-58-B 6-L 23026 732 pwht 538 186.2 49057.6 31 7.8 FL shear CW 0.25
PC-58-B 7-L 23034 732 pwht 593 144.8 2646.7 7.3 405 Fl shear CW 0.25
PC-59 3L 23115 as-welded 593 158.6 1268 5.2 19.9 “FL shear CW 0.25
PC-59 4-L 23116 as-welded 649 103.4 132.8 5.8 16.4~_FL shear CW 0.25
PC-59 5-L 23124 as-welded 649 89.6 357.4 5.8 114, FL shear CW 0.25
PC-59 6-L 23161 as-welded 593 1724 857.7 16.1 43.3 FL shear CW 0.25
PC-63 1-L 23236 732 pwht 593 1724 582.1 8 155 FL shear CW 0.25
PC-63 5-L 23457 732 pwht 649 89.6 334.1 45 16.7 FL shear CW 0.25
PC-63 4-L 23295 732 pwht 593 1448 3363.6 36 8.8 CW 0.25
PC-71-TW 7-C 23271 732 pwht 593 1724 132 9.4 59.4 HAZ/FL  neck Ccw 0.25
PC-71-W 2-C 23276 732 pwht 593 1724 1627.3 13.3 32.3 weld shear CW 0.25
PC-71-TW 16-R 23283 732 pwht 593 1724 185.9 7.8 57.8 HAZ/FL  neck Ccw 0.25
PC-71-TW 15-R 23285 732 pwht 538 206.9 17202.9 7 295 FL shear CW 0.25
PC-71-W 3-C 23430 732 pwht 593 1448 1784.5 20 36.3 weld dbl shear CW 0.25
PC-74 3T 23366 732 pwht 593 1724 63.3 18.6 77.2  weld neck CW 0.25
PC-74 4-T 23385 732 pwht 593 1448 1978 16.9 74.8 weld neck CW 0.25
PC-75 4-T 23386 732 pwht 593 1448 2642.9 2 6.9 weld neck Ccw 0.25
PC-75 3-T 23384 732 pwht 593 1724 1459.5 2.9 3.3 Ccw 0.25
PC-80 16-C 23709  760/2h pwht 677 552 4923.9 5 25 HAz shear Ccw 0.25
PC-81 10-C 23963 732/40h 593 |, @724 297.5 0.0105 24 85.45 HAZ neck Ccw 0.25
pPC-81 1-C 24001 732/2h 593~ \'172.4 1507 0.000945 15.46 79.82 HAZ neck CW 0.25
pPC-81 12-C 24013  732/40h 649 62.1 5084.5 0.000103 2.66 13.43 weld brittle CW 0.25
PC-90 3L 23485 732 pwht 649  117.2 77.9 4.6 72 FL shear CW 0.25
PC-90 4-L 23486 732 pwht 649 89.6 450 5.1 156 FL shear CW 0.25
PC-90 5-L 23489 732 pwht 593 1724 585.6 9.7 8.6 FL shear Ccw 0.25
PC-90 6-L 23493 732 pwht 593 1448 2547.8 10.2 48.2 weld neck Ccw 0.25
PC-90 7-L 23497 732 pwht 649 75.8 839.5 3.1 12 FL shear Ccw 0.25
PC-90 8-L 23498 732 pwht 649 131.0 26 11.3 16.2 FL shear Ccw 0.25
PC-90 9-L 23501 732pwht 538 2344 2783.1 17.1 71.7 weld neck CW 0.25
PC-90 10-L 23502 ~(32 pwht 593 193.1 86.2 17.2 61.6 HAZ/FL neck CW 0.25
PC-90 11-L 23504\ ~732 pwht 593 206.9 15278.8 18.3 79.7 HAZ neck CW 0.25
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Codes

IWH
VI

Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
PC-93 8-R 23549  732/6h pwht 593 1448 1070.4 11.4 79.3 HAZ neek CW 0.25
PC-93 2-C 23703  732/6h pwht 593 1448 238.2 14 84.5 weld neck CW 0.25
PC-93 29-Z7 23771  732/6h pwht 593 124.1  3186.2 18.5 76.9 HAZ heck CW 0.25
PC-93 31-Z 23791  732/6h pwht 593 144.8 9835.6 4.4 29  weld neck CW 0.25
PC-93 30-Z 23786  732/6h pwht 593 110.3 1949.7 21.1 88.6 HAZ neck CW 0.25
PC-94 3L 23543 732 pwht 649 75.8 881.8 4.4 17.6 _“kL shear CW 0.25
PC-94 4-L 23630 732 pwht 677 414 25776 135 74 weld neck CW 0.25
PC-94 5-L 23634 732 pwht 677 55.2 666.8 10.7 34 FL shear CW 0.25
PC-95 4-L 23551 732 pwht 649 69.0 2521.3 7.3 13.7 FL shear CW 0.25
PC-95 3L 23540 732 pwht 593 1448 2223 11.5 52  weld? neck CW 0.25
PC-102 3L 23632 732 pwht 649 75.8 510.4 42 489 FL shear CW 0.25
PC-102 4-L 23644 732 pwht 593 1448  2468.1 317 48.9 FL shear/neck CW 0.25
PC-104B 1-C 23812 677 pwht 649 75.8 996.1 4.1 36.2 FL/HAZ shear/neck CW 0.25
PC-109 6-R 25655 760/1h 593 110.0 2691.6 0.00025 3.8 16.07 weld 0.505 spec CW 0.505
PC-109 3-C 25754  760/1h 538  230.0 87.4 0:025 6.3 7.09 weld 0.505 spec CW 0.505
PC-109 7-R 25797 760/1h 593 110.0 2301.1 0:00034 3.8 5.81 weld 0.505 spec CW 0.505
PC-110 20-R 23979 760/1h 593 1724 168.1 0.012 8 772 HAZ neck CW 0.25
PC-110 21-R 23992 760/1h 593 1448 1079.3 0.0012 5.74 63.2 HAZ neck CW 0.25
PC-110 19-C 23997 760/1h 593 1724 103:2 0.0235 8.56 71.49 HAZ neck CW 0.25
PC-110 22-R 23999 760/1h 593 1241 (22775 0.00037 4.1 39.47 HAZ/FL  neck/shear CW 0.25
PC-110 24-T 24005 760/1h 593 172.4. "1502.9 0.0023  14.95 83.67 base? neck CW 0.25
PC-110 25-T 24006 760/1h 593  144.8>~ 8086.8 0.00034  13.68 79.41 Dbase? neck CW 0.25
PC-110 26-T 24363 760/1h 538 ., A79:3 61348D 0.0000086 CW 0.25
PC-110 3-C 25403 760/1h 538~ \186.2 16746D CW 0.25
PC-110 11-R 25409 760/1h 538~ 175.8 16585D 1038/621 CW 0.25
PC-110 4-C 25411 760/1h 593 1345 759.6 0.00029 6.7 88.29 FL shear CW 0.25
PC-110 12-R 25484  760/1h 593 110.3  4158.7 0.00025 6.3 42.61 HAZIFL  neck/shear CW 0.25
PC-110 5-C 25485 760/1h 593 103.4  9296.3 0.001 93 53.98 HAZ neck CW 0.25
PC-111 3-R 23684 760/1.5 pwht 593 1448 2304.2 3.8 43.7 CW 0.25
PC-111 1-R 23762 732 pwht 593 1724 838.2 6.8 69.4 CW 0.25
PC-111 3-C 25401 760/1h 538 193.1 16941D 1038/621 CW 0.25
PC-111 11-R 25405 760/th 593 151.7 2146.6 0.0004 7.6 50.01 HAZ neck CW 0.25
PC-111 12-R 25410 ~(60/1h 538 179.3 16439D 10338/621 CW 0.25
PC-111 4-C 25493\ ~760/1h 593 1379 6415.8 0.00016 35 7.02 FL shear CW 0.25
PC-111 5-C 25535 760/1h 538 165.5 13701D 1038/621 CW 0.25
PC-111 6-C 25604 760/1h 593 117.2 10728D 1038/621 CW 0.25
PC-111 13-C 25613 760/1h 593 1241  2955.3 0.0002 5.7 50.69 HAZ neck CW 0.25
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IWH
VT

Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia
Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%lhr) (%) (%) Location Commient Type (inches)
PC-129 1-C 24163 732/1h 649 131.0 3615.3 0.000365 8.65 1452 FL shear CwW 0.25
PC-129 3-C 24219 as-welded? 593 1448 weld brittle CwW 0.25
PC-129 2-R 24279 732/1h 538 206.9 63150D CwW 0.25
PC-132 3-C 24273 760/1h 593 1724 116.3 0.0167 7.84 76.011 HAZ neck CW 0.25
PC-132 4-C 24278 760/1h 593 144.8 579.9 0.0031 5.8 54.01 Fk shear CW 0.25
PC-132 5-C 24285 760/1h 593 124.1 3568.1 0.000325 4.3 25.88 “kL shear CW 0.25
PC-132 8-R 24293 760/1h 538 206.9 9268.3 0.000272 11.6 80.03*HAZ neck CW 0.25
PC-132 9-R 24376  760/1h 538 179.3 47271 0.000027 4.25 2284 FL shear CwW 0.25
PC-150 1-C 24545 732/1h 593 1448 1503.5 0.00032 1.9 16.94 FL shear CW 0.25
PC-150 2-C 24551 732/1h 593 124.1 5037.4 0.0000714 1.2 11.98 FL shear CW 0.25
PC-150 3-C 24621 732/1h 593  110.3 8635.7 0.000044 12 9.58 FL shear CW 0.25
PC-150 4-C 24625 732/1h 538 1931 FL shear Cw 0.25
PC-150 5-C 24631 732/1h 649 75.8 711.5 0.00082 1.63 14.67 FL shear Cw 0.25
PC-156 1-C 24666 746/1h 593 1448 499.4 0.0024 4.3 4249 FL shear CW 0.25
PC-156 4-C 24962 746/1h 593 82.7 19972.7 0.000012 2.4 7.45 FL shear CW 0.25
PC-156 3-C 24722  746/1h 593 103.4 47074 0:000125 2.7 24.02 FL shear CW 0.25
PC-156 5-C 24971 746/1h 538  206.9 9739.4 0.000129 5.7 53.95 FL shear CW 0.25
PC-156? 6-C? 24959 746/1h 593 82.7 FL shear CwW 0.25
PC-156 6-C 24978 746/1h 538 193.1 FL shear CwW 0.25
PC-158 2-C 24667 746/1h 593 1241 1075 0.00104 2.8 2945 FL shear CW 0.25
PC-163 CAST? 24689 1040/760/1 593 1724 2540 13.3 83.5 HAZ neck Cw 0.25
PC-163 CAST? 24721 1040/760 593 1448 10419 NO PLOT CwW 0.25
PC-163 CAST? 25348 1040/760 538 , 2069 164.2 14 85.6 NO PLOT Cw 0.25
VSl 3 23687 732 pwht 677 55.2 463.9 8.4 71.8 HAZ neck CwW 0.25
ETEC 4 23718 732 pwht 510~ 275.8 8046.2 2.6 12.8  weld DMW CwW 0.25
ETEC 5 23733 1050 593 96.5 14041.7 2 26.8 HAZ/IFL DMW CwW 0.25
ETEC 1 23756 732 pwht 593 1724 1367.8 55 64.1 HAZ DMW neck CwW 0.25
ETEC 7 23759 732 pwht 649 75.8 1091.7 3.2 53.6 HAZ DMW neck CwW 0.25
DMW

ETEC 15 23769 732 pwht 593 1241 5013.8 1.4 75 FL interface Cw 0.25
ETEC 16 24038 732 pwht 649 48.3 13646.8 0.0000278 3303 FL DMW shear CwW 0.25
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Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
LNKS W2(R) 29891 774/8h pwht 600 186.2 38.5 0.15 30.6 444 allweld  neck CW 0.25
LNKS WA-1 29901 774/8h pwht 600 150.0 660 0.00686 26.2 70.4 allweld neck CW 0.25
LNKS WA-2 29896  774/8h pwht 600 150.0 653 0.007 all weld ¢ neck CW 0.25
LNKS WB-]| 29911  774/8h pwht 600 120.0 6351 0.00054 14.7 31 allweld neck CwW 0.25
LNKS W5 29189  774/8h pwht 593 137.9 1584 0.0017 29.3 72.6 CwW 0.25
LNKS W3(H) 29944  774/8h pwht 650 100.0 468 0.0092 14.5 30.5 “all weld neck CwW 0.25
LNKS W1(H) 29951  774/8h pwht 550 200.0 7529 0.0004 29.1 73,5 _all weld neck CwW 0.25
LNKS WA-3 29904  774/8h pwht 600 120.0 56.5 HAZ CW 0.25
LNKS wWi1-1 29879 1040/740 NT 600 186.2 965 0.004 10.1 12.3  all weld CW 0.25
LNKS TW1{3 29892 1040/740 NT 600 186.2 706 50.9 HAZ CW 0.25
LNKS W1-2 29871 1040/740 NT 600 186.2 760 19.2 HAZ CW 0.25
LNKS WE-1 29900 1040/780 NT 600 150.0 1402 0.00346 all weld Ccw 0.25
LNKS WF-1 29918 1040/780 NT 600 120.0 9251 0.00022 7.8 8.2 all weld Cw 0.25
LNKS WF-3 29928 1040/780 NT 600 150.0 872 76.6 HAZ Cw 0.25
LNKS WE-3 29918 1040/780 NT 600 120.0 6066 454 HAZ CW 0.25
9R 9AWT 29978  760/4h pwht 593 172.4 4987 0:00045 111 18.5 all weld Ccw 0.25
9R 9AWCEC 29981 760/4h pwht 649 103.4 1741 0.001 12.2 21.8 all weld CW 0.25
9R 9T1 29980 760/4h pwht 593 1724 468.4 53 HAZ CW 0.25
10R 10AWC 29975 760/4h pwht 593 1724 5458 0.00025 all weld CW 0.25
10R 10AWT 29982  760/4h pwht 593 155.1 7780 0.00019 all weld Cw 0.25
10R 10T1 29979  760/4h pwht 593 172.4 262.5 85.8 HAZ Cw 0.25
10R 10T2 29984  760/4h pwht 649 1241 61.3 41 HAZ Cw 0.25
w4 W4Ci1 29991 760/4h pwht 600 , A50:0 5632  0.000292 4.8 9 allweld droppreheat [CW 0.25
w4 W4Ci4 30017 760/4h pwht 600~ \'186.2 1193 0.0023 8.3 9.6 allweld droppreheat |[CW 0.25
w4 W4C{3 30052 760/4h pwht 600~ 100.0 1567 0.001 5.2 6.7 allweld drop preheat |[CW 0.25
w4 W4H{1 29992  hph/760/4h pwht 600 150.0 3373  0.000425 35 6.8 all weld hold preheat |[CW 0.25
w4 W4H{3 30019 hph/760/4h pwht 600 186.2 698.4 0.0032 8.4 20.4 allweld hold preheat |[CW 0.25
w4 W4H{2 30055 hph/760/4h pwht 650 100.0 871.2 0.0038 51 7.1 allweld hold preheat [CW 0.25
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Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
w4 W4T 29996 hph/760/4h pwht 600 150.0 203 66.8 HAZ hold'preheat  |CW 0.25
w4 WA4TH4A 30027  hph/760/4h pwht 600 120.0 1266 29.3 HAZ hold preheat |CW 0.25
w4 W4T 30064  hph/760/4h pwht 650 100.0 93 456 HAZ hold preheat |CW 0.25
w4 NTW#-2 30132 NT/760/4h 600 150.0 528.1 0.0056 15.3 50.5 all weld re-NT CwW 0.25
w4 NTW#-5 30135 NT/760/4h 650 100.0 1531 allweld re-NT CwW 0.25
w4 NTWH-11 30134 NT/760/4h 600 186.2 30.3 0.11 30.3 81.6 “all weld re-NT CwW 0.25
W5 W5Cil 29989  760/4h pwht 600 150.0 1977 0.0019 13.5 28.6_all weld drop preheat [CW 0.25
W5 W5C16 30016 760/4h pwht 600 186.2 417 0.0108 18.9 628, allweld drop preheat [|CW 0.25
W5 W5C13 30053  760/4h pwht 650 100.0 1267 0.00193 5.7 27.5 allweld drop preheat [CW 0.25
W5 W5H{4 29990 hph/760/4h pwht 600 150.0 9152 0.0009 5.3 13.1  all weld hold preheat |[CW 0.25
W5 W5H{3 30018 hph/760/4h pwht 600 186.2 440.8 0.0094 10 23.1 allweld hold preheat CwW 0.25
W5 W5H11 30032 hph/760/4h pwht 650 100.0 3106 0.00084 &4 17.7 allweld  hold preheat |CW 0.25
W5 W5T{2 30028 hph/760/4h pwht 600 186.2 62 82.6 hold preheat  |CW 0.25
W5 W5T{3 30000 hph/760/4h pwht 600 150.0 937 22.3 hold preheat  |CW 0.25
W5 W5T4 30065 hph/760/4h pwht 650 100.0 128.6 30.5 hold preheat  |CW 0.25
W5 NTW5H-2 30133 NT/760/4h 600 186.2 821.8 0.0053 19.9 55.6 allweld re-NT CW 0.25
Pipe- PWHT 760C-
ECCC2009 241 3.5hrs 525 240 3,772 14.6 72.4 WMFL CW 0.315
Pipe- PWHT 760C-
ECCC2009 3d1 3.5hrs 525 220 11,546 9.6 29.7 WM CW 0.315
Pipe- PWHT 760C-
ECCC2009 6Q1 3.5hrs 550 200 1,183 14.3 72.4 WMFL CW 0.315
Pipe- PWHT 760C-
ECCC2009 741 3.5hrs 550 180 9,853 6.3 14.2 WMFL CW 0.315
Pipe- PWHT 760C-
ECCC2009 11¢1 3.5hrs 575 200 134 20.2 84.9 BM CW 0.315
Pipe- PWHT 760C-
ECCC2009 25C1 3.5hrs 575 180 960 15.8 84.9 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 12¢1 3.5hrs 575 160 4,704 7.8 37.8 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 8d1 3.5hrs 575 140 9,608 3 18.8 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 9q1 3.5hrs 575 120 12,624 21 19 HAZ CW 0.315
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Rupture Creep Red. Of Specimen
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Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
Pipe- PWHT 760C-
ECCC2009 16¢C1 3.5hrs 600 140 981 20.4 59.3 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 15¢C1 3.5hrs 600 120 2,242 5 4.9 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 13¢1 3.5hrs 600 100 6,080 24 12.1 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 26C1 3.5hrs 600 90 8,165 05 11.9 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 14¢1 3.5hrs 600 80 10,181 21 18.8 HAZ Cw 0.315
Pipe- PWHT 760C-
ECCC2009 *24C1 3.5hrs 600 70 27,471 1.6 4.9 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 18¢C1 3.5hrs 625 100 1,777 36 18.8 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 17¢1 3.5hrs 625 80 3,970 2 16.7 HAZ CwW 0.315
Pipe- PWHT 760C-
ECCC2009 19¢1 3.5hrs 625 60 13,673 1.8 2.2 HAZ CW 0.315
Pipe- PWHT 760C-
ECCC2009 *20C1 3.5hrs 625 50 29,962 34 9.5 HAZ CW 0.315
Plate- PWHT 745C-
ECCC2009 C16 2.5hrs 525 240 9,309 11.9 51 HAZ Cw 0.315
Plate- PWHT 745C-
ECCC2009 Ci1~ 2.5hrs 525 220 42,495 ? ? ? in test CW 0.315
Plate- PWHT 745C-
ECCC2009 Cq4* 2.5hrs 550 180 31,920 25 14.4 HAZ Ccw 0.315
Plate- PWHT 745C-
ECCC2009 Ch* 2.5hrs 550 160 33,189 1.6 4.9 HAZ Ccw 0.315
Plate- PWHT 745C-
ECCC2009 Cp 2.5hrs 575 180 2,853 7.6 19.2 HAZ CW 0.315
Plate- PWHT 745C-
ECCC2009 C15 2.5hrs 575 160 3,793 4.3 12.1 HAZ Ccw 0.315
Plate- PWHT 745C{
ECCC2009 cy 2.5hrs 575 140 10,031 3 4.9 HAZ Ccw 0.315
Plate- PWHT 745C-
ECCC2009 CB 2.5hrs 575 120 19,289 11 7.4 HAZ CW 0.315
Plate- PWHT, 745C-
ECCC2009 CB 2.5hrs 600 140 1,797 4.8 12.3 HAZ Ccw 0.315
Plate- PWHT 745C-
ECCC2009 C12 25hrs 600 120 2,610 1.8 14.7 HAZ Ccw 0.315
Plate- PWHT 745C-
ECCC2009 Cc1p* 2.5hrs 600 80 25,818 1.1 9.8 HAZ CW 0.315
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Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref [} TN Condition (C) (MPa) (hrs) (%/hr) (%) (%) Location Comment Type (inches)
Plate- PWHT 745C-
ECCC2009 Cip~ 2.5hrs 600 70 42,632 ? ? ? intest Cw 0.315
Plate- PWHT 745C-
ECCC2009 cp 2.5hrs 625 100 1,061 3.2 16.7 HAZ Ccw 0.315
Plate- PWHT 745C-
ECCC2009 Cp 2.5hrs 625 80 2,291 11 5.2 HAZ Cw 0.315
Plate- PWHT 745C-
ECCC2009 Cip* 2.5hrs 625 60 19,210 12 7.4 HAZ Cw 0.315
Plate- PWHT 745C-
ECCC2009 Ci1p* 2.5hrs 625 50 29,312 9.9 35.2 WM Ccw 0.315
Masuyama-
Std. PWHT 550 200.0 530.7 235 84 Ccw 0.236
Masuyama-
Std. PWHT 550 190 1392.6 22:4 82.2 Cw 0.236
Masuyama-
Std. PWHT 550 180 2381.6 22.8 78.5 Ccw 0.236
Masuyama-
Std. PWHT 550 160 16380.1 12.6 40.1 Cw 0.236
Masuyama-
Std. PWHT 600 135 305.5 225 84.9 Cw 0.236
Masuyama-
Std. PWHT 600 120 1262.5 17.9 69.2 Ccw 0.236
Masuyama-
Std. PWHT 600 115 2605.1 16 54.1 Cw 0.236
Masuyama-
Std. PWHT 600 95~ 10341.3 5.4 35.6 Ccw 0.236
Masuyama-
Std. PWHT 600 90 12284.7 5.1 30.2 Ccw 0.236
Masuyama-
Std. PWHT 650 85 357.7 9.9 51 Ccw 0.236
Masuyama-
Std. PWHT 650 75 839.7 8.7 52.2 Ccw 0.236
Masuyama-
Std. PWHT 650 70 1412 9.8 50.9 Ccw 0.236
Masuyama-
Std. PWHT 675 90 28.3 30.9 85.8 Ccw 0.236
Masuyama-
Std. PWHT 675 75 120.8 19.4 65.4 Ccw 0.236
Masuyama-
Std. PWHT 675 60 427.2 9.9 a7 Ccw 0.236
Masuyama- 1.26"x1.575"
Std. PWHT 650 66 2048.9 FG-HAZ Specimen CW - X-groove
Masuyama- 1.26"x1.575"
Std. PWHT 650 66 2775.2 FG-HAZ  Specimen CW - U-groove
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[WH
VT,

J Rupture Creep Red. Of Specimen
Spegmen  ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia
Weld ID / Ref ID TN Condition (C) (MPa) (hrs) (%lhr) (%) (%) Location Comment Type (inches)
EPRI1004702+ 1200-1 PWHT 649C-2hrs  565.6  193.1 2363.7 v CwW 0.25
EPRI1004702+ 12Q0-2 PWHT 649C-2hrs  593.3 1448 1710.4 v CwW 0.25
EPRI1004702+ 12Q0-3 PWHT 649C-2hrs  621.1 103.4 885 v CwW 0.25
EPRI1004702+ 12Q0-4 PWHT 649C-2hrs  565.6  220.6 394.7 bas€ CW 0.25
EPRI1004702+ 12Q0-5 PWHT 649C-2hrs  593.3  193.1 81 base CW 0.25
EPRI1004702+ 12Q0-6 PWHT 649C-2hrs  621.1 103.4 1022.7 v CW 0.25
EPRI1004702+ 1300-1 PWHT 704C-2hrs  565.6  193.1 2436.6 Y CW 0.25
EPRI1004702+ 1300-2 PWHT 704C-2hrs  593.3 1448 1534.8 v CwW 0.25
EPRI1004702+ 1300-3 PWHT 704C-2hrs  621.1 103.4 413.1 Y CwW 0.25
EPRI1004702+ 1300-4 PWHT 704C-2hrs  565.6  220.6 243.1 base CwW 0.25
EPRI1004702+ 1300-5 PWHT 704C-2hrs  593.3  193.1 79.4 base CwW 0.25
EPRI1004702+ 1300-6 PWHT 704C-2hrs  621.1 86.2 1078.4 Y CWwW 0.25
EPRI1004702+ 13Q0-7 PWHT 704C-2hrs  593.3  155.1 787.6 Y CWwW 0.25
EPRI1004702+ 13d0-8 PWHT 704C-2hrs  565.6  203.4 453.9 base Cw 0.25
EPRI1004702+ 1400-1 PWHT 760C-2hrs  565.6  193.1 1583.8 base Cw 0.25
EPRI1004702+ 14Q0-2 PWHT 760C-2hrs  593.3 1448 2387 Y CwW 0.25
EPRI1004702+ 14Q0-3 PWHT 760C-2hrs  621.1  103.4 609.7 Y CwW 0.25
EPRI1004702+ 14Q0-4 PWHT 760C-2hrs  565.6  206.8 3246 base CwW 0.25
EPRI1004702+ 14Q0-5 PWHT 760C-2hrs  593.3  151.7 732:6 v CwW 0.25
EPRI1004702+ 14Q0-6 PWHT 760C-2hrs  621.1 103.4 906.3 Y CWwW 0.25
EPRI1004702+ 14Q0-7 PWHT 760C-2hrs  593.3  155.1 484.6 Y CWwW 0.25
EPRI1004702+ 14Q0-8 PWHT 760C-2hrs  593.3 1862 77.9 Y CW 0.25
ER90S-B9 1 PWHT 745C-3hrs 593 175 2092.8 13.5 14.7 weld All Weld Metal
ER90S-B9 2 PWHT 745C-3hrs 609 150 322.2 26 70.1 weld All Weld Metal
ER90S-B9 3 PWHT 745C-3hrs 621 135 2468.9 12.8 33.2 weld All Weld Metal
ER90S-B9 4 PWHT 745C-3hrs 649 110 1488.1 10.5 233 weld All Weld Metal
ER90S-B9 5 PWHT 745C-3hrs 649 97.9 1334.9 8.9 27.3 weld All Weld Metal
ER90S-B9 6 PWHT 745C-3hrs 649 88.3 5479.6 10.1 335 weld All Weld Metal
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IWH
VI

Rupture Creep Red. Of Specimen
Specjmen ORNL Temp. Stress Life Rate Elong. Area Failure Specimen Dia

Weld ID / Ref 0 TN Condition (©) (MPa) (hrs) (%/hr) (%) (%) Location Commeant Type (inches)
PC-52 8R 30344 PWHT 810C-1hr 600 170 76.7 0.0058 19.7 75.9 HAZ 2.251GL CW 0.25
PC-52 6R 30341 PWHT 810C-1hr 650 100 71.9 0.0055 22.4 43.5 HAZ 2.25" GL CW 0.25
PC-52 9R 30436 PWHT 810C-1hr 600 140 686.2 38.1 HAZ 2:25" GL CW 0.25
PC-52 11R 30434 PWHT 810C-1hr 600 120 2261.9 24.6 HAZ 2.25" GL CW 0.25
PC-45 3T 30849 PWHT 760C-1hr 600 120  2685.1 4 17.6 HAZ CW 0.25
PC-45 4T 30837 PWHT 760C-1hr 600 100  7996.9 25 5.2 HAZ CW 0.25
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PART 3: DEVELORPMENT OF WELL
JOINT INFLUENCE FACTORS
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SUMMARY
This report represents part of a larger research project aimed at developing weld strength reduction factor

S

(WSRF) and weld joint influence factors (WJIF) for service in the creep regime. The project is sponsored
by ASME Standards and Technology, LLC (project # 3052) with co-funding from the Electric Power

Research Institute. This report covers Task 2 of the work that details the development of structural model
to evaluate WJIFs.

S

The primary objective of Task 2 was to develop an analysis tool to evaluate the creep rupture strength. of
weldment relative to that of base metal. The tool is intended to capture the influence of a range of weldmen
ariables relating to configuration, geometry and materials properties. This report summarizes developmen
af the tool and its benchmarking against selected cases of high-temperature, long seam weldment pipin
field and component testing experience. As part of the Task 2 effort, alternative methods for analysis wer
gompared to detailed methods to evaluate the feasibility of using simplified methods to rapidly characteriz
g broad range of geometric and materials combinations. These models were comfpared with structure
dgomposed of equivalent parent and weld metal in order to develop factors, referred to as WIIFs, t
demonstrate the utility of the model for future use in establishing weldment.design rules. To make a
dccurate prediction of weldment creep failure it is necessary to have certain\elements of knowledge an
material data available. These are:

(a) Constitutive models for creep deformation of all material components of the weld

(b) A model of creep damage initiation and accumulation to track‘damage

(c) A suitable finite element program and appropriate modelsyof typical weldments

(d) A simple and economical methodology in order to“assess the many possible combinations o

materials and geometries likely to be encountered in\weldment design
(e) A number of benchmark problems as a check op,predictions of simple methods

Having carried out a survey of past efforts in the\detailed analysis of weldments, a methodology wa|
developed for calculating WJIFs for any practical-combination of materials and weld geometries.

This process involved evaluating a number of well-documented examples of field weldment failures an
domponent tests using relatively complex models of creep deformation and damage accumulation, an
developing some simplifying assumptions from the experience to help produce a quick and computationall
gconomical WIIF calculation methedology. As a result of this exercise, it was possible to circumvent us
af complex material models anclinstead use simplified models more routinely available to designers fror
gxisting databases.

This methodology has_been demonstrated by applying it to a representative set of weldment types. Sinc
the full spectrum_of.weld geometries and material properties is very large, this study focused on examinin
the limits of some of the more important variables, such as weld geometry, heat-affected zone (HAZ
groperty variations, and component configuration of low alloy steel pipe seam and girth welds. The exercis|
demonstrates the utility of the methodology and tool.
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1 INTRODUCTION

This report represents part of a larger research project aimed at developing weld strength reduction factors
(WSRF) and weld joint influence factors (WJIF) for service in the creep regime. The project is sponsored
by ASME Standards and Technology, LLC (project # 3052) with co-funding from the Electric Power
Research Institute. The overall objective of the project is to provide materials data and a methodology for
addressing weldments in ASME Codes and design allowable stresses. This report covers Task 2 of the work
that details the development of structural models to evaluate structural effects in weldments (WJIFs).

A flow diagram representing the complete project is shown in Figure 92.

Figure 92: Project Outline

Project Management: EPRI

Literature Review
(Open’ Restricted) _ TaSk 1a ..........................

EPRI
!
Development of WJIFs Development of WSRFs
— Task 2 e — Task 3
D. Marriott, P. Carter, EPRI
SES R.Swindeman, Consultant
WJIF Report WSRE Report :
-Task 2 “Task 3 Develop
0 I Application Guideline
-Task 1b
EPRI, All
Application Guideline
[ _[“Deliverable Final Report
-Task 1

Two parameters were cited in the ASME Standards and Technology, LLC request for proposal (RFH)
goncerning'weld strength. Both are measures of the reduction in creep strength resulting from the insertion
af a weld'into a structure, and the distinction between them is subtle. According to the RFP, the intent is
that “WSRF” should refer to ratio of the strength of the weld material to that of the parent material, whereajs
theXWITE” refers to the reduction in strength of the weldment including all relevant effects such as changess
in the heat affected zones (HAZ) and geometric features, such as weld joint configuration, peaking, and
misalignment.

Task 2, “Development of WJIFs” was initiated first because the resulting models were judged to be
necessary to analyze any cross-weld material data (Task 3), with the eventual output derived from that task
to be included in Task 1b as the project reaches completion.
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For the purpose of this project therefore, the Task 2 scope focused on:

(a) Developing a systematic, preferably simplified methodology for computing WJIFs that can be
applied generally to any combination of geometric and material variations that might be realistically
expected in weldments produced by construction in accordance with the rules of the ASME Code
[1], and associated Standards of piping construction [2]

(b) Limited benchmarking of the methodology by applications to selected known cases of field long
seam weldment piping failures and component tests

(b) Providit g1 oofofcot u,c:pt by app=yi| 9 the |||cthudu=ugy toa TCPresSet tative-crosssectiorof typib
material and weld geometry combinations

(d) As an addendum, such insights as might be gained from the work done in (a) and (b), to make ap
initial exploration of weld and weldment test sample configurations, and to start looking at the
potential value of the commonly performed cross-weld test; results from this effort are beinp
consolidated with the Task 3 activity and will be reported on later.
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2 DESCRIPTION OF WORKSCOPE

The first of these Task 2 objectives, involving the construction of a mechanical and material model to
theoretically predict failure, comprised the major part of the project task. This was followed by the
development of a systematic procedure for computing Weld Joint Influence Factors (WJIF), that can be
applied to a wide range of material and geometric variations, as is expected to be found in typical piping
weldments. Finally, and to be documented as part of Task 3, as one subset of weld geometries of interest,

t

he behavior of test specimens such as the cross-weld test were explored as a means of obtaining basic

!

ls

4

=< 0O < N Y O ol

|

roperties of the separate material zones found in a weld.

.1 Weldment Model Development

[he first step in the project was to identify a suitable computational model for assessing variations in welfl
onfiguration.

\ weldment is a complex structure. Geometrically it may be simple, but weldments.are made up of sever3
ones with different material mechanical properties, some of which are due to actual material differenceg,
vhile others, including post-weld heat treatment, are a result of the welding thermal history. The propertie
f these materials are difficult to measure accurately because they may exist-only in thin layers within th
veldment, requiring the use of miniature specimens or generation of material via simulated heat treatments.

D O

'he work done to develop a suitable model involved several subtasks:These were the following:

(a) Review the prior history on weldment modeling. This review forms Appendix B of this report.

(b) Select suitable generic material constitutive and failuremodels from among the current candidates
available in the technical literature.

(c) Develop a process for quantification of weldment material properties to cope with the lack of direc
experimental data for regions such as heat-affected zones (HAZs).

(d) Develop a methodology for the analysis ofiweldment deformation and failure.

(e) Build Finite Element (FE) models to simulate well-documented examples of weldment failures in
the field and in laboratory studies, to-validate the proposed methodology.

() Examine opportunities for simplification and approximation of the analysis procedures i
anticipation of the need to apply the methodology to a wide range of configurations, and teg
approximations against more_detailed computations.

—

— -

.2 Computation of Weld Joint Influence Factors

\ Weld Joint Influence Factor (WJIF) is defined as the ratio of the creep strength of the welded structur
p that of the equivalent structure composed of homogeneous parent (base) material. Since cree
eformation and damage are both time dependent, the WJIF should be calculated for a specified time-tg
pilure.

O (D

[he standard.output of a creep failure assessment is the time-to-failure under a specified load, includin
oth mechanical loading and operating temperature. It is therefore a relatively straightforward matter t
alculate the reduction in the life of a structure arising from inserting a weldment. For design purpose

D O O &

owvever, it is the ratio of the strengths at a specified time that is of interest. Calculation of a WJIF therefor,

C

requires some post-analysis evaluation of Tinite element (FE) predictions in order to arrive at the desired
result, since it is not a simple matter to select loads a priori that lead directly to the same time-to-failure in
both welded and non-welded structures.

As a corollary, WJIF’s may also depend on the specified design life over which they are calculated, with
the effect generally becoming more significant (i.e. the WJIF typically decreases) with decreasing stress
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and increasing life. WIIF’s calculated from short-term data may therefore tend to be optimistic when
applied to longer service lifetimes.

2.3 Assessment of Test Specimen Geometry

Material properties are a critical path in the quantitative evaluation of weldments because of the difficulty
of isolating sufficient material to represent each of the several zones found in a typical weldment. The
weldment zones may consist of:

D < = [ D M

- —0 o =

(a) Base, or parent material

(b) Weld material

(c) Several regions in the Heat Affected Zone (HAZ) with properties ranging from typically weak (fin
grain (FGHAZ)), to strong (coarse grain (CGHAZ)) relative to the parent material, depending o
the welding and post-weld thermal history

(d) Dissimilar metal interfaces that may form very thin layers with distinct properties due to mutug
diffusion and dilution

D

—

Dnly the base and weld materials are readily obtainable in quantities large enotgh to conduct standar
pecimen creep tests. Properties of the other weldment zones must be obfained by innovative use g
hiniature specimens, heat treatment of large samples to simulate HAZ microstructures (using a Gleebl
nachine for example), or by inference from composite specimens cut frem weldments, containing all th
arious microstructures in a single specimen, the latter usually beingcof the type known as a “cross-weld
pecimen.

o (D (D =y L2

Miniature and microstructure-simulated specimens have been used successfully in several detailed studies
f weldments and it is possible that these techniques may*find wider usage in the future [3], [4]. However,
ata from these sources are unlikely to become generally available for the full spectrum of material df
nterest to ASME in the foreseeable future, which-‘means that the only current available source df
nformation on weldment properties consists largely of weld metal and cross-weld tests.
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3 DETAILS OF WORK PERFORMED
3.1 Weldment Model Development

3.1.1 Subtask 2-1: Review the Prior History on Weldment Modeling

A considerable body of research literature has been generated on the modeling of weldments and prediction
of failure by creep at elevated temperature. A more complete summary of the literature survey carried out
gds part of this project is given in Appendix B of this report.

The salient features of this work are a consensus on the following points.

(a) The creep rupture strength of weldments is governed by the reduced strength of local regions in th
weldment due to the presence of dissimilar materials, and microstructural differenees due to th
welding and post-weld thermal history.

(b) Weakened zones in the weldment fail prematurely in part due to higher creep+ates, but also due t
the development of complex multiaxial stress states caused by the differeftial creep rates, whic
lead to heightened levels of hydrostatic constraint that, in turn, acceleratesthe rate of creep damag
accumulation.

(c) As with homogeneous structures, creep rupture in weldments usually proceeds by the generatio
of local creep damage progressing into the coalescence of voids.\This process leads to local failur|
that may manifest itself as a cracklike defect or a diffuse region of fissured material with little g
no load carrying capacity. Emergence of this zone of local failure is referred to as “initiation”. |
marks the onset of a period in which the damaged region’ spreads until the remaining structure i
unable to sustain the load, at which time “general sttuctural failure” occurs.

(d) The damage process generally consists of a local “initiation” phase, followed by propagation o
damage leading to final structural failure. Prediction of the propagation phase in a structure is
very complex problem. Given (a) the complexity of predicting the creep damage propagation phase
(b) that existing methodologies for developing design allowable stresses do not explicitly considg
propagation, and (c) that a method of WAIIF development that excludes consideration of propagatio
is expectedly more reliable and reproducible (more so in cases where propagation represents
relatively small fraction of total-lifetime), for this study, local damage initiation is adopted as th
definition of weldment failure;This constitutes a major simplification of the WJIF computation.

D

[ U = =< (D I D =2 O D

W o o = <

3.1.2 Subtask 2-2: Selection of Suitable Material Constitutive and Failure Models

The purpose of material modeling in weldment studies is twofold. Firstly, it is necessary to reproduce th
inhomogeneous creep @deformations leading to development of the localized constraint that drive
dccelerated creep damage, or the simple failure of the component by excess deformation. This calls for
q
g

b D v D

onstitutive modehtebe used as input to the FE analysis. Secondly, a damage criterion is required for th
valuation of failure in terms of the computed stress and strain histories.

A wide selection of detailed and simplified material models has been used at various times to compute th
Hehaviorof weldments. Appendix B provides a brief history of past work in this field. For the present study
the decision was made to use the following models.

D

3.1.2.1 Choice of Constitutive Models

This is the material model defining the relationship between applied loading and the resultant deformations
of the component.

The constitutive model selected is based broadly on the MPC Omega model, published in the ASME/API
FFS Guideline API 579/2007 [5]. This model provides the essentially tertiary behavior observed in a large
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percentage of engineering structural materials. Most importantly, it is linked to a database of material
properties covering a wide range of the generic material types approved for use by the ASME Code. This
database is understood to have been generated from much of the same material data used in the calculation
of design allowables in Section I, Part D of the ASME Code, thereby minimizing the potential confusion
that can arise from mixing data from different sources. A summary of the MPC/Omega model is given in

Appendix C.

hC OIIICUG IIIUdC:, ads pubhohcd ;II AP: 579, bUIIta;IID tVVU fCQtUICD G.;IIIC(.I'l G.t abqullt;llg fUl =a|g
deformation and multiaxial effects (see Appendix C). The first of these is the aq factor intended to allov
for large deformations leading to ductile instability. The second is the &¢ factor, which accountsfor th
gffect of multiaxiality on creep rupture damage accumulation by modifying the parameter;\Q2." Thes
ghenomena are handled differently in this study.

Ductile instability is automatically accounted for by using the nonlinear geometry feature inherent in th
RE code employed in the study (ABAQUS Versions 6.7 and 6.8 [6]). The aq factor istherefore always se
D 1.

—*

[Pamage accumulation is taken into account using an independent damage-parameter based on a model g
oid growth instead of using a single parameter for both deformation and-tdamage as used in the Omeg
model.

<

[d%)

.1.2.2 Choice of Damage Accumulation Model

'he method of calculating damage accumulation used in this.study is based on the Rice/Tracey model g
oid growth that takes the effect of multiaxiality into account by an acceleration factor applied to th
ffective strain, resulting in a reduction of ductility given’by the equation [7] (see Appendix D for a reviey
f the background of multiaxial creep failure),

d
dDC 1 off eXp l 3GH _1
dt gz dt 2\ o

vhere “D¢” is a number representing-the fraction of creep damage. According to this equation “damage” i
his format grows proportionally:to'the creep rate, up to the rupture strain, accelerated by the exponentig
function containing the constraint factor,

QO D < ol

mises

—

CT = BGH/Gmises.

By making the assumption that the creep rate is a Bailey/Norton n-power law,

de, Ko
dt

is possible to restate this constraint effect as an effective “rupture stress”, og, such that

ORr = Opises EXP [Ol(CT _1)]

—

D <

D

—

e

=3

Where “a” is theoretically 1/2n, has been reported to empirically vary from 0 to 0.25, and for this study has

been set at 0.2, consistent with what is used for many structural alloys.

This describes the method used to calculate “D¢”, the creep damage. When this quantity reaches “1” it i

N

assumed that local rupture occurs. The time to reach this state can be calculated by entering curves of

rupture time versus stress at the stress level, or.
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The rupture data used in assessing time-to-failure has several sources. It can, for instance, be calculated
directly from the Omega model, by using rupture data provided in API 530 in the form of Larson-Miller

curves, or from other published models.

The API530 data are also provided in AP1579 as an alternative to the Omega data, primarily for assessment
of heater tubes (see Annex F of [5] for details). However, neither of these databases shows the underlying
data. In Task 1, data are being assembled for a range of materials and weldments, but for the Task 2 model

CVC:U}JIIICIIt, va“datiuu, al Id \VAVI\“F atudy, thl: AP: 530 LCUI'vco VWCIT ut;“LCd. FUI Gladc 22, thC AP: 53
qurve was adopted for damage assessment because it appeared representative of the Grade 22 raw materia
database from EPRI report TR-110807 [8]. This is also consistent with the findings of Brear who evaluate
g number of different rupture models for Grade 22 (including 1SO, API 530, BS PD 6525, DIN, Omega
gtc.) [9].

3.1.3 Subtask 2-3: Synthesis of Weld Sub-Region Properties

The material regions in a weldment can include:

(a) Parent, or base material

(b) Weld deposit

(c) Coarse Grained HAZ (CGHAZ) (ferritic steels)
(d) Intercritical HAZ (ICHAZ) (ferritic steels)

(e) Fine grain (FGHAZ) (ferritic steels)

(f) Fusion boundaries and mixed composition zones

d

S 0O)

Al others need to be estimated by unconventional or inditect means. This includes testing of miniatur
pecimens or material of simulated microstructures.

(7]

'his is a task primarily concerned with development of a methodology into which material properties fror
irtually any source can be inserted. The approach adopted here was to model the different regions of
veldment by an equivalent temperature shiftSelected to match the creep strength difference compared wit
e base material. Figure 93 illustrates ‘How, in principle, this shift is translated into “weaker” materig
roperties. This approach is not necessary for eventual implementation of the model, but for this task, th
nethod offers an efficient means of changing material parameters to evaluate effects.

s Ty T o <~ |

Dnly the first two materials on this list are generally available as data collected in conventional creep tests.

D
I
i

D
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Figure 93: Temperature Shift for Equivalent Material Properties

Simulated Creep Rupture Properties
using Temperature Shift
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Notes: A 60°F temperature elevation above 1000°F is equivalent to material with a rupture life
approximately 60% of that of thedase material.

Rupture data are not sufficient in themselves for the evaluation of welds, because creep rate differential
re a major factor driving the multiaxial damage process. Unfortunately, for many materials of interes
reep rupture data is the only information available, leaving this simple procedure as the sole option. |
uch instances, it is possible to make use of the:Monkman/Grant relationship [10], which states that, for
vide range of material conditions, the time-te-rupture, tg, and the minimum creep rate, mcr, are linked b
he equation,

~ < 0V O QD T

tr.(mcr)"=C
“im” is close to 1 and, for correlationsover small variations, as is the case when comparing different variant
gf the same material following.different heat treatments, can be assumed equal to 1. This establishes th
inverse relationship to be used to calculate mcr when no data are directly available.

.

.1.4 Subtask 2-4--Methodology for the Analysis of Weldment Deformation and Failure

d

'he detailed evaluation of the creep rupture life of a weldment is a major undertaking. Ideally, it require
n understanding of fundamental failure mechanisms, knowledge of the constitutive relations governin
oth deformdtion and damage accumulation, and quantitative material data for a number of material variant
aused by the welding process that are difficult to obtain (see examples in Appendix B).

[ T an will « b N |

Givemthat the developed procedure will be expected to be applied to a large population of weldmen

D

[72]

[72)

t

onditions, it was obvious from the outset of this project that there was a need to search for simplifie

models that can be run over and over again with reasonable economy of effort and provide answers suitabl
for practical design purposes.

e

Therefore, while it is possible to develop highly sophisticated models of welds, and this has been done in
isolated cases, the emphasis in this study was on finding simplified methods of analysis that can provide a

useful solution with the available information in support of establishing design guidelines.

248


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

As a first step, however, a small number of detailed studies were undertaken to determine the key elements
of the problem and to provide a baseline for, and benchmarking of the analytical procedures.

For benchmark purposes, three examples were selected:

(@)

Test of a low alloy steel welded pressure vessel by the CEGB in the UK. Although constructed of
1%, Cr Y2Mo V steel, which is not listed in Section Il Part D of the BPV Code, this vessel test has
been documented very thoroughly and has been the focus of several independent studies which

] T TS TS

h

(b)

(©)

(@)

(b)

(©

(d)

'he initial focus for this work concentrated on the ferritic steels because theycpresent a more comple
naterial and structure interaction due to HAZ property variation and because/theSe represent the greates
ercentage of interest in piping construction. Because austenitic alloys.do not go through a phas
ransformation during welding, HAZ regions are not reported as having suctva wide variation in properties.
[hus, any model and procedure developed for the ferritic steels is expected to be applicable by essentially
naking HAZ regions equivalent to base metal.

Analysis of these cases confirmed the findings of the literature survey concerning the evolution of failur
f weldments by creep. This process takes the following steps:

;IIb:UdC QUITIT ;IIfUIIIIat;UII VTl thC d;fflbuh taai\ Uf qucultif'yillg VVC:dIIICIIt |||at5|ia= }JIUIJCIt;
(partially described in Appendix B and discussed further in Appendix E).

Sabine Grade 11 seamed piping failure. Fusion line failure documented by EPRI invelving
relatively thin section, hot reheat pipe bend weldment with no unusual material inhomogeheitie|
and no off-normal operation (Appendix E).

Mt. Storm Grade 22 main steam seamed link piping failure. Weld centerline fatlure’ involving p
relatively thick-section straight pipe section (Appendix F).

(220N

D e~ X

D

First, loading is carried elastically with little evidence of the presence of the weld, since the only
material property in prominent use is the elastic modulus, which is not greatly affected by th
material microstructural variations found in\a typical weldment.

Creep causes a redistribution of stresses;most importantly leading to the load carried by the weake
regions of the weld being offloaded from shear stress governed by the Mises effective stress, to th
hydrostatic stress component. These terms and others are defined in Appendix D, which review
the stress state effects on failure.

Depending on the type and ‘quality of the material involved, this transfer of load can be beneficia
or detrimental. If the material is ductile and resistant to cavitation, increasing the participation g
the hydrostatic stresscan‘extend the life by reducing the deformations normally produced by sheat.
If the material is prane to cavitation, this tendency is accelerated by the increase in hydrostati
stresscc, reducing;the rupture life.

Void initiation)and growth is the underlying mechanism of creep rupture in typical servic
conditions:of/stress and temperature. Failure by void growth is only a matter of generating enoug
inelastiC.strain to drive the cavitation process. In many simple tensile tests, it is not possible t
generate the necessary strain until well into tertiary creep. The stress state has a strong influenc
onthis growth process (see Appendix D for details). If constraint is added, the strain-to-failure ca
be” significantly reduced, leading potentially to brittle rupture before tertiary creep can becom
established.

o) (D — 142

— —
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(f)

The evolution of creep damage can be tracked as a function of either the accumulating inelastic
strain, or the sustained stress state. This state can be represented by a “damage parameter”, D, such
that failure occurs by creep rupture in a local volume of material when D = 1. This point in the
operating history is designated “initiation”.

Initiation is not necessarily followed immediately by failure of the component, except in simple
statically determinate structures. Creep damage does not form a sharp crack in the manner of
fatigue, but produces instead a somewhat diffuse region of fissured material whose load
transmitting capability has deteriorated to zero. It is true that the cavitated material may, on
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occasion, be channeled by the geometry to form a defect that looks cracklike (see, for instance, th
CEGB study described in Appendix E). This form of damage may be treated conservatively as

e

e
a

single crack for purposes of analysis but, generally speaking, the sharp, singularity generating tip
of a true crack is not present. As material loses load carrying capacity, load is transferred to adjacent
material that eventually fails, passing the load on until there has been sufficient deterioration that

the structure collapses. This phase in the life is designated “damage propagation”.

H % oo ol 3 £-11 H HGE P H b oL oot o] 1L [
FOUTTIT THStaricts, Uit UdiTiayt gropayadulmt TUIMTUWITTY Trirativrr LdlT ULLUYY a TTHiajul Jalt Ut uic tutar 1ic, 1

n ASTM sharp notch specimen, for instance, where damage initiates first at a very localized stress/strai

O Q

N many instances of weldments of primary relevance to this project, however, the propagation time i
roportionately not large. This is possibly because the stress concentration is usually net farge, strengt
eduction being derived more from discontinuities of creep rate properties from one zone to another. A
oted earlier, given (a) the complexity of predicting the creep damage propagation phase, (b) that existin
nethodologies for developing design allowable stresses do not explicitly considerpropagation, and (c) th3
method of WIIF development that excludes consideration of propagation is expectedly more reliable an
eproducible (more so in cases where propagation represents a relatively small fraction of total lifetime
pr this study, local damage initiation is adopted as the definition of weldient failure.

= S Q) = 5 57T ==

or this reason, the definition of “weld failure” adopted here is ipitiation, i.e. cumulative damage, D =

pcally. When applied to the extent of damage means a small, bat'finite volume of affected material, larg
nough to average out extreme peaks of stress and/or strain but small enough that loss of strength in tha
olume has no significant effect on the gross structural response. In practical terms, a volume of materia

'his is the value used in R5 and the Japanese HT codés'to define “local” plastic deformation. As it appli€

jiven, e.g. a FGHAZ band 2 mm thick (~ 0.08%/ this leads to a definition of “local” of about 0.008”. I
ddition, “damage” was based on the element average rather than the element Gauss point values.

QL At o O < (D =

'his decision to use the initiation definifion of failure is not only driven by the relatively short propagatio
me experienced in weldments, but also because the process of damage evolution remains an area
esearch, and no clear consensusthas been reached on how to model it. In addition, there are material relate
henomena in welding that could have significant effects on the damage propagation process in the welg
s opposed to idealized test gonditions. It is beyond the scope of this effort to include a full discussion o
dll the factors that can complicate the issue, but one obvious one is the potential for local ductility to b
degraded due to the introduction of particles and other impurities into the weld, to form sites for prematur,
void initiation. In these circumstances, even if it were possible, in theory, to estimate the propagation phas
af creep ruptureitwould be imprudent to include this estimate in a procedure intended for design purposes
Recause of the tonsiderable uncertainty attached to such an estimate.

Q T TS = ]

With weldment failure established for practical purposes as being “initiation”, i.e. D = 1 locally, th
tructoral analysis reduces to a much simpler task.

()]

oncentration, the time spent in propagation can be an order of magnitude greater than the time to ipitiatior).

f about 10% of the size of the detail causing the local-high stresses appears to be an accepted estimatq.

D this case, damage extending 10% of the thickness.of the weak layer is considered a plausible definition).

L Q2 00 2 O

—_— e+ (D F—

[72]

- (D (D (D =—h - LI =—h O

w

Firstly, it is possible to dispense with complex constitutive models whose primary objective is exactly th

e

prediction of the final, propagation phase of life, and revert to simpler models of the Bailey-Norton form

that do not require special programming techniques for their implementation.

Computationally, the consequence of this simplification is that computing stress/strain histories and the
creep damage resulting from them can be treated as two separate and sequential steps instead of a single
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procedure containing a large amount of interaction. This means that simplifications of both the stress/strain

history and the mechanism of damage accumulation can be explored as separate items.

In the case of the stress/strain history, a simplified technique is already known to exist, based on the

Reference Stress approach (see Appendix G for explanation). This technique is an approximate one fo

r

estimating the stress state in a creep structure from a time independent limit load analysis. A Modified
Reference Stress method with application to welds has been in existence for several years and forms part

£ £l RNecdals D | [ |
FUIC DITUSIT o PJruLttulurco 1L 1],

0 avoid confusion, it must be explained here that the Reference Stress technique does not attempt t
pproximate creep by some form of time-independent plastic deformation. It is purely a technigque fo
pproximating the stress state. This procedure leads to a further decoupling of the problem; which ha
Iready been separated into structural and damage related calculations, by also separating essentiall
tructural behavior from material deformation behavior. In fact, the structural analysis.becomes virtuall
hdependent of material properties, and material behavior can be provided independently, if necessary
irectly from test data.

o = N

hY

3.1.5 Methodology Development in Summary

(a) Examine several significant weldment failure case studies in detait; to calibrate and benchmark th
analytical methods, and to provide a baseline against which te-judge future approximations.

(b) Identify “initiation”, being the attainment of D = 1 in a local volume of material, as the definitio
of weldment failure.

(c) Based on the initiation assumption, separate the assessment procedure into structural analysis an
damage calculation steps.

(d) In the structural analysis step, the choice exist§’to apply a range of analysis methods of varyin
computational complexity, matched to available resources and data. These can range from
detailed analysis based on a sophisticated constitutive relation, if one is available, throug
simplifications such as the Reference Stress approach, to hand calculations in simple situations.

(e) The stress/strain history obtained.from (d) above is the input to the damage calculation as
sequential step. In this study, forinstance, creep damage is assumed to be driven by an equivaler

T 3o,
“rupture stress” whic¢h/includes a correction for the constraint factor, O'm_ . in th
1Ses

form of the Riee/Tracey factor (see Appendix D).
() Life for theweldment is defined by D = 1.

MY

.2 Comgputation of Weld Joint Influence Factors

d

pefore going on to describe the work done, it is worth taking time to sketch out briefly the full extent g
his task)\the reasons for the scope limitations made.

~ m

~ N O = J

—

— D

D

[he standard output of a creep failure assessment is the time-to-failure under a specified load including

both mechanical loading and operating temperature. It is therefore a relatively straightforward matter to

calculate the reduction in the life of a structure arising from inserting a weldment. For design purpose
however, it is the ratio of the strengths at a specified time that is of interest. Calculation of a WIIF therefor

S
e

requires some post-process analyses of FE predictions in order to arrive at the desired result, since it is not
a simple matter to select loads a priori that lead directly to the same time-to-failure in both welded and non-

welded structures.

251


https://asmenormdoc.com/api2/?name=ASME STP-PT-077 2017.pdf

STP-PT-077: Development of Weld Strength Reduction Factors and Weld Joint Influence Factors for Service in the
Creep Regime and Application to ASME Codes

The definition provided by ASME for a “weld joint influence factor” (WJIF), is that it is the ratio of the
creep strength of a weldment to that of the equivalent structure made entirely of base material. A WJIF can
include virtually any feature, metallurgical or geometric, that can contribute to a creep strength loss in the
welded component. This is a significant computational task even if only one material set and one geometry
are involved. In order to provide data to be used in design, many combinations need to be evaluated.

The following is an incomplete list of factors likely to influence WIIFs:

(Cl) ?V'Iatcﬁo.: gladc - ThCIC alc htc:lo.”y huudlcdo Uf IIIatCI ;G:D hatcd ;II thC ASNIE CUdC VV;th pUbb;bL.
application to welded pipe construction. Even API 579, which lumps material together into generi
groups, lists over 20 materials of interest.

(b) Weld consumables — Every weld has alternative consumables dependent on usage, availability and,
often, personal choice.

(c) Heat treat-modified microstructures — Beside the obvious distinction between: base and welfl
material, the typical HAZ is a composite of many microstructures, often having very different cree
properties. This in turn can vary depending on whether post-weld heat treatment (PWHT) has bee
administered or not.

(d) A weld may be a V-groove, X-groove or K-prep (two side weld), J-grove or narrow gap with
range of dimensions and aspect ratios.

(e) Geometry — Welds can be seam or girth welds in pipes, straightWwelds in flat plate, or comple
geometries related to nozzle and attachment welds. Piping welds‘alone can vary considerably fror
thin wall, with nearly constant nominal stresses, to thick wall/in which stresses vary significantl
through the wall, and the failure site can migrate, e.g. ftom bore to outside surface, depending o
the damage criterion that is considered relevant.

(f) Size effects — Microstructural layers formed in HAZS, for instance, tend not to vary substantiall
in width. The aspect ratio of the layer, thereforg, varies with the component thickness and this, i
turn, can have a major effect on the build-up.:efhydrostatic tension in the weldment.

(9) Structural Loading — Welds can be subjected to transverse (seam weld), in-line (girth weld), pip
section and through thickness bending loads, all of which might be expected to act differently, an
therefore require different WJIFs.

(h) Surface Features — Root, toe and reinforcement geometries deviating from the ideal dressed welfl
profile

(i) Manufacturing defects — Peaking and misalignment

() Design Life — WIJIFs are not a single number, even for a defined set of material and geometri
parameters. It has heen“observed, for instance, that WJIFs tend to be smaller (more strengt
reduction) for lowtresses and longer lifetimes. Temperature may have an effect as well.

(]

= O

j23)

[ D N 2 X

L (D

- C)

It is impossible to address all these variables in one program. The intent of this project is to develop p
methodology that can be applied in a relatively routine fashion to the many welds and configurations that
dre possible, andto demonstrate the application of the methodology by selective examples. For this purpose
g
M

range of .fepresentative weldment geometries have been analyzed as the proof of concept for th
nethodology:.

D

=

Vhilesthe range of materials of potential interest is very large, the data requirements are minimal, at leagt
s far as the simplified method used here is concerned. All that is needed, as a first step_is the rupture data
Ideally, for a more accurate evaluation, the minimum creep rate (mcr) is required as well. However, the
mcr is not available for many of the materials of interest, although it does need to be estimated somehow,
in order to implement the calculation, using, e.g. the Monkman/Grant relationship [10]. This means that
any practical methodology needs to be able to function using the rupture data alone. Given that fact, in
reality, it is sufficient to demonstrate the methodology with only one material in order to verify that aspect
of the concept. The material chosen for this exercise was Gr22. This is a material for which EPRI has a
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large database divided into base, weld, and welded samples of various configurations, and was therefore
considered a good starting point (Slide 6 of Appendix H).

The set of weldments used to demonstrate the extraction of WJIFs from FE results explored the following

variables:

(a) Material — Gr22 at a fixed nominal temperature of 1000°F

(b) Geometries considered — flat plate, seam weld in pipe, girth weld in pipe

(b) Thlb:\l ITSS — E}\G.I I II.J:CD CUI ID;dCI Cd valy fl UITE Sl |a” D;I I |u=atcd Ul UDDVVCId prbilllCllb Uf GGS
diameter (2 mm) to thick walled pipe 57 thick. Thickness variation was not evaluatefl
systematically, but some trends could be observed given the variations examined.

(d) Weld Profile — V-, X- (K-), J-prep and flat (parallel side) welds

(e) Loading — Mechanical transverse and parallel tension, internal pressure and end loading on piping

() Manufacturing Defects — peaking and misalignment

These parameters were not varied individually in great length. This was a sensitivity study intended t
iflentify significant effects and to explore the limits of applicability of the approximations used in the modg
donstruction and analysis process. The geometries considered are provided indmore detail in Appendix H,
which describes the WIJIF study in more detail.

— )

Calculation of a WJIF for a given configuration consisted of the following steps:

(a) Calculate the rupture life of the component assuming nominal-base material properties throughout.

(b) Define the welded structure by specifying the appropriate properties for each of the zones in the
weld and repeat the rupture life calculation using the Same loads used on the nominal case.

(c) By reference to Larson-Miller data from API 530, transform the time to failure at the specified loa
for both geometries, to the loads required to cause failure in a specified time.

(d) The WIJIF is the ratio of the load to cause failure in the welded component, to that of the bas
material component and is particular to asspecified time. Figure 93 shows clearly that this rati
increases with increasing time-to-rupture<The only way to define a single valued WIIF is to specif
it at a standard time. In the nonnuclear sections of the ASME Code, and in B31, time dependen
design criteria are already specified at a nominal 100,000 hours, and this practice could be extende
to WIIFs. Otherwise it must.include time dependent variation as might be the direction taken i
nuclear applications, for instance, where time enters the design procedure explicitly. In the absenc
of any rule, the practicesin this project has been to evaluate the WJIF at the time-to-failure of th
welded structure. No-restriction on the methodology is incurred by this assumption, and any othe
convenient time can be used.

=N

= (D (D I OO ~+ < O W

3.3 Cross-Weld Tests

The cross-weld test'is not universally favored as a data source if considered as a basic material test becaus
the results inthe.form of rupture times and, occasionally, minimum creep rates, are composites, and do ng
grovide information on the behavior of the separate constituents of the weld. However, for many, if ng
M
M

D =~ ~ D

nost of.the-materials of interest, information on crossweld data is the only information available and a us
eeds to'be found for it if at all possible.

InStead of Viewing the CrosSwWeld 1est as a purely material test, it is possible, With Some insignt into the
characteristic behavior of the different microstructures in a weldment, to construct a detailed model of the
test specimen and, by reverse engineering, infer material properties from predictions of the overall creep
response. In the course of searching for suitable material data to used in WJIF calculations, it became
apparent that thought needed to be given to the utilization of crossweld data early on in the proceedings,
because this is, and is likely to continue to be, the primary source of weldment property data on a wide front
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for the foreseeable future. Finding an acceptable way of making use of it is therefore a problem that will be
explored further in the Task 3 workscope.
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4 RESULTS
Results of this study come under two basic headings:

e Conceptual ideas for simplified WJIF computation, and
o Numerical predictions of WIJIFs for selected examples.

4.1 Concepts

L

Q << =h M

O~ 5 O~ O =~

[iterature searches, combined with some Independent analyses in which attempts wWere made to Tolfow, I
amage process all the way to structural collapse, have permitted some useful approximations to be mad
N preparation for calculating WJIFs on a broad front.

[1°]

D

\s explained in the preceding section, the practical criterion of creep rupture is taken to becinitiation, i.g.
he time to damage, D = 1 locally.

Al the difficulties involved in computing complete structural collapse by creep,are bound up with th
nteraction between evolving damage mechanisms and structural deformation’~The ability to halt th
nalysis at a point where this process is just beginning is a very significant advance, because it allows th
eformation of the structure, which drives the damage process, and the damage process itself, to be carrie
ut independently as sequential operations.

LW D D

ince the deformation and damage calculations have been decoupléd, tnconnected procedures may now b
sed, thus opening up the opportunity to utilize approximate methods that can be applied independently g
ow the remainder of the evaluation is being carried out.

=—h (D

Dn the negative side of the argument, it is beginning tozappear that the desire for a single valued WIIF t
t all occasions may be too simplistic. It has become*clear, from examples analyzed in this project, that th
\VIJIF is generally dependent on a large number of geometric and metallurgical features, as well as the timg
n-load. As design lives increase, the WIJIFs candecrease, i.e. strength loss increases.

1 DO

Dn the positive side, it seems that it is possible to deliver an approximate method of weld assessment tha
5 simple enough to permit weld strengths to be calculated directly, on an application-specific basis, as pa
f the design procedure. In fact, there-are a number of different methods with varying degrees of complexit
hat can be chosen to suit the requirements of the design program. In effect, this means taking the weld oy
f the material category and(placing it with the structural components. Given that case-specific design i
ormal for such features as\nozzles, and welds are both as ubiquitous and possibly even more safety criticg
han nozzles, this shift would not appear to be a very difficult transformation once the decision is made t
0 it.

U = —~+ < ~+

inally, the findings outlined above have been compiled into a systematic procedure for calculating WJIH
hat can be used either to construct design data for inclusion in the ASME Code, or as a procedure to b
sed direCtly in design, as proposed.

[72]

D

hsummary, the use of simplified de-coupled analysis methods to predict weld life is based on the

Howwinae:
LAAA A A L) |3|

(a) The approach is a priori plausible because by definition, the stress distribution is predictable with
a conventional creep analysis until the first significant damage occurs. In the creep analyses of this
report, the AP1 579 omega creep model is used without multiaxial corrections for this purpose.

(b) The use of a modified reference stress based on a limit analysis is attractive because it does not
require a creep analysis and data, and is likely to be useful for materials for which creep data does
not exist. Its justification is that the reference stress is an estimate of creep stresses.

(c) In both cases, multiaxiality corrections are made to the stresses calculated in these ways.
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1
t

4.2 Numerical Predictions

4.2.1 WAJIF Calculations

O

Q N

1
1t
q
H
ds a function of weld geometry, material zone property ‘differences, and peaking. The selected baselin
g
(
r
r

(d) The authors have had experience of weld life calculations based on:
(1) Full continuum damage mechanics models
(2) Full API579 analyses
(3) Decoupled creep and damage analyses.
(4) Decoupled limit and damage analyses.

(e) The use of decoupled initiation-based weld life calculations is reasonably widespread and accepted,
as discussed in the literature survey (Appendix B).

G . . . : . i S— .

and crack initiation, not propagation.

—+

A\ppendix H is a summary of a demonstration of the application of the WIJIF methedelogy to a range @
ifferent weldments. Figure 95 summarizes the results.

\ll the examples assumed the material to be annealed Gr22 base metal with 2%Cr 1Mo weld consumabl
t a design temperature of 1000°F.

D

'he weld was modeled in every case as five regions, with the creep properties being simulated b
bmperature shifts as given in Figure 94 (reproduced here for convehience). The temperature shifts applie
0 not necessarily represent any weldment or class of weldments, but have been chosen to represent
aseline case for the purpose of demonstrating the methodology and developing an understanding of WIIF’

ssumptions matched the assumptions used in the Sabine analysis, which was developed from publishe
bleeble-simulated material creep rate data on various ' HAZs of Grade 11 [12], and from the EPRI cree
upture database on Grade 11 weld and base metal [8], since the relative effect of temperature on cree
upture strength is similar for the two alloys.

O O L0 &7 ¥ LI

Figure 94: Table of Temperatures Used to Shift Creep Properties in Gr. 22 Material Zones for the
Baseline Case to Demonstrate the'Methodology and Sensitivity of Various Parameters to WJIF’s

Zone Equivalent Equivalent
Temperature (°F) Temperature (°F)
(weak weld) (strong weld)

Base fnaterial 1000 1000

VWeld Material 1054 1000

CGHAZ 937 937

ICHAZ 1012 1012

FGHAZ 1046 1046

'he problems ranged from a flat plate through a range of seam welded thick pipes under internal pressure,
D two types of seamless pipe containing girth welds under internal pressure and an additional syster

—

J

generatedaxiat toad:

The effects of weld imperfections were explored by inserting angular and alignment discontinuities in a
large diameter pipe.
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Figure 95: Summary of WJIF Solutions (Solid Lines) Compared to Relative Strengths of the Weak

Zones (Dashed Lines).

WJIF's For A Range of Welds
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'he results summarized in Figure 95 are broken*down into more detailed categories in Appendix H.
Dbservations are:

Tubes/pipes with Seam Welds under-Internal Pressure — The WIIF does not appear to vary greatly,
or with any trend over a signifieant range of R/t ratios, from a thick tube (R/t = 3.2) to a relatively
thin walled pipe (R/t = 11.2)For the conditions chosen for this analysis, the WJIF was, on averags,
about 0.67 for a “weak’ weld, defined as the weld metal having the lowest creep strength. For
“strong weld”, definedas'the ICHAZ having the lowest strength, the WJIF was about 0.73. Both
these values are akmost identical to the WSRF for the weak material compared with the basp
material.
Peaking and Misalignment — The largest pipe used in the pressurized tube study was used for this
investigation,) A variety of peak angles from 5° to 10° were examined, together with a singl
example“of a misalignment. The WIJIF was reduced systematically by the degree of peaking.
Specifically, the significant variable is not so much the peaking angle as the offset of the local
center surface of the pipe from the nominal diameter. The cause of reduced weld strength in thi

instance is not a material problem, but is the result of bending of the pipe wall due to out-of-
roundness. This may be a problem that is better dealt with by treating the geometric imperfectio

as a structural problem and calculating the bending stress on the weld section by existing method

(©)

contained in the ASME Code.

Girth Welds and Axial Loading — Girth welds show a similar central tendency to seam welds,
grouping around the rupture strength of the weakest constituent of the weld. Additional system
loading, in the form of axial load over and above end closure reaction has a significant effect on
the WIJIF. As in the case of weld imperfections, system loading can be estimated by design
procedures in the ASME Code, and these can be used to calculate the combined stresses due to
pressure and system loading before applying the WJIF.
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(d) The feasibility of using the Reference Stress concept (Attachment G) was tested on the sample of
seam welded pipes. The method as applied in this study differs in one detail from its application in
RS5. The difference is that, in this study, the “Reference rupture stress” is corrected for multiaxiality
using the Rice/Tracey factor, whereas R5 does not. The predictions made with this approximation
were conservative, but not excessively so. The concept therefore offers the prospect of a simple
method that can be applied without the need for special purpose user routine, thereby placing it
within the reach of a wider constituency of potential users.
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5 CONCLUSIONS

In summary:

(a) A simplified approach (analysis tool/methodology) was developed to evaluate the creep rupture
strength of a weldment relative to that of base metal.

(b) The tool was benchmarked against selected cases of high-temperature, long seam weldment piping
field and component testing experience.

(c) The approach has been used to develop a simplified methodology for quick and computationall
economical evaluation of WIJIFs, which has been demonstrated by application to a range\d
representative weldments.

(d) The tool will be used in the next phase of work (Task 3) for the examination of the cross-weld tes
specimen and data analysis issues.

=+

L d

h this work, the WIIF was defined as the ratio between the strength of a component with;a'weld compare
D the same component without a weld for a given time. Therefore, it includes both material and geometri
patures. One finding of the project has been that the WJIF parameter depends on-6Q ' many geometric an
naterial properties, that the aim of representing weld strength by a single number, i.e. a weld strengt
eduction factor (WSRF), may be too simplistic. On the positive side, simplified methods, such as th
odified Reference Stress approach, have been found that may be directlyapplicable to design procedures.
'his could lead to weldments being designed in the future more like \@ther geometric features such &
o0zzles, on a case-to-case basis. Recommendations for application of this tool will be addressed as part g
he final report.

D o & ¢ OO

[92)
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Except from the Task 2 scope as defined in the original proposal:

The task to develop Weld Joint Influence Factors (WJIFs) will be conducted by D. Marriott (consultant),
P. Carter (SES), and EPRI. The WIIF, defined as the ratio of the nominal stress to cause failure of the weld
joint to that of a seamless metal with the same strength for the same duration, will be studied for application
to piping, components, vessels, and other pressure related equipment operating in the creep regime and
subject to ASME B&PV code requirements. This task will develop the data to define WJIFs as a function
f VVC:d Yycull ICtI Y VVC:d MITULESS (hcat ;I |putlloi4c Uf cffcutivc HAZ LUl ICD), VVC:d tcbhl |iquc, a“gl LLLLL~ It, dcaig
life, and other geometric factors. The final report for this task is expected to include the following:
Literature review on methods for determining WJIFs (from Task 1a)

A comparison of current code methods

An examination of a modified reference stress method

FEA and CDM modeling of prototypical weld geometries to calculate WJIFs

Analysis procedure to determine WJIFs

Development of WJIFs for seam welded piping and potentially other geométries
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ANALYSIS METHODS
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This report focuses on application of efficient methods for weld life prediction, assessment and design. Th

e

e

background and history of the discipline is significant, to which full justice cannot be done in this review.
To provide some of this background, and to prevent the impression that this report is isolated from what
has gone before, some detail is given of the literature dealing with key issues leading to the present
approach. The extensive literature on creep crack growth calculations and high temperature defect

assessment has not been included, since the scope of this project excludes it.

hC Ml Ub:CI LIl Uf Ml Cd;bt;l %) thC :UI IU‘tCI LLIL hlgh tCI YTl o.tw T Dtl Cl Igth Uf vvc:=dc:d jU;I Itb hao bCCII all abt;VC tUlJI
pr more than 30 years. Weld strength factor information is now available as in ASME 1INH [1], bl
gractical corresponding design analysis methods are still being developed and tested.

—h

B.1 Summaries of Weld Characteristics

rice and Williams [2] gave (in 1982) a comprehensive description of weld processes, metallurgy, an
actors affecting weld strength. Metallurgical implications of the thermal cycle invarious zones ar|
escribed. The intercritical heat affected zone (ICHAZ) region is identified as the source of creep damag
pr ferritic welded joints (Type IV cracking). Plant failure data (1982) shows that the ranking of the severit
Feduction in life) of ferritic weld failure modes is:

(a) Heat affected zone cracking (most severe)

(b) Transverse weld cracking

(c) Type IV cracking

M~ =h O —h 7

|

'he paper states that (a) and (b) may be eliminated by controlof.trace elements and correct PWHT. Typ
IV cracking remains a problem because it is likely that the weld thermal cycle will be unfavorable in som
gart of the HAZ/parent metal region.

Consequences of the weld process such as #esidual stress, directional properties associated wit
olidification, solidification cracking and hydregen cracking are described. Relating critical properties suc
S grain size, heterogeneous compositionsyand residual stress to heat flow and the welding parameters i
iscussed. Calculations for residual stress:and relaxation are given. Mechanical properties of the differen
ones in ferritic welds are assessedThe complexity of the heterogeneous material is evident in that nea
he HAZ/parent interface there will exist soft, ductile over-tempered material and coarse-grained bainiti
htercritically heated material.

=t N O Q) (D

tress analysis of heterogeneous joints with narrow HAZ’s is described. The use of steady state maximur
rincipal stress (MPS)-ar-a combination of maximum principal stress and effective stress to predict crac
hitiation is discussedy 1t is concluded that the use a pure MPS criterion should be conservative.

—_— 0 N

booch and Kdrrimins [3] discussed cross weld tests of 2Cr1Mo weld metal - %2Cr2MoYaV parent meta
pints. In addition to observations about hardness, oxidation effects and rupture life, they note that strengt
hismatch, between materials in a welded joint gives hydrostatic stress and loss in ductility. The tes

N =

The~shortcomings of design calculations (too conservative) and of analysis of shear stress (probabl

[he scope of this paper is extensive, and covers all aspects of the problem of predicting weld properties.

pecimens used were of variable geometry and intended to re-produce realistic constraint and stress stats.

—

D (D ~ D (D L

) — =+ O O 2

A D

) —

—

y

unconservative) are pointed out. 1he report concludes that althougn weld liTe reduction Tactors were ~o a

t

40 MPa, the design life of the piping should not be affected due to conservative (small specimen) parent

metal rupture data.

The report makes it clear that the mechanical problem associated with weld failures is one of a
heterogeneous material, where a region of low strength may have a reduced stress or even an increased
stress compared to the nominal (average) value. A life prediction requires information on the weakest
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material, and on its operating stress. Obtaining this information from a test program was the objective of
the paper.

Cross-weld rupture testing is of particular interest because it tests the weakest link in the parent - HAZ —

weld metal sequence. It is an efficient way of characterizing a joint, and any practical weld assessment

methodology must be able to use cross-weld rupture data to define uniaxial weld strength. It makes no

assumptions about the weld failure mode, possible examples of which are:

(Cl) ch:d Dtlcllbjth III;DIIIatbh - I'l'\\ IC:G.t;VC:_y VVCGIR\ VVC:d |||cta= Iay bC dc“bmatc ad ;II Ni-baacd VVC:d\,
or accidental

(b) Cross-weld cracking — Cracks are perpendicular to weld direction, associated with residual‘tensile
stress

(c) HAZ cracking — Associated with low ductility, coarse-grained microstructure

(d) Fusion boundary failure — (Type 1) Associated with Cr depletion between parent and weld met3

(e) Type IV cracking — In spite of the attention it gets in the literature, not all weld'strength reductio
is due to this phenomenon. The Type IV region may be defined as the weakest condition that ca
be generated by short-term heat treatments in a ferritic weld.

() Weld defects — Hot cracking, hydrogen cracking, stress relief cracking, lack-of-penetration, slag
entrapment, etc.

=)

-

Fan

Dther relevant features of welded joints include transition joint cracking, epitaxial grains and directiong
trength, geometry of heat and mass flow, leading to segregation“perpendicular to tensile stress, an
Heterogeneous creep properties.

n
X

\ difficulty with cross-weld testing is dependence on specimen thickness. Constraint and multiaxialit
ffects associated with heterogeneous properties mean-that the weakest uniaxial material properties ar
ifficult to measure with this technique. Use of a realistic cross-section is sometimes recommended so tha
ven if uniaxial properties are not obtained, the jointistrength is, which may be used in simple calculationg.
dowever, in order to model the weld behaviarddccurately, individual material and HAZ properties ar|
equired.

D — (D <

= T D O D 3

h
=

A\Ithough early reviews captured the range of weld behavior, progress was limited by difficulties wit
nalysis. Different approaches have\emerged. To understand these, the changes in stress distribution ove
ne life of the component need te.be understood.

Q
=

—t

tress distributions during weld life. Stress re-distribution occurs continuously. Initially the change is fron
ne elastic to the creep stress distribution. As damage develops, the stress reflects the damaged or ruptur,
tress distribution before final failure. For a homogeneous material, the maximum stress and damage rat|
n the structure willrgenerally decrease throughout its life. For heterogeneous (weld) materials this is ng
ecessarily the«Case, and the multiaxial rupture stress can decrease or increase from the elastic to the stead
tate and thefn may continue to increase.

N = = N = Icn
~ —~ (D (D 2

Calculation of weld life therefore requires stress analysis that reflects these changes. In the literature, twp
dppreaches have emerged. The first is to perform structural analysis as accurately as possible, recognizing
that material properties change aver time culminating in failure. This is the continuum damage mechanics
(CDM) approach. The second is a simplified approach that seeks to de-couple the stress analysis from the
damage (life) calculation. Two forms of simplified method will be described. Use of a creep analysis reflects
the change from elastic to steady state. The limit load reference stress typically represents a stress
distribution between steady state and rupture. Both approaches assume that:

e The time to re-distribute stress from elastic to creep steady state is small compared to component

life.
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e Creep strain ductility is sufficient to achieve re-distribution. It is important to note that before full
re-distribution is achieved, multiaxial effects are not expected to be significant, and that ductility

should not be reduced from uniaxial values.

This is different from the requirement that the tertiary creep ductility is larger than the strains required for
re-distribution to the end of life or rupture stress distribution (see R5 procedure [4]). In the R5 procedure,
ductility is defined by the ratio of creep ductility to Monkman-Grant strain, which must be > 5 for full stress

[

1
Q
1
Q
I
«
fi
«

QD —h N D —hn = —h

=distributiom:

'hus the ability of the structure to achieve steady state and full rupture stress distributions dependsen.cree

uctility. In the limit of a very creep brittle material, failure will occur while in the elastic stress distribution.

'his should not be a realistic possibility for boiler and pressure vessel materials. By definition, a cree
uctile material can develop stress distributions so that failure occurs over a volume, forx which the lim
pad reference stress is a good predictor. Intermediate cases could develop steady state Stress distributions
ut not the full reference stress, before failure. Such cases would have adequate Monkman-Grant strain
pr initial stress re-distribution, but relatively low values of creep ductility. The timit load calculation ca
e defined to address this problem, and ensure that the calculation reflects anyJimited ductility.

B.2 Continuum Damage Mechanics (CDM) Models

'he basis for the phenomenological approach to the mechanics of weldyfailures grew from classical model
pr creep damage rates and rupture life prediction associated with\Kachanov and Rabotnov, and reviewe
n [5]. In the finite element models, conventional elastic properties are modified in a similar way to th
teady state creep equations to take damage into account. When'applied to a welded joint, each of typicall
pur distinct material zones requires a different set of CDM parameters. The first such comprehensive finit
lement model of a welded joint was by Hall and Hayhurst [6]. This model used a basic continuum damag
hechanics (CDM) model for weld and parent materialthat has been used with variations and development
pr all detailed finite element models intending:to represent weld and HAZ properties and failure 4
ccurately as possible. A typical uniaxial form-of the model is as follows:

& =Aexp(=Q,/RT{o/(1- D)/ 5p}

D =B.exp(—Q,/RT){o,,,/(1-D)/ o}

O = a0, +(a-1)o

o =E(e—-¢,)/(1-D)

N these equations; A, B, Q1, Q2, E, sp, Sr, a, n, and ¢ are material property constants. T is temperature. D i

he damage-parameter that varies from D = 0 initially to D = 1 when the material test sample has ruptured.
, e and/es are von Mises effective stress, deviatoric strain and creep strain invariants respectively.

ultiaxiality and constraint are described in the equation for Swpy, in this case a linear combination @
ffective stress and maximum principal stress. This is one form of a three term (effective stress, maximun

O

—

- )

v O D (D <X O IO,

[72]
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It may be seen that the model consists of a traditional (Norton) equation for creep strain rate modified by a
quotient with a “damage” parameter D giving failure (infinite strain rate) in a finite time. The damage rate
is given by a similar equation, which may have a different exponent . The elastic modulus E is similarly
modified, so that elastic strain cannot support load when D = 1.
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B.3 Models for Multiaxiality and Ductility Effects

The equation for the rupture stress srype above is given in terms of effective stress and maximum principal
stress. The constant a is a material property that defines the effect of stresses other than von Mises effective

stress on damage rate. Other formulations are of multiaxial or ductility functions are:

D= Cé(ﬁwv

POWer Taw multiaxiality [8] - D = C&{_* kGe )

This is an alternative to the two term Leckie-Hayhurst model given above, which appears to state the
same idea in a different way.

— 1
Huddleston (ASME IHIINH [1]): Or = T EXPC S -1
S

2 2 2
Ss:\/O'1 +o0, +0,
where

= 1 L 1
Goodall-Ainsworth (R5 [4]):  OR = Oret | 1 n (Z - )
where n = creep index, y = limitdoad/yield load.
This is a stress correction for creep steady state. It is used as a ductility limit.

It may be seen that in the CDM models, deformatioridepends on von Mises (effective) stress, while damag
depends on effective stress modified by a multiaxiality or ductility term.

The multiaxiality effect has not received sigrificant attention in the weld analysis literature. This is hard t
Ynderstand, given the critical role it(plays in explaining the difference between homogeneous an
Heterogeneous materials at high temperature. Without the multiaxiality effect, the observed weakenin
Rehavior of welded joints at high . temperature would still be a mystery. At present, the maximum princip3
stress — effective stress alphamadel is the most widely used. An alternative to this model is the facet mode
By Nix et al [7].

Ipng-term creep rupture in tubes. The correlation of long-term tube rupture with average hoop stress wa
gstablished by €ane [22].

4 Weld Assessment Methods

he CDM equations with a multiaxiality correction allow the detailed formation and development o

In this report, the multiaxiality effect has been calibrated against the use of hoop stress for prediction gf

D

—_—— 0 O

S

‘{damage” to be calculated. Subsequent developments have added complexity to the model withou

softening and cavitation terms. In this case, temperature dependence was modeled as separate cases, without

an explicit temperature dependent function. So for 5 temperatures and 5 material zones, 175 parameter
were required.

S

Hyde et al [9] use the basic CDM model to fit parent, weld and HAZ rupture data for service-exposed
2.25Cr1Mo - 0.5Cr0.5M00.25V pipe welds. Properties were obtained from creep tests on samples taken
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e

from the pipe girth welded joints. The paper states that the multiaxiality a varies linearly with failure time.

This reflects the known trend of reducing ductility with reducing stress and increasing rupture time.

Although it may be termed a mature technique, at least in its basic form, a significant feature of the CDM
models is the complexity and magnitude of the data required. This presents a serious practical problem with
the use of such a weld analysis method for component assessment, and for defining weld design factors. It

effectively rules out detailed CDM modeling as a general technigque for weld assessment and design.

Ih addition to CDM models, there are several techniques described in the literature for the problem'o
gractical weld assessment, and/or for weld design.

ASME I1INH [1] Provides weld strength reduction factors, but with elastic stress analysis and\no explic
representation of the weld, the ability to take full advantage of the data is limited. Elastic.analysis does ng
g
H

urther, the problems of stress multiaxiality and weld geometry cannot be considered;

The APl 579/ASME FFS document [10] uses the “omega” creep material model that is discusse
gxtensively in the main report. This is a combined deformation and damage-model using a specific forn
fpr the creep curve defining the material model. Multiaxiality is addressedn a unique approach that is ng
giscussed or identified.

The PD 6539 (British Standards) approach [11] uses the weakeSt)ymaterial in a heterogeneous structure t
define the structural strength. Therefore no account is taken“af stress re-distribution between weak an
strong regions.

H

Depending on the structure and load, the weaker material can off-load stress onto the stronger. The result
dre heterogeneous reference stresses that are in the’same proportion as the yield stresses. The interpretatio
qgf these reference stresses requires some care- The most accurate value is in the region of failure in the lim
gnalysis. For other regions, the reference stresses are conservative. The reference rupture stress is the
modified by

1
ORr = O et I+ ﬁ (Z _1) , Where y = limit load/load to first yield.
A\ number of authors have“noted that for realistic conditions of life, stress and temperature, weld life i
pasonably well charaeterized by the time to damage initiation. In [11], Molineux et al find that identifiabl
reep damage appears at a life fraction of 80% - 90% in notched specimens. Similarly Hyde, Sun an
Villiams [12] found that a life assessment based on steady state creep analysis predicts the failure locatio
nd 60% — 809%of weld life. Payten [13] and Hyde, Sun and Becker [14] use a conventional creep analysi
nd a de-coupled damage calculation conservatively to assess weld creep life. Similarly Hyde, Sun an

—_— T QD QO < O S

[ was found that welded pipe has ~40% of plain pipe rupture life for the case considered.

onvincingly capture the differences between girth and seam welds, and between axial\and hoop stresses.

R5 [4] uses a limit calculation with yield stresses<in proportion to rupture strength of the materialg.

Villiams{15] used full CDM and steady state analyses to evaluate narrow gap and conventional pipe weldg.

=

— —+

— =) L

=)

= e~ D O

O O LD O

Haynhurst et al [17] compare standard design methods with de-coupled time-independent RS calculation
for welded pipes, and conclude that the code safety factor is inadequate.

S

Takemasa [18] proposed that the strength of P91 welded elbows could be predicted using an average weld
HAZ stress. Remembering that the multiaxiality parameter a has been observed to increase with rupture

time [9], it is possible that this conclusion depends on load and rupture time.
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Carter [18] found that, compared to full continuum damage (CDM) calculations, weld life may be
reasonably and conservatively estimated using a modified reference stress method, as follows.

As in R5 [4], define limit analysis yield strengths in proportion to creep rupture strength of material (Weld
metal, HAZ materials, parent material).

For a particular load case, perform an elastic-plastic limit analysis. If there is concern about the material
uutliity |cqui|cd tU a\.hicvc fu“ Dtlcbb IC‘d;DtI;but;Ull, thC |||a1\i|||un| phmtit, btla;II at arty otagc ;II th
nalysis may be used to define the strain-dependent limit load. It is a conservative measure of the gree
train necessary to achieve the stress distribution. Thus the analysis can be curtailed at some plasti¢.strai
hat is judged to be acceptable. This is a variation on the standard limit load reference stress caleulation.

Q
(=)

—
=

D

h

A\pply the multiaxiality correction to define the maximum rupture stress obtained in the apalysis. Calculat,
he modified reference stress
Omod = Operating pressure x limit or /limit pressure.

—*

The estimated weld (initiation) life is the time to rupture at stress = Gmod.
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B.5 Further Examples of Weld Modeling

J. Storesund, K. Borggreen and W. Zang [20] studied creep performance in X20 piping welds using CDM
models and replica inspections taken over decades. The model was simplified by considering one HAZ
material, parent material and weld metal. Sensitivity analyses were performed on the key parameters for
which some uncertainty exists, namely heat affected zone creep rate and the multiaxiality parameter a. The
results (weld life) were found to be strongly dependent on these parameters if they were connected, but less
o if they are allowed to vary separately. Axial stress was also found to be a significant factor in life
reduction. Replica inspection over ~200,000 hours on X20 pipe showed generally low levels of damégs
gven when high axial stresses are likely as in reheat piping. The report notes differences in safety factor
fpr X20 and for older 2.25Cr1Mo pipes, and concludes that this is responsible for the reliability of the X2
gipes.

I N

G.R. Stevick [21] produced a comprehensive view of high temperature weld life prediction, includin
ipitiation and the C* growth of cracks, and significance of inclusions. The differenee with the curren
approach is one of emphasis, which is that weld life may be well and conservatively.estimated by the tim
tp significant local creep damage.

D —~+ O

B.6 Conclusions

=

o Due to the data requirements, the use of full CDM methods for-weld assessment is primarily limite
to research papers and demonstrations of technical capabilities.

e Steady state creep analysis and time-independent refefence stress analysis provide a basis for p
decoupled damage/life calculation.

e Time to first significant damage in a decoupled damage calculation is a reasonable and conservativ
estimate of weld life.

D
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DEVELOPMENT OF THE MPC OMEGA METHOD
FOR LIFE ASSESSMENT IN THE CREEP RANGE

Martin Prager
Materials Properties Council, Incorporated
New York, New York

ABSTRACT

A methodology for characterizing and assess-
ing the behavior of materials after service in the creep
range has been developed and used on a broad
range of materials and components. It incorporates
the results of relatively short-term tests and improved
databases on materials properties. The essence of the
method is the definition of a material performance
characteristic which the author refers to by the
symbot Omega sub p (Q,). This coefficient effectively
describes the rate at which a material’s ability /t0
resist stress is degraded by strain. While Q_ is a func-
tion of stress, temperature and mode of loading, it is
amenable to parametric representation andis; there-
fore, useful in predicting life and strain aceumulation.
Time to failure and total accumilated strain are
shown to be consequences of a ¢haracterizing strain
rate, as defined herein, and an appropriate Q, for the
operating conditions and geometry of interest. Accu-
mulated strain, future ,strain, current creep rate,
remaining life, total damage and damage rate are
among the quantities which are easily calculated. The
development of the method employs and extends the
concepts of Lafsop-Miller, Monkman-Grant, Robinson,
Theta Projectien; Kachanov and Norton.

INTRODUCTION

Volumes have been written over the past
decade regarding life assessment of components in
the creep range. Prominently recognizable methods
which have been proposed inciude replication [1], life
summation based on Larson-Miller [2] or other [3]
parametric concepts, the Kachanov (small omega, w)

approach [4] and. isostress testing [5]. While each
has been widely ised by its advocates, each has its
limitations. Evidence of validity is scarce and general-
ization in¢térms of useful rules, formulas or correla-
tions has been too slow in coming. Most of the above
are.employed not because they provide insight into
behavior, but because they are likely to be conser-
vative.

Without seeking to be comprehensive here, it
should be pointed out that replication is not suitable
for most types of materials and components in use in
the USA because surface cracking and cavitation are
not encountered until too near the end of life or they
occur for extraneous reasons. Deficiencies of conven-
tional parameter-based life summation approaches
are that the correct constants for ex-service materials
may not be the ones found in the handbooks and
positioning a component in the scatterband of histori-
cal test data is only possible if the prior operating
conditions are well known and the evaluator is
extremely sophisticated. Alternatively, utilizing the
minimum Larson-Miller curve will usually condemn
service-worthy components. This is partly the case
because handbook reference curves for materials in
the creep range are contaminated at design stress
levels by test results from badly oxidized specimens
which have significantly shortened lives.

Kachanov's concept, as usually presented, is
mathematically unwieldy and not necessarily descrip-
tive or insightful into material behavior except to a
scant few specialists. Isostress testing is usually
marred by the need for long-range extrapolation of
short-term stress-rupture test results. Such data are
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usually invalid because of microstructural changes
(dissolution of phases, recrystallization, etc.) and
oxidation of the specimens (which are usually of small

specimens and problems of data scatter also detract
from the appeal of this approach. None of the above
methods, except perhaps to a limited extent those
based on Kachanov's approach, lead to estimates of
strain accumulation (past or future), unambiguous
definitions of damage or the rate of damage accumu-
lation in a component. In fact, for many materials,
strain accumulation rather than the prospect of failure
could lead to retirement.

DEVELOPMENT OF MPC’S OMEGA METHOD

In 1986, MPC’s Petroleum and Chemical
Committee established a program to examine the
above enumerated and other approaches to life
assessment. The Group planned and initiated a joint
industry supported investigation entitled "A Program
to Establish Practical Methods for Determining the Re-
maining Life of Process Equipment Operating in the
Creep Range," Project Omega for short. What evolved
was a simple, yet powerful method for dealing with
the concepts of creep, remaining life, damage and
strain accumulation. A database, methods of testing,
and a broad range of specialized computer spread-
sheets and graphics tools have been developed
under the sponsor committee’s direction to support
the methodology. The Omega method, which will‘be
described herein has been applied in dozens of
applications ranging from process vessels. to’ heater
tubes, a few of which are described infthis Confer-
ence volume [6,7,8,9]. The concept-can be incorpo-
rated into finite element programg as'well as estimat-
ing creep crack growth behaviof. The activities
conducted under Project Omega are too numerous to
report here in detail. However, the essence of the
evolution of the method will be covered below.

Materials \ranging from soft carbon steel to
extremely hard (and brittle) 1%chrome-2moly and
rotor-type steels were studied in the course of the
researche(Figlres 1 and 2). Tests were planned to
elucidate.the meaning and nature of creep damage
and” to“evaluate means of its measurement. The
conditions of test used were such that oxidation was
not a factor. In the initial phase of the research, con-
Ventional size specimens were machined from jumbo
size specimens which had been creep damaged by

exposure to stress and temperature. This early work
led to a number of important observations.

strain under the conditions of exposure (6 ksi
and 1060°F (571°C)). That is, material which
had been strained even 50% by creep ap-
peared to differ relatively little from unstrained
material when both were examined micro-
structurally or creep-rupture tested at'a given
stress and temperature (Figure 3).

2) The creep resistance of the very hard and
brittle material studied was’ significantly al-
tered by small amounts ‘of strain although
these changes were not/usefully associated
with the appearance of creep cavities or
cracks (Figure 4).

(3) ~ Laboratory\’damaged or actual ex-service
materials’, displayed virtually no primary or
secondary creep when subsequently creep
testéd at the stress levels of the prior expo-
sure (Figure 3).

(4) Strain rate increased continuously as a func-
tion of strain during tests (Figure 5).

(5) The rate of increase in strain rate with stress
(due to cross sectional reduction) during the
test generally was much greater than that
predicted by Norton’s Law (Figure 6).

It was concluded that, under the conditions
of test, the time for failure for carbon steel was
determined mainly by the strain-rate acceleration due
to the substantial increase in stress which was a
consequence of cross-sectional area reduction. On
the other hand, the stress on the chrome-moly steel
increased very little before failure because ductility
was so low, but strain rate increased substantially
despite the very small amount of strain observed.

These tests led to the concept that strain-rate
at the operating stress and temperature might be a
direct and useful gauge of the amount of damage in
a material. If true, this offered potential for more
accurate life assessment because strain rate could be
established at relatively lower temperatures and
shorter times than are required for a full set of iso-
stress tests. Also, comparing creep rate to rupture
testing, the quality of data might be improved, oxida-
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Figure 2. Creep curve for hard 1%Cr-%2Mo steel studied.
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Figure 3. Creep curves for service-exposed. earbon steel
(a) as received from service, (b) after extensive creep strain
under constant stress conditions.

Figure 4. Visible microdamage could not be usefully correlated

with-prior damage until very late in life
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tion effects minimized and uncertainties associated
with extrapolation reduced. The author then sought
an easnly integrated mathematlcal functlon and model

strain, life consumed, and remalnmg ||fe At fil'St the
model was intended to be applied only to materials
which had been thermally stabilized by long time in
service, i.e., not subject to significant softening or
ductility changes under further thermal exposure. In
fact, the model has been found to have applicability
to a broader range of materials [10, 11].

PROPOSED MODEL FOR ESTIMATION OF LIFE
FRACTION CONSUMED AND REMANENT LIFE
UNDER DEFINED CONDITIONS

The ultimate objective of Project Omega was
to be able to quickly identify during a test those
characteristics of the creep curve which would permit
estimation of past and/or future creep behavior, with
or without explicit knowledge of past operating
conditions. It was of interest to determine accumulat-
ed strain, future rates, life fraction consumed, damage
rate and time to rupture. The problem has been
addressed by many, for example, Cane [12] and
Leckie [13]. However, the formulations developed
were not conveniently used and required assumptions
which may differ from fact. Most investigators have
started with the equations for strain rate of the
Kachanov [4, 13] type

N [ (1)
g

=g |
l o | 1-0)

where

€ = the instantaneous strair rate

€, = an initial or refefence strain rate

o = the instantaneousValue of stress
o, = the initial et \teference stress

w = Kachanov's.creep damage function

Equation (1) is usually used to model post
primary creep rates under constant load conditions
wherein the applied stress increases as strain reduces
cross sectional area. Obviously, the above equation
and the subsequent discussion do not apply to
primary creep since the rate calculated increases
monotonically with time. However, the reader should

understand that primary creep is not usually signifi-
cant at operating stresses and certainly not in a creep
test of a service- exposed matena| atits pnor operat-

tures In short in components operatlng at ASME
design level stresses, primary creep should not be a
significant contributor to creep damage and certainly
may be ignored in post-service testing. Secondary
creep may be viewed as a period of constant/appar-
ent strain rate brought about by near equality\in the
rate of decrease in the primary rate and‘by the rate
of increase in the tertiary rate. In fact, experience
shows that modeling only tertiary creep for service-
exposed materials is quite reasphable.

In order to prediet a~creep curve of the
desired shape, Leckie [18]¥outlined the development
of an integration scherme-which led to

o= Ko ]
(1-0)"

with @wiewed as the microstructural damage parame-
tefpand eventually this feads to

oft) = 1- (1 ety ) {&/wel @)

€
where

= the fracture strain
MG = the Monkman-Grant "constant" [14]

Along the way, the exponents for the stress
and the damage functions were set equal. The validity
of such an assumption has not been demonstrated
and, in fact, it is unlikely to hold and certainly does
not do so generally. Equation (3) can provide the
strongly concave upward tertiary curve which is often
observed. However, no guidance has been offered as
to how observations can be extrapolated from
conditions of test to operating conditions. While this
model is not very sensitive to fracture strain, it is
necessary to include a value for fracture strain which
is generally not known with certainty for reasons
which are beyond the scope of this paper.

For the Omega model proposed here, we will
start with the following:

R
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strain-time curve, to 20% true strain or more.

Thus:

Then, for uniaxial extension at constant
volume we have the well-known relation

o =e )

because
€ =In(1+E)
Equation (4) leads to

[oI"=¢e™

lo,

)

Note, for a tube the exponent would be twice as large
due to the diametrical increase associated with wall
thinning.

Following the above approach the Kachanov-
type expression for uniaxial strain rate becomes

(6)

e=¢,em™ i [ R
[ 1-wl

This is still not cohveniently integrated.

A general but easily integrated functionhywas
sought. It was then proposed that creep rate acceler-
ation during service or during stress-rupture testing
could be viewed as a result of the interaction of three
separable factors. The three factors-proposed were
increasing stress, increasing damage and a third for
microstructural changes not dssaciated with damage.
These factors can be evaluated separately by proper
experiments which need(not be elaborated upon here.
It is possible to inclyde other terms for time-depen-
dent thermal degradation or corrosion, etc., but for
simplicity it will"be-dssumed that the materials have
been thermally\stabilized in service and are not
corroding~at.an important rate. Rather than using
Kachapev’s power function, the damage may be ex-
pressed._instead as an exponential function of strain
so that the resulting equation can be easily integrat-
ed, The exponential was thought to be appropriate at
small values of strain. Actually, the exponential
approximation was found to hold far out on the

™

where m is assumed to be Norton's exponent 'to
account for the rate increase due to cross. section
reduction (stress increase), p corresponds to, micro-
structural damage, and ¢ is used to ‘account for
deficiencies in Norton’s exponent and 6ther micro-
structural factors associated with the stress change.
As noted, the exponential coefficients can be separat-
ed by experiment, but for the’moment,

-E.o e(m+p+c)¢

@)

This expression is‘easily integrated to give a function
containing strain and time, ie.,

l_ (1 . e~(m+p+c)() =1 (Qa)
e,(M+p*+c)

or

€e=-_1 In (1 “e,(m+p+c)t) (9b)

(m+p+c)

Similar expressions have been proposed by
Sandstrom and Kondyr [15] and by Kussmaul for
pipe [16], and Kawasaki and Horiguchi for specific
void forming of stainless steels [17] after the mini-
mum creep rate is reached. The last noted investiga-
tors started from an atomistic damage model to
derive an expression for 347 and 316 stainless steels
which includes terms accounting for void formation,
dislocation motion and other aspects of the model
applied.

For large values of the product of (m+p+c)
times ¢, i.e., greater than 2 or 3, the exponential term
in Equation (9a) is negligible and thus at failure

i N} 3 WO S (10)
e,(m+p+c) €
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where

Alternatively, we see from Equation (9a) that
for any time and at fracture

Qp = m+p+r

At first, Equation (1) appears to be the
empirically based Monkman-Grant [14] relation and
the sum (m+p+c) or @, can be established simply by
determining the reciprocal of the Monkman-Grant
"constant." While that may not be a bad approxima-
tion in some cases, it is not good in others. This is
because here €, is the "initial creep rate" while
Monkman and Grant used the minimum creep rate,
usually from tests in which there was considerable
primary and secondary behavior. The difference may
be small or it may be as much as 50 to 100%. Monk-
man and Grant did not offer a physical interpretation
of their "constant." It will be shown that (because it is
similar to Q) it should not necessarily be expected to
be a constant over a large range of stress and
temperature and it should depend on the geometry of
the stressed component. The Monkman-Grant rule
works not because the product of the minimum creep
rate and time have significance but because creep
curves tend to have exponentially shaped tertiary
portions which lead to Equation (10). Further com-
ments are made elsewhere [10].

The term Q_ defined here has both a physical
and mathematical significance. Simply put, Q, defines
the rate at which strain-rate accelerates as a result_of
creep strain. In effect, it is a total damage coefficient
(cross-sectional plus creep damage plus other ticro-
structural effects) for the system. The sum ‘guantita-
tively describes the ability of a material_to tolerate
strain. Creep damage is a reduction in(the structure’'s
ability to resist stress as measured\by the relative
increase of strain rate. A material~is 50% damaged
when its strain rate has doubled‘and so on.

The definition.ef\Q, is expressed mathemati-
cally, as follows from‘\Equation (8)

dlIné=m+p+c = Q, (11)
de

Equation (11) then suggests one of several
tonvenient means which may be used to determine
Q,, i.e., plotting the natural log of strain rate versus
strain and taking the slope of the straight line (Figure
5).

Ne Qe (12)
T—® =8 P J=L-1
€,0Q

o™%p

When the exponential term containingthe
strain to fracture times Q_ can be neglected

In(t -t) = In 11-0e (13a)
le,q, )
or
e=-1In(t -+ 1 a1 1 (13b)
Q, Qs leq,l

The abeve expressions suggest a strategy to
test the suitability of the model as well as a means of
measuringsthe appropriate initial strain-rate and the
damage ooefficient Q. The latter is the reciprocal of
the slope of the line € vs In {(t, - t), which the author
refers'to as a reverse creep curve. The former can be
calculated from the intercept on the strain axis where
(t.- t) = 1 (Figure 7). If the reverse creep curve as
shown is not linear, the model proposed is not
applicable. If there is a primary component the total

. amount of primary strain (Figure 8) can be extracted

by examining the offset from zero at {t, -t) = t.

Equation (12) suggests a very important
result, that the product of the instantaneous strain
rate times the remaining time to failure is constant
throughout life. This can be shown as follows:
since

€= ee™ (14)

When the term containing fracture strain can
be neglected, combining Equation (14) and Equation
(12) leads to

1 (e OE Bk ) =_1
€0 eQ

o*p 3

=t -t (15)
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broadly applicable (although not universally or always,
obviously). Figures 9 and 10 are representative. The
model provides a convenient route to many of the
quantities needed for life assessment as follows:

Where

t, = time in service
€, = strain in service

1l

€,, = original strain rate in service

To calculate the original strain rate in service,
the life fraction consumed and the accumulated strain
in service from an estimate (based on methods
described later) of the current in-service strain rate,
we start as follows:

! = 1 (1-es (17)
€. .0

os™%p

t = _1 (18)

) (19)

but from Equation (8)

e €= ‘ea,e'npe’ or e € (20)
1 =eft -1 (16) €
then from Equation (17)

. In summary, creep strain versus time curves (€)=~ &0 213)
at a given stress and temperature can be expr.essed p P
using only two coefficients, an initial rate term €, and
Q.. Where the Project Omega model applies, one
need only run the test long enough to establish the ;
initial strain rate and the rate of change of strain rate OF by BAsRosing Taims
with strain. Hundreds of tests on dozens of ferritic
and austenitic materials have shown that the model is € = € (21b)

L = e,0, (22)

t

or

1, 5 'Life Fraction Consumed = _ét.Q, (23)

1, etQ, + 1

and

& =_1.In(1+t%Q) (24)
Q

p

The key point here is that an estimate of the
current strain rate in service and of Q, which may be
obtained with a single test of service-exposed material
can give a direct calculation of the life fraction
consumed, i.e., fractional damage or accumulated
strain. It should be obvious to the reader that life frac-
tion consumed (creep damage) as defined in Equa-
tion (23) increases linearly with time at constant
stress and temperature. i.e., t,/t, is linear with time.
Note that the damage rate is simply 1/t, .

The closed formed solutions shown here
permit calculation of past strain accumulation, future
strain accumulation or time to any specific event
(strain fracture, strain rate, etc.) for the geometry of
interest.
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Example
Say for carbon steel Q, = 6 and a creep test at about

100°F (55°C) above the operating temperature on an

leading to the false conclusion that strain measure-
ment during life could give an early warning of failure.
This can be misleading as the material’s resistance to

ex-service sample suggests that the current creep
rate in service is 10-"/hr (i.e., 10°%/hr). If the compo-
nent has been in service for 200,000 hr, then

Life Fraction = 107 x2x10°x6 = _12 = 10.7%
07 x2x10°x6 + |

1.12
or about 11% of rupture life has been consumed.
Since

1.0 - 0

P
from Equation (24)
the strain accumulated to date would be

1In (1 + 10**x 2 x 107 x 6)
6

= I1x.11 =
6

.0188, or 1.88%

and
€, = 107/, In (1.12) = 8.93 x 10°/hr

or the strain rate has increased only 11% during
service

If 3% is the maximum tolerable (strain, the
time from the start of service to 3% strain‘is

tae = 1 (1-e%%)
(9 x 10%)x6
tye, = _.1647 =)307,450 hr
8.93 x 10°x6

or 3% will be(reached in 107,450 additional hours.

IMPLICATIONS FROM THE VALUE OF OMEGA

For some materials, Q, is very large, 30, 50 or
even 200 or more, and most of service life is spent at
very low strains. In the final stages of life, strain rate
accelerates rapidly to failure. For such materials,
strain at failure or ductility may still be relatively large,

stress is degraded by small amounts of strain. High
Omega behavior may be due to creep softening or
brittleness.

A convenient engineering index of/total
allowable strain is the strain which corresponds to a
doubling or tripling of the initial strain rate. The time
required would be 50 or 67% of the time\to rupture,
respectively. This is similar to rules ofthumb based
on experience. Similafly, the stfain equal to the
reciprocal of Q,, €, (approximately the Monkman-
Grant strain) is reached at

-0 =
Yo« ") 2T

or about 62% of life, as is often observed.

IMPLEMENTATION AND COMMENTS

The remarkable feature of the Omega meth-
edology is its prediction that the shape of the creep
¢urve is invariant when plotted as true strain versus
time. Thus, the past and the future are calculated with
equal ease and testing need be sufficient only to
permit estimation of the strain rate at different strains.
Strain rate usually may be obtained in tests of only
one-tenth the duration required for rupture. This
permits testing at 75°F (45°C) lower temperatures
then conventional isostress rupture testing and
thereby reducing the extent of the extrapolation to
predict life by a full order of magnitude.

In the Omega method the physical signifi-
cance to the creep curve fitting terms is as follows:

¢, is the creep rate corresponding tot = 0
for the given microstructural condition. If part
of the creep curve is unavailable or tertial
behavior is combined with primary creep, €,
may still be obtained (Figure 11) graphically
or by closed-form calculation (see Equation
21b) from the strain rate at a later time.

Q, is the coefficient of the relative (logarith-
mic) change in strain rate per unit strain. For
example, if the creep rate doubles (In 2 =
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Table 1
I OMEGA VALUES FOR CARBON STEEL | ‘
% .' T
j STRESS ITEMPERATURE, F i
KSI 950 975 1000 1025 1050 1075 1100 1125 | 1150
] 10.00 7.98 7.40 6.87 6.40 5.97 5.59 5.24 4.92 463
9.50 8.17 7.57 703) 654 6.10 5.71 5.35 5.03 473
9.00 8.37 7.75 7.20 6.70 6.25 5.84 5.47 5.14 4.83)
8.50 8.59 7.95 7.38 6.86 6.40 5.98 5.60 5.26 4.94
8.00 8.83 8.17 7.58 7.04 6.56 6.13 5.74 539) © 506
750 9.09 8.40 7.79 7.24 6.74 6.30 5.89 553% 519
| 700 9.37 8.66 8.02 7.45 6.94 6.48 6.06 5.68 5.33
6.50 9.68 8.94 8.28| 7.69 7.15 6.67 6.24 5.84 5.49
| 6 10.02 9.25 8.56 7.94 7.39 6.89 6.43 6.03 5.65
5.50 10.39 9.59 8.86] 8.22 7.64 7.12 6:65 6.22 5.84
5.00; 10.80! 9.96 9.20 8.53 7.92 7.38 689 6.44 6.04
4.50. 11.26 10.37 9.58 8.87 8.24: 7.67 7.15 6.68 6.26
4.00 1.77 10.83 10.00 9.25 8.58 7.98 7.44 6.95 6.51
350 1233 11.34 10.46 9.67 896 833 7.76 7.25 6.78
3.00 12.95 11.90] 10.96 10.13 9.38! 8.71 8.11 7.57 7.08]
250 1361 12.50 11.51 10.62, 9.83 9.12 8.49 7.91 7.39
200 14.29 13.10 12.06 11.12 10,29 9.54] 8.87 8.26 7.71
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Figure 11. lllustration of the graphical determination of e'o
from a partial creep curve.
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.69) after 3% creep strain, then Q, is 23. The
value of Q is a direct indication of the con-
cavity of the creep curve. While Q, is a func-
tion of stress, temperature and geometry (or
stress state) a number of trends have
emerged. Generally, Q,

(a) increases with decreasing stress
(b) increases with decreasing tempera-
! ture
1 () increases with increasing multiaxiality
(d) is far less sensitive to stress and
temperature than strain rate
(e) may be expressed parametrically,

say in Larson-Miller or other form to
arrive at the stress-temperature de-
pendence as shown in Table 1 and
Figure 12.

The initial creep rates used in the Omega
method calculations are for given microstructural
states (specific amount of damage). As such they
might be expected to behave as thermally activated
functions of stress and temperature and be amenable
to Arrhenius-type (Larson-Miller) correlation with the
reciprocal of temperature. The same is not necessari-
ly true of minimum creep rates used in Norton’s Law
correlations or the coefficients in the Theta projection
[18]. Minimum creep rates obtained with the Norton
or Theta equations occur at varying amounts of strain,
(or damage) and the resulting variation in danage
state would be expected to corrupt the observed
temperature dependence and interfere withycorrela-
tions of the Arrhenius or Larson-Miller types.

As a practical matter, a single specimen may
be used to establish the uniaxialvalues of strain rate
and Omega needed for life “assessment. This is
accomplished by strain measurements at the operat-
ing stress (usually assumed'to be the effective stress)
and at a temperature of 100 to 150°F (55 to 85°C)
above the operating témperature. (For ferrous materi-
als, if higher temperatures are required to measure
significant strain’ rates during the test, it is unlikely
there hastbeen any damage in service.) After a small
amounf of'strain is measured, usually only requiring
a fewhtindred hours, stress or temperature may be
increased slightly to obtain a creep plot with sufficient
Curvature to allow determination of Q. While this is
not the precise value of Q, for the initial conditions,
the stress and temperature dependence of Q, are
relatively small and the difference usually is not

important. Creep rate and Omega may be obtained
by curve matching rather than regression (Figures 13
and 14). The curve matching method is sufficiently
accurate, more rapid, and requires less data.
values obtained are compared to MPC's database to
establish whether the material is weak, strong, brittle,
or otherwise unusual. The existing database for the
material provides the needed function for extrafola*
tion to operating temperature. This is done pafametri-
cally as described later. Then the life fraction, %
damage, time to future strain, etc., may-be €alculated
using formulas derived herein.

Special care must be exercised in the prepa-
ration and testing of creep spécimens. Oxidation or
lack of precision in measurement will invalidate the
data. Special techniqués‘have been developed to
overcome these problems without resorting to inert
testing atmospheres. While precautions may be taken
against oxidation,{ they sometimes only delay or
diminish the effeet. Great care must be exercised in
interpreting the data. Large specimens oriented in the
circumférential stress direction are used to evaluate
pipecahd-tubing (Figure 15)

Tests under moderately variable conditions of
temperature and stress suggest that life fractions sum
reasonably well (Figures 16 and 17). The rule for life
summation under variable operating conditions is that
strain rate acceleration results from the total sum of
the products of strain and Omega at each condition.
This is substantially the equivalent of Robinson’s Rule
of linear life fraction summation [19]. Over the i th
interval

€ =

A In (1- &,Q8)
Q.

It can be shown that strain rate acceleration in each
interval is

1 /(‘ = éoinitl ) (25)

and the product of such terms is the total acceler-
ation. Damage is then simply related to strain rate
and fractional remaining life (R.L.) is obviously

R. L. = 1/ (product of all acceleration factors)
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Figure 12. Parametric presentation of stress\and temperature
dependence of Omega.values.
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I Figure 13. Determination of curve coefficients by matching
shadowedcurve-todata:
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Same as Fig. 13, except Circle for Omega = 40
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Figure 14. lllustration of senSitivity of curve fitting
procedure to small variations-in selected coefficients.
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Figure 15. Flat specimen prepared from heater tube.
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Figure 16. Creep strain observed under vatigble test conditions.
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Figure 17. Predicted creep curves based on cumulative life
summation rule for the test in Figure 16
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For example, if the strain rate is 4 x the initial value
then the remaining life is only 25% of the total possi-
ble and the life fraction consumed is 75%. Based on

and the advisability of applying stabilizing heat
treatments prior to tests of virgin materials.

—these—principtes, it has —beerrfound —possibie to

generate useful data under muiltiple conditions of
stress and temperature with a single specimen. (Note:
the sequence must be carefully chosen, stress
increases only are allowed.) Curve fitting coefficients
have been determined for each segment and creep
rates for the undamaged condition at each
stress/temperature combination extracted from the
data.

The Omega method has led to a number of
useful tools for life assessment and to insight into the
nature of creep-rupture failure. The suitability of the
method is readily verified by plotting strain rate versus
strain (Figure 6) or strain versus the logarithm of
remaining life (Log (t, - t)) (Figure 7). The mathemati-
cal model described herein may be modified for other
than uniaxial constant load stress-rupture testing, e.g.,
constant stress testing or tubular burst tests. In the
case of the former, Omega is less than in the uniaxial
case while in the latter is higher. The value of Omega
also depends on many microstructural and hardness
factors.

Considerable emphasis has been placed on
strain rate. Thus, the effective stress which is thought
to govern strain rate should be considered as a basis
for testing. Inherent ductility is not to be igrored
since in some cases it will limit life. For some-materi-
als, strain at fracture needs to be included\itrthe life
prediction equations enumerated aboye:it has been
found that after only a small amount-of strain it is
possible to estimate with precision)the path of the
remainder of the creep curve: However, strain to
fracture must be determined ‘empirically, but it is not
always critical for estimating test duration.

The concept of-Omega as a material property
draws attention-te_differences among materials in
their response\to’ creep. Some are highly strain
tolerant angd fail by plastic collapse after large strains
while otHers lose load carrying capabilities after only
small_Strains, possibly due to microstructural soften-
ing (or) cavitation. If a material is microstructurally
unstable, due to precipitation, embritttement or
excessive softening, such behavior can be established
from the creep curve [10]. Microstructural issues
must be considered in choosing test temperatures

ol
sensitivity of materials. Materials displaying high
values, in excess of 50 to 100 may display notch
sensitivity. Extensive studies of this capability are im
progress and useful trends may be established.

DEVELOPMENT OF CONSTITUTIVE EQUATIONS

The need for constitutive equations for strain
rate and Omega has stimulated matetial property data
collection at component operating stress levels.
While the usual variety of paramietric relations have
been employed to correlaté data, the Larson-Miller
parameter has been.lsed mainly because of its
compatibility with the“concept of activation energy
and because it predicts very long lives as tempera-
tures approach.the bottom of the creep range.

If we empley.the simple relation

ta.s_ 9
en

P

then it should be obvious that

Pn & Pun ’Pn

where

P = a logarithmic parametric relation. When Larson-
Miller parameters are used as all the parameters (not
always necessary)

G = CyyCa

where C is the optimized correlating constant in the
logarithmic equation.

In other words, the correlating constant for
strain-rate will differ from the value obtained for
rupture by the constant which correlates the Omega
coefficients. Values of the constants in the strain rate
expressions for ferritic steels have been found to
range from about 15 to 30 or more depending on
alloy content (Figure 18). Since Omega has small
temperature sensitivity the correlating constant is
usually less than two (Figure 12). The reader is
warned that correlating ferritic steel rupture data with
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