STP-NU-020

 VERIFIGATION OF
ALLOWABLE STRESSES
IN ASME SECTION il
SUBSECTION NH
FOR ALLOY 800H



https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

STP-NU-020

VERIFICATION OF

ALLOWABLE STRESSES IN
ASME SECTION |Ii
SUBSECTION NH FOR
ALLOY 800H

Prepared by:

RyW. Swindeman
Cromtech Inc

M. J. Swindeman
University of Dayton Research Institute

B. W. Roberts
BW Roberts Consultants

B. E. Thurgood
Bpva Engineering

D. L. Marriott
Stress Engineering Services

(’\SME STANDARDS
_ TECHNOLOGY, LLC



https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

Date of Issuance: November 1, 2008

This report was prepared as an account of work sponsored by U.S. Department on Energy (DOE) and the
ASME Standards Technology, LLC (ASME ST-LLC).

Neither ASME, ASME ST-LLC, Cromtech, Inc., University of Dayton Research Institute, BW Roberts
Consultants, Bpva Engineering, Stress Engineering Services, nor others involved in the preparation or review of
this report nor any of the1r respectrve employees members or persons actmg on their behalf, makes any

sefulness of any mformatron apparatus product or process drsclosed or represents that its use would not
infringe upon privately owned rights.

Reference herein to any specific commercial product, process, or service by trade name, trademark,
anufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
flavoring by ASME ST-LLC or others involved in the preparation or review of this report, orany agency
thereof. The views and opinions of the authors, contributors, reviewers of the report expressediherein do not
ecessarily reflect those of ASME ST-LLC or others involved in the preparation or review ofithis report, or any
dgency thereof.

ASME ST-LLC does not take any position with respect to the validity of any patent rights asserted in

donnection with any items mentioned in this document, and does not undertake to\ifisure anyone utilizing a
ublication against liability for infringement of any applicable Letters Patent, fior*assumes any such liability.

1}sers of a publication are expressly advised that determination of the validity of any such patent rights, and the
isk of infringement of such rights, is entirely their own responsibility.

Participation by federal agency representative(s) or person(s) affiliated with industry is not to be interpreted
ds government or industry endorsement of this publication.

ASME is the registered trademark of the American*Society of Mechanical Engineers.

No part of this document may be reproduced in any form,
in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.

ASME Standards Technology, LLC
Three Park Avenue, New York, NY 10016-5990

ISBN No. 978-0-7918-3186-1

Copyright © 2008 by

ASME Standards Technotogy, LLC
All Rights Reserved


https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

Allowable Stresses in Section III-NH for Alloy 800H STP-NU-020

TABLE OF CONTENTS

FOTEWOT ...ttt ettt b e s bt e s et e e te e te et e e saeesseeeabeeabeenseenseenseesseesanesnsenns vi
AADSTIACT ettt ettt e h e h e e h ettt a e et e e bt e bt e sh e e ehe e eate e bt e bt e bt e bt e nbeeeaeeeateenteebeen vii
PART I = BASE METAL.....oiieietee ettt sttt et s et e e e et et e beeseenseeneeneeneenne 1
I INTRODUCTION ....coiitiiieiieiieiecteeteste ettt et et e st e s seessebesseessesesseensasseessessesssansessenssensenseensenns 2
2 IDENTIFICATION OF MATERIALS.......o oottt e B
3 AVAILABLE SOURCES FOR CREEP AND STRESS-RUPTURE DATA ......cccooovreeemidene b
4 DATA ANALYSIS PROCEDURES.......cociiiiiiiiieieieteeeeeeete e e d
4.1 Current ASME Section II Procedures for Setting Time-Dependent Stress Allowables............ R
4.2 ASME Subsection NH Procedures for Setting Time-Dependent Stress Intensitics................. 1
4.3 A Few Other Data Analysis Procedures..........cccocviviieeciieniieniieeie oS 1]
5 EVALUATION OF THE STRESS-RUPTURE OF ALLOY 800H AT,750°C AND HIGHER... 13
5.1 Selection Of Data ....ccc.eeiiiiiiiiieieee e ettt st st 13
5.2 Selection of Analysis MeEthOdS. ......cceeviririiririiiiiiiieiec s eedoreenie ettt sttt 15
5.3 Example of the Addition to III-NH Table [-14.6C...........cc5erieeeiieiieieeeeeeree e 2]
6 SUMMARY AND RECOMMENDATIONS ..ot sttt 22
RETerences Part I ......co.ooiiiiiiiiiie e ettt ettt sttt 23
PART II - WELDMENTS ..ottt ettt ettt st 27
I INTRODUCTION ....ocoiiiiiiiiieieiesieeiese e B esesteeseeaesseessessessaessenseessessesssessessesssensesseensesseesenses 28
2 IDENTIFICATION OF MATERIALS. .2 oottt 29
3 REVIEW OF DATABASES FOR DEPOSITED FILLER METALS AND WELDMENTS....... 32
4 DATA ANALYSIS. .o 0 ettt ettt ettt et et e et e b e s te et e besseesseeseeseessesseessanseessensessennsenses 35
4.1 TenSILE Data.. ..o ettt st ettt 3%
4.2 Assembly of the Stress-Rupture Database ..........cccocvevviiiiiciiiiieiesiesee e 39
4.3 Procedure for Détérmining the Stress Reduction Factors .........cccccceeeevieeiieiciieeciieeciec e 39
4.4 Calculation of 'Stress Reduction Factors.........ccueviiriieiieiieiieteseesee e 42
T B ) N O 6N [0 N SRS 45
6 SUMMARY AND RECOMMENDATIONS ..ottt 46
Referenes Part IL........cooiiiiiiiieieee ettt st sttt e be e st e st e entesnteenteenteeseens 47
Appendix 1 - Compilation of Data on Weld Metals and Weldments...........ccccoveeviiiiiiiiniinnicinceneen. 49
Appendix 2 - Coefficients for the Larson Miller Fit to Stress-Rupture Data.........c.cccoeeveeiievieeineenenns 52
Appendix-3—=Exampies of Calcutated-Stress Factors for Attoy 82-Wetdments 53

Appendix 4 - Recommended Creep-Rupture Experimental Program to Address Stress Rupture

Factors for Weldments in Alloy 800H for Service above 750°C........ccevvieviieveenienieniieieeieeiens 54
Appendix 5 - Parametric Study of Weldment Behavior............cccoecveeienieniiniiiiececeeeeeee e 59
ACKNOWIEAZIMENES .....oouiiiiieiieeiie ettt ettt ettt ettt e st esateea e eate e st esbeesseesatesnsesnseenseenseenneesnees 65

il


https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

STP-NU-020 Allowable Stresses in Section III-NH for Alloy 800H

AbDreviations and ACTOMYINIS ......cccviicvieerieriierrierieseesresseaseesseesseesseesssesssessseassesssesssesssessssesssesssesssessses 66
LIST OF TABLES
Table 1 - Comparison of Chemistries for Variants of Aoy 800..........ccceeviieviiircieeiiiecieeciee e 4
Table 2 - Effect of Data Selection on the LM Constants, C, for Three Lots in a Lot-Centered

AANALYSES ...ttt ettt ettt ettt e e h e e ea b e et e e bt e be e bt e ehteenteenteenteeteenteans 19
Table 3 - Calculated Stresses for 100,000 Hours (MPa) Which Form the Basis for the Time-

Dependent Allowable Stresses in ASME II-D.......cccoiiviiiiiiniiniecieceeceereeeeee e 19
Table 4 - Comparison of the Average Strength of Alloy 800H at 800°C and 100,000 Hours fronra

NUMDET OF SOUICES. ...c.evieiiieiieiieciiecite ettt ettt ettt ettt e teesaeesetesnteebe e see oo e 21
Table 5 - Comparison of Chemistries for Variants of Alloy 800.........cccccevvveviieecieiiie et e, 29
Table 6 - Comparison of Chemistries for Coated Filler Metal Electrodes.............c.... Q.5 eiieenene. 30
Table 7 - Comparison of Chemistries for Bare Filler Metal Electrodes ................ 50 oo, 31
Table 8 - Calculated 105 H Rupture Strengths and SRFs for Alloy 82 Welds and Weldments........... 43
Table 9 - Stress-Rupture Data for Alloy A Deposited Weld Metal ......... 507 e, 49
Table 10 - Stress-Rupture Data for Alloy A Deposited Cross Welds. L. vviviiieiienieniecierieeeeee, 49
Table 11 - Stress-Rupture Data for 21-33Nb Weld Metal .........ofeiieciieiiieeeeeee e 49
Table 12 - Stress- Rupture Data for Alloy 182 Deposited Weld Metal ..........cccoeevvvvviiienienienieeneenn, 49
Table 13 - Stress-Rupture Data for Alloy 82 Deposited Weld Metal ........oocvevvevieviencienciecieeieeieenee 50
Table 14 - Stress-Rupture Data for Alloy 82 Cross Welds .........coceevveviriinininiininiicncneeeeeeeeene 51
Table 15 - Stress-Rupture Data for Alloy 182 CrO8S Weld .....ccvveeiiiiiiiiiiieeie e 51
Table 16 - Test Matrix for Alloy 82 Weldment Evaluation...........cccccoceeveniiienenineniieeececeee 55
Table 17 - Test Matrix for Alloy 117 ottAlloy 617 Weld Metal Evaluation .........c..cccccecevveeninceniennene. 56
Table 18 - Test Matrix for Alloy 21/33Nb Weld Metal Evaluation.............c.cccceeveevieniecieeneereeneenne 56
Table 19 - Test Matrix for AHOY 800H Weldments...........cccvevvieeiieiienieiieiieciecre e 57
Table 20 - Effect of Weldment Geometry on the Calculated Strength Reduction Factor..................... 63
LIST OF FIGURES
Figure 1 - Distribution of Carbon Contents in 37 Lots of Alloy 800H...........cccceiirieiiiinieeceeee 13
Figure 2 - Distribution of Al+Ti Contents in 37 Lots of Alloy 800H............ccocceviiiiiiniiinieniecieeeee, 14
Figure 3-+"Distribution of Grain Sizes in 37 Lots of AlIoy 800 ........cooeeiiiiiiniiiiiiiieeeeeeeeeceee, 14
Figure 4 - Distribution of Testing Temperatures for 37 Lots of Alloy 800H ...........ccccoverieiinieeennene. 15
Figure 5 - Distribution of Rupture Lives for 37 Lots of Alloy 800H..........ccccoeveiirinieniinieiecneene 15
Figure 6 - Log Stress vs. Larson Miller Parameter for Alloy 800H ..........ccceiiiiiiniiniinieiieeieeeee, 16
Figure 7 - Histogram of Residuals for Fit of LM Parameter for Alloy 800H............ccccooiriiiininnnnenne. 17
Figure 8 - Residuals vs. Rupture Life for LM Parameter Fit to Alloy 800H .........c.ccocooviiiienininnennene. 17
Figure 9 - Residuals vs. Stress for LM Parameter Fit to Alloy 800H...........cccccceeviinieniiinienieeeeeee, 18

iv


https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

Allowable Stresses in Section III-NH for Alloy 800H STP-NU-020

Figure 10 - Residuals vs. Temperature for LM Parameter Fit to Alloy 800H...........cccccvevieiinienenenne. 18
Figure 11 - F,e vs. Temperature for AIIoy S00H .........coooviiiiierieiieiieeiecie et 20
Figure 12 - Comparison of ASME II-D Stresses with the New Fit for Alloy 800H ..............cccecuenen. 20
Figure 13 - Minimum Stress-to-Rupture vs. Time for Alloy 800H.............cccceveviriiiiiiecieieieeeieene 21
Figure 14 - Comparison of the Yield Strength for Alloy A Weld Metal with Alloy 800H.................. 36
Figure 15 - Comparison of the Tensile Strength for Alloy A Weld Metal with Alloy 800H..............¢ 36
Figure 16 - Comparison of the Yield Strength for 21/33Nb Weld Metal with Alloy 800H and

ATIOY A Weld DEPOSIL...cccvieriieiieeiiieiieiieiiesieeseeseesresreesreesreesseessaessnessnessseessessse fiaes faenens 36
Figure 17 - Comparison of the Tensile Strength for 21/33NB Weld Metal with Alloy 800H ‘and

AlIOY A Weld DEPOSIt....ccccviieiiieeiieeiiiecieeeiee et et eetee e e sreeeeneeseree s Be b e sereeennneesenens 3¢
Figure 18 - Comparison of the Yield Strength for Alloy 117 Weld Metal with Alloy 800H............... 37
Figure 19 - Comparison of the Tensile Strength for Alloy 117 Weld Metal with Alloy 800H............ 37
Figure 20 - Comparison of the Yield Strengths of SMA and GTA Weld Metals .......c..ccccoceeveneennne. 33
Figure 21 - Comparison of the Tensile Strengths of SMA and GTA Weld Metals ..........cccoceereeneen. 38
Figure 22 - Comparison of the Yield Strength for Alloy 82 WeldMetal with Alloy 800H................. 38
Figure 23 - Comparison of the Tensile Strength for Alloy 82 Weld Metal with Alloy 800H............... 33
Figure 24 - Comparison of Weldment Yield Strength with Alloy 800H Base Metal .......................... 39
Figure 25 - Comparison of Weldment Tensile Strength with Alloy 800H Base Metal........................ 39
Figure 26 - Comparison of Alloy A Weld Strength with Alloy 800H Base Metal ...........cccccoeeeenenee. 41
Figure 27 - Comparison of Alloy A Weldnient Strength with Alloy 800H Base Metal ...................... 4]
Figure 28 - Comparison of Alloy 21/33Nb Weld Strength with Alloy 800H Base Metal ................... 41
Figure 29 - Comparison of Alloy.82 Weld Strength with Alloy 800H Base Metal ............ccccceerurenene 42
Figure 30 - Comparison of Alloy-82 Weldment Strength with Alloy 800H Base Metal ..................... 42
Figure 31 - Calculated Stress Rupture Factors for Alloy 82 for 100,000 hr. .........cccveeviieeiiienieeeiene 43
Figure 32 - Calculated'Stress Rupture Factors for Alloy A for 100,000 hr..........cccvevvircierienienreenens 43
Figure 33 - Comparison of Rupture Data for Alloy 82 Weldments with Calculated Curves Based

ONERETLIMP .ottt s e 44
Figure 34.2«Comparison of Rupture Data for Alloy A Weldments with Calculated Curves Based

ON the LIMP ...t 44
Figute35 - Example Geometries of Weldments with 20° Interface Angle..........coceeceeviniinincnncncne. 59
Figure 36 - General View of Weld FE Model.........ccoooiiiiiiiiiiieiiccie et 6
Figure 37 - Detail of Weld INtErfACE ......ccveeviieeiiciiciieceeeete et eae 60

Figure 38 - Mises Stress Distribution on Weld Interface Under Full Developed Creep Conditions ... 62

Figure 39 - Hydrostatic Stress Distribution on Weld Interface Under Full Developed Creep
L070] 1T L1034 TSRO 63


https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

STP-NU-020 Allowable Stresses in Section III-NH for Alloy 800H

FOREWORD

This document is the result of work resulting from Cooperative Agreement DE-FC07-051D14712
between the U.S. Department of Energy (DOE) and ASME Standards Technology, LLC (ASME ST-
LLC) for the Generation IV (Gen IV) Reactor Materials Project. The objective of the project is to

d d 1] Ndt Operd d
specific areas that are tied to the Generation
Reactors Integrated Materials Technology Program Plan. This report is the result of work
performed under Task 1 titled “Verification of Allowable Stresses in ASME Section III, Subsection
INH with Emphasis on Alloy 800H and Grade 91 Steel (a.k.a., 9Cr-1Mo-V or ‘Modified 9CR-1Mo’).”

ASME ST-LLC has introduced the results of the project into the ASME volunteer /standards
¢ommittees developing new code rules for Generation IV nuclear reactors. The projeet:deliverables
are expected to become vital references for the committees and serve as important t€¢hnical bases for
gew rules. These new rules will be developed under ASME’s voluntary consensus process, which
fequires balance of interest, openness, consensus and due process. Through the course of the project,
ASME ST-LLC has involved key stakeholders from industry and government'to help ensure that the
echnical direction of the research supports the anticipated codes and standards needs. This directed
gpproach and early stakeholder involvement is expected to result in ‘consensus building that will
;thimately expedite the standards development process as well” as commercialization of the
chnology.

ASME has been involved in nuclear codes and standards since 1956. The Society created Section III
f the Boiler and Pressure Vessel Code, which addresses‘nuclear reactor technology, in 1963. ASME
$tandards promote safety, reliability and component intérchangeability in mechanical systems.

.

'he American Society of Mechanical Engineers (ASME) is a not-for-profit professional organization
romoting the art, science and practice of mechanical and multidisciplinary engineering and allied
ciences. ASME develops codes and standards that enhance public safety, and provides lifelong
arning and technical exchange opportunities benefiting the engineering and technology community.

isit www.asme.org.

he ASME Standards Technology;”LLC (ASME ST-LLC) is a not-for-profit Limited Liability
ompany, with ASME as .the ‘sole member, formed to carry out work related to newly
ommercialized technology.(The ASME ST-LLC mission includes meeting the needs of industry and
overnment by providing new standards-related products and services, which advance the application
f emerging and newlycommercialized science and technology and providing the research and
chnology developnient needed to establish and maintain the technical relevance of codes and
ytandards. Visitevww.stllc.asme.org for more information.

vi
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ABSTRACT

Part I Base Metal - Databases summarizing the creep-rupture properties of alloy 800H and its variants
were reviewed and referenced. For the most part, the database was judged to be adequate to meet the
needs for time-dependent properties in the extension of alloy 800H in ASME Section III Subsection
NH (II-NH) to 900°C (1650°F) and 600,000 hours. Procedures for analyzing creep and stress-
rupture data for II1I-NH were reviewed and compared to the current procedure endorsed by the ASM

Section II on Materials. The stress-rupture database for alloy 800H in the temperature range of 7501t
1000°C (1382 to 1832°F) was assembled and used to estimate the average and minimum strength’fo
times to 600,000 hours.

Lo SRS

Part II Weldments - Databases summarizing the tensile and creep-rupture properties~of-deposite
weld metal and weldments for alloy 800H were reviewed and referenced. Procedurés’for analyzing
creep-rupture data for temperatures of 750°C (1382°F) and higher were reviewed andsused to estimat
the weld strength reduction factors (SRFs) as a function of time and temperatute for temperatures t
900°C (1650°F). The database was judged to be inadequate to meet the needs.for the extension of th
use of filler metal for alloy 800H in ASME Section III Subsection NH,t67900°C (1650°F). Fiv
appendices were included that 1) listed the data used in the evaluation.0f"the SRFs, 2) provided th
values for parametric constants in the models, 3) provided an example of the calculated SRFs fo
alloy 82, 4) recommended supplemental creep-rupture testing to éxpand the database and improve th
estimation of SRFs for long-time service and 5) provided a summary of a parametric Finite Elemen|
Analysis (FEA) study of cross-weld samples.

o=

— W = o o o
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1 INTRODUCTION

A collaborative effort has been established between the Department of Energy (DOE) and the
American Society of Mechanical Engineers (ASME) to address technical issues related to codes and
standards applicable to the Generation IV Nuclear Energy Systems Program [1]. A number of tasks
have been identified that will be managed through the ASME Standards Technology, LLC (ASME
ST-LLC) and involve significant industry, university and independent consultant activities. One of
€ 1asks the Verification of Allowabie Siresses in ection 111, Subsection With Emphasis an
Allloy 800H and Grade 91 Steel. A subtask is the assessment of the data needed to extend the ASME
$ection III coverage of alloy 800H to 900°C (1650°F). To this end a review is provided herecthat
identifies data sources and analytical procedures that have been used in code-related work omalloy
300 over the last 30 years. This review is followed by an evaluation of the long-time stress-tupture
¢haracteristics in the temperature range of 750 to 900°C (1382 to 1650°F).
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2 IDENTIFICATION OF MATERIALS

Alloy 800H is one of three classes (or “grades”) of 33Ni-42Fe-21Cr alloy that are listed in ASME
Section II and approved for construction of pressure boundary components. These are identified as
UNS NO08800, UNS N08810 and UNS NO08811 for alloy 800, alloy 800H and alloy 800HT,
respectively. There are other variants identified in international construction codes and databases.
Often, the specifications for these variants fall within the ASME SB specifications so valuabl

information may be obtained from these sources. The history of the development of the three(SIB
grades of alloy 800 has been provided by INCO alloys [2], [3]. Variants of alloy 800 were examined
for both irradiation resistance [4] and steam generator requirements [5] and by 1975 several restrictegl
chemistry versions of alloy 800 were available. Further evaluations were performed in Eurepe on the
Sanicro 30 and Sanicro 31 alloys with emphasis on the influence of carbon, titanium and aluminum
[6]. By 1989, three variants of alloy 800 were available in the German codes [7{ and the German
code KTA 3221.1 that was issued in 1993 provided design data for three materials: alloy 800 DH,
alloy 800 Rk and alloy 800H [8].

ASME III-NH identifies the permitted SB specifications and associated prodiict forms for alloy 800H
(UNS N08810) in Table I-14.1. The ladle composition for the alloy 800H ‘material may be compared
to the other grades mentioned above in Table 1. Alloy 800 differsfrom alloy 800H in permitting
carbon levels below 0.05%, annealing temperatures below 1121°€ (2050°F) and finer grain size with
ASTM grain size numbers above 5. Alloy 800HT requires carbon to be at least 0.06%, the aluminum
plus titanium to be in the range of 0.85 to 1.2%, and the anfiealing temperature to be at least 1149°(
(2150°F). The Japanese specification for alloy 800H\As™ virtually identical to the ASME SB
specification for alloy 800H. The three specifications identified in the German code KTA 3221.1 arg¢
included in Table 1. The German specifications require narrower ranges for nickel and chromium
content. For grades 800 DE and 800 Rk, lower carbon is permitted and the maximum carbon i

i

r

=i

reduced relative to the ASME SB specifications. The ranges for aluminum and titanium are reduce
and the maximum for both elements is xteduced. The KTA 3221.1 specifications allow highe
aluminum and titanium for the alloy 800"H grade. Both the minimum and maximum values ar
higher than for the ASME SB specification. All specifications, except for alloy 800 and alloy 80
DE, require grain sizes of ASTM(No. 5 or coarser. The German specifications place additiona]l
requirements on phosphorus, hitrogen, cobalt and niobium. Additional product form chemistry
requirements apply but they. will not be presented here. The similarity in the chemical requirement
for ASME and Japanese~versions of alloy 800H suggest that data produced on materials from thes¢
sources should be inteérchangeable and useful in extending ASME III-NH to higher temperatured.
Care is needed with sespect to using data produced from material in conformance with the Germai
specifications to assure that the material falls with the ASME SB specification for alloy 800H.

=
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Table 1 - Comparison of Chemistries for Variants of Alloy 800

Element ASME ASME ASME DIN DIN DIN JIS-G-4904
NO08800 NO08810 NO088I |
800 800H 800HT 800 DE 800 Rk 800 H
Ni 30.0-35.0 30.0-35.0 30.0-35.0 30.0-32.5 | 30.0-32.5 | 30.0-34.0 30.0-35.0
Cr 19.0-23.0 19.0-23.0 19.0-23.0 19.0-22.0 | 19.0-22.0 | 19.0-22.0 19.0-23,0
Fe 39.5 min 39.5 min 39.5 min bal bal bal
C 0.10 max 0.05-0.10 0.06-0.10 0.03-0.06 | 0.03-0.08 | 0.05-0.10 0,05-0.10
Mn [.50max [.50 max [.50 max <I.5 <I.5 <I.5 1.50 max
S 0.015max | 0.0l15max | 0.015 max <0.010 <0.010 <0.040 0.015 max
Si 1.0 max 1.0 max 1.0 max <0.70 <0.70 <0.70 1.0 max
Cu 0.75 max 0.75 max 0.75 max <0.15 <0.45 <0.45 0.75 max
Al 0.15-0.60 0.15-0.60 0.15-0.60 0.15-0.40 | 0.20-0.50~1 0.40-0.75 0.15-0.60
Ti 0.15-0.60 0.15-0.60 0.15-0.60 0.20-0.40 | 0.20-0.50 | 0.25-0.65 0.15-0.60
Al+Ti 0.85-1.20 <0.60 <0.70
P <0.015 <0.015 <0.015
N <0.03 <0.03 <0.03
Co <0.02 <0.45 <0.45
Nb <0.1 <0.1
ASTM GS No. <5 <5 <5
Guronorm 103 GS 3to7 | to5 | to5
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3 AVAILABLE SOURCES FOR CREEP AND STRESS-RUPTURE DATA

Although sufficient tensile and creep-rupture data existed in the 1960s to gain ASME Boiler and
Pressure Vessel (BPV) Code acceptance, Huntington Alloys Inc. (HAI) assembled an expanded
database for alloy 800 from U.S. and European sources for a reevaluation of strength needed for
further BVP code action in 1974. This information was intended for use in nuclear programs in [2],
9]. At that time, the European data provided to HAI included 30 eep-rupture te is know
that there were three specifications involved. In two of these specifications, the maximum carbe
content was 0.030% and in the third the carbon range was 0.035 to 0.060%. Also, different-limitg
were set for the titanium and aluminum contents. These data, provided by HAI for use by General
Atomic Co. (GA), Westinghouse-Tampa (W-T), and ORNL, were retained at ORNL and-include¢
both Grade 1 (alloy 800) and Grade 2 (alloy 800H) materials. Some creep data were.provided by
HAI in the ASTM McBee card format. Other listings were in tables and hand plots. Th
temperatures for approximately 130 creep tests on alloy 800H ranged from 538, to- 1093°C (1000 t
2000°F). The creep data were used by Sterling at GA to develop at creep law-aiceded for constructiol
of isochronous stress-strain curves [10].

[ 97

To further assist in expanding the data base, ORNL placed a subcontract with Sandvik in 1976 t
supply stress-rupture data and technical papers describing development work on Sanrico 30 an
Sanrico 31 alloys [11]. Over 600 rupture tests were listed for a variety of chemistries, melting
practices, fabrication practices, product forms and heat treatments. The Sanrico 30 heats were to
low in carbon to qualify as alloy 800H but 19 of the 39 lotsof Sanrico 31 exhibited chemistries that
conformed to alloy 800H. Most lots of Sanrico 31 met\the alloy 800H heat treating requirementy.
Testing temperatures ranged from 550 to 700°C (1022-t0 1296°F). The emphasis of the research wap
for usage around 600°C [11]-[14].

U =<

In 1978, three reports produced by W-T were combined in a review of the status of alloy 800 fof
steam generators [15]. The stress-rupture compilation included 162 results from tests in the range (;]f
482 to 982°C (900 to 1800°F). Although,the emphasis was on the properties of Grade 1 materiall
(N08800), an interesting discussion ofitértiary creep limit was included that bears on the tertiary creej
limit of ASME III-NH. Much of fhiis material was presented at Petten International Conference i1
1978 [16], [17].

=

Also in 1978, Booker, Baylor and Booker re-assembled and analyzed the creep-rupture database for
alloy 800H (N08810) [18]*They examined creep behavior, tertiary creep characteristics and stress
rupture. They reported créep data for eight lots tested in the range of 538 to 871°C (1000 to 1600°F).
These included two/product forms of a single heat (plate and tubing) and one lot whose chemistry di
not conform to_dlloy 800H due to low carbon content. The creep data included the time to en
“primary creep;’/the minimum creep rate and the time to tertiary creep as defined by the 0.2% offsg
strain fromrthe minimum creep rate projection. They showed creep curves for 72 tests. Many of th
creep data)Compiled were taken from the HAI data package [2], [9]. In their report, Booker, et. al.
listed 485 stress-rupture data supplied by Sandvik for Sanicro 31 [11]. Included were 156 stress
rupture data for lots that conformed to the alloy 800H specification. Booker, et. al. performe
extensive analyses of the creep data and proposed formulations to describe the temperature-stres
dependencies of creep, rupture and tertiary limits.

T e+ V== = T
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A revised data compilation of creep, rupture and tensile data for alloy 800 (NO8800) was issued by
HAI in 1980 [19]. This compilation included the European test results that were accumulated in
1974. The listing of tensile data included results for 71 lots of cold drawn (CD) tubes, 2 lots of cold
drawn (CD) rounds, and 10 lots of hot rolled (HR) plates. Creep-rupture data were included for the
same product forms. A total of 228 test data covered the temperature range of 450 to 982°C (842 to
1800°F).
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The accumulation of creep and stress-rupture data on variants of alloy 800 continued during the early
1980s. Andersson reported data on effects of composition, heat treatment and cold work on the
tensile and stress-rupture of alloy 800H at 600°C (1112°F) [6], while Milicka reported data on effects
of prestraining on creep behavior of alloy 800H near 700°C (1292°F) [20]. The data in both papers
were provided in graphical rather than tabular form.

In 1982, stress-rupture data were added to the data base accumulated by GA for a reevaluatlon of the

nd 39 data from Babcock & Wilcox Co. on bar and tubing. Data were restricted to the temperature
ange of 538 to 816°C (1000 to 1500°F). Analysis of the data was undertaken by ORNL, Mar-Test
c and GA and led to the revision of allowable stress intensities for ASME Section III Code Case|N-
47 [21]. The data and results of the analysis were summarized in a report by Booker [22].

reep-rupture of alloys 800 and 800H in air and helium were reported by Trester, et. al.\in 1982 for
temperatures in the range of 649 to 900°C (1200 to 1650°F) [23]. This work addressed-such issues as
the effect of carburization and aging on the yield and ultimate strengths, ductility ahd toughness and
dreep-rupture behavior. The report included a review of other work on helium-effects and provided
45 references. Stress-rupture data from tests in “wet” helium were reported/from four sources over
the temperature range 649 to 760°C (1200 to 1400°F). Stress-rupture data<rom tests in “dry” helium

ere reported from three sources over the temperature range 649 to 816.C1200 to 1500°F). Control
data from tests in air were included. Creep curves were provided for 14 tests performed in air and
elium at temperatures from 649 to 900°C (1200 to 1650°F).

esting (tensile and stress-rupture) of alloy 800H forging at 649°C (1200°F) were begun at GA [24],
[25]. In the mid-1980s, LSO, a program supported by GA Technologies Inc., was undertaken by
FRA Technology Ltd. to explore the effect of compositional and fabrication factors on the tensile and
¢reep-rupture behavior of alloy 800 [26]. The efforts were concerned primarily with low carbon and
ow aluminum plus titanium variants, but one seriés*addressed alloy 800H. Creep-rupture tests on
alloy 800H were performed on tubes from four casts and bars from two casts. The test temperatures
fanged from 800 to 1000°C (1482 to 1832°F).for times to beyond 10,000 hours. Creep strains were
determined by interruption of the tests for, toom temperature measurements. Data for 77 tests were
provided in graphs and tables.

In the mid 1980s, a number of papers addressing HTGR materials technology were provided in a
gpecial issue of Nuclear Technology [27]. Materials included alloys 800H, 617, X and other
¢andidates. Papers covered thiestatus of the materials development work, the selection of metallic
materials, microstructuralccharacterization, creep properties, fatigue properties, tensile properties,
fracture mechanics, gas/metal reactions, friction and wear, hydrogen permeation, irradiation behavior,
design codes and nondestructive evaluation. Several papers included evaluations of alloy 800H. In
particular, Sainfort)et. al. included stress-rupture curves for alloy 800H in helium and air to 750°C
(1382°F) [28],/bee'provided summary data for stress-rupture, minimum creep rate and time to tertiary
¢greep in air(amd helium at 649 and 760°C (1200 to 1400°F) [29] and Schubert, et. al. provided
qummary data for stress-rupture and time to 1 percent creep for temperature to 950°C (1742°F) [30].
Data wereprovided as plots.

examined the stress-rupture of pressurlzed tubes in air, inert env1ronments and 0X1d121ng/sulﬁd121ng
environments at 871°C (1600°F) [31]. Over 40 tests ranging to beyond 3400 hours were included in
the work and data were provided in a tabular form. About the same time, Taylor, Guttmann and
Hurst reported results of stress-rupture testing of solution annealed, aged and carburized alloy 800H
at 800°C (1472°F) [32]. Degischer, et. al. described the effect of solution temperature and aging on
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the creep behavior of two heats of alloy 800H at 800°C (1472°F) [33]. Creep data were provided as
log creep rate versus log creep strain.

The very-high temperature gas cooled (VHTGR) reactor program undertook an extensive
environmental creep testing effort in the 1980s at the General Electric Co. [34]. The activity
examined two heats of alloy 800H. One heat was tested in both air and HTGR helium and the other
heat in only air. Temperatures for 40 tests ranged from 750 to 1050°C (1382 to 1922°F) and times

minimum creep rate, the time to the onset of tertiary creep, the time to 0.2% offset tertiary cree
strain and rupture life. Notched-bar stress rupture testing was undertaken. The authors included a
assessment of the data availability for alloy 800H as a function of temperature to determine‘the dat
requirements for code qualification to 954°C (1750°F).

The MHTGR-NPR program rekindled interest in restricted chemistry versions of alley 800H in th
U.S. [35]. In particular, there was interest in a version of alloy 800H with carbonsnear the minimu
requirement of the specification (0.05%) and aluminum plus titanium at 0.5%,0r greater. As part o
the program, efforts were made to reassemble the database and reevaluate compositional effects.
Sources included the HAI compilations [2], [9], the ERA Technology Ltd.“work [25], the Sandvi
tests [11] and the Petten database [36]. The Petten database was quite«exténsive and covered several
variants of alloy 800, cold work effects and environmental effects~mostly derived from Europea
research efforts. No tabular data were provided. Papers by Diehltand Bodmann [7], [37] provide
further insight into the nature of the European database. , Diehl and Bodmann summarized a
examination of the specifications and strength characteristies\of the variants of alloy 800 contained i1
the Hochtemperatur-Reaktorbau GmbH (HRB) material«ddta bank. The HRB creep-rupture dat
included 4735 tests on 289 materials (lots) over the témperature range of 450 to 1205°C (842 t
2200°F). The variants were designated Alloy 800-Rk, Alloy 800-NT and Alloy 800HT an
distinguished from one another on the basis of ¢chemistry, heat treatment and grain size. The stress
rupture data based reassembled by McCoy for'the MHTGR-NPR work included some of these U.S
European and Japanese data [38]. Mosfdof the 79 heats and lots conformed to alloy 800K
specification. A total of 838 rupture data were compiled in tabular form for temperatures from 538 t
816°C (1000 to 1500°F). Supplemental-creep-rupture testing of a “reference” heat of alloy 800H wal
begun in 1990 [39]. A few tests.iny'the temperature range of 538 to 816°C (1000 to 1500°F) wer
completed on base metal and weldment specimens before the MHTGR-NPR work was terminated.
Additional testing of the alloy 800H reference heat was undertaken by Swindeman in 1992 [40].
Here, temperatures were in'the range of 700 to 982°C (1292 to 1800°F).

A model for creep behavior of alloy 800HT was published by El-Magd, et. al. in 1996 [41]. Th
creep data were provided as log creep rate versus log time and log creep rate for temperatures in th
range of 700 to/900°C (1292 to 1650°F).
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Four significant contributions to the creep-rupture data base for alloy 800H were produced by th
National(Thstitute for Materials Science (NIMS) [41], [42], [43], [45]. Data were provided for six lot
of tubing over the temperature range of 550 to 1000°C (1022 to 1832°F) [41]. Similarly, data wer
provided for six lots of plate materials over the same temperature range [42]. Data include
mihimum creep rate, the time to 1% total strain, the time to tertiary creep based on the 0.2% offse
from the minimum creep rate projection and rupture life. Data at the lower temperatures extended t

— = U

nearly 200,000 hours [43]. Creep data for a single bar product were provided along with relaxation
data for temperatures to 800°C (1472°F) [45].

Finally, the status of the database at Petten was investigated recently. There were 1089 “creep” test
results available for alloy 800H with temperatures ranging from 500 to 1000°C (932 to 1832°F). The
data appear to be from German work on the HGR program.
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4 DATA ANALYSIS PROCEDURES

The materials data currently provided in ASME Section II that are applicable to ASME III-NH
include physical properties (Tables TE-1 through TE-5, Tables TCD, Tables TM-1 through TM-4 and
Tables NF-1 and NF-2), short-time tensile properties (Table U, Table Y-1), buckling charts and
des1gn stress intensity values (Tables 2A, 2B and 4) correspondlng to criteria identified i in Appendlx 2

urposes of hlgh -temperature de51gn ASME IH-NH 1nc1udes stress-rupture tables, fatlgue tables,
¢reep-fatigue damage envelopes, creep-buckling charts, and isochronous stress versus strain curves:it
Appendix 1-14 and Appendix T. For alloy 800H, the coverage extends to 760°C (1400°F) and [for
fimes to 3x10° hours. Fatigue curves extend to 10° cycles. The effects of service-aging on the-yield
qtrength and ultimate strength are included. Stress-rupture data for weld filler metals are included.

It is a matter of ASME policy that strength values for all “Code Books” be set or approved by BPV
bection 1. For new materials or extended coverage of existing materials, ASME,¢ftén subcontracts
ith a consultant to derive the strength values for code cases or the appropriate tables in Section II-D.

he strength values are based on the criteria developed by the specific construction code. Appendix 1
in Section II-D identifies the criteria for establishing the allowable stress.for’ Tables 1A and 1B in
bection [I-D. Appendix 2 in Section II-D identifies the criteria for establishing the allowable stress
intensity values for Tables 2A, 2B and 4 in Section II-D. However, Tables 2A and 2B do not cover
femperatures where time-dependent properties control the allowable stress intensities. The criteria for
gstablishing these time-dependent stress intensities are specified immASME Section 111, Subsection NH
paragraph NH-3221 and differ from those ASME Section {I-D Appendix 1 in several ways: (a)
Appendix 1 has a creep rate criterion which is 100%_ -0f the stress to produce a creep rate if
.01%/1000 hr., while paragraph NH-3221 has a total (elastic, plastic, primary plus secondary creep)
dtrain criterion which is 100% of the minimum stresg€o produce 1% total strain in a specific time, say
00,000 hours; (b) Appendix 1 has a rupture stréngth criterion of F,,, times the average stress to

roduce rupture in 100,000 hours, while paragraph NH-3221 calls for 67% of the minimum stress to
ﬁroduce rupture in a specific time, say 100,000 hours; (c) Appendix 1 has a second rupture strength
griterion of 80% of the minimum stress to produce rupture in 100,000 hours, while NH-3221 calls for
0% of the minimum stress to cause initiation of tertiary creep in a specific time, say 100,000 hours.
The factor F,.. used in Appendix 1(has the value 0.67 or less and depends on the slope of the stress-
pture curve around 100,000 heurs [46].

Qver the years, the methods Jof data analysis needed to produce the tables and charts in ASME
bections II, III and III-NH- have evolved and will continue to evolve. Several of the references
identified above provide-analysis procedures and it is beneficial to review some of these procedures
gs well as alternatives:” First, the current procedures for processing creep and stress-rupture data for
ASME II will bexreviewed.

4.1 Current ASME Section Il Procedures for Setting Time-Dependent Stress
Allowables

he m1n1mum data requlrements for approval of new materials for elevated temperature constructlon

part of a code case that is applicable to a specific construction code, such as Section I or Section VIII,
which covers high-temperature structural components. In addition to the construction code, the draft
code case is concurrently submitted to Section I, which has the responsibility for setting stresses, and
Section IX, which has the responsibility of approving the applicable rules for welded construction.
As described above, consultants working under subcontracts to ASME process the data and develop
stresses conforming to each of the criteria set forth in Appendix 1 of ASME Section II Part D.
Although the consultants have not been restricted to the use of any specific procedure, the time-
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dependent allowable stresses for every new material approved in codes cases or incorporated into II-
D for the last 12 years have been based on the Larson-Miller temperature-time parametric correlation
method that employs a stress-dependent activation energy. Thus:

()= aesl ]
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Where-tr—is-raptaree-or reetproeal-ereeprateAtsaeonstant S Hsafunetionof stress; Risth
universal gas constant and T is absolute temperature. Taking the log to base ten and rearrangin
produces the familiar Larson Miller parameter (LMP):

e

LMP:T(C+logtR):f1(S%3O3R @

Where C is log A and identified as the Larson-Miller parametric constant.

Typically, a stress function f(S) is formulated as a polynomial in log stress:

]“(S):/[I(S%3O3R=ao+a1 logS+a2(logS)2+a3(1ogS)3+... (€]

where a; is a series of constants that depend on the number of terms(in the polynomial. Using a leas
squares fitting method in which log ti is the dependent variable*and T and log S are independe

variables, the optimum values for C and a; are determined{ Although not explicitly required b
Appendix 1 of ASME Section II-D, the consultantsCmay employ a “lot-centered” procedur
developed by Sjodahl that calculates a lot constant (Cy) for each lot along with the Larson-Mill

constant, C, which represents the average lot constant\(C,.) for the heats (46). However, only Ce 1
used to determine the Sg,ve and Sgmin Values spegified in Appendix 1. Determining Sg,y. requires th

eq. (2) be solved for S at 100,000 hours. The determination of Sgy,, in Appendix 1 requires that ed.
(2) be solved for S at 100,000 hours afterzadjusting C by 1.65 multiples of the standard error o
estimate (SEE) in log tg. This minimum-represents the 95% lower bound to the stress-rupture datd.
Thus, only a single analysis for rupture life is needed to assess two of the three time-depender1:
criteria in Appendix 1. The factorcFy.. only applies to Sgave and requires an estimate of the slope o

the log S versus log tg curve, n, at 100,000 hours. The F,. value may be found by evaluating th
partial derivative [Of(S)/0(log tR)]T at 100,000 hours. The value of F,. is then given by the antilo
of (-1/n). It has a definedsupper limit of 0.67. Alternatively, F,,. may be determined as the ratio o
the 10° hour strength to-the 10° hour strength needed to produce a factor of 10 on life at 100,00
hours. Some insight-into an MPC procedure for F,,. accepted by ASME has been provided by Praget
who provides an @nalysis for alloy 800H as an example [47]. He found that the F,,. for alloy 800K
range from 0,640 at 816°C (1500°F) to 0.585 at 982°C (1800°F). The third criterion, S., rarel}
controls the“allowable stresses in Tables 1A and 1B. Generally, it is only necessary to provid
sufficient data to demonstrate that S. does not control. Using eq. (2) and eq. (3), the procedures fo
the determination of Sc are similar to Sgr.v., €xcept that tz is replaced by 1/mcr, where mcr is th
minifmum creep rate. Although the lot constants, variants within a lot, variants between lots and SE}
of;the log tr can be produced in the analytical procedure required by ASME, it is important t
recognize that the ASME II-D does not explicitly provide such information in the minutes of th
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responsible subgroup or in the stress tables. The minutes of ASME Section II show which time-
dependent criterion controls the allowable stresses but Tables 1A and 1B in ASME Section II-D only
show the controlling stresses.
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4.2 ASME Subsection NH Procedures for Setting Time-Dependent Stress
Intensities

The procedures used to produce the stress intensity values and minimum rupture strength values in
the ASME III-NH Table 1-14.4 and 1-14.6 have not been standardized. However, the documentation
of data used in the analyses and the details of the analytical procedures are contained in the minutes
of the ASME Subgroup on Elevated Temperature Design. In some instances, reports and open

literature pnh]ir‘aﬁnnq PLos 1de additional information on these fnpir‘c

s mentioned above, the ASME III-NH time-dependent criteria considered for Table 1-14.4 include
1) 67% of the minimum rupture strength as a function of temperature and time, (2) 80% of the
inimum stress to produce the onset of tertiary creep as a function of temperature and time_and (3)
e minimum stress to produce 1% total strain as a function of temperature and time. Table1-14.6
rovides the minimum rupture strength as a function of temperature and time. In.contrast, the
isochronous stress-strain curves in Appendix T of ASME III-NH represent the “average stress” vs.
train trend for temperatures and times covered by the code. For consistency withifithe ASME code,
e same stress-rupture model developed for the ASME Section II-D tables should be used for the
etermination of the stresses for criterion (1) and Table 1-14.6 in ASME III-NH. Unfortunately, this
onsistency is not always assured.

ith respect to alloy 800H, as mentioned above, the original develgpment of stress intensity values
ere described by Sterling [10]. A review of the procedures and an~offering of alternate procedures
ere provided by Booker and co-workers [18], [48]. It was defermined that the stress-rupture data
id not support the values in the code case. Working with HAI,ORNL and others, GA Technologies
evised the stress tables for CC N-47 [21]. Two of thelthree criteria for time-dependent stress-
intensity values were addressed. For the determination<of the minimum stress to rupture, SR, a
gorrelation for the average rupture life was first developed that was a modification of the Larson-
Miller parameter:

T[ b, +log(£;+3)]=b,+b,logS 4)

Here, on the left side of eq. (4) b, is the-negative of the LM constant, C, in eq. (2) and the 3 hours are
gdded to the rupture life, tg, to improve-the fit of the model to the data at short times. The right side
f eq. (4) is a two-term polynomialsin which the a; terms of eq. (3) are labeled b, and b,. This stress

nction is a simple power law and permits eq. (4) to be solved for stress in a straightforward
xocedure. The minimum rupture stress is obtained by introducing 1.65 multiples of the standard
grror of estimate, SEE, into_the rewritten eq. (4):

{[log(t, +3)+1.65SEE—b0]T—b1}/

log Sp. = b, (%)

The values provided in ASME III-NH Table 1-14.6C were produced by this equation.

A correlation between the time to tertiary creep, based on the 0.2% offset definition, and the rupture
ife was used to develop a method to address the second of the three time-dependent criteria for
efting allowable stress intensities. This correlation was a simple power law written in logarithmic

form below:
logt, =log A+ Blogt, (6)

Where A and B are constants. Using eq. (6), a rupture life, t’, corresponding to the t; of interest, was
calculated and used in eq. (5) to determine the corresponding minimum stress for the initiation of
tertiary in the time, ts.

10
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In CC 1592, the minimum stress to produce 1% total strain, S, did not control S, for alloy 800H and
no revisions were made in developing CC N-47 or ASME III-NH. A re-analysis of S;,, was
undertaken by Booker, Baylor and Booker in 1976 [18]. Due to the difficulty in determining the
minimum strength from the database, they defined S;,, as 80% of the average stress to produce 1%
strain as a function of temperature and time. They showed that the S}, did not control the S; or S
above 593°C (1100°F) [18].

A Norton-Bailey _power-law_creep_model was developed by _Sterling for the time-dependent

component of the isochronous stress-strain curves [10]. Here:
g, =DS"t" (7

where ¢, is creep strain and D, n, and m are constants. Sterling observed that the time|to a givel
strain followed a “linear Larson-Miller type stress and temperature dependence.”

=2

For analysis purposes, he wrote eq. (7) as:

logt=(u%)log5+(7’%+u3)loggc+(L%+u5) (8

where u; are constants determined by a least squares analysis. As‘mentioned above, this equatiol
forms the basis for the time-dependent component of the isochronous curves in Appendix T. It
represents average creep behavior. Accepting the assertion of Booker, Baylo, and Booker, one couldl
calculate S;, using the 80% factor and eq. (8).

=

4.3 A Few Other Data Analysis Procedures

Early work by HAI clearly demonstrated that the tithe dependency of rupture strength for alloy 800H
follows a power law. Evaluations by Wattier [2], Prager [47], Booker [48] and Nippon Kokan [48
support the power law stress dependency;with the Larson-Miller time-temperature parametri
correlation.

Following Pepe [49], McCoy used the-Minimum Commitment Method (MCM) procedure [50] fo
correlating stress-rupture life data,for alloy 800H but provided no information regarding th
parametric values or the stress(dependency of the rupture life [38]. However, the MCM procedur
produced isothermal stress-rupture curves for alloy 800H that approximated a power law fo
temperatures above 649°C{1200°F).

T ==
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Although the Europeans have extensive experience in working with time-temperature parametri
methods, they haye\favored isothermal stress-time correlations for determining average and minimun
strengths. In the~German code development, isothermal extrapolations are restricted to a factor o
three in time.[30]. This rule requires an extensive long-time data base since they provide allowabl
stresses for'design up to 200,000 hours [S1]. With respect to the nuclear construction codes, th
papers by-Diehl and Bodmann provide some insight into data processing procedures [7], [37]. Herg
“the(relationships between the characteristics of the creep and creep-rupture properties and th
mietallurgical parameters were investigated by multilinear regression analyses.” These investigation
involved isothermal data divided into groups (time segments). The regression analyses helped t
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treatment (grain size). Then, stress-rupture curves and stress versus time to 1% total creep curves
were produced for each variant. In contrast to the power law stress-life trend observed for alloy
800H, the log stress versus log time curves turn downward with increasing time for all variants. Of
the three variants in the German code, only 800 HT is permitted for service above 700°C (1292°F).
The duration of the data permitted the extension of allowable stresses to 100,000 hours. Stress values

11
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for 300,000 hours are provided in the KTA 3221 table but a note indicates that the extrapolation in
time is beyond a factor of three.

Data correlation was undertaken at NIMS of the long-time tests results on alloy 800H [42], [43], [44].
The NIMS analysts favored the Manson-Haferd parameter in combination with a polynomial in log
stress such as eq. (3). Although data for several lots approached or exceeded 100,000 hours, only
four or five stresses were included at each temperature, and the estimation of the long time strength of
each lot was based on the interpolation of the parametric fit to the data. Correlations included the
trength-temperature dependence of rupture life, time to 1% total strain, minimum creep rate and time
0.2% offset tertiary creep.

12
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5 EVALUATION OF THE STRESS-RUPTURE OF ALLOY 800H AT 750°C
AND HIGHER

This section summarizes analyses that estimated the average and minimum rupture strength values for
times to 300,000 hours and beyond. The evaluation consisted of the selection of applicable data,

selection of analysis methods, estimation of stresses, and comparison of results with values from
which ASME Section I1-D and Subsection ITI-NH tables were derived

5.1 Selection of Data

Stress rupture data were accumulated for more than one hundred lots of alloy 800H and ifs\variants.
The criteria for selecting usable data from this database were these:

Chemistry: Carbon in the range of 0.05 to 0.1%,
Al+Ti in the range of 0.5 to 1.2%

Grain size: ASTM Grain Size Number 5 or lower

Anneal: Annealed at 1120°C or higher

Data Range: =~ Temperatures of 750°C and higher

Products: Plate, Bar, Pipe and Tubes

TT

From the database, 37 lots were selected which produced-351 data at 750°C and higher. Histogram
showing the distribution of carbon and Al+Ti for the lots are provided in Figure 1 and 2. A histogran
for the grain size distribution is shown in Figure 3¢~\The distribution of temperatures is shown i
Figure 4 The distribution of rupture lives is shown(h Figure 5.

——

12 —

——
$pec.

TR

Count

0.03 0.05 0.07 0.09 0.11

Figure 1 - Distribution of Carbon Contents in 37 Lots of Alloy 800H

13
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Count

0.3 0.5 0.7 0.9 1.1

(AI+Ti) Range (wt %)

Figure 2 - Distribution of Al+Ti Contents in 37 Lots of Alloy 800H

Count

4 6
Range ASTM GS No.

Figure 3 - Distribution of Grain Sizes in 37 Lots of Alloy 800
(ASME GS No. 00 was assigned a value of -1)
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Figure 4 - Distribution of Testing Temperatures for.37 Lots of Alloy 800H

300

351 points

Count

e
410* 610* 810* 110° 1.210°1.4 10°

210*

Rupture Life Range (hr)

Figure 5 - Distribution of Rupture Lives for 37 Lots of Alloy 800H

2 lection of Analysis Meth

As described in the review section of this report, many analysis methods were examined over the
years [18], [21], [22], [38], [39], [42], [43], [44], [46], [47], [48], [49], [50]. Since it was the intent of
the effort reported here to extend the current Subsection III-NH stress allowable stress intensities
(Table 1-14.4C) and minimum stress values (Table 1-14.5C) to higher temperatures and longer times,
an analysis consistent with previous “code” analyses was needed. Also, it was judged to be necessary
that the analysis would produce values close to those in ASME Section II-D 1B when the criteria in

15
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Table 1-100 in II-D were invoked. The detailed analysis procedures used to set the II-D values were
not published nor were they in the Code committee minutes. However, a paper by Prager provided
general guidelines for the evaluation of alloy 800H for temperatures above 760°C [47]. Here, the
Larson-Miller (LM) time-temperature parametric approach was selected and parametric constant of
15.21805 was reported. Other parametric approaches were cited.

For the analysis reported here, the Larson-Miller parameter, in combination with a polynomial in log
stress, was selected. See equations 2 and 3 above. Both global and lot-centered approaches were

A

[he fit of the LM parameter to the high-temperature data is shown in Figure 6. The optimized
parametric constant, C, was 15.12487. This number was close to the value reported by Prager
15.21805). The coefficients for the stress function were as follows:

ap=29648.78
a; =-7334.877
a, = 1903.854
a;=-619.4775

A

he standard error of estimate for the fit was approximately 0.29 {0g cycle (in life). A histogram
ghowing the distribution of the residuals (log tr — calculated log-life) is shown in Figure 7, while the
yariation of residuals with life, stress and temperature are shewn’in Figure 8, Figure 9 and Figure 10,
lc)spectively. The plots revealed no gross trends, although afew test data at 800 and 900°C appeared
exceed the life expectations by significant margins.
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— ——Figure 6= Loy Stress vs- Larson Mitier Parameter for Attoy 800H
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was expeeted that the lot-centering method would improve the fit to the data and permit some
uantitativé estimates of the influence of chemistry or microstructure on strength. However, the
ethod was not very satisfactory. First, a single lot of plate product from the NIMS file (fdA) was
xamined. This material produced a C value of 18.02. Then the analysis of the NIMS file for six

plate products was undertaken. This lot-centered analysis changed the LM constant for lot fdA to
16.45. Then all 37 lots were analyzed. The LM constant for lot fdA dropped to 15.66. The average
LM constant for 37 lots was 15.93, somewhat higher than the value for the “global” analysis
described above. The table below provides data for three lots—one from each of three groups.
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Table 2 - Effect of Data Selection on the LM Constants, C, for Three Lots in a Lot-Centered

Analyses
Lot Group |Group C,, |C-in-Group|C-in-All
fdA - - - 18.02*
fdA NIMS plates 16.48 1645 |15.66%*
HH8099A - - - 17.07*
HH8099A HAI 17.47 17.43 |15.89%*
AED - - - I1.52*%
AED UK 11.05 10.95 |15.82%*

*value as a single lot analysis,

**value for the lot within the 37 lots

Clearly, the UK lots that included bar and tube products were distinctly{different from the HAI angl
NIMS lots and contributed to the lower value of C for the average of the\37 lots (15.92). One reason
for the significant change in the C value between the single lot analysis’and the multi-lot analysis wa
associated with the restriction on the stress function, f(S). One stfess function was “forced” on all lot
in the lot-centered analysis. More sophisticated lot-centering ‘methods were available that woul
relax this restriction but these were not used in this work [§0]. The global approach was selected a
being the most representative of the current “Code” .méthodology. The times and stresses wer
estimated from the LM constant and polynomial coefficients given above for the global analysis.

LS7 2" o aum —~wv s pmv o}

The “average strength,” Sgraye, and “minimum streng@th,” Sgmin, for 100,000 hours were calculated fof
temperatures from 750 to 900°C. The minimum-strength was based on the stresses corresponding t
a rupture curve displaced to shorter life fronvthe average curve by 1.65 multiples of SEE in log timd.
These Srave and Sgrmin Values are listed in Fable 3.

Table 3 - Calculated Stresses for 100,000 Hours (MPa) Which Form the Basis for the Time-
Depéendent Allowable Stresses in ASME II-D.

Temperature ("C) | Average Strength | Minimum Strength
750 34.9 28.8
775 28.6 233
800 233 18.8
825 18.9 15.2
850 15.3 2.2
875 12.4 9.77
900 9.97 7.84
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As mentioned in the review section of this report, other methods of analysis have been used to
gstimate the long-time strength of alloy 800H. Several of these did not extend to the temperatures of
i terest in thls Work McCoy, however usmg the Mmlmurn Cornrmtrnent Method (MCM) prov1ded

parametric procedures extendmg into high temperatures [50] NIMS employed the Manson Haferd
parametric procedure to estimate the strength of individual lots over a broad temperature range [42],
[43]. These results may be compared to the analysis report here for 800°C and are shown in Table 4
below. The strength at 800°C represented by this work falls within the scatter of the other predictive
procedures.
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Table 4 - Comparison of the Average Strength of Alloy 800H at 800°C and 100,000 Hours from
a Number of Sources

Source Strength | Number | Parameter | Products
This work 233 37 L-M all
NIMS 25.3 6 M-H plates
McCoy 26.5 69 MCM all
Pepe 21 30 MCM all
Pepe 239 30 L-M all
Pepe 22.1 30 O-S-D all

L-M Larson-Miller; M-H Manson-Haferd;

MCM Minimum Commitment Method; O-S-D Orr-Sherby-Dorn

5.3 Example of the Addition to llI-NH Table 1-14.6C

Figure 13 plots the calculated minimum stress rupture curves for \temperatures of 750°C to 900°(.
Included in the plot are the current III-NH values for 750°C. The curves extrapolate the times to af

least 600,000 hours and cover stresses to as low as 6 MPa at-900°C.

100 >

Stress (MPa)

10

Figure 13 - Minimum Stress-to-Rupture vs. Time for Alloy 800H
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6 SUMMARY AND RECOMMENDATIONS

The sources for high-temperature creep-rupture data for alloy 800H and its variants were reviewed
and the development allowable stresses for pressure code construction was traced with emphasis on
ASME Section III, Subsection-NH.

Criteria for setting stresses and data analysis procedures needed to develop allowable stresses were
reviewed. Procedures used by ASME Section II were compared with those of ASME Section III,

PUDSCCTiON-INT1.

he materials covered in references provided in this report were carefully reviewed to show
ompliance with the requirements of the alloy 800H specifications applicable to ASME Section UI,
ubsection-NH, and a subset was selected for the estimation of long-time rupture strengthy'in the
mperature range 750 to 900°C (1382 to 1650°C).

ufficient data exited to permit the extension of the time-dependent allowable stress intensity values
in ASME III-NH to 900°C (1650°F) and 600,000 hours.
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PART Il - WELDMENTS

27


https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

STP-NU-020 Allowable Stresses in Section III-NH for Alloy 800H

1 INTRODUCTION

A collaborative effort has been established between the Department of Energy (DOE) and the
American Society of Mechanical Engineers (ASME) to address technical issues related to codes and
standards applicable to the Generation IV Nuclear Energy Systems Program [1]. A number of tasks
have been identified that will be managed through the ASME Standards Technology, LLC (ASME
ST-LLC) and involve significant industry, university and independent consultant activities. Task 1 in

g g

its weldments and identify the data needed, if any, to extend the ASME Section III-NH coverage of
lloy 800H to 900°C (1650°F) for service life for times approaching 600,000 hours. The second goal
is to review the database for grade 91 steel and its weldments and identify the data needed, if any, to
rovide confidence that the steel will meet the performance requirements for servicecto/times
gpproaching 600,000 hours. Task 1 is primarily concerned with Code criteria related to“ténsile and
¢reep rupture properties. Other tasks in the DOE-ASME project address cyclic serviee conditions.
This report is the fourth in a series of reports that concerned alloy 800H [2]-[4]./ The first three
gddressed the tensile, stress-rupture and creep databases for alloy 800H. This.report reviews the
database for deposited weld metal and weldments.
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2 IDENTIFICATION OF MATERIALS

Alloy 800H is one of three classes (or “grades”) of 33Ni-42Fe-21Cr alloy that are listed in ASME
Section II and approved for construction of pressure boundary components. The three grades are

identified as UNS N08800, UNS N08810 and UNS NO8811 for alloy 800, alloy 800H and alloy
800HT, respectlvely Alloy 800 (N0880) corresponds toa relatlvely ﬁne grained annealed condition

800H (N08810) corresponds to a relatlvely coarse- grarned rnaterlal (ASTM grain size number 5ol
greater) with a carbon range of 0.05 to 0.10% which is typically annealed around 1150°C (275°F).
This material is approved for construction to 982°C (1800°F) under the rules of ASME Section VIII.
Alloy 800HT (NO8811) requires carbon to be at least 0.06%, the aluminum plus titanium-to-be in the
range of 0.85 to 1.2% and the annealing temperature to be at least 1149°C (2150°F). ‘This stronge]
version of alloy 800H is used when creep strength is important and relaxation cracking is not of grea

concern. Other variations of alloy 800 exist in the German Code KTA 3221.1.}5], and these ar¢
described briefly in an earlier report [2]. Only alloy 800H is permitted under<he rules in ASME III}
NH and an additional restriction requires the Al+Ti content to be in the range of 0.4 to 1.2%. The
specific grade of base metal and its associated properties are important«Considerations in this review
which includes the data produced on weldments that may rupture in the'base metal heat affected zong
or the base metal itself.
Typical base metal chemistries are provided in Table 5. Included are three ASTM grades, three DIN
grades and one Japanese grade.
Table 5 - Comparison of Chemistries for Variants of Alloy 800
Element ASME ASME ASME DIN DIN DIN JIS-G-4904
NO08800 NO8810 NO881
800 800H SOOHT 800 DE 800 Rk 800 H
Ni 30.0-35.0 30.0-35.0 30.0-35.0 30.0-32.5 30.0-32.5 30.0-34.0 30.0-35.0
Cr 19.0-23.0 19.0-23:Q 19.0-23.0 19.0-22.0 19.0-22.0 19.0-22.0 19.0-23.0
Fe 39.5 min 39.5 min 39.5 min bal bal bal
C 0.10 max 0.05-0.10 0.06-0.10 0.03-0.06 0.03-0.08 0.05-0.10 0.05-0.10
Mn 1.50max 1.50 max 1.50 max <1.5 <1.5 <1.5 1.50 max
S 0.015/max 0.015 max 0.015 max <0.010 <0.010 <0.010 0.015 max
Si 1°0 max 1.0 max 1.0 max <0.70 <0.70 <0.70 1.0 max
Cu 0.75 max 0.75 max 0.75 max <0.15 <0.45 <0.45 0.75 max
Al 0.15-0.60 0.15-0.60 0.15-0.60 0.15-0.40 0.20-0.50 0.40-0.75 0.15-0.60
Ti1 0.15-0.60 0.15-0.60 0.15-0.60 0.20-0.40 0.20-0.50 0.25-0.65 0.15-0.60
Al+Ti 0.85-1.20 <0.60 <0.70
P 0-6015 0-015 0615
N <0.03 <0.03 <0.03
Co <0.02 <0.45 <0.45
Nb <0.1 <0.1
ASTM GS No. <5 <5 <5
Euronorm 103 GS 3to7 Ito5 Ito$5
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A number of filler metals have been used for joining similar and dissimilar metal welds with alloy
800H. Some compositions are listed in Table 2 for coated electrodes for shielded metal arc welding
(SMAW) included in the AWS 5.11 specification. Only one of these filler metals, alloy A (ENiCrFe-
2), is permitted in ASME III-NH according to Table 1-14.1(b). Table 1-14.10 C-1 provides stress
factors for the bare electrode equivalent (ENiCrFe-2) used for SMAW. The database reviewed here
includes alloy 132, alloy A, alloy 617 and 21/33/Nb, which is considered to be a matching filler metal
for alloy 800H. Emphasis is on alloy A.

Table 6 - Comparison of Chemistries for Coated Filler Metal Electrodes

Element Alloy 132 Alloy A Alloy 182 Alloy 617 21/33/Nb

ENiCrFe-| ENiCrFe-2 ENiCrFe-3 ENiCrCoMo-|

(W86132) (W86133) (W86182) (W86117)
C 0.08 max 0.10 max 0.10 max 0.05-0.15 0.06-0.12
Mp 3.5 max |.0- 35 5.0-9.5 0.3-23 1.6-4.0
Fe [1.0 max 12.0 max 10.0 max 5.0:max Rem
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 0.75 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 -
N 62.0 min 62.0 min 59 min Rem 30.0-35.0
Cp - 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
Np 1.5-4.0 0.5:3.0 1.0-2.5 1.0 max 0.08-1.5
Mp - 0.5-2.5 - 8.0-10.0 0.5 max
Nétes: * Co 0.12 max when specified by purchaser; max for other elements is 0.50.
Cqmpositions for bare filler metal electrodes (SFA-5.14) are listed in Table 3. Only ERNICr-3 (alloy 82) is permitted for use by ASME Ill-NH,
acgording to Table I-14.1(b), and-Fable I-14.10 C-2 provides stress factors for joints with this alloy.
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Table 7 - Comparison of Chemistries for Bare Filler Metal Electrodes

STP-NU-020

Element Alloy 82 Alloy 617
ERNiCr-3 ERNiCrCoMo-1
(N06082) (N06617)
C 0.10 max 0.05-0.15
Mn 2.5-35 0.3-2.3
Fe 3.0 max 5.0 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 2.0-30 1.0 max
Mo - 8.0-10.0

Notes: * Co 0.12 max\when specified by purchaser;

max for other_elements is 0.50.
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3 REVIEW OF DATABASES FOR DEPOSITED FILLER METALS AND
WELDMENTS

Early data on filler metals and weldments used for alloy 800 and nickel base alloys were summarized

in The Elevated-Temperature Properties of Weld-Deposited Metal and Weldments (ASTM STP No.

226) [6]. Pages 154 to 170 of the report provided McBee-type data sheets for a number of filler

M C1a ANO (4149 Nee aIc _Pro (ACc( 0 allQ ACcNO cd C NC1Aa AQ (a1 Nec C

provided for alloy 132 filler metal in alloy 800H plates. The results of short-time stress-rupture

festing were given for testing in the temperature range of 760 to 982°C (1400 to 1800°F). Most
eldment ruptures occurred in the weldment fusion line.

ork and Flury performed a literature search for a suitable filler metals for alloy 800 and-selected
Incoloy 88 and 182 filler metals for joining alloy 800 [7]. It was reported that weldments from the
gwo filler metals exhibited similar tensile and creep-rupture properties for temperatures less than
#49°C (1200°F). Tensile data to 760°C (1400°F) and creep data to 649°C (1200°E) were provided.

his work was in support of the fast-breeder reactor (FBR) program which had-a*need for a steam
generator operating at less than 649°C (1200°F).

KIueh and King investigated the elevated tensile properties of ERNiCr-3 weld metal [8].

ensile data on deposited alloy 82 filler metal to 732°C (1350°F) weere reported. Again, this work
as in support of the FBR program needs.

King and Reed investigated the weldability of alloy 800 J9}./ They examined the hot cracking
iendencies of seven heats of alloy 800 with varying carben, aluminum and titanium contents. The
fatio (Al+Ti)/(C+Si) was found to be a reasonable predictor’of cracking behavior in the Tigmajig test.
No tensile or creep data were gathered.

Further studies by Klueh and King in support of the FBR program were published in 1978 and 1979
and included creep and stress-rupture behavier of ERNiCr-3 weld metal [10], [11]. Data for
deposited alloy 82 filler metal were reported-to 732°C (1350°F).

$artory required a creep law for an inelastic ratcheting analysis of a 2%4Cr-1 Mo steel pipe joined to
fype 316H stainless steel using alloy~82 filler metal [12], [13]. The creep law was developed and
jevised from test data on coupons machined from a dissimilar metal weld test article. Data were in
the range of 510 to 566°C (950.t0-1050°F).

Booker and Strizak produced cyclic data on weld-deposited alloy 82 at 649°C (1200°F) Error!
Reference source not found.. Hold times at constant stress were introduced in tensile or
¢ompression and strains were reversed by strain-rate control to produced creep reversed by plasticity
¢r plasticity reversed' by creep. Tests were also performed with creep reversals in both tension and
¢ompression. No-effort was made to develop expressions for the creep behavior.

Klueh and King examined the thermal aging behavior of alloy 82 weld metal and weldments [15].
\ging 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 [16]. 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 higher yield strengths than for base metal for the as-welded cross-weld samples for
temperatures to 1000°C (1832°F) but the same ultimate strength. No stress-rupture data for
weldments are provided.
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Data for pressurized alloy 800H tubes containing butt welds were reported by Stannett and Wickens
[17]. Alloy 82 and 182 fillers were used. Testing was at 550 and 700°C (1022 to 1292°F). All tube
burst failures occurred in the base metal.

In 1982, Klueh and J. F. King examined the elevated-temperature tensile and creep-rupture behavior
of alloy 800H/ERNiCr-3 Weld Metal/2"Cr-1Mo steel dissimilar-metal weldments [18]. Creep-
rupture data extended to 732°C (1350°F).

McCoyamdKmgmvestigatedthe—ternstie—amd creep-rupture propertics of weld=deposited—attoy 4
(EniCrFe-2) and alloy 82 filler metal and weldments including alloy 800H and Hastelloy X (N9].
Tensile data on deposited alloy A weld metal went from 23 to 871°C (70 to 1600°F) and creep-ruptur
data were gathered from 482 to 760°C (900 to 1400°F). Tensile and creep-rupture data for weldment
were produced to 649°C (1200°F) for both filler metals. Testing data for aged weldments wer
included.

oV

Lindgren, Thurgood, Ryder and Li reviewed the mechanical properties of welds,in-.eommercial alloy
for high-temperature gas-cooled reactor components in 1984 [20]. They preseqted creep-rupture dat
for several filler metals and weldments used for joining alloy 800H and dissimilar metal tubes o
pipes. Included were alloy 88 and alloy 188, alloy 82 and alloy 182. Plot§.of stress-rupture behavio
were shown for temperatures to 760°C (1400°F).

= s = 7

In the same issue of Nuclear Technology, Bassford and Hosier disctissed the production and weldin,
technology of some high-temperature nickel alloys and provided.guidance and data for welding alloy
800H for applications up to 790°C (1450°F) [21]. Stresssrupture data for all-weld metal wer
tabulated for alloy A and alloy 82 to 982°C (1800°F).

Schubert, Bruch, Cook, Diehl, Ennis, Jakobeit, Penkalld, te Heesen and Ullrich reviewed the creep|
rupture behavior of candidate materials for nuclear process heat applications [22]. The pape
provided one figure that plotted stress versus tupture life for alloy 82 and a 21/33/Nb at 850 ang
950°C (1575 and.1650°F) The alloy 82 weld metal was weaker than average strength alloy 800K
while the 21/33Nb matching filler metal appeared to have strength comparable to the base metal.

o < U%

lan]

==

King and McCoy reported on the weldability and mechanical property characterization of weld-cla
alloy 800H tubesheet forging. Tensile properties were provided for Inconel 82 weld-deposite
cladding for temperatures to 649°C (1200°F) [23]. Data were gathered for composite and base meta
samples over the same tempetature range. Failure locations at 649°C (1200°F) often occurred at th
weld interface.

—tto

197

13-4

In 1986, an INCO brochiire provided a table for the stress-rupture for strength of alloy A and alloy 8]
for temperatures inthe range of 538 to 982°C (1000 to 1800°F) and times to 10,000 hours [24]. Alsq,
a figure was provided for the stress-rupture of deposits from welding electrode 117 in comparison t
alloy 800HT. for temperatures in the range of 649 to 982°C (1200 to 1800°F) and time to 10,00
hours. Aboutthe same time, Bassford provided tensile and stress-rupture data for alloy 117 and allo)
112 deposited weld metal and cross welds in alloy 800H [25]. Temperatures ranged to 1093°(
(2000°F).

A~Survey and Guidelines for High Strength Superheater Materials- Alloy 800H was compiled for th
Electric Power Research Institute in 1987 [26]. This report included a “steel maker’s search on alloy

=4

197

800H” by three participants: Sumitomo Metal Industries, Ltd., Nippon Steel Corp. and Nippon Kokan
K. K. (NKK). The reviews drew heavily on the studies of alloy 800H that were performed in support
of the high-temperature gas-cooled reactor programs (in the U.S., UK and Germany) and the fast
breeder reactor programs in the U.S. 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

33


https://asmenormdoc.com/api2/?name=ASME STP-NU-020 2008.pdf

STP-NU-020 Allowable Stresses in Section III-NH for Alloy 800H

deposited metal and joint data were included. However, the data did not appear to be original data
but rather were derived from processed curves or tables. The review by Sumitomo Metal Industries,
Ltd. was the most extensive with respect to filler metals. Of the 193 references, there were 32
references that addressed weld metal and weldment issues. About 14 of these references reported
mechanical behavior such as tensile or creep-rupture properties. About half of these were of Japanese
origin. Figures were provided that were reproduced from many of these references.

McCoy produced tensile and creep test data for a heat of alloy 800H in 1993. Data for deposited

glloy 82 weld metal and weldments were provided [27], [28]. Tensile data ranged to 871°C (1600°F)
gnd creep-rupture data range to 816°C (1500°F).
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4 DATA ANALYSIS

The materials data for base metals currently provided in ASME Section II that are applicable to
Section III-NH include physical properties (Tables TE-1 through TE-5, Tables TCD, Tables TM-1
through TM-4 and Tables NF-1 and NF-2), short-time tensile properties (Table U, Table Y-1),
buckhng Charts and des1gn stress 1ntens1ty values (Tables 2A, 2B and 4) Correspondlng to criteria

of Appendlx 1-14. For purposes of hlgh -temperature de51gn Sectlon IH-NH 1ncludes an extens1on of
the tensile strength values (Table NH-3225-1) and the yield strength values (Table 1-14.5), maximu
allowable stress intensity values (Table I-14.2), allowable stress intensity values as a function o
temperature and time (Tables 1-14.3 and 1-14.4), expected minimum stress-to-rupture tables-(Table I
14.6), stress-rupture factors for weldments (Table I-14.10), design fatigue tables (Fig. T-1420-1),
creep-fatigue damage envelopes (Fig. T-1420-2), creep-buckling charts (Fig.) T-1522) ang
isochronous stress versus strain curves (T-1800) in Appendix 1-14 and Appendix T: For alloy 800H],
the coverage extends to 760°C (1400°F) and for times to 3x10° hours. Fatigde curves extend to 106
cycles. The effects of service-aging on the yield strength and ultimate stréngth are included (NH
2160 and Table NH-3225-2). The Section III Code Case N201-4 contains{data tables and figures that
are intended to be consistent with Section III-NH. No data for depesited filler metals or weldmentg
are provided in either Section II or Section III-NH. Instead, the stress-rupture factors for weldmentp
are provided for some combinations of base metals and filler\metals. Stress-rupture factors for
weldments with alloy A (ENiCrFe-2) welds and alloy 82<¢(ERNiCrFe-3) joining alloy 800H arg

I

/

provided in Table I-14.10, as mentioned above. Values-for the factors range from 1.0 to 0.59 fo
alloy A over the temperature range from 427 to 760°C+800 to 1400°F) and from 1.0 to 0.54 for allo
82.

Over the years, the methods of data analysis.néeded to produce the tables and charts in ASMI
Sections II, III and III-NH have evolved and will continue to evolve. The procedures for establishing
the Section II Table 1A and 1B allowable sttesses were reviewed in prior reports on this project [2]
[4]. Also, the Section II procedures for-determining the Y-1 and U values were reviewed earlier [2].
Methods for extending the Sy; .and-"Sy values in Section III-NH to 900°C (1650°F) wer
recommended [2]. Section II procedures for establishing time-dependent allowable stresses wer
reviewed [3], [4]. At present,(however, there is no well-established procedure for determining th
values for the stress-ruptureyfactors (SRFs) for weldments provided in Section III-NH. In the case o
the austenitic alloys, the-SRFs have been based on the ratio of the deposited weld metal strength t
the base metal strengtli for the specific temperatures and times provided in the stress factor table. T¢
some extent, the we¢ldment strength has been “considered” in establishing these ratios, but it has not
been established (whether small cross-weld specimen data should be included in the analysis that
determines the.strength ratios. In this report, deposited filler metal and weldment data will be treated
separately Sometimes and together at other times. Although tensile properties of weldments are not
considered)in the Section III-NH, the available properties are discussed below and compared to bas¢
metal properties. Then the stress-rupture properties will be compared to base metal.

T O 1

= VU Y

4.1 Tensile Data

Procedures for analyzing the base metal tensite data to produce Sy; and Sy values were outline
previously [2]. The analysis makes use of a trend curve based on the ratio of elevated temperature
strength to the room temperature strength as a function of temperature [29], [30]. Since few tensile
data exist for the deposited weld metals, a trend curve for weld metal is of limited value in a statistical
sense, but a comparison of the weld data or weldment data with the base metal trend curve enables an
estimate of the similarity or difference in short-time behavior. In this report, however, the
comparison will be between the available weld metal data and curves constructed from the Y-1 and
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recommended Sy values for yield behavior and the U and recommended Sy values for the ultimate
tensile strength.

Figure 14 compares the yield strength for alloy A weld metal with alloy 800H. The curve for alloy A
was developed by INCO [24] while the datum points were obtained from McCoy and King [19]. The
alloy 800H curve represents the Y-1 and Sy, trend curve anchored to the minimum specified room-
temperature yield strength for alloy 800H (172 MPa). The average yield strength curve would be
anchored to 225 MPa at room temperature [2]. It is clear that alloy A weld metal in the as-deposited

¢ondition is much stronger than alloy 800H. The same is true for the U and Sy trend curve as may be
een in Figure 2.
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Figure 14 - Comparison of the Yield Figure 15 - Comparison of the Tensile
Strength for Alloy A Weld Metal with Alloy Strength for Alloy A Weld Metal with Alloy
800H 800H

Figure 16 and Figure 17 provide data for ‘the 21/33Nb filler metal with the Y-1 and Sy; trend curve
¢urve and the U and SU trend curve foralloy 800H base metal. Also included are the trend curves for
glloy A developed by INCO. Here, it may be seen that the 21/33Nb weld metal produces slight
higher yield strengths than alloy, A but similar ultimate tensile strengths.
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Figure 16 - Comparison of the Yield Figure 17 - Comparison of the T(_ensne
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800H and Alloy A Weld Deposit 800H and Alloy A Weld Deposit
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Figure 18 and Figure 19 show comparisons of the strength of alloy 617 filler metal deposits with
those of alloy A and alloy 800H. The tensile yield and ultimate strengths of deposits from the alloy
117 electrodes are much stronger than those of alloy A and alloy 800H. The material is clearly
“overmatched” in strength with alloy 800H from this aspect.
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Figure 18 - Comparison of the Yield Strength for Alloy 117 Weld Metal with
Strength for Alloy 117 Weld Metal with Alloy 800H

Alloy 800H

Strength curves for the weld metal produced by the alloy 82 wire (ERNiCrFe-3) are shown in Figur
20 and Figure 21 where they may be comparedto data for the alloy 182 electrode and alloy 800K
base metal. The INCO curves indicate that.the weld metal deposited from the alloy 82 wire ha
slightly more strength than weld metal deposited from alloy 182 electrodes. The strengths of botl
weld metals are roughly comparable to alloy A weld metal. Typical data produced on alloy 82 wel
metal are shown in Figure 9 and Figure 10. Yield strength data for four lots extracted from th
literature exhibit considerable scattérand generally fall below the curve developed by INCO. Yiel
strength data remain well above jthe Y-1 and S,; strength curves for alloy 800H. Ultimate tensil
strength data for alloy 82 weld metal generally fall below the curve developed by INCO but are abov
the U and Sy strength curves*for alloy 800H.

T U === U & = T ==
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Figure 21 - Comparison-of the Tensile
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eldment data are'shown in Figure 24 and Figure 25. Filler metals include alloy A, alloy 182, alloy
12, alloy 117:and alloy 82. Typically, the higher yield strengths of the filler metals boost the yield
trength of the’ weldments over that of the base metal (alloy 800H). The weldments, however, have
wer yield and ultimate tensile strengths than the weld metals. Failures occur in the alloy 800H base
etal Somewhat removed from the fusion line for some filler metals but near the fusion line for other

ilter:metals.
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With respect to extending ASME Section III-NH to 900°C (1650°F) for alloy 800H, additional
tensile testing of filler metals is needed to more clearly defirie tensile data in the temperature rangg
from 750 to 900°C (1382 to 1650°F).

4.2 Assembly of the Stress-Rupture Database

In an earlier section of this report, the sources for-stress-rupture data on filler metals for joining allo}
800H were reviewed. The bulk of the data in these sources was developed from programs focused of
components intended for operation below 750°C (1382°F). These data were used to develop th
Stress Rupture Factors (SRFs) in ASME-Section III-NH Tables 1-14-10 C-1 and C-2. Howeyver,
was the intent of this report to collect and evaluate the data needed to extend coverage in the tables t
longer times and 900°C (1650°F). dt*was not intended that the current SRFs be changed, hence dat
below 750°C (1382°C) were assémbled but only data for 732°C (1350°F) and higher were included it
the analyses. Data tables aresummarized in Appendix 1. The tabulated data were extracted fron
tables in reports, when possible, but some data were extracted from plots in papers and reports. Thes
data lacked the precision-and accuracy that was desired, but taking in account the overall lot-to-lg
variability, these data were considered to be better than no data at all. Since ASME III-NH onl
provides SRFs which'are based on stress-rupture behavior, data bearing on other aspects of the time
dependent behayior of filler metals, such as time to 1% creep and the time to the initiation of tertiar)
creep, weresnot collected. Data for several types of filler metals were included. These filler metal
are listedimTable 2 and Table 3 of this report. Alloy 132 (ENiCrFe-1) was an exception, and data fo
this filler metal were not included in Appendix 1.

-~
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4.3° Procedure for Determining the Stress Reduction Factors
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to the strength of the base metal for the specific temperature and time at which the ratio was
determined. It is assumed that the ratios were based on the average strengths of the weldment and
base metal, not the minimum strengths. In actual practice, the SRFs for the austenitic stainless steels
such as types 304H and 316H were based on the ratios of the strength of the deposited filler to the
strength of base metal. These strengths were obtained from the testing of coupons extracted from the
deposited weld metals and base metals, but data from cross-weld test coupons and “full-thickness”
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weldment tests were used to validate the SRFs or make adjustments to the values. Little or no testing
was performed on full-thickness weldments of alloy 800H, hence the analytical procedures for
determining the SRFs involved the analysis of data from samples extracted from deposited filler
metal and taking the ratios with respect to the average strength of the 800H base metal reported
earlier [3].

The procedures used to determme the average and minimum rupture strength Values for the ASME

rovide information on this topic, but for the effort reported here, a procedure similar to that adopted
y ASME Section II was followed. This was based on the use of the Larson-Miller temperature-time
arametric correlation method that assumed a stress-dependent activation energy. Thus,

VAR

Where tr is the rupture life, A is a constant, f1(S) is a function of stress, R is the universal gas
gonstant and T is absolute temperature. Taking the log to base ten and rearfanging produces the
familiar Larson Miller parameter (LMP):

S
LMP =T (C +logty) = /303R (10)

Where C is log A and identified as the Larson-Miller parametric ¢onstant.

[ypically, a stress function f(S) is formulated as a polynomialin log stress:

f(S)=f1(5%303R=ao+a1 logS+a2(logS)2+a3(logS)3+... (11)

where a; is a series of constants that depend on thetnumber of terms in the polynomial. Using a least
dquares fitting method in which log ti is the\dependent variable and T and log S are independent
yariables, the optimum values for C and_ajyare determined. Although not explicitly required by
Appendix 1 of ASME Section II-D, thé consultants may employ a “lot-centered” procedure
developed by Sjodahl that calculates:«a-lot constant (Cy) for each lot along with the Larson-Miller
gonstant, C, which represents the average lot constant (C,.) for the lots [29]. However, only C,. is
}sed to determine the Sgay.. Totdetermine Sgave, €q. (10) needs to be solved for S at 100,000 hours.

Ithough the lot constants, variants within a lot, variants between lots and SEE of the log tr can be
roduced in the analyticdl procedure, it is important to recognize that the ASME II-D does not
gxplicitly provide such information. Both the global and lot-centered fitting procedures were used for
glloy A and alloy 82.:Only the global procedure was used for other candidates.

Dualitative Evaltiation of the Strength of Weld Metal and Weldments Relative to 800H:

Figure 26 through Figure 36 compare stress-rupture data for weld metal and weldments with the trend
or alloy/800H on the basis of the Larson Miller parameter. Here, the alloy 800H parametric curve is
iven<by~the parametric constant, C, 15.12487 and the following coefficients for the stress function,
(S),of equation (11):

ap = 29,648.78
a; =-7334.877
a, = 1903.854
a;=-619.4775
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The comparisons for alloy A (ENiCrFe-2) are shown in Figure 26 for weld metal and Figure 27 for
weldments. As may be seen, the data are few but define a trend for weld metal and weldments. For
low values of the Larson Miller parameter (LMP), welds and weldments appear to be stronger than
base metal and SRF should be 1.0. At 750°C (1382°F), the pointers in the figures indicate that the
SRF at 100,000 hr. should be less than 1.0. In ASME III-NH, Table I-14 C-1 provides a value of 0.66
for 100,000 hr. at 750°C (1382°F), which appears to be close to an estimate based on the data plotted
in Figure 27. At high values of the LMP, the SRFs could be as low as 0.5. There are no data for the
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Metal

Comparisons for alloy 182 (ENiCrFe-3) déposited metal and weldments with alloy 800H are show1
in Figure 27. Quite low strengths were observed over the entire range of test conditions. Th
21/33Nb filler metal, however, appgaréd to be stronger than alloy 800H at low temperatures an
maintained good strength at high'temperatures. As shown in Figure 28, good strength persisted to
LMP value of at least 23,000.~~This parametric value would correspond to 300,000 hr. at 850°(
(1652°F) and suggests that further assessment of this filler metal would be beneficial.
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Most of the evaluation of filler metals and weldments for alloy 800H focused on the bare wire
material-alloy 82 (ERNiCr-Fe-3). A comparison of the strength of this deposited material with alloy
800H is shown in Figure 35 while weldment strengths are compared in Figure 36. Clearly, the data
base is larger for this filler metal but the dearth of data at large values of the LMP is also evident. As
with the other filler metals, the strength was greater than alloy 800H at low temperatures and LMP
values. The alloy 82 strength crossed the LMP parametric curve for alloy 800H around the LMP
value of 20.000.
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Figure 29 - Comparison of Alloy 82 Weld Figure 30 - Comparison of Alloy 82
Strength with Alloy 800H Base Metal Weldment Strength with Alloy 800H Base
Metal

.4 Calculation of Stress Reduction-Factors

is clear in Figure 26 to Figure 36 that the stress function f(S) for the weld metal and weldments
iffered from that for the alloy 800H base metal. An “optimized” calculation of the LMP was needed
estimate the weld metal and weldment strengths. Equations (10) and (11) above were selected and
third-order polynomial was used in the f(S) formulation. Only two of the filler metals were
valuated in this respect: alloySA*(ENiCrFe-2) and alloy 82 (ERNiCrFe-3). Data for temperatures of
32°C (1350°F) and higher-were selected. Alloy 82 was evaluated as two groups: all-weld metal and
eld metal plus weldment.“For each group two analyses were performed: Global and Lot-Centered.
he SRFs at 100,000 hywere calculated for each of the group and the value at 750°C (1382°F) was
ompared to the SRC tabulated in ASME III-NH. Table 4 lists the results of these calculations.
etails of the parametric fits are provided in Appendix 2. Figure 37 provides a visual display of the
esults. Herge it may be seen that the Global parametric analyses produced lower SRFs at 100,000 h
an the Lot=Centered analyses. The combined weld and cross-weld group produced the lowest SRFs
t 750 and 800°C (1382 and 1472°F). The lowest value at 750°C (1382°F) was 0.72 which was
reaterthan the tabulated value of 0.66 in ASME III-NH for alloy 82 to alloy 800H weldments.
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Table 8 - Calculated 105 H Rupture Strengths and SRFs for Alloy 82 Welds and Weldments

Temp | Base Metal | Global Analysis | Lot-Centered Analysis
(‘'C) Sz (MPa) Sk (MPa) SRF | Sg (MPa) | SRF
750 349 25.1 0.72 294 0.84
800 233 14.1 0.6l 17.7 0.76
850 15.3 8.45 0.55 10.5 0.69
900 9.97 5.5 0.55 6.1 0.6l

Alloy A presented a problem. First, very few data were available at 732°C (1382°F)~and abovq.
Secondly, the optimized parametric function produced a stress function, f(S), that ‘could not b
extrapolated to long times at the higher temperatures. Whereas the alloy 82 LMP.constant C wa
fairly close to that for alloy 800H, the constant for alloy A was almost 19,- The LMP analysi
produced a significantly higher strength when the stress curve was extrapolated to 100,000 hr.
750°C (1382°F). The resulting SRFs were greater that expected as illustrated)in Figure 38. Some
the rupture data for weld metal and weldments are compared to curves based on the parametric fits i

Figure 39 and Figure 34.
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The calculated curves in Figure 39 and Figure 34 exhibit either upward or downward curvature at
long times and low stresses and these trends reflect the chatacteristics of the third order polynomial,
(S) used to optimize the parametric constants. The\curves should not be considered to be
epresentative of long-time, low-stress behavior. The ‘@eut-off” for estimating the SRFs is a matter of
judgment but it is reasonable not to permit estimates‘for stresses lower than the lowest stress at which
ata were available or for times that exceed the longest rupture datum by an order of magnitude. For
tresses, this position requires that values less.than 6 MPa cannot be used to estimate the SRFs, while
tresses for rupture lives in excess of 100,000 hours cannot be used to estimate SRFs. Examples of
e calculated SRFs are tabulated in Appéndix 3.
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5 DISCUSSION

This report focused on the two filler metals currently approved for ASME III-NH, namely alloy A
(ENiCrFe-2) and alloy 82 (ERNiCr-3). The database and experience with these two fillers is quite
extensive at lower temperatures and there is no need to change the SRF values that are provided in
ASME III-NH. It is interesting that efforts are underway to incorporate “weld strength reduction
factors” (WSRFs) in ASME Section I, B31.1 and B31.3 for long-seam welded piping. Alloy 800H i

included, and values without the identification of a specific filler metal are expected to be provided-t
815°C (1500°F). It is anticipated that the WSRFs will be lower than the SRFs in ASME ITI-NH>{o|
100,000 hr. but could be similar to those in ASME III-NH for longer time service. It is clear that th
ASME III-NH approved filler metals produce low SRFs at temperatures above 750°C (1382°F), but i
may be necessary to validate these values should the work on WSRFs be expanded.to.obverlap th
intent of the SRFs in ASME III-NH. The alloy 800H strength is quite low at the high temperatureg
and further reduction of allowable stress intensities in ASME III-NH to accommedate the SRFs coul
make the use of alloy 800H impractical. Alternate base metal materials should be considered fo
long-time service at the higher temperatures. A better matched filler metal;"such as 21/33Nb, or at
overmatched filler metal, such as alloy 117 (617), could mitigate the preblem and their usage shoul
be examined. Recommendations for testing filler metals and weldments are provided in Appendix 4.
Appendix 5 of this report suggests that one can expect issues to arise for undermatched and
overmatched filler metals.

S

A9%

=

Although not part of this effort, the issue that needs to be addressed is how one uses the SRFs when
the S, and S; values in ASME III-NH at temperatures aboye 750°C (1382°F) are not controlled by th
rupture strength. Minimum stress-to-rupture data are provided in ASME III-NH but it has not beef
established that the SRFs for weldments are the same for minimum strengths as for average strengths
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6 SUMMARY AND RECOMMENDATIONS

Filler metals for joining alloy 800H were reviewed and references bearing on the tensile and stress-
rupture behavior of deposited weld metal and weldments were summarized. Data were collected for
several coated and bare-wire electrodes.

Yield data for several weld and weldment materials were compared to the Y-1 and S,; versus

DCI d [ dI10Y SUUIT. [1111a B d g dld a
and Sy versus temperature trend for alloy 800H. Weld metal and weldments always exceeded the
qtrength of the alloy 800H base metal.

1 2% s ra =TT0 3 CTe OTTID cd 1o LY

he stress-rupture strengths of several weld and weldment materials were compared to the-rupture
Jtrength of alloy 800H for the temperature range 750 to 1000°C (1382 to 1832°F) on the basis of the
| arson Miller parametric curve using a common parametric constant characteristic of\alloy 800H.
Weld metals and weldments were stronger than alloy 800H at low temperatures and-high stresses but
appeared to be weaker at high temperatures. Alloy 21/33Nb was an exception andthie deposited filler
metal was stronger or equivalent to alloy 800H over the range of temperatures and’stresses where data
ere available.

An attempt was made to estimate the Stress Rupture Factors (SRFs) for weldments made with alloy A
(ENiCrFe-2) and alloy 82 (ERNiCrFe-3). The lack of long-time,¢high-temperature data made it
difficult to produce reliable results. Analysis was undertaken using the Larson Miller parametric
procedure. Both global (batch) and lot-centered methods were~applied. For alloy 82, estimates of
$RFs were reasonably close to those provided in ASME III-NH"Table 1-10 C-2 for 760°C (1400°F).
Yalues for alloy A were higher than expected and well abeve the SRFs provided in ASME III-NH
Table 1-10 C-1.

If a need for SRFs in the temperature range 750 to™900°C (1382 to 1650°F) was established, further
testing of weld deposits and weldments was recominended. Testing of deposits from 21/33Nb coated
glectrodes and alloy 82 (ERNiCFe-3) bare wire electrodes was recommended. Testing to at least
10,000 hr. at temperatures of 900°C (1650 K)was recommended.
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APPENDIX 1 - COMPILATION OF DATA ON WELD METALS AND WELDMENTS

Table 9 - Stress-Rupture Data for Alloy A
Deposited Weld Metal

Table 11 - Stress-Rupture Data for 21-33Nb

Weld Metal
Lot ID Temp (C)  Stress (MPa) Life (h) . .
LotID Temp (°C) Stress (MPa) Life (h)
INCO 760 114 100
33431 750 180 220.7
INCO 760 76 1000
33431 750 130 2807:7
INCO 760 49 10000
33431 750 80 10333.0
INCO 871 48 100
33431 850 70 661.9
INCO 871 25 1000
33431 850 50 1961.9
INCO 871 19 10000
33431 850 40 6058.8
INCO 982 16 100
19424 950 30 536.0
INCO 982 6 1000
19424 950 20 2078.7
HT7728HEM 482 482 47
19424 750 180 117.5
HT7728HEM 538 414 436
19424 750 150 761.1
HT7728HEM 649 24| 177
19424 750 130 2398.4
HT7728HEM 649 172 1675
19424 750 120 3516.3
HT7728HEM 649 103 16900
19424 850 70 597.4
HT7728HEM 760 138 27
19424 850 50 1472.4
HT7728HEM 760 103 139
19424 850 40 2956.3
HT7728HEM 760 69 1330
19424 850 35 5357.5
19424 950 30 183.3
Table 10 - Stress-Rupture Data for Alloy A
. 19424 950 20 546.1
Deposited Cross Welds
19424 950 18 1597.1
Lot ID Temp ('C)  Stress (MPa)_~Life'(h) Failure
HT7728HEM 482 55| Weld Table 12 - Stress- Rupture Data for Alloy
HT7728HEM 482 482 Weld 182 Deposited Weld Metal
HT7728HEM 482 414 11550  Weld
€ Lot ID Temp ('C)  Stress (MPa) Life (h)
HT7728HEM 538 414 315  Weld
Shino 8l6 68.6 1.5
HT7728HEM 538 345 3266  Weld
Shino 816 59.8 19.5
HT7728HEM 649 241 163  Weld
Shino 8le 49.0 43
HT7728HEM 649 172 2318 Weld
Shino 8l6 39.2 180
BMI 8le 75.8 48
Shino 8le 333 205
BMI 8lé 54.5 340
Shino 8le 20.6 800
BMI 816 40.7 1200
Shino 927 29.4 12
BMI 816 29.0 3900
Shino 927 245 30
BMI 927 27.6 48
Shino 927 19.6 56
BMI 927 152 400
Shino 927 14.7 140
BMI 927 9.7 2500
Shino 927 12.3 215
BMI 927 6.8 12000
Shino 927 7.6 1150
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Lot ID Temp ('C) | Stress (MPa) Life (h)
Table 13 - Stress-Rupture Data for Alloy 82 TM549 | 454 455 | 82224
Deposited Weld Metal TM5491 510 4482 106.1
Lot ID Temp ("C) | Stress (MPa) Life (h) TM5491 510 4344 260
TM5491 510 413.7 1049.7
INCO 538 400.0 100.0 TM5491 510 396.5 6637.7
INCO 538 359.0 1000.0
Neo | e | ma | owo ool | so | w3 | e
INCO 649 2520 100 T 7oe TTE it
NCo ot 900 000 TM5491 566 3654 247.1
NCo ot Lo 0000 TM5491 566 3448 4323
NCo e oo 00 TM5491 566 327.5 2776.|
NCo 260 190 000 TM5491 621 310.3 204.7
NCo 260 60 10000 TM5491 621 2758 652.9
NCo . 0 100 TM5491 621 2413 14012
NCo o1 240 000 TM5491 677 206.9 183
NCo o1 o 10000 TM5491 677 172.4 546.7
NCo o8 . 1000 TM5491 677 1724 366.8
NCo o8 . 0000 TM5491 677 137.9 2263.1
NCo o8 ; 100000 TM5491 732 82.7 1526.6
TMSt04 i54 e 12 TM5491 732 1034 459.1
TM5404 454 510.2 142.3 TM>491 732 |37.9 772
TM5404 454 496.4 715.1 HEM7399 538 3448
TM5404 454 496.4 1012.6 HEM7R >38 448.2 78
TM5404 454 489.6 1075.4 HENT79 393 206.9
TM5404 510 4827 109 EV399 393 2758
TM5404 510 455.1 39.4 HEM7399 649 137.9
TME404 o0 o s HEM7399 649 206.9 1069.6
TM5404 510 4344 1205.1 HEM7399 704 103.4 7767
TM5404 510 413.7 1645.4 HEM7399 704 137.9
TME404 o0 1930 s HEM7399 760 69.0 6940
TM5404 510 379.2 67704 HEM7399 760 103.4 347
TME404 oo i34 X HEM7399 816 5522 1364
TM5404 566 413.7 112.8 HEM7399 816 69.0 301
TM5404 566 396.5 4482 Schubert 850 350 200
TM5404 566 3792 841.1 Schubert 850 300 200
TM5404 566 3654 1087.5 Schubert 850 300 600
TM5404 566 3448 6003.3 Schubert 850 35 600
TM5404 621 379.2 212 Schubert 850 30 680
TM5404 621 310.3 295.1 Schubert 250 8.5 130
TM5404 62 293.0 653.1 Schubert 250 8.5 145
TM5404 621 275.8 1195.9 Schubert 950 14.5 330
TM5404 621 2413 3109.4 Schubert 950 14.5 390
M54k o 158 2 Schubert 950 145 600
.\ o7 2413 i Schubert 950 125 600
. o7 2060 2 Schubert 950 125 720
Y+ . o o2 Schubert 950 13 1300
FM5404 677 1724 7785
TME404 il s 590 Schubert 950 78 4800
TM5404 732 172.4 307 Schubert 950 7 4800
TM5404 732 137.9 103.6
TM5404 732 1034 6344
TM5404 732 827 27928
TM5491 454 496.4 16712
TM5491 454 4827 42288
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Table 14 - Stress-Rupture Data for Alloy 82 Table 15 - Stress-Rupture Data for Alloy
Cross Welds 182 Cross Weld
Lot ID Temp ('C) | Stress (MPa) Life (h) Lot ID Temp (°C) Stress (MPa) | Life (h)

tm12438 81l 275.8 Shino 816 44.1 82.0
tm12438 8l 3448 576 Shino 816 392 135.0
tm12438 81l 344.8 1332 Shino 816 343 200
tm12438 866 275.8 760 Shino 816 294 400
tm12438 922 137.9 Shino 816 245 1750
tm12438 977 103.4 1399 Shino 927 24.5 20
tm12438 977 103.4 Shino 927 19.6 110
tm12438 1033 69.0 3450 Shino 927 17.7 99
tm12438 1033 103.4 288 Shino 927 157 100
tm12438 1089 55.2 1159 Shino 927 9.8 1920
tm12438 1089 55.2 1082
tm9108 922 206.9 1695
tm9108 922 206.9 27.6
tm9108 922 2413 141
tm9108 922 2413 126
tm9108 922 2413 139
tm9108 922 2413 163
tm9108 922 2413 139

tm9108ann 922 241.3 157

tm9108ann 922 241.3 126
tm8728 755 413.7 15373
tm8728 755 482.7 1964
tm8728 755 413.7 9578

epri 82-15 1173 40.2 58

epri 82-15 1173 333 90

epri 82-15 1173 26.5 260

epri 82-15 1173 17.7 900

epri 82-15 1173 13.7 3000

epri 82-13 973 156.9 220

epri 82-13 973 156.9 580

epri 82-13 973 98.1 3500

epri 82-13 973 78.5 19000

epri 82-13 [073 88.3 68

epri 82-13 1073 83.4 440

epri 82-)3 1073 392 4200

epri 8213 1173 275 380

epri(82-13 1173 21.6 1900

epri 82-13 1173 17.7 7000

epri 82-13 1273 157 490

epri 82-13 1273 9.8 5200

epri 82-13 1273 74 6000
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