OAK RIDGE
NATIONAL LABORATORY
MANAGED BY UT-BATTELLE

FOR THE DEPARTMENT OF ENERGY
ORNL/TM-2006/609

Tensile and Creep-Rupture Evaluation of
a New Heat of Haynes Alloy 25

February 2007

Prepared by
John P. Shingledecker, Principal Investigator
with Darryl B. Glanton, Ralph L. Martin, Brian L. Sparks, and Robert W. Swindeman

LT-BATTELLE

ORKL-ZT {400)




DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via the U.S. Department of
Energy (DOE) Information Bridge:

Web site: http://www.osti.gov/bridge

Reports produced before January 1, 1996, may be purchased by members of the public from the
following source:

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

Telephone: 703-605-6000 (1-800-553-6847)

TDD: 703-487-4639

Fax: 703-605-6900

E-mail: info@ntis.fedworld.gov

Web site: http://www.ntis.gov/support/ordernowabout.htm

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange
(ETDE) representatives, and International Nuclear Information System (INIS) representatives
from the following source:

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831

Telephone: 865-576-8401

Fax: 865-576-5728

E-mail: reports@osti.gov

Web site: http://www.osti.gov/contact.html

This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States government nor
any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.




ORNL/TM-2006/609

Tensile and Creep-Rupture Evaluation of a New Heat of Haynes Alloy 25

John P. Shingledecker®, Principal Investigator
with
Darryl B. Glanton®, Ralph L. Martin®, Brian L. Sparks®, Robert W. Swindeman?
'0ak Ridge National Laboratory, Materials Science and Technology Division, Oak Ridge, TN, USA
“Retired, Oak Ridge National Laboratory, Metals & Ceramics Division, Oak Ridge, TN, USA

February 2007

Prepared by
OAK RIDGE NATIONAL LABORATORY
P.O. Box 2008
Oak Ridge, Tennessee 37831-6285
managed by
UT-Battelle, LLC
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725






CONTENTS

Page

LIST OF FIGURES ...ttt sttt et bbbt b s st s e e s e e be e be e s be e sre e eneeente e v
LIST OF TABLES ... .ottt sttt b e b b e st bttt e s e e be e be e sbeesbeesneenneeanes iX
ACKNOWLEDGMENTS ...ttt ettt sttt a ettt e st e sbbeabeeenbeebeenbe e Xi
F AN = R I ¥ O L PP Xiii
1. INTRODUCTION ..oiitiiiiiiit ittt sttt sbe e bt e st e s b e s sbe e be e beesbeesbeesbeeenbeenbeenee e e 1
2. BACKGROUND ...ttt sttt sttt e sttt e sbe e sbe e sbeesabesnbeanbeebeenbeebeeas 2
3. MATERIALS AND SPECIMENS ...ttt sttt nne e 3
4, EXPERIMENTAL DETAILLS ...ttt st sttt sbe e 9
4.1 ELASTIC PROPERTY MEASUREMENTS ... ..cooii ittt 9

4.2 TENSILE TESTING ...ooiiiiiiiiie ettt ettt st st sttt sttt nreennee s 9

4.3 CREEP-RUPTURE TESTING......iiiitiitiit ittt sttt et sae bbb sree st 10

4.4 POST-TEST ANALYSIS ... oottt st nreennee s 13

5. ELASTIC PROPERTIES RESULTS AND DISCUSSION .....cccoiiiiiiieiieiie e 14
6. TENSILE PROPERTIES RESULTS AND DISCUSSION .....ccooiiiiiiiiiiiicieee e 19
7. CREEP PROPERTIES RESULTS AND DISCUSSION .....ccciiiiiiiiiiiiie et 31
7.1 UNIAXIAL RUPTURE RESULTS ..ottt sttt 31

7.2 PRESSURIZED TUBE RUPTURE RESULTS ..ottt 35

7.3 SUMMARY OF ALL RUPTURE RESULTS ...ttt 41

7.4 CREEP-RATE ANALYSIS ..ottt sttt s 44

8. CONCLUSIONS ...ttt b et e st e e bt e e st e e sbe e sbeesbeesaeessbesnbeenbeenbeenbeeas 48
REFERENGCES ...ttt sttt et b e bt b e e st e e ste e ke e s beenbeesbeesbbeenbeenbeenbeens 49
APPENDIX A. DATA TABLES AND FIGURES.........coiiiiiie et 51
A.1l TABULAR ELASTIC PROPERTIES.......ciiiiiiieiieeie ettt 51

A.2 TABULAR TENSILE PROPERTIES.......c.coiiiiiiiieiteeieeie et nnee 52

A.3 TABULAR UNIAXIAL CREEP AND CREEP-RUPTURE DATA ..o 54

A.4 TABULAR PRESSURIZED TUBE RUPTURE DATA ..ottt 57

A5 STRESS-STRAIN CURVES. ...ttt nne e 58

A.6 CREEP STRAIN VS. TIME CURVES ...ttt 123

A.7 HISTORICAL SUMMARY OF HAYNES 25 TENSILE DATA ....cccoo it 179

A.8 HISTORICAL SUMMARY OF HAYNES 25 CREEP-RUPTURE DATA......ccccociviininne 188






LIST OF FIGURES

Figure
3.1 Metallographic images of the alloy 25 as-received material ...........c.ccooceveveivereniesincreseene,
3.2 Specimen drawing for alloy 25 plate creep and tensile SPECIMENS ..........ccccovvviiiiieneniennns
3.3 Example cutting plan for alloy 25 weldment SPECIMENS .........ccccveierveieiiviiiese e
3.4 Uniaxial weldment specimens taken from tubular machined bar .........c..cccocvveviieiviiveiennns
3.5 RUS AlI0Y 25 SPECIHMIEN . ...c.viiiiieiieieiiieie sttt bbbttt

4.3.1. Schematic of pressurization and control system for high-temperature pressurized
creep testing of tuDUIAr SPECIMENS. .......c.oiiiiiiiieee e

4.3.2 Furnace detail for high-temperature pressurized creep testing showing the tubular
specimen, the thermocouple placement, the stainless steel canister, the gas inlet and
outlet, and the PrESSUIE SEEM .......civiieie i eierte st ie st e ettt esre e stesreeneeseeaneas

5.1 Plot of elastic modulus vs. temperature for this heat of alloy 25(aged = aged at 675°C
for 6,000 hours) and compared to the Haynes Datasheet data [15] .........ccccovvvvvivninincnnene

5.2  Plot of shear (G) and bulk (K) modulus vs. temperature for this heat of alloy 25
(aged = aged at 675°C fOr 6,000 NOUIS) .....ccueiiiireiisieeiere et

5.3  Plot of Poisson’s ratio vs. temperature for this heat of alloy 25 (aged = aged at 675°C
L0 RS 000N o 1N ) TS

5.4  Reconstructed TTT diagram for Haynes alloy 25...........cccoooiiiiiiiniiniceeee

6.1 Measured Yield Strength (YS) and Ultimate Tensile Strength (UTS) as a function of
temperature for base metal (BM) and weldments (WM) of Haynes alloy 25 sheet and
cross-weldments of Haynes alloy 25 bar product in the as-received condition and after
aging at 675°C for 6,000 and 12,000 NOUTS .......cceirerieiieieieeeese et see s see s

6.2  Measured ductility, elongation (EL) and reduction of area (RA), as a function of
temperature for base metal (BM) and weldments (WM) of Haynes alloy 25 sheet and
cross-weldments of Haynes alloy 25 bar product in the as-received condition and after
aging at 675°C for 6,000 and 12,000 NOUTS .......ccceiieririieieseseese et sree e e esae e s

6.3  Tensile Elongation and the difference in Uniform Elongation and Elongation as a function of
temperature for alloy 25 unaged and aged sheet and bar products. .........cc.ccoocvvcveiervinenne

6.4 Room temperature strength and ductility as a function of aging time at 675°C for alloy 25
6.5  Strength and ductility at 650° C, as a function of aging time at 675°C for alloy 25.............

6.6 Room temperature tensile properties as a function of 1,000 hour aging temperature ..........



6.7

6.8

6.9

6.10

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

Measured Yield Strength (YS) and Ultimate Tensile Strength (UTS) for Haynes
alloy 25 sheet (as-received, no aging) as a function of temperature compared to the

historical database for annealed alloy 25 ...

Measured ductility for Haynes alloy 25 sheet (as-received, no aging) as a function of

temperature compared to the historical database for annealed alloy 25 ...........ccccoevveiinenee.

Measured Yield Strength (YS) and Ultimate Tensile Strength (UTS) for Haynes
alloy 25 sheet weldments (no aging) as a function of temperature compared to the

historical database for alloy 25 WeldmEeNtS.........ccccovveiie e

Measured ductility for Haynes alloy 25 sheet weldments (no aging) as a function of

temperature compared to the historical database for alloy 25 weldments ............c.ccccccvenee.

Larson-Miller Parameter (LMP) vs. Stress (log scale) for all material conditions...............

Larson-Miller Parameter (LMP) vs. Stress (log scale) for all material conditions and

the NISEOTCAl HATADASE .....eeviie ettt e e e e e ettt e e e s s re e r e e et eesssserrareeeees

Actual life versus predicted life (LMP analysis) ......cccccceviveiieeiiiiieiiiseee e

Rupture ductility as a function of rupture time for all material conditions compared

10 the NISTOFICAl AATADASE ... ..oieeiieet ettt et e e e e et e e e s e s s e rereees

Creep curves (time vs. creep strain) for the four material conditions tested at 800°C

AN 103 IMPA (15 KSI) ..uveiiiiieesiee et ste et e st te et be e st esna e sne e s naeenteenteenreennee e

Actual vs. predicted life for pressurized tube creep-rupture tests analyzed using the
Von Mises (VM) stress criterion for the inner (ID) and outer (OD) diameter elastic

(Lame) and steady-state creep (Bailey) SOIULIONS .........cccoveveeiee i

Actual vs. predicted life for pressurized tube creep-rupture tests analyzed using the
stress intensity (SlI) stress criterion (Tresca) for the inner (ID) and outer (OD) diameter

steady-state creep (Bailey) solutions and for the reference stress solution (Tresca) ............

Typical micrograph of a region near the creep fracture of a pressurized tubular creep

] 01 [T o SRS OUSSSPR

Quantitative metallographic results for crack depth (left) and crack spacing (right) as a

function of test temperature and location (ID and OD) for selected tubular specimens.......
Plots of isothermal rupture data from 650 t0 750°C .........cccccevieeiee i
Plots of isothermal rupture data from 800 t0 900°C .........c.coevieeiiee i
Plots of isothermal rupture data at 925 and 950°C...........cceeieiiieeiiee v

Minimum creep rate versus stress for various temperatures.........cccccceveevienieeneereeseesenennns

Vi

27

28

29

30

31

32

33

34

35

38

39

41

41

42

43

44

45



7.14 Activation energy determination plot of inverse absolute temperature versus
minimum creep rate divided by stress™n (n=8)

7.15 Stress versus diffusion compensated minimum creep rate (min. creep rate / Doexp
(-Q/RT) for all material conditions

vii






Table

All

A2l

A22

A3l

A3.2

A4l

A7l

AT.2

A3

AB8.1

AB8.2

LIST OF TABLES

Composition of Haynes alloy 25 used in this StUAY .........cccoceviieriiiiie e
Calculated kinetic constants for alloy 25 strength and ductility aged at 675°C .....................
Standard error of estimate* (SEE) for tube rupture reSultS ..........cccoevvviveieiievie e

Elastic properties of Haynes alloy 25 (Heat # 1860-8-1391) before and after aging at
AR O (o] QST 00101 Lo TR

Tensile properties of Haynes alloy 25 (Heat # 1860-8-1391) ........cccceovvvvriiereieniiesesienienieas
Tensile properties of Haynes alloy 25 GTA Weldments ........ccccovvveiinenieie e
Creep and stress-rupture data for Haynes alloy 25 (Heat # 1860-8-1391).........cc.ccocvvveriennnne.
Creep and stress-rupture data for Haynes alloy 25 weldments (Heat # 1860-8-1391)...........
Rupture data for Haynes alloy 25 pressurized creep tests on tubes .......ccccocvevvevevviieiiennenn,
Alloy 25 (L-605) historical tensile data for annealed material..............cccccoovvviviviiiriiiienne,
Alloy 25 (L-605) historical tensile data for welded material ............cccccoevveviiiiiiiciie e,
Alloy 25 (L-605) historical tensile data for aged material .............cccccoveveieviiiiiieieiee e
Alloy 25 (L-605) historical creep and stress-rupture data...........ceceveviveienienieeresese e

Alloy 25 (L-605) historical creep and stress-rupture data for weldments..............ccccceevnee.

Page

23






ACKNOWLEDGEMENTS

The authors would like to acknowledge the contributions of James F. King for his leadership on the
program, Peyton Moore for his past leadership of the program, Roger Miller and Edgar Lara-Curzio for
reviewing this report, Tim McGreevy for helpful discussions, Tom Geer for his assistance with
metallography, Chris Stevens for performing some of the tensile tests, personnel from INL and LANL for
providing the materials used in this study, Laura Riester for help with the elastic property measurements,
and Christine Goudy for spending countless hours formatting this report.

Xi






ABSTRACT

From 1999 to 2006, a program was undertaken within the Materials Science and Technology Division,
formerly the Metals and Ceramics Division, of Oak Ridge National Laboratory to characterize the tensile
and creep-rupture properties of a newly produced heat of Haynes alloy 25 (L-605). Tensile properties
from room temperature to 1100°C were evaluated for base material and welded joints aged up to 12,000
hours at 675°C. Creep and creep-rupture tests were conducted on base metal and cross-weldments from
650 to 950°C. Pressurized tubular creep tests were conducted to evaluate multiaxial creep-rupture
response of the material. Over 800,000 hours of creep test data were generated during the test program
with the longest rupture tests extending beyond 38,000 hours, and the longest creep-rate experiments
exceeding 40,000 hours.
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1. INTRODUCTION

Haynes alloy 25 (alloy 25), originally referenced as L-605, is a cobalt-based superalloy with good
fabricability, high-temperature strength, and corrosion resistance. Most of the high-temperature data
required for design of Haynes alloy 25 components, creep and tensile properties of base material and
weldments, were summarized in 1970 by Swindeman [1]. All of the available literature was again
reviewed by Swindeman in 1998 [2], and it was concluded that additional long-term data on a new heat of
material would be needed for improved design and material analysis. Furthermore, it was recognized that
new data on multiaxial creep effects would be useful, and therefore it was proposed that internally
pressurized creep tests on tubular specimens of varying wall thicknesses be conducted. Based upon these
recommendations, a test program to evaluate the tensile and creep properties of a new heat of alloy 25
was started. This report summarizes the results of this program, and an appendix containing the historical
data (based largely on the summaries by Swindeman) and the data produced on this program is included.



2. BACKGROUND

A summary of the historical database for alloy 25 is provided in appendix subsections A.7 and A.8.
Section A.7 contains the tensile data and section A.8 contains the stress and creep-rupture data. The
tensile data are taken from the review of Slunder [3]. The data from Slunder’s work includes references
[1, 4, 14, 15, 16]. The stress and creep-rupture data are taken from Simmons and Cross [4], Baughman
[5], Green et al. [6], Sandrock et al. [7], Conrad et al. [8], Flagella and McCullough [9], Yukawa and Sato
[10], and Widmer et al. [11,12]. Stress-rupture data for weldments were included in some of the
references: [1,4,5, and 8]. In general, the stress and creep-rupture data were of short duration. Only
Widmer provided creep data beyond 10,000 hours. Over 200 tests are included in the historical database,
but the total test durations for these tests are less than 200,000 hours.

A new heat of alloy 25 material was obtained for this study (details in section 3.0). Plate and bar product
were evaluated. Dynamic elastic properties from room temperature to 1100°C were measured for the heat
in the as-received mill-annealed condition and after aging at 675°C. Tensile tests from room temperature
to 1100°C were performed on base metal and weldments aged up to 12,000 hours at 675°C. Creep and
stress-rupture tests were conducted on base metal and weldments; this included aged material in addition
to material in the as-received mill annealed condition. Creep-rupture test temperatures ranged from
650°C to 950°C for times in excess of 38,000 hours. Pressurized creep-rupture tests on tubular specimens
were also conducted for two sizes of tubes at similar creep conditions.



3. MATERIAL AND SPECIMENS

The alloy 25 base metal material was received from Babcock & Wilcox of Ohio, Inc (Mound
Laboratories) as 0.14-in. (3.3-mm) thick plate processed to meet the AMS 5537C specification. The
vendor chemistry and the nominal composition of the alloy are given in Table 1. The vendor reported the
following tensile properties: 67.5 ksi (465 MPa) yield strength, 114 ksi (786 MPa) ultimate strength,
and 52 % elongation. Additional alloy 25 bar material, machined into the form of tubes, from the same
heat of material was received from Idaho National Laboratory (INL) and Los Alamos National
Laboratory (LANL). The grain size of the plate and the machined bar product were measured as an
ASTM No. 4-5 (60-90 um) and No. 7-8 (23-32 um), respectively. Metallographic images of the as-
received materials are shown in figure 3.1. Although the bar product had a finer average grain size than
the plate, a number of larger grains similar in size to the plate grain size were observed in the bar material.
Twining was evident within most grains, and in some areas it was difficult to differentiate grain
boundaries from twin boundaries. All materials were received in the solution annealed condition, and the
purchase specification required that the material have an ASTM grain size number of four or greater to
reduce the materials susceptibility to hot cracking during welding.

Table 1. Composition of Haynes Alloy 25 used in this study

Element (wt%)
ID C Cr Fe Mn Ni P S Si W Co

Haynes Heat # 0.11 2023 234 151 1032 0.008 0.002 0.16 14.77 Bal.
1860-8-1391
AMS 5796C
.035” DiaWeld 0.12 20.13 251 146 1058 0.012 0.003 0.22 15.43 Bal.
Wire Heat #

1860-8-1362
Nominal 0.10 20 3* 15 10 0.4* 15 51
Composition (Bal)
*Maximum
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Figure 3.1. Metallographic images of the alloy 25 as-received material. sheet — left, machined
bar (tube) — right.

The plate was sheared into several pieces and coupons were cut for the preparation of tensile and creep
testing specimens. Plate-type specimens were machined with the uniform gage section parallel to the
primary rolling direction of the sheet with dimensions shown in figure 3.2.
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Figure 3.2. Specimen drawing for alloy 25 plate creep and tensile specimens.

Welded plate was received from Mound Laboratories as 0.14-in. (3.3-mm) thick sheet. This was the same
plate material as supplied for base metal testing but containing a matching composition multi-pass gas
tungsten arc weld (GTAW) transverse to the primary rolling direction. The weld filler metal heat met the
AMS 5796C specification, and its composition is included in Table 1. Ten plates each 10 in. (250 mm) by
7 in. (178 mm) were supplied. The plates exhibited a slight angular distortion after welding. Coupons
were cut from the plates oriented to place a transverse weld in the center of the reduced section of the
plate specimen as shown in the example cutting plan in figure 3.3. The specimen design was the same as
that used for testing the base metal with the exception of the weldment in the center of the gauge.
Specimens were machined so that the pin-hole in each shoulder was perpendicular to the end of the sheet,
and the weldment crown was not removed. After machining, specimens were placed in a three-point
loading bend devise with the weldment crown resting on the center bend bar. The angular distortion was
removed by flattening the specimens in the 3-point fixture. Tensile tests were performed on the flattened



bars. Short-term heat-treatments at 800°C did not cause significant changes in the room temperature
tensile behavior indicating a minimal effect of flattening on tensile properties.
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Figure 3.3. Example cutting plan for alloy 25 weldment specimens.

Tubular specimens machined from bar-stock were supplied by INL and LANL. Uniaxial weldment
specimens for tensile and creep testing were machined in a similar configuration to the plate specimens as
shown in figure 3.4. These specimens contained a matching filler metal multi-pass GTAW orbital
weldment in the center of the gauge. The same heat of filler metal used in the plate specimens was used
by both INL and LANL for these specimens. Due to the size of the bar stock, some specimens were
machined with a 1.000 in. (25.00 mm) gauge length while others were similar to the plate specimens with
a 2.140 in. (54.35 mm) gauge length. The curvature of the tube was left intact, as it was not practical to
flatten the specimen without imparting a significant degree of cold work, and specialized grips were
produced for long-term creep testing.



?
0.563"typ. ™|
0.563" typ.
; |
1.000"
2.140
1.008"
1.133" typ.
NOTES: (0ak Ridge National Laboratory NOTES: 0Oak Ridge Nationa[ Lahqr_at'ory
1. All dimensions are in inches. Metals and Ceramics Division 1. All dimensions are in inches. Metals and Ceramics Division
2. Remove all burrs and sharp corners. 2. Remove all burrs and sharp corners.
3. :315” gag_e and .375" holes to be .0001" Tube Specimen 3. :375" gagg and .375" holes to be .0001" ALTB Capsule Specimen Il
in centerline. in centerline.
4. Material : supplied 1.670 " OD Haynes 4. Material : supplied 1.670 " OD Haynes Alloy
Alloy 25 tube, 4" long. 25 tube, 4" long.
5. Tolerences: .xxx = +/- 0.005, .xx = +/- 0.030 unless Drawing No. 06MARTINRL1211-1 5. Tolerences: .xxx = +/- 0.005, .xx = +/- 0.030 Drawing No. 04MARTINRLO317-1
otherwise specified. unless otherwise specified.

Figure 3.4. Uniaxial weldment specimens taken from tubular machined bar. Weldment
crown was in center of gauge section similar to uniaxial plate specimens. The gauge length of some
specimens was 1.000 in. (25.40 mm) as shown in the figure on the left, and other specimens were
machined with a gauge length of 2.140 in. (54.35 mm) as shown on the right, depending on available
material.

Tubular specimens machined from bar-stock for pressurized stress and creep-rupture testing were
supplied by INL and LANL. Two sizes of tube with diameter (dia.) to wall thickness (t) ratios of dia/t =
10.76 and 13.15 were evaluated. Hemispherical end caps were welded on the ends of the tubes. A
pressure stem was fabricated from Haynes 25 bar stock and welded into a hole in one of the caps to apply
and control the pressure within the capsule. The length of the tubes between the weldments was
approximately 3.5 to 4.5 times the nominal diameter of the tube.

Elastic property measurements of alloy 25 were performed using Resonant Ultrasound Spectroscopy
(RUS). The RUS specimen configuration was a disc 0.708 in. (18 mm) in diameter and 0.118 in. ( 3 mm)
in thickness as shown in figure 3.5.
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Figure 3.5. RUS alloy 25 specimen (dimensions in mm).

For aging studies, the machined specimens and fabricated tubular specimens were placed in quartz
capsules, evacuated, and back-filled with a partial Ar-5%He atmosphere (~1/3 atm.). The quartz capsules
were inserted into box furnaces and aged at various temperatures under close temperature control for up

to 12,000 hours.



4. EXPERIMENTAL DETAILS

4.1 ELASTIC PROPERTY MEASUREMENTS

To determine the elastic constants (elastic modulus, shear modulus, and Poisson’s ration) for this heat of
alloy 25, Resonant Ultrasound Spectroscopy (RUS) testing was performed in an Argon atmosphere
starting at room temperature (25°C) and at isothermal conditions at the following temperatures: 150, 300,
500, 650, 800, 900, 1000, and 1100°C for specimens removed from the as-received plate and plate aged
for 6,000 hours at 675°C [17]. For each test, the specimen was heated to the desired temperature and a
spectrum was obtained after soaking at that temperature for 30 minutes. The temperature was then raised
and the process repeated. After completing the entire temperature range, the specimen was cooled to
25°C and another spectrum was obtained. The peak-fitting routine used to analyze the RUS spectrum
determines a best-fit value for the elastic modulus (E) and the shear modulus (G) [18]. From these values,
Poisson’s ratio (v) was determined by the relationship:

E=2G(1+v) equation 1

Although the atmosphere was inert, a small oxide layer was visible after testing. Depending on its
thickness, an oxide layer may affect the elastic measurements. Calculating the elastic constants after
cooling (when the oxide layer is present) and comparing it to the initial room temperature constant is a
standard method for determining the extent of an oxide layer effect. The difference between the pre- and
post-test calculated elastic moduli were 2.2 and 1.0 percent for the unaged and aged material respectively,
and no change was observed for Poisson’s ratio. This indicates that the oxide layer had a negligible effect
on the determined constants.

4.2 TENSILE TESTING

Tensile tests were performed on alloy 25 base metal (plate and bar product forms/specimens) and
weldments in the as-received condition and after aging for various times and temperatures. The room
temperature and elevated temperature tensile tests conformed to ASTM E8-00 and E 21-92, respectively.
Tests were performed in electromechanical tensile machines equipped with digital data acquisition. All
tests on the plate and plate weldment specimens were performed in extension control mode with an
extension rate of 0.107 in/min, which corresponded to a nominal strain rate of 0.05/min on the specimen
gauge section. For the bar cross-weldments, the tensile tests were performed in extension control with a
nominal strain rate of 0.005/min. After yielding (one to two percent strain), the extension rate was
increased to give a nominal strain rate of 0.05/min, and the test specimen was taken to failure. An ASTM
class B1 or B2 extensometer was attached to the gauge section of the specimens for accurate measurement
of strain. Yield strength (YS) was determined using the 0.2% offset method, the proportional limit was
calculated by visual inspection of the tensile curve, ultimate tensile strength (UTS) and ultimate strain
(strain at UTS) were calculated by the computer data acquisition system, and final elongation (EL) and
reduction of area (RA) were determined by post-test measurements.



4.3 CREEP-RUPTURE TESTING

The creep-rupture testing procedures conformed to ASTM practice E139. For creep-rupture testing,
dead-load and lever-arm machines were used with a maximum capacity of 22 kN (5,000 Ibs). For
temperatures of 800°C and lower, type K (Chromel-Alumel) thermocouples were used for temperature
control and readout. For temperatures above 800°C, type S (Platinum-Platinum/Rhodium) thermocouples
were used for control but type K thermocouples were sometimes used for set-up at the start of the test.
Load cells were used to set and maintain the load within 0.5% of the target load for all creep-rupture and
creep tests. Machine loads were adjusted when needed to accommodate potential changes due to the
effect of lever arm travel. An extensometer was attached to the center 2 inches (50 mm) of the reduced
section of the specimens. Depending on the test requirements, the ASTM extensometer type ranged from
Class B-1 to Class C (ASTM E 83). Most testing was performed with extensometers calibrated to the
Class B-2 category. The Class C extensometer was sometimes used for the weldment samples since the
influence of the cross weld in the gage length produced some uncertainty as to the significance of the
measured displacement. For tests above 900°C, oxidation of the specimen may have a significant
influence on the creep-rupture properties, so testing at these conditions was performed in a flowing
99.99% purity Argon atmosphere. After testing, the specimen surfaces were tinted a light-green in color,
which is indicative of a thin chromia based oxide scale typical in this alloy system. In contrast, the
specimens tested in air all exhibited a dark black oxide layer after creep testing, which is evidence of a
thicker oxide layer. For testing in Argon gas, the retort system excluded the use of typical creep
extensometers for strain measurement and the high-temperature precluded the use of other strain
measurement options. Thus, load-line displacement readings were taken manually at 48 to 72 hour
increments and used to estimate the creep strain.

Several types of extension sensors were used on the extensometers. All were electronic and provided
signals that could be read by a data acquisition system. For most tests, load and extension data were
collected on a computer data acquisition system. Manual dial gage readings of the load line displacement
were made on a weekly basis. Generally, these readings indicated larger displacements than readings
from extensometers. The difference was attributed to creep strains accumulated in the shoulders of the
specimens and displacement of the loading pins. Post test readings of the displacement on the specimen
reduced sections generally confirmed the accuracy of the extension measurements.

For pressurized creep testing of the tubular specimens (removed from bar stock), the ORNL pressure-
burst facility was used. Figure 4.3.1 shows a schematic representation of one test rig in the facility. A
high-pressure oil-less pump supplied Ar-0.5%He gas to the test facility. A 7,500 psi safety pressure relief
valve was used to limit pressure in case of an emergency. Specimen pressure was controlled manually
using a series of valves. A digital pressure transducer, in line with the specimen, was used to monitor
pressure at all times. In order to maintain a constant pressure within the capsule throughout the test, an
accumulator was used so the system could be isolated from the supply pump. The main pump was only
used during the test when the pressure deviated from the target pressure by more than +/- 50 psi.
Generally, this was not needed because the accumulator had sufficient volume to keep the tube pressure
within the specified range. Fluctuations in room temperature could also cause increases or decreases in
the test system pressure. Insulating the accumulators reduced these fluctuations, and only in the case of
the very long-term tests were one or two manual changes in pressure to the accumulators required.
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Figure 4.3.1. Schematic of pressurization and control system for high-temperature
pressurized creep testing of tubular specimens.

A detailed schematic of the set-up within the furnace is shown in figure 4.3.2. A 304L stainless steel can
was used to hold the specimen during the test. The can was used for three reasons: (1) to allow for the
use of an inert cover gas (99.99% Ar) to minimize oxidation effects when testing at high temperature; (2)
to protect the furnace and heating elements in case the specimen ruptured; (3) to assist in providing
uniform temperature across the entire specimen. A Haynes 25 pressure-stem was welded (fillet weld)
with Haynes 25 filler metal (GTAW process) to the can lid. This pressure-stem was welded to standard
stainless steel high-pressure tubing to connect to the system outside of the furnace. The stainless steel lid
was sealed to the can using 308L stainless steel wire.
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Figure 4.3.2. Furnace detail for high-temperature pressurized creep testing showing the
tubular specimen, the thermocouple placement, the stainless steel canister, the gas inlet and outlet,
and the pressure stem.

Metallic sheathed thermocouples were fed into the stainless steel canister through Swagelok fittings and
ceramic-insulated thermocouples were fed in through stainless steel wells which were bent to touch the
specimen surface. The difference in temperature readings between the sheathed thermocouples and the
thermocouples in the stainless steel wells were less than 1°C. For these tests, three sheathed and three
ceramic-sheathed thermocouples (two placed in each location as indicated in figure 4.3.2), were used to
measure temperature. As with the uniaxial tensile testing, type K (Chromel-Alumel) thermocouples were
used for temperatures of 800°C and lower while type S (Platinum-Platinum/Rhodium) thermocouples
were used for testing at 850°C and above. In a few cases, tests of short duration (less than 200 hours) at
850°C were performed using type K thermocouples where temperature drift is not significant. A
computer data acquisition system recorded the temperature (six thermocouples), the pressure, and time at
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0.1 hr intervals. This data collection rate was increased when the pressure dropped below a
predetermined value to record the rupture or leak rate. An accumulator shut-off valve was closed at this
point so the entire gas volume of the accumulator did not leak through the specimen on rupture. When
these events happened, the system sent an alarm to a staff member to manually check the system for
specimen rupture.

The test procedure used was as follows. After the specimen was welded to the can top, the specimen was
pressurized at room temperature to the test pressure and held for 24 hours to check for leaks. If a leak
was detected, the welds and fittings were evaluated for leaks, the problem was corrected, and the process
was repeated. After successful pressurization, the specimen was de-pressurized and the can lid was
welded onto the can sealing the specimen inside the canister. The system was purged and the specimen
was pressurized with Ar-0.5%He gas again for 24 hours. During this time, flowing Argon gas was
introduced into the can. After 24 hours, the pressure in the capsule was lowered a minimum of 1000 psi
below the intended test pressure, the data acquisition system was started, and the furnace was started. The
temperature was gradually raised and the pressure adjusted to stay a minimum of 1000 psi below the test
pressure. Once the capsule had reached the test temperature and the total temperature gradient was less
than 5°C (< +/- 2.5°C intended test temperature), the pressure was raised to the test pressure and the test
was started. In addition to the computer data acquisition system, the data was also recorded on a chart
recorder and periodic manual readings were made. The pressure drop limit was set at 50psi; that is when
the pressure dropped 50psi below the test pressure, the data acquisition rate was increased, the supply
from the accumulator was stopped, and an alarm was sent out. If the pressure continued to decrease, then
this point was taken as the rupture time.

To measure the rupture strain of the tubular specimens, the diameter of the specimen was measured after
testing. This worked well for small longitudinal ruptures along the tube axis, but in some cases the
specimen had a ‘fishmouth’ type rupture with a large opening. In these cases, the largest circumference
was measured and the final diameter was calculated.

4.4 POST-TEST ANALYSIS

A select number of specimens (sheet and tubes) were visually examined using a digital stereo microscope.

Others were sectioned and areas of interest were prepared metallographically by mounting the sectioned
samples in epoxy, grinding using 220 and 600 SiC grit sandpaper, and polishing using 6, 3, and 1 um
diamond paste. Samples were etched for metallographic examination using glyceregia.
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5. ELASTIC PROPERTIES RESULTS AND DISCUSSION

The measured elastic constants as a function of temperature for alloy 25 before and after aging at 675°C
for 6,000 hour are tabulated in the appendix (A.1). The elastic modulus (E) for these two material
conditions is plotted along with the dynamic modulus data from the Haynes 25 product brochure [19] in
figure 5.1. The shear modulus (G) and bulk modulus (K) are plotted as a function of temperature in
figure 5.2, and Poisson’s ratio (v) values for the two conditions are plotted in figure 5.3.

The RUS measured elastic moduli are slightly higher than the Haynes data over the entire temperature
range. The difference in modulus is generally less than 4%, which is small considering a different
measurement technique and/or product form was likely used for generating the Haynes data. The plot
also shows that the elastic modulus for aged material is 2 to 3 percent higher below 650°C compared to
the unaged material. This difference is smaller above 800°C. The small change in elastic modulus for the
aged material at the lower temperatures may be due to a change in the matrix composition between the
unaged and aged material. Examination of the TTT diagram, figure 5.3, for Haynes 25 shows that aging
for 6,000 hours at 675°C results in the precipitation of the Co;W and Co,W phases in addition to carbide
phases. Precipitation of the intermetallic phases may appreciable change the bulk composition of the Co
matrix resulting in a slight change in elastic properties. In addition to differences in elastic modulus,
some small differences are observed in Poisson’s ratio at the lower temperatures. Above the aging
temperature, especially at 900 to 1100°C, both the elastic modulus and Poisson’s ratio do not show
noticeable differences. Closer examination of figure 5.2 shows that the differences in Poisson’s ratio and
elastic modulus below 800°C are the result of small changes in the shear modulus, which is consistently
higher for the aged material at low temperatures. No trends are observed for bulk modulus for the unaged
and aged conditions. This indicates that any possible aging effect on elastic properties (due to long-term
exposure at 675°C) is small and restricted to temperatures below 650°C.
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Figure 5.1. Plot of elastic modulus vs. temperature for this heat of alloy 25(aged = aged at
675°C for 6,000 hours) and compared to the Haynes Datasheet data [15].
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6.0 TENSILE PROPERTIES RESULTS AND DISCUSSION

Tensile properties were measured on sheet (base metal: BM), sheet cross-weldment (WM), and bar cross-
weldment (bar WM) specimens in the as-received (annealed or as-welded) condition and in various aged
conditions. The tabular tensile data can be found in the tables of appendix A.2. Table A.2.1 gives the
tensile properties of the base metal while Table A.2.2 contains the weldment data. The most prominent
aging conditions were 6,000 and 12,000 hours at 675°C. These conditions were chosen, in part, on the
TTT diagram (figure 5.3) to cause precipitation of the M,3Cs and MeC carbides as well as the CoW
intermetallic phase. The formation of the Co,W Laves phase has also been reported at 700°C for short
times and extension of this curve of the TTT diagram suggests this condition would precipitate this phase
as well. The precipitation of the carbide and intermetallic phases has long been known to embrittle alloy
25 causing a decrease in the tensile and impact ductility [13-16]. However, most of these studies
investigated short-time aging conditions at temperatures of 760°C and higher, and thus a lower
temperature longer-time aging condition at 675°C was chosen for this study.

Figure 6.1 shows the yield strength (YS) and ultimate tensile strength (UTS) as function of temperature
for alloy 25 base metal and weldments including aging at 675°C for 6,000 and 12,000 hours.

Examination of the plot shows that for each aging condition, the sheet base metal (BM) and the weldment
(WM) had the same properties. Since all of the sheet weldment test specimens broke in the base metal, it
is expected that the base metal will govern properties. In the machining of the specimens, the weld crown
was not removed, thus the weld metal was essentially mechanically reinforced due to a larger cross-
sectional area. However, the heat-affected zone (HAZ) of the weldment is not reinforced. Therefore, the
tensile data show that welding does not degrade the room and high-temperature tensile properties of
Haynes alloy 25. A few tests on the bar weldments (Bar WM) were conducted at room temperature and
at 650°C. In general, these showed the YS and UTS were slightly higher compared to the as-received and
aged sheet products, but one data point fell slightly below the data for the sheet pieces. In contrast to the
data for sheet pieces, the non-aged bar materials failed in the weldment, so these data are measures of
weldment strength. The higher yield strength of the bar material may be due to a grain size effect. The
grain size of the bar is finer, figure 3.1, compared to the sheet material. Generally, finer grain size, for the
same material, results in higher low-temperature yield strength. Under this assumption of higher strength
in the bar, the initial yielding of the bar specimen may have occurred in the weldment region eventually
causing failure in the weldment whereas initial yielding in the sheet weldment was in the base metal
leading to failure in the base metal. After aging, the bar weldments failed in the base metal similar to the
sheet product. All of the data fell within typical scatter for tensile data. Thus, the data suggest that the
bar product may have slightly better unaged tensile properties compared to sheet product, but there are no
sufficient data to determine whether or not these differences are statistically significant.

Figure 6.1 also shows the dramatic effect aging has on alloy 25 strength. Aging at 675°C for 6,000 hours
improves the YS of the material by about 300MPa from room temperature to 650°C. The magnitude of
this effect decreases with further increasing temperature and no difference in YS is observed at 1,000°C.
A similar but less dramatic effect is observed for the UTS. At room temperature, little difference is
observed, but the UTS is improved in the range of 300 to 800°C by about 100 MPa. As with YS, aging at
675°C has no effect on UTS at 1,000°C and above. Also, aging for 12,000 hours at 675°C does not cause
further changes in YS and UTS.
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Figure 6.1. Measured Yield Strength (YS) and Ultimate Tensile Strength (UTS) as a
function of temperature for base metal (BM) and weldments (WM) of Haynes alloy 25 sheet and
cross-weldments of Haynes alloy 25 bar product in the as-received condition and after aging at
675°C for 6,000 and 12,000 hours.

Figure 6.2 is a plot of the tensile ductility, elongation (EL) and reduction of area (RA), for the all the
material conditions. Similar to the strength data, no difference is observed for any aging condition
between sheet BM and WM. However, the Bar WM does show lower ductility for the as-welded
condition, which is due to localized failure in the weldment. After aging, the Bar WM is equivalent to the
BM and WM. In the unaged condition, alloy 25 has good tensile ductility with EL above 45% and RA
above 35% for all temperatures tested. However, after aging at 675°C for 6,000 hours, the tensile
ductility at room temperature to 800°C is significantly reduced below 20%. Unlike strength, further aging
for 12,000 hours at 675°C shows slightly more loss of ductility below 800°C, generally less than 15%.
The effect is most pronounced at room temperature where ductility is less than 10%. At 1000°C and
above, the aging effect is less with all ductilities measuring beyond 25%.
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Figure 6.2. Measured ductility, elongation (EL) and reduction of area (RA), as a function of
temperature for base metal (BM) and weldments (WM) of Haynes alloy 25 sheet and cross-
weldments of Haynes alloy 25 bar product in the as-received condition and after aging at 675°C for
6,000 and 12,000 hours.

In addition to total elongation (EL), the uniform elongation (strain at the UTS) is also tabulated in the
appendix. The difference in EL and uniform EL can be used as a measure of tensile behavior by the
equation:

Difference(%) = EL —UIrEqurmELloo equation 2

When the difference between EL and uniform EL is very small (less than 10%), the material breaks at or
near the UTS, and the material behavior is characterized as strain hardening. When the difference is close
to 100%, all deformation is due to strain softening (after yielding, the strength begins to drop).
Examination of the stress-strain tensile curves, individually plotted in appendix A.5, show that alloy 25
can show both types of behavior. Figure 6.3 is a plot of EL for all material conditions (aged and unaged)
and the difference in EL and uniform EL (%) for these test data. Regardless of the value of EL (which
varies significantly due to aging as already shown), the difference is only a function of testing

21



temperature. From room temperature to 650°C, the difference is less than 10%, which shows alloy 25
exhibits strain hardening without strain softening. At 1000 and 1100°C, the EL and difference are close
to the same value showing strain softening dominates. At 800°C, the material exhibits a mixture of strain
softening and strain hardening.
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Figure 6.3.Tensile Elongation and the Difference in Uniform Elongation and Elongation as
a function of temperature for alloy 25 unaged and aged sheet and bar products. The difference in
EL and uniform EL is a measure of deformation due to strain softening. 0% = no strain softening (strain
hardening), 100% = only strain softening (no strain hardening).

Shorter-term aging experiments were conducted at 675°C (in addition to the 6,000 and 12,000 hour aged
material) on sheet BM to evaluate the kinetics of strength and ductility change. Figure 6.4 shows the
room temperature tensile strength and ductility changes with aging time at 675°C. Figure 6.5 shows the
tensile strength and ductility at 650°C after aging at 675°C for various times. Bourgette conducted room
temperature and 650°C tensile tests after aging at 650°C [14]. These data are included on the plot for
comparison. A general Johnson-Mehl-Avrami (JMA) type equation [20] was fit to the strength (S) and
ductility (D) data as a function of time (t) as follows:

S _SMax

=1—exp(kt") equation 3
SMax ~ “Min
_D=Dua _ 1-exp(kt") equation 4
DMax — MMin

where the strength or ductility is bounded by maximum and minimum values (subscript Max or Min) and
the kinetics of the change depend on the power law terms k and n. The calculated values for k and n for
YS, EL, and RA are listed in Table 2. The n values for EL and RA are negative (inverse JMA) since
ductility decreases with aging time. The n-value was found to be 1.1 to 1.2 for room temperature Y, EL,
and RA, 1.1 for 650°C YS, and 0.7 to 1.0 for 650°C EL and RA.

Table 2. Calculated kinetic constants for alloy 25 strength and ductility aged at 675°C
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Test Temp YS EL RA
k n k n k n
23 -6.003E-04 1.1052 | -515.15 -1.1835 -789.80 -1.2280
650 -4.643E-04 1.1016 -77.14 -0.7374 -764.38 -0.9949

Examination of figures 6.4 and 6.5 and the kinetic constants show that the major change in room
temperature and elevated temperature strength and ductility occurs from ~100 to 400 hours at 675°C. The
TTT diagram for Haynes 25 shows this is the time when the CosW intermetallic forms. Additionally, the
M¢C carbide is predicted to start its formation at ~50 hours at this temperature as well. Thus it is not
possible to determine the exact cause of ductility loss at 675°C without a more detailed study of the
microstructure. McKamey and George have studied the impact ductility of Haynes 25 at 675°C and have
concluded that observed increases in hardness and decreases in ductility are due to the formation of
carbides and intermetallics, but the two phenomena are not directly related. Their work suggests that
grain boundary precipitates affect ductility while intragranular precipitates effect hardness [21]. The
kinetic constants in Table 2 suggest that different precipitates (or the same precipitates that precipitate at
different location and times) are responsible for changes in strength and ductility. The value of n should
be independent of temperature for the same nucleation mechanism. The n-values for YS, EL, and RA are
the same for room temperature and YS at 650°C, but ductility at 650°C is governed by a different n-value
suggesting a different precipitate (or location) is contributing to the loss of high-temperature ductility.
Current work is being undertaken to carefully examine these specimens to better characterize the
precipitates, their morphology, and location as a function of time and temperature.

The data plotted from Bourgette in figures 6.4 and 6.5 show much lower strength and higher ductility at
room temperature for alloy 25. At room temperature, these data do show a small increase in strength and
loss of ductility with aging time that is similar to the data in this study. These data are shifted to slightly
longer times, which may be due to differences in chemistry, thermal history, and aging at 650°C instead
of 675°C. Unfortunately, the high-temperature data are too limited to infer any trends.

Short-term 1,000 hour aging treatments were carried out at 700 and 750°C in addition to the aging studies
conducted at 675°C. Room temperature tensile tests were performed on the 1,000 hour aged material and
are compared to the 1,000 hour aged data from the historical database in appendix A.7 (Table A.7.3).
Figure 6.6 is a plot of these data. In general this heat of material shows higher room temperature YS and
UTS after aging compared with the historical dataset. The ductility appears to fit the trend of the
historical database with EL and RA measurements lower than lower-temperature aged material and higher
than higher-temperature aged material after 1,000 hours.
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Figure 6.4. Room temperature tensile strength and ductility as a function of aging time at
675°C for alloy 25. Data from Bourgette aged at 650°C is plotted for comparison [14].
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Figure 6.5. Tensile strength and ductility at 650°C, as a function of aging time at 675°C for
alloy 25. Data from Bourgette aged at 650°C is plotted for comparison [14].
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Figure 6.6. Room temperature tensile properties as a function of 1,000 hour aging temperature.

Figures 6.7 and 6.8 compare the measured tensile properties of the unaged sheet to the annealed historical
database in appendix section A.7 (Table A.7.1). For YS and UTS, the current heat of material followed
the general trend of the database. The strength values were average or slightly higher than average from
room temperature to 650°C. At 800°C to 1100°C, the YS and UTS data fell within the scatter of the
historical dataset.
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Figure 6.7. Measured Yield Strength (YS) and Ultimate Tensile Strength (UTS) for Haynes

alloy 25 sheet (as-received, no aging) as a function of temperature compared to the historical
database for annealed alloy 25.

Elongation (EL) values for this heat followed the typical trend in the historical database up to 650°C, but
EL values at 800°C to 1100°C were higher than any others reported in the historical database. Although
the historical database does not contain RA values, the RA was plotted for this heat of material in figure
6.8, and the RA showed the identical trend to EL. Since EL is not specimen geometry independent (EL
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for the same material may vary depending on GL), RA is generally a better measure of ductility. Since
both ductility measures show the same trend, the EL result is not due to specimen design. The reason for
improved high-temperature ductility without a corresponding decrease in strength is not obvious, but
improved melting practices and heat-treatments to produce a finer grain size, compared to older air-
melting practices and coarse grain sizes in the historical database, may be reasons for the discrepancy
with the historical dataset. The ductility data are consistent with a number of individual studies on alloy
25, summarized in ref [28], which show the material does exhibit a tensile ductility minimum around
760°C (1400°F). This is attributed to fracture behavior. “At low temperatures below the ductility
minimum, crack propagation is transgranular in nature whereas at the minimum it is intergranular in
nature failing by wedge-shaped voids and grain boundary shear. At higher temperatures the intergranular
fracture mode continues but thermal recovery allows for blunting of the crack tips and improves ductility
[28].”
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Figure 6.8. Measured ductility for Haynes alloy 25 sheet (as-received, no aging) as a
function of temperature compared to the historical database for annealed alloy 25.

The historical dataset contains data on weldments (Table A.7.2). These data are for thinner sheet product
and all reported failures occurred in the weld metal. For the current sheet and bar weldment, most failures
were in the base metal, although a few of the bar data were in the weld. As discussed previously, this is
mainly due to the mechanical reinforcement provided by the weldment crown (which was not removed).
Thus, a comparison with the historical weld data is not appropriate. However, no HAZ failures were
found in the current tensile dataset which does indicate the welding process did not have a detrimental
effect on tensile properties. Figures 6.9 and 6.10 compare the weldment tensile data to the historical
database. As expected, these data shows better YS and UTS compared to the historical data for the entire
temperature range. For EL and RA, the trend is similar; at 650°C and above, the current welded sheet and
bar show better ductility compared to the historical data.
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function of temperature compared to the historical database for alloy 25 weldments.
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7. CREEP PROPERTIES RESULTS AND DISCUSSION

Uniaxial creep and creep-rupture tests were performed on alloy 25 sheet and weldments in the unaged and
aged for 6,000 hour at 675°C condition and alloy 25 bar weldments in the unaged condition. Tests were
conducted from 600°C to 950°C for times exceeding 40,000 hours. The results of these tests are presented
in tabular form in appendix section A.3 (Tables A.3.1 and A.3.2). The corresponding creep strain versus
time curves are included in appendix A.6. Tubular creep-rupture tests (internally pressurized tubular
specimens machined from bar stock) were conducted from 675°C to 950°C for times exceeding 22,000
hours. Internal pressures ranged from 8.3 to 42.7 MPa (1,200 to 6,200 psi).

7.1 UNIAXIAL RUPTURE RESULTS

The uniaxial rupture results for all material conditions; unaged sheet (Base Metal or BM), sheet pre-aged
before testing for 6,000 hour at 675°C (Aged Base Metal or BM-Aged), sheet or bar weldments (Weld
Metal or WM), and sheet weldments pre-aged before testing for 6,000 hour at 675°C (Aged Weld Metal
or WM-Aged), are plotted using the Larson-Miller Parameter (LMP) approach in figure 7.1. The LMP is
defined as follows, where t; = rupture life (hours), T = temperature (°C), and C = constant:

LMP = (273+T)[log (t,) + C] equation 5

Previous work has shown the historical HS-25 database to be best fit using a constant between 16.7 and
17.5[2]. A constant of C=17 was used for the plot in figure 7.1. This gave a standard error of estimate
(SEE) in the difference between the log time calculated from the LMP and the actual time to rupture of
0.18. Evaluation of the rupture data in figure 7.1 shows no obvious trend in rupture life as a function of
material condition. All data fall in a tight scatter band with overlapping data for each material condition.
Thus it was concluded that aging at 675°C and welding have no deleterious effects on the rupture strength
of alloy 25.
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Figure 7.1. Larson-Miller Parameter (LMP) vs. Stress (log scale) for all material conditions.

31



Figure 7.2 is a LMP plot for the current uniaxial dataset and the historical rupture dataset. A second order
polynomial is fit through all of the data on the plot. The historical dataset shows significant variation
about this best fit line, but the current heat of tested material shows a good correlation to the line with
only slight deviations for the highest and lowest stress tests conducted on this heat of alloy 25. These
data are re-plotted in figure 7.3 as actual rupture life versus predicted rupture life by the LMP method. A
one to one (straight line) correlation is an exact fit. Dotted lines are included in the plot to indicate the
bounds for data within a factor of £2 in life. Most data points for all material conditions fall within the
plus or minus factor of two in life while many data points in the historical dataset fall outside of this
range. The entire range of actual versus predicted times for the historical dataset is about plus or minus a
factor of thirty (range of over two log cycles) in life. From this plot, it is concluded that an LMP fit of all
the uniaxial rupture data, including the historical dataset, shows very good correlation with current heat of
alloy 25, but using the historical dataset for design may be problematic due to the large variations in
rupture times.
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Figure 7.2. Larson-Miller Parameter (LMP) vs. Stress (log scale) for all material conditions
and the historical database.
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Rupture ductility (post-test elongation) as a function of rupture life is plotted for all material conditions
and the historical dataset in figure 7.4. Most of the historical dataset is based on short-time data, which
gives highly variable results in terms of rupture ductility. For test times of 0.1 to 1,000 hours, the
ductility of the historical dataset ranges from 2 to 35%, and the few rupture points beyond 1,000 hours the
range is 2 to 15%. The current heat of material shows similar behavior where ~100 hour tests gave 50%
elongation, ~1,000 hours gave 20 to 30% elongation, 5,000 to 10,000 hour tests resulted in 5 to 15%, and
ruptures beyond 10,000 hours resulted in ductilities of 2 to 6%.

In figure 7.4, the rupture elongation measurements for each material condition overlap one another and no
effect can be seen. However, examination of creep curves in the appendix A.6, revealed a few noticeable
trends. The general trend for all the data is captured in figure 7.5. First, as already stated by LMP
analysis, rupture life was not significantly affected by material condition (less than a factor of two in life).
Second, when comparing base and welded material (either comparing unaged to unaged or aged to aged)
the weld specimen showed slightly less creep strain for a given time. This is attributed to increased
resistance to creep deformation in the cross weldment location. The strength of the weldment is a
function of both weldment mechanical properties and geometry. As with the tensile tests, the weldment
was mechanically reinforced because the weld crown was not removed which contributes to a portion of
the gauge length having improved creep resistance. The third trend observed is the aging effect. Aging at
675°C for 6,000 hours reduces the minimum creep rate and lowers the creep strain at a given time
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compared to identical tests on unaged material. The degree of this effect is a function of testing
temperature. Generally, the effect is large (large differences between creep rates and strains) at low
temperatures near or below the aging temperature, but the effect is minimal at the highest temperatures
tested.
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Figure 7.4. Rupture ductility as a function of rupture time for all material conditions
compared to the historical database.
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Figure 7.5. Creep curves (time vs. creep strain) for the four material conditions tested at
800°C and 103 MPa (15 ksi).

7.2 PRESSURIZED TUBE RUPTURE RESULTS

To evaluate the internally pressurized tube creep-rupture test results, the rupture life of the capsule was
compared to the expected life using the fit of the rupture data in figure 7.2 and assuming the stress
distribution in the tubular specimen could be modeled as an infinitely long tube. For a thick-walled tube
with an internal pressure P, an internal radius R;, and an external radius R,, the elastic hoop stress (Ghoop),
axial stress (oaiar), and radial stress (oragia) Were calculated at any radial location (r) by Lame, per the
following equations [22]:

R? R?2

Thoop = P XrIIQ.Z(1+ r—‘z’] equation 6
R-2

O axial = P X—RZ _' R? equation 7
R? R?

O radia = P X—RZ _I R? [ —r—gJ equation 8
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When creep deformation is considered, the Lame equations may not be applicable depending on the wall
thickness. During creep, high stresses can relax. When this happens, the stresses are transferred to lower
stress areas within the structure. The speed and the degree at which this happens are governed by the
creep properties of the material. For simplicity, Bailey assumed the material’s creep behavior could be
modeled using only steady-state creep with a power-law dependence. Using this assumption, for a
power-law exponent of n, the stress distribution is described as follows [22]:

y [(2—n)/n]R, /r)?" +1

Ohoon = equation 9
oo (R, /R)¥" -1 |
_ 2/n
O aial = P % [(1 )/ n](R"Z,/nr) +l equation 10
(R,/R) -1
(R, /1)?'"~1 .
= X equation 11

Opogia] = —P X~ ' ——
radial (RO/Ri)ZIn _1

When n equals 1, i.e. when the creep-rate has a linear stress dependence, then the Bailey solution
becomes the Lame solution.

In order to evaluate the internally pressurized tube rupture data using the Lame and Bailey equations, a
single stress value for each test is needed. Two criteria (yield surfaces) were used; the Von Mises (VM)
and the Stress Intensity (SI). The VM takes into account all three stresses (radial, axial, and hoop):

equation 12
2

2 2 2
_ J(al ~0,)" +(0, ~0,) + (05~ 0,)
VM T
The Sl is simply two times the Tresca stress or the maximum principal stress minus the minimum
principal stress:

max — O min equation 13

An alternative approach to evaluating rupture in structures is the reference stress approach [23]. The
reference stress approach is based on a limit load analysis of a perfectly plastic material. The basis
assumption in this approach is that there are similarities between creep and plasticity. For a structure
subjected to complex loading in creep, after sufficient time, internal stresses will redistribute and reach a
steady-state condition that can be described by the plastic solution (limit load) for the structure. The
result of the limit load analysis for a given geometry combined with a yield criteria (typically Tresca) is a
single reference stress (creference), Which governs the creep deformation in the structure and is independent
of material (as long as the material is not creep brittle) [24]. For an infinitely long tube, the reference
stress (Tresca) is [24]:

P

O reference = T — < equation 14
eference In(RO /R,)
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This equation has been shown to give the best correlation with available experimental data compared to
various ASME Boiler and Pressure Vessel (B&PV) Code rules for cylindrical sections with varying wall
thickness that have crept under internal pressure [25]. The use of the equation was recently (2005)
accepted in the ASME B&PV Code Section I as an alternative method for determining wall thickness of
tubes and pipe in boilers.

The VM criterion was applied to the inner diameter (ID) and outer diameter (OD) stresses calculated for
both the Lame and Bailey solutions. A value of n=8 was used for the creep calculations. This value was
determined by evaluating the creep data for this heat of alloy 25 (discussed later in this section) and is
consistent with other observations of creep in the alloy [29, 30]. Furthermore, the analysis is very
sensitive to n only in the range of n=1 to n=4. Changing n from 6 to 10 has little effect on calculated
stresses. The Sl was applied to the ID and OD for the Bailey creep solution, and the reference stress was
also evaluated. The rupture time for each stress calculated by each method was then compared with the
predicted rupture life for that stress value by evaluation of the LMP fit of the uniaxial data. Figures 7.6
and 7.7 show the results for each analysis as actual life versus predicted life. A one-to-one correlation is a
perfect fit of the data, and dashed lines at a factor of plus or minus two in life are included on each plot.
Several ruptures are identified in each plot. For the standard tube without any pre-aging and exhibiting a
longitudinal rupture originating in the tube, the identification is No Age. For a standard tube without pre-
aging that had a rupture initiate in the tubular specimen weldment, the identification is No Age-WM. For
a standard tube without pre-aging that had a rupture in the tubular specimen cap, the identification is “No
Age — Cap”. For the tube specimens pre-aged for 6,000 hours at 675°C, the identification is “Aged”.

Each plot also includes a fit of a straight line (power-law fit on log-log plot) to see how well each model
followed a one-to-one correlation. This line was fit to a censored dataset. To censor the dataset, the non-
typical ruptures were removed (No Age-WM and No Age-Cap) and the rupture results on aged capsule
test conducted at 750°C were also removed due to observed aging effects in creep deformation. The aged
capsules tested at 850 to 950°C were included in the censored dataset along with the typical ruptures of
unaged material because it was judged that aging at 675°C had little effect on creep behavior at and above
850°C. This was based on experimental observations of creep deformation of aged material in uniaxial
creep tests where creep rates were similar at the highest testing temperatures (850°C and above)
regardless of aging condition. A comparison of the tube ruptures, later in this section, with the uniaxial
data shows that the 750°C test on aged material exhibited consistently longer life than expected compared
to the aged tubes tested at 850°C and above which were within the scatter of the data.
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Figure 7.6. Actual vs. predicted life for pressurized tube creep-rupture tests analyzed using
the Von Mises (VM) stress criterion for the inner (ID) and outer (OD) diameter elastic (Lame) and

Actual Life (hours)

Predicted Life (hours)

Predicted Life (hours)

10° |
10° |

10" |

10° |
10° E

10" |

VM-OD (Lame)

& NoAge

o MNoAge-WHM
O MNoAge- Cap

< Aged

Censored Fit

Slope
=1.01

Actual Life (hours)

steady-state creep (Bailey) solutions. Slope is shown for a fit of the censored dataset.

38

10" 10° 10° 10t 10°
Actual Life (hours)
T T ™7 T T
VM-OD (Bailey) . ‘.-"
& NoAge & -
o MNoAge-WHM
O MNoAge-Cap 3
< Aged
Censored Fit
0.. Slope
- =0.95
ul il ol ol
10" 10° 10° 10t 10°



10° ¢

10° L

Predicted Life (hours)

10° L

Predicted Life (hours)

10" |

R | LR | T T
SI-ID (Bailey)

& [NoAge

o MNoAge-WHW
O MNoAge- Cap - -
+  Aged oS
Censored Fit - 3

10° L

10° L

10" |

Predicted Life (hours)

10° 10° 10t
Actual Life (hours)

Reference Stress

10° L

& [NoAge
o MNoAge-WM -
O MNoAge-Cap -
< Aged -
Censored Fit -
.‘.:"T
-Fr- .
o &
-'-
‘s o

10° 10° 10t
Actual Life (hours)

10

the censored dataset.

To evaluate the various stress criteria and models, the standard error of estimate (SEE) for log actual life

and log predicted life was calculated for all of the rupture data and for the censored dataset. These results
are tabulated with the calculated slopes for a fit of the censored dataset in Table 3. Visual examination of
VM-0OD (Lame), VM-ID (Bailey), and VM-OD (Bailey) plots show most of the data are above the one to
one line and above the factor of two line. The VM-OD (Lame) showed the highest SEE for either dataset
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Figure 7.7. Actual vs. predicted life for pressurized tube creep-rupture tests analyzed using
the stress intensity (Sl1) stress criterion (Tresca) for the inner (ID) and outer (OD) diameter steady-
state creep (Bailey) solutions and for the reference stress solution (Tresca). Slope is shown for a fit of

corroborating the visual inspection although it had the only slope close to one. The VM (Bailey)
solutions appear to show good SEE for the entire dataset, but when the dataset is censored, little

improvement is made in the SEE. This shows that the good SEE for the entire dataset is due to the
location of the non-typical data and not due to a good representation of rupture data.
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Table 3. Standard error of estimate* (SEE) for tube rupture results

VM-ID VM-OD VM-ID VM-0OD SI-ID SI-OD Ref.
(Lame) (Lame) (Bailey) (Bailey) (Bailey) (Bailey) Stress
SEE 0.45 0.83 0.37 0.44 0.45 0.38 0.40
SEE (censored) 0.29 0.87 0.31 0.43 0.27 0.21 0.23
Slope 0.88 1.01 0.89 0.95 0.89 0.81 0.81

(censored)

*SEE calculated for log actual life and log predicted life based on LMP fit of uniaxial data

The VM-ID (Lame) shows better correlation than the other VM results, but 8 censored data points fall
below the factor of 2 band.

The SI-ID and —OD (Bailey) results show improved SEE for the entire dataset and for the censored
datasets. For the ID, 5 censored data points fall below the factor of 2 band while for the OD 3 fall below
and 1 falls above the band. The SEE for the SI-OD (Bailey) is the lowest of any analysis of the data, but
the slope of the SI-ID (Bailey) censored dataset is slightly closer to one.

The reference stress approach results in a SEE between the Sl (Bailey) solutions. Four censored data
points fall below the band while one falls above the band. The slope and SEE is very close to the SI-OD
(Bailey).

Based on these data, it is clear that the Lame solutions give a poor representation of the rupture data and
the VM criteria, regardless of the stress calculation, gives a less accurate result compared to the Tresca
based Sl and reference stress solutions. The SI-I1D (Bailey) gives a good fit of the data and a conservative
estimation on life. The SI-OD (Bailey) and the reference stress (Tresca) give the best fits of the tubular
creep data to the uniaxial creep data.

Microstructural observations of ruptured tubes appear to support the Tresca based creep solutions. Figure
7.8 shows the microstructure of a tube after pressurized creep testing. Extensive inner (ID) and outer
(OD) diameter cracking are observed. Additionally, intergranular cavitation is observed through the
entire wall of the tube. Although there is a stress gradient through the wall of the tube, the SI criteria for
the creep (Bailey) solutions results in similar stress values on the 1D and the OD of the tubes. In contrast,
the Von Mises criteria applied to the elastic solution results in large differences in stress values at the OD
and ID of the tube. Assuming that crack/cavitation initiation is controlled by the one of the chosen
criteria, the Von Mises stress (elastic solution) supports crack initiation on the tube ID. The Sl applied to
the creep solution (Bailey) results in small through wall differences or a uniform controlling stress. The
reference stress, by definition, supports a single relaxed stress value that controls rupture. The calculated
reference stress is very similar to both the ID and OD Sl Bailey stresses. The micrographs indicate that
the controlling stress is not an ID or an OD localized effect.

The ID and OD crack depth and spacing was measured for a number of ruptured tubes by quantitative
metallographic observations. As shown in figure 7.9, no obvious trend for spacing or depth was
observed. From this, it appears the Tresca-based creep solutions have a better physical basis for
controlling rupture than the Von Mises criteria applied to the elastic solutions.
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Figure 7.8. Typical micrograph of a region near the creep fracture of a pressurized tubular
creep specimen. Extensive inner and outer diameter cracking is observed in addition to intergranular
cavitation.
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Figure 7.9. Quantitative metallographic results for crack depth (left) and crack spacing
(right) as a function of test temperature and location (ID and OD) for selected tubular specimens.

7.3 SUMMARY OF ALL RUPTURE RESULTS

All of the rupture data produced on the program are plotted in figures 7.10, 7.11, and 7.12. The reference
stress was used to calculate the stress for the internally pressurized tube tests. The nomenclature is as
follows: “Unaged” — unaged sheet, “Aged” — sheet pre-aged for 6,000 hours at 675°C, “Unaged WM” —
unaged sheet and bar cross-weldments, “Aged WM - sheet cross-weldments pre-aged for 6,000 hours at
675°C, “Unaged Tube” — unaged pressurized tubular tests (all rupture types), “Aged Tube” - pressurized
tubular tests pre-aged for 6,000 hours at 675°C, and “Isotherm” — isotherm from LMP fit of all uniaxial
data. Ongoing tests are identified by arrows.

Evaluation of all the plots show the data scatter is very minimal for most temperatures. At 750°C, the
effect of aging on the pressurized tubular tests is clearly identified, but the longer-term uniaxial data on
aged material show this is most likely a short-term effect. At 800 and 850°C, a large amount of data is
available which shows very good fits of the isothermal rupture curves, even for the non-typical ruptures in
the tubular creep tests. The worst fit of the data is at 950°C where two of the tubular ruptures were at
shorter-times than predicted. For the longest term test, this was due to a rupture in the cap of the
specimen. Thus the fit is actually better than it appears.
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Figure 7.10. Plots of isothermal rupture data from 650 to 750°C. The solid line is based on
LMP analysis of entire dataset including historical data.
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Figure 7.11. Plots of isothermal rupture data from 800 to 900°C. The solid line is based on
LMP analysis of entire dataset including historical data.
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7.4 CREEP-RATE ANALYSIS
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Figure 7.12. Plots of isothermal rupture data at 925 and 950°C. The solid line is based on
LMP analysis of entire dataset including historical data.

In addition to creep-rupture tests, creep tests to determine the steady state or minimum creep rates of alloy
25 at lower temperatures (600 to 700°C) were performed. The minimum creep rates are plotted as
function of stress for various temperatures from the historical database in figure 7.13.
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Figure 7.13. Minimum creep rate versus stress for various temperatures. All data taken from
the historical dataset.

Some data are available for 649°C, but most data is for 732°C and above. The power-law dependence of

the isothermal minimum creep rate data (eni,) data is variable and the power law exponent (n), given by
the relation:

n

Emin €O equation 15

varies between n=6.5 and n=11.5. In this study, creep testing was performed over a large range of
temperatures and stresses for a variety of material conditions. Few isothermal creep conditions had more

than two or three different stress levels for the same material condition, so a creep rate analysis was
performed on the historical dataset for comparison with the current dataset.

It is assumed the temperature dependence of creep can be described by an Arrhenius relationship:
Emin < D, eXp(—Q/RT) equation 16

where T is absolute temperature, D, is the pre-exponential diffusion constant, Q is the activation energy
for creep, and R is the universal gas constant. A phenomenological description of minimum creep rate as
function of temperature (T) and stress (o) can be developed from relations 15 and 16 as follows [26, 27]:

Emin = Ao exp(-Q/RT) equation 17
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where A is constant, n is the power-law exponent, Q is the activation energy for creep, and R is the
universal gas constant. Figure 7.14 is an Arrhenius plot of minimum creep rate divided by stress to the n
power. From the analysis of these data, Q and A were determined, and, a diffusion compensated
minimum creep rate parameter [min creep rate / Aexp(-Q/RT)] was calculated.
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Figure 7.14. Activation energy determination plot of inverse absolute temperature versus
minimum creep rate divided by stress”n (n=8).

This parameter is plotted versus stress for all data including all material conditions and the historical data
in figure 7.15.
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Figure 7.15. Stress versus diffusion compensated minimum creep rate (min. creep rate /
D.exp (-Q/RT) for all material conditions. Fit of the data give a power-law exponent of n=8.4.

A power-law was fit to the No Age uniaxial creep data from the creep rate and creep-rupture tests in
figure 7.15. The slope of fit matched the creep rates calculated from the historical dataset and the power-
law exponent was found to be n=8 (fit value, n=8.4). This is in good agreement with literature results,
were Tanaka et. al [29, 30] studied the effect of microstructure and aging heat-treatments on the creep
behavior of alloy 25 at 816 to 1038°C and found that the power-law exponent was n=8 regardless of heat-
treatment or test conditions. In general, the diffusion compensated creep rates for all material conditions
matched those of the historical dataset. The aged data generally showed slightly lower creep rates at
stress levels of 100MPa or greater. The data at lower stresses is limited but shows comparable results.
From this analysis, a power-law exponent of n=8 was judged to be a good representation over a broad
range of stresses and temperatures for alloy 25, and this value was used in the analysis of the pressurized
tube rupture results.
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8. CONCLUSIONS

An extensive tensile and creep study has produced a large database of high-temperature mechanical
properties for a new heat of Haynes alloy 25. The database contains properties for sheet and bar products
including material with GTAW weldments and material aged at 675 to 850°C for times up to 12,000
hours. An appendix is included in the report with all the data generated throughout the program as well
as a collection of historical creep and tensile data on the alloy

Tensile results show this heat of alloy 25 to have yield strength and ultimate tensile strength values
comparable to those reported in the historical database. Tensile ductility was comparable for lower
temperatures and appears better than the historical database at 800°C and above. Welding did not cause a
reduction in tensile properties (strength or ductility). Aging at 675°C caused a dramatic increase in yield
strength, a modest increase in ultimate tensile strength, and a significant decrease in tensile ductility at
both room temperature and at 650°C. The strength and ductility changes with time were accurately
described by a Johnson-Mehl-Avarmi (JMA) type equation, which indicated different phases and/or
location of phases may be the source of changes in strength and ductility.

Creep-rupture tests showed welding and aging at 675°C for 6,000 hours did not effect uniaxial rupture life
for tests conducted from 650°C to 950°C. The Larson-Miller Parameter (LMP) was used to accurately
describe the rupture strength for all material conditions. This heat showed much less scatter in rupture
time compared to the historical database. The rupture ductility data matched the historical dataset where
at long times ductility decreased. Tubular creep tests were conducted by internally pressurizing tubes of
varying wall thicknesses. The rupture lives of these tests were evaluated by a number of methods which
showed the steady-state creep analysis (Bailey) of 1.D. and O.D. stresses and the reference stress solution
for an infinitely long cylinder gave very good correlation with predicted life. Microstructural evaluation
of ruptured tubes showed these fits have a physical basis. Evaluation of the creep-rates showed that for
the broad range of stresses and temperatures, a power-law exponent of =8 described the minimum creep
rate behavior of the alloy. Overall, over 800,000 hours of creep data, with the longest test times
exceeding 40,000 hours, were produced to augment the historical database which had less than 200,000
hours of creep data.
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APPENDIX A. DATA TABLES AND FIGURES

The appendix has eight sections. The first four sections (A.1-A.4) contain the tabular elastic, tensile,
creep, and rupture data produced during this program (Haynes alloy 25 heat # 1860-8-1391). The fifth
and sixth sections (A.5, A.6) contain the stress-strain and the creep strain versus time curves used to
generate the tabular data in the previous sections. The final two sections (A.7 and A.8) contain the
historical tensile and creep data used throughout the report; these data are based largely on the work of
Swindeman [2].

A.1 TABULAR ELASTIC PROPERTIES

Table A.1.1. Elastic properties of Haynes alloy 25 (Heat # 1860-8-1391)
before and after aging at 675°C for 6,000 hours

RUS Measured Properties of HS-25

Unaged Aged 6,000 hours 675°C
Elastic Shear Bulk Elastic Shear Bulk
Temperature | Modulus | Modulus | Modulus | Poisson's | Modulus | Modulus | Modulus | Poisson's
(°C) (GPa) (GPa) (GPa) Ratio (GPa) (GPa) (GPa) Ratio
25 234.7 90.6 190.8 0.295 241.5 93.5 192.7 0.291
150 225.1 86.3 191.0 0.304 232.1 89.5 190.4 0.297
300 2134 81.6 185.2 0.308 220.7 84.6 187.7 0.304
500 1994 75.4 186.6 0.322 204.0 77.6 184.1 0.315
650 184.3 69.5 176.2 0.326 185.6 70.0 177.8 0.326
800 169.6 63.6 169.2 0.333 173.3 65.1 170.7 0.331
900 160.4 59.7 169.5 0.342 162.4 60.4 173.8 0.344
1000 151.2 56.1 166.6 0.349 153.0 56.7 169.3 0.349
1100 143.0 52.8 163.3 0.354 143.3 52.9 163.2 0.354

Note 1: Measurement made by Resonant Ultrasound Spectroscopy (RUS)
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A.2 TABULAR TENSILE PROPERTIES

Table A.2.1. Tensile properties of Haynes alloy 25 (Heat # 1860-8-1391)

Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-01 Sheet none none 23 272 499 1000 56.6 56.6 39.9 GL
TT-BM-02 Sheet none none 300 196 308 884 72.5 74.9 56.6 GL
TT-BM-03 Sheet none none 500 165 276 806 64.6 68.7 54.4 GL
TT-BM-04 Sheet none none 650 218 261 778 54.1 57.2 35.1 GL
TT-BM-05 Sheet none none 800 187 232 477 26.2 59.1 41.6 GL
TT-BM-06 Sheet none none 1000 65 163 167 3.8 88.5 69.2 GL
TT-BM-07 Sheet none none 1100 27 86 92 17 70.4 61.7 GL
TT-BM-08 Sheet 675 6000 23 365 789 1053 7.3 7.3 4.4 | GL,GM
TT-BM-08B Sheet 675 6000 23 549 792 1045 8.4 8.4 5.8 GL
TT-BM-09 Sheet 675 6000 300 379 610 955 13.7 13.7 13.8 GL
TT-BM-10 Sheet 675 6000 500 421 558 945 17.3 17.3 16.1 GL
TT-BM-11 Sheet 675 6000 650 338 516 907 21.3 21.3 14.7 GL
TT-BM-12 Sheet 675 6000 800 269 445 565 3.6 17.3 16.6 GL
TT-BM-13 Sheet 675 6000 1000 178 179 45.2 39.0 GL
TT-BM-14 Sheet 675 6000 1100 62 101 101 47.9 32.9 GL
TT-BM-15 Sheet 675 12000 23 483 778 1043 7.9 7.9 8.1 GL
TT-BM-16 Sheet 675 12000 300 379 585 969 14.3 14.3 13.8 GL
TT-BM-17 Sheet 675 12000 500 331 566 938 16.1 16.1 18.0 GL
TT-BM-18 Sheet 675 12000 650 276 536 897 17.3 17.3 17.5 GL
TT-BM-19 Sheet 675 12000 800 221 414 553 35 9.8 10.3 GL
TT-BM-20 Sheet 675 12000 1000 83 174 175 2.0 52.4 45.2 GL
TT-BM-21 Sheet 675 12000 1100 48 99 99 0.4 45.8 45.0 GL
HS-03-0l1a Sheet none none 23 386 518 978 56.0 57.5 45.6 GL
HS-03-02a Sheet 675 0.25 23 524 537 978 61.0 62.0 474 GL
HS-03-07a Sheet 675 24 23 462 532 1009 63.0 68.2 524 GL
HS-03-05a Sheet 675 24 23 476 536 1008 62.0 67.8 50.8 GL
HS-03-09a Sheet 675 100 23 434 552 969 53.0 53.5 53.4 GL
HS-03-03a Sheet 675 240 23 421 536 970 38.0 38.4 26.3 GL
HS-03-01b Sheet 675 1000 23 510 744 1047 20.9 20.9 17.4 GL
HS-03-0l1a Sheet 675 2000 23 496 756 1017 9.8 9.8 10.7 GL
HS-03-08a Sheet 675 24 650 207 260 776 56.6 56.6 37.9 GL
HS-03-06a Sheet 675 24 650 207 280 795 614 61.4 394 GL
HS-03-04a Sheet 675 240 650 221 328 818 44.2 44.2 38.0 GL
HS-03-02b Sheet 675 1000 650 345 445 837 38.6 38.6 28.6 GL
HS-03-02a Sheet 675 2000 650 345 568 891 23.6 23.6 22.9 GL
HS-03-10a Sheet 700 1000 23 503 744 1066 16.1 16.1 14.6 GL
HS-03-11a Sheet 750 1000 23 441 587 1014 19.6 19.6 18.3 GL

*Failure Location: GL=gauge length, GM=gauge mark, WM=weld metal, BM=base metal, HAZ=heat affected zone
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Table A.2.2. Tensile properties of Haynes alloy 25 GTA weldments

Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-01 Weld none none 23 495 1008 50.0 50.0 40.7 BM
Sheet
TT-WM-02 Weld none none 300 219 307 888 70.0 74.5 57.1 BM
Sheet
TT-WM-03 Weld none none 500 196 289 809 66.2 72.5 51.7 BM
Sheet
TT-WM-04 Weld none none 650 191 279 768 49.7 49.7 324 BM
Sheet
TT-WM-05 Weld none none 800 153 245 480 22.5 50.0 45.7 BM
Sheet
TT-WM-06 Weld none none 1000 90 165 170 4.0 72.8 62.0 BM
Sheet
TT-WM-07 Weld none none 1100 54 94 96 15 53.0 58.7 BM
Sheet
TT-WM-08 Weld 675 6000 23 552 762 1004 5.6 5.6 5.2 BM
Sheet
TT-WM-09 Weld 675 6000 300 448 601 936 12.8 12.8 13.2 BM
Sheet
TT-WM-10 Weld 675 6000 500 372 542 927 16.3 16.3 15.0 BM
Sheet
TT-WM-11 Weld 675 6000 650 241 549 895 16.7 16.7 175 BM
Sheet
TT-WM-12 Weld 675 6000 800 402 554 7.2 134 18.3 BM
Sheet
TT-WM-13 Weld 675 6000 1000 83 174 177 0.5 47.3 45.2 BM
Sheet
TT-WM-14 Weld 675 6000 1100 48 99 99 0.5 44.5 45.5 BM
Sheet
TT-WM-15 Weld 675 12000 23 414 753 1009 5.0 5.0 6.3 BM
Sheet
TT-WM-16 Weld 675 12000 300 372 615 926 7.8 7.8 8.4 BM
Sheet
TT-WM-17 Weld 675 12000 500 310 564 918 12.0 12.0 13.3 BM
Sheet
TT-WM-18 Weld 675 12000 650 310 572 899 11.0 11.0 12.2 BM
Sheet
TT-WM-19 Weld 675 12000 800 193 438 562 2.8 8.7 10.9 BM
Sheet
TT-WM-20 Weld 675 12000 1000 171 172 0.3 38.6 37.1 BM
Sheet
TT-WM-21 Weld 675 12000 1100 101 101 0.3 43.8 33.4 BM
LWT-1 Bar Weld none none 20 595 1147 629.0 63.1 WM
AWT-1 Bar Weld none none 20 593 1122 53.7 56.8 WM
LWT-2 Bar Weld none none 650 330 736 25.5 26.2 WM
AWT-2 Bar Weld none none 650 367 851 47.7 47.4 WM
LWT-3 Bar Weld 850 50 20 533 1012 30.0 30.0 WM
AWT-3 Bar Weld 850 50 20 559 1051 37.2 37.3 WM
LWT-4 Bar Weld 850 50 650 538 831 31.7 31.7 WM
AWT-4 Bar Weld 850 50 650 352 873 49.2 49.3 WM
LWT-5 Bar Weld 675 6000 20 822 1058 4.5 4.5 BM
AWT-5 Bar Weld 675 6000 20 834 1073 4.3 4.3 BM
LWT-6 Bar Weld 675 6000 650 575 929 11.8 11.8 BM
AWT-6 Bar Weld 675 6000 650 564 931 15.1 154 BM

*Failure Location: GL=gauge length, GM=gauge mark, WM=weld metal, BM=base metal, HAZ=heat affected zone
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A3 TABULAR UNIAXIAL CREEP AND CREEP-RUPTURE DATA

Table A.3.1. Creep and stress-rupture data for Haynes alloy 25 (Heat # 1860-8-1391)

Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate Elong. Area
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%)

CR-BM-
01 sheet none none 650 206.8 38557.0 2.60E-05 2.8 4.5
CR-BM-
02 sheet none none 700 165.5 20637.0 1.00E-05 4.9 3.9
CR-BM-
03 sheet none none 750 127.6 8786.0 5.30E-04 10.9 8.3
CR-BM-
04 sheet none none 800 99.3 4983.0 8.50E-04 11.5 10.2
CR-BM-
05 sheet none none 800 1034 3626.0 1.10E-03 12.8 12.2
CR-BM-
06 sheet none none 850 62.1 8975.0 1.30E-04 6.9 2.7
CR-BM-
07 sheet none none 875 53.8 5763.0 1.90E-04 7.0 5.0
CR-BM-
08 sheet none none 900 44.8 6232.0 2.70E-04 12.0 8.4
CR-BM-
09 sheet none none 900 42.7 6585.0 1.50E-04 6.1 5.7
CR-BM-
11* sheet none none 925 34.5 6253.0 2.70E-04 10.6 8.8
CR-BM-
12* sheet none none 925 33.1 7436.8 1.70E-04 9.0 6.5
CR-BM-
14* sheet none none 950 29.0 4095.0 3.60E-04 8.1 9.3
TN30440 sheet none none 750 220.6 498.4 3.90E-02 33.6 25.2
TN29885 sheet none none 800 186.2 144.4 1.70E-01 45.3 47.6
TN30215 sheet none none 750 217.2 436.8 4.90E-02 32.0 32.7
TN30420 sheet none none 850 151.7 57.6 3.60E-01 46.7 48.3
TN30138 sheet none none 750 193.1 745.0 1.60E-02 21.3 19.7
MG-13 sheet none none 600 179.3 9000.0 1.8E-05
MG-14 sheet none none 600 206.8 12311.0 2.0E-05
MG-15 sheet none none 625 144.8 30000.0 1.3E-05
MG-17 sheet none none 625 206.8 12614.0 2.1E-05
MG-18 sheet none none 650 124.1 10507.0 4.5E-05
MG-21 sheet none none 650 186.2 11080.0 4.2E-05
MG-22 sheet none none 675 103.4 11117.0 4.2E-06
MG-24 sheet none none 675 151.7 38000.0 1.6E-05
MG22b sheet none none 675 103.4 15976.0 5.5E-06

675 0.0 16262.0

675 103.4 20591.0 5.70E-06

700 103.4 22892.0 6.80E-06

725 103.4 24496.0 2.10E-05

700 103.4 25574.0 1.10E-05

675 103.4 39841.0 6.30E-06

675 117.2 42000.0 8.70E-06

* Testing was performed in Argon, load line displacement was used to estimate minimum creep rate
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Table A.3.1. Creep and stress-rupture data for Haynes alloy 25 (continued)

Minimum Red.
Aging Aging Test Creep of

Product Temp. Time Temp. Stress Rate | Elong. | Area
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%)
CR-BM-
15 sheet 675 6000 650 206.8 2.50E-05
CR-BM-
16 sheet 675 6000 700 165.5 20670 6.90E-05 3.8 3.1
CR-BM-
17 sheet 675 6000 750 127.6 9536 3.90E-05 5.8 4.8
CR-BM-
18 sheet 675 6000 800 99.3 8863 1.90E-04 9.3 7.1
CR-BM-
19 sheet 675 6000 800 103.4 4626 3.00E-04 6.9 6.4
CR-BM-
20 sheet 675 6000 850 62.1 6092 1.30E-04 4.2 1.2
CR-BM-
22 sheet 675 6000 900 44.8 6105 1.60E-04 11.0 5.1
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Table A.3.2. Creep* and stress-rupture data for Haynes alloy 25 weldments (Heat # 1860-8-1391)

Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of

Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
01 weld none none 650 206.8 21532 3.48E-04 3.3 1.7 | BM
CR-WM- sheet
02 weld none none 700 165.5 21339.3 3.45E-05 4.4 1.9 | BM
CR-WM- sheet
03 weld none none 750 127.6 9588 3.50E-04 8.1 9.6 | BM
CR-WM- sheet
04 weld none none 800 99.3 6620 4.40E-04 6.7 10.3 | BM
CR-WM- sheet
05 weld none none 800 103.4 4550 8.40E-04 9.2 5.4 | BM
CR-WM- sheet
06 weld none none 850 62.1 8710 1.20E-04 6.5 4.1 | BM
CR-WM- sheet
07 weld none none 875 53.8 1.30E-04
CR-WM- sheet
08 weld none none 900 44.8 4372 2.50E-04 5.2 1.2 | BM
CR-WM- sheet
09 weld none none 900 42.7 6470 1.30E-04 9.8 7.2 | BM

sheet
MG-01 weld none none 600 179.3 1.5E-05

sheet
MG-03 weld none none 625 144.8 4.5E-06

sheet
MG-06 weld none none 650 124.1 1.4E-05

sheet
MG-09 weld none none 650 186.2 7.0E-05

sheet
MG-10 weld none none 675 103.4 4.6E-06
CR-WM- sheet
15 weld 675 6000 650 206.8 32136 1.30E-05 2.6 2.1 | BM
CR-WM- sheet
16 weld 675 6000 700 165.5 16896 3.10E-05 1.8 1.0 | HAZ
CR-WM- sheet
17 weld 675 6000 750 127.6 11990 8.10E-05 4.5 3.1 | BM
CR-WM- sheet
18 weld 675 6000 800 99.3 8568 1.30E-04 BM
CR-WM- sheet
19 weld 675 6000 800 103.4 4011 2.60E-04 4.2 6.2 | BM
CR-WM- sheet
20 weld 675 6000 850 62.1 11117 1.10E-04 5.2 2.4 | BM
LWC-8 bar weld none none 650 206.8
LWC-9 bar weld none none 800 103.4 6464.1 6.34E-04 11.2 27.3 | BM
AWC-7 bar weld none none 650 124.1 7.12E-06
AWC-8 bar weld none none 650 206.8 7.99E-05
AWC-9 bar weld none none 800 103.4 5718.9 5.71E-04 14.5 19.2 | BM

*Note: Min. Creep Rate is based on displacement of a 2" specimen gauge length with a GTAW weldment
in the center of the gauge
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A.4 TABULAR PRESSURIZED TUBE RUPTURE DATA

Table A.4.1. Rupture data for Haynes alloy 25 pressurized creep tests on tubes

Rupture Hoop

Diameter : Aging Aging Life Strain at

thickness Temp. Time | Temperature | Pressure (hours) Rupture Failure
Test ID ratio (°C) (hours) (°C) (psi) Location (%)
LTP-1 10.76 none none 675 5,000
LTP-2 10.76 none none 750 3,645 11147.8 | Tube 7.1
PB-IM-01 10.76 none none 750 4,700 2707.6 | Tube 13.8
PB-IM-02 10.76 none none 750 5,400 958.4 | Tube 12.6
PB-IM-03 10.76 none none 750 6,200 383.0 | Tube 18.9
PB-IM-04 10.76 none none 800 3,500 1550.2 | Weld 11.8
PB-IM-05 10.76 none none 800 4,500 328.8 | Tube 26.4
PB-IM-06 10.76 none none 800 5,200 138.1 | Tube 38.2
PB-IM-07 10.76 none none 850 2,500 1071.0 | Weld 6.0
PB-IM-08 10.76 none none 850 3,500 199.8 | Tube 30.7
PB-IM-09 10.76 none none 850 4,300 43.8 | Tube 38.6
PB-IM-10 10.76 none none 950 1,200 432.2 | End Cap 9.8
PB-IM-11 10.76 none none 950 1,800 147.2 | Tube 424
PB-IM-12 10.76 none none 950 2,400 19.4 | Tube 56.2
LTS-1 13.15 none none 675 5,000 21002.0 | Tube
LTS-2 13.15 none none 700 5,000
PB-OM-01 13.15 none none 750 5,400 426.3 | Tube 21.9
PB-OM-02 13.15 none none 800 4,500 125.7 | Tube 38.9
PB-OM-03 13.15 none none 850 3,500 65.0 | Tube 38.4
PB-OM-04 13.15 675 6000 750 4,700 2880.0 | Tube 2.9
PB-OM-05 13.15 675 6000 750 5,400 1143.3 | Tube 1.6
PB-OM-06 13.15 675 6000 750 6,200 495.8 | Tube 25
PB-OM-07 13.15 675 6000 800 3,500 545.9 | Tube 12.3
PB-OM-08 13.15 675 6000 800 4,500 92.1 | Tube 22.1
PB-OM-09 13.15 675 6000 800 5,200 50.3 | Tube 24.0
PB-OM-10 13.15 675 6000 850 2,500 459.9 | Tube 19.0
PB-OM-11 13.15 675 6000 850 3,500 57.8 | Tube 23.5
PB-OM-12 13.15 675 6000 850 4,300 15.2 | Tube 32.6
PB-OM-13 13.15 675 6000 950 1,200 404.5 | Tube 14.0
PB-OM-14 13.15 675 6000 950 1,800 60.4 | Tube 18.0
PB-OM-15 13.15 675 6000 950 2,400 9.1 | Tube 29.3
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A.5 STRESS-STRAIN CURVES
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-01 Sheet none none 23 272 499 1000 56.6 56.6 39.9 GL
160 |
e
0
X
N—r
(2}
(%}
(<8}
S
=
n
O I I I I | I I I I | |
0 20 40 60 80
Strain (%)




Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-02 Sheet none none 300 196 308 884 72.5 74.9 56.6 GL
120 t
— L
7 L
2 L
= L
U) -
7)) L
(<) L
= L
09
1
60
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-03 Sheet none none 500 165 276 806 64.6 68.7 54.4 GL
TT-BM-03
120 ¢
100 |
80
= L
2 60 =
= 7
(72}
3
= 40
n
20
0 1 1 ‘ 1 } |
10 20 30 40 50 60
-20
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-04 Sheet none none 650 218 261 778 54.1 57.2 35.1 GL

120 +

Stress (ksi)

0 1 1 1 |
0 20 40 60 80

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-05 Sheet none none 800 187 232 477 26.2 59.1 41.6 GL
‘©
X
N—r
(2}
(%}
(<8}
S
]
n
0 1 1 1 1 1 1 |
0 10 20 30 40 50 60 70
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-06 Sheet none none 1000 65 163 167 3.8 88.5 69.2 GL
TT-BM-06
30
25
20
‘©
X
N—r
(2}
A 15
(<8}
S
]
n
10
5
0 1 1 1 1 |
0 20 40 60 80 100
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-07 Sheet none none 1100 27 86 92 17 70.4 61.7 GL
‘©
X
N—r
(2}
(%}
(<8}
S
]
n
0 1 1 1 1
20 40 60 80
Strain (%)
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Test ID

Product
Form

Aging
Temp.
o)

Ultimate Red.
Tensile | Uniform of
Strength | Elong. | Elong. | Area

(MPa) (%) (%) (%)

Aging Test Yield
Time Temp. | Limit | Strength

(hours) (°C) (MPa) (MPa)

Prop.

Failure
Location

TT-BM-08

Sheet

675

6000 23 365 789 1053 7.3 7.3 4.4

GL, GM

180 ~

160 +

140 +

120 +

100 +

(0]
o
|

Stress (ksi)

60

40

20

TT-BM-08

Strain (%)

65




Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-08B Sheet 675 6000 23 549 792 1045 8.4 8.4 5.8 GL
160
‘© r
X L
~ L
(n L
0 L
O L
o L
] L
n ]
}
0 2 4 6 8 10
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-09 Sheet 675 6000 300 379 610 955 13.7 13.7 13.8 GL
160
140 + L ceethe ot
‘© r
X L
N— |
(2}
(%}
(<8}
S
]
n
} }
0 5 10 15 20
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-10 Sheet 675 6000 500 421 558 945 17.3 17.3 16.1 GL

160 +

Stress (ksi)

0 1 1 1 1 |
0 5 10 15 20 25

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-11 Sheet 675 6000 650 338 516 907 21.3 21.3 14.7 GL
TT-BM-11
140
120
100 +
~
L 80
N—r
(72}
3
— 60
=
n
40
20
0 1 1 1 1 |
0 5 10 15 20 25
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-12 Sheet 675 6000 800 269 445 565 3.6 17.3 16.6 GL
‘©
X
N—r
(2}
(%}
(<8}
S
]
n
0 1 1 1 1
5 10 15 20
Strain (%)

70




Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-13 Sheet 675 6000 1000 178 179 45.2 39.0 GL

30 T

25 +

20 +
= L
2 L
N—r L
[7p] 14
(%} 15 s
q) 4
S
= o
n

10

5

0 - 1 1 |

0 1 2 3 4 5
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-14 Sheet 675 6000 1100 62 101 101 47.9 32.9 GL
‘©
X
N—r
(2}
(%}
(<8}
S
]
n
0 1 1 1 1 1
10 20 30 40 50 60
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-15 Sheet 675 12000 23 483 778 1043 7.9 7.9 8.1 GL
TT-BM-15

160 |

140 +

120 -+
~ 100 {
%) L
X L
N— |-
m .
® 80
O L
o L
] L
» 60 4

40

20

0 - 1 1 1 1
0 2 4 6 8 10
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-16 Sheet 675 12000 300 379 585 969 14.3 14.3 13.8 GL

160 +

Stress (ksi)

0~ | 1 1 |
0 5 10 15 20

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-17 Sheet 675 12000 500 331 566 938 16.1 16.1 18.0 GL

160 +

Stress (ksi)

0 1 1 1 |
0 5 10 15 20

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-18 Sheet 675 12000 650 276 536 897 17.3 17.3 17.5 GL
TT-BM-18
140 ¢
120
100
£ 80+
< L
(2}
3
~ 60
]
n
40
20
0 1 1 1 1 1
0 5 10 15 20 25
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-19 Sheet 675 12000 800 221 414 553 35 9.8 10.3 GL
TT-BM-19

90 |

80 +

70 +

60
3 i
< 50
% i
o 40
]
n

30

20
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0 1 1 1

0 4 8 10 12
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-20 Sheet 675 12000 1000 83 174 175 2.0 52.4 45.2 GL
TT-BM-20
30
25
20
‘©
X
N—r
(2}
A 15
(<8}
S
]
n
10
5
0 - 1 1 1 1 1 |
0 10 20 30 40 50 60 70
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
TT-BM-21 Sheet 675 12000 1100 48 99 99 0.4 45.8 45.0 GL
‘©
X
N—r
(2}
(%}
(<8}
S
]
n
0 1 1 1 1 1
10 20 30 40 50 60
Strain (%)
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Test ID

Aging
Product Temp.
Form (°C)

Aging
Time
(hours)

Test
Temp.
()

Prop.
Limit
(MPa)

Yield
Strength
(MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Red.

of

Elong. | Area
(%) (%)

Failure
Location

HS-03-07a

Sheet 675

2.4

23

462

532

1009

63.0

68.2

52.4

GL

160 +

140 ~

120 -

100 +

(0]
o
|

(o2}
o

Stress (ksi)

N
o

20

HS-03-07a

40

60

Strain (%)

80

100
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Test ID

Product
Form

Aging
Temp.
o)

Aging
Time
(hours)

Test
Temp.
()

Prop.
Limit
(MPa)

Yield
Strength
(MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Red.

of

Elong. | Area
(%) (%)

Failure
Location

HS-03-05a

Sheet

675

24

23

476

536

1008

62.0

67.8

50.8

GL

160 +

140 ~

120 -

100 +

Stress (ksi)
D (o]
(@) o

N
o

N
o

HS-03-05a

-20

40

60

Strain (%)

80

100
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-03a Sheet 675 240 23 421 536 970 38.0 38.4 26.3 GL
HS-03-03a

Stress (ksi)

160 |

07— e |
0 10 20 30 40 50 60

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-01b Sheet 675 1000 23 510 744 1047 20.9 20.9 17.4 GL
HS-03-01b
160
140 +
120 +
100
e
0
X 80
(72}
(%}
L 60
=
n
40
20
0
30
-20
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-0l1a Sheet 675 2000 23 496 756 1017 9.8 9.8 10.7 GL
HS-03-01a
160 |
140 +
120 -+
~ 100 +
%) [
X
N—r
m |
v 80
(<8}
S
]
» 60
40
20
0 1 1 1 1
0 5 10 15 20

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-08a Sheet 675 24 650 207 260 776 56.6 56.6 37.9 GL
HS-03-08a

120 +

Stress (ksi)

0 1 1 1 1 |
0 20 40 60 80 100

Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-06a Sheet 675 24 650 207 280 795 614 61.4 394 GL
HS-03-06a
140 ¢
120
100
L 80+
< L
2] i
8 L
= 60+
] L
n L
40
20
0 1 1 1
0 20 40 60 80 100
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-04a Sheet 675 240 650 221 328 818 44.2 44.2 38.0 GL
HS-03-04a
140 ©
120 +
100 +
~ 807
[7p] L
X L
~— |-
w —+
® 60
GJ |
S
=
940
20
0 1 1 1
20 40 60 80
-20
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-02b Sheet 675 1000 650 345 445 837 38.6 38.6 28.6 GL
HS-03-02b
140 ¢
120
100
L 80+
< L
" L
3
~ 60
]
n
40
20
0 1 1 1 1
0 10 20 30 40 50
Strain (%)
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Ultimate Red.
Aging Aging Test Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. | Limit | Strength | Strength | Elong. | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (MPa) (MPa) (%) (%) (%) Location
HS-03-02a Sheet 675 2000 650 345 568 891 23.6 23.6 22.9 GL
HS-03-02a
140 |
120
100
£ 80
N—r
(2}
4
~ 60
]
n
40
20
0 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35

Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-01 Weld none none 23 495 1008 50.0 50.0 40.7 BM

160 1
~ r
0 L
X L
N~—" |-
n L
%)
(<)
S
=
09

0‘ ! T . !
0 20 30 40 50 60 70
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of

Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location

Sheet
TT-WM-02 Weld none none 300 219 307 888 70.0 74.5 57.1 BM

140

—~ [

n [

X L

N—r

n [

0 L

o [

S

] L

7))

}
0 20 40 60 80 100 120
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-03 Weld none none 500 196 289 809 66.2 72.5 51.7 BM
TT-WM-03

140

120 +

100 +
=
< 807
N—r
n [
g L
~ 60+
] L
) L

40

20

0 1 1 1 1 1 |

0 20 40 60 80 100 120

Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-04 Weld none none 650 191 279 768 49.7 49.7 324 BM
TT-WM-04

120 +

100 +

80 +
~ L
) L
X
= L
»w 60
n L
()] L
S
] L
7))

40

20

0 1 1 1 1 1 1 |

0 10 20 30 40 50 60 70

Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-05 Weld none none 800 153 245 480 225 50.0 45.7 BM

Stress (ksi)

30 40 50 60 70
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-06 Weld none none 1000 90 165 170 4.0 72.8 62.0 BM
30
25
20
]
0
X
N—r
»n 15
%)
()]
S
]
7))
10
5
0 - 1 1 1 |
0 20 40 60 80
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-07 Weld none none 1100 54 94 96 15 53.0 58.7 BM

Stress (ksi)

20 30

Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Test
Temp.
()

Prop.
Limit
(MPa)

Yield
Strength
(MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

TT-WM-08

Sheet
Weld

675

6000

23

552

762

1004

5.6

5.6

5.2

BM

160 +

140 -

120 +

100 +

80

Stress (ksi)

60

40 -

20

TT-WM-08

Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-09 Weld 675 6000 300 448 601 936 12.8 12.8 13.2 BM
TT-WM-09
160
140 +
120 +
~ 100 +
%] L
X r
~ L
»w 80 |
0 L
o [
et [
] [
O 60
40 +
20
0 1 1 1 1 1
0 4 6 8 10 12 14
Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Ultimate Red.
Test | Prop. Yield Tensile | Uniform of
Temp. Limit | Strength | Strength Elong. | Elong. Area
(C) | (MPa) (MPa) (MPa) (%) (%) (%)

Failure
Location

TT-WM-10

Sheet
Weld

675

6000

500 372 542 927 16.3 16.3 15.0

BM

160 +

140 -

120 +

100 +

80

Stress (ksi)

60

40

20

TT-WM-10

10 15 20
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-11 Weld 675 6000 650 241 549 895 16.7 16.7 17.5 BM
TT-WM-11

140

120 +

100
=
2 80
= L
s ,
4
= 60
=
9p]

40

20

0~ 1 |

0 5 10 15 20
Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Ultimate Red.
Test | Prop. Yield Tensile | Uniform of
Temp. Limit | Strength | Strength Elong. | Elong. Area
(C) | (MPa) (MPa) (MPa) (%) (%) (%)

Failure
Location

TT-WM-12

Sheet
Weld

675

6000

800 402 554 7.2 13.4 18.3

BM

[(e]
o
|

(0]
o
|

(o] ~
o o
| |

(a)
o
|

D
o

Stress (ksi)

w
o

N
o

10

TT-WM-12

6 8 10 12 14
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-13 Weld 675 6000 1000 83 174 177 0.5 47.3 45.2 BM
TT-WM-13
30
25
20
]
0
X
N—r
)]
w 15
[¢)]
S
s
w
10
5
0 1 1 1 1 |
0 10 20 30 40 50
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-14 Weld 675 6000 1100 48 99 99 0.5 44.5 45.5 BM
16 -
14 -
12 Extensometer
"fell-off* gauge
10 ~

Stress (ksi)
oo

0.4

0.6
Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Test
Temp.
()

Prop.
Limit
(MPa)

Yield
Strength
(MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

TT-WM-15

Sheet
Weld

675

12000

23

414

753

1009

5.0

5.0

6.3

BM

160 +

140 +

120 ~

100 +

80 -

Stress (ksi)

60 -

TT-WM-15

Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Ultimate Red.
Tensile | Uniform of
Strength Elong. | Elong. Area

(MPa) (%) (0) (%)

Yield
Strength
(MPa)

Test
Temp.
()

Aging
Time
(hours)

Prop.
Limit
(MPa)

Failure
Location

TT-WM-16

Sheet
Weld

675

12000 300 372 615 926 7.8 7.8 8.4

BM

160 +

140 +

120 ~

100 +

80 -

Stress (ksi)

60 -

40

20

TT-WM-16

Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-17 Weld 675 12000 500 310 564 918 12.0 12.0 13.3 BM
TT-WM-17

140

120 +

100
=
2 80
= L
2] i
4
= 60
=
9p]

40

20

0 i } |

0 5 10 15
Strain (%)

106




Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-18 Weld 675 12000 650 310 572 899 11.0 11.0 12.2 BM
TT-WM-18

140

120 +

100
=
2 80
= L
23 [
0
= 60 -
s
w

40

20

0 1 1 1 1 1 |

0 4 6 8 10 12 14
Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Test
Temp.
()

Prop.
Limit
(MPa)

Yield
Strength
(MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

TT-WM-19

Sheet
Weld

675

12000

800

193

438

562

2.8

8.7

10.9

BM

90 -

80

70 -

60 -

50

40 -

Stress (ksi)

30

20

10

TT-WM-19

Strain (%)

10

108




Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-20 Weld 675 12000 1000 171 172 0.3 38.6 37.1 BM
TT-WM-20
30
25
20
]
0
X
N—r
)]
w 15
[¢)]
S
s
w
10
5
0 1 1 1 1 |
0 10 20 30 40 50
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
Sheet
TT-WM-21 Weld 675 12000 1100 101 101 0.3 43.8 334 BM

Stress (ksi)

10

20

30

Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
LWT-1 Bar Weld none none 20 595 1147 629.0 63.1 WM
180 -

Stress (ksi)

160 +

140 -

120 +

AN

o

o
|

80

60

40

20

10 20 30 40 50 60 70
Strain (%)
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TestID

Aging Aging Test | Prop. Yield
Product Temp. Time Temp. Limit | Strength
Form (°C) (hours) (°C) | (MPa) (MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

AWT-1

Bar Weld none none 20 593

1122

53.7

56.8

WM

AWT-1

180 +

160 +

140 -

120 +

AN

o

o
|

Stress (ksi)
iy (o)) (o]
o o o

N
o

o

0 10 20
Strain (%)

30

40
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
LWT-2 Bar Weld none none 650 330 736 255 26.2 WM
120 +
— L
7 L
= i
[7p] L
7)) L
[¢}] L
far’
0p]
0 1 1 : 1 1
0 5 10 15 20 25 30
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
AWT-2 Bar Weld none none 650 367 851 47.7 47.4 WM

AWT-2

140 ~

120 +

100 +

(0]
o
|

2]
o
|

Stress (ksi)

40

20

0 10 20 30 40
Strain (%)

50
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
LWT-3 Bar Weld 850 50 20 533 1012 30.0 30.0 WM
160 +
140 |

120

100 |

80

Stress (ksi)

60

40

20

0

0.00E+ 5.00E+ 1.00E+ 1.50E+ 2.00E+ 2.50E+ 3.00E+ 3.50E+

00

00 01

01

01

Strain (%)

01

01

01
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
AWT-3 Bar Weld 850 50 20 559 1051 37.2 37.3 WM
180 ¢
160 -+

Stress (ksi)

10

20
Strain (%)

30
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
LWT-4 Bar Weld 850 50 650 538 831 31.7 31.7 WM
LWT-4
140
120
100 +
g 80 +
()
3
= 60
(92}
40
20
0 1 1 1 1 1 1 |
0 5 10 15 20 25 30 35
Strain (%)
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
AWT-4 Bar Weld 850 50 650 352 873 49.2 49.3 WM
AWT-4
140
120
100 +
L 80+
2 [
8 L
= 60+
(92}
40
20
0 1 1 1 1
0 10 20 30 40 50 60
Strain (%)
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Test
Temp.
()

Prop.
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(MPa)

Yield
Strength
(MPa)

Ultimate
Tensile
Strength
(MPa)

Uniform
Elong.
(%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

LWT-5

Bar Weld

675

6000

20

822

1058

4.5

4.5

BM

180 1

160 +

140 +

120 +

Stress (ksi)

60

40

20

0

0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00 5.00E+00

100

80 |

LWT-5

L 22.066600000000000000
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L. 2 a0

Lo 40 A4
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TestID

Product
Form

Aging
Temp.
()

Aging
Time
(hours)

Ultimate
Test | Prop. Yield Tensile | Uniform
Temp. Limit | Strength | Strength Elong.
(°C) | (MPa) (MPa) (MPa) (%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

AWT-5

Bar Weld

675

6000

20 834 1073 4.3

4.3

BM

180 |
160 +
140 +

120 +

Stress (ksi)

60

40

20

0

0.00E+00 1.00E+00 2.00E+00 3.00E+00 4.00E+00 5.00E+00

100

80 |

AWT-5

20066
. 006660
42 2.0 66600000090 SPIPVIV T
- 0060 L 24 Ad Al

e od POy
POV 4 o a0

Strain (%)
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TestID

Ultimate

Aging Aging Test | Prop. Yield Tensile | Uniform
Product Temp. Time Temp. Limit | Strength | Strength
Form (°C) (hours) (°C) | (MPa) (MPa) (MPa)

Elong.
(%)

Elong.
(%)

Red.
of
Area
(%)

Failure
Location

LWT-6

Bar Weld 675 6000 650 575 929

11.8

11.8

BM

Stress (ksi)

LWT-6

160 -

140 ~

0]
o
|

0 1 1 1
0 5 10 15
Strain (%)

20
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Ultimate Red.
Aging Aging Test | Prop. Yield Tensile | Uniform of
Product Temp. Time Temp. Limit | Strength | Strength Elong. | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) | (MPa) (MPa) (MPa) (%) (%) (%) | Location
AWT-6 Bar Weld 675 6000 650 564 931 15.1 154 BM
AWT-6
160 |
140 +
120 +
~ 100
) L
X L
~— |-
U) .
© 80 ¢
o [
= r
v 60 T,
40
20
0 1 1 1 1 1
0 4 6 8 10 12 14
Strain (%)
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A.6 CREEP STRAIN VS. TIME CURVES

Rupture
Life
(hours) Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate Elong. Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) (%) (%) Location
CR-BM-
01 sheet none none 650 206.8 38557.0 2.60E-05 2.8 4.5
CR-BM-01
2
| Haynes 26
"CREEP TEST: 630°C, 30 ksi
ik | Rupture: 385587 h

| Elongation: 2.58% Y,
| Red. in Area: 4.5% T O
 Minimum Creep Rate: gre

L 2 ROE-052 %/h

CREEF STRAIM (%)
|

05

-— y=093829 + 2601 8e-05% R=085323

O CREEP STRAIM (%)
-&— MM CREEF REATE (%)

1]
0 5,000 10,000 14,000 20,000
TIME (hrs)
BM-01
4
35
BM-01
3 650C 30 ksi
38577 h
25
= 2
1.5
4
1 \
0.5 changed sensor
conditioner
]
0 5000 110* 1.510° 210* 2510° 310* 3510° 410°
t(h)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
02 sheet none none 700 165.5 20637.0 1.00E-05 4.9 3.9
CR-BM-02
> [H
| Haynes 246
"CREEP TEST: 700°C, 24 Kksi o
r [
| Rupture: 20637 h g
4 [Elongation: 4 9%
[ Red.in Area: 3.9% &
L iinimum Creep Rate: 1.00E-05 %/h e
£
= 4
=
[Nl
|_
[in]
o
m
o 2
i
1 | -— y=14452 + 00001 0496 R=097841
& CREEEF STEAIM (%)
-5— MM CREEF RATE
iL 1 1 1 | 1 1 1 | 1 1 1 |
1]
1] a.000 10,000 15,000 20,000 25,000
TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
03 sheet none none 750 127.6 8786.0 5.30E-04 10.9 8.3
CR-BM-03
[ Haynes 23
[ CREEP TEST: 750°C, 18.5 ksi
- Rupture: 8786 h
- Elongation: 10.9%
— FRed. inArea 5.3%
£ 5 EMinimum Creep Rate: 5.530E-04 %/h
=
=T,
o
|_
o
o
LL
LLl
Nl
o

-—y=1.2381 + 000052763 R= 093451

O CREEP STRAIMN (%)
-&— MIM CREEF RATE

4,000

g,000

TIME ({hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
04 sheet none none 800 99.3 4983.0 8.50E-04 11.5 10.2
CR-EM-04
10
- Haynes 25
| CREEP TEST: 800°C, 14.4 Ksi
E —
- Rupture: 4983 h
o [ Elongation: 11.5%
= 6 [ Red. in Area: 10.2%
Z | Minimum Creep Rate: 8 50E-04 %/h
|III_’.' i
v} B
b4
L |
TS g
i} B B
9 -— y=075443 + 0.00085341x R=0.99575
O CREEF STRAIM (%)

-5— MIN CREEF RATE

0 1,000 2,000 3,000 4,000 5,000 g,000
TIME (hrs)

126




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
05 sheet none none 800 103.4 3626.0 1.10E-03 12.8 12.2
CR-EM-05
[ Haynes 25

CREEP STRAIM (84}

Ca

r Rupture: 3626.0 hours
r Elongation 12.8%

r Red. in Area: 12.2%
— Minimum Creep Rate: 1.10E-03 %/h

:—CF&EEF' TEST: 800°C, 15 Ksi

é)....I....I....I....I....I

-— y=1.2284 + 0.0010647x R=0.99719

O CREEP STRAIM (%)
—-&— MIM CREEF RATE

0

500

1,000

1,500

2,000

2,500

TIME {hrs}
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
06 sheet none none 850 62.1 8975.0 1.30E-04 6.9 2.7
CR-EM-06
4
[ Haynes 25
15 FCREEP TEST: 820°C, 9 ksi
3 ERupture: 8375 h .
- Elongation. 6.9% o
25 [Red.inArea 2.7% o
L Minimum Creep Rate: 1.30E-04 %/h o

CREEP STRAIM (%)
gul

-—y=0648312 + 00001317 R=0.99184

O CREEF STRAIM (%)

-5— Min Creep Rate

4,000

TIME {hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
07 sheet none none 875 53.8 5763.0 1.90E-04 7.0 5.0
CR-BM-07
|
:Haynes 25
25 PCREEP TEST: 875°C, 7.8 ksi
B O
5 FRupture: 5763 h o
P LElongation: 7.0%
= 25 FRed. Area; 5.0%
= 77 [Minimum Creep Rate: 1.90E-04 %/h 5 &
'CI: -
||:|_: 2 e
o [ o
AT . o
ﬁ 18 o =
N B O
o L ol
B O
TF g-g0-—8 8
50 ﬂ_ﬂ-crﬂ‘ﬂ' -— w=048375+ 000019043 R=0.99817
s g O CREEP STRAIM (%)
f -5— Win Creep Rate
|:| 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
1] 1,000 2,000 3,000 4,000 5,000 6,000
TIME thrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
08 sheet none none 900 44.8 6232.0 2.70E-04 12.0 8.4
CR-BM-08
5
-Haynes 25
-CREEP TEST: 900°C, 6.5 ksi
4 F
- Rupture: 5232 h
i [ Elongation: 12.0%
& LRed. in Area; 8.4%
% 3 Minimum Creep Rate: 2.70E-04 %/h
EE -
= L
o
o B
L Z L
Ce L
(_:I =
1 - et w=054242 + 0.00027114x R=0.9997
I O CREEF STRAIM (%)

-5— Min Creep Rate

0 1,000 2,000 3,000 4,000 5,000 G,000
TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
09 sheet none none 900 42.7 6585.0 1.50E-04 6.1 5.7
CR-BM-09
5
T Haynes 25
[ CREEP TEST: 900°C, 6.2 ksl
4 L
[ Rupture: 6584 .9 h
= - Eongation 6.1%
it 5 [ Red. inArea; 5.7%
= L Minimum Creep Rate: 1.9E-04 %/ihr
[Nl
|_
E -— w=043395 + 000015172 R= 049495808
w 2
LU
=
i

O CREEF STRAIM (%)
-&— Min. Creep Rate

I

1,000

2,000

3,000

4,000

TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
11* sheet none none 925 34.5 6253.0 2.7E-04 10.6 8.8
CR-BM-11
12
L Haynes 23
| CREEP TEST: 925°C, 5.0 ksi a
10 P
| Rupture: 6253 h
| Elongation: 10.6%
| Red. in Area: 5.8% o
g | Minimum Creep Rate: 2 7E-04 %/h
5 . G
% -— y=054901 + 0.00027085x R=099023 ?
= :
s S
A _ &
LU
Ll L
2 ¢
4 | © CREEPSTRAIN (%) &
i -&— MIN CREEP RATE M@
l M
D ,‘_ 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

0

1,000

2,000

3,000

4,000

TIME {hrs)

5000 6000 7,000

* Test performed in Argon, creep strain and minimum creep rate based on load-line
displacement
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
12* sheet none none 925 33.1 7436.8 1.70E-04 9.0 6.5
CR-BM-12
7
[ Haynes 25 "
[ CREEP TEST: 925°C, 4.8 ksi
B
[ Rupture: 7436.8 h o
[ Elongation: 8.0%
5 L Red. in Area: 6.5% a
[ Minimum Creep Rate: 1.7E-04 %/h
% 4 I— y=053545 + 000017281 R=097708 o
o [ a
e I &
& L
) f 4
O 4 &
| M r
3l

\
%

A

[ o]

O

-&— MIN CREEP RATE

TIME {hrs}

CREEP STRAIN (%)

1,000 2000 3000 4000 5000 6000 7000 3000

* Test performed in Argon, creep strain and minimum creep rate based on load-line
displacement
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-— y=084295 + 0.00036421% R=0.9564 -

Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
14* sheet none none 950 29.0 4095.0 3.60E-04 8.1 9.3
CR-EM-14
:Ir - -
[ Haynes 25 g .
g ECREEP TEST: 950°C, 4.2 Ksi g ]
L Fupture: 4095.1 h 5 ]
% 9 [Elongation: 8.1% . :
= - Red. In Area: 9.3% ]
Z 4 pMinimum Creep Rate: 3 64E-04 %/h & -
@ I & ]
o3 Oc:dﬁ] .
s F P ]
(] K ..'l"" ]
2 r - J

]

CREEF STRAIM (%)
-2— Min Creep Rate (%)

1,000

2,000

TIME (hrs)

3,000

4,000

5,000

* Test performed in Argon, creep strain and minimum creep rate based on load-line

displacement
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Rupture

Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
TN30440 sheet none none 750 220.6 498.4 3.90E-02 33.6 25.2
TN20440
30 | | |
Haynes 25 /
- | CREEF TEST: 750°C, 32 Kksi
Rupture: 496 .4 h
50 | Elongation: 33.6%
Red. in Area: 25.2%
;p Minimum Creep Rate: 3.9x10-2 %/h
3_ 15 |
[Nl
|_
]
10 F
LLl
Nl
N
5 ¥ = 1.5448 + 0.038752y RE=0199932
O CREEFR STRAIM (%)
| | —&— MIN CREEF RATE
0

100

200

300

TIME (hrs)
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500




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
TN29885 sheet none none 800 186.2 144.4 1.70E-01 45.3 47.6
50 i T T i
i HS25 _
) goo*c 27,000 psi
[ 144 h} ‘:
- 45.3% el
40 u i
30 g £ )
' 4
& i -
® i ‘ ]
- |
= ‘ //
20
o n:" -
N / i Je=
a8 % 1
!
i L L L | 1 L L L i} A L L I} Il 1L L 1
75 100 125 150
t (h)
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O CREEF STRAIM (%)
-B— MIN CREEP RATE

Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
TN30215 sheet none none 750 217.2 436.8 4.90E-02 32.0 32.7
TN20215
30
[ Haynes 25
[ As-received
23 - CREEP TEST: 31.5ksi, 750C
[ Rupture:436.8 hours
# 20 I Flongation 32.0%
= [ Red. in Area: 32.7%
E‘ 15 [ Min. Creep Rate: 4.9x10-2 %/h
|:.|:| =
o L
W i
Td 10 -
U -

-— y="1.1494 + 0.049252x R=0.99992

TIME (hrs)
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500




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
TN30420 sheet none none 850 151.7 57.6 3.60E-01 46.7 48.3
TN30420
30
[ Haynes 25
95 iCﬂ%EEP'TEST:BﬁD“C.EEHm
| Rupture:537.6 h
y og [ Elongation 46.7%
= r Red. in Area: 48.3% o
= - Minimum Creep Rate: 3.6x10-1 %/hr %
o
— 15
¥l
o
L
Td 10
2

-— y="1.0263 +0.35987x R=099954

O CREEF STRAIM (%)
-B3— Min Creep Rate

TIME (hrs)
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40

50

60




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
TN30138 sheet none none 750 193.1 745.0 1.60E-02 21.3 19.7
Data from "tn30138"
20 : s ’
i ;
18 Sarn s E TPPST —
750°C 28 ksi | ]
745 h , ?
-1 5 .._........._......._._.._._.\.?. 21 .30/0 e' TQI ?°/° RA i L S
§ ! E
14 L.Mgma-m-.-«M...-.,...‘....i......... = orou e e
! o
1
-~
*
©
0 100 200 300 400 500 G600 700 800
L
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-13 sheet none none 600 179.3 1.8E-05
MG-13
02
| Haynes 25
. CREEP TEST: 600°C, 26 ks
| Apparent Minimum
015 | Creep Rate: 1.77E-03 %/h
=
i
B 0.1
o
LLI
LLI
Nl
o
0.05
: -— y=0.059793 +1.177/1e-05x R=0.99208
O CREEP STRAIN (%)
-&— MIN CREEP RATE
D 1 1 1 | 1 1 1 1
0 2,000 4,000 G,000 8,000 10,000

TIME (hrs}
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-14 sheet none none 600 206.8 2.0E-05
MG-14
0.4
- Haynes 25
[ CREEP TEST: 600°C. 30 Ksi
0.35
C Apparent Minimum
0.3 - Creep Rate: 2.0E-03 %/h
£ 025 |
— [
IEE L
E 02
o L
LLI L
% L
o 0.15 |
01 |
I -— y=0.067419 + 2.0306e-05x R=0.99015
0.05 ! :
O CREEF STRAIM (%)
-=— MIN CREEF RATE
D 1 1 | 1 1 1 ] 1 1 1 |
0 2,000 4,000 g,000 8,000 10,000 12,000

TIME (hrs)
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Minimum Red.

Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-15 sheet none none 625 144.8 1.3E-05
MG-15
0.5
- Haynes 25
| CREEP TEST: 600°C, 21 ksi
0.4 L Apparent Minimum
- Creep Rate: 1.27E-05 %/h
= 03
T L
[Nl L
|_
Lo -
(W
m L
L 02
|:_':| -
01
-— y=0.085378 + 1.2665e-05x R=0.99276
O CREEF STRAIM (%)
-&— MIMN CREEF RATE
|:I L L L L I L L L L I L L L L I L L L

0

5,000 10,000 45000 20000 25000 20000 35000

TIME {hrs)
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Minimum Red.

Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-17 sheet none none 625 206.8 2.1E-05
MG-17
0.5
LHaynes 25
| CREEP TEST: 625°C, 30 ksi r,@
0.4 Apparent Minimum
[ Creep Rate: 2 1E-05 %/h W
= 03
=
T L
[Nl L
|_
Lo -
(W
m L
L 02
U -
01

-— y=021976 + 21026e-05x R=0.099254

-=— MIMN CREEP RATE

0 2,000 4000 6,000 8,000 10,000 12,000

TIME {hrs)
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0.2

0.1

Rupture
Life
(hours) | Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) | (%) (%) Location
MG-18 sheet none none 650 124.1 10507.0 4.5E-05
MG-18
0.6
-Haynes 25
L CREEP TEST: 650°C, 18 Ksi
- | Apparent Minimum

L Creep Rate: 4 5E-05 %/h
. 04
= I
=T
FE L
E 0.3 -
o L
LIJ =
LU -
Nl
03 L

-— y=032169 + 45122e-05% R=0.096136

2,000

O CREEFP STRAIM (%)
-=— MIN CREEF RATE

3,000 4,000 5,000

TIME {hrs)
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Minimum Red.

Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-21 sheet none none 650 186.2 4.2E-05
MG-21
1.4
L Haynes 25
| CREEP TEST: 650°C, 27 ksi
12
- Apparent Minimum
| Creep Rate: 4 2E-03 %/h
1 |
3_ 08
¥ L
= L
Lo
& L
o 06 -
o L
) L
04
0.2 -— y=076169 + 4 1635e-05x H=0199831
O  CREEF STRAIM (%)

0

2,000

4000

6,000

TIME {h)
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-22 sheet none none 675 1034 4.2E-06
MG-22
0.6
L Haynes 25
| CREEP TEST: 675°C, 15 ksi
0.5  Apparent Minimum
L Creep Rate: 4 2E-06 %/h
04
% L
FE L
E 0.3 |
o L
Lu -
L L
Nl
0 L
02
01
F O creep strain (%)
2 Min Creep Rate
EI (il 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1
0 2,000 4,000 G,000 8,000 10,000 12,000

TIME (hrs)
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG-24 sheet none none 675 151.7 1.6E-05
MG-24
1.4
- Haynes 25
| CREEP TEST: 675°C. 22 ksi
12

[ Apparent Minimum

| Creep Rate: 1.62E-05 %/h
=
T
[Nl
|_
Lo
(W
L
L
Nl
2

0.2

0

-— ¥=067902 +1.6213e-05% R=0.99923
0 CREEP STRAIN (%)
-5— MIN CREEP RATE
1 1 1 L I L 1 L 1 I 1 1 L 1 I 1 L 1 L I L
5,000 10,000 15000 20000 25000 30000 35000 40000

TIME {hrs)
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
MG22b sheet none none 675 1034 5.5E-06
675 0.0
675 103.4 5.70E-06
700 1034 6.80E-06
725 103.4 2.10E-05
700 103.4 1.10E-05
675 103.4 6.30E-06
675 117.2 8.70E-06
MG-22b
o7
r HEI‘_-{I"IES 25
r CREEP TEST. 675°C, 15 ksi
i TETT][} & Stress CI"IE]I"IQES? -
r 15ksi J
i 75°C \ ---------- d \
- 15ksi
05 T grsc
- 15ksi \ 675°C
it [ d 17ksi
= 04 | GB75°C
% i 15ksi
|_
o L
E 03 [ T 700°C  725°C
% i 575°C 15ksi  18ksi
i Oksi
0.2 F
0.1 §
O CREEP STRAIM (%) I
D 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1
0 10,000 20,000 20,000 40,000 50,000
time (h}
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Minimum Red.

Aging Aging Test Creep of

Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
TestID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
CR-BM-
15 sheet 675 6000 650 206.8 2.50E-05

CR-BM-15
1.6
-Haynes 25

14 [ADed 6,000 h 675°C

ECREEF’ TEST: 650°C, 30 ksi
1.2 _—Status: In Test

1 EApparent Minimum Creep Rate: 2 46E-032 %/h

= [
= i
[Nl I
= A
L
i i
o 0.4 -
: - y=0.29947 + 2. 4668e-05¢ R= 099293
0.2 F o CREEP STRAIM (%)
~&— MIN CREEP RATE
D 1 L I L 1 1 L I 1 1 L L I 1 L L L I 1 1 L L
0 5000 10000 15000 20000 25000 30000 35,000
TIME thrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
16 sheet 675 6000 700 165.5 20670 6.90E-05 3.8 31
CR-BM-16
1.4 T T I I I
Haynes 24
3 L Aged 6,000 h 673°C
CREEP TEST: 700°C, 24 ksi
25

)

CREEF STRAIM (%)
~ =

0.4

Fupture: 206696 h
Elongation: 3.8%

- Red. inArea 3.1%
Minirmurn Creep Rate: 7.5x10-3 %/h

— = 028445 + T 5406e-05x F=0.99923

O CREEEF STRAIM (%)
—&— MM CREEF RATE

5,000

10,000 15,000 20,000 25,000

TIME ihrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
17 sheet 675 6000 750 127.6 9536 3.90E-05 5.8 4.8
CR-BM-17
3]
- Haynes 25 o
[ Aged 6,000 h 675°C
5 .
- CREEP TEST: 7a0°C, 18.5 ks
F 4 LRupture: 9536 h
= " Elongation: 5.6%
= r Red. in Area: 4.8%
= 3 pMinimum Creep Rate: 5 83E-03 %/h
o L
m L
o 3 C =
o L o
L -— w=0.043107 + 3.8508e-05% R=0.99255 O
1 F| © CREEPSTRAIN (%) .:PG
L | -&— Min Creep Rate e
I:I m—'_r_"—'_l__'l_ _I_— __'I__ 1 | 1 1 1 | 1 1
0 2,000 4,000 5,000 8,000 10,000
TIME (hrs)
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Rupture

Life
(hou:s) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
18 sheet 675 6000 800 99.3 8863 1.90E-04 9.3 7.1
CR-BM-18
F Haynes 25
FAged 6,000 h 675°C .
[ CREEP TEST: 800°C, 14 4 Ksi
_— B ':'
= - _
= - Flupture: 8863 h o
= C Elongation: 9.3% o
= [Red.inArea 7.1% 20
o7 EMinimum Creep Rate: 1.90E-04 %/h 0
L N Cl':'
LU — ——y=1.0516+ 000018976y RF=099983
o B
i M ”Eﬁd:cp
e W o CREEP STRAIN (%)
yg -&— Min. Creep Rate
L L L I L L L I L L L
0 2,000 4,000 6,000 8,000 10,000
TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
19 sheet 675 6000 800 103.4 4626 3.00E-04 6.9 6.4
CR-BM-19
[ Haynes 25
4 [Aged 6,000 h 6758°C
| CREEP TEST: 800°C, 15 ksi
& 3 [Rupture: 4626 h
= [ Elongation: 6.9%
= L Red. in Area: B.4%
ad : - Minimum Creep Rate: 3 .00E-04 %/h
[in} — o
L i aﬂrﬂﬂ'ﬂa
I:E -
i N
1 -—w=1.0287 + 0.00030002x R=0999493
i C  CREEP STRAIM (%)
-5— hlin Creep Rate
I:I L L L L I L L L L I L L L L I
0 1,000 2,000 2,000 4,000 5,000

TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
20 sheet 675 6000 850 62.1 6092 1.30E-04 4.2 1.2
CR-BM-20
3.5
[ Haynes 25
3 BAged 6,000 h 675°C
[ CREEP TEST: 850°C, 9 ksi
15 b
= L Rupture: 6092 h
= 5 [ Elongation: 4.2%
= - Red.inArea 1.2%
= - Minimum Creep Rate: 1.3x10-4 %/hr
o 1.5
LLI
LU
=
i

-— v=0.34937 + 000012866 R= 04959744

0 CREEF STRAIM (%)
-&— WIN CREEP RATE

a 1,000 2,000 3,000 4,000

Tirme
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-BM-
2; o sheet 675 6000 900 44.8 6105 1.60E-04 11.0 5.1
CR-BM-22
:Ir -
[ Haynes 25
B CAged 6,000 h 675°C o
F CREEP TEST: 900°C, 6.5 ksi
2 9r
=  [Rupture: 6105 h o
= 4 FElOngation: 11.0%
kS - Fed. inArea; 3.1%
L ] L Minimurm Creep Rate: 1.60E--4 %/h
L -
D-: -
O [ -— y=0.28357 + 0.00015765x R=0.99897
i r
T r O  CREEEP STRAIM (%)
" -&— Win Creep Rate

o 1,000 2,000 3,000 4,000 5,000 £,000 7,000
TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
02 weld none none 700 165.5 21339.3 3.45E-05 4.4 1.9 | BM
CR-WM-02
2
| Haynes 25
| CREEP TEST: 700°C. 24 ksi
| Rupture: 21339.3 h
s Elongation: 4.4%
~ ['Red. in Area: 1.9%
" Minimum Creep Rate: 3 4E-05 %/h
= - NOTE: Creep Strain includes
E L Base and Weld Metal
5 1F
o L
LUl
LU L
Nl
i L
0s
-— y=046201 + 3.4451e-05x R=0.99932
O CREEF STRAIM (%)
-&— MIM CREEF RATE
D 1 1 1 ] 1 1 1 1 | 1 1 1
] 5,000 10,000 15,000 20,000 25,000

TIME (Hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
03 weld none none 750 127.6 9588 3.50E-04 8.1 9.6 | BM
CR-WM-03
[ HAYMNES 25
[ CREEP TEST: Temperature: 750°C, 18.5 ksi
- Rupiure: 9385 h
- Elongation: 8.1%
= [ Red. in Area: 9.6%
% [ Minimum Creep Rate: 3. 48E-04 %/h
o
= g Ll
£ NOTE: Creep Strain includes o
i base metal and weld metal P
LLl i
I:E = ',
j M
-— y=0.81093 + 0.00034797x R=099958

O  CREEFP STRAIMN (%)
-5— WMin Creep Rate

o 2,000 4,000 §,000
TIME (hrs}
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10,000




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
04 weld none none 800 99.3 6620 4.40E-04 6.7 10.3 | BM
CR-WM-04
| T | | T T T
Haynes 25

CREEF STRAIM (B4}

CREEP TEST: 800°C, 14.4 Kksi

 Rupture: 6620.0 h
Elongation: 6.7%
Red. in Area: 10.3%

vinimum Creep Rate: 4. 2x10-4 %/h

NOTE: Creep strain includes
 base and weld metal

¥ =0.93289 +0.00041679% R=0.99867

O CREEP STRAIM (%)
—&— MIN CREEF RATE

2,000

2,000 4,000 5,000 6,000 7,000
TIME {hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
05 weld none none 800 103.4 4550 8.40E-04 9.2 54 | BM
CR-WM-05
L Haynes 25
10
- CREEP TEST: 800°C, 15 ksi
% 8 rRupture: 4550 h
= [ Elongation: 9.2%
E 6 r Red. in Area’ 5.4%
= L Minimum Creep Rate: 8 42E-04 %/h
o L
ﬁ 4 | NOTE: Creep Strain includes
e - base metal and weld metal = ____coppnl
- — y = 1.2669 + 0.00084195x% R=0.99877
F
- O CREEP STRAIM (%)

2,000
TIME (hrs)
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3,000

-&— Win Creep Rate

4,000




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
06 weld none none 850 62.1 8710 1.20E-04 6.5 4.1 | BM
CR-WM-06
¢ =
E Haynes 25
35 FCREEP TEST: 850°C, 9 ksi o]
- o]
3 FRupture: 8710 h o
W r Elongation 6.5% o
= 25 tRed inArea: 4.1% o2
E - Minimum Creep Rate: 1 23E-04 %/h &
E 2 L o
o - NOTE: Creep Strain includes
W 15 Ebase metal and weld metal
L Eal: ao
-‘I -_ 3 _@a@ﬁ&@ . A
C -— y=07283+000012263x R=099985
05 F C  CREEF STRAIM (%)

-&— Min Creep Rate

0 2,000 4000 6,000 8,000
TIME (hrs}
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
CR-WM- sheet
07 weld none none 875 53.8 1.30E-04
CR-WM-07
1.6
-Haynes 25
- o
L CREEP TEST: 875°C, 7.8 ksi
14 Test Discontinued
L o
13 [ Minimum Creep Rate: 1.3E-04 %/h ©
i o
& 1Lk C o
= - o
T L
E -
E 08 &
o i &
% i &
o 06 -
I o ©
04 Cp
e i
0.2 B -— y=027987 + 000013478 R=099533
? O CREEP STRAIM (%)
- -=— MM CREEF RATE
D G 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
] 1,000 2000 3000 4000 5000 6,000 V000

TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
08 weld none none 900 44.8 4372 2.50E-04 5.2 1.2 | BM
CR-WM-08
3
[ Haynes 25
| CREEP TEST: 900°C, 6.5 ksi
25
[ Rupture: 4372 h
| Elongation: 5.2%
- Red. in Area: 1.2%
o E ~ Minimum Creep Rate: 2.5E-04 %/h
= - NOTE: Creep Strain includes
o - Base and Weld Metal
E 15
o L
LIJ =
LU L
Nl
03 L
1 -
i B -— y=046218 +0.00024763x R=0.99966
I O CREEP STRAIN (%)
-&— MIN CREEP RATE
D 1 1 1 ] 1 1 1 1 | 1 1 1

0 1,000 2,000 3,000 4,000 5,000

TIME (hrs)

162




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
09 weld none none 900 42.7 6470 1.30E-04 9.8 7.2 | BM
CR-WM-08
4r
i HE]‘_I.-’I"IES 25
35 [ CREEP TEST: 900°C. 6.2 ksi o
3 [ Rupture: 6734 h .
B L E|DHQE11IDI"I: 9.8%
£ - Red. in Area: 7 2% éﬁ
= 22 [ Minimum Creep Rate: 1.33E-04 %/h
& 5 )
E 2 r NOTE: CFEEF} Strain includes S
& [ base metal and weld metal o
- O
% 15 [ -— y=02172+0.0001334x R=009861 _OC
9 [ I:I':I
N iyl
B &0 oo
B o
05 oo o O CREEP STRAIN (%)
X ggﬂmﬂﬂiﬂ _ L)
Ww -B— Min Creep Rate
|:I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 1,000 2000 2,000 4 000 5000 6,000 7,000

TIME (hrs}
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Minimum Red.

Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
TestID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
sheet
MG-01 weld none none 600 179.3 1.5E-05
MG-01
.1
| Haynes 25
| CREEP TEST: 600°C, 26 Ksi
og |Apparent Minimum

| Creep Rate: 1.5E-05 %/h
= 06
o L
[Nl
|_
[¥a]
o
m
u 0.4
o

02
-— y=040676 +1.4715e-05x R=0.99707

O CREEFP STRAIM (%)
-&— MIN CREEF RATE

0 5000 10,000 15000 20000 25000 30000 35000

TIME (hrs)
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Minimum Red.

Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
heet
MG-03 ?/vglz none none 625 144.8 4.5E-06
MG-03
0.7
L Haynes 25
- CREEP TEST: 625°C, 21 ksi
06 - i
- Apparent Minimum
L Creep Rate: 4 53E-06 %/h
05 |
W I
= waali
[Nl
= L
|:.|:| -
& L
L 0.3 -
i L
U =
02 [
01 L -— y=10.38864 + 4.5325e-06x R=0.97673
I O  CREEF STRAIM (%)
| | | -&— MIN CREEP RATE
D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 5000 10,000 15000 20,000 25000 30,000

TIME (hrs)
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Minimum Red.

Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
TestID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
sheet
MG-06 weld none none 650 124.1 1.4E-05
MG-06
1.5 I I I I I I
Haynes 25

CREEP TEST: 650°C, 18 ksi

Apparent Minimum
, | Creep Rate: 1.4x10-5 %/r W

CREEF STRAIMN (8
=
tn
|

¥ = 094176 + 1.4199e-05x R=092092

S © CREEP STRAIN (%)
g —&— WMIN CREEP RATE
|:| 3] | | |
0 2.000 4,000 6,000 8,000 10,000 12,000

TIME {hrs)
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
heet
MG-09 ?/vglz none none 650 186.2 7.0E-05
MG-08
3 I I I I I I I
ALTB: Haynes 25
o5 L CREEP TEST: 650°C, 27 ksi
Apparent Minimum M
» | Creep Rate: 7.0x10-5 %/hr o
% 18
= %
e
o
5 O
a5 L .2 y=1.648 +7.0478e-05x R=0.98548
Cgﬂp © CREEP STRAIN (%)
—&— MIN CREEP RATE
a0 Q | |
] 2,000 4000 6,000 8,000 10,000

TIME {hrs)
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
sheet
MG-10 weld none none 675 103.4 4.6E-06
MG-10
I I I
14 | Haynes 25
CREEP TEST: 675°C, 15 ksi
12 |-
Apparent Minimum
; | Creep Rate: 4.6x10-6 %/hr Ds—a—apee—1 S o
o W
=08 o2
= O
i
w 06 |
: =
o &
5 0.4 7
& ¥y = 098769 + 4 6214e-06x R=082264
0.2
f O CREEF STRAIM (%)
‘; —&— MIN CREEP RATE
a0 | | |
] 2,000 4000 6,000 8,000 10,000 12,000

TIME {hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
15 weld 675 6000 650 206.8 32136 1.30E-05 2.6 21 | BM
CR-WM-15
2
Haynes 25
Aged 6000h, B75°C
CREEP TEST: 650°C, 30 Kksi
15
Rupture: 32136h
Elongation: 2.6%
=3 Red. in Area: 2.1%
= 4 | Minimum Creep Rate: 1.3x10-5 %/h
z i .
= NOTE: Creep Sfrain includes
o Base and Weld Metal
LLI
5 05
| y=0.26463 +1.3386e-05¢ R=0.99009 | S MIN CREEF RATE
09 ] 1 ] 1

5,000

10,000

15,000

20,000

TIME {hrs)
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25,000

30,000




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
16 weld 675 6000 700 165.5 16896 3.10E-05 1.8 1.0 | HAZ
CR-WM-16
25 MHaynes 25
L Aged 6000 h 675°C
2 - CREEP TEST: 700°C, 24 ksi

= - Rupture: 16896.0h

= 415 [ Elongation: 1.68%

o - Red. in Area: 1.0%

5 L Minimum Creep Rate: 3.1E-05 %/h

o B

L1 -

L T I NOTE: Creep Strain includes

O [ Base and Weld Metal

0.5

0

-— y=0236679 +3144e-05¢ R=099913
O CREEF STRAIM (%)

-B— Min Creep Rate

2,000

4,000

6,000

8,000

TIME {hrs)
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10,000

12,000 14,000

16,000




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
17 weld 675 6000 750 127.6 11990 8.10E-05 4.5 31| BM
CR-WM-17
25
. Haynes 25
" CREEP TEST: 750°C, 18.5 ksi
» | Rupture: 11990.0 h
| Elongation: 4.5%
L Red. in Area: 3.1%
L Minimum Creep Rate: 8 1E-05 %/h
= 1.5 FNOTE: Creep Strain includes
E - Base and Weld Metal
b L -— y=0.021508 + 8.0837e-05x R=0.099755
E L
o Eair
|:_':| -
05
- O CREEEF STEAIM (%)
-&— MIM CREEF RATE
a
] 2,000 4,000 G,000 8,000 10,000 12,000

TIME (hrs)
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Rupture

Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. | Area Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) | (%) (%) Location
CR-WM- sheet
18 weld 675 6000 800 99.3 8568 1.30E-04 BM
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
19 weld 675 6000 800 103.4 4011 2.60E-04 4.2 6.2 | BM
CR-WM-19
E [ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T ]
L Haynes 25 -— y=0.71172 + 0.00026275x R=0.9993
s [Aged 6,000 h 675°C .
. r CREEP TEST: 800°C, 15 ksi ]
- o i
i 4 | .
= " Rupture: 4011.0 h ]
= " Elongation: 4.2% ]
= 3 Red. in Area’ 6.2% .
o C Minimum Creep Rate: 2. 6E-04 %/h ]
Lu - -]
i 2 i ) N
] rNOTE: Creep Strain includes ]
rBase and Weld Metal ]
_.I | L TR i
[ g O CREEP STRAIM (%)
D"”IIHHIHHIHHI—E—Mint:reest'.ate
0

500

1000

1500 2000

TIME (hrs}
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3000
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
CR-WM- sheet
20 weld 675 6000 850 62.1 11117 1.10E-04 5.2 24 | BM
CR-WM-20
3
[ Haynes 23 o
- Aged 6000 h 675°C
3 o
25 | CREEP TEST: 830°C, O ksi i
- o
. Rupture: 11117.0 h
- Elongation: 5.2% o
o 2 " Red inArea 2 4%
= L Minimum Creep Rate: 1.1E-04 %/h X
% L
o 45 [ NOTED: Creep Strain includes
E | Base and Weld Metal
L - d:gl‘r
LU L
i [ o
i L
Sl - — y=0.39972 + 0.00011271x R=0.99909
O CREEF STRAIM (%)
-&— MIM CREEF RATE
D | 1 1 1 ] 1 1 1 |

0 2,000 4,000 6,000 8,000

TIME (hrs)
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Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
LWC-9 bar weld none none 800 1034 6464.1 6.34E-04 11.2 27.3 | BM
LWC-9
10 I I I I I I I
Haynes 25
Cross Weldment
g CREEP TEST: 800°C, 15 ksi

Rupture: 6464.1 h

Elongation: 11.2%
¢ Red. in Area: 27_3%
= § LMinimum Creep Rate: 6.3E-04%/h
=
=T,
o NOTE: Creep Strain includese
E Base and Weld Metal
w
Td siln
o

2 -

¥=0.97098 + 0.000623423x R=0.99926

O CREEP STRAIN (%)
—&— MIN CREEF RATE

0 1,000 2000  3F 000 4000 5000 6000 7000

Time
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Minimum Red.
Aging Aging Test Creep of
Product Temp. Time Temp. Stress Rate | Elong. | Area Failure
Test ID Form (°C) (hours) (°C) (MPa) (%/hr) | (%) (%) Location
AWC-7 bar weld none none 650 124.1 7.12E-06
AWC-7 (TN30693)
0.5 | | | | | | |
Haynes 25
CREEP TEST: 650°C, 18 ksi
0.4 FApparent Minimum
Creep Rate: 7.2E-06 %/h
= 03
T
[Nl
|_
Lo
(W
w
L 02
2
01
y= 029692 +7.1193e-06x R=0.98471
O CREEP STRAIM (%)
—&— MIM CREEF RATE
0 1 1

2,000

4,000

6,000

TIME {hrs)
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8,000




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. | Area Failure
TestID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) | (%) (%) Location
AWC-8 bar weld none none 650 206.8 8186.0 7.99E-05
AWC-8
2 | | | | | | |
Haynes 25
CREEP TEST: 650°C, 30 Ksi
Apparent Minimum
15 |Creep Rate 8 0E-05 %/h
%
i
(s} 1 -
(W
L
L
Nl
2
05
¥y = 09035 + 7 9866e-05x FH=0299987
O CREEFP STRAIM (%)
—&=— MIMN CREEF RATE
0 1 1

4,000

177

6,000

TIME {hrs)

8,000




Rupture
Life
(hours) Minimum Red.
Aging Aging Test stopped Creep of
Product Temp. Time Temp. Stress or Rate | Elong. Area | Failure
Test ID Form (°C) (hours) (°C) (MPa) ongoing (%/hr) (%) (%) | Location
AWC-9 bar weld none none 800 1034 5718.9 5.71E-04 14.5 19.2 | BM
AWC-9
12 I I I I I I
Haynes 25
Cross Weldment
10 LCREEP TEST: 800°C, 15ksi
Rupture: 57189 h
Elongation: 14 5%
8 [Red. in Area: 19.2%
&t Minimum Creep Rate: 5. 7E-04 %/h
E NOTE: Creep strain includes
E 6 rbase and weld metal
1L
o
0 s ¥ = 058641+ 000057078 R=0199973
F -
O CREEFP STRAIM (%)
—&— MIN CREEF RATE
0 1 ] 1
0 1,000 2,000 3,000 4000 5,000 6,000

178
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A.7HISTORICAL SUMMARY OF HAYNES 25 TENSILE DATA

Table A.7.1. Alloy 25 (L-605) historical tensile data for annealed material

Ultimate
Yield Tensile
Heat ID / | Product | Temperature | Strength | Strength | Elongation
Source Form (°C) (MPa) (MPa) (%)
astm 1 24 483 1069 55
astm 1 649 272 514 25
astm 1 816 241 345 15
astm 1 982 145 157 16
astm 1 1149 62 24
astm 2 24 592 1110 47
astm 2 399 385 952 40
astm 2 538 372 903 40
astm 2 649 379 648 29
astm 2 732 354 578 11
astm 2 816 310 381 16
astm 2 899 220 236 30
astm 2 982 190 201 37
astm 4 24 396 1020 36
astm 4 649 731 34
astm 4 816 477 42
astm 5 24 407 958
ht 1716 sheet 24 492 869 43
ht 1931 sheet 24 459 993 68
ht 1843 sheet 24 385 876 77
ht 1335 sheet 24 476 1034 65
ht 1813 sheet 24 494 952 43.6
ht 1816 sheet 24 448 931 60
ht 1816 sheet 316 305 827 80
ht 1816 sheet 760 242 583 28
ht 1816 sheet 982 125 231 40
XXX sheet 649 241 483 24
XXX sheet 982 159 179 39
XXX sheet 24 424 993 85
XXX sheet 24 385 896 94
XXX sheet 650 195 686 64
XXX sheet 700 191 636 50
XXX sheet 800 183 388 28.8
XXX sheet 850 186 300 20.8
DMIC-32 | sheet 24 462 1007 64
DMIC-32 sheet 316 814 77.5
DMIC-32 | Sheet 427 772 72
DMIC-32 | sheet 538 690 68
DMIC-32 | sheet 593 669 53.5
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Table A.7.1. Alloy 25 (L-605) historical tensile data for annealed material (Continued)

Ultimate
Yield Tensile

Heat ID / | Product | Temperature | Strength | Strength | Elongation

Source Form (°C) (MPa) (MPa) (%)
DMIC-32 | sheet 649 514 25
DMIC-32 | sheet 732 372 13
DMIC-32 | sheet 816 345 15
DMIC-32 | sheet 899 228 16
DMIC-32 | sheet 982 157 16
DMIC-32 | sheet 1093 97 23.3
DMIC-32 | sheet 1149 62 24
DMIC-32 | sheet 1204 50 22.6
DMIC-32 | sheet 1260 35 18.6
DMIC-33 | sheet 24 483 1069 55
DMIC-33 | sheet 93 979 62
DMIC-33 | sheet 149 924 67
DMIC-33 | sheet 204 876 71
DMIC-33 | sheet 260 841 75
DMIC-33 | sheet 316 814 77
DMIC-33 | sheet 371 786 75
DMIC-33 | sheet 427 772 72
DMIC-33 | sheet 482 745 71
DMIC-33 | sheet 538 241 703 68
DMIC-33 | sheet 760 255 365 13
DMIC-33 | sheet 871 234 276 14
DMIC-33 | sheet 982 159 18
DMIC-33 | sheet 649 241 524 25
DMIC-33 | sheet 1093 90 23
DMIC-34 | sheet 24 463 1007 64
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Table A.7.1 Alloy 25 (L-605) historical tensile data for annealed material (Continued)

Ultimate
Yield Tensile

Heat ID / | Product | Temperature | Strength | Strength | Elongation

Source Form (°C) (MPa) (MPa) (%)
DMIC-34 | sheet 316 279 883 72
DMIC-34 | sheet 427 269 855 74
DMIC-34 | sheet 538 247 800 59
DMIC-34 | sheet 649 244 710 35
DMIC-34 | sheet 760 260 455 12
DMIC-34 | sheet 871 238 321 30
DMIC-34 | sheet 982 159 237 41
DMIC-34 | sheet 1093 83 135 34
DMIC-34 | sheet 1149 61 72 21
DMIC-34 | sheet 1204 39 47 14
DMIC-34 | sheet 1260 32 13
DMIC-34 | sheet 1316 21 6
DMIC-39 | sheet 24 592 1110 47
DMIC-39 | sheet 399 385 952 40
DMIC-39 | sheet 538 372 903 40
DMIC-39 | sheet 649 379 648 29
DMIC-39 | sheet 732 354 578 11
DMIC-39 | sheet 816 310 381 16
DMIC-39 | sheet 899 219 236 30
DMIC-39 | sheet 982 190 201 37
DMIC-39 | sheet 1149 62 24
DMIC-38 | sheet 24 474 972 43
DMIC-38 | sheet 538 245 758 59
DMIC-38 | sheet 538 249 710 45
DMIC-38 | sheet 649 230 651 40
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Table A.7.1. Alloy 25 (L-605) historical tensile data for annealed material (Continued)

Ultimate
Yield Tensile

Heat ID/ | Product | Temperature | Strength | Strength | Elongation

Source Form (°C) (MPa) (MPa) (%)
DMIC-38 | sheet 649 239 696 43.5
DMIC-38 | sheet 732 208 520 23
DMIC-38 | sheet 732 228 556 28
DMIC-38 | sheet 816 220 445 27
DMIC-38 | sheet 816 227 441 275
DMIC-38 | sheet 899 226 328 28
DMIC-38 | sheet 899 223 300 26
DMIC-38 | sheet 982 151 169 35
DMIC-38 | sheet 982 183 219 35
DMIC-38 | sheet 1038 51 85 18
DMIC-38 | sheet 1038 79 103 16.5
DMIC-38 | sheet 1093 68 90 17
DMIC-38 | sheet 1093 48 73 225
DMIC-38 | sheet 1149 32 55 13
DMIC-38 | sheet 1149 40 54 22
DMIC-56 | sheet 24 496 938 59
DMIC-56 | sheet 649 234 621 66
DMIC-56 | sheet 649 254 696 70
DMIC-56 | sheet 871 217 433 31
DMIC-56 | sheet 871 200 410 40
DMIC-56 | sheet 982 200 270 35
DMIC-56 | sheet 982 155 227 25
DMIC-56 | sheet 1149 54 103 25
DMIC-56 | sheet 1149 66 109 25
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Table A.7.2. Alloy 25 (L-605) historical tensile data for welded material

Product Ultimate
Form Yield Tensile
Heat ID | (Thickness Weld Temperature | Strength | Strength | Elongation | Failure
/ Source in inches) Process (°C) (MPa) (MPa) (%) Location
haynes .094 sht sma 24 505 898 30
haynes .094 sht sma 816 247 452 16
haynes .125 sht sma 24 486 920 35
haynes .125 sht sma 816 232 445 15
haynes .094 sht gta 24 512 935 38
haynes .094 sht gta 816 249 472 19
haynes .125 sht gta 24 496 945 40
haynes .125 sht gta 816 232 477 23
DMIC
25 .062 sht gta 24 402 958 58.5 weldment
DMIC
25 .062 sht gta 24 461 949 55 weldment
DMIC
25 .062 sht gta 538 248 696 50.5 weldment
DMIC
25 .062 sht gta 538 250 667
DMIC
25 .062 sht gta 649 261 605 25 weldment
DMIC
25 .062 sht gta 649 261 618
DMIC
25 .062 sht gta 732 226 527 18.5 weldment
DMIC
25 .062 sht gta 732 233 583 22 weldment
DMIC
25 .062 sht gta 816 220 419 23
DMIC
25 .062 sht gta 816 206 416 22 weldment
DMIC
25 .062 sht gta 900 220 241 30 weldment
DMIC
25 .062 sht gta 900 225 239 30 weldment
DMIC
25 .062 sht gta 982 14.4 158 17 weldment
DMIC
25 .062 sht gta 982 152 181 22 weldment
DMIC
25 .062 sht gta 1038 68 119 15 weldment
DMIC
25 .062 sht gta 1038 66 128 14 weldment
DMIC
25 .062 sht gta 1038 54 68 14 weldment
DMIC
25 .062 sht gta 1038 55 63 15.5
DMIC
25 .062 sht gta 1149 57 6.5 weldment
DMIC
25 .062 sht gta 1149 32 41 7 weldment
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Table A.7.2. Alloy 25 (L-605) historical tensile data for welded material (Continued)

Product Ultimate
Form Yield Tensile
Heat ID | (Thickness Weld Temperature | Strength | Strength | Elongation Failure
/ Source in inches) Process (°C) (MPa) (MPa) (%) Location
DMIC 6 0.04 sht gta 24 505 787 18.2
DMIC 6 0.04 sht gta 871 237 245 9.6
DMIC 6 0.04 sht gta 1093 75 80 124
1931 .062 sht gta 24 481 910 35
1843 .062 sht gia 24 432 864 34
1335 .060 sht gta 24 490 972 40
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Table A.7.3. Alloy 25 (L-605) historical tensile data for aged material

Ultimate

Aging Aging Test Yield Tensile Reduction

Heat ID/ | Temperature Time Temperature | Strength | Strength | Elongation of Area
Source (°C) (hours) (°C) (MPa) (MPa) (%) (%)

DMIC 39 760 0 760 228 324 9
DMIC 39 760 0 760 193 386 18
DMIC 39 760 120 760 283 579 24
DMIC 39 760 120 760 214 510 31
DMIC 39 760 350 760 421 641 10
DMIC 39 760 350 760 393 676 18
DMIC 39 871 0 871 172 324 19
DMIC 39 871 0 871 179 386 19
DMIC 39 871 120 871 186 414 38
DMIC 39 871 120 871 269 372 25
DMIC 39 871 350 871 186 386 30
DMIC 39 871 350 871 179 386 37
DMIC39 982 0 982 103 200 17
DMIC 39 982 0 982 110 248 12
DMIC 39 982 120 982 103 179 22
DMIC 39 982 120 982 138 248 35
DMIC39 982 350 982 83 228 35
DMIC 39 982 350 982 110 248 32
ORNL
1816 816 0 24 448 931 60
ORNL
1816 816 | 11448 24 427 821 7.9 7.9
ORNL
1816 816 | 11448 24 427 848 8.8 8.8
ORNL
1816 816 0 316 303 827 80
ORNL
1816 816 | 11448 316 317 772 20 20
ORNL
1816 816 | 11448 316 303 758 18.3 18.3
ORNL
1816 816 0 760 241 586 28
ORNL
1816 816 | 11448 760 241 552 53.1 20
ORNL
1816 816 | 11448 760 255 558 53 18.4
ORNL
1816 816 0 982 124 234 40
ORNL
1816 816 | 11448 982 152 179 48 | 6
ORNL
1816 816 0 24 448 931 60
ORNL
1816 816 | 11448 24 400 931 10.2 10.2
ORNL
1816 816 | 11448 24 379 1020 10.8 10.8
ORNL
1816 816 0 316 303 827 80
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Table A.7.3. Alloy 25 (L-605) historical tensile data for aged material (continued)

Ultimate

Aging Aging Test Yield Tensile Reduction

Heat ID/ | Temperature | Time Temperature | Strength | Strength | Elongation | of Area
Source (°C) (hours) (°C) (MPa) (MPa) (%) (%)

ORNL
1816 816 | 11448 316 331 821 20.2 20.2
ORNL
1816 816 | 11448 316 324 765 13.8 13.8
ORNL
1816 816 0 760 241 586 28
ORNL
1816 816 | 11448 760 262 586 57.7 16.7
ORNL
1816 816 | 11448 760 262 586 59.4 16.6
ORNL
1816 816 0 982 124 234 40
ORNL
1816 816 | 11448 982 152 179 47.1 6
ORNL
1816 816 | 11448 982 76 90 75 7.7
ORNL
1813 850 0 24 496 952 43.6 43.2
ORNL
1813 850 50 24 552 779 14.6
ORNL
1813 850 4843 24 607 917 12.9 12.7
SNAP 29 760 0 24 407 883 56.6
SNAP 29 760 500 24 427 724 17
SNAP 29 760 1000 24 483 793 10
SNAP 29 760 4000 24 793 2
SNAP 29 760 0 538 179 655 71.2
SNAP 29 760 500 538 200 600 41.3
SNAP 29 760 1000 538 296 690 27.8
SNAP 29 760 4000 538 359 752 10
SNAP 29 816 0 24 407 883 56.6
SNAP 29 816 500 24 462 765 8
SNAP 29 816 1000 24 522 851 3
SNAP 29 816 4000 24 490 821 2
SNAP 29 816 0 538 179 655 71.2
SNAP 29 816 500 538 262 621 15
SNAP 29 816 1000 538 359
SNAP 29 816 4000 538 338 627 5
SNAP 29 871 0 24 407 883 56.6
SNAP 29 871 500 24 517 876 8
SNAP 29 871 1000 24 476 807 3
SNAP 29 871 4000 24 462 731 2
SNAP 29 871 0 538 179 655 71.2
SNAP 29 871 500 538 317 765 10
SNAP 29 871 1000 538 310 676 8.3
SNAP 29 871 4000 538 296 607 4
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Table A.7.3. Alloy 25 (L-605) historical tensile data for aged material (continued)

Ultimate
Aging Aging Test Yield Tensile Reduction
HeatID/ | Temperature | Time Temperature | Strength | Strength | Elongation | of Area
Source (°C) (hours) (°C) (MPa) (MPa) (%) (%)
Wlodek A 871 4 24 600 35
Wilodek A 871 15 24 607 27
Wilodek A 871 25 24 614 18
Wlodek A 871 50 24 607 18
Wlodek A 871 100 24 565 12
Wilodek A 871 1000 24 586 1117 9
Wilodek B 871 1000 24 531 1034 7
Wlodek C 871 1000 24 565 1069 5
Wilodek C 871 1000 260 414 12
Wilodek C 871 1000 538 372 15
Wilodek D 871 1000 24 586 1055 5
Wlodek E 871 15 24 469 16
Wlodek E 871 25 24 469 10
Wilodek E 871 50 24 496 10
Wilodek E 871 100 24 538 10
Wlodek E 871 1000 24 565 979 5
Wilodek F 871 1000 24 531 910 2
Wilodek F 871 1000 260 365 7
Wilodek F 871 1000 538 331 11
Wlodek F 871 1000 871 179 34
Wilodek G 871 1000 24 593 917 1
Wilodek G 871 1000 260 496 1
Wilodek G 871 1000 538 434 2
Bourgette 650 0 24 386 | 896 94 | 91
Bourgette 650 1000 24 393 | 786 53 | 53
Bourgette 650 1000 24 386 | 834 60 | 60
Bourgette 650 2000 24 427 | 841 34| 34
Bourgette 650 2000 650 255 | 724 47 | 47
Bourgette 700 0 24 386 | 896 94 | 91
Bourgette 700 1000 24 758 | 917 5|5
Bourgette 700 1000 24 758 | 952 8.8
Bourgette 700 2000 24 917 | 1027 25125
Bourgette 700 2000 700 703 | 855 16 | 6.5
Bourgette 800 0 24 386 | 896 94 |91
Bourgette 800 1000 24 545 | 938 15|15
Bourgette 800 1000 800 648 20.5 | 20.5
Bourgette 800 2000 24 545 | 924 10.5 | 105
Bourgette 800 2000 800 310 | 483 33512
Bourgette 850 0 24 386 | 896 94 | 91
Bourgette 850 1000 650 193 | 690 64 | 63
Bourgette 850 1000 700 193 | 634 50 | 50
Bourgette 850 1000 850 352 445 |75
Bourgette 850 2000 24 483 | 772 5.2 5.2
Bourgette 850 2000 850 255 | 290 435 |8
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A8 HISTORICAL SUMMARY OF HAYNES 25 CREEP-RUPTURE DATA

Table A.8.1. Alloy 25 (L-605) historical creep and stress-rupture data

Rupture Minimum
Heat ID / Temperature Stress Life Creep Rate | Elongation
Source (°C) (MPa) (MPa) (%/hr) (%)

astml 982 28 686 5.00E-04 4.0
astml 982 34 269 3.60E-03 4.0
astml 927 41 569 9.00E-04 6.0
astml 982 41 198 5.50E-03 2.0
astml 871 55 1671 2.60E-04 6.0
astml 927 55 283 6.40E-03 13.0
astml 871 69 582 2.60E-03 10.0
astml 927 69 123 1.07E-02 13.0
astml 871 83 506 6.40E-03 7.6
astml 927 83 73.2 2.67E-01 10.0
astml 816 97 2850 1.90E-04 4.0
astml 871 97 186 4.04E-02 10.0
astml 871 103 139 4.50E-02 19.0
astml 816 124 389 1.93E-02 15.0
astml 816 124 324 2.81E-02 11.0
astml 871 124 51.5 1.39E-01 175
astml 816 131 431 1.42E-02 20.0
astml 816 148 269 2.57E-02 17.0
astml 816 165 107 9.33E-02 17.0
astml 649 310 121 5.80E-03 7.0
astm2 899 69 324 6.0
astm2 899 103 36 16.0
astmz2 816 138 437 15.0
astmz2 899 138 10.7 20.0
astm2 816 172 128 21.0
astm2 899 172 2 24.0
astm2 816 241 9.1 28.0
astm2 649 345 71.9 6.0
astm2 649 394 4.4 7.0
astm2 649 446 4 8.0
astm2 649 483 1.2 11.0
astm3 982 34 420 5.30E-03 3.5
astm3 982 41 165 1.40E-02 4.0
astm3 982 55 30 1.80E-01 9.0
astm3 982 69 11.5 7.10E-01 9.0
astm3 982 90 1.9 3.10E+00 13.5
astm3 816 103 752 3.80E-03 5.0
astm3 816 138 90 4.60E-02 6.0
astm3 816 172 20 2.80E-01 7.5
astm3 816 207 5 1.35E+00 10.5
astm4 816 129 302.9 14.0
astm4 816 150 115.5 22.0
astm4 816 172 64.5 15.0
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Table A.8.1. Alloy 25 (L-605) historical creep and stress-rupture data (continued)

Rupture Minimum
Heat ID / Temperature Stress Life Creep Rate | Elongation
Source (°C) (MPa) (MPa) (%/hr) (%)

astm4 816 207 154 20.0
astm4 649 455 193.5 8.0
astm4 649 481 113.5 9.0
Baughman 1038 34 6.8 11.0
Baughman 982 55 5 9.0
Baughman 982 69 1.6 14.0
Baughman 982 69 1.4 13.0
Baughman 1038 69 0.2 19.0
Baughman 982 103 0.2 22.0
Flagella 1093 10 595 7.00E-04
Flagella 1093 14 424.6 5.67E-04 4.1
Flagella 1093 14 329.7 5.88E-04 3.7
Flagella 1093 14 219.8 6.55E-04 4.0
Flagella 1093 18 223 1.25E-03
Flagella 1093 23 150.8 8.00E-03 6.2
Flagella 1093 24 170 2.10E-03 3.8
Flagella 1093 24 39.6 4.00E-03
Flagella 1093 24 132 5.21E-03 7.0
Flagella 1093 25 64 3.80E-03
Flagella 1093 41 13.6 1.28E-01 12.1
Flagella 1093 41 9.8 2.59E-01 10.6
Flagella 1093 41 54 9.12E-01
Flagella 1093 42 14.5 7.78E-02 10.5
Flagella 927 76 1057 1.76E-03 15.9
Flagella 927 83 729 2.30E-03 21.3
Flagella 927 83 652 3.80E-03 26.6
Flagella 927 83 554 2.67E-03 23.8
Flagella 927 117 92.7 1.74E-02 22.3
Flagella 927 117 81.3 4.35E-02 21.0
Flagella 927 117 79.2 1.46E-02 28.0
Flagella 927 117 74.9 5.77E-02 20.0
Flagella 927 138 24.1 2.53E-01 33.3
Flagella 927 138 23.6 1.89E-01 22.9
Flagella 927 138 17 5.87E-01 23.5
Flagella 927 138 13.6 3.76E-01 25.2
Flagella 760 234 2053 6.60E-04 11.5
Flagella 760 234 1584 1.43E-03 10.2
Flagella 760 241 1289 2.50E-03 12.6
Flagella 760 241 1002 2.60E-03 6.9
Flagella 760 276 184 1.40E-02 7.7
Flagella 760 290 103 2.90E-02 6.8
Flagella 760 290 194 1.60E-02 6.5
Flagella 760 290 152.5 2.30E-02 5.1
Flagella 760 310 83.1 3.40E-02 6.4
Flagella 760 345 29.2 1.27E-01 4.0
Flagella 760 379 16.9 2.57E-01 7.4
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Table A.8.1. Alloy 25 (L-605) historical creep and stress-rupture data (continued)

Rupture Minimum

Heat ID / Temperature Stress Life Creep Rate | Elongation

Source (°C) (MPa) (MPa) (%/hr) (%)
Flagella 760 379 9.1 2.93E-01 4.3
Greene 982 40 87 5.0
Greene 982 59 58 9.0
Greene 982 69 14 19.0
Greene 982 76 7.1 16.0
Greene 982 79 8.8 21.0
Greene 982 79 7.8 14.0
Greene 982 79 5 18.0
Greene 982 103 1.8 32.0
Greene 982 138 0.3 30.0
Greene 982 159 0.2 31.0
HW80794 1149 17 10
HW80794 1108 21 46
HW80794 1149 21 3.6
HW80794 1108 22 34
HW80794 1108 26 10
HW80794 1149 26 1.6
HW80794 1108 29 8.2
HW80794 1108 30 7
HW80794 1149 30 0.8
HW80794 1108 33 6
HW80794 1108 38 2.7
HW80794 1108 41 0.7
ORNL 1335 816 121 474 2.00E-02 15.0
ORNL 1335 760 155 522 1.70E-02 13.0
ORNL 1335 704 276 151 8.00E-03 5.0
ORNL 1716 1316 14 0.6 1.50E+01 12.5
ORNL 1716 1204 21 1.3 5.80E+00 10.0
ORNL 1716 1149 28 3 3.00E-01 4.0
ORNL 1716 1177 28 0.8 6.50E+00 7.0
ORNL 1716 1204 28 0.4 2.70E+01 11.0
ORNL 1716 1260 28 0.2 9.00E+01 15.0
ORNL 1716 1149 41 0.5 4.50E+00 5.0
ORNL 1716 1177 41 0.2 5.50E+01 15.0
ORNL 1716 1204 41 0.1 1.30E+02 16.0
ORNL 1716 1093 48 2.4 1.20E+01 6.0
ORNL 1716 1093 69 0.3 2.20E+01 12.0
ORNL 1716 1149 69 0 1.80E+02 7.5
ORNL 1716 871 79 164 3.5
ORNL 1716 982 103 1 5.00E+00 9.0
ORNL 1716 1093 103 0 4.00E+02 13.0
ORNL 1716 816 121 386 1.20E-02 6.0
ORNL 1716 982 138 0.3 4.00E+01 16.0
ORNL 1716 760 190 33 3.0
ORNL 1843 871 79 515 20.0
ORNL 1843 816 121 382 4.00E-02 23.0
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Table A.8.1. Alloy 25 (L-605) historical creep and stress-rupture data (continued)

Rupture Minimum

Heat ID / Temperature Stress Life Creep Rate | Elongation

Source (°C) (MPa) (MPa) (%/hr) (%)
ORNL 1843 760 155 1296 1.10E-02 20.0
ORNL 1931 1204 28 0.6 2.60E+01 22.0
ORNL 1931 1149 41 0.3 4.20E+01 17.0
ORNL 1931 1093 48 0.8 1.00E+01 9.0
ORNL 1931 1093 69 0.2 3.30E+01 14.0
ORNL 1931 982 103 15 7.90E+00 15.0
ORNL 1931 816 121 595 1.30E-02 10.0
ORNL 1931 760 190 155 4.00E-02 8.0
ORNL 1931 704 276 248 2.20E-02 5.0
Widmer 982 28 1463.5 6.60E-04 5.2
Widmer 982 34 921.9 1.00E-03 9.1
Widmer 982 38 528 1.60E-03 9.3
Widmer 982 41 447.2 2.80E-03 10.0
Widmer 982 48 160 1.30E-02 9.6
Widmer 982 55 51 7.80E-02 6.3
Widmer 982 59 65.8 7.60E-02 10.7
Widmer 982 61 56.6 8.00E-02 7.8
Widmer 899 62 892 1.20E-03 4.0
Widmer 899 69 965.9 1.60E-03 6.4
Widmer 982 69 28.6 19.1
Widmer 899 76 287.8 1.60E-02 8.0
Widmer 816 79 13018 8.50E-05 4.9
Widmer 899 83 235 1.50E-02 8.9
Widmer 982 83 7.8 1.40E+00 20.8
Widmer 899 90 123.5 5.60E-02 12.7
Widmer 982 90 5.2 2.80E+00 324
Widmer 816 103 3883.8 4.00E-04 10.0
Widmer 857 103 368.4 1.60E-02 10.3
Widmer 899 103 70.9 1.20E-01 11.0
Widmer 982 103 2.1 6.90E+00 29.4
Widmer 899 110 46.6 2.90E-01 27.0
Widmer 816 117 1157 4.70E-03 9.4
Widmer 816 117 1203 11.1
Widmer 816 117 1661.8 15.3
Widmer 816 117 1729.4 8.2
Widmer 816 117 1764.7 10.3
Widmer 816 117 1802 14.5
Widmer 816 117 2010 11.7
Widmer 899 121 15.3 1.20E+00 26.6
Widmer 982 124 0.8 1.40E+01 32.9
Widmer 816 128 748.3 9.80E-03 15.1
Widmer 899 131 12.7 1.20E+00 23.6
Widmer 816 138 305.7 7.10E-02 13.9
Widmer 899 138 8.7 1.60E+00 235
Widmer 816 148 301 7.50E-02 16.5
Widmer 816 152 146 7.20E-02 14.5
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Table A.8.1. Alloy 25 (L-605) historical creep and stress-rupture data (continued)

Rupture Minimum
Heat ID / Temperature Stress Life Creep Rate | Elongation
Source (°C) (MPa) (MPa) (%/hr) (%)

Widmer 899 152 4.2 3.60E+00 19.9
Widmer 732 172 6055 5.70E-04 7.2
Widmer 816 172 96.5 9.50E-02 23.4
Widmer 857 172 9.6 1.60E+00 19.7
Widmer 732 179 5654 4.10E-04 7.0
Widmer 649 183 21789 9.60E-06 1.2
Widmer 732 190 2098.8 1.10E-03 5.0
Widmer 816 190 25.7 2.60E-01 15.0
Widmer 649 193 10192 4.50E-05 14
Widmer 732 200 1969.1 1.20E-03 5.6
Widmer 649 203 17867 5.20E-05 2.2
Widmer 732 203 374.6 3.80E-03 24
Widmer 732 207 218.2 4.00E-03 8.5
Widmer 732 207 815.9 1.50E-03 3.7
Widmer 816 207 13.8 2.80E-01 12.1
Widmer 816 207 16.2 22.7
Widmer 816 207 10.4 12.8
Widmer 816 207 11.3 11.7
Widmer 816 207 11.9 14.9
Widmer 816 207 13.4 14.1
Widmer 816 207 15.2 15.0
Widmer 816 207 234 12.4
Widmer 649 214 3294 2.60E-04 1.6
Widmer 732 221 243.7 8.80E-03 3.9
Widmer 816 221 5.5 7.80E-01 18.3
Widmer 732 234 114.2 3.30E-02 5.7
Widmer 649 241 3445 3.90E-04 3.2
Widmer 691 241 539.7 1.80E-03 2.0
Widmer 732 241 40.7 2.30E-02 2.7
Widmer 816 241 2.7 1.30E+00 12.3
Widmer 649 259 1693 5.40E-04 2.1
Widmer 816 259 1.7 3.60E+00 17.1
Widmer 816 259 11 8.40E+00 15.1
Widmer 649 276 686 3.7
Widmer 649 276 797 5.1
Widmer 649 276 1160 2.0
Widmer 649 276 1200 4.0
Widmer 649 276 1295 4.0
Widmer 649 276 1636 3.8
Widmer 732 276 18 6.00E-02 4.1
Widmer 649 283 823 1.20E-03 4.3
Widmer 732 283 10.2 1.30E-01 5.3
Widmer 649 293 200 1.60E-03 4.3
Widmer 732 296 5.9 7.6
Widmer 649 310 136.9 2.90E-03 8.2
Widmer 732 310 3.7 5.30E-01 7.5
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Table A.8.1. Alloy 25 (L-605) historical creep and stress-rupture data (continued)

Rupture Minimum
Heat ID / Temperature Stress Life Creep Rate | Elongation
Source (°C) (MPa) (MPa) (%/hr) (%)

Widmer 649 331 74.9 6.50E-03 7.9
Widmer 649 345 51.6 7.50E-03 5.3
Widmer 691 345 5.3 1.10E-01 10.1
Widmer 732 345 1.3 5.70E-01 8.7
Widmer 649 352 64.4 8.00E-03 8.3
Widmer 649 372 23.1 2.70E-02 14.1
Widmer 649 414 3.9 24.8
Widmer 649 414 54 13.5
Widmer 649 414 5.6 16.0
Widmer 649 414 6.2 16.4
Widmer 649 414 8 13.8
Widmer 649 414 8.6 16.5
Widmer 649 414 10.1 16.7
Widmer 649 414 11.8 13.4
Widmer 649 414 12.7 14.3
Widmer 649 431 12 9.30E-02 18.4
Widmer 649 431 8.5 7.50E-02 19.9
Widmer 649 448 5.1 20.8
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Table A.8.2. Alloy 25 (L-605) historical creep and stress-rupture data for weldments

Rupture Minimum
Heat ID / Temperature | Stress Life Creep Rate Elongation Rupture
Source (°C) (MPa) (MPa) (%/hr) (%) Location
flagella 760 241 532.9 3.50E-03 22.5
flagella 760 241 315.7 1.69E-02 8.8
flagella 760 290 150.1 4.70E-02 11.3
flagella 760 290 24.1 7.40E-02 6.3
flagella 760 379 1.9 1.51E-01 37.5
flagella 760 379 0.2 21.0
flagella 760 234 555.0 36.3
flagella 760 241 300.5 4.34E-03 13.8
flagella 760 290 16.8 22.5
flagella 760 290 11.0 1.25E-01 32.5
flagella 760 379 5.0 9.70E-01 21.3
flagella 760 379 1.6 1.34E+00 16.3
flagella 760 379 1.4 6.25E-01 8.8
flagella 927 83 392.9 3.30E-02 31.3
flagella 927 83 320.9 1.55E-03 10.0
flagella 927 117 27.4 9.37E-02 2.5
flagella 927 117 15.6 21.3
flagella 927 138 26.9 2.91E-01 7.1
flagella 927 138 17.9 4.48E-01 17.5
flagella 927 83 364.9 3.27E-02 35.0
flagella 927 83 81.2 16.3
flagella 927 117 66.1 1.28E-01 42.5
flagella 927 117 315 1.57E-01 27.5
flagella 927 117 5.8 275
flagella 927 138 21.4 4.07E-01 61.3
flagella 927 165 4.3 1.66E+00 21.0
flagella 1093 10 1614.2 5.77E-04
flagella 1093 10 874.4 8.75E-03
flagella 1093 24 74.6 1.99E-02 7.5
flagella 1093 24 38.3
flagella 1093 41 7.2 8.20E-01 38.8
flagella 1093 41 1.0 34.0
flagella 1093 10 424.3 6.91E-03
flagella 1093 13 129.8 20.0
flagella 1093 24 75.1 8.00E-02 22.5
flagella 1093 24 17.6 18.8
flagella 1093 24 17.0 23.8
flagella 1093 41 6.1 9.11E-01 25.0
flagella 1093 41 2.8 1.44E+00
flagella 1093 41 2.1 2.21E+00 21.3
ht 1931 649 345 105.0 2.50E-02 5.0 | base
ht 1931 649 293 2.00E-03
ht 1931 704 276 173.0 1.50E-02 2.0 | haz
ht 1931 704 248 432.0 1.00E-02 2.0 | haz
ht 1931 760 190 226.0 3.50E-02 10.0 | haz
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Table A.8.2. Alloy 25 (L-605) historical creep and stress-rupture data for weldments (continued)

Rupture Minimum
Heat ID / Temperature | Stress Life Creep Rate Elongation Rupture
Source (°C) (MPa) (MPa) (%/hr) (%) Location
ht 1931 816 121 296.0 1.50E-02 7.5 | haz
ht 1931 816 103 897.0 6.00E-03 7.0 | haz
ht 1931 871 93 143.0 4.0 | haz
ht 1931 871 79 558.0 7.0 | haz
ht 1931 982 138 0.2 3.30E+01 9.0 | haz
ht 1931 982 103 1.2 8.40E+00 15.0 | base
ht 1931 1093 69 0.1 17.0 | base
ht 1931 1093 69 0.1 15.0 | base
ht 1931 1093 48 0.9 5.00E+00 17.0 | base
ht 1931 1149 41 0.3 2.20E+01 10.0 | base
ht 1931 1204 28 0.5 3.00E+01 30.0 | base
ht 1843 760 155 1693.0 1.00E-02 9.0 | base
ht 1843 816 121 1798.0 5.00E-03 10.0 | base
ht 1843 871 79 1194.0 10.0 | base
ht 1843 816 121 1374.0 4.00E-03 6.0 | haz
ht 1335 649 345 372.0 4.00E-03 6.0 | base
ht 1335 704 276 20.0 20.0 | base
ht 1335 704 276 86.0 2.50E-02 3.0 | weld
ht 1335 760 190 106.0 8.00E-02 9.0 | base
ht 1335 760 155 755.0 1.00E-02 12.0 | base
ht 1335 816 121 269.0 3.00E-02 11.0 | base
ht 1335 816 103 542.0 11.0 | base
ht 1335 871 78 410.0 base
astm 816 207 28.5 16.0 | base
astm 816 148 409.7 15.0 | base
astm 816 138 19.0 13.0 | base
astm 871 96.5 369.7 5.0 | base
astm 927 96.5 41.7 10.0 | base
astm 927 55.7 405.8 5.0 | base
astm 982 69 43.1 10.0 | base
astm 982 414 135.0
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