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ABSTRACT

The American Society of Mechanical Engineers (ASME) Boiler and Pressure
Vessel Code currently only allows five materials for use in construction of
nuclear components for high temperature service. These are: 2.25Cr- 1Mo and V
modified 9Cr-1Mo steels, Types 304 and 316 stainless steels and the high nickel
Alloy 800H. Since 2005, the US high temperature gas-cooled reactor program
has been characterizing elevated temperature mechanical properties of Alloy 617
as the leading candidate material for the intermediate heat exchanger. After
analysis of these experimental results, along with historical data and additional
results available through the Generation IV International Forum Very High
Temperature Reactor Materials Program Management Board Materials
Handbook, a draft ASME Code Case to allow nuclear construction with Alloy
617 has been developed.

This report contains the draft of a Section 111, Division 5, Section HB,
Subsection B, Code Case for Alloy 617 to qualify it for use in construction of
nuclear components up to 1750°F (950°C) for service life up to 100,000 hours.
The draft contained in Appendix 1, subject to editorial revision and approval by
the ASME Special Task Group on Alloy 617 Code Qualification, will be
submitted for approval by letter ballot by the appropriate ASME Committees.
The technical justification supporting the Code Case is presented in Appendix 2
of this report. This background document is part of the information package that
will be submitted with the Code Case for ballot.
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DRAFT ASME BOILER AND PRESSURE VESSEL CODE CASE FOR
USE OF ALLOY 617 FOR CLASS A ELEVATED TEMPERATURE
SERVICE CONSTRUCTION

Early in the US very high temperature reactor (VHTR) program several candidate nickel alloys were
considered for use in construction of the intermediate heat exchanger. Based primarily on technical
maturity, a downselection was made to focus on Alloy 617. After this downselection, the primary goal of
the research and development program was to develop sufficient information on the high temperature
properties of the material to qualify it for construction of high temperature nuclear components in the
ASME Boiler and Pressure Vessel (BPV) Code.

Alloy 617 is a solid-solution strengthened material with nominal Ni-Cr-Co-Mo composition. The
alloy was originally developed for aerospace applications such as burner can liners for turbine engines by
Huntington Alloys. (Huntington Alloys is now Special Metals Division of Precision Castparts, Inc.). The
ASME BPYV Code allows use of Alloy 617 for construction of non-nuclear pressure vessels, and Alloy
617 is used in fossil fired power plants. It was the subject of substantial characterization activity in the
US, German and Japanese high temperature gas reactor programs in the 1980s.

Section III, Division 1, Subsection NB of the ASME BPV Code was developed for construction of
nuclear components in light water reactors and allows use of ferritic materials up to 700°F and austenitic
alloys up to 800°F. Subsection NH of Section III Division 1 was written to allow higher temperature
construction with a primary focus on sodium cooled reactors. Recently, a new Division 5 of Section III
was published specifically for high temperature reactors (regardless of the primary working fluid) and
incorporates both Subsections NB and NH.

There are only five alloys currently allowed for use in high temperature nuclear components: 2.25Cr-
1 Mo and V modified 9Cr-1Mo steels, Types 304 and 316 stainless steels and the high nickel austenitic
Alloy 800H. This very sparse set of allowed materials is in contrast with the collection of more than 150
materials that are allowed for use in non-nuclear pressure vessel construction. A draft Code Case to add
Alloy 617 to the list of qualified alloys for use in high temperature nuclear design was submitted to
ASME in the early 1990s but it was withdrawn prior to formal Code action.

A great deal of experimental characterization of high temperature mechanical properties is required
for Code qualification. A new appendix to Section III Division 5 of the Code “Appendix HBB-Y
Guidelines for Design Data Needs for New Materials” provides a roadmap for qualifying new materials.
There are several additional requirements for qualification of materials for use in high temperature
nuclear construction, compared to conventional pressure vessels. For non-nuclear pressure vessel
construction, creep rupture data for 10,000 hours can be used to support qualification up to 100,000 hours
of service. For high temperature nuclear construction, extrapolation of rupture life beyond the longest
experimental rupture lives is restricted to a factor of 3 to 5. High temperature nuclear construction is also
the only area of the Code which requires creep-fatigue characterization.

For Alloy 617, there are data from Huntington Alloys, and from the historical records and literature
that resulted from previous US, German and Japanese gas cooled high temperature reactor programs. In
addition, there has been a significant amount of characterization of contemporary heats of Alloy 617 since
about 2005, as part of the US Advanced Reactor Technologies research and development program
(formerly the Next Generation Nuclear Plant Program). Further data are also available from French and
Korean programs as part of the Generation [V International Forum VHTR Materials Program
Management Board.

A Code Case to qualify Alloy 617 for use in nuclear construction under Section III, Division 5 for
components designed for use up to 800°F (427°C) has been submitted and is currently in the ASME ballot
process. This report contains the draft of a Section III, Division 5, Section HB, Subsection B, Code Case



for Alloy 617 to qualify it for use in construction of nuclear components up to 1750°F (950°C) for service
life up to 100,000 hours. The draft contained in Appendix 1, subject to editorial revision and approval by
the ASME Special Task Group on Alloy 617 Code Qualification, will be submitted for approval by letter
ballot by the appropriate Committees. Note that the Code considers values in customary units to be the
governing quantities; values in SI units are provided in some cases for convenience. The technical
justification supporting the Code Case is shown in Appendix 2 of this report. This background document
is part of the information package that will be submitted with the Code Case for ballot. In general, the
Code Committees will not take action on a new material without a request from a vendor stating the need
to qualify the material. A letter from AREVA requesting Code action on Alloy 617 is attached to this
report as Appendix 3.
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APPENDIX 1

CASE N-XXX: USE OF ALLOY 617 (UNS N06617) FOR
CLASS A ELEVATED TEMPERATURE SERVICE
CONSTRUCTION
SECTION lil, DIVISION 5

Inquiry: May 52Ni-22Cr-13Co-9Mo, Alloy 617 (UNS N06617) be used at elevated temperatures in
the construction of components conforming to the requirements of Section III, Division 5, Subsection HB,
Subpart B “Elevated Temperature Service”?

Reply: It is the opinion of the Committee that 52Ni-22Cr-13Co-9Mo, Alloy 617 (UNS N06617) may
be used in the construction of components conforming to the requirements of Section III, Division 5,
Subsection HB, Subpart B “Elevated Temperature Service” providing the following requirements are met:

(a) The modifications and additions to the rules provided in Subsection HB, Subpart B defined in this
Code Case shall be met.
(b) The service temperature shall be limited to 1,750°F and below.
(c) Service time shall be limited to 100,000 hours.
(d) All other applicable requirements of Section III, Division 5, Subsection HB, Subpart B shall be
met.
(e) This Case number shall be listed on the Data Report Form for the component.

All requirements of Section III, Division 5, Subsection HB, Subpart B shall be met except when these
requirements are modified by the corresponding numbered paragraphs of this Code Case or when new
requirements are added with new numbered paragraphs of this Code Case. All general notes contained in
Section III, Division 5 shall apply to the corresponding figures and tables in this Code Case.

Thermal expansion, thermal diffusivity, and thermal conductivity are not currently contained in
Section II for Alloy 617 (UNS N06617). Values for these properties are shown in Tables TE and TCD of
this Code Case. Elastic modulus values for Alloy 617 are currently included in Section II Part D (Table
TM-4) for temperatures up to 1,500°F (850°C), but the temperature range must be increased to 1,800°F
(1000°C). Elastic modulus values are shown in Table TM of this Code Case.

PHYSICAL PROPERTIES TABLES



THERMAL EXPANSION

Table TE
Thermal Expansion for Alloy 617

Coefficients for N06617
Temperature, °F A B C

70 7.0 7.0 0.0
100 7.1 7.0 0.3
150 7.1 7.1 0.7
200 7.2 7.1 1.1
250 7.3 7.1 1.6
300 7.4 7.2 2.0
350 7.5 7.2 24
400 7.6 7.3 2.9
450 7.7 7.3 34
500 7.8 7.4 3.8
550 7.9 7.4 43
600 8.0 7.5 4.8
650 8.2 7.5 53
700 83 7.6 5.8
750 8.4 7.6 6.3
800 8.6 7.7 6.8
850 8.7 7.8 7.3
900 8.9 7.8 7.8
950 9.0 7.9 8.4
1,000 9.2 8.0 8.9
1,050 9.4 8.0 9.5
1,100 9.5 8.1 10.0
1,150 9.7 8.2 10.6
1,200 9.9 8.2 11.2
1,250 10.1 83 11.8
1,300 10.3 8.4 12.4
1,350 10.5 8.5 13.0
1,400 10.7 8.5 13.7
1,450 10.9 8.6 14.3
1,500 11.1 8.7 15.0
1,550 11.3 8.8 15.6
1,600 11.5 8.9 16.3
1,650 11.8 9.0 17.0
1,700 12.0 9.1 17.7
1,750 12.2 9.1 18.5
1,800 12.5 9.2 19.2

GENERAL NOTE: Coefficient A is the instantaneous coefficient of
thermal expansion x 10 (in./in./°F). Coefficient B is the mean
coefficient of thermal expansion x 10 (in./in./°F) in going from 70°F
to indicated temperature. Coefficient C is the linear thermal expansion
(in./100 ft) in going from 70°F to indicated temperature.



Table TE (M)

Thermal Expansion for Alloy 617

Coefficients for N06617

Temperature, °C A B C
20 12.6 12.6 0.0
50 12.8 12.7 0.4
75 12.9 12.7 0.7

100 13.0 12.8 1.0
125 13.2 12.9 1.4
150 133 12.9 1.7
175 13.5 13.0 2.0
200 13.6 13.1 24
225 13.8 13.2 2.7
250 14.0 13.2 3.0
275 14.2 13.3 34
300 14.4 13.4 3.8
325 14.6 13.5 4.1
350 14.8 13.6 4.5
375 15.0 13.7 4.9
400 15.2 13.8 5.2
425 15.4 13.9 5.6
450 15.7 14.0 6.0
475 15.9 14.1 6.4
500 16.2 14.2 6.8
525 16.4 14.3 7.2
550 16.7 14.4 7.6
575 17.0 14.5 8.0
600 17.2 14.6 8.5
625 17.5 14.7 8.9
650 17.8 14.8 9.3
675 18.1 15.0 9.8
700 18.4 15.1 10.3
725 18.8 15.2 10.7
750 19.1 15.3 11.2
775 19.4 15.5 11.7
800 19.8 15.6 12.2
825 20.1 15.7 12.7
850 20.5 15.9 13.2
875 20.8 16.0 13.7
900 21.2 16.1 14.2
925 21.6 16.3 14.7
950 21.9 16.4 153
975 223 16.6 15.8
1000 22.7 16.7 16.4

GENERAL NOTE: Coefficient A is the instantaneous coefficient of
thermal expansion x 10° (mm/mm/°C). Coefficient B is the mean
coefficient of thermal expansion x 10 (mm/mm/°C) in going from
20°C to indicated temperature. Coefficient C is the linear thermal

expansion (mm/m) in going from 20°C to indicated temperature.



THERMAL CONDUCTIVITY AND THERMAL DIFFUSIVITY

Table TCD
Nominal Coefficients of Thermal Conductivity (TC) and Thermal Diffusivity (TD)
for Alloy 617
N06617
Temp., °F TC TD

70 6.1 0.112
100 6.3 0.114
150 6.6 0.118
200 6.9 0.122
250 7.2 0.125
300 7.5 0.129
350 7.8 0.132
400 8.1 0.136
450 8.4 0.139
500 8.7 0.142
550 9.0 0.145
600 9.3 0.149
650 9.5 0.152
700 9.8 0.155
750 10.0 0.158
800 10.3 0.161
850 10.5 0.164
900 10.8 0.167
950 11.0 0.171
1,000 11.3 0.174
1,050 12.1 0.177
1,100 132 0.181
1,150 14.1 0.184
1,200 14.6 0.188
1,250 14.9 0.192
1,300 14.8 0.194
1,350 14.7 0.191
1,400 14.6 0.189
1,450 14.5 0.188
1,500 14.6 0.189
1,550 14.7 0.191
1,600 14.9 0.193
1,650 15.1 0.196
1,700 15.5 0.199
1,750 15.9 0.203
1,800 16.3 0.206

GENERAL NOTES:

(a) TC is the thermal conductivity, Btu/(hr-ft-°F), and TD is the thermal diffusivity, ftz/hr:
D = TC[Btu/hr- ft-°F |
- density (Ib/ft3) x [specific heat (Btu/1b-°F)]

(b) Values of thermal expansion and thermal diffusivity should be used with the understanding that there is an
associated £10% uncertainty. This uncertainty results from compositional variations and variables associated
with original data acquisition and analysis.



Table TCD (M)
Nominal Coefficients of Thermal Conductivity (TC) and Thermal Diffusivity (TD)

for Alloy 617
N06617

Temp., °C TC TD
20 10.5 2.88

50 11.1 2.99

75 11.6 3.08

100 12.1 3.17

125 12.6 3.25

150 13.0 3.33

175 13.5 341
200 14.0 3.49
225 144 3.57
250 14.9 3.64
275 15.3 3.71
300 15.8 3.79
325 16.2 3.86
350 16.6 3.93
375 17.0 4.01
400 17.4 4.08
425 17.8 4.15
450 18.2 4.22
475 18.6 4.30
500 18.9 4.37
525 19.3 4.45
550 19.6 4.53
575 21.7 4.60
600 233 4.69
625 24.5 4.77
650 25.3 4.85
675 25.7 4.94
700 25.7 5.03
725 25.4 4.94
750 25.3 4.89
775 25.2 4.86
800 25.2 4.87

825 253 4.90
850 25.5 4.94

875 25.8 5.00
900 26.2 5.07
925 26.7 5.14
950 27.4 5.22
975 28.1 5.29
1000 28.9 5.35

GENERAL NOTES:
(a)TC is the thermal conductivity, W/(m-[JC), and TD is the thermal diffusivity, 10° m*sec:
D = TC[W/(m-°C)]
density (%) X [specific heat (ﬁ)]

(b) Values of thermal expansion and thermal diffusivity should be used with the understanding that there is an
associated +10% uncertainty. This uncertainty results from compositional variations and variables associated
with original data acquisition and analysis.



MODULUS OF ELASTICITY

Table TM

Moduli of Elasticity £ of Alloy 617 for Given Temperatures

Modulus of Elasticity E = Value Given x 10° psi, for Temperature, °F, of

Material -325 -200 -100 70 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800
N06617 - - - 292 284 28.0 277 274 272 270 260 255 249 243 23.8 23.2 22.5 21.8 21.0 20.2 19.3
Modulus of Elasticity £ = Value Given x 10° MPa, for Temperature, °C, of
Material -200 -125 -75 25 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000
N06617 - - - 201 196 193 191 189 187 184 181 178 174 171 167 164 160 156 152 146 141 136 130
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ARTICLE HBB-2000
MATERIAL

HBB-2100
HBB-2160 DETERIORATION OF MATERIAL IN SERVICE

(d) Long—time, elevated temperature, service may result in the reduction of the subsequent yield and
ultimate tensile strengths.

(3) When the yield and ultimate tensile strengths are reduced by the elevated temperature service,
it is necessary to appropriately reduce the values of S,,; and S,,. To reflect the effects of long-time elevated
temperature service, the S, values of Tables HBB-1-14.3A through HBB-I-14.3F shall be redefined as the
lower of (-a) through (-g) below, and the values of S,, shall be defined as the lower of (-b) through (-g)
below:

(-g) for Alloy 617, the product of the yield strength at temperature (Table HBB-1-14.5) and
the yield strength reduction factor (Table HBB-3225-2).
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ARTICLE HBB-3000
DESIGN

HBB-3200 DESIGN BY ANALYSIS
HBB-3210 DESIGN CRITERIA
HBB-3212 Basis for Determining Stress, Strain, and Deformation Quantities

(d) An additional material of this Subsection, Alloy 617, has several unique characteristics that should
be recognized and reflected in multiaxial stress-strain relationships. These include the following:

(1) There is not a clear distinction between time-independent elastic-plastic behavior and time -
dependent creep behavior.

(2) Flow stresses are strongly strain-rate sensitive at elevated temperatures.

HBB-3214 Stress Analysis

HBB-3214.2 Inelastic Analysis.
[Note: Add the following paragraph as a new last paragraph to HBB-3214.2]

For Alloy 617, decoupling of plastic and creep strains in the classical constitutive framework is
generally a poor representation of the true material behavior. Unified constitutive equations, which do not
distinguish between rate-dependent plasticity and time-dependent creep, represent the rate dependence
and softening that occur, particularly at higher temperatures.

HBB-3220 DESIGN RULES AND LIMITS FOR LOAD-CONTROLLED STRESSES IN
STRUCTURES OTHER THAN BOLTS

HBB-3225 Level D Service Limits

The following temperature-dependent tensile strength values (S,) for Alloy 617 are added to Table
HBB-3225-1.

The following tensile and yield strength reduction factors due to long-time prior elevated temperature
service for Alloy 617 are added to Table HBB-3225-2.

12



Table HBB-3225-1
Tensile Strength Values, Su

U.S. Customary Units, ksi

See Section II, Part D, Subpart 1, Table U
for Values up to 1,000°F

For Metal
Temperature Not
Exceeding, °F UNS N06617
1,050 85.3
1,100 83.3
1,150 80.7
1,200 77.6
1,250 74.0
1,300 69.9
1,350 65.2
1,400 60.1
1,450 54.6
1,500 48.7
1,550 42.6
1,600 36.5
1,650 30.4
1,700 24.6
1,750 19.4

SI Units, MPa

See Section II, Part D, Subpart 1, Table U
for Values up to 538°C

For Metal Temperature

Not Exceeding, °C UNS N06617
550 595
575 584
600 570
625 554
650 534
675 512
700 487
725 459
750 428
775 394
800 359
825 322
850 284
875 246
900 208
925 172
950 139

GENERAL NOTES:

(a) The tabulated values of tensile strength and yield strength are those which the Committee believes are suitable for use in design calculations
required by this Subsection. At temperatures above room temperature, the values of tensile strength tend toward an average or expected value
which may be as much as 10% above the tensile strength trend curve adjusted to the minimum specified room temperature tensile strength. At
temperatures above room temperature, the yield strength values correspond to the yield strength trend curve adjusted to the minimum specified
room temperature yield strength. Neither the tensile strength nor the yield strength values correspond exactly to either average or minimum as
these terms are applied to a statistical treatment of a homogeneous set of data.

(b) Neither the ASME Material Specifications nor the rules of this Subsection required elevated temperature testing for tensile or yield strengths
of production material for use in Code components. It is not intended that results of such tests, if performed, be compared with these tabulated
tensile and yield strength values for ASME Code acceptance/rejection purposes for materials. If some elevated temperature test results on
production material appear lower than the tabulated values by a large amount (more than the typical variability of material and suggesting the
possibility of some error), further investigation by retest or other means should be considered.
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Table HBB-3225-2
Tensile and Yield Strength Reduction Factor Due to Long Time Prior Elevated
Temperature Service

YS Reduction TS Reduction
Material Temp. °F (°C) Factor Factor
617 >800°F (425°C) 1.0 1.0
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ARTICLE HBB-4000
FABRICATION AND INSTALLATION
HBB-4200
HB-4210
HBB-4212 Effects of Forming and Bending Processes

(a) Post fabrication heat treatment [in accordance with (b) below] of materials that have been formed
during fabrication, shall be required for fabrication induced strains greater than 5%.

(b) When required, the post fabrication heat treatment shall be in accordance with the following:

(3) For Alloy 617, the post fabrication heat treatment shall consist of the heat treatment specified
in the base material specification.

15



MANDATORY APPENDIX HBB-I-14
TABLES AND FIGURES
The following Tables and Figures have Alloy 617 data added as indicated.
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Table HBB-I-14.1(a)
Permissible Base Materials for Structures Other Than Bolting

Base Material Spec. No. Product Form Types, Grades or Classes
Alloy 617 SB-166 Bar, rod UNS N06617
[Note (1)] SB-167 Smls. pipe & tube UNS N06617

SB-168 Plate, sheet, strip UNS N06617
SB-564 Forgings UNS N06617
NOTE:
(1) The minimum material thickness shall be 0.125 inches.
Table HBB-I-14.1(b)
Permissible Weld Materials
Base Material Spec. No. Class
Alloy 617 SFA-5.14 ERNiCrCoMo-1

17



Table HBB-I-14.2
S.— Maximum Allowable Stress Intensity, ksi (MPa), for Design Condition Calculations

U.S. Customary Units
For Metal Temperature

Not Exceeding, °F N06617
700 -
750 -
800 21.5
850 21.3
900 21.2
950 21.0

1,000 20.9
1,050 20.9
1,100 20.8
1,150 20.7
1,200 18.1
1,250 14.5
1,300 11.2
1,350 8.7
1,400 6.6
1,450 5.1
1,500 3.9
1,550 3.0
1,600 2.3
1,650 1.8
1,700 14
1,750 1.1
SI Units
For Metal Temperature

Not Exceeding, °C N06617
375 -
400 -
425 148
450 147
475 146
500 145
525 144
550 144
575 144
600 143
625 142
650 124
675 101
700 81
725 64
750 50
775 40
800 31
825 25
850 19
875 15
900 12
925 10 [Note (1)]
950 7.9 [Note (1)]

NOTE:

(1) Interpolated from values given in Note G29 of
Section II, Part D, Subpart 1, Table 1B.
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(figure is provisional, peaks must be removed)
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Table HBB-I-14.3F
Sm:— Allowable Stress Intensity Values, ksi (MPa), Alloy 617

U.S. Customary Units

Temp., °F 1 hr 10hr  30hr 100hr 300 hr 1,000 hr 3,000 hr 10,000 hr 30,000 hr 100,000 hr

800 21.5 21.5 21.5 21.5 21.5 21.5 21.5 21.5 21.5 21.5
850 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3 21.3
900 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2
950 21.1 21.1 21.1 21.1 21.1 21.1 21.1 21.1 21.1 21.1
1,000 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
1,050 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
1,100 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 20.1
1,150 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0 18.9 159
1,200 21.0 21.0 21.0 21.0 21.0 21.0 21.0 17.6 14.8 12.2
1,250 21.0 21.0 21.0 21.0 21.0 19.9 16.6 13.6 114 9.3
1,300 21.0 21.0 21.0 21.0 19.1 15.6 12.9 10.5 8.7 7.1
1,350 21.0 21.0 21.0 18.2 15.0 12.2 10.0 8.1 6.7 54
1,400 21.0 21.0 17.9 144 11.8 9.5 7.8 6.3 5.1 4.1
1,450 20.0 174 14.2 114 9.3 7.4 6.0 4.8 4.0 32
1,500 17.9 139 11.3 9.0 7.3 5.8 4.7 3.7 3.0 2.4
1,550 15.6 11.1 8.9 7.1 5.7 4.5 3.6 2.9 2.3 1.8
1,600 134 8.8 7.1 5.6 4.5 3.5 2.8 2.2 1.8 1.4
1,650 11.1 7.1 5.6 4.4 3.5 2.8 2.2 1.7 1.4 1.1
1,700 9.0 5.6 4.5 3.5 2.8 2.2 1.7 1.3 1.1 0.8
1,750 7.1 4.5 3.6 2.7 2.2 1.7 1.3 1.0 0.8 0.6
SI Units
Temp., °C 1h 10 h 30h 100 h 300 h 1,000 h 3,000 h 10,000 h 30,000 h 100,000 h
425 148 148 148 148 148 148 148 148 148 148
450 147 147 147 147 147 147 147 147 147 147
475 146 146 146 146 146 146 146 146 146 146
500 146 146 146 146 146 146 146 146 146 146
525 145 145 145 145 145 145 145 145 145 145
550 145 145 145 145 145 145 145 145 145 145
575 145 145 145 145 145 145 145 145 145 145
600 145 145 145 145 145 145 145 145 145 131
625 145 145 145 145 145 145 145 145 126 106
650 145 145 145 145 145 145 144 120 101 83
675 145 145 145 145 145 140 116 95 80 65
700 145 145 145 145 137 112 93 76 63 51
725 145 145 145 133 110 89 74 60 49 40
750 145 145 134 108 89 72 59 47 39 31
775 144 133 109 87 71 57 47 38 31 25
800 132 109 88 71 57 46 37 30 24 19
825 118 89 72 57 46 37 30 24 19 15
850 104 72 58 46 37 29 24 19 15 12
875 90 59 47 37 30 23 19 15 12 9.3
900 76 48 39 30 24 19 15 12 9.4 7.3
925 63 39 31 24 19 15 12 9.3 7.4 5.7
950 51 32 25 20 16 12 10 7.4 5.8 4.5

GENERAL NOTE: As described in HBB-2160(d), it may be necessary to adjust the values of S, to account for the effects of
long-time service at elevated temperature.
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Table HBB-I-14.4F
S;— Allowable Stress Intensity Values, ksi (MPa), Alloy 617

U.S. Customary Units

Temp., °F 1 hr 10hr  30hr 100hr 300 hr 1,000 hr 3,000 hr 10,000 hr 30,000 hr 100,000 hr

800 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0
850 35.5 355 35.5 355 35.5 355 35.5 35.5 355 355
900 35.1 35.1 35.1 35.1 35.1 35.1 35.1 35.1 35.1 35.1
950 347 347 347 347 347 347 34.7 34.7 347 347
1,000 343 343 343 343 343 343 343 343 343 32.0
1,050 34.0 34.0 34.0 34.0 34.0 34.0 34.0 34.0 29.7 254
1,100 33.8 33.8 33.8 33.8 33.8 33.8 32.5 27.6 23.7 20.1
1,150 33.6 33.6 33.6 33.6 33.6 30.5 26.2 22.1 18.9 159
1,200 33.5 335 33.5 335 294 24.7 21.1 17.6 14.8 12.2
1,250 33.5 335 33.5 28.2 24.0 19.9 16.6 13.6 114 9.3
1,300 33.5 329 27.8 23.1 19.1 15.6 12.9 10.5 8.7 7.1
1,350 33.5 27.2 22.5 18.2 15.0 12.2 10.0 8.1 6.7 5.4
1,400 32.6 21.8 17.9 144 11.8 9.5 7.8 6.3 5.1 4.1
1,450 26.6 17.4 14.2 114 9.3 7.4 6.0 4.8 4.0 3.2
1,500 21.5 13.9 11.3 9.0 7.3 5.8 4.7 3.7 3.0 2.4
1,550 17.3 11.1 8.9 7.1 5.7 4.5 3.6 2.9 2.3 1.8
1,600 14.0 8.8 7.1 5.6 4.5 3.5 2.8 2.2 1.8 1.4
1,650 11.3 7.1 5.6 4.4 3.5 2.8 2.2 1.7 1.4 1.1
1,700 9.1 5.6 4.5 3.5 2.8 2.2 1.7 1.3 1.1 0.8
1,750 7.4 4.5 3.6 2.7 2.2 1.7 1.3 1.0 0.8 0.6
SI Units
Temp., °C 1h 10 h 30h 100 h 300 h 1,000 h 3,000 h 10,000 h 30,000 h 100,000 h
425 245 245 245 245 245 245 245 245 245 245
450 245 245 245 245 245 245 245 245 245 245
475 242 242 242 242 242 242 242 242 242 242
500 240 240 240 240 240 240 240 240 240 240
525 238 238 238 238 238 238 238 238 238 238
550 235 235 235 235 235 235 235 235 233 199
575 234 234 234 234 234 234 234 220 190 162
600 233 233 233 233 233 233 213 180 155 131
625 232 232 232 232 232 204 175 148 126 106
650 231 231 231 231 201 169 144 120 101 83
675 231 231 231 197 167 140 116 95 80 65
700 231 231 198 164 137 112 93 76 63 51
725 231 197 165 133 110 89 74 60 49 40
750 231 163 134 108 89 72 59 47 39 31
775 202 133 109 87 71 57 47 38 31 25
800 167 109 88 71 57 46 37 30 24 19
825 138 89 72 57 46 37 30 24 19 15
850 114 72 58 46 37 29 24 19 15 12
875 94 59 47 37 30 23 19 15 12 9.3
900 77 48 39 30 24 19 15 12 9.4 7.3
925 64 39 31 24 19 15 12 9.3 7.4 5.7
950 53 32 25 20 16 12 9.5 7.4 5.8 4.5
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Table HBB-I-14.5
Yield Strength Values, S,, Versus Temperature

U.S. Customary Units
Stresses, ksi

Temp., °F UNS N06617
RT See Section II, Part D,
: Subpart 1, Table Y-1 for
1,000 Values up to 1,000°F
1,050 23.3
1,100 23.3
1,150 23.3
1,200 23.3
1,250 23.3
1,300 23.3
1,350 23.3
1,400 23.3
1,450 23.0
1,500 22.2
1,550 21.1
1,600 19.9
1,650 18.5
1,700 16.9
1,750 15.1
SI Units
Stresses, MPa
Temp., °C UNS N06617
RT See Section II, Part D,
: Subpart 1, Table Y-1 for
525 Values up to 538°C
550 161
575 161
600 161
625 161
650 161
675 161
700 161
725 161
750 161
775 161
800 156
825 151
850 144
875 136
900 127
925 117
950 106
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Figure NH-1-14.6G
Minimum Stress-to-Rupture - Alloy 617
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Table HBB-I-14.6G
Expected Minimum Stress-to-Rupture Values, ksi (MPa), Alloy 617

U.S. Customary Units

Temp.,°F  1hr 10hr  30hr 100hr 300 hr 1,000 hr 3,000 hr 10,000 hr 30,000 hr 100,000 hr

800 81.7 81.7 81.7 81.7 81.7 81.7 81.7 81.7 81.7 81.7
850 81.1 81.1 81.1 81.1 81.1 81.1 81.1 81.1 81.1 81.1
900 80.5 80.5 80.5 80.5 80.5 80.5 80.5 80.5 80.5 75.3
950 79.8 79.8 79.8 79.8 79.8 79.8 79.8 79.3 69.4 60.0
1,000 79.2 79.2 79.2 79.2 79.2 79.2 74.2 63.8 55.6 47.7
1,050 77.5 77.5 77.5 71.5 71.5 69.2 60.0 51.3 44 4 379
1,100 75.7 75.7 75.7 75.7 66.1 56.2 48.4 41.1 354 30.0
1,150 73.4 73.4 73.4 62.8 53.9 45.6 39.1 33.0 28.2 23.8
1,200 70.5 70.5 61.2 51.5 439 36.9 314 26.4 22.4 18.8
1,250 67.3 59.3 50.4 42.1 358 29.8 253 21.1 17.8 14.8
1,300 63.5 49.1 41.5 34.5 29.1 24.1 20.3 16.8 14.1 11.7
1,350 58.2 40.6 34.1 28.1 23.6 19.4 16.3 134 11.2 9.2
1,400 48.7 335 28.0 23.0 19.1 15.7 13.0 10.6 8.8 7.2
1,450 40.6 27.6 229 18.7 15.5 12.6 104 8.4 7.0 5.6
1,500 33.9 22.8 18.8 15.2 12.5 10.1 8.3 6.7 5.5 4.4
1,550 28.2 18.7 154 12.4 10.1 8.1 6.6 53 4.3 34
1,600 23.5 154 12.6 10.0 8.2 6.5 5.3 4.2 34 2.7
1,650 19.6 12.6 10.3 8.1 6.6 5.2 4.2 33 2.6 2.1
1,700 16.3 10.4 8.4 6.6 5.3 4.1 3.3 2.6 2.1 1.6
1,750 13.5 8.5 6.8 5.3 4.2 3.3 2.6 2.0 1.6 1.2
SI Units
Temp., °C 1h 10 h 30h 100 h 300 h 1,000 h 3,000 h 10,000 h 30,000 h 100,000 h
425 564 564 564 564 564 564 564 564 564 564
450 560 560 560 560 560 560 560 560 560 560
475 555 555 555 555 555 555 555 555 555 551
500 552 552 552 552 552 552 552 552 519 449
525 548 548 548 548 548 548 548 486 425 366
550 541 541 541 541 541 536 466 400 347 297
575 531 531 531 531 521 445 385 328 284 241
600 518 518 518 503 434 369 317 269 231 196
625 504 504 498 421 361 305 261 220 188 159
650 485 485 419 352 300 252 215 180 153 128
675 465 413 352 294 250 208 177 147 125 104
700 443 349 295 245 207 172 145 120 101 84
725 417 294 247 205 172 142 119 98 82 67
750 358 247 207 170 142 117 97 80 66 54
775 305 208 173 142 118 96 80 65 54 43
800 259 175 145 118 97 79 65 53 43 35
825 220 147 121 98 80 65 53 43 35 28
850 186 123 101 81 66 53 43 35 28 22
875 158 103 84 67 55 43 35 28 23 18
900 134 87 70 56 45 36 29 23 18 14
925 113 72 58 46 37 29 23 18 14 11
950 96 61 48 38 30 24 19 15 12 9
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Table HBB-1-14.10F-1
Stress Rupture Factors for Alloy 617 Welded with ERNiCrCoMo-1

U.S. Customary Units SI Units
Temp., °F Ratio Temp., °C Ratio
800 1.0 425 1.0
850 1.0 450 1.0
900 1.0 475 1.0
950 1.0 500 1.0
1,000 1.0 525 1.0
1,050 1.0 550 1.0
1,100 1.0 575 1.0
1,150 1.0 600 1.0
1,200 1.0 625 1.0
1,250 1.0 650 1.0
1,300 1.0 675 1.0
1,350 1.0 700 1.0
1,400 1.0 725 1.0
1,450 1.0 750 1.0
1,500 0.8 775 1.0
1,550 0.8 800 1.0
1,600 0.8 825 0.8
1,650 0.8 850 0.8
1,700 0.8 875 0.8
1,750 0.8 900 0.8
925 0.8
950 0.8

Table HBB-I-14.11
Permissible Materials for Bolting
Not applicable for Alloy 617.
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NONMANDATORY APPENDIX HBB-T

RULES FOR STRAIN, DEFORMATION, AND FATIGUE LIMITS AT

ELEVATED TEMPERATURES

HBB-T-1300 DEFORMATION AND STRAIN LIMITS FOR STRUCTURAL
INTEGRITY

HBB-T-1320 SATISFACTION OF STRAIN LIMITS USING ELASTIC ANALYSIS
HBB-T-1321 General Requirements

(e) Paragraph HBB-T-1321 is not applicable to Alloy 617 above 1200°F (650 C).
HBB-T-1323 Test No. A-2

The following data are added to Table HBB-T-1323 for Alloy 617.

Table HBB-T-1323
Temperatures at Which S,,, = S; at 10° hr
Material Temp., °F (°C)
Alloy 617 1092 (589)

HBB-T-1324 Test No. A-3

The following data are added to Table HBB-T-1324 for Alloy 617.
Table HBB-T-1324
Values of the rand s Parameters

Material r s
Alloy 617 1.0 1.5

HBB-T-1330 SATISFACTION OF STRAIN LIMITS USING SIMPLIFIED INELASTIC
ANALYSIS

HBB-T-1331 General Requirements

(i) Paragraph HBB-T-1331is not applicable to Alloy 617 above 1200°F (650 C).

HBB-T-1340 SATISFACTION OF STRAIN LIMITS USING ELASTIC-PERFECTLY
PLASTIC ANALYSIS

HBB-T-1341 General Requirements

The strain limits of HBB-T-1310 and HBB-T-1713 are considered satisfied if the requirements of this

Subsubarticle are satisfied.

The design methodology employed for evaluation of strain limits is based on ratcheting analyses
using a small strain theory elastic-perfectly plastic material model where the yield stress is adjusted based
on a pseudo yield stress selected to bound accumulated inelastic strain. Guidance on ratcheting analysis is

provided in HBB-T-1346. In this Code Case, the term “pseudo yield stress” refers to a temperature-

dependent isochronous stress based on the total time duration of elevated temperature service and a target
inelastic strain, not to exceed the yield strength of the material at temperature and is explicitly defined in

HBB-T-1344.2.
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(a) This design methodology is not applicable to skeletal structures, e.g. a constant diameter bar with
uniform axial load throughout, nor to structures where geometrical non linearities exist, €.g. canopy or
omega seals.

HBB-T-1342 Load Definition

Define all applicable loads and load cases per HBB-3113.2 Service Loadings.

HBB-T-1342.1 Composite Cycle Definition. For the purpose of performing an elastic-
perfectly plastic ratcheting analysis, an overall cycle must be defined that includes all relevant features
from the individual Level A, B and C Service Loadings identified in the Design Specification. Relevant
features include, as a minimum, the time-dependent sequence of thermal, mechanical and pressure
loading, including starting and ending conditions. Such an overall cycle is defined herein as a composite
cycle subject to the following requirements.

(a) An individual cycle, as defined in the Design Specifications, cannot be further subdivided into
individual cycles to satisfy these requirements.

(b) Except as described in paragraph (c) below, a single cycle from each Level A, B and C Service
Loading cycle type shall be included in the composite cycle for evaluation of strain limits.

(c¢) Level C Service Loadings may be combined with the applicable Level A and B Service Loadings
to define an additional composite cycle(s) to be evaluated separately from the composite cycle defined in
paragraph HBB-T-1342.1. Multiple composite cycles that include Level C Service Loadings may be
defined for separate evaluation. The total number of Level C Service Loading cycles shall not exceed 25.

HBB-T-1343 Numerical Model

Develop a numerical model of the component, including all relevant geometry characteristics. The
model used for the analysis shall be selected to accurately represent the component geometry, boundary
conditions, and applied loads. The model must also be accurate for small details, such as small holes,
fillets, corner radii, and other stress risers. The local temperature history shall be determined from a
thermal transient analysis based on the thermal boundary conditions determined from the loading
conditions defined in HBB-T-1342.

HBB-T-1344 Requirements for Satisfaction of Strain Limits

Perform a ratcheting analysis for each of the composite cyclic histories defined in HBB-T-1342.1.
Each of these cyclic histories must be shown to be free from ratcheting based on the pseudo yield stress,
S.r, as defined in HBB-T-1344.2. In the following steps, inelastic strain for a particular stress, time and
temperature is obtained by subtracting the elastic strain from the total strain as given by the isochronous
stress strain curve at the same stress, time and temperature. Additional requirements for weldments are
shown in HBB-T-1345.

HBB-1344.1 Step 1. Define 7., as the total time duration of elevated temperature service
for all Level A, B, and C Service Loadings when the temperature is above 800°F (425°C).

HBB-T-1344.2 Step 2. Select a target inelastic strain, x, where 0 <x < g,,, and ¢,,, is equal to
0.01 for base metal or 0.005 for weldments. Define a pseudo yield stress, S,r, at each location, using the
temperature determined from the transient thermal analysis. This pseudo yield stress is equal to the lesser
of the quantities defined below in (a) and (b).

(a) The yield strength, S,, given in Table HBB-I-14.5 of this Code Case;

(b) The stress to cause x inelastic strain in time #g,, as determined from the isochronous stress strain
curves in HBB-T-1800 of this Code Case.
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HBB-T-1344.3  Step 3. Perform a cyclic elastic-perfectly plastic analysis for each composite
cycle defined in HBB-T-1342.1 above with temperature-dependent pseudo yield stress, S,r. If ratcheting
does not occur, obtain the plastic strain distribution throughout the component. The plastic strain, ¢, is
evaluated according to

o= B[(et < e (et w2(en ) 2(et f o2(e2)

P
Xy

(D

where the plastic strain components, &, € f , e €l € ;; and €~ , are those strains accumulated at the

end of the composite cycle.

HBB-T-1344.4  Step 4. Assess acceptability in accordance with (a) and (b) below by using the
plastic strains, &,, from Step 3. If the requirements of both (a) and (b) are satisfied, then the strain limits of
HBB-T-1310 for base metal and HBB-T-1713 for weldments are also considered satisfied. This condition
is illustrated in Figure HBB-T-1344(a).

(a) The requirement, x + &, < &,,,, must be satisfied at least at one point for all through-thickness
locations. As defined in Step 2, &,,, is equal to 0.01 for base metal or 0.005 for weldments. Failure of this
requirement is illustrated in Figure HBB-T-1344(b).

(b) The requirement, x + &, < €., must be satisfied at all points. The local strain limit, &4ca, 1S €qual
to 0.05 for base metal and 0.025 for weldments. Failure of this requirement is illustrated in Figure HBB-
T-1344(c).

(c) In order to proceed if either of the requirements of (a) or (b) above are not satisfied, return to Step
2 and select a smaller value of the target inelastic strain, x. If it is not possible to find a value of x that
does not ratchet and also satisfies the requirements of Step 4, then the loading conditions of HBB-T-1342
applied to the component configuration defined in HBB-T-1343 do not meet the requirements of HBB-T-
1340.
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Figure HBB-T-1344 Strain Limits Pass/Fail Criteria lllustrated

x+eg, <&, Epe <XTE, < &l X+E, > Eppey

ave

HBB-T-1345 Weldments

Implementation of the strain limits for weldments defined above in HBB-T-1344 requires additional
consideration.

HBB-T-1345.1 Weld Region Model Boundaries. The weld shown in Figure HBB-T-1345
represents a general full-penetration butt weld in a shell. Other weld configurations are needed for
construction of an elevated temperature component in accordance with Subsection HB, Subpart B. HBB-
4200 refers to various NB-4000 paragraphs for weld configurations and requirements. These NB-4000
weld configurations are represented by the shaded region.

Figure HBB-T-1345 shows a full-penetration butt weld as an example. As shown, w; and w,, as
needed to define the weld region for use of this Case, are approximations consistent with the specified
weld configuration and parameters. The specified weld region must include applicable stress
concentrations in accordance with the requirements for analysis of geometry, HBB-T-1714.

Figure HBB-T-1345 Weld Region Model Boundaries

Flush ground

T I
\\ /I Effective modeling
\ I/ edges of the weld

Stress concentration if
w, applicable per HBB-T-1714
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HBB-T-1345.2. Geometry. The requirements for analysis of geometry of subparagraph HBB-
T-1714 of Subsection HBB are applicable for satisfaction of the requirements of this Code Case.

HBB-T-1345.3. Physical Properties. The thermal/physical properties of weldments shall be
assumed to be the same as the corresponding base metal for the base metal-weld combinations listed in
Table HBB-I-14.10F-1.

HBB-T-1345.4 Dissimilar Metal Welds. Requirements for dissimilar metal welds are in the
course of preparation.

HBB-T-1346 Ratcheting Analysis

The steps to perform a ratcheting analysis to demonstrate compliance with strain limits are as follows:
(a) Define Composite Cycle Load Time-Histories and Analysis Step(s).

(1) It may consist of histories of mechanical loads, pressure loads, displacements, temperatures
and thermal boundary conditions.

(2) Time-independent parts of the cycle may be truncated because the elastic-perfectly plastic
analysis is not time-dependent.

(3) The cycle should not have discontinuities. Discontinuities arising from the selection of the
specified cycles to form a composite cycle should be eliminated by a simple and reasonable transition
from one operating state to the next.

(4) Subject to the requirements in (b) below, the composite cycle time does not affect the result of
the ratcheting analysis.

(5) Temperatures, thermal boundary conditions, boundary displacements and mechanical loads
over a cycle should be cyclic; that is, begin and end at the same value.

(6) A single analysis step may represent one cycle. Dividing a single cycle into more than one
step to facilitate definition of the load cycle, and to ensure that maximum loads are analyzed, is often
helpful.

(b) Define Analysis Types.

(1) A sequentially coupled thermal-mechanical analysis of the composite cycle may be
performed. First, a thermal analysis is performed to generate temperature histories. Next, the mechanical
analyses are performed using these temperature histories as inputs. Care must be taken that times in the
mechanical analysis step and in the previous thermal analysis are the same or do not conflict, depending
on the requirements of the analysis software.

(2) Alternatively, a coupled thermal-mechanical analysis may be performed. The composite
temperature history to be used in the mechanical analysis should be cyclic, that is the beginning and end
temperature distributions should be the same.

(c) Define Material Properties.

(1) For the thermal analyses, density, and temperature-dependent specific heat and conductivity
will generally be required.

(2) For the mechanical analyses, the temperature-dependent properties required are elastic
modulus, Poisson’s ratio and mean expansion coefficient. Density may also be required.

(3) In addition, the mechanical analyses temperature-dependent yield stress will need to be
adjusted based on the selected pseudo yield stress, S,7, defined in HBB-T-1344.2.

(d) Perform Analyses.
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(1) Perform an elastic-perfectly plastic cyclic mechanical and thermal stress analysis using the
temperature-dependent pseudo yield stress defined above. Enough cycles are required to demonstrate
ratcheting or the absence of ratcheting.

(2) Care must be taken to ensure that the analysis deals with all the changes within a cycle.
Elastic-plastic analysis routines increase increment size where possible, and may miss a detail in the
loading. A conservative limit to maximum increment size can address this problem, as can division of the
cycle into more than one step, as discussed in (a)(6) above.

(e) Detect Ratcheting.

(1) Ratcheting is defined as repeated non-cyclic deflections, that is between the beginning and
end of a cycle, a repeated finite displacement change occurs somewhere in the structure.

(2) Detecting ratcheting is most easily done by plotting nodal deflections over time. Cyclic
(repeated) behavior indicates non-ratcheting. History plots of equivalent plastic strains will also identify
ratcheting.

HBB-T-1400 CREEP - FATIGUE EVALUATION
HBB-T-1410 GENERAL REQUIREMENTS
HBB-T-1411 Damage Equation

The following Alloy 617 data are added to Table HBB-T-1411-1.

Table HBB-T-1411-1
I
Material Elastic Analysis Inelastic Analysis
Alloy 617 0.9 0.67

HBB-T-1420 LIMITS USING INELASTIC ANALYSIS

(b) The fatigue damage term of Equation HBB-T-1411(10) is evaluated by entering a design fatigue
curve at the strain range ¢,. The strain range ¢, is defined as €,= Ae¢,,,, ; where A¢,,, is the value calculated
in either HBB-T-1413 or HBB-T-1414. The appropriate design fatigue curve for Alloy 617 is Figure
HBB-T-1420-1F and corresponds to the maximum metal temperature experienced during the cycle.

(c¢) The total damage, D, shall not exceed the creep-fatigue damage envelope in Figure HBB-T-1420-
2 of this Code Case.
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Strain Range, ¢, in./in. (m/m)

Figure HBB-T-1420-1F Design Fatigue Strain Range, ¢;, for Alloy 617
1.E-01

\‘~ ) o
\ ~_ < 800°F (425°C)
1.E-02 o
~ \\ N
AN —— T r——
\\\~" Ll N
e ::___---\_—----..\~- --::_
LEO3 — 1300|°|F| (||7|0|4°C|)_F ya & S:: -E;
1600°F (87|1 °IC)IT' p
1750°F (954°C)—
HHHH
Cyclic Strain Rate: 4 x 103 in./in./sec (m/m/s)
1‘E_04 L1 1111l 1 L1 1 11111 1 L1 1 11111 1 11 11
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
Number of Allowable Cycles, N,
Strain Range, &, in./in. at Temperature
Number of Cycles, U.S. Customary Units
N, [Note (1)] 800°F 1,300°F 1,600°F 1,750°F

1.E+01 0.05007 0.01663 0.01445 0.01382

2.E+01 0.03621 0.01130 0.00934 0.00876

4 E+01 0.02681 0.00804 0.00628 0.00574

1.E+02 0.01846 0.00552 0.00400 0.00352

2.E+02 0.01421 0.00439 0.00302 0.00258

4 E+02 0.01123 0.00363 0.00240 0.00199

1.E+03 0.00842 0.00296 0.00190 0.00154

2.E+03 0.00686 0.00260 0.00166 0.00132

4.E+03 0.00570 0.00232 0.00148 0.00118

1.E+04 0.00453 0.00203 0.00131 0.00104

2.E+04 0.00396 0.00185 0.00121 0.00096

4 E+04 0.00340 0.00169 0.00112 0.00089

1.E+05 0.00289 0.00150 0.00103 0.00082

2.E+05 0.00254 0.00138 0.00096 0.00077

4 E+05 0.00194 0.00127 0.00090 0.00073

1.E+06 0.00146 0.00113 0.00083 0.00068

Strain Range, &, m/m at Temperature
Number of Cycles, ST Units
N, [Note (1)] 425°C 704°C 871°C 950°C

1.E+01 0.05007 0.01663 0.01445 0.01382

2.E+01 0.03621 0.01130 0.00934 0.00876

4 E+01 0.02681 0.00804 0.00628 0.00574

1.E+02 0.01846 0.00552 0.00400 0.00352

2.E+02 0.01421 0.00439 0.00302 0.00258

4 E+02 0.01123 0.00363 0.00240 0.00199

1.E+03 0.00842 0.00296 0.00190 0.00154

2.E+03 0.00686 0.00260 0.00166 0.00132

4.E+03 0.00570 0.00232 0.00148 0.00118

1.E+04 0.00453 0.00203 0.00131 0.00104

2.E+04 0.00396 0.00185 0.00121 0.00096

4 E+04 0.00340 0.00169 0.00112 0.00089
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1.E+05 0.00289 0.00150 0.00103 0.00082

2.E+05 0.00254 0.00138 0.00096 0.00077

4.E+05 0.00194 0.00127 0.00090 0.00073

1.E+06 0.00146 0.00113 0.00083 0.00068
NOTE:

(1) Cyclic strain rate: 4 x 10 in./in./sec (1 x 10” m/m/s)

Figure HBB-T-1420-2
Creep-Fatigue Damage Envelope
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HBB-T-1430 LIMITS USING ELASTIC ANALYSIS
HBB-T-1431 General Requirements

(e) Paragraph HBB-T-1431 is not applicable to Alloy 617 above 1200°F (650 C).
HBB-T-1435 Alternate Creep-Fatigue Evaluation

(a) The reference to Section III Appendices, Mandatory Appendix I is replaced by Figure HBB-T-
1420-1F, where S, is one-half the product of ¢, and Young’s Modulus, E, at the metal temperature of the
cycle for the point under consideration.
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HBB-T-1440 LIMITS USING ELASTIC-PERFECTLY PLASTIC ANALYSIS
HBB-T-1441 General Requirements

Fatigue and cyclic creep damage may be evaluated using elastic-perfectly plastic material models
instead of the procedures of HBB-T-1420, HBB-T-1430 and HBB-T-1715, when performed in
accordance with the requirements of this Subsubarticle.

The design methodology employed for evaluation of creep damage is based on elastic shakedown
analyses using an elastic-perfectly plastic material model, small strain theory and a pseudo yield stress
selected to bound creep damage. In this Subsubarticle, “shakedown” refers to the achievement of cyclic
elastic behavior throughout the part, based on real or pseudo yield stress. In this Code Case, the term
“pseudo yield stress” refers to a temperature-dependent minimum stress-to-rupture value based on a
selected trial time duration, not to exceed the yield strength of the material at temperature and is explicitly
defined in HBB-T-1444.2. Guidance on shakedown analysis is provided in HBB-T-1447.

HBB-T-1441.1. Allowable Damage Accumulation. The combination of Levels A, B, and C
Service Loadings shall be evaluated for accumulated creep and fatigue damage, including hold time and
strain rate effects. For a design to be acceptable, the creep and fatigue damage at each point in the
component shall satisfy the following relation:
<D (2)
where

D = total creep-fatigue damage as limited by Figure HBB-T-1420-2 of this code case
D, = creep damage as determined in paragraph HBB-T-1444, below
D;= fatigue damage as determined in paragraph HBB-T-1445, below

HBB-T-1442 Load Definition

Define all applicable loads and load cases per HBB-3113.2 Service Loadings.

HBB-T-1442.1 Composite Cycle Definition. For the purpose of performing an elastic-
perfectly plastic shakedown analysis, an overall cycle must be defined that includes all relevant features
from the individual Level A, B and C Service Loadings identified in the Design Specification. Relevant
features include, as a minimum, the time-dependent sequence of thermal, mechanical and pressure
loading, including starting and ending conditions. Such an overall cycle is defined herein as a composite
cycle subject to the following requirements.

(a) An individual cycle as defined in the Design Specifications cannot be further subdivided into
individual cycles to satisfy these requirements.

(b) Except as described in (c) below, a single cycle from each Level A, B and C Service Loading
cycle type shall be included in the composite cycle for evaluation of creep-fatigue.

(c) Level C Service Loadings may be combined with the applicable Level A and B Service Loadings
to define a composite cycle(s) to be evaluated separately from the composite cycle defined in (b) above.
Multiple composite cycles that include Level C Service Loadings may be defined for separate evaluation.
The total number of Level C Service Loading cycles shall not exceed 25.
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HBB-T-1443 Numerical Model

Develop a numerical model of the component, including all relevant geometry characteristics. The
model used for the analysis shall be selected to accurately represent the component geometry, boundary
conditions, and applied loads. The model must also be accurate for small details, such as small holes,
fillets, corner radii, and other stress risers. The local temperature history shall be determined from a
thermal transient analysis based on the thermal boundary conditions determined from the loading
conditions defined in paragraph HBB-T-1442.

HBB-T-1444 Calculation of Creep Damage

Perform a shakedown analysis for each of the composite cyclic histories defined in HBB-T-1442.1.
Each of these cyclic histories must be shown to shakedown based on the pseudo yield stress, Sz, as
defined in HBB-T-1444.2. Additional requirements for welds are found in HBB-T-1446.

HBB-T-1444.1 Step 1. Define #44;, as the total time duration of elevated temperature service
for all Level A, B, and C Service Loadings when the temperature is above 800°F (425°C).

HBB-T-1444.2  Step 2. Seclect a trial time duration, Tg", in order to define a pseudo yield stress,
Sra., at each location, using the temperature determined from the transient thermal analysis. This pseudo
yield stress is equal to the lesser of the quantities defined below in (a) and (b) below.

(a) The yield strength S, given in Table HBB-I-14.5 of this Code Case;

(b) S,, where S, is the minimum stress to rupture in time, 7d', from Figure HBB-I-14.6G multiplied by
the factor, K', from Table HBB-T-1411-1 of this Code Case, using the tabulated values for Elastic
Analysis.

HBB-T-1444.3  Step 3. Perform a cyclic elastic-perfectly plastic analysis for each composite
cycle defined in HBB-T-1442 above with temperature-dependent pseudo yield stress, S7q. The
assessment temperature shall be taken as the local instantaneous temperature at every location in the
numerical model of the component. If shakedown occurs, that is, cycles with eventual elastic behavior
everywhere, proceed to HBB-T-1444 4.

HBB-T-1444.4  Step 4. The maximum creep damage over the structure for the composite cycle
under consideration is:

D, = Mo )
T
The above value of D, is used to evaluate total damage in Equation (2). If the pseudo yield stress in
HBB-T-1444.2 Step 2 is governed by the yield strength as defined in HBB-T-1444.2(a), then the trial
time duration for use in Equation (2) is given by the time at which the minimum stress to rupture is equal
to the yield strength; S, = S,. Linear extrapolation of S, values corresponding to the two longest tabulated
times can be used to obtained the trial time duration, when necessary.

(a) Steps 2, 3 and 4 may be repeated to revise the value of D, by selecting alternative values of the
trial time duration, 7,". Longer values of T, will reduce the calculated creep damage. However, these
longer values will lead to lower values of the pseudo yield stress, Sz, which will make shakedown more
difficult to achieve. If it is not possible to achieve shakedown, then the loading conditions of HBB-T-
1442 applied to the component configuration defined in HBB-T-1443 do not meet the requirements of
HBB-T-1440.

HBB-T-1445 Calculation of Fatigue Damage

The fatigue damage summation, Dy, in Equation (2) is determined in accordance with Steps 1 through
3 below. Additional requirements for welds are found in HBB-T-1446.
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HBB-T-1445.1  Step 1. Determine all of the total (elastic plus plastic) strain components for the
composite cycle at each point of interest from the shakedown analysis performed in Step 3 of HBB-T-
1444.3 above.

HBB-T-1445.2  Step 2. Calculate the equivalent strain range in accordance with HBB-T-1413,
or HBB-T-1414 when applicable, with Poisson’s ratio v* = (.3.

HBB-T-1445.3  Step 3. Determine the fatigue damage for each composite cycle from the
expression:

n

D, = Z j )

~(N,),

where

n; = number of applied repetitions of cycle type, j

(N,); = number of design allowable cycles for cycle type, j, determined from Figure HBB-T-1420-1F,
corresponding to the maximum metal temperature occurring during the cycle.

The value of Dyused to evaluate total damage in Equation (2) is the maximum value at any location in
the numerical model.

HBB-T-1446 Weldments

Implementation of the evaluation of creep-fatigue damage in HBB-T-1444 and HBB-T-1445 above
for weldments requires additional consideration.

HBB-T-1446.1 Pseudo Yield Stress. In the weld region, the pseudo yield stress value, Stq,
defined by T4'in HBB-1444.2 is reduced further by multiplying the value of S, for the base metal by the
applicable weld strength reduction factor from Table HBB-I-14.10F-1.

HBB-T-1446.2  Allowable Cycles. The number of allowable cycles, (N,);, in the weld region
is one-half the number of allowable cycles from Figure HBB-T-1420-1F for base metal.

HBB-T-1446.3 Geometry. The requirements for analysis of geometry of HBB-T-1714, are
applicable for satisfaction of the requirements of this Code Case.

HBB-T-1446.4 Physical Properties. The thermal/physical properties of weldments shall be
assumed to be the same as the corresponding base metal for the base metal-weld combinations listed in
Table HBB-I-14.10F-1.

HBB-T-1446.5 Weld Region Model Boundaries. The weld shown in Figure HBB-T-1446
represents a general full-penetration butt weld in a shell. Other weld configurations are needed for
construction of an elevated temperature component in accordance with Subsection HB, Subpart B. HBB-
4200 refers to various NB-4000 paragraphs for weld configurations and requirements. These NB-4000
weld configurations are represented by the shaded region.

Figure HBB-T-1446 shows a full-penetration butt weld as an example. As shown, w; and w,, as needed to
define the weld region for use of this Code Case, are approximations consistent with the specified weld
configuration and parameters. The specified weld region must include applicable stress concentrations in
accordance with the requirements for analysis of geometry, HBB-T-1714.
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Figure HBB-T-1446 Weld Region Model Boundaries

w,
/1 Flush ground
T I
\\ // Effective modeling
\ /l edges of the weld

Stress concentration if
w, applicable per HBB-T-1714

HBB-T-1446.6  Dissimilar metal welds. The requirements for dissimilar metal welds are in
the course of preparation.

HBB-T-1447 Shakedown Analysis

The steps to perform a shakedown analysis to calculate bounding cyclic creep damage are as follows:
(a) Define Composite Cycle Load Time-Histories and Analysis Step(s).

(1) It may consist of histories of mechanical loads, pressure loads, displacements, temperatures
and thermal boundary conditions.

(2) Time-independent parts of the cycle may be truncated because the elastic-perfectly plastic
analysis is not time-dependent.

(3) The cycle should not have discontinuities. Discontinuities arising from the selection of the
specified cycles to form a composite cycle should be eliminated by a simple and reasonable transition
from one operating state to the next.

(4) Subject to the requirements in (b) below, the composite cycle time does not affect the result of
the shakedown analysis.

(5) Temperatures, thermal boundary conditions, boundary displacements and mechanical loads
over a cycle should be cyclic; that is, begin and end at the same value.

(6) A single analysis step may represent one cycle. Dividing a single cycle into more than one
step, to facilitate definition of the load cycle, and to ensure that maximum loads are analyzed, is often
helpful.

(b) Define Analysis Types.

(1) A sequentially coupled thermal-mechanical analysis of the composite cycle may be
performed. First, a thermal analysis is performed to generate temperature histories. Next, the mechanical
analyses are performed using these temperature histories as inputs. Care must be taken that times in the
mechanical analysis step and in the previous thermal analysis are the same or do not conflict, depending
on the requirements of the analysis software.

(2) Alternatively, a coupled thermal-mechanical analysis may be performed. The composite
temperature history to be used in the mechanical analysis should be cyclic, that is the beginning and end
temperature distributions should be the same.

(c) Define Material Properties.

(1) For thermal analyses, density, temperature-dependent specific heat and conductivity will
generally be required.
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(2) For the mechanical analyses, the temperature-dependent properties required are elastic
modulus, Poisson’s ratio and mean expansion coefficient. Density may also be required.

(d) Perform Analyses.

(1) Perform an elastic-perfectly plastic cyclic mechanical and thermal stress analysis using the
temperature-dependent pseudo yield property defined above. Enough cycles are required to demonstrate
shakedown or otherwise.

(2) Care must be taken to ensure that the analysis deals with all the changes within a cycle.
Elastic-plastic analysis routines increase increment size where possible, and may miss a detail in the
loading. A conservative limit to maximum increment size can address this problem, as can division of the
cycle into more than one step, as discussed in (a)(6) above.

(e) Shakedown.

(1) Shakedown is defined in this Code Case as eventual elastic behavior everywhere in the model.
Failure to achieve shakedown may be identified by plotting history plots of equivalent plastic strain.
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HBB-T-1800 ISOCHRONOUS STRESS - STRAIN RELATIONS

HBB-T-1810 OBJECTIVE

Figures HBB-T-1800-F-1 through HBB-T-1800-F-20 of this Code Case provide graphs giving
isochronous stress-strain curves, each graph being for Alloy 617 at a specific temperature. The graphs are
intended to provide the designer with information regarding the total strain caused by stress under
elevated temperature conditions, assuming average material properties.

HBB-T-1820 MATERIALS AND TEMPERATURE LIMITS

Data for Alloy 617 is added to Table HBB-T-1820-1 as indicated below.
Table HBB-T-1820-1

Material Maximum Temperature
Temp., °F (°C) Increment, °F (°C)
F  Alloy 617 1,750 (950) 50 (28)

40



Stress, 1,000 psi (MPa)

40 (276)

35 (241)

30 (207)

25(172)

20(138)

15 (103)

10 (69)

5 (34)

0

Figure HBB-T-1800-F-1

Average Isochronous Stress-Strain Curves

—1 Hot tensile
'/-"..—i"'
/ e |
Material - Alloy 617
Temperature - 800°F (427°C)
I I I I I
00 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Strain, %
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-2
Average Isochronous Stress-Strain Curves
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0
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Stress, 1,000 psi (MPa)

40 (276)

35 (241)

30(207)
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20(138)
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5 (34)
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Figure HBB-T-1800-F-3

Average Isochronous Stress-Strain Curves

_— Hot tensile
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Temperature - 900°F (482°C)
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-4
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-5
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-6
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-7
Average Isochronous Stress-Strain Curves

— Hot tensile
.-"'"-—_
—T L —130,000hr
/-—'/
//
/,/ | 100,000 hr
--""""-"-
.d-""-..
|
/ /
/ |
Material - Alloy 617
Temperature - 1,100°F (593°C)
| I | | I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Strain, %

47




Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-8

Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-9

Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-10
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-12

Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-13

Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-14
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-15
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-17
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)

Figure HBB-T-1800-F-18
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-19
Average Isochronous Stress-Strain Curves
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Stress, 1,000 psi (MPa)
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Figure HBB-T-1800-F-20
Average Isochronous Stress-Strain Curves

28(193)

Material - Alloy 617
Temperature - 1,750°F (954°C)

26(179)

24 (165)

22 (152)

20(138)

18 (124)

16 (110)

14 (96)

12 (83)

10 (69)

8(55)

6(41)

.u-'f

4(28)

]
--""""'—

2 (14)

A

—

=
~J-100,000 hr T>— 30,000 hr

0
0.0

1.0 1.2 16 1.3

Strain, %

02 04 06 08 1.4

20 2.

Hot tensile

1hr

10 hr

30 hr

100 hr

300 hr
1,000 hr
3,000 hr

10,000 hr

2

60




APPENDIX 2
BACKGROUND FOR DRAFT CODE CASE: USE OF

ALLOY 617 (UNS N06617) FOR CLASS A ELEVATED
TEMPERATURE SERVICE CONSTRUCTION

61



62



APPENDIX 2

BACKGROUND FOR DRAFT CODE CASE: USE OF
ALLOY 617 (UNS N06617) FOR CLASS A ELEVATED
TEMPERATURE SERVICE CONSTRUCTION

INTRODUCTION

The ASME Task Group on Alloy 617 Qualification is requesting an ASME Boiler and Pressure
Vessel, Section III, Division 5 Code Case for Alloy 617 (UNS N06617) 52Ni-22Cr-13Co-9Mo to allow
construction of components conforming to the requirements of Section III, Division 5, Subsection HB,
Subpart B “Elevated Temperature Service” for service when Service Loading temperatures exceed the
temperature limits established in Subsection HA, Subpart A.

Labeling in this document follows that of corresponding labeled paragraphs of the Alloy 617 Code
Case. Labeling also follows that of Section III, Division 5, Subsection HB, Subpart B “Elevated
Temperature Service” except where additional or new requirements have resulted in new numbered
paragraphs of the Code Case. Values for mechanical and physical properties have been determined for
Alloy 617 and are detailed in this technical justification, following the numbering of Section II, Part D.

PHYSICAL PROPERTY TABLES
TE — THERMAL EXPANSION

Thermal expansion of four heats of Alloy 617 was measured using a Netzsch dilatometer over the
temperature range 20 to 1000°C.' Measured Al/l, values are shown in Figure 1. It can be seen in the
figure that the values are similar for the four materials (three Alloy 617 plates and one sample from a
GTAW weld made with Alloy 617 wire), and the data are well represented by a third-order polynomial
fit. The polynomial expression for Al/ly in SI units was used to calculate the corresponding Al/ly values in
customary units.

The equations for thermal expansion in customary and SI units are:

% = 3.97430782830011E — 10 T3 + 7.77368917626926F — 07 T? + 0.0082967491323776 T +

0
—0.567898459832691  in./(100 ft)
and

% = 1.93151E — 09T3 + 2.20191E — 06 T?> + 0.012521582T + —0.251327866 mm/m

0
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Figure 1. Change in length/initial length (mm/m) for four heats of Alloy 617 modeled with a third-
order polynomial fit.
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Comparable data are not available in the literature for Alloy 617 for comparison. There are values
currently in ASME Code Section II, Part D Table TE-4 for similar nickel-based solid-solution alloys. In
Figure 2 the measured Al/l, values' are compared to values from Table TE-4 for Haynes 230 and
Hastelloy X. It can be seen that the values are comparable.

Figure 2. Alloy 617 Al/l, behavior calculated from the polynomial fit to experimental data compared
to Code values for similar Ni-based solid-solution alloys.
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Mean Coefficient of Thermal Expansion (CTE) values from 20°C (70°F) were calculated from the
Al/ly polynomial fit. There are two older sets of comparable mean CTE values: vendor datasheets that
appear to have been determined by Huntington Alloys (now Special Metals Corporation (SMC))? during
development of the alloy, and the draft ASME Alloy 617 Code Case submitted in 1992, although the
origin of the data in that draft Code Case is not clear. A comparison of measured values' and historical
values is shown in Figure 3. For this comparison, only values for customary units are shown, since it is
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believed that the original experiments were carried out using customary units and the method for
subsequent conversion to SI units is not specified.

Figure 3. Mean CTE (linear expansion from 70°F to temperature of interest) for experiments
compared to values from vendor datasheet and from 1992 draft Alloy 617 Code Case.
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A comparison to ASME Code Section II, Part D Table TE-4 values for the nickel-based solid

solutions Haynes 230 and Hastelloy X is shown in Figure 4. There is reasonable agreement between these
alloys and Alloy 617.
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Figure 4. Mean CTE (linear expansion from 20°C to temperature of interest) for current
experiments compared to Code values for two similar Ni-based solid-solution alloys from Section II,
Part D Table TE-4.
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The instantanecous CTE was calculated using the derivative of the polynomial fit to the Al/ly data from
20-1000°C (70—1800°F). Independent measurements for this alloy have not been found in the literature.
Figure 5 shows instantaneous CTE for experiments using the fit to data shown in Figure 1compared to
ASME Code Section II, Part D Table TE-4 values for two similar Ni-based solid-solution alloys in SI
units. As was shown above for mean CTE values, the agreement is quite good.

Figure 5. Instantaneous CTE for current experiments using fit to data shown in Figure 1 compared
to Code values for two similar Ni-based solid-solution alloys.

24
g
o 22 - o
2 \g
£ *»*
E 20 + ”
\ 4
£ $¥
E 18 - o
H L
X 16 - amaa®*
25)
3
2 14 1 + Alloy 617
@ W Haynes 230
£, ¥ Y
o= Hastelloy X
5
E 10 T T T T 1
= 0 200 400 600 800 1000
Temperature, °C

66



TCD — THERMAL CONDUCTIVITY AND THERMAL DIFFUSIVITY

Thermal diffusivity was measured for the same four Alloy 617 heats noted in Section TE, from 20 to
1000°C using a Netzsch laser flash system.' The experimental values are shown in Figure 6. A two-piece
third-order polynomial fit is used to describe the experimental data due to the deviation from monotonic
behavior in the region of 750°C. This local maximum appears to be the result of Ni-Cr clustering.' The
polynomial fit to the diffusivity data in SI units was used to calculate the values in customary units. The
equations describing the thermal diffusivity in customary and SI units are given by:

Dif fusivity * 10"6
{1.58E —11T3 + —3.28872E — 08 T? + 8.4945E — 05T + 0.10597 T < 1292°F

—3.16947E — 10T3 + 1.61693E — 06T2 + —0.002685705 T + 1.649358103 T > 1292°F
Diffusivity units are ft*/hr

Dif fusivity * 10"6
{2.38191E —09T3 + —2.62275E — 06T?2 + 0.003850314T + 2.804066484 T <700°C

—4.77014E — 08T3 + 0.000132652T2 + —0.119993352T + 40.38858886 T > 700°C
Diffusivity units are m*/s

Figure 6. Thermal diffusivity for four heats of Alloy 617 showing two-piece cubic fit.
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The heat capacity of the four Alloy 617 heats was measured using a Netzsch calorimeter, and the
temperature corrected density can be calculated from the ASME Code Section II, Part D Table PRD
density and the thermal expansion data shown above. The thermal conductivity is the product of the
diffusivity, temperature corrected density, and heat capacity. Like thermal diffusivity, fitting the thermal
conductivity required a three piece second-order polynomial. Values calculated for Alloy 617 by this
means are shown in Figure 7 in SI units along with data from the SMC vendor datasheet” for comparison.
The vendor datasheet notes thermal conductivity is calculated from electrical resistivity. It is not clear if
the difference in calculation method is the sole reason why the vendor data do not include the perturbation
from monotonic behavior in the region of 750°C. The equations for thermal conductivity in customary
and SI units are:
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(—1.11733E — 06T? + 0.006781195T + 5.590050435 T < 1022°F
Conductivity = { —5.75819E — 05T2 + 0.14626978T — 77.99098851 1022 < T < 1292°F

1.42631E — 05T?% + —0.041194455T + 44.28465926 T > 1292°F

Conductivity units are BTU/(hr-ft-°F)

{ —6.2655E — 06T2 + 0.020902839T + 10.04848217 T <550°C
Conductivity = { —0.000322895T2 + 0.444196901T + —126.982849 550 < T <700°C
k7.99813E —05T?+ —0.125490253T + 74.38879386 T > 700°C

Conductivity units are W/(m-°C)

Figure 7. Thermal conductivity for Alloy 617 showing a three-piece fit to data calculated from
thermal diffusivity and heat capacity compared to data from Alloy 617 vendor datasheet calculated
from electrical resistivity.
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The SMC vendor datasheet’ was the only source of historical information on thermal conductivity
available in the literature specifically for Alloy 617. In Figure 8, a comparison is shown between the
measured thermal conductivity' and values in ASME Code Section II, Part D Table TCD for comparable
nickel solid-solution alloys. While there is reasonable agreement for many temperatures, it is again not
clear why the other data do not include the perturbation from monotonic behavior in the region of 750°C.
Note that the heat capacity also exhibits a deviation from monotonic behavior, but over a slightly different
temperature range compared to that for the thermal diffusivity. As a result, the temperature range of non-
monotonic behavior shown by the thermal conductivity extends over approximately 200°C. Although the
deviation is not shown in either the vendor datasheet for Alloy 617° or in Section II, Part D for the other
nickel solid solutions, the magnitude of the local peak in conductivity is nearly 20% compared to a
monotonic curve, and the local peak lies within the temperature range where it is anticipated that Alloy
617 will be used for nuclear heat exchanger design.
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Figure 8. Thermal conductivity of Alloy 617 compared to values from Section I, Part D, Table
TCD for Haynes 230 and Hastelloy X.
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TM — MODULUS OF ELASTICITY

Extension of Elastic Modulus Values from Section Il, Part D to Higher Temperature

Elastic modulus values for Alloy 617 are currently included in Section I, Part D of the ASME Code
(Table TM-4 and TM-4M) for temperatures up to 1500°F (850°C). The temperature range for elastic
modulus values must be increased to 1800°F (1000°C) to allow use of this alloy in Section III, Division 5
for design in high temperature gas-cooled nuclear reactors. The basis for increasing the temperature range
of elastic modulus values is twofold. The elastic modulus values currently in Table TM-4 were
extrapolated to 1000°C using a third-order polynomial fit to the tabulated values. The results of recent
experiments’ on two heats of Alloy 617 carried out to determine the dynamic elastic modulus as a
function of temperature using the resonant frequency in the flexural mode of vibration were used to
validate this extrapolation. Measurements were carried out as a function of temperature up to 1000°C on
one heat in plate product form and one heat in rod product form.

The experimental results and extrapolation using the third-order polynomial fit are shown in Figure 9.
Note that there are some gaps in the experimental data due to higher order modes of flexural resonant
frequency observed at some temperatures; however, the data are nearly continuous in the higher
temperature range that is of most interest in supporting the extrapolation. It can be seen from Figure 9 that
the experimental results and the extrapolation of Table TM-4 values are in close agreement.
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Figure 9. Elastic modulus as a function of temperature (°C) comparing resonant frequency
experiments, Code values, and a third-order polynomial fit of the Code values.

220
Sample 1
<  Sample 2
200 | ¢ ® Current ASME Code
calc from fit 3rd order
1 1 TSy Poly. (Current ASME Code)
(T
a
(C]
5 160 -
=
3 e
= 8%,
R
2 140 .
8 b
o »
120 -
y =-3.083E-08x3 + 1.080E-05x2 - 5.180E-02x + 2.016E+02
R?=9,989E-01
100 T T T T 1
0 200 400 600 800 1000

Temperature, °C

The three orange points in the figure represent the proposed numerical values of elastic modulus for
temperatures of 900, 950 and 1000°C, calculated from the polynomial fit. Elastic modulus values in
customary Fahrenheit temperature units have also been calculated from this third-order polynomial fit.
Proposed values are shown in Table TM of this Code Case for the entire temperature range from ambient
to 1800°F and 1000°C. Note that the values used up to 1500°C (850°C) are unchanged from current
ASME Code Section I, Part D Table TM-4 (TM-4M) values.
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ARTICLE HBB-2000

MATERIAL
HBB-2100

HBB-2160 DETERIORATION OF MATERIAL IN SERVICE

The language with respect to the currently allowed Code materials has been carried over into this
section of the Code Case. Note that the proposed aging factor for Alloy 617 is 1.0.
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ARTICLE HBB-3000
DESIGN

HBB-3200 DESIGN BY ANALYSIS

HBB-3220 DESIGN RULES AND LIMITS FOR LOAD-CONTROLLED STRESSES IN
STRUCTURES OTHER THAN BOLTS

HBB-3225 Level D Service Limits
HBB-3225-1 Tensile Strength Values S,

The New Material Data Analysis (NDMA) Excel spreadsheet for time-independent material
properties* was used to analyze tensile data for T > 525°C. The elevated temperature data are a
compilation from older sources (Huntington, ORNL) and newer sources (INL, CEA). At T < 525°C the
current ASME Code values from Section II, Part D, Table U were used as input. A fifth-order polynomial
was fit to the combination of Code values for T < 525°C and tensile data for T > 525°C.

Tensile strength values from the curve fit are only used above 525°C.

Tensile strength values (5,) from Section II, Part D, Table U for Alloy 617 have been used up to
1000°F (525°C), rather than the curve fit.

Proposed values are shown in Figure 10.
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Figure 10. S, for Alloy 617 in customary and SI units.
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HBB-3225-2 Tensile and Yield Strength Reduction Factor Due to Long Time Prior
Elevated Temperature Service

ASME Code Section III, Division 5, Subsection HB, Subpart B Table HBB-3225-2 lists tensile and
yield strength factors due to long time prior elevated temperature service. Although “long time” is not
defined, a reduction factor is required for service at and above a given temperature for the three austenitic
materials permitted in Subsection HB, Subpart B.

Room temperature tensile properties for alloy 617 aged at temperatures up to 800°C show that the
yield and ultimate tensile strengths actually increase slightly after aging in the range of 100 to 10,000
hours. Data from Ren and Swindeman’ for 593, 649, 704, and 760°C are shown in. Figure 11 These data
are confirmed by recent INL data’ for plate aged at 650 and 750°C for up to 32,000 hours, and at 800°C
for 100 and 1000 hours (also plotted in Figure 11. All data show a slight increase in yield and ultimate
tensile strength upon aging.

Figure 11. Room temperature tensile strength as a function of aging time for aging temperatures up
to 800°C.
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Tensile properties for Alloy 617 aged at a range of temperatures up to 871°C for times up to 20,000
hours are shown in Figure 12 (Huntington® and ORNL’ data, reproduced from Ren and Swindeman®).
The peak associated with aging at intermediate temperatures is evident in the figure. For aging at 871°C
there may be a small decrease in yield and tensile properties.
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Figure 12. Room temperature tensile strength as a function of aging temperature for aging times
>10,000 hours.
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Figure 13. Room temperature tensile properties as a function of aging temperature after aging for
1000 hours.
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Above the 871°C temperature where long time data are available, room temperature tensile properties
after aging for 1000 hours are presented in Figure 13. Data from the current Alloy 617 research program,’
as well as from the literature,™® are included. Tensile properties were also measured after aging for 100
hours.? For both aging times, the ratio of aged to solution annealed properties is approximately 1. The
constant value up to 1000°C and the T-T-T diagram for this material® both indicate that it is highly
unlikely that a new aging phenomenon is operative at this temperature compared to those at lower
temperature.
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Based on the discussion and data shown in this section, it is proposed that the Table NH-3225-2
values for Alloy 617 be listed as 1.0 for yield strength reduction factor and tensile reduction factor for
temperatures >800°C (1475°F) up to and including 950°C (1750°F).
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ARTICLE HBB-4000
FABRICATION AND INSTALLATION

HBB-4200
HB-4210
HBB-4212 Effects of Forming and Bending Processes

For qualified materials in ASME Code Section III, Division 5, Subsection HB, Subpart B, a post-
fabrication heat treatment is not required for materials that have experienced strains of less than 5%.
Allowable temperature limits have been determined for short-time exposure of material cold worked more
than 5 and less than 20% for which heat treatment is not required. These limits are given in Figure NBB-
4212-1. For exposure greater than these time/temperature limits, the allowed materials are required to be
heat treated to the solution annealing conditions specified in the appropriate standard for solution
annealed material.

Cold work alters the creep rupture behavior of Alloy 617 for strains as low as 5%. Specific changes to
the creep and rupture behavior depend on the amount of cold work and the creep temperature; in general
the time and strain to rupture are reduced. Limiting the fabrication strain in components which are given a
post-fabrication solution treatment to less than 5%, as required for Alloy 800H in the current Section III,
Division 5, Subsection HB, Subpart B rules is recommended by the Special Task Group on Alloy 617
Code Qualification.

For fabrication strains between 5 and 20%, a post-fabrication solution heat treatment of 1150°C for
20 minutes/25 mm of thickness or 10 minutes, whichever is greater, is currently required in ASME Code
Section VIII, Division 1. This requirement is also adopted for this Code Case.

It is recommended that components that will see service between 500 and 780°C be given a heat
treatment of three hours at 980°C to eliminate relaxation cracking. This recommendation applies
regardless of whether the material is in a welded or solution annealed condition, and is consistent with
recommendations in datasheets for the major vendors of this alloy.
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MANDATORY APPENDIX HBB-I-14
TABLES AND FIGURES

HBB-1-14.1

HBB-I-14.1(a) PERMISSIBLE BASE MATERIALS FOR STRUCTURES OTHER THAN
BOLTING

All of the specifications that are allowed represent wrought and solution annealed material. The
properties that have been used in developing this Code Case are representative of this material condition.
The solution treatment required by these specifications results in a large grain size (typically greater than
150pm), that contributes to the creep resistance of the alloy. The minimum thickness specified in the note
to Table HBB-I-14.1(a) was agreed upon by the Special Task Group Alloy 617 Code Qualification to
ensure that a sufficient number of grains were contained through the thickness of the material and as a
consequence that material selected for construction is well represented by the bulk properties used in
developing allowable stresses for this Code Case.

HBB-I-14.1(b) PERMISSIBLE WELD MATERIALS

Only one filler material, ERNiCrCoMo-1, is allowed in ASME Code Section IX for gas tungsten arc
welding Alloy 617, as called out in specification SFA-5.14.

HBB-1-14.2 So— MAXIMUM ALLOWABLE STRESS INTENSITY

S, values correspond to the S values given in ASME Code Section II, Part D, Subpart 1, Table 1B.
The SI version of Table 1B only includes values up to 900°C, but additional values are given in Note G29
that were used to interpolate the values for 925 and 950°C.

HBB-I-14.3 Smt— ALLOWABLE STRESS INTENSITY VALUES

Sy, the allowable limit of general primary membrane stress intensity is the lower of two stress
intensity values, S, (time-independent) and S; (time-dependent).

S, 1s the lowest of the stress intensity values at a given temperature among the time-independent
strength quantities that are defined in ASME Code Section II, Part D, Table 2-100(a). In Section III,
Division 5, Subsection HB, Subpart B, S, values are extended to elevated temperatures using the same
criteria. Values of S, for Alloy 617 do not appear in Table 2B of Section II, Part D. Below the maximum
temperature of 800°F (427°C) for Section III, Division 5, Subsection HB, Subpart A, the yield criteria
govern. Therefore, S,, is the same as .S and S, for this temperature range. Above 800°F (427°C), S,, is
calculated according to Table 2-100(a), and is governed by 0.95yRy up to 1400°F (750°C), and by 1.1/3
S7Rr at higher temperatures. S, and S are plotted as a function of temperature in Figure 14. An
abbreviated table of S,,, values is shown in Table 1. Yellow is used in Table 1 to illustrate which
time/temperature combinations are governed by the time-dependent allowable (S;); white cells are
governed by the time-independent allowable (S,,).

S; is presented in detail in Section HBB-I-14.4.
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Figure 14. §,, for Alloy 617 in customary and SI units.
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Table 1. Sampling of allowable stress intensity values, S,,,, in SI, showing time-dependent (S, values
in yellow.

Stress (MPa)
Time—| 1 | 10 | 30 | 100 | 300 | 1000 |3000] 10000 | 30000 | 100000
Temperature (°C) | St
425 148 148 148 | 148 | 148 | 148 | 148 | 148 148 148
450 147 147 | 147 | 147 | 147 | 147 | 147 | 147 147 147
500 146 146 | 146 | 146 | 146 | 146 | 146 | 146 146 146
550 145 145 145 145 | 145 | 145 | 145 | 145 145 145
600 145 145 145 145 | 145 | 145 | 145 | 145 145 131
650 145 145 145 145 | 145 | 145 | 144 | 120 101 83
700 145 145 145 145 | 137 | 112 | 93 76 63 51
750 145 145 134 | 108 | 89 72 | 59 47 39 3]
800 132 109 88 71 57 46 | 37 30 24 19
850 104 72 58 46 37 29 | 24 19 15 12
900 76 43 39 30 24 19 | 15 12 94 73
950 51 32 25 20 16 12 | 10 | 74 5.8 45

HBB-I-14.4 S:— ALLOWABLE STRESS INTENSITY VALUES

S; is defined as the lesser of three quantities: 100% of the average stress required to obtain a total
(elastic, plastic, primary and secondary creep) strain of 1%, 67% of the minimum stress to cause rupture,
and 80% of the minimum stress to cause the initiation of tertiary creep. In order to determine S, each of
the three criteria must be calculated for the matrix of times and temperatures. This is achieved by using
the Larson-Miller plots to all acceptable creep data, combined with information from the hot tensile
curves.

Creep data have been assembled from three general sources: testing of modern heats of Alloy 617
plate in current high-temperature reactor programs, historical data from previous high-temperature reactor
programs, and data generated by Huntington Alloys (now SMC), the original producer of Inconel 617.
The data set has been limited to specimens that were tested in air with known chemistry, and represents
multiple product forms and heats.’

The most common method for comparing creep-rupture tests performed at various temperatures and
stress levels is by plotting stress against the Larson-Miller parameter (LMP):

LMP =T (C + log tg) (D

where T is absolute temperature, C is the Larson-Miller constant and #; is time to rupture.'® A stress
function is formulated using a second-order polynomial in log stress:

LMP = ay + a;log S + a, (log S)* )
For the purposes of the regression analysis, the stress function is rewritten so that log #z is the
dependent variable and 7 and log S are the independent variables:
2
log fo = [ao + a, log ST+ a, (logS) ] —C (3)
Using a least squares fitting method, the optimum values for C, ay, a; and a, are determined. A
“lot-centering” procedure developed by Sjodahl'' was employed that calculates the lot constant (C,,,) for
each heat of material, along with the Larson-Miller constant, C, which is the average of the lot constants.
A spreadsheet developed for ASME for the analysis of time-dependent materials properties'* was used to
generate the L-M plots.
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Time to 1% Strain

A Larson-Miller plot was created using time to 1% creep strain (Figure 15).” Time to 1% creep strain
was not reported for all creep-rupture tests, but was available for many of the INL interrupted creep tests,
resulting in a data set of 208 specimens. Regression analysis for a linear fit produced a correlation
coefficient R’ =0.9272 and C = 19.64 in Equation (1) and a, = 35,663 and a; = —6388.5 in Equation (2).
A linear fit was used rather than a higher order polynomial to prevent the calculated LMP line from
curving up, thus ensuring that extrapolation to long time/higher temperature is conservative.

Figure 15. Larson-Miller plot with a linear fit for time to 1% creep strain for Alloy 617
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The stress at 1% creep strain is determined from the Larson-Miller plots; however, the stress at 1%
plastic + elastic strain must be obtained from the hot tensile curves.” The average hot tensile curves are
plotted along with isochronous stress-strain curves in Section NBB-T-1800 of this Code Case. Previously
the minimum hot tensile curves were used to determine these plastic stress values. However, the average
hot tensile curves have been recently used for Type 316 stainless steel after discussion within the ASME
Subgroup on Elevated Temperature Design." Table 2 gives stress at 1% plastic strain from the average
hot tensile curves, used as the upper limit for S,. Note that the value in the range of 650—750°C is held
constant at 231 MPa, although the values from the hot tensile curves increase slightly in this temperature
range because of the anomalous yield behavior of Alloy 617 (increasing yield strength in this temperature
range with increasing temperature due to formation of the y' phase). The total stress at a strain of 1% will
be the minimum of the elastic/plastic stress from Table 2 and the creep stress from the 1% Larson-Miller
plot for a given temperature.
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Table 2. Stress at 1% plastic strain as a function of temperature obtained from the average hot
tensile curves.

Temperature Stress 1%
(W) (MPa)
425 245.3
450 244.6
475 242.2
500 239.8
525 237.6
550 235.4
575 233.9
600 232.5
625 231.8
650 231.0
675 231.0
700 231.0
725 231.0
750 231.0
775 229.1
800 224.6
825 211.7
850 198.8
875 180.3
900 161.9
925 149.8
950 137.7

Time to Onset of Tertiary Creep

A Larson-Miller plot was also created using time to tertiary strain.” This value also was not reported
for all creep-rupture tests. The historical creep data (Huntington, ORNL, GE) is available in tabular form,
and creep curves (strain as a function of time) are not available. In many cases creep strain was not
measured continuously during the test as is typically done today. Tests were periodically suspended, the
specimen removed from the load frame and measured to determine strain, and the test resumed. In these
cases creep curves may not have had the resolution to determine onset of tertiary strain.

The recommended method of determining the onset of tertiary creep involves determining the
minimum creep rate, shown as the solid black line in Figure 16 , drawing a parallel line offset by 0.2%
strain, and finding the intersection of the offset line (dashed in Figure 16) with the creep curve (red),
labeled as B. This method is used for tests where a creep curve is available, and is reported in a few cases
for historical data. In other cases, the deviation from linearity, labeled as A, is reported, and in others it is
not clear if the value reported represents A or B. Furthermore, in some cases creep curves for Alloy 617
do not follow the classical shape shown in Figure 16. They may have either an inflection point rather than
a linear secondary creep portion, have two linear portions, or have no discernable primary or secondary
creep.
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Figure 16. Typical creep curve showing the three stages of creep, minimum creep rate, and 0.2%
offset to onset of tertiary creep.
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For this data set, the offset value (B in Figure 16) was used where possible, and if a tabulated value
was reported, it was included even if it was not offset (A in Figure 16) or unknown, as A values are more
conservative. If the curve had an inflection point or short linear portion, a value could generally be
determined, but for curves where the onset of tertiary creep was ambiguous, the curve was not included in
the data set. This data set contained 208 specimens (although not necessarily the same specimens as the
1% strain data set). Regression analysis for a linear fit (Figure 17) produced a correlation coefficient R’ =
0.9695 and C = 18.15 in Equation (1) and ay = 33,545 and a; = —5674.3 in Equation (2). The linear fit for
tertiary stress results in a better fit and higher stress values for larger Larson-Miller parameters, but lower

stress values for intermediate Larson-Miller parameters.

In order to determine the time-to-tertiary criterion, the LMP is calculated for each time and
temperature increment. However, the minimum stress is needed rather than the average. This is
accomplished by creating a line that is displaced 1.65 standard error of estimate (SEE) in log time from
the average stress-to-rupture curve (shown on Figure 17). In order to accomplish this, Equation (1) must

be replaced by:
LMP =T (C + log tg + 1.65 SEFE) 4)

SEE is included in the output of the spreadsheet used to calculate and plot the Larson-Miller
relationships.'” Finally, Equation (2) is used to solve for stress, S; 80% of S is used for the tertiary creep

criterion (also shown on Figure 17).
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Figure 17. Larson-Miller plot with a linear fit for time to tertiary creep strain for Alloy 617.
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Stress-Rupture

The calculation of minimum stress to rupture, S,, is discussed in Section HBB-I-14.6, including the
Larson Miller plot (Figure 19) and details of the data set used. The stress-rupture criterion is defined as

67% of S,.

Determining S;

To determine S, the minimum of the three criteria is determined for each time/temperature
combination.” Table 3 presents the S, (minimum) value with colors used to illustrate which criterion is
governing for each time/temperature combination. While the tertiary creep criterion governs the creep
behavior in most cases; the 1% total strain criterion is governing when the behavior is primarily plastic

(little or no creep).
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Table 3. Minimum value used to determine S, with colors used to illustrate which criterion is
governing for each time/temperature combination.

1% Strain Tertiary Creep Rupture
Stress
(MPa)
Time ()—| 1 3 | 10 | 30 | 100 | 300 | 1000 | 3000 | 10000 | 30000 | 100000
Temperature (C) | Minimum, All Criteria
425 245 245 | 245 | 245 | 245 | 245 | 245 | 245 | 245 | 245 | 245
450 245 245 | 245 | 245 | 245 | 245 | 245 | 245 | 245 | 245 | 245
475 242 2 | 20| 242 | 240 | 240 | 242 | 242 | 240 | 240 | 242
500 240 240 | 240 | 240 | 240 | 240 | 240 | 240 | 240 | 240 | 240
525 238 238 | 238 | 238 | 238 | 238 | 238 | 238 | 238 | 238 | 238
550 235 235 | 235 | 235 | 235 | 235 | 235 | 235 | 235 | 233 | 199
575 234 234 | 234 | 234 | 234 | 234 | 234 | 234 | 20| 190 | 162
600 233 233 | 233 | 233 | 233 | 233 | 233 | 213 | 180 | 155 | 131
625 232 232 | 232 | 232 | 232 | 232 | 204 | 175 | 148 | 126 | 106
650 231 231 | 231 | 231 | 231 | 201 | 169 | 144 | 120 | 101 83
675 231 231 | 231 | 231 | 197 | 167 | 140 | 116 95 80 65
700 231 231 | 231 | 198 | 164 | 137 | 112 | 93 76 63 51
725 231 231 | 197 | 165 | 133 | 110 89 | 74 60 49 40
750 231 200 | 163 ] 134 | 108 | 8 | 72| 59 47 39 31
775 202 166 | 133 | 109 87 | 71 57 w7 38 31 25
800 167 136 | 109 88 71| 51| 46| 37 30 24 19
825 138 112 89 72 571 46| 37| 30 24 19 15
850 114 92 7 58 46 | 37| 20| 24 19 15 12
875 94 75 59 47 37 | 30| 23 19 15 12 9.3
900 77 62 | 48 39 30 | 24 19| 15 12 94| 73
925 64 51 39 31 24 | 19 15| 12 9.3 74| 57
950 53 42 32 25 20 | 16 12| 95| 74 58| 45

The strain to 1% and rupture criteria are used to limit the overall deformation of a component and
actual failure, respectively. ASME adopted the tertiary creep criterion after it was observed
experimentally that internally-pressurized tubes of austenitic stainless steel leaked due to creep damage at
times less than those predicted using analysis based on uniaxial rupture data. In the absence of extensive
experimental tube failure data over a range of relevant temperatures, this criterion was developed based
on the logic that the onset of tertiary creep during uniaxial testing of austenitic stainless steels is
associated with extensive creep induced cavitation. Eliminating tertiary creep, and the associated
cavitation, was presumed to represent a conservative indirect limit to minimize the potential for premature
failure of tubes under multi-axial loading. For many temperatures and stresses, Alloy 617 exhibits
extensive tertiary creep prior to rupture, without evidence of measurable cavitation. This has raised
questions regarding the validity of the tertiary creep criterion for the S, value for Alloy 617 as well as
some other alloys that exhibit similar creep behavior. S, would be increased over a wide range of time and
temperatures by eliminating the tertiary creep criterion.
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HBB-I-14.5 S, - YIELD STRENGTH VALUES

The NDMA Excel spreadsheet for time-independent material properties* was used to analyze yield
strength data for T > 525°C. The elevated temperature data are a compilation from older sources
(Huntington, ORNL) and newer sources (INL, CEA). At T < 525°C the ASME Code values from Section
I, Part D, Table Y-1 were used as input. A fifth-order polynomial was fit to the combination of Code
values for T < 525°C and tensile data for T > 525°C.

Yield strength values from the curve fit are only used above 525°C.

Yield strength values (S,) from Section II, Part D, Table Y-1 for Alloy 617 have been used up to
1000°F (525°C), rather than the curve fit.

Proposed values are shown in Figure 18.
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Figure 18. S, for Alloy 617 in customary and SI units
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HBB-1-14.6 S,— MINIMUM STRESS-TO-RUPTURE

The most common method for comparing creep-rupture tests performed at various temperatures and
stress levels is by plotting stress against the Larson-Miller parameter (LMP), as described above in
Equations (1) — (3).

A spreadsheet developed for ASME for the analysis of time-dependent materials properties'* was
used to generate the stress to rupture plot (Figure 19) using a data set comprised of information from
296 creep specimens from multiple heats and product forms with known chemistry. Regression analysis
for a second-order polynomial fit produced a correlation coefficient R* = 0.9961, C = 17.39 in Equation
(1) and ay= 33,381 a; = —5304.3 and a, =—217.36 in Equation (2)

In order to produce the S, table required for the Code Case, the LMP is calculated for each time and
temperature increment.” However, the minimum stress is needed rather than the average. This is
accomplished by creating a line that is displaced 1.65 standard error of estimate (SEE) in log time from
the average stress-to-rupture curve (shown on Figure 19). In order to accomplish this, Equation (4) must
be used as described above in Section HBB-I-14.4.

The upper bound on the S, values is controlled by the tensile strength and has been set at S,/1.1
(shown in Table 4) following the procedure recently applied to Types 304 and 316 stainless steel."” S, is
the tensile strength of the material and can be found for Alloy 617 in Table U of ASME Code Section II,
Part D up to 525°C. Higher temperature values for materials approved for use in elevated temperature
nuclear applications appear in Table NBB-3225-1 of the Alloy 617 Code Case. An abbreviated table of S,
values is shown in Table 5. Orange is used in Table 5 to illustrate which time/temperature combinations
are governed by time-dependent behavior (creep); white cells are governed by the tensile strength.’

Figure 19. Larson-Miller plot with second-order polynomial fit for time to creep rupture of
Alloy 617.
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Table 4. Tensile strength proposed for Alloy 617 as a function of temperature.

S, S.J/1.1
TCO | (vpa) | (MPa)
425 620 563.6
450 616 560.0
475 611 555.5
500 607 551.8
525 603 5482
550 595 540.9
575 584 530.9
600 570 518.2
625 554 503.6
650 534 4855
675 512 465.5
700 487 4427
725 459 4173
750 428 389.1
775 394 3582
800 359 326.4
825 322 292.7
850 284 258.2
875 286 260.0
900 208 189.1
925 172 156.4
950 139 126.4

Table 5. §,, Sampling of minimum stress-to-rupture values, in SI units, showing time-dependent
values in orange.

Stress (MPa)
Time()—| 1 | 10 | 30 | 100 | 300 | 1000 |3000] 10000 | 30000 | 100000
Temperature (°C) | Minimum S;

450 560 560 560 560 560 560 | 560 560 560 560
500 552 552 552 552 552 552 | 552 552 519 449
550 541 541 541 541 541 536 | 466 400 347 297
600 518 518 518 503 434 369 | 317 269 231 196
650| 485 485 419 352 300 252 | 215 180 153 128

700| 443 349 295 245 207 172 145 120 101 84
750 358 247 207 170 142 117 97 80 66 54
800 259 175 145 118 97 79 65 53 43 35
850 186 123 101 81 66 53 43 35 28 22
900 134 87 70 56 45 36 29 23 18 14
950 96 61 48 38 30 24 19 15 12 9

HBB-I1-14.10 STRESS RUPTURE FACTORS FOR WELDED ALLOY 617

The weldment stress reduction factor is defined as: SRF = Stress,qa/Stressp,se, and the stress of the
base metal is determined from the Larson—Miller relation from Section HBB-1-14.6. Experimentally
determined values for SRF are shown in Figure 20.'* Data denoted as ANL'® and INL? are from the same
gas tungsten arc welded (GTAW) plate, French data are from contemporary studies of GTAW welded
plate'® and the Huntington/SMC data are from an older Huntington Alloys report represented in the SMC
vendor datasheet.” VDM data are for Alloy 617B and have been digitized from a vendor datasheet for
GTAW weldments."’
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Figure 20. Weldment stress reduction factors from experiments on GTAW weldments.
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A separate analysis of reduction factors for welds of CCA617 (also known as 617B) has been
prepared for ASME Code Section I by the Electric Power Research Institute (EPRI).'® Those data are
shown in Figure 21 and include GTAW welding as well as other processes. It can be seen in Figure 21
that for GTAW welds, a reduction factor of 1.0 has been proposed for Section I up to 850°C.

Figure 21. Weldment stress reduction factors for Alloy 617 welded by several processes, compiled
by EPRI.
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The Special Task Group for Alloy 617 Code Qualification considered the data in both Figure 20 and
Figure 21 and concluded that a factor of 1 adequately described the experimentally determined behavior
for GTAW weldments up to 850°C. At a temperature of 850° and above, the Task Group concluded that a
factor of 0.85 was a more conservative representation of the experimental data.

HBB-I1-14.11 PERMISSIBLE MATERIALS FOR BOLTING
No bolting is permitted for Alloy 617.
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NONMANDATORY APPENDIX HBB-T
RULES FOR STRAIN, DEFORMATION, AND FATIGUE LIMITS AT
ELEVATED TEMPERATURES

HBB-T-1300 DEFORMATION AND STRAIN LIMITS FOR STRUCTURAL
INTEGRITY

HBB-T-1320 SATISFACTION OF STRAIN LIMITS USING ELASTIC ANALYSIS
HBB-T-1323 Test No. A—2

The temperature at which §,, = S; at 100,000 hours is shown in Figure 22.
Figure 22. Temperature at which §,, =S, at 100,000 h.
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HBB-T-1400 CREEP - FATIGUE EVALUATION
HBB-T-1420 LIMITS USING INELASTIC ANALYSIS
HBB-T-1420-1 Design Fatigue Strain Range, ¢;, for Alloy 617

Fatigue Design Curves Developed by Yukawa

Elevated temperature design fatigue curves were presented in a paper by Yukawa, 1991." Yukawa
compiled fatigue data from numerous sources, including Oak Ridge National Laboratory, General
Atomics, General Electric, German and Japanese sources, 2122232455 ¢ atigue tests were conducted in
air, axially loaded, and generally conformed to ASTM E466 and E606. Most testing was done at a
nominal rate of 4E-03/s. Data obtained from bending or on thin sheet were excluded from this data set.

Fatigue data were analyzed using the generalized equation from ASTM E606
Ag, = A(N)" + B(N)’ 5)
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where e, is the total strain range, the first term is inelastic strain and the second is elastic strain Nis the
number of cycles to failure, and 4, a, B, b, are fitting parameters. Not all fatigue data used by Yukawa
could be separated into its elastic and inelastic components. Where the stress range was reported, the
elastic and inelastic strains were calculated as:

Ae, = Ao/E (6)
Ae; = Ae; — Ae, @)

where E is the elastic modulus, Ag, is the elastic strain range, and Ag; is the inelastic strain range.

The E used was not reported, but by dividing the reported stress ranges by the elastic strain ranges it
appears that temperature dependent values of E were used that are consistent with values reported in the
SMC datasheet,” as shown in Figure 23.

Figure 23. Analysis of elastic modulus values used byYukawa.
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Inelastic strain range data were plotted as a function of Nyand found not dependent on temperature.
Similarly, elastic strain range was plotted as a function of N; however the data were found to cluster into
three temperature dependent groups of 1000—1300°F (538-704°C), >1300—-1600°F (>704—-871°C), and
>1600-1800°F (>871-982°C).

Manson’s method”® was used to adjust for the Poisson’s ratio between the elastic and plastic
conditions.” The elastic portion (2™ term) of Equation (5) is reduced by 2/3(1+v). Yukawa used v= 0.3,
although the ASME Code value from Section II, Part D, Table PRD is 0.31.

Typically the fatigue design curve is obtained by dividing the stress by a factor of 2 and the cyclic life
by a factor of 20. Yukawa takes a modified approach developed by Manjoine and Johnson®’ which uses

&g = MyE, + mee, (®)
m, = 20"
m,="a

where ¢, is the design allowable total strain range, ¢, and ¢, are the plastic and elastic strain ranges, and m,,
and m, are the plastic and elastic reduction factors corresponding to the 20 and 2 factors used in the Code
procedure. The exponent a is the same as in Equation (5), —=0.76 in this case, yielding m, = 0.1026.
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Making the appropriate substitutions and dividing by 100 to obtain strain (rather than % strain), the final
equation takes the form

& =(0.1026 A(N,)" + 4-*/5 (1+0.3) B(N,)")/100 9)
where ¢, has replaced ¢, to represent the design fatigue strain range notation used in the N-47 Code Case
and N, is the number of allowable cycles. This equation produces the curves presented by Yukawa."

Incorporation of Recent Fatigue Data

Fully—reversed strain—controlled low cycle fatigue tests were completed by Wright et al. at INL*® at
total strain ranges from 0.3% — 3.0% at 850°C and 0.3%—-2% at 950°C. For most specimens the strain rate
was 107 /s; however, limited testing at strain rates 10~ and 10~ /s was also performed for the higher
strain ranges at 950°C. Low cycle fatigue (LCF) testing was conducted in accordance with ASTM
Standard E606. Further details of the material and testing are available in the literature.”® The recent
fatigue data are in good agreement with the Yukawa data at a similar strain rate and temperatures, as
shown in Figure 24.
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Figure 24. Comparison of recent fatigue data generated at 850 and 950°C*® to previous data

compiled by Yukawa."”
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The analysis methods used by Yukawa,'"” as discussed above, were applied. A modulus value of 146
GPa from Section II, Part D, Table TM-4 was used to calculate elastic and inelastic strains of the INL
850°C data. A value of 136 GPa from Table TM in the Alloy 617 Code Case and described in Section

Cycles to Failure

TM, above, was used to calculate the strains of the 950°C data.

Both the inelastic and elastic strain as a function of N, for the 750-871°C temperature range are

similar, producing a Design Fatigue curve that is virtually indistinguishable from the original developed

by Yukawa, as seen by comparing the red solid and dashed lines in Figure 25.
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However, the elastic strain as a function of N, for temperatures above 871°C varies greatly. The
highest temperature Yukawa data set had only six points where elastic and inelastic strain components
were differentiated; the elastic strains for the INL 950°C tests are small and the data have significant
scatter. The combined data set for the temperature range of 927-1000°C, the design fatigue curve
generated is lower than the original Yukawa for intermediate cycle lives, as shown by the dashed green
line in Figure 25.

Nevertheless, when all available fatigue data are plotted with the original proposed design fatigue
curves, the design curves fall below all total strain range data (Figure 26), indicating the proposed design
curves are sufficiently conservative.

Figure 25. The original Design Fatigue curves from Yukawa and proposed in the draft Code Case
compared with curves generated from the combined Yukawa-INL dataset.
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Figure 26. Draft Code Case proposed design fatigue curves and total strain range for entire dataset.
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Design fatigue curve 1-9.5 for nickel-chromium-molybdenum-iron alloys for temperatures not
exceeding 425°C/800°F from ASME Code Section III, Appendix I has been proposed as the design
fatigue curve by ASME Working Group Fatigue in the Section III, Division 5, Subsection HA, Subpart A
Alloy 617 draft Code Case. In order to compare the elevated temperature fatigue design curves to curve
1-9.5, the latter must be converted from stress to strain range. This was done by multiplying S; by 2, to
convert stress into stress range, and dividing by 195 GPa, as prescribed by the footnote to the fatigue
design curve. The curves are shown together in Figure 27.
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Figure 27. Comparison of elevated temperature design curves to Division 5 (temperatures not
exceeding 425°C or 800°F) proposed design curve 1-9.5 for Alloy 617.
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HBB-T-1420-2 Creep-Fatigue Damage Envelope

In the ASME Code, creep-fatigue life is evaluated by a linear summation of fractions of cyclic
damage and creep damage. The creep-fatigue criterion is given by:

S

—
Cyclic Damage ~ Creep Damage (10)

where n and N, are the number of cycles of type j and the allowable number of cycles of the same cycle
type, respectively; and A¢ and T, are the actual time at stress level & and the allowable time at that stress
level, respectively; D is the allowable combined damage fraction. Since the creep damage term is
evaluated as a ratio of the actual time versus the allowable time, it is generally referred to as time-fraction.
The cyclic- and creep-damage terms on the left hand side of Equation (10) are evaluated in an uncoupled
manner, and the interaction of creep and fatigue is accounted for empirically by the D term on the right
side of the equation. This can be represented graphically by the creep-fatigue interaction diagram, which
is shown for the ASME Division 5 materials in Figure 28.



Figure 28. Creep-fatigue interaction diagram for ASME Subsection NH materials. The coordinates
of the intersections, I, of the bilinear curves are shown in the legend.
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Fatigue Damage Calculations

The fatigue damage fraction, D', for a creep-fatigue test is defined in terms of the ratio of the cycle to
failure, n, under creep-fatigue condition to the cycle to failure, V,;, under continuous cycling condition for
the same product form and heat, and at the same total strain range and temperature, as the creep-fatigue
test. If data for more than one continuous cycling test for the same total strain range and temperature were
obtained, their average will be used for the value of N,, as best estimate values are to be used for
establishing the envelope of the interaction curve in the D-diagram.

Creep Damage Calculations

The creep damage for the k" creep-fatigue cycle, D, can be determined by evaluating the integral

D= | [i] dt
hold time Td k (11)

To perform the integration, the correlation between the rupture time, temperature, and applied stress
for the heat of Alloy 617 under consideration is required. Creep rupture data are described in detail in this
document in Sections HBB-1-14.4 and 14.6.

over the hold time of the cycle.

The best estimate creep rupture time of Alloy 617 is given by

o (12)
where A and m are temperature-dependent parameters determined from analysis of the experimental data,

Substituting Equation (12) in Equation (11), the creep damage for the k" cycle becomes
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¢ o
D? = j ( Aj dt .
hold time K (13)

The total creep damage accumulated during a creep-fatigue test can then be determined by summing
the creep damages calculated for all the cycles per Equation (13). This would require information on the
stress history during the hold time for all the cycles. However, such data are generally not available. An
approximation commonly made in calculating the total creep damage is to evaluate the creep damage for
one cycle at mid-life, and then multiply this value by the total number of cycles to failure in the creep-
fatigue test.

The stress relaxation data during a strain hold period can be fitted to a power-law trend curve using
the following functional form

o=b,(t+t,) (14)
where by, b;, and ¢, are treated as fitting parameters, o is in units of MPa and ¢ and ¢, are in units of
seconds.

Substituting all the relevant information into Equation (13), the creep damage for the k" cycle is given
by

. bm Ty+ty m mby+ mb,+ bm
DKZT? xb1dX:C[(Th+to)b1_t0b1 1}, Cfm
X=t, 1
O (15)

where T, is the stress relaxation period in seconds for the " cycle. Typical stress relaxation curves for
Alloy 617 at 950°C are shown as a function of hold time in Figure 29. To establish the D-diagram, the
total creep damage calculated based on the best estimate creep rupture correlation is used.

Figure 29. Stress relaxation curves for Alloy 617 at 950°C.
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Experimental Determination of Cycles to Failure as a Function of Hold Time

Fully-reversed, strain-controlled, continuous-cycle fatigue and tensile-hold creep-fatigue testing was
conducted on Alloy 617 at 850°C and 950°C in air at strain ranges of 0.3% and 1.0% (and at 0.6% at
950°C only) to ASTM E 606-12. Cyclic testing was conducted on servo-hydraulic test machines in axial
strain-control mode utilizing either radio-frequency induction heating or a three-zone radiant furnace to
heat the specimens. Continuous-cycle fatigue testing followed a triangular waveform, while creep-fatigue
testing followed a trapezoidal waveform with hold times of 180 up to 9000 seconds imposed at the
maximum tensile strain. In all cases, a strain-controlled ramp rate of 10~/s was employed. For the
continuous-cycle fatigue and tensile-hold creep-fatigue, the number of cycles to failure, N, was defined
as a 20% decrease in the ratio of the peak tensile stress to the peak compressive stress from the point, N,
at which this ratio initially deviates from a constant trend. Cycle to failure data are shown for testing at
850 and 950°C in Figure 31 and Figure 30, respectively.’ Data determined in the experiments described
above are denoted as coming from the Advanced Reactor Technologies (ART) program; additional data
from the literature under similar conditions are plotted in the figures as well.”” *

Figure 30. Cycles to failure as a function of tensile hold time for testing at 950°C in the experiments
described here (denoted as ART) and from testing reported in the literature under similar
conditions.
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Figure 31. Cycles to failure as a function of tensile hold time for testing at 850°C in the experiments

described here (denoted as ART) and from testing reported in the literature under similar
conditions.
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Proposed Creep-Fatigue Interaction Diagram

Analysis of Equation (13) using the data from cyclic loading and tensile hold time experiments shown
above, along with analysis of rupture data from Section HBB-I-14.4 and 14.6, allows a point to be
determined for the creep-fatigue interaction diagram for each experimental condition. Summary results
for all of the testing at 850 and 950°C are shown in Figure 32. Since the diagram is intended to represent
average material behavior it can be seen from the figure that an intersection point for a linear summation
of creep and fatigue damage at (0.1, 0.1) is a reasonable representation of Alloy 617 behavior. This is
consistent with the creep-fatigue interaction diagram for Alloy 800H as shown in Figure 28.
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Figure 32. Creep-fatigue interaction diagram showing the data plotted with the proposed
intersection of (0.1, 0.1).
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HBB-T-1800 ISOCHRONOUS STRESS - STRAIN RELATIONS

Figures HBB-T-1800-F-1 through HBB-T-1800-F-20 of this subarticle provide graphs presenting hot
tensile and isochronous stress-strain curves (ISSC), each graph being for a specific temperature. The
graphs are intended to provide the designer with information regarding the total strain caused by stress
under elevated temperature conditions, assuming average material properties. ISSC and hot tensile curves
are needed up to 2.2% strain for temperatures of 800-1750°F in 50°F increments. Curves were developed
based on experimental tensile and creep data measured at 50°C increments.

Hot tensile curves provide an upper bound for the ISSC at high temperature. ISSC that exceed the hot
tensile curve in the 2% range are excluded, resulting in only hot tensile curves at low temperatures where
creep is negligible. At intermediate temperatures, only long-time ISSC are shown with the hot tensile
curves.

Average Isochronous Stress Strain Curves

ISSC are constant-time stress-strain curves for a given temperature that are generated from creep data.
A creep strain equation used by Swindeman®" ** and Booker®® was used to model experimental creep
curves from recent testing of a single plate for >800°C up to 3% creep strain:
1
& =at /3 + mer ¢ (16)
where a is the primary creep strain constant and mcr is the minimum creep rate.

Based on these results, the stress and temperature dependence of the minimum creep rate was
determined using the equation
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mcr =a (%)b e “/rr (17)

where o is stress, E is the elastic modulus R is the universal gas constant, 7 is the absolute
temperature and a, b, and ¢ are determined optimally. The stress and temperature dependence of the
primary creep strain constant was quantified using the same equation form, and the ISSC are generated
for each time-temperature combination. An example of a set of ISSC plotted with experimental creep data
is shown in Figure 33 for 800°C.

Figure 33. Isochronous stress-strain curves for 800°C shown with experimental creep data.
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To obtain average isochronous stress strain curves, the modeled curves are shifted along the trajectory
of linear elastic deformation in order to pass through the average stress at 1% creep strain, as determined
by the linear regression line of the Larson-Miller plot for 1% creep strain shown in Figure 15.

ISSC were developed for alloy 617 by the Germans®* and by Corum and Blass® for high temperature
gas reactor programs in the 1980s, although details of how they were generated are not clearly
understood. Examples of comparisons are shown in Figure 34.
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Figure 34. Comparison of generated ISSC to those published in a) German Standard KTA-3221 for
900°C and b) Corum and Blass for 816°C.
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Average Hot Tensile Curves

Average hot tensile curves are presented along with isochronous stress-strain curves. Two models
have been examined to describe the elevated temperature plastic tensile behavior of Alloy 617: the
Ramberg-Osgood equation and a modified Voce equation. Experimental tensile curves from rod and plate
tested at INL® have been used as the source of stress and strain data (e.g. proportional limit) for fitting
purposes, and for determining which model provides the best fit (magnitude and shape of the curve).

To generate a stress-strain curve, the model equation is solved for e,, the engineering plastic strain,
and total strain, e, is calculated as:

e=100*S/E + e, (18)
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where S is the engineering stress, E is the elastic modulus, and the first term represents elastic strain. The
modulus values were taken from the ASME Code Section II, Part D.

The Ramberg-Osgood®’ equation can be used to model tensile plasticity when creep effects are not
significant:

e, = a(S - S,)" where § > S, (19)
where S, is the proportional limit, and a and m are material constants that may vary with strain rate and

temperature.”® The constants a and m are calculated using experimentally determined data pairs e,=0.2%
when § = S, (0.2% offset yield strength), and e, = 2% when S = S5, (2% offset yield strength).

A modified Voce®® equation was used to describe the tensile inelasticity when creep is significant:

S = Surs = (Sp = Surs) exp [-(D ep)o.s] (20)
where Syrs is the ultimate tensile strength, and b is the rate constant. The latter constant can be calculated
when § = §,,, yield strength, and e, is 0.2%.% %

The Ramberg-Osgood equation describes the shape of the stress strain curves well in the range of
650-800°C, while a modified Voce equation describes the shape for temperatures greater than 800°C. At
800°C, the curves calculated by the two models are nearly identical.

To obtain average hot tensile curves, the modeled curves are shifted along the trajectory of linear
elastic deformation in order to pass through 1.25S, at 0.2% offset strain. S, represents the minimum yield
strength and is listed in ASME Code Section II, Part D, Table Y-1. Examples of experimental elevated
temperature tensile curves are shown with shifted hot tensile curves in Figure 35.
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Figure 35. Examples of hot tensile curves shifted to pass through the average 0.2% yield strength
and plotted with experimental tensile curves from bar and plate stock at a) 650°C, b) 800°C and c)
950°C.
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HBB-T-1820 MATERIALS AND TEMPERATURE LIMITS

Tabulated values are required in both customary (°F, ksi) and SI (°C, MPa) units. Temperature limits
and allowable stresses in the ASME Code are determined using the customary units; SI values are
determined from the customary values by calculation or interpolation. However, the temperature limits in
customary and SI units do not coincide. In the allowable stress tables in ASME Code Section I, Part D,
for example, a material might have an upper use temperature limited to 1750°F (954°C). The tabulated
values in Section II, Part D (Metric) list allowable stresses in 25°C increments. For the case where a
material is allowed up to 954°C, the process that has been adopted in Section II, Part D is to provide
allowable values at 950 and 975°C with a footnote stating: “The maximum use temperature is 954°C; the
value listed at 975°C is provided for interpolation purposes only.” Section III, Division 5, Subsection
HB, Subpart B has not followed the Section II convention. Instead, the values are simply rounded to the
nearest standard SI increment. Thus, while Alloy 617 will be allowed up to 1750°F, in SI units its allowed
use temperature will be limited to 950°C.

For this Code Case this has a significant practical advantage. Experimental data are required up to
50°C above the maximum use temperature; because of the rounding to 950°C in Section III Division 5,
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Subsection HB, Subpart B, it is only necessary to have data to 1000°C which is the upper limit of much of
the recent experimental work on Alloy 617.

The lower temperature limit for tabulated values and figures in Section III, Division 5, Subsection HB,
Subpart B is 800°F. Below this temperature Section III, Division 5, Subsection HB, Subpart A is used.
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APPENDIX 3
LETTER FROM AREVA REQUESTING CODE ACTION
ON ALLOY 617

AREVA

June 22, 2015

Mr. Joseph Brzuszkiewicz

Project Engineering Administrator
ASME

2 Park Avenue

New York, NY 10016-5990

brzuszkiewiczj@asme.org
Dear Mr. Brzuszkiewicz,

AREVA Inc. requests a Section Ill Division 5 Code Case for 52Ni-22Cr-13Co—-9Mo Alloy 617 (UNS N06617)
to allow for its use in construction of high temperature reactor systems. This alloy is currently allowed
for construction under Sections | and VIII. Because of the superior creep resistance of this alloy, the
proposed Code Case would extend the temperature range for nuclear components such as intermediate
heat exchangers from the current 760 to 950°C. This is necessary for the development of future very
high temperature reactor concepts which could provide very high temperature process heat for a
variety of industrial applications. Moreover, while this capability is not essential for high temperature
gas-cooled reactors being designed for the 700-800°C range, it would also provide significantly increased
design flexibility for such concepts. At temperatures in the range of interest for steam cycle HTGRs, its
higher creep strength compared to other austensitic materials would allow more efficient designs
providing increased performance and lower cost.

A data package and associated analysis supporting the draft Code Case has been assembled through an
extensive effort supported by the US Department of Energy and partners in the Generation IV
International Forum. The draft Code Case and background documentation will be posted on C&S
Connect, and it is expected that this item will be placed on the agenda of appropriate committees during
the August 2015 Code Week.

Sincerely,
(%M
Finis Southworth

Chief Technology Officer
AREVA Inc.

3315 Old Forest Road
Lynchburg, VA 24501
Finis.Southworth@areva.com

AREVA INC,

3315 Old Forest Road, P.O. Box 10935, Lynchburg. VA 24506-0935
Tel.: 434 832 3000 www.areva.com
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Allyson Byk

S&C Project Engineer
Nuclear Codes and Standards
ASME

2 Park Avenue

New York, NY 10016-5990
byka@asme.org
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