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ABSTRACT

Vcry-high-tempcrature gas-cooled reactors provide attractive
options for electric power generation using a direct gas-turbine cycle
and for process-heat applications. For the latter, temperatures of at
least 950'C (J742"F) are desirable. As a first step to providing rules
for the design of nuclear components operating at very high
temperatures, a draft ASME Boiler and Pressure Vessel Code Case
has been prepared by an ad hoc Code task force. The Case, which is
patterned after the high-iemperaiurc nuclear Code Case N-47, covers
Ni-Cr-Co-Mo Alloy 617 for temperatures to 982'C (1800'F). The
purpose of this paper is to provide a synopsis of the draft Case and the
significant differences between it and Case N-47. Particular emphasis
is placed on the material behavior and allowables. The fjaper also
recommends some materials and structures development activities that
arc needed to place the design methodology on a sound and defensible
footing.

I. INTRODUCTION

Very-high-tcmpcrature reactors (VHTRs) are an important
extension of modular high-lcmpcrature gas-cooled reactors
(MHTGRs), with MHTCRs becoming VHTRs as the reactor outlet
coolant temperature is increased. The higher outlet temperature
permits practical application of the gas-turbine Breyton power cycle; k
also can provide for process heat. Potential process-heat applications
include steam reforming of methane for synthesis-gas and/or
hydrogen production, steam gasification of coal for synthesis-gas
and/or hydrogen production, and alumina production from bauxite
(Kasien, Ref. 1). VHTR source temperatures of about 960'C
(1742"F) arc needed for each of these applications. The original
request to the ASME Boiler and Pressure Vessel Code Committee for
design rules for vcry-high-icmpcramre nuclear components came from
the U.S. Department of Energy and one of its contractors. The
specific VHTR component of primary interesi was a sieam-metbane
reformer which would be a pan of the reactor primary pressure
boundary (thus the need for Class ] rules) and would operate at
temperatures of 950'Co? less. Materials of potential interest included
nickel Alloys 800 H, X, and 6)7.

In the United States, components of nuclear reactor systems
are designed in accordance with applicable provisions of the ASME
Boiler and Pressure Vessel Code. For Class 1 Components at
relatively low temperature [371'C (700'F) or lower for ferrilic steels
and 427*C (800"F) or lower for austcnitic steels and high-nickel
alloys], these provisions are in Subsection KB of Section 111 of the
Code. For Class I Components at higher temperatures, Code Case
N-<7 is applicable. The aUoys permitted by the current edition of this
Case (2), and the corresponding temperature limits for a service life of
300,000 h or Jess are listed below.

N-47
AUoy

2.25 Cr-lMo
800 H
304 or 316

Temperature Limits
•CCF)

593(1100)
760 (1400)
816 (1500}

To address the very-high-icmpcraiure design question, an ad
hoc task force of the ASME Code was established in 39S3. The name
of the group was the Task Force on Very-High Temperature Design,
it was organized under the jurisdiction of, and reported to, the
Subgroup on Elevated Temperature Design of the Subcommittee on
Design. The Task Force completed its work in 19E9 and provided a
draft Code Case to the Subgroup on Elevated Temperature Design.
The draft Case is currently being reviewed by the Subgroup.

After a period of extensive review and careful consideration of
relevant issues, the committee decided to propose a new Code Case,
patterned after relevant portions of Case N-47, and limited to Ki-Cr-
Co-Mo Alloy 617 (Jnconel 617)* tempcraiures of 9E2'C (3800'F) or
less, and service Jives [total time al temperatures above 427'C
(800'F)} of 100,000 h or less. Central to the new Case is a design-
by-analysis concept addressing the following possible failure modes
in high-iempcrature service: (3) ductile rupture from short-term
loadings, (2) creep rupture from long-term loadings, (3) creep-fatigue
failure, (4) gross distortion due to incremental collapse and
raichciting, (5) creep buckling due to long-term loadings, (6) loss of
function due to excessive deformation, (7) buckling due to short-term
loadings, and (S) non-ducti* rupture. The last of these was added to
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ihe failure modes covered by Case N-47 because of the significant
loss of fracture toughness in Alloy 617 after long-term exposure to
very high temperatures.

The draft Case is briefly described in Section 2, and the
differences between it and Case N-47 are briefly discussed. More
complete accounts are given in Sections 3 and 4 of related
developments for the new Case in which ORKL played a principal
role. Section 3 concerns the allowable stress and stress-rupture values
that are the bases for limits on load-controlled (primary) stresses.
Section 4 describes the isochronous stress vs strain curves and the
unified constitutive model of inelastic deformation behavior on which
they were based. Section 5 briefly describes lheraicheiring and creep-
fatigue limits (Appendix T rules). Section 6 states conclusions, points
out shortcomings of the draft Case and its underlying bases, and

' recommends several needed materials and structures R&D activities.

2. CODE CASE FEATURES

In an analogous manner to Case N-47, the draft Case covers
design of Alloy 617 components over the range from 427'C (800'F)
to 982" C (1800'F). Inconel 617 will need to be included in Section
111 for coverage below 800'F. The draft Case parallels exactly ihe
relevant portions of Case N-47; it thus consists of three articles and
two appendices. The numbering system follows that of Subsection
NB of Section 111. Articles -1000 Introduction and -2000 Materials
are each relatively brief, the former consisting of one subanicle
defining the scope of the Case and the latter consisting of three
paragraphs supplementing article NB-2000 Materials of Subsection
NB. Article -3000 Design is more extensive and is mostly self-
contained. Since no component-specific rules arc provided for piping,
pumps, and valves, as they are in Case N-47, the draft Article -3000
Design consists of only three subanicles: -3100 General
Requirements for Design, -3200 Design by Analysis, and -3300
Vessel Design. Appendix I provides relevant material specifications
and properties for Alloy 617, and Appendix T provides evaluation
procedures and criteria for "deformation and fatigue limits,'' including
those relaied to raichening, creep-fatigue, buckling, and welds.

The differences between Case N-47 and the draft Case are, of
course, largely material- and temperature-related, and the most
noteworthy of these are in subarticle -3200 Design by Analysis.
These differences, as well as several other points about the draft Case,
are summarized below.

The Task Force recognized early on that Alloy 617 exhibited
unique material behavior features at the very high temperatures of
interest and that these features would need to be recognized and
accounted for in the rules. These behavioraJ features include: (l)lack
of a clear distinction between time-independent (elastic-plastic)
behavior and time-dependent (creep) behavior, (2) high dependence of
flow stresses on strain rate, and (3) softening with time, temperature,
and strain. Thus, provisions or limits of Case N-47 that are b&ssd on
time- and rate-independent, or strain hardening, idealizations of
material behavior required careful consideration in the draft Csse. For
example, the Case specifies that the usual plastic instability analysis
associated with Level D Sen-ice Limits must generally account for rate
dependence and creep effects, so that a plastic analysis implies a full
inelastic analysis. Furthermore, the Case specifies that inelastic
design analyses for temperatures above 649"C (1200'F) must be
based on unified constitutive equations, which do not distinguish
between time-independent plasticity and time-dependent creep.

Another materials-related area that was recognized early on
was the significant environmental effects that could exist in VHTRs.
The helium coolant will generally contain some hydrogen, water
vapor, carbon monoxide, carbon dioxide, methane, and nitrogen (1).
There can be potential for oxidation and carburization or
decarburization of metals exposed to the coolant. Rapid carburization
or decarburization can occur above 900"C (482'F). However, it is
believed that by maintaining a slightly oxidizing VHTR environment,
carburization can be limited to accepubic values in Alloy 617 at
temperatures up to the maximum covered by the draft Case. The draft
Case stales that the rules are applicable provided the fluid does not
influence component behavior to a greater extent than air.

The draft Case warns that extended exposure at elevated
temperatures may cause a significant reduction in fracture toughness.
The problem is probably most severe when the component is cooled to
lower temperatures. A fracture analysis is required to justify the
ability of the component to withstand the expected service conditions.
Incidentally, this potential fracture toughness problem is one of ihe
main reasons Alloy 617 bolting is excluded from the Case. Also,
exposure of cold worked material to very high temperatures results in
recrystallization. Consequently, cold worked material will be
excluded from the Case.

Whereas Case N-47 provides allowables to 500,000 h, the
draft Case is limited to design lives of 100,000 h or less. The main
reasons for this are (1) the uncertainties of data extrapolation at very
high temperatures and (2) the fact that at long times the allowable,
stresses are less than 1 ksi at the highest temperatures, and there is a
lack of experience in designing reliably with such low allowables.

The allowable stress quantities used in Case N-47 are So, Sm,
St, and Smt- 5o »s based on short-term tensile properties, 2nd on
lO^-h creep and creep-rupture prope-ties. Smt is the lesser of Sm,
based on short-term tensile properties, and St, based on data from
constant-load creep tests. These quantities are retained in the draft
Case. However, the basis for St. the time-dependent allowable stress,
was altered slightly so thai it does not depend on tertiary creep. In
addition, the use of So, the design allowable stress, is altered.
Whereas primary design load stresses in Case N-47 are limited to So,
which is time-independent, the draft Case limits the design stresses to
either So or Smt (determined for the design life of the component),
whichever is greater. The reason for this is that some very-high-
temperature components may be designed for short lives, and use of
So would unnecessarily penalize the design.

Another difference in the limits of -3200 between the draft
Case and Case N-47 is in the Level D Service Limits. In Case N-47
the Level D Service Limits are obtained in pan from Appendix F of
Section HI for P m and P L + Pb- In &e draft Case, the limits from
Appendix F are replaced by 70% of the lesser of the collapse load and
the plastic instability load. The draft Case also cautions that instability
can arise from material instability associated with strain softening as
well as from structural instability.

A first-cut at specifying most of the required Alloy 617
properties and allowable values and curves was made by the Task
Force, and these are included in Appendices I and T." Properties v.-l
allowables given arc: So; S m ; St; Smt; yield strength, Sy; minimum
stress-io-rupture, Sri modulus of elasticity; design fatigue curves; a
creep-fatigue interaction curve; and, isochronous stress-snin curves
for (649'Q 1200*F and above. No thermal expansion coefficients or
weldment stress rupture factors were included, although they will be
required.

3 . ALLOWABLE STRESS AND STRESS RUPTURE
VALUES

In -3220 of the draft Case, limits are placed on load-controlled
(primary) sc-cs$es that are obtained from elastic analyses. The limits
are based on values of Soi Srnt. S m , St. and Sr, which are provided
in Appendix 1. So is based on criteria given in Division 1 of Section
V11I (Pressure Vessels). The values of S o were obtained from Code
Case 3956-1 and from another Case presently under development,
which provide for use of Alloy 617 in Division 1 ofSecdon VDI. The
development of the other values is described below.

The criteria employed for the draft Case are as follows:

* TJ«e"T*sk Force only jnpesd v»lue*. ResjwnutHliiy for jjropeniu ind
allowable* b d o n p to ihc Code Subcommittee on Miicnak.



• 1/3 of Specified minimum tensile strength at
room temperature 1655 MPa (95 llsi))

• 11/30 of minimum tensile strength ai temper-
ature

• 2/3 of specified minimum yield strength at
room temperature 1241 MPa (35 ksi)]

1 90% of minimum yield strength at temper-
atures up to 649'C (1200'F); 2/3 of minimum
yield strength at temperatures above
649'C (1200'F)

2/3 of minimum stress to rupture in time t

Minimum stress to produce 1% strain in time t

St • • Minimum stress to rupture in time t

The above criteria arc similar to those employed for Case N-47 except
that the above criteria for Si do noi include 80% of minimum stress for
onset of tertiary creep in time t because increasing strain rate is
observed very early in constant-load creep tests of Alloy 617 at
temperatures close lo 982*C (3800'F). Also, two different fractions
of the yield strength are used in the Sm definition. This reflects the
fact that the shape of the stress-strain curve changes in going from
high to very high temperatures.

For Sm the minimum yield and tensile strength values up to
760"C (1400'F) were consistent with values used for S o in Code Case
1956-1. Above 760'C (1400*F), average values from Huntington
Alloys (Bassford, Ref. 3) were multiplied by the corresponding ratio
(0.64 for yield strength and 0.S6 for ultimate tensile strength) of Code
minimum to Huntington average at temperatures below 760'C
(1400'F). Smoothed values of Sm were obtained from a cubic
equation filled by least squares to values obtained from the above
procedure for temperatures in the range 21'C (70'F) £ T £ 9S2"C
(1800'F).

For St the minimum stress (Sr) lo rupture in time t and the
minimum stress to produce 1% strain in time t were obtained from
plots of the Larson-Miller parameter from Hunringion Alloys (3). In
each case, the minimum was taken to be 1.65 standard deviations
below the mean. Isochronous curves of St vs temperature were
drawn lo converge on a value of 248 MPa (36 ksi) at 316'C (600"F),
which js an estimate of the (time-independent) minimum stress
corresponding to 1% strain at this temperature. This estimate is based
on the average stress vs strain curve for a strain rate of 0.005/min and
a temperature of 649'C (1200'F), the variation in yield stress with
temperature, and the ratio of minimum to average yield stress. Figure
1 is a plot of S^, and of St for given tiroes, vs temperature; and Fig. 2

is a plot of St vs time for given temperatures.* St is plotted vs lime
for given temperatures in E g . 3.

4. UNIFIED CONSTITUTIVE MODEL AND ISOCHRO-
NOUS STRESS-STRAIN CURVES

Limits on deformation-controlled quantities in -3250 of the
draft Case and Caw N-47 may be satisfied by criteria in Appendix T
based on elastic, simplified inelastic, and detailed inelastic analyses.
Constitutive equations are used in detailed inelastic analyses of
structural components to accurately model the inelastic response of
structural materials to multiaxial loading histories. In uniaxial form,
the equations may also be used 10 develop some of the design tools
that are used in simplified methods of analysis. The equations given
below were used to generate isochronous curves of stress vs strain for
a typical heat of Alloy 617. These curves were used as a basis for the
average isochronous curves in T-1800 of the draft Appendix T.
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Fig. 1. Sm and St for given times vs temperature.
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Fig. 2. St vs time for given temperatures.

As previously mentioned, constitutive models of inelastic
behavior are typically based on classical concepts of Srne-Jndcpendem
plasticity and tune-dependent creep. In such models, inelastic strain is
considered the sum of separately evaluated plastic and creep strains.
However, for Alloy 617 at temperatures close so 9S2'C (]S00*F).
this distinction between plasticity and creep is unrealistic; inelastic
behavior is always significantly time- or rate-dependent. To property
characterise such, behavior, t so-called unified, or viscop]»siic,
constitutive model is much more appropriate. Such a model can
provide a useful description of both short- and long-term behavior as a
function of loading rate.

* To convert temperature from 'C to *F multiply by 1.8 and add 32. To convert
sues from Vii u> MPi multiply by 6.895.



Table ). Material Parameter! for Alloy 617

10 - .0 ' 10" 10* 10s

MINIMUM TIME TO RUPTURE, h

10'

Temp.

OF) 00$ psi) m
C0

1200
1250
3300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800

24.6
24.2
23.9
23.6
23.3
22.9
22.6
22.2
21.9
21.5
21.1
20.7
20.4

10.00
9.25
8.00
6.25
4.00
3.37
2.83
2.37
2.00
1.72
1.53
1.42
1.40

3.80
3.35
3.00
2.74
2.59
2.29
2.01
1.76
1.53
1.32
3.14
0.97
0.S4

4.00
3.75
3.50
3.25
3.00
2.S8
2.75
2.63
2.50
2.38
2.25
2.13
2.00

5.00
4.<9
4.00
3.54
3.31
2.57
2.07
1.61
1.20
0.83
0.51
0.23
0.00

30.00
32.50
15.00
17.50
20.00
20.63 -
22.50
25.63
30.00
35.63
<2.50
50.63
60.00

Fig. 3. Sx vs time for given lemperaiures.

The unified constitutive model developed by Robinson (4) at
ORNL has been used to rcpresenl important behavioral features of
structural alloys at high temperature. Jn this model, multiaxial flow
and growth equations are derived from a potential function of applied
and internal stresses. The growth equation is of the widely accepted
Bailcy-Orowan type, and thus contains two terms corresponding to
the competing mechanisms of hardening and recovery.

This mathematical framework of coupled partial differential
equations was used as the sianing point for development of unified
equations for a typical heat (XX63A8UK) of Alloy 617 based on ihe
results of tensile and creep icsts conducied by the General Electric
Company for the Department of Energy.

The resulting uniaxia] equations for monotonic tensile loading
may be written as follows:

Flow Equation e. = F[(a - a ) 2 - K 2 ] " ^ ( o - a)

Growth Equation

Tola! Strain Equation £ = aJE + t.

where

F
H=10

1.704
m

= 1 + 3.16 x103e°ss

rt -
no o So,

and the parameters E, K, m, n^ 5 and c 0 are given in Table 1 for the
temperature range 649"C (1200"F) to 982'C OSOO'F). In the above
equations, q is inelastic strain in %, a is applied stress in ksi, o is
internal stress in ksi, and time is in h.

These equations differ from some other applications of Robinson's
model in two Tespects. The softening function 4> was introduced into
the flow equation and into the recovery term of the growth equation to
effectively model both the stress drop after yielding observed in
constant-strain-rale tensile tests and ihe accelerating strain vs time
observed in constant-load creep tests. The exponent n in the flow
equation was given a dependence on applied stress to more effectively
model the inelastic response at higher values of applied stress.

The form of the above equations was guided to a large extent
by current understanding of the mechanisms governing inelastic
deformation on the microscale. The values of various parameters
were obtained by a process of trial and error guided by experience.
The differential equations for inelastic strain and internal stress were
numerically integrated for short-time tensile and creep loading
conditions and the results visually compared with appropriate test
data. Adjustments were made in values of parameters until
satisfactory agreement was obtained. Comparisons of experimental
and analytical results for typical tensile loading conditions are shown
in Figs. 4 and 5, and for creep loading conditions in Fig. 6.
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As stated above, the unified model was used to generate
typical isochronous curves or stress vs strain that served as a basis for
the average isochronous curves in T-1800 of the draft Appendix T.
The latter curves arc required for simplified evaluations of ratchetting
(T-J 330) and creep-fatigue (T-1430).

Development of the unified constitutive mode! presented above
was based on the results of tensile and creep tests conducted on a
single, typical beat of Alloy 617. However, the hoi tensile
(0.005/min) and isochronous stress vs strain curves in the draft
Appendix T were required to represent average behavior for a large
number of heats of Alloy 617. Accordingly, tensile and isochronous
stress vs strain curves generated by the unified model for given
temperatures were adjusted to fit average behavior for those
temperatures based on average values from Huntington Alloys (3) for
0.2% offset yield strength and stress to produce 1% strain in a given
time. This was accomplished by translating a model tensile curve
along the clastic line until it passed through the corresponding average
yield stress and by translating a model isochronous curve along the
elastic line until it passed through the corresponding average stress for
1 % strain. Typical average curves are shown in Figs. 7 and 8.

S. APPENDIX T RULES

The deformation and fatigue limits of Appendix T of the
proposed Case were little changed from Case NM7. The draft Case
even incorporates revised simplified inelastic analysis rules for
satisfaction of strain limits (T-1330) and revised acep-fatiguc rules
(T-1400) that have been approved for Case N-47 but have not yet
been published.

As in Case N-47, the draft Case imposes inelastic strain limits
of 1%, averaged through the thickness; 2%, equivalent linear strain at
the surface; and 5%, local strain ai any point. Half these values are
allowable at welds. The Case N-47 elastic analysis rules fT-1320)
and inelastic analysis rules (T-1330) for satisfying the strain limits are
used in the draft Case, but an upper temperature limitation of 649*C
(1200'F) was placed on their applicability. A principal reason for this
limitation is that below 649'C, Alloy 617 material behavior is
qualitatively similar to that of other materials for which creep
ratchetting has been well studied and the rules validated. Above this
lemperature, the behavior, as previously discussed, is different and
validated simplified ratcheting analysis procedures do not exist.

The Case N-47 T-1400 creep-fatigue evaluaaon procedures,
which are based on linear summation of time- and cycle-fractions,
were adapted for the draft Case. Fatigue dau from several U.S. and
foreign sources were available for Alloy 617, and from these data the
design fatigue curves shown in Fig. 9 w-cre developed. The 7 W C
(13O0*F) curve covers the range from room temperature to 704"C At
wcldments, the allowable fatigue design cycles are to be reduced by a
factor of two, as in Case N-47.

MATERIAL—_Ni.Cr-CcWs (ALLOY 617)

0.4

STRAIN (•.'.)
Fig. 7. Average isochronous stress vs strain at W9'C

(1200T) at given limes.
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Fig. 8. Average isochronous stress vs strain at 982'C
0 SOO'F) for given times.
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Fig. 9. Design fatigue strain range, tj, for Alloy 617.

A bilinear creep-fatigue damage envelope intersecting at

106

was chosen basrd on available creep-fatigue data. The 0.1, O.I
intersection point has been approved IO represent Alloy 800 H as well
as 21/4 Cr-lMo steel in future revisions of Case N-47. The available
data indicate thai this point is appropriate for Alloy 637 as well.

A final change to the Appendix T rules wss made in the
buckling rules of T-1500. At temperatures above fr«9"C (1200'F), the
draft Case specifies that unified constitutive equations must be used in
calculating buckling loads, whether to meet the "timc-indcpcndeni*
limits or the "time-dependent" limits.

6. CONCLUSIONS, SHORTCOMINGS, AND DEVELOP-
MENT NEEDS

A draft ASME Code Case for design of Class 1 nuclear
components operating to very high temperatures has been completed
by an ad hoc Code task force. The draft Case, which was patierned
after relevant portions of Case N-47, is limited to Alloy 617 and
temperatures to 9S2*C (I800*F).

The draft Case will not be without shortcomings. It is, after
all, the recent work of a small group, based on limited available
information on, and experience with the application of. Alloy 617 at
very-high temperature?. It will be some time before the new Case
could be as well established as Case N-47, which has evolved over
more than 20 years, covers material on which much pertinent materials
and structures R&D work has been performed, and has been'
substantiated by extensive analytical and experimental studies.

In addition to inheriting known shortcomings of Case N-47,
the draft Case has a number of gaps and shortcomings to be overcome
before it could be satisfactorily and reliably applied. These are
outlined below in three categories.

Action; Required to Make Case Completed

• Alloy 617 must be added to the low-temperaiure rules of Section

• Weldment stress rupture factors must be added to Appendix I. At
least some weld metal creep-rupture data exist.

• Thermal expansion coefficients must be added 10 Appendix I.
• Additional isochronous stress-strain curves covering the

temperature range from427'C (SOO'F) to 649'C (1200'F)
must be sdded.

Maierial* Daia

• Although a surprisingly good Alloy 617 properties database exists.
there are some deficiencies. For example, weldment fatigue data
are needed, as is a more complete creep-fatigue database.

• A thorough understanding and characterization of the effects of
VHTR environments on properties will be necessary to apply the
Case.

• The synergistic effects of aging, environment, loading, and
temperature should be better understood.

• The effects of aging on toughness must be characterized.

Structural Desiyn MeihodoTopv Needs

• The unified constitutive model described in this paper was based
just on ur.iixial tensile and creep data. While adequate for
generating isochronous stress vs strain curves, more complete,
experimentally-based equations need to be developed for design
analysis use.

• Some very-high-icmpcraturc, time-dependent lests of Alloy 617
structural models are needed to (1) provide a better understanding
of structural behavior and failure modes, (2) validate inelastic
analysis methods and failure modes, and (3) provide some
applications feedback for the Case.

• The simplified ratchetiing evaluation procedures adopted in the draft
C u e from Case N-47 are inadequate in that (1) they are limited in
use to just 649'C (1200"F) and below, and <2) the temperature at
one end of the loading cycle must be below 566"C (3O50*F), the
temperature at which Sm « Si for 10^ h. New, more generally
applicable, simplified rules need to be developed and analytically
and experimentally validated,

• Finally, probably the biggest shortcoming of the draft Case, as well
as of Case N-47, is the use of linear damage fractions as the basis
of the creep-fatigue rules. Rather than genera;? more data to
characicriw creep-fatigue of Alloy 617 in terms of linear damage,
which is widely recognized to be inadequate, a basic effort is
needed 10 identify and experimentally validate a more fitting damage
theory.
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