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Abstract

Design rules and procedures for high-temperature, gas-cooled reac-

tor components are being formulated as an ASME Boiler and Pressure Ves-

sel Code Case. A draft of the Case, patterned after Code Case N-47, and

United to Inconel 617 and temperatures of 982°C (1800°F) or less, will

be completed in 1989 for consideration by relevant Code committees. The

purpose of this paper is to provide a synopsis of the significant dif-

ferences between the draft Case and N-47, and to provide more complete

accounts of the development of allowable stress and stress rupture val-

ues and the development of isochronous stress vs strain curves, in both

of which Oak Ridge National Laboratory (ORNL) played a principal role.

The isochronous curves, which represent average behavior for many heats

of Inconel 617, were based in part on a unified constitutive model

developed at ORNL. Details are also provided of this model of inelastic

deformation behavior, which does not distinguish between rate-dependent

plasticity and time-dependent creep, along with comparisons between

calculated and observed results of tests conducted on a typical heat of

Inconel 617 by the General Electric Company for the Department of

Energy.

1. INTRODUCTION

In the U.S.A., 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 temperatures
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[371"C (700°F) or lower for ferritic steels and 427°C (800°F) or lower

for austenitic steels and high-nickel alloys], these provisions are in

Subsection NB of Section III of the Code. For Class 1 Components at

higher temperatures, Code Case N-47 is applicable. The alloys permitted

by the current edition of this Case*, and the corresponding tenperature

limits for a service life of 300,000 h or less are listed below.

N-47 Temperature Limits
Alloy °C (aF)

2.25Cr-lMo 593 (1100)
800 H 760 (1400)
304 or 316 816 (1500)

In response to needs expressed by the General Electric Company and

the U.S. Department of Energy, an ad hoc committee of the ASME Code was

established in 1983 to formulate design methods and procedures for cer-

tain gas-cooled reactor components (steam-methane reformers) to operate

at temperatures of 950°C (1742°F) or less. This committee, known as the

Task Force on Very High Temperature Design (TF-VHTD), reports to the

Subgroup on Elevated Temperature Design of the Subcommittee on Design.

After a period of extensive review and careful consideration of

relevant issues, the committee decided to propose a new Code Case, pat-

terned after relevant portions of Case N-47, and limited to Inconel 617,

temperatures of 982°C (1800°F) or less, and service lives [total time at

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 pos-

sible failure modes in high-temperature service: (1) 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 ratchetting, (5) creep buckling due to long-term loadings, (6) loss

of function due to excessive deformation, (7) buckling due to short-term

loadings, and (8) non-ductile rupture. A draft of the new Case has been

in preparation for two years, and is expected to be completed in the

first half of 1989 for consideration by relevant Code committees.

A synopsis of significant differences between the draft Case and

Case N-47 is provided in Section 2. More complete accounts are given in



Sections 3, 4, and 5 of three related developments for the new Case in

which ORNL played a principal role. Section 3 concerns the allowable

stress and stress rupture values which are the bases for limits on load-

controlled (primary) stresses. Section 4 describes the unified consti-

tutive model of inelastic deformation behavior which was used as a basis

for isochronous stress vs strain curves. Section 5 covers the iso-

chronous stress vs strain curves which are used in simplified evalua-

tions of ratchetting and creep-fatigue. Concluding remarks are given in

Section 6.

2. DIFFERENCES BETWEEN DRAFT CASE AND N-47

As stated in the Introduction, the draft Code Case is patterned

after relevant portions of Code Case N-47, and thus consists of three

articles and two appendices. The numbering system follows that of Sub-

section NB of the Code. Articles -1000 Introduction and -2000 Materials

are each relatively brief, the former consisting of one subarticle

defining the scope of the Case and the latter consisting of three para-

graphs supplementing article NB-2000 Materials of Subsection NB. Arti-

cle -3000 Design is quite extensive and mostly self-contained. Appendix

I provides relevant material specifications and properties for Inconel

617 and Appendix T provides certain evaluation procedures and criteria,

including those related to ratchetting, creep-fatigue, buckling, and

welds.

Since the intended application of the draft Case is design of

steam-methane reformers, no component-specific rules are provided for

piping, pumps, and valves, such as those of Case N-47. Thus draft

Article -3000 Design consists of only three subarticles: -3100 General

Requirements for Design, -3200 Design by Analysis, and -3000 Vessel

Design. As consequences of the intended application, there are many

differences In the content of corresponding portions of the draft Case

-.ise ..-*/. «osc of these differences are material and temperature

r̂ l.it.-.i. -.:•. i •••.,. -.osc noteworthy are in Subarticle -3200 Design by Anal-

r ': ' r":'r"l! Ar?«Midices I and T. These are summarized below.



There are a number of differences related to the unique inelastic

behavior characteristics of Inconel 617 at temperatures close to 982°C

(1800°F). These characteristics include: (1) lack of a clear distinc-

tion between time-independent (elastic-plastic) behavior and time-

dependent (creep) behavior, (2) great dependence of flow stress on

strain rate, and (3) softening with tine, temperature, and strain. Thus

provisions or limits of Case N-47 that are based on time- and rate-

independent, or strain hardening, idealizations of material behavior are

not included or are notably altered in the draft Case. The constitutive

models of inelastic behavior employed in any required inelastic analyses

should also reflect the above characteristics.

There are some notable differences in the limits of -3220 applied

to load-controlled (primary) stresses that are obtained from elastic

analyses. In the application of these limits certain terms are used

whose definitions are given in the draft Case and in Case N-47, and are

generally consistent with those of Subsection NB. Thus Pm and PL are

general and local primary membrane stress intensities and P^ is primary

bending stress intensity. Five categories of loadings are considered:

Design and Service Levels A, B, C, and D. The limits are based in part

on values of SQ, S t and.St given in Appendix I. SQ is based on short-

term tensile properties, and on 10^-h creep and creep-rupture

properties. S is the lesser of S , based on short-term tensile

properties, and St> based on data from constant-load creep tests.

The differences in the limits of -3220 between the draft Case and

Case N-47 are in the definition of St and in certain of the limits

applied to Design Loadings and to Service Level D Loadings. In Case

N-47, the stresses corresponding at time t to a total strain of 1%, to

the initiation of tertiary creep, and to rupture are considered in St

(and hence also in S t ) . In the draft Case, the stress corresponding to

the initiation of tertiary creep in time t is not considered. In Case

N-47, the Design Limits are given by Pm <_ SQ and PL + Pfe _<̂  1.5 SQ. In

the draft Case, SQ is replaced by the greater of SQ and Smt for the

design life. In Case N-47 the Service Level D limits are obtained in

part from Appendix F. of Section III for Pm and P^ +
 pb« In the 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.

It should be noted here that, because of the intended application

of Inconel 617, the draft Case does not address cladding in Paragraph

-3227, does not permit bolts in -3230 unless they satisfy the limits of

Case N-47, and cautions against significant reductions in fracture

toughness from extended exposure to elevated temperatures in -3240.

The draft Appendices I and T are analogous to those, of Case N-47.

Appendix I consists entirely of information specific to Inconel 617.

Since bolts are not permitted by the new Case, material specifications

and allowable stresses for bolts are not included in Appendix I. Stress

rupture factors for weldnents are being developed and are expected to be

available for inclusion in the first draft of Appendix I. Appendix T

also includes information specific to Inconel 617, such as fatigue

design curves (Fig. T-1420-1) and isochronous stress vs strain curves in

T-1800. The former are used in creep-fatigue evaluations based either

on inelastic analysis (T-J420) or elastic analysis (T-1430). The latter

are used in simplified evaluations of ratchetting (T-1330) and creep-

fatigue (T-1430). A creep-fatigue damage interaction diagram for

Inconel 617 (Fig. T-1420-2) is being developed and is expected to be

available for inclusion in the first draft of Appendix T. In accordance

with the coverage of the draft Case, Appendix T will contain no specific

provisions for piping and bolting.

3. ALLOWABLE STRESS AND STRESS RUPTURE VALUES

In -3220 of the draft Case, limits are placed on load-controlled

(primary) stresses that are obtained from elastic analyses. The limits

are based on values of SQ, Smt, Sm, St, and Sr, which are provided in

Appendix I. SQ is based on criteria given in Division 1 of Section VIII

(Pressure Vessels). The values of S were obtained from Code Case 1956-

1 and from another Case presently under development, which provide for



use of Inconel 617 in Division 1 of Section VIII.

the other values is described below.

The development of

The criteria employed for the draft Case are as follows:

; I « S
S m t -

m —

t —

m

2/3 of specified minimum tensile strength

at roon temperature [655 MPa (95 ksi)]

11/30 of minimum tensile strength at temperature

2/3 of specified minimum yield strength at

room temperature [241 MPa (35 ksi)]

90% of minimum yield strength at temperatures

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

Minimum stress to rupture in time t

The above criteria are similar to those employed for Case N-47 except

that the above criteria for S do not 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 Inconel 617 at temp-

eratures close to 982°C (1800°F).

For Sm the minimum yield and tensile strength valves up to 760°C

(1400°F) were consistent with values used for SQ in Code Case 1956-1.

Above 760°C (1400°F), average values from Huntington Alloys2 were multi-

plied by the corresponding ratio (0.64 for yield strength and 0.86 for

ultimate tensile strength) of Code minimum to Huntington average at

temperatures below 760°C (1400cF). Smoothed values of S were obtained

from a cubic equation fitted by least squares to values obtained from

the above procedure for temperatures in the range 21°C (70°F) _<_ T <^

982°C (1800°F). For Sm in ksi and T in °F*, the equation may be written

*To convert temperature from °C to °F multiply by 1.8 and add 32.
To convert stress from ksi to MPa multiply by 6.895.



•"in 33.06 - 0.0313T + 3.034 x 10~5T2 - 1.168 x 10~8T3

For St the minimum stress (Sr) to 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 Huntington Alloys.2 In each case, the min-

imum was taken to be 1.65 standard deviations below the mean. Isochron-

ous curves of Ŝ . vs 'temperature were drawn to converge on a value of 248

MPa (36 ksi) at 316°C (600°F), which is an estimate of the (time-

independent) minimum stress corresponding to 1% strain at this tempera-

ture. 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 var-

iation in yield stress with temperature, and the ratio of minimum to

average yield stress. Figure 1 is a plot of Sm, and of St for given

times, vs temperature; and Fig. 2 is a plot of S vs time for given

temperatures. Sr is plotted vs time for given temperatures in Fig. 3.
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1. Sm and St for given times vs temperature.
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Fig. 3. S vs time fbr given temperatures.



4. UNIFIED CONSTITUTIVE MODEL

Limits on deformation-controlled quantities in -3250 of the draft

Case and Case N-47 may be satisfied by criteria in Appendix T based on

elastic, simplified inelastic, and detailed inelastic analyses. Consti-

tutive 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 forra, the equa-

tions may also be used to 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

Inconel 617. These curves were used as a basis for the average

isochronous curves in T-1800 of the draft Appendix T.

Constitutive models of inelastic behavior are typically based on

classical concepts of time-independent plasticity and time-niependent

creep. In such models, inelastic strain is considered the sum of sep-

arately evaluated plastic and creep strains. However, for Inconel 617

at temperatures close to 982°C (1800°F), this distinction between

plasticity and creep is unrealistic; inelastic behavior is always

significantly time- or rate-dependent. To properly characterize such

behavior, a so-called unified, or viscoplastic, 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.

The unified constitutive model developed by Robinson3 at ORNL has

been used to represent important behavioral features of structural

alloys at high temperature. In 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 Bailey-Orowan

type, and thus contains two terms corresponding to the competing mech-

anisms of hardening and recovery.

This mathematical framework of coupled partial differential equa-

tions was used as the starting point for development of unified equa-

tions for a typical heat (XX63A8UK) of Inconel 617 based on the results
•j

of tensile and creep tests conducted by the General Electric Company for

the Department of Energy.
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The resulting uniaxial equations for monotonic loading may be

written as follows:
2 2n/2(cr - a)• Flow Equation

• Growth Equation

• Total Strain Equation

where

F =

II •

R »

$ =

n =

' 1.704xl0~(<S + 5\

• 1 0 m

- 0.46xl0(m " 6 " 6)$

= 1 + 3.16xlO3e5'35

T°
\ n + 0.08(a - cr )

0 0

ei = F[(cr - a)* - K*

a = HI /a1'5 - Ra1*5

e - a/E + e

a — a
0

a > a
0

and the parameters E, K, m, n , 5 and a are given in Table 1 for the

temperature range 649°C (1200°F) to 982°C (1800°F). In the above equa-

tions, e is inelastic strain in %, a is applied stress in ksi, a is

internal stress in ksi, and time is in h.

Table 1. Material Parameters for Inconel 617

Temperature
°C

649
677
704
732
760
788
816
843
871
899
927
954
982

(°F)

(1200)
(1250)
(1300)
(1350)
(1400)
(1450)
(1500)
(1550)
(1600)
(1650)
(1700)
(1750)
(1800)

E
(ksi)

246.000
242.844
239.625
236.344
233.000
229.594
226.125
222.594
219.000
215.344
211.625
207.844
204.000

K
(ksi)

10.000
9.250
8.000
6.250
4.000
3.369
2.825
2.369
2.000
1.719
1.525
1.419
1.400

m

3.800
3.353
3.000
2.743
2.585
2.286
2.009
1.756
1.526
1.319
1.135
0.974
0.836

no

4.000
3.750
3.500
3.250
3.000
2.875
2.750
2.625
2.500
2.375
2.250
2.125
2.000

6

5.000
4.486
4.000
3.542
3.113
2.568
2.067
1.611
1.200
0.833
0.511
0.234
0.001

a
(£si)

10.000
12.500
15.000
17.500
20.000
20.625
22.500
25.625
30.000
35.625
42.500
50.625
60.000

These equations differ from!some other applications of Robinson's

model in two respects. The softening function * was introduced into the
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flow equation and into the recovery term of the growth equation to

effectively model both the stress drop after yielding observed in con-

stant-strain-rate tensile tests and the accelerating strain vs time

observed in constant-load creep tests. The exponent n in the flow equa-

tion 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 equa-

tions for inelastic strain and internal stress were numerically inte-

grated for 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 tensile loading conditions are

shown in Figs. 4-6, and for creep loading conditions in Figs. 7 and 8.

5. ISOCHRONOUS STRESS VS STRAIN CURVES

As stated above, the unified model was used to generate typical

isochronous curves of stress vs strain that served as a basis for the

average isochronous curves in T-1800 of the draft Appendix T.»> The latter

curves are required for simplified evaluations of ratchetting (T-1330)

and creep-fatigue (T-1430).

Development of the unified constitutive model presented above was

based on the results of tensile and creep tests conducted on a single,

typical heat of Inconel 617. However, the hot 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 Inconel

*The subroutine RKF45 was used for integration. As described in
Chapter 6 of Ref. 4, it is based on the Runge-Kutta formulae of
Fehlberg, which are of fourth and fifth order. These provide for a
step-by-step solution of the initial value problem, with automatic con-
trol of step size to achieve the required accuracy.
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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 fron

Huntington Alloys2 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 elastic 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. The resulting average curves for given

temperatures and times are shown in Figs. 9-15.

6. CONCLUDING REMARKS

A draft ASME Code Case for Class 1 Components of nuclear reactor

systems, patterned after relevant portions of Case N-47 and limited to

Inconel 617 and temperatures of 982^ (1800°F) or less, will be completed

in 1989. Accounts were provided in this paper of the differences between

the draft Case and Case N-47, and of the development for the draft Case

of allowable stress values, a unified constitutive model, and isochronous

stress vs strain curves.
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Fig. 9. Average isochronous stress vs strain at 649°C (1200°F)
' at given times.

The draft Case will not be without certain shortcomings. It is,

after all, the recent work of a small committee, based on limited avail-

able information concerning the behavior of Inconel 617 at very high

temperatures. It will be some time before the new Case will be as well

established as Case N-47, which has evolved over about 20 years (taking

the preceding Cases 1592 and 1331 into account).

The draft Case also inherits known shortcomings of Case N-47. For

example, the creep-fatigue criteria in Appendix T of Case N-47 are gen-

erally considered inadequate, even though some improvements are currently

being nade in the rules for both elastic and inelastic analysis.

Improvements are also being made in the simplified ratchetting procedures

in Appendix T of Case N-47. However, the improved procedures will still

require that the average temperature across the wall at one extreme of

each secondary stress intensity cycle be less than the temperature for
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Fig. 14. Average isochronous stress vs strain at 927°C (1700°F)
for given times.

HOT TENSILE (0.005/min)

MATERIAL - Ni-Cr-Co-Mo (ALLOY 617)
TEMPERATURE - 1800°F
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Fig. 15. Average isochronous stress vs strain at 982°C (1800°F)
for given times.
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which S Q = St at 10
5 h. A simplified procedure without this requirement

is needed to avoid more costly detailed inelastic analyses. This need is

even greater for the new Case, as a consequence of the intended

application to steam-methane reformers.
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