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Abstract MASTER
The purpose of this paper is to desc.-ibe the role that inelastic analyses

play in the design of high-temperature nuclear plant components and to iden-

tify the problem areas and needs. The design methodology, which explicitly

accounts for nonlinear material deformation and time-dependent failure modes,

requires a significant level of realism in the prediction of structural re-

sponse. Thus, material deformation and failure modeling are, along with com-

putational procedures, key parts of the ir.ethodology. Each of these is briefly

discussed along with validation by comparisons with benchmark structural

tests, and problem areas and needs are discussed for each.

1. INTRODUCTION

High-temperature nuclear plant components, by definition, operate at

temperatures where creep effects and time-dependent failure mechanisms are

significant. For the austenitic stainless and ferritic steels used in liquid-

metal fast-breeder reactors (LMFBRs) ; these effects are implicitly assumed

by the ASME Boiler and Pressure Vessel Code, Section III, to occur upon sig-

nificant exposure to temperatures above 800 and 700"F, respectively [1 , 2 ] .

Since normal operating temperatures of LMFBRs are in the range from 900 to
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1100°F, it has been necessary to develop and utilize a design methodology

that explicitly accounts for the effects of nonlinear material deformation

and time-dependent damage raechanisms and failure modes.

This methodology has sought a new level of realism in the prediction of

inelastic structural behavior. Efforts to develop increasingly realistic

mathematical descriptions of e.lastic-plastic-creep material behavior (consti-

tutive equations) have been underway, and a number of inelastic structural

analysis computer programs, which are capable of treating the thermal and

mechanical loadings and the typical structural geometries that are encountered,

have been developed and made available to the design community.

This paper describes the role of inelastic analysis in the design of

high-temperature nuclear plnnt components, with the objective of delineating

current uncertainties and problem areas as well as future needs and directions.

Because inelastic analyses are just one ingredient of the total integrated

design methodology — consisting of design specifications, analysis methods

for predicting structural response, and rules and criteria to guard against

structural failure — the requirements placed on such analyses, as well as the

problem areas that exist, cannot be easily divorced from the remainder of the

methodology. Thus, the problem areas and needs are identified herein in the

context of this totai design methodology, and they iu-jst be addressed in

terms of the ultimate goal of the design prjcess — to assure a level of

structural integrity consistent with the high levels of safety and integrity

required for nuclear equipment.

The following section provides an overview of the high-temperature struc-

tural design problem in fast-breeder reactors, and it summarizes the struc-

tural design ingredients and the role of inelastic analysis. Section 3 then

reviews material deformation modeling. Currently used models and their



•horncomings, as well as promising new developments, are briefly discussed.

S;_t:"-nj 4 addresses time-dependent failure modeling and current design cri-

teria. Again, shortcomings and needed developments are discussed with respect

to their effect on analysis. Tbs fifth section then addresses current inelas-

tic analyses and the problems encountered in their validation. Results from

representative high-temperature structural tests are compared with analysis

predictions for illustration. The final section is a summary of the problem

areas and needs.

2. THE HIGH-TEMPERATURE STRUCTURAL DESIGN METHODOLOGY

The methodology for the structural design of high-temperature nuclear

plant components has developed rapidly during the past decade concurrently

with the effort to design and build LMFBRs. These plants are sodium cooled

and consist of primary and secondary coolant loops. The primary loop includes

the reactor, housed in a reactor vessel, a pump, and the primary side of an

intermediate heat exchanger (IHX). The secondary loop includes the secondary

side of the IHX, a pump, and a steam generator.

Two features lead to the unique high-temperature design problems in

LMFBRs. The first is that the sodium outlet temperature is well within the

creep range for the alloys currently used in plant construction — types 304

and 316 stainless steel and 2 1/4 Cr—1 Mo steel. The second feature is the

relatively large temperature rise of the coolant as it passes through the

reactor core — about 300°F vs typically 60°F for a light-water reactor plant.

Reactor scrams and power changes result in rapid changes in this temperature

rise, and because of the good heat transfer properties of the sodium coolant,

thermal transient lor.dings can be imposed throughout the system.



The potential structural effects of such transients can be described

by means of a simple example — a straight section of pipe in a coolant loop,

as depicted in Fig. 1. Assume that the sodium temperature drops 300°F in

several seconds (a to b), rises slowly (b to c), and then is constant for

several hundred hours (c to d), after which there is another thermal cycle.

The predicted response of the pipe is depicted in (c) . Starting with point

a, the inner surface of the pipe first yields in tension as it contracts,

but as the outer surface subsequently begins to cool the inner surface stress

reverses sign and goes' into compression. At b, the wall is uniformly at the

lower temperature; slow heating from b to c causes the residual stress to

decrease because of the decreasing yield condition with increasing tempera-

ture. At c, a compressive residual stress remains, which relaxes during the

subsequent hold period. The response to subsequent cycles is depicted in the

figure.

The behavior shown in Fig. 1 illustrates three key potential failure

modes. First, creep-rupture damage is accumulated during the hold periods;

second, the plastic cycles introduce fatigue damage which interacts with the

creep to produce a creep-fatigue interaction damage mode; and third, ratchet-

ting occurs, introducing the potential for failure due to excessive deforma-

tion. These are the primary concerns of the 1MFBR structural designer. He

must have inelastic analysis procedures to predict the response, and he must

have criteria ':hat guard against failure by time-dependent cracking or rupture

and by excessive deformation.

In reality, of course, the components to be assessed are generally more

complex than a straight pipe. Figure 2 depicts an intermediate heat exchanger

as an example. Critical structural areas include the primary inlet nozzle-to-

cylinder attachment, with its relatively thick reinforcing, and several areas



such as the tubesheet-to-shell attachments, where thick and thin sections must

^c joined.

The design methodology for a component such as the IHX has three constit-

uents: (1) design specifications, which give the normal operating and over-

load thermal and mechanical loading histories for which the component must be

designed, (2) structural analysis procedures, guidelines for which are provided

by Oak Ridge National Laboratory and described in the following section, and

(3) the criteria for guarding against structural failure, which are provided

in Code Case N-47 of the ASME Boiler and Pressure Vessel Code [2]. The speci-

fied loading conditions are developed to provide an upper bound to what might

be expected, both in number and severity of events, and the design analyst is

expected to combine these into loading histograms that will provide worst case

predictions. Likewise, the ASME Code criteria, which will be briefly reviewed

in Sect. A, contains margins of safety to cover unknowns in the material models,

material variability, etc.

Together, these three constituents — design specification, structural

analysis procedures, and design criteria — must provide an integrated approach

to assuring the high level of structural integrity required for nuclear compo-

nents, where a failure might result in severe economic, political, and safety

consequences. But whereas the design specifications and the design criteria

contain built-in margins of safety, the inelastic analysis cannot very easily

do so, because a prediction that is conservative for one failure mode, e.g.,

ratchetting, can be nonconservative for another, e.g., creep-fatigue damage.

This introduces a complicating factor into evaluating and validating inelastic

analysis. Analysis procedures are valid if they guide the designer to correct

decisions in the structural design process and if, when utilized correctly

and appropriately, they assure compliance with the design requirements.



3. MATERIAL DEFORMATION MODELING

Mathematical models (constitutive equations) that describe the time-

dependent inelastic response of a material to time-varying thermal and me-

chanical multiaxial loadings are the key ingredient of inelastic analysis

procedures. These models must be capable of predicting the significant

behavioral features of a material, while at the same time being tractable in

terms of incorporation into computing tools. The purpose of this section is

to outline the currently recommended models [3] and potential new models,

and to discuss problems and shortcomings as they relate to, and influence,
>

structural analysis.

Briefly, the currently recommended models assume that total strain is

the sum of elastic, plastic, creep, and thermal components. Use is made of

the classical theories of plasticity and creep, but these are augmented by

modifications and ad hoc rules to account for observed nonclassical behavioral

features and interactions between plastic deformation, creep deformation, and

time.

The plasticity theory makes use of a yield criterion, a multiaxial flow

rule, a combination isotropic-kinematic hardening law to define yielding sub-

sequent to initial yield, and cyclic uniaxial stress-strain curves to charac-

terize the material. Both the initial yield surface and the subsequent plas-

tic loading surfaces are described by an equation of the von Mises form:

where

S. . = a'. . - a. . . (2)
tj ^3 T-3



The prime of a'., indicates deviatoric stress, the superscripts p and c denote

plastic and creep quantities, T denotes temperature, and ex.. denotes the cen-

ter of the yield surface, which is shifted according to

The plastic strain increment is given by the flow law:

« (*«*•«-II * - ; ! ; * ' ) • <*'

In this formulation, bilinear representations of the cyclic stress-strain

curves are used. The size of the yield surface is characterized by K, which

is related to th° cyclic bilinear yield points. The hardening coefficient C

is related to the slope of the elastic-plastic portion of the bilinearized

stress-strain curve.

Numerous experiments have been performed to provide the bases for the

plasticity recommendations outlined above. Representative data are illustrated

in Figs. 3, 4, and 5. Figure 3 is a typical cyclic stress-strain curve, and

it illustrates the cyclic hardening that must be characterized. Figure 4

is the result of a test on a tube in which the yield surface was probed at

various points along a nonradial loading path. Thiise surfaces represent points

at which nonlinear response just begins (the proportional limits), and they

clearly indicate the appropriateness of a kinematic hardening model (kinematic

movement of the surface without change in size or shape) and of the von Mises

surface representation.

Although kinematic hardening alone is appropriate for the "proportional

limit surfaces," some isotropic hardening becomes necessary to describe the

bilinear surfaces that derive from Fig. 3. Figure 5 depicts experimental



results for 304 stainless steel showing f.he dependence of K on the accumulation

of both plastic and creep strains. The data points show results from cyclic

stress-strain tests plotted against inelastic work; the shaded band represents

data from stress-strain tests on precrept specimens. The resulting represen-

tative curve is typical of the relation used for K in Eq. (1).

The model for creep makes use of a multiaxial flow rule, a strain-harden-

ing law with auxiliary rules for determining creep response under changing

stresses and temperatures, and a uniaxial creep equation for characterizing

the material. The flow rule is given by

t,7

where c is the effective creep strain rate obtained from the creep equation

for an effective stress o and a modified effective total creep strain, c*',

which is the measure of strain hardening. MuJtiaxial data for monotonic

creep loadings exist to show the reasonableness of the flow rule. Likewise,

step-load uniaxial data (Fig. 6) exist to generally support the strain-harden-

ing rule. The auxiliary rules handle the cases of reversal creep, and again

uniaxial data show the general reasonableness of these rules.

Additional complications arise due to the interactions of creep and

plasticity. Rules have been added to approximately account for the effect

that creep has on u.., the measure of yield surface movement. Likewise, plas-

tic strains can affect creep hardening, so additional rules are furnished to

account for this, as illustrated in Fig. 7. Here, a hold period was intro-

duced at one end of the measured cyclic loop shown in Fig. 7(a). Normally,

strain hardening would lead to progressively less relaxation from one cycle

to the next, but for 2 1/4 Cr—1 Mo steel the reversed plastic strain loop can-

cels the creep-strain hardening [Fig. 7(b)]. Note that in the case where the



specimen was loaded from c to d and allowed to relax without the plastic rever-

sal, hardening does occur.

As a final example of the need to augment the classical rules, it has

been observed in certain types of problems that the kinematic hardening plas-

ticity model can lead to unrealistic situations because of a lack of restraint

on the movement of the bilinear yield surface. The analytical prediction in

Fig. 8(a), which is again for the surface of a pipe subjected to repeated

thermal cycle, illustrates this difficulty — peak stresses are becoming very

high, and gross yielding occurs even before reversed loading in the later cy-

cles. For these cases a special "a-reset" procedure has been recommended. Re-

sults for the same problem with the a-reset procedure, which resets a. _. to

zero when significant stress reversals occur, are depicted in Fig. 8(b") .

The point of reviewing the currently used constitutive models has been

to illustrate that the rules are complex. Subtle changes can have large effects

on inelastic analysis deformation and failure predictions. Also, although

most features have been demonstrated experimentally, at least through rela-

tively short-term uniaxial tests, many of the features remain to be validated,

particularly for long-term nonproportional multiaxial loadings.

Much of the increasing complexity introduced into the current constitutive

equations was necessary because of the inhei"cnt limitations of the bilinear

theory and, more generally, of the classical framework. Nonlinear theories

are being developed and validated to overcome the former, and a more general

unified theory, which simultaneously represents both rate-dependent plasticity

and time-dependent creep without distinguishing between the two, is being pur-

sued which shows promise of overcoming both limitations. The unified theory

makes use of two state variables — a tensorial quantity representing internal

stresses or back stresses, and a scalar quantity representing isotropic
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hardening — to allow for both hardening and recovery to occur simultaneously.

The theory is akin to classical plasticity in that surfaces are utilized, but

they are surfaces of constant strain rate. Of importance to inelastic analy-

sis is the fact that some solution complications result from che time integra-

tion, which requires that a system cf differential equations be simultaneously

solved for each loading step. Nonetheless, it is believed that the unified

theory will become a practicable tool in inelastic design analysis. It has

been used to solve a number of practical structural problems, and it captures

most of the behavioral-features that have required modifications and ad hoc

rules for the current classically-based constitutive theory. One example will

be given here to illustrate this capability. Figure 9(a) shows a calculated

stress-strain loop in which constant strain hold times are introduced at

1, 2, ..., 7. The predicted response is shown in Fig. 9(b) and qualitatively

matches the observed behavior of 2 1/4 Cr— 1 Mo steel. Note in particular that

the effect of the plastic reversal on subsequent relaxation is correctly

predicted.

A final point should be made regarding deformation modeling. The fore-

going discussion has centered on the constitutive equation framework and formu-

lation, while actual material response is characterized by the results of

uniaxial stress-strain tests and creep tests. Studies at Oak Ridge National

Laboratory on some 20 heats of type 304 stainless steel indicate that the

yield stress can vary by more than ±20% from one heat to the next. For a

given stress level and time, measured creep strain can vary by ± a factor of

2 from one heat to the next. Yet, the designer generally uses one set of

properties to represent all 304 stainless steel; he doesn't know a priori

the behavior of the particular heats from which his component will be built.

Heat-to-heat variations can significantly affect deformation predictions; and
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failure predictions, even more so. Studies have shown that much of the

intended Code design margins can be exhausted by such variations. This then

is an additional complicsLing factor which must be considered when addressing

the requirements for, and validity of, inelastic analysis methods.

4. TIME-DEPENDENT FAILURE CRITERIA

Although failure modeling and criteria are not a part of inelastic analy-

sis , they are a part of Che integrated design approach, and the validity of

inelastic analysis for high-temperature reactor components can be addressed

only ivi the framework of that total approach. The purpose of this section

is to briefly review the current Code criteria along with problems and short-

comings.

ASME Code Case N-47 has two general categories of limits. The first con-

sists of primary stress limits placed on elastically-calculated load-controlled

quantities, such as the i-iC'-oial pressure stresses. The second consists of

strain, creep-fatigue, and buckling limits. It is in meeting these latter

limits that inelastic analysis is frequently required.

The creep-fatigue rules aie, by far, the most frequently limiting criteria,

so only they will be reviewed here. A linear time- ai.d cycle-fraction damage

accumulation rule, expressed as

k

is used by the Code along with von Mises effective quantities to represent

multiaxial effects. The time fraction represents the time, t, at a given con-

dition (stress and temperature) divided by the allowable time at that condition.

The cycle fraction represents the number of cycles at a given condition (strain

range and temperature) divided by the allowable number of cycles at that
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condition. The quantity, D, which is less than or equal to c-.e, comes from

an interaction diagram that is experimentally determined from creep-fatigue

tests. Both the quantities /I/,, which comes from a design fatigue curve, and

2'n, which comes from a minimum creep-rupture curve, have design margins built

into them.

The Code creep-fatigue rules were chosen on the basis of available data.

Since then, extensive efforts have been underway to validate or improve the

criteria. Multiaxial creep and fatigue data, although generally restricted

to relatively short-time, proportional, monotonic loadings, tend to confirm

the adequacy of the multiaxiai strength theories for those limited conditions.

The damage accumulation rules are more questionable. An extensive test

series is currently underway to provide data for more fully validating the

time-fraction rule. Existing creep-fatigue data, which are restricted to

short times and large strain ranges, indicate several shortcomings of the

linear damage summation rule, including excessive data scatter relative to

the correlation and questionable predictions obtained from extrapolations.

Nonetheless, alternative methods have not been shown to be clearly superior

to the satisfaction of the Code groups.

In summary, efforts are still underway to validate the failure models,

although there are known shortcomings in the damage accumulation rules. The

design margins included in the Code procedures are intended to cover the

uncertaiuties. However, these uncertainties introduce another complication

to the task of validating inelastic analysis for design.

5. INELASTIC ANALYSES AND THEIR VALIDATION

The incremental and iterative finite-element method is the procedure

generally employed for inelastic design analyses. This approach and its
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application to high-temperaCure design analyses have been reviewed in an

interpretive report by Gallagher [4]. Because the resulting computer pro-

grams involve complex constitutive models and computational procedures,

their use must be accompanied by a large measure of experience and judgment

on the part of the analyst. At best they are costly and time-consuming to

use, and as a result their use is limited in practice to only the most criti-

cal few locations."

As with any complex computing procedure, questions of validity and ac-

ceptance of the results naturally arise, and they involve more than just

verification of the computer program. The real question is one of qualifica-

tion of the entire analysis procedure — does the combination of mathematical

models, geometric discretization, description of material behavior, represen-

tation of the thermal and mechanical loading histories, and boundary condi-

tions, all consistent with the program limitations, give an acceptable solution

to the physical problem?

What constitutes an acceptable solution? It is one that leads to a

correct design. Thus, it must ultimately be shown that analysis predictions,

together with design criteria, preclude structural failures, and in the absence

of long-term service experience, this demonstration must come from comparisons

with the results of benchmark structural tests. A major portion of the high-

temperature structural design technology development activities funded by

the U.S. Department of Energy has thus been devoted to the generation of high-

temperature, inelastic structural test data on a variety of geometries ranging

from the simple to the complex. A number of representative test results from

*Reference [5] describes a large inelastic analysis performed on an IHX

inlet nozzle-to-cylinder attachment similar to that shown in Fig. 2.
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this series of tests was published in 1975 by the ASME [6] along with typical,

comparisons with inelastic analysis predictions. Since then, tests to fail-

ure have been emphasized.

To illustrate the process and the problems encountered in evaluating

high-temperature inelastic analysis methods, three benchmark problem examples

are briefly presented here. All three structures were fabricated from a

single well-characterized heat of type 304 stainless steel, and all were

tested in the annealed condition.

The first example1 is a thin-walled cylindrical shell with a flat head.

The structure, which was machined from a solid bar, was subjected to a step

history of internal pressure and temperature during an initial deformation

test period. The pressure was then increased and held constant until failure

at 1100°F after 3300 hr of testing. Figure 10 depicts the specimen after

testing; failure occurred by opening of a creep crack which propagated cir-

cumf erentially in the junction region between the flat head and cylinder.

Figure 11 shows typical results iios a. circumferentially oriented capac-

itive strain gage, located in the most highly strained region of the head,

compared with analysis predictions. Although the agreement between theory

and experiment was somewhat better at this point than at others where strain

gages were located, the overall agreement was judged to be reasonable for

the deformation phase. Large deformations prevented completion of the fail-

ure phase of the analysis; extrapolation of results, however, gave a very con-

servative creep-rupture prediction.

The second example consists of an 8-in. x 0.375-in.-diam wall pipe sub-

jected to 13 thermal transient cycles in a sodium test loop. Results from

two diametrically opposed capacitive strain gages are compared with the pre-

dicted ratchetting strains in Fig. 12. The predictions shown are from an
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analysis based on properties of the actual pipe product form. Qualitatively,

the agreement is good; however, the quantitative error is significant. Fur-

thermore, comparisons for a second test show the analysis overpredicting the

measured response by more or less the same amount as the underprediction in

Fig. 12.

The final example is the nozzle-to-sphere model shown in Fig. 13. Again,

the model was subjected Co a deformation phase, in which step-pressure and

step-moment loadings on the nozzle were imposed, followed by a pressure in-

crease which was held until failure. Figure 14 shows measured and predicted

elastic-plastic and creep strains in the critical region of the junction for

the presjure loading. Except for the recovery strains during the zero pressure

hold periods, the agreement is reasonably good. However, this is the best

comparison of eight capacitive gage locations. A symmetrically located gage,

whether due to gage problems or real variations, gave a significantly smaller

strain response than that shown in Fig. 14.

Bas'id on the scatter band of creep rupture for the heat of material,

failure, interpreted as crack initiation, was predicted to occur in the junc-

tion region somewhere between about 200 and 20,000 hr, with a target of 2400

hr. Photomicrographs of replicas of the junction region were made at 1000

and 2000 hr, and a typical result for 1000 hr is shown in Fig. 15. Inter-

granular cracking was visible in the meridional direction and extended in

some instances for several grain boundary facets. Does this cracking con-

stitute failure?

The previous examples illustrate that essential deformation features

can be predicted, but they also point up the difficulties in judging the

validity of the analysis procedure, especially for predicting failure. We

I.e. iscussed uncertainties in the constitutive and failure models and the
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variations in material behavior, even within a single heat. In addition,

uncertainties and variations must be associated with the test results; high-

temperature experiments are difficult to perform, and great care is required

to obtain meaningful strain measurements. Also, failures are difficult to

define. Thus, exact comparisons cannot be expected, and a large group of

test results will ultimately be required to make a conclusive assessment.

6. SUMMARY

The goal of this paper has been to give the reader a brief overview of

inelastic analysis in the design of high-temperature nuclear plant components

and of the uncertainties and problem areas that require attention. Material

deformation and failure modeling along with computational procedures were

addressed. Significant strides have been made in the last decade in the de-

velopment and application of detailed inelastic analyses. Experimentally

based constitutive models have been developed for the three alloys — types

304 and 316 stainless steel and 2 1/4 Cr—1 Mo steel — of most concern in

LMFBRs, and these have been incorporated into computer programs available to

the designer. Succe. 1 inelastic design-type analyses can be, and are,

performed.

Practically, however, detailed analyses are often still cumbersome,

time-consuming, and costly; permissible loading and geometric complexities

are limited by computing equipment and by pre- and postprocessor software.

Thus, if detailed inelastic analyses are to play an increasing role in the

design process, we must have more efficient solution algorithms, and more

attention must be given to pre- and postprocessors that are patterned to the

high-temperature structural design methodology.
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Program developers and users must be aware of the shortcomings and prob-

lems associated with material deformation modeling and with failure modeling

and design criteria. Likewise, they should be aware of forthcoming develop-

ments in material modeling, such as Che unified constitutive equations, which

will place new computational requirements on analysis procedures.

Current constitutive models, although believed to capture most signifi-

cant behavioral features, are complex and have identified shortcomings. They

have not been completely verified, particularly with respect to complex and

long-term multiaxial loadings. Furthermore, material modeling is made less

exact by the significant heat-to-heat variations that exist.

Time-dependent failure models and criteria, while believed to be con-

servative, also have shortcomings and are in need of long-term multiaxial

verification. Of particular significance is the need for improved creep-

fatigue criteria, which are generally the limiting requirement in current

design assessments.

It has been suggested in this paper that a valid inelastic analysis is

one that will guide the designer to a economic, reliable, and safe design.

Thus, the analysis cannot be divorced from the material models and the design

criteria, nor can questions of validation be ignored. The general range of

accuracy that can be obtained from the analysis process must be established.

Likewise, the accuracy requirements that are inherently assumed in the des:'gn

criteria must be ascertained. Ultimately, collective assessment of compari-

sons with a significant number of representative benchmark structural test

results will play a key role in resolving these problems.

Perhaps the biggest need, however, is for developers and users of com-

puter programs to work hand-in-hand with those who are developing the overall
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high-temperature structural design technology. Only through such a cooperative

effort can the future role of inelastic analysis in high-temperature struc-

tural design be assured and placed on a firm basis.

ACKNOVrLEDCMENTS

The author acknowledges with appreciation the contributions of several

colleagues at the Oak Ridge National Laboratory to the material presented in

this paper. A special note of thanks is due J. A. Clinard with whom many

discussions over the [ist several years have helped to mold the thoughts

expressed herein.

REFERENCES

1. American Society of Mechanical Engineers, ASME Boiler and Pressure Ves-

sel Code, Section III, Nuclear Power Plant Components, Division 1

(September 1977).

2. ASME Code Case N-47-17, Class 1 Components in Elevated Temperature Ser-

vice, Section III, Division 1. American Society of Mechanical Engineers,

New York (September 1977).

3. D. N. Robinson, C. E. Pugh, and J. M. Corum. "Constitutive Equations

for Describing High-Temperature Inelastic Behavior of Structural Alloys,"

Specialists Meeting on High-Temperature Structural Design Technology of

LMFBRs, April 27-30, 1976. International Atomic Energy Agency, IWGFR/11,

44-57 (October 1976).

4. R. H. Gallagher. Computational Methods in Nuclear Reactor Structural

Design for High-Temperature Applications: An Interpretive Report.

ORNL-4756, Oak Ridge National Laboratory (February 1973).



19

5. R. S. Barsoum and R. W. Loomis. "Inelastic Finite Element Cyclic Analy-

sis of a Nozzle-to-Cylinder Intersection." ASME Paper 76-PVP-29 (pre-

sented at the Joint Petroleum Mechanical Engineering and Pressure Vessels

and Piping Conference, Mexico City, September 19-24, 1976).

6. J. M. Corura and W. B. Wright, editors. Pressure Vessels and Piping:

Verification and Qualification of Inelastic Analysis Computer Programs,

G00088, American Society of Mechanical Engineers, New York (1975).



FIGURE CAPTIONS

1. Schematic representation of effects of repeated thermal transient loadings.

2. Intermediate heat exchanger for LMFBR. (Courtesy of Clinch River Breeder

Reactor Plant Project Office)

3. Typical cyclic stress-strain curve for uniaxial specimen cycled between

fixed strain limits.

4. Yield surfaces measured during nonproportional loading of tubular speci-

men subjected to torsional and axial loadings.

5. Dependence of cyclic yield stress on inelastic (plasticity or creep)

work. •"

6. Result of typical uniaxial step-load creep test compared with strain-

hardening prediction.

7. Measured and predicted relaxation responses for hold periods interspersed

with plastic cycles (2 1/4 Cr—1 Mo steel at 1000°F).

8. Predicted stress-strain response of pipe wall subjected to repeated

thermal downshocks. (a) Without restriction on kinematic movement of yield

surface; (b) with a-reset procedure.

9. Typical example of uniaxial loading illustrating capability of unified

constitutive theory to capture key behavioral features. The experimental

points correspond to the initial relaxation period.

10. Thin capped cylindrical shell after long-term pressurization test to

failure.

11. Typical comparison of measured vs predicted strain-time response in

capped cylindrical shell.

12. Measured vs predicted ratchetting strains for pipe subjected to repeated

thermal t rans ient s.



13. Instrumented nozzle-?:.'- sphere specimen of type 30̂ . stainless steel.

1': Measured vi predicted circumferential ratchettinr, strains in junction

region for initial pressure phase of nozzle-to-sphere test.

15. Micrograph obtained from surface replica in nozzle-to-sphere inter-

section after 43 days of internal pressure testing. Wedge cracks are

indicative of creep damage.
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