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Elevated-temperature design methods in the United States often

require a comprehensive description of the properties of the construction

materials. These descriptions include representations for creep strain-

time behavior as a function of stress, temperature, and material

variability. This paper summarizes work conducted at cur laboratory

in the past five years toward the development of analytical techniques

to derive such representations. Results for several common elevated-

temperature structural materials are presented to illustrate the

techniques.
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INTRODUCTION

Elevated temperature design methods for nuclear systems in the

United States often require a detailed inelastic analysis of the

components involved. Such analyses require a comprehensive description

of the properties of the construction materials, including a

representation for creep strain-time behavior as a function of stress,

temperature, and material variability (heat treatment, processing, and

lot-to-lot effects).

The basic design document for elevated temperature nuclear systems

in the United States (ASME Code Case N-47)1 was first published in

1974. In the ensuing five-year period a great deal of effort in our

laboratory has been directed toward development of materials property

descriptions required for such design, including creep strain-time

behavior. This paper summarizes our attempts to analytically represent

the creep strain-time behavior of several important engineering alloys,

including type 304 austenitic stainless steel, ferritic 2 1/4 Cr-1 Mo

steel, alloy 800H, alloy 718, Hastelloy alloy X, and ERNiCr-3 weld metal.

Data were typically examined over a range of creep temperatures for

total creep times ranging from less than 100 to greater than 10,000 h.

Table 1 summarizes the data bases used for the various materials.

Analysis of these data has required the development of a variety

of analytical techniques. This report presents a summary of those

techniques and of the results obtained. Results involve mathematical

relationships between creep strain and time in constant load, uniaxial,

isothermal creep tests. They include descriptions of stress and

temperature dependence. Where sufficient data exist, material

variability was also factored into the equations.



CREEP CURVE SHAPES

Current elevated temperature nuclear design rules-*- in the U.S.

preclude design in stress-temperature regions where tertiary creep is

expected to occur. As a result, our analyses of creep strain-time

behavior have concentrated on the primary and secondary regions of the

creep curve. These distinctions are, however, strictly meaningful

only for materials that display classical three-stage creep behavior.

Such a curve is schematically shown in Fig. 1. For the materials

examined thus far, this situation does not always hold.

The creep strain-time behavior of annealed 2 1/4 Cr-1 Mo steel

can be quite complicated. This material strongly tends toward

nonclassical creep behavior (Fig. 2). This behavior is discussed in

more detail by Klueh,^ who points out that the increase in creep rates

at the end of the first steady stage probably represents a metallurgical

change within the material. The creep rate is controlled by different

mechanisms in the two steady-state stages.

The existence of two separate steady-state stages appears to be a

dominant feature of the behavior of this material and should be accounted

for by any predictive model. For the nonclassical curve (Fig. 2), we

have called^ the first primary and steady-state portions "Type I" creep

and the second linear portion "Type II" creep. The stress-temperature

conditions which produce classical or nonclassical creep vary with heat

and heat treatment.

Hastelloy alloy X often displays nonclassical creep curves similar

to those noted for 2 1/4 Cr-1 Mo steel. At present no metallurgical

explanation has been developed for this behavior. However, it was

concluded^ that the end of the second linear stage was appropriately

called the onset of tertiary creep for this material as well.



Type 304 stainless steel, ERNiCr-3 weld metal, and alloy 800H

generally display classical creep behavior, although the last of these

shows tendency toward early onset of tertiary creep. Alloy 718 shows

this tendency even more strongly. This material often shows no true

region of linear creep at all but yields creep curves that are concave

upward through the majority of the test after perhaps a small initial

region of primary creep.

The primary and secondary creep strain-time behavior of 304

stainless steel, ERNiCr-3 weld metal, alloy 800H, and each of the two

types of primary and secondary creep deformation in 2 1/4 Cr-1 Mo

steel can be described by the rational polynomial creep equation,

given by

(1)

where ec is the creep strain, t is the time. The parameter ^ is the

minimum creep rate, C is the limiting value of the -ansient primary

creep strain component, and p is related to the sharpness of curvature

of the primary creep region.

The creep behavior of alloy 718 was described5 up to the 0.2%

offset value of the time to the onset of tertiary creep (,tss — see

Fig. 1). Thus, the creep equation for this material requires a concave

upward component, which was accomplished by using an equation of the

basic form

e* = expmt* - 1)K**)0-2 , (2)

where e,J is the normalized creep strain, given by e* = ec/ess, and t*

is the normalized time, given by t* = */tss. The parameter 8 depends

upon the value of ess, the strain to the onset of tertiary creep.



It was impossible to develop a single strain-time equation form

to describe the behavior of Hastelloy alloy X. These data were simply

analyzed pointwise using the time to various levels of creep strain as

a variable. Behavior between these points was estimated by linear

interpolation in logee — logt.

STRESS AND TEMPERATURE DEPENDENCE

Once a basic relationship has been determined between creep strain

and time, the next analytical step is to determine the influence of

stress and temperature on this relationship. Effects of material

variability should be factored into this step where possible, but that

aspect of the analyses will be discussed separately in the next section.

For Hastelloy alloy X,* the times to 0.1, 0.2, 0.5, 1, 2, and 5%

creep strain were separately expressed as functions of stress and

temperature using a generalized regression analysis modeling procedure"*'

developed for application to creep-rupture data. For 2 1/4 Cr-1 Mo

steel, values of C, p, and em for the appropriate deformation type

were separately determined from each available creep curve. These

values were then expressed as functions of stress and temperature using

the above regression analysis procedures.

For type J04 stainless steel** the rupture life, tT, and the

minimum creep rate, em, were first expressed as functions of stress

and temperature using generalized regression analysis.®»^ The

parameters *2 an^ e2 (Fig- 1) were then estimated by

r (3)

and e2 - 0.76em°.
97^ °.968 . (4)



The geometric properties of the rational polynomial creep equation

[Eq. (1)] are such that the parameter C is approximately given by

0 - e 2 - ^* 2 • (5)

Finally, the initial creep rate £Q w a s found to be related to the

minimum creep rate, em, by

e 0 = m

and the parameter p is thus given by

(7)

The approach for analysis" of data for alloy 800H was similar to

that used for type 304 stainless steel with minor differences caused

primarily by the nature of the available data base. More details can

be found in Ref. 9. The approach used for ERNiCr-3 weld metal was

also similar, although it was complicated by the fact that this

material appeared to show fundamentally different behavior patterns

in the temperature range from 454 -566°C than in the range 621—732°C.

For alloy .718 the "normalized" nature of the creep law used

[Eq. (2)] reduces the expression of stress and temperature dependence

to the determination of such dependences in the parameters tss and ess.

These were found^ to be expressable as functions of rupture life only.

MATERIAL VARIABILITY

Available data for Hastelloy alloy X, alloy 800H, and ERNiCr-3

were judged to be insufficient to allow analytical description of

material variability effects. For type 304 stainless steel heat-to-

heat variations in properties were described by including terms



invc"/ing individual heat elevated temperature ultimate tensile strength

into the equations for tr and em; thus

Q -10 f,(\TI

5.716 - ^^loga + T - 0.007303Z/loga , (8)

and logem - -2.765 + -^ploga -
 51'^U + O.01616tfloga , (9)

where a = stress (MPa), T = temperature (K), and U -> ultimate tensile

strength (MPa). These variability terms thus propagate into the strain-

time predictions through Eqs. (3—7).

Effects of melting practice and simulated postweld heat treatment

after annealing on the creep behavior of 2 1/4 Cr-1 Mo steel were

accounted for by similarly factoring ultimate tensile strength terms

into the separate equations for C, p, and &m for each type of creep.

Heat-to-heat variations in rupture strength of alloy 718 were

factored into the regression analysis using the technique of heat-

centering.H a more recent innovation to our laboratory which allows

one to fit data for all heats simultaneously while still retaining

the individual characters of the heats. Each heat is then predicted

to yield parallel logo — logtp isotherms. These variations then

propagate into the strain-time behavior in an analogous manner to

those for 304 stainless steel.

DISCUSSION

Within the experimental scatter and other uncertainties involved in

the prediction of creep behavior, we believe that the above approaches

provide promising, though certainly not perfect, descriptions of

material behavior. Figures 3—5 illustrate the capabilities of the

techniques for predicting creep strain-time behavior. We are continuing
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to study the analytical approaches to the problem, and there are still

advances to be made in these empirical techniques. In the long term,

complete validation of the techniques, especially for extrapolation,

will require development of a more detailed understanding of the

physical mechanisms and processes underlying the behavior of the

materials involved. At present, our approach has been simply to provide

the best available empirical description of the data consistent with

reasonable extrapolation characterisitcs. Note that the exact approach

has not been the same for any two materials.

The results can be used to construct isochronous stress-strain

curves, or (with appropriate hardening laws and generalizations to

multiaxial behavior) to predict creep and relaxation behavior under

general loading. For all materials examined, we have developed methods

capable of describing trends in creep behavior with accuracy, but the

precise prediction of individual creep curves is very difficult if

only because of experimental scatter. Within the general uncertainties

involved in analyses of real design conditions, we believe that the

resultant descriptions of basic material behavior are adequate, provided

that the designer comprehends the uncertainties involved in their use.

CONCLUSIONS

1. For engineering materials it is usually possible to develop an

analytical representation for the basic creep, strain-time relationship,

even for nonclassical creep curves.

2. The stress and temperature dependence of the above representation

can be expressed either directly or through interrelationships with

other properties, such as rupture life.



3. Empirical techniques are available to allow incorporation of

material variability (heat-to-heat, heat treatment, etc.) into the

above models.

4. The above procedures have been successfully applied to several

materials, although techniques are still developing. An optimum final

solution would include both the use of empirical-stat:. stical modeling

techniques and physical understanding of deformation processes.
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FIGURE CAPTIONS

Fig. 1. Schematic Illustration of a Classical Creep Curve Defining

Several Relevant Creep Parameters.

Fig. 2. Illustration of (a) Classical and (b) Nonclassical Creep

Behavior in 2 1/4 Cr-1 Mo Steel.

Fig. 3. Comparison of Predicted Behavior (Solid Lines) with

Experimental Dati (Points) for Two Heats of 2 1/4 Cr-1 Mo Steel with

Two Heat Treatments. The "Sterling" and "Hobson" equations we*:e

previous analyses that did not reflect material variability or

nonclassical creep.

Fig. 4. Comparison of Predicted Behavior with Experimental Data for Two

Heats of 304 Stainless Steel of Different Strength. Also shown is

the prediction for a hypothetical average heat. The "Blackburn"

equation was a previous analysis that did not reflect material

variability.

Fig, 5. Comparison of Predicted Behavior with Experimental Creep Data

for Several Heats of Hastelloy Alloy X.
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Table 1

Summary of Data Bases Used in Analysis
of Creep Strain-Time Behavior

Material

304 stainless

2 1/4 Cr-1 Me

alloy 718

alloy 800H

Hastelloy alloy X

ERNiCr-3

Number
of
Heats

19

5a

14

7

5

3*

Number
of
Tests

205

121

157

55

47

57

Temperature
Range
(°C)

482-760

454-566

538-704

538-760

649-8/1

454-732

Range of
Test Time

(h)

10-29,000

15-12,000

6-86,000

26-21,000

10-29,000

11-6,000

aAlso includes multiple heat treatments for each of the heats

^3 different welds using 2 heats of filler metal.
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Fig. 1. Schematic Illustration of a Classical Creep
Curve Defining Several Relevant Creep Parameters.
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Fig. 2. Illustration of (a) Classical and (b) Nonclassical
Creep Behavior in 2 1/4 Cr-1 Mo Steel.
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