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MATERIALS HEAT-TO-HEAT VARIABILITY STUDY:

PART I—COMPILATION AND ANALYSIS OF DATA*

W. J. McAfee W. K. Sartory

ABSTRACT

Heat-to-heat variability of mechanical properties normally used in inelastic
analyses was investigated using data from 20 heats of type 304 stainless steel. The
results were for use in a sensitivity study to establish the effect of heat-to-heat materials
properties variability on the ratchetting strain, creep and fatigue damage, and cyclic
life of a long, type 304 stainless steel pipe subjected to ratchetting loading conditions.
Criteria and limits on data requirements were established by considering the
histogram for the proposed analysis, the structure and material type, and the
desirability for an overall consistent data set. Only deformation and failure properties
were analyzed. Heat-to-heat variability in properties was found to be statistically
significant in three properties: initial bilinear yield, time to rupture, and creep
deformation. For other properties considered, either no significant heat variability
was evident, or the data sets were too small to provide reliable information.

Keywords: Heat-to-heat variability, type 304 stainless steel, high temperature
structural design, inelastic analysis, bilinear yield, creep rupture, fatigue, creep
deformation.

1. INTRODUCTION

To assure high performance reliability of elevated temperature nuclear reactor structures, the
Department of Energy (DOE) sponsors national programs for the development of advanced design
technology. One such program is the High-Temperature Structural Design (HTSD) Program at the
Oak Ridge National Laboratory (ORNL), which has as its objective the development of verified
high-temperature structural design methods andcriteria. Insupportofprogram objectives, a study was
implemented to determine the sensitivity of current high-temperature design methods to heat-to-heat
variations in materials properties and to use this information in assessing the degree of conservatism
built into currently recommended design rules.

Materialspropertiesthat are usedin performing inelastic analyses and in assessing design margins,
such as those contained in the Nuclear Systems Materials Handbook1 (NSMH) and the American
Society of Mechanical Engineers Code Case N-47 (Ref.2)(CCN47), normally represent thecomposite
of manytestson manydifferent heatsof material. Thereare exceptions, particularly in properties for
inelastic analysis contained in Ref. 1, where some properties correlations are based on a relatively
limited number of heats of material. The variation in properties of a particular heat from the properties
values used in evaluating a design will affect the design margins desired. Thus,when the component is
fabricated, the designer will not know the degree of conservatism present due to these property
variations.

This study was initiated to provide insight into potential effects of material variability on
conservatism in design margins. The effort consisted of two phases: (1) compilation of applicable

*Work performed under DOE/RRT AF 15 10 15,Task No. OR-1.1, High-Temperature Structural Design Technology.



material properties data and analysis of heat-to-heat variability of the material properties and (2) use of

the data in an inelastic ratchetting analysis of an infinite pipe to study the sensitivity to property

variations and to compare the results with current design limits. This report presents the results of the

data compilation and analysis effort. A companion report presents results for the sensitivity study.3
The inelastic analysis to be performed required properties for type 304 stainless steel—elastic-

plastic properties over the temperature range 427 to 593° C (800 to 1100°F), fatigue properties over the

temperature range 427 to 593°C (800 to 1100°F), and creep properties at 593°C (1100° F). Deformation
and failure data were compiled on 20 heats of material. Using standard statistical methods and

employing, wherever possible, accepted mathematical formulations for material properties, heat-

dependent correlations were investigated for each property. In some cases, not enough data of the

required type were available to permit derivation of heat-dependent correlations. In other cases, strong

heat dependency was not apparent. The final results (those used in the subsequent inelastic analyses),

indicated heat variability in initial bilinear yield, creep deformation, and creep rupture.

The remainder of this report presents details of the data compilation and analysis. Section 2 deals

with data selection and modeling. Section 3 presents results for all properties considered. Finally Sect. 4

provides a summary and recommendations for future work.



2. DATA COMPILATION AND ANALYSIS

2.1 Compilation and Criteria Selection

Using current state-of-the-art methods, ten material properties are required in a general inelastic
structural analysis. The first five, the most influential and important, are associated with inelastic
deformation and failure and were given primary consideration in collecting and evaluating data. All ten

are listed as follows:

1. bilinearized yield stress, (a) monotonic, ko(T), (b) tenth cycle, ki(T);

2. slope of plastic portion of stress-strain curve, £^(T);

3. creep strain vs time at constant stress and temperature, tc(a, t, T);

4. time to rupture, tr(a, T);

5. fatigue strain range, et(T, N/);

6. Young's modulus, E(T);

7. Poisson's ratio, v(T);

8. instantaneous thermal expansion coefficient, a(T);

9. volumetric heat capacity, pCp(T);

10. thermal conductivity, k(T).

In the above, 7 is temperature and jV/is cycles to failure. The general lack of heat-to-heat data led to
fixing the last five properties as being heat independent. Values contained in the NSMH1 were used in
the inelastic analyses.

The number of degrees of freedom, with respect to heat variability, in the proposed inelastic
analyses was proportional to 4" where n was the number of random variables (i.e., the number of
inelasticanalyses required was 4"with n beingthe number of independent heat-dependent properties).
Thus, there was strong motivation to investigate cross correlations between properties which would, in

effect, reduce the value of n.

With this in mind, two criteria were established for selection ofdata to provide the most consistent

overall data set with the greatest probability for developing cross correlations between properties: (1)
only material in the laboratory-annealed condition was considered and (2) if possible, only heats were
used where two or more of the required properties were available. The assumption was made that the
first criterion would lead to greater consistency between properties than use of as-received data. Also,
observation revealed that a larger data set for all properties needed was available for the laboratory-
annealed compared to as-received material. The second criterion was intended to increase the strength
of connection or cross correlation between properties.

Further criteria for data selection were established by consideration of the specific structure and

histogram to beanalyzed (Fig. 1). This isa type 304 stainless steel pipe rachetting problem involving a
plastic cycle followed bya period ofisothermal creep. Previous analyses ofthisproblem indicated that
theplastic strainrange would be~0.4%. Thus,cyclic stress-strain dataforthisspecific strainrange were
given primary consideration. Theisothermal hold, which alsoisthemaximum temperature inthecycle,
is at 593°C (1100° F), and the minimum temperature in the transient is 427°C (800° F). The range of
temperature for which elastic-plastic properties were required was established as400 to 650° C (752 to
1202°F); creep properties were only required at 593°C.
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Fig. 1. Structure geometry and load histogram used in
inelastic analyses for sensitivity study [°C = 5/9(°F — 32)].

Table 1. Summary of final data wt size
used in sensitivity study

Size of data

Property subset

[heats (points)]

0.2% yield stress 20(129)

Ultimate strength 20(118)

Bilinear yield stress 12(25)

Plastic modulus 12(25)

Time-to-rupture 19(229)

Minimum creep rate 19(232)

Cycles to failure 7(275)

An extensive amount ofdata were available on type 304 stainless steel from a study at ORNL of the

heat-to-heat variability of mechanical properties. Data were also available from other national and

commercial laboratories. Using the selection criteria discussed above, data on 20 heats of type 304

stainless steel were compiled. The extent of the final data set is shown in Table 1.

2.2 Evaluation of Prototypical Character of Heats

For results of the sensitivity study to be valid, some assurance should be provided that the 20 heats

selected are reasonably representative of what might be used in actual construction. Two primary

specifications required for qualification of type 304 stainless steel for nuclear construction are chemical

composition and room temperature mechanical properties. All of the heats were purchased to

American Society for Testing and Materials (ASTM) specifications. A thorough discussion of the

different product forms and chemical compositions for these heats is contained in Refs. 4 and 5. Table 2,

from Ref. 4, shows the vendor, heat number,* and chemical composition of all 20 heats. Heat 11 has a

sulfur content of0.037 wt % compared to a maximum allowable 0.030 wt %. Also, heat 16 has a carbon

content of 0.029 wt %, putting it in the type 304L category which allows 0.030 wt % maximum. These

two heats were retained in the study because of the amount of data available for them and because they

were within specifications in all other respects.

Addressing the room-temperature tensile properties of the materials in the as-received condition,

there was a total of 47 yield data points, 45 ultimate strength data points, and 38 uniform elongation

data points for these 20 heats. Design according to AS ME Section III, Subsection NB (Ref. 6) requires

minimum room-temperature properties of yield strength—207 MPa (30 ksi), ultimate strength—517

MPa (75 ksi), and uniform elongation—40%. The distribution, average value, and scatter for the data

from each heat were compared with the corresponding ASME minimum property in Figs. 2, 3, and 4.

Note that for a number of heats only a single room-temperature data point was available for each

property. The single data point was taken as representing the mean for that heat.

•Statement of heat numbers in this report will refer to those assigned for this study, as shown in Table 2.
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For yield strength, only heat 14 has any points below the ASME minimum allowable (Fig. 2). The
deviation is due to two points [203 and 205 MPa (29.4 and 29.7 ksi)] ofa total of 13 room-temperature

tests. For ultimate tensile strength, only heat 2 does not satisfy the ASME limit of517 MPa (75 ksi) (Fig.

3). Data for this heat consist of a single value, 512 MPa (74.3 ksi). For uniform elongation, all heats
satisfy the minimum limit of 40%(Fig. 4). Note that the lowest value of minimum elongation belongs to
heat 2, which also had the lowest value of ultimate strength. However, yield strength for this heat

approximately equals the mean for all heats.

The heats with chemistry deviations, heats 11 and 16, have properties above the ASME specified

limits. More importantly, the behavior of these heats is well within the distribution of data from all

heats.

One other comparison was made once the total data set was assembled. Values of as-received yield

stress for these heats over the range 400 to 650°C (752 to 1202°F) were compared to the yield stress

curve for type 304 stainless steel contained in ASME CCN47 (Ref. 2) (Fig. 5). While the CCN47 curve is
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the "best judgement" of the ASME code body (i.e., not specificallyrelated to an average or a minimum
value), note that the mean value of as-received yield stress at each temperature is wellabove the code
curve and the lowest or minimum point falls close to the code curve.

While there were minor deviations in chemistry and room-temperature tensile properties from

ASTM and ASME specifications, no consistently abnormal heat was observed. The conclusion was
made that the heats used are representative of what could be encountered in practice;consequently, the
data base for the heat variability study is a valid sampling of type 304stainless steel behavior.

2.3 Methods of Data Analysis

In compiling and analyzing the data, existing compilations and correlations were used wherever
possible with modifications to reflect the particular needs and/ or limits of this study. Because the
overallstudy itselfwasfairlycomplex,someattention wasgiven to selecting correlation models which
were simple to use but would still adequately represent the data.

In this respect, one basic assumption made about the heat behavior of all data was that the heat
dependency of a particular property could be represented as a family of parallel curves with heat-
dependent intercept values. Mathematically, this can be stated as

(property)heit = (property mean value),n heat. + DhMt ,

where Dh«t represents the deviation of a particular heat from the mean value for all heats (Fig. 6).

CD

<

or

<
>

LU

Q

Ul

Q.

Ixl
Q

DATA SET HEAT B

DATA SET HEAT A

ORNL-DWG 79-17012R ETD

r- HEAT DEPENDENT
"FIT " TO ALL DATA

DATA SET HEAT C -J

FIT TO ALL DATA-

IGNORING HEAT-TO-HEAT VARIABILITY

INDEPENDENT VARIABLE

Fig. 6. Schematic representation of family assumption of heat-dependent parallel curves method for treating data.
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Treating the data in this manner simplified both data analysis and results usage in the subsequent

inelastic analyses.

Several sets of properties were analyzed to investigate the above assumption. The next section
illustrates the conclusion that this method of heat-dependent property modeling was adequate for this

study.

Datawere correlated using least squares-techniques.7'8 Where thecorrelation could berepresented
as a linear function, the method of heat centering was used to obtain the slope. In heat centering, the

centroid for each data subset (i.e., the data for each heat) is determined and then all subsets are

transported to a common origin. This tends to remove bias caused by the waydata are distributed over
the data field. For example, referring to Fig. 6, if the data were treated as a single set, the bias caused by

distribution of the data subsets would lead to a fit such as that shown by the dashed line. Alternately,

centering the data will lead to the heat-dependent fit which more correctly reflects the correlation
between independent and dependent variables. With the slope determined, all data points were used to
determine the intercept and standard error of estimate for the "average" fit. The intercept value and
standard error for each heat was calculated using the common slope and only the data for that heat.

These values will be discussed in the next section which presents a treatment of the individual

properties.
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3. RESULTS OF COMPILATION AND ANALYSIS

3.1 Tensile Properties

3.1.1 Tensile yield (0.2%) and ultimate strength

Tensile properties, though not required as direct input to the inelastic analyses, are used in some

property models and are included here for completeness. Tensile data for the 20 heats of type 304

stainless steel used in this study are contained in Refs. 4, 5, and 9 through 12.

For yield strength (0.2%), 129 data points were used to establish a trend curve of yield stress vs

temperature over the range 400 to 650°C. Regression analyses indicated the adequacy of an equation of
the form*

•= fli + aiT , (1)

where o> is the mean value of yield stress [MPa (ksi)] for all heats, T is temperature (° C), and ai, 02 are
fitted coefficients. Results of the regression are contained in Table 3. The heat-to-heat variability of

yield stress, using the concept discussed in Sect. 2, was modeled by

">heat — Oy + //hen

= («i + «».i) + «2r

= a, + 02T,

with 02 = -0.10589 (-0.01536) for stress in MPa (ksi). Here oyheu is the yield stress for a particular heat,
Htuu is a heat dependent adjustment factor from the mean value of yield stress, and a\ is the heat

adjusted value of ai. The tabulated results for each heat are contained in Table 4. In addition, a value of

standard error of estimate (SEE) is shown for each heat. The fit to all data is shown in Fig. 7. For

comparison,reference values1,2 are shown also. Ascan be seen, overthe specified temperaturerange,
data correlation and reference curves have essentially the same trend, being only slightly displaced from

each other.

At this point consider the yield stress correlation as an example to test the assumption of the

heat-dependent family of parallel curves concept. To examine this, individual correlations of the Eq. (1)

•Throughout this report, a bar (-) is used to indicate average or mean properties.

Table 3. Summary of results of least-squares fits to tensile yield and ultimate strength data

Property

Yield stress

Ultimate stress

Order of

equation

"Correlation coefficient.

'Standard error of estimate.

Least-squares fits [MPa (ksi)]

fll a: fl.i

151.80 -0.10589

(22.01597) (-0.015358)

117.54 1.55265 -1.98123 X 10"'

(17.04717) (0.22533) (-2.87343 X 10"4)

0.98284

0.99686

SEE*

12.5386

(1.8185)

20.4582

(2.9671)
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Table 4. Heat-to-heat variability of yield stress (0.2%) function

Heat Points Yie Id stress parameters [MPa (ksi)]

identification per

No. heat a\ H SEE

1 3 153.1437 (22.2108) 1.3436 (0.1949) 1.5857 (0.2300)

2 3 150.6155 (21.8442) -1.1846 (-0.1718) 2.2770 (0.3302)

3 3 141.8819 (20.5775) -9.9182 (-1.4385) 3.1098 (0.4510)

4 3 145.3294 (21.0775) -6.4707 (-0.9385) 3.0499 (0.4423)

5 3 165.0950 (23.9442) 13.2949 (1.9282) 1.0702 (0.1552)

6 6 165.0037 (23.9309) 13.2036 (1.9150) 2.6849 (0.3894)

7 6 151.6498 (21.9942) -0.1503 (-0.0218) 1.9036 (0.2761)

8 7 159.3562 (23.1118) 7.5561 (1.0959) 5.5185 (0.8004)

9 3 160.9580 (23.3442) 9.1579 (1.3282) 5.8635 (0.8504)

10 3 155.3284 (22.5277) 3.5283 (0.5117) 8.7367 (1.2671)

11 25 161.5360 (23.4280) 9.7359 (1.4120) 12.8020 (1.8567)

12 6 152.3393 (22.0942) 0.5392 (0.0782) 5.3468 (0.7755)

13 3 164.4055 (23.8442) 12.6054 (1.8282) 4.1807 (0.6063)

14 27 136.5599 (19.8056) -15.2402 (-2.2103) 8.7505 (1.2691)

15 3 139.8134 (20.2775) -11.9867 (-1.7385) 3.6184 (0.5248)

16 6 148.6443 (21.5583) -3.1558 (-0.4577) 3.9230 (0.5690)

17 8 150.5094 (21.8288) -1.2907 (-0.1872) 4.1390 (0.6003)

18 4 157.5341 (22.8476) 5.7340 (0.8316) 9.5790 (1.3893)

19 4 152.8800 (22.1726) 1.0799 (0.1566) 13.2839 (1.9266)

20 3 153.3753 (22.2442) 1.5734 (0.2282) 2.9558 (0.4287)

form were determined for each heat (i.e., the data for each heat were treated as totally independent data

sets). A heat-by-heat comparison wasmade with the resultingvalue of 02 and that contained in Table 3.
Two cases were of interest: (1) the maximum algebraic deviation of coefficient ai for any heat from the
value shown in Table 3 and (2) the minimum algebraic deviation of coefficient ai for any heat from the
value shown in Table 3. The results of this comparison are shown in Table 5, which includes for each
heat the individual values of a, and ai and the percent deviation of azfrom the average value in Table 3.
Heat 13 satisfies case 1 while heat 10 satisfies case 2 (Table 3). In addition, a third case of interest is
marked—that for the maximum absolute deviation of coefficient a, for any heat from the value shown

in Table 3. The results for these cases are shown in Fig. 8. Even though the maximum absolute deviation
of the heat dependent a2 values from 02 seemlarge, the agreement betweenthe individual and adjusted
fits is considered acceptable (Fig. 8). The simplification introduced in both data analyses and
subsequentinelasticanalysesusingthe family of parallelcurvesconcept seems to bejustifiedwhenone
observes the relatively small error introduced over treating data for each heat as an independent data

set.

Ultimate tensile strength data were treated in the same manner as yield stress data. Regression
analyses indicatedthat an adequatedescriptionofdata overthe temperature range400 to 650° C(750 to
1200° F) is provided by an equation of the form

ou = fli + aiT+ A311 , (2)

where au is the mean value of ultimate strength [MPa (ksi)] for all data, Tis the temperature (° C), and

ai, fl2, fl3 are fitted coefficients. Results of the regression coefficients are shown in Table 3. The

comparison of the data and the correlation is shown in Fig. 9. Also, the curve recommended in the
NSMH1 is shown for comparison.
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Table 5. Comparison of coefficients a\ and a: obtained from
fits to yield stress data for each heat taken individually

Yield stress data (MPa)

Heat No. Case

d\ fl: A«.°

1 146.64 -0.0942 II II

2 148.34 -0.1018 3.9

3 127.14 -0.0794 25.0

4 138.53 -0.0936 11.6

5 169.24 -0.1135 -7.0

6 172.96 -0.1211 -14.3

7 148.18 -0.0996 5.9

8 165.01 -0.1162 -9.8

9 160.23 -0.1046 1.2

10 172.80 -0.1268 19.7 2

II 164.46 -0.1113 -5.1

12 137.68 -0.0795 24.9

13 146.22 -0.0732 30.8 1

14 121.55 -0.0785 25.9 3

15 127.48 -0.0837 20.9

16 132.69 -0.0772 27.1

17 147.93 0.1011 4.5

18 158.26 -0.1073 -1.3

19 153.00 -0.1 134 -7.1

20 139.15 -0.0803 24.1

'Deviation of ai for each heat from a2. Table 3. Aoi =
(ai - a2)X IOO/02.

The heat-to-heat variability of au was modeled by

°uhM = Ou + Fheat

= &i + FtlM) + a2T+a3t1

= a\ + 02 T + ai F2 ,

where aUheit is the ultimate stress for a particular heat, Fheat is a heat dependent adjustment factor, a\ is
the heat adjusted value ofai, and 02 and 03are the same as in Eq. (2), Table 3. These results are shown in

Table 6.

3.1.2 Bilinear yield stress

Only a limited amount of data is available on the bilinear yield stress and hardening parameters for

type304 stainless steel.12"15 Furthermore, these data seem to allbefora single heatofmaterial (heat 14).
Thus, the recommendation was made that the initial bilinear yield, the tenth cycle yield, and the

hardening parameter C be taken as heat independent, and that values from the NSMH1 be used.
Preliminary inelastic structural analyses indicated that the deformation and failure results were very

sensitive to the values of yield and the hardening parameters used. Therefore, the conclusion was made

that some heat variability of these parameters was required.

In lieu of an adequate data base, the initial bilinearized stress-strain curve was related to

conventional stress-strain parameters. Using only data for the ORNL reference heat [HT 9T2796 (heat

14for this study)], a close relationship was observed between the temperature dependency of 0.2% yield

and initial bilinear yield (for a 0.4% strain range) as is shown in Fig. 10. The "adjusted" curve through



Table 6. Heat-to-heat variability of ultimate stress function

Heat Ultimate stress parameters [MPa (ksi)]
identification

No. O) f SEE

1 126.3813 (18.3294) 8.8410 (1.2822) 11.6265 1.6862)

2 87.7693 (12.7294) -29.7710 -4.3178) 13.7471 1.9938)

3 101.7891 (14.7627) -15.7511 -2.2844) 13.3380 1.9344)

4 125.4619 (18.1961) 7.9217 (1.1489) 6.1657 0.8942)

5 126.6111 (18.3627) 9.0709 (1.3156) 21.7274 3.1512)

6 133.9658 (19.4294) 16.4255 (2.3822) 13.0019 1.8857)

7 141.2055 (20.4794) 23.6653 (3.4322) 5.2173 0.7567)

8 138.0921 (20.0279) 20.5518 (2.9807) 16.3313 2.3686)

9 130.7481 (18.9627) 13.2079 (1.9156) 13.4628 1.9525)

10 103.5171 (15.0134) -14.0231 -2.0338) 53.6719 7.7842)

11 112.0467 (16.2504) -5.4935 (-0.7967) 20.3934 2.9577)

12 141.2055 (20.4794) 23.6653 (3.4322) 6.6711 0.9675)

13 129.1393 (18.7294) 11.5990 (1.6822) 12.6466 1.8342)

14 105.8485 (15.3515) -11.6917 (-1.6957) 14.2413 2.0655)

15 122.7039 (17.7961) 5.1637 (0.7489) 0.8324 0.1207)

16 90.7637 (13.1637) -26.7765 (-3.8835) 11.7637 1.7061)

17 134.6820 (19.5333) 17.1417 (2.4861) 15.9452 2.3126)

18 130.9779 (18.9961) 13.4377 (1.9489) 28.6979 4.1621)

19 113.5318 (16.4658) -4.0084 (-0.5813) 15.9250 2.3096)

20 118.3371 (17.1627) 0.7969 (0.1156) 6.6905 0.9703)
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the initial bilinear yield (for a 0.4% strain range) data has the same slope as the 0.2% yield curve, but the

intercept was determined in a least-squares sense. As can be seen, a very respectable representation of

bilinear yield results is obtained. Thus, the assumption was made that all heats would behave in the
same way, that is, the bilinear yield (0.4% strain range) for a particular heat would have the same

temperature dependency as the 0.2% yield but would be displaced by some factor.
To determinethis factor, initial stress-straindata wereobtained on all 20 heats of material.16 For

the curves that could be well defined below 0.2% strain, bilinearization was performed using the

procedure in Ref. 17, and values of initial yield o>0 and plastic slope E? were measured. Values of the
initial yield parameter ko and the hardening coefficient C were calculated. It was determined that the
initial bilinear yield could be represented by

dyg = ai + a2T, (3)

where

oy = average (all heats) initial bilinear yield stress in MPa (ksi),

T= temperature in °C,

oi = 138.78(20.1273),

a2 = -0.10589 (-0.015358),

with a standard error of 8.929 (1.295). The desired adjustment factor was then 138.78/151.80 = 0.914,

and the initial bilinear yield for any heat becomes

Oyo = 0.914 a, +a2T, (4)

where a\ is the heat-dependent coefficient on 0.2% yield stress listed in Table 4 and 02 is as shown in Eq.

(3) and Table 3.

3.1.3 Cyclic properties and tenth-cycle yield

As above, lack of an adequate data base prevented conclusive heat and temperature treatment of

cyclic hardening and tenth-cycle yield. A detailed development of these properties, based on an
incremental yield increase with plastic strain accumulation EF, has been performed for the ORNL
reference heat18 and isshown in Fig. 11. Thisdevelopmentismore refinedthan a jump to tenth cycle and
has a more realistic structural behavior.

Thus, the assumption was made that each heat would harden in the same manner, and the data

shown in Fig. 11 were normalized to the initial bilinearized yield. The results are shown in Table 7. The
mean value of yield stress at the rth step for any temperature and accumulated plastic strain is

dyi = dye+YG?,T), (5)

where the value of Y(ep,T) is interpolated from Table 7. Obviously the deviation on ayi will be the same
as that for ay . For individualheats, the valueayj iscalculatedfrom Eq.(5)usingthe heat dependento>0
value from Eq (4).
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HEAT 9T2796, TYPE 304 STAINLESS STEEL
0.005/min STRAIN RATE

ORNL-DWG 74-13294
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Fig. 11. Dependence of bilinear yield stress on temperature and accumulated plastic strain for ORNL reference heat of type
304 stainless steel.

Table 7. Normalized bilinear yield stress Y vs
accumulated plastic strain and temperature

-?
Normalized stress (MPa)' at temperature

(m/m)
427° C 482° C 538° C 593° C

0.005 0.393 4.840 1.806 8.715

0.01 3.254 8.205 6.481 14.845

0.02 7.054 12.390 12.632 23.071

0.03 9.432 15.176 16.493 29.207

0.04 11.260 17.389 19.361 34.048

0.05 12.687 19.444 21.657 37.350

0.058 13.080 20.513 22.560 37.592

1.0 13.080 20.513 22.560 37.592

°o,(psi)= 145 oy (MPa).
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3.1.4 Plastic modulus and hardening coefficient

The mean value of E? wasfound to be 6.666 MPa (0.966 X 106 psi). The numberof data points
available, as withinitialbilinearyield, would not permita conclusive statistical treatmentof tempera
ture and heat-dependent plastic modulus. With respect to temperature, referring to the work by
Maiya,12 the particular strain range selected for this study seems to bea threshold between smaller
strain ranges that are highly temperature sensitive and larger strain ranges that are essentially
insensitive to temperature, Fig. 12. With respect to heat variability, noconsistent relationship between
plastic modulus and some other tensile property was evident such that a construction comparable to
that for initialbilinear yield couldnot be performed. For the subsequent inelastic analyses, the mean
value of E" at 593° C and the corresponding elastic modulus E from Ref. 1 were used in defining the
hardening coefficient C where
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Fig. 12. Temperature and strain range dependence of plastic modules for annealed type 304 stainless steel.
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and

C = 4651 MPa (0.675 X 106 psi),

and that C be taken as heat and temperature independent. Note at this point that the recommended

value of £" is approximately one half the value from the NSMH1 for a strain range of 0.4%.

3.2 Creep Properties

3.2.1 Stress-rupture properties

Creepdeformation and creep-rupture informationwere needed for the inelastic deformationand
failure analyses. As observed in a preliminary assessment of the data, creep deformation, through
minimumcreep rate "£„,, correlated with time-to-rupture7, (Fig. 13). This correlation impliedthat the
same functional form should be used to describe the stress dependence of ~im and 1,. In addition, the
functional form chosenfori* (and thusT,) had an important effect on creepdeformation. Ultimately,
selecting a form for minimum creep rate that provided the best comparison between predicted total
creepstrain and experimental creepdata became necessary. This isdiscussed in greaterdetail in Sect.
3.2.2. Only the final results for time-to-rupture are presented here.

The extensive work contained in Refs. 19and 20 supplemented by additional data from Refs. 4,9,
and 21 through 23 formed the basis for treatment of time-to-rupture. Considering only data at 593°C,
229 data points from 19heats of material were available to establish a "master" creep-rupture curve.
Consideration was given to several functional forms for representing the data. Based on previous
work19'20 in conjunction with the criteria on creepstrain discussed above,a powerlawformulation was
used,

7r = aiff°2 , (6)

where7r is mean time to rupture for all heats, a is stress (MPa), and at, 02 are regression coefficients.
Results of the fit to all data are given in Table 8. Data and fit are compared in Fig. 14. Heat-to-heat

variability was computed based on the equation

log (/r)he« = lOg7, + lOg Bt>t.l

= log (ai BhtMt) + a2 log a

= log a\ + a2 log a .

Variability results are summarized in Table 9.
Acomparison ofthe results inEq. (6) with CCN47 creep-rupture design curve2 is shown inFig. 15.

The minimum rupture curve as defined by this study agrees well with the CCN47 curve. This does not
necessarily implythat the averagecurveswouldagree becausedifferentdata setswereusedto establish
each curve and different margins may have been used to define the minimum curve. Note that at the

stress and time levels of interest for this study, the agreement between the two minimum curves is almost

exact.
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Table 8. Summary of results of least-squares fits" to time-to-rupture
and minimum creep rate data

Property
Coefficients [MPa (ksi)]

Time-to-rupture

Minimum creep rate

7.24031 X 10" -7.55519

(3.34556X10")

1.06345 XI0"24 9.70335

(1.45649 X10"16)

"Fits were done to logio form of power law.
'Correlation coefficient.

0.96883

0.90771

Table 9. Heat-to-heat variability of time-to-rupture function
for type 304 stainless steel at 593° C (1100° F)

SEE

0.44118

0.56634

Heat
Time-to-rupture parameters

identification

No
Ol

B SEE
[MPa (ksi)]

1 8.6796 X 10" (4.0107 X I013) 1.19879 0.17706

3 3.8117 X 10" (1.7613 X 10") 0.52646 0.25924

4 7.9478 X 10" (3.6725 X 10") 1.09771 0.10852

5 7.9100X 10" (3.6550 X 10") 1.09250 0.20015

6 1.9684 X 1020 (9.0954 X 10") 2.71863 0.18858

7 2.8904 X 1020 (1.3356X 1014) 3.99209 a

8 3.9873 X 1020 (1.8424 X I014) 5.50711 0.25386

9 9.3064 X 10" (4.3003 X 10") 1.28536 0.15437

10 5.8601 X I020 (2.7078 X 1014) 8.09370 0.29418

11 4.8939 X 10" (2.2613 X 10") 0.67592 0.23927

12 9.9983 X 1020 (4.6200 X IO14) 13.80919 0.09407

13 1.0206 X I020 (4.7161 X 10") 1.40964 0.17858

14 4.7172 X 10" (2.1797 X 10") 0.65152 0.25195

15 4.7969 X 10" (2.2165 X 10") 0.66253 0.25706

16 2.5284 X 10" (1.1683 X 10") 0.34921 0.20320

17 3.8644 X I020 (1.7857 X IO14) 5.33740 0.39793

18 4.2627 X I020 (1.9697 X IO14) 5.88743 0.25330

19 3.4534 X 10" (1.5958 X 10") 0.47697 0.11603

20 6.5076 X 1020 (3.0070 X IO14) 8.98796 0.15981

"Not enough data for statistical significance.

3.2.2 Creep deformation

The scope of this effort was not to develop new creep equations but to evaluate heat-to-heat
variability using existing materials properties formulations wherever possible. A brief review of
potential equations depicting creep behavior1'24'25 indicated that the rational polynomial25 was the most
amenable for use in the heat-to-heat variability studies. The exponential formulation1,24 has received
wider exposure and verification, but the rational polynomial as used by Booker25 offers a way of
modeling material variability increep without extensive fitting ofcreep curves. This, ofcourse, assumes
that thegoverning equations accurately capture the distribution, as well as the mean creep behavior.
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Fig. 15. Comparison oftime-to-rupture correlation for19heatsof type304 stainless steelandASME CCN47 design curve at
593° C (1100° F).

Following the development in Ref. 25, the rational polynomial equations for annealed type 304
stainless steel can be summarized as

and

c_ Cpt .

e-7T7r+€'""

C = 0.685(l.ll?m°-974-6m)7r0-968,

/> = —(3.43 em°* - tm) ,

(7)

(8)

(9)

where ec is total creepstrain(%), "im isminimum creeprate(%/h), t, istime-to-rupture (h),and t is time
(h). The stress dependency of creep parameters Cand/>enters through the stress dependency of em and

lr.

In evaluating the limits on creep, at first all combinations of maxima and minima for 1m and 1,
seem to need consideration. However, there is a strong correlation between 1m and 1, for the various

heats, that is, heats that have lower minimum creep rates also have longer rupture lives (Fig. 13).Thus,

realistic limits can be established for creep deformation of type 304 stainless steel from Eq. (7) by

calculating C andp using only the combinations [("em)max, (7r)min] and [("em)min, (7,)m.x].
Minimum creep rate data, analogous to time-to-rupture data, were treated using a power law

formulation

em = a\oai ,
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whereJm is mean minimum creep rate for all heats (%/h) and ai, a2 are regression coefficients. At
593° C, 232 data points on 19 heats of material were analyzed, yielding the results shown in Table 8 and

Fig. 16.

Heat-to-heat variability was treated like that for time-to-rupture. Thus,

lOg (« m)he.t = lOg lm + lOg £heit

= log (ai£he«) + fl2 log a

= log ai + Q2 log a .

These results are summarized in Table 10.

Table 10. Heat-to-heat variability of minimum creep rate function
for type 304 stainless steel at 593°C (1100°F)

Heat
Minimum creep rate parameters

identification

No.
[MPa (ksi)]

E SEE

1 8.8441 X IO"25 (1.2113 X IO"16) 0.83164 0.21290

3 1.9532 X IO"24 (2.6751 X IO"'6) 1.83666 0.23888

4 1.4585 X IO"24 (1.9975 X 10"'") 1.37144 0.08776

5 8.3737 X IO"25 (1.1469 X IO"16) 0.78742 0.20161

6 1.4743 X IO"25 (2.0191 X IO"17) 0.13863 0.24565

7 1.0009 X IO"25 (1.3708 X 10"") 0.09412 a

8 8.6578 X IO"26 (1.1858 X IO"17) 0.08141 0.17640

9 7.8253 X IO'25 (1.0717 X IO"16) 0.73585 0.24299

10 1.3349 X IO"25 (1.8283 X IO"17) 0.12553 0.39129

11 1.7138 X IO"24 (2.3471 X IO"16) 1.61151 0.16488

12 4.2556 X IO"26 (5.8284 X IO"18) 0.04002 0.09957

13 6.0676 X IO"25 (8.3101 X IO"17) 0.57056 0.17112

14 1.6944 X IO"24 (2.3206 X IO"16) 1.59323 0.30595

15 1.2386 X 10"24 (1.6964 X IO"16) 1.16470 0.23212

16 6.4415 X IO"24 (2.7898 X IO"15) 19.15453 0.95311

17 1.7827 X 10'25 (2.4415 X IO"17) 0.16763 0.50301

18 1.0869 X IO"25 (1.4886 X IO"17) 0.10221 0.46285

19 5.4042 X IO"24 (7.4015 X IO"16) 5.08178 0.05322

20 1.0634 X IO"25 (1.4565 X IO"'7) 0.10000 0.23285

"Not enough data for statistical significance.

(10)

Using the materials deformation equations summarized above and PLACRE,26 a number of
preliminary one-dimensional inelastic pipe ratchetting analyses were performed. The selected structure
geometry and load conditions were based on test TTT-1 (Ref. 27). Results from these preliminary
analysesunderpredicted the measuredratchetting strains bylargemargins.Thus, beforeperformingthe
full set of analyses, the decision was made to give additional attention to the recommended materials
correlations to determine if characteristics of the individual equations (i.e., form chosen, extrapolation

properties) could be causing the difficulty.
As observed from the preliminary analyses, creep strain prediction seemed to have a dominate role

in predictingratchettingstrain. Because TTT-1 wasbeingusedas the benchmarkfor thesecalculations,
a comparison was made with the recommended rational polynomial equation [adjusted to heat 14
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(ORNL ref. HT 9T2796)] and the creep data matrix developedexplicitly for this heat (Table 11). This
data matrix was developed from data on ~30 creep tests and validated through inelasticanalyses of a
number of structures. The conclusion was reached that this matrix would be used as a standard of

comparison for evaluating the final rational polynomial equation to be used.
Compared on a percentage basis, the rationalpolynomial equationdiffered significantly fromthe

matrix at stresses less than 103 MPa (15 ksi) and times less than about 1000 h (Fig. 17), although at
higher stresses and longer times excellent agreement was obtained. Thepreliminary structural analyses
indicated that the stress in the model was in the range 55 to 83 MPa (8 to 12 ksi). Thus, the structural

stresses were in a range of poorest agreement between experimental data and the creepequation.
Whenthe input parameters to the rational polynomial creepequation were considered, minimum

creep rate had the most significant effect on calculated creep. Also, higher creep strains would be
predicted at low stresses if minimum creep rateswere used that were larger thanthosecalculated bythe
power law fit to the high stress data. This led to consideration ofthe hyperbolic sine form ofequation
for extrapolating minimum creep rate to low stresses.

ORNL-DWG 79-17018 ETD

Fig.17. Comparison ofcreepdatamatrixwithpredicted creepstrain forheat14using the rational polynomial equation with
power law representations of tmand t,.
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A procedure following that of Blackburn24 was used to develop the required equation. The final
recommended form was

• - • (w\"3 „n?m = ai sin I -=- I , (11)

where

im = minimum creep rate (%/h),

a = stress (MPa),

a, = 2.7566 X IO"5,

a2 = 0.05416,

A3 = 5.32,

with a standard error of0.5584. This correlation, based on all data, is shown in Fig. 18.The hyperbolic

sinewas usedasexemplifying one method of extrapolation that has previouslybeen used with success.
Using the hyperbolic sine form for?*,, the greatest change in the shape of the function is in the
low-to-medium stress region (<150 MPa) where data become scarce (Fig. 18). Some degree of
uncertaintyisthus introducedin both representing the lowand medium stress dataand, particularly, in
extrapolation to the lower stress levels calculated inthe preliminary structural analyses. Notingalso the
strong correlation betweenminimum creep rateand time-to-rupture (Fig. 13), the equation

where

lr = bi(fmp, (12)

1, = time-to-rupture (h),

bi = 16.9256,

b2 = -0.7639,

with a standard error of 0.17155 was also recommended.

Using Eqs. (11) and (12), a comparison of predicted creep strain for heat 14 using the rational
polynomial and thedata matrix isshown in Fig. 19. An improvement inagreement has been achieved in
the low stress-short time regions noted above. Further improvement seemed to be beyond the
capability of therational polynomial using anequation of onlyoneterm(oranyotherof thecandidate
creep equation forms using only one term).

Comparing the predicted minimum time-to-rupture using Eqs. (11) and (12) with the ASME
CCN47minimum curve(Fig.20),agreement isnot asgoodas for the powerlawrepresentation. At the
stressand time levels of interest for this study, the difference could be as much as a factor of 4.

Using these recommended materials properties, a series of 18 one-dimensional inelastic pipe
ratchetting analyses were carried out withthe finite-element program PLACRE. A reference analysis
wasalso performed usingmaterial properties in Refs. 1and 2. The samestructure geometry and load
conditions were used as in the preliminary analyses (i.e., based on TTT-1) (Fig. 1).
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Fig. 19. Comparison ofcreep data matrix with predicted creepstrain for heat 14 using the rational polynomial equation with
hyperbolic sine represen tation of tm and t,.

Results of these analyses indicated that the reference analysis would be nonconservative in both

predicted ratchetting strain and creep damage when compared with the heat variability analyses. For
ratchetting strain, nonconservatism was not considered surprising because (1) no safety factors were

incorporated into the reference analysis procedures that were followed and (2) overrunning of the strain
limits does not necessarily indicate structural failure.

Nonconservatism for creep damage was considered more serious and was therefore investigated

further. Most of the predicted creep damage nonconservatism could be attributed to a significantly

lower time-to-rupture predicted by the hyperbolic sine form correlation of time-to-rupture compared to

the design curve of CCN47 (Fig. 20). Further investigation revealed that the lower predicted time-to-

rupture could not be satisfactorilyjustified by the data on which the present correlations were based but

was more attributable to the form adopted for the equations. Obviously, the initial power law

formulation for time-to-rupture would give more consistent results with respect to evaluating creep

damage.
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Utilization of the power law form for time-to-rupture in conjunction with the hyperbolic sine form

for minimum creep rate would introduce inconsistencies in the data representations. An alternate

approach would be to use the power law correlations for?m and?, and modify the creepequation. This
approach was adopted.

In keeping with the criterion that the data matrix (Table 10)would be used as a standard for creep

deformation, the rational polynomial equation was disregarded and a three-exponential creep

equation28 was used instead. Material (heat) dependency could be incorporated in this equation by
modifying it to reflect the rational polynomial development. Specifically, constants in the three-
exponential equation could be formulated in terms of the calculated parameters Candp, which were

heat dependent.

The three-exponential equation developed in standard English units for ORNL reference heat 14is

tc = A, X [1 - exp(-R! X t)] + A2 X[1 - exp(-R2 X t)] + A3 X [1 - exp(-R3 Xt)] +im Xt , (13)

where

Ai = (5.933 X 10"4) X a,

A2 = (8.3524 X IO"4) X a18766,

A3 = (2.849 X 10"5) X a36966,

Ri = 9.4045 X IO"2 X exp(0.214454 X a),

R2 == 2.7495 X 10"3 X exp(0.17537 X a),

R3 = 1.0928 X IO"4 X exp(0.11757 X a),

!6.49 X 10"7 X [sinh(0.1491 X a)]3 for a < 25.932 ksi
2.968 X IO"6 X [sinh(0.17116 X a)]2'13562 for a > 25 .<for a > 25.932 ksi.

In this equation, a is in thousands of pounds persquare inch (ksi), e is in percent, t is in hours, and emis
in percentperhour. A comparison of this equation with the data in Table 10is shown in Fig. 21.As can
be seen, the fit is acceptable over a wide range of stresses, times, and creep strains.

The method of modifying Eq. (13) to reflect heat dependency follows. By establishing equivalency
of initialcreeprateand magnitude of primarycreep strainbetween Eq. (7)and Eq. (13), the constants in
Eq.(13) couldbe implicitlyexpressed in terms of Candp. Thus, the magnitudeof primarycreep strain
should be the same in each equation. Then

2a,= C. (14)

Let (*) denote a reference state, in this case the ORNL reference heat. With minor rearranging
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ORNI -DWG 79-17022 ETD

Fig. 21. Comparison ofathree-exponential equation for uniaxial creep with creep data over astress range of34.5 to241
MPa (5 to35 ksi) (1 ksi =6.895 MPa) for type 304 sUinless steel (ORNL reference heat) at 593°C (1100°F).

For any other state (or heat), Eq. (14) also applies, and
3 A*v A i „

or

Sa-.^-c.

One state of equivalency between Eqs. (14) and (15) is when

A, A,c,.

(15)

(16)
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A comparable development using initial creep rate will lead to

Ri = Ri
P*

(17)

These results are applied asfollows. TheA?andR?are reference values in Eq. (18). The C* andp*
are reference parameters calculated for the reference heat using Eqs. (8) and (9). Equations (12) and (10)

are used to calculate (• and e mrespectively. For any other heat (or mean value), the applicable C and p
values are calculated, Ai and Ri are formulated, and the creep behavior is predicted through Eq. (13).

Limits on creep deformation (i.e., maximum and minimum) are incorporated through the limits on t,
and e m. As discussed previously, €*„,„ corresponds to [(« „,)„»„ (Omin] and ecmi„ corresponds to [(« m)mi„,

(HbJ.

As a check, Eqs. (13), (16), and (17) were applied to heat 14. Figure 22 shows a comparison between

the data matrix and the calculated creep strain; the comparison is very credible.

5 10 2

TIME (hr)

10

ORNL-DWG 79-17023 ETD

10

Fig. 22. Comparison of creep data matrix with predicted creep strain for heat 14 using the modified three-exponential
equation with power law representation of im and t„
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3.3 Fatigue Properties

In consideringfatigue properties, relianceon previouswork wasessentialbecauseofcomplexityof
fatigue behavior description. Diercks and Raske29 performed a thorough statistical analysis of the
then-available data on type 304stainless steel. With respect to heat-to-heat variability, for continuous
cycling, they concluded that there were no statistically significant differences in the data from the
different heats.

For zero hold-time conditions to be used in the structural analyses, the formulation proposed in

Ref. 29 reduces to

(log10 Nf)'1'2 = 1.2055 + 0.66005 + 0.180452 - 0.00814354

+ (2.53 X 1CT4)RS* + (2.18 X lO'VS4 - (5.466 X 10'Vr2 .

Here

S=log,o(Ae,/100),

R= logio («),

T= Tel 100,

Nf —cycles to failure,

Ae, = total strain range (%),

e = strain rate (s1),

Tc = temperature (°C).

Using the approach adopted for the variability study along with this equation, analyses were performed

using the available data and

(log NfKli2 = (\og~Nf)'i/2 + /Vhc ;

little discernable difference between heats could be detected. Thus, no fatigue heat-to-heat variability

was recommended for consideration in the structural analyses.

3.4 Discussion of Cross Correlations

As discussed previously, cross correlations between properties were of interest both as a means of
"constructing" data sets where limited data were available for a given property and as a means of
reducing the total number of random variables to be considered in the inelastic analyses. The most
convenient way of studying potential cross correlations was to compare the heat variability factors for
different properties after fits for these properties were developed. If a correlation was apparent, then a
more detailed investigation of the data would be pursued. This technique was employed in developing

the heat-dependent creep equation discussed in Sect. 3.2 where minimum creep rate was correlated with

time-to-rupture.

where
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The properties that were ofmost interest were yield stress, ultimate stress, minimum creep rate, and

time-to-rupture. Cross correlations of these properties had the greatest potential for reducing the

number of random variables for the analyses (i.e., for reducing the total number of inelastic analyses

required). Figures 23 and 24 show a comparison of the yield stress heat adjustment coefficient H with

the minimum creep rate and time-to-rupture heat adjustment coefficients, E and B respectively. As can

be seen, there are no clearly definable correlations with yield stress.

Figures 25 and 26 show a comparison ofthe ultimate strength heat adjustment coefficient F and the

minimum creep rate and time-to-rupture heat adjustment coefficients, E and B respectively. Although

-2 -1 0 1

YIELD STRESS COEFFICIENT-H

OHNI-DWG 79-17074 ETD

Fig.23. Comparison of yieldstress(0.2%) with minimum creeprateheatadjustment factors, H and E, for19heatsof type
304 stainless steel.
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ORNI—DWG 79—1702(5 FTD

-2-10 1 2

ULTIMATE STRENGTH COE F Fl CIE N T - F

Fig. 25. Comparison ofultimate strength with minimum creeprate heat adjustment factors, Fand E, for 19 heatsoftype 304
stainless steel.

there is a fair amount of scatter in these comparisons, a visual inspection would indicate some trend

between FandEandFandB.Thisobservation isinagreement withtheworkof Sikkaetal.," whowere
able to correlate creep properties with ultimate strength. For this work, however, the complexities
involved in trying to correlateultimate strengthwith minimum creeprateand time-to-rupture werenot
felt to be warranted by any simplifications to be gained. Thus, these properties were considered

independent of one another.
Figure 27 shows a comparison of minimum creep rate and time-to-rupture heat adjustment

coefficients, E and B; a strong relationship between these two properties is evident. The resulting

correlation is shown in Fig. 13, Sect. 3.2.
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•2-10 1 2

ULTIMATE STRENGTH COEFFICIE NT-F

Fig. 26. Comparison of ultimatestrength withtime-to-rupture heat adjustment factors, F andB, for19heats of type304
stainless steel.
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4. SUMMARY AND CONCLUSIONS

A study wasperformedto determine the heat-to-heat variabilityof mechanical propertiesused in
performing inelastic analyses. The results are to be used to investigate the potentialeffects of material
variability on conservation in ASME design margins.

Structural problems studied involved the ratchetting of a long thin-walled pipe. The load cycle
consisted of a thermal down shock on the inner pipe wall from 593 to 427° C and a slow reheat followed
byan isothermal hold under internal pressureat 593° C. The pipe response isa plastic cycle followed by
isothermal creep.

To program the inelasticdeformation and failure analysis of this problem, ten mechanical and
physical material properties are needed. This study concentrated on what was considered the most
important mechanicalproperties: monotonic and cyclicyield,plastic modulus, isothermal creep, stress
rupture, and fatigue.

Data on 20 heats of type 304stainless steel werecompiled and analyzed. The intent was to develop
simple heat-dependent parametric representations of each property. Cross correlations between
properties wereinvestigated also. Identified cross correlations could be used to reduce the number of
inelastic analyses required and also to develop heat-dependent representations of properties where
limited data exist. Analysis of the data indicated only one such strong cross correlation—between
time-to-rupture and minimum creep rate.

Using the available data, heat-dependent correlations were developed for initial bilinear yield vs
temperature, time-to-rupture vs stress at 593° C, and creep strain vs stress and time at 593° C. Cyclic
yield stresswasmodeledbasedon an incrementalincrease in yield withaccumulated plasticstrain. The
incremental yield stress vs plastic strain matrix was available for a single heat but was applied to all
heats. Becauseyield for subsequent cycleswas based on initial yield, cyclicyield had the same heat and
temperature dependency as initial bilinear yield. Heat dependency of plastic modulus (or hardening
parameter) vs temperature could not be demonstrated primarily due to lack of data. Use of a
temperature-and heat-independent mean value of hardening parameter was thus recommended.

Time-to-rupture data at 593°C could be adequately correlated using a simple power law
expression. Other parametric representations were examined, but the power law seemed best to model

the data.

Creep deformation was represented using a three-term exponential equation with heat-dependent
coefficients. These coefficients were calculated using the rational polynomial parameters Candp which
are functions of minimum creep rate and time-to-rupture. Minimum creep rate was represented using a
power law, and, for creep deformation only, time-to-rupture was expressed in terms of a cross
correlation of minimum creep rate. This reduced the number of random variables needed to model
heat-dependent creep deformation in the inelastic analyses. The resultant creep equation adequately

represented the data.

Based on work at ANL29 as well as on an assessment in this study, heat dependency of fatigue
behavior was found to be very weak. Thus, the recommendation was made that fatigue damage be heat

independent and that a fatigue failure correlation developed by Diercks and Raske29 be used.
Results of this investigation appear to represent adequately the heat-to-heat variability of the

mechanical properties studied. Some simplifications used in analyzing the data were shown to have
surprisingly small effects on representing behavior for individual heats. This study was limited in that
only certain mechanical properties wereconsidered. The impact of variability in physical properties was
not investigated. Attention should be given in future work to those mechanical and physical properties
that were not considered in this study.
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