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EMPIRICAL RELATIONSHIPS AMONG CREEP PROPERTIES OF FOUR
ELEVATED-TEMPERATURE STRUCTURAL MATERTIALS

M. K. Booker and V. K. Sikka

ABSTRACT

Elevated-temperature creep and creep-rupture data for
four important structural materials are examined to deter-
mine empirical relationships among various properties.
Materials used include types 304 and 316 austenitic stain-
less steel, ferritic 2 1/4 Cr-1 Mo steel, and nickel-base
Inconel alloy 718. Results obtained allow use of rupture
life and minimum creep rate data to predict time to
tertiary creep, creep ductility, and creep strain-time
response. Such predictions are useful since in general
more data are available for ruptiure life and minimum
creep rate than for other properties. -

INTRODUCTION

The design of elevated-temperature operating systems requires a
careful and thorough consideration of the creep properties of the con-
struction materials involved. Many experimental creep and creep-rupture
data are available for a variety of materials, but much of the previous
effort in the collection and analysis of such data has been focused only
on the time to rupture. However, the actual useful life of a material
corresponds not to the rupture life, but to the time period over which
the material can exhibit stable or uniform deformation. In recognition
of this fact, current elevated-temperature design rules! specify three
specific criteria that must be considered in the establishment of
elevated-temperature time dependent allowable stress levels. According
to these rules, the time-dependent allowable stress, Sy, is given by
the least of: ‘

1. 2/3 of the minimum stress to cause rupture,

2. 80% of the minimum stress to cause onset of tertiary creep,

3. the minimum stress to cause a total inelastic strain of 17%.
Unfortunately, the data needed to establish the latter two criteria
are generally less plentiful than rupture data. Also, methods for
analysis of rupture data have been the most studied of the three. One
possible solution to these problems might be to establish analytical
relationships between rupture life and each of the other criteria.
However, since the time to rupture is a failure characteristic, while
the time to 1% strain is a flow property, the relationship between these
properties may not always be clear. One flow property for which data
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are widely available is the minimum creep rate. This report presents

the results of exploratory analyses of empirical relationships among
rupture life, minimum creep rate, and other creep properties for four
important elevated-temperature structural materials. The results and
discussion presented here represent both a review of past investigations
and an exploration of new relationships. These relationships will be
used to illustrate methods for estimating the properties involved in
establishing time-dependent design criteria, as well as to estimate creep
ductility and creep strain-time behavior.

MATERIALS

Analyses and results are presented here for types 304 and 316
austenitic stainless steel, ferritic 2 1/4 Cr-1 Mo steel, and nickel-
base Inconel alloy 718. Tables 1 and 2 describe the material for which
the data used were derived. Included are four sets of type 304 stainless
steel data,z_5 two sets of type 316 stainless steel data,"’e’7 and two
sets of Inconel alloy 718 data.®’® 1In some cases, data from various
other heats of these materials are used, as indicated. Because of a
relative shortage of data for individual heats of 2 1/4 Cr-1 Mo steel,
data for several heats'?® were analyzed together. The data for 25.4-
and 50.8-mm-thick (1- and 2-in.) plates of type 304 stainless steel
heat 9T2796 were analyzed separately because these two forms exhibit
significantly different creep behavior. More details about the data
will be given as they relate to the specific analyses presented in this
report.

TIME 'T0 T'ERTIARY CREEP

In the following analysis of data for the time to tertiary creep,
t;, two different definitions of the onset of tertiary creep were used.
The time to the first deviation from linear second-stage creep is here
denoted by t,, while tgg denotes the time to the onset of tertiary
creep as determined by a 0.2% offset from the second-stage creep line.
Figure 1 illustrates the determination of ?¢; and ¢y, for a classical
creep curve and of f45 for a curve that is concave upward throughout
but exhibits a brief linear portion. The quantity ¢, was used for the
Garofalo et al.®’’ data and for heats 55697 and 332990, while tgog Was
used for the other heats. In the analysis of data for type 304 stainless
steel, data from several heats from the ORNL heat-to-heat variations
program11 were utilized, although these heats are not listed in Tables 1
and 2. Both tgg and £, were used for those data,11 since both quantities
were available.

Methods for analysis of data for the time to tertiary creep, %1,
were suggested previously.12 If sufficient data are available, ¢3 may
be expressed as a function of stress and temperature by the same methods
used for the analysis of stress-rupture data.'® 1'% However, sometimes
available data are inadequate to determine with confidence the relation-
ships among stress, temperature, and t3. When this situation arises,



Table 1. Compositions and Product Forms of Materials Investigated

-1
Content, wt %

Heat Reference Product Fcrm -
C Mn P S Si Cr Ni Co Mo Cu N Nb+Ta Ti
Type 304 Stainless Steel
9T2796 2 25.4-mm plate 0.05L 1.37 0.041 b 0.4 18.5 9.87 0.1 0.3 - 0.24 0.031 b b
9T*796 3 50.8-mm plate 0.047 1.22 ¢.029  0.012 0.47 18,5 9.58  0.05 0.10 ° 0.10 0.031 b b
55697 "4 7-mm rod 0.052 1.1 0.011  0.01 ©0.52  18.92 9.52 . 0.035 0.12 0.10 © 0.052 b b
8043813 s 25.2-mm plate 0.062 1.87 0.04 0.0043 0.48  17.8  8.95  0.20  0.32 0.20 0.033 b b
ASTM A 240, ‘ Plate, rod 0.08° 2.0° 0.045° 0.03° 1.05 17419 310
479
Type 316 Stainless Steel
332390 4 7-mm rod 0.052 1.72 0.012 0.02 0.38 17.8  13.55 0.14  2.33 0.20 0.041
Garzfalo 6,7 12.7-mm bar 0.07  1.94 0.01 0.021 0.38  18.0  11.4 b 2.15 b 0.043 b
er al. ’
Aigx A 240, Plate, rod 0.08° 2.0 . 0.045° 0.03° 1.0° 16-18 10-14 2-3
c )
Inconel Alloy 718
C55L45 8,9 25.2-mm pancake 0.05  0.21 0.006 0.05  18.18 52.16 0.06  3.03 b b 5.31  0.76
GE Spec 0.1¢¢  0.35° 0.03% 0.4 17.0- 50.0—- 0.75° 2.80-3.30 5.0-  0.65—
C50T79 : 21.0  55.0 5.5 1.15

ap11 analyses include balance iron. No anzlysis available on Inconel alloy 718 heat Y8509 (Ref. 8). 2 1/4 Cr-1 Mo data used included bar and
pipe forms conforming *5 the following specificztions: 2.00—2.50% Cr; 0.9-1.1% Mo; room-temperature 0.2% offset yield strergth 2207 MPa (30 ksi);
room-temperatur2 ultimate tensile strength 2414 MPa (60 ksi), reported in Ref. 10.

bNot reported.

cMaximum allowed.



Table 2. Heat Treatments and Specimen Gage Lengths of Materials Studied

Initial
e ' Gage R Time Temperature ,
Heat, Des?rlptlon Length Treatment (hr) °c) - Cooling Method
(mm)
_ TIype 304 Stainless Steel
972796, 25-mm plate 57.22 Anneal 0.5 1093 Air cool
9T2796, S5S1-mm plate 57.2 Anneal 0.5 1093 Air cool
8043813 57.2% Anneal 0.5 1065 - Air cool
55697 31.8 Anneal 1.0 1066 Rapid air cool
Type 316 Stainless Steel
332990 31.8 Anneal 1.0 1066 Rapid air cool
Garofalo et al. 38.1 Anneal 0.5 1093 Water quench
2 1/4 Cr-1 Mo Steel
Annealedb 50.8¢ Austenitize 1 927 Furnace cool 28°C/hr to 450°C
Air cool to room temperature
Isothermally armealedb 50.8¢ Austenitize 1 927 Furnace cool 83°C/hr to 704°C
: Hold 2 704 Furnace cool 333°C/hr to room temperature
Inconel Alloy 718 ‘

C56445 50.8 Anneal 2.0 982 Air cool

Age 8.0 718 Furnace cool 55°C/hr to 621°C

Age 8.0 621 Air cool
Y8509 Unknown Anneal 1.0 982 Water quench

Age 8.0 718 Furnace cool 11-56°C/hr to 621°C, air cool

aSome high-stress and/or low-temperature tests were run on 31.8-mm-gage-length specimens.

Typical heat treatment.

€Some tests were run on 76.2-mm-gage—length specimens.
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Fig. 1. (a) Definition of the Quantities %, and tgg for a Classical
Creep Curve. (b) Definition of tss for a common type of nonclassical
creep curve.

the relationship between ?3 and the rupture life, %¢,, may still be
possible to determine since this relationship is simpler, givenlé by

T W)

where A and B are material constants and are relatively independent of
temperature and stress. Booker et al.!? for instance, present an analysis
of data for 2 1/4 Cr-1 Mo steel, wherein Eq. (1) yielded superior results
to direct analysis of ?3 as a function of stress (0) and temperature (7).

Figures 2 through 5 illustrate the results of analysis of data by
Eq. (1), while Table 3 shows the values!?’'? of 4 and B along with some
statistical information for the various data scts used. The results
obtained by assuming 4 and B to be independent of temperature are quite
good. However, to obtain maximum accuracy in predictions based on
Eq. (1), this point must be considered in more detail.

The appendix discusses methods of statistical testing by which
equations such as Eq. (1) and various others presented later in this
report can be checked for dependence on temperature, heat-to-heat



ORNL-DWG 75-1227

O T, ) O, /T
304 STAINLESS STEEL
1

N WA 0 N O W

Ng.

log, tgs, TIME TO TERTIARY CREEP (0.2% OFFSET) (hr)

= 0 1 2 3 4 5§ 6 7 8 9 10 (v 12
log, t,, RUPTURE TIME (hr)
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Table 3. Results of Correlation Between Rupture Life and
Time to Tertiary Creep?

Number b " Temperature
Data Set of A B RMS R Range of
Points Data (°C)
304 Stainless, tss 277 0.752 0.977 0.090 96.6 482816
304 Stainless, ©; 233 0.685 0.968 0,117 93.6 538—649
316 Stainless, t; 183 0.526 1.004 0.071 93.5 538—816
2 1/4 Cr-1 Mo, tss 126 0.334 1.046 0.067 96.1 482677
Inconel 718, tss 63 0.424 1.045 0.080 98.2 538—704
Inconel 718, %, 52 0.285 1.049 0.142 94.3 538—704

aTime to tertiary creep, %3, and rupture life, %,, have been related by
ts = Atrs; t3 may be tgg (0.2% offset time to tertiary creep) or %, (time to
first deviation from linear secondary creep).

bRMS = ZYZ/(n — V) where n = number of data points and V = number of

coefficients in the model (here v = 2); IY? = sum of squared residuals,
£Y? = £(1n tgpred — 1n tgexp)2 where 1n t3pred = In [predicted rate (%/hr)]
and 1n tgexp = 1n [experimentally observed rate (%/hr)].

°R? = coefficient of determination; R? describes how well a regression
model describes variations in the data. R? = 100 signifies complete
description, R% = 0.0 signifies no description. vR%/100 = r, the linear
correlation coefficient.

variations, etc. Table 4 shows the values of 4 and B obtained by sepa-
rate analysis ot data at each temperature. As can be seen, there are
no consistent trends in the values of 4 and B with temperature. Tests
as described in the appendix can quantify the examination of the tem-
perature dependence in these constants. Indeed, method A of the appendix
found only the results for 2 1/4 Cr-1 Mo steel to be totally indepen-
dent of temperature at a 5% level of significance. Therefore, use of
isothermal values of 4 and B for the other materials might be justified.
Still, the correlations are quite good even with all temperatures com-
bined, as shown by the high values of R? in Table 3. Obviously the
choice of which method to use depends on the individual situation.
Also, it must be realized that temperature may not be the only factor
influencing 4 and B. For instance, data at different temperatures may
come from different heats of material, different laboratories, etc.

A possibility suggested by Garofalo et al.® is that the value of
B is independent of temperature, while the constant A is temperature
sensitive. The validity of this approach was tested by methods B, C,
and D of the appendix. While variations in B are small, they are
temperature sensitive to some extent.



Table 4. Results of Isothermal Correlation Between Rupture Life
and Time to Tertiary Creep

Temperature Rusper a 2
Data Set °c) of A B RMS R
Points
304 Stainless, tss 538 22 0:391 1:1726 0.143 93.0
593 174 0.994 0.942 0.031 98.4
649 50 0.762 0.916 0.148 94.1
704 14 0.447 1053 0.034 99.5
760 9 0.561 1.028 0.015 99.7
316 Stainless, t» 538 8 0.665 1,011 0.068 98.0
593 72 0.716 0.969 0.068 98.0
649 12 0.594 0.905 0.104 98.2
704 48 0.482 1.006 0.018 99.7
760 7 0.260 1.109 0.031 99.3
816 36 0.431 1.025 0.017 99.6
2 1/4 Cr-1 Mo, tss 538 24 0.282 1.050 0.123 91.6
566 i 0.196 1,132 0.023 97.8
593 46 0.266 1.078 0.049 972
621 9 0.642 0.967 0.022 93.0
649 29 0.317 1.:057 0.060 96.8
677 8 0.033 1.401 0.078 79.8
Inconel 718, tss 538 it 0.561 0.979 0.144 94.9
593 10 0.439 0.989 0.292 94.0
649 17 Q171 ¢ i [ 1S 0.040 98.8
704 13 0.171 1..107 0.149 93.6

21n terms of In(Z3).

It should be noted that, if B were unit;, Eq. (1) would reduce to
the model form suggested by Leyda and Rowe:1

t3 = F,"t ’ (2)

where Fg is a temperature-dependent constant. If the confidence intervals
for B or the confidence ellipses for 4, B (Appendix) contain 1 as a

value for B, then Eq. (2) may be correct. However, since the regression
constants 4 and P are merely eslLimates of the true values, it is prefter-
able to use values obtained by least squares analysis. Setting B (or 4)
equal to any other value (e.g. B = 1) introduces an unnecessary bias in

the results.
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Parametric Analysis

The current data sets for both ?3 and %, have been analyzed by use

of standard time-temperature parameters.12 In general, ¢3 and ¢, can
be described by

ty = F(o, T) (3)
and

t = Glo, T) , (4)

»

where F and G are some functions of stress and temperature. Thus, we
also have

ta/t, = F(o, £)/G(o, T) . (5)

Equation (5) expresses the ratio of t3 to t, explicitly as a function of
temperature and stress. Such an expression may lack some of the advan-
tages of Eq. (1), since it cannot be determined unless sufficient data
are available to perform parametric analyses for both t3 and ty,. Still,
Eq. (5) is useful, both for prediction of ¢3; and tor analysis of possible
stress and temperature dependence of t3/%,. Equation (5) thus provides
an interesting comparison with Eq. (1). Such comparisons have yielded
similar results,12 as illustrated in Fig. 6.

Stress-Based Correlations

A possible alternative to Eq. (1) might be to express O3, the stress
to cause onset of tertiary creep in a given time at a given temperature,
as a function of 0,, the stress to cause rupture at the same time and
temperature. Figure 7 illustrates results of such calculations for
type 304 stainless steel obtained from the parametric results of
Booker et al.'® As seen in the figure, the correlation appears quite
good. However, small variations in stress can cause relatively large
variations in %3 or ¢,. Moreover, the construction of plots such as
Fig. 7 requires the availability of enough data to calculate 03 and Oy.
These problems, coupled with the excellent correlations obtained by
Eq. (1), tend to make time-based correlations more appealing.
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Design Application

As stated above, whether one uses isolhermal values, temperature-
independent values, or values from some other method in actual practice
is a matter for individual consideration and judgment. In the following
discussion, however, the single temperature-independent values of A and
B will be used for illustration. Two questions must be answered:

(1) Is Eq. (1) applicable for a wide variety of material conditions and
therefore generally useful? (2) If the equation is applicable, how can
it best be used in the calculation of allowable stress intensities?

As can be seen from Table 2, most of the data analyzed in this
report are for annealed material, and therefore do not cover a wide
range of material conditions, although some information is available.
For instance, the data for Inconel alloy 718 represent both aged and
duplex aged material, with no apparent differences. Data for both
annealed and thermally aged type 304 stainless steel have been presented12
with again no inconsistencies. Finally, an analysis19 of normalized
and tempered 2 1/4 Cr-1 Mo steel similar to Eq. (1) gave similar results
to those obtained here for annealed 2 1/4 Cr-1 Mo steel. However, in
that analysis the relationship between ¢3 and ?¢,, for low-carbon (0.009—
0.037%) material was found to differ slightly from that for higher carbon
(0.12—0.135%) material. This possible dependence upon carbon content
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could well be important, although it should be noted that both low-carbon
heats from Ref. 19 fall below the minimum carbon content of 0.07%
specified?? for 2 1/4 Cr-1 Mo steel components in service above 371°C
(700°F).

Heat—to-heat,21 heat treatment, or other variations can be analyzed
in exactly the same manner as were temperature variations above (Appendix).
For example, three major data sets [heat 9T2796 25-mm (l-in.) plate,
heat 9T2796 51-mm (2-in.) plate, and heat 8043813] are available for tss
for type 304 stainless steel. These three sets can then be treated
exactly as sets for three different temperatures would have been treated
above. Figure 8 shows the data for the three individual heats separately
and for all three combined, including best fit lines for Eq. (1).
Analysis according to method A in the appendix, in fact, showed no sig-
nificant variations among these three sets of data, although heat 8043813
is a relatively strong heat and 9T2796 is relatively weak. Thus,
available information indicates that Eq. (1) is applicable over a range
of conditions. The values of 4 and B may be influenced by variations in
composition, heat treatment, processing history, etc., although there is
little evidence to indicate this influence.

For use in setting allowable stresses one is interested in deter-
mining the minimum stress to cause onset of tertiary creep at a given
time and temperature. To express t3 as a function of stress and tem-
perature, one must first express %, (for which there are presumably
sufficient data) as a function of stress and temperature, F(o, T); then
Eq. (1) may be applied to this function. This procedure, of course,
involves a double extrapolation and should therefore be performed with
caution. Figure 9 illustrates the results obtainted by expressing 73
as a function of stress and temperature by the procedure discussed above,
where these results are shown to agree well with direct analysis of time
to tertiary creep data using an Orr—Sherby—Dorn22 time-temperature
parameter for an individual heat of type 304 stainless steel. The real
advantage of Eq. (1) is found in the analysis of multi-heat data sets
such as might be required for determining allowable stresses. In this
case, data scatter might make direct analysis difficult, whereas Eq. (1)
could still be used since that relationship generally involves less
scatter. Then, lower limit values can be calculated in various ways
depending upon the situation. (1t must be realized that the scatter in
t3 is real and cannot be reduced by any analytical technique. The
current approach merely aids in identifying trends in the data.)

Probably, the most conservative approach to setting lower limits
involves first determining a lower limit for %, as a function of stress
and temperature, F (0, T); then a lower limit on Eq. (1) yields t3 =
G°(t,). The lower limit on t; is then G (F"). This procedure was
followed by Booker et al.!® for 2 1/4 Cr-1 Mo steel (see Fig. 10). In
some cases, it may be appropriate to use t3 = G (F) as the lower limit,
since the above method might yield overconservative results. At a
given temperature, the stress that yields a value of G° = t is the lower
limit or "minimum' stress to cause onset of tertiary creep in time t.

To apply this approach, one must have a good method for setting
lower limits on F and G. Hebble!'® addresses this problem in some detail;
he found that the use of tolerance limits is generally the best approach.
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For instance, Figs. 2 through 5 include upper and lower central tolerance
limits about the predicted mean lines. These tolerance limits involve
two parameters, P and A. The confidence is A that a proportion, P, of
the data used and of future observations will fall between the upper and
lower tolerance limits. In Fig. 2 and in several cited studieg?¥?i2316
the tolerance limits used have values of P = 0.90 and A = 0.95. Central
tolerance limits additionally imply symmetry; that is, a proportion

(L — P)/2 of the data is expected to fall above the upper limit, and a
similar proportion is expected to fall below the lower limit at the

given level of confidence.

As discussed'? the interpretation of the upper tolerance limit is
slightly complicated for Eq. (1). As seen in Figs. 2 through 5 the
upper limit often falls above the line ¢3 = ¢,, which is not physically
realistic. This seeming discrepancy is because the distribution in the
values of %3 at a given %,, is truncated at ts3 = t, (Fig. 11), whereas
the tolerance limits are based on the assumption that this distribution
is normal about the calculated mean line. However, the truncation in
the actual data is not abrupt, and the assumption of normality has been
found to be good by use of statistical testing methods. 23 Thus, the
lower tolerance limits in Figs. 2 through 5 and Ref. 12 are still wvalid.
For design use, of course, these lower limits are the properties of
interest.

An approximation to the above tolerance limits can be obtained
through the use of tolerance tables.?" With a calculated value for
In t3, a lower limit, 1ln £3 can be found by

ln t3 = 1n t3 — Cs , (6)

where C is a factor from a tolerance table reflecting P, A, and the
number of data points, and s is the standard error of estimate for

ORNL—-DWG 76-—-3996

137t

(¢) NORMAL DISTRIBUTION (4) TRUNCATED "NORMAL" DIS-
TRIBUTION

Fig. 11. Comparison of a Normal Possibility Distribution with a
Truncated Distribution, which Illustrates the Distribution of log(%s)
as a Function of log(Z¢,).
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In t3; 8 = YRMS as given in Table 3. The above tolerance limits will
yield larger safety factors in the extrapolated region, reflecting the
larger uncertainties involved. These approximate tolerance limits,
however, yield constant safety factors throughout, since they yield

5 = t36 C° 7

regardless of the value of £3.

It should be noted that most "minimum" values! in ASME Code Case
1592 were calculated by a method somewhat similar to the above approxi-
mate tolerance limits, except that the code case limits are based on
stress, the independent variable, since such a limit is then directly
applicable to the setting of allowable stress levels. Also, the C value
used is generally arbitrarily set at 1.65, which corresponds to the
statistical value if the mean and standard deviation are known exactly.

RELATIONSHIPS BETWEEN RUPTURE LIFE AND MINIMUM CREEP RATE

One of the most widely known and used empirical relationships
between creep properties is the relationship between minimum creep rate
and rupture life proposed by Monkman and Grant, ?® which may be expressed
as

e = Ft , (8)

where, according to Monkman and Grant, F is a material constant that is
independent of temperature and A is a constant near unity. If A is
unity, Eq. (8) reduces to

emtr =F. (9)

The quantity émtr in Eq. (9) is Ivanova's?®’?7 "plasticity resource,"

eg. Several investigatorszn’29 have discussed eg as being a constant
independent of stress and temperature, implying that Eq. (9) is indeed
applicable. Others'®’3%°3! have found that the relationship between ém
and t, varies with temperature, although at a given temperature the
general Monkman-Grant approach still applies.

Table 5 displays values of ¥ and A obtained in an analysis of the
current data sets by Eq. (8) as discussed elsewhere.?! Figure 12
illustrates the fits to experimental data from which the values in
Table 5 were obtained. The R? values in the table show the fits to be
excellent except for the 2 1/4 Cr-1 Mo steel data, for which the fit is
somewhat inferior. These relatively poor fits can probably be explained
from the results of Ref. 10, where for this material, thc minimum creep



Table 5. Results of Correlation Between Rupture Life and
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Minimum Creep Rate

Numberl

Data ser  |STRETATUTE op F A R R
Points
304 Stainless 538 24 8.604 1.115  0.237 94.0
593 41 15.991 1.180 0.214 96.4
649 45 24.522 1.119 0.160 97.7
704 14 28.633 1.086 0.140 98.2
760 11 31.416.  1.042 0.0339 99.5
316 Stainless 538 8 10.452 1.232  0.159 94.6
593 48 6.410 0.982 0.0949 97.8
649 12 21.574 1.000 0.0591 99.2
704 48 32.259 1.038 0.0476 99.3
760 7 . 29.207 1.003 0.0183 99.5
816 36 35.696 1.082 0.0318 99.4
Inconel 718 538 8 . 13.296 1.378 0.162 98.5
593 11 2.791 1.211  0.897 - 90.9
649 13 1.393 1.142 0.362 95.5
704 11 2.405 1.165 1.022 81.4
2 1/4 Cr-1 Mo 538 26 7.030 1.075 0.795 65.4
593 45 97.820 1.414 0.751 81.5
649 36.122 1.316 0.536 84.0

28
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rate was found to depend upon room-temperature ultimate tensile strength
(1), whereas the rupture 1life did not show such a dependence.

While the values of A in Table 5 are indeed near unity, the values
of F are apparently temperature sensitive. For the stainless steels, F
generally increases with temperature; for the other materials consistent
trends are less obvious but variations do appear to exist. Temperature
dependence could be statistically checked by the same methods discussed
in conjunction with Eq. (1) earlier, as outlined in the appendix.
Although the variations of F and A with temperature are not clearly
systematic, this behavior is partially due to the effects of having two
simultaneously varying constants.

Variations in F with temperature may be examined by letting A be a
constant and F be some analytical function of temperature. No extensive
investigations of this type have been attempted, although all data have
been examined by use of a simple expression of the form

- Foe_Q/RT t —>\0

- » s (10)

where Fy, @, and Ay are material constants that are independent of tem-
. perature, R is the gas constant (R = 8.31 J mole™'K™!), and T is the

temperature in K. Results of correlations obtained using Eq. (10) are

summarized in Table 6. As illustrated in Fig. 13, these correlations

are indeed quite good, except again, in the case of 2 1/4 Cr-1 Mo steel.

The @ values in Table 6 indicate that, at the given A values, F increases

with temperature for the stainless steels and decreases for the other -
two materials. Equation (10) thus allows calculation of e as a con-

tinuous function of T and %,. m

Table 6. Results of Correlation Among Minimum Creep Rate,
Rupture Life, and Temperaturea

Temperature Number b c
Data Set Range of of Fy [] Ao RMS R?
Data (°C) Points
304 Stainless 482816 144 56,552 60,768 1.133 0.0424 97.3
316 Stainless 538—760 159 15,999 593.84 1.020 0.0344 97.0
Inconel 718 538-760 46 0.324 —16,592 1.215 0.119 91.5
2 1/4 Cr-1 Mo 454—677 128 0.229 —34,932 1.280 0.179 73.1
aMinimum creep rate, ém, has been expressed as a function of rupture life, Ty,
and temperature (K), T, by &, = Fee ty "0, where R is the gas constant,
8.31 J mole *K7!.
b

RMS expressed in terms of log(ém).

Ccoefficient of determination.
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Parametric Analysis

The relationship between %,, and ém can be examined by a separate
analysis of each as a function of stress and temperature in exactly the
same manner used earlier in this report for ¢,, and ¢3. Again, such a
relationship is perhaps of limited use except for comparisons with
results obtained by Eq. (8) or (10). Figure 14 illustrates such a
comparison for type 304 stainless steel.

ORNL-DWG 76-3995
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Fig. 14. Comparison of Predicted Values of Minimum Creep Rate by
&n = Fty and &, = Foe?/RT ¢,~\o with Results Obtained by Direct
Parametric Analysis.

Stress—Based Correlations

Analogous to the stress-based correlations between 0, and 03
mentioned above, 0, can also be related to 0,, the stress to cause a
minimum creep rate of 1/t %/hr. Figure 15 shows such a correlation for
type 316 stainless steel. The correlation is reasonably good but raises
the same objections mentioned above for the 03-0, correlation.
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Design Application

While the minimum creep rate is not itself an elevated-temperature
design criterion, it can yield valuable information about the creep flow
characteristics of a material. Also, a knowledge of ém can be important
in predicting the stress to 1% strain, as discussed later in this report.
Use of Eq. (8) or (10) to predict the minimum creep rate has two main
advantages over direct analysis of minimum creep rate as a function of
stress and temperature. First, more rupture data are available, and
thus ¢,, is better characterized than e, . Second, except for the
2 1/4 Cr-1 Mo steel, Eqs. (8) and (10) appear relatively independent of
the heat-to-heat and other variations that complicate direct analysis.
Figure 16 illustrates fits to actual experimental data using Eq. (10).
Minimum values of ém may be calculated by procedures analogous to those
described earlier for tj.

DUCTILITY PREDICTION

From Eq. (8), the plasticity resource, e€,, may be expressed at a
given temperature as

1A
e_ = Ftr (11)

or from Eq. (10) as
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are direct parametric predictions from Ref. 18.

= Foe YR ¢ Tho
S »

e

tﬁ_Ao) with Experimental Data for (a) Inconel Alloy 718,
Also shown

(12)

Thus, one immediately has some measure of material ductility as a
function of rupture life, and so indirectly as a function of stress and

temperature.

In fact, Ivanova and 0Oding?®’?2’

mation to e3, the strain to the onset of tertiary creep, although

Goldhoff®?

has disputed the validity of this approximation.

Referring to Fig. 17, by definition

e =

- (es — ep)/ta »

present eg as an approxi-

(13)
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so that
tr
B = emtr = 25(93 —-ep) . (14)
Also, from Eq. (1)
i 18
tl”/t3 == Z tl” ) (15)
from which Eq. (14) becomes
- 2 3 B s
8, =5 tr (es ep) : (16)

Thus, the relationship between e3 and eg depends upon the primary creep
behavior, although previous results®! show that the two are reasonably
close in magnitude.

The quantity ez is treated in Ref. 31 by methogs similar to those
used to develop Eq. (11) here. First, one defines e;, the average creep
rate to tertiary creep, by



26
é3 =e /t . (17)
3 3
As shown,31 s may be empirically described by
é3 = Be (18)
or
. _ Y
es Dtr 5 (19)

where B and 0 are temperature-independent constants and D and Y are
temperature-dependent constants somewhat analogous to F and A above.
Figures 18 and 19 illustrate the fit of Egs. (18) and (19) to experi-
mental data. The same comments as above again apply concerning the
determination of the onset of tertiary creep by two different methods.
In addition, the data sets of Garofalo et al. on type 316 stainless
steel and of heat Y8509 of Inconel alloy 718 listed in Table 1 include
total strain; creep strain plus instantaneous strain incurred upon
loading. The other data sets include creep strains only. Tables 7
and 8 summarize the results obtained by fitting Egqs. (18) and (19) to
the current data sets.

As seen previously in Tables 5 and 6, the fits are excellent except
for the 2 1/4 Cr-1 Mo steel. Table 8 shows the fit of Eq. (19) for this
material to be relatively poor, again probably because for this material
the flow properties (in this case es3) depend more upon initial strength
than do the failure propertico. Note, lLuwever, that the tit ot Eq. (18)
(Table 7), which relates two flow properties, is much better. The behavior
of the constants D and Y is very similar Lo that of F and A, discussed above.
Thus, one might expect an equation analogous to Eq. (10) to be applicable.

Table 9 summarizes the correlations obtained by use of an equation
of the form

—Q/RT £ Yo

éa = Doe » s (20)

where Do, Yo, and ¢ are temperature-independent material constants, R
is the gas constant, and 7 is the temperature in K. As illustrated in
Fig. 20, the fits are again quite good (except for the 2 1/4 Cr-1 Mo
steel not shown), although not quite as good as those using Eq. (19)
with isothermal values for D and Y.

Since e3 = ests, Egqs. (1), (18), (19), and (20) allow e; to be
expressed in any of three ways:

es = ABtrBé o (21)
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Fig. 18. Relationship Between Minimum Creep Rate and Average Creep
Rate to Tertiary Creep for (a) Type 304 Stainless Steel, (b) Type 316

Stainless Steel Heat 332990, and (c) 2 1/4 Cr-1 Mo Steel.



28

ORNL-DWG 75-15444 ORNL-DWG 75-15447

INCONEL ALLOY 718 HEAT YB8509-649°C TYPE 304 STAINLESS STEEL— 593°C

Ga
e

i
o

4

In (AVERAGE CREEP RATE TO TERTIARY CREER % /hr)
|
L)
In (AVERAGE CREEP RATE TO TERTIARY CREEP. % /hr)
<]
<l
L) <]
b,

| L
(a) & In(RUPTURE urs‘, hr) ¢ . (b) ' In‘(RUPTURE LIFE, hr)

Fig. 19. Relationship Between Rupture Life and Average Creep Rate
to Tertiary Creep for (a) Inconel Alloy 718 Heat Y8509 and (b) Type 304
Stainless Steel.

Table 7. Results of Correlation Between Minimum Creep
Rate and Average Creep Rate to Tertiary Creepa

Number b 56 Temperature
Data Set of B o RMS R Range of
Points Data (°c)
304 Stainless 138 1.310 0.974 0.050 99.3 482—816
316 Stainless Gd 120 1.602 0.995 0.269 95,6 593816
316 Stainless H® 38 1.092 0.991 0.0235 99.6 538—760
Inconel 718 Tf 18 0.684 0.86 0.254 92,2 538—760
Inconel 718 c® 26 1.40 0.985 0.322 96.2 538—704
2 1/4 Cr-1 Mo 117 0.637 0.854 0.241 90.2 482—677

AMinimum creep rate, ém, and average creep rate to tertiary creep, es,
have been related by &; = Bg,~.

bRMS = Y%/ (n — V), where n = number of data points and v = number of
coefficients in the model (here v = 2); LY? = sum of squared residuals,
ry? = ZSln é3pred — Ly egexp)2 where 1n &3 red = 1In [predicted rate (%/hr)]
and 1n é3.¢¢ = In [experimentally observed rate (%/hr)].

c § b s : o 5
R? = coefficient of determination; R? describes how well a regression

model describes variations in the data. R? = 100 si nifies complete
description, R? = 0.0 signifies no description. VRZ/100 = R, the linear

correlation coefficient.
dData for total strain.
®Data for creep strain only.
fData for total strain.

€Data for creep strain only.
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Table 8. Results of Correlation Between Rupture Life and
Average Creep Rate to Tertiary Creepa

Number

Data Set Temperature of ) Y rus®  R2©
¢ Point
S

304 Stainless 538 ‘ 24 4.899 1.030 0.174 94.4
593 37 22.571 1.198  0.202 96.2

649 44 25.091 1.089 0.172 97.3

704 - 14 33.882 1.099 0.124 98.5

760 11 33.115 1.034 0.048 99.3

316 Stainless G3 593 36 30.265 1.078 0.020 99.6
704 48 49.383 1.081 0.030 99.6

816 36 42.921 1.103 0.023 99.6

316 Stainless H® 538 7 7.131  1.154 0.174 93.5
593 S12 12.783 1.038 0.171 96.5

649 12 23.220 1.005 0.027 99.6

. 760 7 31.690 1.004 0.014 99.6

Inconel 718 TT 593 4 2.044 1.048 0.339 94.4
649 6 27.859  1.442 0.121 97.4

704 4 0.081 0.710 0.00406 99.5

760 3 2.545 1.125 0.0566 97.0

Inconel 718 c® 538 6 32.394 1.429 0.491 97.0
593 6 3.968 1.218 0.0636 99.3

649 8 1.212 1.020 0.0259 99.7

704 6 6.640 1.232 0.103 98.8

2 1/4 Cr-1 Mo 538 23 3.531  0.903 0.422 73.1
593 41 51.761 1.280 0.699 77.2

649 26 18.168 1.185 0.411 83.8

a . 8 .
Rupture life, t,, and average creep rate to tertiary creep, es,
are related by e3 = Dty Y.

bRMS = ZYZ/(n — v), where n = number of data points and v = number
of coefficignts in the model (here v = 2); L¥? = sum of squared residuals,
y? = Zgln €3pred — 1n éae )2 where 1n e3pred = 1n [predicted rate (%/hr)]
and 1n C3exp = In [experimentally observed rate (%/hr)]. .

CR? = coefficent of determination; R? describes how well a regression
model describes variations in the data. R? = 100 signifies complete
description, R? = 0.0 signifies no description. v/R?/100 = r, the linear
correlation coefficient.

d

Data for total strain.

e

Data for creep strain only.
f

Data for total strain.

€Data for creep strain only.



Table 9. Results of Correlation Among Average Creep Rate to Tertiary Creep,

Rupture Life, and Temperature?®

Number b s onc Temperature
Data Set of Dy A Yo RMS R (%) Range of
Points Data (°C)
304 Stainless 139 41,725 58,809 1.088 0.0380 97.3 482816
316 Stainless G 120 132.7 10,063 1.072 0.00996 99.1 593816
316 Stainless H 38 205,447 . 70,358 1.064 0.0341 97.1 538-760
Inconel 718 T 18 0.157 —27,037 1.226 0.0394 94.0 538—760
Inconel 718 C ’ 26 2.99 —743 1.150 0.0378 97.6 538—704
2 1/4 Cr-1 Mo 115 0.07 —42,401 1.196 0.132 71.9- 482—677

aAverage creep rate to tertiary creep, e3, has begn expressed as a function of rupture
life, ¢y, and temperature (K), T, by es =.Doe_é ty !0, where R is the gas constant,

8.31 J mole 'K™'.

bRMS expressed in terms of log(es).

c . s . .
Coefficient of determination.

0¢
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e = ADtr(B—Y) (isothermally) , (22)

or

= ap,e KT tr(B"W) . | (23)

€3

The treatment given eg and e3 here immediately suggests that the
total creep strain (total strain for the Garofalo and Y8509 heats) to
rupture, €,, may be treated similarly. Analogous to the equations for
€3, one defines the average creep rate to rupture by

e, = er/tr . (24)
Then, one has
s =co P> (25)
r m
e = E?‘:_(S (isothermally) , ©(26)
r r ‘
e = Eoe—Q/RT £ O , (27)
r _ b
. P
e, C%n tr . . (28)
1-§ .
e =Ft (isothermally) (29)
r r .
e = Bge O/RT 4 180 (30)
r r

It should be noted that e, depends upon the elongation in the
tertiary stage, which can include necking and other instabilities. Thus,
the value of e, is expected to be a function of specimen geometry,
although the current data were insufficient to quantitatively determine
such effects.!®

Tables 10 through 12 and Figs. 21 through 23 demonstrate that
Eqs. (25) through (27) are indeed applicable with very much the same
results as those obtained above with Eqs. (18) through (20). However,
since e, is, like t,, a rupture property, the results for the 2 1/4 Cr-
1 Mo steel are considerably improved in relation to the other materials
over those for eg and ej.
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Table 10. Results of Correlation Between Rupture Life and

Average Creep Rate to Rupture

a

Number

Data Set Tempsrature of E § RMSb R2°€
°c) .
Points
304 Stainless 538 24 66.67 1.225 0.098 97.7
593 40 43.26 1.165 0.095 98.3
649 45 46.41 1.103 0.130 ©98.0
704 14 61.98 1.139 0.140 98.4
760 11 52.28 1.081 0.100 98.7
316 Stainless G 593 36 11.64 1.022 0.127 97.3
704 48 85.73 1.030 0.099 98.6
816 48 127.29 1.151 0.031 99.6
316 Stainless H 538 8 121.04 1.292 0.026 99.2
593 11 39.34 1.087 0.051 99.1
649 12 52.05 1.027 0.048 99.3
760 6 81.05 1.042 0.0006 99.9
Inconel 718 T 593 5 1.30 0.763 0.084 92.6
649 9 4,29 1.154 0.076 97.6
704 5 7.34 0.844 0.086 89.0
. Inconel 718 C 538 7 2.28 0.124 0.063 98.6
593 7 3.28 0.954 0.009 99.7
649 7 "3.50 0.939 0.066 98.1
704 7 8.79 0.978 0.066 96.9
2 1/4 Cr-1 Mo 538 29 143,45 1.151 0.086 95.6
) 593 47 185.17 1.213 0.103 95.9
649 27 147 .16 1.198 0.128 94.9

a . .
Average creep tate to rupture, &,, and rupture life, ¢,,

related by ér = Etyp

bRMS in terms of ln(ér).

c . . . .
Coefficient of determination.

have been
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Table 11. Results of Correlation Between Minimum Creep Rate and
Average Creep Rate to Rupture?

Temperature Number ) b
Data Set Range of of’ c 8 "~ RMS r2¢
: Data (°C) Points )
304 Stainless - - 482-816 142 2.20 0.927 0.251 96.4
316 Stainless G - 593—816 120 3.18 1.026 0.044 99.3
316 Stainless H 538—760 37 2.52  0.899 0.290 94.8
Inconel 718 T 538—760 19 4.20 . 0.756 0.413 71.0
Inconel 718 C 538—-704 27 1.71 0.813 0.062 94.5
d .
2 1/4 Cr-1 Mo - 482677 126 1.34 -0.650 0.741 64.6
aM1n1mum creep rate, e , and average creep rate to rupture, er, have
been related by er = Cem .
bRMS in terms of 1n(er).
CCoefficient of determination.
Data in this case represent total strain.
Table 12. Results of Correlation Among Average Creep Rate to
Rupture, Rupture Life, and Temperature?
Temperature Number b c
Data Set Range of of Eq Q 8o RMS R*".
’ Data (°C) Points
304 Stainless 482—816 143 22,578 50,559 1.086 0.0232 98.2
316 Stainless.Gd 593-816 132 7,319 37,451 1.081 0.0349 97.4
316 Stainless H 538—760 37 1.061 x 10% 79,776 1.029 0.0124 98.8
Inconel 718 T¢ 538—760 24 1.044 x 10° 68,400 '1.015  0.0410  94.9
Inconel 718 C -538—704 28 1,266 ’ 41,781 0.981  0.0237 98.0
2 1/4 Cr-1 Mod 482677 134 36.19 —7,757 1.139 0.0247 94.0

Average creep rate to rupture, er

ty, and temperature (K), T, by e
8.31 J mole™ K~

Eoe_Q

bRMS expressed in terms of log(&y).

c - . . .
Coefficient of determination.

s been
iy £

éData for total strain, creep + loading.

expressed as a function of rupture life,
, where R is the gas constant,
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Fig. 21. Relationship Between Rupture Life and Average Creep Rate
to Rupture for (a) Type 304 Stainless Steel at 649°C and (b) Inconel
Alloy 718 Heat C56445 at 593°C.
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Parametric Analysis

We previously presented18 a parametric analysis of several ductility
properties, including eg, @3, and e, as functions of stress and tem-
perature. This method consists simply of separate analyses of, say,
ts and &3, then a back-multiplication of the results to predict the
ductility quantity itself. A full discussion of this method and the
results for the current data were given.18 However, the method again
suffers from lack of data, since it is not always possible to find
sufficient data to express ém, ér, and especially e; as analytical
functions of stress and temperature. On the other hand, the empirical
relationships presented here are much simpler and can therefore be
determined from fewer data. Analysis of %, and ém, for which data are
more widely available as functions of stress and temperature, allows
indirect expression of eg, e3, and ey as functions of stress and
temperature from the relationships presented herein.

Stress—Based Correlations

One could relate €3 and ér to ¢, on a stress basis as discussed in
previous sections of this report. However, lack of data and the possi-
bility of large errors again make this form of correlation less
attractive than those used above.

Design Application

Material ductility indices such as eg, e3, and e, can be useful in
design considerations, although again they are not directly involved in
the setting of allowable stresses. The currently recommended’ design
strain limit, for instance, is 1% total inelastic through-thickness
strain, rather than some function of material ductility. However,
knowledge of ductility can be useful in setting optimum design conditions,
materials selection, etc. Also, the use of e3 in determining the stress
to 1% strain will be discussed later in this report. Figures 24 through
26 illustrate comparisons of the current predictions with actual ductility
data. The amount of scatter is large, but predictions appear reasonable.
Figures 27 through 29 illustrate the implications of the current equations
concerning eg, €3, and e, as functions of %#,,. Far more extensive dis-
cussion is presented elsewhere!®’3! concerning the prediction of
ductility, including the calculation of lower limits. More extensive
discussion of the uses of ductility in design can also be found in
those references.



39

ORNL-DWG 75-13960

STRESS (ksi)
02© 0 u 70! S a) L sl B0
) G e e ¥ s § T
T T N T T T
[~ TYPE 316 STAINLESS STEEL HEAT 332990
| ——CALCULATED BY ey=481"é,*
5 |- —— CALCULATED BY ey=40r"""
|
/ o 538°C
[ / o 593°C
. 2 649°C
w ) o 760°C
T 760°C
o o <
: A Xk =
E ° a o
E — 7.._4__9_,___;_
4
E o 4 03 W P
e = \ s Y
5 | e49°C: 7,8
E op —_
w
RIS AR e i
w /r ﬂ e
o
2 / a
o 593°C: i -
;. | i
= A
// 538°C /T/
100 I 7z
0 100 200 300 400
STRESS (MPa)

Fig. 24. Comparison of Predicted Values for Strain to Tertiary
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Steel. Also shown are parametric predictions.18
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STRAIN-TIME PREDICTIONS

Analysis of the third elevated-temperature design criterion — the
stress to cause 1% inelastic strain in time ¢ — is probably the most
difficult. First, strain can be a complex function of stress, tem-
perature, and time, as well as of more subtle factors. Also, the deter-
mination of relationships among these properties can require the use of
complicated analytical techniques, as well as the analysis of data that
are often not widely available.

Data

For heats 9T2796 and 8043813 of type 304 stainless steel, heat
C56445 of Inconel alloy 718, and the 2 1/4 Cr-1 Mo steel data of Tables
1 and 2, actual experimental creep curves were available for the analyses
presented below. (Heat Y8509 of Inconel 718 was not used because only
total strain data were available.) Strain-time data for the Garofalo
heat of type 316 stainless steel were obtained from equations presented
in Ref. 7 representing fits to experimental curves, while strain-time
data for heats 332990 (type 316 stainless steel) and 55697 (type 304)
were obtained from such equations presented in Ref. 4.

Methods of Analysis

Although the elevated-temperature design criteria mentioned above
require only a knowledge of the stress to cause 17 inelastic strain,
the data presented here will be used to construct complete isochronous
stress-creep-strain curves, since these curves are also of design im-
portance, and since such curves immediately yield the stress to 1%
strain. Also, all analyses presented here of strain-time behavior
involve only creep strains, since these are the concern of this report.
Isochronous stress—-total-strain curves could then be constructed by
adding separately determined creep strains and loading strains.

The results presented earlier in this report indicate that an
attractive analytical procedure might be to determine relationships
among tr, ém’ and tx — the time to a given level (x) of creep strain.
Immediately suggested is an equation of the form

i H
tx = Gtrz 5 (31)

where G and Y are constants, possibly dependent upon temperature. On
the other hand, since ?x is a measure of flow rather than.failure
characteristics, the use of relationships between Z, and e, is indicated,
for instance
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- 2 %
tx = Hem . (32)

Exploratory investigations involving Eqs. (31) and (32) have indi-
cated that reasonably good results can be obtained, especially for strain
levels greater than about 0.5%. Figures 30 and 31 illustrate some of
these results. However, for small values of strain, %, and %, can vary
widely in magnitude, thus raising the possibility that the material con-
dition at rupture might be considerablg different from the condition after
the accumulation of x% strain. Murphy>® has found that Eq. (31) yields
unsatisfactory results for 12 Cr-Mo-V steel, especially for small strain
levels, although results at larger strains (>0.5%) were somewhat better.
However, similar objections to Eq. (32) would not be as strong.

The method that appears to yield optimum results and the most infor-
mation about material behavior is that described below. The method is
based upon first determining an appropriate analytical function de-
scribing strain as a function of time. A very useful such function is
the single rational polynomial equation:

_ _Cpt .
& ECENRE " emt ’ (33)

where e is the creep strain, ¢ the time, C the transient creep strain,
ém the minimum creep rate, and p a parameter related to the sharpness of
curvature of the primary region (see Fig. 32). The properties of this
equation are fully discussed elsewhere, # including evidence that the
equation does accurately describe the creep strain-time behavior of the
materials discussed here.

The next step is to evaluate the stress and temperature dependence
of Eq. (33). One approach might be to fit Eq. (33) to experimental
curves, then to evaluate the resulting best fit values of C, p, and ém
as functions of stress and temperature. This approach has obtained some
success by usc of an cquation equivalent to Eq. (33) for 2 1/4 Cr-1 Mo
steel’? and by use of a double exponential creep equation“ for types 304
and 316 stainless steel. However, such analysis is quite difficult, and
the results*’!? are for limited data bases.

A better approach would be as follows. First determine ém as a
function of stress and temperature using all available relevant data
(not merely best fit constants from available curves). Alternatively,
ém can be expressed as a function of %, as descr?bed earlier in this
report. At any rate, methods for prediction of ¢, are fairly well
cstablished.

Then, for the prediction of C (see Fig. 32) one need merely know
es, t3, and ém, since by definition

C = = emtg . (34)
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(For offset values of e3 and t3, C = e3 — &uts — 0.2). Therefore, since
the previous sections of this report describe methods for prediction of
ez, ti3, and ém, these same methods allow prediction of C as a function
of ¢, or of ¢, and ém, and thus of stress and temperature.

The only remaining step in expressing creep strain as a function of
time, stress, and temperature is the determination of the parameter p.
Fortunately, the total accumulated creep strain is relative insensitive
to the value of p. 1In fact, beyond the beginning of the linear secondary
creep portion the amount of strain at a given time is virtually indepen-
dent of p, since this parameter affects only the shape of the primary
creep portion of the curve. Thus, it is sufficient to merely obtain a
good approximation for the value of p. This approximation can, in fact,
be obtained simply from a knowledge of %3, the time to tertiary creep.

Graphically, the contribution of the transient primary creep portion
of a creep curve would appear to reach its maximum value (C) at the
beginning of linear secondary creep, time = ¢;. Actually, however, the
transient term of Eq. (33) is only equal to C for infinite time, so that
even at t3, only a fraction (albeit a large one) of the total transient
deformation has occurred. If this fraction is F, then

Cpts -
1+ 56 FC (35)

from which

F

PEa=ne - (36)

The appropriate value of F can vary from material to material, but it is

possibly sufficiently accurate to assume that F is a constant for a given

material. The value of F can be determined by trial and error.
Alternatively, one might express %, as a function of %, and deter-

mine p as F'/(1 — F’)t; (F° < F). This method has been examined only

for the austenitic stainless steels, where ¢; and %, have been related by

t1 = Wtr¢ 5 (37)

where W and ¢ are constants. Table 13 and Fig. 33 show the results of
such a correlation for the austenitic stainless steels. The fit is
reasonably good, but difficulties in determining Z; from experimental
curves and other factors make it possible to predict 3 more accurately
than ¢;.

Finally, one might take the point t* in Fig. 32, where the transient
strain contribution is one-half its maximum. Thus, from Eq. (36)
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Table 13. Results of Correlation Between Rupture Life and
Time to the Onset of Secondary Creep?
2 Number Temperature
Stthiiss of Range of W 3
Data Data (°C)
Type 304 170 538—704 0.095 1.043 &9 .
Type 316 149 538—816 0.055 1.024 908"

aRupture life, ¢y, and time to the onset of secondary creep, t¢i,

have been related by %1 = Wi,”.
bRMS in terms of 1n(%:).

c i ¢ :
Coefficient of determination.

Figi 335
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p = 1/t* . (38)

The value of ¢* could probably be predicted from ¢, by an equation simi-
lar to Eq. (37), but such a correlation has not been attempted for the
current data sets.

Results

The specific procedures used for estimating the creep strain-time
behavior of the current data sets are described below. For the 2 1/4 Cr-
1 Mo steel, the equations for ¢, = tr(o’ T) and for ém = ém(c, s )
from Booker et al.!® were used, where o is stress, 7 is temperature, and
T is room-temperature ultimate tensile strength. For the remaining
individual heat data sets, %, was expressed as a function of 0 and T by

log tr = 0p + 010 + 0 log 0 + a3/T , (39)

where 0g, 01, Oz, and O3 are constants estimated by least squares fits
as shown in Table 14. Figure 34 illustrates the fit of Eq. (39) to
experimental data. Note that Eq. (39) is a form of the Orr—Sherby—Dorn22
time-temperature parameter.

Having thus expressed ¢, = t,(0, T) for the individual data sets,
we used Eq. (10) to evaluate ém = en(tp). For all data sets. Eq., (1)
was used to calculate t3 = t3(Z,) and Eq. (18) used to calculate
e; = ég(ém). Note that Eq. (20) could have been used for the individual
heat data sets to calculate &3 = é3(tr). However, Eq. (182 was used to
minimize the occurrence of inconsistencies between ¢, and e;3 in extrapo-
lated regions. Equation (34) then yields C, while Eq. (36) yields p.
Values of F from Eq. (36) were determined by trial and error to be about
0.98 for the individual heat data and 0.95 for the 2 1/4 Cr-1 Mo steel.

To obtain the utmost accuracy, Eq. (33) might be written

- A (40)

to give an exact fit of the equation to a curve at ¢3. However, the F
values are near enough to unity that such a correction would be insig-
nificant in comparison with scatter in such data, and no such corrections
have been made.

Resulting predictions of strain-time behavior are shown in the form
of isochronous stress-creep strain curves in Figs. 35 through 38. A
fuller discussion of the results is reported elsewhere,®" but several
features are immediately apparent. First, from Figs. 35 and 36, note
that the current method allows a prediction of heat-to-heat variations
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P 3 a
Table 14. Results of Rupture Life Correlations
Number
Data Set of Qo aq o2 o3 RMS
Points
Type 304 Stainless Steel
Heat 55697 45 2.037 —6.222 %170-> " =—3:987 ' 1.722 > 10* 0.021
Heat 9T2796 25 mm plate 58 3.626 —5.718 x 10-° —4.822 1.874 x 10" 0.015
Heat 9T2796 51 mm plate 20 3.066 —5.393 x 10> —4.966 1.962 x 10* 0.014
Heat 8043813 24 ~5.312 —1.067 x 10°* —4.233 2.667 x 10* 0.023
Type 316 Stainless Steel
Garofalo et al. 132 —-3.488  —1.018 x 10~* —2.813 1.895 x 10" 0.018
Heat 332990 39 6.123 —4.248 x 10°% 5,414 1.962 x 10* - 0.027
Inconel Alloy 718 -
Heat Y8509 24 ~33.38 -7.429 x 10~° 3.504 2,331 x 10* 0.029
Heat C56445 28  —41.84 £8,627 x 10~° 5.253 2.412 x 10*%  0.008

8Determined by least squares fits using a model of the form log %, = 0o + 10 +

o2

log 0 + 03/T, where 0 = stress (psi) and T = temperature (K).
by 145.0 and add 2.16la2 to Qo.

If 0 is in MPa, multiply

ORNL-DWG 75-507R
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in strain-time behavior, and, at least for the two austenitic stainless
steels examined here, such variations can be 1arge.21 The most unusual
feature is the apparently inconsistent shape of the curves for 2 1/4 Cr-
1 Mo steel. This shape, however, is related to the tendency of this
material to display nonclassical concave upward creep curves in many
cases. Such a curve can still be described by Eq. (33) by making C
negative, and such predictions appear promising. The complicated strain-
time characteristics of this material are described in more detail.®%?3S5
Figures 39 through 42 illustrate comparisons between predictions of
strain-time behavior and actual data for the materials considered here.
The fits are quite good. Thus, it would appear that the current empirical
method for evaluating the rational polynomial creep equation allows pre-
diction of complex strain-time behavior utilizing commonly available
rupture life and minimum creep rate data and simple empirical relationships
between these and other properties.

Parametric Analysis

Application of the above method involves knowledge of ém’ es3, and
t3. As shown previously,18 all these quantities can be separately pre-
dicted by parametric techniques. However, such predictions probably
require more data than the above empirical correlations, and are most
effective only on an individual heat basis. Thus, the empirical methods
presented above are expected to represent a more promising approach to

predicting strain-time behavior.

Stress—-Based Correlations

It should be noted that various investigators”’”’30 have proposed
stress-based correlations similar to Eqs. (31) and (32) and have applied
them with some success. Thus 0,, the stress to rupture in time t, is
related to 0,, the stress to cause x% creep strain in time ¢. However,
such methods require enough data to determine 0, , and again small vari-
ations in 0, might cause relatively large variations in ¢,. Moreover,
the creep equation method provides far more information about material
behavior.

Design Application

Clearly, the above analysis yields a useful method for determining
the stress to cause 1% strain, and thus is an aid in determining
elevated-temperature allowable stress levels. Minimum values can possibly
be calculated simply by using average C and p values and substituting a
statistically determined upper limit value of ém in, Eq. (33).

Beyond this, the ability to predict actual strain-time behavior is
obviously of great utility in component design. Being able to make such
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predictions based on widely available data increases this utility.
Finally, the uniquely simple yet flexible characteristics of the rational
polynomial Eq. (33) -add an extra bonus. The equation can predict clas-
sical creep curves or concave upward creep curves; it can be solved
explicitly for time as a function of strain; and its individual
parameters (C, p, ém) have clear physical interpretations.

SUMMARY

This report is a summary of some of the empirical relationships
that can be used in relating different creep and creep-rupture properties
of a material. It must be emphasized that these relationships are
strictly empirical and that no fundamental physical significance has
been attached to them. Therefore, extension of these relationships to
other materials etc. must be done with caution. Still, for the materials
and data considered here, the relationships appear to represent useful
techniques for design applications. In particular, the following results
have been obtained. )

1. The time to tertiary creep, t3, may be predicted from the rupture
life, t,, by t3 = At,B.

2. The minimum creep rate may be estimated from the rupture life,
although the relationship between the two is temperature sensitive.

3. Creep ductility can be estimated from the rupture life and
minimum creep rate. In particular, the plasticity resource, the strain
to tertiary creep, and the strain to rupture have been so estimated.

4, Strain-time behavior can be described by a simple rational
polynomial creep equation. The parameters in this equation can be
predicted from the rupture life and minimum creep rate.
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The methods presented below may be used to determine whether dif-
ferent data sets (i.e., data at different temperatures, for different
heats, etc.) may be treated together for purposes of fitting regression
models similar to those used throughout this report. For clarity,

Eq. (1) will be treated as an example, although the general method is
equally applicable to any of the similar equations used in this report.

Method A

For an equation of the form
ty = At B (A1)
r b

one would actually determine the least squares estimates of 4 and B by
fitting to the data a model of the form

Yy = bo + blx > (AZ)
where
y= lOg t3’
X = 10g tp,
bl = B’ _
by = log 4.

Assume that initially the data at different temperatures etc. have
been treated separately. Such a procedure will yield a residual sum of
squares given by

n

X _ 532

where y; = expcrimental values of log 73, Qi = predicted values of log ¢3
from the fit equations, and » is the number of data. If m is the number
of scparate data sets (temperatures), 2m is the total number of regression
constants to be estimated. : :

If it is now assumed that all the separate data sets can be treated
together, the number of regression constants is reduced to 2, and the
fit results in a residual sum of squares given by
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n

7:— l (y{ y Z' ) b A )

where Qi* = the new predicted values of log tj3.

Since this second analysis involves fewer constants, SSW will
necessarily be larger than SSR. The difference SSW — SSR is the sum of
squares due to the hypothesis that only one line is needed. Letting
this assumption be the null hypothesis, one then can test this hypothesis
using the variable

7 o (SSW — SSR)/(2m — 2)
SSR(n — 2m) :

(45)

This variable is a random variable having an F distribution with 2 and
n — 2m degrees of freedom,

F=F (m—2, n—2m . (A6)

Having obtained this F value, one can then find the corresponding
significance level o by consulting tables or by using standard computer
programs. i

The level of significance, 0, is the probability that one makes an
error in rejecting the null hypothesis (i.e., the probability that one
makes an error by assuming it necessary to use isothermal data fits).
Whether a given o value thus indicates use of isothermal or combined fits
depends upon the particular situation.

Method B

The same method can be applied to the assumption that B in Eq. (Al)
is temperature independent, while A is temperature dependent. First,
fit all the combined data using Eq. (A2). The resulting value of B can
then be used as the standard value. The individual (isothermal) data
sets can then be described by a model of the form

log t3 = by + B log tr , (A7)

where by will be different for each data set. Then, SSR is given by

(A8)
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since there are nowm + 1 regress1on constants. Then, the F value of
interest is given by :

F=Fm—-1, n—2m) . - - . . (A9)

Method C

Having fit separate data sets by Eq. (A2), one can individually
examine variations in constants by and b;. Based on the assumption that
the model in Eq. (A2) is correct, there exist specific values bo* and
bi1* of the constants that are the true values. The regression constants
by and b1 are merely estimates of these true values based upon the
available data. Separately constructed confidence intervals for bo* and
bl* can be constructed as follows:

t s t & )
by -2 . bi* <b, + e L (A10)
s o
xx o “xx
and
7T
z x;z o
z t s o1 1 ' :
b - <bo* < by + M2 L s . (a11)
vnS : nsS ’
2 : xx

where ty,, is the value of the ¢ distribution with n — 2 degrees of
freedom at a significance level a/2, s is the standard error of estimate
of y, n is the number of data in the individual (isothermal) data set, -

xz; = the experimental values of log tps Sy 1s defined below:

n Ao
LTt N
s = e s (A12)'

xiz —{ I x
i=1 A 1=1

n
i
[n]

: /n.. | : (A13)

These 1ntervals may be interpreted to mean that the confldence is
(1-— a)100% that ‘the true values of Do* or b1* lie within the interval.:
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If the confidence intervals about one of the constants by and b,
for two different data sets do not overlap, then the value of that con-
stant for the two data sets is significantly different at the (1 — a)100%
confidence level. 1If the invervals do overlap, the values may or may
not be significantly different. However, some insight can be gained.

It should be noted that, in actuality, the values of by and b; are
not independent, and therefore this method is not rigorously valid,
although it does provide a useful check. The method described below
allows one to consider simultaneous variations in by and b;.

Method D

A more rigorous method than method C is that illustrated in Figs. Al
and A2). For a given data set Eq. (A2) is fitted to the data. Figure A2
shows the predicted line obtained from this fit along with upper and
lower confidence limits. At a given confidence level (say 95%) the
confidence that the true mean value of y at a given x lies within these
confidence limits is that value (e.g. 95%). At a given value of x, x,
the confidence interval about g is given by

~ 1, @ -2
y + ta/ZS\/§+ OS , (A14)

xx

URNL-UWG 76-8695

INC -718 593

N | Iz
V%
8 ?//
. )y 4
- A(/
i 7
E ,////»
Nl
1
2“ 1Y “‘S““““8““4““10““‘

X

Fig. Al. Typical Best Fit Line from Eq. A2 with 95% Confidence
Limits Shown. ) ' : "
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Fig. A2. Typical Confidence Ellipses Showing Possible Simultaneous
Variations of Constants by and b; from Eq. (A2). Inner curve: 957
confidence level. Outer curve: 90%.

n

where T is the arithmetic mean of the & values used = izl %3 /n. The
confidence is (1 — a)100% that the true mean value of y lies within this
interval. .

Whatever the true values by* and b1*, the true mean line (within
the confidence level chosen) must lie within the confidence limits of
Fig. Al, which, of course, restricts the values of by and b,. Figure A2
illustrates this restriction, where it is seen that a pair of values
(bo, b1) must lie within a "confidence ellipse,”" the size of which depends
upon the confidence level chosen. A study of the overlapping of these
confidence ellipses yields information about possible differences between
the by and b; values of different data sets, as discussed above in
connection with method C.



~ THISPAGE
WAS INTENTIONALLY
LEFT BLANK.



69

ORNL/TM-5399
UCc-79b, -k
(Liquid Metal Fast
Breeder Reactors)

INTERNAL DISTRIBUTION

1—-2. Central Research Library 52. R. L. Klueh
3. Document Reference Section 533. J. M. Leitnaker
4—10. Laboratory Records Department 54. A. L. Lotts
11. Laboratory Records, ORNL RC 55. C. T. Liu
12. ORNL Patent Office 56. R. E. MacPherson
13. G. M. Adamson, Jr. 57. W. R. Martin
14. S. E. Beall 58. H. E. McCoy, Jr.
15. R. G. Berggren 59. H. C. McCurdy
16—25. M. K. Booker 60. C. J. McHargue
26. C. R. Brinkman 61. R. K. Nanstad
27. E. E. Bloom 62. H. Postma
28. D. A. Canonico 63. P. Patriarca
29. J. A. Conlin 64. C. E. Pugh
30. J. M. Corum 65. P. L. Rittenhouse
31. W. R. Corwin 66. T. K. Roche
32, F. L. Culler 67. J. L. Scott
33. J. E. Cunningham 68—72. V. K. Sikka
34, J. H. DeVan 73. G. M. Slaughter
35. D. P. Edmonds 74. W. J. Stelzman
36. W. R. Gall 75. J. 0. Stiegler
37. G. M. Goodwin 76. J. P. Strizak
38. R. J. Gray 77. R. W. Swindeman
39. W. L. Greenstreet 78. D. B. Trauger
40. W. O. Harms 79. W. E. Unger
41. T. L. Hebble 80. J. R. Weir, Jr.
42—44., M. R. Hill 81. G. D. Whitman
45, J. P. Hammond 82. J. W. Woods
46. D. 0. Hobson 83. Paul M. Brister (consultant)
47. F. J. Homan 84. J. Moteff (consultant)
48. H. Inouye 85. Hayne Palmour III (consultant)
49. P. R. Kasten 86. J. W. Prados (consultant)
50. J. F. King 87. N. E. Promisel (consultant)

51. R. T. King 88. D. F. Stein (consultant)



70

EXTERNAL DISTRIBUTION

89—90. ERDA DIVISION OF REACTOR RESEARCH AND DEVELOPMENT, Washington, DC
20545

Director

91-92. ERDA OAK RIDGE OPERATIONS OFFICE, P.0. Box E, Oak Ridge, TN 37830

Director, Reactor Division
Research and Technical Support Division

93-325. ERDA TECHNICAL INFORMATION CENTER, Office of Information Services,
: ) P.0. Box 62, Oak Ridge, TN 37830

For distribution as shown in TID-4500 Distribution Category,

UC-79b (Fuels and Materials Engineering Development); UC-79k
(Components) . .

# US. GOVERNMENT PRINTING OFFICE: 1976-748-189/382





