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LARSON-MILLER AND MANSON-HAFERD PARAMETRIC EXTRAPOLATION
OF RUPTURE DATA FOR TYPE 304 (18Cr-8Ni), GRADE 22(2-1/4Cr - 1Mo),
AND GRADE 11 (1-1/4Cr - 1/2Mo - 3/4Si) STEELS

The "100,000-hour rupture strength' of alloys 1s a major factor
in the establishment of design stresses in the temperature range where
creep governs strengths of alloys. The Boiler and Pressure Vessel
Committee of the American Society for Mechanical Engineers considers
the average and minimum rupture strengths in determining design stresses.
The 100, 000-hour rupture strengths are obtained by extrapolation from
tests of shorter duration. This is done by conducting sufficient tests to
enable one to draw curves of log stress versus log rupture time which are
adequate for extrapolation as straight lines to 100, 000 hours. In many
cases, the longest tests may be of the order of 1000 hours, although tests
of the order of 10,000 hours are preferred.

For a number of years, mathematical methods of extrapolation
have been in the process of development. These are based on '"parameters"
which depend upon the equivalence at a given stress of temperature and
rupture time. The first and most widely used method was proposed by
Larson and Miller,(l) A number of other parametric methods have been
proposed which are intended to improve accuracy. The development of
these are thoroughly described in several papers.(2’ 3,4)

This report deals with the application of two parameters to the
available rupture data for three steels in the Codes of the Boiler and
Pressure Vessel Committee, The two parameters, the Larson-Miller and
the Manson-Haferd (often called "Linear") Parameters, were used with
the Mendelson, Roberts and Manson computer program(w to optimize the

constants. The Larson-Miller parameter was also included with the

commonly used constant C of 20.



The object of the program was to compare 100, 000-hour strength
levels as determined by the parametization of rupture data with the values
established by graphical extrapolation of stress-rupture time curves. Ini-
tially, rupture data for Type 304 (18Cr-8Ni) austenitic stainless steel and
for Grade 22 (2-1/4Cr - 1Mo) steel were evaluated. Both of these are
widely used under conditions where the 100, 000-hour strengths govern design
stresses. Moreover, the strength values determined by extrapolating
their log-stress log-rupture time curves have not been extensively ques-
tioned. For these reasons, they appeared to offer a basis for judging ex-
trapolation utilizing parameter methods. Subsequently, Grade 11
(1-1/4Cr - 1/2Mo - 3/48Si) steel was added as a contrasting case where
there was considerable question as to the reliability of the strength levels
derived by extrapolation of the rupture curves.

Only data for wrought materials (in most cases, in the form of
tube, pipe or bar) were evaluated. In general, the data considered were
limited to those obtained from materials which met current ASTM specifi-
cations. In a few cases, comparative 100, 000-hour strengths were
obtained for non-specification materials. In addition, parametization of
the data enabled strength levels to be established from the limited tests
characteristic of "parameter data' for which no comparative strengths

could be obtained by rupture curve extrapolation.

PROCEDURES

Selection of Parameters

With the advice of a Steering Committee of Subcommittee I on
Engineering Properties of Boiler and Pressure Vessel Steels of the Metal
Properties Council, the Larson-Miller and Manson-Haferd (Linear)
Parameters with optimized constants were selected for the investigation.

This selection was arbitrary in the sense that it was based on the experience



of the individuals as a best way to proceed for the amount of effort to be
expended.. It is not to be construed, therefore, as a criticism of other
parameters which have been proposed. There was simply not time to do
justice to any more parameters.

Manson(m has shown that a number of parameters evolve from the

following general equation:

log t
—G - log tap
p = 0O
R
(T - Ty)

where t is the rupture time in hours, 0" is the stress in psi, and T is
the test temperature in °F; Ty, log ta, Q, and R are constants determined
from the experimental stress-rupture time data. The parameter P is
plotted versus the log of the stress to establish a master curve for interpo-
lation and extrapolation of data. If Q= 0, R = -1, and Tp = -460°F, the

Larson-Miller parameter results:
P = (T +460)(C + log t)

This is commonly written, P = T(C + Logt), where T is the absolute
temperature. If Q= 0, and R = 1, the Manson-Haferd (Linear) parameter
results:

log t - Log ta
P = T - Tp

Values of Parameter Constants

The data were used to determine optimized constants for the two
parameter equations. The computer program developed by Mendelson,

6
Roberts, and Manson( ) for determining constants was used for two reasons:

I. The Code Committee data were generally not adequate to estab-

lish constants by the graphical methods that have been proposed.



Furthermore, universal or average constants are not available for the
Manson-Haferd parameter and the computer program was designed to
establish constants for data where the iso-stress data required for graph-

ical determination of constants are not available.

2., The Larson-Miller parameter is widely used with a constant
C of 20. However, this is an "'average' value. Those who have worked
with this parameter have recognized that a considerably better represen-
tation of any one set of data might be obtained by determining the values
of C which each set of data indicates as optimum. The computer program

was designed to do this without special iso-stress tests.

From the Code Committee work on Grade 11 and Grade 22 steels,
values of the Larson-Miller parameter were available for a constant C of
20, and 100, 000-hour strengths had been estimated from graphs of log
stress versus P. In this investigation, parameters based on a constant

C of 20 were calculated for the data for Type 304 steel.

Important Features of the Parameters

In using the parameters, it is important to recognize certain char-

acteristics which are related to the nature of parameters.

1.  Data at only one temperature cannot be used for establishing
constants. Consequently, the data where tests were limited to one tem-

perature were not used in this investigation.

2. It is generally agreed that parameter curves cannot be extra-
polated beyond the range of the test data. In other words, the parameters
can only be used to derive rupture strengths which lie within the range of

test stresses,

3. The parametric treatment of data give extrapolated rupture
strengths for 100, 000 hours at lower temperatures than those of the tests

due to the time-temperature equivalence ''trade-off" of the parametric



method. For this reason, there are no comparable 100, 000-hour strengths
for the highest temperature tests for which the stress-rupture time curves

were extrapolated.

Computer Programs

The computer program for optimizing parameter constants ) was
adapted to the Michigan Terminal System (MTS). The optimized or 'best"
values of the constants are those which result in a parameter curve that
best fits the data. To find these values, the program uses the method of
least squares whereby the parameter curve is represented by a polynomial
in the logarithm of the stress, and a best fit is obtained by minimizing the
sums of the squares of the deviations (the residuals) of the data from the
curves. (Examples of computer outputs are presented in Fig. 1.)

The usual next step is to plot the log stress versus parameter curves
for each set of data and handfit a curve through the points. The values of
the parameter for rupture in 100,000 hours (within the range of the test
parameter values) can then be calculated and the stresses read off for the
temperatures of interest. However, curve plotting for the large number of
data sets being investigated would be rather time consuming, and drawing
the curves by eye introduces the possibility of human bias., Furthermore,
calculation of the parameter values for the rupture strengths of interest is
tedious and exacting. For these reasons, the possibility of using a compu-
ter program to calculate rupture strengths was investigated.

A program was developed which, 1) utilized the parameter values and
their corresponding stresses to fit a stress-parameter curve by minimi-
zing the standard deviation; 2) calculated the parameter values for the de-
sired rupture strengths; 3) determined and printed out the rupture strengths
at 50°F intervals; and, 4) restricted the calculated strength values to the
range of stresses for which test points were available. In addition to the
stresses for rupture in 100, 000 hours, stresses for rupture in 100, 1000,

and 10,000 hours were also produced by the program. Thus, besides the



possible interest in these shorter-time strengths themselves, they could
be used to check how well the strength values within the actual testing
time range were being computed. (Examples of the computer outputs are
presented in Fig. 2).

All data points, no matter how short in duration, were used since
one of the presumed advantages of parameters is their ability to predict
long time strengths at lower temperatures from short time tests at higher
temperatures. Also, there was not adequate background for eliminating
data points. The assumption was made that if the data were included in the

compilation, it was valid.

Data Point Requirements for the Computer Program -

Inherent in the parametization of rupture behavior by optimization
of the constants with the computer program are certain minimum require-
ments for the test data. These requirements can be summarized as

follows:

a. A minimum of two test temperatures.

b. A minimum in the total number of test points, which is
dependent upon the parametric method and the degree of
the fitted stress-parameter polynomial -

i. Larson-Miller, n=3+m
ii. Manson-Haferd, n=4+m

where, n = number of data points
degree of polynomial

H

m

Thus, when only a limited number of test points are available, the maximum
degree of the polynomial that can be used to fit the stress-parameter data
is limited.
The maximum degree of the polynomial was arbitrarily set at 7.
In the cases where the maximum degree possible was limited because of
the limits in the number of data points, the minimum degree studied was re-

duced accordingly. The degree polynomials used are summarized below:



Number of

Data Points Degree of the Polynomial
(n) Larson-Miller Manson-Haferd
n<7 I to n-3 l to n-4
8 2tob 1to4
9 2tob 2to5
10 2to 7 2to b
n> 11 2to 7 2% or 3to 7

.
b

The program was changed to include 2 after a few
initial calculations.

Rating the Adaptability of the Data Sets
to the Extrapolation Method

Without actual tests to 100, 000 hours, it is impossible to establish
unequivocably the strengths for this time period. This limits the degree
to which the accuracy of the extrapolation methods can be known. However,
for any confidence to be placed in the derived strength levels (either by
extrapolation of stress-rupture time curves or by parametric methods) it
is essential that the data can be described adequately by the mathematical
method (i.e., extrapolation method) employed. The "adaptability' or

" of each data set to the mathematics of each method were there-

"response'
fore evaluated qualitatively as '"Good", "Fair', '"Poor", or "Omit."
(Tables 1, 2, 3).

The reader should therefore be cautioned that

a. the derived strengths were not considered part of the
evaluation of the adaptability;

b. even if the data apparently adapted mathematically to
the method, this did not assure accuracy of the
derived strengths; and

c. 1in some cases, the indicated strengths seemed quite
reasonable, even though the data sets apparently were
not consistent with the mathematical treatment used.



In order to help clarify the reasoning behind the ratings, a descrip-

tion of them follows.

Log Stress-Log Rupture Time Curves

The 100, 000-hour rupture stregnths were obtained from the stress
rupture time curves by straight-line extrapolation. In some cases, ''breaks"
or increases in slope were incorporated into the rupture curves in order to
fit the data adequately. Thus, the mathematical concept used involved
fitting straight line(s) through iso-temperature data. The response of a
data set to this mathematical formulation was therefore rated as '"Poor"
when 1) the data scatter was excessive; or when, 2)the data was insufficient
to define the rupture curve at relatively long time periods with confidence.

A rating of "Good' was used when there were a number of tests with little
scatter out to several thousand hours at any one temperature. "Fair' was
used when the rupture curves fitted limited data well, when the test times
were not longer than about 1000 hours, or when there was some, but not
excessive, data scatter.

In a number of cases, the stress-rupture time curves at some temper -
atures appeared well defined and were therefore rated as "Good.' However,
their slopes were apparently inconsistent with those at adjacent temperatures.
These rupture streingth sets were noted by a ""Good*''. Behavior of this type
was most prevalent for Grade 11 (1-1/4Cr - 1/2Mo - 3/48i) steel; and an
example is shown in Figure 3, where a steeper rupture curve occurred at
1000°F than at 1100°F.

This type of behavior suggests the possibility of changes in the slopes
of the rupture curves outside the range of available test data. For the
example shown, either the curve at 1000°F must change to a lower slope at
a longer time, or the curve at 1100°F must break down, if cross over of
stress rupture time curves is to be prevented. The parameter analyses in-
dicated that the 1000°F curve should flatten out.

It should be clearly understood that the log-stress log-rupture time

curve at each temperature was judged on its own merits and without



consideration of the curves at lower or higher temperatures for the same
material. For this reason, there are cases where the rating given does
not apply to all the temperatures for which 100, 000-hour rupture strengths

are given.

Parameter Extrapolation

The computer program for the parametization of the data resulted
in an optimized set of constants for each data set. Based on these con-
stants, the parameter values for each data point in the set, together with
the standard deviation and the degree of the fitted stress-parameter poly-
nomial, were obtained (Fig.1). Evaluation of these output values, along
with the characteristics of the log-stress versus log-parameter curve,
were used as the basis for determining the adaptability of the data to the
parameter method. The rating was noted "Good' when:

a. the data defined a log-stress versus log-parameter curve

which exhibited no inconsistencies (such as mismatch, or

drastic changes in slope between data from different test
temperatures);

b. the number of data points were somewhat greater than the
minimum required to satisfy the mathematics of the
optimizing process;

c. the standard deviation of the data for the fitted stress-
parameter curve was low;

d. the degree of the stress-parameter polynomial was low;
or, if the degree was high, then when the associated
standard deviation would not be markedly increased by us-
ing a lower degree polynomial.
A rating of "Fair" was used where the criteria for '""Good' were not
as well satisfied.
The "Poor" rating was used when little confidence could be placed
in the way the data set adapted to the method because it lacked one or more
of the reasons described for a "Good" rating. This was done even though,

in many cases, the derived 100, 000-hour strengths agreed remarkably well

with those derived by other methods. In a few cases, the parametized data



was so completely unreasonable that it should not have been used and

was therefore designated "Omit'" in the Tables. An example of this for
the Larson-Miller parameter is presented in Fig.4A, where the optimized
constant was 2.3 and the data set was rated '"Omit". This should be com-
pared with the result when a constant of 20 was used and the data set rated
"Fair' as in Figure 4B.

Stress-Parameter Curves. The parameter constants can be

3)

derived graphically( from iso-stress lines on plots of 1/T+460 versus
Log t for the Larson-Miller parameter, and T versus Log t for the Manson
Haferd parameter. The computer program offers a method for establish-
ing constants when the iso-stress data at a number of temperatures

required for graphical methods are not available. Depending on the extent

of the test data, the program resulted in the following important features.

l.  When the data are sufficiently extensive, there can be consider-
able overlap in the parameter curves for tests at different temperatures.
The derived constants may result in placing the test points at different
temperatures on a single parameter curve (see Fig.5), which is one of the
requirements for a '""Good" rating. On the other hand, even for a parameter
curve of "best fit', i.e., the lowest standard deviation, separate curves
for each temperature often result (see Fig.6 for an example). This mis-
match of the separate parameter curves for each test temperature was
often typified by an "eyebrow' appearance (see Fig.7). This lack of
agreement or mismatch between temperatures must be a basis for suspect-
ing or excluding the 100, 000-hour strengths derived from the parametric
analysis. Thus, where mismatch was severe, the adaptability of the data

i

was rated "Poor.'" A rating of "Fair' indicated that the matching was

average, or reasonably good.

2, In many cases, there was no overlap in the parameter curves
of tests from different temperatures. It became more difficult to rate the

adaptability of the data in these cases since to a great extent the criteria

10



upon which to base the evaluation were not as evident as when overlap
occurred. Thus, in many cases when gaps between parameter curves for
different temperatures occurred, it was impossible to place much con-
fidence in the derived strength levels. Only if the matching of parameter
curves (from different temperatures) appeared acceptable and if there
was some degree of continuity or similarity of slopes throughout the para-
meter curve, was the adaptability of the data rated '"Good" or "Fair.'" In
all other cases, the rating was "Poor." For example, in Figure 8 the over-
all rating of the data was "Poor." However, if the 1000°F data were con-
sidered in conjunction with the 1100°F data, the rating would be at least
"Fair,"

The reasons for the mismatch in the log stress parameter curves
for different temperatures is apparently complex and would require effort
beyond the scope of this report to be adequately covered, Certainly optimi-

zation of the constants did not in many cases serve to eliminate this problem.

Standard Deviation, Number of Data Points, and Degree of the

Polynomial. In rating the data, the standard deviation, number of data
points and the degree of the polynomial were useful (see Tables 4,5, 6).
These factors are not independent. For a given data set, the degree of the
polynomial, i.e., the complexity of the log stress-parameter curve, was
varied and the curve with the minimum standard deviation was selected.,
The data sets gave a range of values of standard deviation and degree of

polynomials. A limited study of these indicated the following:

1. For some data sets, the number of data points was so limited
that the degree of the polynomials studied was restricted to the low orders
(1 or 2). These sets were rated "Poor" or "Fair", depending upon the

other criteria such as the standard deviation.

2. There were data sets which fitted the parameter well, i.e.,
had a low standard deviation. The degree of the polynomial, however,

could be high. In many of these cases, the improvement in the standard

11



was very small due to increasing the degree of the pclynomial above about
m = 3. Thus, the inflections were small and of no real significance. In

such cases, the data set was rated ''"Good, ' (see Table 7).

3. In every case where the standard deviation was considered
high, the data sets were questionable and rated no better than '""Fair, ' and,

usually "Poor, "

Data scatter was a common cause of this problem. It
also occurred when there was severe mismatch in parameters among
temperatures (as discussed in the preceding section), that is, when the

mathematical requirements of the parameter were not being met by the

data.

4. It was especially difficult to rate the data from testing pro-

grams which were designed only to provide parameter data. If the stan-

' However,

dard deviation was high, the sets could be rated as ""Poor.'
in many cases the standard deviation was low or at intermediate levels. If
the standard deviation was low and other criteria, such as a low degree

polynomial, reasonable constant values, etc., were met, the set was rated

J A

"Fair.'" In other cases, the data set was rated '"Poor.' The major
reason for doing this was the absence of sufficient data to judge the set

appropriately (such as whether or not ""eyebrow'' effects were severe}.

Magnitude of Constants. It was quite evident with the Larson-

Miller Parameter that poorly adapted data could give abnormal constants.
In those cases where the constants were clearly questionable (i.e., <15
or, >25), it was due to the data and not characteristics of the material.
Even when values were only slightly higher than 15 or slightly lower than
25, there were clearly questions as to the adaptability of the data to the
method.

There seemed to be good evidence that the "optimized' constants
for the Larson-Miller parameter varied with test temperature (and, in
some cases, with testing time). It was clear that some additional effort

could establish guides for the selection of test conditions which could

12



control this problem. There was an inter-relationship between the slopes
and breaks in the curves which could be controlled. A major problem with
the computer program was its inability to take such factors into account.
This seemed to be the reason for "Poor'" ratings (from mismatch of para-
meters between temperatures) seeming to occur when the test data covered
a wide range of temperatures and times.

It also became clear that force-fitting a constant of 20 to the Larson
Miller parameter was more than an "average' resulting from variation
among sets of data. Such force-fitting of an approximately correct constant
caused the available data to produce an approximately correct result, even
though its adaptability was "Poor."

A basis for judging the constants for the Manson-Haferd parameter
was not as clear. Enough study was carried out, however, to be sure
that a correlation can be made which would serve as a basis for determin-

ing if the constants were reasonable.
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RESULTS

For the most part, the 100, 000-hour strengths indicated by the
parameters differ to some degree from those derived from extrapolation
of stress-rupture time curves. There were also differences among the
values from the different parameters. Although with available informa-
tion it is not possible to determine which values were most nearly correct,
it is very difficult to present the results without considering accuracy.
Analysis of the results, on the other hand, certainly emphasized the need
to review carefully the inter-relationships between the actual data and the
adaptability to mathematical treatment, with the consequent influence on
the parametric extrapolations. This is not complete. Therefore, there is
no alternative to presenting as a first result the recommendation that this
should be undertaken by continuing the investigation. The present report,
then should be considered a progress report.

The 100, 000-hour rupture strengths for all three alloys, which were
derived from the Larson-Miller and Manson-Haferd parameters based on
optimized constants, are given in Tables 1, 2 and 3. The strengths ob-
tained by straightline extrapolation of log stress=log rupture time curves,
together with comparative values for the commonly-used Larson-Miller
parameter based on a constant C of 20, are also presented in these Tables.

Although tabulations are the most exact way to compare the values
developed by the four procedures, the overall differencesare easier to
appreciate if they are presented as graphical comparisons.

Direct comparison of 100, 000-hour strengths obtained by the
parameter method with those determined by extrapolation of log stress=log
rupture time curves was limited to a relatively small number of data

points. There were two reasons for this.

l. The optimized parameter method cannot be used to extrapolate
data limited to one temperature, and a large proportion of the data was

iso-temperature, e.g., a great number of strengths from stress-rupture
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time curves for Type 304 were for tests limited to 1200°F, and compara-
tive values from parameters could not be calculated. Thus, since
iso-temperature data could not be treated by parametric methods, those

data sets were completely excluded from the tabulations of the results.

2. The parameters gave 100,000-hour strengths at lower temper-
atures than the highest test temperature. Thus, where test data were
available at more than one temperature, the direct comparison between
parameter and log-log extrapolation was limited to the lower temperatures,
where the parameter values for 100,000 hours were available from tests

at higher temperatures.

An individual analysis of the strengths obtained for each of the

three steels considered in this investigation follows.

Type 304 (18Cr - 8Ni) Austenitic Stainless Steel

The more significant features of the 100, 000-hour rupture strengths
derived by the various extrapolation methods are summarized in the
following sections.

Log-Log Extrapolation of Rupture-Time Curves versus Parametric
Extrapolation,

The following features are evident from cross plotting the strengths
obtained by rupture curve extrapolation versus the strength derived by each

parametric method (Fig. 9A, B, C).

l. There was a slight tendency for the Larson-Miller
parameter (both optimized and with a C of 20) to give
higher strengths at the higher temperatures (low
strengths), and to give lower strengths at the lower

temperatures (high strengths). (Fig. 9A and B).

2. In general, the Manson-Haferd parameter tended to

give lower values. (Fig. 9C}.
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3. For some data points, the differences in strengths
were greater for the Manson-Haferd parameter

than for the Larson-Miller parameter.

4. It is important to understand the magnitude of the
differences in strength. From casual inspection,
the differences seemed smaller than was actually

the case. (See Table 1.)

5. Determining reasons for the differences would re-
quire additional study of the inter-relationships of
data to log-log curves and to the mathematics of

the parameters.

Comparison of 100, 000-hour Strengths Obtained from Parameters

The prior presentation of strengths from parameters was confined
to those cases where there were comparative values from extrapolation
of stress-rupture time curves. This placed rather severe limitations on
their capabilities. Parameters inherently give strengths at lower tem-
peratures than the tests, and only a relatively few direct comparisons
could be made. Accordingly, all strengths derived from parameters were
cross plotted for comparison in Figures 9D and E. From these, the

following features were evident.

1. The Larson-Miller parameter with a constant C of 20
tended to give very slightly higher strengths than when
the constant was optimized. This trend can be attribu-
ted to the fact that the values of the optimized constants

are generally less than 20.

2. The Larson-Miller parameter (optimized) consistently
gave higher strengths than the Manson-Haferd para-
meter, especially when the strengths from data which

adapted poorly were not considered.
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3. The scatter in strengths between the Larson-Miller
and the Manson-Haferd parameters was fairly large.
The range was about 4, 000 psi at any given strength
level, This was considerably more than the difference
between the Larson-Miller parameter with optimized
constants versus a fixed constant C of 20. Here, the
range was about 2,000 psi (if the '"poor" strengths

were not considered.

Strengths from Parameters as a Function of Temperature

The curves of rupture strength versus temperature derived from
the parameters were plotted in Figures 10, 11, and 12. The minimum and
average values derived from the extrapolation of stress-rupture time
curves were superimposed for comparison. (Note that the derivation of
these curves included consideration of the data sets where only iso-tem-
perature tests were available which were not treated by parametric
analysis.) The Larson-Miller parameter C of 20 (Fig. 10) had a higher
minimum value while the optimized constants (Fig. 11) gave practically
the same minimum curve as the extrapolation of the stress-rupture time
curves. Two sets of data from the Manson-Haferd parameter were sub-
stantially below the minimum (Fig.12). No comparison involving averages
could be made because the majority of the data which established the
average curve for log-log extrapolation were from iso-thermal tests at
1200°F, which could not be used in the parameter program.

The following additional aspects of these results are worth noting:

1. The Larson-Miller parameter gave curves of strength
versus temperature which had slopes similar to the
minimum and average from the extrapolation of stress

rupture time curves.
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2. Many of the curves from the Manson-Haferd parameter
cross over the minimum and average curves from
the stress-rupture time curve extrapolations. There
were, however, many curves from the parameter
which had shapes similar to those derived from the
stress-rupture time curves. There is need for a de-
tailed examination of the inter-relationships to deter-

mine why the varying results were obtained.

3. The range in strength values at any one temperature
for the data sets evaluated by the parametric method

was large.. For example, at 1100°F the ranges were--

Larson-Miller, C = 20 7,000 psi1
Larson-Miller, optimized 8,000 psi
Manson-Haferd, optimized 9,000 psi

These ranges were greater than the differences in
strength levels derived from the various parametric

methods (no more than 4, 000 psi) for any given data set.

Comparisons Between Methods of Extrapolation as a Function of Test
Temperature,

Considerable effort went into finding a way of comparing the
strengths from the extrapolation methods as a function of temperature;
This was finally done by plotting minimum and "average" curves as log
stress versus temperature {Fig.13). The average curve for extrapola-
tion of log stressalog rupture time curves was omitted because it was
based on extensive iso-temperature data at 1200°F which could not be used
by the parameters. Only the parameter data rated ""Good" or "Fair' was
used. It should also be noted that the average and minimum curves at the
higher temperatures were derived from relatively few data points.

Figure 13 shows the following.

l. Except for the Manson-Haferd parameter average

curve, the curves were nearly straight parallel lines.,
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Presumably, the deviation of the Manson-Haferd data

was due to the crossover of curves discussed earlier,

2. The near linearity and parallelism of the curves indi-
cates that limited data can be extrapolated to adjacent

temperatures with fair confidence.

3. These curves show rather graphically the trends pre-
viously discussed for the different methods. The type
of results obtained for each can be described as--

Larson-Miller, C:z 20 High strengths

Larson-Miller, optimized Minimum values simi-
lar to log-log curve
extrapolation.

Manson-Haferd, optimized Lower values than the
other methods, except
possibly at higher
temperatures.

Type 304L Data

The data for Type 304L were too limited to draw any definitive con-
clusions. The data are included in Table 1, and shown graphically in
Figures 14, 15, and 16. In general, the trends were the same as those

discussed for Type 304 steel.

Discussion

This investigation was carried out to check extrapolation methods.
For this reason, data on Type 304 steel which had been given a stabilizing
treatment were included. They were excluded, however, from averages
and minimums for log stress-log rupture time curves as non-specification
material. The curves for these materials in Figures 10, 11, and 12, were
on the high side of the range. This could be more indicative of the strength
level of the heats than of any strengthening due to the heat treatments.

Some factors regarding the results are worth noting even though,

in most cases, there is a high probability that they may only be
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characteristic of Type 304 steel and other alloys with similar stress-

rupture time characteristics. These factors are as follows.

l. In general, the various methods of extrapolation appeared to
give the same relative strength for a given data set even though the
strength level might be changed. A possible exception to this was the
Manson-Haferd parameter, where there were changes in relative

strength with temperature.

2. For the Larson-Miller parameter with a constant C of 20,
the strengths indicated for the "Poor' data sets were scattered through-
out the strength range (Fig.10). The use of optimized constants reduced
the number of data sets rated "Poor," and, as indicated by Figures 11

and 12, these poor sets were on the high side of the strength range.

Grade 22 (2-1/4Cr - 1Mo) Steel

The observations made on the Type 304 steel data generally apply
to the results for Grade 22 steel. Therefore, the following observations
are considerably abbreviated.

Comparison of 100, 000-hour Strengths from Parameters and Log-Log
Extrapolation of Rupture Curves.

There was relatively little difference between the extrapolations by
the three parameter methods and the extrapolation of stress-rupture time
curves (Fig. 17A,B,C). As was true for Type 304 stainless steel, there
was a slight tendency for the Manson-Haferd parameter to give lower
strengths.

The Larson-Miller parameter with a constant C of 20 tended to
give higher strengths (Fig. 17D) than the optimized constants at low tem-
peratures {high strength values). It will also be noted that the data sets
which adapted poorly resulted in far greater differences than those which

adapted '"Good" or "Fair." The range in strength differences for a given
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data set and strength level was no more than 3, 000 psi, if the "Poor" data
are not considered,

It is clear that the Manson-Haferd parameter gave lower strengths
than the Larson-Miller parameter with an optimized constant (Fig. 17E).
The difference in strength was about 4, 000 psi, which is about the same as

it was for Type 304 steel.

Strengths from Parameters as a Function of Temperature

The large number of data sets made it difficult to demonstrate
strength variations as a function of temperature from parameters. There-

fore, the graphical presentation was divided into groups.

1, The strength versus temperature curves were plotted for those
sets of data for which there had been extrapolation of stress-rupture time
curves for materials within specifications (Figs. 18,18, 20).

a. For the Larson-Miller parameter with a constant C of 20,
(Fig. 18), two sets of data which were rated "Poor' seemed to be out of
line and gave very high strength values. The minimum and average curves
determined from extrapolation of the stress-rupture time curves suggested
that lower strengths occur at lower temperatures than was evident from the
parameter. It is expected, however, that if data were available, these
curves would also increase in slope at the low temperatures, which would
tend to minimize this apparent difference.

b. Optimizing the constant for the Larson-Miller parameter
(Fig. 19) resulted in a slightly wider range in strength values for a given
temperature than was obtained when the constant was 20. Again, there
were curves of poor adaptability on the high side of the strength range
which did not agree with the majority of the curves.

c. The Manson-Haferd parameter (Fig. 20) tended to give
slightly lower strengths than was the case for the Larson-Miller parame-
ter. And, as was true for the other methods, the curves with high

strengths that appeared out of line were from data with poor adaptability.
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d. If the curves for the high strength, poorly adapted data
sets are excluded, the ranges in strengths for a given temperature are
about the same for all the parameter methods. Also, the ranges are of
the same order as the differences in strengths for a given data set ob-
tained by the different methods for extrapolation (Fig. 17D, E). This is in
contrast to Type 304 steel, where the range at a given temperature was

much wider,

2, There were a considerable number of data sets consisting of
shorter time tests at comparatively high temperatures, which were con-
duced for parametric extrapolation only; consequently, there were no
stress-rupture time curves. The strengths derived by the parameter
methods were added to those previously discussed in Figures 21, 22 and
23. Because the number of data sets was so large, two graphs were used
for each parameter. The data for tube and bar stock are on the first
graph and the data for pipe material on the second--a division which is
purely arbitrary. At this point in the analysis, there is no way of deter-
mining strength effects due to the type of material involved. The
following comments are based on the graphs .

a. The "parameter'-type data sets were not rated "Good"
simply because there were not sufficient iso-stress data. In four cases
however (see Table 2), the data were good enough to be rated '"Fair."
Unduly high standard deviations and abnormal constants were a major
factor in the "Poor'" ratings.

b. With only one exception, the curves for the parameter
data for the Larson-Miller parameter with a constant C of 20 (Fig. 21A, B)
fitted in well with the data for the stress-rupture time curves dicussed
previously. One set of parameter data for pipe (Fig. 21B) appeared to
meet all of the requirements for at least a rating cf "Fair, " but had a
curve with unusual inflections. The reasons for this are not yet known.

c. When the Larson-Miller constants were optimized

(Fig. 22A,B), the range in strengths appeared to increase. This was
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most apparent for the pipe (Fig. 22B). There were also more curves of the
strength versus temperature with inflections.

d. The same general comments apply to the Manson-Haferd
parameter values (Fig. 23A, B) as did to the Larson-Miller parameter with
optimized constants. A major exception was the almost complete removal
of inflections from the rupture-strength-temperature curves by the Manson

Haferd parameter.

3. When the log of the minimum and average stresses for rupture
in 100,000 hours (excluding "Poor'" data) were plotted versus temperature
(Fig. 24), the curves tended to break down at the higher temperatures.
This is in contrast to Type 304 steel, where they tended to be straight lines.
This reflects the marked increase in slope of log-stress versus log-rup-
ture time curves above 1100°F for Grade 22 (2-1/4Cr - 1Mo) steel. In
addition, the following was noted--

a. There was relatively little difference in the strengths
from the different parameters., The general order was preserved, how-
ever, with the Larson-Miller parameter with a constant C of 20 giving the
highest strengths, the Larson-Miller parameter with optimized constants
giving intermediate strengths, and the Manson-Haferd parameter giving
the lowest strengths.

b. There was very little difference between the parameter
minimum and those from extrapolation of log-stress log-rupture time

curves in the temperature range over which comparison was possible.

Grade 11 (1-1/4Cr - 1/2Mo - 3/4Si) Steel

Comparison of 100, 000-hour Strengths from Parameters and Log-Log
Extrapolation of Rupture Curves.

The data sets for which the 100, 000-hour strengths from parameters

could be directly compared with those from log-log curves (Fig. 25A, B, C)
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were quite limited except at 1000°F (»~10,000 psi}. All three parameters
tended to give strengths at 1000°F which were somewhat higher than those
from stress-rupture time curves. At lower temperatures (higher
strengths), the parameters gave lower values, The Larson-Miller para-
meter with optimized constants may have resulted in the closest agreement
with stress-rupture time curves.

When all of the parameter strength values, including those from
short time parameter data, were cross plotted (Fig. 25D, E), the follow-

ing characteristics were noted.

1. The Larson-Miller parameter with optimized constants
tended to give higher values than when the constant was
fixed at 20 (Fig, 25D)., There also occurred a much wider
band for this steel than was the case for Type 304 and
Grade 22 steels.

2. The Larson-Miller parameter with optimized constants
tended to give slightly higher values (Fig, 25E) than the
Manson-Haferd parameter. The difference in strength
levels between the two methods was quite small, particu-
larly in comparison to that for Type 304 and Grade 22
steels. Alsc, for some reason, the data sets which ap-
parently adapted poorly were also in a rather narrow
range. However, as has usually been the case, the
Manson-Haferd parameter tended to give high strengths

for the data sets which adapted poorly.

The similarity of the strengths derived by the two methods for opti-
mizing constants is significant. It should not be taken as a reflection of
accurately predicted strengths, but is merely indicative of the fact that
similar strengths result from the mathematics of the two parameters.

The scatter at the higher strength levels (lower temperatures) which is

shown by the top three graphs, A, B, and C, in Figure 25, is more

24



indicative of the real problem. In many cases, the log stress-log rupture
time curve at 1000°F was steeper than at lower or higher temperatures,
and the adaptability of the data to the parameter methods became question-
able.

The slightly high strengths at 1000°F obtained from the parameters
apparently indicate that the stress-rupture time curves at this temperature
flatten at long time periods. The low strengths obtained from parameters
at the lower temperatures apparently reflect the influence of the abnormally
steep slope of rupture curves at 1000°F on the predicted strengths at long

time periods.

Strengths from Parameters as a Function of Temperature

As for the other two steels, the 100, 000-hour strengths derived
from the parameters were plotted against temperature (Figs. 26, 27, 28).
Because the data were so extensive, two graphs were drawn for each
parameter. Again as a matter of convenience and not as a significant
variable, they were split between tube and bar, and pipe. The graphs re-

vealed the following.

1. The range of strengths was far less when the Larson
Miller parameter with a forced-fit constant of 20, rather

than optimized constants, was used. (Figs. 26, 27).

2. The range for the strengths from the Larson-Miller and
Manson-Haferd parameters with optimized constants
(Figs. 27,28), while much larger, were very similar.

This is consistent with the good agreement of Figure 25E.

3. At a fixed temperature, the range in strengths obtained
using the Larson-Miller parameter with a constant C of 20
was about the same as the differences in strengths that
could occur between extrapolations with a constant of 20

and with an optimized constant. The differences between
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the strengths from the Larson-Miller and Manson

Haferd parameters with optimized constants was smaller
than the range in strengths at a given temperature ob-
tained from the Larson-Miller parameter with a constant
of 20. However, the range in strengths at a given tem-
perature from the two parameters with optimized con-
stants was much greater than it was for the Larson-Miller
parameter with a constant C of 20, Consequently, even
though the two parameters with optimized constants gave
very nearly the same strengths, they resulted in wide
ranges in strengths at a given temperature. This empha-
sizes the fact that the comparisons between strengths by
the different extrapolation methods is not indicative of
the ranges in strength to be expected at a given tempera-

ture.

The most striking feature of these curves is the marked
deviation from the minimum and average from log-stress
log-rupture time curves. The stress-rupture time curves
in all cases extrapolated to lower values than the para-
meters at 1000° and 1100°F. This reflects a possible
flattening out of stress-rupture time curves at long time
periods at these temperatures. The tendency for higher
strengths than the stress-rupture time curves at 900°F
suggest that a downward break may occur at longer time

pericds.

When the poorly adaptable data were eliminated, and "average' and

minimum curves of 100, 000-hour strengths were plotted as log-stress
versus temperature (Fig,29), the higher strengths at low temperatures and
lower strengths at high temperatures from extrapolation of log stress=log

rupture time curves were over-exaggerated. This occurred mainly
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because the strengths from parameters were very limited at 1000° to
L100°F, and those available were for relatively high-strength materials.
Even though this bias was introduced, the concave upward curves, at
least at 900° to 1000°F, are real. This type of curve was to be expected
due to the preponderance of data sets where the slopes of log stress

log rupture time curves tended to have lower gradients above and below

than at 1000°F,
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DISCUSSION

Extensive sets of stress-rupture data for three steels were sub-
jected to extrapolation to 100,000 hours by parameters. Where possible,
the strengths were compared with those obtained by extrapolation of
log stress-log rupture time curves. The strengths determined by the
different parameters were also compared. A rather qualitative evaluation
of the adaptability of each data set to the extrapolation methods based on
the type of results to be expected and on the mathematics of the methods
was carried out.

In general, the parameters gave extrapolated strengths for 100, 000
hours which were more reasonable than had been anticipated. Moreover,
experience with the adaptability rating indicated rather definitely that
proper selection of test data to meet the mathematical requirements of the
parameters would considerably improve the extrapolated strengths. This
may be the most important result and, consequently, analysis ought to be
conducted to determine if it 1s correct. Certainly the results indicated that
the optimization of constants for the parameters cannot be relied upon to
give reasonable extrapolations unless there are controls for using only data
which satisfy the mathematical requirements.

The prior presentations of the methods of data rating and compari-
sons of the 100, 000-hour strengths indicated a number of the problems and
possible solutions in using parameters to extrapolate rupture data to
100,000 hours. In view of the importance of the subject, these are brought

together briefly below.

l. The degree of the polynomial must be such that it can be used
to describe the rupture data in a realistic manner. Otherwise, the optimi-
zation process can lead to stress-parameter relationships that are not
characteristic of the materials. Some sources of inconsistency seem to be

as follows.
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a. Stress-rupture time relationships which were complex,
as may be reflected as changes in slope at a given temperature, or wide
differences in slope of log stress-log rupture time curves at different
temperatures.

b. Because the conditions described under (a) are more
likely to be present if the tests cover a wide range of temperatures and
times, the problem was often apparent in such cases. It was quite evident
that the results would be improved if data adaptable to parameter methods
and limited by consideration of the temperature at which the an extrapola-

tion was to be carried out.were used.

c. From the parametized data there was evidence that the
constants for a given set of data might vary with temperature and time of
testing. This could be expected from theoretical viewpoints. However,
the observed effects which may be attributable to variations in constant
values may also have resulted from the use of data which were not exactly
compatible with the mathematics of the parameters.

d. Data scatter often caused problems. In such cases, it was
generally evident that force-fitting of degree polynomial and constants could
improve the results.

e. Inaccurate results were suspected in some cases. Cer-
tainly the optimization process was very sensitive to typographical errors

in the data.

2. It would be very easy to conclude from the results of this inves-
gation that in a number of cases force-fitting constants in the parameter
equation would be a distinct improvement. This may not be true. However,
at this point, it is not known if this is a correct way to procede. Only when
data consistent with the mathematical requirements have been evaluated
sufficiently to eliminate the problems discussed under (1) will this be clari-
fied, Force-fitting constants tends to ensure that the data is parametized

in a reasonable manner and that strengths will be fairly close to the expected
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values. For this reason they seem to give better results in many cases
than optimized constants. Actually, problems of adaptability mask

whether or not constants are a function of chemical composition, heat treat-
ment, product form, etc. The selection of data for mathematical com-
patibility could go a long way towards evaluating these factors. It is even
possible that this procedure may lead to the establishment of standard
constants. It this were achieved, it would be possible to utilize iso-tem-

perature data for parameter extrapolation at lower temperatures.

3. There were a number of cases where short time, higher
temperature tests were run to obtain parameter-type data. It seems clear
from the results of this investigation that this may or may not give good
results. There is a definite need to know whether or not the data adapts
properly. At this point there is not sufficient background to judge whether
or not there are severe discontinuities or other problems with the log
stress-parameter curves developed in this manner., Certainly it could be
misleading to blindly use such data for optimizing constants, or, for that
matter, for forced-fit constants. As far as this investigation was con-
cerned, the parameter-type data sets had the additional handicap of not
providing values from extrapolation of stress-rupture time curves for com-

parative purposes.

4. The data available were gathered predominantly to enable the
plotting of stress-rupture time curves. Consequently, they were not ideal
for an evaluation by parametric extrapolation. At first this appeared to be
a distinct handicap. However it should be recognized that the difficulties
arising from this short-coming mayv have had the advantage of pointing to
the optimum way to develop data for use with parameters, whereas ideal

data could easily be misleading by not showing the potential problems.

5. There were several cases where the parametric data indicated
significantly different strengths from the log stress-log rupture time

curves., Perhaps it is even more important the the parameters indicated
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that changes in slope occur in rupture curves at times longer than the tests,
or even that rupture curves are curved instead of the straight lines usually
drawn. There is definite need for long time data which will enable the
determination of the correct type of extrapolation. It would also help to
indicate which parameters are applicable under particular conditions for
different materials. This assumes that there could well be better adapta-
bility to the data in one case for one parameter and in another case for
another parameter. There is a possibility that considerable progress could
be made towards clarifying the questions by using parameters (using short
time tests) to predict the results of actual longer time tests (>10, 000 hours)
in the data used for this investigation and, therefore, it is recommended

that this be done.

There were other aspects with regard to the use of parameters

which should be noted.

1. When the parameter constants change, the magnitude of the
parameters for rupture in 100, 000 hours at any given temperature change.
The rupture test data are, however, fixed, which restricts the range of
parameters. As a consequence of the mathematics, there can be differences
in the range of temperatures for which the test data encompass extrapola-
ted strengths of interest. This accounts for those cases where 100, 000
hour strengths were reported for a given temperature for the Larson-Miller
parameter with a constant C of 20, and not for optimized constants (or vice
versa). It also accounts for values being reported for the Larson-Miller

and not for the Manson-Haferd parameter, or vice versa.

2. It has been emphasized that parameter curves derived by the
optimization process cannot be extrapolated beyond the range of stresses
of the tests. This can only be done with any degree of confidence when the

constants and shapes of curves are known.

31



3. "Force-fitting" such as that discussed previously should be
carried out. Both of the computer programs in this investigation can be

used in this manner.

4. The widespread use of the Larson-Miller parameter has
provided enough experience to make it possible to judge when "optimized"
constants are reasonable., In the course of this investigation, information
was found which strongly indicated that a basis for judging "optimized"
constants for the Manson-Haferd parameter also exists. A little more

work would enable finalizing of this procedure.
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SUMMARY AND CONCLUSIONS

The Larson-Miller and Manson-Haferd parametric methods were
used to extrapolate rupture data for Type 304 (18Cr-8Ni) austenitic stainless
steel, Grade 22 (2-1/4Cr - 1Mo) steel, and Grade 11 (1-1/4Cr - 1/2Mo -
3/4Si) steel by optimization of the parameter constants using a computer
program. The parameter treatments were evaluated qualitatively and the
derived 100, 000-hour strengths were compared together with those
obtained by straight line extrapolation of log stress-log rupture time
curves and by the Larson-Miller parameter with a constant C of 20,

The results of the study emphasized the significance of the adapta-
bility of the test data to the mathematical requirements of the individual
methods used for extrapolation. It appeared that the 100, 000-hour rupture
strengths obtained by extrapolation with parameters when the data adapted
well were closer to expected values than had been anticipated when the in-
vestigation began. Little confidence could be placed in the parametric
extrapolation when the data did not adapt well. However, it was surprising
to note how many of these data sets gave strengths close to those expected.
Thus, the mathematics of the optimizing of constants in the Larson-

Miller and Manson-Haferd parameters may or may not result in an "aver-
aging' of constants and the log stress-parameter relationships. If this
occurs, the resulting strengths are often close to the expected values, even
if the adaptability of the data appears poor. The use of a fixed constant of
20 in the Larson-Miller parameter is a method of insuring an "averaging"
of the data, or of producing log stress-parameter relationships considered
characteristic of the material. Thus, it often gives what appear to be
nearly correct values for data which adapts poorly simply because it forces
the parametized data to behave in a reasonable manner.

The use of raw test data without regard to the adaptability to the
mathematics of the particular parameter method, as was done in this in-

vestigation, cannot be relied upon to properly extrapolate the rupture
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strengths to long time periods. Most important, there was a strong indi-
cation that proper selection of test data to meet the mathematical require-
ments of parameters could lead to reliable extrapolation. Certainly the
question of whether or not constants change with composition, heat treat-
ment, product form, etc., cannot be evaluated without restricting the data
used to that which meets these requirements. There may also be a need
to control the degree of the polynomial in the procedure for optimizing
constants to a greater extent than was done for this investigation.

In most cases, the range in extrapolated 100, 000-hour strengths
at a fixed temperature was much wider than the differences in strengths
between parameters. The Manson-Haferd parameter gave lower strengths
than the Larson-Miller parameter. The Larson-Miller parameter with a
fixed constant of 20, gave higher strengths than when the constant was
optimized, ‘except for Grade 11 (1-1/4Cr - 1/2Mo - 3/48Si) steel. In
general, the Larson-Miller parameter with optimized constants came

closest to the strengths from extrapolation of stress-rupture time curves.
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Table 2

Summary of the 100, 000-Hour Strength Levels for Wrought
2-1/4Cr - 1 Mo Steels (Grade 22) Established by
Straight-Line Extrapolation of Rupture Curves
and by Three Parameter Methods

Extrapolation L-L, = Straight-Line Extrapolation of Log Stress-Log
Methods ‘Rupture Time Curves .
LM-20 = Larson-Miller Parameter with C = 20,0
L-M = Larson-Miller Parameter with an Optimized
Constant
M-H = Manson-Haferd (Linear) Parameter with
Optimized Constants
Data Rating G = Good; F = Fair; P = Poor; O = Omit; * = Slopes of the

(see page7) stress-rupture curves show apparent inconsistencies.

STRESSES (1000 psi) FOR RUPTURE IN 100,000 HOURS

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200
TUBE - Annealed above or near top of critical temp‘erature range
1 L-L G : 11.0 8.0 6.1
LM-20 G 18.0 10.4 (8.0)
L-M G 17.3  13.5 10.4
M-H G 15.8 12.2 9.5
3 L-L G 12.8 8.2
LM-20 F 19.7 (12.6)
L-M F 19.6 15,8
M-H F 18.6 15.5
5 L-L G 11.3 8.0
LM-20 F 19.6 (12.5)
L-M F 18.1 14.6
M-H F 17.3  14.0
6 L-L G 12.5 8.4
LM-20 G 20.1 13,0 (10.4)
L-M G 19.2 . 12,7
M-H G 17.5 14.5 12,0
7 L-1, Parameter Data
LM-20 P 18.0 (10.3)
L-M P 18.2 13,8
M-H Limited Data
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Table 2, continued

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200

8 L-1L Parameter Data
LM-20 P 18.0 (9.7)
L-M b 16.7 12.4
M-H Limited Data
9 L-L Parameter Data
LM-20 P 19.4 12.5
L-M P 18.4 14,8
M-H Limited Data
18 L-L G 10.0 6.7 2.5
LM-20 G 18.0 11.1 8.3 5.9
L-M G 17.0 13.7 10.7 8.1 5.8
M-H G 16.0 13.1 10.7 8.5 6,0
20 L-L I 10.1
LM-20 P 19.6 12.0
L-M P 20,2 15.1 12.2
M-H P 18.5 13.3
TUBE - Annealed below or near bottom of critical temperature range
25 L-L G 11.8 8.7 4,8
LM-20 G 20,7 11.2
L-M G 19.5 14,4 11.4
M-H G 18.9 15.1 11.3
26 L-L G 9.3 7.2
LM-20 G 21.5 (12.7)
L-M G 19.6 16,1
M-H G 15.6
27 L-L F 8.5
LM-20 F 18.1 (10.3) (7.7) (5.3)
L-M F 16.8
M-H G 16.7
28 L-L G 10,1 5.7 1.9
LM-20 G 19.3 11.0
L"‘M G 1704 1208 909 704-' 4:.9
M-H G 17.4 12.8 9.1 6,0 3.8
PIPE - Annealed above or near top of critical temperature range
29 L-L P 12.0 2.6
LM-20 P 18.7 11.2 8.3 5.9
L-M P 17.9 14.2 10,8 7.9 5.6
M-H P 16.2 13,8 11.4 9.1 6.9
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Table 2, continued

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200

30 L-L F 11.0 2.5
LM-20 F 19.0 12.2 9.3 (6.4)
L-M F 18.8 14.7 12.2 9.5
M-H F 17.8 14,2 11.4 8.4
31 L-L F 13.4 2.1
LM-20 P 23.1 13.3 9. 6.1
L-M P 19.2 14.1 11.3 8.1
M-H P 24.8 18.2 14,3 10.8 7.3
32 L-L F 13.1 6.5 2.0
LM-20 P 21.5 14.0 10.5 7.1
L-M P 23.5 17.3 13.9 11.9 8.4
M-H P 17.3 14.3 10.5 6.5
33 L-L Parameter Data
LM-20 F (23.0) 14. 4 10.8 7.4
L-M F 19.6 14.3 11.1 7.6
M-H F 17.4 14.1 10.7 6.6
34 L-L Parameter Data
LM-20 F 17.0 10.8 8.6 (6.9)
L-M F 18.0 14.2 11.7 9.5 7.1
M-H P 14.2 11.3 8.4
35A L-L Parameter Data
LM-20 F (22.0) 14.0 10.5 7.1
L-M F 20.6 16.2 13.3 9.5
M-H F 19.9 16. 2 12.4 9.0
35B L-L Parameter Data
LM-20 F 18.0 11.6 9.0 6.7
L-M F 14.9 12.1 9.7 7.2
M-H F 14.3 11.1 8.0
36A L-L Parameter Data
LM-20 F 17.8 14.4 12.5 10.2
L-M O
M-H O
36B L-L Parameter Data
LM-20 F 14,7 11.9 9.4
L-M P 16.1 13.1 10.7 8.1
M-H P 15.9 12.9 9.9
37A L-1L Parameter Data
LM-20 P 15.6 12.0 8.9 6.0
L-M P 17.5 13.9 11.0 8.4
M-H P 16.0 12.3 8.5 5.0
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Table 2, continued

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200
37B L-L Parameter Data
LM-20 P 19.3 15.8 12.7 9.9 7.5
L-M P 18.8 15.2 12.5 9.8 6.5
M-H P 17.4 14.6 11.3 7.6
38A L-L Parameter Data :
LM-20 P 14.8 12.2 9.3
L-M O
M-H P 15.6 12.0 8.1
38B L-L Parameter Data
LM-20 P 14.8 11.6 9.0
L-M P 16.3 12.2 9.1
M-H P 14.5 11.0 8.4
39 L-L Parameter Data
LM-20 P (18.6) 12.0 9.2 (6.7
L-M P 16.1 13.4 11.2 8.6
M-H P 16.9 14.1 12.1 10.2 8.1
A L-L F : 12.0 7.0
LM-20 P 30.8 14.0  (9.5)
L-M P 29.3 19.2 14.0
M-H F 23.3 14.5
B L-L Parameter Data
LM-20 P 26.1 16,0 11.5
L-M P 26,6 21,9 17.4 13.3
M-H P 29.4 25.3 21.4 17.9 14.6 11.7
STP-5 L-L F . 12.6
LM-20 P 21.2 (12.6
L-M P 16.7
M-H P 17.1
BAR - Annealed above or near top of critical temperature range
42 L-L G 13. 4 6.9 2.8
LM-20 F 20.9 12.0 8.8 6.1
L-M F 19.9 15.8 11.6 8.3 5.8
M-H ¥ 17.2 13.5 11.8 9.1 6.6 4.4
BAR - Normalized and tempered
48 L-L G 30.0 13.2 2.1
LM-20 P 29.5 14.6 9.1 5.3 1.6
L-M P 32.8 25.9 18.1 11.3 6.9 4.4 2.7
M-H P 29.0 21.1 14.3 8.9 5.2 2.7 1.4
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Table 2, continued

Data Extrapola- Data Temperature, °F

Sheet tion Method Rating 900 950 1000 1050 1100 1150

1200

BAR - Annealed below or near bottom of critical temperature range
49 L-L G 5.3
LM-20 F 11.8 8.2
L-M F 10.7 7.6
M-H F 13.0 9.9 7.3

( ) indicates outside of actual test stresses

44



Table 3

Summary of the 100, 000-Hour Strength Levels for Wrought
1-1/4Cr - 1/2Mo - 3/4Si Steels (Grade 11) Established by
Straight-Line Extrapolation of Rupture Curves
and by Three Parameter Methods

Extrapolation L-L = Straight-Line Extrapolation of Log Stress-Log
Methods Rupture Time Curves
LM-20 = Larson-Miller Parameter with C = 20.0

L.-M = Larson-Miller Parameter with an Optimized
Constant
M-H = Manson-Haferd (Linear) Parameter with
Optimized Constants
Data Rating G = Good; F = Fair; P = Paoor; O = Omit; * = Slopes of the
(see page 7) stress-rupture curves show apparent inconsistencies.

STRESSES (1000 psi}) FOR RUPTURE IN 100,000 HOURS

Data Extrapola- Data Temperature, °F

Sheet tion Method Rating 900 950 1000 1050 1100 1150

1200

TUBE - Annealed above or near top of critical temperature range
4 L-L G 11.0 7.0
LM-20 F 21.0 15.0 10.5
L-M G 26.8 17.0 10.7
M-H G 25.0 17.0 1l1.2
10 L-L G* 8.8 4.3
LM-20 F 22.5 14.3 9.1
L-M G 27.4 15.9 10.6
M-H G 22.2 15.3 10.8
12 L-L F 9.7 4.3
LM-20 F 25.0 16,0 10.0 (6.4)
L-M F 27.1 15.4 10.4
M-H F 22.6 15.7 10.7 7.3
13 L-L P 10.0
LM-20 P 29.0 18.5 (11.8)
L-M O 16.9 12.4
M-H P 28.6 16.1
24 L-L G 9.0 5.5 3.1
LM-20 G 27,0 15.0 (8.5)
L-M G 29.5 16.0
M-H G 28.4 13.7
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Table 3, continued

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200
34 L-L Parameter Data
LM-20 P 27.0 16.5
L-M P 23.8 13.4
M-H Limited Data
36 L-L P 10.5
LM-20 G 30.5 18.0 10.5
L-M G 26.3 13.9
M-H G 21.7 14,2 10.3
TUBE - Annealed within but near the lower critical temperature
52 L-L P 14.5 4.8
LM-20 P 27.0 16.0
L-M P 35. 7 25.0
M-H P 34,8 22.6
TUBE - Annealed below the critical temperature range
54 L-L G 10.4 5.8
LM-20 G 21.0 15.0 10.8
L-M G 22.9 15.7 11,7
M-H G 22.6 14,8 10.3
55 L-L P 10.4 6.4
LM-20 P 21,0 15.5 (11.3)
L-M P 23.9 17.5
M-H Limited Data
56 L-L P 10.4 5.8
LM-20 P 20.8 14.8 10.8
L-M P 25. 17 18.4 12.9
M-H Limited Data
59 L-L G* 10.8
LM-20 P 20.4 13.0
L-M P 31.3 18.3 11,1
M-H P 31.6 16.6
60 L-L G 9.2 5.2
LM-20 P 21,0 13.8 10.0 7.2
L-M P 22.9 14,6 . 2 7.7
M-H P 21.6 12.6 9.0
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Table 3, continued

Data Extrapola- Data Temperature, °F

Sheet tion Method Rating 900 950 1000 1050 1100 1150

1200

PIPE - Annealed above or near top of critical temperature range
68 L-L P 7.7 3.1
LM-20 P 26.0 16.5 10.5 (6.6)
L-M P 28.9 15.3 10.4
M-H P 30.0 15.5 9.1
69 L-L Parameter Data
LM-20 P 20.6 15.2 11.2 7.8 (5.3)
L-M P 24.2 17.0 12.0 . b 6,2
M-H ? 22.7 16.2 11.6 8.4 6.1
70 L-L Parameter Data
LM-20 F 23.5 14.8 10.5 7.3 (5.2)
L-M F 20.3 13.4 9.3 6.8
M-H F 24.7 14,5 12.0 9.2 7.3
71 L-L Parameter Data
LM-20 P 20.0 14.4 10.3 7.5 (5.3)
L-M O
M-H P 14,2 11.7 9.9 8.3 6.8
72 L-L Parameter Data
LM-20 F 20.0 15.4 11.7 7.7 (5.0)
L-M P 28.7 21.6 15.9 11.4 7.9
M-H P 28.0 19.0 13.5 .2 5.6
73 L-L Parameter Data
LM-20 P 23.6 14.8 11.3 8.1 (5.5
L-M O
M-H O
74 L-L G 33.0 8.3 4,3
LM-20 P 22.5 14,8 10,2
L-M P 18.4 11.8
M-H P 17.0 12.0 9.1
75 L-L P 40,0 11.0 4.3
LM-20 P 28.6 17.5 10.7
L-M P 29.8 17.3 10.5
M-H P 28.9 16,1
76 L-L G 40.0 8.4 3.8
LM-20 F 28.8 16.5 9.5
L-M P 38.4 25.7 15.5 8.4
M-H P 38.4 27.0 17.3 9.9
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Table 3, continued

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200
PIPE Normalized and tempered
78 L-L Parameter Data
LM-20 F 23.5 16.0 11.3 7.7 (5.4)
L-M F 23.3 15.9 11.1 7.9
M-H P 21.7 15.2 0 7.6
79 L-L G 24.0 9.6 4,7
LM-20 G 19.5 13.5 9.3 (6.4)
L-M G 20,5 14.1 9.6
M-H G 19.1 12.0 8.2
80 L-L G 33.0 7.1 4.7
LM-20 G 25.6 13,5 9.3 (6.4)
L-M G 28.5 15,3 10.1 7.2
M-H G 25.0 15.2 9.9 7.3
81 L-L G 37.0 7.1 4,0
ILM-20 G 21.3 12.8 8.7 (6.0)
L-M G 28.3 16.7 10.8
M-H G 28.3 15.4 9.2
82 L-1, F 22.0 7.4
LM-20 F 18.0
L-M P 28.5 19.5
M-H F 26. 2 18.9
BAR - Annealed above or near top of critical temperature range
83 L-L P 25.0
LM-20 O
L-M O
M-H O
84 L-L G 11.4 5.4
LM-20 P 26.5 17.2 11,0 (7.0)
L-M P 21.3 15.3 9.5
M-H P 20.9 14.8
88 L-L G* 7.8 5.5
LM-20 G 22.2 14.3 10.3 (7.5)
L-M G 21,1 12.5 9.5 8.0
M-H G 18.5 13.7 10.5 8.0
89 L-L I 8.7 5.5
LM-20 F 22.0 14.4 10,5
L-M G 20,1 13,7 10,4
M-H G 17.8 13.3 10.3
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Table 3, continued

Data Extrapola- Data Temperature, °F
Sheet tion Method Rating 900 950 1000 1050 1100 1150 1200
BAR & PLATE - Normalized and tempered
91 L-L Fx 6.5 3.4
LM-20 G 22.5 15,3 10,3
L-M G 23.1 15,2 11.0
M-H G 21,0 13.4 .9
93 L-L
LM-20 P 25.5 16,5 10.7 7.0 4.5
L-M P 32.5 22,7 15.4 10, 6.9 4.6 2.
M-H P 35,7 24.4 15.3 9.1 5.2 2.9 1.

() indicates outside of actual test stresses

1250°F - 1.6
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Table 7

Larson-Miller Optimized Constants and the Corresponding
Standard Deviations for Various Degree Polynomials
for Grade 11 (1-1/4Cr - 1/2Mo - 3/4Si) Steel

The two cases should be contrasted in that for Data Sheet 68, the
standard deviation is high until the polynomial degree is increased
to 7, whereas for Data Sheet 12, the standard deviation is low and
has similar values for polynomial degrees of 4 to 7.

LARSON-MILLER PARAMETER

Data Sheet 68 Data Sheet 12
Data Rating: Poor Data Rating: Fair
Degree of Log-Time Standard Log-Time Standard
Polynomial Intercept Deviation Intercept Deviation
(m) (Ya) (D) (Ya) (D)
2 -16,67 0,161 -20, 28 0,079
3 -14.99 0.150 -19,33 0,079
4 -17.79 0.133 -20.56 0,048
5 -17.59 0,139 -19.88 0, 048
6 -19, 07 0.138 -20.21 0. 046
7 -20.60 0,032 -20,78 0. 045
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