AN EVALUATION OF CHARPY ENERGY VS TEMPERATURE
CURVE - FITTING TECHNIQUES

W. H. Cullen, Jr., J. R, Hawthorne, and L. F. Garroway

ABSTRACT

Several sets of Charpy energy vs temperature data, spanning a range of
typical characteristics, have been analyzed using different curve fitting tech-
niques, and the results compared with the authors' estimates of certain critical
parameters. The curve fitting functions, the hyperbolic tangent, a polynomial
and a piecewise curvilinear form, vielded, for the most part, reasonably
eqt.valent results. The authors' estimates were, in each case, more conserva-
tive, but not significantly different from the computer-generated results. Some
of the potential hazards of computer-generated curve-fitting analyses are
indicated, including a problem in which some computer algorithms may con-
verge on a non-optimum set of coeflicients.
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AN EVALUATION OF CHARPY ENERGY VS TEMPERATURE
CURVE - FITTING TECHNIQUES

INTRODUCTION

There have been several attempts to determine, through curve-fitting pro-
cedures, an analytical expression for the basieally sigmoidil shape of Charpy
energy vs temperature trend for ferritic steels. Total and piece wise polynomial
funetions, expressions based in probability theory, expressions derived from nu-
cleation and growth theory, and transcendental funections, such as hyperbolic
tangents and various exponential-based functions, have all been tested with
varying degrees of success. An adequate, curve-fitted expression, if one can be
found, would be significant since, through its parameters, or coefficients, it
would provide a standardized basis for material-to-material comparison, and
would uniquely define the 4l and 68 joule level temperatures, upper and lower
shelf energy values, and other parameters of interest to engineers who use this
type of notch duectility data. Underlying all of the mathematical contortions is
the basic question as to whether nature has endowed Charpy test results with any
inherently sensible analytical form, or whether scientists must derive, rot from
first principles, but from imaginative creativity, a satisfactory function.

EXPERIMENTAL METHODS

A. Data Collection and Organization: Thirty-eight data sets were selected
from the NRL archives and subjected to an evaluation using the various fitting
procedures described later. These particular data sets were selected because
they spanned a wide variety of materials, material conditions and data trend
characteristics. Of these 38 sets, only the most significant sets of results (a
total of eleven) are presented here. These selected examples represent curve-
fits with varying degrees of success, from very good to meaningless, which
demonstrate the effects of both poorly-and well-conditioned data, and the
implications that poor data conditioning may have on the final results,

All of the Charpy data have been published earlier in the context of the
response »f these materials to irradiation. References !-4 contain the basic
data, the hand-u. *wn curves, and tabulations of the graphically interpolated
results. In addition to .“is manual evaluation of the data, three different curve-
fitting methods have bee: applied to some or all of the 38 data sets. All 38 sets
were fitted with the hyperb lic tangent function (5,6) both with, and without an
additional "fictitious" data po.at which served to help define a lower shelf energy
level in those cases for which he data by itself did not acequately define this
level. Twenty of the data scts (AEC-CE-NRL Cooperative Program results,
Ref.(l) were also distributed to C. G. Interrante, of the National Bureau of Standards,
who applied a polynomial [it to the data, and to Hofer and colleagues at Krafftwerk



Union, Erlangen, Germany, who applied the piecewise curvilinear fit deseribed in
Ref 7 and 8. Four sets of these twenty are included in the eleven sets presented
in this report. The remaining eighteen data sets are found in Refs 2-4; seven of
these are presented here as examples of curve-fitting results.

The data sets were evaluated by the cooperating scientists during the
period 1978-early 1979. In the ensuing time interval, as may be expected in a
rapidly developing technology, a number of changes have been suggested.
Oldfield has offered a generalization of the hyperbolic tangent model which fits
the rising lower and rising or falling upper shelf situations, at the expense of
additional fitting parameters and the loss of physical identity of two of the four
previously defined coefficients. Interrante has combined exponential and poly-
nomial functions to form a piecewise curvilinear fit, mueh like the German
method in its capability. All three methods are reasonably well-documented in a
draft of a proposed method of test currently being circulated in ASTM
Committee E-10.02.

B. Computational Methods: Conceptually, the hyperbolic tangent fitting
procedure has been advanced by Oldfield (5,6). Oldfield has suggested a method
of determining coefficients using a least differences technique, but in principle,
least squares minimization techniques produce the same results. A program was
written to determine the coefficients A, B, T0 and C in the formula

) T-T
CV-A+B 'I‘anh(——-—atC )

in which Cv is the Charpy energy measured at temperature T. The term T
locates the point of inflection of the transition region while C is proportional t3
the "spread” of the transition. A + B and A-B represent the asymptotic values of
the upper and lower shelf !evels.

The computation of the coefficients was carried out on a large mainframe
computer* using a standard least squares minimization routine, versions of whieh
are readily available on most scientific subroutine packages. The computation of
the initial guesses for each coefficient, the evaluation of the chosen function,
and its derivatives with respect to its coefficients are performed by a user-
written subprogram.

In this particular task, the computed results were stored on permanent disk
files, and later passed to a small desktop computer system for plotting.** This
technique saves the expense of computer-center-plotting, takes advantage of the
high-resolution of modern desk-top plotters, and allows user-control of the
plotting process.

* Texas Instruments Advanced Scientific Computer 2 T,
**Hewlett-Packard System 98435A
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PRESENTATION OF RESULTS:

The graphical results of the hyperbolie tangent fitting procedure are shown
in Figs 1 to 1l. The computed numerical values for upper and lower sheif
energies, T , the temperature at the midpoint of the transition region, and the
temperatur?.s of the 41 and 68 J (30 and 50 ft-lb) levels are shown in Table la (SI
units) and 1b (English units). Also shown in the tables are the graphically
interpolated values of upper shelf energy and 41 and 68 J levels. For the four
cases shown (Figs 1,3,6 and 8) for which the polynomial fit und the piecewise
curvilinear results were available, the three temperature levels (To, 4]l and 68 J
temperatures) are also shown.

For each data set, the hyperbolic tangent curve was fitted under three
conditions: (a) using just the experimental data, with each point weighted
equally, and (b) and (c) adding a "fictitious" data point at -232 C, 7 J (<450 F, §
ft-1b) with weights, relative to the experimental data, of 0.1 and 1.0. The purpose
of this extra point is more for practical convenience than theoretical soundness.
Without this extra point, or other such constraint, the resultant "best" fit of the
hyperbolic tangent would generate, for some data sets, negative values of energy
for the lower shelf level. In addition to being physically impossible, this is
somewhat unpalatable to ‘hose examining these results who may not be {amiliar
with this pitfall. Thus a significant effort has been made here to examine the
effect and the necessity of adding this extra point.

Each figure also shows the coefficients A, B, T_ and C (in English units)
determined for the best-fit conditions and the confidence limits (2 ¢ and
£3 0, 0 = standard deviation) for the data in the transition region. This
standard deviation was computed using only the data points in the transition
region defined as 'I‘o -CSTS To + C using the T_ and C values of the resuitant
best fit. There are four degrees of freedom for this method, corresponding to
the choice of the four coefficients, and so, for those data sets containing four, or
fewer, data points in this transition region, no standard deviation could be
computed.

While the figures themselves and Tables la and b speak rather completely
of the conclusions of this study, the salient features of each figure are given
below. The critical items to examine are: (a) the overall guality of the
hyperbolie tangent fit, both with and without the extra point. (b) the effect of
adding the extra point on the values of the important parameters. (¢) the
comparison of the results between the three computational methods, where
available and (d) the comparison between the authors' estimates for the 4l and 63
J temperature levels, and the upper shelf energy level.

Fig. 1. This is a basically complete data set, spanning a temperature range
complete enough to produce an easily distinguishable sigmoidal shape. There are
only three data points in the transition region, so a standard deviation value
could not be computed. Adding an extra data point results in little change of the
significant parameters, the lower shelf value being the most affected. There is
good agreement between the authors' estimates "based on hand-drawn curves"
the polynomial fit and the hyperbolic tangent fits for the upper shelf and 68 J
temperature value, with the piecewise curvilinear model giving values of about
twenty centigrade degrees lower. There is somewhat less coordination among
these values for the 41 J temperature level.




Table la - Results of Hyperbolie Tangent
Curve Fitling Techniques - Critical Values

(Metrie Units)

Fig. 1 - Irradiated A5338

(Joule)
Upper Lower
a) 127 35
b) 127 35
e) 130 21
Interrante — 2 —
Hofer, et al. _ _
Ref. | 126 e

Fig. 2 - Irradiated A533B

Upper Lower
a) 133 19
b) 134 18
e) 135 12
Ref. 2 133 -_—

Fig. 3 - Irradiated Weld Metal - A533B Parent Plate

Upper Lower
a) 213 1
b) 213 4
e) 213 6
Interrante — Rt
Hofer, et al, _— _
Ref, | 210 —_

Fig. 4 - Irradiated A533B

Upper Lower
a) 280 -123
b) 245 -6
e) 244 4
Ref. 3 217 ——

104
104
99
82
81

To

10
10
it
-2

3

}
-
o

| © e

(Degrees Centigrade)

4l
74
74
7l
84
57
60

83
63
62
63

-20*

e

-0
-68

-72
i

-32
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Tabie la - Continued

Fig. 5 - Unirradiated A533B

(Jouie)
Upper Lower
a) 147 -2
b) 146 2
e) 145 6
Ref. 3 137 —

33
35
36

Fig. 6 - Irradiated Weld Metal - A533B Parent Plate

Upper Lower
a) 154 =26
b) 151 0
e) 150 6
Interrante — -—
Hofer, et al. -_ —
Ref. 1 133 —

Fig. 7 - Irradiated A533B

Upper Lower
a) 243 =56
b) 241 -23
e) 240 -2
Ref. 3 228 s

To

55
15
74
58
56

| o |3

(Degrees Centigrade)

26
26
25
27
26
32

-26
-26
-27
-23

Fig. 8 - Irradiated Heat Affected Zone - A333B Parent Plate

Upper Lower
a) 6386 -1088
b) 214 -1l
c) 209 3
Interrante — —-
Hofer, et al. _ -—
Ref, 1 165 —

To

-14
=il
-14

- 6!
24



Table la - Continued

Fig. 9 - Irradiated A533B

(Joule)
Upper Lower
a) 165 1
b) 163 5
e) 163 5
Ref. 1 160 —_—

Fig. 10 - Irradiated Weld Metal -~ A508 Parent Plate

Upper Lower
a) 106 20
b) 106 19
e) 107 10
Ref. 2 111 -

Fig. 11 - Irradiated A302B

Upper Lower
a) 390 -2
b) 331 0
e) 257 3
Ref. 4 118 -—_

*Graphically extrapolated value

-

To

23
22
18

(Degrees Centigrade)

-14
-13
-14
-12



Table 1b - Results of Hyperbolic Tangent
Curve Fitting Techniques - Critical Values

Fig. 1 - Irradiated A533B

(ft - 1b)
Upper
a) 94
b) 94
e) 96
Interrante -_—
Hofer, et al. —
Ref. 1 93

Fig. 2 - Irradiated A533B

Upper
a) 98
b) 99
e) 100
Ref, 2 98

(English Units)

Lower

26
25
16

Lower

14
13

To

219
219
211
179
178

To
203

202

197

Fig. 3 - Irradiated Weld Metal - A533B Parent Plate

Upper
a) 157
b) 157
e) 157
Interrante —
Hofer, et al. —
Ref. | 155

Fig. 4 - Irradiated A533B

Ugger
a) 192
b) 181
c) 130
Ref. 3 160

Lower

1
3
5

Lower

-91

3

To

50
51
32
28
37

(Degrees Fahrenheit)
30

165
166
160
183
135
140

146
146
144
145

208
207
201
202
173
210

191
191
189
195

18*




Table Ib - Continued

Fig. 5 - Unirradiated A53338
(ft -1b)

Upper
a) 109
b) 103
c) 107
Ref. 3 101

Lower

|
l-&hNN

91
95
97

Fig. 6 - Irradiated Weld Metal - A533B Parent Plate

Upper
a) 14
b) 111
e) 111
Interrante —_
Hofer, et al. ——
Ref. 1 98

Fig. 7 - Irradiated A533B

Upper
a) 179
b) 178
c) 177
Ref, 3 168

Lower

To

131

59
165
137
151

To

22
33
41

(Degrees Fahrenheit)
30

30
31
32
30

Fig. 8 - Irradiated Heat Affected Zone - A533B Parent Plate

Upper
a) 469
b) 158
e) 155
Interrante
Hofer, ot al. _—
Ref. 1 122

Lower

To

-496
138
145
132

o d
'

50

83
83
84
84

139
143
144
132
136
160

18

Naamw

61

”

73

”
‘

73

140



Table 1b - Continued
Fig. 9 - Irradiated A533B

(ft - 1b)
Upper Lower
a) 122 0.8
b) 120 4
e) 120 5
Ref. 1 118 —

To
u7
19
120

Fig. 10 - Irradiated Weld Metal - A508 Parent Plate

Upper Lower
a) 78 15
b) 78 14
e) 79 8
Ref. 2 82 e

Fig. 11 - Irradiated A302B

Upper Lower
a) 288 -2
b) 244 -0
e) 189 ;-
Ref. 4 87

*Graphically extrapolated value

To

73
71
60

148
131
107

(Degrees Fahrenheit)

30
42
42
40
65



Fig. 1. Absorbed Charpy impact energy vs temperature for irradiated A533B
steel, with hyperbolic tangent fits for three initial conditions: (a) no added low
temperature point, (b) and (¢) added point at -232 C, 7 J (-450 F, 5 ft-lb) with
numerical weights of 0.1 and 1.0 respectively. For this wide spanned data set,
there is little significant influence of the added data point. The lower shelf is
the most affected of the significant values.

10
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Fig. 2. As in Fig. 1, this is a well-spanned data set, addition of the extra point
has little effect and the agreement among the computed model (tanh only) and
the authors' estimates is excellent.

Fig. 3. Even though the lower shelf is not at all defined by the data, the upper
shelf is, and the hyperbolic tangent fit succeeds in furnishing a positive value of
the lower shelf energy even without the addition of the low temperature point.
The agreement among the three computed models, and the authors' estimates is
quite good.

Fig. 4. This is a very sparse data set and the lower shelf is quite undefined. It
is, in faect, uncertain as to whether the upper shelf value is established, or
whether the data continue to increase with temperature. With only five data
points in the transition region, the standard deviation is quite large. Fitting the
hyperbolic tangent without a fully weighted low temperature vaiue results in
negative values of the lower shelf energy. In spite of this, the computations of
41 and 68 joule temperatures is very consistent, but these valuss, and the upper
shelf caleulation all vary significantly from the author's estimates which were
also based on a priori knowledge of the unirradiated condition da'a trend for the
particular plate and the irradiation respcnse of A533B.

Fig. 5. This is a reasonably well-distributed data set for which the hyperbolic
tangent fit just barely fails to produce a positive lower shelf energv level in the
abseice of the extra point. Agreement between the computed resuits and the
authors' estimates is excellent. (HSST PLATE 03)

Fig. 6. This data set is somewhat similar to that of Fig. 5, but wvith somewhat
higher scatter and a larger violation of the positive lower shelf energy criteria.
The agreement among the three computed models is very good, however the
authors' estimates, again based in part, on a priori knowledge of the unirradiated
condition properties of this material, are somewhat more conservatively figured.

Fig. 7. In this case, the hyperbolic tangent fit fails to produce a positive lower
shelf value for the conditions tested here, although it is obvious that a slightly
heavier weighting of the added point would have raised the lower shelf to a
positive value. In spite of this minor shortcoming, the agreement between the
computed results and the authors' estimate is excellent.

Fig. 8. This data set for weld heat affected zone (HAZ) material produced the
most unrealistic values of any of the thirty-eight sets considered in this work. It
is included among the final eleven not only because of this, rather academie,
fact but also because all three of the com~uted models produced roughly the
same results, which are significantly different from the authors' quite conserva-
tive, i.e. upper bound, estimates typically used for HAZ data. The authors'

estimates were based, in part, oii knowledge of the irradiation response of parent
base plate material.

Fig. 9. This data set is included because it is an example of a "double shelf"
material. It is not expected that the hyperbolic tangent model, with only four
degrees of freedom, should accurately describe this behavice, and the final
results represent an averaging phenomenon. Note, however, that the agreement
in upper shelf values between authors and computer, is excellent, and that the 41
and 68 J levels differ by about ten Centigrade degrees, with the authors' values
being the more conservative.

12
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- Fig. 2. Absorbed Charpy impact energy vs temperature tor irradiated A533B

steel, with hyperbolic tangent fits for three initial conditions: (a) no added low
temperature point, (b) and (¢) added point at -232 C, 7 J (-450 F, 5 ft-1b) with
numerical weights of 0.1 and 1.0 respectively. As in Fig. 1, the incorpcration of
an additional "fictitious" data point results in little significant adjustment of
the important parameters of the fitting function.
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Fig. 3. Absorbed Charpy impaet energy vs temperature for irradiated weld
metal (A533B parent plate), with hyperbolic tangent fits for three initial
conditions: (a) no added low temperature point, (b) and (¢) added point at -232
C, 7 J (-450 F, 5 ft-1b) with numerical weights of 0.l and L0 respectively. This
data set is fit with just marginal success without the use of extra point.
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Fig. 4. Absorbed Charpy impact erergy vs temperature for irradiated A533B
steel with hyperbolie tangent fits for three initial conditions: (a) no added low
temperature point, (b) and (¢) added point at -232 C, 7J(-450 F, 5 ft-15) with
numerieal weights of 0.1 and 1.0 respectively. This is a very sparse data set (7

points). Positive values of lower shelf energy are obtained only for the fully
weighted "fictitious" data point. It is important to note that for all three fits,
the 4] and 68 J (30 and 50 ft-1b) test values vary by only § Centigrade degrees
(10 Fahrenheit degrees).
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Fig. 5. Absorbed Charpy impact energy vs temperature for unirradiated A533B
steel with hyperbolic tangent fits for three initial conditions: (a) no added low
temperature point, (b) and (c) added point at -232 C, 7 J (-450 F, 5ft-1b) with
numerical weights of 0.1 and 1.0 respectively. These data points are distributed
through the transition and onto the upper shelf, but a lower shelf is not defined.
In (a) the fit fa.ls according to the positive lower shelf eriterion, but (see Table
1b) all other criteria seem satisfied and do not vary significantly upon use or
incorporation of the additional "fictitious" data point.
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Fig. 6. Absorbed Charpy impact energy vs temperature for irradiated weld
metal (A533B parent plate) with hyperbolic tangent fits for three initial
conditions: (a) no added low temperature point, (b) and (¢) added point at -232
C, 7 J (-450 F, 5 ft- Ib) with numerical weights of 0.1 and 1.0 respectively. As
in Fig. 5, this data set does not extend so as to clearly define a lower shelf.
The fit without a "fictitious” data point fails, but incorporation of this
additional point results in successful fits with little alteration of key values
(See Table 1b).
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Fig. 7. Absorbed Charpy impact energy vs temperature for irradiatec A533B
steel with hyperbolic tangent fits for three initial condtions: (a) no acded low
temperature point, (b) and (¢) added point at -232 C, 7 J (-450 F, 5 fi-1b) with
numerical weights of 0.1 and 1.0 respectively. This data set contsins a ver
clearly defined transition region and upper shelf, but no discernible ower shelf.
All three fits failed, although the trend toward positive values of the lower
shell energy is clear (See Table 1b). Although the transition temperature, as
computed by the three fits, shifted by 10 Centigrade degrees (20 Fahrenheit
degrees, see Table b) the 41 and 68 J (30 and 50 ft-lb) temperatures show an
insignificant shift.
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Fig. 8. Absorbed Charpy impact energy vs temperature for heat-affected zone
of irradiated A533B steel parent plate with hyperbolic tangents fits for three
initial conditions: (a) no added low temperature point, (b) and (¢) added point a
-232 C, 7 J (-450 F, 5 ft-1b) with numerical weights of 0.1 and 1.0 respectively.
This data set exhibits large scatter, no discernible lower or upper shelf, and fits
without an added point are not valid. Adding the "fictitious” point creates
upper and lower shelf values (Table 1) which cannot be substantiated on the
basis of this data set.
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Fig. 9. Absorbed Charpy impact energy vs temperature for irradiated A333B
steel, with hyperbolie tangent fits for three initial conditions: (a) no added low
temperature point, (b) and (¢) added point at -232 C, 7 J (-450 F, 5 ft-1b) with
numerical weights of 0.1 and 1.0 respectively. This data set, which might be
better described with a two-stage, or "double hump" ecurve, cannot be so
described by the hyperbolic tangent in its present form.
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Fig. 10. The upper shelf continues to rise somewhat in this very well-defined
data set. The agreement bet'veen the computed and estimated values is
excellent, however.

Fig. 1. This data set (ASTM A302-B Reference Plate) is included as an example
of what happens when the upper shelf is not well defined, i.e. tests do not extend
beyond first indication of 100% shear fracture temperature. The illustration
shows that the computed value of the upper shelfl could be very misleading.
Note, however, the agreement between the 4l and 63 J values as computed and
estimated by the authors.

+he panel shown in Fig. 12 represents the computational results for a data
set which have been singled out for special discussion. In all curve fitting
procedures, involving data with a significant amount of scatter, the user is often
uncertain as to whether the algorithm has successfully converged to the one set
of coefficients producing a true minimization of the residuals, or whether the
computations have converged on a set of values which represent a local
minimization. Whether or not the true minima is attained is most often
dependent on the choice of initial guesses made by the user. An example of this
difficulty is illustrated by Fig. 12. This shows hyperbolic tangent curves using
two sets of guessed coefficients, and the curves using the final coefficients
computer—determined for each set. It is unfortunate that the "best” fit, is the
one which does not produce a 41 joule temperature value. There is no "sure-fire"
way to avoid this sort of dilemma. It is & mathematical and coinmon-sense fact
that the more data points and the lower the standard deviation, the more likely
is the convergence to a single minima.

CONCLUSIONS

The consideration of these results leads to the following conelusions:

(a) For the most part, the computed models produce results which agree
well with one another.

(b) When the data sets are complete, that is, they exhibit an essentially
sigmoidal shape, the agreement between the computed results and authors'
estimates is quite good.

(e) As a refinement of (a) and (b) above the transition region parameters,
that is, the 41 and 68 J level temperatures are in quite good agreement,
with the authors estimates always esqual to or conservatively positioned
with respect to the computed results. Where the data clearly defines an
upper shelf region, that value too is in good agreement with the hyperbolie
tangent model.

(d) The effect of foreing the hyperbolic tangent model to furnish a positive
value of the lower shelf energy has little detrimental effect on those cases
which would do that even without such a constraint, and has a very
beneficial effect on those data sets which need such help. In spite of this
constraint, the data sets of Figs 8 and !l still failed to generate plausible
values of the upper shelf energy. Accordingly curve fitting procedure
applied during testing can guide but should not dictate the selection of test
temperatures in surveillance programs.
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" Fig. 10. Absorbed Charpy impact energy vs temperature for irradiated weld
metal, with hyperbolic tangent fits for three initial conditions: (a) no added
low temperature point, (b) and (¢) added point at =232 C, 7 J (-450 F, 5 ft-Ib)
with numerical weights of 0.1 and 1.0 respectively. In spite of the rising upper
shelf, the large number of data points in the transition region results in an
accurate fit within the transition at the slight expense of an acecurate upper
shelf value. The lower shelf value is somewhat influenced by the "fictitious"
data point.
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Fig. 1l. Absorbed Charpy impact energy vs temperature for A302B steel, with
hyperbolic tangent fits for three initial conditions: (a) no added low temper-
ature point, (b) and (c) added point at -232 C, 7 J (-450 F, 5 ft-lb) with
numerical weights of 0.1 and 1.0 respectively. This data set, with no discernible
upper shelf defined by the data, generates an unusual, but mathematically
accurate fit to the data. Obviously, the low-temperature data point has little
effect on the definition of the upper shelf, and all three fits produce absurd
computations of the upper shelf energy.
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Fig. 12 Example of the algorithm settling into a false minima and determining a set of coefficients
which are not representative of the "best” fit for the given data. A different initial guess leads tc
even further minimization of the residuals. Suech problems are usually associated with sparse data
sets with large seatter, and require very careful, considerate programming to insure that such

problems do not arise.
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(e) In the cases for which the authors' estimates are influenced by
consideration of unirradiated condition data and the expected behavior for

the particular material, knowledge which is obviously not available to the
computer, there may be substantial differences betweeen computed and
estimated values of the important parameters.
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