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ABSTRACT

The objective of the current program has been to further the development

of a statistically well-defined reference fracture toughness curve to
verify and compliment the KIR curve presently specified in Appendix G,
Section III of the ASME Code. This objective was accomplished by per-
forming critical experiments in small specimen fracture mechanics and
improving techniques for statistical analysis of the data.

Existing EPRI test and data analysis procedures and acceptance
criteria were revised to include the current requirements for elastic-
plastic fracture toughness measurements. Except for cleavage initiated
fracture, crack initiation was observed to occur prior to maximum load
for all of the materials investigated. Thus, initiation fracture tough-
ness values (KJC) based on R-curve heat-tinting studies were up to 50¢
percent less than the previously reported equivalent energy values (K;).
At upper shelf temperatures, the initiation fracture toughness (KJC)
generally increased with stress intensification rate. Both KJC—Charpy
V-notch and KIC—specimen strength ratio correlations are promising
methods for predicting thick-section behavior from small specimens.

The results of the small specimen fracture mechanics study were
used to requalify the existing EPRI fracture toughness data base prior
to an advanced statistical analysis to establish a lower bound fracture
toughness curve. The previously developed tanh curve fitting procedure
was improved to permit estimates of the variances and covériances of the
regression coefficients to be computed. The distribution of the fracture
toughness data was determined as a function of temperature. Instrumented

precracked Charpy results were used to normalize (remove heat-to-heat

differences) the larger specimen fracture toughness data. The transformed

large specimen fracture toughness data are used to generate statistically-

based lower bound reference fracture toughness curves for either static
or dynamic test results. Using the precracked Charpy normalized refer-
ence fracture toughness lower bound curves, the lower bounds for a spec-
ific heat of material can be generated. A comparison of these lower

bound curves with the KIR curve shows that the KIR curve is more conserv-

ative over most of its range.
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FOREWORD

In October 1972, the Atomic Energy Commission (now Nuclear Regulatory
Commission), in a meeting with utilities and reactor vendors, stated its
belief that additional research was needed to demonstrate that toughness
requirements for ferritic materials in nuclear reactor pressure vessels,
as published in the KIR curve of the ASME Boiler and Pressure Vessel Code,
were representative of actual production heats of materials used in vessel
construction. A task group under the joint sponsorship of the Pressure
Vessel Research Committee (PVRC) and the Metal Properties Council (MPC)
was formed in response to this meeting to define required research. The
joint PVRC/MPC Task Group formulated a program which addressed these needs
and recommended the program to EPRI in the summer of 1973. EPRI modified
and expanded the program and work began in March 1974 under RP232. The
objective of this research project was to measure the fracture toughness
of 50 heats and weldments of reactor pressure vessel steel and bolting
material, including: A533B Class 1 plate, A508 Class 2 forging, A302B
modified plate, and A540 bolting material. RP232 was completed in late

1975. At that time it became apparent that the K__ curve, as formulated

IR
in the ASME Code, was in need of revision. This curve represented the low-

er bounding value of fracture toughness values of principally one heat of steel.

In January of 1976 the present project, RP696, was begun with the ob-
jectives of using the large data base developed under RP232 to develop a
statistically well defined reference toughness curve (KIR) as a potential

replacement for the K curve presently specified in Appendix G of Section

IR
IIT of the ASME Boiler and Pressure Vessel Code. The documentation of
the developmer.t of this curve, along with an alternate temperature index-

ing procedure for reduction of data scatter is presented in this report.

Karl Stahlkopf
Program Manager



PROGRAM SUMMARY

This final report covers the work performed by Fracture Control
Corporation during a one-year program with the Electric Power Research
Institute (Contract No. RP 696-1). Progress during the first two quarters
was reported in FCC 76-6 (March 15, 1976)(1)and FCC 76-9 (June 15, 1976)(2).
Since the program was completed shortly after the end of the third quarter

the progress during the third quarter is covered in the final report.

Dr. R.A. Wullaert, President, Fracture Control Corporation, was res-
ponsible for overall management of the program, and W.L. Server, Vice Presi-
dent, was the principal investigator. Dr. W. Oldfield performed the stat-
istical analysis and developed novel statistical aspects for the program, and
Dr. T.R. Wilshaw provided a review of the current analyses of the instru-
mented impact test. The performance of the experimental testing program was

the responsibility of J.W. Sheckherd.

The program consisted of four major tasks which are discussed in the

following paragraphs.
SMALL SPECIMEN FRACTURE MECHANICS

The previous EPRI fracture toughness programs did not verify that
elastic-plastic toughness values from small specimens, such as the pre-
cracked Charpy specimen, gave conservative predictions of thick section
behavior. Several areas of fracture safe design and operation of nuclear
pressure vessels are heavily dependent upon establishing a correlation
between small and large fracture mechanics specimens. For example, sur-
veillance programs must use small specimens to predict the degree of rad-
iation embrittlement of thick-section pressure vessels. Additional exp-
erimental and analytical studies were performed in the current program to
evaluate the potential of small specimens for obtaining meaningful fracture

toughness data.

The EPRI acceptance criteria and test and data analysis procedures

were reviewed and updated as necessary particularly with respect to



elastic-plastic measurements. The acceptability of using a static analysis ‘
for calculating dynamic fracture toughness was justified by evaluating
recently proposed dynamic solutions with respect to the existing EPRI
procedures. The influence of fracture mode on elastic-plastic toughness
calculations was studied. Determining the mode of crack initiation
(cleavage or fibrous) was found to be very useful in determining the
validity of the elastic-plastic toughness data. The error associated
with using maximum load for crack initiation was established by reviewing
current research programs in this area and by determining J integral
initiation values from R-curve heat-tinting measurements. The influence
of stress intensity rate (k) and specimen thickness on elastic-plastic
fracture toughness (J) was determined for HSST Plate 02 (A533B-1 steel)
over the temperature range of -20°F (-29°¢) to 160°F (71°C).

UPPER SHELF FRACTURE TOUGHNESS TESTING

The upper shelf temperature region corresponds to the normal operating
temperature for nuclear pressure vessels. In the past EPRI programs,
upper shelf elastic-plastic fracture mechanics data were only obtained from
the precracked Charpy test (except for some of the A540 results). The
static and dynamic 1l-in. (25 mm) compact fracture and dynamic 1-in. (25 mm)
bend tests were limited to temperatures below NDTT + 180°F (NDTT + 100°C).
These results were further complicated by the fact that fracture initia-
tion was assumed to occur at maximum load. R-curve heat-tinting tests
were performed in the upper shelf region to permit a proper comparison
of equivalent energy (maximum load) and J-integral initiation fracture
parameters. For each type of material tested in the previous EPRI pro-
gram (except the A540), the heat with the lowest upper shelf fracture
toughness based upon the precracked Charpy equivalent energy toughness
results was selected. 1In addition, a heat of A302B steel supplied by NRL
was also chosen as a low upper shelf material. J-integral initiation
fracture toughness tests (l-in., 25 mm) were performed in the upper shelf

, o o . ; .
temperature region (350 F, 177°C) at stress intensity rates corresponding




to those used to obtain the previous equivalent energy results (~3 and
. 3 5 -3/2 ; .

either 10" or 107 MN-m / /s). For all of the materials investigated,

crack initiation occurred prior to maximum load. Initiation fracture

toughness values (K C) were up to 50% less than the previously

J %
reported equivalent energy values (Kd). Initiation fracture toughness

increased with stress intensity rate for all but one material.

The use of upper shelf empirical correlations to predict thick
section fracture toughness behaviour from small specimen data was
examined. Relationships were developed between elastic-plastic toughness
data (maximum load and initiation) and Charpy V-notch upper shelf energy.
A relationship was also developed between fracture toughness and specimen

strength ratio. Both the J - Charpy V-notch and K, - strength ratio

Ic Ic
correlations are promising methods for predicting thick section

behaviour from small specimens.
DEVELOPMENT OF PREDICTION LIMITS FROM THE TANH CURVE FIT

The procedures originally developed to fit the tanh curve (Figure 1)
to test data had to be revised when the curve was used to develop
prediction limits. The original procedure did not provide as precise a
fit as was needed, nor did it compute estimates of the variances and
covariances of the coefficients of the curve. Hence, the accuracy of
a prediction based on the tanh curve fit could not be defined. The
software procedures to develop the tanh coefficients have been completely
revised. Upper limits for the variances and covariances of the
coefficients are now computed, and the coefficients A, B, T, and C

0
(Figure 1) are now found with greater precision.

Using the revised tanh curve fitting procedures, it was now possible
to develop a revised KIR curve using the data bank from past EPRI-funded

programs.



RESPONSE

B/C

T-To
RESPONSE = A + B Tanh | ——

A - B=LOWER SHELF
A + B =UPPER SHELF
B/C = SLOPE

To = MID TRANSITION
TEMPERATURE

To-C = LOWER KNEE TRANSITION
TEMPERATURE

TEMPERATURE, T

Figure 1. Interpretation of the Tanh Curve




DEVELOPMENT OF A REVISED KIR CURVE

The development of a revised lower bound curve required the com-
putation of the variance, and the characterization of the data distri-

bution as a function of temperature.

For the instrumented precracked Charpy test, the fracture toughness
data could be analyzed directly because of the large number of test
results. Three classes of behavior were isolated; a lower shelf behavior,
transition (between shelf) behavior, and upper shelf behavior. Since the
data on the upper shelf could not be used for reasons already mentioned,
a lower bound was developed only for the remainder of the curve. At
the lower shelf, the data were found to be skewed high and to have a
lower variance than the transition results. A lower bound can be set
using the Pearson distributions; this bound, because of the form of the
distribution, never passes below zero toughness. In the property
transition range, the distribution is very close to the Normal distri-
bution. There are many techniques which can be used to set the lower

bound; the t — distribution was preferred.

There were too few large specimen (static and dynamic) test results
to allow a direct analysis. Data from all heats of each material had
to be combined to provide a useful data base. To perform this analysis,
normalizing procedures were developed. These procedures use the instru-
mented precracked Charpy test to reveal heat-to-heat differences. The
normalized fracture toughness (large specimen) is expressed in terms
relative to the instrumented precracked Charpy test estimates of the
lower and upper shelf, i.e., A and B. Similarly, the test temperature

is expressed as a deviation from T in units of the temperature range

0’
over which the property transition takes place, i.e.,

f and t are the transformed fracture toughness and temperature values,

respectively, F is the measured fracture toughness, T is the



temperature, and A, B, T  and C are the coefficients of the instrumented ‘

0
precracked Charpy test data curve.

Using the normalized data, f and t, for each material, the heat-to-
heat variability was substantially removed in most cases. The transformed
data could then be fitted to a tanh curve, and the deviations from the
curve treated in the same manner as the instrumented precracked Charpy
test results. Much the same result was found: the lower shelf had a
smaller variance than the transition test data, and the lower shelf data were
skewed high, while the transition data were quite close to a Normal distri-
bution about the curve. The Pearson distributions and the t - distribution
were used to define lower bounds for each material, for both static and
dynamic test results. The lower bound curves were then used to demonstrate
the development of bounds for specific heats of material which had been
characterized by the instrumented precracked Charpy test. These curves
(in toughness - temperature coordinates) were then compared to the K

IR

curve. As might be expected, the K curve was more conservative over

IR
most of its range.




TECHNICAL BACKGROUND

The Electric Power Research Institute (EPRI) funded two research pro-
grams (RP 232 and RP 312) that had the common objectives of (1) measuring
the fracture toughness properties of 50 production heats and weldments of
light water reactor (LWR) pressure vessel steels and (2) evaluating the
applicability of using small test samples to measure meaningful fracture

(3-7)

toughness data A third program (RP 337) with similar objectives

involved 5 production heats and weldments of high temperature gas-cooled

(8)

reactor (HTGR) pressure boundary steels The focus of these research
programs was to demonstrate that the toughness requirements for ferritic
materials in nuclear power plant components, as specified by the reference
toughness curves (KIR) in Appendix G of the ASME Code, Section III, is

representative of actual production heats of materials used in reactor

pressure vessel construction.

The technical approach used in the EPRI fracture toughness programs
was to perform standard and non-standard fracture toughness tests over
a wide range of temperatures and loading rates. A sound basis for per-
forming a proper statistical analysis of the test data was achieved by
performing a round robin test program(g), employing uniform test and data

(10)

analysis procedures

(11)

,» by determining the statistical distribution of

the test data

(12)

nique . A statistically sound presentation of the data base generated

, and by developing a statistical curve fitting tech-

in the recent EPRI programs should provide a rational basis for estab-

lishing a statistically significant lower bound (KIR) curve(13).

All fracture toughness data obtained in EPRI programs RP 232 and

RP 337 have been analyzed using the tanh fit statistical analysis devel-

(7,8)

oped in the round robin study The results indicated that the criteria

for acceptable fracture toughness data (EPRI acceptance criteria) had no
significant effect on the results and may actually be too conservative in
some cases. Impact tests using strain gaged specimens have confirmed that

(14,15)

the EPRI instrumented impact test procedures are adequate A modi-



fication of the tanh statistical analysis has been used to express the
initiation toughness data used to generate the Code K curve in a sta-

IR
o . . . ;.o (9)
tistically meaningful manner with approximate scatter limits .

Although a great deal of progress has been made toward achieving
the objectives of the EPRI fracture toughness programs, some problems and
uncertainties must still be resolved to assure an unconditional accept-
ance of a revised KIR curve (and perhaps concept) by the technical and
Codemaking community. The objective of the current program was to
further the development of a statistically well-defined KIR curve.

This task was achieved by performing critical experiments to resolve
uncertainties in small specimen fracture mechanics and by further

developing the tanh curve fit statistical analysis.




PROGRAM RESULTS

SMALL SPECIMEN FRACTURE MECHANICS

The main emphasis in this phase of the program was to resolve
some of the uncertainties associated with obtaining fracture toughness
values from small specimens, Since most of the small specimen fracture
toughness data were obtained from instrumented precracked Charpy tests,
initial efforts were directed towards a review of the EPRI test and data
analysis procedures for this test, The EPRI acceptance criteria were
also reviewed and updated to include criteria for acceptable elastic-
plastic fracture toughness values, Critical J-~integral initiation
experiments on selected EPRI archive materials were performed to identify
the potential error associated with assuming that crack initiation
occurs at maximum load., The prediction of thick section fracture
toughness behavior from both direct measurements on small fracture mech-
anics specimens (elastic-plastic analysis) and empirical correlations

with other small specimen parameters (energy, strength ratio) was examined,

Review of EPRI Procedures and Criteria

Even though the EPRI procedures for dynamic fracture toughness

testing have been experimentally verified(la’ls)

, they have not been
fully accepted by the technical community because (1) the procedures are
somewhat complicated, (2) they have a semi-empirical basis, and (3) a
static analysis is used to calculate dynamic toughness, Justification
of the use of a static analysis and efforts to simplify the procedures
are presented in this section. The original EPRI acceptance criteria
were primarily based on the requirements of linear elastic fracture

mechanics. These criteria are updated in this section to include

requirements for acceptable elastic-plastic fracture toughness data.
Test and Analysis Data Procedures

The EPRI criteria for acceptable impact load-time data were centered
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around the apparent period of the specimen oscillations (1) and the .
response time (TR) of the electronics used to measure the striker signal(lo).

Since the load signal measured from an instrumented tup oscillates

about the actual load required to deform the sample, the signal analysis

procedure should minimize the deviation of these two loads, A simplistic

view of the impact event allows identification of three major areas for test

specification: inertial loading, limited frequency response (response time),

and electronic curve fitting.

The impact of a sample results in inertial oscillations in the
contact load between the striker and the sample. A time approximately
equal to 2t is required for the load to be dissipated to a reasonable
level. To avoid inertial loading problems, specification of loading times greater
than 2t is necessary which requires control of the impacting velocity.

The potential problem of limited frequency response of the transducer
amplifier system is avoided by specifying the minimum response time for
the electronics in relation to the first time measurement required (t),
i.e., either time to fracture or time to general yield. The curve-fitting
problem can be achieved by either controlling the velocity such that

t > 31, or by letting t > 2,31 with the added restriction that the signal
must be electronically filtered at a controlled level, Since the
requirements for obtaining reliable load-time measurements result in

the need to control the impact velocity, a corresponding control of the
total available energy (EO) is inherent., The reduction in velocity
should be minimized to less than 20 percent through initiation (maximum

load).

A detailed discussion of the current impact testing requirements
is presented in Appendix B. The purpose of this procedures review was
to resolve some of the semi-empirical parameters used in the specification
and to simplify the requirements as much as possible. The following
equations represent the most concise form to state the requirements for

obtaining reliable load-time data:
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t > 37 (Inertial Loading), (1)

and

t 1.1 TR (Limited Response). (2)

When the requirements related to Equation 1 cannot be met, the minimum

requirements would include electronic curve-fitting:

t > 2.31 (Inertial Loading), (3)

t>1.1 TR (Limited Response), (2)
and

TR > 1l.41 (Electronic Curve-Fitting). .(4)

Furthermore, the conservative constant velocity requirement (less than

20 percent change) for both cases above is simply
E >3 W (Energy) s (5)
where WM is the total energy to maximum load.

In addition to the review:.of the testing procedures, a review of
the analysis technique for a machine compliance energy correction(lo)was
also performed in Appendix B, The outcome of the review was that the
current procedure for correcting the initiation energy is adequate and
that the assumptions made result in offsetting corrections (resulting in
a negligible change to slightly higher values). Thus, the current analysis

technique is slightly conservative and need not be changed,

Recent analyses of the mechanics of impact fracture testing have
been reviewed in Appendix A by T.R. Wilshaw. These recent analyses for
small precracked bars in bending support the empirically based EPRI impact
procedures. The EPRI procedures ensure that the inertial effects are not
excessive and that the load-time curve is a reasonable analog of the central

bending moment (and stress intensity factor) —-- see Equations 1 - 5,
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Even under the most severe permissible conditions where the inertial ‘
effects are greatest, the errors in fracture toughness using Equations 1

- 5 are never greater than 10 percent. In fact, experimental data

generated to substantiate the EPRI procedures indicate much less than

(14)

a 10 percent increase in linear elastic toughness results.

Elastic-Plastic Acceptance Criteria

The acceptance criteria used in the previous EPRI fracture toughness
programs are listed under the linear elastic column in Table 1. A sta-
tistical analysis of the EPRI RP 232 program data revealed that these
acceptance criteria had no significant effect on the fracture toughness
results. It should be noted, however, that the original acceptance cri-
teria were primarily concerned with obtaining accurate data at high
loading rates and obtaining acceptable linear elastic fracture toughness
values using ASTM method requirements. At present there are no ASTM test
methods for measuring valid elastic-plastic fracture toughness, although
ASMT subcommittees generated some preliminary procedures after the EPRI
RP 232 program was initiated. Thus, only the elastic criteria were
applied to the data analysis procedure. However, when the statistics
related to the elastic data alone were analyzed, there was still no sig-
nificant influence of the unacceptable data points on the scatter (vari-

(7’11). This effect on the elastic data is

ance) about the tanh curve fit
probably due to the fact that most of the criteria relate to crack depth

and shape, and these criteria are conservative.

The validity criteria developed by ASTM subcommittees are essen-

tially the same for both the equivalent energy and J-integral techniques(l6):
s (%5 ’
a, b, B > 50 J/gf = 50 < \z (6)

9




-

13

Table 1. Revised EPRI Acceptance Criteria

Linear Elastic

E399 Thickness Criterion
(when PM/PQ < 1.10);

\
Tid
N

2
B > 2.5 (~§> ; also true

o
y

for a and b.

0.45 < a/w < 0.55 (E399)

Crack front must not be skewed
or out of plane (E399)

K_ (max) over last 2.5% of

£
a < 0.6 K_ (E399)

Q

tM-i 31, or t,, > 2.37 when

M
TR > 1.4t (tM is the time

to maximum load)

M

Elastic-Plastic

Dimensional Criterion

(when PM/PQ > 1.10 or PM > PGY);

50J

f
of fracture initiation must be
determined by examining the
fracture surface immediately
below the fatigue crack.

a, b, B > y also, the mode

0.50 < a/w < 0.70

Same

Kf (max) over last 2.5% of

a < 0.6 KJC

tGY<Z 31, or tGY

TR > 1.4t (tGY is the time to

(general yield)

> 2.317 when
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a, b, B> 50 = , (7)

where J is the J-integral value, Gy is the yield stress, Of is the flow

stress (half of the sum of ultimate and yield stress), E is Young's
Modulus, KJ is the J-integral fracture toughness, K* is the equivalent
energy fracture toughness, and a, b, and B are sample dimensions (crack
length, ligament depth, and thickness, respectively). There is some
question as to the value of 50 in Equations 6 and 7; some investigators
suggest the use of 25 rather than 50. As seen from Equations 6 and 7 the
real difference between the two criteria (since KJ and K* are approxi-
mately equal)TL is the use of the flow stress versus the yield stress.

The elastic-plastic ASTM criteria also specify the crack depth be greater
than an a/w of 0.5, and the crack depth can exceed an a/w > 0.55. The

recommended additions to the EPRI acceptance criteria for elastic-plastic

toughness measurements are listed in Table 1.

These elastic-plastic criteria were evaluated for the round robin
material as a function of temperature and are shown in Figures 2-5 for
the different sample geometries (a/w = 0.5) and strain rates. The
tensile test results from the round robin program were used to obtain a
temperature (T, degrees Fahrenheit) dependence of the static yield stress

(OYS) and flow stress (Ofs) needed to calculate the static criteria:

2 4 2 7.3

T+ 1.32 x 10 'T° - 1.16 x 10 'T (8)

0]
ys

73.62 - 6.03 x 10

2 4.2 8.3

o 85.90 - 6.71 x 10 “T + 5.09 x 10 'T° - 4.26 x 10 °T ] (9)

fs

The Oys and Teg values are in units of ksi; to convert to metric units,

1 ksi = 6.8948 MPa. The dynamic yield and flow stress data required to
establish limits for the precracked Charpy and dynamic bend results were
obtained from an analysis of standard Charpy V-notch instrumented test

(10)

records . The relationship used for ultimate strength (using the same

When the same measurement point is used for crack initiation.
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conversion as yield stress) for temperatures greater than -20°F (-29°C)

was extrapolated back to lower temperatures. The dynamic yield stress

(Gyd) and dynamic flow stress (Ofd) temperature dependencies are:
ogq = 112.95 = 1.58 107°T + 3.78 x 107472 — 3.96 « 107 /1> (10)
opq = 131.53 = 1.32 x 10777 + 2.68 x 107412 = 2.68 x 107773 . (D)

The intermediate loading rate data required for the dynamic compact
specimens were obtained by a linear interpolation between the quasi-
static loading rate and the dynamic impact loading rate to give the
following relationship for intermediate yield stress (Gyi) and flow

stress (0.,):

Il

o 0.6 ¢ + 0.4 0 (12)
vs

yi yd

o 0.6 o.., + 0.4 Orq . (13)

fi fd
The temperature dependence (T, degrees Fahrenheit) of the elastic modulus

(psi x 106) was used,
E = 30.2 - 0.0046T . (14)

Also shown in Figures 2-5 are the ASTM E399 elastic toughness cri-

teria; i.e.,

a, b, B> 2.5 , (15)
y

where KQ is the linear elastic toughness value. For the impact test re-
sults there is also shown in Figures 2 and 3 the limit at which fracture
occurs at general yield (which corresponds to a transition temperature

TD). For the precracked Charpy geometry
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K/Oyd = 0.504 s (16)

and for the 1.00 in (25.4 mm) bend geometry

K/o , = 1.135 . (17)
yd

It will be shown later that for the dynamic tests, the limits of elastic
behavior specified in Equations 16 and 17 have more meaning than the E399

criteria in Equation 15.

Fracture Mode and Initiation Studies

It was observed that (in Figures 4 and 5) the data above the validity
criteria specified in Equations 6 and 7 correspond to fully ductile beha-
vior, while the points falling below the limits correspond to cleavage ini-
tiation at maximum load with no ductile tearing. Thus, it appears that the
limits for the lT* compact test results correspond approximately to the
change in fracture mode. However, for the precracked Charpy test results
the validity line corresponding to Equations 6 and 7 is lower than the
fracture mode transition; using a value of 25 in Equations 6 and 7 corres-
ponds to the limit more closely approximating the fracture mode change
(KZ = 160 ksi—inl/2 [176 MN—m—B/Z]). Since there is a fracture mode
transition, there tends to be a high degree of scatter in the corres-
ponding transition temperature region. This effect can be seen in the

(14)

data analyzed in the verification experiments Figure 6 is a curve
taken from that study with the addition of the limits imposed by Equations 6
and 7. The striking features in this figure are the large shift in tough-
ness for precracked Charpy tests to very high values, and the validity

lines which fall in an area of very little data. Post-test examination

of the test records and broken samples show again that all results below

the validity lines exhibited cleavage at maximum load (indicating that

*
1T designates a standard 1-in. (25 mm) thickness sample: this abbre-
viated form will be used throughout the rest of the report.
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maximum load corresponded to the initiation of fracture), and all results

above the lines showed only ductile (no cleavage) behavior. Had the
validity criteria corresponding to a value of 25 (rather than 50) been
drawn, the ductile results would still have fallen above the limit. The
results from the experimental program to follow will attempt to clarify

these observations.

The effect of sample dimensions with respect to validity is somewhat

(17)

more confusing. The work of Griffis shown in Figure 7 illustrates the
comparison of actual fibrous initiation values of J with maximum load
values for various thickness (and ligament depth) samples. For Charpy
thickness samples of the HY 80 steel (B = 10 mm), the difference between
maximum load values and the J-initiation value (JIC) is rather small.

Consider that a larger specimen valid K test could allow up to 2 percent

Ic
crack growth which would raise the equivalent JIc value closer to the small
specimen maximum load results. However, an alternate argument can be made

against obtaining a higher wvalid elastic K . result by considering the

I
scatter resulting from a Weibull-type size effects. The argument postu-
lates that ‘larger samples are more likely to contain weak toughness areas
leading to a lower measured fracture toughness in the absence of any stress
state effects (which is probably appropriate for most initiation fracture
results). These conflicting arguments plus the idea that initiation values

from small samples (b, B < 10 mm, fibrous initiation) underestimate the

true JIC value are a bit confusing. To further complicate matters, some

recent data suggest a continuous increase in J

(18)

Ie with increasing specimen

thickness

A test matrix utilizing the results already obtained in the round

(9) (14)

robin and verification experiments was designed. The material
tested was A533B-1 steel from HSST Plate 02. The effects of sample thick-
ness and ligament depth, fracture mode, and loading rate on initiation J
values were investigated. Tests were performed at four temperatures:

-20°F (—29OC), 40°F (40C), room temperature, and 160°F (710C); and four




J INTEGRAL, kd/m2

Figure 7.

23

700 (— 7
O INITIATION /
A MAXIMUM LOAD

600
500 |~

400 /4———-8 OR b = 50 J/oys

s = 584 MPa
300
200 |- //
e W O O~
100 {= /
/
/
/
4 | | l l l N
0 1 2 3 3 5 6

B OR b, cm

Effect of Specimen Size on Static J-integral at Initial Crack
Extension and at Maximum Load for an HY-80 Steel at Room
Temperature(l7),



sample sizes were used: precracked Charpy, 0.394 T bend (10 mm thickness .

E399 bend sample), 1T bend (25 mm thickness), and 1T compact (25 mm thick-

ness). The loading rates were quasi-static (R < 3 ksi—inl/2/s [3.3 MN—m_—3/2

/s]1), closed loop dynamic (k = 103 ksi—inl/z/s [lO3 MN—m—3/2/s]), and impact

l/2/3 [105 MN—m_B/2

tests will be presented after a brief discussion of the J (R-curve)testing

. ) 5 .
dynamic (K = 10° ksi-in /s]). The results from these

procedure.

Testing Procedures

A general procedure for J initiation testing following the guide-
lines of the ASTM Elastic-Plastic Fracture Mechanics Task Group(l6) was
followed. The general procedure (with dynamic testing considerations
added) in outline form is:

1. Each specimen is loaded to different displacement values in a
closed loop test machine in displacement control or with deflection stops
in a drop tower impact machine (see Figures 8a and 9).

2, Each specimen is unloaded and the crack marked utilizing a
heat tinting procedure (SSOOF, 30 minutes). Note that when unstable
cleavage crack extension occurs it is often better to complete the frac-
ture without heat-tinting since any fibrous growth will be marked by the
change to cleavage fracture.

3. Fach specimen is then broken, usually at low temperature
(approximately ~100°F [—73OC]), and the amount of crack extension is
measured. The crack extension measured is taken to include all crack
extension from the end of the fatigue precrack to the end of the heat-
tinted marking (thus including the stretch zone). An average of the
extension at the thickness quarter points and center is used since the
amount of extension is usually not uniform (see Figure 8b).

4. J values are calculated from the load versus centerline of

loading displacement records using the formula developed by Rice, et al.,

for calculating J from single specimen tests(lg)
ZEi
J= 5 s (18)
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Figure 9.

Schematic Diagram of the Drop Tower Stop Block Arrangement




27

where Ei is the area (energy) under the load-displacement curve taken at
the displacement of interest, B is the specimen thickness and b is the
remaining uncracked ligament.
5. A plot of J versus crack extension is constructed (Figure 8c).
6. The straight line representing stretch zone formation, J =
20 _Aa, is constructed where o

f f
loading rate equal to half the yield plus ultimate stresses (see Equations 8

is a flow stress indicative of the sample

-13). 1In addition, a best fit line is constructed through the J versus
crack extension points (Figure 8d). The critical value of J (JIC) is the

J value which occurs at the intersection of these two lines. Corresponding
K. wvalues are calculated from the relationship between elastic-plastic

Jec
and linear elastic fracture mechanics parameters

_ 1/2
KJC = (EJIC) . (19)
The additional term (1 - v2) is sometimes used as a denominator in the

square root quantity in Equation 19 to account for plane strain conditions,

but was not used in the current study.

The center load-line displacement of the compact samples was moni-
tored directly using a clip gage located at the loading pin centerline.
The displacement of the closed loop bend test was monitored by using the
ram displacement. A machine compliance term was determined (similar to
the procedure for obtaining the impact testing compliance term(lo)), and
the corresponding energy attributed to the machine was subtracted to get
the correct value of Ei. This technique appears to be accurate within
1-27% for both bend testing and compact testing (i.e., applicable to high
temperature testing above the normal capability of standard clip gages)(zo).

A correlation for compact data obtained in this program will be presented

later.

The dynamic initiation technique developed for the bend tests on the
Fracture Control drop tower is shown schematically in Figure 9. Hardened

steel deflection stops were used to stop the falling tup at differing
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amounts of deflection. When the tup strikes the deflection block, an
instantaneous increase in load occurs marking the stopping event. It
should be noted that a few millimeters of deflection can still occur due
to the elastics in the stop blocks; therefore, the value of J (energy)
calculated is slightly conservative (low). The drop tower weight for
the 1T bend tests was 2115 1bf (9408 N), and the impact velocity was
55.4 in/s (1.41 m/s). The weight used for the 0.394 T bend and the pre-
cracked Charpy testing was 610 1bf (2713 N), and an impact velocity of
48.0 in/s (1.22 m/s) was maintained. The load cells used for testing
were calibrated statically and dynamically in the same manner as speci-

fied in the EPRI RP 232 program(a’lo).

The static and dynamic closed loop initiation testing was performed
on an MTS 20 kip (89 kN) machine. The tests were programmed under stroke
control, and the dynamic tests were program halted at various amounts of
deflection. There was no overshoot in load or deflection, but a change in
rate occurred during the last millisecond of loading. The real effect of
this decrease in loading rate on the actual stress intensification rate
is unknown, but thefe is definitely a difference in results due to the
dynamic rate of loading as will be shown later. The MTS load cell and the
Fracture Control clip gages were calibrated in accordance with previous

EPRI procedures(é’lo).

HSST Plate 02 Results

The material chosen for this portion of the testing program was HSST
Plate 02 (A533B-1 steel). This same material was used in the EPRI round

14
(9)and the verification experiments program( ). The J

robin program
results obtained from the testing are presented in Tables C.1 - C.4 in
Appendix C and are shown graphically in Figures 10 - 17. The data shown
in Figures 10 - 13 lead to an observation related to unstable cleavage

extension. Three of the IT compact specimens in Figure 12 and two in

Figure 13 exhibited an unstable extension (filled triangles). Had the
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Figure 15. Quasi-Static J-Initiation at 160°F (71°C)
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samples been heat-tinted the extension seen would have corresponded to
fibrous tearing plus flat cleavage fracture. Therefore these samples
were not heat-tinted and the fibrous tearing measured directly since it
can be seen macroscopically. The work on precracked Charpy specimens at
40°F (400) was not treated in this manner (see Figures 10 and 11). All
other unstable cleavage tests were not heat-tinted. It is obvious from
the R-curves that decreasing size increases the slope of the R-curve.
Also, the effect of increased loading rate also appears to increase the

slope of the R-curve.

To assess the effects of validity limits on specimen size, fracture
mode changes, loading rate, and temperature, the J-initiation values ob-
tained were compared with previous work on the same material in the EPRI
programs(g’la)and the HSST program(ZI). The J-initiation results from
this program are tabulated in Table 2. Also listed in Table 2 is the
validity criterion of Equation 6 using both a value of 50 and 25. The

results of Table 2 are plotted and compared to the previous work on this

material in Figures 18 - 21.

Figure 18 shows the comparison of results at -20°F (—290C); note that
all fractures are cleavage initiation. Only the validity line using the
constant 50 in Equation 6 is indicated on this figure when it is on scale,
i.e., if no validity point is indicated all results are '"valid". It is
readily apparent that the averaged slow bend precracked Charpy value is
"invalid" and significantly higher than the larger sample linear elastic
results. The three linear elastic 1T compact results did not meet the
E399 thickness requirements, but agree favorably with larger specimen
valid data. The 1T compact intermediate rate results do not agree as
favorably with the valid linear elastic data although the 1T results are
most likely acceptable elastic-plastic results due to elevation in yield
strength. The elastic-plastic impact data tend to be higher than the
linear elastic results for the same thickness sample (as would be expected).

This tendency dictates the inherent material property scatter; thicker



Table 2. Initiation Toughness Results for HSST Plate 02

. J 259
TEST Temperature K Ic %‘l —a K}Jc 32
i - . 2 . . .~ -
TYPE % (%) ksi-in?/s (MN-m 3/2/5) in-1b/in® (kJ/m2) in me) in (mm) ksi-in® (MN-m )
pccv® 20 (-29) <3 (3.3) 738 (129) 0.425¢10.7) 0.21%( 5.3) 150 (165)
0.394T Bend -20 (-29) ~10% (10%) — —_— — 38e,a(42)
PCCV 40 (4) <3 (3.3) 1000 (175) 0.601(15.2) 0.30%1( 7.6) 173 (190)
pccy 40 (4) ~10% (10%) 850 (149) 0.387( 9.7) 0.19 ( 4.8) 160 (176)
PCCV  75-80 (24-27) <3 (3.3) 1750 (306) 1.045(26.4) 0.52L1(13.2) 229 (252)
0.394T Bend 78 (26) <3 (3.3) 1900 (333) 1.137(28.7) 0.57L(14.4) 239 (263)
1T Compact 75-80 (24-27) <3 (3.3) 1350 (236) 0.80 (20.3) 0.40 (10.2) 201 (221)
PCCV  75-80 (24-27) ~10% (10*) 2000 (350) 0.881(22.4) 0.44I(11.2) 245 (269)
IT Compact 80-85 (27-29) ~103 (10%) 1000 (175) 0.44 (11.2) 0.22 ( 5.6) 173 (190)
pccv 75 (24) ~105 (105) 900 (158) 0.341( 8.6) 0.17 ( 4.3) 159 (175)
0.394T Bend 75 (24) ~105 (10%) 7483(131) 0.28 ( 7.1) 0.14 ( 3.6) 150 (165)
1T Bend 72 (22) ~105 (10%) 1214 (213) 0.46 (11.7) 0.23 ( 5.8) 191 (210)
PCCY 160 (71) <3 (3.3) 1800 (315) 1.021(25.9) 0.511(13.0) 230 (253)
1T Compact 160 (71) <3 (3.3) 1790 (313) 1.021¢25.9) 0.51 (13.0) 230 (253)
PCCV 160 (71) ~10% (10%) 1500 (262) 0.65I(16.5) 0.32L( 8.3) 210 (231)
1T Compact 160 (71) ~103 (103) 1320 (231) 0.57 (14.5) 0.28 ( 7.2) 197 (216)
PCCV 160 (71) ~10% (10%) 1550 (271) 0.571(14.5) 0.291¢ 7.2) 214 (235)
0.394T Bend 160 (71) ~105 (10%) 1550 (271) 0.571(14.5) 0.29 ( 7.2) 214 (235)
IT Bend 160 (71) ~10% (10%) 1800 (315) 0.67 (17.0) 0.33 ( 8.5) 230 (253)

*

PCCV is the precracked Charpy sample
L Does not meet indicated validity criteria for B, b, and/or a
® Linear elastic values

a Averaged value

ve
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samples will not have this same degree of scatter since a larger volume
of material is being tested at one time and the lowest level of toughness
within this volume of material should result in the measured value of

toughness.

The data in Figure 19 illustrate the toughness trends at 40°F (4°c).
Again all results shown are for cleavage initiation. However, it should
be noted that many additional precracked Charpy impact tests (shown in
Figure 6) resulted in ductile initiation and extremely high levels of
toughness (for maximum load). Thus, a fracture mode transition is being
approached at this temperature with the smallest specimens, although it
is unusual that this transition showed up at the highest rate of loading
(many more tests were performed at this rate, however). Values of tough-
ness which fall above the validity line are very high (precracked Charpy
slow bend and intermediate rate results). The agreement with the other
linear elastic and elastic-plastic results is within the data scatter to

be expected.

The room temperature results in Figure 20 show a slightly different
trend since some of the initiation results are for fibrous initiation and
others for cleavage initiation. It appears from the static data that for
fibrous initiation there is little difference between "valid" elastic-
plastic and linear elastic results and "invalid" elastic-plastic results.
However, when the smaller specimen has a mode of fracture different from
larger samples, the "invalid' data are substantially higher as evidenced
by the intermediate rate results. The impact dynamic results are a bit
confusing since the 1T bend test result was elastic-plastic while the

(9)

round robin data showed two elastic results at 100°F (380C). However,
the remaining impact data are similar to that shown in Figures 18 and 19.
The comparison between precracked Charpy and 0.394T bend data suggests
that the 0.394T bend sample maintains elastic constraint only slightly

more than the precracked Charpy.
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The results in Figure 21 are for fibrous initiation at 1600F (710C).
It is interesting that there is little difference between 'valid'" and
"invalid" results and between different loading rates. 1In fact, the
intermediate rate initiation results look to be slightly lower. There
also appears to be no effect on ligament depth when fibrous initiation
occurs; however, this comparison of precracked Charpy and 0.394T bend
results at the impact rate of loading may be obscured since both sets

of results do not meet the validity criterion if it should indeed apply.

In summary, the comparison of the initiation toughness results ob-
tained lead to the following observations:

1. For cleavage initiation, the SOJ/of specimen size criterion
appears to separate out high ("invalid") results.

2. For fibrous initiation, the SOJ/Gf specimen size criterion
does not appear to apply. Small specimen results violating this criter-

"valid" data.

ion agree quite favorably with

3. A fracture mode transition occurs near room temperature, but
the absolute temperature at which this transition occurs appears to be a
function of loading rate, specimen size, and statistics.

4. There appears to be only a slight positive effect of doubling
the ligament depth and span (still 4w, however) on the precracked Charpy
sample to increase elastic constraint.

5. Small specimen data may reflect the true material property
variability throughout the material, whereas large specimen data reflects
the lowest level of toughness due to the total volume of material being
tested.

6. The R-curves obtained indicate that decreased specimen size

and increased loading rate increase the slope of the R-curve.
Single Specimen Initiation Techniques
There exist several single specimen techniques for measuring the

initiation point for fibrous stable crack growth. However, none of these

techniques has been perfected to allow uniform and precise measures of
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this initiation point. Work in the technical community is being performed

using compliance difference(zz), ultrasonics(23), resonant frequency(ZA),

ultra-sensitive piezoelectric load cell(zs) (26,27)

, and electric-potential
techniques. A cursory investigation of the electric potential method

was initiated in this program.

A one-specimen initiation approach using a DC electric-potential
method was tried on several of the 1T static compact specimen tests at
room temperature. The electric-potential method entails passing a current
through a cracked test specimen under load and measuring the electric
potential difference across the crack. As the crack extends the uncracked
cross-sectional area of the specimen decreases, the electrical resistance
increases, and the potential difference between two points on either side
of the crack increases. The crack length to width ratio (a/w) may be
determined by monitoring this potential increase and comparing it with a
reference potential measured elsewhere on the specimen (in a region not
affected by crack growth or on a separate sample). The technique does
show a definite increase in potential as loading continues past yielding
and PQ, but no distinct discontinuity occurs which marks the onset of
fibrous tearing. The increase in potential is the result of plasticity
and tearing (when it does occur). Figure 22 illustrates the shape of

the DC potential change curves obtained.

The initial rise in the curve is due to contact of the fatigue pre-
cracked surfaces at the beginning of the test (closure). The decrease
in output after the initial increase is described in Reference 27 as due
to an inverse magnetostriction phenomenon for an AC system. However,
this effect is not applicable to a DC current and, therefore, does not

(28)

explain the decrease observed here. Bachmann and Munz suggest that

the start of the decrease occurs as plastic deformation begins (i.e.,
above the precracking Kf(max)) due to lateral shear displacements when

(29)

rough surfaces are present. Ritchie has found, however, that this

closure-type phenomenon does not occur for high strength steels
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(oy > 150 ksi [1034 MPa]) regardless of the crack roughness. Whatever
the effect is that causes the decrease, when substantial plasticity and
stable tearing become predominant, the potential curve starts to increase.

(27)

Marandet and Sanz indicate that initiation occurs at the minimum
point of the curve. The results from our experiments suggest that there
is an increase in potential before initiation; this increase is desig-
nated as AP in Figure 22. For the conditions used in our experiments

(30 amps current and measurement across the front edge of the specimen),
the AP approach gives a value of JIc = 1315 + 200 in—lb/in2 as compared

to the JIC = 1350 in—lb/in2 obtained from the heat-tinting approach (see
Table 2 and Figure 12). Further work in this area is required to vali-

date a AP approach.
UPPER SHELF FRACTURE TOUGHNESS RESULTS

The upper shelf materials were selected on the basis of having a
low precracked Charpy upper shelf toughness level (based on maximum load).
The EPRI materials selected are listed in Table 3. Initiation toughness
tests were performed both statically and dynamically at 350°F (177OC).

The NRL A302B heat(aO)

was chosen as an additional heat of low upper

shelf toughness.

Discussion of Results

The toughness results are tabulated in Table C.5 in Appendix C and
are illustrates in Figures 23-38. The line J = ZOan was obtained by

using values of o_. indicative of the loading rate as described previously

f
(see Equations 8-13). All compact results were obtained using a clip

gage designed by Fracture Control to operate at temperatures up to 450°F
(232°C). However, the clip gage did fail on the one sample noted in

Table C.5, and a machine compliance corrected energy (from the ram LVDT )

o,

Linear Voltage Displacement Transducer



Table 3. Materials

Selected for Upper Shelf Toughness Testing

STRESS INTENSIFICATION RATES (MN—m_

3/2/3)

MATERTAL HEAT STATIC DYNAMIC CT DYNAMIC BEND
A533B-1 ETI-C (EG) 2.7 - 1x 10°
A508-2 B&W-B (BBB) 2.7 3 x 10° -
3028 BTN (o) ] - e
o e d metal ETI-K (EK) 2.7 —- 1x 10°
g ote Metal B&W-K (BKM) 2.7 3 x 103 o
ey ot cE- () 3 x 107

S Weld Metal B&W-A" (BAS) 2.7 3 x 10° -

A508-2 Base *

*

This weldment did not have any archive material.

However,

the weld filler material

was archived and a new weldment was fabricated with the heat A filler material and
matching the original heat input.

Y
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Figure 23. Quasi-Static 1T Compact J-Initiation for Heat EG at 350°F (177°C)
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Figure 24. Quasi-Static IT Compact J-Initiation for Heat BBB at 350°F (177°¢)
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Figure 26. Quasi-Static 1T Compact J-Initiation for Heat NA at 350°F (177OC)
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Figure 27. Quasi-Static 1T Compact J-Tnitiation for Heat EK at 350 F (177°C)
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Figure 28.

o
Quasi-Static 1T Compact J-Initiation for Heat BKM at 350°F (177 ¢
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Figure 29. Quasi-Static 1T Compact J-Initiation for Heat CJ at 3500F (177OC)
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Figure 30. Quasi-Static 1T Compact J-Initiation for Heat BAS at 350°F (1770C)
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Figure 31. TImpact Dynamic IT Bend J-Initiation for Heat EG at 350 F (177 C)
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Figure 32. Impact Dynamic IT Bend J-Initiation for Heat EK at 350 F (177°C)
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Figure 33. Impact Dynamic 1T Bend J-Initiation for Heat EN at 350 F (177°C)
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Figure 34.

Impact Dynamic 1T Bend J-Initiation

for Heat NA at 350°F (177OC)
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Figure 35. Intermediate Dynamic 1T Compact J-Initiation for Heat BBB
at 3500F (177°C)
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Figure 36. Intermediate Dynamic 1T Compact J-Initiation for Heat BKM

at 3500F (177°C)
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Figure 37. Intermediate Dynamic 1T Compact J-Initiation for Heat CJ at 350°F (1770C)
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Figure 38. Intermediate Dynamic IT Compact J-Initiation for Heat BAS at 350°F (177°¢)
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was used to calculate J. The credibility of using a corrected energy
term (Ei) is shown in Figure 39 in which all of the upper shelf compact
data and most of the compact data from the HSST Plate 02 tests are plot-
ted. Note that the agreement is quite good and reproducible at all
levels of energy. This agreement also adds credibility to the impact
bend procedure in which a clip gage cannot be used. This technique may
prove valuable for high temperature testing in which very expensive clip

gages would be necessary.

The JIc results obtained in Figures 23-38 are tabulated in Table 4

and converted to KJC values. All of the values obtained meet the 50 J/Of

(and therefore 25 J/Of) criterion except the BKM static result; the BKM

static result does meet the 25 J/o_. criterion, however. The upper shelf

f
results are shown in comparison with previous data from the EPRI fracture

toughness programs in Figures 40-47. The data for all but heat NA are

from the original EPRI RP 232 program(7).

plied by NRL(3O’31).
(32)

The data for heat NA was sup-

In addition, J data from an adjunct EPRI program

Ic
are shown in Figure 46. Also shown in Figures 40-47 are

on heat CJ
the precracked Charpy upper shelf levels based upon initiation at maximum
load (equivalent energy). Table 5 compares the precracked Charpy upper
shelf levels (KPCCV) with the initiation toughness values obtained in the
current program. Also, Table 5 compares the difference in static tough-

ness KJC(S), and dynamic toughness, KJc(d)'

The results indicate that the dynamic R-curves are steeper than the
static, and in all but two cases are substantially higher in magnitude
than the static. The dynamic bend tests also tend to give slightly higher
values than the dynamic compact (lower ﬁ) tests, but this trend is
difficult to assess quantitatively since different materials are involved
in the comparison. The precracked Charpy level of toughness (initiation
assumed at maximum load) is in all cases higher than the R-curve initia-
tion toughness results obtained. However, as a very conservative approxi-

mation, the initiation level of toughness in the upper shelf region could
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Table 4. JIc Results for Eight Heats Tested at 350°F (177OC)

J

K 1
L ‘ -3/2 . . ZC 2 . EJC -3/2
HEAT  MATERIAL ksi-in2/s (MN-m /s) in-1b/in® (kd/m°) ksi-in?® (MN-m )
<3 (3.3 750 (131) 146 (160
EG A533B-1 ( ) (160)
-10°% (10%) 1700 (298) 220 (242)
.3 1330 (233 214
BBB A508-2 <3 3.3 (233) 195 (214)
~103% (10%) 1510 (264) 208 (229)
<3 (3.3) 390 (68.3) 106 (116)
EN A302B
~10% (10%) 700 (123) 141 (155)
<3 (3.3) 360 (63.1) 101 (i11)
NA A302B S .
~10° (10°) 600 (105) 131 (144)
- MMA Weld Metal <3 (3.3) 1020 (179) 171 (188)
(A533B-1 Base) ~10% (10%) 1550 (271) 211 (232)
*
e MDA Weld Metal <3 (3.3) 1650 (289) 217 (238)
(A508-2 Base) ~ 103 (103) 1680 (294) 219 (241)
N SA Weld Metal <3 (3.3) 1360 (238) 197 (216)
(A533B01 Base) ~103 (103) 1280 (224) 191 (210)
SA Weld Metal <3 (3.3) 560 (98.1) 127 (140)
BAS -
(4508-2 Base) ~103 (103) 890 (156) 160 (176)
% 507

Does not meet a, b, B 2_6——- validity criteria
£
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Figure 40. Comparison of Upper Shelf Initiation Results with Previous Results

for Heat EG
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Figure 41. Comparison of Upper Shelf Initiation Results with Previous Results
for Heat BBB
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Figure 42. Comparison of Upper Shelf Initiation Results with Previous Results
for Heat EN
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Figure 43. Comparison of Upper Shelf Initiation Results with Previous Results
for Heat NA
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Figure 44. Comparison of Upper Shelf Initiation Results with Previous Results
for Heat EK
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Figure 45. Comparison of Upper Shelf Initiation Results with Previous Results
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Figure 46. Comparison of Upper Shelf Initiation Results with Previous Results

for Heat CJ
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Figure 47. Comparison of Upper Shelf Initiation Results with Previous Results
for Heat BAS



Table 5, Comparison of K Initiation Values With Charpy and Precracked Charpy
Upper Shelf Leveis

Kac Charpy Upper KPCCVI/ Kpcey - EJC KJc(d)—KJg(s)
ksi-in% Shelf ksi-in? ksi-in* ksi-in?

HEAT TYPE (MN-m ™~/ %) ft-1bf (J) (MN-m~ >/ °)  (MN-m™>"%) (MN-m™ >/ €)
Static Compact 146 (160) 87 (96)

EG Dynamic Bend 220 (242) 92 (125) 233 (256) 13 (14) 74 (82)
Static Compact 195 (214) 67 (74)

BBB Dynamic Compact 208 (229) 112 (152) 262 (288) 54 (59) 13 (15)
Static Compact 106 (116) 63 (70)
Static Compact 101 (111) " 109 (120)

NA Dynamic Bend 131 (144) 2 (71 210 (231 79 (87) 30 (33)
Static Compact 171 (188) 73 (80)

EK Dynamic Bend 211 (232) 101 (137) 244 (268) 33 (36) 40 (44)
Static Compact 217 (238) 30 (33)

BKM Dynamic Compact 219 (241) 142 (193) 247 (271) 28 (30) 203
Static Compact 197 (216) 75 (83)

cJ Dynamic Compact 191 (210) 128 (174) 272 (299) 81 (89) -6 (-6)
Static Compact 127 (140)) 89 (98)

BAS Dynamic Compact 160 (176) 77 (104) 216 (237) 56 (61) 33 (37)

09
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be obtained by measuring the precracked Charpy equivalent energy tough-

ness and subtracting 100 ksi—inl/2 (110 MN—m_?’/2

1/2

)} for static initiation

toughness and 80 ksi-in (88 MN—m—3/2) for dynamic initiation toughness.

Problem Areas in JIC R-Curve Testing

There is some controversy regarding the use of the value of 2 in

(33) (34) have indi-

Equation 18. Sumpter and Turner and Merkel and Corten
cated that the energy should be broken into elastic and plastic components
when shallow precrack depths are used; i.e., small a/w ratios. However,
for a/w > 0.5 a single term is adequate when the following items are

considered.

First, there is the question of subtracting out the uncracked body

energy in the three-point bend test(35).

For an a/w = 0.5, 35% of the
total elastic energy is due to the uncracked body. The error associated
with including the uncracked body energy becomes very important at low
values of Ei’ such as those obtained for the A302B steel. The uncracked

body energy (U) is equal to

10
U = -E:%_ , (20)

and for the typical cases of interest in this program the value of U
results in a reduction in energy of approximately 85 in—lb/in2

(32.4 kJ/mZ) when normalized for B and b, i.e., ﬁg .
to separate out the uncracked body energy has not been resolved

. results by 170 in—lb/in2 (64.8 kJ/mz)

However, the need
(36,37)
The effect of reducing the bend J

I
is indicated in Figure 48 by the arrows for the compact specimen results.

The second effect to be considered is the inclusion of axial forces

(34)

in the compact specimen test For an a/w between 0.50 and 0.55,

Equation 18 becomes
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2.3 B,
J = —= . (21)

bB
Thus, J increases by approximately 15% for the compact specimen. This

increase is also indicated by arrows in Figure 48.

The consequences of including the corrections noted are rather
negligible. Except for the heats EN and NA (A302B) the trends in the
data remain the same. For the A302B material, the results for static
and dynamic tests come together due to the offsetting corrections. Since
there is still divided opinion among the technical community concerning
these corrections, the original values based on Equation 18 will be con-

sidered correct at this point.

There is a further problem related to the statistics of the curve
fit to the R-curve data. As a cursory look at the statistics, straight
line curve fits were made to the data which were not on the stretch zone
(blunting) line. The variance about the linear fit and the number of
degrees of freedom are listed in Tables 6 and 7. Note that the number
of degrees of freedom is equal to the number of points minus 2. There-
fore, in several cases only 1 degree of freedom is possible. The linear
fit was then intersected to the blunting line (J = ZOan) assuming that
this line was known with 100% certainty. The intersection point desig-
nated Ji is also listed in Tables 6 and 7 compared to the JIc values
from the manual fits. Any abnormal discrepancy between values of Ji
and JIc are footnoted explaining the difference. Using the t-distribution
for 95% confidence, weighted limits of Ji were obtained<38)

in Tables 6 and 7.

and are listed

It is obvious from Tables 6 and 7 that it is necessary to have as
many degrees of freedom as possible and that the variance of the straight

line fit should be as low as possible. Therefore, some guidelines related



Table 6. Statistical Analysis of R-Curve Procedure for Eight Heats Tested at 350°F (177°¢)
J. .
TEST V/-\RZIANCE ) DEGREES 21 ) 95% CONg. LIMI; E
HEAT TYPE [in-]b/in% ([kd/m2]2) OF FREEDOM in-1b/in® (kd/m°) in-Tb/in® (kd/m?) in-Tb/in® (kJ/m?)
. 4 3 %

o Static Compact 7.39x105 (2.27x103) 2 548 ( 96) 279 (49) 750 (131)
EG pynamic Bend 1.19x10° (3.65x10°) 2 1943 (340) 362 (63) 1700 (298)

Static Compact l.83x103 (5.6lx103) 1 1306 (229) 171 (30) 1330 (233)
BBB onamic Compact 3.98x10° (1.22x107) 2 1578 (276) 202 (35) 1510 (264)

Static Compact 2.89x102 (8.86x102) 2 383 ( 67) 57 (10) 390 ( 68)
EN " pynamic Bend 2.90x10" (8.89x107) 2 853 (149) 180 (32) 700 (123)

Static Compact  1.49x10% (4.57x104) 2 378 ( 66) 129 (23) 360 ( 63)
NA" pynamic Bend 3.29x10° (1.01x10") 2 680 (119) 605 (106) 600 (105)

Static Compact 5.22x104 (1.6Ox104) 2 1014 (178) 234 (41) 10205(179)
EK " Dynamic Bend 1.74x10° (5.34x107) 3 2696 (297) 811 (142) 1550° (271)

Static Compact 1.59x10; (4.88x107) 1 1651 (289) 1609 (282) 1650, (289)
BKM  pynamic Compact 1.60x107 (4.91x10%) 2 1322 (232) 126 (22) 1680 (294)

2

Static Compact 3.65x103 (1.12x102) 2 1267 (222) 58 (10) 1360:(238)
CJ pynamic Compact 1.28x10" (3.93x107) 1 1076 (188) 426 (75) 1280 (224)
BAS Static Compact 2.55x103 (7.82x101) 3 552 ( 97) 31 ( 5) 560 ( 98)

Dynamic Compact 8.24x10° (2.53) 1 939 (164) 36 ( 6) 890 (156)

*

Not a linear curve fit resulting in a higher intersection point

Lowest points were weighted heavily lowering the straight line intersection point

+

in a higher intersection point

Did not weight lowest points as heavily in the straight line fit resulting




Table 7. Statistical Analysis of R-Curve Procedure for HSST Plate 02 Material
) 3. 95% CONF
K VARIANCE2 i LIMIT Jic
1 . . . .
TEMPERATURE ksi-in*®/s [in-1b/in?] in-1b/in®  in-1b/in®  §n_1b/in?
TYPE F (°C) (MN-m™>"s)  ([kd/m?]%) OF FREEDOM  (kJ/m") (kd/m®) (kd/m°)
2
75-80 (24-27) <3 (3.3) 3.94x102 (1.21x10;) 4 1889 (331) 25 ( 4) 1750°(306)
75-80 (24-27)  ~10% (10%) 5.02x10, (1.54x103) 3 1893 (332) 122 (21) 2000 (350)
PCCV 160 (71) <3 (3.3) 7.25x10, (2.22x105) 4 1928 (338) 117 (20) 1800 (315)
160 (71) =103 (103)  1.43x103 (4.39x10;) 3 1630 (285) 223 (39) 1500, (262)
160 (71) ~10° (10%) 8.29x10° (2.54x107) 3 1326 (232) 52 (9) 1550 (271)
0.394T 78 (26) <3 (3.3) 1.64x10° (5.03x10§) 3 1756 (308) 245 (43)  1900,(333)
Bend 160 (71) ~10% (10%) 2.76x10° (8.47x107) 2 838 (147) 163 (29) 1550 (271)
IT Bend 160 (71) ~10° (10%) 1.53x10° (4.69x104) 4 1373 (240) 554 (97) 1800°(315)
75-80 (24-27) <3 (3.3) 7.94x10" (2.44x10§) 6 960 (168) 82 (14) 1350:(236)
IT 160 (71) <3 (3.3) 9.61x10, (2.95x103) 2 1465 (257) 317 (56) 1790,(313)
Compact 160 (71) ~103 (103) 3.62x10° (1.11x107) 3 1136 (199) 115 (20) 1320 (231)

Lowest points were weighted more heavily lowering the straight line
intersection point

Lowest point was not weighted as heavily raising the intersection point

Not a linear curve fit resulting in a higher intersection point

S9
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to the number of points required and the scatter about the points are
necessary. Because of the limited amount of data for each fit, the variance
values may be artificially high; if an assumption is made that the scatter
about the R-curves for all heats of material is from the same population, the
95% confidence limits about any curve can possibly be reduced. However,

the validity in making this assumption must be explored in detail.

Another area needing further work is the use of the blunting line
itself. 1In the preceding statistical analysis, the line was assumed to be
known with 100% confidence. If there is any doubt in the slope of this
line, the confidence limits about Ji will be enlarged. The J versus Aa
curve in reality is probably a smooth curve similar to a tensile stress-
strain curve through yielding. The idea of finding a value of JIC is
quite similar to finding the proportional limit. Future work in obtaining

a proportional limit-type J. may be of benefit.

Ic

After the completion of the testing and data analysis phase of the
current program, an ASTM Task Group meeting on Elastic-Plastic Fracture
Mechanics (E24.01.09) was held in Philadelphia (October, 1976). The main
topic of the committee meeting was the development of a new procedure for R-
curve JIC testing. This new procedure would limit the range of crack exten-
sion (Aa) used to fit an R-curve and specifies that a linear fit be used. 1In
addition, a minimum of four data points are required to determine the
linear extrapolation back to the blunting line. The new procedure allows
points to be disallowed if they fall outside certain limits. This new
procedure will in general require testing more specimens than have been
tested in the past for establishing an R-curve, such as in the current
program. However, this new procedure is very preliminary and it may be

several years before it is fully documented and accepted by ASTM.

Fracture Toughness Correlations

The primary objective of small specimen fracture mechanics as

applied to the nuclear industry is the prediction of thick section behavior.

The fracture behavior of large section sizes can be inferred from direct
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measurements of elastic-plastic fracture toughness using small fracture
mechanics specimens such as the precracked Charpy or 1T compact specimen,
as has just been shown. Thick section behavior can also be inferred from
empirical correlations between ''valid" elastic or elastic-plastic fracture
toughness values and data from simple and less expensive tests, such as
the Charpy V-notch test. This latter approach is currently being used

to determine the continued reliability of operating reactors with respect
to radiation embrittlement, since current surveillance programs are almost
entirely dependent on Charpy V-notch data. The results of the EPRI RP 232
program and the current program were reviewed with respect to existing
empirical fracture toughness correlations with the objective of verifying
the existing correlations or developing new correlations to extend the

applicability of small specimen fracture mechanics.

The most widely used correlations in the past have been those between
fracture toughness (KIC’ KId) and Charpy V-notch energy (CV). Empirical
correlations have been developed in an attempt to combine the technical
merits of the fracture mechanics approach (KIC) with the economic merits
of the transition temperature approach (CV). The many theoretical objections
to the existence of a correlation between a sharp-notched (and sometimes
slow) fracture mechanics test and a dynamic, blunt-notched Charpy test have

(39)

been presented by Wullaert, et al and will not be reviewed here. The

existing KIC’ KId - CV correlations are listed in Table 8. A graphical
presentation of the correlations listed in Table 8 is shown in Figure 49.
The solid portion of the curves in Figure 49 represent the range over which
data existed to determine the correlation shown. The dashed portion of

the curves represents an extrapolation of the original correlation. Note
the values of elastic modulus (E) and dynamic yield strength (oyd) that
were assumed for the Barsom, Rolfe and Novak correlations(ao). Dynamic
yield strength was used because the curves are being compared to dynamic
fracture toughness data. A dynamic yield strength of 90 ksi (620 MPa)

is considered a reasonable assumption for all of the EPRI materials ex-

cept the A540 bolting material, which has a dynamic yield strength of
approximately 150 ksi (1034 MPa).
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Table 8. ;Existing Charpy Energy - Fracture Mechanics Correlations for Steels I

Barsom, Rolfe, and Novak (Eleven structural stee]s)(40>-—BRN
2

Kic 3/2

1. -+ 2(CV) Lower shelf and transition region
oy = 39 to 246 ksi (270 to 1700 MPa)

KIc ’ CV

2. |—) = 51— - 0.05 Upper shelf, o = 100 to 246 ksi
%y % Y

(690 to 1700 MPa)

Corten and Sailors (USS data plus HSST data)(41)--C&S

3. K, = 15.5 (C,)/?

lc Lower shelf, transition region

v

4. K )0.375

= 15.873 (C Lower shelf, transition region

Id )

Note that the constants in the above equations only apply when the
English units for the parameters are as follows:

1. Kic = psi-inZ 2. Kic = ksi-in® 384, K = ksi-in?
E = psi o, = ksi CV = ft-1bf
CV = ft-1bf Cy = ft-1bf
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CHARPY V-NOTCH ENERGY (J)
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The EPRI fracture toughness data bank was used to extract the pre-
cracked Charpy upper shelf fracture toughness (Kz) for each heat and the
corresponding upper shelf Charpy V-notch energy. Figure 50 shows the
relationship between Kz (equivalent energy toughness) and Charpy V-notch
upper shelf energy for over fifty heats of pressure vessel steels. Note
that the equivalent energy toughness values are based on maximum load and
may not represent true initiation toughness. All but one of the EPRI
data points fall above the Barsom, Rolfe and Novak upper shelf correlation
curve. There are two reasons for this trend. One is that dynamic frac-
ture toughness is greater than static fracture toughness in the upper
shelf region, as has been shown in the previous section. The other is
that the equivalent energy analysis assumes that crack initiation occurs
at maximum load. Since the current program has clearly shown that cracks
initiate prior to maximum load on the upper shelf, the use of maximum load
energy to calculate equivalent energy toughness gives KZ values that are
too high. It is interesting to note that the extrapolation of the Barsom,
Rolfe and Novak transition region correlation fits the EPRI upper shelf

*
Kd data better than their upper shelf correlation.

The EPRI data points shown in Figure 50 were fitted with a curve to
describe the relationship between dynamic fracture toughness and Charpy
V-notch upper shelf energy. The curve can be described in English units

by the equation

* 0.5
Kd = 26 (CV) . (22)
This relationship represents an "overall" correlation for the EPRI data
and may be useful for a rough approximation of upper shelf equivalent

energy fracture toughness.

As an attempt to develop a fracture toughness correlation for a
specific material, data from the 13 heats of A533B-1 steel in the EPRI
program were studied. The correlation between transverse Charpy V-notch

energy and transverse dynamic fracture toughness is shown in Figure 51.
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PRECRACKED CHARPY EQUIVALENT ENERGY TOUGHNESS (MN-m~%)

Comparison of EPRI Upper Shelf Data with Existing Correlations
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CHARPY V-NOTCH ENERGY (J)
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Points shown below the lower shelf line are linear elastic KId values.

All points above this line are Kg values. Note that both precracked

Charpy and dynamic (1T) bend fracture toughness data are used in the

figure. Toughness values below the upper shelf (TO + C) line are mostly
cleavage initiation at maximum load with little or no subcritical ductile
tearing. It appears that none of the existing correlations are adequate

to describe the EPRI A533B-1 data over the entire range of toughness

*
values. The A533B-1 upper shelf Kd values fall well above the ”KIc"

values predicted by Barsom, Rolfe and Novak, presumably for the two
reasons previously discussed. The Ké values in the transition region

are much higher than the K values predicted by Corten and Sailors.

Id
These discrepancies clearly demonstrate the need to better understand

the elastic-plastic fracture toughness data in the EPRI data bank.

The new upper shelf KJC values based on J initiation R-curve data

(Table 5) are compared to their corresponding Charpy V-notch upper shelf
values in Figure 52. For each of the eight materials studied, both the

static and dynamic KJC values are shown. The Barsom, Rolfe and Novak

upper shelf correlation is shown for three different levels of yield
strength corresponding to the appropriate strain rate. The Barsom, Rolfe

and Novak correlation provides a fairly good approximation of the KJC

values for stress intensity rates (k) of approximately lO5 and 107 ksi-

1/2 3 -3/2
n

i /s (lO5 and 10~ MN-m /s), but predicts nonconservative (high)

values of KJC for quasi-static stress intensity rates. The Barsom, Rolfe
and Novak correlation is based on valid linear elastic toughness measure-
ments (KIC)’ which allow up to two percent crack growth for initiation.

If the same amount of crack growth was used to define initiation from the

R-curve studies, the JIC and, therefore, K values would be higher than

Je
shown in Figure 52, and a better agreement with the Barsom, Rolfe and

Novak correlation would exist. However, there is the counter argument

Jc

KJC is determined) by not measuring the "weakest link" (Weibull-type

size effect previously discussed). These uncertainties, plus the poten-
(18)

Ie

better resolution of the observations noted in Figure 52.

that K values from small specimens overestimate KIC values (from which

tial complication of a specimen size effect on J , do not permit a
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It should be noted that the data in Figure 52 reflect the worst
heat (upper shelf Kz) of each of the eight materials (except A540) char-
acterized in the EPRI RP 232 program. For the eight heats studies (seven
materials), the two heats of A302B exhibited the lowest upper shelf
toughness properties. Heat EN is the old ASTM surveillance correlation
heat which is fully described in Reference 42. Heat NA was specially
prepared for NRL to simulate the low upper shelf toughness that might
result from radiation embrittlement. Thus, neither heat is typical of
current pressure vessel steels. However, it is interesting to note that
the A302B data indicates that a Charpy V-notch upper shelf energy level
of 50 ft-1bf (68 J) corresponds to a static fracture toughness (KJC) of

L -
only 100 ksi-in® (110 MN-m 3/2). From Table 5 or Figure 50, the dynamic

o
~

) for heat EN corresponding to
-3/2

equivalent energy fracture toughness (K

d

1
44 ft-1bf (60 J) was 169 ksi-in’ (186 MN-m ). Thus the generally
1

accepted correlation of 150 ksi—in/2 (165 MN—m_B/Z) with 50 ft-1bf (68 J)

is probably based on static and dynamic upper shelf equivalent energy
measurements. This study has clearly shown that crack initiation occurs
prior to maximum load and, therefore, that true initiation fracture tough-
ness values gKJC) can be substantially less than equivalent energy fracture
toughness (KZ). Users of the EPRI fracture toughness data bank(7)must

take this into account, along with the previously recommended validity

limits for elastic-plastic data.

With regard to the other materials shown in Figure 52, the material
with the lowest fracture toughness that is also in current use is heat
BAS, which is a submerged arc weldment in A508-2 steel using a Linde 80

flux and a heat input of 102 KJ/in(6). This weld exhibited an upper

—3/2)

bl

shelf static fracture toughness (KJC) of 127 ksi—inl/2 (140 MN-m
which corresponded to a Charpy V-notch upper shelf energy value of 77
ft-1bf (104 J). This weldment also has a high copper content (0.33 percent)
and thus may exhibit a rather low upper shelf toughness in service due

to the initial low toughness and enhanced radiation sensitivity.
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A relatively new approach to extending the fracture toughness mea-
suring capability of small fracture mechanics specimens is through the use
of the specimen strength ratio RS. This ratio for bending is the ratio of
the nominal net section bending stress (ON) at maximum load (PM) to the

vield stress (Oy), i.e., for three-point bending and a span to width ratio

of 4,

6PMW
R, =9, /0 =——r—r . (23)
sb Ny B(w - a)ZO
(43) (44) .
Yukawa and Succop and Brown have reported a correlation between

the notch bend strength ratio Rsb from slow bend precracked Charpy data
and KIC measurements made on the same high strength steel. Their results
are reproduced in Figure 53. Note that there is excellent agreement with

the linear elastic fracture mechanics (LEFM) line when the RS ratio is

b
less than 1.80. It is interesting to substitute the notched bend general
yield load (P.,) solution for oy (slip line field solution(lo)),
3.3 PGY W
°y T 2 ’ (24)
M B(w - a)

in Equation 23 yielding

P

R, = 1.825— . (25)
GY
Equation 25 predicts that general yielding occurs at a value of Rsb equal

to 1.82. Thus, the precracked Charpy sample can predict linear elastic
toughness behavior to the point of general yield. This confirms the
criteria for elastic fracture used in the EPRI acceptance criteria for
dynamic impact tests. That is, Equations 16 and 17 define the upper

limit for elastic fracture which occurs when P,, = P For the precracked

M GY®
Charpy specimen, the ratio of K to Gy at general yield is

K/oy = 0.504 , (16)
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which is approximately the same as the value of K/oy which corresponds ‘

to RS = 1.82 (Figure 53).

b

The strength ratio can also be applied to compact specimen tests,
with the strength ratio RSC being
2 PM (2w + a)

R = . (26)
s¢ B(w - a)2 Oy

(9

1T compact data from the round robin program and the A533B-1 data from
the EPRI fracture toughness program(7) are presented in Figure 54. 1In
this case both valid linear elastic data, invalid linear elastic data
(does not meet E399 size requirements), and elastic-plastic data are
shown in Figure 54. The temperature dependence of the yield stress
(Equation 8) was also used. It is obvious that invalid points fall along
the linear elastic line as well as the valid elastic values. This fact
indicates that the ASTM thickness requirements are far too restrictive

for A533B-1. Figures 53 and 54 indicate that for the ASTM E399 size

requirement for elastic fracture

KQ\2
a, b, B > 2.5 O—) ; (15)
Yy

the coefficient 2.5 could be reduced to approximately 0.6 for the pre-—
cracked Charpy (a = b = 0.2 in.) and 0.4 for the 1T compact (a = b = B

=1 in.).

The elastic-plastic results which correspond to cleavage initiation
at maximum load (no subcritical tearing) also fall on or slightly above
the linear elastic line. The ductile tearing maximum load results deviate
substantially from the linear elastic line. Note also that the one true
initiation ductile result (KJC) also falls above the elastic line.

However, note that if the linear elastic line was used, conservative

values of toughness would be obtained.
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DEVELOPMENT OF PREDICTION LIMITS FOR THE TANH CURVE FIT

Fracture toughness design (or safety analysis) curves are a means by
which an analyst uses a practical test (or tests) to determine the lower
bound fracture toughness of a pressure vessel steel. The currently used
IR(AS), uses a referencing temperature concept

to index nuclear pressure boundary materials to a body of data generated

lower bound toughness curve, K

by fracture toughness and crack arrest measurements. The KIR curve 1is

defined as

Kig = 26.77 + 1.223 exp {0.014493 (T + 160 - R (27)

TNDT)} i

where RTND is the indexing temperature parameter; the units of Equation

T
27 are English units with temperature (T) expressed in degrees Fahrenheit,

1
and KIR ig in ksi-in? units.

While recent studies of several heats of each of eight pressure

(7

vessel materials have shown the KIR curve to be a lower bound which is
rarely transgressed, the work revealed some major difficulties. These

may be summarized as follows:

1. The probability that the lower bound will be transgressed needs to
to be defined. 1In general, if a curve has no stated statistical basis,
the most secure lower bound curve is the most conservative curve. A prac-

tical lower bound curve must have a pre-defined low probability that the

fracture toughness of the steel can lie below the curve. To define such

a lower bound, a functicnal relationship must first be found which describes
the change in the mean fracture toughness with temperature. Then from
an examination of the distribution of the data about the mean the lower

bound can be defined for any specified probability.

2. The KI curve can be seen to be a one-parameter curve, whereby

R
the curve is fitted by normalizing the temperature using RTNDT' There
are actually four parameters needed to properly normalize the complete
curve. These relate to the physical behavior of fracture toughness as the

temperature changes, i.e.,
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a. At low temperatures the fracture toughness tends to be a
constant value, the lower shelf. One parameter is needed to
fix the value of this shelf.
b. At high temperatures there is a corresponding upper shelf,
which requires a second parameter.
c. The position of the transition of fracture toughness with
temperature must be fixed, needing a third parameter.
d. The rate of transition requires a fourth parameter.

The K curve tacitly assumes three of these variables. The lower shelf

IR 1 -3/2
is bounded at 28 ksi-in~* (30.8 MN-m

). There is assumed to be no upper
chelf behavior, and the rate of transition of toughness between the lower
and upper shelves is assumed to be increasing continuously at a fixed rate.
Thus, the only remaining parameter is the temperature at which the transition
occurs which is based upon RTNDT'
3. Assuming that a relationship between the mean fracture toughness
and temperature has been derived, there remains the task of defining a
lower bound to the curve which will be transgressed with known probability.
To derive such a bound the distribution function for the spread of the
data about the curve must also be defined. The distribution function is
usually defined in terms of a well characterized function such as the

Normal distribution and a variance. The form of the distribution may vary

with temperature as may the variance.

The Functional Relationship Between Fracture Toughness and Temperature

The four parameters which characterize the fracture toughness changes

(12)

with temperature can be summarized in the form shown in Figure 1

T - T,
Y = A+ B tanh | —(— , (28)

where Y is the predicted value of fracture toughness, and T is the temp-
erature. The fitted coefficients have the following meaning as also

shown in Figure 1:



A is the mean fracture toughness of the lower and upper
shelves; B is the + deviation of the shelves from the
mean; i.e., A + B is the upper shelf fracture toughness,

A - B is the lower shelf, and 2B is the difference between
the two shelves; TO is the temperature at the midpoint

of the tranmsition; C is the + deviation of the inter-
cepts of the tangent to the transition at TO and the

lower and upper shelves; and B/C is the slope in the

transition range.

While the fracture toughness curve (Equation 28) describes the
average fracture toughness as a function of temperature, measuremsnts are
scattered in a random fashion about this curve. A simple treatment which
is commonly used to set a lower bound for future observations assumes
that they are distributed Normally about the curve. Those test results
which are available are assumed to be a sample, from which the variance
can be estimated. A standard error of a prediction is then developed by
combining this estimate with the variance of the mean position of the
curve and the variances and covariances of the regression coefficients.
This type of analysis is described in Reference 38. Unfortuﬁately, this
procedure cannot be applied here. The variance of the EPRI data and the
distribution of data about the curve is not uniform over the temperature
range of the data, as will be shown by the results which follow. Further-
more, non-linear regression procedures used to fit Equation 28 to the test
data do not develop explicit values of the variance and covariance of the
coefficients of the curve, A, B, TO and C. The procedures provide a
conservative upper limit to these variances, which is far too conserva-
tive for the generation of lower bounds to the fracture toughness curve.
Details of the variance and covariance relationships for the tanh curve

fit can be found in Appendix D.
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. Data Analysis

The recently completed fracture toughness program conducted for

EPRI (RP 232) generated a considerable volume of fracture toughness data.
The data were generated using static compact, dynamic compact, dynamic
bend, and instrumented precracked Charpy tests. For the latter, each
group of data (tests performed on a single heat of material) was fitted
to a curve of the form shown in Equation 28, so that the deviations about
the curve could be studied. There were too few specimens from the larger
specimen tests, compact and bend. To allow this data to be analyzed, it
had to first be normalized to remove heat-heat variation. This permitted
the data from all the heats of each material to be combined, giving a
data base which was sufficiently large for analysis. These procedures

are described in a later section.

To allow the distribution of data about the curves to be studied
in a manner which allowed overall comparisons, a technique was used
which related the position of a data point on the curve to be related
to the property transition between lower and upper shelves. This tech-

nique is the same as the normalization procedure for temperature (to be

described later). Instead of using temperature as a reference, normalized
T-T
temperature, ¢ was used. Data were grouped in the following manner:
Group Number C
1 less than -1
2 -1 to -0.5
3 -0.5 to O groups 1-6 include
4 0 to 0.5 linear elastic data.
5 0.5 to 1
6 greater than 1

As an additional check, to avoid curve-dependent results, deviations
were also computed from a regression line fitted to all the data within

each temperature range for the heat-heat data sets. This approach was
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unsuccessful for two reasons. First, since the lines were independent

of adjacent groups of data, they often adopted nonsensical slopes to
minimize the variance of the few data points to which the line was being
fitted. Second, each line fitted used two degrees of freedom (one for the
mean and one for the slope), so that the six groups used 12 degrees of
freedom for each data set. This severely restricted the value of the

variance estimates.

A group 7 containing only linear elastic data was examined in a
preliminary study. This group was found to contain the low toughness
data values for group 1, and some low toughness results for group 2.
Consequently, the data distributions were found to be highly skewed, and

this separation was therefore discontinued.

Variance of Fracture Toughness Data

The deviations of the individual data points from the fitted curves
were used to compute the overall variance for each material in each group
of data (temperature intervals as defined in the previous section).
Because there was no way to allocate the degrees of freedom used to
generate the (tanh) curve fitted to the original data, the number of
degrees of freedom associated with each group was assumed to be the num-

ber of data points within the group.

The results of the analyses are tabulated in the form typified by
Table 9. Referring to Table 9, six columns of data are presented. The

first column MATERIAL was the material type coded in the way specified

(7).

in previous work ; listed below is the coding scheme:

Code Number Material

A533B-1 base metal
A508-2 base metal

A540 bolting metal

A302B base metal

MMA Weld on A533B-1 base
MMA Weld on A508-2 base
SA Weld on A533B-1 base
SA Weld on A508-2 base

O~ oYU W N
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Table 9. vVariance Analyses for the Precracked Charpy Toughness Results
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To avoid confusion, the round robin data (which was actually material 1,
A533B-1 base metal) was coded as material 9. When a material is missing,
it implies that there were insufficient data points within a particular

group to allow the variance to be computed. The second column, GROUP,

T-T
C

described earlier. The third column, VARIANCE, shows the computed vari-

denotes the temperature group within which happened to lie, as

Z(deviation)2
D.F.
for the precracked Charpy results. The fourth column, D.F. (degrees of

ance from the quantity ; VARIANCE is listed in English units
freedom), shows the number of data points lying within the group. The
fifth column, LIMIT, is a measure of the range within which the variance
might lie about the mean variance for the group if the data were from a
uniform population. LIMIT has qualitative value only, except when there
is a large number of data points (a high D.F.) and in which case + LIMIT
represents the 957 confidence band. LIMIT is also listed in English units

for the precracked Charpy results.

Instrumented Precracked Charpy Test

The precracked Charpy variance results for each material are summarized
in Table 9 and are shown graphically in Figure 55. A line which repre-
sents a mean fit to the variance for all materials is also shown. Figure
56 also shows the combined variance estimate (mean line) for all materials
with the * 2 (standard deviation) range drawn about the mean. To show
the results which differed in an important way from the rest, the LIMIT
value computed from the estimate of the variance of a variance was used
(Table 9). As the number of degrees of freedom increases above about 50,
this quantity tends to give 95% limits at * (LIMIT). Those individual
materials which differed from the overall value by more than 1 LIMIT
are shown in Figure 56, with the * range of 1 LIMIT marked on the graph.
In addition, they are shown in Table 9 by two asterisks in the SYMBOL
column. The materials which showed outliers were materials 1, 3, 4, and
5. All of these deviations were to lower variance. The results for
materials 1 - 8 are not too surprising, since materials 1 - 4 are all

base materials, which might be expected to be more homogeneous and there-
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. fore have a lower variability than weld metal. Material 5 was a wéld
material, so that the marginally low variance in group 1 is somewhat
surprising. However, an even greater surprise was provided by the com-
parison of materials 1 (A533B-1) and 9 (the same material type, but used

in the round robin program). A direct comparison is shown on the next

page.

Temperature Group: 1 2 3 4 5 6

F Value:™ 2.91 0.91 3.20 4.96 13.68 2.43
D.F. (Mat 1): 93 15 11 15 16 107

D.F. (Mat 9): 61 8 16 3 6 71

Significance:Jr *%%  none - *% wx wRK - wAK

This comparison shows that highly significant differences exist between
the two sets of results for groups 1, 5, and 6. There were significant
differences between the results for groups 3 and 4. The differences in
variance in group 1 were largely based on results for linear elastic
fractures. This result should be considered in the context of the
round robin analysis, which showed that certain laboratories had experi-
mental variances which were significantly lower than the other laboratories.
One explanation for the results shown here is that the laboratories learned
from each other in the round robin program. This learning process indicates
that a certain amount of experience is required to follow the testing
procedures(lo)as they now exist.

As shown by the mean values for each group (Table 9) the variance

changed from group to group. Group 1, mainly linear elastic K data,

Id
had a highly significant lower variance than even the least variable

group of elastic-plastic data, group 6. There is no unambiguous statistical

*
The F value is the ratio of the two variances, the round robin (material 9)
variance divided by the material 1 variance.

+ . e

The significance level was determined from tables of the F distribution(46)
Two asterisks denote the 95% confidence level and three asterisks the 99%
level.
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test which would show conclusively that there are significant differences
between the other groups of data at this stage, since the most useful
tests are dependent upon the assumption that the data is Normally dis-
tributed. However, the observed differences are such that we may assert
that the variance is approximately constant over the transition tempera-
ture range (groups 3-5), but much lower at the lower and upper shelves.
The variance apparently increases from the group 1 level in a gradual
manner to the middle of the property transition range (T = TO) and then

drops at the upper shelf.

Large Specimen Compact and Bend Tests

Attempts to analyze the large specimen test data by the same methods

used for the precracked Charpy test data failed. There were usually only

four or five data points per heat, barely sufficient to establish a four

parameter curve at best, but certainly insufficient to be used to estimate

the variance and distribution of the data about the curve.

A procedure was therefore developed to first normalize the data
so that all heats could be combined to permit the distribution and vari-
ance to be determined. 1In taking this approach, the heat-heat variabi-
lity could be removed by the normalization techniques permitting all the
data for each material to be combined. The normalization procedure will
be discussed prior to the presentation of the large specimen fracture

toughness variance distribution studies.

Normalization Procedures

It has already been stated that four parameters are needed to com-
pletely normalize a fracture toughness curve. Fewer parameters can be
used, but part of the heat-heat variability will be retained and result
in an inflation of the variance about the curve. Therefore, in conse~
quence, a lower limit may be obtained than might otherwise be possible.

The ideal normalizing parameters have the following properties:
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‘ 1. They must be conveniently obtained. For example, a Charpy or
precracked Charpy test might be appropriate, since it can be performed
more easily than large specimen fracture toughness tests; and

2. They must derive from a test which measures the same quantities
as the large specimen fracture toughness tests, at least within the limi-
tations of a single material.

When fracture toughness tests are then used in conjunction with the para-

meters to develop a new, normalized curve, the curve essentially reveals
the bias between the actual fracture toughness test and the test used to

generate the normalizing parameters.

The precracked Charpy test appears to be an ideal normalizing test,
and the tanh curve coefficients (Equation 28) the ideal parameters. On
this basis, fracture toughness data can be normalized in the following

manner:

Normalized toughness = (measured toughness - A)/B

Normalized temperature = (measured temperature - TO)/C

where A, B, T, and C are the coefficients from Equation 28 developed for

0
precracked Charpy test data for the same heat used for the larger speci-
men fracture toughness test. Using normalized test data, heat-heat
variation can be substantially removed. A plot of the normalized data

can then be developed for all of the heats of a given type of material,

allowing variances and data distributions to be computed.

The data for each of the materials (except material 4 for which
there was only one heat) were analyzed in this manner. The results are
presented in Figures 57 to 72. For materials 1 and 5 the heat numbering
is ambiguous, with different heats from the two testing laboratories
having the same heat number. To avoid confusion in these cases, the
heats tested by Combustion Engineering, Inc. have been marked by a flag.

The test types were separated by stress intensity rate (ﬁ) with the
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static tests (1T and 2T compacts, test types 5 and 11, respectively)
grouped, the intermediate rate dynamic (1T, 2T, 3T, and 4T compacts,
test types 8, 9, 10, 7, respectively) as a second group, and impact
dynamic 1T bend (test type 6) as a third group (only applicable to
materials 1 and 5). The predominant test has been identified in the
plot label, and the stress intensity rates corresponding to the three

groups are:

Group k, ksi—inl/z/s (MN-m_3/2

/s)
Static Compact < 3 (3.3)
Dynamic Compact " 103 (103)
Dynamic Bend av lO5 (105)

In most cases, the normalized curves showed quite a small amount of
scatter. However, some curves such as those for material 8 showed large
scatter. This could be traced to the C normalizing parameter, which for
certain heats, was only about 1/10th of the C values for other heats of
the same material. The use of this small C parameter shifted some frac-
ture toughness data from the transition temperature range into the shelf

regions. This difficulty is discussed in more detail in a later section.

A noteworthy feature of these analyses was the basis of the grouping,
which differed in an important manner from that used for the precracked

Charpy test data. For that data, the groupings were based on T, and C

0
derived from the test data, so that they directly related to the material
behavior. TFor the large specimen data, the groupings were based on the

normalized temperature, so that they were based on T, and C for the pre-

cracked Charpy test. Thus, they do not exactly relage to the behavior

of the large specimens. Furthermore, the graphs shown in Figures 57 - 72
are somewhat misleading as a guide to the computed variance. The groups
were taken in a manner which grouped all the lower and upper shelf data
into groups 1 and 6 respectively. The remaining groups, 2 - 5, show the

detailed behavior in the property transition range between normalized

temperatures of -1 to +1.




109

Static Tests

The normalized static 1T compact data were analyzed in the same
manner as the precracked Charpy results without separating the linear
elastic data. A preliminary study showed that the elastic and elastic-
plastic results, when they occurred at the same temperature, formed the
low toughness and high toughness sets of results, respectively. That is,
the elastic data generally were below the mean, and the elastic-plastic
data above it, at any particular temperature. Separation of the two sets
of data thus gave skewed distributions. To simplify the analysis, there-
fore, all the data were treated in the same analysis. The results of the
analysis are shown in Table 10 and graphically in Figure 73. All devia-
tions were to low variance, as was the case in the precracked Charpy

results.

Dynamic Tests

The data generated by test types 7, 8, 9, and 10 (dynamic compact)
were analyzed in the same fashion as the static test data. The results
of the analysis are summarized in Table 11 and Figure 74. The variances
were of similar magnitude to those computed for the static tests, and

again those values which showed large deviations were below the average.

Data generated by test type 6 (dynamic bend) were analyzed sepa-
rately from the other dynamic test data because of the difference in
stress intensity rate. The test results are summarized in Table 12 and
Figure 75. This test was only performed by Effects Technology, Inc.
(ETI), so that only materials 1 and 5 were tested, and only a few data

points were available for analysis.
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Table 10. Variance Analyses for the Static Fracture Toughness Tests
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Table 11. Variance Analyses for the Dynamic Compact Fracture Toughness Tests
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Table 12.

Variance Analyses for the Dynamic Bend Fracture Toughness Tests
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The Distribution of Fracture Toughness Data

The data used to compute variance in the temperature range groups
were also used to determine the distribution of data about the curve. The
deviation of each data value from the curve was related to the variance
for the group to give a normalized deviation from the curve; that is, a
deviation expressed in terms of the standard deviation. A histogram was
then developed by counting the number of points lying in deviation ranges
of 0.5 (standard deviation) from the curve. The moments of the distri-
bution were also compﬁted. The histogram generated from the point counts
was then drawn with a superimposed curve developed from the Normal distri-
bution. The curve and the histogram thus give a visual summary of the
distribution data, while the computed moments allow the information to

be interpreted in a quantitative fashion.

The skewness or other deviation from Normality can be tested quanti-

tatively. The moment ratios, Vbl and b2 can be computed from the third

and fourth moments of the distribution, and tables of these quantities

have been published(46). However, while /EI is an appropriate test for

skewness, the statistic "a'" is better than b, as a test for kurtosis.
’ 2

a is defined as:

_ (mean deviation)
8 T (standard deviation) ’ (29)

Kurtosis is the term applied to deviations in shape from the Normal dis-
tribution; leptokurtosis means that the distribution has a higher peak
and widespread tails; and platikurtosis means a humped peak and short

"n_ 1

tails. The b2 statistic is only preferable to "a" when the data sample

exceeds about 200.

The distribution of data about the tanh curve for the instrumented
precracked Charpy normalized static compact and normalized dynamic com-

pact and bend testing programs are examined in detail in Appendix E. The
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instrumented precracked Charpy test results showed overall close agree-
ment with the Normal distribution. However, group 1 (lower shelf) results
were skewed towards higher toughness, while group 6 (upper shelf) were

skewed towards lower toughness.

The static and dynamic compact test programs had fewer test results,
but showed the same overall trends. Referring to the overall results (all
materials combined, Tables E.5 and E.7), the lower shelf data were skewed
high for both types of test. This result was significant at better than
the 997 level. The upper shelf data for the dynamic compact test showed
significant downward skew (957 level). The dynamic bend test program had
even fewer test results. There was a high skew at the lower shelf, but

there were too few test results to show a significant trend.

DEVELOPMENT OF REVISED KIR CURVE

The development of a revised KI curve requires the results obtained

R
from the distribution studies and an analysis of indexing procedures. The

currently used RT concept normalizes toughness data to a certain extent,

NDT
but other, more appropriate parameters may be available. In the distri-
bution studies it was found that an ideal indexing parameter was the pre-
cracked Charpy tanh fit parameters. Before this technique was formalized,
other parameters were investigated. A brief section describing these
early studies will precede the final section discussing unique K curves

IR
for the different materials.

Other Normalizing Parameters

Initially, correlations between NDTT and RTNDT with TO and TO - C

from precracked Charpy tests were attempted. There was no consistent

trend with T0 that could be established using both precracked Charpy

normalized energy and toughness. However, T, - C from the precracked

0
Charpy normalized energy and toughness values correlated fairly well with

the Nil Ductility Transition Temperature (NDIT). Figures 76 and 77 show

the TO - C and NDTT data plotted against the expected 1:1 correlation.
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There is a much better correlation using the normalized energy, as would ‘
be expected since the NDIT test is really a propagation test which should
relate better with total energy (W/A, initiation plus propagation) rather

than just initiation (K _,). It is generally observed that the upturn

Id
(lower knee, TO - C) in dinitiation toughness occurs at a higher tempera-
ture than the upturn in the normalized energy (W/A). The data in

Figure 76 are consistent with this observation since the initiation tough-
ness transition measured by T0 - C tends to occur above the transition

measured by the NDTT (and thus W/A). Thus, using T, - C from the pre-

0
cracked Charpy toughness tanh fits would tend to give a conservative

estimate of the NDTT. Figure 77 indicates that T, - C from the pre-

cracked Charpy W/A tanh fits provides a good estigate of the NDTT except
for those points falling above the data band corresponding to the normal
scatter in the NDTT test (+ ZOOF, lloC). The data scatter greater than

+ 20°F (llOC) tends to be skewed high. A review of the data and the tanh
fits did not reveal any reasons for the deviation. However, it should be
noted that two different statistical approaches are being compared for
this correlation. The tanh fit to the W/A data is a mean fit result for
the values of T, and C. The NDTT is not necessarily a mean result, but

0
is an upper limit by the testing procedure used to obtain NDTT. Thus,

the NDTT values should be skewed higher when a one-one correlation with
any mean value parameter is attempted. This fact helps to explain the

trend to higher NDTT values, but does not explain the overall scatter.

The correlation of TO - C from precracked Charpy normalized energy

tanh fits with RTNDT was not as good as the correlation with NDTT shown

in Figure 77. This is because the points shown in Figure 77 will stay
the same or be shifted to higher ordinate values depending on whether

RTNDT = NDTT or RTNDT > NDTT (when 50 ft-1bf/35 mil [68 J/0.89 mm] cri-
teria are not met at NDTT + 60°F [NDTT + 33OC]). However, the fact that
RTNDT can be greater than NDTT for some heats improves the correlation

shown in Figure 76 when RTNDT is used instead of NDTT. That is, some of

the points in Figure 76 are shifted upwards, but the correlation is still

not as good as the one between NDTT and T, - C (from W/A) shown in

0
Figure 77.
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’ An alternate approach to normalization of fracture toughness dats
was attempted by using a temperature-strain rate parameter based on an

Arrhenius rate relationship. The relationship has the form:

. -H/RT

£ = Ae / s (30)
where

€ = strain rate

A = frequency factor

H = stress activation energy term

R = universal gas constant, and

T = absolute temperature.

It has been shown that the activation energy term for yielding is a fun-

ction of stress such that rearranging Equation 30:

H = RT 2n (A/€) , (31)
and therefore

o, « T ¢n (A/€) : (32)
The value of A has been determined for body-centered-cubic steels(47) as
1083_1. The value of yield stress is really composed of two terms:

(1) a rate and temperature sensitive term following the relationship of
Equation 31 explicitly, and (2) a frictional stress term which is insen-
sitive to temperature and strain rate. However, the overall relationship

for yield stress can be depicted using Equation 32.

Values of lower yield stress (or 0.2% offset yield) for HSST Plate

02 (A533B-1) were obtained by Steichen and Williams(ag) at various tem-
peratures and strain rates. Their data and static tensile data (é =
5 (9)

8.3 x 10~ s_l)on the same material from the EPRI round robin are shown

in Figure 78 as a function of the temperature-rate parameter in Equation 32.
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Included also in Figure 78 are data from instrumented Charpy V-notch
tests in which the general yield load (PGY) has been converted to a
dynamic yield stress by using a Tresca yielding criteria and a slip line

(49) .

field solution
0y(p51) = 33.3 [PGY (lbfﬂ . (33)

The strain rate corresponding to the value of Oy calculated from PGY

is rather ambiguous however.

Values of ¢ between lO2 and 1035_l have been proposed for an impact

(50-53)

velocity of 17 ft/s An elastic solution for the relationship

between strain rate at the notch and mid-specimen deflection rate can be

developed as follows. The compliance of a three-point bend specimen (CS)

(10)

for a span to width ratio of four is

72 a 20
“s ~ B [g(w)] ) ' (3%)
where E is the elastic modulus, B is the specimen thickness, and g (a/w)
is a function of the specimen crack depth to width ratio. TFor an a/w =
0.2 for a standard Charpy V-notch specimen, Equation 34 reduces to
cC = —— (a/w = 0.2) . (35)

Compliance is defined as displacement (d) over load (P) so that

P = . (36)

£ = , (37)
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where KG is the elastic stress concentration factor, and o_ is the net

N
section nominal bending stress,
ON = __fﬂﬁl_g . (38)
B(w-a)
Combining equations 36, 37, and 38 yields:
6KOW
e =l—— d ; (39)
24, 4 (w-2a)
A . ) _ (51)
substituting dimensions and a value of Ko = 4.28 s
e = 4.18 [d(in}] . (40)
Differentiating both sides with respect to time gives
£ = 4.18 [&(in/sﬂ . (41)

The deflection rate (&) indicated in Equation 41 is the actual rate of
loading of the specimen and not the velocity of the impacting pendulum
head. Typically for mild steel at room temperature, d = 66 in/s for an
impact velocity of 17 ft/s.* Thus, the strain rate for the Charpy V-
notch sample is 275 s_l. Figure 79 shows the same yield data as in
Figure 78 at various temperatures only as a function of strain rate.
Plotting the Charpy yield data at 275 s_l provides reasonable agreement

with the other data.

Therefore, the Charpy data shown in Figure 78 are plotted using
e = 275 s_l, and the overall data are in good agreement with the tensile

test results. A curve of the form

o

"The machine compliance is actually greater than the specimen compliance,
and the effective specimen deflection rate is less than one-half the
pendulum impacting velocity.
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6 =c |ten (22 (42)

was fitted to the data in Figure 78 by a least squares technique, and
English unit values of C = 4.55 x lO3 and n = 0.431 were obtained. The
curve fit is not perfect but will suffice for the rest of the analysis,
especially since the range of interest is between 4000 and 12,000 °r

(2000 to 7000°K; x-axis).

Assuming that the change in fracture toughness follows the functional
relationship for yield stress, the linear elastic toughness results for
HSST Plate 02 from Shabbits(21) and the EPRI round robin program(g) can
be equated to a strain rate and temperature. The conversion to strain
rate (from a fracture toughness test) involves a calculation near the

(54)

elastic-plastic interface of the plastic zone. Irwin has calculated

the strain rate at the elastic-plastic interface to be

. 20
£ = —z%x s (43)

where ny is the principal stress at the crack tip boundary and t is the
total time of the test. However, since a triaxial stress state occurs
during plane strain conditions the value of Oy is elevated to approxi-
mately 1.7 Oy assuming no strain hardening. When strain hardening exists,
as it does in A533B-1 steel (0.1 < n < 0.2), the elevation of Oyy near the

(55)

elastic-plastic boundary is closer to 3.5 ¢ Therefore, for A533B-1

steel Equation 43 can be stated as

. 70
b _XtE . (44)

Also, the time of fracture is related to the stress intensity rate (K)

and stress intensity (K) by
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e =X (45)
K
Combining Equations 44 and 45 gives an expression for ¢ in terms of K,
. 76 K
€ = _33%— . (46)

To solve for a value of & it is necessary to also know the value of o
at the same test temperature and strain rate. Thus, an iterative ap-

proach is required using Equations 42 and 46.

The results for the HSST material are 'shown in Figure 80. TIf the
normalization approach worked, all of the data would be superimposed onto
one continuous curve. However, as shown in Figure 80 the data separates
into distinct K groups. This normalization procedure does not work in
this simple form. Changes in the frequency factor A or the stress concen-
tration factor in Equations 44 and 46 would not appreciably change the
trend shown in Figure 80. Note that if a KIR curve could be superimposed
on Figure 80, it would be an upper bound curve using this approach. Thus,
this fundamental approach to normalizing (indexing) the fracture toughness
data does not appear to be adequate. Therefore, the experimental data

approach using the tanh fit parameters from the precracked Charpy tough-

ness data to normalize the larger specimen data was selected.

Unique K__ Curves for Specific Materials

IR

Estimates of variance from small numbers of tests tend to be inaccu-
rate. Hence, if the dynamic and static test types are considered sepa-
rately, it is helpful to make some broad simplifying assumptions. First,
the variance estimates tend to fall into three broad groups: the lower
shelf, the transition range, and the upper shelf. Within these groups,
there were only minor differences in variance. Consequently, since it
is unrealistic to set a lower bound which fluctuates over short intervals

due to variance changes, the variances were grouped within these ranges.
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Specifically, groups 2 - 5 were combined into a single transition range
variance for each type of test (static or dynamic). Second, although some
materials tended to have lower than average variance, a grouped variance
for all materials is a conservative assumption for the base materials, but

it might tend to be optimistic for the weld materials.

From the distribution studies, the Normal distribution was found to
be a fair representation of the spread of data about the curve over most
of the range. The major problems were found at the upper shelf, where

the data were skewed low. Since the reference curves cannot at this time

be applied in the upper shelf range, this objection is not important. The
lower shelf presents a different sort of difficulty. It is physically im-
possible for the data to fall below zero toughness, while limits placed
using the Normal distribution could fall in any position. To overcome this
objection, which manifests itself statistically in the observation that the

lower shelf is skewed high, a different type of distribution was used for
the lower shelf only.

The shape of a probability distribution can be characterized by the
moments of the distribution. The shape of the distribution about the
lower shelf, where negative fracture toughness was forbidden, was charac-
terized as skewed on the basis of the computed moments. However, there
is a class of curves developed by Pearson, which are capable of describing
most probability distributions with a fair degree of accuracy. These
curves have been tabulated for a wide range of moments, so that if the
moments of a distribution have been computed, the complete probability
distribution can be characterized by the appropriate Pearson curve(46).

Using the appropriate curve, the deviates corresponding to the required

probability level for the lower bound can be read from the table.

Setting a lower bound to the reference curve presents difficult
statistical and physical problems. The physical problems, being most

important will be discussed first. The most straightforward
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interpretation of a reference curve which will be used in the work which

follows is the following:

Suppose the fracture toughness for an unknown heat of A533B-1 steel
were to be characterized using the reference curve technique. A

set of instrumented precracked Charpy test results provide referencing
A, B, TO’ and C values. The reference curve is entered, and a lower
bound for static or dynamic fracture toughness is provided as a func-
tion of temperature. Suppose that (although the use of a reference
curve assumes that no large specimen fracture toughness testing will
be performed) some tests are carried out. The lower bound states

that 5 tests in 100, 1 test in 200, or whatever is stated in the

tolerance level, will probably lie below the curve.

By contrast, the mean fracture toughness for repeated tests will lie on

or near the central line for the normalized curve. Another interpretation
of the reference curve might be to predict the mean toughness of the mate-
rial. This mean procedure could be performed by using modified deviates
showing a lower limit on the mean predicted material toughness. Such

limits would be much less severe than those for single values.

Statistical problems stem from the non-constant variance and distri-
bution. These cause the limits to be set in a piecemeal rather than an
overall fashion which is usually possible in regression studies. The
difficulty is accentuated by the need for non-linear regression techniques

to fit the tanh curve, preventing computation of accurate estimates for

the variances and covariances of the curve coefficients (see Appendix D).

Two approaches appear to be the most feasible at this time. One
approach (which will be used in the work which follows) assumes that the
position of the central curve is known exactly; this statement is a fair
assumption for those curves for which there are many data points such as

material 1. The variance about the curve is simply estimated with the




degrees of freedom of the estimate given by the number of data points

grouped for the variance estimate. If the data has a Normal distribution,
the added uncertainty introduced by the estimate of variance is taken into
account by the t - distribution. This distribution therefore predicts the

confidence band for any specified probability level, o.

The alternative, more conservative approach assumes that the data
in the sample is the sole arbiter of the position of the mean
of the curve. The position of this mean center line then has an
uncertainty which is proportional to O//H, where n is the number of test
results lying within the sample. Because of this added uncertainty, the
position of the lower bound is based upon the following concepts:

1. What is the certainty required that a specified fraction of

future tests will lie above the lower bound?

2. What is the fraction of tests to lie above the bound?
This added complication becomes more important as the number of test
results falls, and the scatter becomes greater, as is the case for the

weld metal curves.

At the lower shelf, the development of a lower bound using the
Pearson curve presents fewer options. When the variance and the moments
of the distribution of the data are not known exactly, theoretical treat-
ments which define the lower bound are not available. Solutions could
be developed using, for example, stochastic models for the system of data,
but such limits would be hard to defend, and would require a small research
program in themselves. For the case in which there is a large sample size,
as for the A532B-1 material, the Pearson deviates are quite accurate. How-
ever, when the sample size is small, as for the other materials (especially
the weldments), this assumption is less accurate. We have countered
this small sample size in part by using the grouped data for all materials.
This assumption introduces conservatism in the lower bound for the well
characterized materials, while there is additional uncertainty concerning

the non-base metal material.
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Bounds set by the t-distribution and by the Pearson curve are quite
different. Consequently, there must be some transition between the two
if an abrupt change is to be avoided. 1In the lower bounds presented here,
the t-distribution bound was assumed not to pass below the highest level

of the Pearson distribution-based bound.

The results are presented in Figures 81-96. The coefficients of
the central curve (labeled A', B', Té, and C', and not to be confused
with the normalizing parameters taken from the precracked Charpy curves)
define the mean line, fm’ as a function of normalized temperature t;

t - T!

0
fm=A'+B' tanh - s

(47)
where A', B', Té, and C' designate the normalized curve tanh coefficients.
The lower bound is the deviate D below the line fm (95 and 97.5 confi-

dence bounds).

Discussion of Lower Bound Results

The lower bound curves shown in Figures 81-96 represent the cul-
mination of a set of analyses, beginning with the tanh curve analysis of
the precracked Charpy test. At the time the precracked Charpy tests were
performed, there had been no anticipation of the eventual role of the
tanh coefficients as normalizing parameters. It transpires that some of
the experimental techniques and the choice of specific test temperatures
used in the performance of those tests were the cause of much of the vari-
ability of the normalized curves. It appears that the major source of
error in the curves is in the C coefficient of the tanh fit to the pre-
cracked Charpy data which should correct for differences in the rate of
property transition between the shelves. For some of the materials,
there were unreasonably large variations in the C values which resulted
in systematically large differences in the slopes of the transition of
the normalized data. The cause of the problem is not difficult to find.

Referring to Table 9, which shows the instrumented precracked Charpy test

results in summary, groups 1 and 6, the lower and upper shelf groups, con- ‘
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tained over 807 of all the data points. These groups have the minimum
influence on the determination of the C values; thus, the values of C

were set by less than 20% of the data. The situation varied from labora-
tory to laboratory, with material types 6 and 8 (B&W) being the. worst.

For reference to the curves, the minimum accuracy of the coefficients

must be stated if the lower bounds are to be accurate. It is because of
problems of this type, that no fine tuning of the bounds for weld material
has been performed. The upper shelf initiation fracture toughness results
obtained at 350°F are also shown in Figures 81-84 and 86-96, together with
the cutoff for valid elastic-plastic results (50 J/Of). This cutoff cor-
responds very well to the change in fracture mode for the large samples

of base metal (A533B-1 and A508-2) as discussed in earlier sections.

Since the data in Figures 81-96 are normalized and dimensionless, it may
be constructive to perform a sample calculation demonstrating how the
normalized curve can be entered. In the discussion to follow, actual heat

data will be constructed to further describe the methodology.

The heat-to-heat variation was removed by normalizing both the frac-

ture toughness and temperature data by:

f= , (48)

where f is the normalized fracture toughness, F is the measured fracture
toughness and A and B are the tanh curve fit narameters for the precracked

Charpy data for the particular material of interest; and
g — 0 (49)

where t is the normalized temperature, T is the test temperature, and TO
and C are the precracked Charpy tanh values. Thus, t is a measure of the
number of C units that the temperature differed from the central transition
temperature, and f is a measure of the number of B units that the toughness
deviated from the toughness midway between the shelves. To index the curve
in Figure 91 for heat CJ (for example), we need the precracked Charpy tanh

fit parameters. From Reference 7 the parameters are (in English units):
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A = 161.53 ksi-ini/2,
B = 110.49 ksi-int/Z,
T = 18.65°F, and

¢ = 27.50°F.

1/2 3/2)

For the case of the static 1T compact result (197 ksi-in ; 216 MN-m

at 350°F (17100), the values of f and t would be:

h
I

0.32, and
12.05.

rt
I

The point shown in Figure 91 corresponds to these values.

The initiation toughness results shown in the figures reflect a

crucial problem related to the K__-type curve. The upper limit of

. . 1/2 IR " 32

approximately 200 ksi-in (220 MN-m ) for the top of the current
KIR curve may be too high in several cases. In addition, a lower bound
in the upper shelf should probably be set by a static initiation tough-
ness test. Such a lower bound would occur naturally for reference curves

of the type developed in this program.

To compare the new statistically based reference curve with the

existing KI concept, several specific heat curves have been constructed.

Figures 97 ind 98 show the Round Robin HSST Plate 02 results(g) referenced
with the new approach, with statistical limits compared to the KIR—code
curve(as). Figures 99 and 100 show the results for heat BBB (A508-2), and
the results for heat CJ (submerged arc weld in A533B-1) are shown in
Figures 101 and 102. The original KIR curve appears to be conservative

in most cases except at low temperatures.

Discussion of the New Reference Curve Procedure

The current KIR design curve may be improved in the following ways:

1. Presently heats are referenced to the curves only on the basis
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‘ of their RTNDT temperature, In fact, heat-to-heat differences include
four major features:
a. The position of the lower shelf,
b. The position of the upper shelf,
¢. The temperature at which the property transition occurs, and
d. The range of temperature over which it occurs.
These four features should be accomodated in any new procedure.

2. The KIR design curve is a lower bound curve without a defined
statistical meaning. It was based on both arrest and large specimen initiation
fracture toughness measurements, two measures of toughness which are not
necessarily equal for any particular material. Consequently, when the KIR

curve is used to predict large specimen fracture toughness, it is extremely
conservative above the lower shelf region, but optimistic at the lower
shelf. Separate curves for static, dynamic, and arrest toughness should
be developed to give the designer the option to choose the parameter which
best describes operating and accident conditiouns.

3. The K curve was based upon only a few heats of matrerial. The

IR
current program in a large measure removes these shortcomings. The individual

heats of material were characterized by two measures of position. and two
of range, i.e.,
a. Toughness position - the fracture toughness midway between
the two shelves (A);
b. Toughness range — the range of toughness (B), such that the
shelves are at A * B;
c. Transition temperature - the temperature at the midpoint
of the property transition (TO); and

d. Transition range — a measure of the range of temperature

over which the property transition takes place (C).

The fracture toughness of individual heats was conveniently measured

using the instrumented precracked Charpy test. A non-linear regression

procedure was then used to determine A, B, T and C by fitting the

O’
expression:
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(28)

T-TO]

Fracture toughness = A + B tanh [ C

The instrumented precracked Charpy test specimen is too small to develop

an accurate measure of fracture toughness over a broad temperature range,
although it is a good measure of heat-to-heat variation. Overall reference
curves were developed using large specimen static and dynamic fracture
toughness tests from 50 heats of eight materials. Heat-to-heat variation
was removed by normalizing both the fracture toughness and temperature

data as follows:

F-A _ 0 ,
f = 3 , and t == . (48,49)

The f and t values were then used to generate normalized fracture tough-

ness curves for both static and dynamic tests for each material. The

variance and distribution of the results about a central tanh curve
t—T(')

fm= A' + B' tanh T——‘ s (47)

allowed lower bounds of pre-determined statistical significance to be
drawn. The bounds can be referenced to any heat for which a suitable

set of instrumented precracked Charpy tests have been performed.

The results we have presented reveal strengths and weaknesses in the
approach. The main strengths of the approach are:
a. The new reference curve is substantially less penalizing
than the KIR curve. A
b. If the referencing tecnhique is performed properly, the curve
is relatively well understood statistically.
c. The technique allows a more informed application of results, since
it treats tests which should give different results on different
curves instead of grouping them on a single curve. Thus, the
choice is left open for the designer who can choose static,

dynamic, or worst case limits.

d. The need for a properly defined upper shelf bound has been




. anticipated.

The weaknesses lie in the following:

a. The referencing procedure (instrumented precracked Charpy)
must employ much tighter control than was exercised in this

program.
b. A four parameter referencing scheme is more complicated

than the RTNDT concept. An educational effort will be needed

before it can be widely used.
c. Although the statistics are qualitatively better than those

for K considerable improvement is still needed. This is es-

IR’
pecially the case for weld material.
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CONCLUSIONS

The following conclusions were reached as a result of the performance

of the program:
EPRT PROCEDURES AND ACCEPTANCE CRITERIA

1. The most concise manner in which to specify the requirements for

obtaining reliable load-time data from an instrumented impact test is:

t > 371 (Inertial Loading)

t > 1.1T (Limited Response)

R

If it is not possible to meed the inertial loading criterion above, it
may still be possible to obtain meaningful data by electronically filtering

the signal in a controlled manner.

2. Instrumented impact tests produce load-time data which require a
correction of the initiation energy to account for machine compliance.
The ~alculational procedure for elastic-plastic (post general yield) tests

used in the EPRLI procedures

2
o - Py O
1 M 2 ’
Ve
Cy = 3 -C
GY S

was experimentally verified by comparing load-time and load-displacement

data from compact specimen tests.

3. The EPRI procedures state that an instrumented impact test result
is elastic as long as fracture occurs before general yielding ( PM < PGY)'
This corresponds to an upper limit in the elastic toughness of

K

14 0.504 Oyd (Precracked Charpy, a/w = 0.5)

1.135 o (1-in. Bend)

Kia vd
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The use of this criterion to define linear elastic fracture behavior was

supported by the fracture toughness - specimen strength ratio correlations.

4. A review of recent analyses of the mechanics of instrumented
impact testing indicates that the use of a static analysis to calculate
dynamic fracture toughness is reasonable when the EPRI test procedures

are followed (1 above).

5. The original EPRI acceptance criteria were limited to linear
elastic fracture toughness requirements. The criteria have been expanded
to include elastic-plastic criteria (Table 1), with the two most impor-
tant additions being

1. The mode of fracture initiation should be noted

2. a, b, B, 3_52 J
f

FRACTURE MODE AWD INITIATION STUDIES

1. For A533B-1 steel, the fracture mode transition (cleavage to

ductile initiation) corresponds to the limit for 1T compact specimens,

whereas the fracture mode transition occurs closer to the limit for

precracked Charpy specimens.

2. For A533B-1 steel specimens (of a given thickness and stress inten-
sity rate) which exhibited cleavage initiation, the elastic-plastic tough-
ness values were always greater than the linear elastic values.

50 J

o}
criterion does not appear to apply. Small specimen resufts violating this

3. For fibrous initiation in A533B-1 steel, the specimen size

criterion agree quite favorably with "valid" data.

4. There appears to be only a slight positive effect of doubling
the ligament depth and span on the precracked Charoy sample to increase

elastic constraint.

5. Decreasing the specimen thickness and increasing the specimen

loading rate cause an increase in the slope of the R-curve.
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6. The single-specimen electric-potential technique for detecting ‘
fibrous crack initiation did not provide an unambiguous indication of
initiation in A533B-1 steel, although an offset potential approach

may have promise.
UPPER SHELF FRACTURE TOUGHNESS STUDIES

l. For all eight heats studied, the initiation fracture toughness
based on R-curves (KJC) was less than the previously reported upper shelf

toughness based on instrumented precracked Charpy equivalent energy values
%
(Kd).

2. TFor most of the materials studied, the dynamic initiation toughness
L
exceeded the static initiation toughness by approximately 35 ksi-in*

(39 MN—m_3/2).

3. Users of the EPRI fracture toughness data bank (RP 232) should

take into account the nonconservative nature of the upper shelf equivalent

energy values, along with the 20 J validity limit for elastic-plastic

data.

4. The Barsom, Rolfe, and Novak upper shelf correlation

Kie 2 CV
— =5 ]| — - 0.05
o} o}

y y

can be used to approximate the upper shelf initiation fracture toughness

(KJc) for the eight heats studied. The use of the correlation for

predicting static KJc values appears nonconservative in many cases.

4. The correlation between fracture toughness and specimen strength

ratio can be used to predict thick section behavior from small specimens.
VARIANCE ANMND DISTRIBUTION OF FRACTURE TOUGHNESS DATA

1. The distribution of fracture toughness data about a fitted tanh
curve is qualitatively the same for both instrumented precracked Charpy

test data, and normalized large specimen fracture toughness data. The
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lower shelf results have a lower variance than either the transition
range results or the upper shelf results. Lower shelf data is skewed
high, transition data is close to the Normal distribution, while upper

shelf data is skewed low.

2. Normalization of fracture toughness test results using instrumented
precracked Charpy test data works well if the test temperatures for
the precracked Charpy tests have been well selected. Heat-to~heat variation
was removed by normalizing both fracture toughness and temperature:

~F-4A
B

T_Tp

where f and t are the normalized parameters and A, B, TO and C are the
precracked Charpy tanh fit parameters. The full, four parameter normali-
zation procedures do not work well if there were too few points in the
property transition range. In such a case, the value of C is subject to

large uncertainty and the normalization process is inappropriate.

3. The non-linear regression procedures used in this program show
variance and covariance estimates for the A and B coefficients, and upper
limit estimates for the TO and C coefficients. These data could be used
as quality control criteria; curves should not be used to enter the
reference curves if the variance and covariance estimates exceed some stated

value,
LOWER BOUND TOUGENESS CURVES

1. When the instrumented precracked Charpy test temperatures have
been well selected, a reference curve can be used to show a statistically-
based lower bound (L.B.) fracture toughness for either static or dynamic
test methods; i.e.,

'
T ~-T
L.B. = A' + B' tanh l:__a_'_o] - D
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where A', B', TO' and C' are the normalized data tanh fit parameters and

D is the statistical deviate below the mean line.

2. The referencing procedures highlighted the fact that the onset
of the upper shelf restricts the size of maximum toughness which can be
referenced. The lower bound is a deviation below the mean curve in the
toughness direction. This lower bound cannot be continued beyond the

level of the transition into the upper shelf. For many materials, this

occurs at a low toughness.
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Introduction

The instrumented version of the precracked Charpy test in which the
applied impact force is measured from the tup has many obvious practical
advantages; at the same time, however, a lack of understanding of the mech-
anics of the test have been responsible for the relatively slow acceptance
of the test and perpetuated a continuing debate as to the limitations of the
test and the validity of the test data. More specifically, the antagonists
have objected to the use of quasi-static assumptions which are necessary to
calculate the fracture toughness from the measured applied forces. Further-
more, how is the applied force simply related to the bending moment exper-
ienced by the specimen and how important are the inertia effects? Indeed,

should we continue to instrument the tup, which is certainly a practical

approach, or should each specimen be instrumented directly? In view of
the uncertainties in estimating the fracture load, an alternative suggestion
has been made to measure the time of fracture which has more physical

significance but is fraught with experimental difficulties.

Despite these very real problems, the protagonists have to a large
extent avoided many of the complications by treating the impact tests as
extensions of static bend tests by simply reducing the impact velocity to
obtain load-time records which have the essential form as those obtained
from static bend tests. Even so, stress intensity rates of the order of
105 ksi—in%/sec (lO5 MN—m_3/2/s) may be readily achieved to enable
the acquirement of fracture data so essential to our understanding of the

mechanical behavior of structural steels and many other materials under

high rates of loading.

Specific testing procedures have been proposed as part of the EPRI
program largely on the basis of many years of practical experience and a
considerable amount of data. While these procedures appear to provide a
reasonable working basis at the present time, they are necessarily empir-

ical and as such cannot satisfy the objections raised by the declining

number of antagonists. Theoretical developments in our understanding of the
mechanics of the fracture of cracked beams in bending have not been forth-

coming until recently. The problem has simply been too complicated for
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materials scientists, but recently the importance of the problem has attracted‘
the attention of applied mechanicians, who have made significant progress

of direct relevance to the acceptance of the current EPRI procedures.

In what follows we shall be largely concerned with small scale tests
i.e., using specimens of essentially Charpy dimensions. Large scale test
pieces have associated problems which are being addressed by the NRL/EPRI
program and shall become apparent in the course of the general discussion.
We shall proceed to review the important results of the recent theoretical
developments which also illustrate the range of techniques which have

been employed in the study of the impact mechanics of dynamically loaded

cracked bodies.

Recent Theoretical Developments

Finite element and finite difference methods of dynamic stress analysis
are now being widely used for problems of this nature; both numerical tech-
niques lead to the same final result and the particular choice of method
appears to be governed largely by economic factors. Anderson, et al(la)
analyzed a precracked Charpy system by taking the load-time impulse on the

specimen represented by a half oscillation (Figure A.l) as his initial bound-

w

ary condition . The dynamic stress intensity factor may be computed from
these load input conditions and is shown in Figure A.2. The initial decrease
in the stress intensity factor is caused by the reflected stress wave; the
general trend, however, is a monotonic increase in K_ with time in marked

1
contrast to the sinusoidally varying load input. The maximum in KI is
attained while no load is being applied to the specimen. This classical
example of the effect of inertia is central to the interpretation of load-

time traces and we shall discuss this aspect at length in the next section.

*
Note that this would not satisfy the validity criterion according to the
EPRI procedures, but is a highly significant example in the case of large

scale tests.
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‘ Ayres(za)adopted an alternative set of boundary conditions by specifying
the displacement-time characteristics of the loading point (e.g., constant
velocity). Using finite element analysis he proceeded to compute the form
of the load-time response which turned out to be in reasonable agreement
with experimental curves as shown in Figure A.3. Furthermore, he computed
the corresponding J-integral which is presented in Figure A.4, and we may
note the comparative smooth form of this latter curve compared with the
relatively large load oscillation shown in Figure A.3. We shall return to
this point again later when discussing the work of Turner, et 31(38).

The earliest analytical attempt to calculate the hammer load-time
characteristic of a prismatic bar subjécted to impact bending was made
by Nash(aa)in the late sixties at NRL. Starting from first principles

he predicted the form of the load-time curve for the large scale dynamic

tear test. The calculated bending moments indicated a monotonic increase

with time despite the large oscillations in the hammer force which drives

the specimen.

Following this successful but necessarily complex analysis, Griffis(Sa)

also at NRL, and Turner, et a1(6a)of Imperial College, London, independently
adopted a considerably simplified approach using beam and spring models,

see Figure A.5. These models have the virtue of simplicity without, it turns
out, sacrificing too much physical reality. We shall describe the results

of the Turner model in greater detail in the next section. Analytical

methods are used to predict forces and bending moments and the stress intensity
factors are then calculated from the bending moments. In contrast, the numer-
ical methods are capable of calculating KI directly from the computed values

of stress in the region of the crack tip. In addition, the latter method
predicts the behavior of the specimen during the stress wave transit per-

iod and is generally a more powerful tool. However, the analytical approaches -
particularly in simplified form provide a valuable means of identifying the
role of the important variables, e.g. geometrical parameters, velocity,

without resorting to lengthy and costly computation.
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‘ Also in the mid-sixties, Priest, et al“a), working at British Steel
Corporation began to experimentally measure the dynamic bending moment
directly using resistance strain gages attached to the specimen. By placing
gages across the throat of the notch (crack) they showed that the dynamic
bending moment continued to increase with very small perturbations compared
with the relatively larger oscillations in the tup force-time records. The
subsequent theoretical predictions already described are supported by the

experimental measurements.

(Sa)has applied the full field method of dynamic

More recently Kobayashi
photo-elasticity to analyze the behavior of impact bend tests. So far he
has only reported on the results of one geometry at one velocity so that it

is not possible to draw general conclusions. However, this is a powerful

technique since it provides measurements of K. rather than bending moments,

I
and is likely to be of considerable value in the case of short-time fracture

behavior as experienced with high impact velocities and/or with large specimens.

To summarize at this stage; it is apparent that the necessary theoretical
and experimental tests are now available for a determination of the load-time
curve, the dynamic bending moments, and the dynamic stress intensity factor.
Although it could be very instructive to carry out a few complimentary
methods on the same set of impact conditions, there is now sufficient data
and evidence available to facilitate an assessment of the potential of
impact fracture tests and the validity of the current EPRI procedures. We

shall examine these aspects more fully in the following section.

The Interpretation of Impact Bend Fracture Data

We shall begin by making some general comments on the general features
pertaining to the mechanical response of impact bend tests in relation to
the load (force)-time response measured from the impacting hammer (tup). It
is generally accepted that the inertia effects which are associated with
dynamic loading complicate and distort the load-time response so that it
is no longer a direct analogue of the dynamic bending moment. Current

practice is to reduce any inertial effects by increasing the time to fracture



so that the force measured on the hammer is an acceptable measure of the
bending moment experienced by the specimen. While this is a practical
proposition in the case of Charpy size specimens it becomes increasingly

untenable as the specimen size is increased.

Upon initial impact the hammer sets up a compressive stress wave
which extends into the specimen and rapidly attenuates; the wave pro-
pagation back into the tup is recorded as a short pressure pulse in the
beginning of the load-time record. The magnitude of the pulse is directly
proportional to _the impact velocity and to a lesser extent on the acoustic
impedence mismatch between the hammer and the specimen. The pulse height
is independent of the specimen size and geometry and thus assumes less sig-
nificance in the case of larger specimens because of the increased load scales.
By the time the compressive wave has traversed the thickness of the specimen
the whole body of the specimen begins to oscillate at close to its natural
frequency. The flexural motion of the simply supported beam causes partial*
unloading of the hammer followed by a cycle of rapid loading as the specimen
flexes back into the tup. This behavior is directly reflected in the load-
time response. Eventually the amplitude of the specimen oscillations be-
come damped by plastic deformation and other energy absorbing processes,
so that as general yield is approached the load-time response becomes
smoother. The question then arises; how can valid fracture measurements

be made while the load-time response is behaving in such an apparently

complex manner?
Effect of Initial Stress Waves

The initial elastic stress pulse is an inevitable consequence of
impact loading. Attempts to reduce or eliminate this phenomenon are
largely futile since any reduction is always at the expense of the stress

intensity rate. The initial stress pulse puts the crack into compression

”
In the case of deeply cracked specimens, the specimen may actually lose
contact with the hammer causing total unloading.
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and furthermore as a result of rapid attenuation cannot cause any sig-
nificant crack extension or damage during the preliminary state of loading.
Thus apart from complicating the load-time trace the initial stress pulse

has no deleterious effects on the overall outcome of the test.
Effect of Specimen Oscillations

The flexural motion of the specimen results in a dynamic bending
moment distribution which is considerably different from the corresponding
static case, as shown in Figure A.6. Despite these differences it turns out
that the stress intensity coefficient is not significantly modified as
(3a)

shown by Turner, et al using a finite element analysis and illustrated

in Figure A.7. Thus, it is perfectly valid to use the static relationships

between the central bending moment and stress intensity factor.

Since the central bending moment is not generally measured directly,

how may we estimate it from the hammer force?
Relationship Between Tup Signal and Central Bending Moment

In contrast to the complex analysis of Nash, Turner chose to analyze
the problem by representing the dynamic loading system by masses coupled
by elastic springs as shown in Figure A.5. The equation of motion for the
forced vibration of the beam driven under a constant striker velocity may
be derived from a consideration of force equilibrium. The solution to
this equation of motion leads directly to a prediction of the time depen-
dence of the force on the specimen which has a linear term and damped
sinusoidally varying term; together they comprise the characteristic load-

time curve typical of Figure A.S8.

This time varying force on the beam may then be used to predict the

central bending moment using the forced vibration beam theory developed

(9a)

originally by Timoshenko and shown in Figure A.9. The significant

result is that the ripples in the time varying central bending moment are

considerably smaller than those in the time varying force which produced
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them. For example, in the case of the precracked Charpy specimen with '
crack depth ratios a/w in the range 0.2 - 0.3, the ripples are only about

ten percent at the first oscillation* and thereafter continue to decrease

and eventually damp out with subsequent oscillations. After approximately

two full oscillations the central bending moment is essentially linear with

time. These results are in general agreement with the experimental data

of Priest and the theoretical analyses of Ayers and Griffis.

We may now reasonably assume on the basis of the available evidence,

and contrary to initial intuitive suppositions, that the impacted Charpy

specimen is suprisingly well behaved: the stress intensity factor is

directly related to the central bending moment according to static analyses.
Furthermore, after the first two oscillations the stress intensity factor varies
approximately linearly with time. Herein lies the justification for determining
the dynamic fracture toughness from instrumented impact tests, for although
inertia effects may profoundly influence the form of the load-time curve they

do not as it turns out have a corresponding effect on the time dependence of

the stress intensity factor.

Because of the inertia effects, there is no simple relationship between
the force on the tup and the central bending moment (and hence the stress

intensity factor). Since it is impractical to instrument each specimen we

must find a suitable method of interpreting the load-time curve obtained

from the tup.

One approach is to estimate the mean load line through the load oscillations
and then to determine the time to fracture by some independent form of instru-
mentation on the specimen. In the case of small specimens this is highly
inconvenient and may be unreliable. Measurements of the onset of crack
extension are subject to experimental difficulties, but in the case of larger

specimens, there may be no alternative.

*

Note that stress wave phenomena are reflected in this analysis so that
the first load peak is considerably reduced.




. The only remaining method appears to be to estimate the bending
moment directly from the load at fracture, provided that at least three
load oscillations have occurred. Attempts to electronically curve fit
the oscillations by filtering seem reasonable provided .that the attendant
attenuation is not excessive. The acceptable level of attenuation and

frequency response is specified as part of the EPRI procedures. There will

always be an uncertainty of +0 - % oscillations in any estimate of the

time to fracture. Thus at worst the error in estimating the fracture

load following three oscillations will be a ten percent overestimate;
generally the error will be considerably less than this amount. Experimental
data(loa’lla)have shown this amount to be generally lower than ten percent

as shown in Figure A.10. The current procedure of calculating the fracture
toughness from the measured fracture load seems satisfactory.

Therefore in summary, recent analyses of the mechanics of impact
fracture testing of small precracked bars in bending generally support
the empirically based EPRI procedures. Essentially these procedures ensure
that the inertia effects are not excessive and that the load-time curve
is a reasonable analogue of the central bending moment and, hence, the
stress intensity factor. Even under the most severe permissible conditions
where the inertial effects are greatest, the errors in fracture toughness

values are never greater than ten percent. '
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The instrumented impact testing procedures initially developed for the

(1b)

EPRI program centered around the use of the parameter 0, which reflects
the apparent specimen oscillatory nature and is dependent upon the material

and support span (S). The parameter was defined as
0 = 208 , (3-1)

where the empirical parameter 20 us/in (787 ps/m) was derived for standard
Charpy V-notch (a/w = 0.2) and 1-in. (25 mm) bend geometries. The

criteria related to O for impact testing were
t > 1.5 TR (B-2)
and

TR > 20 . (B-3)

where t is either the time to fracture for a linear elastic fracture or
the time to general yield for a post-general yield fracture; TR is the
0.915 dB response time of the total instrumentation system (defined later

in Equation B-7).

These criteria were used throughout the EPRI testing program and were
later experimentally examined in detail(Zb). The experimental verification
revealed that the procedures were/adequate, and a new format for presenting
the procedures was developed. The instrumented impact procedures have again
been examined, and the following discussion represents the most current

specification for ensuring reliable test results.

The EPRI impact testing procedures rely heavily on existing ASTM
methods as they pertain to instrumented impact testing. The measurement
criteria related to sample geometry and dimensions, crack length and shape,
fatigue precracking, and testing jig requirements are maintained as much

as possible.

The load signal measured from an instrumented tup during an impact



w

T =336 (EBCg)*  FORL/W=4 ’_l
0
"l

W = SPECIMEN WIDTH
B =SPECIMEN THICKNESS
L =SUPPORT SPAN (THREE-POINT BEND)
Co = SOUND SPEED IN THE SPECIMEN
Cg = SPECIMEN COMPLIANCE
E = YOUNG'S MODULUS OF THE SPECIMEN

Figure B.1l. Apparent Specimen Oscillation Period T For a Three-Point Bend Test
3T
-
Vo =17 ft/s -
0 (5.2 m/s) Vg =10 ft/s Vo ?of;/s /s)
(3.0 m/s) -2 mis
t23T1

e
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Figure B.2. Time to Fracture Criterion for an Acceptable Test Result




test oscillates about the actual load required to deform the sample.
Therefore, the signal analysis procedure employed should minimize the
deviation of the apparent load from the actual specimen deformation load.
A simplistic view of the impact event allows three major areas for test
specification to be identified: inertial loading, limited frequency

response, and electronic curve-fitting.

The impact of an unsupported specimen will create inertial oscillations
in the contact load between tup and specimen, and a time approximately
equal to 21 is required for the load to be dissipated. 1 is related to
the period of the apparent specimen oscillations (see Figure B.l; T is
similar to O in Equation B-3) and can be predicted for a span to width

ratio of 4 by

T = 3.3 2 (EBC,)? : (B-4)
o
where,
W = beam width
B = beam thickness
CS = specimen compliance
E = Young's modulus, and
C0 = speed of sound in the specimen.

The value of 3.36 in Equation B-4 is an empirical fit to data generated using
aluminum, beryllium, and steel samples with varying spans and a/w ratios.
Theoretically, for a free standing wave it can be shown that Equation B-4

is valid when the factor is 4/n, where n is the mode of oscillation. Since
the oscillation pattern during impact appears to be a combination of mode

1 and mode 3 with mode 1 dominating, the empirical factor of 3.36 seems

quite reasonable.

The appearance of the tup signal during the time 27 is nearly the same
as that for an unsupported specimen. When any time t is less than 21, it
is not possible to use the tup signal to measure the specimen load (and

therefore determine fracture toughnesss) due to inertial effects. This



AMPLITUDE
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FREQUENCY

f40 = FREQUENCY CORRESPONDING TO A TEN PERCENT
ATTENUATION (0.915 dB) IN AMPLITUDE OF A
SINE WAVE SIGNAL

Figure B.3. Definition of the Response Time for a Sinusoidal-Type Wave Form
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VALID ONLY FOR RC-TYPE CIRCUITS

Figure B.4. Effects of Electronically Overfiltering and Curve-Fitting
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‘ inertial effect is shown schematically in Figure B.2. A tentative specifi-

cation for reliable load or time evaluation is

t > 37 s (B-5)

The constant 3 in Equation B-5 may be as low as 2.3 — 2.5 without adversely

affecting the test results if the curve-fitting technique described below

is followed, but a value of 3 was conservatively chosen. The original EPRI

procedures corresponded to the 2.3 - 2.5 factor mentioned above.

The potential problem of limited frequency response of the transducer

amplifier is avoided by specifying

t>21.1 TR ’ (B-6)

where T_ is defined as the 0.915 dB response time of the instrumentation, i.e.,

R
TR = ?E—O'_Bi. , (B_7)
.915dB
where f 915 dB is the frequeoncy at 0.915 dB (10 percent) attenuation (see
Figure B.3). The specification in Equation B-6 results in approximately 4

percent amplitude attenuation of a sine wave signal at a rise time equal

to 3t if TR = 21t. This upper limit attenuation level does not appear to
affect the maximum load response for instrumented impact tests. It is
important to note that the electronic attenuation must be indicative of

an RC circuit.

The curve-fitting of the oscillations is achieved by specifying a
minimum TR such that the amplitude of the oscillations is reduced to make
a minimal disparity between tup contact load and the effective specimen
midspan load. For the bend test, it has been empirically found that

T > 2 B-8
R 22T (B-8)
is adequate for the electronic curve-fitting (similar to Equation B-3).

However, it has been shown that the constant 2 may be reduced to 1.4 (which




corresponds to an equivalent 0.445 dB [5 percent] attenuation) without

(Zb). Another alternative to Equation B-8 is to curve-

affecting the results
fit lower TR data by computer techniques. Also, it has been shown that
filtering below a level of 1.4t when the requirements of Equation B-5 are met
causes less than a five percent increase in the load measured(Zb).

The most concise manner to state these requirements related to limited
frequency response and curve-fitting is:

1.4t £ Tp < 0.9 ¢ . : (B-9)

Equation B-9 requires that the signal is not over filtered (Equation B-6)
but that the filtering is sufficient to electronically curve-fit the signal
oscillations (Equation B-8). Figure B.4 schematically shows the effects of
Equation B-9. As alluded to previously, the use of Equation B-8 is overly
restrictive, and future specifications need only specify the requirements
of Equations B-5 and B-6. The original EPRI procedures required the 26

(3b)

(Equation B-3) criterion or the equivalent since the fracture time
criteria in Equation B-2 corresponds to approximately 2.3t (as T is now
defined). It should be noted that often the requirements of Equation
B-5 cannot be met, but the original 2.3t criterion can be met;

if filtering were utilized the 2.3t data would still be acceptable.

The requirements for obtaining acceptable load-time records (in par-
ticular, Equation B-5) result in the need to control the impact velocity
(VO). In controlling the impact velocity, a corresponding control of the
total available energy (EO) is inherent. The reduction in tup velocity
during the impact loading of the specimen should, therefore, be minimized.

A conservative requirement is

02 3 Wy , (B-10)

where WM is the energy dissipated to maximum load. This requirement in-

sures that the tup velocity is not reduced by more than 20 percent during

the initiation fracture event (assumed to be maximum load). The require-
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ment of Equation 1! is shown schematically in Figure B.5. A total fracture
energy criterion is important if normalized total energy values are desired.
It is then important that the sample be completely fractured, in addition

to the requirement of Equation B-10, i.e.,

E_ > AE s (B-11)

where AEO is the energy consumed in completely fracturing the sample. A
complete review of the new procedures compared to the original EPRI pro-

cedures is shown in Table B.l.

Another procedural update is reflected in the impact test compliance
technique for elastic-plastic (post-general yield) data analysis. The
compliance technique is required since the real specimen deformation energy
to maximum load (or initiation load) is required to calculate the equivalent
energy or J-integral estimate of fracture toughness. The EPRI procedures
indicate the true value of initiation energy (maximum load) to be

PM2CM
I M 2 ?

(B-12)

where EI is the true specimen energy, wM is the energy corresponding to

the trace record, P, is the maximum load, and CM is the "extraneous com-

M
pliance" which includes plastic terms expressed as elastic equivalents,

i.e.,

v
Yoy

Cy = - C (B-13)
M P ’
GY S

where V is the average impact velocity to maximum load,

tGY is the time to general yield,

PGY is the general yield load, and

CS is the known elastic specimen compliance.

Assuming the compliance CM to be linear as indicated in Equation B-12, and

ignoring the small amount of inertial energy, E_ can be expressed as

I



REDUCTION IN TUP VELOCITY SHOULD ‘
BE LESS THAN 20 PERCENT:
PM_’
E0213VVM
Eqg = TOTAL AVAILABLE ENERGY
(%M Vy2)
WM\\
Luf tNl ——

Figure B.5. Energy Criterion for Acceptable Impact Test Data

Table B.l. Comparison of Latest Test Requirements with Original EPRI Requirements

CURRENT ORIGINAL EPRI

REQUIREMENTS  REQUIREMENTS
INERTIAL EFFECTS t>37 t>23T
LIMITED FREQUENCY
RESPONSE t>117Tg t>15Tg
ELECTRONIC CURVE
FITTING ONLY REQUIRED TR 227

IF

23T <t<3T;

TR > 14T




" C
E = — + W — +( M GY ) M . (B—14)

Since the plastic compliance contributions occur early in the impact
event (probably well before general yield), including them in the
value of CM as indicated in Equation B-14 is conservative. TIf the elastic

machine compliance (Ce) is used instead of C Equation B-14 becomes

M’
2 v p2p %¢
For s Pafor’! |, Cuev)e L (15

The value of C 1is similar for all calibrated Charpy impact machines and

_ - 4b
is approximately 2 x 10 6 in/1b (3.75 x 10 8 m/N§ {

The difference in toughness values from using Ce rather than CM typi-
1
cally results in a higher value of fracture toughness of about 9 ksi-in?

(10 MN-m‘3/2

) in the upper shelf region. However, the use of Equation B-12
(and, therefore Equation B-14) is therefore slightly conservative. Also,
since the inertia area is ignored the EI value may be slightly high; how-
ever, this inertia area is much smaller than the compliance change contri-

bution.
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. Table C.1. Precracked Charpy Results - HSST Plate 02
Temperature K J Aa
o 0 . Lk -3/2 . 02 2 :
F (YC) ksi-in?/s (MN-m /s) in-1b/in2 (kJ/m2) in_(mm)
711 (125 0.002* (0.05)
-20 (-29) <3 (3.3) 765 (134§ 0.003* (0.08)
139 (24.3) -0
265  (46.4) ~0
381  (66.7) 0.001 (0.03)
502  (87.9) 0.002 (0.05)
40 (4) <3 (3.3 676 (118) 0.002 (0.05)
1117 (196) 0.006 (0.15)
954  (167) 0.0667 (1.68)
1474 (258) 0.082T (2.08)
1089  (191) 0.003 (0.08)
1707P-755¢ (299-132) 0.045T (1.14)
40 (4) ~10% (10%) 1507P-1215¢(264-213) 0.055T (1.40)
2007P-979¢ (351-171)  0.065" (1.65)
1450  (254) 0.008 (0.20)
1705  (299) 0.009 (0.23)
1797 (315) 0.010 (0.25)
1849  (324) 0.013 (0.33)
2249P  (394) 0.020 (0.51)
75-80 (24-27) <3 (3.3) 2370p (415) 0.020 (0.51)
2884P  (505) 0.031 (0.79)
1258 (220) 0.004 (0.10)
1638 (287) 0.008 (0.20)
75-80 (24-27) -10% (10%) 2005 (351) 0.010  (0.25)
2697P  (472) 0.017 (0.43)
2864P  (502) 0.021 (0.53)
2987P  (523) 0.025 (0.64)
3628P  (635) 0.037 (0.94)
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Table C.1l. Continued
Temperature K J Ix:
0 0 . - . . .
F (7C) ksi-in?/s (MN-m 3/2/5) in-1b/in? (kJ/m?) in (mm)
404 (70.8) 0.003¢ (0.08)
707P  (124) 0.004™ (0.10)
75 (24) ~10° (10°) 942P  (165) 0.005* (0.13)
852  (149) 0.005%  (0.13)
1087 (190) 0.006 (0.15)
1813p (318) 0.011 (0.28)
2353 (412) 0.018 (0.46)
160 (71

7D <3 (3.3) 2804P  (491) 0.020  (0.51)
3550P  (622) 0.029 (0.74)
3856P (675) 0.039 (0.99)
260 (45.5) <0.001 (0.03)
685 (120) 0.001 (0.03)
160 (71 Lo (10 1523 (267) 0.007  (0.18)
(71 0% (107%) 1891  (331) 0.010  (0.25)
3063 (536) 0.017 (0.43)
3812 (668) 0.023 (0.58)
4560P  (799) 0.036 (0.91)
1303 (228) 0.004 (0.10)
1642  (288) 0.011  (0.28)
160 (71) 105 (10%) 1922 (337) 0.012  (0.30)
2627 (460) 0.023 (0.58)
3457P (605) 0.034 (0.86)

"Fibrous crack extension prior to cleavage instability measured

from broken sample without heat-tinting

+Cleavage instability extension measured by heat-tinting (includes

any fibrous growth that may or may not have occurred)

pBeyond maximum load displacement

c . . e q s .
Value corresponding to cleavage instability at maximum load
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. Table C.2. Results for 0.394T Bend Samples - HSST Plate 02
Temperature K Kiq - linear e]gigic
L - . -
°F (°c) ksi-in?/s (MN-m 3/2/5) ksi-in2 (MN-m )
40.9 (45.0)
5 5 37.4 (41.1)
- -2 ~10 10
20 (=29) ( ) 36.6 (40.3)

38.3 (42.1) average

Temperature K J ¥
L -

°F (%) ksi-in%s (M-m">%/s) in-tbzin® (k/mf)  in (am)
358 (62.7) 0.001 (0.03)
1030 (180) 0.004 (0.10)
1769 (310) 0.011 (0.28)
78 (26) <3 (3.3) 2245 (393) 0.016 (0.41)
2794P (489) 0.028 (0.71)
4096P (717) 0.052 (1.32)
3535P(619) 0.055 (1.40)
385 (67.4) 0.002"(0.05)
75 (24) ~10° (10°) 652 (114) 0.003%(0.08)
1206 (211) 0.005"(0.13)
673 (118) 0.003 (0.08)
1278 (224) 0.009 (0.23)
160 (71) -10° (10°) 2052 (359) 0.022 (0.56)
2428 (425) 0.032 (0.81)
4265P (747) 0.057 (1.45)

P Beyond maximum load displacement

" Fibrous crack extension prior to cleavage instability
measured from broken sample without heat-tinting




Table C.3. Results for 1T Bend Samples - HSST Plate 02

Temperature K J Aa
1 - . . .
°F (°c)  ksi-in?/s (MN-m 3/2/5) in-1b/in? (kd/m°) in (mm)
72 (22) -105 (10%) 1214 (213) 0.0067(0.15)
2303 (403) 0.030 (0.76)
3057 (535) 0.044 (1.12)
. 4100 (718) 0.086 (2.18)
-10
160 (71) (10%) 4781 (837) 0.090 (2.29)
9066P (1580) 0.141 (3.58)
7371P(1291) 0.179 (4.55)

Fibrous crack extension prior to cleavage instability measured
from broken sample without heat-tinting

P Beyond maximum load displacement




‘ Table C.4. Results for 1T Compact Samples - HSST Plate 02
Temperature K _ J Aa
L - . . ,
F (OC) ksi-in?/s (MN-m //s) in-1b/in2 (kdJ/m?) in (mm)
1062 (186) 0.007% (0.18)
1009  (177) 0.008 (0.20)
1406 (246) 0.013 (0.33)
1541  (270) 0.022, (0.56)
75-80 (24-27) <3 (3.3) 1708  (299) 0.035" (0.89)
18709  (327) 0.048 (1.22)
2661°  (466) 0.052% (1.32)
3697 (647) 0.078 (1.98)
1114 (195) 0.008% (0.20)
1060  (186) 0.015% (0.38)
- _ - 3 3
80-85 (27-29) 10° (10%) 1531 (268) 0.016 (0.41)
1220 (214) 0.005 (0.13)
1670 (292) 0.011 (0.28)
160 (71) <3 (3.3) 1955  (342) 0.023 (0.58)
2718  (476) 0.062 (1.57)
3783P  (663) 0.078 (1.98)
1334 (234) 0.009 (0.23)
1632 (286) 0.021 (0.53)
160 (71) -103 (103) 2374P  (416) 0.031 (0.79)
2615°  (458) 0.048 (1.22)
4409P  (772) 0.088 (2.24)

Fibrous crack extension prior to cleavage instability measured
from broken sample without heat-tinting

pBeyond maximum load displacement




Table C.5. R-Curve Results for éight Heats Tested at 350°F (1770C)
J Ad
HEAT MATERIAL TEST TYPE i .2 2 X
in-1b/in" (kd/m") in (mm)
) 672 (118) 0.004 (0.10)
. Static 902 (158) 0.024 (0.61)
T Compact 1557 (273) 0.063 (1.60)
2383P(417) 0.078 (1.98)
EG A533B-1
1972 (345) 0.015 (0.38)
Dynamic 2718 (476) 0.038 (0.97)
IT Bend 4260 (746) 0.070 (1.78)
6027P(1056) 0.145 (3.68)
, 1098 (192) 0.010 (0.25)
Static 1710 (299) 0.024 (0.61)
IT Compact 2409 (422) 0.047 (1.19)
3591P (629) 0.091 (2.31)
BBB A508-2
1679 (294) 0.017 (0.43)
Dynamic 2316 (406) 0.028 (0.71)
1T Compact 3136 (549) 0.051 (1.30)
3914P (685) 0.083 (2.11)
392 (68.7) 0.010 (0.25)
Static 618P (108) 0.062 (1.57)
1T Compact 865P(151) 0.161 (4.09)
1052P (184) 0.189 (4.80)
EN A302B
. 2194 (384) 0.134 (3.40)
Dynamic 2392P (419) 0.156 (3.96)
IT Bend 3929P (688) 0.274 (6.96)
5121P(897) 0.414 (10.52)
Stati 405 (70.9) 0.027 (0.69)
tatic 776P(136) 0.078 (1.98)
1T Compact 1016P(178) 0.195 (4.95)
1275P(223) 0.221 (5.61)
NA A302B
2391 (419) 0.120 (3.05)
Dynamic 2305P (404) 0.212 (5.38)
1T Bend 3922P(687) 0.292 (7.42)
5554P(973) 0.433 (11.00)
979 (171) 0.012 (0.30)
EK MMA Weld Metal Static 1429'(250) 0.027 (0.69)
(A533B-1 Base) 1T Compact 18527 (324) 0.032 (0.81)
2625P (460) 0.082 (2.08)
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Table C.5. Continued
Aa
HEAT MATERIAL TEST TYPE g 5 ) v
in-1b/in" (kJ/m") in (mm)
2099 (368) 0.021 (0.53)
MMA Weld Metal Dynamic 2589 (453) 0.023 (0.58)
EK (A533B-1 Base) 1T Bend 4626 (810) 0.058 (1.47)
6271 (1098) 0.059 (1.50)
5793P (1015) 0.118 (3.00)
Static 1078 (189) 0.010 (0.25)
1T Compact 1878 (329) 0.027 (0.69)
2739 (480) 0.036 (0.91)
4310P(755) 0.093 (2.36)
BKM MMA Weld Metal
(A508-2 Base) 1770 (310) 0.021 (0.53)
Dynamic 2248 (394) 0.028 (0.71)
1T Compact 3354PT (587) 0.062 (1.57)
4108 (719) 0.078 (1.98)
1248 (219) 0.009 (0.23)
Static 1788 (313) 0.026 (0.66)
IT Compact 1859 (326) 0.027 (0.69)
2352P(412) 0.048 (1.22)
cJ SA Weld Metal
(A533B-1 Base) 806 (141) 0.005 (0.13)
Dynamic 1607 (281) 0.020 (0.51)
1T Compact 2096P (367) 0.028 (0.71)
3235P(567) 0.058 (1.47)
602 (105) 0.008 (0.20)
. 718 (126) 0.013 (0.33)
Stat
IT Compact 1186 (208) 0.039 (0.99)
1732P(303) 0.066 (1.68)
2098P (367) 0.093 (2.36)
(A508-2 Base) 676 (118) 0.007 (0.18)
Dynamic 1233 (216) 0.020 (0.51)
1T Compact 1794P(314) 0.047 (1.19)
2577P(451) 0.086 (2.18)

P Beyond maximum load deflection

Based on load-ram displacement curve corrected for machine compliance

T
Thickness was 0.882 in (22.4 mm)
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Introduction
The tanh equation;

Y = A+ B tanh —_— (D-1)

requires the use of iterative procedures when it is fitted to data using
"least squares" techniques. Such procedures seek an optimum set of A,

B, T and C which minimizes the sum of squares of the deviations of the

O’
dependent variable, Y, about the fitted curve.

(1d)

The problem has been described in some detail and an iterative
procedure based on the method of steepest descent has been used with some
success to analyze most of the test data developed in the EPRI program.
However, it has become necessary to determine additional statistics in the
curve fitting process which are not conveniently found by the secant

procedure, so that further program development has been found to be

necessary.
Numerical Procedures

The optimization task as been discussed in Reference 1d. Figures 1
and 2 of that reference (shown as Figures D.1 and D.2 here) show the task

of optimizing the equation for a single variable, T The procedure

o

describes there selected two values of T computed the gradient in

O)
variance at each position, and hence estimated the position of minimum
variance using the secant method (D.2). This method had the advantage
of being robust, and readily compatible with other procedures which

could be used should the secant method diverge.

There are alternative schemes which are more efficient than this
method. One alternative is to replace the method of steepest descent
using the secant method by the Newton-Raphson techniques, in which the
gradients are computed directly from the differential of Equation D.I.

A particularly attractive approach is described in the literature(Zd)and



Figure D.1. (Schematic) Change in Variance with T,

Figure D.2. (Schematic) Change in the Differential, dV/dTO, with TO
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embodies a combination of the Newton-Raphson method with standard regression
techniques. The non-linear equation (Equation D.1l), is expressed in a linear
form by means of a Taylor series expansion.

B 6TO

y = B tanh x - sech2 x - %-SC (x sech2 X) (D-2)

C

where y =Y - Y (Y is the mean value of Y), and x = (T - TO)/C. This
equation can be fitted to the test data using standard regression methods,
which develop the quantities B, B & TO/C, and B §C/C as the coefficients
of a regression of dependent variable y on independent variables tanh x,

2
sech x, and x sech2 x. The original estimates of T, and C are then changed

0]
by the quantities 6TO and 8C, and the regression analysis repeated. After

several repetitions of the process, T, and C can be found to any predeter-

0]
mined accuracy.

A great advantage of the approach is that standard regression procedures
compute the standard errors of the coefficients directly from the inverse
of the information matrix. Hence, the quantities V(B), V(B 6TO/C), and
V(B §C/C) (V means variance) are generated by this process. Reference
3d uses these as upper limits to the variance of B, TO’ and C respectively.
However, analysis of variance techniques might allow better estimates of

the values for TO and C.

Discussion

The techniques described here have been found to work well. Further
development of the procedures using, for example, the Marquardt Compro-
mise(ad), has not been found useful in this work.

Curve fitting has shown that there are preferred arrangements of the
test data which minimize the uncertainty in the estimates of the coefficients.
Such arrangements might well be specified in any codes which might use the

coefficients for a normalizing scheme.

Work described in the main body of this report has shown that the

variance of the test data is not uniform over the temperature range of
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the tests. Consequently, a weighting scheme could be used with some
advantage. One simple scheme would merely give linear elastic measure-

ments greater weight than those generated in the elastic-plastic regime.
Summary

Non-linear equations such as the tanh equation:

T - T
Y=A+3Btanh | O (D-1)
C

used to describe data which exhibits a property transition between two
shelves, cannot be fitted to test data directly but require the use of
iterative procedures. A scheme has been described elsewheréld , but it
suffered from the disadvantage that the accuracy of the coefficients

A, B, T and C could not be computed conveniently. An alternative

09
approach has been developed which computes upper limits to the accuracy

of the coefficients. The use of weighted data is recommended.




1d.

2d.

3d.

4d.

REFERENCES

0ldfield, W., "Curve Fitting Impact Test Data; A Statistical Pro-
cedure," ASTM Standardization News, Vol. 3, No. 11, November 1975.

Conté, S.D., Elementary Numerical Analysis, McGraw-Hill, 1965.

Williams, E.J., Regression Analysis, Wiley.

Draper, N.R. and Smith, H. Applied Regression Analysis, Wiley, 1966.




APPENDIX E

DISTRIBUTION OF FRACTURE TOUGHNESS DATA






Precracked Charpy Test

Histograms for the overall distribution of data in each group are
presented in Figures E.1 - E.6. The data for all groups are combined in
Figure E.7. The statistics are summarized in Table E.1. Those data
lying outside the * 2.5 ¢ range are not included, but are summarized in
Table E.2. The a and /EI statistics are tabulated from Reference le in
Table E.3.

In a preliminary study, the K data were separated from the elastic-

1d
plastic data. The KId data were found to form tbe low-toughness end of
the distribution, such that the KId data were skewed low and the elastic-

plastic data were skewed high. This separation was therefore eliminated

in the work described here.

The distribution of the data can be assessed by comparing the results
in Table E.l with the published statistics in Table E.3. Consider first
the overall data (Figures E.l1 - E.6). From the "a'" statistic, groups 1
and 6 are highly significant leptokurtosic (extended tails). On the
other hand, group 2 is significantly platikurtosic. Group 1 showed

highly significant skew high, while group 6 showed highly significant

skew low. None of the other groups showed significant skewness.

The results for the individual materials tended to agree with the overall
analysis. Materials 1, 5, 8, and 9 showed highly significant leptokurtosis
in group 1. Similarly, materials 1, 6, 8, and 9 showed leptokurtosis
in group 6 at varying significance levels. Material 5, group 2 was
highly significant platikurtosic, while material 3, group 5 was plati-
kurtosic at the 90% significance level. Materials 1, 7, 8, and 9 showed
high skew in group 1, while materials 5, 6, and 9 showed low skew in
group 6. The only anomalous result was for material 1 group 6 which
showed highly significant high skew, in contrast to the same material
in the round robin where this group was skewed low. It is hard to resist
the feeling that this skewness is largely a result of testing as opposed

to material variability.
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Table E.l. Precracked Charpy Toughness Distribution Statistics
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Table E.1. (continued)
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GROUP

oy oW N

Table E.2.

none

Precracked Charpy Outlying Values

MATERIAL

O W O O U1k P

O ~N O ==

DEVIATION (o)

w w N W

w W w N

.38
.76
.18
.24
.94
.80
.84
.99
.52

3.52

.19
.87
.34
.76
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Table E.3. Published Statistical Tables for Quantitatively Testing for Normality(le)

A. Percentage points of the distribution of a = (mean deviation)/(standard deviation)

Percentage points
Size of Standard
sample | n—1 Mean deviation
n Upper Upper Upper Lower Lower Lower
19 859 109% 10% 8% 1%

11 10 -9359 -9073 -8899 +7409 7153 -6675 -81805 -05784
16 15 9137 -8884 -8733 -74562 +7236 -6829 -81128 -04976
21 20 *9001 -8768 -8631 *7495 *7304 -6950 -80792 04419
26 25 -8901 -8686 -8670 *7530 <7360 -7040 -80590 -04011
31 30 -8827 -8625 -8511 +7559 <7404 *7110 +804568 -03697
36 35 -8769 -8578 -8468 <7683 -7440 -71687 -80360 -03447
41 40 -8722 -8540 -8436 +7604 +7470 -7218 -80289 -03241
46 45 -8682 -8508 -8409 -7621 -7496 -7256 -80233 -03068
51 50 -8648 -8481 -8385 *7636 -7518 -7291 -80188 -02919
61 80 -8592 8434 -8349 +7662 7554 <7347 -80122 -02678
71 70 -86549 -8403 -8321 -7683 <7683 +7393 -80074 -02487
81 80 -8516 -8376 -8298 <7700 ~7607 ~7430 -80038 -02332
91 90 -8484 -8353 -8279 7714 -7626 +7460 -80010 -02203
101 100 -8460 -8344 -8264 -7728 -7644 <7487 -79988 -02094
201 200 -8322 -8229 -8178 +7796 -7738 -7629 +79888 -01491
301 300 -8260 -8183 -8140 -7828 «7781 *7693 -79856 -01220
401 400 +8223 -8166 -8118 -7847 -7807 -7731 -79838 -01068
501 500 -8198 -8136 -8103 -7861 -7825 -77567 -79828 -00947
601 600 -8179 -8123 -8092 -7873: -7838 -7776 -79822 -00866
701 700 -8164 -8112 -8084 ~7878 -7848 7791 «79817 -00801
801 800 -8162 -8103 -8077 -7885 ~7857 © <7803 -79813 -00749
901 900 -8142 -8098 -8071 -7890 +7864 <7814 -79811 -00707
1001 1000 -8134 -8090 -8068 -7894 -7869 -7822 -79808 -00870

B. Percentage points of the distribution of /b, =myfm}

Percentage Percgntage Percentage
Size ?f points Standard | Size (;f pointa Standard | Size (l,f points Standard
sample deviation | *27°P'¢ deviation ”“"'P e deviation
6% | 1% 5% | 1% 6% | 1%

25 | -711 | 1-061 4354 200 -280 | -403 -1706 1000 <127 | -180 -0772
30 -662 ‘986 4052 250 +251 | -360 -1531 1200 ‘116 | -165 -0706
36 621 ‘923 -3804 300 -230 | -329 -1400 1400 -107 | -162 <0653
40 -587 870 -35968 350 -213 | -305 -1298 1600 -100 | -142 <0811
45 -558 -825 -3418 400 -200 | -285 <1216 1800 ‘095 | -134 <0576
50 -534 187 -3264 450 -188 | -269 <1147 2000 ‘090 | -127 <0647
500 <179 | -255 -1089

80 492 <723 -3009 550 -171 | -243 -1039 2500 <080 | -114 -0489

70 -459 -873 -2806 800 <163 | -233 -0995 3000 073 | <104 -0447

80 432 -831 -2638 650 <167 | -224 <0956 .3500 <068 | -096 <0414

90 -409 -698 2498 700 -151 | -216 <0922 4000 <084 | -090 -0387
100 389 -667 2377 750 -146 | -208 -0891 4500 -060 | -085 -0366
. 800 <142 | -202 -0863 5000 -067 | -081 <0346
125 -350 -508 -2139 850 -138 | -196 -0837
150 -321 404 -1961 800 <134 { -190 -0814
176 -298 -430 -1820 950 -130 | -185 -0792
200 -280 -403 -1706 1000 -127 | -180 -0772

N.B. As the sampling distribution of /b, is symmetrical about zero, the same values, with negative
sign, correspond to the lower limita.
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Figure E.5. Precracked Charpy Histogram Distribution for Temperature Group 5
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Overall the results can be reviewed by examining the distribution of ’
outliers, in Table E.2. These outliers were entirely from the skewed
groups, groups | and 6, and they confirm the analysis above (group 1
were almost all high, but while material 6 group 6 were high, the others
from group 6 were low). The total number of outliers, 14, from 1025
tests, is close to the 13 which would be predicted to be outside the
+ 2.5 ¢ limits of the Normal distribuiton. The similarity between the
distribution of this data and the Normal distribution is confirmed by the
histogram, Figure E.7. 1In contrast, the overall round robin data was

platikurtosic (see Figure E.8).

Static Compact Tests

The static compact fracture specimen data were normalized by means
of the precracked Charpy impact test results to allow combination of all
heats of each material. The results are summarized in Table E.4 and in

Figures E.9 - E.15.

There was ouly one point outside the + (2.5 standard deviation) range
at 2.9 o above the mean for group 1 material 1, suggesting that the

distribution generally had short tails (platikurtosis).

The results of a comparison of the statistics shown in Table E.4
with the probability tables shown in Table E.3 revealed that some of the
data did not conform to the Normal distribution. These results are sum-
marized in Table E.5. Only those results are shown in which there were
enough data to perform the appropriate significance test, and for which
there was a positive result. For other groups for which there were
enough data values, no significant difference between the data and the
Normal distribution could be asserted. The analysis shows clearly that
the use of the Normal distribution to describe data of this sort is a
conservative assumption in that fewer results than predicted would lie
outside lower bounds set on such a basis. There were really too few data
values to develop a more accurate description of the probability distri-

bution from the test data than that given by the Normal distribution.




Table E. 4.

MATERIAL 1

MATERIAL 3
e

MATERIAL 5

Static Compact Fracture Toughness Distribution Statistics

i
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Table E.4. (continued)

i
t

OVERALL
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Table E.5. Static Compact Outlying Trends

Material Group Kurtosis Skewness
1 1 *kxH
*p
8 6 **P
overall 1 kK|
2 *p
3 **p
5 **p
= platikurtosis * = 90% significance level
= skewed high ** = 95% significance level
*kk —

99% significance level
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Figure E.10. Static Compact Histogram Distribution for Temperature Group 2
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Figure E.11. Static Compact Histogram Distribution for Temperature Group 3
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Figure E.12. Static Compact Histogram Distribution for Temperature Group 4
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Figure E.15. Static Compact Histogram Distribution for All Temperature Groups
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Figure E.16. Dynamic Compact Histogram Distribution for Temperature Group 1




Dynamic Compact Tests

There was only one point lying outside the range + (2.5 standard
deviations) out of over 200 data points. This result was for group 1,
material 6, and lay about 3¢ above the curve. (The expectation is that
1-2 results will be beyond the 2.50 range by chance if the data were

Normally distributed.)

The results of the analysis are summarized in Table E.6, and shown
in histogram form in Figures E.16-E.22. The statistics shown in Table E.6
were compared to the tabulated values of the a and ﬁ;{ functions
(Table E.3). The results of the comparison are summarized in Table E.7.
The analysis again shows that the Normal distribution is a conservative
approach to the prediction of a lower bound, with the possible exception
of data near the upper shelf, which tend to have low values. The ten-
dency was slight, and it is not likely to present a major difficulty,

as can be seen by examining Figure E.21.

Dynamic Bend Tests

The dynamic bend test (test type 6) was performed by ETI on mater-
ials 1 and 3. There were too few data points to permit a detailed ana-

lysis as shown by the summary in Table E.S8.

Only group 1 for material 1 showed any meaningful statistic. The
a statistic shows platykurtosis at the possibly significant (90% confi-
dence) level. While overall, group 1 was skewed high, there was insuffi-
cient data to indicate a significant trend (see Figure E.23). The over-
all data set also appears to have a skew high, as shown by the histogram

in Figure E.24.




Table E.6. Dynamic Compact Fracture Toughness Distribution Statistics
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Table E.6. (continued)

MATERIAL 6




Table E. 7.

Material

(o) I e ) N S

overall

Group

A W N = W O

Dynamic Compact Outlying Trends

Kurtosis Skewness
***L ***H
*L
***L *H
L
**P
*L ***H
**P
**P
**P
**L

—
"

leptokurtosis

e
H

platikurtosis

T
H

skewed high

* = 90% significance level
** = 95% significance level
*kk =

99% significance level
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Figure E.19. Dynamic Compact Histogram Distribution for Temperature Group 4
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Figure E.20. Dynamic Compact Histogram Distribution for Temperature Group 5
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Table E.8. Dynamic Bend Test Fracture Toughness Test Distribution Statistics
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