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ABSTRACT

Reported here are the results of elastic-plastic fracture toughness tests performed on low -
alloy steels from the nozzles of the intermediate test vessels IV-5 and IV-9 from the Heavy Steel
Section Technology Program at Oak Ridge National Laboratory. These vessels had been given
prototypic nozzle corner flaw tests prior to the development of the ASTM E-813 standard test
procedure for J-integral testing. The objective of this work is to provide J-integral material test
support for future elastic-plastic fracture mechanics analysis of the nozzles. J-integral tests at
88°C (190°F) of the IV-5 nozzle material produced stable ductile tearing. The tearing resistance
data are expected to support analysis of the observed similar stable tearing response of the nozzle
comer flaw. J-integral tests at 24°C (75°F) of the IV-9 nozzle produced elastic-plastic fracture
instability preceded by stable tearing. A similar response was observed in the IV-9 nozzle
corner flaw test. It will be a major and important challenge to develop a fracture mechanics
rationale that reconciles these small specimen and nozzle corner flaw test results. These test
results are being made available to allow their use by a wide variety of organizations in
developing such a rationale, which would be a significant contribution to quantifying the flaw
tolerance of reactor pressure vessels.
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J-INTEGRAL CHARACTERIZATION OF THE NOZZLE STEELS FROM
INTERMEDIATE TEST VESSELS V-5 AND V-9
T.A. Auten, B.D. Macdonald, D.W. Scavone, and D. Bozik
INTRODUCTION

The analysis of postulated accidents involving nuclear reactor pressure
vessels has focused on the inlet and outlet nozzles because of the high local
stresses. As part of the Heavy Section Steel Technology (HSST) Program
performed at the Oak Ridge National Laboratory, large-scale experiments
involving nozzle geometries were performed to support the development of
analysis procedures back in the 1970’s [7/°.Since the capability to analyze
elastic-plastic flaws in arbitrary geometries did not exist at the time of those
experiments, there was no need to perform J-integral characterization of the
nozzle materials. The objective of this work is to characterize the elastic-
plastic fracture properties of the nozzles from two of the large-scale tests
that involved ductile tearing.

The HSST program comprised a series of prototypic nozzle corner flaw
tests in 39 inch outside diameter vessels /7/. The nozzles had been ma-
chined from AB08-Class 2 steel forgings and welded into the test vessels.
Notches were then machined into the inner radii of the nozzles and were
sharpened by fatigue in the location shown in Figure 1. Test vessel number
IV-5 was then pressurized at 88°C (190°F), leading to the initiation of
ductile tearing at the notch, followed by stable tearing until a through-wall
leak occurred. The second vessel considered here, No. IV-9, was pressur-
ized at 24°C (75°F) and failed by fast fracture instability, preceded by a
small amount of ductile tearing. Indeed, the nozzle of this vessel fragment-
ed, forming missiles [7].

The analysis of the 1V-5 failure would be appropriate for the beginning
of a postulated over-cooling transient scenario for a reactor vessel when cold

?The Italic numbers in brackets refer to the list of references appended to
this paper.
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fill water subjects the inner wall of the nozzle to tension prior to cooling of
the material at the crack front. The objective of such analysis would be to
demonstrate the safety margin on ductile tearing penetration of the pressure
boundary. The analysis of the 1V-9 failure would apply to the same type of
transient, but at a somewhat later time when the cold fill water has cooled
the material somewhat at the postulated crack front. This threat may be of
somewhat greater concern, since cooler temperatures tend to provide more
devastating consequences due to decreased fracture toughness and en-
hanced probability of sudden and complete fracture instability.

Both analyses require the J-integral characterization of the nozzle
materials. Toward that end, remnant pieces from the nozzles were shipped
for the present tests to the Knolls Atomic Power Laboratory. J-integral tests
were performed on specimens from both IV-5 and V-9, together with
supplementary tensile, Charpy, and dynamic modulus tests.

EXPERIMENTAL PROCEDURES

The nozzles for both 1V-5 and IV-9 were forged from A508-Class 2
steel with the major forging axis (axis of extension during forging) oriented
parallel to the axis of the nozzle. The nozzle was welded into the vessel
according to the configuration given in Figure 1. The chemical analysis
results shown in Table 1 were obtained on drillings taken at the Knolis
Atomic Power Laboratory. '

Compact tension specimens were machined from the nozzle material in
the C-R orientation, Figure 2, according to ASTM Standard Terminology
relating to Fracture Testing (E 616). This orientation supported characteriza-
tion of the radial path of fracture resistance for the nozzle corner flaws in
the 1V-5 and -9 tests. Charpy and tensile specimens were similarly oriented.

The fracture toughness tests were conducted on 2T-C(T) specimens
whose dimensions confromed with ASTM E 813. The specimens were
precracked to a normalized crack length, a/W, of approximately 0.6. One
precompression load application was used to facilitate initiation and precrack
front straightness. The load level for precompression was selected to
produce a specimen strength ratio of -0.65, based upon prior satisfactory
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experience with similar materials. The maximum precrack loads during
precracking were maintained well below 0.4 P, as defined in section 7.6.1 of
ASTM E 813-89. Following precracking, the specimens were sidegrooved
20%, with a sidegroove angle and root radius in conformance with ASTM E
813-89. A strain-gaged clip gage, calibrated at each temperature of inter-
est, was used for all precrack and test operations. These were mounted to
give displacement measurements at the specimen load line.

Charpy V-notch, tensile, and dynamic modulus tests were performed
on material machined from the 1V-5 and 1V-9 nozzles. A full set of 24
Charpy V-notch tests were performed on each nozzle to establish the
transition temperatures and upped shelf energies in the vicinity of the nozzle
inner radii. The Charpy V-notch tests were performed to the ASTM Test
Methods for Notched Bar Impact Testing of Metallic Materials (E 23-86).
The test temperatures were varied between-73 and + 149°C (-100 and
+ 300°F) for the IV-5 nozzie and between -73 and +260°C (-100 and
+500°F) for the IV-9 nozzle. The tensile tests were performed on 0.357
inch diameter specimens according to ASTM Practice for Elevated Tempera-
ture Tension Tests of Metallic Materials (E 21). The test temperatures were
88°C (190°F) for V-5 and 24°C (75°F) for IV-9. Dynamic modulus tests
were performed on a 5/16 inch diameter x 5 inch long rod machined from
the IV-5 nozzle. The tests were performed over a temperature range of 21
to 371°C (70 to 700°F) according to the technique of Spinner and Teft [2].

The test procedure for upper shelf J-integral testing was in accordance
with the ASTM E 813-89 single specimen technique for J,. tests with the
exception that, when possible, testing was continued to crack extensions
well beyond that required for.J,, determination. This was done to develop
J-resistance curve information per ASTM Test Method for Determining J-R
Curves (E1152). Where possible, testing was continued until the estimated
crack length reached the limit based on minimum remaining ligament as
defined in E 1152-89, Section 9.3.2. This practice tended to produce E
813-89 Section 9.4.1.7 validity failures, as the allowable error is based on a
percentage of Aa,,.,. While the definition of Aa,,,, in E 813-89 is smaller
than the same quantity in E 1152-89.
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The J-integral testing was performed on a closed-loop servo-hydraulic
load frame. The test specimen, fixtures, and clip gage were all maintained
at test temperature within a forced air oven. Specimen loading control, data
acquisition, and data analysis were performed by a Fracture Technologies
Associates (FTA) materials test computer system. Periodic unloadings
approaching the lesser of 0.2 P, or 50% of current load were performed at
0.25 mm (0.010 inch) increments of a/W increase. This increment, as will
be discussed in following sections, proved to be too large and resulted in
invalid J-resistance curve data spacing. Once this problem was identified,
the increment was changed to a successful 0.050 mm (0.002 inches).

After testing, the specimens were heat tinted at 425°C to mark the
crack fronts, chilled in liquid nitrogen, and rapidly loaded to complete
fracture. Measurements of the fatigue precrack and ductile tearing crack
lengths were then made using a traveling microscope.

RESULTS AND DISCUSSION
Supplemental Tests

The Charpy V-notch data? for the V-5 nozzle are plotted in Figure 3,
along with a hyperbolic tangent curve fit to the data through a program
called IMPFIT. No HSST data were available for comparison. The upper
shelf energy was 121J (88.7 ft-lb), and the 41J (30 ft-lb) transition temper-
ature was 1°C (34°F). Charpy data for the IV-9 vessel are shown in Figure
4. HSST data were comparable to those obtained currently, including a
146J (107 ft-lb) upper shelf and a 41J (30 ft-Ib) transition temperature of
0°C (31°F). The present tensile test results are shown in Table 22. The
dynamic modulus data yielded the equation shown in Table 3 by least
squares fit. '

2 The data for the individual specimens are tabulated in Appendix I.
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J-Integral Results for IV-5 Specimehs

Specimens CA1-U7 and CA1-U8 produced valid tearing onset or J,¢
data (Figures 5 and 6). Valid J,; results of 124 kJ/m? {706 in-Ib/in?) and 160
kJ/m? (914 in-Ib/in®) were obtained in these two tests of the 1V-5 nozzle
steel.

The tearing resistance or J-R curves represent the material’s resistance
to ductile tearing over relatively longer crack extensions?. The tests are con-
ducted to the requirements of E 1152, and the curves can be used to predict
the conditions required for stable and unstable tearing. The E 1152 standard
requires that the specimen thickness, B, and the remaining ligament, b, meet
the following size requirement:

J < (B, b) x (flow stress/20)

Failure to satisfy this rule indicates that plane strain conditions are not met.
All of the J-Aa data points in these tests satisfied this requirement.

The J-Aa curves for the IV-5 nozzle forging at 88°C (190°F) are plotted
together in Figure 6. This figure also shows a "best-fit" curve that was
established by combining the data from the four tests, resulting in the
expression shown in Table 4.

J-Integral Tests at 75°F for [V-9 Specimens

In the J-integral test of Specimen CA1-P8, the specimen failed by
elastic-plastic fracture instability prior to reaching the 0.008 inch Aa, line
(Figure 7). As a result, the procedure for transition regime testing based on
Section 9.7 of the ASTM E 24.08 Draft 7-5 Test Method for J-Integral
Characterization of Fracture Toughness was adopted for two additional
tests. In this procedure, specimen preparation and loading conditions are
the same as for the upper shelf J-integral test, with the exception that no
unloadings are performed. The specimens were loaded under constant
displacement rate until failure. A single valued toughness, called Jqc is
obtained as the fracture instability value of J. This procedure also required
that the amount of crack extension be less than 0.2 mm (0.008 inches), and

’The data for the individual specimens are tabulated in Appendix I.
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that plane strain conditions were satisfied. Data for crack extensions greater
than 0.2 mm are called J, values; these may be sensitive to specimen size
and configuration.

The result from the three 1V-9 samples were designated as J,, values, as
summarized in Table 5. None of the tests met the plane strain requirements.
Consequently, they are of questionable value in analyzing the failure of IV-9
in the HSST pressurization test.

Fracture Appearance and Microstructure

The ductile tearing surfaces of the J-integral test specimens from V-5
were rough, as shown by the photographs in Figure 8. This photo, which
was taken at a magnification of = 1X, reveals that a very rough surface
extends > 25 mm beyond the fatigue precrack. This is consistent with the
large extent of ductile tearing in the tests in Figure 6. Surface roughness of
this type is frequently caused by the wandering of the crack plane from one
sulfide (or group of sulfides) to another.

The rough nature of the ductile tearing crack planes of the IV-5 speci-
mens tested at 88°C was confirmed in Figure 9, a metallographic section
through one of the fractures. This montage at a magnification of = 50X,
shows the transition from the fatigue precrack to the ductile tearing crack.
The fatigue crack is flat, while the ductile tear wanders up and down. This
view also shows apparent inclusions near the crack plane.

The existence of sulfides was confirmed through scanning electron
microscopy (SEM) of the fracture surface. Figure 10 shows the transition
from the fatigue precrack to the ductile surface at the mid-thickness of the
specimen. The ductile tearing surface does appear to be formed predomi-
nantly by void coalescence with some deep pockets (the dark regions) and
some high points (the brighter regions). There are also numerous narrow
troughs, which appear to be shaped by the presence of sulfides, scattered
evenly over the surface. Some of these troughs suggest triple-point shapes
- points where three grains come together. The concentrated nature of the
distribution of sulfides over the tearing surface is shown in Figure 11.
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Comparisons with Original Fracture Toughness Data

The fracture toughness data obtained in the original HSST program
were interpreted in terms of equivalent energy /7/ which purported to
provide a lower bound value, K, associated with the maximum load. For
V-5 at 90°C (200°F), the average value of K, was 216 MPay/m (196
ksiyfin) with a standard error of 0.18 for two 2T-C(T) and three 0.85T-C(T)
radially oriented specimens. For comparison, the average of two+/(EJ,)
values at 88°C (190°F) for the current data was 171 MPaym (156 ksi/in)
with a standard error of 0.09 for two 2T-C(T) specimens described earlier.
Although both the original and current data came from specimens that gave
ductile tearing responses, the current values correspond to tearing onset,
which occurred prior to the attainment of maximum load. The maximum
load points used in the earlier tests were undoubtedly beyond the point of
tearing onset. Consequently, the higher toughness numbers for these tests
are to be expected.

For 1V-9 at 24°C (75°F), the average value of K, was 214 MPaJm
(194 ksi/in) with a standard error of 0.21 for two 2T-C(T), two 1.5T-C(T)
and four 0.85T-C(T) surface and center region specimens. For comparison,
the average of three+/(EJ,) values at 24°F (75°F) for the current data was
208 MPaym (189 ksivy/in) with a standard error of 0.21.

Effect of Current Data on Original Failure Pressure Estimates

A variety of failure pressure estimating techniques was used in the
original report on IV’s 5 and 9 [7]. Those that used fracture mechanics
based methods tended to under-predict the failure pressure. {Recall that the
capability to analyze elastic-plastic flaws in arbitrary geometries did not exist
at the time of the original studies.} Since the single point value of fracture
toughness for the current V-5 data corresponds to tearing onset rather than
failure, the current data cannot be readily applied to the originial prediction
methods, all of which used the maximum observed value of K4, 265
MPaJm (241 ksi/in).

Given that the initial flaws for IV-5 and IV-9 had about the same
dimensions, the failure estimate for IV-9 using a lower bound K, , fracture
toughness within a few percent of the average «/ (EJ) value for V-5 was
found to correspond closely to the tearing onset pressure for IV-5. The
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original analysis method for IV-5 was called linear elastic fracture mechanics
based on strain [/7]. A failure pressure of 128 MPa (18.6 ksi) was reported
for an assumed lower bound K value of 165 MPa«y/m (150 Ksiv/in). The
~average « (EJ) value was 171 MPa+y/m (156 ksiv/in) which, using the original
analysis method, would correspond to about the same pressure, 128 MPa,
due to the non-linear relationship between nozzle corner strain and pressure.
The experimental value of pressure at tearing onset for V-5 was 124 MPa
(18 ksi). Therefore, this analysis technique appears to have been appropri-
ate for a tearing onset pressure estimate for |V-5.

Since the average values of the K, from the HSST program and +/ (EJ,)
values from the present work for IV-9 were about the same, using either
data set in the original calculations would yield the same estimates of failure
pressure, which were conservative.

CONCLUSIONS

1. The J-integral specimens from the IV-5 nozzle tested at 88°C (190°F)
failed by ductile initiation and tearing, which is consistent with the
failure of the IV-5 nozzle itself in the original HSST pressurization test.

2. Valid J results of 124 kJ/m? (706 in-lb/in?) and 160 kJ/m? (914 in-
Ib/in?) were obtained at 88°C (190°F) for the V-5 nozzle steel.

3. Charpy tests of the remnant IV-5.nozzle material near the J-integral
-specimens yielded a 41J (30 ft-Ib) transition temperature, NDT,,, of
36°F and an upper shelf energy of 121J (88.7 ft-Ib). This transition
temperature indicates that the 88°C (190°F) temperature of the ORNL
pressurization test was marginally close to being in the transition
regime.

4. The J-integral tests of the IV-9 nozzle steel specimens did not produce
valid J,c data at 24°C (75°F) since they failed by elastic-plastic fracture
instability. This is consistent with the failure of the 1IV-9 nozzie by
sudden, catastrophic fracture instability after about 12 mm of stable
tearing crack extension.
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The Charpy tests of the V-9 nozzle material yielded a 41J (30 ft-b)
transition temperature of 31°F and an upper shelf energy of 146J (108 ft-
ib). This indicates that the 24°C (75°F) temperature of the HSST pres-
surization test was clearly in the midst of the transition regime, consistent
with the lack of sufficient ductility to support valid J-integral tests.

J-integral tests of the V-9 nozzle steel produced J,, results and at 24°C
(75°F). However, these tests did not satisfy the plane strain require-
ments of the ASTM E 24.08 Draft 7-5 Test Method for J-Integral
Characterization of Fracture Toughness.

REFERENCES:

1.

JG Merkle, PP Holz, GC Robinson, and JE Smith, "Test of 6-inch
Thick Pressure Vessels. Series 4: Intermediate Test Vessels V-5 and
V-9 with Inside Nozzle Corner Cracks", HSST-TR-43, ORNL/NUREG-7,
August, 1977.

S. Spinner and WE Teft, "A Method for Determining Mechanical
Resonance Frequencies and Calculating Elastic Moduli from these
Frequencies", ASTM Proceedings, Vol. 61, 1961, pp. 1221-1238.

RH Bryan, et al, "Test of 6-in. Thick Pressure Vessels. Series 3:
Intermediate Test Vessel V-8A, Tearing Behavior of Low-Upper-Shelf
Material™, NUREG/CR-4760, ORNL-6187, May 1987.

WG Reuter, JC Newman, Jr., BD Macdonald, and SR Powell, "Frac-

ture Criteria for Surface Cracks in Brittle Materials", 24™ ASTM
Fracture Symposium, Gatlinburg, TN, June 1992.
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Figure 1--Longitudinal and transverse cross-sections through
an intermediate test vessel with a 229 mm (9 inch) inside
diameter nozzle (taken from Reference 1).

Figure 2--Crack plane orientation code for bar and hollow
cylinders.
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Figure 3--Charpy data for the V-5 nozzle material shown
with the IMPFIT transition curve.
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Figure 4--Charpy impact test results for the IV-9 nozzle material from the
present study shown with the curve generated by the IMPFIT
program. Also shown (as circles and diamonds) are the results
from the prolongation of this forging as given in Table 2.4 of
Reference 1.
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100 — t:czc,ll ,' Temperature =  88°C
-7 Efj / / Jo (inear fit) = 145 kJ/m’
—I|F / Jo (power law) = 160 kj/m’
. ;’: | e () 120
| | I l | | b
0 0.5 1.0 1.5 2.0 25 3.0 3.5

Aa, mm

Figure 5--J-R curve at 88°C (190°F) for Specimen CA1-U7,

showing exclusion lines.
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Figure 6--The best-fit J-resistance curve plotted against the data for
Specimens CA1-N7, CA1-N8, CA1-P3, and CA1-P4 from the

nozzle of I1V-5 tested at 88°C (190°F).
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b, = 38.7 mm

150 — B,, = © 40.5 mm
Flow Stress = 578 MPa
.. Temperature =  24°C
= |
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. |
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Figure 7--J-R curve at 75°F for Specimen CA1-P8 from the
nozzle of IV-9 from the Oak Ridge National
Laboratory. No valid J. results were obtained

since the distribution of the data did not meet
the ASTM E 813 requirements.

FATIGUE
PRECRACK

20 mm EDM
] SLOoT

DUCTILE TEARING

Figure 8--Macrophotograph of the fracture surface of Specimen CA1-P3
from the 1V-5 nozzle. CA1-P3 had about 25 mm inch of ductile
tearing crack extension, which was typical of the four tests
that supported the J-resistance curve plots in Figure 6.
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0.05 mm
L]

Figure 11--SEM of the region outlined in Figure 10,
revealing numerous MnS inclusions.

16

KAPL-4744



TABLE 1--Chemical check analysis and the ASTM A508-2
specification limits.

Nozzle C Mn P - 8 Si Ni
V-5 0.208 0.72 0.012 0.0165 | 0.24 0.85
V-9 0.191 0.70 0.014 0.0080 | 0.21 0.79
Ab508-210.27 0.50 to 0.025 0.025 | 0.16to | 0.50 to
max. 1.00 max. max. 0.40 1.00

Nozzle Mo Cr Cu Co \Y}
V-5 0.68 0.27 0.89 0.013 0.054
V-9 0.65 0.34 0.121 0.009 0.013
A508-2 0.55 to 0.25 to -- -- 0.05
0.70 0.45 max.

TABLE 2--Tensile test results for the nozzle material from
the Oak Ridge National Laboratory intermediate test
vessels IV-5 and IV-9. The test temperatures were
those used for the vessel tests, and the specimens
had circumferential orientations.

Test 0.2% Yield Tensile
Temperature Strength, Strength Reduction
Nozzle °C MPa MPa in Area, %
IV-5 88 516 632 40.4
88 551 664 33.8
V-9 24 512 627 60.9
24 542 631 59.4
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TABLE 3--Least squares fit lines for dynamic modulus test
data for the ASTM A508-Class 2 nozzle from IV-5.

E=mxT+b

PARAMETER| E m T b
Metric GPa -7.03 E-2 °C 214
English ksi -5.66 oF | 31,200

TABLE 4--Best fit J-R curve expression for IV-5 data tested at 88°C (190°F)

J = C (Aa/k)™
PARAMETER J C Aa k m
Metric kJ/m? 690.7 mm 25.4 0.473
English in-Ib/in? 3944 inches 1.0 0.473

TABLE 5--J, (Fracture Instability) Test Data from the Nozzle of IV-9 Tested
at 24°C (75°F). All specimens had CR orientations shown in
Figure 2. Plane strain requirements were not satisfied.

SPECIMEN J, J,
NUMBER SIZE in-Ibs/in’ kJ/m?
CA1-P6 2T 981 172
CA1-P7 . 2T 1760 309
CA1-P8 oT 827 145

18 KAPL-4744



APPENDIX I

Data Reports for individual specimens for the
J-Integral and supporting mechanical tests.
The compliance-adjusted data in Tables VIIb,
VIIIb, IXb and Xb were determined based on
procedures presented in Appendix IL




TABLE I.  Tensile Test Results for the Nozzle Material from the Oak Ridge National
Laboratory Intermediate Test Vessels IV-5 and IV-9. The test temperatures were
those used for the vessel tests, and the specimens had circumferential orientations.

Specimen Test 0.2% Yield Tensile Reduction
VESSEL Number Temp. Strength, Strength in Area, %
°F ksi ksi
Iv-5 CAl-14 190 74.9 91.6 40.4
CAl-I5 190 79.9 96.3 33.8
Iv-9 CA1-I8 75 74.2 90.9 60.9
CAl-I9 75 78.6 91.5 59.4

TABLE I.  Least Squares Fit Lines for Dynamic Modulus Test Data for the ASTM A508-

Class 2 Nozzle from IV-5.

MATERIAL SPECIMEN MODULUS EQUATION*
NUMBER m b
ORNL Test Vessel 5 IV-5B -5.663E-3(T) + 31.1480

* Where E = m x (T) + b, in units of mega-psi.

T = temperature in degrees F

I-2
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TABLE III. Charpy Impact Test Results for Specimens from the Nozzle of IV-5. The
specimens had "CT" orientations as shown in Figure 5.

TEST ENERGY LATERAL
SPECIMEN | TEMPERATURE | ABSORBED, % EXPANSION
NO. °F  ft-Ib SHEAR (MILS)
CAl-Al -100 6 0 4.0
CA1-A2 -100 4 0 3.0
CAl1-A3 -100 5 0 2.0
CA1-79 0 18 18 17.0
CA1-80 0 14 18 13.0
CA1-81 0 21 13 19.0
CA1-82 50 50 54 40.5
CA1-83 | 50 33 45 31.0
CA1-84 50 38 40 35.0
CA1-85 100 78 77 57.0
CA1-86 100 70.5 68 54.0
CA1-87 100 60.5 68 48.5
CA1-88 150 89.5 100 63.0
CA1-89 150 86.5 100 63.5
CA1-90 150 87 100 61.0
CA1-91 200 75 100 61.0
CA1-92 200 72.5 100 62.5
CA1-93 200 99 100 75 |
CA1-94 300 96.5 100 69.0
CA1-95 300 785 100 60.5
CA1-96 300 82 100 67.0
CA1-97 200 63 100 53.5
CA1-98 220 86 100 69.0
CA1-99 220 90 100 69.5

IMPFIT Results: NDT;, = 36°F
RTT = 96°F
Upper Shelf Energy = 88.7 ft-1b
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TABLE IV. Charpy Impact Test Results for Speciméns from the Nozzle of IV-9. All
specimens had "CT" orientations as shown in Figure 5.

TEST ENERGY LATERAL
SPECIMEN | TEMPERATURE | ABSORBED, % EXPANSION

NO. °F ft-1b SHEAR (MILS)
CAl-F7 -100 7.5 9 6.0
CAl-F8 -100 7 9 7.0
CA1-F9 -100 8 9 6.5
CA1-Gl 0 25 10 21.0
CAl1-G2 0 24 10 20.0
CA1-G3 0 41 14 32.0
CA1-S7 50 47 27 39.0
CA1-S8 50 43 25 36.0
CA1-S9 50 42 27 35.0
CAl1-T1 100 93 86 71.0
CAl1-T2 100 63 59 50.0
CA1-T3 100 63 - 69 50.0
CA1-T4 150 95 92 66.0
CA1-TS 150 107.5 100 73.0
CA1-T6 150 104 100 70.0
CA1-T7 200 106.5 100 64.0
CA1-T8 200 103 100 72.5-
CA1-T9 200 106.5 100 74.0
CAl1-U1 300 108 100 67.0
CA1-U2 300 106 100 71.0
CA1-U3 300 109 100 72.0
CA1-U4 200 102 100 59.0
CA1-US 220 102 100 61.0
CA1-U6 220 99.5 100 61.0

IMPFIT Results: NDT;, = 31°F
RTT = 91°F

Upper Shelf Energy = 107.6 ft-1b

I-4
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TABLE V. J,c (Tearing Onset) Data from the Nozzle of IV-5. All specimens had
orientations analogous to the "CT" orienation shown in Figure 5. Note that
Excess Temperature = T - (NDT;, + 60°F)

SPECIMEN TEMPERATURE, ﬁmusmn )
NUMBER °F Je e K(°®
/ SIZE ACTUAL EXCESS | lbs/in Ibs/in  ksk/inch
| CA1-N7 /2T 190 94 O% . ; |
CA1-N8 / 2T 190 94 0% - -
CA1-P3/ 2T 190 94 0= . -
CA1-P4 / 2T 190 94 Ox - . "
CA1-U7 /2T 190 94 914 (914) 174
190 94 706 (706) 152
CA1-U8 / 2T |

Jic results were determined with compliance-adjusted J-aa data, except for those
values given in brackets. The values in brackets were not adjusted; however, since
there was no positive or negative offset of the displacement at the start of the test,
the procedure would not change the result.

@ K(J,0) = E’ x J,c)*® in ksi/inch, where E’ = E/(1 - /7).
E = Young’s Modulus and » = Poisson’s Ratio

* Invalid per ASTM E 813; Insufficient data points between exclusion lines.

B Error in the estimate of aa from compliance was too large.

I-5 KAPL-4744




TABLE VI. Jc (Tearing Onset) Test Data from the Nozzle of IV-9. All specimens had
orientations analogous to the "CT" orienation for Charpy bars shown in Figure
5. Note that Excess Temperature = T - (NDT;, + 60°F)

SPECIMEN TEMPERATURE, | UNADJUSTED
NUMBER °F I ) K({,)°®
/ SIZE ACTUAL EXCESS | Ibs/in Ibs/in ksiv/inch
CA1-P6/ 2T 75 -16 - - 182t
CAl1-P7/2T 75 -16 - - 2447 ¢
CA1-P8 /2T 75 -16 - - 167 ¢
* Jic results were determined with compliance-adjusted J-aa data.

@ K@) = (B’ x J;c)® in ksi/inch, where E’ = E/(1 - /).
E = Young’s Modulus and » = Poisson’s Ratio

¥ RTT test result based on Annex B3 in ASTM Standard E-813-91.

* DOeS NOT SatiSfy BGROSS’ bo > 200 b JC/O'O.
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Table VIIa.

Inde:x

—
ST D NN O

Ll
| SO

—
()

-

- -
N B

1&
17
1z
19
20
21

22

[SEOES

NG OB )

]

I O RO RO S W
RN S 1

VR oy on A
R OCERSS BV I O i DU i e

o

o
L

Load

(1bs)

0
130468
13117
12944
12750
13019
13214
123241
13459
13430
15402
17611
19545
21568
23547
23325
27455
29224
31339
32428
21900
29091
26014
21592
19294
17025
15484
145233
13422
127246
119932
11127
10552

QLA
DI04
2218
2305
8012
7L70
7401
7010
L&1D
L2048
SELE
5447

——
5227

The raw load-displacement for the J-integral test of specimen CA1-N7,
_showing each unloading step. See the "Comments" in Table VIIc on the
. missing unloadings (Nos. 33 through 47).

Disp.
(in)

0.0000
0.0149
0.014%
0.0147
0.0147
0.0147
0.0151
0.0151
0.0154
0.0154
¢.0181
0. 0205
0.0232
0.0244
0. 0298
0.0333
0.02379
0.0435
0.0511
0.04611
0.0711
0.0511
0.0%1x
0.102¢

0.11246

0.1224
0.1329
0.1427
0.1529
0.1629
0.1727
0.1827
0.1927
0.2003
0.2106
0.2206
0, 2304
0.2404
0.2504
0.2604
0.2704
0.2204
Q.2204
0. 32002
0.3102
0.3202

Delta a
{in)

0. 0000
0.0040
0.0012
-. 0004
-. 0023
0.00320
0.0017
-. 0002
0.0029
0.0032
0.0007
0.0035
0.001%9
2.00332
0.0041
0. 0099
0.01351
0.0125
0.037%9
0.0717
0.1434
0.2319
G.2221
0.4032
0.4742
0.5397
0.5278
0.3623
0. £000
0. 4257
0.46524
0.6931
0.7244
0.74%%
0.7713
0.7979

(s e BT
LI N )

Py
o

N L D

C10D
{in)

0. 0000
0.0006

0.0004
0.0004
0.0006
0.0004
0. 0004
0. 00046
0.0007
0. 0007
0. 000%
0.0012
0.0015
0.0020
0.0024
0.0032
0. 0040
0.0052
Q.0047

-0, 0089

0.0112
0.0135
0.0142
0.01%90
0.0215
0.0240
0.0245
0.0229
0.0313
0.03324

0.0424
0,044
0.0472
0. 0495
D.0518
0.0341
0.05464
0, 0587
3.0410
0,083
0, 0455
0. 087%
0.0701

Compliance

(in/1b)

1.118655E-06
1.113987E-06
1.111076E~06
1.108168E-06
1.116961E-06
1.114751E-06
1.111658E-06

- 1.116796E-06

1.117055E-06
1.112732E-0¢6
1.120458E-0¢6
1.114088E-06

©1.116171E-06

1.117206E-06
1.126555E-06
1.1349E-06

1.140043E-06

1.173183E-06
1.235E-06
1.383037E-06
1.602637E-06
1.501006E-06
2.180948E-06
2.526637E-06
2.904152E-06
3.234708E-06
3.05203E-06

3.323164E-06
3.529503E-06
3.819474E-06
4.166557E-06
4.522539E-06
4.8§30049E-06
5.132072E-06
5.534768E-06
5.821606E-06
§.138319E-06
6.465208E-06
6.778501E-06
7.142722E-06
7.736137E-06
§.30002E-06

9.012657E-06
9.577227E-06

I-7

Jei2-81

t

"1.111989E-06 ~ &7

£4

DO |

A I o BN
X

;. ‘O
@ oh Ot -

PO 3

2037
2243
2411
2501
2959
2599
2EOA
2L464L
2723
27482
2824
2284
2944
3004
2050
2044
3052
30327

3005

Je13-87 J1152
(in-1b/in"2)

=
=¥

g2
82
84
24
20
92
122
158
200
259
225
404
502
438
828
1103
340
1582
1791
1993
2147
2295
2422
2527
2703
2807
2911
2008
2094
2145
2240
2317
2387
2452
2518
3579
2642
3702

3735

Jmod
0 0
84 24
24 24
22 22
82 2
82 22
264 24
24 24
20 20
92 92
124 124
159 158
201 201
260 240
326 226
403 404
S05 S04
L44 £45
247 £49
1115 1124
1270 1402
1554 1451
1702 1295
17923 2117
1873 2309
19323 2421
] 2hES
g 2240
S2b 20479
2392 2210
2437 I3LY
2540 3521
2579 DEAET
2524 3775
2444 2914
2707 4034
2741 4124
2803 4317
2084 4447
2921 4574
ok 470z
20232 4724
2024 4937
2027 S045
Z014 5151
S032 3254
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Table VIIa. (Continued) Raw load-displacement data for specimen CA1-N7.

~ Specimen Id.

Index

&1

L2, .

63
b4

&5
&6
&7
132
&9
70
71
72
73
74
73
7&

77 .

78

4983

Load
(1bs)

Disp.
(in)

CAINY

Delta a
(in)

45812
44641
4519
4421
4230
4152
3933
2784
3415
2444
23244
3224
2127
2004
2907
2783

2223

0.3202
0.3403
0.3503
0.3403

0.3703
0.3802
0.3901
0.3999
0. 4099
0.4194
0.4294
0.43%4
0.4492
0. 4590
0.4492
0.4792
0.4890
0.4212

0.9841
0.9971
1.0100
1.02046

1.0280
1.0388
1.0291
1.0519
1.0439
1.0745
1.0873
1.0971
1.1030
1.1144
1.1172
1.1244
1.1335
1.1443

CT0D
(in)

0.0747
0.0770
0.0792

0.0215
0.0827
0.0859
0. 0282
0.0904
0. 0924
0.094%
0.0971
0.0992
0.1015
0.1038
0.10461
0.1083
0.1047

0.0724

Compliance
(in/1b)
1.018694E-05
1.070193E-05

1.12506E-05
1.172991E-05

1.207947E-05 -

1.261814E-05
1.262966E-05
1.331794E-05

‘1.401852E-05

1.4679E-05
1.554398E-05"

'1.625369E-05
'1.685617E-05 -
.1.762081E-05

1.784686E-05
1.849459E-05

-1.932154E-05
"2.041995E-05 -

I-8

J812-81 J813-87 J1152

3070
3103
3132

3173

3232
- 3265
3365
2372
3381
3395
3387
3402
3428
2438
3504
3927
2531

2274

Jmod
(in~-1b/in™2)
2933 3044 5360
3973 2079 5444
4011 2107 5568
4047 3147 5671
4084 3206 5774
4120 2239 5873
4158 3240 597¢
4192 3244 &070
4222 3355 L1462
42532 3249 6250
4281 3361 &334
4307 33746 6423
43324 2402 £309
4359 2412 &T92
43882 2480 L4802
4413 2501 L7464
4434 2503 £24%2
44324 3351 L7320
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Table VIIb.

Calculated data for the J-integral test of specimen

CA1-N7 based on compliance-adjusted load-displacement

data.

Specimen. Id.
Contract #
Material

Temperature (F)

Environment

(CHICAINT
MCL 1559

ASO=
190
AIR

Specimen Dimensions (in)

Thickness 2.007
Net thickness . 1.583
Width 4,000
Pin spacing 3.000
Initial Ligament(s) (in}
1.52=2 1.547 1.540 1.551

Final Ligament(s) (in)
0.321 0.332 0.400

Frecrack Farameters

Pmax (lbs)
Final a (in) 2.407
Test Farameters

Initial ligament (in) 1.5&1

Final ligament S 0,404

Delta a (actuwal) 77 1.157

fielta a (EvE/F) 71,145

7% of DAmax Obtained 1444, 4
295

lelta a error (%) -1.0

Lelta amax errar (4 ~1£.7

Compliance Adjustment 1.042
CTCDi  (in) Q. 0021

Comments

0.424 C

11500.0

Geome{éy ' CT
Crientation NA
Flow stresz (ksi) -, =4.4
Modulus (ksi-1E&) 20,0
Stroke ra;e (in/min) G010
Loading rate (min) 1,297
Notch depth 2.254
Gage length 0. 248%
Alpha ratio 1.000
1.55¢ 1.552  1.%41 1.552 1.%521
0.419 0.429 0.428 0.411 0,337

Stress ratio (R) 0.10
Kmax» (ksi sqrlfinl) 40 . LS
J1Slimit (in-1b/in™2) &7
JZ0limit i o LS
J251imit < 82

*JQ (21Z2-21) . =
#J0 C2LE-F1) (NV) e

*#JQ (2132-27)
#J0 (213-87) (NV) e =55

Tearing modulus

* Computed from ES213-87 form for J

Test Date ~ 10/2/90 - Operator DB / First with capacitors on FTA inter<¥
ace panel

Clip Gage - MTS S/N 540 .S500 travel .25 GL Range 2

Fixtures - 0.25W 17-4 PH pinhole 0.1875W Vascomax pin

Unloadings 33-47 do not exist (unexplained apparent unloadings cccurec:)
Validity Requirements Failures:

Improper data group for Jlc (Sec 9.2.2)

Final delta a error > 154 of DAmax (Sec 9.4.1.7)

-9 KAPL-4744




Table VIIIa. The raw load-displacement for the J-integral test of specimen CA1-N8,
showing each unloading step.

Index

b
DA NI e SN BN B B B S S

-
Lt

3
4
=
P
7

=
o
=
-
=
2
=
=
Ty
=

Load
(lbs)

0
12897
12272
12848
12995
149732
16976

13423
12750
12189
11529
10625
PELE
2135
2254
7743

Disp.
(im?}

0. 0000
0.014%9
0.014%2
0.01351
0.0131
0.0174
0. 0203
0.0227
0.0236
0. 02346
0. 0320
0.03357
0.0401
0.0447
0.0547
0.044L7
0.0747
0.0270
0.0970
0.1070
0.1170
0.1262
0.1342
0.1470
0.1571
0.14&48
0.1748
0. 1246%
0.19469
0.2069
0.214%
0.2246%
0.2347
0.24L5
0. 25462
O.2662
0.274%
0.2243
0,294
0, 3042
0. 21463

Delta a
{in}

0. 000%
0.0010
0. 0010
0.0016
0. 0048
0.0041
0. 0027
Q. 003246
0.0074
0. 0045
0.0102
0.0172
0.0371
0.1159
0.1891
0. 2927
0.3199
0.3233
0.4230
0. 4477
0.5204
0.55326
0,5971
0.624%
0.46549

Q.2500
0.8712
0. 89463
0.9238

1.0185
1.0298
1.0421
1.045%

cToD
(in)

Q. 0000
0. 0004
Q. 0007
0.0007
0.0007
0, Q009
0.0012
0.0015
00,0019
0. 0024
0.002%
0. 0034
0,0044
0.0052
0.007%
0.0103
Q.0127
0.0154
00,0179
0,.0202
0,0227
0.0251
00,0274
0. 0200
0.0324
Q,0247
0,0270
0.0394
Q.041%8
0,0842
0, 04L&
0. 04872
0.0512
0, 0335
O, 0920
Q. 0rO=
0, OLZ2E
0. G447
0.0L72
0.0895
0,0712
0.0741
Q07462
Q, 0754

Compliance

(in/1b)

0.0 0.0
1.109797E-06
1.111369E-06
1.11149E-06
1.111383E-06
1.112268E-06
1.120622E-06
1.115875E-06
1.113646E-06
1.114505E-06
1.120617E-06
1.118796E-06
1.125618E-06
1.136066E-06
1.169837E-06
1.321856E-06
1.488651E-06
1.7801E-06
1.869068E-06
2.103379E-06
2.271714E-06
2.486219E-06
2.775427E-06
2.983278E-06
3.291933E-06
3.512037E-06
3.775393E-06
4 .049285E-06
4,050246E-06
4 ,358839E-06
4,763342E-06
5.231164E-06

5.493298E-06
5.986886E-06

6.43542E-06

6.876511E-06
7.455709E-06
8.176055E-06
8.74562E-06

9.413723E-06
1.016009E-05
1.081617E-05
1.158341E-05
1.211729E-05
1.274484E-05
1.310325E-05

Jai3-

O

24
84
&7
87
117
155
193
244
202
372
457
563
733
o999
1199
1275
1479
1645
1763
1892
1990
2055
2154
2210

.:..—;,.?8

3 T
Do xS S SR I b I
R Y T I N |
NS TN I O e T ~

[OOSR (SR (X (SR S

~$

~8 O
P
P -

%]
~
J

2722
2659
2711
2710
2703
2714
2714
2751
2774

28323

=21 J312-87  J1152  Jmod
(in-1b/in"2)

0 O Q

a2 22 o2

a2 s2 22

24 24

24 &4

114

—
-
-3

149 150 150
124 187 1=
23k 2327 237
292 293 293
340 REZ 362
442 445 445
544 54% S50
709 717 719
b 979 w87
1182 1177 1228
1254 1351 1458
1545 1454 1644
1745 1644 1824
1908 1741 2070
2040 1871 2341
2188 1948 2437
2324 2034 26064
2442 2132 2775
2541 2189 293
24358 2274 E08S
2735 I8z 3239
2934 2424 :
2939 z578 3546
2020 2617 24673
3074 2627 3802
2159 2623 2920
322F 2477 40357
3279 2671 4145
Ciciel s 2hET 4250
2374 2702 4353
E42E 2701 4443
ALY LT 4542
2511 2490 Bhtd
3552 2489 4757
3557 2681 454
3621 2492 4741
352 2693 SO31
2425 2728 5124
3714 2752 5215
3747 2210 S209
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Table VIIIa. (Continued) Raw load-displacement data for specimen CA1-N8.

Index Load Disp. Delta a CTOD Compliance Je13-81 J212-87 J1152 Jmod
(lbs) ~ (in) (inm) {in) (in/1b) (in-1b/in"2) :

44 3762 0.37646 1.05%6  0.0832 1.37099E-05 22¢4 2777 2841 5401
47 2439 0.3249 1.0462%  0.0855 -1.426715E-05 2902 3803 2872 5494
45 3546 0.3967 1.0748  0.02877 1.463344E-05 2956 3837 2932 5582
49 3517 0.4047 1.0782 0.0899 1.484769E-05 3026 2864 3002 D474

50 2371  0.4147 1.0861 0.0922 1,537752E-05 2062 3895 30282 S741
51 3298 0.4267 1.0926  0.0944 1,.582688E-05 3106 2922 2032 S247
52 3200 0.4347  1.1001 0.0967 1.637504E-05 2140 w4 - 3114 932
53 3151 0.4443 1.1072  0.0990 1.692304E-05 3175 3972 2151 £017
54 2033 0.45468 1.1155  0.1012 1.759261E-05 3199 997 3174 £100
25 3004 0.44462 1.1202 0.1035 1.798612E-05 32249 4021 3224 L1324
S& 2921 0.47&66 1.1244 0.1057 1.83679E-05 2297 4044 3272 L2464
57 2838 0.4842 1.1302 0.1030 1.886782E-05 32337 4070 3312 £349
1] 2614 0.4244 1.1339 0.1075 1.922652E-05 3284 4072 2262 L3229
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Table VIIIb.

Calculated data for the J-integral test of specimen CA1-N8

based on compliance-adjusted load-displacement data..

(CHICAINE

Specimen Id. Geometry cT
Contract # : MCL 155% Orientation NA
Material ASOS Flow stress (ksi) 24,4
Temperature (F) 190 Modulus (ksi-1E4) 20.0
Environment AIR Stroke rate (in/min) 0.010
Loading rate (min) 1.54%
Specimen Dimensions (in)

" Thickness . 2.007 Notch depth 2.25¢
Net thickness 1.4607 Gage length C.249
Width 2.999 Alpha ratio 1.000
Pin spacing 2.000

Initial Ligament(s) (in)
1.57¢ 1.56% 1.559 1.55& 1,555 . 1.594 1.95460 1.349 1.585
Final Ligament(s) (in)
0.370 " 0.40&6 0.44% 0,444 0,449 0.431 0.402 Q.37 0.399
Precrack Farameters
Pmax (1bs) 11500, 0 Stress ratio (R) 0.10
Final a (in) 2.425 Kmax (ksi sqrifinl) 40, S

Test Farameters

Initial ligament (in) 1.'S&3 Ji1Slimit (in-1b/in"3)
Final ligament 7 0.422 J20Llimit 2
Delta a (actual) -~ 1.140 J2S1limit 26
Delta a (EVE/F) 77 1,133 *#JB (213-21) Lo
7% of DAmax Obtained 19322 #JG (S1Z2-21) (NV)
o .
Delta a error (%) -0.4 *¥JQ (£13-87)
Delta amax error (%) -1Z2.4 #JB (2132-27) (NV)

Compliance Adjustment Q.,95Z2

CTODiL  (in) Q. 0000 Tearing modulus

Comments

" Test Date - 10/2/90 - Operator DB
Clip Gage - MTS S/N S40 .500 travel
Fixtures - 0.25W 17-4 PH pinhole
Capacitors on FTA interface panel
Validity Requirements Failures:
Improper data group for Jic
Less than 4 data pts for Jic fit . (Sec 9.3.2)
Crk ext edge. to ctr > 2% of W (sec 9.4.1.4)
Curve fit with less than two points

«25 GL Range 2

(Sec 9.2.2)

@& (%)

- (&)

G.0

* Computed from E813-87 form for J

O.IB?SW Vascomax pin

KAPL-4744



Table IXa.  The raw load-displacement for the J-integral test of specimen CA1-P3,
' showing each unloading step.

. Index Load Disp. Delta a CTOD Compliance JS13-51 J813-87 J1152 Jmod

(lbs)  (in)  (im) (in) (in/1b) (in-1b/in~2)
0 0 0.0000 0. 0000 0.0 0.0 0 0 0
1 12970 0.0142 0.0000  0.0004 .070495E-06 20 78 78
2 12799 0.0142 -,0034  0.0004 .065134E-06 80 78 78
3 12702 0.013% -.0004  0.000& .069918E-06 77 75 75
4 12775 0.0142 -.0001  0.000& .070269E-06 g0 78 78
5 14752 0.0164 -.0002 00,0008 .07001E-06 104 102 102
& 14756 0,014 0.0004  0,0010 .070781E-06 134 123 123
7 18484 00,0210 -.0010  0.0013 .068365E-06 173 169 169
& 20664 0.0234 0.0014 0.0014 .071949E-06 =214 202 208
Y 22643 0,0261 0,0005 0,0020 .070189E-06 245 253 258
10 24573 0.0228 0.0015 0.0024 .071628E-06 320 312 312
11 26502 0.0315 0.0025  0.0022 .072987E-06 220 370 270
2 22481 0.0347 0.0027 0.0034 .07302E-06 454 444 445
13 20424 0.0323& 0.0073  0.0042 .08078E-06 554 529 541
14 32442 0.0427 0.0110 0.0050 .085608E-06  &45 &47 £50
1S 34367 0.0479 0.0142  0.0061 .090231E-06 &15 792 795
14 38297 0.0542 0.0279 0.0079 .112138E-06 1042 1030 1041
17 37152 0.0660 00,0471 0.0101 .143834E-06 1341 1320 1337

18 35413 0.0740 0.0846% 0.0125
12 24441 00,0840 O,1241 0.0142
20 3B03 0.0962 0.1826  0.0172
21 280465 O0.1045 0.2652 0,0198

Xal

.214787E-06 1434 1598 1409
.286672E-06 1900 1847 1870
.412737E-06 2110 2115 2078
.622427E-06 2237 2334 22035

22 261460 0.1165  0.3154 0.0222 .772334E-06 2401 2540 2348
232 21837 0.1263 0.4040  0.024% .086639E-06 24z% 2721 2399
24 20127 0.1348  0.4471 0.0275 .361161E-06 =504 2887 2473
23 17220 0.1448  0.4347 0.0201 .455951E-06 247= 2020 2644
16144 0.1348  0.52B0 0. 0324 .675819E-06 2742 2219 2721
1514%  0.14468 0.3670  0.0330 .910201E-06 221ig 2241 2790
13947 0.1771 0.4114 0.0373 .214692E-06 283% 2440 I
12141 G.1871 0O.L424 0.02%% .455864E-06 2920 3569 29032

2286 0.1971  0.4743 0.0423
11187 0.2071 O.7132 0.0448
PEA4S QL2262 0.7222 0 0.0494
YOES 0,234 0,755 0.03518
BAEZZ 0.2442 0.7344 0.0542
2012 0.2362 0.8194 0.0346

.728815E-06 2927 24673 ZLO
.10744E-06 2000 2770 2974
.309607E-06 zz=2 a9e4 Z19E
.584462E-06 3259 4042 RS
.980951E-06 32254 4104 3220 4950
.466054E-06 =239 4170 205 5073

s G R D 0 O

JOCRDOCI FU I % I KX O GRS (SO LS v I LV

PNdOUULME R P PLVLWWNNMNNNBERRERBRRERRERPRRRRRRRRRRRERR

c73 7450 Q.2645 0.2494 0. 0590 .973119E-06 =213 232 2188 5197
a7 7035 0Q.2765  0.830% 0.04614 .570754E-06 32179 283 2154 531t
3= A497 0028465 0O.9113 0. 0538 .239753E-06 3141 4334 3114 427
bk L2204 G.294L5  0.9312 0.04&41 .729596E-06 32155 4324 2130 5524
40 5621 0.32045 00,9535 0.0485 .3375E-06 314z 4435 3 i S444
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Table IXa.
Index Load
{1lbs)
41 5374
42 5105
43 44645
44 4372
45 981
44 3737
47 2042
4 3371
49 3249
50 3078
51 2004
52 2931
53 28323
54 2711
55 2614
o4 2540
57 2447
55 2345
59

20746

(Continued) Raw load-displacement data for specimen CA1-P3.

Disp.
(in)

0.3144
0.3264
0.3344
0. 2464
0.35664
0. 3b44
0.374&
0.3244
0.3964
0.4044
0.4145
0.4245
0.4345
0. 8445
0. 4545
445

[elta a
(in)

0.9777

0.9954

1.0171
1.0322
1.0586
1.0743
1.0937
1.1023
1.122%

1.13%0
1.1508
1.1632
1.1732
1.1344
1.1941
1.2012
1.2049
1.2159
1.2199

CTOD
(in)

0.0709
0.0732
0.0754
G.0779
0. 0303
0.02824
0, 08249
0.0372
0.0295

0.0%918
0,0941
0.0944
0.0937
0.1010
0.1033
0.1054
0.1020
0.1103
0.10935

Compliance

IS I e S

(in/1b)

.078404E-06
.679633E-06
.049888E-05
.140206E-05
.237194E-05
.331606E-05
.435682E-05
.532723E-05
.636452E-05

.765648E-05
.869562E-05
.988594E-05
.092614E-05
.22105E-05

.335964E-05
.427305E-05
.504663E-05
.63586E-05

.698305E-05

Jo13-81

3122
3120
3104
3073
2041
3020
2994

2981

2969

2940
2942
29324
2944
2942
29350
2974
2012
3014
2952

J212-87  J1152

(in-1b/in™2)

4474
4517
4352
4592
44623

4458

4454
4709
4731

4754
4774
4794
4215
4835

4355

43875
4393
4914
4218

Jmod
3097 5747
2104 5850
2079 8947
20458 &£0329
2017 L1268
2995 6214
2369 £292
2954 6379
2944 L4450
2915 4329
2714 &619
2909 bEFT
2919 &779
2914 £257
2922 L9324
2945 7015
2984 7093
2984 7170
2927 7143
KAPIL-4744



Table IXb. Calculated data for the J-integral test of specimen
CAl1-P3 based on compliance-adjusted load-displacement data.

Specimen Id. (CICALIFZ Geometriy : CcT

Contract # i MCL 195% . Orientation . NA .
Material . ASOS Flow stress (ksil) - o4.4
Temperature (F) 190 . Modulus (ksi-1E4) " ®0.0
Environment AIR . Stroke rate (in/min) ©,.010

' Loading rate (min) 1.402 :

» Specimen_Dihensions (in)

Thickness . 2.006 Notch depth 2.255
Net thickness ©1.602 - Gage length : 0.24%
Width . : 3.999 . Alpha ratio o 1.000
‘Pin spacing . . 3.001 . : ‘

Initial Ligament(s) (in)
1.616 1.586 1.578 1.578 1.S548 1.581 1.S587 1.5%¢ 1.609

- Final Ligament(s) (in)

0.187 0.241 0.255 0,352 ‘0.415 0,324 0.322 0.3&42 0.437
Precrack Farameters

Pmax (lbs) . . 1

1500.0 . Stress ratio (R} 010
Final a (in) 2.422 Kmax (ksi sgrlinl) IR A
Test FParameters
Initial ligament (in) 1.5264 J15limit (in-1b/in"2) %S
* Final ligament LT 0249 J20limit ¥ AL
lelta a (actual) 7 1.2327 J25limit ‘ 77 5357
Delta a (EvB/F) . . 221 ' #JEQ (2132-21) e A4
7% of Damax Obtained 1785.1 #JQ (2132-21) (NV) i
44iL
Delta a error (%3 ~1.2 #JQ (8132-87) o £11
Lelta amax error (L) -22.2 #JQ (21Z-27) (N e A11
Compliance Adjustment 1.044 ’
CTODiL (im) 0. 0025 Tearing modulus LEOLE
Comments # Computed from EE213-87 form for J

Test Date - 10/4/%0 - Operator DB

Clip Gage - MTS S/N 540 .S500 travel .25 GL Range 2

Fixtures - 0.25W 17-4 PH pinhole  0.1875W Vascomax pin

Capacitors on FTA interface panel / Post Test crack length meas. on SEM
Validity Reguirements Failures:

Crk ext edge to ctr > 2% of W (sec 9.4.1.6)

Final delta a error > 157 of DAmax (Sec ¥.4.1.7)
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Table Xa.

Index

SO NS O B ) e O

b

G DX 0T LA D) Gl

-~
RGN R

Load
{1bs)

0
12750
12555
12457
12224
14332
14194
12124
20029
21959
22240
25749
27475
29604
21524
323429
24820
34485
22195
29422
26124
22912
204689
19272
17£40
154132
14420
13325
iz403
10870
9795
2745
7747
7401
7059
L717
L3R4
5242
5447
4910
4420

The raw load-displacement for the J-integral test of specimen CA1-P4,
showing each unloading step.

Disp. Delta a CTOD Compliance J213-81 J812-87 J1152 Jmod
(in) (in) (in) (in/1b) (in-1b/in™2)

0. 0000 0. 0000 0.0 0.0 Q 0 0 0
0.0142 0.0000 0. 0004 .08655E-06 79 77 77 77
0.013% 0,00323 (. 0005 .091975E-06 75 73 73 73
0.0139 -,000% 0.0004 .085116E-06 7& 74 74 74
00,0139 0,.0027 0. 0004 .090928E-06 73 7z 73 73
0.0161  0.0006 0.0007 .087276E-06 101 o2 99 99
0.0186  0.0021 0. 0010 .089512E-06 124 i3 131 131
00,0210 00,0034 0,0013 .091469E-06 170 1464 144 1464
00,0237 00,0030 0.0017 .090567E-06 215 209 210 210
0.0264 0.0031 0. 0020 .090506E-06 24D 258 239 259
0.0291 0.0042 0. 0025 .092058E-06 219 210 311 311

0.0325 0.0067  0.0030 .095899E-06 392 381 323 283
0.0357 0.0075  0.0034 .096938E-06 L 1Y) 4532 454 454
0.03%4 0.00%6 0,0044 .099892E-06 543 547 551 952
0.044z 0.0080  0,0053 .096889E-06 &£88 &&% &74 £74
0.0302 0.0124  0.0044 .113639E-06 255 231 229 241
0.0&03  0.0290 0.0022 .147869E-06 1140 1104 1120 1120
0.0703  0.076%  0.0110 .215583E-06 1410 1272 27 1419

0.0804 0.1230 0.0134
0.0904 0.1994 0,0159
0.10046 0.2731 0.01%4
0D.1106 0.3588  0.0209
0.1207 0.4295 0.0234
0.1307 0.4314 00,0259
0.1407 ©0.4761  0.0283
0.1510 0.5372  0.0210
0.1610 0.5726  0.0324
0.1710 0.4124 0.0358
0.1808 0.440%  0.0382
0.1908 0.4924  0,0407
0.2008 0.4981  0,0432
0.210&4 0.73259  0.0454

.305679E-06 1448 14635 1442 1711
.477783E-06 1539 1359 1311 19432
.675634E-06 1977 2064 1949 2198
.955435E-06 2053 2244 2024 2407
.238693E-06 2177 2407 2110 2812
.246968E-06 2344 2E03 2241 2247
.455956E-06 <2443 =755 2439 2047
.792165E-~06 2493 2898 2447 3223
.017334E-06 2579 2014 2555 2400
.302803E-06 z&3 2133 2613 542
.527462E-06 2715 - 324% 2692 2730
.008781E-06 2490 33243 2hAT 3272
.062337E-06 2224 2453 2804 4024
.479235E-06 2212 532 2792 4151

FPOONNOVUUERRLPWLWWNRNRDN P R R R R R

0.2204 0.7211 0.0420 .063657E-06 2755 3599 2734 4245
G, 22308 0.80%94& 0. 0504 .490293E-06 Z744 24656 2744 4332
0.2408 0.82324 Q.0327 .977556E-06 274&2 709 4494
0.250%  0.8461 0, 0550 .49906E-06 2763 B760 2 3405
0.2609  0.8%14 0.0574 .044398E-06 2745 S810 4717
Q0.270&  0Q.2179 0, 0597 .677477E~-06 2857 419
0.22807 0.9447  Q.04&20 .408811E-06 3902 4221
0.2907 0.9753 0. 044 .374625E-06 944 5014
0.2007  1.0014 0O, 0LA7 .032962E-05 2975 5104
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Table Xa. (Continued) Raw load-displacement data for specimen CA1-P4.

Index Load Disp. Delta a CTOD Compliance  J813-81 J813-87 J1152 Jmod

(1bs) {in) {(in) (in) (in/1b) {(in-1b/in"2)
41 4519 0.3107 1.01%5 0.04%0 1.1072E-05. 2438 4002 26327 5200
42 4250 "0,3207 1.0370  0.0713 1.186796E-05 2444 4044 - 2442 5294
43 4079 0.3305 1.0534 0.0736 1.270134E-05 2448 4073 2644 5382
44 3933 0.32403  1.0444 0,0752 1.328135E-05 2703 4105 2481 5474
45 Z786 0.3500 1.0743 0.0780 1.386396E-05 2732 4135 2715 55432
44 J&E4 0,3400  1.0861 0.0202 1.458188E-05: 2742 41432 273¢ 5452
47 3517 0.3701 1.0975 0.0826 1.53363E-05 27&S 4191 2762 5741 .
42 Z32z2 0.3798 1.1118 0.0248 1,637013E-05 2720 4218 2757 5222
4% 3224 0.3898 1.1230 0.0871 1,725146E-05 279 ~ 4242 2772 5904
20 3151 0,399% 1.1214 0.0294 1,796948E-05 2828 4244 2804 o992
51 2029 0,.4099 1,1425 0.07917 1.895075E-05 2840 4229 2215 £074
5z 2921 0.4199 1.150%9 0.0940 1.975288E-05 2847 4313 2842 6157
52 2809 0,.4299 1.1417 0.09642 - 2.086511E-05 2372 4335 2243 &237
24 2711 0.4399 1.1714 0.0985 2.195007E-05 2284 394 28358 £214
85 2614 0.4497 1.1794 0.1008  2,292602E-05 2902 4374 28746 £393
94 2540 0,4597 11,1881 0.1030 2,399581E-05 2917 4395 2891 4470
5? 2447 0Q.4495F  1,1932 0.1052 2.495315E-05 29329 4414 2913 £544
o 2418 0.4795 1.1999 0.1075 2,561431E-05 2981 4434 2955 LAZS
5? 2320 0.429% 1.2061 0.1092 2.652218E-05 3008 4454 2932 &£702
&0 2074 0.48352  1,2095 0.1090 2,706055E-05 2950 4457 2924 LATR
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Table Xb.

Thickness

Calculated:.data for the J-integral test of specimen CAl-P4
based on compliance-adjusted load-displacement data.

Specimen Id. (C)YCALF4
Contract # - MCL 155%
Material . ASOL
Temperature (F) 190

Environment AIR

Specimen Dimensions (in)

2.004
Net thickness -1.605
Width 4.000
Pin spacing 3. 000
Initial Ligament(s) (in)
1.582 1.574 1.568 1.569 1.568
Final Ligament(s) (in}
0.322 . 0,347 0.3428 0,359 0.335
Precrack Farameters
Fma:< (1bs) 11500.0
Final a (in) Z2.440
Test Farameters
Initial ligament (in) 1.57S5
Final ligament 0. bSq
Delta a (actual) s 1,22
Delta a (EVR/F) ‘e 1.;10
7. of DAmax Dbtained T1746£E.E
Lelta a error (4) Ll
Delta amax error (%) -13.9

Compliance Adjustment 1.045
cCToni  (in) Q.0020

Comments

Geometry
Orientation

Flow stress (ksi)
Modulus (ksi-1E4)
Stroke rate (in/min)
Loading rate (min)

Notch depth
Gage length -
Alpha ratio

1.570 "1.57&

1.581
0.405 0.241 0,257
Stress ratio (R)
Kmax (ksi -sgqriinl)
J1Slimit (in-lb/in™2)
J20limit .
J2T1limit s ZC
*#JGQ (£13-21) d
*JE (B12-81) (NV)
*JQ (212-27 .
#JG (213-27 (NV) i

Tearing modulus

Test Date - 10/8/90 - Operator DB/DWS

Clip Gage -~ MTS S/N 540 ,500 trave
Fixtures - 0.25W 17-4 PH pinhole
Capacitors on FTA interface panel
Validity Requirements Faijilures:
Improper data group for Jlic (

1 .25 GLL Range 1

0.1875W Vascomax pin

Sec 9.2.2)

cT

NA
‘B4, 4

Z0.0

0.010

1.4095

2.257
0.250
1.0060

1.597

. # Computed fraom ES13-27 form for J
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Table XIa. The raw load-displacement for the J-integral test of specimen CA1-U7,
showing each unloading step. The compliance adjustment procedure was used
to determine that all of the unloadings contributed to crack tip extension.

Index lLoad Disp. Delta a . cror  Compliance J813-81 JE13-87 J1152 Jmod

(1bs)  (im) (tin) ~ (in) = (in/1b) _ {in-1b/in~2) -
0 0 0.0000 0.0000 0.0 0.0 0 (o] 0 0o
1 11016 0.0126 0.0000 - 0.0004, 1.130197E-06 61 53 5& - 5%
2 10967 0.0126 -.0001 0.0004 1.130091E-06 - &1 58 53 55
3 11065 0.0127 -.0002 0.0008 1,129799E-06 &2 59 59 59
4 11085 0.0127 =-.0003 0.0004 1.129597E-06 . &2 59 59 5¢
5 12477. 0.0147 0.0003 0.000& 1.13055E-06 . 83 79 79 79
& 14192 0.0167 0.0008 0.0008 1.131145E-06 107 102 102~ 102
7 15730 0.0188 0.0013 0.0010 1.13185E-06 - 134 129 129 129
g 17220 0.0209 " 0.0018 00,0012 1.132597E-06 - 165 158 - 1Ss 158
.9 18564 0.0228 0.0023 0.0015 1.13323E-06 195 187 187 137
10 19834 0.0249 0.0027 0.0018 1.133682E-06 230 | 221 221 221
11- 21080 '0.0269 0.0020- 0.0020 1.134119E-06 266 256 - 254 254
12 22277 ©0.0289 0.0032 0.0024 1.134206E-06 304 - '292 292 293
13 23376 0.0309 0.0043 0.0027 1.135929E-06 ~ 344 331 - 332 322
14 24377 0.0329 0.0047 .0.0030 1.136421E-06 386 372 373 373
15 25330 0.0350 0.005& 0.0034 1.13784E-06 432 416 4i& 418
16 26185 0.0370 0.005¢6 0.0038 1.137668BE-06 478 450 422 442
17 26991 0.0391 0.0067 0.0041 1.139348E-06 52¢ 507 510 - 510
18 27675 0.0411 0.0074 0.0045 1.140645E-06 574 554 .857 552
19 28261 ©.0431 0.0075 0.0049 1.140865E-06 = ¢&24 602 &0& 606
20 288%& 0.0451 0.0080 0.0053 1.141039E-06 . 473 651 455 - &S -
21 29409 0.0472 0.009%1 - 0.0058 1.14265E-06 728 704 708 © 709
22 29849 0.0473 . 0.0102 0.0062 1.144374E-06 782 757 762 763
23 30264 0.0514 0.0118 0.006& 1.14697E-06 £37 e211 816 817
24 30581 0.0534 0.0123 0.007i 1.147705E-06 £91 843 869 871
25 3089% 0.0554 0.0141 0,0075 1.150643E-06 944 915 921 924
‘26 %1119 0.0574 0.014% 0.007% 1.151788E-06 998 949 $7& 973
27 31387 0.0595 0.0169% 0.0034 1.155085E-06 1055 1025 1021 1035

5 3153% 0.0616 0.0183 0.0085 1.157458E-06 1112 10581 1059 1093
29 31705 0.0637 ©0.0209 0.0093 1.161718E-06 11&9 1137 - 1145 1150
30 31827 0.0657 0.0227 0.00%7 1.164728E-06 1224 1191 -11%9 1208
51 31900 0.04677 ©0.02446 ,0.0102 1.167982E-06 1279 1244 1254 1242
32 31992 0.06%7 0.024& 0.0106 1.17124E-06 1334 1300 1308 . 1317
33 22022 0.0718 0.0293 0.0111 1,.175855E-06 .13%1 1357 1365 1374
3 2194 0.07322 0.6333 0.011S 1.183183E-06 1443 1409 1417 1431
35 S31%95 0.0759 0.0358 0.0120 1.187178E-06 1500 1444 1574 . 1430
36 31974 0.0779 0.03%3 0.0124 1.193469E-06 1553 1519 1524 1545
a7 31%00 0.0799 ©0.0432 0.012% 1.201466E-06 1505 1572 1578 1800
35 21481 0.0520 0.04%0 0.0134 1.210926E-06 1655 1£27 1630 1455
3% 21583 0.0841 0.0547 0.01358 1.221489E-06 1710 1680 1682 1715
40 31510 0.0862 0.0594 0.0143 1.230103E-06 1744 1724 1785 1773
41 31339 0.0883 0.0648 ©.0148 1.240341E-06 1815 17€3 1766 1530
42 31143 0.0903 0.0709 0.0152 1.251965E-06 1862 1e3¢ 1833 1854
43 30899 0.0924 0.0773 0.0157 1.264318E-06 1912 1891 - 1882 154G
44 30479 0.0944 0.0825 0.0182 1.274476E-06- 1961 1941 1930 1994
45 30830 0.0964 0.0847 0.01646 1.282708E-06 2010 1971 1979 2047
45 30532 0.0985 0.091& 0.0171 1.292386E-06 2061 20453 2030 2106
. 47 30435 -0.1006 0.0964 0.0176 1.302048E-06 2112 2095 2080 21472
45 30146 0.1027 0.1042 0.0121 1.318058E-06 2157 2145 2125 2217
49 29600 0.1048 0.1132. 0.018& 1.336807E-06 2198 2194 2164 2272
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Table XIb.  Calculated data for the J-integral test of specimen CA1-U7. No compliance
adjustment was necessary.

Specimen Id. CAluU7’ i Geometry CT
Contract # - 1559K * Orientation _NA
Material ASOS . Flow stress (ksi) -85.7
Temperature (F) 190 . Modulus (ksi-1E&) 0.0
Environment AIR Stroke rate (in/min) . 0.010

Loading rate (min) 1.451

Specimen Dimensions (in)

1.

Thickness 2,002 - Notch depth . 2.251

Net thickness . 1.604 ‘Gage length : 0.107
Width - - 4,000 Alpha ratio . : 1.000°

Pin spacing ’ 3.000 .
Initial Ligament(s) (in)

i.

<]

75 1;565 1.554 1.553 1.55# .1.553 1.55% 1.547 1.524
Final Ligament(s) (in)

1.420 1.44& 1.453 1.440 1.442 -1.347 1.411 i.ééé 1.255
Precrack Par;geters

Pmax (165) ’ 11500.0 Stress ratio (R) 0.16
Final a (in) - Z.455 Kmax (ksi sqrlinl) 40.78

Test Farameters

1 Ji1Slimit (in-1b/in"2) =917

Initial ligament (in) 1.54&

Final ligament 77 1.41¥ Jz201limit ° 7 &EET

Lelta a (actual) ‘¢ ©O.141 . : J251limit <7 5350
" Delta a (EvB/F) 7 0.14% #JQ (2813-21) 4 226

7 of DAmax Obtained - 1%9%.9% #JG (S13-81) (NV) i 2k

Delta a error (%) S.3 #J0 (91 —-37) “ 14

lelta amax error (7%) 10.4 #JB (S135-87) (NV) e “i4

Compliance Adjustment 1.0Z%

CTODi (in) 0. Q“bo Tearing modulus 7E.32

Comments * # Computed from ES13-57 form for J

Tested 04/02/9% by DB

Transducer: S/N 542 MODEL &32.03B-33 0.16L 0-.125 INCHES FS
Fixtures: 0.25W pinhole 0.18735W pin Specimen: .188W -pinhole
Crk ext edge to ctr 2> 24 of W (sec ¥.4.1.4)
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Table X1Ia.

Index.

VONCU AN O

The raw load-displacement for the J-integral test of specimen CA1-US,
showing egch unloading step. The compliance adjustment procedure was used
to determine that all of the unloadings contributed to crack tip extension.

Load

"(1bs)

0
11143
11114
11260
11334
12848
14314
15657
16927
18149
19343
20445

21446 -
22423°

23278
24108
24939
25647
26331
26893
27528
27992
28456

. 28945

29360
29702
30020
30215
30435
30604

30777

30948
31021
31192
31241
31314
31314
31241
31142
30997
30777
30337
29897

29507 -

29213
28823
224692
23058
23131

. Disp.

{in)

0.0000
0.0129
0.0129
0.0132
0.0133
0.0153
0.0173
0.0192
0.0213
0.0233
0.0253
0.0274

0,0294
.0.0313

0.0333
0.0354
0.0374
0.0394
0.0415
0.0435
0.0454
0.0475
0.0495

0.0515
" 0.053¢6

0.0556
0.057¢
0.05%7
0.0617
0.04637
0.0458
0.0678
0.069%
0.0720
0.0740
0.0760
0.0782
0.0302
0.0823
0.0842
0.0862
0.0884
0.0906
0.0926
0.0%948
0.0968
0.0%07
0.0907
0.090¢

Delta a CTOD - Compliance

(in)

0.0000 -

-.0002
-.0002
0.0002
0.0010
0.0015
0.0010

0.0012

0.0017
0.0026
0.0029

0.0036 -

0.0043
0.0048
0.0054
0.0040
0.0071
0.0087

0.00%94

0.0107
0.0121
0.0134
0.0135
0.0145
0.0175
0.0192
0.0217

0.0243

0.0274
0.0319%
0.0345
0.0374
0.0405
0.0431
0.0473
0.0517
0.0567
0.0820
0.0682
0.0742
0.0853
0.0976
0.1084
0.1188
0.1282
0.1507
0.1335
0.1342

“€in)

0.0000
0.0004
0.0004
0.0005

0.0005

0.0007

0.000%"

©0.0011%
0.0013

'0.0016

0.0019

~0.0022
. 0.0025

0.0028
0.0032
0.0036
0.0029

© 0.0043
- 0.0047

0.0051
0.0055
0.0059
0.00463
0.0067
0.0072
0.0076
0.0080
0.0085
0.0089
0.0093
0.00%8
0.0102

0.0107-

0.0111
0.0116
0.0120
0.0125
0.0130
0.0135
0.0139
0.0144
0.0149
0.0154
0.0159
0.01464
0.016%9
0.0161
0.0161
0.0161

(in/1b)

0.0 0.0
1.134283E-06
1.133907E-06

-1.133883E-06

1.134559E-06
1.135694E-06
1.136572E-06
1.135427E-06

“1.135609E-06

1.136187E-06

~1.137567E-06 °

1.137959E-06
1.138899E-06
1.139923E-06
1.140646E-06
1.141582E-06
1.142414E-06

1.144154E-06

1.146682E-06
1.147715E-06
1.149662E-06

1.151943E-06

1.154014E-06
1.15412E-06

1.159127E-06
1.160617E-06
1.163478E-06
1.167646E-06
1.17206E-06

1.177472E-06
1.185253E-06
1.18982E-06

1.19485E-06

1.200379E-06
1.204919E-06
1.212525E-06
1.220571E-06
1.229686E-06
1.239572E-06
1.251395E-06
1.262894E-06

.1.284805E-06

1.30975E-06

1.332581E-06
1.354146E-06
1.374483E-06
1.426059E-06
1.38704E-06

1.388566E-06

J813-81 JB13-§7 J1152° Jmod
(in-1b7in"2)

0
63
&3
6

&7

112
137
168
198
251
268
305
341
381
425
458
512
560
606
456
702
. 751
- 802
854
906
952
1012
1064
1115
1169
1221
1277
1332

1285,

1437
1494
1544
159¢
1642
.1650
1735
1777
1814

1860

1899

1742 -

1738
1739

o

60°

60
43
64
84
107
131

180
189

221
255
291
327
3465
408
449
492
533
563

32 .

676
724
773
824

875

925

97¢
1029
1080
1132
11g4
1233
1293
1345
13%¢6

1453 -

1503
1557
1603
1453
1705
1754
1799
1848
1893
1784
1792
1793

) )
A0 L0
&0 &0
63 - &2 -
" 64 &4
84 84
107 107
- 131 131
160 140
189 189
221 221
257 257
292 292
327 3z2s
367 - 387
" 409 409
451 451
474 495
540 541
586 57
&35 - 63k,
680 682
728 720
- 778 780
£30 £33
651 8c4
22 934
985 950
1034 1043
1057 1095
1140 1150
. 1192 1204
1247 1240
1301 317
1334 1372
1405 1425
14561 1435
1511 1539
1543 1594
1607 1646
1655 1700
1700 1754
1742 1810
177% 1840
1823 1915
- 1862 1545
1685 1816
1712 1823
1713 1224
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Table XIIb. Calculated data for the J-integral test of specimen CA1-U8. No compliance
adjustment was necessary.

'

”~Speﬁimen id. caius . ;Geometry . cT

Contract # 1559K Orientation . o NA .
Material ASOS o Flow stress (ksi) e5.7.
Temperature (F) 190 . . Modulus (ksi-1E&) - 30.0
Environment *AIR Stroke rate (in/min) 0.010

.Loading.rage (min) 1.444

‘Specimen Dimensions (in)

Thickness - . 2.001 < Notch depth

2.249

Net thickness 1.401 . Gage length 0.103

Width 0 4.000 Alpha ratio - 1,000
Fin spacing . 3. 000
Initial Ligament(s) (in)

1.52% - 1.8570 1.542 1.54% 1.557. 1.560 1.S41 1.547 1.57%

Final Ligament{(s) (in)

1.447 1.345 1.329 1.453 1.419 1.444 1.444 1.490 1.41%

Frecrack Farameters

Fmax (lbs) 11500.0 Stress ratio (R) 0. 10
Final a (in) 2. 442 Kmax (ksil sqrlinl) 40. 60,
Test-Paraméters
Initial ligament (in) 1.544 JiSiimit (im-1b/in"2) S¥34
.Final ligament 77 1.425 J20limit Tl TR
belta a (actual) 7 0.141 J2Slimit i =
Delta a (EvEB/P) 77 0.151 ®Ju (£13-31) s E23
% of DAmax Obtained 203.6- #JB (813-81)(NV) 4 &01
Delta a error (%) 7.1 *#JB (813-27) 75 - 706
Delta amax error (%) 14.4 ) #JQ (813-87) (NV) s’ 697
Compliance Adjustment 1.01& .
CToDi  (in) . G. 0647 Tearing modulus 71.1
Comments # Computed from ES1Z-£7 form for J
Tested 04/032/91 by DE-
-Transducer: S/N 5S4z MODEL 6q_.05 -3 0.1GL 0-.125 INCHES FS
Fixtures: ©0.28W pinhole C.18730W pin Specimen: .1SSW pinhole
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Table XIITa. Load vs. displacement data for specimen CA1-P8. The compliance adjustment
procedure was used to determine that all of the unloadings contributed to crack
tip extension.

cTo0 ¢ Compliance Js13-81>70213-87 7ii15Z % Unod

(in/1Db) i1 (in=1b/intz)
0 0, Yo I 06000 T 0,00 0.6 0 0 ¢ 0
1 0 50,0000 0.0603 1.183178E-06 ~ &4 . &0 &0 &0
T2 11212 0.0126 0.0004 0.0003 1.183918E-06 .. &4 &0 40 £0
3 11187 0.0126 0.000& 0.0003 " 1.184258E-06 * -4 ‘60 &0 &0
4 11187 0.0126. 0.0010. ©0.06003 1.185055E-06 .64 40 . &0 4D
-5 11187 0.0127 ©.000% - 0.0003 1.184788E-06 & - 81 &l &%
é 11183 0.0126 ~0.0005 © '0.0003 - 1.184112E-06 - &3 - &0 £0 4D
77 7 12799 0.0147 0,0018. 0.0004 1.186173E-06 ~ g - €1 61 g1
£ 14387 0.0168 0.0024 .0.0004- 1.187173E-06 112 - 105 106 194
. 9 15926 0.0187 0.0029 0.0002 1.187825E-06 141 3% 153 123
10 . 17416 0.0210 0.002& . 0.0011 1.187124E-06 .173 162 ~ 163 163
11 18632 0.0232  0,0037 - --C.0014 1.188902E-06 209 197 198 198
12 20200 0,0252 ©.0041. 0.00i& 1.189488E-06 244 230 ~ . 231 L2321
© 13 21470 0.0275 0.0047 0.001% 1.190371E-06 283 - 2468 = 26% 245
14 22692 0.0294 0.0045 - 0.0022 1.189877E-06 325 308 209 216
15 23315  0.0314 ©.0053 0.0026 1.191133E-06 368 34z ~ 350 350
16 24915 0.0335 0.0037 0.0029 1.191738E-06 414 392 . 394 335
17 25892 0.0355 0.006&  0.0033 1.193147E-06 460  43& 4z 439
18 26795 0.087¢ 0.0060 0.0034 * 1.19186E-06 510 g4 425 453
19 - 27724 0.03%7 0.007% 0.004C 1.195174E-06 -5é1 533 537 537
20 28530 0.C418% 0.0074 0.0043 1.194051E-06 415 555 555 554
23 29262 0.0433 . 0.0090 0.004% 1.19677E-06 b67 - &35 680 - LAD
22 29971 - 0.045% 0.0082 0.0052 1.1953E-06 = 724 £90 L5 £54
23 20635 G.0450 0.0108 0.0056 1.199654E-06 780 744 risty 751
Z4 31241 0.0300 0.00%8 - 0.G940 1.197781E-06 837 . 799 g0& 807
23 31778 0.0521 0.0115  0.004& 1.200654E-06  £94 &sé 26d ges
2& 32247 0.0341 0.0130  0.004% 1.203187E-06 953 P12 $z0 o213
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Table XIIIb. Calculated data for the J -integral test of specimen CA1-P8 from IV-9.

Specimen Id. S Calrs

Contract % 1559+

Material . iTVy

Temperature (F) 75
- AIR

‘Environment

IR

" Spécimen Dimensions (in)

Geometry -
Orientation

Flow stress (kei)
Modislus (ksi-18é)

. Btroke rate (in/min) .
Loading rate (min)

Notch deptn
Gage length

Thickness - - 2,005
Net thickness 1.5%4
‘Width - N 4,002
Pin spacing . 3. 000

imitial Ligament(s) (in)

1.545

Alpha ratio

2.256°
C0.100,
1.000

i.55% 1.81i8 1.50%.41;5G9 1.514 1.5iC¢ 1.520 1.541
Fina1 Ligament(s) (in) . .l
i.Sit -1.511 ?1;511 1.511 1.5&1 1.511 1.51i1 1.571 1.511
. Precrack Farameters - , -
_Fm%x'(lbsb - . 11549.0 Etress ratic (R) 010
Finai a (in? Z. 425 ¢

FParametsrs

Initiaz 1i

Finsl Iicement <
I2ita & (actual) 77
Leita & (EvE/Fi -
7% of DAsasx UGhtainea
Deita & error (%)
Ueitta amAax error (L)
Comaliancs AGliustment
Cvonii {ing

Comments

Note:Coaid not identify Jic crack on fracture surface of

gament (in)

1.528

1.511

0.1l

Q. G138
11.2

1:3-7 :

1.5
i.013

-, 2001

Kmax (ksi sgriicld)

JiSiimit

(in=-1b/1n"2)

42.57

J20iimit '
J251imit -
+J& (S13-&1) s
#JG (Si3-81)INV? @& )
#J0 (S13-573 - o
s JG (S13-27Y {NV3 v PS4
Tearing mcdulus S03. %
# Computed from ES13-37 Form for J

specinen.

Used fina: compliant delta & to process curves and summary.

Transducecr? S/N 278

Fixtures:

Model &3Z.GER-33 0.1CGL
0.25W pinhole 0.1273W pin

iLess than 4 data pts vor Jic it

Specimen:

P
©.3.2)

{Sec

0-.150 Inches FE
. 127W  pintocle
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Table X1V, KAPL/MCL Test No. 1559. Fracture toughness at 75°F of the

Nozzle Material from Vessel IV-9.

THICKNESS (IN.) CRACK LIGAMENT MAXIMUM AREA Ke(d) CRACK APPROXIMATE
SPECIMEN | MODULUS WIDTH LENGTH b DEFLECT (IN-LB) (KSI/IN) GROWTH RAMP RATE*
NUMBER MPSI B-GROSS B-NET (IN.) | a0 (IN) (IN) (IN) (NOTE 1) | (NOTE 2) | AVG (IN) | (KSIJIN/MIN)
CA1-P6 30.70 2.002 1.5975 4.000 2.388 1.6105 .0564 1145.66 182.38 .0103 9.8
CA1-P? 30.70 2.001 1.6083 3.999 2.393 1.6055 .0842 2067.91 244.55 .0411 9.6
NOTES:

1. Area measured using Tamaya Planix Model 7 digital planimeter - Serial #014353.

2. Ke(d) = ¥ (CICEY/(1-v?)) where E is Young's modulus, v is Poisson's ratio and Jc = (1 + a)2A/(1 + a®)Bb where a = /((2a0/b)2 + 2(2a0/b) + 2) - (2a0/b +

1), A is the area under load versus displacement record, B is the specimen net thickness and b is the

from ASTM STP 803,

initial uncracked ligament (W - a0). Formulas

3. MTS extensomgter #632.038-33 (Serial #278) calibrated on Range 1 from 0 - .150 inches was used on the 55 KIP MTS machine to perform these tests.

compliance calculated from a similar test program (MCL #1635).

a/M.

Load rate = (stroke rate)(1/(specimen compliance + fixture compliance)) where the specimen compliance is taken from the load/COD chart and the fixture
Stress intensification rate = (load rate/specimen thickness*ospecimen width)) function
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Table XV.

Table A.L. Fracture toughness (K;.4) of nozzle prolongation of vessel V-5 from slow-bend (0.100 in./min)

tests of precracked Charpy V-notch specimens

Conversion factors: 1 in.= 254 mm

1ftdb=13558)

1o, = 44482 N

1 lbgfin. = 0.17513 N/mm

1 ksi/Tn. = 1.0988 MN-m~3/2

Slope of H
Speci Speci Test Average crack data® Load (Ib) Deflection (in.) Energy (ft-Ib) une:hﬂd. Lateral Krea kst Vin)
pe;omen Depth? 0,?:::::::‘1 temperatute 4 wa  a 4 Maxi "Startof Fracture Maximum Startof Maximum Startof displacement expansion SOETD From
’ FCeml ) ) ow &) MmUY pociure  arrest load  fracture  load  fracture  Curve (mils) GICIEL GEauhic)
. (10°% 1bfin.) motion deflection
SV003 0.68 CcT 93.3 (200) 0.2183 0.1757 0.554 3.20 1210 0.080 6.7 8.28 33 188 216
5V-005 0.49 CcT 93.3 (200) 0.1984 0.1955 0.504 2.69 1385 0.074 49 9.54 29 145 165
5V-007 0.96 CcT 0 (32) 0.2011 0.1930 0.510 2.75 1375 0.070 6.6 9.39 34 171 196
5Vo12 049 CT 544 (130) 0.1825 0.2114 0.463 2.37 1508 ) 0.057 58 10.26 30 145 165
sVo13 039 cT -45.6 (—50) 0.1884 0.2056 0478 248 1690 1560 150 0.077 0.127 8.9 9.60 27 181 208
5V015 0.2} CT ~73.3(~100) 0.1915 0.2024 0.486 2.55 ’ 1420 175 - 0.028 24 9.60 10 97" 108
5vo16  0.86 cT ~17.8  (0) 0.1359 0.2581 0.345 1.71 2370 0.081 12.7 11.34 43 163 186
5V018  0.58 CT 23.9 (75) 0.2000 0.1950 0.506 2.71 1285 0.070 6.2 - 813 34 151 172
sV009  0.77 CT 22,8 (73) 0.2103 0.1837 0.534 2.98 1210 0.072 6.1 .8.61 30 171 196
5v-021 0.96 CT —~73.3(~-100) 0.2076 0.1864 0.527 291 1050 230 0.020 12 8.70 5 75 82
5V-023 0.77 CT ~17.8 (0) 0.2016 0.1924 0.512 2.77 1370 0.067 6.2 9.00 35 164 188
5V025  0.58 CcT 93.3 (200) 0.2159 0.1781 0.548 3.13 1095 0.067 5.2 8.73 27 167 191
5V026 049 CcT ~73.3(-100) 0.2081 0.1858 0.528 292 1275 135 0.037 29 8.40 3 114 128
5vV027 0.86 CT 93.3 (200) 0.2157 0.1783 0.547 3.11 1135 0.076 6.0 8.88 29 180 207
sV002 077 CA 93.3 (200) 0.1945 0.2005 0.492 2.60 1435 0.093 9.5 299 31 201 232
5V-004  0.58 CA 93.3 (200) 0.2017 0.1933 0.511 2.76 1225 0.076 6.8 ] 8.70 33 167 191
5V006 0.39 CA —45.6 (-50) 0.1928 0.2022 0.488 2.56 1580 1270 210 0.076 0.170 8.4 . 9.24 30 178 204
5V-008 0.86 CA 0 (32) 0.2001 0.1948 0.507 2.72 1390 0.082 8.0 ! 9.00 38 182 209
5v-011 0.58 CA 54.4 (130) 0.1989 0.1956 0.504 2.69 1350 0.066 6.1 8.99 37 157 179
5v-014 0.30 CA -73.3(~100) 0.1517 0.2428 0.385 1.90 1910 100 0.030 3.2 8.22 11 77 84
sva1r 07 CA -178  (0) 0.1878 0.2063 0477 248 1570 0.091 10.2 9.90 41 197 227
5V019 049 CA 239 (75) 0.1986 0.1959 0.503 2.68 1355 0.090 8.7 1041 37 202 233
5V-001 0.86 CA ~73.3(~100) 0.2018 0.1932 0.511 2.76 1210 220 0.023 1.6 8.46 10 80 88
5V010  0.68 CA 22.8 (73) 0.1995 0.1947 0.506 2.71 1290 0.056 4.9 8.61 34 139 158
§V020 0.30 CA -17.8  (0) 0.2006 0.1926 0.510 2.75 1295 0.060 54 8.58 33 149 170
5v-022 0.86 CA —73.3(-100) 0.,1959 0.1989 0.496 2.63 1130 200 0.015 08 9.18 4 56 59
5V-024 0.68 CA 93.3 (200) 0.2006 0.1944 0.508 2.73 850 0065 56 . 9.00 29 153 175
5v-028  0.77 CA 93.3 (200) 0.2003 0.1947 0.507 2.76 1355 0.082 79 8.46 34 176 202

9Faction of wall thickness (6 in.) from outside.
Dimension a is the average of six measurements,




Table XVI.
Table A.2. Fracture tough (K1ca) of le prolongation of vessel V-9 from slow-bend (0.100 in./min)
tests of precracked Charpy V-notch specimens
Conversion factors: 1 in.= 254 mm 1ibg= 44482 N . .,

104b = 13558 1 lbgfin. = 0.17513 N/mm
1 ksiy/Tn. = 1.0988 MN+m~3/2

Slope of

Le-1

Yriv-1dVA

o o) Test Average crack data® Load (Ib) Deflection (in.) Energy (ftlb)  linear l::‘; , Lateral —Krca el in)

pe;lo n'len Depth? or!i)::t:::n "l‘:‘&:ﬂ‘:‘;'l‘e a wa A 8y Maximom Startof Fracture Maximum Startof Maximum Startof o ie °":’:"i‘ls:)°“ cr:::l:: ad spiiti,:en

(in.) (in.) w w fracture  arrest load fracture  load fracture (104 1bfin.) motion deflection
9V-056 - 0.04 CA 200 (68) 0.2295 0.1655 0.581 3.69 1050 0.058 4.1 7.20 ) 159 . 182
Ivo70  0.125 CT 200 (68) 0.2082 0.1851 0529 3.10 1260 0.070 6.1 849 177 203
9vV071 021 CA 20.0 (68) 0.2167 0.1782 0.549 3.30 1195 0.066 52 192 167 191
wv072  0.29 Ccr 20.0 (68) 0.3127 0.0807 0.795 10.76 270 0.058 1.08 2.76 147 167
9Vo73 037 CA 20.0 (68) 0.2117 0.1833 0.536 3.16 1255 0.069 59 7.86 B 170 195
9VL074 046 CT 20.0 (68) 0.2041 0.1897 0.518 299 1320 0.067 59 8.70 g 169 194
9vQ75  0.62 CA 200 (68) 0.2275 0.1676 0576 3.62 1070 0.073 53 7.20 2 176 202
9va76 071 CcT 20.0 (68) 0.2052 0.1887 0.521 3.02 1320 0.068 6.1 8.22 = 169 194
9v077  0.79 CA 200 (68) 0.2178 0.1772 0.551 333 1160 655 395 0.062 4.8 8.04 2 163 186
9vV078  0.87 CcT 200 (68) 0.2071 0.1868 0.526 3.06 1298 805 0.064 5.5 8.40 164 188
Vo719 096 CA 200 (68) 0.2220 0.1730 0.562 345 1130 610 390 0.067 5.0 7.86 m 196
9vV-042 . 0.04 cT 37.8 (100) 0.2037 0.1908 0.516 297 1355 0.063 59 ; 8.85 169 194
9vV-0s3  0.04 CT 7.2 (45 02099 0.1837 0533 3.14 130§ 0.066 59 0 8.70 178 204
9V-020 0.04 CcT ~-6.7 (20) 0.2069 0.1879 0.524 3.05 1380 0.065 6.0 8.46 m 196

®Fraction of wall thickness (6 in.) from outside.
Dimension a is the average of six measurements.



ge-1I

YoLy-1dV

Table XVII.

Table A.3. Fracture toughness (Kyq44) of nozzle prolongation of vesse! V-9 from dynamic-bend
tests of precracked Charpy V-notch specimens

Conversion factors: 1in. = 254 mm 11bf=44482 N
1ftdb=1.35583  11bf/in.=0.17513 N/mm

1 ksiv/Tn. = 1.0988 MN-m~—3/2

: Stope of K1gq (ksi/in)
o . S Test Average crack data® Energy (ft-1b) linear load- Lateral Fm::d T
N Depth ientation  temperature a w-a a Fi¢ _“.) Maximum  Start of  displacement  expansion head cimen
o onen °CCH) (in.) (in.) w w load fracture curve (mils) O D
_ (104 ibfin.) motion deflection
9V-017 0.79 CA 93.3(200) 0.2015 0.1941 0509 291 6.6 49.5 415
9V-029 0.79 CA -17.2 (@ 02120 0.1836 0.536 3.16 0.66 49.5 142
9V-039 0.79 CA 37.8(100)  0.2148  0.1808  0.543 3.24 89 ’ 34.4 446
9V-051 0.79 CA 10 (50) 0.2056 0.1895 0.520 3.0t 033 3717 84
9V-059 0.79 CA 23.9 (75)  0.2035 0.1913 '0.515 2.96 1.80 39.1 196
9Vv-019 0.96 CcT 10 (50) 0.2020 0.1919 0512 293 0.14 24.7 43
9V-041 0.96 CT 37.8(100) 0.1994 0.1954 0.505 2.87 3.50 191
9V-065 0.46 CT 37.8(100) 0.2213 0.1730 0.561 3.44 4.2 194 o 275
9V-085 046 CT 5§5.6(150) 0.2129 0.182r 0.539 3.19 6.9 23.5 g 2 320
9IvV-047 0.46 CT 10 (S0 0.2258 0.1692 0.572 3.57 043 189 e ‘E 80
9V013 0.46 CT 21.1 (70) . 0.2064 0.1868 0.525 3.05 1.6 248 § 8 332
V004 0.46 CcT 121.1(250) 0.2216 0.1720 0.563 3.46 59 20.1 - S 298
9V-025 046 CT 15.6 (60) 0.2139 0.1816 0.541 3.21 043 26.5 2 ° 85
V026 0.54 CA 10 (50) 0.2180 0.1770 0.552 3.33 1.70 24.6 = 169
IV-036 0.54 CA 55.6(150) 0.2120 0.1834 0.536 3.17 6.8 273 340
9VO014 0.54 CA 121.1(250) 0.2179 0.1776 0.551 3.32 6.8 23.0 319
9V-048 0.54 CA 21.1 (70) 0.2116 0.1835 0.536 3.16 4.10 - 202 226 .

9V-012 0.37 CcT 21.1 (70) 02180 0.1752 0.554 3.36 6.5 25.1 340
9V-034 0.37 CT 15.6 (60) 0.2149 0.1801 0.554 3.25 1.9 254 363
9IvV057 0.37 CcT -17.8 (0) 0.2154 0.1786 0.547 3.28 g 0.12 25.8 46
9Vv-003 0.37 CA 26.7 (80) 0.2065 0.1891 0.522 3.03 7.5 23.0 313
9V-024 0.37 CA 37.8(100) 0.2145 0.1809 0.542 3.23 1.1 25.1 353
9V-046 0.37 CA -17.8 (0) 0.2121 0.1829 0.537 3.17 0.12 29.9 47

9Fraction of wall thickness (6 in.) from outside.
Dimension « is the average of six measurements.
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JIc Initialization Procedure

The three parameter power law (3PPL) method of adjusting the
beginning J-R curve was presented for examination in a letter
from Prof. Joyce to ASTM Working Group E24.08.03/04 on JIc
initialization dated 1/11/91. While the procedure is painstaking
and thorough, it places high credence on compliance data gathered
during crack blunting. These data, which tend to be notoriously
inaccurate (being in the noise range of the measurements) and
erratic, are weighted heavily in the determination of the
adjustment of the J-R curve. Therefore, this "instrument noise"
data has a significant effect on JQ, in general. The following
method makes correction for the noise.

Tearing is indicated by compliance increasing at an
increasing rate. Prior to the occurrence of this response,
blunting occurs. Hence, if one had a procedure by which the
tearing onset point was identified, then the demarcation from
blunting to tearing would be in hand. Since this onset point is
the last observation of blunting, it belongs on the construction
line (blunting line) of the current procedure which emanates from
the origin and has a slope of twice the flow stress. Data taken
prior to the onset point should be ignored since they are
replaced by the construction line. Crack extension data taken
after the onset point should be adjusted to reflect the
difference in crack extension of the onset point between its
construction line value and its compliance value.

The noise associated with compliance (Cn) measurements makes
the onset point difficult to identify. The cumulative average
compliance, CAC(n) = (sum Cn)/n, smooths the compliance data and
increases at an increasing rate with crack extension, Figure 1.
Using the finite difference equation for the second derivative,
CAC(n) is judged to increase at an increasing rate when a
positive value is obtained for the quantity D2(n) = CAC (n+l)

- 2 CAC(n) + CAC (n-1) > 0. When D2 becomes positive, let n = N.
The first derivative is D1(n) = CAC (n+l1l) - CAC(n). If D1 (N-1)

is positive then N-1 is defined as the onset point. If D1 (N-1)

is negative then N is defined as the onset point.

This procedure was applied to the data attached to Prof.
Joyce's letter. The beginning compliance data of specimen FYBA2
are shown in Figure 2, and the N-1 point is identified. D1 (N-1)
is positive so this point is placed on the construction line in
Figure 3. The beginning J-R data for FYBA2 are shown in Figure 3.
The JQ value, 602 lb/in, is about the same as that from the 3PPL
procedure. The beginning compliance data of specimen FYBAl are
shown in Figure 4 and the N-1 point is identified. D1 (N-1) is
positive so this point is placed on the construction line in
Figure 5. The beginning J-R data for FYBAl are shown in Figure 5.

IT1-2 KAPL-4744




The JQ value, 529, is about the same as that from the 3PPL
procedure. These data indicate that continuity of data within the
exclusion lines should perhaps be required, i.e., neither the
fourth (included) nor the fifth (excluded) points appear to be part
of the regression data if the fifth point must be excluded. B

The CAC procedure is a bit easier to apply than the 3PPL
procedure and appears to yield about the same results.
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FIGURE I-1

Fi'gure’/. C(T) Dimensionless Load—line Compliance

0.50= a/ W= 0.70, Newman + Saxena & Hudak, ASTM E813,A2.5.4
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J Integrdl, Ib/in

FIGURE I-3

FYBA1 Béginning J—R Curve

1000 -

800

600

400

200

snssvsshosicedernccnnsnsasacan

............................

............................

| i ; i
-0.01 0.00 0.01 0.02 0.03 0.04 0.05

Crack Extension, Delta q, in

0.07 0.08

Legend
O Raw
@® CAC
- ‘Best Fit _




Jaquuny Butppojun

=N [

=t
LR 5
- ¢ -
20 %
V4
pusba] Lor
-vv°'e
~9v°¢
-81°C
B

-S9'C
.................... _76°Z
.................... ....‘ _ $6'2

v . ' ' ' .
. : : : ‘ H
. . . ' . .
: ' d ' H . .
..................................................................................................................................................... lmmN
v : . ' . .
. . . H . .
' H ' ' ' '
. . . . ’ .

go3xq|/ug‘(Qvg)aououdt.uog sbpasAy aAypjwng ‘(9)eoupidwo)

86°¢

soupldwo) Buuuibeg ZvaA4

v-1 3dN9I4

EEE—————————EEEEEEEEEEEEEEEEEEEE




YL H=1dvVA

8-11

J Infegral, 1b/in
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FIGURE I-5

FYBA2Z Beginning J-R Curve
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