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EXECUTIVE SUMMARY 

The test of intermediate test vessel V-8A was the 12th fracture test 
of a 150-mm-thick steel vessel in the Heavy-Section Steel Technology 
(HSST) Program at the Oak Ridge National Laboratory. This series of 
tests is a set of experiments on a scale large enough to simulate realis­
tically important aspects of fracture behavior of reactor pressure ves­
sels. Such experiments are the neans by which theoretical models of 
fracture behavior can be evaluated for possible application to fracture 
analysis of vessels in nuclear plants. 

The V-8A test is concerned with the fracture behavior of the pres­
sure vessel steels that are particularly susceptible to irradiation 
damage. Several reactor pressure vessels in service contain welds that, 
because of high copper content, may have their Charpy upper-shelf impact­
energy values reduced to relatively low levels by neutron irradiation. 
Such low-upper-shelf steels are known to exhibit low resistance to a 
ductile tearing mode of crack propagation in small (25-mm) laboratory 
specimens. The results of the V-8A test are intended to provide an 
experimental basis for judging the accuracy of analytical procedures used 
to evaluate the safety of reactor pressure vessels under conditions of 
low-upper-shelf toughness. 

The test plan was formulated to (1) demonstrate on a large scale the 
tearing behavior of a low-upper-shelf steel and (2) facilitate the com­
parisons, based o~ elastic-plastic fracture nechanics, with experimental 
results of predi~tions of stable and unstable tearing. The test required 
placing a special low-upper-shelf weld seam in a test vessel and generat­
ing a large flaw in this seam. 

The test vessel was a typical HSST intermediate test vessel with an 
outside diameter of 990 mm and a thickness of 152 mm. The vessel used 
for the V-8A test had been tested previously at ORNL and repaired by the 
Babcock & Wilcox Company by depositing a submerged-arc seam weld espe­
cially designed to have the desired properties for the V-8A test. A 
fatigue-sharpened flaw 280 mm long by 88 mm deep was implanted in the 
seam. The vessel was extensively instrumented with crack-mouth-opening 
displacement gages, strain gages, and ultrasonic transducers for detect­
ing the flaw depth throughout the test. 

The vessel was heated to an isothermal condition at ~150°C and then 
pressurized slowly in several stages until unstable tearing was observed. 
Pauses in pressurization at several pressure levels allowed time for 
observing stable crack depths. A tearing instability was first observed 
while the pressure was between 138 and 140.5 MPa. Tearing was interrupted 
by a slight depressurization, and a second tearing instability was induced 
by further pressurization, which reached 143 MPa. The crack grew in depth 
~6 mm before the .first instability. At the end of the test, the flaw was 
453 mm long and 101.4 mm deep. 

Extensive elastic-plastic finite-element analyses were performed 
before and after the test. Before the test, estimates of instability 
pressure were made on the basis of these analyses and neasurements of the 
ductile tearing resistance of four characterization welds. The estimated 
instability pressures depended on the various 11Easured resistances and 
fell in the range of 133 to 145 MPa. The estimated instability pressure 
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based on tearing resistance of the vessel test weld itself measured after 
the test was 134.S MPa, which is 4% lower than the actual instability 
pressure. 

The objectives of the test were attained in spite of difficulties 
with high-pressure, high-temperature seals. The Charpy-impact and 
tearing-resistance properties of the special seam weld were as desired: 
impact energy was ~60 J. Ultrasonic transducers and crack-mouth-opening 
displacement gages performed satisfactorily. Instabilities were 
arrested, preserving the final crack geometry. Pretest predictions of 
the instability pressure made by several investigators worldwide were all 
within -14 to +10% of the observed instability pressure. 

This experimental study demonstrated that the V-8A vessel, when 
pressurized in a ductile state with a large flaw in a region of low tear­
ing resistance, is capable of withstanding a pressure twice the nominal 
ASME (Amepican Society of Mechanical Engineeps) Code design pressure. 
The study also indicated that accurate prediction of instability pres­
sures of a ductile vessel requires, first, methods of analysis that 
account for plasticity and, second, good representations of the proper­
ties of the material with respect to tearing resistance (with proper con­
sideration to scatter) and stress-strain behavior. 
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ABSTRACT 

Tests of several 152-mm-thick vessels were performed to 
study the behavior of flaws under stress states similar to 
those in full-scale reactor pressure vessels. The objective 
of the latest test, V-BA, was to provide accurate quantitative 
data concerning the growth by ductile tearing and the final 
ductile tearing instability of a flaw in a low upper-shelf 
toughness weld located in a cylinder of reactor vessel steel. 
This test is important because vessels are in service that 
contain welds that, because of high-copper content, may have 
their Charpy upper-shelf energy values reduced to relatively 
low levels by neutron irradiation. The results of the V-8A 
test are intended to provide an experimental basis for judging 
the accuracy of vessel fracture safety analysis procedures for 
low-upper-shelf toughness conditions. The objective of the 
V-8A test was attained. A tearing instability was observed at 
a pressure of ~139 MPa (about two times the design pressure). 
The flaw, which was initially a fatigue-sharpened notch with 
an approximately elliptical profile, grew in depth and length 
to 101.4 and 453 mm, respectively. Pretest and posttest frac­
ture mechanics and stress analyses were made by simplified 
methods, convenient for investigating a wide range of parame­
ters, and by three-dimensional finite-element methods, which 
modeled the material properties and geometry more precisely. 
Ductile flaw growth and instability predictions based upon 
measured J-resistance and tensile properties were made.- Re­
sults of analyses based on JR-controlled crack growth agree 
reasonably well with· experimental observations. 

1. INTRODUCTION 

The Heavy-Section Steel Technology (HSST) Program was instituted at 
Oak Ridge National Laboratory to accelerate investigations of thick­
section vessels for water-cooled nuclear reactor service. The program, 
which is especially con.cerned with developing the information necessary 
to assess the influence of flaws on the safety and serviceability of the 
thick-section components of reactor pressure vessels, developed data on 
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the characteristics of plates, welds, and forgings in terms of mechanical 
properties, toughness, inherent flaws, and homogeneity. A major objec­
tive is to develop methods by which better estimates can be made of the 
effects of flaws on the service life and strength of vessels. 

Analytical, as well as experimental, methods are being developed for 
fracture evaluation of structures. A wide variety of specimen types and 
sizes have been tested under a wide range of loading conditions. Consid­
erable progress have been made in understanding the behavior of flawed 
structures and in applying small-specimen test results to the analysis 
and evaluation of large structures. 

The importance of the size of test specimens and structures in the 
proper characterization of flaw behavior was demonstrated in many parts 
of the program. The confidence in methods of analysis required in safety 
evaluation of nuclear vessels can be attained only by experience and 
experiment with appropriately sized structures under loading conditions 
of interest. Consequently, the HSST Program includes simulated service 
tests, of which the intermediate vessel tests are a part. 

The aim of simulated service testing is to provide, through a series 
of experiments, a connection between the behavior of structures observed 
in a laboratory environment and the behavior of full-size components 
under the wide variety of conditions that constitute the real operating 
environment. One objective of each intermediate vessel test is to deter­
mine the ability of analytical methods to predict actual fracture behav­
ior of a flawed structure under known conditions of material properties 
and loading. In the planned progression of such tests, analytical 
methods are confirmed or improved, or their limitations are revealed. 

The intermediate vessel tests were originally subdivided into four 
series: 

1. flaws in cylindrical vessels, A 508 class 2 forging steel - two 
vessels; 

2. flaws in cylindrical vessels with longitudinal submerged-arc weld 
seams, A 508 class 2 forging steel - three vesseis; 

3. flaws in cylindrical vessels with longitudinal submerged-arc weld 
seams, A 533 grade B class 1 plate steel - two vessels; and 

4. cylindrical vessels with radially attached nozzles, vessels of A 508 
class 2 forging steel and A 533 grade B class 1 plate steel, nozzles 
of A 508 class 2 forging steel - three vessels. 

Reports have been prepared on tests in all four series.1-7 Twelve 
fracture tests with pressure loading have been performed. The last test, 
V-8A, is the subject of this report. 

The objective of the V-8A test was to provide accurate quantitative 
data concerning the growth by ductile tearing and final instability of a 
flaw in a low-upper-shelf toughness weldment located in a cylinder of 
reactor vessel steel. The motivation for performing this test was that 
some reactor pressure vessels in service contain welds that, because of 
high copper content, may have their Charpy upper-shelf energy values re­
duced to relatively low levels by neutron irradiation. After some period 
of operation, the toughness of these welds is expected to be degraded to 
the extent that practical operating temperature limits may not be def in­
able in accordance with current regulatory guidelines. However, no one 
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.bas actually demonstrated that a vessel with low toughness does not have 
adequate resistance to tearing. The results of the V-8A test are 
intended to provide an experimental basis for judging the accuracy of 
vessel-fracture safety-analysis procedures for low-upper-shelf toughness 
conditions. 

The purposes for which the V-8A test plan was formulated were to 
(1) demonstrate the fracture behavior of low-toughness material at upper­
shelf temperatures and (2) compare elastic-plastic fracture-mechanics 
predictions of stable and unstable tearing with full-scale test results. 
The plan involved the insertion of a special low-upper-shelf weld seam in 
a test vessel and the placement of a large flaw in this seam. Then, with 
the vessel heated to the proper temperature, the vessel was pressurized 
slowly, with intermittent pauses for recording data related to flaw 
growth, until unstable tearing was detected. After an instability was 
observed, the vessel was depressurized to ~4eserve the flaw and the 
vessel for further examination. 

Extensive pretest and posttest analyses were performed to estimate 
stable crack growth and the instability pressure. The test was performed 
with the expected result. A tearing instability condition was obtained 
twice and interrupted each time by depressurization. 
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2. TEST VESSEL 

2.1 Prior History 

The vessel used in the V-8A test was originally procured for the 
Heavy-Section Steel Technology (HSST) Program as intermediate test vessel 
V-8. Prior to its preparation for V-8A, vessel V-8 was tested at low 
temperature in the elastic range with a flaw in the vicinity of a half­
bead weld repair.I 

2.1.1 Original fabrication 

The cylindrical test section of vessel V-8 was fabricated of 
152-rnm-thick steel plate that met American Society for Testing and Mate­
rials A 533 grade B class 1 specifications. Vessel configuration is 
shown in Fig. 2.1. The vessel was fabricated under contract with the 

ORNL-DWG 85-4028 ETD 

990 OD 

152 SHELL 

1370 

.. ,. 

DIMENSIONS IN mm 

Fig. 2.1. Intermediate test vessel V-8. 
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Taylor Forge Division of Gulf and Western Products Company, with V-8 
being one of four intermediate test vessels using steel plate for the 
cylindrical courses. Design and procurement of the vessels are described 
in detail in Ref. 2; principal features pertaining to vessel V-8 are sum­
marized here. 

The cylindrical shell courses and prolongations for vessels V-7 
through V-10 were fabricated from plate produced by Lukens Steel Company 
from a single heat identified as BS233-2. Chemical (ladle) analysis 
reported by the Lukens Mill Certificgtion for this heat is given below. 

Material wt % 

c 0.20 
Mn 1.23 
p 0.015 
s 0.017 
Si 0.26 
Ni o.49 
Mo 0.52 

The mechanical test results from specimens representing the shell 
material are presented in Table 2.1. 

Table 2.1. Mechanical test results from Data Trac specimens 
representing heat BS233-2 shell materiala 

Yield Tensile Elongation Longitudinal Lateral Fracture 
strength strength in 51 tmn 

Charpy V-notch expansion appearance 
at -12°C (MP a) (MP a) (%) (J) 

(mm) (% shear) 

450 586 26 

432 563 29 125-96--106 1.55-1.93-1.52 70-70-70 

aNil-ductility transition temperature as determined by drop-weight 
tests: -s1°c. 

2.1.2 Test V-8 

To meet the V-8 test objectives, a large repair weld was deliberately 
performed by the half-bead technique prescribed by Sect. XI of the ASME 
Boi:leP and PY'essupe Vessel Code •. 3 In such a weldment, one expects locally 
high residual stresses and material properties within heat-affected zones 
not typical of weldments that have undergone the normal high-temperature 
postweld heat treatment. Details of the repair cavity are shown in 
Fig. 2.2. 
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Fig. 2.2. Details of cavity prepared in vessel V-8 for Sect. XI 
repair welding. 

A fatigue-sharpened flaw was implanted in a radial-axial plane of 
the vessel adjacent to the repair weld in the longitudinal seam weld. In 
the test, the vessel was cooled to approximately -24°C and hydrostatically 
pressurized to 65.3 MPa. The flaw propagated by cleavage and arrested, 
as predicted. Maximum strains in the cylindrical test section outside 
the flawed region were well within the elastic limits of the material. 
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2.2 Repair and Modification of Vessel for Test V-8A 

The V-8 flaw was flame cut from the vessel, which was then repaired 
under subcontract with the Babcock & Wilcox Company (B&W). Details of 
the repair are presented in Ref. 4. 

The cavity resulting from the removal of the V-8 flaw (Fig. 2.3) was 
repaired by welding in a plug of material made from a piece of the pro­
longation of vessel V-9, and a special seam weld was placed at another 
location in the vessel for the V-8A test. The plug welding was performed 
by the manual metal arc process with E8015 electrodes. The arrangement 
of the special seam weld relative to the cavity repair is shown in 
Fig. 2.4. . . 

The special seam weld was made by the submerged-arc process with 
materials and heat treatment designed to produce a seam with low Charpy 
V-notch impact energy on the upper shelf. B&W made preliminary trial 
weldments with 95-mm-thick SA 533 grade B class 1 steel base material and 
welding electrodes of SFA 5.23 type EF-2 material. Material property 
tests were made with weld-metal specimens from these trial weldments with 
the objective of selecting a process that would produce the properties 
suitable for the V-8A vessel test. Upper-shelf Charpy impact energy, 
yield strength, and the temperature at the onset of the Charpy upper 
shelf were important to the proper conduct of the test. Three different 
proportions of Linde 60 and Linde 80 fluxes and three different heat 
treatments were combined to make nine types of welds to be tested. The 
specified ranges of acceptable impact energies and yield strengths were 
47.5 to 74.6 J and 450 to 620 MPa, respectively. The impact energy was 
specified so as to be representative of the particular irradiated reactor 
pressure vessel steels that have unusually low tearing resistance. 

ORNL-DWG 80-5235 ETD 

LOW-UPPER-SHELF 
SEAM WELD 

ITV-SA 

Fig. 2.3. Schematic of vessel V-8A showing location of flaw rela­
tive to special seam weld. 
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Fig. 2.4. Vessel repair and special seam weld. 

Limits on yield strength were specified to provide, at the minimum, ade­
quate strength to attain a tearing instability in the V-8A test before 
the onset of a local plastic instability. The maximum yield strength was 
selected to be representative of that of irradiated steel. It was also 
desired that the temperature at the onset of the Charpy upper shelf be as 
low as practicable so that an upper-shelf test temperature would intro­
duce no severe demands on the vessel test facility. The nine preliminary 
weld combinations are given in Table 2.2. The combination represented by 
weld V822 was selected for the special seam weld of the test vessel. The 
upper-shelf impact energy, yield strength, and temperature at the onset 
of the upper shelf were 57.2 J, 461 MPa, and 107°C, respectively, for 
weld V822. 

A trial weld, designated V842, was made in a 152-mm-thick plate of 
SA 533 grade B class 1 steel. Welding materials and conditions were 
nearly the same as for weld V822. Tensile, Charpy V-notch, drop weight, 

Table 2.2. Weld designations 

Flux 
composition Mean hold temperature during 

(%) postweld heat treatment at 

Linde Linde 
613°C 579°C 60 80 552°C 

60 40 V811 V812 V813 
75 25 V821 V822 V823 
90 10 V831 V832 V833 
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and J-integral tests were made for the V842 weld to confirm the suit­
ability of the welding procedure.. The welding parameters and properties 
of all the welds made in the preliminary investigation are described in 
detail in Ref. 4. 

The special seam weld was deposited in a slot for which dimensional 
details are shown in Fig. 2.5. The central portion of this weld was made 
by an automatic submerged-arc process with the parameters given in Table 
2.3, which are essentially the same as those used in making the trial 
weld V842. 

ORNL-DWG 87-3513 ETD 

w 
~ ------------- 1409.7 ------------­
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530
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...J 
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...J 
w 
(/) 
(/) 
w 
> 

OUTSIDE VIEW 

19.1~ ~ -+t ~19.1 ' 

11 11 .11 I I __ 
~ 168~ I· 879.5 ·1192.1 ~ 

SIDE VIEW -M~MM~ 
73.0~ I· 984.3 ·I ~79.4 

I ____________________ 1 _1 ...... : ___ 
t 

INSIDE VIEW 

47.6 ± 3.2 
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Fig. 2.5. Dimensions at the special seam weld of the vessel. 

After the submerged-arc weld was placed, it was cut back at the ends 
to fonn cavities for manual metal arc welds used to finish the seam. 
After the plug weld and the special seam weld were completed and heat 
treated, radiographic inspection disclosed an unacceptable defect in the 
manual metal arc portion of the seam weld nearest the vessel flange. The 
entire seam was removed and replaced, and the vessel was again heat 
treated. Final dimensions are shown in Fig. 2.5. The conditions of the 
postweld heat treatments of the vessel are given in Table 2.4. 
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Table 2.3. Welding parameters for the V-8A 
special seam weld 

Parameter Value 

Preheat temperature, minimum 

Interpass temperature, maximum 

Current 

Voltage 

Travel speed 

Flux 

Electrode 

149°C 

260°C 

450-500 A 

30-34 VAC 

4.7-5.5 mm/s 

75% Linde 60, 25% Linde 80a 

3.18-mm-diam, SFA 5.23, 
Mn-Mo-Ni, heat F60853 

aLinde 60 flux from Lot 0894 was ground to 48XD and 
mixed with Linde 80 flux from Lot 0592. The first batch of 
the mixture was used for trial weld V842 and characterization 
welds V852, V862, V872, and V882. This first batch was also 
used in the seam weld in the vessel that had to be removed. 
A second batch, prepared from the same lots of flux, was 
ground, mixed, and used for the final weld in the vessel and 
for characterization weld V8102. 

Table 2.4. Postweld heat treatment for 
vessel V-8A 

·Original Final 

Heating rate - 316 to 566°C, K/h 31.3 22.7 

Hold time at 566 to 593°C, h so.s 49.8 

Average hold temperature, °C 583 581 

Cooling rate - 566 to 316°C, K/h 6.8 6.7 

2.3 Materials Investigations 

2.3.1 Preparation of characterization material and specimens 

Essential properties of the special seam weld in which the flaw was 
implanted and of the base metal of the V-8A vessel barrel were character­
ized by testing specimens cut from characterization welds, the prolonga­
tion of the cylindrical section of intermediate test vessel V-10, and the 
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special seam weld itself. Specimens from the special seam weld were 
prepared after the vessel was tested; all other specimen tests were com­
pleted before it was tested. The schedule of characterization tests is 
given in Table 2.s. 

Originally four seam welds were made in the prolongation, identified 
as VlOP, of intermediate test vessel V-10 for use in pretest characteri­
zation of the special seam weld in vessel V-8A. The layout of these 
welds is shown in Fig. 2.6. One seam, V872, had radiographic indications 
of imperfections that made it inappropriate for characterization. Conse­
quently, a fifth seam, V8102, with nominally the same geometry as the 
welds in the prolongation, was made in a 152-nnn-thick plate of SA 533 
grade B class 1 steel. All characterization welds were made by the same 
automatic submerged-arc process applied to the vessel, as indicated by 
the welding parameters given in Table 2.3. The same heat of electrodes 
and the same lots of flux were used for both the vessel and the charac­
terization welds. However, as indicated in Table 2.3, a second batch of 
flux had to be ground and mixed for the final vessel weld and characteri­
zation weld V8102. Postweld heat treatment conditions for the charac­
terization welds and the final special seam weld in the vessel are given 
in Table 2.6. Characterization weld V8102 and a piece of base metal from 
VlOP were heat treated with vessel V-8A during its final postweld heat 
treatment. The piece of VlOP that had received the second postweld heat 
treatment (called piece VlOSl by B&W) was shipped to Oak Ridge National 
Laboratory (ORNL) for base metal tensile testing. VlOP was originally 

u. 
w 
a: 
D 
0 
0 
O'l 
O'l 

u. 
w 
a: 
D 
lO 
00 
lO 

BACKING STRIP 
W/RUN-OFF TABS 
(P-3 MATERIAL) 

SECTION "8-8" 

ORNL-DWG 82-5286A ETD 

1"8" 

FURNISHED ~ 
W/TACKED WEDGES -,.-...----r--.... 720 t 10 

V-10 P PROLONGATION CYLINDER WELDMENT 

DIMENSIONS IN mm 

Fig. 2.6. Characterization welds made in vessel V-10 prolongation 
(welds V852, V862, V872, and V882). 
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Table 2.s. Types of specimens used 
for characterization tests 

Type 

Chemical analysis 

Transverse bend 

Charpy impact 

Drop weight 

Fracture toughness (IT) 

J-integral (JR) 

1 T compact 

2T compact 

PCCV 

Macrostructure 

Tensileb 

Hardness 

Specimen 
material a 

V852 
V8102 

V862 
V882 

V852 
V862 
V882 
·V8102 
VBA 

V862 
V882 

V852 
V862 
V8102 

V852 
V862 
V882 
V8102 
VBA 

V852 
V862 
V882 
V8102 

V8102 

V852 
V8102 

V852 
V8102 
V8A 
VlOP 

VlOP 

Number 

3 
3 

4 
4 

20 
20 
10 
10 
20 

6 
5 

4 
2 
1 

7 
11 
6 
6 

10 

2 
2 
2 
4 

14 

1 
1 

6 
6 
4 

46 

2 

llv852, V862, V882, and V8102 are character­
ization welds. V8A is a part of the submerged 
arc portion of the special seam weld in vessel 
V-8A. VlOP is the prolongation of intermediate 
test vessel V-10. 

bAll specimens had gage diameters of 12.8 mm 
except that the V8A specimens and 28 of the VlOP 
specimens had ga~e diameters of 6.4 mm. 
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Table 2.6. Postweld heat treatment for vessel V-8A 
and characterization welds 

Final Welds 
Weld Parameter V-8A seam V852, V862, V8102 weld V872, and V882 

Heating rate - 316 22.7 20.6 27.8 
to 566°C, K/h 

Hold time at 566 49.8 50.0 48.5 
to 593°C, h 

Average hold tern- 581 577 576 
perature, °C 

Cooling rate - 566 6.7 8.6 6.9 
to 316°C, K/h 

fabricated from the same plate from which the cylindrical test section of 
vessel V-8A was made.2 Accordingly, prior to the placement of the 
special seam weld in vessel V-8A, the vessel and the prolongation had 
received about the same heat treatment. Childress reported that V-8 and 
VlOP had received the total postweld heat treatments given in Table 2.7 
after the austenitizing, quenching, and tempering treatment. 2 The base 
metal of the V-8A vessel and piece VlOSl of the prolongation simultane­
ously received a total of 100.3 h of postweld heat treatment in the 
course of making the special seam weld. 

After the V-8A test, the special seam weld was cut from the vessel, 
and segments of the submerged-arc weld were used for Charpy impact, 
tensile, and J-integral specimens. The positions of the specimens rela­
tive to the flaw and the boundaries of the submerged-arc portion of the 
special seam weld are shown in Fig. 2.7. 

Table 2.7. Postweld heat treatments for V-8 and VlOP 

Phase of post- Temperature Total time at 
Component weld heat (°C} temperature 

treatment (h) 

V-8 Intermediate 593 4.5 
Final 621 6 

VIOP Intermediate 593 7.5 
Final 621 6 
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2.3.2 Material properties 

B&W Company performed all testing of the characterization welds.4 
Characteristics and average properties of all of the welds made with the 
flux mixture used for the vessel are compared in Table 2.8. Figure 2.8 
shows a typical cross section of the 152-mm-thick welds. Details of 
material properties not presented in this chapter are presented in Appen­
dix L of this report and in Ref. 4. 

Charpy impact data. Charpy V-notch impact specimens cut from each 
characterization weld were tested to identify the temperature of the 
onset of the upper shelf and to determine the upper-shelf impact energy. 

Table 2.s. Characteristics and average properties 
of V-8A characterization and test welds 

Weld 

Weld chemistry V822 V842 V852 V862 V882 V8102 Vessel 
V-8A 

c 0.06 o.os 0.06 0.06 
Mn 1.61 l.5o 1.56 1.52 
p 0.024 0.028 0.031 0.026 
s 0.011 0.016 0.016 0.014 
Si o.65 o.66 0.11 0.62 
Ni o.61 0.62 o.63 o.63 
Mo o.48 0.45 o.48 o.47 
Cu 0:29 0.21 0.25 0.11 
0 0.143 0.143 0.147 0.153 0.147 0.147 

Plate (weld) thickness, lllD 95.2 152 152 152 152 152 152 

Heat input, k.J/mm 3.6 3.0 3.0 3.0 3.0 3.0 3.0 

PWHT 

Heating rate, K/h 33.0 82.2 20.6 20.6 20.6 21.a 22.1 
Hold time, h so.a 52.0 so.o so.o so.o 48.S 49.8 
Hold temperature, oc 579 584 577 577 577 576 581 
Cooling rate, K/h 6.8 5.1 8.6 8.6 8.6 6.9 6.7 

Room temperature tension testsa 

Yield strength, MPa 461 460 430 478 423b 
Ultimate tensile strength, MP a 565 568 547 581 525b 

b Elongation, % 24.7 25.8 26.8 22.8 18.6b 
Reduction of area, % 54.4 55.3 57.8 53.3 53.6 

Charpy V-notch tests (100% shear)c 

Energy, J 57.2 5a.o 66.3 61.8 59.0 50.1 56.3 

.J1c at 149°C, k.J/m2 66.2d 10.8 61.5 59.0 43.3 46.6 

NDT temperature, °C -18 or -18 
-23 

aspecimen axis parallel to welding direction. 

brested at 149°C. 

cCA orientation in cylindrical weldments and corresponding orientation in other 
weldments. 

cl.rested at 116 to 121°C. 
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The highest temperature at which the Charpy fracture appearance indicated 
<100% shear was 104°C. The impact energies for the specimens that 
exhibited 100% shear fracture ranged from 48.9 to 76.6 J. Average upper­
shelf energies are shown in Table.2.9 for each characterization weld and 
for a sample of the V-8A special seam weld removed after the vessel test 
was completed. These upper-shelf energies were well within the specified 
range of 47.5 to 74.6 J. The Charpy test results for the V-8A seam are 
shown in Fig. 2.9; a complete tabulation of Charpy data for the welds is 
in Appendix L. 

Tensile properties. The tensile properties of the characterization 
welds are presented in Table 2.10. After the test of the vessel, tensile 
properties of a sample of the special seam weld were determined. The re­
sults are summarized in Table 2.11. See Fig. 2.7 for locations of speci­
mens in the V-8A weld. 

As described earlier in this chapter, tensile characteristics of the 
base metal were determined at ORNL by testing specimens cut from VlOP. 

ORNL PHOTO 3397-81A 
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Fig. 2.8. Macrograph of cross section of weld V842. Photograph by 
the Babcock & Wilcox Company. (Original reduced 28%) 
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Table 2.9. Mean upper-shelf Charpy 
impact energy (USE) values of 

characterization weldsa 

Specimens Average USE Weld with 100% temperature 
(J) 

shear ( oc) 

V852 13 130 66.3 
V862 13 129 61.8 
V882 10 110 59.0 
V8102 io 136 51.7 
V8A 4 149 56.3 

a CA and similar orientation. 

Table 2.10. V-8A characterization weld tensile dataa 

Test Stresses Ductility 

temperature (MP a) (%) 

( oc) 
Reduction Yield Ultimate Elongation of area 

24 430 547 26.8 57.8 
149 391 498 22.7 53.3 

24 478 581 22.8 53.3 
149 438 534 19.3 50.3 

aAverage of three tests. Axis of specimen parallel to 
direction of welding. 

Two methods of characterizing the tensile properties were used: (1) the 
determination of the effects of temperature over a range encompassing the 
proposed V-8A test temperature and (2) the determination of the through­
thickness distribution at the proposed test temperature. The tensile 
specimens used were either 12.8- or 6.4-mm-gage diam and were tested at 
four· test temperatures (22.8, 121, 149, and 177°C). 

Results from the 12.8-mm-gage-diam specimens machined from the cen­
tral region of the 168-mm-thick wall and aligned in either the circum­
ferential (C) or the axial (A) orientation are listed in Table 2.12 and 
plotted in Fig. 2.10. Three test temperatures (22.8, 121, and 177°C) and 
three depth locations (0.34, a.so, and 0.66t) were examined. Each of the 
results represents the average of three specimens (one from each depth 
location). The results indicate that the tensile properties decrease 
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Table 2.11. Tensile properties (6.4-mm-diam specimens, 
strain rate 0.016/min) of weld metal from the 

special seam weld in vessel V-8A at 149°C 

Stresses Ductility 
Specimen (MPa) (%) 
No. V8A 

35 
36 

34 
33 

Yielda Total Reduction Ultimate elongationb of area 

Axial orientationc 

429 525 18.7 54.3 
417 525 18.6 53.0 

Circumf erentiaZ orientatiorfl 

403 
401 

Clo.2% offset. 

502 
502 

16.9 
17.3 

bGage length to gage diameter = 5. 

52.9 
56.7 

cspecimen axis paralel to welding direction. 

dSpecimen axis perpendicular to welding direction. 

Elastic 
modulus 

(GPa) 

205 
187 

234 
231 

Table 2.12. Tensile propertiesa of the V-10 prolongation 
after a postweld heat treatment of 100 h at 560°C 

Temperature 
Stresses 

(MP a) 
Ductility 

(%) 
( oc) 

Yieldb Ultimate Elongationc 

C orientationd 

22.8 471 617 21.5 
121 427 583 18 .s 
177 423 574 18.9 

A orientation8 

22.8 470 616 19.7 
121 436 574 16 .4 
177 421 568 16.4 

aAverage of three specimens; strain rate 
12.8-mm-gage diam. 

bo.2% offset. 

cGage length to gage diameter = 4. 

Reduction 
of area 

67.7 
66.6 
66.0 

60.7 
58 .1 
56.9 

0.018/min; 

Elastic 
modulus 

(GPa) 

207 

203 

dspecimen length perpendicular to vessel axis (A); fracture 
axial and radial. 

8 Specimen length parallel to A; fracture radial and circumfer­
ential. 
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Fig. 2.9. Posttest through-thickness Charpy V-notch impact proper­
ties of weld metal from special seam weld in test vessel V-SA. See 
Fig. 2.7 for locations of specimens. 

with increasing test temperature between 23 and 177°C but that the de­
crease between 121 and 177°C is small, ensuring that the tensile proper­
ties remain fairly constant 30°C on· either side of the 150°C V-8A test 
temperature. Specimen orientation appears to affect the total elongation 
and the reduction of area (ductility) to a greater extent than the yield 
and ultimate strengths. Results from A-oriented specimens show lower 
ductility, as measured by both elongation and reduction of area, than 
C-oriented specimens. 

The results from 6.4-mm-gage-diam C- and A-oriented tensile speci­
mens from seven depth locations, O.OS-0.95t, and from tests conducted at 
149°C are listed in Table 2.13 and plotted in Fig. 2.11. Each result 
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Table 2.13. Tensile propertiesa through the thickness 
of the VlO prolongation at 149°C after a postweld 

heat treatment of 100 h at 560°C 

Depth from Stresses Ductility Elastic 
outer (MP a) (%) modulus 

surf aceb 
Elongationd Reduction (GPa) 

Yi el de Ultimate 
·of area 

A oPientatione 

o.os 487 613 17.5 66 202 
0.20 424 566 18.0 69 207 
0.35 422 566 18.1 . 62 210, a.so 427 569 17 .4 59 211 
0.65 425 571 17 .1 ~1 208 
0.80 42~ 562 17 .3 62 200 
0.95 42 562 18.4 63 221 

c o'Y'ientationg 

o.os 459 594 19.1 72 209 
0.20 424 565 19 .6 71 209 
0.35 430 569 19.8 69 212 
a.so 429 573 19.5 69 211, 
0.65 430! 572 19.4f 66! 206! 
0.80 424 565 19 .3 71 210 
0.95 432 570 19.6 71 209 

aAverage of two specimens except as noted; 6.4 nnn in diameter; 
strain rate 0.016/min. 

bFraction of 168-mm wall thickness. 

co.2% offset. 

dGage length/diameter = 4. 

especimen length parallel to vessel axis (A); fracture radial 
and circumferential. 

!Property determined from a single specimen. 

gSpecimen length perpendicular to A; fracture axial and radial. 
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Fig. 2.10. Effect of temperature on tensile properties of prolon­
gation VlOP after a PWHT of 100 h at 560°C, air cooled. 

represents the average from two specimens unless otherwise noted. The 
tensile specimens were machined from sections of VlOP, which, with a wall 
thickness of 168 mm, is thicker than the 152-mm wall of V-8A. Fabrica­
tion documentation for V-8 (Ref. 2) indicates that the vessel and pro­
longation were rolled separately from i67-mm-thick (6 9/16-in.) A 533 
grade B class 1 plate. This would indicate that the prolongation (VlOP) 
was rolled to the V-8A outside diameter, 991 mm, and that no material 
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Fig. 2.11. Tensile properties through the thickness of the VlOP 
prolongation. 

was removed from either surface. The tensile results indicate higher 
strengths near the outer surf ace but not near the inner surf ace of VIOP. 
Higher strengths would be expected near both surf aces of quenched and 
tempered material, but the results from the inner surface do not reflect 
this. 

Other. than the high strength near the surface, the tensile proper­
ties, with the except~on of the reduction of area, show little variation 
over the central region of VlOP. The reduction of area results go 
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through a minimum value at midthickness. The effect of specimen orien­
tation indicates that the A-oriented specimens provide lower values but 
show the same trends as the C-oriented specimens. 

A through-thickness hardness traverse was made to ascertain the 
trend of tensile strength in greater detail. The results from the hard­
ness measurements are shown in Fig. 2.12. Each point represents the 
average of two hardness measurements, which were made on the Rockwell B 
scale. The results indicate that the hardness begins to increase within 
19 nun of either surface. It appears to reach a maximum about 6.3 nnn from 
either surface, but that is considered to be caused by the loss of con­
straint very near the surface when using a large hardness indenter. 
Since the hardness can be related to the tensile strength,s the strengths 
near the inner surf ace should have increased as well. The innermost ten­
sile specimens apparently were located close to the depth where tensile 
strengths begin to increase. 

The 6.4-nun-gage-diam specimens from VlOP were instrumented for 
determination of the stress-strain behavior of the base material before 
the vessel test. One tensile specimen cut from the V-8A seam weld was 
also used for stress-strain measurements. The true stress-true strain 
relationships for the two materials are shown in Fig. 2.13. The data on 
which the stress-strain curves are based are presented in Appendix L. 

Fracture toughness. Fracture toughness tests were performed with 
specimens from three of the characterization welds. None of the results 
conformed to the validity requirements of the testing standard American 
Society for Testing and Materials (ASTM) E399 for plane-strain fracture 
toughness. The values of Kc presented in Table 2.14 are calculated from 
J at maximum load. 

Tearing resistance. The principal effort in characterizing the 
material of the V-8A special seam weld was to determine its tearing 
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Table 2.14. Results of fracture toughness tests 
of V-8A characterization welds 

Specimen Test Jc Kd 
Weld temperatureb c 

orientation a 
(°C) 

(kJ/m2) (MPa •fin) 

V852 CA -16 157 180 
V852 CA -15 90 136 
V852 CA -15 148 175 
V852 CA -14 134 166 
V862 CR 22 .243 224 
V862 CR 22 231 219 
V8102 CAe -15 49 101 

ac - circumferential, A - axial, R - radial. 

bAverage of temperatures at beginning and end of 
test. 

cAt maximum load; some crack extension might have 
occurred. 

dcalculated from J at maximum load. 

ein the plate weldment, the welding direction 
corresponds to A and the transverse direction to c. 

resistance (JR) in terms of the J integral. B&W performed the JR tests 
for the characterization welds before the vessel was tested and for a 
portion of the V-8A seam weld after the vessel test. The .. ' pretest· JR 
data, which have been reported in detail in Ref. 4, are summarized here. 
The posttest data, which are contained in.an unpublished report,6 are 
presented completely in this chapter'and·in Appendix L. 

Data from each specimen were fitted by a least-squares procedure to 
the power-law expression 

n J = c(Aa) , (1) 

in which J and Aa are tearing resistance and . increment. of· .crack depth, 
respectively, and c and n are parameters determined by .~h.e least~squares 
procedure• A linear least squares fit was made with the transformed 
variables x and y defined by 

.. . 

y = R.n J ' ( 2) 

and 

x = R.n (Aa) • (3) 
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Equations (2) and (3) transform Eq. (1) into 

y=Ax+B, (4) 

with A = n and B = !n c. 
Fits obtained with the transformed Eq. (4) were compared with direct 

fits to Eq. (1). Differences in the results of the two methods were very 
small. 

Six options for calculating the power-law parameters were investi­
gated. Two domains of the variable Aa were considered: (1) the Aa 
domain defined in the standard ASTM E813 for Jlc determination and 
(2) all points with Aa greater than those defined by the ASTM lower 
exclusion line. For each ~a domain, three statistical options were con­
sidered: (1) J random, (2) ~a random, and (3) both J and Aa random. The 
significance of these options is illustrated by the typical results shown 
in Fig. 2.14. The three statistical options produce nearly identical 
results. The choice of the maximum ~a, on the other hand, affects the 
resulting JR curve substantially. Figure 2.14 shows a divergence that is 
typical of most specimens for the two types of fits. This figure also 
shows an example of test data that are not well represented by a power­
law expression. 
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Results of the JR tests are sulillilarized in the power-law curves shown 
in Figs. 2.15 and 2.16 for all welds. The maximum values of Aa in the 
tests were ~11 to 13 mm for 25-lillil-thick specimens and ~20 to 30 mm for 
51-mm-thick specimens. The maximum ~a for the data included in the ASTM 
range is ~1.s mm. In all cases, data with ~a below the lower exclusion 
line (the blunting line plus 0.15 mm) were excluded. Figures 2.15 and 
2.16 show that power-law curves fitting only the data within the ASTM 
range are generally steeper than the corresponding curves fitting data 
with greater values of ~a. It is plausible that the best JR curve for 
analysis is best represented by a composite expression rather than a 
single power-law expression, as in Eq. (1). Average values of the 
parameters of the power-law expression for the five welds are given in 
Table 2.15. Pretest and posttest tearing instability analyses at ORNL 
were based on power-law curves fitted to the full range of data. 

The tearing resistance was variable from weld to weld, as may be 
observed in Figs. 2.15 and 2.16. However, the range of values for the 
characterization and V-8A welds was close to that of several irradiated 
low-upper-shelf welds tested by Loss at the Naval Research Laboratory. 7 

This similarity is shown in Fig. 2.11. 
The specimens from each weld exhibited variability, as illustrated 

in Fig. 2.18 for the vessel weld. This figure shows the highest and 
lowest JR curves for the set of ten specimens from the vessel weld. Th~ 

bounding curves are about 20% above and below the mean curve. The JR - ~a 
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Table 2.15. J-integral average properties 
of low-upper-shelf welds at 149°c'1 

Power law parametersc 

Number of Orientationb 
Nominal ·'rc ranged ranged Weld specimens thickness ( kJ/m2) ASTM Full 

(mm) 
c n c n 

V852 5 70.8 140.6 o.482 137 .9 o.'386 
2 CA 25 93.2 150.4 0.364 150 .1 0.332 
l CR 25 47.8 112. 3 0.588 110.0 0.502 
1 CA 51 70.8 142.6 0.469 142.5 o.360 
l CR 51 49.2 147.4 o.626 136.6 o.406 

V862 6 61.5 137.6 o.547 134.0 o.451 
2 CA 25 67.4 142.0 0.537 137 .8 o.431 
2 CR 25 56.9 131.0 0.558 130.9 o.496 
1 CA 51 73.0 144.3 o.464 143.0 . 0.379 
1 CR 51 47.5 135.0 o.629 123.9 o.471 

V882 2 59 .o 130.8 o.498 123.0 o.342 
1 CA 51 64.6 126.5 o.422 124.5 0.311 
l CR 51 53.4 135.0 o.574 121.5 0.312 

V8102 lOe 43.2 96.18 o.484 89.32 o.3os 
4 CA 25 42.6 90.01 o.473 86.21 0.340 
2 CR 25 42.l 103.3 0.530 91.46 0.295 
2 CA 51 43.l 97.69 o.488 91.20 0.272 
2 CR 51 45.9 99.96 o.456 91.50 0.294 

14f 10 37 .4 

V8A 10 25 46.6 83.l o.364 81. 7 o.318 
8 CA 25 47.9 84.7 0.361 83.3 0.314 
2 CR 25 41.2 76.9 o.374 75.3 0.333 

a All specimens are compact specimens with 20% total side grooves, except for the 
Charpy V-notch specimens of V8102 material as noted. 

be - circumferential, A - axial, R - radial. In plate weldment V8102, the 
welding direction corresponds to A and the transverse direction to C. 

CJ• c(Aa)n with J in kJ/m2 and Ila in mm. 

dData ranges: ASTM - only data between AST~ E813 exclusion lines; full - all 
data with 6a beyond lower exclusion line. 

8 These averages exclude Charpy V-notch data. 

f charpy V-notch specimens tested in 3-point bending. 

data for individual specimens were fitted well by the power-law expression 
of Eq. (1) ~or welds V8102 and V8A. This is indicated by the plot in 
Fig. 2.19. Root-mean-square deviations from the fitted curves were (7% 
for most of the specimens from these two welds. The root-mean-square 
deviations of the ten-specimen mean curves were 11.5 and 13.4% for welds 
V8102 and V8A, respectively, over the full range of data. 
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2.4 Flaw Preparation 

Preparation of a flaw in the V-SA vessel involved, first, machining 
a notch in the vessel with a profile that approximated a. semiellipse·and, 
second, cyclically pressurizing the notch to extend. it by fatigue·to. 
produce a sharpened, semielliptical crack front. Flawing the .vessel was 
preceded by prototypic trials of the procedure ~th. weldme~ts incorp~r*t­
ing full-scale seams of low-upper-shelf material. The procedures ~sed . 
for flawing are described in ·detail in Ref. 8. 

Two flawing trials were performed, the first with a 600-mm-long by, 
422-mm-wide by 150-mm-thick weldment prepared by B&W using the· procedures. 
and materials already described for the characterization welds. -~he size 
of the flaws in the trails was chosen to be identical to the flaw in the. 
vessel in the V-8 tes~.l The machined notch had a su~face length of 
205. 7 mm and a depth of 51. l mm. · The notch was sealed by ~ gasketed 
steel block and pressurized at a rate of 30 to ·35 cycles p_er minute from 
atmospheric pressure to some maximum pressure, Pmax·' In this trial, 
Pmax was 105.5 MPa for the first 5,900 cycles and 106.9 to 107.6 MPa for 
27,200 cycles for a total of 33,100 cycles. · 

Ultrasonic monitoring by a transducer aimed at the center of ·the 
notch indicated about 5 nnn of flaw- growth after about 24 ,000 cycles .• 
About 11 mm growth was apparent after 30,000 cycles. Two. other trans­
ducers 90 mm from the.center indicated no definit~ growth until near the 
end of the cycling, when g~owth of ·only 2 to 3 rmn· was apparent. At loca­
tions SO mm from the center, there·" was· 6 mni of growth. After 33, 100 
cycles the flaw had· apparently gr·own 13: .nnn. . 

The plate was cut, chilled,.and~broken open for direct measurement 
of the fatigue crack extension. The notch and fracture surf aces are 
shown in Fig. 2.20. ·This photograph .. s~ows that crack extension at the 
deepest point was about as had been est'imated from ultrasonic measure­
ments (~13 mm), but growth was highly asymmetrical. Because this was an 
undesirable crack shape for the test vessel, additional trials were 
planned. 

The spare characterization seam weld,-V872, was used for the second 
trial. The machined notch in weld V872 was 203 mm long at the surface by 
51 mm deep. Cyclic pressurization was applied for 65,700 cycles at ~32 
cycles per minute with an average peak pressure of ~83 MPa. Pressuriza­
tion had to be terminat~d because the fatigue crack extended beyond the 
seal. The indications of flaw growth from ultrasonic.observations are 
compared with direct ~easurement of 'the final fatigued crack in Fig. 2.21. 
The fatigue crack surfaces are shown in Fig. 2.22. 

On the basis of preliminary fracture analyses discussed in Chap. S, 
dimensions of the machined notch in the vessel and tentative objectives 
for fatigue crack extension .of the notch were selected. Machining and 
cyclic pressurization of the notch were accomplished by procedures used 
in the two earlier trials of the flaw.preparation procedure. The objec­
tive of the procedure was to produce a fatigue-sharpened flaw of approxi­
mately semielliptical profile. 

Th~ machining operations consisted of first machining a flat on the 
vessel, centered on the special low-upper-shelf seam weld, as shown in 
Fig. 2.23. Then a notch of dimensions and shape shown in Fig. 2.24 was 
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Fig. 2.23. Dimensions of machined flat at flaw site in vessel V-SA. 

cut in a radial-axial plane of the vessel in the center of the special 
seam weld. 

The fatigue sharpening of the notch was initiated with the objective 
of attaining crack growth of 22 mm at the deepest point of the flaw. 
However, the depth actually accepte4 was contingent on the profile of the 
flaw maintaining a reasonable shape. This was a special concern, because 
in the flawing trials both asyounetrical crack growth and unexpectedly 
rapid growth had been observed. 

The vessel was instrumented with ultrasonic transducers mounted on 
the inside surface of the vessel in positions, shown in Fig. 2.25, from 
which measurements of crack growth could be observed. Pressurization 
apparatus was mounted as shown in Fig. 2.26 so that high pressure could 
be applied to the machined notch. 
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Fig. 2.24. Sectional view of a radial-axial plane of the vessel 
that shows the configuration of the V-8A machined notch. 
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Fig. 2.25. Profile of the V-8A machined notch with locations of 
ultrasonic transducers used to measure fatigue crack growth. 

Pressure was applied cyclically to the notch, ·and ultrasonic mea­
surements were made continuously. The maximum pressure Pmax in each 
cycle was limited to keep K1 well below Krc• Intermittently, the pres­
sure cycles were changed to produce beach marks on the fatigued fracture 
surface. The schedule of Pmax vs number of cycles is given in Fig. 2.21. 

The successive observations of crack growth during pressurization 
are presented in Figs. 2.27 and 2.28. The process was stopped after 
105,331 cycles with an indicated crack growth of 21.3 mm at the center of 
the flaw. This implied a total crack depth of 91.2 nun. Figure 2.29 is a 
view of the machined notch and a portion of the surrounding machined flat. 
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3. DEVELOPMENT OF SPECIAL FEATURES 

To conduct the V-BA test with the flawed material in a ductile state 
required that the test vessel be maintained at about 150°C, a temperature 
higher than that of any previous intermediate vessel test. This tempera­
ture exceeded that on which the safety evaluation of the test facility 
was based. Consequently, new high-pressure seals had to be developed and 
tested; ultrasonic transducers capable of withstanding the high-tempera­
ture and -pressure environment had to be developed, manufactured, and 
tested; and ballast to reduce the quantity of fluid in the test vessel 
had to be designed and fabricated. 

3.1 High-Pressure Seals 

Two types of seals are necessary for the intermediate test vessels: 
a large-diameter seal (or seals) between the closure head and the closure 
flange of the vessel and a 17-mm-diam seal between the head and the 
instrumentation penetration fitting (Fig. 3.1). In all earlier vessel 
tests, 0-ring seals of Viton were used and performed satisfactorily, 
because temperatures did not exceed 100°C. At the 150°C temperature of 
the V-SA test, the reliability of Viton was questionable; at the ~300°C 
temperatures planned for the pressurized-thermal-shock test series,l a 
new seal arrangement was definitely necessary. 

Among the early development activities of the Heavy-Section Steel 
Technology (HSST) Program was the development and validation of proce­
dures for installing strain gages, thermocouples, and transducers in the 
interior of the test vessel and the routing of the instrument leads for 
these sensors through the pressure boundary to a data acquisition system. 
Crucial to these procedures was the validation testing of lead-through 
seal assemblies (Fig. 3.2), procured from Autoclave Engineers, that 
accommodated the penetration of instrumentation leads through the pres­
sure boundary. The vendor rated the fitting for operation at 206 MPa and 
204°C and hydrostatically tested each fitting at 310 MPa and room tempera­
ture. Oak Ridge National Laboratory subsequently performed validation 
tests at 276 MPa and 93°C on selected assemblies. Each fitting permits 
the passage of six 1.70-mm-diam stainless-steel-sheathed, magnesium oxide 
insulated, three-wire cable assemblies. The closure covers of the inter­
mediate test vessels are machined to receive ten Autoclave lead-through 
seal assemblies (see Fig. 3.1); therefore, provisions have been made for 
the passage of 60 individual cables from the interior of the vessels. 
Except for failures experienced on the first intermediate vessel test, 
the reuse of refurbished fittings on subsequent intermediate vessel tests 
has been eminently successful. 

While preparations were being made for the V-SA test, work was also 
undertaken to develop seals that would be reliable in pressurized­
thermal-shock tests. In the existing lead-through seal assemblies, com­
ponents that were suspected to be unreliable at the anticipated higher 
test temperatures were Viton 0-rings, nylon packing, and phenolic backups 
to the packing (shown in Fig. 3.2). 
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Fig. 3.2. Cross section of unmodified instrument lead penetration 
assembly. 
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To overcome these apparent deficiencies, the packing was redesigned 
to use "lava" as shown fo Fig. 3.3; the 0-ring (Fig. 3.2) was changed 
from Viton to Kalrez, an. elastomer recently developed by DuPont for 
operation at temperatures up to 315°C. The redesign was then subjected 
to a validation test consisting of a pressure test to 207 MPa at room 
temperature followed by heating to and holding at 290°C, wh:f.le cycling 
between 14 and 140 MPa. 

The redesigned fittings failed the validation test. After passing 
the pressure test at room temperature, the 0-ring failed repeatedly at 
pressures varying from 76 to 86 MPa at 290°C as shown in Fig. 3.4. No 
leakage through the packing was evident. The unusually ·1ow failure 
pressure of the 0-ring raised doubt as to the suitability of the fittings 
for operation at 150°C, the projected temperature of operation for the 
V-8A test. 

A series of tests at 150°C was conducted on the fitting, with both 
Viton and Kalrez 0-rings and a pac~ing designed and manufactured by 
Autoclave. The cyclic peak pressure was varied in each test with cyclic 
pressurization continuing until the 0-ring failed. In no test did the 
packing fail. The results are summarized in Fig. 3.4. 

The number of cycles to failure corresponding to V-8A test condi­
tions was ~40, indicating that the fitting as designed was unsatisfactory 
for both the V-8A test and the pressurized-thermal-shock test series. 
Evidently, the deformation of the fitting with pressure loading produces 
too great a gap for either a Vitron or Kalrez 0-ring to bridge, when 
temperatures exceed ~90°C. Both Viton and Kalrez compositions experience 
considerable compression set and loss of strength at temperatures from 
150 to 300°C, and the 0-rings without backup are unsatisfactory. 

Graphite-filled Teflon seals with a "C" cross section and a metal­
spring core were selected as a replacement for both the large and small 
0-rings, and. prototypes of the smaller seal were tested successfully in 
an autoclave vessel at temperatures up to 290°C. Both types of Teflon 
seals were manufactured by Bal Seal Engineering Company. 

A seal test fixture (Fig. 3.5), consisting of a vessel head and a 
mockup of the mating part of the vessel closure flange, was fabricated 
for proof testing a full set of seals in the actual test-vessel geometry. 
This set includes one large seal and ten of the small instrumentation­
penetration seals. In this fixture, both the large Viton 0-ring of the 
original design and the large Bal Seal (shown in Fig. 3.1) were tested 
successfully for V-8A conditions, namely, at least 100 pressure cycles to 
200 MPa at 150°C. 

The small seals were persistently unreliable in performance; some 
seals leaked sporadically and, during· or after installation, shifted from 
their proper position. The design of the penetration assembly was modi­
fied and tested again. It turned out that the position of the seal on 
its seating surface in the head was critical to proper function, ~d a 
device to prevent the expulsion of the metal spring from the C-ring was 
necessary. 

The instrumentation penetration assemblies were modified by the 
addition of retaining sleeves and shim ~leeves as shown in Fig. 3.6. A 
full set of assemblies, including the retaining sleeves but without shim 
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Fig. 3.4. Cyclic pressure failure test of 0-rings in Autoclave 
instrument lead-through fittings. Unfailed-failed line for 288°C data is 
assumed to be parallel to the 149°C line. 

sleeves, was tested in the seal test fixture at ~150°C by cyclic pres­
surization between ~so and 200 MPa. The set of seals endured 25 cycles 
at 105°C and 87 cycles at 150°C without irreversible failure. There were 
a few instances of leakage with subsequent sealing. Inspection of the 
assemblies after the test showed that the gap between the retaining 
sleeve and the bore of the hole through the vessel head was excessive in 
some locations. This resulted in a part of the seal being extruded 
inward, probably during heatup. 
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Fig. 3.6. Details of C-ring seal assembly for instrument penetra-
ti on. 

Before installation of the assemblies in the head of vessel V-8A, 
the diameter and concentricity of each hole relative to the penetration 
assembly were gaged. Shim sleeves were machined to dimensions that would 
reduce the gap to 0.1 to 0.2 mm. The V-8A closure included both a large 
Viton seal and a large Bal Seal, although either one alone would have 
been satisfactory. 

3.2 High-Temperature Ultrasonic Transducers 

The ultrasonic transducers for V-8A were designed and manufactured 
by Search Units Systems, Inc. (SUSI), especially for prolonged use at 
150°C. The performance of each transducer was demonstrated at 150°C and 
atmospheric pressure by the manufacturer. Tests under pressure in a 
mixture of ethylene glycol and water were conducted at Oak Ridge National 
Laboratory (ORNL). The transducers experienced a.number of problems. 
Waterproofing a cable connection that could withstand high pressure was 
difficult, and this problem temporarily obscured the fact that the trans­
ducer assembly itself was damaged during pressurization. Incorporation 
of an integral sheathed cable obviated the waterproofing problem, and 
design changes were made by SUSI to enhance the integrity of the bonding 
between the piezoelectric transducer and the wear face on one side and 
the damping medium on the other. 
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Transducer assemblies of modified design also failed the pressurized 
proof tests. Through consultation with SUSI, a structural modification 
to the assembly was developed and proved to be satisfactory in proof 
tests of prototypes. Subsequently, a complete set of transducers was 
tested under cyclic pressurization to 200 MPa at 150°C. As shown in 
Fig. 3.7, each transducer was held in place in the V-8A test vessel by a 
bracket that maintained proper contact force between the transducer and 
the vessel. All modified transducers responded satisfactorily during the 
proof tests and survived the V-8A test. 

I 

24.45-m~-diam X 25.h 
ULTRASONIC TRANSDUCER 

ENVIRONMENTALLY RATED AT 

200 MPa and 15o0 c ~ 

I 

ORNL-DWG 86-4921 ETD 

---------------, 69.8 mm-------------
1 

Fig. 3.7. Assembly for holding ultrasonic transducer in vessel 
V-8A. 

3.3 Ballast 

In the initial design and development of the equipment and facili­
ties to test intermediate test vessels, c. L. Segaser assessed the poten­
tial hazards.2 This assessment concluded that the test cell could with­
stand the impact of a missile with an energy as high as 7.81 x 106 J 
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without penetration of the thinnest (weakest) reinforced concrete wall 
section. 

From test plans of vessel V-8A and pressurized-thermal-shock vessels, 
it was evident that the former safety criteria, although quite conserva­
tive for the ten tests already performed' in the cell, would be inadequate 
because of the strong effect of the elevated temperature of these tests 
on the contained energy of the pressurizing medium. 

To compensate for the increased heat energy content for test V-8A 
and the prospective tests, ballast in the form of graphite segments was 
designed and fabricated to fill the test vessels, leaving a calculated 
void volume of 10.4%. Estimates of the compressibility of the pressuriz­
ing fluid as a function of temperature were determined by using the 
energy-volume coefficients derived by Gibson and Loeffler3 and by using 
the AmePican Society of Mechanicai Engineeps (ASME) Steam Tabtes.4 
Figures 3.8 and 3.9 show the pressure-specific-volume curves for water 
and ethylene glycol, respectively, for temperatures of 25, 148.9, and 
287.8°C. The curves at 148.9 and 287.8°C for water in Fig. 3.8 were 
extrapolated from ASME Steam Table data by curve fitting as shown. 

Figure 3.10 was developed by integrating the area under the curves 
of Figs. 3.8 and 3.9 with the pressurization fluid considered to consist 

.of a mixture of equal weights of ethylene glycol and water. Estimates of 
the heat energy available were made by determining the internal energy 
change for an isentropic process for a liquid on the saturation curves, 
corresponding to temperatures of 148.9°C for V-8A and 287.8°C for 
pressurized-thermal-shock tests, expanding down to atmospheric pressure. 
The ethylene glycol and water were assumed to act independently. Thermo­
dynamic. properties for ethylene glycol were premised on the data collec­
tion of Curme et al.s An efficiency of 50% was considered to be repre­
sentative of good reciprocating steam engine design6 and to be a conser­
vative upper bound for missile propulsion, because the fluid following 
vessel rupture is unconfined. 

The total energy potentially available for missile propulsion was 
considered to be the summation of pressurization energy, heat energy, and 
strain energy. Segaser's calculation2 of strain energy as a function of 
pressure was used without revision. Figure 3.11 shows the summation of 
energy as a function of test pressure for the V-8A test. The total 
available energy is far below the value of 7.81 x 106 J calculated by 
Segaser2 and validated by the Union Carbide Corporation-Nuclear Division 
safety committees. Figure 3.12 shows the total energy available at 
287.8°C for pressurized-thermal-shock tests. Again the total available 
energy for all test pressures is considerably less than the approved 
value of 7.81 x 106 J. 

The analysis of test cell designs for missiles with energies up to 
7.81 x 106 J, as performed by Segaser2 and approved by the safety com­
mittees, incorporated a conservatism not currently required in safety 
assessments.7 Namely, no partitioning of energy was originally assumed 
to occur; although violating dynamics principles, all available energy 
was assumed to propel a single missile. Current Nuclear Division safety 
standards provided rational rules for the partitioning of energy to 
vessel fragments following a vessel rupture. It was concluded that the 
combination of the various conservatisms provided an ample safety margin 
for missile resistance of the test cells as employed for the V-8A test 
and other tests. 
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Because of the elevated temperatures of the V-8A and other prospec­
tive tests, vessel failure will be accompanied by a considerable release 
of vapor with consequent pressure loading of the cells. The amount of 
vapor has been estimated by assuming an isenthalpic expansion of the 50% 
by weight mixture of ethylene glycol and water down to cell pressure. 
The fluids were considered to expand .independently; thermodynamic proper­
ties for ethylene glycol were taken from CurmeS and for water from the 
ASME Steam Tables. 4 The vapor released was assumed to fill the cell, and 
the total pressure was estimated by Dalton's law to be the sum of the 
partial pressures. Although eonsiderable leak paths exist around person­
nel and chase entries, the cells were assumed to be leaktight for conser­
vatism. Under these assumptions, the failure of the V-8A test vessel in 
the Heavy-Section Steel Technology cell results in a calculated wall 
loading of 13.23 kPa. Similarly, failure of a vessel in the pressurized­
thermal-shock series in the prestressed-concrete reactor-vessel cell 
results in calculated wall loading of 46.9 kPa. The weakest section of 
the concrete walls of both the cells was analyzed by yield line theory.a 
The minimum load to failure was estimated to be 193.1 kPa. The cells 
therefore have a margin of safety for pressure loading exceeding a factor 
of 4. 

The graphite ballast used in the V-8A vessel was divided into seg­
ments of a practical size for manual installation. A plexiglass scale 
model of the vessel and graphite (Fig. 3.13) was made to assist in the 
design of fixtures for keeping the segments aligned during assembly of 
the ballast and movement of the vessel. 
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Fig. 3.10. Energy to compress 50% by weight ethylene glycol-water 
mixture. 
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4. VESSEL TEST AND RESULTS 

4.1 Test Facility 

The test site for intermediate test vessel V-8A was the same as that 
used for several other intermediate vessels.1-s The hydraulic testing 
facility is located at the old power plant adjacent to the Oak Ridge 
Gaseous Diffusion Plant (ORGDP), where the vessels were pressurized to 
failure in a concrete-bunkered cell that was converted from an old steam 

.turbine foundation. A sectional view of the test cell is shown in 
Fig. 4.1, and a top view of intermediate test vessel V-8A in the cell can 
be seen in Fig. 4.2. The criteria for site selection and design, along 
with a detailed description of the test facility, are given in Ref. 6. 

The testing facility is equipped with systems for filling, heating 
or cooling, and pressurizing the test vessel~ The systems that perform 
these functions ·are.capable of controlling the vessel temperature between 
-29 and 177°C and pressurizing the vessel to 345 MPa. The pressurizing 
system and test ~essel were filled with a mixture of 58% ethylene ·glycol 
and 42% demineralized water (by volume). 

The vessel was equipped with six groups of tubular electrical heat­
ers distributed on three levels along the cylindrical section of the test 
vessel, as shown in Fig. 4.3. Thus, at each level there were two groups 
of heaters; each group covered essentially 180° of the vessel circumfer­
ence. Power was supplied to each group by a Variac power control. Each 
of the four groups at the upper and lower levels was connected to produce 
5.9 kW at the maximum setting; the two groups in the middle were capable 
of producing 4.4 kW each. 

4.2 · Instrumentation and Data Acquisition System 

Instrumentation was planned to provide as much information as could 
~easonably be obtained on the state of stress of the test vessel and the 
size and shape of the flaw at various stages of .the test. Special aspects 
of instrumentation design for this test were concerned with 

1. reliability and performance of sensors designed to function under 
high pressure (to -200 MPa) at temperatures up to 150°C, which is 
higher than any temperature previously attained in intermediate 
vessel tests; 

2. detection of tearing or structural instability; and 
3. synchronized recordings of widely varying types of measurements. 

Th~ instrumentation plan adopted was based on the use of methods and 
devices that were well developed.in terms of objective and quantitative 
interpretation of data and were adaptable to the vessel test environment. 

The sensor and data acquisition features of the V-8A instrumentation 
are'presented in Table 4.1. These include the features necessary for test 
control, evaluation of test results during the test, and data recording 
for pos.tt~st evaluation and analysis. · 
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K-25 PHOTO 82-2288A 

Fig. 4.2 View of vessel V-8A from top of test cell before connec­
tions and thermal insulation were completed. 



63 

K-25 PHOTO 82-2287A 

Fig. 4.3. Vessel V-8A in test cell before instrumentation cables 
and electrical heaters were connected. 
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Table 4.1. V-8A instrumentation output assignments 

Variable 
and sensor 

number pref ix 

Temperature 
TE 

Pressure 
PE 

Strain 
XE 

CMOD 
ZT 

Location of 
sensors on 

vessel 

Inside 
Outside 
Outside 

Static line 

Inside - Fe 
Outside - ~ 
Inside -
other 

Outside -
other 

Outside 

Crack mouth 

Instability, ~ f 
d/dt ln (CMOD/p2) 
XM 

Ultrasonic 
UT 

Inside - Fe 

Number 
of 

sensors 

4 
13 
16 

2 

41 
42 

8 

13 

3 

4 

7 

Primary 
recording 
devicea 

CC OAS 
CC DAS 
Strip chartb 

CC DAS 

Video tape 

CC DAS 
CC DAS 
CC OAS 

CC DAS 

Vishaye 

CCDAS (8 
channels) 

Strip chart 
Digital 
display 

Video tapeg 

Secondary output 

Devicea 

Plotter 
Strip chart 
Digital display 
Visual 

Strip chart 
Strip chart 
Plotter 

Plotter 

Plotter 
Strip chart 
Digital display 

CCDAS 

Oscilloscope 

Number 
of 

channels 

1 
2 

4 

aCCDAS: computer-controlled data acquisition system with time base; scanning 
rate is 10,000 points/s; recording rate is variable; strip chart: variable vs time; 
Vishay: printed paper tape on manual command; plotter: variable plotted vs pressure. 

bAt heater control panel. 

cinside vessel near flaw. 

doutside vessel near flaw. 

eA Vishay-Ellis strain recording system was used to record data independently of 
the CCDAS to save essential data if the CCDAS failed. 

foerived from sensors specified for CMOD (ZTlSl) and pressure (PE30). 

gVideo section of tape records UT signal; audio section records time code. 
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Strain gages, crack-mouth-opening-displacement (CMOD) gages, and 
ultrasonic transducers mounted on the vessel provided the information on 
states of stress, deformation, and crack depths necessary for interpre­
tation of the experiment. Locations of these sensors are described in 
Figs. 4.4 and 4.5 and Table 4.2. 

Pressure and temperature indications were used for control. In 
addition, a CMOD-pressure variable was produced by a special electronic 
module and used as an indicator of incipient instability so that the 
vessel could be depressurized promptly to interrupt the tearing insta-
bility. The variable selected for indication of instability is the time 
derivative 

• dv d 2 v = ~ = ~ ln (CMOD/p ) , dt dt 

where CMOD is crack-mouth-opening displacement and p is pressure. The 
use of a logarithmic derivative provided a signal amplitude that was 
reasonably independent of the absolute magnitude of pressure and CMOD, 
which were expected to vary widely. 

The test was planned with the expectation that estimates of crack 
size and shape could be made from CMOD measurements and ultrasonic (UT) 
observations of the crack tip at each of several stages of the test. 
CMOD measured during small decrements of pressure was output to plotters 
displaying CMOD vs P• The elastic response of CMOD could be correlated 
with precalculated CMOD changes for various crack sizes. The resolution 
of the UT and CMOD measurements of crack depth was expected to be on the 
order of 1 mm. 

All measurements made during the test were recorded for posttest 
investigation. The principal recording media were magnetic tapes for 
digital data produced by a computer-controlled data acquisition system 
(CCDAS) and video tapes for UT data. The records on the two types of 
tapes were synchronized by writing a time code on the UT tapes by a time 
code generator set to the CCDAS clock time. The data recording scheme 
presented in Table 4.1 provided redundancy, diversity, and dispersion of 
sensors, recording devices, and other apparatus to minimize the adverse 
impact of equipment malfunctions. 

Generally the test would not have proceeded if the CCDAS was not 
functioning properly, but if the CCDAS had failed after the test had 
reached a point of no return, there were independent recordings of pres­
sure, all CMODs, and some strains. Also two magnetic tapes of the CCDAS 
data were written simultaneously to protect against accidental loss of 
those records. 

The two pressure transducers (PE30 and PE31) were on a static line 
penetrating the head of the vessel (Fig. 4.6). Pretest calibrations 
indicated that the outputs had maximum nonlinearities of 0.30 and 0.28% 
of full scale between 0 and 200 MPa. 

CMOD gages were HITEC Corporation Proximic gages, which measured 
displacement by sensing capacitance changes of the gage. The installa­
tion of these gages on the test vessel is shown in Fig. 4.7. Model 
HPC-375, which has a nominal range of 0 to 6.35 nnn, was used for sensor 
ZT151. The other three sensors were model HPC-150, which has a nominal 



66 

ORNL•DWG 8SC·4922 ETD 

180° 90° 

J;- XE74 

300 (TYP.)I v- XE73 

BELTLINE I I 
j\- XE76 

100~ 

180° 

(TYP.)I XE76 
XE77 

DEVELOPED VIEW OF INSIDE SURFACE 
(VIEWED FROM INSIDE) 

240° 90° 

-,--.--- --- --- --- --- --- --------. 
I I 
I I 

1006 I 1_rXE13p I 

1: 
I ~XE129 I 
I~ I I op (TYP.) XE12~ I 

K
l • 10.ft~;Ji~ XE133 XEl27:A \.__BELTLINE OF 

<TYP~XE12S L I VESSEL AND T\:XE12a MAC INED I CENTERLINE 

I 
XE124 I FLAT 1' OF FLAW 

XE12 I 
~--- ------ --- ----~ 

DIMENSIONS IN mm 

DEVELOPED VIEW OF OUTSIDE SURFACE 

Fig. 4.4. Locations of sensors remote from flaw. See Fig. 4.5(a) 
for definition of coordinate system. 



XE n+1 

I AXIAL STRAW GAGE XEn 

(/JJJ_ r CIRCUMFERENTIAL 
--L MIDPLANE 

OF FLAW (z - 0) 

67 

~XE72 

"-- XE71 

.!r XE70 

xEee ~ Jr ~lEe3 
XE60 ~ Q> ~ XE56 

XE59 -1 r XE52 
. XE53~ ft ~XE49 

XE48"'\..._ ~XE47XE46 
~XE45 

~~1XE40 
XE42_31 ~XE35 
XE37_31 

fcJ 

v--XE33 

""'- XE32 

- STRAIN GAGE 

XE116 

XE106 

BOUNDARY 
OF 

MACHINED 
FLAT 

XE100 

XE96 

XE90 

Q ULTRASONIC TRANSDUCER 

0--D CMOD GAGE 

ORNL•DWG aeC-4123 ETD 

JrXE122 

lr-XE120 

~I XE119 
XE112 

-~'-wo'::;-- XE113 

(d) 

I XE109 
XE103 

ZT151 
ZT152 

ZT150 

XE87 

I 
XE83 

.1rXE82 

1'-1 · XE81 
.v--XE121 

I 

Fig. 4.5. Locations of sensors near flaw. See Table 4.2 for 
coordinates of sensors. (a) Definition of coordinate system used for 
sensor locations and features of the fracture surface, (b) arrangement of 
strain gage rosettes, (a) sensors on inside surface, and (d) sensors on 
outside surface. 



68 

Table 4.2. Coordinates of ·sensors near flawa 

Inside Coordinate Outside Coordinate Coordinate, z 
strain gage (mm) strain gage (mm) Sensor (mm) 

No. XE No. XE 
x z x z 

32 0 --413 81 0 --413 CMOD ZTb 
33 0 -400 82 0 --400 150 -100 
34 0 -250 83 0 -300 151 0 
35 73 -175 84c 51 -250 152 0 
36 0 -175 87c -13 -250 153 100 

37C -60 -175 90() -51 -250 
40 73 -125 93C 51 -200 Ultrasonic 
41 0 -125 96c -51 -200 UT 
42e -60 -125 99 38 -150 l 0 
45 0 -75 100 -38 -150 2 -50 

3 -100 
46 73 -25 101 38 150 4 -150 
47 0 -25 102 -38 150 5 -200 
48 -73 -25 103C 51 200 6 75 
49C 60 25 106c -51 200 7 150 
52 0 25 109C 51 250 

53C -60 25 112 0 300 
56c 60 125 113c -13 250 
59 0 125 116c -51 250 
60c -60 125 119 0 400 
63e 60 175 120 0 413 

66c -f>O 175 121 0 -500 
69 0 175 122 0 500 
70 0 250 
71 0 400 
72 0 413 

asee Fig. 4. 5(a) for definition of the coordinate system. 

bsupports for CMOD gages are at x = -38 and +38 nun. Axes of sensors 
are 25.4 mm from the machined flat surface, except for ZT151, which is 50.8 
from the surf ace. 

Conly the number of the axial gage in a rosette is listed. See 
Fig. 4.5(b) for definition of other gage numbers and of coordinates. 
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range of 0 to 2.54 mm. A CMOD sensor consisted of an active (HITEC) 
element and a target supported on a micrometer drive, as shown in Fig. 4.8 
for sensors ZT151 and ZT152. Sensors ZTlSO and ZT153 were each on a 
separate mount similar to the one shown in this figure. The micrometer 
permitted calibration of each gage in place •. Output of the gages devi­
ated from linearity by (1% of the maxima of the recorded ranges, which 
were 5.44 mm for ZT151 and 3.09 mm for the other three gages. 

The strain gages were weldable Ailtech gages with a nominal 25 mm 
gage length. Types SG125-01H-26-6S and SG125-09F-15-6S were applied to 
the inside and outside surfaces, respectively. The gages were essen­
tially identical except for the length of the integral stainless-steel­
sheath cable. 

Seven pulser-receiver UT transducers were located on the inside 
surface of the vessel in the plane of the flaw, as shown in Fig. 4.5. A 
cross-sectional view of this arrangement is shown in Fig. 4.9. The pulse 
signals to all transducers were triggered by a pulse-synchronizing signal 
to reduce interference among sensors. The signal frequency was 5 MHz, 
and the pulse repetition rate was about 1000 Hz. Reflected signals from 
each transducer were recorded on a separate magnetic tape cassette by a 
video recorder. An instantaneous video display of each output could be 
monitored by means of three oscilloscopes. Provisions were made for 
playback and display of segments of any tape during extended pauses dur­
ing the test. During active testing periods, a time code was written on 
the sound track of each video tape, so that each UT event could be asso­
ciated with the times of events recorded by the CCDAS. 

Six acoustic emission sensors for monitoring the activity of the 
flaw were attached to the vessel in the vicinity of the flaw (Fig. 4.7). 
No useful data were recorded by the acoustic emission system because of a 
failure of the signal processor. 

Video ~ameras were set up to monitor critical areas of the test 
system. A monitor in the control room displayed a view of the region 
around the head of the test vessel. 

4.3 Test Procedures 

4.3.1 Vessel preparation 

The test vessel was assembled in six steps: (1) installation of in­
ternal instrumentation, (2) installation of graphite ballast, (3) attach­
ment of the closure head, (4) installation of external instrumentation, 
(5) sealing of cable penetrations, and (6) installation of electrical 
heaters and insulation. Figure 4.10 shows the inside of vessel V-8A 
after the internal instrumentation was installed and with two of seven 
courses of the graphite ballast in the vessel. 

Figures 4.11 and 4.12 show external views of the vessel after com­
pletion of the assembly except for thermal insulation. Details of in-· 
strumentation near the fatigue-sharpened flaw are shown in Figs. 4.5 and 
4.11. Weldable strain gages and thermocouples are covered with pieces of 
split tubing for protection against damage in handling. Figure 4.12 is 
an overall view of the vessel 90° from the flaw. The vessel is in the 
frame used for lifting and transporting the vessel. 
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Fig. 4.10. Internal instrumentation and graphite ballast. Instru­
mentation is complete, and about one-third of graphite is in place. 
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Fig. 4.11. Instrumentation, CMOD fixtures, and electrical heaters 
applied near the flaw on the outside surface. 
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ORN L-PHOTO 8503-82 

Fig. 4.12. View of sensors and electrical heaters from the 90° 
side. The 16 heaters shown here on each of the 3 levels were connected 
to a single variable power source for each level. Heaters on the oppo­
site side were similarly arranged so that separate power control was 
exercised for six areas. 
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Installation of thermal insulation on. the vessel was completed after 
the vessel was placed in the test cell. CMOD assemblies were attached to 
the mounts after completion of other work in the vicinity of the flaw, as 
shown in Fig. 4.7. 

4.3.2 Pressure testing 

The vessel test consisted of a heatup phase and a high-pressure 
phase. All test equipment was operable at the commencement of the heatup 
phase, about 48 h prior to the scheduled high-pressure phase. The objec­
tive of the heatup phase was to bring the vessel to a thermal steady 
state condition with temperatures in the test section of the vessel at or 
slightly above 150°C. The temperature history during this phase is shown 
in Fig. 4.13. 

The electrical power applied to the vessel heaters was about 12 kW 
·initially and was subsequently reduced to about 1250 W before initiation 
of the high-pressure ,phase on August 11, 1982. ·When.vessel temperatures 
reached 90°C, the vessel was pressurized to ~5 MPa. Thereafter, during 
the heatup, pressure·was maintained between 2 and 6 MPa to suppress vapor 
formation. When the high-pressure test. began, temperatures in the region 
of the flaw were ~157°C except on the uninsulated out.side surface at the 
flaw (see Fig. 4_. 7), where the temperature was· 150°C. 

During the high-pressure phase, pressure transducer PE31 exhibited 
a drift of the order of 1 MPa while at atmosph~ric pressure. For this 
reason, the pressures generally used in discussion of results in this 
report are those indicated by transducer PEJQ; The variance of the two 
indications was never )1.5 MPa. 

The pressurization phase of the test consisted of 

1. slowly increasing pressure to several designated as~ending levels, 
2. interrupting pressurization and unloading slightly for the purpose of 

recording elastic .CMQD changes, 
3. ·continuing pressurization until unstable.tearing was detected, 
4. rap~dly unlo~ding_ to interrupt unstable tear~ng, 
5. repressurizing after interrupted tearing to confirm instability, and 
6. rapidly unloading to prevent a burst. 

During this ph~se of the test, all data except acoustic.emission 
were recorded synchronously for posttest interpretation to provide evi­
dence of· the ·conditions at the onset of stable tearing and the onset of 
a tearing or local plastic.instability. 

4.4: Test.· Results 

·The pressurization of the vessel proceeded as shown.in Flg. 4.14. 
An apparent tearing stability was observed between 138.0 and 140.5 MPa. 
The instability was interrupted and reinitiated before the final depres­
surization~ As planned, the vessel did not rupture. 

The pressurization phase proceeded through 16 increments of pres­
sure, as indicated by Fig. 4.14. The desired objective of inducing and 
interrupting a tearing instab~lity was att~ined. However, leaking seals 
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in some .. of the cable penetrations in the head prevent·ed sustained periods 
of reasonably consta~t pressur~ aft~r a pressure. o.f ·ao MPa was reached. 
This prevented any deliberate ·asses$ment of flaw .size during the test, 
either from CMOD measurements or uT observations. Data displays .never­
theless gave ·clear indications·of incipient and progressive tearing 
instabilities. The principal results of the test are presented here and 
in Chap. S. A complete record ·of pressure, temperature, str.ain, ·and CMOD 
data is presented in Appendix M. Appendix N presents details of fracture 
surfaces. · 

4.4.1 Temperature 

As indicated by Fig. 4.13, the temperature of the test vessel was 
stable for several hours before the pressurization phase of the test. 
Figure 4'.15 shows the downward temperature trends during the 3 1/ 2 h 
test. The entire vessel cooled by about 5 K. The coldest part of the 
vessel was the uninsulated portion of the outside surf ace around the 
flaw. Here the temperature stayed between 146 and 150°C. The tempera­
tures through the wall of .the vessel near the flaw are shown to have been 
between 146 and 158°C (Fig. ·4.15). 

4.4.2 Strain 

The states of stress developed in the test section of the vessel are 
indicated by measurements of· strain on the inside and outside surf aces of 
the vessel. The strain history of the test is summarized in Figs. 4.16-
4.19, which generaliy show strains at or near the beltline ·of the vessel 

"(z ·= O). Strains remote from the flaw, that is, at 180°, are shown in 
Fig. 4.16. This indicates ·that, at maximum pressure, the outside surface 
was well· below.the yield stra~n; and the inside surface was close to 
yielding. · ·c See Fig. 2 .• 13 for the stress-strain relationship·s for the 
V-8A material.) Inside and outside surface strains at points 90° from 
the flaw reached similar magnitudes, as shown in Fig. 4.17. However, . 
these strains differ from their respective strains at 180° in the direc­
tions that reflect the effects of the vessel bulging around the flaw. 

Inside surf ace strains at or near the beltline of the vessel at 
several azimuthal points, shown in Figs. 4.17 and 4.18(~ and b), indicate 
only a slight asymmetry relative to the plane of the flaw.· The suppres­
sion Qf the strain immediately beneath· the ·flaw· [0°, Fig. 4.18(a)] at 
pressures (110 MPa is the consequence of ·bending of the ligament at that 
section. 

Localization of bending near the flaw is· clearly evident in compar­
ing inside surface strains SO mm on either.side of the flaw (Fig. 4.19) 
with strains 45° and 90° from the flaw (Figs. 4.17 and 4.18). At pres­
sures above 110 MPa, the large changes in strain at the 50-unn points 
(Fig. 4.19) indicate that the bulging is.principally within 100 nnn of the 
flaw and is slightly asymmetric. Strain changes immediately beneath the 
flaw are much smaller than nearby strains and finally become negative 
immediately prior to maximum pressure (Fig. 4.19). 
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4.4.3 Crack-mouth-opening displacement 

Three CMOD sensors, ZT150, ZT152, and ZT153, were located at posi­
tions z = -100, O, and 100 nun, respectively, from the center of the flaw. 
The centerlines of these three sensors were 25.4 mm from the outside· 
surface of the vessel. The fourth CMOD sensor, ZT151, was mounted at 
z = 0 mm, 50.8 mm from the surface. Figure 4.20 shows the typical dis­
placement of the crack mouth throughout the test for the 16 increments of 
pressure. Figure 4.21 shows CMOD as a function of pressure. The effect 
of yielding near the flaw is clearly seen in increment 8, when pressure 
first exceeded 93 MPa. Sensor ZT151 is the only CMOD gage that did not 
exceed its recordable range in the test. The other three sensors reached 
their recordable limit of 3.1 mm during the 16th increment and remained 
beyond this limit thereafter, even with complete unloading. This obser­
vation is consistent with the residual displacement of 3.9 mm measured by 
ZT151 (Fig. 4.21). 

4.4.4 Stable crack tearing 

CMODs were recorded to provide a basis for calculating changes in 
stable crack depth and to identify the onset of tearing instability. UT 
pulse-echo signals of surf ace and crack-tip reflections were recorded to 
provide direct measurements of crack-tip locations at each of seven 
points along the length of the crack. 

Plans to calculate crack depth from CMOD were not realized. Values 
of dCMOD/dp needed to be determined precisely at each increment of pres­
sure. Because of excessive seal leakage, pressure could not be main­
tained at constant levels 1ong enough to make precise observations of 
stable displacements. From previous experience with vessel tests, it 
was expected that constant loads would have to be maintained for periods 
ranging from a few seconds to a few hundreds of seconds. At higher pres­
sures, which involve larger regions of plasticity, it requires longer 
times for strains and displacements to approach steady state values after 
load changes. 

To illustrate the problem encountered in the V-8A test, pressure and 
CMOD changes are shown in Fig. 4.22 for three increments. At low pres­
sures, as shown in Figs. 4.22(a and b), CMOD responded promptly to 
changes in pressure. The short periods of nearly constant pressure be­
fore and after the unloading phases appear to be satisfactory for com­
puting dCMOD/dp. In the next increment, shown in Fig. 4.22(c), however, 
the pressure is never constant; because the ratio of dCMOD/dt to dp/dt 
changes with time during the unloading phase, there is no unambiguous 
indication of a steady state dCMOD/dp. 

During increment 10, in which the pressure reached 120 MPa for the 
first time, the lagging of CMOD variations relative to pressure varia­
tions is clear, as shown in Fig. 4.23. At this stage of the test it 
would have been useful to have depressurized the vessel and held pressure 
constant for a few minutes to determine whether stable tearing had 
occurred, but excessive seal leakage precluded that procedure. This step 
was not taken because a dense cloud of water vapor, emanating from the 



140 

120 

100 
co 
a. 
~ 
w 
§ 80 
Cl) 
Cl) 
w 
a: 
a. 

60 

40 

20 

0 

NUMERALS 1 TO 16 IDENTIFY 
PRESSURIZATION STEPS 

85 

PRESSURE 

PE30~7 

6 

2 3 4 5 6 

TIME (103 
s) 

7 

ORNL-DWG 86-4933 ETD 

t 
ZT151~' 

LIMITING l 
RECORDABLE 

MAGNITUDE FOR 
ZT150 

8 9 10 11 12 

6 

5 

4 e 
E 
0 
0 
:E 

3 (.) 

2 

Fig. 4.20. Pressure and CMOD vs time during all 16 increments of 
pressure. 



86 

ORNL-DWG 86-4934 ETD 

6.0 

ZT151 
5.5 SCANS 1TO1104 

5.0 

4.5 

4.0 

16 
3.5 

E 
.s 
c 3.0 
0 
:? 15 
u 

2.5 

2.0 

1.5 

1.0 

0.5 

0 
0 20 40 60 80 100 120 140 160 

PRESSURE (MPa) 

Fig. 4.21. CMOD at center of flaw vs pressure for entire test. 



0.66 

0.64 

0.62 

0.60 

'E o.58 

E 0 0.56 
0 
~ 0.54 

/; 
0.52 

~ 
0.50 / 
0.48 / 
0.46 

0.44 
(a) 

4000 

87 

ORNL-DWG 86-4935 ETD 

65 1.02 

............. -.........::. 

/./ . .--·-·-·"'-·_/ 
1.00 

~ 
-.............._ 

60 ·--·--. I 0.98 \ /' 
I y· 55 \ 0.96 

~ c; I \ / c... 
50 ~ E 

I w .§. 0.94 \ .. _/ 
0 PRESSURE, PE30 a: 0 

I ::::> 0 

Ci' CMOD, ZT151 45 ~ ~ 0.92 
w I a: 
c... 

0.90 I 40 

0.88 h 
INCREMENT NO. 5 35 ;; INCREMENT NO. 8 
SCANS 338 TO 378 

0.86 ...._. 
SCANS 449 TO 466 

(b) 
30 0.84 

4500 5000 7400 7500 7600 7700 7800 7900 
TIME (s) TIME (s) 

1.20 112 

/"· 110 I '·~ 1.15 108 I -~ 

·- I ·--·-I ·-- 106 

1.10 

I 104 c;; 
e c... 

I :1: 
.§. 102 -w 
0 1.05 I a: 
0 100 ~ :E 

I 
Cl) t.) w 

98 a: 
1.00 c... 

96 

0.95 I 94 

INCREMENT NO. 9 .__; 
SCANS 464 TO 511 92 

(c) 
0.90 90 

7800 7900 8000 8100 8200 8300 8400 8500 
TIME (s) 

Fig. 4.22. Pressure and CMOD vs time for intervals illustrating 
prompt response of displacement to changes in load. (a) Pressure 
increment 5, (b) increment 8, and (~) increment 9. 

102 

100 

98 

96 

94 ~ 
~ 

92 ~ 
::::> 
Cl) 

90 ~ 
a: 
c... 

88 

86 

84 

82 



88 

ORNL-DWG 86-4936 ETD 

./""--. ---I ·~. 

1.25 I 120 

I 118 

1.20 I 
/ 116 -

ctJ a.. e 1.15 

I ~ 
.s w 

a: 
0 114 :::> 
0 I Cf.) 

Cf.) 
:E w u 1.10 0 PRESSURE, PE30 a: 

I 
Q. 

a CMOD, ZT152 112 

1.05 I 
l 110 

1.00 
108 

INCREMENT NO. 10 
SCANS 508 TO 511 

0.95 106 
8500 8600 8700 8800 

TIME (s) 

Fig. 4.23. Pressure and CMOD vs time for pressure increment 10, 
which illustrates delayed respons~ of displacement for changes in load. 



89 

vessel head, was observed on the video monitor. It was decided to pro­
ceed with the test as quickly as possible to minimize the risk of a com­
plete failure of a seal before a tearing instability could be produced. 

The first positive indication of stable tearing came from UT obser­
vations during the 12th and 13th increments, identified in Fig. 4.20. A 
careful reexamination of recorded data indicated that, at a location near 
the center of the crack (at transducer No. 2), the crack grew in depth 
"'6 mm. In this time period, the pressure peaks were ~132 and 136 MPa, as 
shown in Fig. 4.20. The other transducers near the center of the flaw 
(Nos. 1, 3, and 6) indicate~ no change during this phase of the test. 
The next change in crack depth was observed ultrasonically during the 
15th increment of pressure, when changes in depth of 1.4 and 4 mm were 
noted by transducers No. 2 and 6, respectively. This crack growth coin­
cided with the incidence of the first tearing instability, which is dis­
cussed in the next section. Therefore, it is likely that the stable 
growth did not include most of the change observed in this increment. 

The UT observations for the entire test are summarized in Table 4.3 
and Fig. 4.24. The appearance of the flaw surface after the test 
(Fig. 4.24) has no features that conclusively demarcate areas associated 
with separate phases of stable tearing. There was no indication of 
lengthwise crack growth prior to the start of tearing instability. 

Figure 4.24 shows that the UT observation of the initial tip of the 
crack was accurate at transducer position 1, where the crack depth varied 
only slightly over the width of the transducer. The observations were 
less accurate at positions 3 and 6. In each of these positions, however, 
the reflection from the tip of the crack nearest one edge of the trans­
ducer accurately represents the initial location of ~he crack. The other 
initial and final crack locations will be discussed in the last section 
of this chapter. • 

Fortuitously, the instability indicator v, described in Sect. 4.2, 
gave indirect evidence of the portion of the test in which stable tearing 
occurred. When the vessel is in a predominantly elastic state with no 

• tearing, the magnitude of the fluctuations of v will be theoretically 
• proportional to 1/p times the fluctuations of p. This is evident in the 

early record of v vs time in Fig. 4.25, from t = 0 to 5000 s. The figure 
• shows the record of v as a function of time throughout the 16 increments 

• of pressurization. The fluctuations of v were remarkably low from t = 
5000 to 9000 s, the latter time coinciding with the start of the period 
during which UTs indicated the first crack growth. The sudden increase 
in amplitude at 9000 s and its persistence thereafter is possibly associ­
ated with a continual crack-growth process that started during the 12th • pressure increment. A portion of the strip-chart recording of v and CMOD 
vs time for the 15th and 16th increments is shown in Fig. 4.26. This 
continuous recording shows the two peaks in v that mark the instabilities. 
The earlier peak did not appear in the CCDAS record because it fell 
within the 6-s interval between two successive data scans. 

Values of the derivative dCMOD/dp as a function of pressure during 
pressure increments were examined for evidence of tearing. These values 
are shown in Fig. 4.27 for pressure increments 8-15. For each of these 
increments, except 8, two values are shown joined by a line. The lower 
of the two values represents dCMOD/dp at the start of the pressurization 
increment. In increments 9--15, for which Fig. 4.23 shows a typical CMOD 



Table 4.3. Surmnary of UT observ~tions of locations of crack tipa 

Transducer No. 

Pressure Time 2 3 4 5 6 7 

increment (s) 
No. Axial distance (z) of transducer from center of flaw (mm) 

--
0 -so -100 -150 -200 75 150 

1 to 12 0 to 9263 a = 85.5 

12 9263 to 9441 

13 9681 to 10,101 

15 10,750 to 10,921 

16 11,336 to 11,411 

16 11,337 

After 11,411 a = 94.5 

76.4 66.5' 

a change 2.8 mm 

a change 2.8 mn 

a change 1.4 mm Amplit~deb 
Amplitudeb 

a change 9.9 mm a change -19 rmn 

93.4 84.5 

ao.5 

a change -4 mm 

a change -11 mm 

a :a 42.5C 

42.5 94.5 

alnittal and final crack depths are based on the posttest measurement of the unnecked wall thickness at the flaw of 
141.3 mm; crack depth a in nun. 

bAmplitude of the signal reflected from the crack tip increased. 

~First indication of a reflection. 

\0 
0 
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response, the rate of change of CMOD is low in the early part of the 
increment and distinctly higher later. The large values of dCMOD/dp, 
shown in Fig. 4.27 for increments 12 and 13, suggest that most of the 
stable tearing occurred during those two increments. 

4.4.5 Tearing instability 

A condition of incipient instability exists when changes in dis­
placements persist while the loading is constant. In this test, pressure 
was never constant long enough to apply this simple definition of insta­
bility. CMODs were the principal indicators of instability. 

Two instability occurrences inferred from the V-8A test data are 
identified in Fig. 4.28, which shows CMOD and pressure vs time for por­
tions of pressurization increments 15 and 16. In each instability the 
CMOD increased suddenly; after the onset of the rapid change in CMOD, 
dCMOD/dp was much greater than before; and the positive change in CMOD 
persisted for a significant time during the subsequent depressurization. 

The instability events are unambiguous, but the loadings that caused 
unstable tearing are not precisely known. In the preceding section it 
was observed that displacement changes lagged pressure changes after 
increment 9. One can observe in Fig. 4.29(a) that the rapid decrease in 
CMOD after pressure increment 14 is 6 to 12 s later than the pressure 
drop. Figure 4.29(b) shows a similar effect for a more moderate pressure 
drop, for which the lag is -24 s. 

Just prior to the time of the pressure peak in increment 15, 
dCMOD/dp was -Q.035 mm/MPa, a value not strongly suggestive of tearing 
(see Fig. 4.27). Thereafter, the large change in CMOD is the result of 
unstable tearing. During the 24 s preceding the pressure peak, the pres­
sure rose from 136.5 to 140.5 MPa. The flaw had been stable during the 
preceding increment, which reached 138.0 MPa. These observations indi­
cate that the load causing the first tearing instability could have been 
any value between 138.0 and 140.5 MPa. However, dCMOD/dt decreased 
remarkably by the time the load dropped to 140.0 MPa. It is quite likely 
that the slow increase in CMOD during the following 300 s was principally 
the result of yielding of the vessel in the region of the flaw. 

The second unstable change in CMOD occurred in the 16th pressuriza­
tion increment at t = 11,333 to 11,-338 s, as shown in Fig. 4.30. The 
pressure increased from 142.6 to 143.0 MPa in this time interval. 
Fifteen seconds before this manifestation of a tearing instability, the 
pressure was between 140.0 and 140.7 MPa. 

4.4.6 Posttest examination of flaw 

After the test the outside surface was visibly deformed at both ends 
of the flaw, and short tears from the ends were evident, as shown in 
Fig. 4.31. The tears ran about 14 and 4 nm from the top and bottom ends, 
respectively, of the flaw. 

A block of material containing the V-8A flaw was removed from the 
test vessel [Fig. 2.7(a)], chilled in liquid nitrogen, and split along 
the fracture plane by wedge-loading the machined opening of the flaw. 
This splitting did not uncover the fracture surf aces at the two ends of 
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ORNL PHOTO 5691-86 

{b) BOTIOM OF FLAW 

Fig. 4.31. Posttest photographs of the outside surface of the 
vessel at the ends of the flaw. In (a) a short tear and deformation (a 
depression) at the top end of the notch is visible; in (b) the deforma­
tion at the end of the notch can be seen more clearly. 
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the flaw. Therefore, it was necessary to resection the two halves of the 
split block, chill the pieces in liquid nitrogen, and wedge apart the 
unopened portions of the fracture surf aces. This process produced about 
20 fragments containing some portion of the fracture surf aces developed 
during the V-8A test. 

The two complete fracture surf aces were reconstructed so that pre­
cise measurements of the flaw could be made. Photographs of the matching 
surfaces, labeled surface A and surface B, are shown in Figs. 4.32 and 
4.33. The widths of saw cuts were measured and accounted for in reassem­
bly of the surfaces. The V-8A flaw attained a depth of 101.4 nnn and a 
length of 453.0 mm. 

Measurements of the locations of features of fracture surf ace B were 
made under a low-power microscope with a scale graduated in 0.5-mm units. 
Important features are described here; a larger set of flaw photographs 
and additional dimensional information are given in Appendix N. 

The entire ductile fracture surf ace consists of large relatively 
smooth areas interrupted by a few bands of shear tears from one to a few 
millimeters wide (Fig. 4.33). Except at the intersections of the flaw 
with the outside surface of the vessel, the shear bands are axially ori­
ented. With oblique illumination, the fracture surface appears striated 
parallel to the fatigue crack front as illustrated in Fig. 4.34. Neither 
the striations nor the shear bands have been correlated with specific 
phases of the pressure loading during the test. Additional details on 
features shown in Fig. 4.34 are in Appendix N. 

Features of the ductile fracture corresponding to particular phases 
of tearing are illustrated by the photograph in Fig. 4.35 and by a cross 
section of this part of the flaw in Fig. 4.36. Cross section 3-3, which 
contains crack features I, J, and H (Fig. 4.35), lies 5 nnn from the 
centerline of UT transducer No. 2. This is the only transducer that 
sensed crack growth prior to the onset of the first tearing instability. 
At this section the crack grew stably by ~6 mm, according to the UT obser­
vation. The total crack growth indicated ultrasonically (i.e., after 
unstable tearing ceased) was 17 mm, which compares well with the directly 
measured value of 13.6 mm at this section. If one assumes that the 
changes in crack depth indicated ultrasonically are correct, this implies 
that the deepest stable crack front segment lay ~3 mm deeper than the 
feature at point J. Three other transducers (Nos. 1, 3, and 6) sensed 
crack-tip positions at both the beginning and end of the test, and one 
(No. 5) sensed a position only after tearing ceased. Shown in Fig. 4.24, 
these final positions are all at a shear band rather than the final crack 
tip. This may be a fortuitous coincidence. The reflection indicated by 
transducer 5 was evidently from the more distant tip of the crack or some 
nearby feature. 



Fig. 4.32. Photograph of the composite of fracture surface A. The 
arrow points toward the vessel closure. Lighter areas are brittle frac­
ture zones generated in breaking the block. 
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Fig. 4.33. Photograph of the composite of fracture surface B. 
arrow points toward the vessel closure. Areas shown in more detail 
subsequent figures are identified here. Lighter areas are brittle frac­
ture zones generated in breaking the block. 
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VBA 
B 

Fig. 4.34. Area F of fracture surface B (of Fig. 4.33), showing a 
portion of the fracture surface from the deepest part of the flaw. 
Labeled features are described in detail in Appendix N. 
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Fig. 4.35. Area B of fracture surface B (of Fig. 4.33), showing 
features of the fracture surface that have been correlated with ultra­
sonic observations made during the test. 
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Fig. 4.36. Cross section of area B of fracture surface B shown in 
Fig. 4 .35. 
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S. FRACTURE ANALYSIS 

5.1 Development of Test Plan 

S.1.1 Objectives 

It was essential to the attainment of the vessel V-8A test objective 
that tearing controlled by the tearing resistance (JR) curve of the mate­
rial be distinguished from tearing promoted by a general or local plastic 
instability. Generally, as pressure is increased, the flaw will begin to 
tear at a load determined by the Jic of the material and continue to tear 
stably until a pressure is reached at which the flaw will continue to 
grow without further increase in load. This tearing instability can be 
produced in two ways. If tearing resistance is high enough, a flaw of a 
given size may not be prone to tear unstably until a local or general 
plastic instability develops, in which case the flawed region would 
deform without an increase in load. In this instance, the strain field 
around the flaw changes with time even if the flaw size and applied load 
do not. If, on the other hand, tearing resistance is low enough, a tear­
ing instability will occur at a flaw size and applied load that cannot 
cause a plastic instability. In both cases, tearing eventually ensues, 
but in the latter situation the state of stress that caused the tearing 
instability is more clearly defined and is easier to determine. 

In planning the V-8A test, both cases were considered so th~t obser­
vations of fracture could be attributed to the proper causes. Analyses 
were made to define structural instabilities as well as tearing insta­
bilities based on the material properties of the characterization welds 
and the base metal. Selection of the V-8A flaw geometry and decisions on 
the placement of vessel instrumentation were made as a consequence of the 
preliminary analyses described here. 

In all of the pretest analyses for vessel V-8A and all but two of 
the posttest analyses, the JR curves of the test material were based on 
JD, a deformation plasticity calculation of the J-integral for the test 
specimens including a reduction for crack growth. In two of the posttest 
analyses, the JR curves were based on JM, a modified calculation of the 
J-integral with a smaller reduction for crack growth. The use of JM 
eliminates negative slopes (which did not occur in the V-8A data) and 
reduces size effects in JR data. However, evaluations of its use for the 
tearing instability analysis of flawed structures are just beginning. 
The mathematical selection between JD and JM is discussed in Appendix K. 

5.1.2 Preliminary analyses 

Preliminary analyses were made to investigate structural instabili­
ties caused by yielding and to verify the accuracy of numerical methods 
of fracture analysis in the linear-elastic range. Two types of analyses 
were used to investigate structural instabilities without tearing. First, 
the pressure-strain relationship of an unflawed cylinder, with the assump­
tion of the trilinear stress-strain curvel shown in Fig. 5.1, indicated 
the pressure (pGY) at which the test vessel would yield through the 
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Fig. 5.1. Stress and strain parameters defining a linearized 
stress-strain relationship. 

thickness. Figure S.2, which is based on the values of tensile proper­
ties in Table 5.1, shows that at p = pGY the vessel will expand without 
further application of load until strain-hardening begins. This type of 
limited instability had to be avoided in the V-8A test if a JR-controlled 
instability was to be detected. Second, a local plastic instability 
analysis2 of a flawed cylinder was made to estimate the pressure at which 
the vessel wall near the flaw would reach a limit load without tearing. 

Initial linear-elastic fracture analyses of vessel V-8A were per­
formed by two methods for the set of semielliptical flaw geometries de­
fined in Table 5.2. The first method used the three-dimensional (3-D) 
computer programs, ORMGEN,3 ADINA,4 and ORVIRTS to calculate the strain­
energy release rate G by a virtual crack extension procedure. The second 
method is based on the equations formulated by Raju and Newman6 for sur­
face cracks in finite plates under tension and bending. In the latter , 
method, the circumferential stress distribution given by Lame '.s solution 
for the cylinder is approximated by a linear distribution fit over the 
depth of the flaw. 

The results of the two methods are compared in Figs. 5.3-5.5, in 
which the G values calculated with ORVIRT have been converted to the 
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stress intensity factor K1 by 

" 

EG 
K = ----I , 

(1 - \)2) 
(1) 

where E is Young's modulus and v is Poisson's ratio. It is evident from 
these figures that the Raju-Newman K1 distributions are similar to those 
given by ORVIRT, and agreement is quantitatively good for shallow cracks. 
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Table 5.1. Material properties used in preliminary 
TM, local plastic instability, and gross yield 

calculations for vessel V-8A 

Property 

Poisson's ratio, v 

Uniaxial yield strength, 
a , MPaa 

yu 
Tensile strength, a'lt' 

MP a u 

Young's modulus, E, GPa 

TM, Es, GPa 

Value 

0.3 

413.7 

551.6 

206.8 

2.068 

0.002 (0.00208 Yield strain, A 
y 

p - £ curve) 

Hardening strain, A 
s 

aBiaxial yield strength, 
430.2 MPa. 

a y 

0.012 

= 1.04 a = yu 

Table 5.2. Parameters for preliminary 
LEFM analyses of V-8A flaws 

a/w 

o.4 

o.5 

o.6 

Pressure, MPa 
Poisson's ratio, v 
Young's modulus, GPa 
Inside radius, m 
Outside radius, m 

Flaw geometrya 

a/b 
a 

(mm) 

o.6 60.96 
0.1 
o.8 

o.6 76.20 
0.1 
0.8 

0.6 91.44 
0.1 
o.8 

10 
0.3 
200 
0.3429 
o.4953 

b 
(mm) 

101.60 
87.09 
76.20 

127.00 
108.86 
95.25 

152.40 
130.63 
114 .30 

aw = thickness = 152.4 mm; 
a = flaw depth; b = half length of 
semielliptical flaw. 

for 
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Fig. 5.3. Comparisons of results of elastic ORVIRT and Raju-Newman 
calculations for p =·10 MPa and a/b = 0.6. 
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Fig. 5.4. Comparison of results of elastic ORVIRT and Raju-Newman 
calculations for p = 10 MPa and a/b = Q.7. 
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Fig. 5.5. Comparison of results of elastic ORVIRT and Raju-Newman 
calculations for p = 10 MPa and a/b = o.a. 
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5.2 Tearing Instability Analysis 

5.2.1 Overview of methods 

Estimates of JR-controlled tearing were made based upon measured 
tearing resistance and the J-integral J 1 (or G, the 3-D generalization of 
JI) calculated by two methods: the tangent modulus (TM) method of elas­
tic-plastic fracture-mechanics analysis (EPFM) (see Appendix A for de­
t.ails) and the ORMGEN,3 ADINA, 4 and ORVIRTS computer programs for per­
forming finite-element EPFM analysis. The basis for determining the pro­
gression of JR-controlled tearing is illustrated in Fig. 5.6. If a flaw 
has an initial depth a 0, then at some pressure p 1, the condition J 1 = JR 
is satisfied when a = a1 and JI = JRl • In this particular instance 
(Fig. 5.6) at a constant pressure p1 , a virtual increment in crack depth 

J 

ORNL-DWG 82-5798R ETD 

JR(Aa), TEARING RESISTANCE CURVE 
Aa = a-a0 

- - - - -- J1 (a,p), APPLIED J 1 

a0 < 81 < 82 < 83 
P1 < P3 
P2 > P3 

a 

Fig. 5.6. Schematic for determination of JR-controlled crack depth 
and tearing instability pressure of a vessel. 
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beyond a1 would cause JR to increase more than J 1 with the result that JR 
) J1 • This implies that more energy would be required to generate the 
virtual extension than could be supplied by the strain energy released; 
thus, a 1 is a stable crack depth. At crack depths a 2 and a 3 , a virtual 
extension would result in J 1 becoming greater than JR, the necessary con­
dition for a tearing instability. Pressure p2 is the maximum pressure 
determined by this procedure for which Jr = JR and is therefore defined 
as the tearing instability pressure. 

The ORVIRT analysis computes strain energy release rate directly. 
The 'IM method is convenient for a direct calculation of J 1 on the assump­
tion that K1 and J 1 are related by 

K~ = EJ 1 • 

Then, for linear-elastic conditions, K1 is either given by the Raju­
Newman equations6 or by 

(2) 

(3) 

where C is the elastic shape factor, a is crack depth, and a is the 
appropriate stress for a surface crack.7;8 In the 'IM analysis, it is 
convenient to use a form of Eq. (3) that expresses the relationship be­
tween Kr and the hoop strain A at the outside surface of the unflawed 
cylinder. For elastic conditions, this relationship is 

A 
(1 - v/2)Kr (1-v/2) ~ 

= 
CE .r:ira. C irEa 

(4) 

"' where A is related to pressure by the Lame solution, 

E( r2/r2 - 1) 
0 i 

A • p = (2 - v) 
(5) 

For strains larger than the yield strain A of Fig. 5.1, the expression 
for A is more complicated but generally ofythe form (see Appendix A) 

A = f (C, a, J 1, A , A ) • y s 
(6) 

In this case, the pressure is obtained from the nonlinear relationship 
between p and A shown in Fig. 5.2. 
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In applications of the TM method to estimating a tearing instability 
pressure, tearing resistance may be represented by the power-law expres­
sion 

J = c(Aa)n , 
R 

(7) 

where ~a = the crack extension, a - a 0 • Critical pressure as a function 
of crack depth is then calculated for a given ao as follows: 

1. calculate JR (Aa) over a range of Aa values, 
2. let JI = JR, 
3. calculate A by Eq. (4) or (6) as appropriate, and 
4. determine p by Eq. (5) or Fig. 5.2 as appropriate. 

5.2.2 Flaw-sizing calculations 

The initial fracture-mechanics computations performed for the pur­
pose of selecting a flaw size for vessel V-8A employed the 'IM method, as 
described in detail in Appendix A. For subsequent pretest calculations, 
three JR curves were selected from preliminary Babcock & Wilcox (B&W) 
characterization data for vessel V-8A.9 The power-law parameters corre­
sponding to high, medium, and low values are given in Table 5.3. Results 
of tearing instability computations are shown in Fig. 5.7 for an initial 
crack depth ao = 91.44 mm. The gross yield pressure and local plastic 
instability pressures2 shown in Fig. 5.7 were based on the parameters of 
Table 5.1, which were the best estimates of tensile properties available 
at the time. The high JR case gave strains in excess of gross yield but 

Table 5.3. JR-curve power-law parameters 
for preliminary tearing instability 

estimatesa for flaw .sizing 

Designation 

High 
Medium 
Low 

Specimen 
No. 

V852J5 
V862J5 
Average 
V882J2 
V8102J7 

c n 

136.33 0.4011 
123.72 o.4122 
130.03 o.4397 
124.38 0.3119 
92.45 0.2798 

<li>arameters obtained by least-squares 
fit to B&W data9 for all points beyond the 
lower exclusion line. Both JR and Aa con­
sidered random. JR= c(Aa)n, with JR in 
kJ/m2 and Aa in um. · 
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Fig. 5.7. JR-controlled crack depth vs pressure and local plastic 
instability pressure of vessel V-8A based on properties given in Table 
5.1 and JR-curve parameters in Table 5.3. 

below the strain hardening range. The other two cases indicate tearing 
instability pressures of 145.3 and 154.7 MPa at crack depths of ~104.7 
and 105.7 mm, respectively. The higher pressure is lower than the gross 
yield pressure, 158.21 MPa. For the conditions assumed, Fig. 5.7 shows 
that a local plastic instability would precede a tearing instability in 
the medium JR case. 

The decision to machine the flaw notch in the vessel to a depth of 
70 nnn and a length of 280 mm was based on the conclusion that, if the 
vessel toughness were actually as high as the high-JR case, the vessel 
would attain gross yield prior to flaw instability, a condition that 
would certainly impair the quality and usefulness of test data. 



118 

S.2.3 Evaluation of ORVIRT models 

While the vessel was being flawed, the first set of ADINA and ORVIRT 
3-D elastic-plastic calculations of G were made. The flaw geometry and 
cases analyzed are defined in Fig. 5.8 and Table S.4. Initial ADINA­
ORVIRT computations using an incremental plasticity model were abandoned 
because of the excessive expense of the computations. Deformation 
plasticity theorylO was used in all the ORVIRT computations shown in 
Table S.4. 

The first case, V8EP1, was analyzed with a Ramberg-Osgood stress­
strain law 

e; a (a )n -=-+a-
e; a a 

y y y 
(8) 

for which the parameters are defined in Table S.4 and Fig. 5.9. The 
parameter values for case V8EP1 were taken from the work of Shih et a1.ll 
at General Electric Company, because measured valuesl2 for V-8A were not 
available at the time. 

Results of ORVIRT case V8EP1 for a particular pressure are shown in 
Fig. S.10 in terms of JI(~), in comparison with previous linear-elastic 
analyses performed with ORVIRT and with the Raju-Newman equations.6 
Generally, at pressures below about 75 MPa, there is little difference 
between ORVIRT linear-elastic and elastic-plastic distributions J1{~). 

Fig. S.8. 
of ve.ssel V-8A. 

ORNL-DWG 82-5800 ETD 

Definition of semielliptical flaw geometry for analyses 



Table 5.4. ORVIRT-30 elastic-plastic computations for vessel V-8A 

Ramberg-Osgood Piecewise linear a b E a parametersa Case No. {mm) (mm) (MP a) (M~a) a - € representative 
curve No. n a 

V8EP1 101.60 152.40 206,843 427 .5 9.7b i .115b 

V8EP2 101.60 152.40 209,600 401.3 7.0(J 2.02o(J 

V8EP3 101.60 152.40 209 ,600 430.2 id 

V8EP4 101.60 152.40 209,600 427.5 2d ...... 
...... 

2d '° V8EP5 96.52 152.40 209 ,600 427.5 

V8EP6 91.44 139.70 209,600 427 .5 2d 

V8EP7 96.52 139. 70 209,600 427.5 2d 

Large def ormatione 101.60 152.40 209,600 427.5 2d 
. n 

a€/€ = a/a + a(a/a ) ; € = a /E. 
b y y y y y 

Ref. 11. 

CV-BA data by Stelzman (Ref. 12). 

dcurves in Fig. 5.9(a). 

eADINA only run for large deformations. 
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---- EXPERIMENTAL DATA (SPECIMEN V10P20) 

·· · · · ·······CURVE 1 (A'B'C'O') 

-----CURVE 2 (ABC 0 E) 

C' 

COORDINATES OF VERTICES 

D' 

CURVE 1 CURVE 2 

POINT STRAIN 

A 0.00205 
B 0.0075 
c 0.04 
D 0.09 
E 

0.01 0.02 0.03 0.04 0.05 0.06 
TRUE STRAIN 

--- EXPERIMENTAL DATA (SPECIMEN V10P20) 

RAMBERG -OSGOOD 

0.01 

n 
9.7 
7.0 

0.02 

a 
1.115 
2.020 

·0.03 0.04 0.05 0.06 
TRUE STRAIN 

STRESS STRAIN STRESS 
(MPa) (MPa) 

430.23 0.00204 427.47 
434.37 0.007 428.16 
553.16 0.03 529.52 
623.83 0.06 597.78 

0.09 620.53 

0.07 0.08 0.09 

0.07 0.08 0.09 

0.10 

0.10 

Fig. 5.9. Uniaxi.al true stress-strain curve of tensile specimen 
V10P20 tested at 149°C. The four stress-strain relationships used in 
ORVIRT analyses are also shown. (a) Piecewise linear, (b) Ramberg­
Osgood. 
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P = 151.68 MPa 
a/w = 2/3 
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Fig. s.10. Results of ORVIRT case V8EP1 (elastic-plastic) compared 
with linear-elastic values from ORVIRT and Raju-Newman expressions. 

At higher pressures, such as the one on which Fig. S.10 is based, the 
linear-elastic result can be a very poor ~epresentation of JI. The 
elastic-plastic analyses all show a shifting of the peak of the JI(~) 
distribution with increasing pressure. 

Another factor investigated is the influence of variations of the 
stress-strain relationship on calculated deformations and J 1 • ORVIRT 
cases V8EP1, 2, 3, and 4 were based on four different stress-strain rela­
tionships but with the same crack geometry. The assumptions are shown 
graphically in comparison with experimental data in Fig. 5.9. The crack­
mouth-opening displacements (CMODs) shown in Fig. S.11 indicate the 
importance of an accurate stress-st.rain representation. Here two differ­
ent Ramberg-Osgood cases, V8EP1 and 2, are compared with a case (V8EP3) 
based on a closer fitting piecewise linear stress-strain representation. 
Figure S.11 shows that the Ramberg-Osgood parameters that gave a poorer 
overall representation of the stress-strain curve produced CMOD values 
closer to those of case V8EP3. This result led to the conclusion that 
the stress-strain representation in the strain range near initial yield­
ing is very important. Consequently, it was decided that the Ramberg­
Osgood law, although convenient for computations, could not be used in 
~he V-BA analysis because it lacks accuracy near the initial yield point. 
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Fig. S.11. Comparison of CMOD calculated by ORVrRT for three 
stress-strain relationships: two Ramberg-Osgood cases and one piecewise 
linear c~se. Note relatively large overestimate of displacement in V8EP2 
case, using Ramberg-Osgood parameters that give best overall fit to 
stress-strain curve. 

ORVrRT elastic-plastic calculations were next made for a set of four 
crack geometries and a single stress-strain representation, the piecewise 
linear curve 2 of Fig. 5.9. The results of these four cases, V8EP4 to 7, 
are presented in Figs. s.12-s.11. The crack depths and lengths include 
some of the cases previously analyzed by linear-elastic fracture mechan­
ics (LEFM) and the TM method. Figures 5.12-5.15 show that the maximum in 
'the J 1 (~,p) distribution shifts from near ~ = 90° in the elastic range 
to near ~ = 35° after yielding. Curves of CMOD and near outside surface 
circumferential strain vs pressure are shown in Figs. 5.16 and 5.17, 
which imply a gross yield pressure )165 MPa. This value is in contrast 
to the one shown in Fig. 5.2 but is a natural consequence of using the 
Von Mises yield criterion, which tends to produce an overestimate of the 
gross yield pressure. Neither is there any clear indication of a local 
plastic instability developing near the flaw, but this is also a natural 
consequence of using an analysis based on assumptions of small strain and 
small displacement. 

To show the influence of the assumed stress-strain relationship on 
J 1 , curves of Jr vs pressure were drawn for three of the stress-strain 
cases (V8EP2, 3, and 4) identified in Table 5.4 and two values of ~ 

(88.27° and 34.62°). [Note that, in Figs. 5.12-5.15, the maxima in Jr 
(~,p) occur at ~ = 35°.] The results are shown in Figs. 5.18 and 5.19, 
which show a substantial difference between the R_.amberg-Osgood case 
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Fig. 5.12. JI vs ' and p for ORVIRT case V8EP4. 
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Fig. S.13. J 1 vs ~ and p for ORVIRT case V8EP5. 
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Fig. S.14. JI vs ~ and p for ORVIRT case V8EP6. 
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Fig. s.1s. JI vs ~and p for ORVIRT case V8EP7. 
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Fig. 5.16. CMOD vs p for four different crack geometries. Tendency 
toward local plastic instability is shown by increasing slope (dCMOD/dp) 
with increasing pressure and crack size. 
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Fig. 5.18. J 1 at ~ = 88.27° vs p, a comparison of three ORVIRT 
cases with parameters producing the be.st fits to the stress-strain curve. 
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Fig. s.19. J 1 at ~ = 34.62° vs p, a comparison of three ORVIRT 
cases with parameters producing the best fits to the stress-strain curve. 
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(V8EP2) that corresponds to the best overall fit to the stress-strain 
curve and the two more accurate piecewise linear fits (V8EP3 and 4), 
which produced nearly identical results. The other Ramberg-Osgood case 
(V8EP1), which corresponded to a better fit to the stress-strain curve 
near initial yielding as shown in Fig. 5.9(b), produced values of J 1 vs 
pressure that lie between case V8EP2 and cases V8EP3 and 4. It is clear 
that, as fully plastic conditions are approached, a Ramberg-Osgood stress­
strain representation that overestimates the nominal strain will also 
overestimate JI; this overestimation may be substantial. An accurate 
EPFM calculation for loads near the gross yield load requires an accurate 
representation of the stress-strain curve near initial yielding. 

5.2.4 Pretest estimates of J 1 vs p 

For the final pretest analyses at Oak Ridge National Laboratory 
(ORNL) a set of 3-D ADINA finite-element calculations was carried out 
with a deformation plasticity material model based on the stress-strain 
relationship given by curve 2 of Fig. 5.9(a). The associated strain­
energy-release-rate calculations were performed with the ORVIRT computer 
program. Crack geometries and loads analyzed are summarized in Table 5.5. 

Table 5.5. Semielliptical flaw geometries 
for final ADINA-ORVIRT pretest analysesa 

Semielliptical flaw 
ORVIRT dimensions 
case (mm) 
No. 

Depth, a Length, 

V8EP-8 93 280 
V8EP-9 98 280 
V8EP-10 98 290 
V8EP-ll 103 280 
V8EP-12 108 280 
V8EP-13 108 290 
V8EP-14 108 300 
V8EP-15b 113 280 
V8EP-16 103 280 

aPressure loads of 105, 140, 150, and 
155 MPa were applied in each case, except in 
V8EP8 the 150-MPa load was omitted. The 
105-MPa load induced essentially the same 
results with linear-elastic and elastic­
plastic models. 

bThis flaw had the shape of the 
pseudoellipse 

2b 
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A flat area was machined on the side of the vessel to be flawed, as shown 
in Figs. 2.23 and 2.29. This flat was included in ·the finite-element 
model of the vessel. The dimensions of the cylindrical model are shown 
in Fig. 5.20. The results of these cases (V8EP8 to 16) are presented in 
Figs. 5.21-5.29 in terms of J1(~,p). The JI peaks sharply around ~ = 20° 
to 30° at higher pressures (140 to 155 MPa) in contrast to the J 1 distri­
bution for pressures producing no large-scale yielding ((105 MPa). 

The final set of pretest analyses performed by means of the ADINA 
and ORVIRT programs was based on the stress-strain relationship used in 
cases V8EP4 to 7 but used a more refined mesh. A comparison of corre­
sponding JI(~,p) plots from the penultimate and final sets (e.g., Figs. 
5.15 and 5.21) shows that the finer mesh used in the later set of analy­
ses produced significantly higher values of JI. 

The magnitude of the differences in JI for essentially the same 
crack dimensions indicates the necessity of proper modeling studies prior 
to important application of the elastic-plasti~ finite-element calcula­
tions. The models used in these two sets are described in Table 5.6 and 
Fig. 5.30. The model used in the final set (V8EP8 to 16) has about 60% 
more elements and nodes than the earlier model. The final pretest model 
was the largest one that was practical to use in ADINA computations on 
the IBM 3033 computer available for the pretest analysis. Further as­
pects of modeling are discussed in the Sect. 5.4 on posttest calculations. 
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Fig. 5.20. Geometry of the ADINA model of the V-BA vessel. 
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Fig. 5.29. J 1 vs ~ and p for case V8EP16 (a = 103 mm, b = 140 mm). 

Table 5.6. Characteristics of finite-element 
used in analysis of V-8A 

Cases 
Parameter 

V8EP1 to 7a V8EP8 to 

Total number of elements 303 496 
Number of crack-tip elements 96 128 
Number of regular elements 207 368 
Number of nodes 1678 2652 
Number of segments on 6 8 

crack front 

apreliminary elastic-plastic pretest analyses. 

bFinal elastic-plastic pretest analyses. 

I6b 

models 

V8EP20 to 

520 
128 
392 
2760 
8 

0This series of posttest cases is described in Sect. 5.4. 

23° 
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Fig. S.30. Finite-element model used in ORMGEN-ADINA-ORVIRT pretest 
analyses of vessel V-8A. (a) Definition of parts of model, (b) model 
used in cases V8EP1 to 7, and (o) model used in cases V8EP8 to 16. 
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5.2.5 Pretest instability estimates 

Three independent ORNL predictions· of instability pressure were made 
on the basis of the pretest JR curves of Fig. 2.15 for the characteriza­
tion weld data from which these curves were obtained. These pretest 
analyses were based also on a crack depth of 91.2 nun, which had been de­
termined by pretest ultrasonic (UT) measurements," and a directly measured 
total length of 280 mm. The results of the ORNL predictions are included 
in the discussion of the pretest analysis round robin in Sect. 5.3. 

J 1 was determined in the ORNL analyses by two methods - the TM 
method of Merkle2 and the virtual-crack-extension technique of the ORVIRT 
program for calculating the strain-energy-release rate. 

The final pretest stability analyses were based on the set of ORVIRT 
strain-energy-release-rate calculations described in Sect. 5.2.4 and 
J-resistance curves for each of the characterization welds. The power­
law parameters determined by least-squares fitting of JR data over the 
full range of Aa measurements were used in these analyses, as given in 
Table 5.7 for the four characterization welds and the V-8A seam weld. 

Table 5.7. Average power-law parameters 
for the V-8A characterization welds 

and seam welda 

Number 
Weld of c 

specimens 

V852 5 137.9 
V862 6 134.0 
V882 2 123.0 
V8102 10 89.32 
Vessel seam 10 81.7 

n 

o.386 
o.451 
0.342 
0.308 
o.318 

aJR = c(Aa)n with JR in kJ/m2 and Aa in nun. 

Because the ductile tearing of the crack is a process that absorbs 
energy over the entire crack front, some simplification of J1(~,a,b,p) 
was required to represent the state of the crack by a function of a 
(or Aa) and p only. This was done by averaging the value of J 1(~,a,b,p) 
around the crack front. In these particular computations JI AV(a,b,p) 
was calculated as the average of the minimum and maximum values of 
JI(~,a,b,p) with points of low accuracy near the free surface excluded. 
Further mesh refinements would have to be made to determine whether the 
J 1 values near the surf ace are physically reasonable, but such refine­
ments were not feasible during this study. The average values are given 
in Table 5.8. Furthermore, the independent variables a and b were 
assumed to be related, for a given initial crack geometry defined by ao 
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Table 5.8. Average values of J 1 used in final 
pretest stability analysesa 

Geometric parameters 
(mm) 

a b 

93 140 

98 140 

98 145 

103 140 

108 140 

108 145 

108 150 

113 140 

Pressure 
(MPa) 

105 
140 
155 

105 
140 
150 
155 

105 
140 
150 
155 

105 
140 
150 
155 

105 
140 
150 
155 

105 
140 
150 
155 

105 
140 
150 
155 

105 
140 
150 
155 

JI AV(a,b,p)a 

(kJ/m2) 

58.9 
212.7 
544.0 

62.2 
230.8 
438.8 
587.7 

64.1 
244.9 
464.8 
619.8 

64.7 
249.3 
470.6 
626.2 

64.4 
261.9 
482.0 
642.5 

67 .5 
273.8 
479.8 
644.5 

69.7 
292.2 
521.8 
692.6 

67.9 
291.6 
514.9 
673.0 

ADINA-ORV I RT 
case 

V8EP8 

V8EP9 

V8EP10 

V8EP11 

V8EP12 

V8EP13 

V8EP14 

V8EP15 

aJ 1 Av(a,b,p) is an average of J 1(1f>,.a,b,p) with respect 
to If>• The values tabulated are the average of the maximum and 
minimum values of J1 , with points nearest each end of the flaw 
(If> < 2.37°) excluded. This approximation to J 1 AV differs from 

by ... 4% or less. 
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and bo, to an effective increment in crack size defined by 

Ila + /lb 
2 

(9) 

where Ila = a - a 0 and /lb = b - b0• A preliminary graphical solution 
based on the average JR curve for weld V8102 is shown in Fig. 5.31. By 
the graphical interpolation shown in Fig. 5.32, the predicted instability 
conditions are p = 130 MPa and Ila = 8.4 mm. The results of a more pre­
cise numerical solution, based on cases V8EP-8, -9, -11, -12, and -15 for 
which the virtual strain-energy-release rates are the highest, are shown 
in Figs. 5.33-5.36. The average J1 (p, llaeff) was determined from this 
set of cases by nonlinear interpolation with respect to pressure (p} and 
linear interpolation with respect to crack_ increment (llaeff). With these 
assumptions, the instability point for each JR curve was determined by 
numerical solution of 

with the condition that Ila be unique. The four figures, 5.33-5.36, show 
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Fig. 5.31. Graphical tearing instability solution for vessel V-8A, 
based on elastic-plastic finite-element analysis and the average JD 
resistance curve for characterization weld V8102. 
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bility based on the instability solution shown in Fig. 5.31. 
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based on characterization weld V8102. 

the instability solutions based on the JR resistance curves for the four 
characterization welds, V852, V862, V882, and V8102, respectively. For 
weld V8102, Fig. 5.36 shows that the predicted instability conditions are 
p = 133 MPa and Aa = 1.5 mm. Thus the preliminary graphical solution and 
the more precise numerical solution are in good agreement. 

5.3 Pretest Analysis Round Robin 

Because of the widespread international interest in the reliability 
of analysis methods for ensuring the safe operation of reactor pressure 
vessels, the Nuclear Regulatory Commission asked ORNL to implement a pre­
test analytical round robin for the test of intermediate vessel V-SA. 
Following the performance of flaw-sizing calculations, notch machining, 
and fatigue sharpening by cyclic pressurization, a complete package of 
pretest analysis information (see Appendix B) was mailed to a distribu­
tion list of all parties indicating an interest in the round robin. 
Because the purpose of the round robin was to facilitate the objective 
evaluation of analytic methods, including the time required to implement 
them in a realistic engineering situation, the time provided, 5 weeks, 
was considered reasonable. Because the problem involved the ductile 
tearing of a flaw under elastic-plastic conditions, the analysts were 
asked to estimate the nominal pressure-strain curve for the vessel, the 
variation of flaw dimensions with pressure, and the pressure at flaw­
tearing instability. 

-N 

E ...... -, 
~ -a:: -, 

..., 
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Pretest analyses were based on the estimated size of the fatigue­
sharpened flaw and the material properties of the characterization welds. 
A summary of the results of the pretest analytical round robin is shown 
in Table 5.9. Note that all but the lowest of the estimated instability 
pressures were within 10% of the actual instability pressure, and the 
lowest was only 14% low. The predicted estimates of flaw growth prior to 
instability range from 7 to 15 mm, while the UT-indicated value is 5 nnn. 
The three estimates received from the United Kingdom (see Appendix C) 
were all performed by the R6 Method, which has developed from a general­
ization of the through-crack strip yield equation for a plate under ten­
sion. The assumptions involved in the UK analyses included (1) completely 
ductile crack extension, (2) material properties falling within the scat­
ter bands of the characterization data, (3) material properties unaffected 

Table S.9. Vessel V-8A pretest analytical round-robin 
results for ductile flaw instability 

Organization Method 
p ). Aaa 

(MP a) (%) (mm) 

National Bureau Simplified Line 153 0.126 12 
of Standards Spring 

ORNL TM and JR 150 o.133 10 
curve 

IWM, Frei burg (Not specified) 147 15 

ORNL ORVIRT and 147 10 
JR curve 

CERL R6 141 0.108 7 

ORNL Experimental 140 0.12 5 
results 

ORNLb ORV I RT 139 8 
JR curve 

AERE R6 128 7 

National Nuclear R6 121 0.092 7 

aPrior to instability. 

bBased on the JR curve for weld V882. Unpublished pre-
test predictions based on welds V852, V862, and V8102 were 
p = 143, 145, and 133 MPa and Aa = 11, 17, and 8 nm, 
respectively. 
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by intermittent partial unloading or sustained loading, (4) the crack act­
ing as a sharp planar defect, and (5) pressure reduced at initial through­
thickness flaw instability to prevent axial flaw instability. It was 
noted that there might be a potential for time-dependent effects to pro­
mote a flaw instability if the pressure was held constant close to flaw 
instability.1 3 

The estimate by the Simplified Line Spring Model,14 performed by 
National Bureau of Standards (NBS), Boulder, Colorado (see Appendix D), 
was particularly complete. It included estimates of· both the CMOD and 
the crack-tip-opening displacement (CTOD), as well as the pressure-strain 
curve and the flaw instability pressure. The CMOD estimate was in good 
agreement with the elastic-plastic finite-element calculations performed 
at ORNL, although both estimates underpredicted the measured values near 
flaw instability, probably because of axial flaw growth. 

The ioothod of analysis used by IWM Freiburg (see Appendix E) was 
also based on the R6 Method, but the result was presented as a plot of 
pressure vs current crack size. Three curves were prepared, correspond­
ing to the estimated mean and extremes of R-curve behavior. Instability 
was defined by the maximum load point on the plot of pressure vs current 
crack depth. 

The calculations performed at ORNL by the ORGMEN-ADINA-ORVIRT pro­
grams, 3- S the results of which are discussed in Sect. 5.2.5, proved to be 
quite accurate, including indications of a propensity for axial crack 
tunneling. The diverseness ·of the resistance curves accounts for most of 
the scatter in the ORNL predictions of the instability pressure. How­
ever, stable flaw growth predictions were not very sensitive to the 
choice of a JR curve. 

In general, it was observed from the estimates submitted that a 
lower bound R-curve provided the best estimate of flaw instability pres­
sure, unless other deliberate conservatisms were introduced. Crack­
opening displacements and strains for partial yielding were estimated, 
and good accuracy was obtained by algebraically direct approximations as 
well as by numerical methods. It was demonstrated that engineering 
methods are available for analyzing 3-D flaw problems involving elastic­
plastic behavior, at least for flaws in plain plates and cylinders. 

5.4 Posttest Calculations 

5.4.1 Posttest R-curve measurements 

After the V-8A test, measurements were made of the initial and final 
flaw dimensions, and JR tests were made on specimens of material cut from 
the vessel. The pretest measurements of the flaw dimensions were reason­
ably accurate, as indicated by the pretest and posttest values given in 
Table 5.10. Results of the JR.specimen tests for the vesse1IS are given 
in terms of Jn (the deformation-theory interpretation of tearing resis­
tance tests) in Fig. 2.15 and Table 5.7, which show that the V-8A weld 
seam had tearing resistance similar to that of weld V8102, the character­
ization weld with the lowest tearing resistance. Appendix L includes the 
JD data of Ref. 15 and tabulated values and plots of the modified resis­
tance (JM) curves for the V-8A special seam weld. 
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Table s.10. Flaw geometry measurements 
made posttest on actual 

fracture surf aces 

Measurement 

Wall thickness (w) at 
flawed section 

Initial 
Final 

Flaw depth (a) 

Initial 
Finale 

Flaw length (2b) 

Initial 
Finale 

Dimensions 
(mm) 

Pretest 

144.S 

91.2 

280.0 

Post test 

141.3~ 
140.0 

87.8 
101.4 

280.0 
453.0 

aLargest value measured. Unnecked 
section was probably slightly thicker. 

bAt center of flaw. See Table N.l 
(Appendix N) for other measurements. 

eThese are dimensions after the test was 
completed. See Sect. 4.4.6 and Appendix N 
for a detailed description of the final flaw 
geometry. 

S.4.2 ORNL ORVIRT calculations 

A tearing instability analysis based on the principles discussed in 
Sect. 5.2.5 was performed. The pretest series of ORVIRT calculations of 
J-applied, V8EP8-V8EP15, was used in conjunction with the initial flaw 
depth measured posttest (Table S.10) and the JD tearing resistance deter­
mined posttest from the V-8A weld seam (Table 5.7). The J 1 - JR rela­
tionships in this analysis are shown graphically in Fig. 5.37. The cal­
culated instability conditions are p = 134.5 MPa and ~a = 12.5 mm. 

An approximate graphical analysis using the JM tearing resistance 
curve for specimen V8AJ4 was also constructed, as shown in Fig. S.38. 
Despite the fact that specimen V8AJ4 had relatively low tearing resis­
tance compared with the other V-8A test weld specimens and that two tear­
ing instabilities were produced in the test of vessel V-8A, none is 
predicted in Fig. 5.38. Thus, it appears that further analytical investi­
gations are necessary before JM resistance curves can be used with conf i­
dence in conjunction with J-applied curves calculated by deformation 
theory for the safety analyses of structures. 

Comparison between pretest analyses and experimental measurements 
indicated a need to improve the accuracy of CMOD and circumferential 
strain calculations. In this regard, the development of crack tunneling 
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Fig. 5.38. Graphical tearing instability diagram for vessel V-BA 
based on elastic-plastic Unite-element analysis and the JM resistance 
curve for test weld specimen V8AJ4. Note that no tearing instability is 
predicted within the range of experimental JM data. 



145 

by stable tearing beneath the vessel surface made it necessary to con­
sider departures from semielliptical crack shape as a possibly important 
factor in improving the accuracy of CMOD calculations. 

Posttest fracture analyses of the V-8A test were made at ORNL on the 
basis of direct measurements of approximate flaw geometry and material 
properties. Figure 5.39 illustrates the series of four crack profiles 
that were analyzed with the ORMGEN-ADINA-ORVIRT system. Profile 1 is the 
initial configuration and profile 4 the final configuration. The ORMGEN­
generated finite-element model of profile 4 is depicted in Fig. 5.40. The 
dimensions and geometrical features of the cylinder for this series are 
identical to those of the final pretest series, V8EP8 to 16. The finite­
element models of the two .series are similar, the only differences being 
crack shape, the inclusion of an additional layer of elements (through 
the thickness) in parts B and D of the model shown in Fig. 5.30(e), and 
the consequential shifting of element boundaries. within parts A and C to 
accommodate the additional layer. Attributes of the mesh for the post­
test series are included in Table 5.6 for comparison with earlier models. 

This series of four ORMGEN-ADINA-ORVIRT calculations is the basis of 
only qualitative comparisons of analysis and experiment, excluding the 
onset of tearing instability. Results from these four analyses are pre­
sented in Figs. 5.41-5.45 for J 1(~,p) and in Fig. 5.46 for CMOD. These 
analyses indicate that the peak values of J 1 associated with the initial 
profile for ~ ~ 20° and p

0 
) 135 MPa are reduced relative to the maximum­

depth values at ~ = 90° as the crack profile progressively takes on the 
canoelike shape of the final configuration. This is illustrated by the 
family of Jf(~,p) curves shown in Fig. 5.45 for the progression of four 
crack profi es at a single pressure, 135 MPa (near which most of the 
tearing occurred in the test). Profile 1 (semiellipse) shows a rela­
tively high driving force for crack extension in the directions of 
10° < ~ < 20°; progressive canoeing (profiles 2--4) appears to diminish 
this tendency. These analytical results agree qualitatively with the ex­
perimental observations that little, if any, axial crack growth occurred 
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Fig. 5.40. Schematic of finite-element model generated by ORMGEN 
for final crack configuration (profile 4). 

250 

200 

N 150 .§. 
-, 
~ 

-, 100 

V-8A PROFILE 1 

ORNL-DWG 83-5465A ETD 

PRESSURE 
(MPa) 

/• .... .-·-·-· • -·-·---·-·---135 

-·-----·-·---·-·-·-·--·--·- 45 0 0 10 20 30 40 50 60 70 80 90 100 

</>(deg) 

Fig. 5.41. JI vs ~ and p for initial crack (profile 1), case V8EP23. 

at pressures below ~138 MPa, while· extensive canoeing occurred at or 
above this pressure. It is not known whether the variations in J 1 with ~ 
when ~ < 10° are physically real or an artifact of the numerical method. 

Th~ comparisons between measured and computed CMOD values in 
Fig. 5.46 reflect that the stress-strain curve of Fig. 5.9(a) (curve 2) 
used to model the vessel material is overly stiff near the yield stress 
in the elastic region. An adjusted stress-strain curve that more accu­
rately reflects the posttest measured properties of the V-8A vessel mate­
rial in the elastic region near the yield point is depicted in Fig •. 5.47. 
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This stress-strain curve was used with 3-D finite-element models that 
better approximate the initial and final crack configurations in a repe­
tition of the stress analyses described above. Computed results from 
this second set of analyses are compared with measured data in Fig. S.48 
(for CMOD) and in Fig 5.49 (for inner- and outer-surface hoop strain) and 
indicate improved agreement with the experimental data. 

The posttest series of finite-element analyses, when compared with 
corresponding pretest analyses, is a further illustration of the sensi­
tivity of J1 (~,p) to details of the finite-element nesh (see Sect. 5.2.4). 
Figures 5.21 and 5.41 show J1 (~,p) for semielliptical cracks of approxi­
mately the same geometry. The differences at low pressure (<105 MPa), at 
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Fig. 5.48. Comparison of measured and calculated values of CMOD in 
V-8A at center of flaw. Almost all crack growth occurred above 120 MPa. 
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which the unflawed cylinder is essentially elastic, are negligible. How­
ever, at 140 MPa the maxima in JI are quite different, 217 vs 248 kJ/m2 
for the posttest (Fig. S.41) and pretest (Fig. S.21) cases, respectively. 
The disparities caused by differences in the refinement of the mesh are 
large when plasticity becomes extensive, as it was during the last three 
pressurization cycles of the test. Inside- and outside-surface strain 
measurements (Appendix M) show that the ligament of the crack was fully 
plastic and large plastic zones extended from the ends of the crack on 
the outside surf ace. Further analyses of the initial crack with the 
ORMGEN-ADINA-ORVIRT system are necessary to determine whether the latest 
mesh refinement gives a reasonably accurate representation of J1(~,p). 

S.4.3 Other posttest calculations 

Several additional posttest analyses of vessel V-8A were made or 
received from others. Collectively these analyses led to valuable addi­
tional clarifications of both the physical and calculational aspects of 
tearing instability analysis. 

160 
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Posttest analyses of vessel V-8A by the J-T diagram procedure were 
developed by both ORNL (see Appendix F) and by a group of cooperating 
organizations in the UK (see Appendix G). The ORNL analyses described in 
Appendix F were of the simplest type, assuming a linear J-T applied· line. 
Although it was possible to obtain an accurate estimate of the tearing 
instability pressure by using the measured lower bound R-curve, the cor­
responding estimate of crack extension at instability was not accurate, 
because of the neglect of increasing crack size in the basic method. 
Some of the UK calculations in Appendix G also used straight J-T applied 
lines, but others deliberately omitted this assumption, thereby develop­
ing excellent examples of the nonlinearity that occurs in J-T applied 
curves when the applied load approaches a crack-size-dependent fully 
plastic load. Appendix G states that there are methods other than the 
J-T diagram procedure by which it is easy to consider both the increase 
in crack size caused by stable tearing and crack-size-dependent limit 
loads. 

For both power-law stress-strain curves and R6 estimates of 
J-applied, the nonlinear J-T applied curves developed numerically in 
Appendix G provided the motivation for development of a mathematical 
expression for the J/T ratio for the R6 method, which is presented in 
Appendix H. This solution confirms the general nonlinearity of J-T 
applied curves, when the variables of load and crack size are not arbi­
trarily separated, and eliminates the need for potentially inaccurate 
numerical differentiation to obtain the values of T-applied for the R6 
method. 

A posttest analysis of V-8A by the Deformation Plasticity Failure 
Assessment Diagram (DPFAD) procedure was performed by the B&W Company, 
the fabricator of the V-8A test weld. This analysis is described in 
Appendix I, which utilizes approximate solution curves based on elastic­
plastic J estimates for a through crack in a flat plate. In these calcu­
lations, unlike the ORNL graphical analysis, an improvement in accuracy 
was obtained by changing from a J 0 (deformation J) to a JM (modified J) 
resistance curve. A straightforward explanation of the DPFAD curve, as a 
graphical device for solving the nonlinear equation that determines the 
load satisfying the equation Jmat = Japp! for a given current crack size, 
is developed in Appendix J. An explanation of the physical and mathemati­
cal bases for the deformation and modified J parameters is developed in 
Appendix K. Because the DPFAD analysis in Appendix I used an analytical 
model that was an indirect approximation (a through crack in a flat 
plate), conclusions cannot be drawn on this basis alone concerning the 
relative merits of using JM vs J 0 resistance curves for tearing insta­
bility calculations. An evaluation of this matter requires additional 
calculations and a comparison of the analytical assumptions underlying 
the calculation of J for a flawed vessel and the CT toughness specimen. 

5.4.4 Discussion of posttest calculations 

Table s.11 summarizes all the posttest tearing-instability calcula­
tions made for vessel V-8A. The individual results are listed in order 
of decreasing calculated pressure, thereby displaying the relative accu­
racy of the methods used with respect to the experimental results. The 
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Table 5.11. Vessel V-SA posttest calculations and experimental 
results for ductile flaw instability 

Outside Details 
Organization Method Pressure circumferential Aa in (MP a) strain (mm) 

(%) Appendix 

IWM, Frei burg R6 145 9.0 E 

ORNL TM ( 2bo • 279.4 mm) 145 13.3 

ORNL 'IM (2bo a 304 .8 nm) 144 0.12 12.7 A 

ORNL J-T 140 0.26 28.2 F 

RNL J-T 140 15.0 G 

ORNL Experimental results 140 0.12 5.0 

B&W DPFAD; JM 139 7.6 I 

CERL J-T and R6; a = ao 136 5.0 G 

ORNL ORV I RT and JR curve 134.5 12.5 

B&W DP FAD; JD 132 s.1 I 

CERL J-T and R6; 130 5.0 G 
a = a 0 + 6 mm 

TM calculations are pretest estimates based on an R-curve for weld V8102, 
the characterization weld known from posttest data to best represent the 
vessel test material. In the case of the J-T calculations made by ORNL, 
only the calculation based on the measured R-curve for weld V8102 is 
shown, because the other calculations were made primarily for the auxil­
iary purpose of evaluating R-curve parameter correlations with Charpy 
impact energy. The range of estimated instability pressures shown in 
Table 5.11 is less than the range for the pretest calculations shown in 
Table 5.9, as expected. Also noteworthy are the overestimates of ~a at 
instability made by the J-T method, because of the neglect of this factor 
in the calculation of J. In addition, there is a scarcity of strain 
estimates, with one accurate but the other inaccurate because of the ex­
cess strain near yielding estimated by the Ramberg-Osgood equation. In 
fact, the only analyses of vessel V-8A that included accurate strain 
estimates were the Simplified Line Spring and TM estimates. As shown in 
Appendix A, the TM method also produced accurate posttest estimates of 
both load and strain at instability for vessels V-1, -3, and -6. The 
series of J-T calculations contained in Appendix F also produced accurate 
values of instability load and strain for vessels V-1, -3, and -6, but, 
as indicated above, the same method did not produce an accurate strain 
estimate for vessel V-8A. 
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In Table s.11, the highest and lowest calculated pressures are 3.6% 
above and 7.1% below the measured instability pressure. Moreover, all 
but the last two results listed are within ±4% of the measured result. 
The main reason for the improvement in accuracy with respect to pretest 
calculations is the use of JR curves near the lower bound of the measured 
scatter band, although the DPFAD-JM analysis is an exception to this ob­
servation. Because the use of a JM resistance curve in conjunction with 
a 3-D elastic-plastic calculation of J did not produce an instability 
estimate, it· is clear that numerical precision alone does not lead to 
accuracy. More work is needed on this issue. 

Six different methods of analysis were used for pretest or posttest 
analyses of V-8A, and it is instructive to compare these methods of 
analysis with regard to some of their basic features. Five basic fea­
tures are directly related to the completeness, accuracy, and ease of 
execution of the analytical procedures: 

1. considers plastic instability, 
2. considers effects of increasing crack size on calculated value of J, 
3. can directly calculate the load corresponding to specified values of 

crack size and toughness, 
4. relates load to nominal strain by using a numerically or analytically 

exact elastic-plastic stress and strain analysis solution, and 
s. provides solution for J. 

A comparison of the six methods of analysis used for vessel V-8A 
with regard to the five analytical features listed above is shown in 
Table 5.12. Except for load-strain considerations, an almost steadily 
increasing progression of factors is considered by the different analyti­
cal methods. Note, however, as shown by the last line in Table 5.12, 
that nonlinear numerical methods for calculating J cannot solve for 
unknown loads. The footnote in Table 5.12 indicates that the J analysis 

Method 

J-T 
R6 
Line spring 
DP FAD 
TM 
ORV I RT 

Table 5.12. Comparison of features included in 
analytical methods used to make tearing 
instability estimates for vessel V-8A 

Plastic 
instability 

x 
x 
x 
x 
x 

· Crack 
extension 

x 
x 
x 

Load 
calculation 

x 
x 

Load vs 
strain 

a 
a 

x 
x 

aJ analysis is 
stress and a load. 

based on a fixed relationship between nominal 

Exact 
J 

x 
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is based on a fixed relationship between a nominal stress and the load. 
Nominal strain at the flaw location is not calculated directly, but it 
can be determined from a separate stress analysis of the uncracked struc­
ture. However, the stress calculated at the flaw location by the stress 
analysis may not be the same as the nominal stress used to calculate J, 
because of either stress gradients or yielding or both. 

5.5 Evaluation of Results 

The tearing instability analyses performed on intermediate test 
vessel V-8A by ORNL and by others consisted of pretest analyses, includ­
ing premachining flaw design calculations, and posttest calculations. A 
variety of analytical procedures were employed; each differed partially 
in detail from the others, but all aimed at predicting a load at insta­
bility with respect to current crack size caused by ductile tearing of 
the crack. All the analyses were based on J-integral resistance curve 
data for the test material, and all attempted to predict, in some 
fashion, a load maximum as a function of current crack size. 

Not all the analyses performed by others were described completely, 
so that it was not always possible to fully explain the results or to de­
termine exactly why one result differs from another. However, after re­
viewing all the analytical results, it is possible to make a general 
statement of the problem and to identify the numerous important features 
of an elastic-plastic tearing instability analysis. 

The basic analytical problem in an elastic-plastic tearing instabil­
ity analysis is to formulate an equation that is nonlinear to an arbi­
trary power in the load, relating the load and the current crack size to 
the tearing resistance of the material, which is itself a function of the 
crack size increase, and then to solve the equation for the load. Fur­
thermore, by either differentiation or repeated calculations over a range 
of current crack sizes, a load maximum is to be determined. 

Some of the most important features of a tearing instability analy­
sis were discussed in the preceding section. A more complete listing of 
important features follows. 

A. LEFM 

1. The source and exact expressions for the LEFM shape factor in the 
expression for Kr, and 

2. the reference stress for calculating the linear-elastic value of 
Kr• 

B. EPFM and plastic instability 

1. Consideration of the loap that will cause local plastic insta-
bility near the crack; 

2. the mathematical expression for the local plastic instability 
load; 
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3. the mathematical expression for J and its rearrangements for 
determining an assessment curve or a J-T applied curve, where 
used (analytical or numerical); 

4. the method for load determination as a function of current crack 
size and tearing resistance -

(a) analytical, 
(b) numerical iteration, and 
(c) graphical (e.g., failure assessment curves); and 

5. method for determining the relationship between load, nominal 
stress, and nominal strain at the location of the flaw. 

c. Material properties 

1. The shape of the stress-strain curve used for analysis and its 
comparison to the actual material stress-strain curve, 

2.· choice of the crack extension correction for reducing R-curve 
data (JM o~ JD), 

3. consideration of the temperature dependence of the elastic 
modulus, and 

4. choice of the plane-stress or plane-strain values of the elastic 
modulus. 

D. Tearing instability analysis 

I. Method for determining the tearing instability load 

(a) successive load determinations using 6a as the independent 
variable; and 

(b) diagrams - (1) JR tangency and (2) J-T intersection with 
separate load calculation; 

2. variability of the loading parameter in the. equation for J with 
crack size through the crack-size dependence of the local plastic 
instability load; 

3. assumption regarding crack size and shape changes during stable 
tearing, especially for loads approaching the limit load of the 
flawed region; and 

4. in the case of the J-T diagram, the linearity or nonlinearity of 
the J-T applied curve, either for a fixed crack size because of 
D.2 or because of updating the crack size. 
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6. CONCLUSIONS 

Intermediate test vessel V-8A was successfully tested with a semi­
elliptical outside surf ace flaw in a special seam weld of material having 
low tearing resistance (i.e., low-upper-shelf material). The primary ob­
jective of the test was to observe and record the tearing behavior of the 
flaw while the vessel was loaded incrementally through phases of stable 
tearing and into a tearing instability. 

The special seam weld, as fabricated, had the properties desired. 
The Charpy impact energy on the ductile upper shelf was low, as is common 
to irradiated high-copper welds; the tearing resistance of the special 
seam weld was also representative of that of irradiated high-copper 
welds. 

The desired tearing conditions were attained. 
observed at pressures at least as high as 138 MPa. 
was induced twice and, in each case, was terminated 
ing. The test was terminated without rupturing the 
fracture surface was preserved. 

Stable tearing was 
Tearing instability 
as planned by unload­
vessel, and the final 

On the basis of flaw geometry, material properties, and loading con­
ditions, pretest and posttest analyses were made to estimate the marginal 
conditions for tearing instability. The pretest analyses, all based on a 
slightly erroneous estimate of initial crack depth, tended to overesti­
mate the extent of stable crack growth; some underestimated and some 
overestimated the instability pressure. 

Posttest analyses performed on the basis of correct information re­
lating to crack size and material properties are more instructive of the 
merits of the various methods of analysis. The test results indicate 
that a good analysis of tearing instability of a pressure vessel should 
take into account, at least implicitly, the following factors: 

1. conditions of local and general plastic instability; 
2. a good representation of the shape of the stress-strain properties of 

the flawed material, especially near the yield point; 
3. for methods using J 1 , a representation based on elastic-plastic 

analysis; 
4. in the case of elastic-plastic finite-element analysis, the need for 

sufficient mesh refinement to preclude excessive numerical errors; 
and 

s. scatter of data in tearing resistance curves. 

Tearing resistance curves in terms of J as a function of Ila are 
useful in estimating conditions of tearing instability. However, the 
advantages of using the JM parameter instead of the J0 parameter are 
ambiguous, because the accuracy of an approximate analysis was improved 
by using JM but the accuracy of a more precise numerical analysis was 
not. Nevertheless, this test suggests that estimates of instability may, 
in fact, be within the range of common engineering uncertainties. How­
ever, the test data should be a basis for improving the interpretation of 
tearing resistance data and their methods of application. 
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Appendix A 

ELASTIC-PLASTIC TEARING INSTABILITY ANALYSES FOR INTERMEDIATE 
TEST VESSELS BY THE TANGENT MODULUS METHOD 

A complete method of analysis for estimating margins of safety 
against ductile fracture should include an elastic-plastic stress and 
strain analysis of the uncracked structure; a local plastic-instability 
analysis for the region surrounding the flaw; a J-integral resistance 
curve; and an elastic-plastic relationship among strain (or load), crack 
size, and the crack extension parameter. To avoid inaccuracies caused by 
abrupt changes in the strain-hardening tangent modulus, the latter rela­
tionship should be based on strain rather than stress. In addition, 
agreement with vessel test data and ease of interpreting the calculated 
results in a physical sense clearly are important features of a method of 
fracture analysis to be used for evaluating safety margins. 

A method of elastic-plastic fracture analysis applicable before 
gross yielding is called linear-elastic fracture mechanics (LEFM) based 
on strain.I This method has been verified by the test results obtained 
in the transition temperature range from Heavy-Section Steel Technology 
(HSST) vessels V-2 and V-4. The data for these vessels indicated that 
the fracture strain for a flaw in a vessel cylinder can be accurately 
estimated by LEFM, provided that yielding does not progress completely 
through the vessel wall. After through-thickness yielding has occurred, 
the method becomes increasingly conservative as strain increases. It 
appears that this method works in the case of a vessel cylinder partly 
because little or no plastic strain occurs in the axial direction, tan­
gential to the crack tip, and, therefore, a condition of full transverse 
restraint is maintained along the crack front even after partial yielding 
has occurred. When applying LEFM based on strain, the failure strain is 
calculated directly as if it were a totally elastic strain, and the 
corresponding pressure is then determined from the nonlinear pressure 
strain curve for the flaw location, ignoring the presence of the flaw.l 
A calculated pressure vs outside surface circumferential strain curve for 
an intermediate test vessel is shown in Fig. A.1. 

The more general method of elastic-plastic fracture analysis to be 
applied here is the tangent modulus method, previously applied by Oak 
Ridge National Laboratory (ORNL) to several sets of HSST Program test 
specimens, including small-scale steel model pressure vessels,l inter­
mediate tensile specimens,l and intermediate test vessels with nozzle 
corner cracks.2 This method of fracture analysis was originally .devel­
oped from Neuber's equation3 for the inelastic stress and strain concen­
tration factors for a sharp notch, 

K K = K2t , a £ 

by writing the left-hand side of Eq. (A.1) in incremental form. In 

(A.1) 

Eq. (A.I), K
0 

and K£ are the inelastic stress and strain concentration 
factors, respectively, and Kt is the theoretical elastic stress concen­
tration factor. The incremental form of Eq. (A.I) is 
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Fig. A.1. Calculated pressure vs outside circumferential strain 
curve for intermediate test vessel. 
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(da) (d£) _ 2 
dS d). - Kt ' (A.2) 

where a and S are the peak and the nominal stresses, respectively, and 
£ and ). are the peak and the nominal strains, respectively. Additional 
analysis has shown that Eq. (A.2) can be derived by differentiating the 
results of a J-integral analysis of an elastic region containing a sharp 
notch with a reduced modulus zone surrounding the notch tip.4 Although 
derived from elastic analysis, Eq. (A.2) is applicable, as an approxima­
tion, to elastic-plastic analysis because of the linearity of the flow 
rule that governs the plastic strain increments in incremental plasticity. 
According to the incremental theory of plasticity,5,6 the plastic strain 
increments at a point are linearly proportional to the effective stress 
increment and inversely proportional to the strain-hardening tangent 
modulus. The latter quantity varies from point to point and also changes 
between load increments with the total effective plastic strain. 

The working form of Eq. (A.2) is obtained by using the substitutions 

da E 
d£ = s 

dS = E 
d). g 

and the equation 

K = 2C _fa 
t 1P' 

(A.3) 

(A.4) 

(A.5) 

where Es is the strain-hardening tangent modulus, Eg is the gross section 
tangent modulus in the plane of the flaw, p is the crack-tip root radius, 
and, as shown by Creager and Paris,7 C is the LEFM shape factor in the 
expression for K1• The result after rearrangements is the incremental 
expression 

dE/P m 2Cf8 ~ dA , (A.6) 

Note that, although neither d£ nor p can be determined separately, their 
product can be determined from the quantities appearing on the right-hand 
side of Eq. (A.6). The integration of Eq. (A.6) is facilitated by 
approximating the stress-strain curve with a series of connected straight­
line segments, as shown in Fig. A.2. The tangent modulus Eg is considered 
to be the average tangent modulus across the section containing the flaw. 
In the case of tensile loading, for strain increments in the strain range 
below the yield strain, Eg has the value of E. For strain increments in 
the strain-hardening range, Eg has the value of Es• For strain incre­
ments in the transition range between the yield strain Ay and the strain 
at the onset of strain hardening ).s' the tangent modulus Eg is assigned a 
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s 

0 

Fig. A.2. Piecewise linear representation of tensile stress-strain 
curve. 

value determined by the strain gradient caused by the eccentricity of the 
net section.1 For a linearly varying strain distribution, it can be 
shown that the average tangent modulus across a plane section is the 
ratio of the stress difference to the strain difference between the two 
surf ace points at the ends of the section. In the transition range of 
strain, the average tangent modulus changes continually with strain. 
However, to simplify the analysis, the average tangent modulus is esti­
mated as the ratio of the stress difference across the section as a 
result of bending, when initial yielding just occurs at the cracked sur­
face, divided by the difference between the strain at the onset of strain 
hardening and the bending strain at the opposite unyielded surface. Thus, 
in the transition range of strain, 

(llSb) 
\ S Sy 

E = ~~---------~---~-
g ( /lS ) , 

).-1-2). 
s s y 

(A.7) 

where S is the nominal net section stress at the cracked surface, /lS is 
the stress difference across the section as a result of bending, ).Y fs 
the yield strain, and ). is the strain at the onset of strain hardening. 

s Equation (A.7) describes conditions just before the onset of strain 
hardening at the cracked surface, assuming that the stress and strain at 
the back surf ace remain constant in the· elastic range as yielding pro­
gresses inward from the cracked surface. The term (/lSb/S) in Eq. (A.7) 
is estimated by finding the fractional linear stress decrease across the 
net section that, considering the area removed by the crack but not the 
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crack-tip stress concentration, still maintains the line of action of the 
applied load at the midpoint of the gross section. Therefore, taking the 
moment of the linearly varying net section stress distribution about the 
back surf ace of the specimen, treating the stress that would have acted 
over the area of the crack as being a uniform tensile stress equal to the 
linearly varying net section stress acting at the centroidal depth of the 
crack, and equating the resulting moment arm to t/2 gives 

l1Sb 1 
~- = ~~~~~~~~~~~~~-

s (1 - k1) + ___ l ___ _ 

6 (:~) (2k1 - 1) 

(A.8) 

In Eq. (A.8), k 1 is the fractional distance of the crack area centroid 
from the back surface, Ac is the crack area, and A1 is the effective 
gross section area. In the case of a surface-cracked tensile specimen, 
the difference between net and gross section areas causes actual differ­
ences between net and gross section strains, as well as a net section 
stress gradient. In the case of a pressure vessel cylinder, the effec­
tive gross section area is estimated only for the purpose of estimating 
the stress gradient near the flaw caused by the eccentricity of the flaw 
area, but the net and gross section strains are otherwise assumed to be 
equal. For a semielliptical surface crack, the crack area is given by 

A irab 
=--c 2 

(A.9) 

and the distance ratio k1 is given by 

k1 1 4 (~)· = - 3Tr (A.10) 

For a surface crack in a vessel cylinder, the effective width of the area 
affected by the crack is estimated to be about five times the thickness, 
so 

(A.11) 

The value of the elastic shape factor C for a single part-through 
surf ace crack can be estimated by any one of the several approximate 
methods available, or it can be calculated by the finite-element method. 
However, for simply and directly performing a series of calculations 
covering a range of crack sizes, shapes, and stress gradients, it is 
convenient to have a set of algebraic equations that explicitly consider 
back surface effects, crack shape, and stress gradients. Two recently 
developed sets of equations of this type are the equations fit to the 
present AmePiean Soeiety of Meehanieal EngineePs (ASME) Code Sect. XI 
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Appendix A curves by Cipolla8 and the equations fit to an extensive 
series of three-dimensional finite-element calculations by Newman and 
Raju.9 Another older but simpler set of equations developed at ORNL,10 
based partly on photoelastic experimental data obtained at Virginia Poly­
technic Institute,11 was used for making the tangent modulus caleulations 
presented in this report. These equations have also been used by ORNL 
for analyzing the run-arrest behavior of an initially semicircular part­
through surf ace crack located in a thick-walled steel test cylinder sub­
jected to thermal shock loading.12 The basic equation of LEFM is written 
in the conventional form 

(A.12) 

where as is the elastically calculated surf ace stress at the flaw loca­
tion. Referring to Fig. A.3, the factor C for a semielliptical part­
through surface crack is represented semiempirically by the expressionlO 

(A.13) 

where M1 and M2 are the front- and back-face free surf ace magnification 
factors, respectively, and the factors F(8) and ~ are taken from the 
analytical solution for a buried elliptical crack under uniform tension.13 

The factors M1 and M2 are given bylO 

M1 = .Po(B) - (i - ::) (~a) ip1 (e) (A.14) 

[
tan( na/2t)l l/ 2 [ (a)S/ 2 ] 

na/2t J 1 + t sin ~ , (A.15) 

where 

$0(8) = 1.211 - 0.186(cos 8)1/2 , (A.16) 

$ (8) = o.1a + o.s4 (~) cos 0 • 
1 

(A.17) 

The factor F( 8) is given by 

F{8) = [1 - I - (:)2 J4 
+ (:)2 cot2 

• 
1 

(A.18) 
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Fig. A.3. Definition of terms associated with the analysis of a 
semielliptical surf ace crack. 
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The elliptical integral t in Eq. (A.13) can be calculated with sufficient 
accuracy by using the empirical equation14 

(
a )1.65 

t2 = 1 + 4.593 2b • (A.19) 

For an external surf ace flaw of the shape used in the intermediate 
test vessels, the maximum value of K1 occurs at the deepest point of the 
flaw, for which 0 = 0°. In addition, by fitting a straight line to the 
elastic stress distribution in the outer portion of the vessel wall,15 
a

0
/as = 2.10/1.84 = 1.196. Consequently, for the intermediate test ves­

sels, the equations for M1, M2, and F(0) at 0 = 0° become 

M1 = 1.025 + 0.391 (~) [o.18 + 1.08 (;b)] (A.20) 

= [tan(na/2t)]
1
/

2 

M2 na/2t ' (A.21) 

F( 0) = 1 • (A.22) 

For elastic-plastic calculations based on toughness measured in 
terms of a J-integral resistance curve, the value of J corresponding to a 
given amount of stable crack growth can be determined from the resistance 
curve or from an empirical equation for estimating the curve from Charpy 
and tensile data, if a measured resistance curve is not available. For 
subsequent calculations, it is convenient to convert the value of J into 
an equivalent value of Kc, using the equation 

K = IEJ • c (A.23) 

The value of nominal strain in the vessel wall required to develop the 
same level of toughness can be calculated by integrating Eq. (A.6) after 
first expressing the toughness quantity appearing on the left-hand side 
of Eq. (A.6) in terms of its equivalent value of Kc· This conversion is 
based on the premise that strain hardening occurs immediately at the 
notch tip and that the notch-tip fracture strain is independent of 
whether the nominal strain is above or below the yield strain. Assuming 
nominally elastic conditions, the nominal fracture strains determined 
from Eqs. (A.6) and (A.12) can be equated, resulting in the conversion4 

(A.24) 
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which, for an estimated modulus ratio E/E
6 

= 100, then becomes 

Ef/P = 11.284 >-y (:~) • (A.25) 

When the nominal fracture or tearing strain Af is below the yield 
strain, LEFM based on strain is the appropriate method of analysis. The 
outside surface circumferential strain is then given by 

K 
c 

MC (:s) . , (A.26) 
.r;a 

where M is the modulus relating pressure to elastic strain and (a/p) is 
the ratio of the elastically calculated outside surf ace circumferential 
stress to the pressure. For the intermediate test vessels, (a /p) = 
1.84, and M = 1320 MPa (%>-1. s 

When the nominal strain is in the transition range (Ay < Af < As), 
integrating Eq. (A.6) gives 

(A.27) 

Solving Eq. (A.27) for Af and then using Eq. (A.25), the fracture or 
teari~g strain in the transition range of strain is given by 

5.642 >-y (~) - • ~ }. 
era \IE; Y 

Af = ~ + ------------ • 

~ 
(A.28) 

When the nominal strain is in the strain-hardening range (Af > As), 
integrating Eq. (A.6) gives 

ef:,P = 2cra [f. >-y + f. <\ - '-y) + <>-f - "s)] (A.29) 

Solving Eq. (A.29) for Af and then using Eq. (A.25), the fracture or 
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tearing strain in the strain-hardening range is given by 

[
5.642 >-y (:c ~ ~ ] 

Af = A + . y - - A - _a (A - ~ ) • 
·s Cr- E Y E s Y ya . s s 

(A.30) 

Note that Eq. (A .• 26) for the elastic range takes the effects of biaxial­
ity into account; Eqs. (A.27)-{A.30), however, are based on a uniaxial 
state of stress. Consequently, ·,for a cylinder the occurrence of yielding 
may be indicated by Eq. (A.28) for the transition range, but is not yet 
indicated· by Eq. (A.26) for the elastic range. For the calculations to 
be discussed h.ere, as an approximation the applicable range of strain was 
determined by uniaxial calculations, with biaxiality then being taken 
into account fqr those cases indicated to be ·in the elastic range. 

Once a strain for fracture or stable. tearing has been calculated, 
. the corresponding load can be determined from the load-strain diagram. 
In the case of the HSST Program intermediate test vessels, the pressure­
strain diagram· is shown in Fig. A.1. For calculating pressures from 
strains beyond the range of the curve shown in Fig. A.1, the equation for 
the fully strain-hardened portion of the pressure-strain curve is 

p = .177.S + 19~3A (A > 1.4%) (A. 31) 

where the pressure p is in megapascals and the strain A is in percent. A 
similar diagram can be calculated analytically for a vessel of given di-
mensions and material properties. . 

If, under rising load, ·the· presence of a crack in a ductile metal 
does not cause. failure beca~se of .brittle or ductile crack advance,- it 
will eventually cause the region of yielding surrounding the crack to 
grow until it reaches free surf aces; then large plastic strains will be­
gin to develop in the yielded region. The cross section of the yielded 
region surrounding the flaw will contract as tensile stretching takes 
place in the direction perpendicular to the plane of the flaw. Eventu­
ally, an effective load-bearing area surrounding the crack will reach a 
plastic-instability condition and begin to neck. Referring to Fig. A.4, 
it has been found. possible to estimate the plastic-instability pressure 
for a trapezoidal area bordering a part-through surf ace crack in the 
cyli.nder of a pressur~ vessel byl 5, 16 

(A.32) 

where a~ is the plastic-instability flow stress fo.r a thin-walled cylin­
der under internal pressure, estimated a~ ~1.07 times the average of the 
yield and the ultimate tensile stresses; Ac is the crack area; A is the 
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4----------- 2b + 2t 

Fig. A.4. Effective load-bearing area governing local plastic 
instability near a surface flaw. 

effective load-bearing area; and ri and t are the inside radius and 
thickness of the vessel cylinder, respectively. Treating the crack bor­
der as a semiellipse, the crack area is given by Eq. (A.9), and treating 
the effective load-bearing area as a trapezoid, 

A = ( 2b + t)t • (A.33) 

The original development of Eqs. (A.32) and (A.33) for estimating local 
plastic-instability conditions for part-through surface cracks in vessel 
cylinders is given in Appendix C of Ref. 15. Calculated results for the 
HSST Program intermediate pressure vessel tests are summarized in Ref. 16. 

Applying the above method of analysis to the intermediate test ves­
sels shows that the results are improved by considering possible crack 
shape changes during stable crack growth. Because there is only a 
moderate stress gradient in the vessel walls, it was found reasonable to 
assume that only one crack dimension would change until the shape ratio 
a/2b became equal to 0.36, after which it would remain constant; this is 
the value of a/2b for which the elastically calculated values of K1 at 
the deepest point and at the surf ace of a shallow semielliptical part­
through surf ace crack in a uniform tensile field are approximately 
equa1.10 

The foregoing equations can be used for a crack stability analysis 
by using the amount of stable crack growth as the independent variable 
and plotting curves of strain and load vs current crack size. These 
curves will reach maxima at the onset of tearing instability, as shown 
schematically in Fig. A.5. The .following is the procedure for making the 
calculations. 
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8· 

Fig. A.S. S~hematic diagram of graphical output from a tearing and 
local plastic instability analysis. 

I. 
2. 

3. 
4. 

s. 

6. 

1. 

a. 

9. 

10. 

11. 

12. 

Assume the value of ~a. 
Calculate J.from a measured or empirically estimated resistance 
curve. 
Determine the current crack depth a and the crack shape ratio a/2b. 
Determine the LEFM shape factor - C, for example.- by using Eqs. 
(A.13)-(A.19). For the intermediate test vessels, these equations 
reduce to Eqs. (A.19)-(A.22), plus Eq. (A.13). 
Determine the effective· tangent modulus.in the transition range of 
strain, using Eqs. (A.7)-{A~ll). 
Convert the current value of J to its equivalent Kc value, using 
Eq. (A •. 23). 
Determine the nominal tearing strain required to develop the calcu­
lated value of Kc from Eqs. (A.26), (A.28), or (A.30). 
Determine the corresponding tearing pressure from the pressure­
strain diagram. For the intermediate test vessels,.u~e Fig. A.I or 
Eq. (A.31). 
Calculate the pressure for local plastic ~nstability, using Eqs. 
(A.9), (A.32), and (A.33). 
Plot the tearing strain, tearing pressure, and local plastic-insta­
bility pressure vs current crack size, as shown in Fig. A.S. It is 
convenient to use two vertical scales, reading the tearing strain 
from the right-hand scale and the two pressures from the left-hand 
scale. 
If the peak of the tearing-strain curve precedes the intersection of 
the two pressure curves, use the peak strain and pressure values as 
an estimate of the conditions at the ·onset of tearing instability. 
Note that this solution will be identical to one based on the tan­
gency of a J- vs crack-size curve with the JR curve. 
If the two pressure curves intersect before the tearing-strain curve 
reaches its maximum, use the conditions at the intersection point as 
a conservative estimate of failure conditions, especially if the 
vessel wall is fully yielded. 
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Because tearing instability occurs at the maximum point of the pres­
sure vs crack-size curve, it follows that a calculation for any assumed 
current crack size provides a lower bound to the tearing-instability 
pressure, provided that the local plastic-instability pressure is still 
higher. 

In the absence of experimental resistance curve data for vessels 
V-1, -3, and -6, it was assumed that the R-curves for these vessels could 
be represented by the power law 

( 
b.a )m 

J = 175.13 c 25.4 ' (A.34) 

where J is in kilojoules per square meter; b.a is in millimeters; and the 
parameters c and m could be estimated by correlation with upper-shelf 
Charpy V-notch (CVN) impact energy and tensile flow stress data, 
usingl7,18 

( 
CVN ) ( CVN )2 

c = ~- 144 135.58 + 5•382 135.58 ' 

m = o.473 x3 

14.42 + x3 

(A.35) 

(A.36) 

(A.37) 

where CVN is in joules and the flow stress a, which is in megapascals is 
defined here as the average of the yield and ultimate tensile stresses. 
The input data for analyzing vessels V-1, -3, and -6 are given in Tables 
A.1 and A.2. The analytical results are given numerically in Table A.3 
and graphically in Figs. A.6-A.8. A comparison between measured and 
calculated results is shown in Table A.4, which indicates good agreement. 
Note from Table A.3 that vessel V-1 appears to have reached maximum load 
by tearing instability; vessels V-3 and V-6, however, both reached maxi­
mum load by simultaneous tearing and local plastic instability. 

Although the tangent modulus method of analysis does involve approxi­
mations, it also has several advantages, including ease of considering 
flaw size and shape variations; the applicability of elastic geometry 
factors because of the incremental nature of the analysis; the complete­
ness of the solution in terms of both strain and load; explicit consider­
ation of local plastic-instability effects; and for plotting the results, 
a graphical method that is independent of the analysis method and has 
clear physical significance. Because of these advantages, the tangent 
modulus method was used for the vessel V-8A flaw design calculations per­
formed before machining the crack starter notch. The input data used for 
these calculations were identical to those used for vessels V-1, -3, and 
-6, except for the material tensile stress values and the use of measured 
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Table A.1. Test and material conditions for 
intermediate test vessels V-1, -3, and -6 

Test Initial flaw size Upper-shelf 
Vessel temperature 

(mm) Material 
CVN tested 

1 
3 
6 

( oc) 
ao 2b 0 

(J) 

54 65.0 209.6 A 508-2 122 
54 53.6 215.9 Weld 170 
88 47.5 133.4 Weld 170 

Table A.2. Material properties and vessel dimensions 
for intermediate test vessels V-1, -3, and -6 

Item 

Elastic modulus 

Strain-hardening tangent 
modulus 

Yield stress 

Yield strain 

Strain at onset of strain 
hardening. 

Ultimate tensile stress 

Flow stress 

Cylinder plastic-instability 
stress 

Inside ·radius 

Wall thickness 

Pressure-strain modulus 

Symbol 

E 

0~lt 
a 

a* e 

Value 

207 GPa 

2.07 GPa 

496 MPa 

Q.24% 

1.20% 

641 MPa 

569 MPa 

609 MPa 

342.9 nnn 

152.4 mm 

1320 MPa (%)-1 

tearing resistance curves. Because differences between base and weld 
metal tensile properties were small, the base metal properties of charac­
terization section V802 at 121°C (Ref. 19) listed in Table A.5 were used 
because they govern the overall deformation of the cylinder. Because 
tearing instability was desired before gross yielding, the elastic, per­
fectly plastic, pressure-strain curve extending to gross yield shown in 
Fig. A.9 was plotted by using a yield stress elevated 4% above the uni­
axial value to allow for biaxiality effects.2 



Table A. 3. Tearing and plastic-instability analysis results for HSST intermediate test vessels V-1, -3, and -6 

Vessel J-R parameters Aa a b a t\Sb 

~ J ). p Pf 
(mm) (mm) (nun) 2b c s (kJ/m2) (%) (MPa) (HP a) Remarks 

c m 

4.257 o.4352 11.2 76.2 105.9 0.360 0.942 o.349 2.83 522 0.610 190 209 
15.2 80.3 111.5 0.360 0.962 o.368 2.90 597 o.625 190 204 Tearing instability 
17.8 82.8 115 .1 0.360 0.976 0.380 2.95 638 Q.624 190 201 
25.4 90.4 125.5 0.360 1.022 0.410 3.05 746 o.s96 190 192 
so.a 11 s.1 159.8 0.360 lo 265 0.457 3.20 1001 o.395 190 162 ..... 

"'-J 
VI 

3 8.267 0.4652 16.S 70.1 108.0 Q.325 0.944 Q.349 2.83 1185 1.486 206 213 
21.3 74.9 108.0 0.347 0.947 Q.354 2.8s 1335 1.595 208 210 
22.4 75.9 108.0 0.352 0.948 0.355 2.86 1364 1.610 209 208 p - Pf 
23.4 77 .o 108.0 o.357 0.949 o.356 2.86 1390 1.621 209 208 
32.8 86.4 119.9 0.360 o.996 0.395 3.oo 1630 1.335 203 197 
46.7 100.3 139.4 0.360 1.098 0.439 3.15 1923 1.051 197 180 

6 8.267 o.4652 8.1 55.6 78.0 o.356 0.866 0.235 2.36 852 2.1s 219 232 
16.3 63.8 89.4 0.356 Q.893 0.286 2.58 1176 2.29 222 223 p - Pf 
32.5 80.0 112.3 0.356 o.964 0.372 2.92 1624 1.80 212 204 
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Fig. A.6. Results of tearing and local plastic instabili~y analysis 
for intermediate test vessel ITV-1. 
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Fig. A.7. Results of tearing and.local plastic instability analysis 
for intermediate test vessel ITV-3. 
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Fig. A.8. Results of tearing and local plastic instability analysis 
for intermediate test vessel ITV-6. 

Table A.4. Comparison of measured and calculated 
failure conditions for intermediate test 

vessels V-1, -3, and -6 

Failure conditions 

Vessel Actual Calculated 

p ). p ). J 
(MP a) (%) (MP a) (%) (kJ/m2) 

1 199 0.92 190 o.63 597 
3 214 1.47 209 1.61 1364 
6 220 2.0 222 2.29 1176 

!la 
(mm) 

15.2 
22.4 
16.3 

Four different tearing resistance curves were used for the V-8A 
flaw design calculations. The first two curves were fit over different 
crack extension ranges to the data from one trial weld specimen20 (speci­
men V842Jl), and these curves were used before the characterization weld 
data became available. The other two curves represented the extremes of 
the characterization weld datal9 (the average of the two specimens V862JS 
and V852JS and specimen V8102J7). The ranges of variation of the charac­
terization weld data are shown in Fig. A.10. All four of the R-curves 
used were represented by power-law equations having the form given by 
Eq. (A.34). The material and specimen identities and power-law parame­
ters of the V-8A flaw design R-curves are given in Table A.6. 
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Table A.5. Tensile stress and strain properties 
of base metal section V802 at 121°C used for 

vessel V-8A flaw design calculations 

Item 

Yield stress 

Ultimate tensile stress 

Cylinder plastic-instability 
stress 

Yield strain 

160 

Symbol 

Sy 

CJ~lt 

a* e 
>-y 

GROSS YIELDING 

Value 

414' MP a 

552 MP a 

517 MPa 

0.2% 
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Fig. A.9. Calculated press·ure vs outside circumferential strain 
curve for intermediate test vessel V-8A. 
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Fig. A.10. Scatter bands of R-curves for vessel V-8A characteriza­
tion welds. 

Table A.6. Material and R-curve specimen identities and 
power-law parameters used for vessel V-8A 

flaw design analysis 

Weld Specimen Power law Parameters 
designation No. c m 

Characterization Average of V862J5 3.079 0.4397 
welds V862 and V852 and V852J5 

Trial weld V842 V842Jl 2.147 o.3687 
0.28 < Ila < 1.5 mm 

Trial weld V842 V842Jl 1.512 o.2687 
0.28 < Ila < 13.2 mm 

Characterization V8102J7 1.305 o.2798 
weld V8102 
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The flaw size for vessel V-8A was selected by choosing trial·dimen­
sions for the fatigue-sharpened flaw; performing tearing instability 
estimates; and upon achieving a satisfactory result, subtracting the 
estimated amount of fatigue crack growth during flaw sharpening to obtain 
the machined notch dimensions. The main criterion was that incipient 
vessel failure should occur before gross yielding so that the test result 
could be definitely attributable only to flaw instability, and not also 
to the large strains that accompany gross yielding. For trial fatigue­
sharpened flaw dimensions of ao = 91.44 mm and 2bo = 304.80 mm, the 
tearing and local plastic-instability results are shown in Table A.7 and 
Fig. A.11. These results indicated that flaw instability would most 
likely occur before gross yielding and that tearing and local plastic 
instability would occur nearly simultaneously. This result was consid­
ered satisfactory, thus leading to a choice of machined notch dimensions 
of am = 69.85 nnn and 2b = 279.40 mm. 

The calculations s~own in Table A.7 were used·as the basis for one 
of the pretest failure pressure estimates for vessel V-8A made by ORNL. 
Using the second lowest of the R-curves to be moderately conservative, 

Table A.7. Summary of flaw-sizing calculations for 
HSST intermediate vessel V-8Aa 

Lower Upper Plastic-
Aa a Item bound Low High bound instability 

(mm) 2b (V8102J7) (V842Jl) (V842Jl) (V862J5 and pressure 
V852J5) (HP a) 

0 o.3 158 

5.08 J, kJ/m2 146 172 208 266 
p, MP a 142 147 152 157 154 

0.311 ). . % 0.111 0.128 0.140 0.159 

10.16 J, kJ/m2 177 207 268 360 
p, MPa 144 150 155 159 150 

0.333 ). • % 0.123 0.133 0.151 0.221 

12.70 J, kJ/m2 188 220 291 398 
p, MP a 144 150 156 159 148 

o.342 ). , % 0.124 0.133 0.154 0.237 

20.32 J, kJ/m2 215 249 346 489 
p, MP a 143 148 155 159 141 

o.360 ). , % 0.120 0.129 0.153 0.244 

25.40 J, kJ/m2 229 265 376 539 
p, MP a 139 145 154 159 136 

o.360 A, % 0.114 0.123 0.147 0.222 

arrial initial flaw dimensions: ao • 91.44 1llD and 2bo • 304.80 mm. 
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Fig. A.11. Results of tearing and local plastic instability flaw 
design calculations for intermediate test vessel V-8A. 

the failure conditions were estimated to be 

p = 150 MPa, 
A = Q.133%, 

Aa = 10 • 2 nmte 

In posttest analysis it is clear that the lowest of the four R-curves 
most nearly represented the vessel. The failure conditions for this 
R-curve are 

p = 144 MPa, 
A = 0.122%, 

Ila = 10 .2 mm. 

The estimated amount of stable crack growth at instability lies between 
the 5 mm estimated by ultrasonics at the beginning of instability and the 
postinstability value of 14.5 nm measured directly by posttest examina­
tion of the flaw.21 Furthermore, as shown by Fig. A.11, the instability 
load is rather insensitive to small variations in the Aa value, and, for 
a given R-curve, calculational errors are always conservative. 

In summary, the tangent modulus method of analysis has been applied 
with accurate results to the posttest analysis of vessels V-1, -3, and -6 
and with equal accuracy to the flaw design calculations for vessel V-8A. 
The analysis results -can be directly interpreted in a physical sense, 
thus aiding in the development of a better understanding of the problem. 
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Appendix B 

PRETEST ANALYSIS INFORMATION FOR HSST PROGRAM 
INTERMEDIATE TEST VESSEL V-8A* 

t t R. H. Bryan P. {• Holz 
J. G. Merkle 

B.l Purpose of the Test 

The test of Heavy-Section Steel Technology (HSST) Program intermedi­
ate test vessel V-8A is the twelfth ultimate strength test of a deliber­
ately flawed intermediate test vessel to be conducted by the HSST Program 
at the Oak Ridge National Laboratory. The objective of the V-8A test is 
to pro~ide accurate quantitative data concerning the growth by ductile 
tearing and final instability of a flaw in a low-upper-shelf toughness 
weldment located in a cylinder of reactor vessel steel. The reason for 
this test is that there are vessels in service containing welds that, 
because of high copper content, may have their Charpy upper-shelf energy 
values reduced to relatively low levels by neutron irradiation.I At 
present, Title 10 of the Code of FedePal Regulations2 (IO CFR SO) speci­
fies that if the Charpy upper-shelf energy level of a vessel material · 
falls below 68 J (SO ft-lb), either a special fracture safety analysis 
must be performed, showing that an adequate margin of safety still 
exists, or else the vessel must be annealed for the vessel to remain in 
service. However, the procedures for performing the.required analysis 
and the basis for determining what constitutes an adequate margin of 
safety are not specified in 10 CFR SO. In an effort to provide guidance 
on these matters, the Nuclear Regulatory Commission convened a panel of 
consultants whose recommendations are contained in Ref. 1. However, 
although it does contain recommended analysis methods and safety factors, 
Ref. 1 does not contain enough example calculations to make clear the 
probable consequences of applying its recommendations to vessels in ser­
vice. In addition, there are no comparisons with test data on experimen­
tal pressure vessels containing flaws in low-upper-shelf toughness weld­
ments because no such vessels have yet been tested. Thus, the primary 
purpose of the V-8A test is to provide experimental data, now lacking, 
that are needed to resolve an anticipated question of safety with regard 
to some reactor pressure vessels now in service. 

The vessel to be used for the low-upper-shelf toughness test was 
tested previously as vessel V-8. Because only two run-arrest events and 
no nominal yielding occurred in the V-8 test, the vessel was available 
for additional testing. Therefore, the vessel has been repaired by weld­
ing in the region of the original V-8 flaw, a special low-upper-shelf 

*This appendix is an edited version of the pretest information sent 
on June 23, 1982, to SO persons who had expressed interest in performing 
pretest predictions of the behavior of the V-8A flaw. 

toak Ridge National Laboratory, Oak Ridge, TN 37831. 
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toughness longitudinal test weld was placed 130° from the original flaw 
location, and the vessel stress was relieved to make it ready for addi­
tional tests as vessel V-8A. The previous history of the vessel is docu­
mented in Refs. 3 and 4, and a copy of Ref. 4 is furnished here as Enclo­
sure 1. Preparations for the vessel V-8'A test have been documented in 
successive HSST Program quarterly progress reports, beginning with 
ORNL/NUREG/TM-347,s dated. October 1979. 

B.2 Low-Upper-Shelf Toughness Trial Welds 

A subcontract was awarded to the Babcock & Wilcox (B&W) Company, 
Alliance Research Center, Alliance, Ohio, to repair vessel 8, develop a 
procedure for producing a low-upper-shelf toughness weld, place such. a 
weld in the vessel,. and determine the properties of the low shelf weld by 
using additional weld material prepared for the purpose. The work per­
formed by B&W is described in detail in Ref. 6, a copy of which is fur­
nished here as Enclosure 2. 

Three preliminary trial welds were made in 95.3-mm-thick (3 3/4-in.) 
A 533 B, cla·ss 1 steel plate, each using a copper-clad Mn-Mo-Ni weld wire 
and different proportions of Linde 60 and Linde 80 fluxes. Each prelimi­
nary trial weld was trisected, with each section being given one of three 
postweld heat treatments, thus producing nine .different combinations of 
conditions (see Enclosure 2). The preliminary trial welds were designated 
by the symbol "VS," followed by a weld number (1, 2, or 3), and a heat 
treatment number (1, 2, or 3). Upon ~election of the second flux combi­
nation (a 75% Linde 60, 25% Linde 80 mixture) and the second heat treat­
ment (SO h at 566 to 593°C), based on Charpy impact and tensile data, a 
fourth trial weld, designated "V842" was prepared. J-integral resistance 
curve specimens, as well as tensile, Charpy, drop weight, and other metal­
lurgical specimens, were prepared from trial weld V842. All of the test 
results obtained for tria~ weld V842 are documented in Appendix C of En­
closure 2 and discussed on PP• 12-15 of Enclosure 2. Tensile and Charpy 
impact data were also obtained for base metal specimens taken from a 
piece of the V-8 prolongation designated "V802," which was subjected to 
the same postweld heat treatment as weld V842. Table B.l shows a tabula­
tion of data 7 obtained from prelimina.ry trial weld V822, trial weld V842, 
and base metal section V802. 

The resistance curve data obtained by B&W for _trial weld V842 are 
shown in Fig. B.l (see also Fig. 11 of Enclosure 2). Power~law curve 
fitting parameter~ for each set of data,B based on the equation 

n J = c(l1a) , (1) 

are listed in Table B.2. As a check on the reasonableness of these 
results, the power-law curve fit to the data for specimen V842Jl was com­
pared graphically with the data for irradiated low-upper-shelf toughness 
weld material previously obtained by Loss.9 The results, shown in 
Fig. B.2," demonstrate that the resistance curve data for trial weld V842 



Table B.l. Vessel V-8A, B&W ASA low-upper-shelf weldment experimentationa 

Designation 

Material thickness, mm 

Welding current, A 

Welding voltage, V ac 

Welding speed, mm/min 

Heat input, kJ/mm 

Postweld heat treatment 

Heatup rate, maximum, K/h 
Hold temperature and time, °C, h 
Cooling rate, K/h 

CVN impact· tests 

Target range 

152 

2950 

55 
566-593, 48-52 
5-7.5 

Upper-shelf absorbed energy, 93 to 149°C, J 54-68· 
47.5-74.5 acceptable 

Upper-shelf lateral expansion, 93 to 149°C, mm 
Temperature at upper shelf ( 100% shear), °C 66-93 

Tensile properties 

Yield stress, room temperature, MPa 
Yield stress, 121°C, MPa 
Ultimate stress, room temperature, MPa 
Ultimate stress, 121°C, MPa 
Elongation, room temperature, % 
Elongation, 121°C, % 
Reduction in area, room temperature, % 
Reduction in area, 121°C, % 

Drop-weight NDT temperature, °C 

aBase material - SA 533, grade B, class I 

448-620 

551~90 

18 min. 

Wire - 1/8-in.-diam Mn-Mo-Ni type SFA 5.23, EF-2 
Flux - 75% Linde 60 and 25% Linde 80 
Preheat - 140°C min; interpass 260°C max 

Base metal - V802 Weld - V822 Trial weld V842 

152 

78 
588, 58 
o.9 

452.0 
413.7 
598.5 
549.5 
27.8 
25.7 
70.4 
10.0 

95 

575 ± 15 

32 ± 2 

305 ± 1 

3620 

28 
580, so 
6.1 

57 .2 

1·.2 
107 

461. 3 

564.7 

24.7 

54.4 

152 

475 ± 25 

32 ± 2 

305 ± l 

2990 

83 
584, 52 
s.1 

57.6 

1.3 
99 

459.9 
419.9 
568.1 
519.2 
25.8 
24.3 
55.3 
53.5 

-12 

...... 
00 
....... 
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Fig. B.l. J-Integral resistance curve data from three unloading 
compliance tests of IT compact specimens of B&W trial weld V842. 

Table B.2. Power-law parameters n and c from 
least-squares fit of J-f:.a data from B&W 

trial .weld V842 with J considered 
as a random variable 

Specimen f:.a range c 
(mm) n [kJ·m-2/(mm)n] 

Jl o.zs2-1.so9a o.3687 114 .10 
J2 0.278-l.713a o.3692 109 .83 
J3 0.246-l.642a o.3606 120.26 

Jl 0.282-13.193 o.2687 111.06 
J2 0. 278-12. 380 o.2948 108. 73 
J3 0.246-8.753 o.2a24 115.95 

aExclusion range for Jic. determination. 
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are consistent with the existing data for irradiated low-upper-shelf 
toughness weld metal. 

Based on the satisfactory test results obtained for trial weld V842, 
a low-upper-shelf toughness test weld was placed in vessel V-8A by the 
same procedure, as discussed in Sect. 4 of Enclosure 2. Because of non­
destructive examination/test indications, the test weld in vessel V-8A 
had to be remade twice, once before and once after the vessel was post­
weld heat treated. Consequently, the vessel received double the origi­
nally intended postweld heat treatment, totalling ~100 h at 566 to 593°C 
(1050 to 1100°F). Because vessel V-8A has been adequately stress re­
lieved following welding and is to be tested in the upper-shelf tempera­
ture range, residual stresses are not expected to have a significant 
effect on the test results.3 

B.3 Vessel Geometry 

The overall geometry o~ vessel V-8, being used for the V-8A test, is 
shown on P• 1 of Enclosure 2. The details of the low-upper-shelf tough­
ness test weld are shown on PP• 7 and 36 of Enclosure 2. The test weld 
tapers through the thickness of the vessel, from an outside width of 
106.4 mm (4 3/16 in.) to an inside width of 47.6 mm (1 7/8 in.), and con­
sists of an 879.5-mm-long (34 5/8-in.) automatic submerged arc (ASA) test 
section, flanked by short tapered manual metal arc (MMA) end sections. 

B.4 Preparations for Testing 

Vessel V-8A is scheduled to be tested in August 1982. The test 
temperature will be 150°C (302°F). An up-to-date summary of preparations 
for testing is given in Enclosure 3, which is excerpted from draft por­
tions of the HSST PPogttam Qua~te~ty PPogPess RepoPt f oP Januar>y-MaPch 
1982. The depth of the fatigue-sharpened flaw is estimated to be 91.19 
mm (3.59 in.), based on the ultrasonic data taken during flaw sharpening, 
which are shown in Fig. B.3. There was no measurable fatigue crack 
growth on the surface during crack sharpening. 

Note that the cylinder prolongation used for making characterization 
welds for the V-8A test was V-10 prolongation (see Enclosure 2) because 
of the previous use of V-8 prolongation for the V-8 test. The V-7, -8, 
-9, and -10 vessel cylinders and prolongations were originally fabricated 
together from A 533 grade B class 1 steel plate,10 so portions of these 
prolongations are interchangeable, provided that they receive the same 
subsequent heat treatments as the vessel being characterized. 
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Fig. B.3. Scale plot of locations of UT reflections from the crack 
tip at several stages of crack growth during flaw sharpening in vessel 
V-8A. 

B.5 Input Data for Analysis 

A. Flaw geometry 

I. Machined flaw dimensions: 
(see Fig. 5.21 of Enclosure 3) 

a = 69.85 nnn (2.75 in.) 
2b = 279.40 nnn (11.00 in.) 

2. Fatigue-sharpened flaw dimensions: 
(see Fig. B.3 and Fig. 5.25 of Enclosure 3) 

a = 91.19 mm (3.59 in.) 
2b = 279.40 DDD (11.0Q in.). 

B. Test temperature: 150°C (302°F). 

C. Material properties of low-shelf test weld 

I. Material: (see Sect. 4.0 of Enclosure 2). 
2. NDT: (see P• D-4 of Enclosure 2) 

-17.8°C (0°F). 
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3. CVN data: (see Sects. 3.2 and D.6 of Enclosure 2). The upper­
shelf Charpy impact energy of the V-8A test weld material is 
estimated to be S9 J (43.S ft-lb) (see P• S7 of Enclosure 2). 

4. RTNDT: The RTNDT of the V-8A test weld cannot be determined by 
standard methods because the Charpy upper-shelf impact energy is 
(68 J (SO ft-lb). However, using the mil lateral expansion 
curves in Sect. 3.2 of Enclosure 2 and the drop weight NDT value 
of -17.8°C (0°F), the RTNDT of the test weld is not less than 
about -6.7°C (20°F). 

s. Fracture toughness data below the upper shelf: (see P• 2S of 
Enclosu're 2). 

6. Tensile data: 
(a) Stress-strain curve: (not available). 
(b) Yield stress, ultimate stress, elongation after fracture, 

and reduction of area after fracture: (see P• 20 of Enclo­
sure 2). 

(c) Specimen gage length: S0.8 mm (2.00 in.). 
(d) Specimen diameter: 12.7 mm (O.SOO in.). 

7. J-integral resistance curves: All of the B&W J-integral resis­
tance curve test results are summarized in Table 6 of Enclosure 2. 
The R-curves that are most directly applicable to the V-8A test 
are those obtained at 149°C (300°F). These data are plotted in 
Figs. 21-23 of Enclosure 2. Note that the data shown in the 
second half of Fig. 21 were obtained from side-grooved, precracked 
Charpy specimens (see discussion in Appendix E of Enclosure 2). 
The original load, displacement, unloading compliance, and crack­
length data for the JR specimens are recorded on a magnetic tape, 
from which the values can be furnished on request. 

Power-law resistance curves plotted by using the arithmetic 
mean values of the fitting parameters for all of the specimens 
of each characterization weld at 149°C (300°F) are plotted in 
Fig. S.19 of Enc~osure 3, and the values of the average fitting 
parameters are lis.ted in Table S.4 of Enclosure 3. Note that 
these values do not exactly coincide with the values for trial 
weld V842 listed in Table B.2. 

D. Material properties of vessel cylinder base metal 

1. Tensile stress-strain curve: A true stress vs true strain curve 
for the V-8A vessel cylinder base metal, at 149°C (300°F), is 
given in Fig. B.4. 

2. Other data are given in Table B.l, Enclosure 1, and Enclosure 2. 
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Fig. B.4. True stress-strain curve for vessel V-8A base metal at 
149°C (specimen V10P20). 

Enclosures* 

1. Reference 4 (ASME paper on V-8). 

2. Reference 6 (B&W draft report). 

3. R. H. Bryan, "Preparation for Intermediate Vessel Test V-8A," 
PP• 82-109 and 118-119 in Heavy-Section Steel Technology Program 
Quart. Prog. Rep. for January-March 1982, ORNL/TM-8369/Vl, Union 
Carbide Corp. Nuclear Div., Oak Ridge Natl. Lab., August 1982 (draft 
with analysis results deleted). 

*Not included in this appendix. 
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Appendix C 

RESULTS OF PRETEST ANALYSES OF HSST VESSEL V-8A* 

C.1 Introduction 

This note coordinates the results of the following three establish­
ments: 

1. National Nuclear Corporation Ltd., Leicester; 
2. UK Atomic Energy Authority, AERE, Harwell; and 
3. Central Electricity Generating Board (CEGB), CERL, Leatherhead. 

All three establishments adopted the CEGB procedure, R6, to perform 
their analyses. Each analysis was performed independently, and the re­
sults are presented in Tables c.1--c.3. Judgments concerning the use of 
input data are included where appropriate in the footnotes of each table, 
and the different ways of treating the data are responsible for the small 
differences in the predictions. Some reservations are expressed about the 
test, deriving mainly from the possibility of excessive scatter in the 
low-toughness weld metal properties and the potential for time-dependent 
effects to promote an instability if the pressure is held close to insta­
bility. Nevertheless, each organization has performed analyses based 
upon assumptions that exclude any events that cannot be predicted from 
the available data base. · 

The R6 procedure is, of course, primarily concerned with avoiding 
failure rather than predicting it. Consequently, for this exercise, each 
establishment has performed a lower-bound estimate that is intended to be 
a conservative R6 analysis to define the pressure below which failure 
would be avoided. Best-estimate analyses have also been performed in an 
attempt to predict the actual pressure crack-size relationships obtained 
during the test. 

However, despite the fact that the information provided in the pre­
test packaget is more comprehensive than in most practical situations, 
there is an uncertainty in the predictions that is larger than usual. 
This uncertainty arises because the test is to be performed on a specially 
prepared low-toughness weld metal. Because of the material, several un­
expected events that cannot be predicted from the data package available 
may arise. Four of these are important and have been identified below. 

C.2 Possibility of Cleavage Instability 

Two 1-in.-thick specimens of weld V8102 were unstable with a tough­
ness below 150 MPa•ftii at 24°C. The remaining specimens of this weld were 

*Coordinated by I. Milne, CERL, Kelvin Avenue, Leatherhead, Surrey, 
United Kingdom. 

tAppendix B of this report. 
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Table C.l. Predictions by National Nuclear Corporationa,b 

Initiation pressure, Pi, MPa 

Instability pressure, PF, MPa 

Crack depth increase at Pp, nnn 

Lower boundc 

67 

107 

6.6 

Best estimated 

88 

121 

6.8 

Best-estimate pressure crack growth predictiond 

P (MPa) 

88 

106 

114 

_l 19 

121 

Pressure 

p (MP a) 

105 

120 

130 

aUsing CEGB R6 method. 

strain 

Ila (mm) 

0 

o.s 
1.0 

2.0 

6.8 

prediction8 

Strain (%) 

0.078 

0.091 

0.104 

bNote the vessel thickness was taken as the thickness of 
the flattened test section, 144 mm. 

cUsing lower-bound parameters from Table 5.4 (Enclosure 3), 
lower-bound Jic, lowest flow stress of l/2(ay +au) for V852 at 
300°F, K solutions for a semielliptical surface defect in a flat 
plate, and plastic limit pressure given by 

P limit = a flow 

where r is the mean radius and m = (1 + Q.263 12/rt)l/2, 1 being 
the crack length an~ t the wall thickness at the flattened sec­
tion. 

dAs for (c) but using mean parameters from Table 5.4 (Enclosure 3) 
and mean flow stress for V852 and V8102 at 300°F. 
8 Strains calculated assuming elastic perfectly plastic material. 
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Table C.2. Predictions by U.K. Atomic Energy Authority (AERE)a,b 

Initiation pressure, Pi, MPa 

Instability pressure, PF, MPa 

Crack depth increase at PF, mm 

Lower boundc 

63.9 

111.5 

8.0 

Best estimated 

89.5 

128.0 

1.0 

Best-estimate pressure crack growth predictiond 

P (MPa) Ila (mm) 

113.7 1 

121.2 2 

124.S 3 

126.3 4 

127.3 5 

127.8 6 

127.97 7 

ausing CEGB R6 method. 

bvessel thickness was taken as 152.4 mm. 

cusing lower-bound parameters from Table S.4 (Enclosure 3), 
lower-bound J1c, lowest flow stress of 1/2(ay +au) for V852 at 
300°F, K solutions based upon those of Emery and Segedin, and 
plastic limit pressure given by 

P limit = a (ro _ 1) (i _ Ac) , 
flow r. A 

1 

where Ac is the area of the crack and A is the vessel area con­
taining the crack. The crack aspect ratio was kept co~stant. 

dAs for (c) but using mean parameters from Table 5.4 
(Enclosure 3) mean J 1c and mean flow stress for V852 and V8102 
at 300°C. 
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Table C.3. Predictions by CERLa,b 

Initiation pressure, Pi, MPa 

Instability pressure, PF, MPa 

Crack depth increase at PF, mm 

Lower bound 0 

66 

119 

5 

Best esti~ated 
104 

141 

7 

Best-estimate pressure crack growth predictiond 

p (MP a) b.a (mm) 

104 0 

130 1 

136 2 

140 4 

141 6 

141 7 

Strain at failure (%) 

Lower bound 

Best estimate 

ausing CEGB R6 method. 

o.091 

0.108 

bvessel thickness taken as 152.4 nnn. 
0 using bounding line to lowest R curve for all test welds, 

lowest flow properties for V852 at 300°C, K solutions for a 
semielliptical defect in a flat plate, and plastic limit 
pressure given by 

P limit 

The crack aspect ratio was kept constant with b.a increasing. 

dosing mean of parameters from Table 5 (Enclosure 3), mean 
Jic' mean flow stress for V852 and V8102 at 300°F, K solutions 
based upon those of Emery and Segedin, and plastic limit pressure 
given by expression above. The crack length was kept constant 
as b.a increased. 
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tested at 150°C, and although fully ductile at this temperature, they had 
the lowest resistance curves of the four test welds. In view of (1) size 
and triaxiality effects on the ductile-brittle transition, (2) the scat­
ter in toughness of the welds, and (3) the fact that the transition tem­
perature has not been established, the possibility of a ductile-brittle 
transition cannot be disregarded. The probability of such an event is 
small. It will, however, be larger if the postweld heat treatment has 
not reduced the residual stress to an insignificant level and if dynamic 
effects follow a ductile instability. 

C.3 Crack Shape 

Prefatiguing was performed at a relatively high K max, and fatigue 
crack extension was exclusively in the through-thickness direction. It 
is anticipated that ductile tearing will progress from the sharpened 
crack tip mainly through the shell thickness and spread axially to accom­
modate this extension. Crack propagation axially at the outer surf ace is 
unpredictable. 

C.4 Loading 

Pressurization is expected to be hydraulic. It is intended that the 
pressure is to be held constant to detect incipient flaw instability. 
Under these circumstances, there is a possibility of time-dependent plas­
tic flow that may have the effect of reducing the plastic limit load or 
the resistance curve, thus promoting the instability. 

C.5 Resistance Curves 

Data are available from 10-, 25-, and 50-mm plane- and side-grooved 
specimens of the four test welds, and there is considerable variation in 
these data from weld to weld. Crack extensions beyond a maximum of 3 nnn 
violate the criteria for J-controlled growth, making crack extension pre­
dictions increasingly uncertain. 

The analyses have been performed using the following assumptions. 

1. All crack extensions before instability are ductile. 
2. All material properties of the weld fall within the scatter bands for 

the four test welds. 
3. Intermittent partial unloading and sustained loading do not signifi­

cantly affect the material properties. 
4. The crack acts as a sharp planar defect. 
5. The pressure is reduced on ligament breakthrough so that axial exten­

sion of the through-thickness crack is prevented. 

Events that involve a serious departure from these assumptions are 
not predicted, even though they may occur over the range of pressures or 
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crack extensions predicted by the analyses. If such events do occur, it 
is hoped that a full posttest inspection and data base will be made 
available for further analysis. 

C.6 Reference Data 

The explanatory notes for the tables in this appendix contain ref­
erences to Enclosure 3, which is the third enclosure to the Oak Ridge 
National Laboratory pretest information package (see Appendix B of this 
report). 
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Appendix D 

PRETEST ANALYSIS OF INTERMEDIATE TEST VESSEL V-BA 
BY NBS , BOULDER* 

D.1 Prediction Procedure 

1. Use simplified line-spring model,l modified for remote bending 
stress, to calculate J-integral (J), dJ/da (a is crack depth), crack­
mouth-opening displacement (CMOD), and crack-tip-opening displacement 
(CTOD) from the known flaw dimensions, wall thickness, and material 
properties, as a function of pressure P• 

1.1 Use the elastic relationship between hoop stress and pressure 
found in Timoshenko2 to find stress vs position. Then for use 
in the line-spring model, approximate the actual stress distri­
bution as a membrane component am and a bending component ab. 
The linearized membrane and bending stress values calculated for 
ITV-BA are am = 2.2B27 p and ab = 0.5523 p. 

1.2 The unknown quantities are calculated. dJ/da is obtained by 
numerical differentiation. Results, including ry, plastic zone 
radius at crack ends, are given in Table D.1 and plotted vs 
pressure in Figs. D.1-D.3. 

2. Plot applied dJ/da vs applied J, both from part 1 above. On the same 
plot, graph material dJ/da vs J (see Fig. D.4). Instability is pre­
di.cted where the applied (J, dJ/ da) curve intersects the material 
(J, dJ/da) band. 

*Analyst: D. T. Read, National Bureau of Standards, Boulder, Colo. 

p 
(MPa) 

69 
103 
13B 
145 
152 
159 
165 
172 
179 
186 

Table D.1. Calculated results for fracture mechanics 
tearing-instability analysis of ITV-BA 

am ab CTOD CMOD J dJ/da r 
(MP a) (MP a) (mm) (mm) (kJ/m2) (MP a) (nJ;) 

157 3B 0.050 o.529 31 0.25 
236 57 0.075 o.794 69 0.55 
315 76 0.228 1.214 155 2.89 21.34 
331 80 o.288 1.333 182 3.27 29.21 
346 84 o.358 1.477 213 3.72 39 .12 
362 B8 o.439 1.656 249 4.36 52.32 
37B 91 o.544 1.889 294 5.17 70.61 
393 95 0.681 2.212 354 6.40 97.03 
409 99 o.B79 2.692 438 8.23 137.67 
425 103 1.204 3.505 576 11.51 208.28 
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3. The graph of CMOD vs pressure, Fig. D.3, can be used for further 
verification of the analysis because CMOD is being measured. CTOD is 
also provided for reference. 

4. Pressure vs change in crack length, as given in Table D.2, is ob­
tained by using the plot of J vs p in Fig. D.l and the material J-Aa 
curve. 

5. Hoop strain vs pressure, calculated from the formula for elastic, 
perfectly plastic behavior3 is given in Table D.3 and Fig. D.5. 

Table D.2. Flaw-depth change vs 
pressure estimate for ITV-BA 

p J Aa 
(MP a) (kJ/m2) (mm) 

131 131 0 
138 155 2.54 
145 182 4.32 
152 213 9.40 
159 249 Large 

Table D.3. Inside and outside surface circumferential 
strain vs pressure estimates for ITV-SA 

p 
(MP a) 

34 
69 

103 
128 
138 
152 
165 
179 

Inside 
(%) 

0.049 
o.099 
o.148 
0.184 
o.198 
0.229 
0.262 
o.337 

Outside 
(%) 

0.021 
0.054 
0.081 
0.100 
0.108 
0.124 
0.141 
0.178 

Remarks 

Initial yield 
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Fig. n.s. Estimated inside and outside surf ace circumferential 
strain vs pressure curves for ITV-BA. 

D.2 Results 

Instability is predicted at 153 MPa and ~a = 11.9 mm (~a indicates 
increase in defect depth). No significant changes in defect length be­
fore instability are anticipated. 

References 
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Appendix E 

PRETEST AND POSTTEST ESTIMATES FOR ITV-SA BY IWM, FREIBURG* 

E.1 Pretest Analysis 

The analysis was performed numerically according to the Failure 
Assessment Diagram procedure modified by Milnel for strain hardening and 
shown schematically in Fig. E.1. The coordinates of the failure assess­
ment curve in Fig. E.l are parametric functions of the equivalent flat-

*Analyst: Dr. L. Hodulak, Fraunhofer - Institut for 
Werkstoffmechanik. 

0 
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NORMALIZED LOAD F aµµlied/Flimit - Sr 

Fig. E.l. R-6 failure assessment diagram curve, considering strain 
hardening. 
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plate stress ratio af ay, according to the equations 

a [8 (TT a )~-1/2 Kr = - 2 ln sec - -
ay TT 2 ay 

(E.1) 

(E.2) 

To obtain the elastically calculated value of Japplied' the stress­
intensity factor K was calculated from interpolation formulae2 developed 
for surface cracks in plates under tension with additional corrections 
for the wall curvature3 and for a stress gradient (derived from Ref. 4). 
The equations are 

(
a)l.65 

Q = 1 + 1.464 c ' 

F = FiF2 , 

F1 = M1 + M2 ( ~ )2 + M3 ( ~ r , 
F2 = 0.95 + Q.715 (~)6 

Mi = 1.13 - Q.09 (~) , 

M2 = ~.54 + 0.89 
0.2 + .! 

c 

Mg = 0.5 - l + 14 (1 - :)
24 

, 
o.6s +!. 

c 

(E.3) 

(E.4) 

(E.5) 

(E.6) 

(E.8) 

(E.9) 

(E.10) 

(E.11) 



2a9 

(J = 
( 0. 44 - 0 .12 % ) 

OK - OL ( ) ' 
1.12 - a.as : 

1 + 0 
[ 

r2 J 
(ro - a)2 

Sr was calculated in the same way as in Ref. 5: 

(J s =-
r aF 

m = [ 
c2 ]1/2 

1 + Q.263 rit , 

ri 
(J = p -

t ' 

(J = 
F 

(J + (J 
u y 

2 
• 

(E.12) 

(E.13) 

(E.14) 

(E.15) 

(E.16) 

(E.17) 

(E.18) 

Additional input data are as specified (see Appendix B of this re­
port), and, also, E = 195 GPa and a/c = constant. The results are shown 
in Table E.l and Fig. E.2. Instability is predicted at a pressure of 147 
MPa and with a flaw growth of 15 mm, using the JR curve for characteriza­
tion weld V842. 
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Table E.1. Pretest estimates for vessel V-8A 
using three sets of material dataa 

Weld V8102 Weld V842 Weld V852 

Pressure Crack depth Pressure Crack depth Pressure Crack depth 
(MP a) (mm) (MP a) (mm) (MP a) (mm) 

99.8 91.2 93.4 91.2 100.8 91.2 
112.8 91.7 116.1 91.7 124.7 91.7 
119 .4 92.2 123.9 92.2 133.8 92.2 
123.8 92.7 128.5 92.7 139.2 92.7 
121.2 93.2 131.8 93.2 143.0 93.2 
129.7 93.7 134.3 93.7 145.8 93.7 
131.8 94.2 136.3 94.2 148.0 94.2 
133.5 94.7 137.9 94.7 149.7 94.7 
135.0 95.2 139.2 95.2 151.2 95.2 
136.3 95.7 140.3 95.7 152.3 95.7 
137.4 96.2 141.3 96.2 153.4 96.2 
138.4 96.7 142.2 96.7 154.2 96.7 
139.3 97.2 142.9 97.2 155.0 97.2 
140.1 97.7 143.5 97.7 155.6 97.7 
140.8 98.2 144.1 98.2 156 .2 98.2 
141.4 98.7 144.6 98.7 156.6 98.7 
141.9 99.2 145 .1 99.2 157.0 99.2 
142.4 99.7 145.4 99.7 157.4 99.7 
142.8 100.2 145.8 100.2 157.7 100.2 
143.2 100.1 146.1 100.1 158.0 100.7 
143.6 101.2 146.3 101.2 158.2 101.2 
143.9 101.7 146.5 101.7 158.4 101. 7 
144.2 102.2 146.7 102.2 158.6 102.2 
144.4 102.7 146.9 102.7 158.7 102.7 
144~6 103.2 147.0 103.2 158.8 103.2 
144.s .· 103.7 147.1 103.7 158.9 103.7 
145.0 104.2 147.2 104.2 158.9 104.2 
145.1 104.7 147.3 104.7 158.9 104.7 
145.2 105.2 147.3 105.2 159.0 105.2 
145.3 105.7 147.3 105.7 159.0 105.7 
145.4 106.2 147.4 106.2 
145.4 106.7 
145.4 107 .2 
145.4 107.9 

aPressure at tearing instability: 145.4 MPa, Aa = 16.7 mm; 
147.4 MPa, 15.0 mm; 159.0 MPa, 14.5 mm. 
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Fig. E.2. Pretest pressure vs current crack size estimates for 
ITV-BA based on three different J-R curves. 

E.2 Posttest Analysis 

130 

Using the Failure Assessment Diagram as for pretest estimates, but 
with an improved iteration procedure, the calculations for ITV-BA have 
been repeated. With material input data of weld V842 and with an initial 
crack depth of 88 mm, the best estimates are maximum pressure = 145 MPa, 
and stable crack extension = 9 mm. 

When comparing these calculated values with the experimental data 
(140 MPa, 15 mm), note the influence of material input data. Figure E.3 
shows that the ratio of maximum loads calculated for welds V852 and V8102 
is 1.10 as a result of different JR curves (Fig. E.4) and of different 
tensile data. The dependence of the failure predictions on material ten-
sile data alone (for constant JR curve) can be seen in Fig. E.5. Al­
though for the extreme cases V852 and V8102 the ratio of flow stresses 
aF = (au+ ay)/2 is 1.09, the ratio of maximum loads is 1.05. 

The results in Figs. E.3 and E.5 were obtained by assuming uniform 
crack shape (i.e., a/c = const.) during stable crack extension. In Fig. 
E.6 the influence of the lateral crack growth on maximum load is exam­
ined (four different crack-growth modes are analyzed in Fig. E.6). Ob­
viously, the highest maximum load is obtained for constant crack length. 
This load is ~6% higher than that for the approximate final crack shape 
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found on the fracture surface. To model the canoe-shaped crack contour 
by a semiellipse, the mean lateral crack ex~nsion 6c(6c ~ 6cmax/2) is 
coupled to the extension into the depth by 6c = 2 x 6a during stable 
crack growth. At 6a = 15 nnn, then, the final maximum crack extension of 
6cmax = 72.5 mm is just slightly underestimated. 

In one case (full line in Fig. E.6) lateral crack extension was cal­
culated step-by-step by using the same JR curve as for the depth direc­
tion. The final stable crack extension for this case is Ea = 11 mm and 
6c = 8 nnn. A comparison of this result ~th the experimental findings 
suggests that possibly for the calculation of crack growth in the length 
direction, a lower JR curve than for the depth direction shou~ be used. 
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Appendix F 

J-T CALCULATIONS FOR HSST PROGRAM INTERMEDIATE 
TEST VESSELS V-1, -3, -6, AND -BA 

One of the methods of tearing-instability analysis that could have 
been used for the flaw design and pretest analyses of ITV-BA is the J-T 
diagram method suggested by Paris and Johnson.1,2 This method was not 
used for pretest calculations at ORNL because of some simplifications in 
the method, the effects of which were unknown for low-shelf material. In 
particular, the method does not include the effect of increasing crack 
size on the applied valve of J, which is inherently unconservative.3 
Also, although the method produces a direct estimate of J at the point of 
tearing instability, auxiliary methods not specified must be applied to 
estimate the corresponding load and nominal strain. Although such 
methods - using vessels V-1, -3, and -6 as examples - had been developed 
and demonstrated before the V-8A test, they were not used for pretest 
calculations on V-8A because of their approximate natures. For the V-8A 
test it was necessary to estimate the values of load and crack extension 
at instability as accurately as possible, and the methods chosen for 
doing so, namely the Tangent Modulus Method3-5 (see Appendix A) and the 
ORMGEN-ADINA-ORVIRT programS,6 (see Chap. 5), were considered the most 
appropriate for this purpose. However, it is worthwhile to examine the 
posttest J-T diagram solutions for vessels V-1, -3, -6, and -BA to com­
pare analytical and experimental results and to help evaluate the approxi­
mations included in the J-T diagram solutions. 

Al~hough the J-T diagram is a graphical method of tearing-instability 
analysis, an analytical solution can also be developed if the R-curve is 
represented by an equation permitting a closed-form solution. Such is 
the case for a power-law R-curve, for which3,? 

(kJ/m2) , (F.1) 

where 6a is in millimeters. It is convenient to normalize the value of J 
in Eq. (F.l) by writing 

y = ( :~) (mm) , 
(F.2) 

where (a~/E) is in megapascals and a
0 

is a characteristic tensile stress 
that must be defined. Consequently, 

(mm) ' (F.3) 
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where 

cf>= 
175.13 c 

(;~) 
(mm) • 

(F.4) 

For this case, the material J-T curve can be plotted by using the equa­
tion 

where 

1 m 

y = 25.4 (~;~:) l-m • ( ~ /-m 

T = !l_ aa 

(F.5) 

The analytical solution applied here is developed from the equation 
for the applied value of J,1,2 

(F.7) 

where, for the intermediate test vessel materials and plane strain,1,2,7 

F (:J = 

M2 
m 

G=Q 

~ (~o) 2 
a 2 

where - < 3 , 
ao l _ G (~)2 

6 a
0 

(a )2 (a )10.1 
3.3 ~ + 3.5 ~ 

a 2 
where - > -

ao 3 

(F.8) 

(F.9) 

(F.10) 

with the values of ~ and Q being estimated, by approximation, from the 
elastic solution. In Eq. (F.7) it is assumed for simplicity that the fac­
tors F and G do not vary with crack size. Consequently, from Eq. (F.6), 
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so that, neglecting changes in crack size, 

Yappl _ 
T - ao • 

appl 

From Eq. (F.3), 

Ymat />.a 
-T-- = ;-

mat 

(F .11) 

(F.12) 

(F.13) 

so that equating the right-hand sides of Eqs. (F.12) and (F.13) gives, at 
instability, 

and from Eq. (F.3), 

Thus, from Eq. (F.12), 

T inst 
Yinst =---

and from Eq. (F.11), 

• 

(F .14) 

(F .15) 

(F.16) 

(F .17) 

The nominal stress level (a/a
0

) is determined by solving Eqs. (F.8) 
and (F.9). Thus, for Eq. (F.8), 

( ~o) = 
1 

.. I.!+ E 
1 F 6 

(F.18) 
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and for Eq. (F.9), 

= r {F (~) - 3.5 (~r·71 l/2 

L 3.5 J 
(J 

where - < 1 , 
(J 0 

where L ;is 1 • 
O' 0 

(F.19) 

(F.20) 

Equation (F.18) provides a direct solution. Equations (F.19) and (F.20) 
are solved by successive approximation. The nominal strain is determined 
from the equation of the stress-strain curvel,2 

- = - + 1.115 - , e: ((J ) ((J )9. 7 
e:o ao ao 

where 

where 

The pressure is estimated by assuming 

PGY .= R
1 

1 .• 
-+-
t 2 

(F.21) 

(F.22) 

(F.23) 

(F.24) 

In the absence of resistance curve data for vessels V-1, -3, and -6, 
power-law R-curve parameters for Eq. (F.1) were estimated by correlation 
with upper-shelf Charpy V-notch impact energy and tensile flow stress 
data, using7 



( CVN ) 
c = -o. u 4 135.58 

m = 0.473 x3 

14.42 + x3 
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( 
CVN )2 

+ 5•352 135.58 , (F.25) 

(F.26) 

(F.27) 

where the flow stress a is defined here as the average of the yield and 
ultimate tensile stresses. Note that in this analysis, the value of a

0 is taken to be the uniaxial yield stress rather than the flow stress, 
consistent with the numerical values (but not the nomenclature) used by 
Paris and Johnson.1, 2 The values of a0, a, and E were taken as 496 and 
569 MPa and 207 GPa, respectively.B,9 The CVN impact energy for vessel 
V-1 was 122 J,B and for V-3 and -6 it was 170 J.9 The values of 1-\n and Q 
were estimated from the curves given in Sect. XI, Appendix A of the ASME 
Code fop NuoleaP Vessels.IO The inside radius R1 of the intermediate 
test vessels is 342.90 nnn, and the wall thickness t is 152.40 nnn. From 
the given values of a0 and E, the value of Eo is 0.24%, and the value of 
a~/E is 1.191 MPa. The calculated results for vessels V-1, -3, and -6 
are summarized in Tables F.l and F.2, and the J-T solutions are shown 
graphically in Fig. F.l. The agreement between analysis and experiment 
is good. 
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Fig. F.l. J-T diagram for HSST intermediate test vessels V-1, -3, 
and -6. 



Table F.1. J-T diagram calculations for intermediate 
test vessels V-1, -3, and -6 

Vessel CVN ao lo 
G &! Jinst. 

Tinst. (~o) (J) 
c m 

(mm) (mm) (mm) (kJ/m2) 

V-1 122 4.257 o.4352 65.0 209.6 0.829 28.2 782 10.1 1.08 N 
N 
0 

V-3 170 8.267, o.4652 53.6 215.9 o.956 24.9 1435 22.5 1.17 

V-6 170 8.267 o.4652 47.5 133.4 o.659 22.1 1357 24.0 1.23 
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Table F.2. Comparison of calculated and 
measured tearing-instability pressures 

for intermediate test vessels 
V-1, -3, and -6 

Calculated Measured 

Vessel p £ p £ 
(MP a) (%) (MPa) (%) 

V-1 196 a.as 199 0.92 
V-3 212 1.52 214 1.47 
V-6 222 2.25 220 2.0 

Four posttest calculations were made for vessel V-8A, using three 
different R-curves with otherwise identical analysis procedures. The 
input and results are summarized in Tables F.3 and F.4. Note that other 
calculations had agreed best with the vessel V-8A test results when based 
on the lowest of the four characterization weld (V8102) R-curves shown in 
Fig. 2.16 and that the lowest curve is closest to the posttest charac­
terization data. Furthermore, the decreases in Charpy upper-shelf impact 
energy and tearing resistance for the characterization welds are nearly 
consistent (see Table 2.6 and Fig. 2.17). Consequently, the properties of 
characterization weld V8102 were used as input. All tensile specimens for 
characterization weld V8102 were oriented in the welding direction, which 
corresponds to the axial direction in the vessel. Material properties for 
the vessel V-8A test weld, measured posttest, are shown in Table F.3 for 
comparison with the values for characterization weld V8102 used for the 
calculations. The first R-curve used was the Jn-based power-law R-curve 
estimated by correlation with Charpy and tensile data according to 
Eqs. (F.25)-(F.27). The results for this R-curve were conservative be­
cause the correlation tends to be conservative for low-shelf materials. 
The second R-curve used was the average measured power-law R-curve for 
characterization weld V8102 (see Fig. 2.16 and Table 2.13). The result 
for this R-curve was quite accurate in terms of the calculated instability 
pressure, which agrees with the measured value of 140 MPa, although the 
calculated strain exceeds the measured value of 0.12%. The third R-curve 
used, estimated by a correlation with Charpy data recently proposed by 
MEA,11 was a JM-based power-law R-curve for weld metal at large crack 
extension. In this case, the value of Tinst' calculated by using the 
JM-based R-curve, is higher than the values estimated in the two Jn-based 
calculations, and the calculated instability pressure is slightly uncon­
servative. 

Because the MEA JM-CVN weld metal correlation resulted in an over­
estimate, a fourth calculation was done, using a companion base metal 
correlation that predicts lower R-curves at large crack extensions for 
low-shelf materials. This calculation proved to be slightly conservative 
and quite accurate in terms of instability pressure. The reason for the 
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Table F.3. Input data for J-T calculations on 
intermediate test vessel V-8A · 

Item Symbol Value 

Flaw depth ao 91.19 mm 

Flaw length lo 279.40 nnn 

Charpy upper-shelf CVN 
impact energy 

V8102 51.7 J 
V-8A 57.0 J 

Yield stress ao 
V8102 438 MP a 
V-8A 423 MP a 

Nominal ultimate stress a~lt 
V8102 534 MP a 
V-8A 525 MP a 

Flow stress a 

V8102 486 MPa 
V-8A 474 MPa 

Inside radius Ri 342.90 nnn 

Wall thickness t 152.40 mm 

difference between the weld metal and base metal correlations is not known 
and should be investigated. 

Note that the estimates of crack extension and the associated tough­
ness for the most accurate instability pressure estimate in Table F.4 are 
too high. This is a consequence of the crack size not being updated as 
the applied value of J is increased and is, therefore, an inherent limi­
tation of the standard J-T diagram procedure. Thus, if a standard J-T 
diagram solution is accurate compared with experimental data, it is prob­
ably because either ~a is small or there are compensating effects some­
where in the calculation. 



Table F.4. J-T diagram calculation results for intermediate test vessel V-8A 

Material 
!!.a Jinst. and G Tinst. 

a € p e: c m 
(mm) - (MP a) (%) R-Curve (kJ/m2) a o €0 

V8102, 
Jn-CVN, a o.738 0 .1355 0.8563 12.4 117 1.39 0.69 0.72 llO 0.15 Corr. 
(Ref. 7) 

V8102, 
Meas. 1.381 0.3080 0.8563 28.2 249 2.95 0.88 1.20 140 0.26 N 

N 
Avg. w 

V8102, 
JM-CVN 2.029 0.3628 0.8563 33.0 391 4.63 0.96 1. 74 153 0.37 Weld Corr. 
(Ref. 11) 

V8102 
JM-CVN 1.223 0.3072 0.8563 27.9 221 2.61 a.as 1.09 136 0.23 B. M. Corr. 
(Ref. 11) 
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Appendix G 

UK LIGHT WATER REACTOR STUDY GROUP RESPONSE TO 
NRC REPORT NUREG-0744 (FOR COMMENT DRAFT)* 

G.l Introduction 

The following discussion is taken from correspondence between the 
United Kingdom (UK) Atomic Energy Authority and the U.S. Nuclear Regula­
tory Commission (NRC), dated January 28, 1983, and subsequently forwarded 
by the NRC to the American Society of Mechanical Engineers Working Group 
on Flaw Evaluation for review. 

The Light Water Reactor Study Group has considered the proposals in 
NUREG-0744,1 first, in relation to the conclusions reached in the second 
Marshall Report2 concerning a pressurized water reactor (PWR) yet to be 
fabricated in the United Kingdom and, second, in relation to the low­
upper-shelf energy problem that was specifically addressed by the A-11 
Task Group. Although the Study Group does not expect that the methodol­
ogy presented in NUREG-0744, or its equivalent, will need to be invoked 
for any UK PWR vessel, it was, nevertheless, felt that some comment upon 
this document may be helpful to NRC. Accordingly, the communication that 
follows discusses first, in a general way, the relevance to a UK PWR 
vessel; then the specific problem raised by the A-11 issue; second, some 
conclusions on the J-T methodology in its present stage of development; 
and, finally, details of the calculations upon which the preceding com­
ments are based. 

G.1.1 General relevance of NUREG-0744 proposals in relation to 
conclusions reached in the second Marshall Report 

We note that the A-11 issue is due to low postirradiation upper­
shelf toughness values. We do not expect that this would be a relevant 
concern in the case of a PWR vessel fabricated to meet the essential 
recommendations of the second Marshall Report.2 This is because forged 
ring construction would eliminate all welds in the irradiated beltline 
region and steel composition limits would be restricted to ensure ini­
tially high-upper-shelf fracture toughness properties and very low sus­
ceptibility to neutron irradiation damage. Thus, we expect that even at 
end of life, properties will not have changed significantly; consequently, 
there will be no requirement to invoke a methodology to deal specifically 
with low-upper-shelf toughness. 

*Compiled by L. M. Davies (Secretary to the LWRSG), Atomic Energy 
Technical Branch, United Kingdom Atomic Energy Authority, AERE Harwell. 
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G.1.2 Specific comments on NUREG-0744 proposals in relation to the 
beltline flaw problem addressed by the A-11 Task Group 

We recognize that NUREG-07441 addresses a regulatory issue, namely, 
that of establishing the means of demonstrating the existence, or other­
wise, of adequate safety margins with regard to the continued operation 
of those nuclear reactor pressure vessels that, as a result of neutron 
irradiation embrittlement of beltline region welds, may eventually fail 
to meet the 68-J (SO-ft-lb) Charpy V-notch upper-shelf energy criterion 
of 10 CFR 50, Appendixes G and H.3 We further recognize that there are 
several important technical aspects of Task A-11. Our comments and sup­
porting calculations are restricted, however, to Subtasks A, B, and C, as 
listed under Item 2, "Plan for Problem Resolution," in.Appendix A of 
NUREG-0744 (for comment).l 

First, by way of preliminary comment, we endorse the assertion in 
Sect. 4.1 on P• J-10 that the first priority in resolving concerns in con­
nection with the A-11 issues is to "Establish analysis methods and cri­
teria applicable to system Emergency and Faulted Conditions which occur 
at and near upper shelf temperatures." We, therefore, find it surprising 
that the methodology presented in NUREG-0744, presumably as a means of 
addressing this point, is restricted to the more narrowly d_efined problem 
of avoiding failure by tearing instability with respect to a flaw situated 
in the beltline region of a reactor pressure vessel of "low upper-shelf 
energy" material and subjected only to pressure loading. Although we 
certainly appreciate the necessity of establishing pressure-temperature . 
limits in connection with this particular mode of failure, we do not agree 
with the general relevance of a methodology based on a tearing modulus 
approach and considering only primary (pressure) loading to the case of 
level C and D transients with possible high secondary (thermal) loading 
where, depending in particular upon the shift in RTNDT with irradiation, 
transition region toughness properties may apply. To this extent, we 
note that the "safe region" marked on the J-T diagram in Fig. 3 on P• B-10 
of NUREG-0744 is only safe for a given temperature provided ~RTNDT is not 
so large that either (1) brittle fracture occurs when Kic = (E' Japp) 1/ 2 

< (E' Jic)l/2 or (2) cleavage instability intervenes following a small 
amount of stable, ductile crack extension when Japp > Jrc• 

Second, by way of more-detailed comment, we would like to make the 
following points. 

1. We not.e that although the J-T analysis developed in response to 
Subtask Bis intended to_deal with limited amounts of ductile crack 
exte.nsion, it is only broadly consistent with the accepted condi­
tions for J-controlled crack growth being met. In particular, adop­
tion of w ~ 5 is not a suf f icie~t condition for this to strictly be 
the case, and we suggest that, where possible, the appropriate 
limits be marked on the material J-T curve. 

2. We endorse the comments on P• B-40 of NUREG-0744 regarding the need 
to establish a statistically more significant lower-bound correla­
tion between Charpy V-notch upper-shelf energy and J 50 values and 
note that this is particularly relevant with respect to irradiated 
materials with values of Cv < 68 J. Moreover, we note that because 
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upper-shelf toughness (Cv) and fracture toughness (J1c; Tmat for a 
given value of Jmat) properties are a function of temperature, J 50 
will be a function of temperature. In particular, we would expect 
Jso to decrease with temperature, at least until reaching a minimum, 
the position and value of which may depend upon material composition 
and loading rate. We assume that this will be taken into account in 
any lower-bound correlation that may be formally established. 
We note that the approximate methods developed for calculating 
Ja p/Tapp for the problem addre~sed in NUREG-0744 lead to a linear 
relationship between these two quantities as a direct result of 
(1) calculating Japp by separating the variables of load and geome­
try and not normalizing the load with respect to a crack-size depen­
dent reference load and (2) ignoring the effect of crack growth when 
Japp > Jrc• However, alternative methods could equally be used, and 
we have found that those based on the CEGB R6 analysis4 and the 
estimation scheme of Shih et a1.s do not, in general, lead to pro­
portionality between Japp and Tapp; moreover, for the cases we have 
examined, the slope dJapp/dTapp is always (8.76 kJ/m2 (<50 lb/in.) 
at sufficiently high loads (corresponding to plastic collapse), and 
we would expect this to be observed regardless of the means of gene­
ra ting J. (See further analysis and discussion in Appendix H of 
this report.) 
We note that for small amounts of crack growth to instability, 
although the shape of the applied ~-T curve does not change, the 
load sensitivity of this curve does. 
We note that no specific guidance is given as to how secondary 
(e.g., thermal) stresses should be treated in calculating Japp• 
We assume that the intent of the safety margin with respect to 
levels C and D transients proposed on P• 6-1 of NUREG-0744 is to 
limit Ja2p to 1/2 Jso• 
We note from our calculations that a safety factor of 2 on Japp with 
respect to J 50 does not imply a similar safety margin in terms of 
the corresponding values of pressure loading; nor does it properly 
acknowledge the factor of safety existing with respect to the pres­
sure estimated to cause instability. 
We further note from our calculations that because the J-T method­
ology in NUREG-0744 is ~pecific to materials with low-upper-shelf 
toughness properties, the possibility exists that if it were applied 
more generally, then, depending upon the material JR-curve, flow 
properties, postulated defect size, etc., this could result in the 
value of pressure loading corresponding to Japp= 1/2 J 50 being in 
excess of that estimated to correspond to the onset of plastic col­
lapse - for example, in the case of a part-through surface crack. 
We assume that the need to check on this possibility would be 
emphasized in any Code requirements. 
We note that application of J-T methodology to problems other than 
those that were specifically addressed by the A-11 Task Group -
including thermal shock, etc. - can only be justified after appro­
priate validation. 
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10. We note that surveillance specimens used for obtaining irradiated 
material JR-curve data (e.g., lT-CT) have only a limited J capacity 
as defined by the w criterion. Therefore, they cannot sustain suf­
ficient ductile crack extension to ensure the absence of a transi­
tion to cleavage before loss of J-controlled crack growth. On a J-T 
diagram, cleavage will appear as a cutoff to the material J-T curve 
at the appropriate level of J (Fig. G.1). Because the intersection 
of the J/T = 8.76 kJ/m2 (50 lb-in.-1) line with the material J-T 
·curve is only a very rough approximation to the w = 5 limit for a 

J 

lTCT specimen, it may not adequately screen out mode conversion 
before loss of J control, should it occur. Moreover, the linear 
extrapolation of the material J-T curve proposed in Appendix B of 
NUREG-0744 as a conservative estimate of material behavior beyond 
the w limit also ignores this potential mode transition. 
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Fig. G.1. Schematic representation of potential for unconservative 
predictions in presence of ductile-cleavage transition. 

G.1.3 Conclusions on J-T methodology in its present stage 
of development 

We recognize the usefulness of the form of analysis developed by the 
A-11 Task Group in providing the means for defining screening criteria to 
guard· against failure in limited circumstances where 

1. the defect geometry is that of a semielliptical surface crack, 
a/2c > 1/6, in the beltline region of a PWR vessel; 
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2. the vessel is loaded by pressure only; 
3. the material has a low resistance to tearing, and crack extension is 

·fully ductile, leading only to tearing instability; and 
4. proper account is taken in the analysis of crack extension and the 

sensitivity of J with applied load. 

We further recognize that after additional development the analysis may 
be applicable in more-general circumstances. However, we believe that 
alternative methods that already serve this purpose exist. 

G.1.4 J-T analysis for intermediate vessel test V-8A* 

Calculations were made by the formulas listed below to establish J-T 
diagrams, with straight J-T applied lines, for vessel V-8A for two cases. 
Case I is a lower-bound case based on the J-T material curve for charac­
terization weld V8102. Calculated results are listed in Table G.1, and 
the instability solution is shown graphically in Fig. G.2. Based on the 
actual J-T material curve, tearing instability is predicted at a pressure 
of 140 MPa, with about 15 nnn of stable crack growth. Case II is an upper­
bound case based on characterization weld V862. Calculated results are 
listed in Table G.2, and the instability diagram is shown in Fig. G.3. 
The instability solution for the actual material J-T curve is off scale, 
although a solution based on a linear extrapolation of the J-T material 
curve from near the J(SO) intersection point lies on the diagram. 

Note that for an outside surface flaw the use of an elastically 
calculated reference stress equal to the inside surf ace circumferential 
stress represents a conservation in this analysis. In addition, the 
variation of the geometry factor G with crack depth is considered. 

The input data and equations used are listed below. 

Vessel dimensions 

r1 495.3 mm 

ro = 342.9 D'Dll 

t = 152.4 mm 

Flaw dimensions 

a = 91.15 mm, a/t = o.598 

R, = 279.4 nnn, a/ R, = 0 .326 

*D. P. G. Lidbury, RNL. 
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Table G. l. Calculated loading parameters for 
lower-bound (Case I) tearing-instability 

analysis of vessel V-8A 

p C1 
a/ao £/£0 

Japp 
(MP a) (MPa) (kJ/m

2
) 

40 113.6 0.23 0.23 15 
50 142.1 0.28 0.28 23 
60 170.5 o.34 0.34 33 
70 198.9 o.4o o.4o 45 
80 227 .3 o.45 o.45 60 
90 255.7 0.51 0.51 76 

100 284 .1 o.57 o.57 95 
110 312.5 o.63 o.63 116 
120 340.9 o.68 0.10 141 
125 355.1 0.11 o.74 156 
130 369.3 o.74 o.78 172 
135 383.5 0.11 0.83 190 
140 397.7 o.so o.s9 212 
145 412.0 0.82 o.96 238 
150 426.2 0.85 1.05 269 

Japp • Jlc = 45 kJ/m2, P = 70 MPa 

·Japp • Jso ::r 110 kJ/m2 , P ::r 110 MPa, c ::r 0.10%a 

Japp• 1/2 Jso ::r 55 kJ/m2 , P ::r 80 MPa, £ ::r 0.07%a 

Japp • J(L) ::r 160 kJ/m2, P = 125 MPa, £ = 0.12%a 

P(limit) • 160 MPa 

CZoutside surface circumferential strain. 

Table G.2. Calculated loading parameters for 
upper-bound (Case II) tearing-instability 

analysis of vessel V-8A 

p C1 
a/ao c/co 

Japp 
(MP a) (MP a) (kJ/m

2
) 

40 113.6 0.21 0.21 15 
50 142.1 0.33 o. 33 21 
60 170.5 o.4o 0.40 33 
70 198.9 o.47 0.47 46 
80 227.3 0.54 0.54 61 
90 255.7 0.60 0.61 78 

100 284.1 0.67 o.68 98 
110 312.5 0.74 0.78 123 
120 340.9 o.so 0.91 157 
125 355.1 o.84. 1.00 181 
130 369.3 0.87 1.12 210 
135 383.5 0.90 l. 27 247 
140 397 .7 o.94 1.48 296 
145 412.0 0.91 1. 77 359 
150 426.2 1.00 2.15 444 

Japp • Jlc = 45 kJ/m~, P = 70 HP a 

Japp • Jso ::r 260 kJ/m2, P = 135 MPa, c = o.12%a 

Japp • 1/2 Jso = 130 kJ/m2 , p = 110 HPa, c = o.10%a 

Japp • J(L) ::r 360 kJ/m2m, p ::r 145 HPa, £ = o.13%a 

P(limit) • 136 HPa 

aoutside surf ace circumferential strain. 
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Materials data 

Case I 

log (J/89.0) = 0.308 log (~a/1.0) , (charac. weld V8102 avg)* 

J in kJ/m2 

~a in mm 

Jic = 45 kJ/m2 

a0 = 500 MPa 

E = 2.1 x 105 MPa 

cvu = 50.7 J 

£/£0 = a/a0 + 1.115 (a/a0)9.7 

Case II 

log (J/134.0) = 0.451 log (~a/1.0) , (charac. weld V862 avg)* 

J in kJ/m2 

~a in mm 

Jic = 45 kJ/m2 

ao = 425 MPa 

E = 2.1 x 105 MPa 

cvu = 61.8 J 

£/£0 = a/a0 + 1.115 (a/a0)9.7 

Stress analysis 

Assume thick cylinder formula for (a00) , 
max 

(r2 + r2) 
1 0 a = • P = 2.841 P (stress at inside surface) , 

(r2 - r2) 
1 0 

where r 0 and r 1 are inside and outside radii, respectively. 

Japp and the stress factor { } 

J app 

a2a 
0 =--E 

[M2/Q] {stress} 
m 

*See Table 5.4 in Enclosure 3 of Appendix B. 

(G.l) 

(G.2) 
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1f (a/ao)2 
{ }=---

1-!(a/ao)2 
when a/a0 < 2/3 , 

{ } = 3.3 (a/a0)2 + 3.5 (a/a0)10.7 when a/ a0 > 2/3 • 

Strictly speaking, the use of Eqs. (G.3) and (G.4) is limited to 
a/t < 1/2 in NUREG-0744. 

LEFM shape factor 

Q = 1 + 1.464 (a/c) 1 • 65 

= 1. 724 ' 

Mi = 1 + 0.12 (1 - a/2c)2 , 

p = 1.6 + 3(a/c)3 + 8(a/c)(a/t)S + 0.008 (c/a) , 

~ = Mi + ({Qc/a - Mi) (a/t)P 

= 1.187 ' 

M2/Q = 0.817 • 
m 

(J/T)app 

( J /T) app = t ~ + t [ [ : l] • 

where, conservatively, [ ]1 = a/a(a/t)[ ] , 

giving 

a2a· 
0 

(J/T) = ----E [0.71] app 

= 81 kJ/m2 

= 69 kJ/m3 

when ao = 500 MPa 

when·ao = 425 MPa • 

(G.3) 

(G.4) 

(G.5) 

(G.6) 

(G.7) 

(G.8) 

(G.9) 

(G.10) 

( G.11) 

( G.12a) 

(G.12b) 
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Plastic collapse 

p(limit) = 1.04 a0 (t/a - l) ln (:
0

1
\ 

( t/a - ;) J 
(G.13) 

where 

r = 1/2 (r1 + ro) , (G.14) 

m = (1 + o.263 !:)112 
( G.15) 

= 1.14954 , 

P(limit) :::: 160.2 MPa when ao = 500 MPa (Case I) , (G.16a) 

= 136.2 MPa when a0 = 425 MPa (Case II) • (G.16b) 

G.2 Comparison of J-T Plots for Different Geometries* 

G.2.1 Introduction 

There are three possible ways of performing a structural integrity 
analysis using a J-T diagram. The first, labeled type A, was proposed in 
Appendix B of NUREG-0744.1 This is the simplest J-T form of analysis and 
is intended to provide a lower-bound solution to the specific problem of 
tearing from semielliptical flaws in the beltline of PWR vessels in their 
end-of-life degraded condition. There is, however, a clear intent to 
apply this type of solution to a wide class of problems. 

This "lower bound" solution used the concept of the J(SO) line, 
where the applied J-T curve is taken to have the form 

J = 8.76 T kJ/m2 (or 50 T lb/in.) • (G.17) 

The "instability" condition is defined by the intersection of the J(SO) 
line with the J-T material curve, the latter obtained from the J-resis­
tance curve at the point Jap = J 50 • This provides a level of J-applied, 
notionally at instability, ttat is meant to be consistent with J-con­
trolled crack growth criteria applied to the J-resistance curve and, by 

*I. Milne, CERL. 
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implication, the crack extension at that point. The corresponding pres­
sure can be obtained by performing an independent calculation using a 
simplified expression for J. 

The second, labeled type B, is more complicated but, nevertheless, 
more accurate and is applicable to all categories of problems. In this 
instance, an explicit evaluation of J-applied is obtained as a function 
of load at the initial crack length of interest. Tapp is then obtained 
from 

Tapp = [:~J 
app 

E .. - , 
a2 

0 

( G.18) 

and the definitive J-T applied curve is plotted out. The instability 
condition is defined by the intersection of this curve with the J-T 
material curve, from which the instability load and instability crack 
extension can be determined. 

In general, this definitive version of the J-T plot is a curve 
rather than a straight line, and being explicitly related to J-applied, 
it takes appropriate account of va~iations as a result of geometry, crack 
size and shape, and material flow properties. The analysis, however, is 
still approximate because there is no allowance for crack extension in 
the applied value of J. To make the analysis exactly equivalent to a 
rigorous J-applied/J-resistance analysis, the applied J-T curve has to be 
updated to allow for crack extension when J-applied exceeds Jrc resis­
tance. This third method, labeled type C, is considered unnecessary for 
small amounts of crack extension and is more easily achieved by perform­
ing a conventional J analysis using a J-a plot. Nevertheless, it is the 
only way that a J-T diagram can be used to produce an exact solution, so 
it is included in this discussion as the third form of J-T analysis, 
labeled type c. 

Of these three forms of analysis, types B and C are complicated by 
the need to calculate J and dJ/da as a function of load to define the 
load sensitivity of the structure. Because of these complications, these 
two types of solution do not lend themselves readily to codified proce­
dures, and the simplicity of the J-T diagram is lost. It follows that 
for any problem where either of these two forms of analysis is necessary, 
there are simpler and more-accurate solutions than the J-T plot. The 
type A form of J-T diagram is very simple and readily codified. The only 
complication results from the need to define the load at instability or 
the load-J relationship. Assuming that this can be done satisfactorily 
using the relationships in Appendix B of NUREG-07441 via the equation 

a2a 
J = -i- {stress} [geometry] , (G.19) 

where {stress} refers to a simple function of the ratio of applied stress 
to the yield or flow stress and [geometry] refers to a geometric correc­
tion factor, then the applicability of this form of J-T diagram depends 
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only upon the J(50) curve actually representing the true applied J-T 
curve pessimistically. The analyses discussed below investigate this 
aspect of J-T diagrams. 

G.2.2 Geometries and loading 

To obtain an indication of how widely applicable the J-T methodology 
is, four geometries were chosen for investigation: 

1. a 25-mm compact tension specimen with crack depth a= 0.6 W, where W 
is the specimen width; 

2. a pressurized cylinder containing an internal axial extended crack of 
depth a equal to one-half of the wall thickness t; 

3. the Heavy-Section Steel Technology (HSST) test vessel geometry V8A; 
4. two semielliptical flaws in the beltline of a PWR vessel, 30 and 

90 nnn deep, respectively, subject to pressure loading. This geometry 
was taken from Chap. 6.7 of the second Marshall Report,2 using Fig. 
6.7.13 as the basis for the analysis. Consequently, in addition to 
the pressure loading, a small residual stress of 50 MPa was also con­
sidered to be acting on the vessel. 

Explicit solutions for J are available in the literature for the 
first two geometries, and this allowed a comparison to be made between 
J-T plots generated from the explicit solutions and J-T plots implied 
from the R6 equation and J(50). For the second two geometries, explicit 
J solutions are not available, so only J-T plots implied from the R6 for­
mula were used for comparisons here. It is contended that plots obtained 
by using the J-design curve6 would give similar comparisons up to loads 
that produce a level of stress in the uncracked ligament equal to the 
flow stress. 

Note that for the first three cases the structures are subjected to 
mechanical loading only. For case 4 there is a small, constant residual 
stress of 50 MPa applied, but the J-T curve is still plotted as a func­
tion of applied mechanical load (pressure). Extension to the problems of 
an increasing thermal stress, or a thermal stress variable with time, has 
not been made because the J(50) philosophy has yet to be applied to this 
form of loading. 

G.2.3 Calculations of J and T from definitive estimates of J and 
from R6 procedures 

The GE estimation scheme for J was used for this calculation.s J 
was calculated as a function of applied load for three different crack 
sizes, a, a+ a', and a - a', where a is the crack size of interest and 
a' is a small fraction of this. The slope was then determined graphi­
cally and T obtained by using Eq. (G.18). 

In the next case, J was inferred from the R6 diagram,4 using the 
equation 

K2 
I 

J =-­
E'S2 

r 

(G.20) 
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where E' = E/(1 - v2), E being Young's modulus and v, Poisson's ratio. J 
was calculated for three different crack lengths as a function of applied 
load, as described above, and from this, T was determined. 

One similarity between the GE estimation schemes and R64 is that in 
both cases, the plasticity effects are obtained by using an equation for 
J in which the load is normalized to a crack-size dependent reference 
load. For R6 this is required to be the plastic limit load of the re­
maining uncracked ligament, and work hardening is taken into account by 
using the flow stress of the material. For the GE scheme the reference 
load is defined as the yield limit of the remaining uncracked ligament, 
and work-hardening effects are incorporated by using the parameters of a 
power law stress-strain curve. In most, but not all, cases the GE refer­
ence load is of an identical form to the R6 limit load, with the flow 
stress replaced by the yield stress. Hence, for consistency in the com­
parisons, the GE form of reference load was adopted in the calculation of 
Sr, although in practice a different form of plastic limit load may be 
preferred in some cases. 

Results for the compact specimen are shown in Fig. G.4 and for a 
long internal axial crack in a pressurized cylinder, in Fig. G.5. Note 
that the J-T curves for these two explicit solutions undergo a decrease 
in slope with increasing J, rather than remain straight. (This phenomenon 
is discussed in detail in Appendix H.) Approximate results are shown in 
Fig. G.6 for vessel V-8A and in Fig. G.7 for two part-through cracks in a 
PWR vessel, both based on the R6 method. As shown in Fig. G.6, the pre­
dicted tearing-instability pressure for vessel V-8A is between 130 and 
136 MPa, with an amount of stable crack extension (estimated from Fig. 
G.2) to be slightly over 5 nun. 

G.3 Sample Calculations for PWR Beltline* 

G.3.1 Introduction 

Results of sample calculations applying the NUREG-07441 proposals to 
calculate limiting pressures for a range of defects in the PWR beltline 
region are given below. First, J-T (material) diagrams are produced and 
limits to J (applied) obtained. Second, J vs pressure is calculated and 
limiting pressures were estimated. Finally, results are compared with 
those obtained by using the Central Electricity Generating Board (CEGB) 
R6 procedure,4 assuming the same material properties. 

G.3.2 J-T (material) curves 

Power law R-curve data obtained from characterization welds for the 
HSST V-8A test (see Table 2.13 and Fig. 2.16) have been used to obtain 

*C. J. Gardner, AERE. 
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J-T (material) curves. Two cases have been considered: 

1. Upper bound (based on weld V862) 

J 134 (~a) o • 45 o 9 (kJ/m2) 

ao = 425 MPa (G.21) 

Mean upper-shelf energy = 61.8 J 

2. Lower bound (based on weld V8102) 

J = 89 (~a)0.308 (kJ/m2) 

ao = 500 MPa (G.22) 

Mean upper-shelf energy = 50.7 J 

In both cases, the upper-shelf energy is below 68 J, so these data 
should be representative of low USE material. The resulting J-T curves 
are shown in Fig. G.8. By reference to these curves, the various limita­
tions on J (applied) may be determined. The following limitations on J 
(applied) are considered for calculations of limiting pressures. 

1. "w = 5" limit suggested in NUREG-07441; 

2. 

(b = 32 mm has been assumed). 

"J = 1/2J 50" limit. This limitation is assumed to be the intent app 
of the requirement in NUREG-0744 that Tapp be no greater than one-
half the value of T at the intersection of the material J/T curve 
with the J/T = 8.76 kJ/m2 (50 lb/in.) for levels C and D transients. 

G.3.3 Calculation of Japp 

Ja P has been calculated by the method suggested in NUREG-0744 for 
the surFace flaw, using Eq. (G.2), but in which the "geometry bracket" 
[ ] is given by M2/Q from ASME Sect. XI, Appendix A.7 The "stress 
bracket { } depen~s on the strain-hardening law for the material and the 
stress level in the remaining ligament. Only one set of power-law strain­
hardening data has been given in NUREG-0744, and this has been assumed to 
be typical and is, therefore, used in these calculations for determining 
{ } from Eqs. (G.3) and (G.4). 

The stress level a is assumed to be lO•P, ~ere P is the vessel in­
ternal pressure. This method is, therefore, restricted to pressure load-
ing only. · 
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Fig. G.8. Upper and lower bound J-T material curves and limiting 
lines for J/T =· 8.74 kJ/m2 and w = 5, for intermediate vessel V-8A. 

If required, Tapp may be estimated from the equation 

T app 
(G.23) 

where dJ/da is determined by evaluating J at a small distance on either 
side of the crack size of interest. 
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G.3.4 Calculation of limiting pressures 

· Because Japp is known, the pressures corresponding to the above two 
limitations on Japp may be determined. In addition, a check on plastic 
collapse of the ligament is considered desirable. Although this is 
recognized in Appendix C of NUREG-0744 (p. C-18), it is not stated in the 
main body of the report. In these calculations, the following expression 
for limit load, applicable to an internal flaw, has been used: 

Plimit = 
a0 [R

0
/Ri - l] [l - Ac/A] 

1 + [R /R
1 

- l] A /A 
0 c 

(G.24) 

where Ac is the area of the flaw and A is the trapezoidal effective load­
bearing area of the region containing the flaw. 

G.3.5 Results 

Limiting pressures for the upper-, and lower-bound R-curves consid­
ered are given in rables G.3 and G.4, respectively, for a range of defect 
sizes. In addition to the NUREG-0744 calculations,1 the CEGB R6 proce­
dure4 has been used to obtain limiting pressures corresponding to 2-mm 
crack growth (the limit used in the second Marshall report2) at ultimate 
instability. (Note that the limit corresponding to ultimate instability 
requires extrapolation of the method beyond the limits on crack growth 
recommended in R6.) 

In Fig. G.9 the lower-bound J-T curve from Fig. G.8 is shown en­
larged. The J-T (applied) curve for a 1/4-thickness (54-mm) defect* is 
shown based on a flow stress of 500 MPa. This is one of the solutions 
listed in Table G.4. The J-T (material) curve has been extended up to a 
point corresponding to 15-mm ductile crack extension (significantly 
beyond the limits of J-controlled crack growth). Thus, neglecting such 
limitations, the onset of instability for this case (defined as the in­
tersection of the two-curves) is predicted to occur just below the plas­
tic collapse pressure of 42.8 MPa after almost 15 mm of ductile crack 
growth. 

In Fig. G.10 the R6 ductile crack-growth analysis4 is illustrated, 
again for the same 1/4-thickness defect. The procedure followed, given 
in Appendix 5 of R6, requires evaluation of ~ and Sr as a function of 
crack growth 6a for an arbitrary constant applied load. From this, the 
load factor F is evaluated as a function of 6a. The maximum tolerable 
load (called the instability load in Tables G.3 and G.4) is the product 
of the applied load and the maximum value of F, subject to the usual 
restrictions on 6a. In general for the cases considered here, the maxi­
mum value of F has been found to lie outside the J-controlled crack­
growth regime, as indicated by the values of 6a at instability in Tables 
G.3 and G.4. [Note that the instability pressure estimated by the R6 

*Although not stated, it is apparently assumed that a/!= 1/6. 



Table G.3. Comparison of R6 and NUREG-0744 limiting pressures, 
PWR beltline region upper-bound R curve 

(Flow stress = 425 MPa) 

R6 predictions NUREG-0744 predictions 
Defect 
size Initiation Ila = 2 mm Instability Ila at (1) = 5 Japp = 1/2 Jso Limit 
(mm) instability limit limit load 

(MP a) (MP a) (MP a) (mm) (MP a) (MP a) (MP a) 

25 33.8 39.2 39 .4 4 > Limit > Limit load 40.0 
load 

54 (t/4) 24.9 33.I 34.6 7 ) Limit 34.6 36.4 
load 

N 

100 17.2 24.7 21.2 10 29.6 23.6 29.~ 
~ 
O" 

l50a 12.9 18.5 20.9 9 18.0 13.5 22.s 

PY.essuPes Pelative to Japp = 1/2 J 50 value 

25 

54 (t/4) 0.12 o.96 1.0 1.0 I .OS 

100 0.13 1.os 1.15 1.25 1.0 1.26 

l50a o.96 1.37 1.so 1.33 1.0 1.67 
--

aThis defect size is beyond the current recommended limit of the analysis procedure. 



Defect 
size 
(mm) 

25 

54 (t/4) 

100 

150a 

25 

54 (t/4) 

100 

150a 

Table G.4. Comparison of R6 and NUREG-0744 limiting pressures, 
PWR beltline region lower-bound R curve 

Initiation 
(MPa) 

31.3 

21.8 

14. 7 

11.0 

0.84 

0.86 

0.94 

1. 22 

(Flow stress = 500 MPa) 

R6 predictions 

6a = 2 mm 
(MP a) 

41.0 

31.1 

21.8 

16.3 

Instability 
(MP a) 

42.5 

34.2 

25 .2 

16.8 

6a at 
instability 

(mm) 

7 

12 

)15 

)15 

(J) = 5 
limit 
(MP a) 

45 .1 

34.2 

21.8 

13.8 

NUREG-0744 predictions 

Japp = 1/2 Jso 
limit 
(MP a) 

37.4 

25.4 

15.6 

9.0 

PressuPes relative to Japp = 1/2 Jso value 

1.10 1.14 1.21 1.0 

1.22 1.35 1.35 1.0 

1.40 1.62 1.4 1.0 

1.81 t.09 1.533 1.0 

lLrhis defect size is beyond the current recommended limit of the analysis procedure. 

Limit 
load 
(MP a) 

47.1 

42.8 

35.0 

26.4 

1.26 

1.69 

2.24 

2.93 

N 
,:::.. 
-....I 



0.26 

0.20 

0.16 

-N 

E ..... ...., 
~ 
...., 

0.10 

0.06 

0.00 
0 
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Fig. G.9. J-T analysis diagram for a quarter thickness defect 
(a = 54 nnn, a/i = 1/6) in a PWR vessel. 

method, which updates the crack size and its effect on limit load, is 
34.2 MPa (see Fig. G.10 and Table G.4); however, the instability pressure 
estimated by the straight line J-T applied curve, which neither updates 
the crack size nor considers limit load, is ~41.S MPa. This illustrates 
the potential unconservation brought about by not updating the crack size 
and its effect on limit load. Note also that the.J50, w = 5, and lower­
bound J-T material curve portions of Figs. G.2, G.6, G.8, and G.9 are in 
agreement, as they should be.]* 

*Comments in brackets added by ORNL. 
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Appendix H 

CAUSES OF NONLINEAR J-T APPLIED CURVES AND 
EQUATIONS FOR THE R6 METHOD 

As observed in Appendix G, in the J-T-diagram approach to tearing­
instability analysis, 1 , 2 the J-T applied curve will be a straight line 
only if the crack length is not updated and the variables of load and 
crack size in the expression for J are separable. The latter influence 
is the strongest, especially under force-controlled loading as the load 
approaches a crack-size-dependent, fully plastic load, near which the 
slope of the J-T applied curve can decrease substantially (e.g., Figs. 
G.4--G.7). Two common methods of estimating J, for which the variables of 
crack size and load are not separable because of a crack-size-dependent, 
fully plastic load, are the R6 method,3 for which 

and the GE-EPRI method,~ which for a flawed cylinder as an example, 
estimates J from 

In both cases, 

s 
r 

(H. l) 

(H.2) 

(H.3) 

where Po is a crack-size-dependent, fully plastic load. Paris 1 > 2 simpli­
fied Eq. (H.2) by replacing Sr with (a/ao), where ao is the flow stress, 
which is a material property not dependent on crack size; by neglecting 
the plastic zone size correction to J~; and by assuming that C2 can be 
factored from the product h1 (1 - a/tJ, leaving the remaining ratio in­
dependent of a/t. The result, after some elementary substitutions, was 

(H.4) 



• 

where 

G = c2 • 

* + a G 
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(H.5) 

·(H.6) 

For Eq. (H.4), if the crack size is not updated, J-T is constant indepen­
dent of load level, but for Eqs. (H.l) and (H.2) it is not. The causes 
are the crack-size dependence of the denominator Po in the tenn Sr and in 
the case of Eq. (H.2), the probably ·lesser effect of the plastic zone 
correction in Je• . 

While nonlinear J-T applied curves were shown in Appendix G, the 
coordinates of these curves were determined numerically. However, in the 
case of the R6 method, an analytical approach. to plotting the J-T applied 
curve can also be developed. In the case of the R6 method, it is conve­
nient to rewrite Eq. (H.1) in the form 

J = (H. 7) 

where 

f (; J = ln sec (; : J . (H.8) 

The applied tearing modulus T, at constant load, is defined byl,2 

(:;)p 
T =---

(;~) 
(H.9) 

so that 

• (H.10) 
T - = 
J 
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From Eq. (H. 7), 

(H.11) 

so that 

(
a 1 J) 1 a 1 G a ln P

0 
a ln f (:

0
) a ln P

0 a: p = a + a: + 2 aa - (p ) . aa 
a ln ~ 

(H.12) 

Modifying Eq. (H.12) slightly, 

a (:) 
(H.13) {a ln J) 

\ aa p = ~ 1 + (~) ~~ + (~) 
a ln p 0 

Notice that when the fully plastic load P
0 

is independent of crack size, 
T/J becomes 

T 1 + (t) f-
(H.14) 

J 

It is convenient to define 

a f (~) 
a (: o) . • 

(H.15) 

and 

(
at) _a _i_n _P_0 

a (:) 
(H.16) 
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so that Eq. (H.13) becomes 

(a ln J)p = ; { 1 + (:) ~, + $ (:o) • A(:)} aa 
(H.17) 

and 

1 + (~) ~, + $ (:J • A(:) 
T - = • (H.18) 
J 

(:~r 
Note that both $ and A will be negative, so their product is positive. 
Using Eq. (H.8), 

f (: 
0

) = - ln cos (; : J (H.19) 

so that 

(
2!. L) tan (ir !._) 
2 Po 2 Po 

= 
2 

- ln sec ('Jr L) 
2 Po 

• (H.20) 

For a part-through crack in a pressurized cylinder, the value of Po 
is estimated by the R6 method3,S with the equation (modified for a thick-
walled cylinder) 

(H.21) 

where m is the elastic bulging factor for a through crack of length t, 
given by 

m = ~1 + 0.263 i: (H.22) 

and R is the mean radius of the cylinder. In the case of Eqs. (H.21) and 
(H.22), the value of A is given by 



where 

s = 

255 

1 
s 

m 

1 for constant crack length 

3 for constant crack shape • 

In the United Kingdom, comments on NUREG-0744 (see Appendix G), an 
expression used for G was 

M2 
G = _2!!. 

Q 

whereG, 7 

M = 
m 

Q 

p 

1 + 1.464 (:)I.GS 

(Ref. 6) , 

(Ref. 7) , 

(Ref. 6) 

For this case and the assumption of constant crack shape, 

G' 
-= 
G 

a M 
2 __ m_ 

a (~) 
M 

m 

(H.23) 

(H.24) 

(H.25) 

(H.26) 

(H.27) 

(H.28) 

(H.29) 

(H.30) 

(H.31) 
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Consequently, 

(H.32) 

Using a value of (a/P) = 2 and the above equations produces values 
of J and T approximating those indicated by the R6 curve for vessel V-8A 
in Fig. G.6 of Appendix G in this report. 
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Appendix I 

ANALYSIS OF HSST INTERMEDIATE VESSEL V-8A TEST BY THE 
DEFORMATION PLASTICITY FAILURE ASSESSMENT METHOD*t 

I.I Introduction 

Oak Ridge National Laboratory (ORNL) conducted the intermediate ves­
sel V-8A test in August 1982; the results are reported in Refs. 1 and 2. 
Before and after the test, flaw-sizing measurements were made and re­
ported. The weldment for this test vessel simulated a low-upper-shelf 
energy weld and was made by Babcock & Wilcox (B&W) Nuclear Equipment 
Division under contract from ORNL. 

Even though the test conditions and the geometric parameters -
namely, thickness-to-radius ratio, flaw shape, location, and flaw depth -
are different from the typical pressurized-water reactor (PWR) vessel 
configuration, it was suggested by the Nuclear Regulatory Commission 
(NRC) staff that B&W analyze this test by using the deformation plas­
ticity failure assessment diagram approach (bPFAD)3 to benchmark this 
approach. Based on available material information from ORNL and Ref. 4, 
it is demonstrated here that the DPFAD approach predicts the instability 
pressure of the V-8A test vessel quite well, given the material toughness 
properties of the crack-tip location of the actual vessel. 

I.2 Upper-Shelf Fracture Analysis 

I.2.1 Problem definition 

The configuration of the intermediate test vessel V-8A is shown 
in Fig. r.1. This is a thick (152.40-mm), cylindrical vessel with a 
thickness-to-inside radius ratio t/Ri of o.444. A schematic view of the 
vessel V-8A and the machined flaw are shown in Fig. 1.2. A semielliptical 
surf ace flaw was machined from the outside of the vessel with initial di­
mensions of depth (a 0) of 91.44 mm and a surface length (1) of 279.40 mm. 
This vessel was internally pressurized to produce ductile tearing to 
obtain experimental data for the evaluation of elastic-plastic fracture 
mechanics analysis methods. 

*B&W document BAW-1814, November 1983. 

tJ. M. Bloom and K. K. Yoon, Babcock & Wilcox Co., Alliance, Ohio, 
and Lynchburg, Va. 
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Fig •. I .1. Intermediate test vessel V-8A. 
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Fig. r.2. Schematic view of vessel V-8A. 
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l.2.2 Material properties of the weld 

The following mechanical properties were obtained from Refs. 4 and 5. 

Young's Modulus E 

Poisson's Ratio v 

Yield stress a0 
Stress-strain relationship 

(Ramberg-Osgood) 

where a = 1.78 and n = 10.225. 

199.26 GPa 

0.3 

413.69 MPa 

( l. l) 

The JlR curve for the experimental weld in vessel V-8A was obtained 
from posttest compact specimen testing at the B&W Alliance Research Cen­
ter under contract4 from ORNL. Based on its orientation and location as 
shown in Fig. I.3, specimen V8AJ2 was chosen to be r~presentative of the 
actual material behavior at the crack tip location (ao/t = o.60) in the 
V-8A test vessel. 

I· 

0 0 
vs J7 

TO 
V8AJ10 
0 0 
vs J3 

TO 
V8AJ6 

VSAJ1 
\ I 

ORNL DWG 86 4992 ETD 

CIRCUMFERENTIAL 
~<t_ OF FLAW 

Hl_2eo ·I 
,..--I' -...., V8AJ3 <( 

00 
> V8AJ4 -
N ...., . V8AJ5 <( 
00 
> V8AJ6 ----

V8AJ7 

VSAJS 

V8AJ9 

VSAJ10 

i6s --·I -I· -- 111 --·I 

Fig. 1.3. Cutting diagram for specimens V8AJ1-V8AJ10 taken from 
piece V8A-CA; specimen notches are located on centerline of weld·. 
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The JIR curve was derived from test data by using both the deforma­
tion (JD) expression found in ASTM Standard E813-81, as well as the modi­
fied (JM) expression proposed by Ernst.6 An equation of the following 
form was used to curve fit both sets of JIR data: 

(I.2) 

where 6a = crack extension (mm), 

The JIR data are listed in Table 1.1, and both the data and the fitted 

Table l.l. JIR data for 
specimen V8AJ2 

6a E813 Jn JM 
(mm) (kJ/m2) (kJ/m2) 

0.01 2 2 
-0.04 5 5 
--0.01 11 11 

0.04 19 19 
0.01 27 27 
0.15 37 37 
0.25 48 49 
o.42 59 . 61 
o.63 70 73 
o.94 80 85 
1.30 90 99 
2.25 95 112 
2.64 104 124 
3.16 114 140 
3.61 123 155 
4.14 136 173 
4.65 146 191 
5.23 155 208 
5.8o 162 226 
6.32 169 242 
7.08 177 263 
7.99 177 282 
8.68 180 299 
9.20 186 317 
9.56 193 333 
9.92 200 349 

10.46 203 368 
10.95 207 384 
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curves are presented graphically in Fig. I.4. The fitted curves have the 
equations 

J = 90.75 + 11.01 (Aa) - 84 •85 
D (1.062 + Aa)2 

(kJ/m2) , 

and 

J = 51.93 + 29.55 - 1 •921 
M (0.1938 + Aa)2 

(kJ/m2) • 

ORNL-DWG eeC-4993 ETD 

TEMP: 149°C 

300 • 

N 

E 
:::; 200 --
~ 

--, 

100 

0 
_, 0 2 3 4 5 6 7 8 9 10 11 12 

~e (mm) 

Fig. I.4. JIR curves for specimen V8AJ2. 

I.2.3 Deformation plasticity failure assessment diagram 
(DPFAD) approach 

(I.3) 

( I.4) 

The DPFAD approach for analyzing stable crack growth consists of the 
following steps.* 

*The mathematical basis of the DPFAD approach and its identification 
as a graphical method for solving the nonlinear equation that determines 
the load corresponding to a given toughness and crack size are discussed 
more fully in Appendix J of this report. 
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Step 1. DPFAD curve generation 

The general approach is to obtain the J-integral response for the 
flawed structure of interest. For a material whose true stress-true 
strain behavior can be presented by a Ramberg-Osgood power law (Eq. I.1), 
the J-integral response can be determined from the sum of its elastic 
response and its fully plastic response. This sum is then normalized 
with respect to the "elastic" J-integral of the structure defined by 

J~ = ~ (1 E v2) (I.5) 

where K1 is the linear-elastic fracture mechanics (LEFM) stress-intensity 
factor. The normalized J-response is then defined by 

e 2 J/J
1 

= 1/K = f (S ) • 
r r 

(I.6) 

Equation (I.6) defines the boundary between stable and unstable 
crack growth for a flawed structure in terms of a stress-intensity 
factor/fracture toughness ratio Kr (the ordinate) and an applied 
stress/plastic collapse stress ratio Sr = a/a1 (the abscissa). In gen­
eral, the DPFAD curve is dependent on -the material tensile stress-strain 
properties, structural geometry, and flaw shape and depth. For ferritic 
nuclear-grade reactor pressure vessels, it was demonstrated that the 
DPFAD curve could be conservatively represented by a function only of the 
flaw depth-to-wall thickness ratio, as discussed in Ref. 7 and the next 
section of this report. 

Step 2. Assessment point evaluation 

For a given applied pressure, structural configuration, flaw geome­
try, and material toughness, an assessment point can be calculated in 
terms of the ~ - Sr coordinates. 

The assessment point coordinates will be denoted by K; and s; to 
differentiate them from the DPFAD curve coordinates that are independent 
of the arbitrary load magnitude used to locate the assessment points. 
The locus of assessment points for stable crack growth (ductile tearing) 
can be calculated, corresponding to the assumed crack extensions, using 
the following definitions of K~ and S~: 

and 

s~ = (ao + 6a) = a/a1 (ao + 6a) , 
r 

(I.7) 

(I.8) 
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where Ji, JR, and 01 are functions of the amount of stable crack growth. 
For a constant pressure of 68.95 MPa and material toughness given in 
Table 1.1, the locus of assessment points for assumed crack extensions of 
from 0.18 to 30.5 um are shown in Fig. I.5 for the V-8A vessel. 

In applications such as the present one, where ~a is sufficiently 
less than ao, the DPFAD curve, as defined by Eq. (I.6) with a= ao, 
becomes a conservative lower-bound approximation for the exact failure 
assessment diagram curve with a = ao + 6a. 

Step 3. Tearing-instability calculations 

Tearing-instability or maximum-pressure estimates for the V-8A test 
vessel were determined by dividing the distance from the origin to the 
DPFAD curve passing through the assessment point of interest by the dis­
tance to the assessment point itself (see Fig. I.5). The ratio, denoted 
by "SF," times the assumed constant pressure gives the equilibrium pres­
sure of the vessel. The point at which this pressure becomes a maximum 
identifies the predicted tearing-instability pressure of the vessel. 
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Fig. l.S. Prediction of ductile tearing of HSST V-8A vessel test; 
assumed pressure of 68.9 MPa for modified J integral (JM) resistance 
curve. 
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I.2.4 DPFAD curves 

Failure assessment diagram curves for nuclear-grade pressure vessels 
with flaw depth-to-vessel wall thickness ratios a/t ranging from o.o to 
Q.75 were developed in Ref. 7 and are shown in Fig. r.6. These curves 
were generated from plane-strain center-cracked-plate geometries for 
a/b = o.o, 0.25, a.so, and o.75 for strain-hardening parameters of a = 1, 
n = 10, and cr0 = 413.69 MPa. 

The selection of the center-cracked-plate geometry was made because 
the FAD curves for this geometry conservatively lower bound all other 
geometries considered in Ref. 7. 

The V-8A vessel is a very thick-walled cylindrical shell (the wall 
thickness-to-radius ratio t/Ri = Q.444). For this geometry, elastic­
plastic J-integral has not been generated,a and, therefore, generation 
of a specific DPFAD for this geometry has not been performed. 

The first choice for the DPFAD curve is to use the curves of Ref. 7 
shown in Fig. I.6. Specifically, the DPFAD curve for Q.50 < a/t < Q.75 
was chosen because ao/t = 0.60 for the V-8A test vessel; this curve is 
designated as DPFAD-A. Alternately, to see if there is any variation 
with respect to the specific strain-hardening behavior of the V-8A mate­
rial, a DPFAD curve was generated using the center-cracked-panel solution 
from the PZastie Fraeture Handbooks for a crack length-to-plate width 
ratio of 0.625. The DPFAD expression for this curve, designated as 
DPFAD-B, is given in Appendix B of Ref. 3. These two DPFAD curves are 

0.8 

0.6 

0.4 

0.2 

ORNL-DWG 86-4995 ETD 
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\~ \ \')., .. / 0.50 " alt < 0.75 

. ~'\ 
\ ' ' '"" ~ 0.25 ~alt < 0.50 

·x~ "',' .,~, 

CUTOFF BASED 
UPON oJo0 = 4/3 

Fig. r.6. Failure assessment curves for center cracked plate in 
plane strain, using stress-strain parameters for nuclear-grade pressure 
vessel steels (a= 1, n = 10, cr0 = 413.69 MPa). 
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shown in Fig. 1.5, and values of their coordinates are given in Tables 
1.2 and I.3. Note both from the figure and the tables that the two 
curves are almost identical. 

Table 1.2. DPFAD points for nuclear­
grade pressure vessels, based on 

Ref. 7 (Curve A) 

a= 1.000 
n = 10 

hi = 1.520 

o.ooo 
0.200 
0.400 
0.600 
0.800 
0.900 
l.ooo 
1.100 
1.200 
1.400 

t = 152.40 mm 
a = 76.20 nnn 

a/t = 0.500 

1.000 
0.998 
0.992 
0.982 
0.944 
0.887 
o.785 
0.646 
0.501 
0.280 

Table I.3. DPFAD points for 
center-cracked-plate 

(Curve B) 

a = 1. 780 
n = 10 .225 

h1 = 0.863 

o.ooo 
0.200 
o.4oo 
0.600 
0.800 
0.900 
1.000 
1.100 
1.200 
1.400 

t = 15 2 • 40 nnn 
a = 95.25 mm 

a/t = 0.625 

1.000 
0.998 
0.992 
0.982 
0.944 
0.884 
0.111 
o.632 
o.483 
0.264 
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r.2.5 Evaluation of assessment points for the V-8A test vessel 

· The expressions for the calculation of the assessment points are 
given by Eqs. (I.7) and (I.8), where the stress terms a and a1 are the 
same constant times the applied ,pressure P and the limit pressure P1· 
The K1 expression used was developed from the Raju and Newman9 expression 
for a semielliptical surf ace flaw in a flat plate of infinite width. The 
applied stress was set equal to the hoop stress a6 acting at the outside 
surf ace of a thick-walled pressure vessel under internal pressure P. The 
K1 expression is 

K1 = a
0 
~ F (a/R., a/t) , (I.9) 

where the flaw shape parameter (Q) was approximated by 

Q = 1 + 4 • 5 9 3 ( a/ R.) 1 • 6 5 • ( I • 10) 

Note that Eq. (I.9) applies to the deepest point of the flaw. The factor 
F is given by 

F = M1 + M2 (a/t)2 + Mg. (a/t)4 , (I.11) 

~here · 

Mt = 1.13 - 18 a/1 , 

M2 = --0.54 + 0.445/(0.1 + a/!) , (I.12) 

1 .( 2a)24 
Mg= o.5 - "co.65 + 2a/1) + 14 1 -y-

2P 
( I.13) 

where R0 = outside radius and ~ = inside radius. 
The K1 expressi~n used with the defined expression for a8 is consis­

tent with a recommendation made by J. Merkle on predicting Heavy-Section 
Steel Technology (HSST) vessel behavior. 

The plastic collapse pressure or limit load pressure for a thick­
walled. vessel. with an external longitudinal semielliptical flaw is 



2 (t - a*) a
0 

Pl= -

where IO 
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a* =a [1 - (1 + t 2/2t2)-l/2] 
1 - a/t (1 + t2/2t2)-1/2 ' 

(I.14) 

(I.15) 

and where a and 1/2 are the semiminor and semimajor axes of the actual 
crack, a* is the equivalent depth of a continuous crack, and a 0 is the 
reference yield strength. 

Assessment point calculations and tearing-instability calculations 
were performed by using the computer program FADAP. 

I.3 Results and Conclusions 

The assessment points using both the J-modified JIR curve and the 
ASTM E813-81 JIR curve are given in Tables I.4 and I.5. These points are 
based on a constant, applied pressure of 68.95 MPa. Figure I.5 presents 
graphically the J-modified results; the ASTM E813 results would be simi­
lar. The ratio factors "SFl" and "SF2" are based on the distances of the 

Table I.4. FADAP output - J modified 

JM 
Curve A Curve B 

fl.a 
(mm) (kJ/m2) S' K' 

PCl PC2 r r SFl SF2 
(MP a) (MP a) 

0.18 44 0.516 o.641 1.489 102 .69 1.490 102.73 
1.27 89 0.524 o.457 1.827 125.98 1.822 125.60 
2.54 127 0.534 o.385 1.932 133.23 1.924 132.63 
3.81 164 0.544 o.341 1.983 136.74 1.972 135.99 
s.08 202 o.sss 0.311 2.009 138 .52 1.996 137 .64 
6.35 240 o.566 0.288 2.020 139.25 2.006 138.30a 
7.62 277 o.578 0.210 2.020 139.31a 2.006 138.28 
8.89 315 0.591 0.256 2.014 138.88 1.998 137. 77 

11.43 390 0.618 0.234 1.987 136.98 1.969 135. 74 
12.10 427 o.633 0.225 1.967 135.64 1.948 134.35 
13.97 465 o.648 o.218 1.945 134.09 1.925 132.74 
15.24 502 o.665 0.211 1.920 132.35 1.899 130.96 
17.78 577 0.101 0.200 1.862 128.41 1.841 126.95 
25.40 802 o.840 o.178 1.648 113.65 1.629 112.30 
30.48 953 ·0.973 0.168 1.478 101.88 1.464 100 .97 

alnstability points. 
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Table I.5. FADAP output - E813 J 

JM 
Curve A Curve B 

Ila 
(mm) (kJ/m2) S"" K"" PCl PC2 r r SFl SF2 (MP a) (MP a) 

0.18 38 o.516 o.688 1.405 96.87 1.406 96.92 
1.27 89 0.524 Q.455 1.830 126.16 1.824 125.78 
2.54 112 o.534 o.410 1.890 130.32 1.883 129.79 
3.81 129 Q.544 o.385 1.908 131.57 1.899 130.95 
s.oa 144 0.555 0.368 1.912 1J1.8sa 1.902 13I.17a 
6.35 159 o.566 o.353 1.909 131.60 1.898 130.86 
7.62 174 o.578 0.341 1.900 130.98 1.888 130.20 
8.89 188 0.591 Q.331 1.887 130.08 1.875 129.26 

11.43 216 0.618 0.314 1.851 127.63 1.838 126.75 
12.70 230 o.633 0.301 1.829 126.14 1.816 125.23 
13.97 244 o.648 0.300 1.806 124.51 1.792 123.58 
15.24 258 Q.665 Q.295 1.780 122.74 1.766 121.79 
17.78 286 0.101 0.284 1.724 11s .as 1.710 117 .88 
25.40 370 o.840 o.262 1.525 105.13 1.508 104.00 
30.48 426 o.973 0.251 1.369 94.40 1.353 93.27 

alnstability points. 

assessment points to the DPFAD-A curve (SFI) and the DPFAD-~ curve (SF2). 
As explained previously, the DPFAD-A curve was taken from Ref. 7, a 
generic, ferritic, nuclear pressure vessel FAD curve for a.so < a/t 
< 0.75; the DPFAD-B curve was generated from a center-cracked panel with 
an initial crack length-to-plate width ratio of 0.625 for the strain­
hardening constants of the V-8A vessel weld material of a= 1.78, n = 
10.225, and a0 = 413.69 MPa. 

The products of the applied pressure (68.95 MPa) and the "SF" ratios 
give the predicted tearing pressures "PCl" and "PC2" (see Tables I.4 and 
I.5) vs crack growth. The maximum values of "PC!" and "PC2" are the 
predicted ductile tearing-instability pressures for the vessel and for 
each DPFAD and JR-curve combination. For the J-modified JIR curve, the 
DPFAD analysis predicts an instability pressure of 138.3 to 139.3 MPa for 
6.4 to 7.6 nnn of crack extension, depending on which FAD curve is used. 
If the ASTM E813-81 calculated JIR curve is· used, the instability pres­
sure is predicted to be 131.2 to 131.9 MPa for 5.1 mm of crack growth. 
These values are to be compared with the experimental results of 140 MPa 
for the instability pressure and 5 mm for the amount of stable crack 
growth before the instability point. 

This report has demonstrated that the DPFAD approach can predict the 
tearing-instability pressure of a flawed pressure vessel, provided that 
the material toughness property in terms of a JIR cu~ve is known. The 
JIR curve used in this analysis was based on tests of a compact specimen 
made from the weld metal at the crack-tip location of the actual HSST 
V-8A test vessel. 
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Appendix J 

FORMULATION OF THE DEFORMATION PLASTICITY FAILURE 
ASSESSMENT DIAGRAM (DPFAD) 

The Deformation Plasticity Failure Assessment Diagram (DPFAD) is a 
graphical method for solving the nonlinear equation Jmat = Jappl for the 
load corresponding to the current crack length and tearing resistance. 
The diagram contains a curve, known as the DPFAD curve, relating the 
ratio of the elastically calculated value of Kr to the value of {_E_' __ J_a_p_p_l, 
termed ~, to the ratio of the applied load P to the fully plastic load 
of the flawed region P0 , termed Sr. For a given flawed structure, the 
coordinates 

and 

KI 
K' = ----

r IE" J 
mat 

(J.l) 

(J .2) 

will increase linearly with the applied load P, producing a straight line 
radiating from the origin and intersecting the DPFAD curve when 

(J.3) 

Because of the linearity of the S~, K; coordinates with load, the load 
that satisfies Eq. (J.3) can be determined by locating the coordinates 
s;, K; corresponding to an arbitrary load P and then multiplying P by the 
ratio of the radial distance along the loading line through s;, K; to the 
DPFAD curve, divided by the distance to the load point s;, K;. 

The equation of the DPFAD curve is based on representing J as 

3appl = Je + JP , (J.4) 

so that 

J appl 1 
J + J e p 

=-= (J.5) 
G K2 G 

r 

The difference between Je and G in this formulation is that Je includes a 
small-scale, yielding plastic zone size correction to the geometry factor 
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and the crack length and G does not. The plastic zone size corrected 
crack length is given by 

ae = a + ry~ , (J.6) 

where 

1 
~ =---

1 + s2 
r 

p 
s = -p , 

r 0 

(J .7) 

(J.8) 

(J.9) 

and n is the Ramberg-Osgood strain-hardening exponent. In Eq. (J.7) Kr 
is calculated on the basis of the uncorrected crack size, and a0 is the 
flow stress. Thus, writing 

(J .10) 

where a is a defined reference stress and P is the load, using Eqs. 
(J.6)-(J.10) gives 

a 
e 

-= 
a 

1 + 
(a)2 (Po)2 
p ~ n - 1) 

6 (n + 1 

52 
c2(a) r • 

1 + 52 
r 

The terms in Eq. (J.4) are given by 

J = e 

(J.11) 

(J.12) 

(J.13) 
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and 

Ki (a) c2(a) p2 (~)2 'Ira 
G = E' E' (J.14) 

where 

E (plane strain) ----
E' = 

(1 - v2) 
(J .1s) 

E (plane stress) 

£....= ~+ 
a (~J' e:o O' 0 

(J.16) 

and 

(J.17) 

Using Eqs. (J.12)-(J.17), Eq. (J.S) becomes 

1 c2(a ) a 1 
~---e-~ + ~----~----------~-

K2 = c2(a) a (P )2 r w m2 a: 
(1 - -f) a h 1 s~-l 

c2(a) ( J .18) 

which is the equation of the DPFAD curve. The equation for a particular 
geometry is determined by specifying the equations for (a/P) and (P 0/a0). 

n - 1 The source of the factors n + 1 and ~ in the small-scale, yielding 

plastic zone size correction to the crack length, Eqs. (J.6)-(J.9), are 
discussed in papers by Kumar and Shihl and McCabe and Ernst.2 The factor 
n - 1 3 4 n + 

1 
appeared in a Mode III analysis derived by Rice, , and the 

factor ~ is based on a paper by Edmonds ~nd Willis.s 
References 6-13 provide useful general background on the Failure 

Assessment Diagram approach to elastic-plastic fracture analysis. 
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Appendix K 

EXAMINATION OF THE PARAMETERS JD AND JM AS MEASURES 
OF TOUGHNESS CONTROLLING THE DUCTILE 

TEARING RESISTANCE CURVE 

The currently prescribed method for calculating the value of the 
J-integral for a compact specimen undergoing stable crack growthl is 
based on the assumptions of the deformation theory of plasticity. Thus, 
the value of J is assumed to be independent of the loading path, the 
variables of which are load, displacement, and crack length, and depen­
dent only on the current values of those variables, as if the current 
crack length had existed since the start of loading. The value of J so 
calculated is termed J 0 , where the subscript D stands for deformation 
theory. It is assumed that 

(K.1) 

where b is the current ligament size, n corresponds to b, and A is the 
area under the load-displacement curve corresponding to a ligament of 
constant size b. Thus, A is not f Pdf:., and an adjustment must be made to 
calculate J 0 • 

Ernst et a1.2 outlined a procedure, which can be derived by differ­
entiating J 0 to obtain 

(K.2) 

Then by using Eq. (K.1), 

n (aA) df:. [ ] 
= af:. a + .! !!! ! + nA + .!l (aA) da • 

bB B aa b b2 b aa f:. 
(K.3) 

Substituting for A in terms of Eq. (K.l) and recognizing that 

.! (aA) = _ J , 
B aa f:. D 

(K.4) 

Eq. (K.3) becomes 

dJD = nPdf:. _ J 
Bb D 

(K.5) 
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nPdL\ 
dJf = bB 
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where Jf is termed the far field value of J, and defining 

( 
b n ... ) 

y= n-1-Wn 

Eq. (K.5) becomes 

(K.6) 

'(K. 7) 

(K.8) 

For the compact specimen, it has been shown3,4 that n can be represented 
by 

n = 2 + 0.522 (~) , (K.9) 

so that using Eq. (K.7), 

y = 1 + 0. 522 ( 1 + ~) (~) • (K.10) 

Because y turns out to be a slowly varying function of b/W, using the 
value of n near b/W = Q.45 as an approximation,2 

y = 1 + 0. 7 6 (~) • (K.11) 

Because of the occasional occurrence of size effects and negative 
slopes in J 0-based R-curves, Ernst5 subsequently suggested a modified J 
parameter, termed JM, based on a suggestion of Rice, Drugan, and S_ham,6 
that 

(:~p) ~ = 0 • (K.12) 

p 

Using this condition replaces the assumption of load path independence 
with the observation that plastic work cannot be recovered from a speci­
men and that, at least for a rigid plastic specimen, a crack cannot 



279 

extend in ductile tearing without an increase in the load point displace­
ment. Thus, replacing the total area A in the second term of Eq. (K.3) 
with Ae leads to 

da 
dJM = dJf - y G b • (K.13) 

An equation for converting JD values to JM can be obtained by com­
bining Eqs. (K.8) and (K.13) to give 

dJ = dJD + y (J - G) da M D b (K.14) 

so that 

yJ 1-- --. 
( 

G ) da 
D JD b 

(K.15) 

Comparing Eqs. (K.14) and (K.8) shows that when G becomes small relative 
to J 0 , JM approaches Jf, the far field value of J with no correction for 
crack extension. 

An alternate expression for JM can be developed by separating JM 
into elastic and plastic parts7 and then differentiating to obtain 

( K.16) 

According to Eq. (K.12), note that the last term in Eq. (K.16) is zero7 
and that the first two terms are a total differential, Eq. (K.16) becomes 

(K.17) 

Because 

(K.18) 



Eq. (K.17) becomes 

dJM = dG + 

so that 

nPdA 
p 

bB 

nPdA p 
bB 
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(K.19) 

(K.20) 

where G is calculated according to ASTM E399, using the current values of 
load and crack length. Equation (K.20) has recently been proposed by 
Ernst.a It should agree with Eq. (K.15) and appears to be a convenient 
expression for calculating JM when the input is experimental data and 
values of JD are not available or needed. 

Using JM as a resistance-curve parameter reduces or eliminates size 
effects on the R-curves and ensures non-negative R-curve slopes. How­
ever, ·with respect to methods of calculating J for toughness specimens 
and flawed structures, it creates a consistency problem that needs to be 
evaluated. 

The difference between JM- and J 0 -based R-curves can be appreciable, 
at least in terms of slopes, as illustrated by Bloom's Fig. I.4 for the 
low-shelf weld metal, of ITV-SA. These data provide a good example for 
illustrating the conversion of JD to JM values. A convenient rearrange­
ment of Eq. (K.15) for calculational purposes is 

ln a • (K.21) 

For specimen V8AJ2, W = 50.8 mm, and ai = 31.37 mm. Approximate calcula­
tions can be made by using selected values from Table 1.1 and the trape­
zoidal rule for estimating areas. Using the values listed in Table K.l 
and the simplifying assumptions that G/JD ~ 0 for Aa > 1.27 mm and JM~ 
JD for Aa < 1.27 mm, 

J = 207 + 205 + 389 (0.082) + 389 + 1190 (0.176) = 370 kJ/m2 , 
M 2 2 

which agrees well with the value of JM at Aa = 10.95 mm given in 
Table I.l. 



Ila 
(mm) 

1.30 

4.14 

10.95 

1. 

2. 

3. 

4. 

5. 

6. 

1. 

8. 
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Table K.1. Values used for approximate conversion of Jn to JM 
values at ~a = 10.95 mm for specimen V8AJ2 

a b b JD yJD/(b/a) 
(mm) (mm) 'Y ~ ln a w (kJ/m2) (kJ/m2) 

32.8 18.3 0.36 1.27 90 205 ! 
o.082 

35.6 15.2 0.30 1.23 136 389 

1190 l 0.176 
42.4 8.4 0.11 1.13 207 
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Appendix L 

PROPERTIES OF SPECIAL SEAM WELD IN VESSEL V-8A 
AND OF CHARACTERIZATION WELDS 

The information in this appendix supplements that given in Sect. 2.3, 
"Materials Investigations." 

Tables L.l and L.2 present the results of chemical analyses and 
Charpy impact tests, respectively, of the characterization welds.I 
Chemical analyses were performed on welds V852 and V8102. Charpy impact 
tests were performed for all four characterization welds. 

Table L. l. Chemical analyses of characterization 
welds V852 and V8102 

Element (wt %) 
Location 

c Hn p s Si Cr Ni Ho Cu Sn v Al 

1/eld V852 

Top 0.06 1.53 o.030 0.016 0.67 0.04 0.63 o.46 0.17 0.018 o.oos 0.004 
Middle 0.06 1.58 0.036 0.016 o.77 0.04 0.64 o.48 0.28 0.020 0.009 0.004 
Bottom 0.06 1.5s o.02s 0.011 0.10 0.04 0.62 o.49 0.29 0.020 0.008 0.005 

1/eld V8102 

Top . 0.05 1.52 0.026 0.015 0.65 o.o4 0.64 o.47 0.18 0.030 0.006 0.001 
Middle 0.05 1.52 0.025 0.013 0.62 0.04 o.64 o.47 0.11 0.030 0.006 0.011 
Bottom 0.01 1.52 0.022 0.013 o.58 0.04 0.61 o.47 0.11 0.027 0.005 0.045 

All results of tests of material properties of the special seam weld 
cut from vessel V-8A after the test are reported either in Sect. 2.3 or 
in this appendix. Figure L.l describes the locations of V-8A specimens. 
Charpy impact properties for the specimens identified in Fig. L.l(c) are 
given in Table L.3. Stress-strain data for the only specimen of special 
seam weld material for which such data were recorded are presented in 
Table L.4. 

Results of tearing-resistance tests performed by the Babcock & 
Wilcox Company2 for the Oak Ridge National Laboratory are presented in 
Table L.5 and a series of tables and plots for each specimen (Figs. 
L.2-L.ll). Power-law parameters for each of the specimens are given in 
Table L.6. 
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Table L.2. Charpy V-notch impact test results 
y-8A characterization weldsa 

for 

Lateral expansion Shear 

Test Energyb 
(mm) (%) 

Specimen temperature .Technicianb Technicianb No. ( oc) (J) 
Average Average 

2 3 2 3 

field VBS2 

Cl -73.3 2.6 0.03 0 0.03 0.02 1 0 0 o.3 
C2 -11.8 19 .1 o.38 0.36 o.36 o.36 10 0 s s.o 
CJ 37 .8 s2.s 1.19 1.07 1.09 1.16 6S 65 50 60.0 
C4 65.6 62.5 1.40 1.37 I.JS 1.37 85 90 80 85.o 
cs 79.4 63.6 1.40 1.37 1.24 1.34 95 100 100 98.3 

C6 93.J 60.7 1.42 l·.24 1.24 l .JO 99 97 98 98.0 
Cll 104.4 69.8 1.45 1.45 t.42 1.44 100 100 100 100.0 
Cl2 I04.4 76.6 I.68 I.63 I.45 I.5a 100 IOO IOO IOO.O 
Cl8 104.4 66.2 1.45 1.45 . 1.42 1.44· 100 100 100 100.0 
CI9 I04.4 64.7 I.42 I.40 I .35. t .39 IOO IOO IOO 100.0 

C20 104.4 62.5 1.J7 I.35 I.JS I.JS 95 96 95 95.3 
C7 107.2 61.l t.42 t.40 l .J7 1.40. 100 100 100 100.0 
Cl3 115.6 67.7 I.5o 1·.so I.47 1.49. 100 100 100 100.0 
Cl4 115.6 10.0 I.ss I.so I.52 I.52 100 IOO IOO IOO.o 
Cl5 115.6 67 .1 1.60 1.57 1.30 1.49 100 100 IOO 100.0 

CI6 115.6 67.7 1.42 1.40 1.37 1.40 100 100 100 100.0 
Cl7 115.6 68.3 1.45 1.40 1.40 t.41 100 100 100 100.0 
C8 121.1 60.5 1.40 I.J7 t .30 t .Js 100 100 100 100.0 
C9 204.4 61.0 I.52 I.42 I. 37 I.44 100 IOO IOO 100.0 
CIO 260.0 60.5 I.40 I .37 I.55 I.44 IOO IOO IOO IOO.O 

field V862 

Cl -73.J s.o 0.18 0.18 o. Is 0.11 1 0 5 2.0 
C2 -I7.8 19.3 o.4I o.4I o.4I o.4I IO 5 IO 8.3 
CJ J7.8 48.5 1.07 i.02 1.04 1.04 50 75 40 55.0 
C4 65.6 56.7 t.24 I .24 I.22 I .24 85 80 70 78.3 
cs 79.4 63.5 1.40 i.37 1.35 1.37 99 97 98 98.0 

C6 93.3 62.4 1.21 1.40 l.J7 l.Js ~9 99 100 99.3 
Cll I04.4 66.7 1.40 1.40 1.37 1.39 IOO 100 IOO 100.0 
Cl2 104.4 63.9 i.37 l.Js 1.40 l .J7 100 100 100 100.0 
Cl8 104.4 56.9 1.30 1.27 1.24 1.27 100 100 IOO 100.0 
CI9 I04.4 63.6 I.J7 I .27 1.24 I .JO IOO IOO IOO 100.0 

C20 104.4 59.5 l.3S 1.30 l.JO I.31 100 100 IOO 100.0 
C7 107.2 62.6 1.37 I.JS 1.24 l.J2 99 100 100 99.7 
Cl3 115.6 52.7 1.27 I.27 1.32 1.29 100 100 100 100.0 
Cl4 115.6 61.8 I.so I.47 I.so I.49 100 IOO IOO IOO.O 
Cl5 115.6 59.2 l.J7 l.J7 1.24 I.33 100 IOO IOO 100.0 

CI6 115.6 59.7 I.40 I.35 I.40 I.38 IOO IOO IOO IOO.O 
Cl7 115.6 59.8 1.37 1.35 1.32 1.35 100 100 100 100.0 
C8 I2I.I 61.0 I.J7 I .37 I.3S I .36 IOO IOO 100 IOO.O 
C9 204.4 65.1 I.45 1.52 1.47 1.48 100 100 100 100.0 
CIO 260.0 55.9 I.42 I.40 1.40 1.41 IOO IOO 100 100.0 
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Table L.2 (continued) 

Lateral Expansion Shear 

Test Energyb 
(mm) (%) 

Specimen temperature Technicianb Technicianb No. ( oc) (J) 
Average Average 

2 3 2 3 

Weld V882 

Cl 104.4 59.4 1.32 1.32 1.24 1.30 100 100 100 100.0 
C2 104.4 67.8 1.50 l .5o 1.47 1.49 100 100 100 100.0 
ca 104.4 56.4 1.30 1.30 1.32 1.30 100 100 100 100.0 
C9 104.4 55.6 1.30 1.24 1.19 1. 24 100 100 100 100.0 
ClO 104.4 58.6 1.40 1.35 1. 35 1.36 100 100 100 100.0 

C3 115.6 59.7 1.42 1.40 l.3S 1.39 100 100 100 100.0 
C4 115.6 5S.9 1.30 1.30 1. 30 1.30 100 100 100 100.0 
cs llS.6 60.9 1.3s 1.32 l .3S 1.34 100 100 100 100.0 
C6 llS.6 55.3 1.27 1.22 1.27 1.25 100 100 100 100.0 
C7 llS.6 59.7 1.3S 1.30 1.17 1.27 100 100 100 100.0 

Weld V8102 

Cl 148.9 52.1 1.21 1.24 1.22 1.24 100 100 100 100.0 
C2c 148.9 54.9 1.32 1.32 1.32 1. 32 100 100 100 100.0 
C3 115.6 s2.3 1.27 1.24 1.19 1.24 100 100 100 100.0 
C4C llS.6 54 .1 1.30 1.24 1.24 1.26 100 100 100 100.0 
cs 148.9 so.2 1.19 1.19 1.11 1.19 100 100 100 100.0 

C6c 148.9 54.2 1.21 1.21 1.24 1.26 100 100 100 100.0 
C7 115.6 so.o 1.22 1.19 1.19 1.20 100 100 100 100.0 
cac llS.6 49.5 1.11 1.11 1.14 1.16 100 100 100 100.0 
C9 148.9 48.9 1.14 1.14 1.09 1.13 100 100 100 100.0 
ClOC 148.9 so.a 1.24 1.22 1.22 1.23 100 100 100 100.0 

aOrientation is CA, except as noted. 

bLateral expansion was measured and shear was estimated by three technicians. The 
absorbed energy was read by technician No. 1. 

corientation is CR. 
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Table L.3. Charpy V-notch impact test results from 
special seam weld material from vessel V-8Aa 

V8A Test Energy Lateral Shear specimen temperature expansion 
No. ( oc) (J) 

(mm) (%) 

I -73.3 12.2 0.04 0 
2 -17.8 1.1 0.10 15 
3 37.8 31.9 o.64 42 
4 65.6 43.0 o.87 69 
5 79.4 53.6 1.12 97 
6 93.3 50.4 1.04 82 
7 107 .2 56.3 1.17 100 
8 121.1 55.9 1.18 100 
9 204.4 56.3 1.18 100 

10 260 56.7 1.34 100 
11 -45.6 12.2 0.15 0 
12 -17.8 s.4 0.01 5 
13 -3.9 20.3 0.44 10 
14 10.0 10.2 0.17 18 
15 23.9 22.8 o.44 50 
16 65.6 43.4 0.83 66 
17 79.4 50.4 l.oo 97 
18 10.0 .21.7 o.4o 21 
19 -3.9 17 .6' o.30 9 
20 -45.6 3.7 0.04 0 

aorientation of all specimens is CA; locations 
are shown in Fig. L. l(c). 
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Table L.4. Stress-strain data for specimen 
V8A-33 of special seam weld material 

from vessel V-8A 

Engineering True 

Strain Stress Strain Stress 
(HP a) (HP a) 

o.o o.o o.o o.o 
0.000300 70.286 0.000299 70.307 
0.000610 140.571 0.000609 140.657 
0.000910 210.857 0.000909 211.049 
0.001235 281.142 0.001233 281.489 

0.001415 316.285 0.001413 316.732 
0.001645 351.428 0.001643 352.006 
0.001840 371.811 0.001838 372.495 
0.002040 385.165 0.002038 385.951 
0.002540 400.628 0.002536 401.645 

0.003040 405.548 0.003035 406.780 
0.004040 406.954 0.004032 408.597 
0.004540 406.954 0.004529 408.801 
0.006040 412.576 0.006021 415.068 
0.007040 415.388 0.007014 418.312 

0.008040 418.902 0.008007 422.270 
0.009040 421.714 0.008999 425.526 
0.010040 424.525 0.009989 428.787 
0.011040 427.336 0.010979 432.054 
0.012040 430.148 0.011967 435.326 

0.013040 432.959 0.012955 438.605 
0.014040 435.771 0.013942 441.889 
0.015040 438.582 0.014927 445.178 
0.020040 451.234 0.019841 460.276 
0.025040 462.128 0.024731 473.699 

0.030040 471.616 0.029597 485.784 
0.035040 477 .239 0.034440 493.962 
0.040040 484.268 0.039258 503.657 
o.o45o4o 488.485 0.044054 510.486 
0.050040 493.405 0.048828 518.094 

0.055040 497 .211 0.053578 524.640 
0.060040 499.731 0.058306 529.734 
0.065040 502.542 0.063012 535.227 
0.070040 505.354 0.067696 540.748 
0.015040 506.056 0.072358 544.031 

0.080040 506.759 0.076998 547.320 
o.o85o4o 507 .111 0.081616 550.235 
0.090040 506.056 0.086214 551.621 
0.100040 505.354 0.095346 555.909 
0.110040 499.028 0.104396 553.941 

0.120040 492.702 0.113364 551.846 
0.130040 482.862 0.122252 545.6.53 



Table L.5. J-integral test results for specimens from 
the special seam weld in vessei V-8Aa 

V8AJ Net Specimen Initial crack Maximum Initial Corre.cted 
Thickness, deviation from ligament, Jic 

specimen B (mm) 
thickness depth length, A0 average A0 (w - A0) 

modulus (kJ/m2) No. (mm) (mm) (mm) 
(mm) (mm) 

(GPa) 

lb 25.43 20.47 so.so 31.32 -0.43 19 .48 195.89 39 .4 
2b 25.45 20.37 50.80 31.39 --0.25 19 .41 199.43 42.9 
3 25.45 20.40 50.80 31.98 --o.58 18.82 200.58 38.0 
4 24.89 20.01 50.77 30:18 --o.36 19 .99 200.84 43.3 
5 . 25 .43 20.so 50.80 30.99 --o.28 19 .81 200.so 43.6 N 

\0 
0 

6 25.45 20.45 50.77 30.96 -o.23 19.81 199.06 45.9 
7 25.45 20.42 50.80 30.63 -0.23 20.37 201.01 47 .8 
8 25.32 20.22 50.77 30.78 --o.33 19.99 199.30 60 .1 
9 25.45 20.37 so.so 31.37 --o.41 19 .43 200.53 57.4 

10 25.43 20.35 50.80 31.39 --o.33 19 .41 200.84 47.3 

aTest temperature: 149°C; test loading rate (displacement at load line: 0.0051 rmn/s; ultimate 
and tensile strengths are 420 and 510 MPa, respectively. Orientation is CA except as noted. 
precracking load and ~K are 9.8 KN and 23 MPa•liii, respectively. 

Maximum 

borientation is CR. 
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Fig. L.2. Load vs displacement and J vs crack extension for the 
V-8A vessel special seam weld corresponding to specimen V8AJ1. The 
graphics and data are from the Babcock & Wilcox Company.2 
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graphics and data are from the Babcock·& Wilcox Company.2 
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Fig. L.6. Load vs displacement and J vs crack ·extension for the 
V-8A vessel special seam weld corresponding to specimen V8AJS. The 
graphics and data are from the Babcock & Wilcox Company.2 
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Fig. L.7. Load vs displacement and J vs crack extension for the 
V-8A vessel special seam weld corresponding to specimen V8AJ6. The 
graphics and data are from the Babcock & Wilcox Company.2 
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Fig. L.9. Load vs displacement and J vs crack extension for the 
V-BA vessel special seam weld corresponding to specimen V8AJ8. The 
graphics and data are from the Babcock & Wilcox Company.2 
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Fig. L.10. Load vs displacement and J vs crack extension for the 
V-BA vessel special seam weld corresponding to specimen V8AJ9. The 
graphics and data are from the Babcock & Wilcox Company.2 
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Fig. L.11. Load vs displacement and J vs crack extension for the 
V-8A vessel special seam weld corresponding to specimen V8AJ10. The 
graphics and data are from the Babcock & Wilcox Company.2 
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V8AJ 
specimen 

No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

Table L.6. J-integral properties of special seam weld 
from vessel V-8A at 149°Ca 

Power law parameters0 

Orienga- ASTM ranged Full ranged 
ti on 

Points c n included c n 

CR 0.072147 0.363066 7-10 0.071217 0.279183 
CR 0.081745 o.385324 7-11 0.079360 0.387258 
CA 0.074490 0.384070 7-11 0.074656 o.376149 
CA o.075656 o.336728 7-10 0.074644 0.292165 
CA 0.078808 0.362074 7-11 0.079055 0.324751 

CA 0 .077038 0.306538 7-10 0.075217 0.277547 
CA 0.094764 0.430137 7-12 0.092079 0.352084 
CA o.093536 o.313698 5-8 0.092990 0.283061 
CA o.096343 o.363408 8-12 0.094203 0.306349 
CA o.086966 o.391510 7-11 0.083590 0.300295 

Points 
included 

7-28 
7-28 
7-28 
7-28 
7-28 

7-28 
7-28 
5-28 
8-28 
7-28 

aAll specimens are 25-mm-thick compact specimens with 20% total side grooves. 

be - circumferential, A - axial, R - radial. 
0 J = c(~a)n with J in kJ/m2 and ~a in mm (J-deformation, J0 , only). 

dnata ranges: ASTM- only data between ASTM E813 exclusion lines; full - all 
data with ~a beyond lower exclusion line. 

w 
0 ,_. 
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Appendix M 

VESSEL V-8A TEST DATA 

This appendix presents a complete record of test data recorded by 
the computer-controlled data acquisition system. The locations of strain 
and crack-mouth-opening-displacement (CMOD) sensors and the definition of 
the coordinate system for locating sensors are described in Figs. 4.4 and 
4.5 and Table 4.2. Locations of thermocouples are given in Table M.l. 

Pressure, CMOD, strain, and temperature data are presented in a 
series of plots of the lll:!asured parameter vs time (Figs. M.l-M.39). Data 
from strain gage XE66 are excluded because the gage was faulty. 

Prefixes for sensor numbers are 

Temperature TE 
Pressure PE 
Strain XE 
CMOD ZT 
Instability parameter, v XM 

Table M. l. Location of thermocouples 
on vessel V-8A 

TE Surf acea e x z 

1 0 180 385 
2 0 180 -15 
3 0 180 -385 
4 0 0 385 
5 0 0 235 
6 0 -so 15 
7 0 50 15 
8 0 0 -235 
9 0 0 -385 

10 0 90 0 
11 0 270 0 
12 Closure 
13 Hemisphere 
14 I 0 385 
15 I 105 0 
16 I -105 0 
17 I 0 -385 

acylindrical test section: O - outside; 
I - inside. 
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Fig. M.20. Strain vs time, XE9Q-92. 
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Fig. M.24. Strain vs time, XE106-108. 
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Fig. M.25. Strain vs time, XE109-111. 
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Fig. M.26. Strain vs time, XE113-115. 
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Fig. M.27. Strain vs time, XE116-118. 
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Fig. M.28. Strain vs time, XEBl--83 and 121. 
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Fig. M.29. Strain vs time, XE99-102. 
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Fig. M.31. Strain vs time, XE127, 134, and 135. 
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Fig. M.32. Strain vs time, XE131-133. 
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Fig. M.33. Strain vs time, XE123-126. 
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Fig. M.34. Strain vs time, XE128-130. 
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Fig. M.36. Temperature vs time, TE4--6. 
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Appendix N 

PHOTOGRAPHS OF FLAW AND FRACTURE.SURFACES 

This appendix contains photographs of both fracture surf aces of the 
V-8A flaw. Figures N.1--N.3 show the outside surface of the vessel around 
the flaw. Figure N.4 identifies parts of the block containing the flaw 
as it was cut from the vessel. The two fracture surfaces are labeled 
"V8A-A" and "V8A-B" in this and succeeding figures. An orientation arrow 
pointing toward the closure flange of the vessel is shown with each frac­
ture surface. A discussion of the fracture surface is in Sect. 4.4.6. 

In Figs. N.S--N.20 the top edge of the block, if shown, is at the 
outside surface of the vessel, and the opposite edge, if shown, is at the 
inside surface. In Figs. N.S--N.14 the lighter gray areas next to the 
inner wall of the vessel and other light gray areas contiguous with them 
are surfaces developed by cooling the flaw block in liquid nitrogen and 
wedge-loading the machined notch. Figures N.5--N.7 and N.9-N.13 show only 
a portion of the fracture surf aces developed during the vessel test be­
cause the extreme ends of the surf aces were still hidden, after the ini­
tial chilling and wedging, by material that was subsequently removed by 
further cutting, chilling, and breaking. 

Figures N.8 and N.14 show the two opposite fracture surfaces with 
all fragments assembled in proper order. 

Features of fracture surf ace B are identified and described by 
Figs. N.21--N.29. Coordinates of features of this surface are given in 
Tables N.1 and N.2. 
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Table N.l. Coordinates of points along the tips of the 
machined notch, initial crack, and final crack 

(See Fig. N.21 for definitions of 
coordinates and symbols) 

Cross 
section z (mm) 

No. 

y (mm) 

Crack fronts Inside 
surf ace of 

MN IC FC FC-P vessel a 

0 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

o.o 
-15.2 
-29.4 
-45.0 
-62.3 
-83.8 

-99.5 
-109 .3 
-121.6 
-140.0 
-154.5 

-177 .5 
-193.5 
-209 .6 
-223 .1 
-233.0 

18.5 
30.2 
45.8 
58.2 
74.4 

86.2 
99.8 

109.8 
123.6 
137.7 

150.5 
162.5 
183.0 
208.8 
220 

69.8 

69.7 
69.8 
69.4 
66.4 
59.0 

49.5 
42.6 
29.6 
0 

69.5 
69.5 
69 .1 
66.9 
62.0 

56.7 
48.2 
40.0 
24.5 
o.o 

87.8 

82.2 
86.2 
83.9 
78.9 
68.9 

56.7 
49 .6 
34.7 
0 

87.4 
86.8 
84.6 
81.8 
77 .o 
12.0 
63.9 
56.2 
41.1 

101.4 

100.1 
99.5 
97.5 
95.9, 
92.5 

89.7 
88.8 
86.2 
81.9 
80.9 

77 .o 
75.5 
68.7 
58.s 
46.0 

101.2 
101.0 
99.6 
98.0 
97.8 

94.0 
91.2 
89.8 
86.0 
84.0 

80.3 
75 
67 
53.5 
44.2 

o.o 
15.5 

28.7 
34.5 
40.7 
43.0 
46.0 

o.o 
9.0 

19.8 
31.2 
38.3 
44.2 

140.0 

139 .2 
138.3 
138.7 

138.1 
138.2 

138.7 

139.2 

138.0 

138.0 
139 .2 
140.8 
141~3 

aAdditional measurements of the vessel thickness were 
precluded by fragmentation of parts of the flaw block, 
which made results uncertain. Actual unnecked thickness is 
probably slightly greater than the largest value measured. 
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Table N.2. Coordinates of features on 
fracture surf ace B 

(See Fig. N.21 for definition of 
coordinates and Figs. N.22--N.29 

for description of features) 

Feature 

A 
B 
c 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

0 
p 

Q 
R 
s 
T 
u 
v 
w 
x 
y 

Cross 
section 

No. 

0 
1 
1 
0 
2 
2 

3 
3 
3 
4 
4 

10 

21 
22 
23 
23 
23 
24 
24 

25 

z 
(mm) 

o.o 
-15.2 
-15.2 

o.o 
-29.4 
-29.4 
-34.6 
-45.0 
-45.0 
-45.0 
-62.3 
-62.3 

-154 .5 
-157 .5 

18.5 
30.2 
45.8 
45.8 
45.8 
58.2 
58.2 

135.4 
145.5 

-127 .6 
74.4 

y 
(mm) 

95.2 
94.3 
98.0 
98.2 
94.5 
97.5 
85.5 
95.0 
85.5 
86.9 
81.5 
86.7 
15.5 
22.5 

95.0 
95.0 
87.7 
95.0 
98.2 
87.3 
94.5 
1.0 
o.o 

22.0 
80.5 
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Fig. N.l. View of outside surface of vessel around the flaw. A 
short tear and surface deformation are visible at the upper end of the 
flaw. 
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ORNL-DWG 86C-4914 ETD 

PIECE VSA-B 

PIECE VSA-CA 

PIECE VSA-CB 

GIRTH WELD 

FLAW BLOCK 

Fig. N.4. Diagram identifying parts of the block containing the 
flaw and defining orientations. 



Fig. N.5. Fracture surface V8A-A as revealed by the initial cold 
fracture of the flaw block. 
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Fig. N.6. A portion of surface shown in Fig. N.5. This photograph shows details not 
visible in other views. The cracks crossing the fracture surfaces in this and subsequent 
figures were generated by the wedge-loading operation. 
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Fig. N. 7. 
Fig. N.6. 
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Fig. N.8. Entire fracture surf ace V8A-A. 
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Fig. N.9. Fracture surface VBA-B as revealed by the initial cold 
fracture of the flaw block. 
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Fig. N.lQ. A portion of the surface shown in Fig. N.9. 
photograph shows details not visible in other views. 
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Fig. N.11. A portion of the surface shown in Fig. N.10. 
illumination accentuates features. 
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Fig. N.13. A portion of the surface shown in Fig. N.12. Oblique 
illumination accentuates features. 
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Fig. N.14. Entire fracture surface V8A-B. 
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Fig. N.15. Central portion of fracture surface V8A-B with oblique 
illumination from top of photograph. 
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Fig. N.16. Central portion of fracture surface V8A-B with oblique 
illumination from top of the photograph. Smaller details are visible in 
this figure than in Fig. N.15. 
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Fig. N.17. Central portion of fracture surface V8A-B with oblique 
illumination from top of photograph. Some details not clear in this 
photograph are accentuated !n Fig. N.18. 
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Fig. N.18. Central portion of fracture surface of V8A-B with 
oblique illumination from bottom of photograph. 
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M&C PHOTO Y187561 A 

Fig. N.19. A deep portion of the V8A-B fracture surface situated 
above (toward the vessel closure) the center of the flaw. Oblique 
i llumi.nation is from the top of the photograph. 
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Fig. N.21. Plan of fracture surface B identifying cross sections, 
coordinates, and features described in Tables N.l and N.2 and in 
subsequent figures. 
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Fig. N.22. Cross sections of fracture surface B. 
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Fig. N.25. Area B. 

U> 
'-I 
0 



M&C PHOTO Y1875638 

~·;l<:::_·: ~- ... '·_".-:.;:c~~i~~:~:~.:~~~}::~£~~~-~~ 
"'· '-F" .. _,, ...... :10FFLAWf~-- -.. 1- . .. ·1 . _ D r , .. - .... ,

1 
0 , r-· .... - . :' __ 

Fig. N.26. Area c. 

w ......, 
...... 



Fig. N.27. Area D. 
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Fig. N.28. Area E. 
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CONVERSION FACTORSa 

SI unit English unit Factor 

mm in. 0.0393701 

m ft 3.28084 

m3 gallon (U.S. liquid) 264 .112 

m3/kg ft3/lb 16.0185 

m3/s gpm 15,850.3 

kN lbf 224.809 

kPa psi 0.145038 

MP a ksi 0.145038 

MPa•fm ksi•lin. 0.910048 

J ft•lb o.737562 

J/g Btu/lb o.429923 

K °F or 0 R 1.8 

kJ/m2 in.-lb/in.2 5.71015 

MJ/m2 in.-lb/in.2 5710.15 

kg lb 2.20462 

T(°F) - 1.8 T( °C) + 32 

aMultiply SI quantity by given factor to 
obtain English quantity. 
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