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The work reported herein was performed mostly at Oak R dge National Laboratory (ORNL) under 
sponsorship of the USAEC's Heavy-Section Steel Technology (HSST) Program, wliich is directed by ORNL. 
The program is conducted as part of the ORNL Pressure Vessel Technology Program, of which G. D. 
Whitman is director. The cognizant engineer for the USAEC is J. R. Hunter. 
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Pa. (October 1969). 
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PWR Systems Division, Pittsburgh, Pa. (October 1969). 
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TEST OF 6 INCH-THICK PRESSURE VESSELS. SERIES I INTERMEDIATE 
TEST VESSELS V-l AND V-2 

R. W. Derby G. C. Robinson 
J. G. Merkle G. D. Whitman 

F. J. Witt 

1. INTRODUCTION 

With the emergence of nuclear reactors as one of the major heat resources, the electric power industry 
in the United States and even throughout the world has been quick to recognize the potential of nuclear 
reactor systems for power generation. With this recognition has foiiowed the rapid development of two 
mcjor systems to commercial status - the boiling-water reactor (BWR) system and the pressurized-water 
reactor (PWR) system. Plants involving these systems are now coming into operation with capacities 
exceeding 1100 MW(e). Indeed, as the civilian nuclear power industry has grown, so have the sizes of the 
individual plants. This increase has resulted mainly ;'rom scaling up smaller systems with some modification 
in pressures and operating temperatures. As a consequence, the pressure vessels of the system^ have 
increased in diameter and thickness. The thickness of the plate for fabricating some larger PWR vessels 
approaches 12 in., with diarrsters of the vessels from 14 to 16 ft. The standard operating temperature is 
around 550°F. Pressures range upward to around 2500 psi for the PWR systems, whereas for BWR systems 
the vessels are designed for about 1250 psi. 

The main ;oncern of the Heavy-Section Steel Technology (HSST) Program is the massive pressure 
vessels used in civilian water reactor systems, with emphasis on the effects of flaws, material 
inhomogeneities, and discontinuities on the behavior of the vessels under startup, operating, cooldown, and 
accident conditions. This interest stems from the fact that flaws (discontinuities) inherently exist in vessels, 
though possibly quite small, and that in-service inspection techniques are -?iU being developed for 
applicability during the service life of the plants, some being designed to operate 40 years. The objective of 
the HSST program is to develop the technology necessary to establish a reliable means for estimating a 
conservative margin of safety against fracture for nuclear pressure vessels during the service life of the 
plants, particularly fracture that might endanger the public. 

Structural integrity of nuclear reactor pressure vessels is insured by designing and fabricating according 
to the standards set by the code for nuclear pressure vessels, by detecting flaws of significant size that occur 
during both fabrication and service, and by developing methods capable of producing quantitative estimates 
of fracture conditions by which safety margins may be determined should flaws of significant size exist or 
develop. The program is concerned mainly with developing the pertinent fracture technology. It deals with 
the knowledge of the material used in these thick-walled vessels, the rate of growth of flaws, and the 
combinations of flaw size and stress (or strain) that would cause fracture and thus limit the allowable loads, 
temperature, and/or life of a vessel. 

The primary objective of the simulated service task of the program, of which pressure vessel testing is a 
part, is to demonstrate the ability to predict failure, including tough, transitional, and frangible fracture. To 
predict the fracture conditions in a complex structure, the stresses and strains caused by service loads in the 
absence of flaws and cracks must be determined, and a fracture criterion specified in terms of obtainable pa­
rameters (stress, strain, energy, fracture toughness, etc.) is required, Finally, the value of the fracture 
criterion for t! e material as it occurs in the structure in service must be measured by suitable laboratory 
tests. 
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Specifically then the original objectives emphasized in the simulated service task were 

1. to demonstrate capability- to predict the "vessel transition temperature" for a selected crack 
configuration using the material of interest (ASTM A533. grade B. class 1 plate; ASTM A508. ciass 2 
forging); 

2. to demonstrate, for the materials of interest, capability to predict various combinations of load 
(pressure), temperature, and crack configuration in full-ihickness walls (b in. or more) that will not 
cause fracture and, finally, a combination that will cause fracture for both frangible and tough fracture 
conditions. 

As originally planned,1 ~ 3 the above objectives were to be attained by means of the generally successive 
testing of a series of specimens of the following types: 6-in.-thick flawed tensile specimens, nozzle corner 
simulation specimens, full-thickness (12-in.-thick) tensile specimens, intermediate vessel test specimens (6 
in. thick), and full-scale vessel specimens. However, the rapid advancement in fracture technology, 
feasibility, and costs have combined to alter these plans, so that only the 6-in.-thick tensile specimens4 ~ 8 and 
the intermediate vessels of the original series are being tested. These tests, however, are supplemented by 
the testing of large compact tension specimens9 and model specimens and vessels. The intermediate vessel 
tests now play a dual role. First, they serve to develop the technology by providing input to sharpen 
proposed methods for quantitative fracture evaluation; second, the tests must demonstrate that the 
methods of fracture analysis are quantitative and applicable to reactor pressure vessels. 

The intermediate vessel tests have been subdivided into four series: 

1. flaws in cylindrical vessels, A508, class 2 forging steel - two vessels: 
2. flaws in cylindrical vessels with longitudinal weld seams, A508, class 2 forging steel, submerged-arc welds 

- three vessels: 
3. flaws in cylindrical vessels with longitudinal weld seams, A533, grade B, ciass 1 plate steel, 

submerged-arc weld - two vessels; 
4. cylindrical vessels with radially attached nozzles, vessels of A508, class 2 forging steel and A533. grade 

B, class 1 plate steel; nozzle of A508 class 2 forging steel - three vessels. 
This report contains a comprehensive description of the pertinent factors considered in the design of 

the vessels and construction of the test facility and those leading to the tests of series 1, as well as a 
documentation of test results and fracture predictions. Emphasis is placed on providing the test results in 
such a manner that they form a resource for any investigators interested in the problem of fracture 

Several series of large and small specimens have been tested under the auspices of the HSST program. A 
common characteristic of all the tests has beer, that of a size effect (difference in normalized load, strain, 
energy, etc., between geometrically similar specimens) at a given temperature for all temperatures 
investigated (up to 550°F). Common also has been a characteristic transition from frangible to tough 
behavior over a relatively small temperature range well below 200°F. Since laboratory specimens differ 
widely from vessels, it is necessary to ascertain if vessels exhibit the same characteristic at fracture that 
laboratory specimens do. The primary objective of the two tests described in this report is to ascertain if 
pressure vessels exhibit a size effect at all applicable temperatures and. if such a size effect is exhibited, to 
ascertain if the size effect for the vessel can be determined from compact tension specimens. The secondary 
objective is to provide a preliminary evaluation for the potential of crack arrest once initiated from critical 
flaw-size-load-toughness conditions. 
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2 DESIGN AND FABRICATION OF THE INTERMEDIATE TEST VESSELS 

General Destgn Requirements 

The intermediate test vessels occupv the final phase o! specimen testing undci task K simulated-wr\ue 
testing, of ihc HSST program. Prior tests ot laboratorv-scale speciMens have been ptaimed and implcme-.iu-d 
to provide data lor the establishment u! test conditions for the intermediate test vessels and to provide an 
extensive base lor the extrapolation ot failure hvpotheses to full-size vessels for realistic cnviio-imeniai 
conditions. A quantified characterization ot failure under frangible, transitionjl. and tough loading regimes 
is the primary goal of this phase of testing Therefore, a nunibet o> parameters. iuimi\ . flaw origin in base 
material. Haw origin in weld metal. Meld location, biaxial stress state, complex stress state, flaw size and 
shape, and temperature, have been selective!) varied among the vessels to provide i*»r the vancis stiess and 
metallurgical states which nornull) exist in commercial nuclear reactor vessels 

Table 2.1 gives the base material and welding parameters utilized in the vessels to provide metallurgical 
stale variations. Figure 2 I shows a partiallv sectioned view of vessels V-l. V-2. V-.v V-4. V-o. V " . and V-> 
and Fig. 2.2 shows a parlialh sectioned view uf vessels V-5, \'-w and V-lo figure 2..» shows tin 
orientations of girtlt and longitudinal weld* thai arc used to con'atn flaws m tlie testing o!' vessels V-.l. V-4. 
V-6. V-7. and V'8. 

Vesvls V-l through V-6 were advertised tor competitive oidding under ORNL Job Specification 
JS-120-22* (Rev 21.1 I n n n Carbide Corporation Purchase Order TT-.tolnOV to: these vessels was 
awarded to Taylor Forge Division. Gulf and Western Products lompanv. on December 2.v 1°4>V* Indcr this 
purchase order an option was obtained lor the purchase of. spare components comprising the head and 
access nozzle subassembly shown in Fig 2.1. This option va> exercised tor vessels V-" through V-lo and 
these vessels were advertised tor competitive bidding under ORNL Job Specification JS-! 20-22> iRcv 2i 

Table 2-1 • Vnsri bate nu le ra l and wrlding parameter* 

\ appiu ahle; \ \ f '•< ,pplKMolc 

\ I > K ! > um'-wnatioi;* ijbfi.j lcJ 
Irorn same .Vat j n j or vauu-

v i / . • . I . H v XX Hds loo t ed ,n »c!df i lk»r»ci , l i . . : 
Vessel ( yhndnea! shell N«v. .. . Umdrual shell - - - - • - - - - -

designation base matcnal n u ' • XXeid !'ilk: 
Itirii: I .ineitudinji • , c - , : „ . . . , ! 

r tr.i ii 

V-l A5(W. c lasO NX NX \ - \ \ N \ 
V-2 \>(lH.class 2 NX NX NX \ \ \ 
V-3 A50K.ciass2 S*\ \ \ \ V \ 
V 4 A50h.cias* 2 NX N \ \ \ X 
V-5 -X50H. i-lasv 2 X<<»> J a s s . N \ NX \ NX 
V-*> \ 5 l t « i l.iss 2 \ X X \ \ \ 
V " A5 3 3-B. J u s - i N \ \ \ X \ \ 
V-X A 5 3 3 B . class 1 NX NX X X X 
V-4 A533-B.Jass l -\5<»sJass2 NX X X X 
V-IU A533-B , , U ! -\5oK.ciass2 NX \ X \ 

Cylindrical shells tor vessels V-! V-2. and V-5 torfed frorr. ^iu|t't--{-:'-.c l->rgmf poured (for.. i«n heats. W i o n j ! I "rj».-
3V913 and !V'3«()9 

( ylindncal shells tor \essels V-3. X -4. and \ ' t torged from sin<:e piou- ;->tf<i:f poured I font ;\»o he-iis Nj'.ioru: i ir'. 
3V92H and 1V3K2\ 

Cylindrical shells for w^sei V-~ through X'-1" lahn. uted I'r <rn plat- produced !io;i, I i ^ r m heut hl 2 < 

4 
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as apwndc1 by Union Carbide Corporation Request A-S27&-77. An award tor fabrication of these vessels 
was made to Taylor Forge Division. Gulf and Western Products Company, on April 7. 1972, under Union 
Carbide Corporation Purchase Order 77Y-94290V 

Under the provisions of the initial contract. Taylor Forge was responsible for the design of the head and 
access nozzle subassembly in accordance with the requirements of Section III of the ASMt Pressure Vessel 
Code. To provide increased assurance th2t this subassembly would not fail prior 'o the failure of the Hawed 
cylindrical shell o\ the test vessel, a design pressure over double the allowable design pressure o\ the 
cylindrical shell (20.000 psi) was utilized, and the allowable stress intensity for secondary membrane plus 
bending was arbitrarily set at I I times the stress intensity that would be experienced by the cylindrical test 
course, if assumed infinite, at a pressure loading oi 20.000 psi. Also under the provisions o\ the initial 
contract, the Taylor Forge design was verified by an analysis performed by Teledyne Materials Research 
Company under subcontract to Union Carbide Corporation.: 

In addition to strict adherence to the quality assurar.ee provisions of Section III of the ASMt Pressure 
Vessel Code, an additional inspection technique was imposed on all welds, both longitudinal and shear 
beam ultrasonic testing of all welt's was required. Subsequent experience demonstrated that this additional 
requirement was essential to obtain the high degree of integrity necessary for this test series. 

Design Verification of Head and Access Nozzle Subassembly 

Teledyne Materials Research (TMR) analyzed the head and access nozzle assembly by using an 
orthotopic finite-element composite closure technique/ This technique was used rather than the 
conventional compatibility interaction analysis because of the following advantages: 

I. An interaction solution requires three jnit load case solutions and two member stresc solutions for 
each assembly component. The interaction analysis is then performed by forcing equiliniium and 
compatibility at assumes points of compatibility. A typical solution for cover, gasket, shell, and bolt entails 
3 structural models. 20 sets of analyses, and a compatibility interaction solution. The composite closure 
analysis method permits a complete solution with only two analyses of one composite model. 

http://assurar.ee


7 

2. The cover is idealized with an orthotropic ligament area that closely approximates the true rigidities. 
3. Bolt interface load distributions and load transfer at points of compatibility between the cover and 

shell are inherent in the solution; thus the results are more representative of the actual system behavioi. 
4. The bol? or stud is coupled to the shell in a manner that accounts for the shear flexibility at the 

threaded end. 
5. For thermal-gradient environments, the composite closure method includes the correct stiffness 

characteristics (modulus of elasticity vs temperature), whereas influence matrices used in the interaction 
solution are based on room or average temperature. 

6. The composite model can be modified so that the results include the effects of interface gapping or 
sliding, if these conditions are found to exist. 

in general, the closure assembly was structurally idealized as a Prute-element mode! that included and 
accounted for the effects of bolt preload, pressure interactions, anc local interface flexibilities. In addition, 
the effects of closure interface gaps were included in the final solution. 

The work did not include the evaluation of thermal transient conditions. The seal membrane was not 
evaluated because it was anticipated that yielding would occur during the first operational cycle. 

An adaptation of an operational finite-element computer program for the stress analysis of 
axisymmetric solids (SAAS) was employed for the analysis.3 The program determines the stress and strain 
distribution within either homogeneous or heterogeneous thick-walled orthotropic bodies of revolution 
under axisymmetric mechanical or thermal loading conditions. The program employs an axisyrnmetric 
quadrilateral or triangular ring element and utilizes the displacement (stiffness) method of structural 
analysis. Unlike the usual "shells-of-revolution" type of computer program, which accounts only for middle 
surface elastic deformation, SAAS takes into account (and determines) elastic deformation throughout the 
entire body. Thus the effects of local flexibility are an integral part of the solution. 

The stud, shell, and cover ligament areas of the subassembly are nonaxisymmetric with respect to the 
shell center line. Since SAAS hindies only bodies of revolution, it was necessary to modify the properties 
of element rings in order to obtain equivalent rigidities in the respective areas. The geometry and 
orthotropic property modifications result in an idealized system that has rigidities equivalent to those of 
the actual closure assembly; thus the displacements and rotations from the SAAS solution will be accurate. 
To permit detection and accounting for cover gapping or sliding between the cover and the shell, TMR 
conceived and developed an extremely thin element solely as a device for coupling and decoupling adjacent 
elements. 

The final finite-element solution included 20,000 psi internal pressure, bolt preload, and the 
aforementioned film elements uncoupling modifications. The distorted geometry of the assembly for this 
loading is shown in Fig. 2.4 and in Figs. 2.5-2.8, which iliustrate radial, axial, circumferential, and shear 
isostress plots of the assembly. Stud stresses were found to comply with the membrane and bending stress 
limitations stipulated by Section III of the ASME Code. The results of the stress analysis of the head and 
access nozzle assembly are summarized below. 

Maximum bolt Allowable bolt 
stress stress 
(psi) (psi) 

79,500 83,600 
83,500 125,700 

Stress 
category 
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Fig. 2A. Shear stress isostress lines for HSST intermed'ate vessel with pressure and preload at 400 F for cover gap 

Section III of the 1968 ASME Boiler and Pressure Vessel Code and Sumner 1968 Addenda, paragraph 
N-416.1, defines categories and allowable stress. The maximum stress occurred in the shell portion of the 
closure assembly as follows: 

Stress 
category 

Maximum shell 
stress intensity 

(pa) 

76,600 

Allowable shell 
stress intensity 

(pa) 

84,500 

Design Verification of the Radially Attached Nozzle 

The geometry of the radially attached nozzle on vessels V-5, V-9. and V-IO was chosen somewhat 
arbitrarily. Existing and planned reactor vessels have Dm/di (shell mean diameter to nozzle inside diameter) 
ratios that vary from about 3 to 6; a value of 4 was selected for the radial nozzles of the intermediate 
vessels. Designers currently use considerable variations in the choice of i.ozzle outside fillet and inside 
corner radii within the latitude permitted by Section III of the ASME Code. An overreinforced 
configuration was chosen which had a nozzle thickness equal to the shell thickness and fillet and corner 
radii in the midrange of Section HI requirements, similar to the configurations used by designers of reactor 
vessels. Since it is desired that the stress concentration factor of the intermediate vessel nozzle corner be 
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equal to that used w. reactor vessels, about 2.7 to 2.8. it was anticipated that some slight modification to 
the chosen geometry might be required. This factor was then investigated analytically and experimentally 
under the complex-stress-state task of the HSST program. 

Classical mathematical methods of stress analysis are not strictly applicable to the complex 
configuration of the typical heavy-section vessel-nozzle junction. Finite-element methods are the logical 
choice for such a situation. However, three-dimensional finite-element analyses present certain complexities 
of their own, both in the idealization and in the computational processes, and have not been as widely 
applied as the two-dimensional programs. Utilizing the three-dimensional finite-element program SAFE-3D, 
which was operational at ORNL, Krishnamurthy proceeded with the invecti^ation of the stress analysts of 
nozzle junction in the following steps.4 

1. The geometrical relationships necessary to define the idealized configuration of various surfaces on, 
and points within the wall of, a thick-walled cylindrical-vessel-nozzle junction with a curved transition 
were formulated. 

2. A computer program entitled HST-NODES, to generate the idealized geometry, and a finite-element 
mesh suitable for a three-dimensional analysis of the junction were developed. 

3. The intermediate test vessel radial nozzle junction was analyzed with the three-dimensional elastic 
finite-element analysis program (SAFE-3D) for pressure loading. 

4. The results were evaluated. 
The study was limited to the particular vessel-nozzle configuration defined by the following and shown 

in Fig. 2.9. 
1. The vessel and the nozzle are both cylindrical, with straight axes intersecting at right angles; thus the 

nozzle is radially attached to the vessel. 
2. The radius an ' the wall thickness of both the vessel and the nozzle are constant over the portion of 

the junction analyzed and, by implication, for a certain distance beyond this portion. 
3. Both the inner and outer transitions between the vessel and the nozzle are circular arcs and are not 

necessarily concentric. 

ORNL-DWG 7 0 - 5 3 5 7 2 

Fig. 2.9. Vessel-nozzle junction. 
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4. Each transition arc connects tangentially with both the vessel and the nozzle. 
The HST-NODES program was developed to provide considerable flexibility in the definitions ol the 

element size to accommodate zones of high stress concentration. Supplied with the inner jnd outer 
dimensions o\ the symmetry sector, the number of slices, angular parts, and trace divis ons for thf 
idealization, and certain options, the program wiii generate :il! the additional information necessary for the 
computations on the intermediate layers, compute the cylindrica' coordinates, and piint and al-o punch the 
values out in sequential order. A typical mesh generated (an actual case solved) is shown in Fig. 2.10. 

ORNL-0*G 7 )-<469C 

Fig. 2.10. Node and element numbering ic^eme for 3-D analysis, coarse niesfi. Underscored numbers are element 
indices. 
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ORNL-DWG 7 0 - 1 3 5 79R 

DIMENSIONS ARE IN INCHES 

Fig. 2.11. Symmetry sector of the pipe-nozzle junction chosen for analysis. 

The pipe-nozzle junction selected for the studv was a simplified version of the intermediate test vessel 
of the HSST program depicted in Fig. 2.2. The vessel internal diameter was 27.0 in., and ths nozzle internal 
diameter was 9.0 in. The internal and external transition radii were 1.5 and 3.0 in. Although the nozzle had 
a stepped exterior, the wall thickness was assumed uniform at 6.0 in. for both the nozzle and the vessel. 
The maximum height (Z m ) of the nozzle top above the equatorial plane was taken as 40.0 in.; two vilues of 
half pipe lengths {Pt), 19.5 and 30.0 in., were chosen for the analysis to examine the effects, if any, of the 
length of pipe on the stress distribution in the transition region. A one-eighth symmetry sector was selected. 
Figure 2.11 illustrates the simplified model along with the principal dimensions and the coordinate axes. 

Since the main purpose of the study was to obtain an estimate of the stress concentration in the 
transition region, the simple situation of internal pressuie wa" considered adequate. An arbitrary value of 
1000 psi was chosen for convenience. Further, the stresses at the *4cut" ends of the nozzle and the vessel 
were assumed uniformly distributed over the cross-sectional area of the walls at vjlues which would 
equilibrate the pressure acting on the areas of the open ends. This assumption would correspond to the 
situation where the nozzle and the vessel were rigidly capped. 

In order to examine the effects of mesh size and pipe length, <nr,se cases were analyzed as summarized 
by Table 2.2. 
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Table 2.2. Details of the three cases analyzed 

Case Pipe 
designation 

Pipe 
length 
<ir>.) 

Mesh 
designation 

Number ot 
nodes 

Number ot 
segments 

1 Short 19.5 Coarse 504 18 
2 Short !9.5 Fine 2112 32 
3 Long 30.0 Medium IPO 26 

An examination of the stress output revealed the following characteristics: 
1. The shear stresses everywhere were generally much smaller than the normal stresses. Further, the 

regions of high shear stresses and of high normal stresses did not coincide. 
I. The radial stresses ar were all within the range of ±1000 psi throughout the region analyzed. 
3. The circumferential stresses o0 were maximum on the inner surface at the longitudinal section, near 

the transition region. The maximum shear stresses r6l in this region were of magnitude about 5% of the 
maximum circumferential stresses. 

4. The axial stresses az were maximum on the inner surface near the intersection of the transverse 
section and the equatorial plane. The maximum shear stresses in this region were between 10 and 20% of 
the maximum axial stresses. 

5. The maximum circumferential stress for any mesh was more than twice the maximum axial stress, 
and much higher than the maximum radial stress. Further, in the region of maximum circumferential stress, 
the radial and axial stresses were very low, about 15% of the maximum circumferential stress. 

On the basis of the preceding observations, it was considered unlikely that the critical principal stresses 
would be much different from the critical normal stresses. More detailed evaluation was confined to the 
normal stresses only. 

Figures 2.12-2.18 depict the contour plots of ar, oe, and o2 at 0 and 90° sections for all three meshes 
and at 45° for the medium mesh only. Figures 2.12 and 2.13 show the three plots of radial stress 
distributions at 0 and 90°: Figs. 2.14 and 2.15 show circumferential stress distributions at 0 and 90°; Figs. 
2.16 and 2.17 show axial stress distributions at 0 and 90°. Figure 2.18 shows o r , ae, and oz distributions at 
45° for the medium mesh. The known boundary conditions used to plot the contours are indicated on the 
plots in parentheses. A comparison of the plots indicates that the differences in the length of pipe do not 
significantly affect the stress distribution, especially in the transition region. 

The effects of the mesh sizes may also be observed by comparing the plots for the coarse, medium, and 
fine meshes in Figs. 2.12-2.17. In every case, the stress gradients are seen to change progressively with 
mesh refinement, the change being generally to increase the gradient, as could be expected. 

The technique of fitting the stress values witn a least-squares exponential fit was used to obtain an 
extrapolation to the surface. A technique known as the H1 extrapolation, where h is a parameter for 
element size and n is the number of nodes, was used to obtain an extrapolation to the continuum. With 
these techniques a value of 6700 psi was found as the maximum circumferential stress at the junction; 
dividing this value by the nominal circumferential stress, a stress concentration factor of 3.0 was obtained. 

Derby, of ORNL, examined the stress concentration at the nozzle junction by performing an 
experimental stress analysis of an enoxy model of the intermediate test vessels V-5, V-7, and V-10.5 A view 
of the model vessel after strain gaging and ready for assembly is shown in Fig. 2.19. The strain gages were 
applied to the inside of the vessel before assembly of the components, and then a number of small holes 
were tapped in the hemispherical end caps. Brass bolts were dipped in epoxy and screwed in»o these holes. 
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Fig. 2.19. Small epoxy vessel with strain gages in place ready for assembly. 

ORNL-CTKG 70-S472R 
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Fig. 2.20. Axial (oa) and tangential (<rf) stresses on the inside and outside of the wall of the epoxy mode! of the 
intermediate test vessel by experimental stress, analysis. 

When the epoxy had set. each bolt made an excellent "lead-through." Wires from the strain gages were 
soldered to the bolts on the inside. Finally, the vessel was glued together, and lead wires were soldered onto 
the exterior end of the brass bolts. 

Some of the results of the experimental stress analysis are shown in Fig. 2.20. The dashed lines indicate 
extrapolations to the stresses given by Lame's equation for tangential stress and by "force over area" for 
the axial stress. 



23 

ORNL-DWG rO-'38'4R4 

•f NOZZLE 

Wk^ t>o 

+- - t VESSEL 

Fig. 2.21- Tangential stresses in the nozzle region of the intermed;ate test vessel by finite-element analysis. 

For comparison, Krishnamurthy's results shown in Fig. 2.14c are shown adjusted to a pressure of 350 
psi in Fig. 2.21. The agreement is excellent; for example, at the inside nozzle corner the experimental 
analysis gives 2200 psi, while the finite-element analysis gives 2280 psi. The outside a, was measured at 600 
psi. whereas the finite-element analysis shows tlOpsi. 

General Procurement Activities for Vessels V-l through V-6 

The procurement efforts as monitored and reported by Childress, of ORNL/ are summarized in this 
section. Emphasis has been placed on final results, and all of the descriptive material and interim activities 
have not been included. Childress is currently preparing a report covering all aspects of vessel procurement. 

Fabrication of the vessel components for vessels V-l through V-6 was sublet to two forging 
manufacturers: National Forge Company and Lenape Forging Company. Lenape made the hemispherical 
heads and the flat head closure covers, and National Forge made the shell courses, closure flanges, and a 
weld test plate to be used for qualification of Taylor Forge welders. All components were fabricated from 
ASTM A508. class 2 materials. 
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Materials tor the hemispherical heads were obtained from a billet with a 32-in.-square cross section. 
made from a single melt, heat Q2A18. The ladle analysis for heat Q2A18 follows: 

Ladle analysis 
(wt%) 

c 0.19 
Mn 0.78 
P 0.008 
S 0.022 
Si 0.23 
Cr 0.39 
Ni 0.82 
Mo 0.63 
V 0.003 

The billet was cut into six sections that measured 32 X 14 X 45 in. long, and each weighed about 4500 
lb. Each piece was heated to 1960°F, formed into a square configuration, temperature dropped to 1740°F. 
reheated to 2050°F, and pressed into a preheated lubricated die. After completion of the forging 
operations, each piere was then heat treated as follows: (1) normalized at 1650 ± 25°F and cooled in air, 
(2) austenitized at 1560 ± 25°F, (3) quenched in agitated water, (4) tempered at 1225°F minimum and 
cooled in air, and (5) stress relieved af 1125 ± 25°F for 1 hr per inch o' metal thickness. Figure 2.22 shows 
the completed rough forging, test specimen location, and thermocouple attachment for heat-treatment 
control. The test specimens for determining mechanical properties of the forgings were heat treated by 
Lenape by using their Data-trak programmed testing procedure. 

The 3l-in.-diam flat heads were forged from pieces of billet measuring 26 X 26 X 13 l/2 in. long. Fu«;n 
piece was cubed and rounded into a cylindrical configuration on an open-die press and then upset into a 
33-in.-OD, 10V2-in.-deep die. The upset ratio was 2:1. A rough-finished forging is sketched in Fig. 2.23. 

The flat heads were subjected to the sa.v.c heat-treatment and mechanical testing procedures as the 
hemispherical heads. Cooling curves for the hemispherical and fiat heads are shown in Fig. 2.24. 

The chemical analyses for the hemispherical and flat heads are given in Table 2.3, and results of the 
mechanical testing performed by Lenape on specimens from the fiat and hemispherical heads are given in 
Table ZA 

The flat heads were inspected ultrasonically after all machining was completed. The parts were scanned 
using a Branson model Z-101-A l-in.-diam 2.25-MHz transducer and SAE 40W oil. The transducer was 
placed over a smooth, flat area on the forging, and the back-reflection signal was adjusted to approximately 
75% of full screen height. Scanning was performed from the flat side and from the circumference of each 
head, and each scan path was overlapped 50% to assure complete coverage Lenape's applicable inspection 
procedure designated as rejectable "any indication accompanied by a complete loss of back reflection not 
associated with or attributable to geometric configuration." The loss of back reflection was no more than 
40% in any instance. The hemispherical heads were also inspected to the same ultrasonic procedure, and 
each was found to be acceptable. All parts were subjected to liquid penetrant testing. 

The National Forge Company made the shell courses, closure flange, and a weld test plate. The ingot 
used to make the shell courses for vessels V-3, V-4, and V-6 (see Table 2.1) weighed about 200,000 lb and 
was poured simultaneously from two furnace heats, 3V928 and 1V3828. The configuration of the ingot 
was essentially a truncated cone, 76 in. in diameter at the top ingot end and 65 in. in diameter at the 
boitom end by 12 ft long, exclr !ing the hoi top. 
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Table 2.3. Giemical analyses for the hemispherical and flat heads (wt %) 

Mn Si Cr Ni Mo 

Hemispherical heads, ladle analysis 
0.19 0.78 0.008 0.022 0.23 0.39 0.82 0.63 0.03 

Flat heads, ladle and check 
0.19 0.78 0.008 0.022 0.23 0.39 0.82 0.63 0.03 
0.197 0.75 0.019 0.023 0.22 0.41 0.87 0.59 0.01 

ORNL-DWG 70-10051R 
1600 

1400 

15 20 
TIME (min) 

35 

Fig. 2.24. Cooling curves for the hemispherical and flat heads for the intermediate test vessels. 
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Table 2.4. Mechanical properties obtained on specimens 
from the flat and hemispherical heads 

Lenape 
ID No. 

Temperature 
<°F) 

Ultimate 
tensile 

strength 
(ksi) 

Yield 
strength 

(ksi) 

Reduction 
in 

area (%) 

Elongation (%) 
in 2-in 

gage lengiii 

C„ values at 
+ 10°F 
(ft-lb) 

Hemispherical heads 

1 0 87.0 70.0 64.9 23.5 37-43-34 
180 87.7 70.6 59.8 22.0 42-43-39 

2 0 87.3 70.6 67.0 24.0 39-31-31 
180 87.5 77.6 64.2 24.3 87-52-71 

3 0 99.3 79.8 68 23 60-60-51 
180 96 78.7 68 23 47-51-52 

4 0 95 78.7 67 23 74-49-71 
180 96 79.7 64 22.5 47-44-49 

5 0 95.5 78 62 22.5 41-46-34 
180 95.6 78.7 62 22.5 28-31-36 

6 0 96.5 80.5 67 22.5 28-31-31 
180 95 78 

Flat heads 

65 22.5 32-25-33 

1 Room 90.5 70.9 66 23.5 82-78-65 
Room 90 72 67 23.5 81-85-47 

2 Room 89 69.3 47.4 21.5 42-44-40 
Room 92.5 74 62.5 23.5 36-31-37 

3 Room 91 71 56 24 38-41-39 
Room 90.5 70.6 64 23.5 51-54-50 

4 Room 90 69 63 23.5 45-43-51 
Room 90 70.3 65 23.5 39-35-52 

5 Room 90.1 73.3 62 22.5 35-22-38 
Room 87.5 74.8 64.9 21.5 39-37-37 

6 Room 91.8 72.8 41.8 19 50-48-52 
Room 89.2 70.4 49.3 20.5 53-54-47 

The ladle and check chemical analyses (wt %) are given below. 

Mn Si Ni Cr Mo 

Ladle 0.27 0.87 0.007 0.012 0.32 0.74 0.34 0.64 0.04 
Check 0.24 0.84 0.009 0.011 0.35 0.72 0.35 0.66 0.04 
Check 0.25 0.86 0.009 0.012 0.35 0.72 0.34 0.65 0.04 

The ingot used to make the shell courses for vessels V-1, V-2, and V-5 was also pc.uied simultaneously 
from two furnace heats. 3V913 and 1V3809. The ladle and check analyses fwt %) are given below. 

Mn Si Ni Cr Mo 

Ladle 0.26 0.75 0010 0.014 0.26 0.81 0.45 0.61 0.05 
Check 0.27 0.77 0.013 0.015 0.32 0.82 0-43 0.58 0.05 
Check 0.27 0.77 0.013 0.013 0.33 0.81 0.44 0.59 0.05 
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The ingots were forged in the temperature interval 2350 down to 1440 F proceeding through an octagonal 
shaping to i. final rough cylindrical shape having a usable length of about 27V2 ft and a nominal diameter ot 
41 in. Following removal of the unusable material from each end, the ingot was heat treated and inspected 
in conformance with th-3 following National Forge procedure: 

Immediately on .-emoving the two ends, the usable length will be returned to he furnace and "equalized" at 
1180°F tor 8 hr. On completion of the 8-hr hold, the forging will be allowed to »orna<e cool to 500°F and held at tljs 
temperature for 22 hr. Following this 22-hr hold, the temperature will be raised at a rate of 90°F/hr to 1180°F and 
held for 8 hr, then raised at 100°F/hr to 1600°F and held at this temperature for 32 hr. Following the 32-hr hold, the 
forging will be removed from the furnace and air cooled to 700°F, then returned to the furnace and furnace cooled to 
500°F. It then will be held at 500°F for 22 hr. After this 22-hr held, without cooling further, the temperature will be 
raised at 90°F/hr to 1240°F and held for 30 hr. The forging will then be furnace cooled to below 500°F, thus 
completing the post forge heat treatment. 

On completion of post forge heat treatment, the forging will receive a preliminary ultrasonic inspection, after 
which it will be sawed into three pieces of equal length (a 2-ft prolongation will be left on each piece). Each piece will 
then be shipped to the NF plant in Irvine, Pa., for machining, final heat u eat mem t and firrai ultrasonic inspection. 

The parts were then shipped to National's Irvine plant for trepanning, final heat treatment, final 
machining, and inspection. Heat treatment provided the shell courses at Irvine essentially consisted of the 
same procedure applied to the ingot described previously. One shell. National's No. 6, was equipped with 
six surface-mounted and three imbedded stainless-steel-sheathed Chromel-AIumel thermocouples (prior to 
normalizing) as shown in Fig. 2.25. The normalizing, austenitizing, cooling, and tempering curves are shown 
in Figs 2.26-2.29. Mechanical test results for the various shells obtained at this point are given in Table 
2.5. 

It will be noted *hat the tensile properties listed in this table are somewhat atypical of A508, class 2 
materials. In fact, the yield values in Table 2.5 were about the expected ultimate tensile strength of the 
welds to be used in the intermediate test vessels. If the vessels had been used in the condition noted at that 
point, higher test pressures (to rupture the vessels) than originally anticipated would have been required. In 
turn, the resultant higher test pressures would have placed an added burden on the test equipment, which 
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Fig. 2.25. Location of thermocouples on sh'U 6. 
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would have required new hazards evaluation!. Perhaps more significantly, vessel failure at other than the 
Haw could have occurred. 

Information was developed at ORNL by Berggren, Stelzman, and Canonico7 , 8 which indicated that the 
strength properties of the shells could be downgraded by controlled retempering. It may be noted from Fig. 
2.29 that the tempering temperature for the shelis was about 1280°F, maximum, Hence in consideration of 
retemperirg there was concern for the lower transformation temperature (ARX), which was thought to be 
between 1325 and 1350°F. Using materials from shell prolongations and Data-trak testing procedures, the 
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data developed justified retempering a single shell course at about 1320°F. maintaining as little deviation as 
possible. 

Shell 9 was retempered by National Forge on February 2 and 3, 1971. The part was equipped with 
seven thermocouples as shown in Fig. 2.30. The heatup period comprised some 14 hr, after which couple 4 
(located on the inside surface) was reading about 1295°F; the remaining couples were recording in the 
vicinity of 1310°F. At the end of the 6-hr hold period, each recorded about 1320°F except couple 4, which 
recorded a temperature of 1310°F. 
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Table 25. Mechanical properties for the shell courses for vessels V-1 to Y *• 

National 
ID No. and 

vessel 
No. 

Ultimate 
tensile 

strength 
(ksi) 

Yield 
strength 

(ksi) 

Reduction 
of 

area(-£) 

Elongation (%) 
in 2 in. 

gage 
length 

Cv values 
at+10°F 

(ft-lb) 

NDTT(°F) 
P-3 drop 
weight 

4. V-1 105.5 85 65.4 22 66-55-51 -20 
107.3 87 66.1 22.5 45-54-54 

5.V-5 107 86.5 66.3 22.5 44-60-64 -20 
107.5 87 67 22.5 50-53.5-53.5 

6, V-2 109.5 88 65.2 22 57-43.5-51.5 -20 
109.5 88 65.9 22.5 39-63-62.5 

7,V-6 106.25 85 65.9 23 5740-44.5 -20 
103.5 82.5 66.5 22.5 AQ c en A a 

8,V-4 103 83 68.6 24 78-71-79 -20 
102.75 82 69 24 85-69-67 

9.V-3 107 87.5 67.9 23 62.5-60-55 -20 
107.5 88.5 67.7 23 38J-72-74 
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On completion oi the hold period, the part was cooied in the furnace at about 200" 1- hr to oOO'F. 
Material for the mechanical test specimens was removed from the shell prolongation and stress relieved at 
1125 ± 25°F for 24 hr. The mechanical test results for the retempered shell are: 

Ultimate 
tens£e 

strength (pa) 

91400 
92,250 

Yield 
strength 

(psi) 

72,000 
71^00 

Cv values 
at lO^FCfMb) 

66-40-33 
62.5-79-55.5 

Premised on these data and further metallographic studies, the remaining shells were retempered. Test 
results for the various shells Wowing retempering are given in Table 2.6. 

The material for the closure flanges ,vas melted and forged at National's Irvine plant. The reported ladle 
and check analyses (wt %) for this heat, 9 3584, are given below. 

C Mn P S Si Ni Cr Mo V 

Ladie 
Check 1 
Check 2 

0.22 
0.21 
0.20 

0.69 
0.70 
0.69 

0.008 
0.008 
0.008 

0.008 
0.008 
0.008 

0.27 
0.27 
0.26 

0.82 
0.82 
080 

0.34 
0.34 
0.33 

0.63 
0.62 
0.62 

0.09 

The ingot from which the closure flanges were made was essentially a truncated cone and weighed 
78,000 lb, including the hoi top. The ingot was forged in the temperature interval 2450 down to 1580°F 
into a solid round bar 41V2 in. in diameter and 12 ft long. Shortly after forging was completed, the part was 
charged into a furnace and held at 800°F for 4 hr. The temperature was then raised at 100°F/hr until the 
part reached 1700°F and held at this temperature for 22 hr. It was then removed from the furnace and air 
cooled to about 300°F. With a furnace preheated to 650°F, the part was recharged and held at this 
temperature for 3 hr. It was then heated at a rate of 75°F/hr to 1260°F and held for 44 hr, furnace cooled 
at 50°F/hr to 1100°F, and then air cooled to ambient temperature. On completion of the postforging heat 
treatment, the part was * ubjected to a pieliminary ultrasonic inspection. 

The rough forging v as rough-turned to 39'/ 2 in. OD, and a \4l/2-in.-diam section was trepanned frf^i 
the center essentially as shown in Fig. 2.31. In this form, the forging was subjected to final heat treatment 
prior to sectioning. The austenitizing, cooling, and tempering curves are shown in Figs. 2.32-2.3-'-. 

Material for mechanical test specimens was secured from the prolongate n near the bottom ingot end of 
the forging (see Fig. 2.30). After tempering, the test material was removed and subjected to a 
stress-relieving heat treatment of 1125 ± 25°F for 30 hr and cooled per paragraph N-532.3 ?f Section HI of 
the ASME Code. The results obtained from the mechanical testing arc: 

Ultimate 
tensile 

strength 
flw) 
86 
87 

Yield 
strength 

(ksi) 

64 
66 

Reduction Elongation (%) 
in in 2 in. 

area (%) gage length 

69 25 

Cw values at 
+ 10°F 
(ft-lb) 

52-59-47 
33.5-35-39 

Six closure Canges were made from this forging, and National Forge assigned them numbers 1 through 
6, beginning at t ie bottom ingot end (excluding prolongation). Each piece was identified so that the 
bottom ingot end could be distinguished from the top end. 



33 

Table 2.6. Test results after retemperiftg at 1320 F 

Shell and Ultimate tensile . , . , . . Reduction of 
«.«o.i . —». ^ leld strength 
vessel strength ° area 
No. (ksi) ^ (%) 

Elongation C^at + KTF Percent Lateral 
<%) (fUb) shear expansion 

27 48 41 0.046 
r n r J\t.J 37 0.044 
52 40 0.043 

26 53.5 40 0.046 
61.5 37 0.057 
61 40 0.050 

25.5 65 47 0.059 
60 43 0.060 
77.5 40 0.061 

25.5 66 43 0.060 
59 45 0.059 
77 46 0.062 

27 60.5 41 0.048 
65.5 40 0.055 
70.4 40 0.059 

27 53.5 39 0.045 
60 40 0.052 
61 37 0.050 

27 71 45 0.060 
53.5 34 0.047 
72 40 0.064 

25 51 40 0.044 
55.5 31 0.046 
57 34 0.049 

26 86.5 45 0.073 
61.5 43 0.052 
70.5 41 0.060 

26.5 665 41 0.059 
69.5 34 0.054 
58.5 32 0.050 

27 66 43 0.060 
40 35 0.039 
33 33 0.031 

27 62.5 42 0 055 
79 47 0.061 
55.5 37 0.049 

4,V-1 93.75 72 71 

91.5 69.5 67 

5,V-5 94.75 72.5 68.4 

93.75 72.5 69.7 

6.V-2 94 72 71.8 

94.5 74 70.4 

7.V-6 92 71.5 71.2 

91.25 67.5 68.8 

8.V-* 91.25 71.5 68.4 

91.75 71.5 70.4 

9.V-3 91.5 72 69.9 

92.25 71.5 71 
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Fig. 2.34. Spread in thermocouple readings during tempering of the closure flange forging. 
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Fig. 2.35. Joint preparations for Taylor Forge welding procedures. 

On completion of final inspection, the parts were shipped to the Taylor Forge plant in Paola, Kansas, 
for assembly. Taylor Forge oualified three welding procedures: two submerged-arc (WP-379 and WP-380) 
and a shielded-metal-arc procedure (WP-381). All tests were qualified in the flat position; the joint 
configuration for each is shown in Fig. 2.35. 
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The joint configuration for procedure WP-379, used in making the longitudinal seams, is shown in Fig 
2.35a. The outside groove is prepared by machining and is inspected -vith magnetic particles prior to 
welding. Essentially, the conditions of the procedure are as follows: 
1. prehea' 300 to 500°F and maintain irntil postweld heat treatment (PWHT); 
2. filler wire: HACO-127, 3 / ) 6 in. in diameter, single wire feed; 
3. interpass temperature: 500°F maximum; 
4. flux: Linde type 0091, size 65 X 200; 
5. travel speed: approximately 12in./min: 
6. current: ac, 750 A, 30 to 32 V; 
7. on completion of the outside, the inside is ground to solid metal and welded in much the same manner 

as the outside. 
The basic parameters noted for procedure WP-379 (for longitudinal seams) are also applicable to 

procedure WP-380 (circumferential seams), except that the inside portion of the weld is applied with 
shieiced-metal-aic electrodes. 

The joint configuration for the shielded-metal-arc procedure is shown in Fig. 2.35c. This procedure is 
used for all repair welding and for attachment of a nozzle to vessel V-5. 

A weld deposit chemical analysis from procedure WP-379 (RACO heat 34445, flux lot 3977) showed: 

C Mn P S Si Cr Mo Ni V 

0.10 0.86 0.016 0.021 0.19 0.06 C.49 0.66 Trace 

Mechanical properties from an all-weld tensile specimen trom the V4-T location are: 

UTS (ksi> 

85 

YS(ksi) 

71.5 

Elongation 
(%) 

28 

Reduction of 
area(%) 

62.5 

The results of Charpy V-notdh tests made on full-size specimens tested at +10°F are: 

Location 

Parent metal % T 
HAZ % T 
Weld V4 T, top 
Weld V,6 in., 

bottom 
surface 

C v 

<fMb) 

36-»0-45 
43-47-49 
90-96-97 
77-34-7^ 

Mfc lateral 
expansion 

25-28-34 
34-41-38 
66-57-70 
53-53-52 

Percent 
ductile 

fracture 

30-40-40 
50-50-50 
80-80-80 
80-95-80 

A deposit analysis (wt %) from procedure WP-380 (RACO heat 34445, flux lot 3977) gave: 

C Mn P S Si Ct Mo Ni V 

0.13 0.77 0.015 0.020 0.19 0.07 0.50 0.08 Tracr 



37 

Mechanical properties fron. an all-weld tensile specimen from the V4-T location are: 

LTS (ksi) YS (ksi) 

81.5 69.4 

Elongation 
(*> 

28 

Reduction of 
area(%) 

64.9 

The results of Charpy V-notch tests made on full-size specimens tested at +10°F are: 

Location 

Parent metal % T 
HAZ V4 T 
Weld V4 T, 

bottom 
Weld V 1 6 in., top 

surface 

(ft-lb) 

37-55-60 
48-57-62 
87-92-92 

84-91-95 

Mas lateral 
expansion 

29-41-46 
40-45-49 
66-63-68 

66-73-74 

Percent 
ductile 
fracture 

20-25-25 
40-40-50 
90-80-80 

80-80-80 

A deposit analysis from procedure WP-381 (Alloy Rods heat 01L3333, lot F25827A, and heat CTY53S, lot 

B012A27A) showed (in wt %): 

C Mn P S Si Cr Mo Ni V 

0.09 1.33 0.012 0.012 0.52 005 0.52 0.99 0.02 

Mechinical properties from an all-weld tensile specimen from the V4-T location showed: 

UT (ksi) YS (ksi) 

95.3 84.8 

Elongation Reduction oi 
(%) 

29 

area(%) 

70.8 

The values for ultimate tensile strength and yield strength are for the manual metal arc procedure (see Fig. 
2.35), which was not used for weiding in the test area. The results of Charpy V-notch tests made on full-size 
specimens tested at +10°F are: 

Cy 
(ft-lb) 

Mils Percent 
Location Cy 

(ft-lb) 
lateral 

expansion 
ductile 
fracture 

Parent metal % T 78 78-68 56-56-51 40-40-40 
HAZ V 4T 86-96-12? 62-75-64 6(V60-90 
Weld \ T, top 75-73-85 60-57-65 70-70-80 
Weld V J 6 in. , 76-72-70 65-62-6! 80-80-80 

bottom surface 

Welding materials for the circumferential seams of vessels V-l and V-2 were as follows: 

L nation 

Inside fill 
Outside fill 

Wire Flux 
Type 

8018 NM 
RACO 127 

Sbe (in.) 

'16 

Heat 

CTY53S 
3AE445 

Type 

Linde 0091 

Lot 

3977 
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Welding materials for the circumferential and longitudinal seams fo; vessel V-3 were as follows: 

Location 

Inside fill 
Outside fill 

Inside fill 
Outside fill 

Wire Flu.̂  
Type 

8018 NM 
RACO 127 

RACO 127 
RACO 127 

Size (in.) Heat 

Circumferential seams 
%2 302115 

Type lot 

%6 

x>ngitud 

34E445 

inal seams 

Linde 0091 3977 

*.* 34E4-15 Linde009l 3977 

* , . 34EU5 Linde 0091 3977 

Welding materials for the circumferential and longitudinal scams for vessel V-4 were as follows: 

Location 
Wire Flux 

Type Size (in.) Heat Type Lot 

CircumferentuJ seams 
Inside fill 8018 NM 7 3 2 01L333 
Outside fill RACO 127 \ 6 34E445 

Longitudinal seams 

Linde 0091 3977 

Inside fill RACO 127 ?16 34E445 Linde 0091 3977 
Outside fill RACO 127 \ 6 34E445 Linde 0091 3977 

Because of the sensitivity of the mechanical properties of the shell courses to the reheat treatment, 
special care was exercised by National Forge to maintain identity of the shells throughout all operations. 
Figure 2.36 shows the letter designations used to identify the shell courses, mechanical testing 
prolongation, and fracture mechanics prolongations. Figure 2.37 identifies the various parts and shows the 
shell orientation for vessels V-l through V-6. 
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Fig. 2.36. Identification of shell courses by Notional Forge. 
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Fig- 2.37. Vessel part identification and shell orientation at assembly. 
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3. THE TEST FACILITY 

Site Selection 

A study was made tc determine the best available site for the intermediate-vessel tests. A number of 
local and out-of-state sites were considered, and the old power plant adjacent to the Oak Ridge Gaseous 
Diffusion Plant (ORGDP) was finally selected because of the following advantages: 

1. a well-maintained 60-ton overhead crane, 

2. massive concrete piers already in position to serve as barricades, 

3. readily available electric power and water, 

4. protection from the elements, 

5. easy accessibility on paved roads, 

6. wide separation from other personnel and equipment. 

7. completely unclassified area. 

Faciity Design Criteria 

Design of the facility was premised upon providing capability of failing the intermediate vessels over a 
complete range of frangible, transitional, and tough failure behavior for various flaw shapes and sizes. These 
criteria led to the establishment of L nominal pressurization capability of 30,000 psig and heat transfer 
capability over the temperiture range from —50 to 350°F. These limits were set prior to the obtaining of 
much of the data under the HSST program, so that considerable conservatism was exercised. 

Since destructive testing of the intermediate vessels leads to the potential generation of dangerous 
missiles and uncontrolled release of the pressurization fluid, confinement was necessary to protect 
personnel and equipment. To avoid complexities in the design and fabrication of the vessels, no provisions, 
nozzles, or baffles were made for internal fluid circulation for temperature contro' therefore all heat 
transfer had to be accomplished at the vessel exterior surface. Since failure of the vessel could breach the 
externally located heat exchanger, the pressurization fluid and heat transfer fluid must of necessity be 
compatible or the same. In addition, their release must not present problems of toxicity, flammability, or 
exce-aive energy release. Therefore the pressupzation and heat transfer systems were designed to utilize the 
same fluid having the following characteristics: (1) low flammability, (2) high fluidity at - 50°F, (3) low 
toxicity, (4) noncorrosive. (5) low vapor pressure at 350°F, (6) good heat transfer characteristics, (7) low 
compressibility, and (8) compatibility with internally located instrurrir-rii^tion. Triethyl phosphate appears 
to be the only liquid which satisfies all these requirements. An ethylene gly:ol-water solution also provides 
an acceptable fluid medium over a more restrictive temperature range. 

Facility Design 

The massive concrete foundation previously used as the valve pit in the southwest end of the turbine 
foundation for unit 8 was selected and modified as the test pit for the intermediate vessels. A view of the 
top of the pit from the turbine room operating floor is shown in Fig. 3.1. A mockup vessel is shown ii 
position in a view cf the test pit from the turbine room floor elevation in Fig. 3.2. Figure 3.3 presents a 
view of the test pit through the access opening from the basement floor elevation, again with the mockup 
vessel in position prior to modifications of the structure. A section through the test pit is shown in Fig. 3.4. 
Two new reinforced concrete slabs and a wood shield plug to cap the pit are shown. 

41 
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Ffe.3.1. View of top of teft pit from torboe rooai opera tmg floor prior to modtfkations-

Fig. 3.2. View of the tett pit from turbine room floor. 
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ORGDP PHOTO 
69-685 

Fig. 3.3. View of mockup of test vessel from basement floor elevation. 
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Fig. 3.4. Sectional view of intermediate vessel test pk. 

ORNL-DWG 68-9606R 

O 
UJ »-< or o u. cr 
UJ 
o. 
to 

CD 
O 

CO 
CO 

X 

12 

10 

4 -

S 2 

500 10O0 1500 2000 2500 

VELOCITY (ft/sec) 

3000 3500 4000 

Fig. 3.5. Comparison of results obtained with formulas for calculating perforation of reinforced concrete by a small 
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Fig. 3.6. Comparison of results obtained with formulas for calculating perforation of reinforced concrete by a large 
missile. 

The adequacy of the existing reinforced concrete structures and the design of the new w^re premised 
upon a very conservatively based hazards analysis by Segaser1 and complementary calculations by Offhaus2 

and Gamble.3 Figures 3.5 and 3.6 present perforation vs missile velocity curves for various ballistic 
formulas and for two different missile sizes. Adequacy of barrier thickness was premised on prevention of 
perforation assuming the most conservative ballistic formula, the most conservatively based missile velocity, 
and a full range of missile sizes. Because of inadequate data, Meyerer and Bender4 experimentally 
determined the thermodynamic properties of triethyl phosphate at high pressure. These data were used in 
the energy evaluation. 

A jacketed heat exchanger concept was developed for heating and cooling the intermediate vessels. 
Figure 3.7 snows a conceptual heat exchanger arrangement mounted on a mockup of the intermediate 
vessel. Figures 3.8 and 3.9 present curves of cooling and heating times based on a jacketed arrangement 
calculated by means of the TOSS^nd SIFT 6 transient heat transfer computer programs. 

Based on these calculations the pressurization and heat transfer system flow diagrams shown in fig. 
3.10 were developed. To effect anticipated appreciable economies, a considerable portion of these systems 
was derived from salvaged equipment. One item was the refrigeration system previously used on the 
Homogeneous Reactor Experiment, HRE-2.7 The unit was revamped extensively and skid mounted as 
shown in Fig. 3.11. 
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PHOTO 77357 

Fig. 3.7. Tranter pbte-coil heat transfer unit mounted on mockup of intermediate vessels. 

-i 1 
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Fig. 3.8- HSST intermediate vessel test. Cooling time. 
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Fig. 3.9. HSST intermediate vessel test. Heating time. 
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Fig. 3.10. HSST intermediate vessel test. Schematic flow diagram. 



Fig. 3.11. Refrigeration system for low-temperature vessel test. 
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Detailed design, fab..cation, and construction were implemented acco cmg ô the quality assi ranee 
prognm plan8 to reflect the usage of second-hand equipment and the need for s, ecia! precautions bt.ause 
of the potential hazards invo'ved with the testing program. Fabrication and construction of various portions 
of the systems were accomplished by labor forces zi all three of the AEC Oak Ridge plants, by Rust 
Engineering Company forces, and by purchase orders as funding and scheduling wculd permit Figure 3.12 
shows a perspective view of a p^t of the completed systems, and the equipment in the test nit v.ith ves>el 
V-1 in place is shown in Fig. 3.13. figure 3.14 shows a view of the control room, which houses he control 
panels (center of photo), the television monitoring systems, and the data acquisition system. 
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Fig. V I2 . Perspective view of intermediate veaael of part of the prexwrizatioit and heat transfer sytfcmv 
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Fig. 3.14. View of cop (rol room. 
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4. MATEKI/ LS INVESTIGATIONS 

As described previously, the cylindrical course for series 1 vessels is 54 in. long in the test region oi 
interest, with the middle third being designated the test area. A 24-in.-iong prolongation was fabricated foi 
each vessel cylinder. After removal from the cylindrical course, the prolongation received all subsequent 
postweld ana repair weld heat treatments to which the cylindrical couise was subjected. The orientation 
and al'gnment of !he cylindrical course was maintained. 

Upon receipt at ORNL the prolongations from both vessels were cut as outlined in Fig. 4.1. More 
specTic details of the initial cutting are given in ORNL drawings 10476K491-C Rev. 0, and 
1M76R-492-C, Rev. 0, for vessel V-l and ORNL drawings 10476R475-C, Rev. 1, and 10476R-476 D, Rev. 
0, for vessel V-2. Each investigator received in turn the matenal for his investigations. The tests scheduled 
for each prolongation are summarized in Table 4.!, and th; results pertinent to the vessel tests are 
presented below. 

Tensile and Impact Test Results 

T°nsile, Charpy impact, and drop-weight nil ductility transition (NDT) temperature tests were run from 
the prolongation material of each vessel as a function of through-die-thickness locations. The specimen 
orientations are shown in Fig. 4.2. 

A typical stross-strain diagram for circumferential orientation (C) is shown in Fig. 4.3. The 
room-temperature yield and ultimate strengths as a function of through-the-thickness location are shown 
for both prolongations in Fig. 4.4. and the data are given in T^ble 4.2. The NDT temperature was 
determined at three locations through the thickness, and results ars given in Table 4.3. 

Table 4.!. Mechanical property and materials investigations prior 
to testing each intermediate test vessel 

Test and orientation Location 

Tensile, circumferential OS, 1 M l/2t, 3;4t, IS 
Tensile axial OS to IS 
Tensile-, through thickness l /4t to3/4t 
i>op 'veight nil ductility OS, 3/8t, 3/4t 

transition (NDT) 
Charpy, circumferential OS, l/4t,3/8t. l /2t ,5/ 
Charpy, axiil l/4t 
Charpy, prcc.icked, static OS. l/4t, 1/2:, 3/4t,IS 

circumferential 
Charpy. precracked, dynamic 3/8t, 5/8t 

circumferential 
Charpy, precr?.cked, static l/4t 

axial 
0.851 CTS. circumferential l/12t, l/2t, ll/12t 
4t CTS. circumferential^ l/2t 
0.85-in.-thick pressure 1/I2t to 11/12t 

vessels 

Maximum number of 
tests per location Type of data 

2 ^ . 
I 
2 
6 

V <V °~€ ~ u r v e 

oy, au, a-ecirve 
a,„ ou, a-ecur.e 
MDT temperature 

12-22 
14-22 
8-10 

Energy, MLE, etc. 
Energy, MLE, etc. 
* / c < V e n e r » ' . < * t c -

8-12 KldCv- ? ner*y, e;c 

8 KIcCv* e n e r ? ' . e t c 

2 9 
6 
6 

Kfcd< d - 0.85 
*7c4. JIC 
6-e curves, COD, etc 

"Data obtained as applicable; test temperature to emphasize projected test temperatures of vessel. 
^Measured from outside surfaces: OS outside surface, l/4t = I 1/2 in., etc.; IS inside surface. 
cTests being performed by Westinghouse F.lectric Corp. under L'CCND Subcontract 3196. All other investigations ar 

being performed at ORNL except the drop-weight NDT tests, which were performed by Naval Research Laboratory. 
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Table 4.2. Room-temperature tensile properties for materia! from the prolongations 
of V-l and V-2, circumferential (C) orientation 

Vessel V-l Vessel V-2 

Depth" Lower Ultimate Total Reduction Lower ntimate Total Reduction 
yield strength elongation in area yield strength elongation in ar'-a 
(ksi) (ksi) (%) (%) (ksi) (ksi) (7c) i?c) 

1/16 75.8 95.5 21 66 78.1 99.1 18 64 
75.8 96.8 19 66 77.4 97.6 19 67 

1/12 7 4 . 2 C 96 .2 C 23.5 C 54.5C 73.2 C 92.9 C 23 c 6 0 c 

74.5 C 96 .6 C 22.5 C 54.4 C 93.0 C 25 c 6 1 c 

1/4 72.1 93.4 19 66 73.2 95.1 16 53 
70.1 91.9 20 64 72.5 95.0 17 66 

1/2 69.1 90.0 21 67 71.0 93.4 18 59 
68.5 8 9 ! U D 70.4 93.2 18 58 
70 .6 C 9 1 . 2 C 2 5 c 58.3 C 70.9 C 92.7 C 25 c 6 0 r 

70.7 C 9 1 . 3 C 2 6 c 60.4 C 74.6 C 95.8 C 2 1 c 6 i c 

3/4 68.4 89.4 21 67 70.7 92.7 18 54 
68.9 89.6 21 63 71.1 92.7 19 i'5 
70 .4 C 91 .4 C 25.5 C 59.9 C 73.3 C 95.3 C 2 3 c 5 7 c 

70 .2 C 91 .8 C 23.5 C 64.0 C 75.0 C 96.0 C 2 1 c 4 9 c 

23/24 69.5 91.4 23 62 71.1 93.3 18 66 
71.6 92.6 20 55 71.0 93.0 17 63 

aFraction of waL1 thickness (6 in.) from outside surface. 
*Length-to-diameter ratio of 7. 
cResults from standard 0.505-in.-gage-diam specimens; other data from 0.178-in.-diam miniature specimens. 

0RNL-DWG 72-3805 

WESTINGHOUSE ELEC. CORP 
0 . 8 5 T fM 4T COMPACT 
TENSiON SPECIMENS 

EDGE ADJACENT 
TO TEST COURSE 

3 9 " O.D. x 27" I . D - X 
24" LCNf, PROLONGATION 

CRACK PLANE 
TENSILE, CHARPY V-N0TCH, 
DROP WEIGHT SPECIMENS 

SCALE MODEL IVT HEADS 

EXCESS MATERIAL 

SCALE MODEL IVT 80DY F0RGINGS 

Fig. 4.1. Cutting plan for the prolongations of vesaeb V-1 and V-2. 
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Table 4.3. Drop-weight NDT 
temperature r F) frt vessels V-1 and V-2 

V-1 V-2 

Outside surface 
Center 
Inside surface 

0 -10 
10 10 
10 0 

t 
_l 
< 
X 
< 

Fig. 4.2. Specimen orientalion notation for HSST intermediate vessel materials showing tensile. Charpy V-notch, and 
drop-weight specimens. 
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Partial Charpy energy curves "/ere obtained in the circumferential (CA) direction at iV:- locations 
through the thickness, and full curves were obtained at two nonsurface locations. These data are 
summarized for vessels V-l and V-2 in Figs. 4.5 and 4.6 respectively. Axially oriented (AC) Chirpy 
specimens were also tested, and these results are compared with similar circumferential results in Figs. 4.7 
and 4.8. Figure 4.9 shows a full curve of circumferential Charpy energy results for the two materials the 
Charpy data are given in Tables 4.4-4.6. The work reported in this section was performed by W. J. 
Stelzman cf the Metals and Ceramics Division, ORNL. 

( x l O 3 ! 
CRM--DVG 73-6122 

4 6 
TRUE STRAIN (%) 

Fig. 4.3. Typ M circumferential stress-strain curve at half thickness from intermediate vessel prolongation V-l. 
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Fig. 4.4. Room-temperature tensile streng;h properties of prolongations of vessels V-l and V-2, circumferential (C) 
orientation. 
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Dashed lines indicate scatter band of nonsurface results. 
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Table 4.4. Charpy impact data from the prolongation of vessel 
VI as a function of temperature and location, 

circumferential (CA) orientation 

Specimen 
No. 

Location" 
Test 

temperature 
(°F) 

Energy 
(ft-lb) 

33 

Lateral 
expansion 

(mils) 

1V1000 0 - 5 0 

Energy 
(ft-lb) 

33 26 
1V1012 l/4t 50 14 9 
1VI024 l/2t 50 14 10 
1V1036 3/41 - 5 0 10 8 
1V1048 It - 5 0 14 10 

1V1001 0 0 49 35 
1V1013 l/4t 0 28 23 
IVI025 l/2t 0 36 30 
1V1037 3/4t C 26 21 
1V1049 It 0 29 22 

1V1002 0 50 68 55 
1V1014 l/4t 50 48 38 
1V1026 l/2t 50 38 32 
1V1038 3/4t 50 43 34 
1V1050 It 50 42 37 

i VI003 0 100 75 59 
1V1015 l/4t 100 64 49 
1V1027 l/2t 100 65 52 
1V1039 3/4t 100 56 48 
1V1051 It 100 62 50 

1V1070 3/2t -75 13 10 
1V1063 3/8t - 5 0 22 16 
1V1069 3/8t -25 24 19 
P'1062 3/8^ 0 30 26 
1V1068 3/8t 25 37 30 
1V1061 3/8t 50 41 36 
1V1067 3/8t 75 57 48 
1V1060 3/8t 100 65 57 
1VI066 3/8t 125 83 69 
1V1065 3/8t 150 91 72 
1V1064 3/8t 200 80 67 
1V1071 3/8t 350 90 72 

1VI092 5/8t -75 6 2 
1V1085 5/8t -50 19 17 
1V1091 5/8t -25 25 20 
1V1084 5/8t 0 32 26 
J VI090 5/8t 25 35 26 
1V1083 5/8t 50 41 36 
1V1089 5/8t 75 59 46 
1V1082 5/8t 100 66 52 
1V1088 5/8t 125 74 fcO 
1V1U87 5/8t 150 78 67 
1V1086 5/8t 200 86 70 
IV1093 5/3t 350 89 70 

"Deptii of specimen measured from outer surface, t - 6;0 and It nominal. 
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Table 4.5. Charpy impact data from the prolongation of vessel 
V-2 as a function of temperature and location, 

circumferential (CA) orientation 

Specimen 
No. Location" 

Test 
temperatun; 

(°F) 

Ene«»v 
(ft4b) 

Lateral 
expansion 

(mils) 

2V1000 0 -50 33 23 
2V1018 l/4t -50 29 23 
2V1036 l/2t -50 20 15 
2V1054 3/4t -50 15 13 
2V1072 i» en ro 16 

2V1001 0 0 43 38 
2V1019 l/4t 0 35 26 
2V1037 l/2t 0 37 29 
2V1055 3/4t 0 35 33 
"V1073 It 0 31 27 

2V1002 0 50 65 53 
2V1020 l/4t 50 47 40 
2 VI038 l/2t 50 43 39 
2V1056 3/41 5C 51 38 
2 VI074 It 50 51 40 
2V1003 0 100 74 60 
2V1021 l/4t 100 74 60 
2V1039 1/21 100 62 50 
2V1057 3/4t 100 65 58 
2V1075 It 100 56 50 
2 VI094 3/8. -100 9 5 
2V1099 3/8: -75 20 13 
2V1093 3/8t -50 16 12 
2V1098 3/8t -25 21 14 
2V1092 3/8t 0 33 25 
2 VI091 3/8t 50 51 41 
2V1101 3/8t 75 50 45 
2 VI090 3/8t 100 68 60 
2V1097 3/8t 125 85 63 
2 VI096 3/8t 150 84 67 
2V1095 3/8t 200 85 70 
2 VI100 3/8t 350 80 70 
2V1116 5/8t -100 6 3 
2V1121 5/8t -75 10 7 
2V1115 5/8t -50 18 14 
2V1120 5/8t -25 21 18 
2V1H4 5/8t 0 28 23 
2V1113 5/8t 50 52 42 
2V1123 5/8t 75 60 47 
2V1112 5/8t 1.00 63 54 
2V1119 5/8t 125 77 64 
2V1U8 5/8t 150 81 70 
2V1117 5/8t 200 88 67 
2V1122 5/8t 350 85 72 

"Depth of specimen measured from outer surface, t = 6;0 and It nominal. 
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TaMe 4.6. Chirpy impact data from pfokmptkm of V I 
sad V-2. axial (AC) orieataboa 

Specimen , « .. Location No. 

IVI110 l/3t 
1VI112 1/31 
1V1109 \l*i 
!VI127 l/3« 
1V1114 l/3t 
IV11C7 l/4t 
1V1I15 in? 
!V | !25 
1VI105 1/41 
IVI104 1/41 
1VI116 1/41 
I V U 2 1 l/4t 
I V 1 U 8 1/41 
1V|112 l/3t 
IVJ120 1/41 
1V1123 l/3t 

2VI136 1/41 
2V1I45 !/3l 
2VI144 l/3t 
2VI157 l/3l 
2V1142 l/3i 
2 VI155 l/3l 
2VI140 i/3l 
2VI I39 l/4l 
2VU37 l/4l 
2V1I35 1/41 
2VI134 1/41 
2VI148 1/41 
2VUS0 1/41 
2 V I I 5 I 1/41 
2V1152 l/3i 
2V1.53 l/3t 

'Depth of specimen measured from 

Tot 
temperature Inert.) 

(ft-tbl 

Literal 
expansion 

(mib) 

Vend V I 

100 6 4 
75 10 7 
50 28 21 
40 30 25 
25 51 38 
0 63 49 

25 67 51 
* 0 ?8 58 
53 99 69 
72 87 65 

100 120 86 
ISO 136 92 
200 135 86 
300 131 89 
400 143 91 
550 125 90 

V-»eJV2 

100 10 9 
70 14 16 
50 10 12 
40 30 25 
30 36 12 
20 62 49 
10 63 51 
10 67 53 
30 77 59 
50 84 64 
75 92 71 

100 109 80 
200 127 92 
300 132 91 
400 129 91 
550 120 92 

rom outer surface. - 6 . 

Fracture Toughness Results 

Series of 0.8St (0.85-tn.-thick) and 4t compact tension specimens and precracked Charpy specimens 
were tested at temperatures up lo 200°F. The variations of toughness through (he thickness as a function of 
temperature were determined from the small specimens, while the large (41) specimen results were used 
mainly to approximate the full-thickness toughness in combination with (he small-specimen results. In ail 
cases the toughness parameters. Klcd. which may be used in both brittle and ductile fracture assessments, 
were calculated.' *' The tests were all performed statically; these results are summarized bclrw. 

A lota) of 44 compact tension specimens including 14 41 specimens were tested. The specimens were 
selected as shown in Fig. 4.10. Results from these specimens, obtained under subcontract by Westinghouse 
Electric Corporation, ar; given in Tables 4.7 and 4 8. 
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Thirty-five prccracked Charpy specimens were tested in slow bend for each vessd. These results are 

summarised in Tables 4.9 and 4.10. The testing of the precracked Charpy specimens was performed under 

the direction of W. J. Stelzman of the Metals and Ceramics Division, ORNL. 

Various plots of the Klcd data are shown in Figs. 4.11 4.13. 

In Fig. 4.4 the yield strengths of materials from both prolongations are seeti to average slightly above 70 

ksi. with the V-2 properties slightly above those of V - l . Ultimate strength properties vary in the same 

manner, in both cases, strength properties increase near the outside surface due to quenching. Similar 

behavior i* not evident near the inside surface, indicating « ie» satisfactory heat now internal to the 

cylinder than external during q jenching. Figure 4.3 shows the typical yield ptatecu of this grade of sted. 

Tafcte4.7. F r a c W loaafrwi i mrtu v**mm airramtatamj (4fa»4 0JSOtc« aupact eaassoa 
•aaa f ram araloaaaikm of wan 
i ^ f i v t f » ^ â ^̂ ^̂ ^̂ ^̂ naaar̂ î ŵ ŵ ^̂ ^ *̂ ^̂ m 

• I V I 

Specimen 
No. 

Ten 
temperature 

en 

Grade 
length 
(in.) 

OASOtCoi 

Maximum 
load 
(lb) 

Energy to . 
aaxtoMtm load Q 

Energy to 

(ULnd) Ouiyjin.) 

Ten 
temperature 

en 

Grade 
length 
(in.) 

OASOtCoi •pact amaio«s| Mcim«m«MiU ale surface) 

VIB-I3 100 0.951 8.390 230.2 3^)00 17.6 113.0 
VIB-12 50 0JS3 10.750 266.2 3.100 17.0 112.0 
V I M »0 0J8S 12.300 1X337.7 4.100 32.4 214.0 
V I M • 100 0J68 12.090 Si 33 4.100 29.6 192.0 
vino •130 0J71 HJOO 842.9 4,000 26.7 202.0 
V I M I • 130 0J96 11.100 945 8 3.500 21.4 219.0 
V I M •200 0 J 5 I 11*50 1.036.9 4.100 30.7 209.0 

0J50I Compait Uaaha aycM a m i (c—ttf ihvkMm rapoa) 

V|ft-I9 50 OJtO I0.25T 209.7 5X300 41.0 103.0 
Vlft-14 ?0 0JS8 IIJTO 410 J 4.000 28.0 •J2.0 
VIE-IS • 100 0J41 11.400 1.059.2 4.200 30.9 22S.0 
V I M 7 • 130 0 J M 10.950 1.3914 3.600 29.7 223.0 
V I M S • 130 0.S68 11.350 1.312.4 3.100 187 237X) 
V I M 6 •200 0JS0 11.000 1.005.0 4.000 295 213.0 

9 JSOt Compact lemaoa i 9€ctmtm(m*» I t surface) 
VI M O • 130 0.880 11.600 975.'. 3X300 15.7 2 ISO 
V I M I • 130 0JC3 I I J 9 0 1.100.7 3*00 22.6 230.0 

4t Compact x*tmo*%vcwm m (center thicfcmra ragaon) 

V I M >0 <098 I49J0OO SJ64.0 62X300 90C.O 136.0 
V I M • 100 4.123 232X300 27550 0 80X300 1632.0 292 0 
V I M • 120 4.328 204,500 22.372.0 60,000 924 X) 2S5.0 
V I M • 130 4.120 227300 28.130.0 42X300 450.0 29S.0 
V I M • 130 4.273 213.500 27.172.0 78.000 I5S4.0 305.0 
V I M •200 4 100 228500 25.134.0 80.000 1584.0 280.0 

4l Compact lemioa apt K*M«(ms«t aarface) 

V I M 2 • 130 4.133 232,000 35520.0 80X300 2464.0 270.6 
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The Charpy energy curves of Figs. 4.5 and 4.6 exhibit the typical transition behavior of quenched and 
tempered steels as a function of both location and temperature. No real differences in the energy transition 
for the two materials are seen. The upper shelf energy is near 90 ft-lb, and the energy near NDT is between 
30 and 40 ft-lb. As noted in Figs. 4.7 and 4.8, the axially oriented Charpy data (fracture running 
circumferentially) definitely indicate a lower transition temperature and higher shelf toughness, a? might be 
expected since the weak direction foi toughness is the circumferential (fracture running axially) direction. 
Figure 4.9 further demonstrates that the Charpy energy curves for the two materials are about the same. 

The lower-bound static fracture toughness exhibits a transition with location and temperature, however, 
the differences between the two materials (nonsurface) are more pronounced than or Charpy data (see 
Figs. 4.11 and 4.12). At NDT. a toughness well over 100 ksi y/OL is seen. The shc!f toughness from 
precracked Charpy tests is seen to be as low as 50°F for outside surface material For outside uxfmcc 
material, the higher shelf levels determined for the 0.85-in.-thick compact tension specimens are some 80° 
higher, but part of the increase is due to the thickness of the specimens containing material with sharp 
toughness gradients. 

Table 4A. Fractal* toafftM •at nmattt decern tmed from lastmf 4t ami 0 J50t compact teaaoa 
•ei waa» from proVMcstMM of wmmf V-2 

Test Crick Maximum Energy to 

& 

Zacrgy lo 

(ksi y/ia.) 
Specimen 

No. 
lentperalun* leocth load maxii»um load 

& '<? (ksi y/ia.) 
Specimen 

No. <*F) (in.) (lb) OnAb) 18VJ (so.-ft) 

0-SSOt COMpiCt tMMHM i tftimimt (ovtswie mvfaca) 

V2B-1I SO GJ86 12.200 437.8 4,000 27.6 1463 
V20-9 :0 0.351 12.200 760.2 4J0OO 28.9 176.7 
V2B-10 •25 0J73 12.250 911.4 4.000 29.9 198.0 
V28-12 •32 0311 12.440 852 6 4.000 25 8 206.2 
V 2 M •100 0J60 12.450 910.1 4.000 2t.2 2063 
V2B-13 •130 OJ55 12.300 7362 4.000 23.0 188.2 
V2B-? •130 0.873 11350 860.2 4.000 28 8 196 0 

0ASM Compact (aaakm tff tdntm (ceater tmcfcma I N p M ) 

V2C-16 tO 0.913 i0300 493.2 4.300 28.6 160.5 
V2B-I7 •25 0.8*0 11.800 575.9 4.000 273 160.2 
V2B-18 •32 0.890 11.260 958.4 4.000 30.C 209.0 
V2B-IS •50 0.885 11300 729.9 4.000 26.3 190.1 
V2B-I9 •50 OJ85 11.200 9414 4.000 31 2 201 3 
V2B-14 •100 0.893 U.40O 1.173.0 4j000 28.0 241.2 

0 J50t Camp** M M C «ipatimem («v«de smVeot) 

V2B-20 •32 0.876 i2.i;o 911.8 4.000 283 ;04a 
V2B-21 •32 0.886 U.600 697.3 4.000 293 l?8.7 

4t Compact t**aio« spec iauai (crater tiackaem i f i o a ) 

V2B-4 ?0 4.125 164.000 6.768.0 SfcOOU 1564.0 148 0 
V2B-6 •25 4.133 184300 9.344.0 80.000 15120 177.1 
V2B-2 •32 4.295 186.000 10.772.0 80.000 15160 202.4 
V2BS •50 «. I I5 236 .000 29384.0 80,000 1532.0 311.3 
V2B-i •75 4.326 210.SO0 26.992 0 80.000 1724.0 304.7 
V2B-3 •:oo 4 120 237300 30.420.0 80.000 1620 0 311 4 

41 Compact leastoa ipacmua (maid* surface) 

V2B-22 • 32 4 100 180300 14.2600 80.000 2576.0 1657 
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Table 4.9. Lowcr-boaad static fracture tougham KIcCv 

from veewl V-l protoaptioe, as a fuactioa of locatioa 
aad temperature detemtaed froai precacked Charpy 

ifereatial orieatatioa 

Table 4.10. Lower-bouad static fracture tnaahar n KJCCV 

from vriael V-2 prnloagatioa as a fuactioa of locatioa 
aad temperature detraaiaed from precracked Guxpy 

itial orieatatioa 

Specimen 
No. Location* 

Test 
temperature 

CF) 

KlcCv 

(ksiv/uv.) 
Specimen 

No. Location* 
Test 

temperature 
<°F) 

KlcC-
(ksi>/uL) 

1V-10I0 0 -50 171 2 V-l 004 0 -100 135 
1V-1022 l/4t -50 109 2V-1022 l/4t -100 92 
IV 1034 l/2t -50 87 2V-1040 l/2t -100 74 
1 V-l 046 3/4t 50 98 2V-1058 3/4t -100 60 
1V-I058 It -50 92 2V-1076 I t -100 81 
IV-1004 0 0 167 2V-1005 0 -50 177 
1V-1016 l/4t 0 133 2V-1023 l/4t -50 127 
1V-1028 !/2t 0 136 2 V-l 041 :/2t -50 106 
1 V-l 040 3/4t 0 126 2V-1059 3/4t -50 148 
1V-1052 I t 0 154 2V-I077 I t -50 109 
1 V-| 005 0 SO 173 2V-1006 0 0 176 
IV-1017 l/4t 5C 174 2V-1024 l/4t 0 161 
IV-1029 I/2t 50 173 2V-I042 I/2t 0 130 
t V-l 041 3/4t 50 162 2V-1060 3/4t 0 119 
IV-I053 I t 50 184 2V-1072 I t 0 165 
1V-I006 0 151 2V-1010 0 32 160 
1 V-l 011 l/4l 152 2V-102* l/4t 32 143 
1 V-l 030 l/2t 167 2V-1046 I/2t 32 174 
IV-IG42 3/4t 173 2V-1064 3/4t 32 175 
1 V-l 054 I t 174 2V-1082 I t 32 186 
iv-iot / 0 100 15S 2V-I007 0 50 161 
• V- I0I9 1/41 100 154 2V-1025 l/4t 50 171 
1 V-l 031 l/2t 100 161 2V-1043 I/2t 50 166 
1 V-l 04 3 3/4t 100 l t l 2V-1061 3/4t 50 192 
i V-l 055 I t 100 169 2V-1079 It SO b 

IV-IOOt 0 130 155 2V-I0O8 0 100 182 
IV-1020 !/4i 130 14S 2V-I026 l/4t 100 168 
IV-1032 l/2t 130 b 2V-1044 l/2t 100 174 
IV-1044 3/4i 130 169 2V-I062 3/4t 100 165 
1 V-l 056 It 130 173 2V1O80 It 100 159 

1 V-l 009 0 200 162 2V-I009 0 200 162 
IV-1023 1/41 200 161 2V1027 l/4t 20C 167 
IV-1033 1/2! 200 169 2V-I045 l/2t 200 151 
IV-1045 3/4t 200 164 2 V I063 3/4t 200 151 
IV-1057 It 200 174 2 V-l 081 It 200 165 

'Depth of specimen mean wad from outer surface. t - 6 : 0 'Depth of specimen measured frocn outer surface. t « 6 : 
aad 11 nominal. aad 11 nominal. 

*1atirumcat failure. *tfts«rum«at failure. 
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ORNL-OWC 73 -6127 

CENTER 
THICKNESS 
SPECIMEN 

INSIDE / 
SURFACE 
SPECIMEN J 

4T COMPACT-TENSION SPECIMENS 

0.850T COMPACT-TENSION SPECIMENS 

SURFACE OF SPECIMEN WAS \*-\n. FROM SURFACE OF MATERIAL 

Fig. 4.10. Location o f compact tension specimens from pressure vessel prolongations V 1 and V-2. 

200 

150 

£ 
KX) 

u u 

50 

f 

100 - 5 0 

ORNL-DWG 73-6 t28 

OPEN POINTS FROM V-\ PROLONGATION 
4 CLOSED POUTS FROM V- 2 PROLONGATION 

* * lcC A T OUTSOE SURFACE ! 

* ^IcCv A T O U * " 1 ^ " THICKNESS FROM OUTSIDE SURFACE 

v / T l c C AT HALF THICKNESS FROM OUTSIDE SURFACE 

KXeC AT THREE-QUARTEI 
• SURFACE 

ffcC* AT INSiOE SURFACE 
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Fig. 4 .11. Lower-bound static fracture toughness for vessels V- l and V-2 from precracked Charpy specimens as a 
function of location and temperature, circumferential (CA) orientation. 
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Fig. 4.12. Lower-bound static fracture toughness for resscb V-1 sM V-2 from OS5-in.-thick compact tension 
specimens, circumferential orientation. 
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ORNL-DWG 7 3 - 6 4 3 0 
350 

50 100 
TEMPERATURE (°F) 

Fig. 4.13. Comparison of lower-bound static fracture toughness for vessels V-l and V-2 between At compact f .'nsiun 
specimens and smaller nonsnrfsc* wecimens, circumferential orientation. 

in Fig. 4.13 the comparison is seen to demonstrate the fracture toughness bounding property of the 
smaller specimens. Essentially, the smaller specimen value either equals the value from the larger one or is less 
Exceptions occur only occasionally in the frangible and transition region, where the values are expected to 
be the same. For instance, the variability at the selected test temperature (32°F) of vessel V-2 demonstrates 
the general behavior in the transition region. Here an actual static fracture toughness of from 160 to 200 ksi 
>/in. is readily indicated, but the data would not seem to warrant further accuracy. The data are sufficiently 
indicative to allow reasonable evaluations based on either fracture mechanics or transition-temperature-
oriented procedures. 
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5. MODEL VESSEL TESTS 

One of the primary characteristics of research sponsored by the KSST program since its inception has 
been the testing of large thick specimens in conjunction with geometrically similar smaller ones. The test 
plan of the intermediate vessel is no exception. Such tests o f the model vessels pre vide a direct comparison 
of the effect of thickness on fracture behavior between the vessel results and the results from the compact 
tension specimens described in the previous chapter. More specifically, it allows for a direct comparison of 
the volumetric energy ratios 1 , 2 and other parameters between the pressure vessels and the compact tension 
specimen... This chapter presents both the fabrication history of the vessels and the test results. 

Design and Fabrication 

A prime criterion for the model vessels was that they be, insofar as possible, both geometrically and 
mctallurgically similar to the prototype vessel. Consequently, the cylinders of the model vessels were to be 
made from the prolongation with the axis of the model vessel parallel to the axis Ji the vessel. The limit on 
the outside diameter was 6 in. Since, however, specimens from the same location in the model vessel wall 
were planned for testing, an outside diameter of 5.54 in. was chosen for the vessel. This gave a scale factor 
of 7.06. The wall thickness of the model was 0.85 in. A minor exception to the condition of similarity was 
the heads or closures of the models, which were not analogous to the man way of the prototype vessel. 
However, since the heads are far removed from the Hawed region, this deviation was considered 
insignificant The final design for the models, including the weld design, is shown in Fig. 5.1. The materials 
from which the modei vessels were to be fabricated are identified for both vessels in Fig. 4.1. 

Once the vessel components were machined, the heads were welded to the cylinder using a preheat of 
400°F. The root pass was made using a TIG weld, and the joint was completed using a medium-strength, 
low-hydrogen electrode (8010C-3). After the heads were welded on, each vessel was given a postweld heat 

ORNL-OWG 7 3 - 6 4 6 1 

'4 V,,— 

fig. 5.1. Sketch of the 1/7.06 scale model vessels. 
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PHOTO « 1 7 - 7 3 

Fig. 5.2- Photograph of some model vessels. 

ORNL-0WG72-t4H3 
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WRONG ORIENTATION 
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\ \ / CORRECT W.ENTATION 

Fig. 5.3. Orientation of the cylindrical positions 
of the model vessels in the prolongations. 

M00EL VESSEL COURSE 
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treatment of 2 hr in argon at 1100°F. Six vessels were fabricated from each of the vessel prolongation 
materials. Some finished vessels are shown in Fig. 5.2. 

The model vessels were oriented as shown in Fig. 5.3. It may be observed that the models could not be 
truly metallurgically similar to the prototype vessel. This problem was minimized by carefully maintaining 
the identification of the near-surface materials (both outside surface of the prototype vessel and inside 
surface). This gives the choice of placing the flaws either in the near-surface materials of the prototype 
vessel or the center material As shown in Fig. 5.3, a radially oriented axial flaw in the center material, 
however, would be oriented 90° to a similar flaw in the prototype vessel. A radially oriented axial flaw in 
near-surface material would be prooerh oriented with a similar flaw in the prototype vessel but would be 
well into the tougher near surface of the prototype vessel as compared with the flaw in the prototype 
vessel. This problem was circumvented, however, by taking specI* ens from both near-surface and center 
material (see Chap. 4) so that the fracture behavior of the vessel couid be adequately evaluated. 

The flaws were placed »:« the models by using the electrcn-beam weld procedures developed by Hudson 
and Canonico.3 Briefly, a small notch was placed in the vessel, and an electron beam was passed through 
the notch (thus embrittling this region) with the vessel ir. a vacuum chamber. The notch region was filled 
with acid, and voltage was applied. Eventually the hyd* ogen from the acid and the residual stresses in the 
embrittled regi' n resulted in the formation of a cracK equal to the depth of penetration of the electron 
beam. 

Test Cc.iditions and Experimental Results of the Models 
from Vessel V-l Prolongation 

Since the model vessels were to be tested sufficiently prior to the prototype vessel to allow for data 
evaluation, a flaw size had to be selected for the models prior to completion of the investigation of the 
feasibility of placing a flaw in the prototype vessel. Such a flaw size selection was made, and the model 
vessels were flawed. The flaw was placed in center material in two of the vessels. Each vessel was 
instrumented with nine primary strain gages. The strain gage locations are given in Fig. 5.4 for models from 
V-1 vessel prolongation. 

ORNL-MG 73-6462 
DEGREES FROM FLAW. ClRCUMFERENTIALLY 

»80* 90* 0* 270* 

'/tin. BETWEEN 
GAGES 

EQUATORIAL 

Fig. 5.4. Location of strain gages on model vessels from V-l material. 
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Test temperatures for the models ranged between -35 and 130 F. Four vessels were tested at 130 F 
(the temperature selected for the prototype test), two with flaws in near outside surface material and two 
with flaws in center material. Plots of representative pressure-strain data for the vessels are given in Figs. 5.5 
and 5.6. In Fi^. 5.5 the circumferential strain in line with the flaw is quite large at fracture (exceeding 57c), 
while the axial strain at the same location and the circumferential strain near the unloaded crack surface are 
much less. Both are less than the circumferential strain 180° from the flaw. In Fig. 5.6 the unwanted 
metallurgical variability described previously (see Fig. 5.3) is emphasized. The center material has a lower 
yield pressure. Also, for the same size flaw, its location in surface material is apparently slightly better in 
terms of strain than for a location in center material for the orientation investigated. The test parameters 
and pertinent results are given in Table 5.1. The complete set of pressure-strain results are given in 
Appendix D. 

The data most representative of the behavior of the vessel in the region of the flaw but with the flaw 
not present are those obtained at the same location of the flaw but on the opposite side 1S0J away. These 
data for the six vessels are given in Fig. 5.7. 

In Fig. 5.7, the nominal outside circumferential yield pressure of the center material was less man that 
of the near-surface material. For a given pressure the strains after yielding of the center material always 
exceeded thst of the near-surface material. The increase in yield pressure with lowering temperature was 
expected. The reproducibility of the pressure-strain results is noteworthy. 

ORNL-DWG 7 3 - 6 4 6 3 R 
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Fig. 5.5. Pressure-strain curves for region near flaw compared with pressure-circumferential-strain curve 180 from 
flaw. Model vessel Vl-Al-F, no attempt made to define yield plateau. 
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H 

SEE FIG 5 4 fOM GAGE LOCATION 
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V1-A1-0 (SEE f«G 331 
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Fig. 5.6. Companion of pressure-* tarn behavior m surface and c**f«r material of model Sec Fie. 5 3 

Table 5.1. Test parameters and pertinent results for model fromVI mofcmgatioiu 

Model 
No. 

Test 
temperature 

(°F) 

Flaw 
depth 
(in.) 

Flaw 
length 
(in.) 

Flaw location 
(see Fig. 5.3) 

Burst 
pressure* 

(Its) 

Nominal strain 
at burst* 

(*> 
Fracture mode 

Vl-Al-A 130 0.32 14 Center material 31.5 2.60 Leak 
Vl-Al-B 0 0.32 1.4 Surface material 35 JO 1.86 Sptit.no 

fragment 
Vl-Al-C 130 0.32 1.4 Surface material 32.2 1.66 Leak 
Vl-Al-D 130 0.33 1.4 Center material 32.3 2.66 Leak 
Vl-Al-E -35 0.31 1.4 Surface material 31.0 0.182 SpSt.no 

fragment 
Vl-Al-F 130 0.32 1.4 Surface material 32.5 1.90 Leak 

"Ma/imum pressure in vessel. 
*Circuinferential strain 180° from flaw - strain gage 13B (see Fig. 5.4). 

The failure of the ve-sel (Vl-AI-E, Table 5.1) tested at 3S°F was significant in that it failed at a much 
lower strain than would be expected based on the corresponding behavior of the compact tension 
specimens, discussed in Chap. 4. Since some difficulty was experienced in testing this vessel due to the low 
temperature, additional testing was planned. As seen later, this vessel lest was as noteworthy as any 
performed, although the fact was not appreciated at that time. 

The increment in pressure with no increment in strain at the near-failure pressure for vessel Vl-AI-l 
clearly indicates (based on similar behavior from the other tests) that the strain is ready to move across the 
yield plateau. Actually, at the yield plateau the strain increases to about 0.'% or over with no increment i: 
pressure. To actually define th» behavior experimentally is rather time consuming; for example, at inn, <: 

http://Sptit.no
http://SpSt.no
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yielding, the pressure drops, and regaining the exact same pressure yields the vessel further, etc. Finally, 
regaining the same pressure produces no further straining. A higher pressure is then required to produce 
additional strain. Wtthoui following this procedure the yield plateau in the pressure-strain curve is seldom 
accurately determined experimentally. 

The fracture mode of the model vessels varied. As shown in Tabic 5.1. (he vessels tested at I J0*F all 
exhibited a relatively small leak, while the two tested at 0 and 35*F presented end-to-end fractures which 
arrested in the heads. Both types of fracture are seen in Fig. 5.8. 

The flaw s«es for the model vessels are given in Tabk 5.1. For a scale factor of 7.0b. (he flaw sue 
scaled to that for the prototype vessel is about 2.26 in. deep by 9.9 in. long, which contrasted considerably 
with that which was actually in the vessel, as discussed later. 

Teal Condition* and Experimental Results of the Models 
from the Vessel V-2 

Only four of (he six model vessels from the prolongation of vessel V-2 were tested prior to the (cs( of 
vessel V-2. Since (he actual flaw me in vessel V I was available prior to (he tes( of (he vessel, such a flaw 
scaled (o the model was placed in (his series of vessels. As discussed later, (he flaws in vessels V-l and V-2 
were to be (he same size and shape. A comparison of (he flaw sues in vesvrls V-l and V-2 with the flaws in 
both scries of models is shown in Fig. 5.9. The square comers on (he model flaws are due to the procedure 
of initiating the eleciron-beam welding. The test parameters for the V-2 model vessels arc given in Table 
5.2. and strain gage locations are given in Fig. 5.10. The large number of gages indicated in Fig. 5.10 was 
used only on one vessel. The pressure-strain results from all four (csts are given in Appendix I). 
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Fif. 5.9- Comparison of flaws in vessels V-1 and V-2 with flaws in two model vessels scaled to vesseW 6 in. thick. Vessel 
V-1 and the model* were tesled al 130 I 
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Fig. S.IO. Strain gag* locitioM for the mod*! vessels from m a d V-2 protomjauon. 

Table 5.2. Test parameters and pertinent remits for model vessels from V-2 profcMgatkms 

Model 
No. 

Test 
temperature 

(°F) 

FUw 
depth 
(in.) 

Fbw 
length 
(in.) 

Fbw location 
(sec Fig. 5.3) 

Burst 
pressure4 

(ksi) 

Nominal strain 
at burst* Fracture mode 

V2-AI-A 32 0.35 1.15 Center material 35 S 2.79 Split. <to 
fragment 

V2-A1-B 130 0.36 1.14 Surface material 34.7 2.39 Leak 
V2-A1-D -55 0.36 1 15 Surface material 34.7 1.43 Three 

fragments 
V2-AI-F 32 0.36 1.14 Surface material 36.5 2.49 i-cak 

"Maximum pressure in vessel. 
^Circumferential strain 180° from flaw strain gate 5 (see Fig. 5.10). 
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Since the fracture behavior of the model vessels was used by some analysis to predict the behavior of 
vessel V-1 (sec Chap. 9 and Appendix C). the effects of the discrepancy in the flaw size of the models from 
vessel V j prolongation and vessel V- l were first evaluated by testing a vessel at 130°F. A comparison of 
the circumferential outside surface pressure -strain curves in the region of the flaw but 180° removed is 
seen in Fig. 5.11. Apparently the shape and size of the (law had a significant effect on the failure strain. As 
seen in Appendix C. this result made a considerable difference in prediction of the behavior of vessel V-l 
"sMf the equivalent-energy method. 

A comparison o( the four models from the V-2 prolongation of the outside surface circumferential 
pressure strain curves in the region of the flaw but 180° removed is given in Fig. 5.12. While the fracture 
strain of the vessel tested at 5S*F was a surprise if compared with the vessel tested at - 35 °F in the vessel 
V-i series, w ••&& be seen later that the behavior of the -55°F test ve:.*vl is consistent with that of compact 
tension specimens of similar thickness and location. 

The vessels tested at 130 and 32*F exhibited leakage (see Fig. 5.13), while the ones tested at 0 and 
55*F presented much more severe fractures. As seen in Fig. 5.14, an end-to-end crack was developed in 

the vessel tested at 32*F (center material), while the vessel (fracture strain was 1.4%) tested at - 5 5 ° F 
fragmented into three pieces. 

OMU-MS T9-C4«7N 
35 

SO 

25 

! » 

K> 

5 

0 
0 0.5 1.0 1.5 2.0 2.5 

STRAIN (%) 

Fig. $.11. Cbwaarim of pra—n itiiia carm 180° from (laws « moM vaaasb with different flaw shapes. No 
attempt made to define yield plateau. 

MINIMUM PRESSURE FOR GIVEN 
STRAIN IN MOOEL VESSEL 
V2-A1-B 

V2-AI-B HAS FLAW LIKE VESSELS 
V-1 ANO V-2. V1-A1-F AND V1-AI-C 
HAO LONGER ANO SHALLOWER FLAWS 
THAN VESSELS V-l AND V-2 (SEE 
FIG. 5.9) 
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Ffc. 5.12. Pressure-circttmferential-straia (pge 5, Fjf. 5.10) curves 180 from flaw for model v< 
iteriaL Yield plateau defined in test of model V2-A1-D only. 

from V-2 
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Fif> 5.13. Fracture mode of vesteb tested at 130 and 32°F. V-2 material. Haws in surface material, heads removed for 
reuse. 
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Fig. 5.14. Fracture mode for model veswl tested at 32 and -55°F respectively. V-2 material; flaw in center material 
for 32 H test; flaw in surface material for -55 F test. 
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6. BASIS FOR SELECTION OF FLAW SIZE AND TEST TEMPERATURE 

The criteria for selecting the flaw size required: (1) a much larger flaw than could be missed by 
preservke nondestructive testing of a typical nuclear reactor vessel of 6-in. wall thickness or could be grown 
from an acceptable flaw indication that measured less than half the wall thickness; (2) a flaw small enough 
that significant plastic strain would occur prior to failure at a temperature of at least 200°F,(3) one that 
coula be sharpened; and (4) one that could be, when scaled by the prototype-model scale factor (7.06, as 
discussed previously), accurately placed in the complementary model vessel tests. Since these were 
essentially the same criteria used for selecting the flaw size in the tensile specimen tests containing sharp 
flaws,1 ~ s that flaw size was selected. The machine notch was cut by a circular blade having a 5-in. radius, 
forming i section of 8 in. surface length and 2 in. depth. The technique for sharpening flaws by local 
fatigue on the 6-in. flawed tensile specimens was, with some changes, transferable to the vessels (see Chap. 
7). A half inch of crack growth st rrdddepth of the machined noich was found necessary to obtain some 
flaw growth near the surface as desired (the same phenomenon as noted for the flawed tensile specimens). 
The final configuration selected was a fatigue-sharpened flaw 2\ in. deep and 8 in. long with some flaw 
growth near the surface. 

Specimens, indeed structures, are knc*n to exhibit a rapid increase in toughness over a small 
temperature range using almost any measure of toughness. Often within this narrow temperature range 
erratic behavior can occur. Duplicate tests at the same temperature can produce widely varying results. 
Such variation may be attributed to a combination of the test being performed and the fact that all 
materials exhibit a more or less marked degree of variability. The pressure vessel offers the best example of 
test preciseness as far as loading goes, but flaw preparation and material variations still contribute to the 
variation of results, especially in the transitional region. It seemed logical, then, for a first test, to select a 
temperature at which tough behavior with a minimum of variation is anticipated. Indeed, higher initiation 
toughness usually occurs at temperatures below what is considered shelf behavior. As seen previously, the 
greatest initiation toughness probably occurs slight'y above 100°F. However, results from 4-T compact 
tension specimens indicated a pop-in behavior occurring at 100°F, whereas at 120°F this behavior did not 
occur (see Figs. 6.1 and 6.2). If pop-in arrest behavior is indicative of near nonarrest behavior, then a test 
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Fag. 6.1. Load-time curve for 4t compact tension specimen V1B-2 tested at 100°F. 
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Fig. 6.2. Load-time cum of 4t compact tenaon specimen V1B-1 tested at I20°F. 

below 120 F is not warranted if a leak-type fracture is desired. Since, however, *he vessel is 6 in. thick, a 
10° margin was selected to account for the increase in thickness. Thus the test temperature for vessel V-l 
was selected as the lowest temperature at which tough ductile fracture would occur, but high enough to 
avoid pop-in initiation. This would indicate that crack arrest would occur if the vessel could dissipate its 
stored energy quickly enough upon rupture. However, as discussed later, such was not the case. 

The temperature selection of vessel V-2 was essentially to be based upon the success in meeting the 
objectives of vessel V-l. Indeed the objectives were fully met - to wit, a ductile rupture did occur without 
pop-in; the fracture behavior was successfully calculated (although somewhat in retrospect), and significant 
data were obtained. The crack did not arrest, but such was not the primary objective of this test. 

Since vessel V-2 was, as near as possible, exactly the same as vessel V-l and with the success noted 
above, it was decided to test vessel V-2 in the rapidly increasing toughness transition for the vessel but 
above the temperature at which brittle fracture would apply based on the available specimen data. Again 
the transition fracture behavior of the vesse! was assumed to be that depicted by examining the fracture 
toughness K/Cj data (see Chap. 4). With the limited amount of data avaiable, the test temperature was 
selected as 32°F. 
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7. PREPARATION OF VESSELS FOR TESTING 

Flaw Sharpening 

One of the primary tasks associated with the first intermediate vessel tests was the sharpening of the 
flaws. The general technique used was the same local fatiguing of a notch as was used in the 6-in. tensile 
specimens.1 Essentially, a notch of the annroximate shape of the desired crack is carefully sealed and then 
filled with oil through a small access hole. To grow the crack, the oil in the notch is repeatedly pressurized 
iu about 20.000 psi. 

The actual cyclic pressure was determined by the desired cyclic stress intensity factor at the tip of the 
tatigue growing crack, according to the expression 

Cy/na 

where C is the fracture mechanics shape factor for uniform stress. For example, with a cyclic pressure of 
20,000 psi. a = 2.0 in. and a calculated value of C = 0.9, the value of AK/ is 45.000 psi \ZirT.. Details of the 
procedure for sharpening the flaw are given below. 

Since none of the available machine tools had enough edacity to support the vessels (12 tons) while 
the notch and sealing flat were being machined, some special tools were designed and fabricated for these 
jobs. The first was a modified version of a commercially available saw used for cutting masonry or heavy 
timbers. As can be seen in Fig. 7.1 the saw was mounted on a large counterweigh ted arm, which in turn was 
mount jd on a saddle, held to the vessel wuh a chain. The depth of cut and the rate at which the blade was 
fed into the vessel wall were controlled by a lever, which can be seen in the top of Fig. 7.2. 

Once the notch had been cut to the desired depth, a flat area about ' / 3 2 in. deep was ground onto the 
surface to provide a sealing surface. Again a holder for a commercially available tool was fabricated (see Fig. 
7.3). Basically, the device consists of a guide bed and a clamp to hold the surface grinder in the bed. The 
feed rate is controlled by indexed levers. Following grinding, it was necessary to hand finish the surface 
with a parallel bar and emery paper. 

Sealing the notch presented a more difficult problem on the vessels than on the 6-in. tensile specimens.1 

The rectangular cross section and compact size of the tensile specimens made the fabrication and 
application of a heavy clamp relatively simple, but with the vessels it was necessary to make a much larger 
clamping device. Two versions are shown in Figs. 7.4 and 7.5. In the earlier version (Fig. 7.4), 16 turns of 
cable were made around the vessel and over two mounts on the sealing device, and the cables were then 
tightened by raising the mounts with jack bolts. Although some difficulty with relaxation was experienced, 
the technique was made to work by retightening the cables after allowing them to relax overnight, but 
before a pressure load was applied to the seal. A more effective approach is shown in Fig. 7.5, where the 
cables have been replaced by l-in.-thick steel straps. The men in the figure are applying a load to the straps 
by tightening the jack bolts. In practice, it was found that four men were needed to get the necessary 
pre jtress on the straps and hence on the sealing surface. Without the necessary force, the O-ring seal would 
leak regardless of how carefully the sealing surface had been prepared. 

Measuring the crack depth also required new techniques. On the 6-in.-thick tensile specimens, it was 
possible to follow the growth of the crack by moving an ultrasonic transducer on a face of the specimen 
that was parallel to the cr?ck. With the vessel geometry, this could not be done, so it became necessary not 
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Fig. 7.3. Surface grinder attached to vessel in preparation for grinding a small flat area to provide a sealing surface. 
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Fig. 7.4. Clamping device naif caMes for obtaining a seal being evaluated on a veaad prolongation. 

Fig. 7.5. Clamping device using metal straps for obtaining a seal shown on vessel V-1. 
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Fig. 7.6. Setup for monitoring crack growth on a vessel. 
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only to rely on shear-wave ultrasonics but also to be able to infer the change in the size of the crack with a 
transducer that was forced to move along a curved path. Such movement was monitored by a guide bar 
cemented to the s»de of the vessel, as shown in Fig. 7.6. This bar acted as a guide for the ultrasonic 
transducer &s it was pushed or pulled by an indexing motor and a pinion gear hung on the side of the vessel. 

Because of the cylindrical geometry, three practice runs were made on a prolongation from one of the 
forgmgs. Such a run in progress is shown in Fig. 7.4. After each run the region abound the flaw was burned 
out. chilled in liquid nitrogen, and then broken open by driving a chisel into th»; starter notch. After the 
first practice run, it was found that me flaw was considerably smaller than predicted. On the second run it 
was slightly larger, and on the third run the size was almost exactly as predicted. The various flaw sizes are 
shown in Fig. 7.7. As seen later, the flaws turned out to be within 0.10 in. of the desired depth of 2.5 in. 
The crack growth detection was performed under the direction of K_ K. Kiisdt, Inspection Engineering 
Department, ORNL. 

Both during the practice runs mentioned above and in the actual sharpening of die flaws in die vessels, 
it was found that more than three times as many cydes were required to grow the same amount of crack in 
a vessel as in a 6-in. tensile specimen, say 75,000 cycles instead of 20,000. This was true even though the 
starter notches were the same size and the cyclic pressures were die same. It seems likely that oV difference 
in geometry was more important than the difference in material. 

j ' t ' M I ' j ' l ' H I ' l ' I ' l ' I ' I ' I ' i ' t ' I ' M I ' f ' I ' l MM'I | 
O f 2 3 4 5 • 
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Fig. 7.7. Various flaw sizes obtained in a vessel prolongation during the development of the flaw monitoring procedure 
for the vessels. Arrows define fatigue growth. 
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Instrumentation 

Approximately 90 quarter-inch-long high-elongation strain gages were 
cemented to vessel V-l and a somewhat smaller number to V-2. The details of die cementing procedure are 
discussed at length in Appendix A. About 30 strain gages were placed on the inside of each vessel and 
almost twice as many on the outside. (The technique »!sed for sealing the lead wires is also discussed in 
Appendix A.I 

The diagrams in Fig. 7.8 show the general instrumentation plan for vessels V-l and V-2; specific details 
are given in Fig. 7.9 and 7.10. 

Thermocouple iftstnanentatioa. About 12 Chromel-Alumel thermocounles were useu to monitor the 
temperatures of both vessels before and during the tests. See Fig. 7.8 for locations of thermocouples. 

Cncfc-opeass dspbcsssesi lariwn • w i s . A diai indicator mounted on a short post adjacent to the 
flaw was positioned to measure the motion of anot»»*: j*»i on the opposite side of the flaw. Two 
approaches were used to record the readings on the dial. The camera of a closed-circuit television set was 
focused on die notch and the dial. As the pressure was increased, personnel in the control room could 
watch the notch open and at the same time record the readings on the dial indicator. As a backup for the 
TV camera a solenoid-controlled 35-mm still camera was also focused on the notch and dial. A digital 
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Fig. 7.10. Locations of strain gages for vessel V-2. 
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counter was mounted near the notch. Whenever a photograph was taken by pushing a button in the control 
room, the operator also recorded the photograph number and the pressure in the vessel. The crack-opening 
displacement devices were developed by A. A. Abbatiello. ORNL. 

Pressure measurements. Two completely independent systems were used to monitor pressure. The most 
straightforward memod was to use another closed-circuit TV set to follow a conventional Bourdon pressure 
gage mounted near the high-pressure pump. This approach was basically a redundancy for a more precise 
system that consisted of a commercialy available load cell, a signal conditioning and excitation unit, and an 
L&N recorder. After having been calibrated at a standards laboratory, this device was accurate to ±250 psi 
in 30.000 psi. 

Acoustic emission devices. Both vessels V-l and V-2 were monitored by acoustic emission specialists 
from a commercial laboratory who brought their own equipment to the test site and installed it themselves. 
Southwest Research Institute monitored the tests of these two vessels. The locations of the acoustic 
transducers are also indicated in Figs. 7.8 and 7.9. 
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8. TESTING OF VESSELS V-1 AND V-2 

Vessel V- l Test 

Foul preparations for tea of vessel V-I. The test of vessel V-l was scheduled for June 29, 1972. A top 
view of the vessel just prior to placing the two 24-ton concrete slabs on the test pit was shown previously in 
Fi<>. 3.13. The pressure gage in this figure was monitored by a remote television camera with a zoom lens, 
which also enabled one to scan the stud and penetration regions of the vessel for malfunctioning or leakage 
during the test. The flawed region of the vessel prior to placing the crack opening displacement (COD) gage 
in place is shown in Fig. 8.1. The transducers at top and bottom center are acoustic monitors. 

The heating system for the vessel was turned on three days prior to the test date to test the heating 
system under service conditions and to assure that the whole vessel would be at a uniform temperature. The 
comnuterized data acouisition svstem was activated at the same time. From the printout of the data 
system, it was possible to monitor both the temperature in the vessel and the temperature-induced apparent 
strains. It soon became obvious that about 12 strain gages were not responding. Furthermore, several gages 
which were located under water on the inside of the vessel appeared to be grounded. However, since the 
layout of gagss was highly redundant, the loss of a few gages could be tolerated. 

The COD gage and the acoustic monitors were placed on the vessel shortly before pressurization. The 
fully instrumented vessel in the region of the flaw is shown in Fig. 8.2. Final check-out in the control room 
prior to pressurization was shown in progress previously in Fig. 3.14. Pressurization was initiated at 10:47 
AM on June 29, 1972. 

Test of vessel V-l. When pressurization of vessel V-l began, about 20 gages did not appear to be 
responding. Twelve of these were located near the flaw and were in the axial direction. The several other 
gages which were located beneath the plate coils also failed to respond. The remainder were on the inside 
and had evidently succumbed to the hot water environment. 

Proceeding in pressure steps of about 4000 psi (see Fig. 8.3, curve 1), a pressure of about 18,000 psi 
was obtained. At each step, all the strain gages and thermocouples were read, and continuous mciritoring of 
crack opening displacement, pressure vs strain, pressure vs time, acoustic emission vs time, and acoustic 
emission vs pressure was also performed. Pertinent results were compared at each pressure interval with 
those from the mode] tests (see Chap. 5) and with an analysis based on Lame equations.1 At 18,000 psi an 
Autoclave fitting (one of ten; see Appendix A) in the closure head began to leak, and the test was 
terminated. 

Upon inspection it was found that the O-ring in the fitting had failed. The replacement of the O-ring 
necessitated that the eight lead wires from either strain gages or thermocouples which passed through the 
fitting be cut. While inspecting the facility during the O-ring replacement, a leak in the blind flange of the 
low-pressure side of the intensifier was discovered. This flange was severely cracked and could not be 
repaired or replaced immediately, so the renewal of the test was scheduled for June 30. 

Upon replacing the flange, the cause of the flange failure was first investigated, and it was determined 
that pressure surges in the intensificr unit caused the fracture. This problem, not evident in the system 
during check-out with small-volume containers, was minimized by changing the operating procedure 
recommended for the intensifier unit. 

The test was reinitiated the afternoon of June 30. Proceeding as before, a pressure of 19,000 psi was 
reached, at which time a leak in another Autoclave fitting occurred, this time during pressure hold (see Fig. 
8.3, curve 2). Again the leak was repaired with the attendant cutting of lead wires. A third attempt again 
resulted in leakage at around 19,000 psi (see Fig. 8.3, curve 3). Thus it became apparent that a systematic 
malfunctioning was occurring. The fittings were rated for 40,000 psi at 400°F and had been checked in an 
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Fig. 8.2. VMKI VI in test pit fatty instrumented. 
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autoclave by ORNL to 50,000 psi. It was thus evident that the laboratory conditions for check-out were 
considerably different from the service conditions (see Appendix A). It was decided to lap grind the seats 
for nine of the ten fittings in the vessel and increase the torque in tightening the fittings. A special torquing 
wrench was fabricated for this purpose. The lapping procedure of course required the cutting of all leads for 
each penetration. 

Since time at pressure appeared to be a parameter affecting the O-ring failure, it was decided in the 
fourth burst attempt to eliminate the pressure holds in the test procedure and to scan the data while under 
pressurization. This was done (actually no pressure holds were taken during the third pressurization, but 
such were planned had a pressure sufficiently greater than the previous attempt been obtained), and a 
pressure of about 25,600 psi was obtained before leakage (see Fig. 8.3, curve 4). The leak was repaired, and 
on the fifth attempt, failure of the vessel was obtained at a pressure officially set at 28,800 psi (see Fig. 8.3, 
curve 5). In Fig. 8.3, the failure pressure is indicated as being about 28,650 psi;however, the X-Y plotter, 
which showed 28,800 psi at failure, was considered the more accurate, and this pressure was arbitrarily 
taken as the failure pressure. It should be noted that the rather flat top on curve 5 of Fig. 8.3 does not 
represent a hold period but a period (over 5 min) of near constant pressure brought about by plastic 
deformation occurring in the vessel, especially near the flaw, to such an extent that the pressurizer could 
not increase the pressure. In fact, had a pressure hold period been taken, the pressure would have dropped 
as observed in the model vessel tests. During the test the temperature of the vessel ranged between 134° and 
138°F. 

Summary of experimental data from the test of vessel V-l. During the test, it appeared that many strain 
gages were failing, but sufficient redundancy was available to permit continuing the test. Each time an 
Autoclave fitting was repaired, the gages or thermocouples through the fitting had to be cut. It is 
noteworthy that when the nine Autoclave fittings were removed for lapping the seats, only the gages for the 
one remaining fitting were operable for the remainder of the test. 

Immediately after the test, it was apparent that there was a pressure-strain-time discrepancy between 
the pressure-strain X-Y plotter and the computer output. In fact, the computer output indicated that 
massive failure of the gages occurred at around 0.4% strain or below, in contrast to the plotter, which 
showed strain of around 0.9% at failure 180° from the flaw. Subsequent investigations revealed that just 
prior to initiating the test, a negative gage factor was placed in the computer in order to make tensile strains 



97 

ORNL-DWG 7 3 - 6 4 7 2 

28 

24 

20 

<A 

~ 16 
UJ 
/»* 
O 
CO 
u 
a: 
a- 12 

8 

4 

0 
0 0.2 0.4 0.6 0.8 1-0 

STRAIN {%) 

Fig. 8.4. fressuie-ckcumferentisJ-straiii cuive for intermediate test vessel V-l on outside nsfface 180° from the flaw 
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read out positive and compressive strain read out negative. However, the gage factor played a role in 
optimizing the computer channel limits. The results were that the maximum strain that could be accepted 
and printed out by the computer varied from a small strain up to around 0.4%. The initial imbalance of the 
gages actually determined the maximum readout. Further analysis of the raw data reveab that few gages 
actually failed during the test except some of the inside gages, where the waterproofing was not completely 
successful. Apparent failures were the manifestation of the error in introducing the negative gage factor. 
The X-Y plotter data were verified as being correct. As a result of the computer programming error, the 
mass of data obtained from the test during the five pressurization cycles is limited mainly to elastic 
behavior. These data are given in Appendix B. 

The two gages plotted on the X-Y plotter were diametrically opposite the flaw (180° from the flaw) on 
the outside surface. These pressure-strain curves are the basic results from the test; that is, they represent 
the behavior in the region of the flaw with the flaw not present. These results are given in Fig. 8.4. The 
decrease in pressure at near fracture shown in this figure is a true representation of the fracture behavior. 
The unstable plastic deformation and tearing in the region of the flaw were such as to reduce the pressure 
but slow enough to record prior to rupturing the vessel. 

The results from the X-Y plotter are compared with results from similar locations in the models in Fig. 
8.5 (see Table 5.1 of Chap. 5). The prototype vessel data fall between the curve for the vessel with the flaw 
in the center material and the one with the flaw in surface material. Actually, the data represent the 
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Fig. 8.5. Comparison of pressure-strain curves between vessel V-l and the 0.85-in.-thick model vessels. 

elastic-plastic behavior of the vessel irrespective of the location of the flaw and are not too surprising since 
the vessel surface material is continuous with the center material, which makes up most of the mass. 

A comparison of da*s near the fl?.w is given in Fig. 8.6. These curves are incomplete because of the 
computer programming error. Similar pressure-strain behavior on the outside surface along an axial element 
180° from the flaw is shown in Fig. 8.7. 

The crack opening displacement was successfully monitored as a function of pressure. These results are 
given in Fig. S.8. The data for the first three pressurizations were indistinguishable, indicating no plastic 
deformation during the test. Considerable nonlinearity was achieved during the fourth pressurization to 
over 25,000 psi. A very lar$e amount of nonlinearity was observed during the final pressurization, and, in 
fact, the dial indicator moved too quickly to record near rupture. The photographic camera was destroyed 
by the vessel failure, so that some of the film was lost. The last COD recorded by the camera was 0.27 in. at 
a pressure of 28,500 psi. Photographs of the COD were obtained for greater COD from the television tape. 
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The last recordable television reading showed 0.77 in. at failure pressure (recorded at 28,700 psi). Fast 
ductile tearing initiated at this pressure, but the dial indicator needle moved too rapidly to record. An 
estimated COD of close to 2 in. existed just prior to rupture. The COD data are given in Table 8.1, and 
plots of pressure and COD vs time are shown in Fig. 8.9. It may be observed from the figure that the COD 
at or very near maximum pressure is between 2S0 and 3S0 mils and that, indeed, ductile tearing is taking 
place at the flaw under an almost constant pressure. In fact, the plasticity was so great that the pressure 5 
min before burst was within 100 psi of the failure pressure. Pictures of the flawed region near failure are 
shown in Fig. 8.10. 

Fracture mode of vessel V-l. During the test of vessel V-l the region of the flaw was recorded on 
television tape. Frames near fracture are shown in Fig. 8.10. The crack opening at maximum pressure is 
very similar in appearance to that of the 6-in.-thick flawed tensile specimen at maximum load tested at 
about the same temperature.3 In fact, it was previously noted that rupture actually occurred at a pressure 
less than the maximum pressure. 

Views of the ruptured vessel in the test pit immediately after the test are shown in Figs. 8.11 -fl. 13. As 
noted in these figures, the crack propagated after rupture in a much less ductile mode than the tearing 
fracture near the crack. In the down direction the crack ran all the way through the hemispherical end of 
the vessel and arrested in the back side. In the other direction the crack ran close to the closure head, 
branched near the weld, and stopped when it reached the interface between the bolted head and the vessel. 
During the crack propagation, shear lips slightly over 1 in. thick were formed on both the inside and the 
outside surfaces. A picture of the vessel removed from fhe test pit is shown in Fig. 8.14. 

The fractured surface was metallurgically examined at ORNL under the direction of D. A. Canonico, 
and the results are sumiTiarized in Fig. 8.15. The inner 3 to 3% in. of the 6-in.-thick vessel fracture surface 
well away from the flaw was cleavage, as might well be expected from the obvious rapidity of the fracture. 
The remainder of the fracture surface was duc'ile tearing or dimple rupture. More extensive details of the 
study are given in Appendix G. 
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Table 8.1. Pressure vs deflection (COD) for vessel V-! test, 
fifth pressurization cydea 

Approximate Real time Pressure Photo No. Photo dock COD 
elapsed time 

(min) 
(7-1-72) (psi) (on film) time 

(on film) 
(in.) 

0 12:24 0 130 0.022 
5 12:29 4,000 134 6:44:17 0.024 

10 12:35 9,000 139 6:51:15 0.029 
15 12:39 12,000 142 6:55:16 0.034 
20 12:45 16,000 146 7:01:16 0.036 
25 12:49 20,000 150 7:05:05 0.041 
30 12:54 24,000 154 7:11:52 0.046 
35 12:59 27,000 163 7:14:14 0.106 
36 1:00 27,100 164 7:14:25 0114 
38 1:02 28,250 172 7:17:04 0.229 
40 1:03 28,400 174 7:17:41 0.256 
42 1:03 28,500 175 7:18:06 0.270* 
43 1:04 28,550 178* 0.350 
43 1:07 28.6G0 183* 0.420 
43 1:07 28,600 184 c 0.440 
44 1:08? 28,700 188° 0-55"* 
45 1:09? 28,700 190* 0.600 
46 1:10? 28,700 193 0.720 
47 1:10? 28,700 194 0.770* 
47 1:11? 28,700 

0.770* 

'These data were combined from 35-mm photos and television tape pictures. Values 
were obtained at 1000-psi increments during die test bat have been condensed to about 
one-fifth of the original table length. 

*Last 35-mm photo that was salvaged. 
Tilm exposed or partially exposed when camera destroyed. 
dFrom TV tape picture only. 
'Last TV reading taken. 
'COD needle routing at 10 rps, estimated. 

In contrast to the fracture behavior of vessel V-1, the models tested at the same temperature simply 
leaked (see Fig. S.8). This difference in behavior is not unlike the behavioral difference observed for the 
similar large and small specimens that have been tested throughout the HSST program. For all these cases, it 
may be said that stored energy varies as the cube of the dimension, whereas the energy needed to form new 
surfaces requires less energy, perhaps varying more as the square of the dimensions. 

Acoustic emission results from vessel V-1 test. The acoustic emission monitoring of the intermediate 
vessel tests is set up as a cooperative effort between ORNL and industry. Each series of vessels (see Chap. 1) 
has been assigned under contract to a specific company. ORNL pays travel and lodging, while the company 
assumes the remaining cost. Southwest Research Institute was awarded the contract to monitor the first 
scries of vessels (vessels V-1 and V-2). A report discussing the results from both tests has been prepared and 
is summarized following the discussion of the test of vessel V-2. 
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Fig. 8.10. Typical photographs of crack opening displacements made duitng test, intermediate test vessel V-1. 
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Fig. 8.11. Veawl V-1 in test pit immediately after fracture. 
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Fig. 8.12. Flawed region of vessel V-1 aftet fracture. 
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Fig.8.13. VesselV-1 in test pit showing tat of opening in region of flaw. 
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Fif. 8.i 5. Metallurgical deaoipfor of fracture surface of vessel V-1. 
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Vessd V-2 Trst 

Intermediate test vessel V-2 was an exact duplicate of vessel V- l insofar as possible. Since vessel V- l was 
successfully tested and significant data were obtained, the t« ?! temperature for vessel V-2 was selected at 
32° F. as previously discussed in Chap. 6. A photograph of vessel V-2 fully instrumented is shown in Fig 
8.16. The wood frame is part of a mirror device set up to allow the crack monitor cameras to view the 
v^sel flaw remotely. 

Test of vessel V-2. The test of vessel V-2 was initiated on September 28, 1972. The nominal test 
temperature was 32°F: however, some difficulty was encountered in maintaining the temperature. In fact, 
as the vessel was pressurized the temperature dropped as low as 22°F. Since 32°F was thought to be in the 
rapid toughness transition region, heating or cooling was applied to the vessel as necessary in an attempt to 
maintain the temperature. A temperature-time his lory of the test from thermocounles in the test region is 
given in Fig. 8.17; test pressures are also indicated on the figure. 

As before, the vessel was pressurized to a predetermined pressure, and a hold period was taken for 
obtainir g and evaluating pertinent data. During the test the pressurizer developed a leak in the .Teals, first on 
one side an>1 then on the other, and no greater pressure could be obtained. At the termination of the first 
pressurization cycle, a pressure of about 24,500 psi had been reached. The seals in the prcssurizer were 
replaced, and the test was reinitiated. The seal on one side leaked once again, but sufficient pressure was 
obtained to fail the vessel at a pressure of 27,900 psi. The temperature in the flaw at failure was 30°F. 
Pressure-time curves for both pressurization cycles are shown in Fig. 8.18. 

Summary of experimental data from the test of vend V-2. The experimental pressure-strain data 
obtained during the test of vessel V-2 are given in Appendix B. A plot of the outside surface circumferential 
strain 180° from the flaw is ,<nven in Fig. 8.19, which may be compared with Fig. 8.4. As may be seen, gross 
yielding through the vessel wall was just initiating. 

Considerably greater strain existed in the region oi the flaw. Outside surface dai« near the flaw are given 
in Fig. 3.20, which shows that a strain of 0.8% was obtained very close to the flaw. The nominal 
pressure-strain curve of Fig. 8.19 is almost identical with the curve from gage 57. A comparison of pressure 
vs circumferential strain curves 13 in. frrtm the flaw tip (ga)$~s 57 and 103, Fig. 7.10) with a curve in the 
same position 180° away (gage 68) is grvei. in Fig. 8.21. At these locations the curves a/e identical. 

A comparison of results from various irtemal gages is given hi Fig. 8.22. These results again show that 
gross yielding of the vessel was commencing with strains directly under the flaw less than the nominal 
strain. This observation will be discussed further in Chap. 9. 

The results from the COD measurements are given in Fig. 8.23, which shows considerable nonlineirity 
prior to fracture. A picture of the flawed region just prior to fracture is shown in Fig. 8.24. Further 
discussions of the fracture are given in Chap. 9. 

Fracture mode of vessel V-2. The propagation ch^.acterist cs of vessel V-2 at fracture were as expected 
- catastrophic and complete with degrees of fragr.isntation. An annotated picture of the vessel in the test 
pit immediately after the test is shown in Fig. 4.25 (note the flaw). G>>~ large fragment is seen to have been 
formed. The support skirt, which was unattached to the vessel, was fractured as seen in Fig. 8.26. In 
general, the vessel had many cracks, indicating the near generation of additional fragments. Pictures of the 
vessel removed from the ter.t pit are given in Figs. 8.27 and 8.28. Figure 8.27, also shows the fragments of 
the model vessel (vessel V2-A1-D, Chap. 5) tested at -55°F. 
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shown on foreground fragment. 
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Fig. 8-28. Ctossre end region of vessel V-2 after fractnre, showing the extensive cracking. 

Acoustic Emission Results from Vessel V-l arid V-2 Tests 

As noted previously, the first series of vessels (vessels V-l and V-2) were acoustically monitored by 
Southwest Research Institute. E. R. Reinhart and S. P. Ying were in charge of these efforts, and their report 
is summarized below. 

Test preparation. After a review of the proposed ORNL test setup, a number of areas on the pressure 
vessel were identified as possible sources of extraneous noise which could possibly mask actual acoustic 
emission signals during the test. The areas of concern were (1) the vessel coolant circulation coils, (2) the 
metal seal in the vessel head, and (3) bolt and flange noises in the vessel head. 

As shown in Fig. 8.29, the vessel coolant coils (on a full-scale mockup model) are attached directly to 
the vessel wall and limit access to the vessel ouiside surface. It was thought that as the vessel expanded 
under pressure and temperature, relative movement between the coolant coils and the vessel could cause 
extraneous noise signals. The nature and extent of this noise were unknown. 

The metal pressure seal w?s also considered as a potential source of extraneous noise, since the seal will 
undeigo considerable deformation as the pressure in the vessel increases. It was thought that once the seal 
was properly seated, the noise should be minimal, but background data were again unavailable. 
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F|g. 8.29. Coolant coib mounted on veael mockup. 

The third area of potential extraneous noise was anticipated to occur in the area of the bolted head 
flange. Rotation of the flange, elastic elongation of the studs, and elastic movemeni of all the associated 
hardware in the head were all anticipated as possible noise sources. It should be mentioned that the 
majority of these mechanical noises are in the low-frequency spectrum (<80 kHz) of the acoustic emission 
monitoring system and are eliminated by frequency filtering. However, for the anticipated test a more 
refined method of data recording was warranted. 

Since the primary interest of this test was to record the acoustic emission as generated in the region of 
the flaw, a data processing technique known as coincident detection was employed to exclude the recording 
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of extraneous noise. This technique employs a multiple sensor array and a coincident circuit to permit the 
recording of only those signals which arrive at the sensor array within a preselected tinrr gate. All other 
signals are excluded. The sensor array pattern used for this technique is shown in Fig. 8.30. Sensors L, G. 
and J comprise the coincident detection sensor array. Th^ coincidence technique functions in the following 
manner. 

1. When sound (acoustic emission) is transmitted from the region of the flaw as a surface wave on the 
outside surface of the vessel, transducer L G, and /will be excited at nearly the same time. For this case, 
the coincident circuit compares the arrival time of signals from information channels G and / , if they are 
within acceptable time gate limits. 'Jie coincident circuit is then open to accept data from sensor L, the 
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actual data channel. This is termed two-channel coincidence. If a signal has arrived within the same time 
gate as the information channels, the data from this channel are accepted and recorded. This final step 
comprises three-channel coincidence. 

2. It should be noted that two-channel coincidence coula occur if sensors G and J were excited by a 
noire source equidistant from the sensors or by simultaneous sound transmission from either end of the 
vessel. For this case the data channel would not be excited in the necessary time gate, and no data wou!d be 
recorded. 

3. Noise sources outside the area of the flaw will usually not provide the necessary three-channel 
coincidence, and therefore the majority of extraneous signals are eliminated. 

Noise sources outside the flaw area could also cause three-point coincidence and the recording of 
erroneous data if the following conditions were met: (1) the noise source was located at an area mat would 
cause a wave front to strike sensors G and / at the same time that a noise wave front from another area 
strikes sensor L; and (2) a high-amplitude constant noise source could also be recorded, since ^ signal will 
always be in the time gate of the data channel. 

These two conditions were not anticipated to occur, since any noise from the coolant coils or other 
areas of the vessel would probably be intermittent and have a point source location. The p^irninary results 
of the test verified these assumptions. It also appears that the severity of the noise problem may have been 
overemphasized; however, the number of pressure cycles that were conducted nrior to the final fracture test 
may have eliminated much of the anticipated mechanical noise. 

Instrumentation. Typical instrumentation for monitoring acoustic emission for the test is illustrated in 
Figs. 8.31 and 8.32. Figures 8.33 and 834 show the transducers mounted on the vessel wall, Fig. 8.3S is a 
detailed photograph of the transducer, and Fig. 8.36 is the 'chematic diagram of the experiment. In general, 
the output from each transducer was fed into a high-input-impedance, low-noise-level preamplifier through 
a short coaxial cable. A second-stage amplifier was used for each channel operating in 100 to 300 kHz to 
achieve a gain of about 90 dB for the overall system. Since the amplifiers were designed for general purpose 
with a wide frequency band, bandpass filters, acting in the frequency range from 100 to 300 kHz, filtered 
out most mechanical and electrical noises. The signals obtained from the data channel fed into a digital 
counter. Only those signals significantly above electric noise level are counted as acoustic emission. The 
digital-to-analog converter changed the digital counts into analog signals which were applied to the Y axis of 
an X-Y recorder; the X axis was reserved for the information obtained from pressure transducer mounted in 
the test system. The X-Y recorder thereby provides an on-line graphic presentation of accumulative counts 
as a function of vessel pressure. 

The outputs of the bandpass filters of the data channel and two information channels were also fed into 
a coincident circuit, recorded on magnetic tape, and displayed on the oscilloscope. Since the sensors of the 
data channel and the information channels were mounted at an equal distance from the precracked notch 
area, only the emissions from the notch area could pass through the coincident circuit and were counted in 
the counter at the output of the coincident gate, as previously discussed. However, the counter before the 
coincident circuit could count all detectable acoustic emissions from the vessel. The amplitudes as well as 
the durations of acoustic emission pulses were also recorded in a chart recorder through a detector and an 
operation amplifier. As shown in Fig. 8.36, an additional three channels with the oscilloscope were used to 
periodically monitor other areas of the vessel during the test. 
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Results. Acoustic data were taken during all the pressure tests. Data presented and discussed in this 
report were normalized to the first loading from zero pressure to the final fracture of each test. Figures 
8 37 and 8.38 show the accumulation of the emission counts obtained from the digital counters before and 
after the coincident circuit respectively. Since the counters counted every frequency cycle of each emission 
pulse and usually a pulse with a higher amplitude has a longer duration, the accumulation counts directly 
relate to amplitudes and durations of emission pulses as well as the number of pulses. The counts in Fig. 
8.38 represent the detectable emission from the vessel of each test, and the counts in Fig. 8.37 correspond 
to the emission from the notch area at different test temperatures. These two sets of curves are similar in 
shape to those obtained from flawed specimens during the HSST tensile tests.3 The counts increase rapidly 
before the yield point, there are smaller counting rates during yielding, and the counting rates increase again 
prior to the failure of the vessel. The counts prior to failure in Fig. 8.38 are greater than those in Fig. 8.37 
because the counter for Fig. 8.37 was placed after the coincident circuit and detected bursts in a limited notch 
area which was smaller than the final crack area, whereas the counter for Fig. 8.38 was placed prior to the 
coincident gate, and the vessel failure detected all the emission from the entire fracture area of the vessel. 

Figure 8.39 is a typical record of acoustic emission from the strip chart. The length of each line 
represents the amplitude and the duration of an individual emission pulse. The emission pulses shown in 
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Fig. 8.39 were recorded for 130°F tests at the vessel pressures from 25 to 28 ksi. Figure 8.39 is the record 
of acoustic emission prior to the failure for the same test. Both the amplitudes and the rate increased 
tremendously during this period up to failure. 
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9. DISCUSSION 

Previous chapters of this report have presented the extensive data accumulated from mechanical 
Droperties tests, fracture toughness tests, model vessel tests, and nondestructive inspections. These data 
were used to formulate the test plans for inteimediate pressure vessels V-l and V-2 and provided the 
necessary input for a vanity of analytical fracture analyses of their expected behavior. In addition, certain 
key observations can be made from thê e ancillary tests. These are briefly summarized here, followed by a 
detailed discussion of the experimental results of the vessel V-l and V-2 tests and their associated analysis. 

Material Investigations 

An engineering method to provide a safety assessment for reactor pressure vessels must utilize materials 
data from which a realistic prognosis may be made. The specimens from which such data are obtained 
should be as small as practical (including irradiation surveillance considerations) and should be economical 
to test, and, insofar as possible, the test method should be one with which the technical community is 
familiar. Most important, the data obtained must be quantitative and, through proper validations, be 
demonstrated to provide adequate representation of structural behavior. One of the important efforts of 
the HSST program is to develop specimen types having such qualifications. For fracture initiation, two 
specimen types have received the most attention. The first of these is the compact tension specimen.1 

Specimens of this type have been extensively tested in thicknesses up to 12 i n . 2 - 5 Results from these tests 
show that the compact tension specimen is suitable to provide fracture toughness values at temperatures up 
to 550°F.3 

The second specimen type that has been extensively evaluated is the Charpy specimen, piecracked and 
tested in either a slow-bend or a dynamic mode. This specimen, without precracking, is familiar to materials 
engineers throughout the world and is widely used in irradiation surveillance programs. As in the case of the 
compact tension specimens, the precracked Charpy data can be used to obtain adequate lower-bound 
fracture toughnesses; that is, the value obtained from these small specimens is less than or equal to that 
obtained from a larger specimen. This is exemplified by the fact that the data from precracked Charpy 
specimens at the test temperature (32°F) of vessel V-2 well defined the existing toughness established from 
larger specimens. In fact, those data very well described the sharp toughness transition temperature region 
•o higher toughness levels. 

Another example of the use of the precracked Charpy specimen data is to calculate the lowest 
temperature for which the ASME code would allow design pressure to be reached for a vessel with an 
assumed flaw size. When this was done for the intermediate pressure vessels (see Appendix E), a value of 
-50°F was calculated based on static toughness. 

A very important observation that is common to both the compact tension and the bend specimens 
(more specifically the precracked Charpy specimen) is that toughness values (A' /c and KJcd) can be 
obtained which are independent of crack length within given bounds.1 This means that for a given type of 
specimen, all such specimens tested may be compared on the basis of dimensional analysis3 without regard 
to crack length; that is, each is a model for ail the others. This characteristic plays an important role in 
subsequent discussions of the results of mode! and intermediate vessel tests. 

In addition to compact tension and precracked Charpy specimen data, standard tensile, drop-weight, 
and Charoy impact specimen data were obtained from which toughness correlations can be made. For 
example, impact energy could be correlated with lower-bound toughness from the data presented in Tables 
4.7-4.10. It is expected that additional correlations will be done after all the intermediate vessels have been 
tested. 
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Model Testing 

Model testing has played an important role in the HSST program for at least two reasons. First, a flawed 
model of a structure provides the same constraint (geometry and loading conditions) at the flaw for a given 
normalized load as the structure, at least as long as fracture or stable crack growth has not occurred. Thus 
the effect of constraint is exact witliin the capability to model and is not dependent on conservative or 
arbitrary assumptions. Second, modeling offers the most economical method of comparing the behavior of 
different types of specimens. 

As described in Chap. 5, two series of 0i>--in.-thick model pressure vessels were tested to failure as part 
of the test program for vessels V-l and V-2; one series was fabricated from vessel V-l prolongation material 
and the other from vessel V-2 prolongation Material. Insofar as practical, an identical flaw was placed in all 
vessels of a given series. 

In addition to the model vessels, a number of 0.85-in.-thick compact tension specimens were fabricated 
from the same material and appropriate data collected. To substantiate the premise that test results from 
compact tension specimens can be used to predict the behavior of the model vessels, some basis foi 
comparison had to be established. Possible bases included load, strain, crack opening displacement, energy, 
etc.; however, to date, energy has provided the most useful basis for comparison.3'6'7 Accordingly, the 
volumetric energy ratio9 was used to calculate the behavior of the model vessels from the behavior of the 
compact tension specimens. To do this, it was assumed that at a selected test temperature the energy to 
maximum load of the compact tension specimen is equivalent to that of tiie pressure vessel. The energy is 
represented by a load-deformation curve for the structure or specimen of interest. To calculate the behavior 
of pressure vessels at other temperatures, the energy to maximum load of the pressure vessel, at the selected 
temperature, was divided by the volumetric energy ratios of the compact tension specimen at the other 
temperature. (Here volumetric energy ratio is defrned as the energy to maximum load of the compact 
tension specimen tested at the selected temperature divided by the energy to maximum load of the 
compact tension specimen tested at ihe other temperature.) Where necessary, the compact tension 
specimen data were adjusted to compensate for small variations in flaw size. 

The results of the above procedure are shown in Fig. 9.1. It should be noted that the actual cui. -s used 
to prepare Fig. 9.1 were adjusted to account for the slight effect of temperature and material variations on 
yield properties and strain hardening. This does not significantly affect the estimates of energy as 
determined from the area under the curve. Of importance is the comparison of the energy (area under the 
curve) to maximum pressure between experiment and calculation. Based on these data, it may be concluded 
that, with the exception of the results at -35°F obtained from model vessel Vl-Al-E, the fracture behavior 
of these series of vessels can be reasonably well predicted from compact tension specimen data. The -35°F 
point falls in the region of the yield plateau where a strain instability exists; that is, various values of strain 
can occur for the same load. This test, along with several others conducted in the HSST program, has shown 
that failure above the initial yield strain does not occur until the onset of strain hardening as measured in 
the gross section. Since compact tension specimens do not exhibit the yield instability, they do not reflect 
this behavior; thus by the volumetric energy ratio comparison the compact tension specimens indicate 
failure of the vessels occurring within the strain interval defining the instability. This behavior is further 
^scussed in Appendix H. 

It is important to note that the fracture behavior of the two series of model pressure vessels was well 
described from compact tension specimen data for all cases above yield point lcui. In this region it can be 
shown that (1) the model pressure vessels and compact tension specimens have the same transition 
temperature behavior based on energy to maximum load, (2) the volumetric energy ratio curve as a 
function of temperature is th? sam? for the pressure vessels as for the compact tension specimens, and (3) 
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normalized to the behavior of 

the shape factor (geometry and loading factor)6 from each set of pressure vessels with a specific flaw shape 
is independent of temperature. 

Sumnv / of Fracture Calculations for Vessels V-1 and V-2 

Extensive work has been done by a number of investigators to develop analytical methods for 
predicting failure in flawed vessels. As part of the HSST program a number of these investigators were asked 
to analyze the performance of the first two intermediate pressure vc ssels; their calculations are summarized 
in Appendix C. The objectives of the various investigators making the calculations varied somewhat; some 
were meant to be conservative, while others attempted to be accurate with varying degrees of conservatism. 

For comparison, the actual test conditions and results from vessels V-1 and V-2 are summarized in 
Table 9.1 and in Figs. 9.2 and 9.3, which show trie circumferential strain data 180° from the flaw and crack 
opening displacement, respectively, plotted as a function of pressure. In the case of the strain data, it has 
been shown* that Lame equations give almost identical results with those obtained in the elastic region. 



130 

Table 9.1. HSSi progwi hUeraacdiate pressure vessel test conditions 

Condition Vessel V-1 Vewd V-2 

Date tested 6-30-72 9-28-72 

Flaw location Cylindrical course, outside Cylindrical course, outside 

Test temperature <°F) 130 32 
Fracture toughness ( k a ^ . ) 311 200 
Failure conditions 

Pressure (ksi) 28.8 27.9 
Strain (%) 0.90 0.194 
Crack opening displacement at rupture (in.) >0.88 0.07S 

Estimated flaw size (in.) 
Depth 2.625 2.56 
Length 8.25 8.25 

Actual flaw size (in.) 
Depth 2.56 2.53 
Length 8.25 8.30 

Energy (psi) 239 31.3 
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It should be noted that in the analyses discussed in Appendix C, small differences between the values of 
some of the quantities used as input and the true values do exist. However, the effect of these differences is 
considered to be minor unless otherwise noted. 

Analyses of vessel V-l. Vessel V-l was tested at 130°F. The results of the 12 different fracture analyses 
performed for vessel V-l are listed in Table 9.2. Note that the underlined values were calculated directly by 
the me Jiod of analyses indicated; other values were determined from the calculated values and estimates of 
the pressure-strain curve for the test vessel. For comparison, pretest estimates and posttest calculations are 
listed separately in Table 9.2. 

The estimated values in Table 9.2 are plotted vs the corresponding measured values in Figs. 9.4-9.6. In 
these plots, estimates greater than the corresponding measured value fall above a 45° line of equal values, 
while estimates less than the corresponding measured value fall below the line. The pretest estimates are 
plotted as open points, and the posttest calculations are plotted as closed points. The directly calculated 
values are plotted as circles, and the values determined indirectly, with reference to an estimate of the 
pressure-strain curve, are plotted as triangles. The numbers accompanying the plotted points are the 
designation numbers of the methods of analysis listed in Table 9.2. 

From Table 9.2 and Fig. 9.4, it can be seen that the four most accurate estimates of the failure pressure 
for vessel V-l were obtained from the /-integral method (No. 7), the plastic instability method (No. 2), the 
stress concentration method (as applied by ORNL, No. 3), and the equivalent-energy mediod (No. 8). The 
/-integral and plastic instability methods are based on estimates of the pressure-strain curve, while the 
plastic instability and stress concentration methods are direct calculations of the failure pressure. No 
method of analysis overestimated the failure pressure for vessel V-l by more than 10%. From Fig. 9.5, it 
can be seen that the most precise estimate of the failure strain for vessel V-l «• as made by the inverse square 
root method based on strain (No. 6). 

As shown in Fig. 9 6, tiw posttest calculation of the failure energy by the equivalent-energy method 
(No. 11), based on an additional model test performed after the test of vessel V-l, was considerably more 
accurate than the pretest estimate (No. 8). This additional model (V2-A1-B) from V-2 prolongation 
material had a flaw almost identical to that in vessel V-l and gave considerably greater strains, indicating 
that the flaws in the first series of models were considerably more severe than those in die actual vessel (see 
Tables S.l and 5.2). The calculation based on vessel V2-A1-B data gave approximately the correct energy to 
maximum pressure for vessel V-l. This result is significant. Indeed, at 130*F, where significant plastic 
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deformation occurs, the volumetric energy ratio between the 0 SS-io.-thfck model vessel and the 64t.*thfcfc 
vessel V I is the same as that for the 0 *5 - and o-m.-thkk compact tension specimens. Thus it is 
demonstrated that the fracture behavior for a pretiure vessel can be calculated accurately and precisely at 
higher temperatures, where the material is very toupji. if precise parameters are available to make the 
calculation. 

The erroneous pretest calculations using the equivalent-energy method ('4os. » and 11) empfeastn the 
n o c ^ t y to model accurately. More specifically, the sensitivity of fracture to flaw dupe is evident. With 
proper model data in hand for nude! vessel V2-AI-B. this method quite accurately estimated the fracture 
energy for vessel V I On the other hand, when the same additional model data were used for a positest 
calculation by the y-intc|7*l method, the result was essentially the same as the pretest estimate by this 
method, as indicated by fable 9.2. This turned out to be due to the fact that a crntction had been inane 
for flaw size differences in !he original calculation. 
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A first glance at the evaluation of the fracture predictions for vessel V-l would suggest tha' almost 
without exception each investigator was successful. However, this is not the case for the type of test 
performed. A calculation which does not allow for large increases in nominal strains near yield pressure may 
not have the potential for realistic conservative or accurate estimates. A direct pressure calculation may not 
produce realistic values of strain. The inverse square root method based on strain, the ./-integral method, 
and the equivalent-energy method have an advantage in this respect. 

Analyses of «ead V-2. The results of the fracture analyses performed for vessel V-2, tested at 32"F, are 
listed in Table 9 J . The calculated values listed in the table are plotted vs the corresponding measured values 
in Figs. 9.7-9.9. The format and symbols used in Table 9 J and Figs. 9.7-9.9 are the same as those used 
for Table 9.2 and Figs. 9.4-9.6. 

As shown in Fig. 9.7, the most accurate pretest estimate of the failure pressure for vessel V-2 was made 
by the equivalent-energy method (No. 11). Again, no method overestimated the failure pressure by more 
than 10%. As shown in Fig. 9.8, the most accurate pretest estinate of the nominal failure strain was made 

Table 9 J . Fracture analysts for vessel V-2 

hem 
No. Method Pressure Strain Energy 

<k») (%) (psi) Remarks 

Pretest 

Estimate 
prepared by 

1 Fracture analysis diagram 24.6 0.13 J.G. Merkle,ORNL 
2 Stress concentration 25.3 0.13 J.G. Merkle,ORNL 

3 Stress cc*cen*i*tion 23.0 A. Qua*. UKAEA 
4 Notch senitrfity snatysis 240 D.Costes,C£A 
5 Fracture mechanics 29.4 0.21 Based en strain J.G. Merkle,ORNL 

6 Martin-Ms Tietta Corp. 
rmphio equation 

294 0.27 J G. Mertte.ORNL 

7 Fracture mechanics 294 0.36 J. G. MerUe. ORNL 

8 Gross strain 29.4 OAi J G.MerUe.ORNL 
9 Tauaeut modes** 29.4 032 J. G. Mettle, ORNL 

10 Linear stram aaterpohtion 293 0.36 R. W.Derby. ORNL 
11 Equivalent energy 2S.5 

27.9 

0.43 

T) 

0.194 

8. 

31.3 

F.J. Witt, ORNL 

12 Fracture nmhanin 25 JO 
27.0 

0.16 
0.19 

Loam be 
Upper bo Seaaayaj^ eiseuMSrms ^^^ai OTVuga^sa) 

P C. Kircsrmna. 
WestingiKHHeCorp. 

13 MnrunMarwitaCoffp. 
cuavarkaJ equation 

0.21 Correct si 
at from yMd 

J.G. Mcrfck,ORNL 

14 Taammt nudum* 0.19 Emmnatt ra^comctso. J G hfcrUe.ORNL 
IS E^Mmteamgy 2 tJ 0.43 99 YinMamt 

to exist - aw Ann. H 
(rated 

F.J. Witt. ORNL 

}***** **mwm.m«mn sued by die method i ndkasm 1; other <BJSJ is were detenu mad from the caicuhited names 
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by the linear elastic fracture mechanics method bated on strain (No. 5). An accurate posttest calculation of 
the failure strain was made independently by basically the same method (No. 12). Accurate posttest 
calculation* of die failure strain were also made by the Martin-Marietta Corporation empirical equation 
(No. 13) and die tangent modulus method (No. 14). Inaccuracies in estimating the pressure-strain curve 
caused some methods to be accurate for estimating the failure pressure or die failure straw but not for 
estimating both. As indicated by Fig. 9.7, the most accurate estimates of the failure pressure for vessel V-2 
wereal indirect estimates. Only linear elastic fracture mrchanici (Nos. 5 and 12) gro accurate catenations 
of both failure pressure and fathire strain for vessel V-?. 

Figure 9.9 shows that on the basis of the comptrison of die data and analysis alone, die pretest estimate 
of the failure energy by the equivalent-energy method (No. 11) was not accurate. However, as was die case 
for model vessel VI A l t , the V-2 failure occurred at yield load, whereas the calculation predicted a point 
in the yield plateau region Therefore, all the detailed arguments set form m Appendix H are applicable to 
this analysis. 



138 

ORNL-DWG 7 3 - 6 6 7 9 

C.3 0.4 
FAILURE STRAIN {%) 

Ffc.9.8. FaMmtttttam for V-2. 

MetalvrgicaJ behavior of veseb V-1 and V-7 The fracture surfaces for burst of vessels V-1 and V-2 
were as exrjected. Vessel V-1 exhibited a tough tearing dimple rupture mode of fracture until the wall 
ruptured, 2nd the extensive cracking of the vessel was correctly evaluated using arrest toughness values from 
plate (see Appendix C). 

The energy in the vessel was such that fast cleavage fracture propagated into the heads of the vessel. 
Sunita model vessels exhibited much Jie same behavior, but the cracks arrested. These types of behavior 
are similar to those of the dynamic tear tests performed early in the HSST program on HSST plate 01 . ' The 
small, 1-in-thick, specimens exhibited full ductile tearing at around 120°F. while the larger, I2-in-thick. 
specimens still exhibited some cleavage at over 200° F. Since the stored energy available for propagation in 
the Mnaller vessel Jiould well model that in the larger vessel, the crack propagation in vessel V-1 reflects a 
thickness or flaw size effect for this type of fracture as suggested in Appendix C. One might well surmise 
that at higher temperatures the crack arrest toughness increases significantly, thus suggesting the potential 
of crack arrest for the larger vessel. The fracture mode of vessel V-2 was flat cleavage fracture throughout. 

It is significant that the total acoustic emission from the 32°F test exceeded that of the 130°F test in 
the region of the flaw (see Fig. 8.37), although no prior warning of fracture of the lower temperature test 
vessel such as a sudden burst of emission is evident based on the data presented. The total emissions 
detectable from throughout the two vessels were almost the same. 



139 

0RML-0W6 73-6680 
150 

125 

^ 1 0 Q 
v o 
<E 
UJ 

3 

o 
UJ •-< S 
i -cn 
UJ 

75 

50 

25 

25 50 75 100 
FAILURE ENERGY (psi) 

Fig. 9.9. Failure energy estimates foe nwd V-2. 

125 150 

References 

1. 1969 Book of ASTM Standards, Part 31, Physical and Mechanical Testing of Metals - Metallography, 
Nondestructive Testing, Fatigue, Effect of Temperature, pp. 1099-1114, American Society for Testing 
and Materials, 1969. 

2. W. 0. Shabbits, W. H. Pryle, and E. T. Wessel, Heavy Section Fracture Toughness Properties of A 533 
Grade B Class 1 Steel Plate and Submerged Arc Weldment, WCAP-7414, Westinghouse Electric 
Corporation, PWR Systems Division, Pittsburgh, Pa. (December 1969). 

3. F. J. Witt and T. R. Mager, A Procedure for Determining Boutiding Values on Fracture Toughness Klc at 
Any Temperature, ORNL-3894 (October 1972). 

4. F. J. Witt, HSST Program Semiannu. Progr. Rep. Feb. 29, 1972, ORNL-4816, pp. 40-47 (October 
1972). 

5. J. A. Begley and J. D. Landes, "The J-Integralas a Fracture Criterion," pp. 1-20 in Fracture Toughness, 
Proceedings of the 1971 National Symposium on Fracture Mechanics, Part II, ASTM STP 514, American 
Society for Testing and Materials, 1972. 



140 

6. F. i. Witt, The Equivalent Energy Method for Calculating Elastic-Plastic Fracture (to be published). 
7. F. i. Witt, "Factors Influencing a Quantitative Safety Assessment of Water Reactor Pressure Vessels." 

Topical Meeting on Water-Rtactor Safety, March 26-28,1973, CONF-730304, pp. 1 6 3 8 (1973). 
8. S. Timoshenko and J. N. Goodier, Theory of Elasticity, pp. 58-60, McGraw-Hill, New York, 1951. 
9. F. J. Loss, Dynamic Tear Test Investigations cf the Fracture Toughni'S of Thick-Section Steel, 

NRL-70S6, U.S. Naval Rese-rch Laboratory, Washington, D.C. (May 14, 1970). 



141 

10. CONCLUSIONS 

The tests of the first two intermediate test vessels culminated an extensive program, spanning several 
years, which included procurement, research and development, design, fabrication, and construction. This 
report summarizes the work to date in this program and is designed to be a reference document for the 
remaining vessel tests as well as a source of basic information and data for other investigators. 

The selection of the type of vessels and test parameters for the investigations was based on 
recommendations from the research and regulatory bodies of the AEC, the HSST advisory committees, 
members of standard and code writing bodies, consultants, HSST staff, and interested individuals. The 
effort was undertaker, with the primary objective of qualitatively demonstrating and quantitatively 
verifying means of assessing the margins of safety against fracture in reactor pressure vessels of water 
reactor nuclear power plants. 

The capability of any method of analysis used to predict flawed pressure vessel behavior over a full 
range of temperature needs to be carefully and completely validated. Several methods have been used in the 
predictions of V-1 and V-2 behavior with considerable success. However, additional testing is needed to 
better establish the effect of flaw size, more complex stress states, limitations of methods that are applied 
in the transition region between elastic and elastic-plastic behavior, and crack arrest phenomena. 

Those methods that utilize data obtained from models must be evaluated on the accuracy of the models 
that were used in the predictions. The size and shape of the flaw and the orientation of the flaw in the 
Material from which the model was fabricated are most important. Models have played an important role in 
the HSST program, since the effect of constraint at the flaw for a given normalized load orior to fracture or 
crack growth is obtained directly; that is, the effect of constraint is determined exactly, within the 
capability to model, and is not dependent on complex analytical methods. Modeling also offers a more 
economical method for comparing the behavior of different types of specimens. 

In the case of vessel V-1, it was shown that a calculation which does not explicitly allow for large 
increases in nominal strains near yield pressure may not have a general potential for conservative or accurate 
estimates. 

In the case of vessei V-2, die observed failure strain at near 0.2% may not be indicative of the actual 
behavior of the vessel at lower temperatures. Sufficient strain occurred near the flaw so that the fracture 
was not a frangible fracture as defined by linear elastic fracture mechanics, and indeed considerable 
evidence is presented to show that the fracture pressure would not decrease with temperature in proportion 
to the decrease in KIc at lower test temperatures. 

In summary, the following observations and conclusions can be drawn: 
1. A facility has been constructed and appropriate test methods have been developed for testing flawed 

thick-walled pressure vessels to failure under internal hydraulic pressure. This facility has been used to 
successfully test the first two 6-in.-thick, 39-in.-diam intermediate pressure vessels of the HSST program. 

2. Materials properties have been obtained from small specimens (e.g., precracked Chirpy specimens) 
from which the temperature at which near frangible fracture occurs for intermediate test vessels can be 
identified. The ability to identify the temperatures at which nonfrangible fracture occurs has been 
demonstrated. In addition, the lower-bound fracture toughness testing procedure has been further validated 
by the toughness testing performed. 

3. Vessels containing large flaws endured overloads approximately three times ASME code-allowable 
pressure level before failure. These vessels v/ere tested at temperatures well below the startup and operating 
conditions of typical reactors, and it is reasonable to assume that similar behavior can be expected for 
full-scale vessels having equivalent flaws. 
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4. Modeling techniques have been shown to be useful to describe elastic and ela» tic-plastic behavior. 
5. Energy to maximum load of compact tension specimens has been demonstrated to be i useful 

parameter from which fracture behavior of pressure vessels can be predicted over a range of 
temperatures when failure is expected above yield pressure. When material properties, flaw size, and 
operating conditions are such that vessel failure occurs at the yield point, an anomaly has been shown to 
exist in the energy relationships. Thii leads to an unconservative prediction that fracture should have 
occurred at a higher strain lying out on the yield plateau. Preliivnsry explanations for this anomaly have 
been developed, and additional work is planned in this area. 

6. Tests showed that the crack propagation in ihe larger intermediate pressure vessels was more 
extensive than in their associated models. 

7. It has been shown that acoustic emission can be used to identify !srg? flaw locations. However, in 
the case of the second intermediate pressure vessel (V-2), incipient failure was not detected. 



Appendix A 

VERIFICATION OF STRAIN-GAGING PROCEDURES 

The strain-gage instrumentation of the intermediate test vessels required additional development work. 
This work was primarily associated with accessibility for installation, measurement of large postytdd 
strains, and measurement of strains in a high-pressure environment. 

About half of the strain gt *es were installed inside the 27-in.-ID pressure vessel, accessible only trough 
a 15-in.diam opening. Figure A-l shovs the vessel with the technician riding on a small elevator up into the 
vessel, which has been mounted in a vertical position with the open end down on a special quadripod. 
(Fresh air is supplied continuously both for breathing and to flush away fumes from solvents and 
soldering.) Because of the shorter time requirement and the environmental difficulty, a concentrated effort 
for gage attachment was focused on qualifying the rapid-curing contact cement Eastman 910. 

A second requirement that was particularly stringent was the high postyidd strains that were expected 
prior to burst, particularly near the flaw. Consequently, practice instrumentation was done with 
high-elongation gages. The gages chosen were Micro Measurement EP-O8-250BG-120 without options. 

A third development effort involved the use of gages mounted on the inside of the vessel, where 
hydrostatic pressure would exceed 30,000 psi. Although investigators1-4 had worked in such an 
environment, it was necessary' to qualify our techniques for this service. 

Related to the high pressurization was the necessity of using a nonflammable pressurizing medium. 
Because of insulation problems it is much easier to operate strain sages in oil than in water. On the other 
hand, a fine mist of oil formed in a test cell after burst would be extremely dangerous, particularly in the 
presence of broken lights or severed power lines. Hence it was decided to use water or some nonflammable 
solvent. We soon found that nonflammable liquids other than water have disadvantages: expense, toxicity, 
incompatibility with plastics. Thus water became the first choice despite its poor insulating characteristics. 

The following discussions summarize the various areas investigated for qualifying the gating techniques. 

Surface Roughness and Large Strains 

While making burst tests on models, it was found that consistently measured strains above 3% could not 
be obtained even though high-elongation strain gages were used in strict accordance with procedures 
recommended by the manufacturer. Since the gages were supposed to be accurate for 15% strain, it was 
suspected that there was something degrading about the cementing procedure. As a result, the ORNL staff, 
working at the manufacturer's plant, used various techniques to verify a satisfactory procedure. Several 
gages were installed using AE/1S cement, and the gage installation was tested, with failure of the cement 
occurring around 3 or 4%. Application of several gages did not improve the performance, but during the 
course of the study two important points emerged. 

First, the capability of high-elongation gages had originally been checked with Armstrong C-3 cement, a 
material which was no longer commercially available, and the recommended procedure using AE/15 would 
not allow the full capabilities of the gages to be developed. Second, to use the gages successfully, it is 
necessary to increase the surface roughness far beyond that normally used in strain gage practice. Whereas a 
200-grit finish had been recommended, we finally used a u-grit finish. 

The problem and the solution are well illustrated by a test on a small stainless steel pressure vessel. 
Figure A-2 shows a 6-in. thin-walled pressure vessel which has been pressurized to near burst conditions. 
Note the gross deformation near the corners. A dozen gages were mounted on the vessel to check 
attachment techniques, with the result shown in Fig. A-3. All those gages mounted on 100- and 200-grit 
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surfcres slipped off long before the end of the test. Furthermore, there appeared to be no improvement 
gained by using 100 instead of 200 grit. Evidently a small increase in roughness is not enough to keep Ihe 
gage in place at high strains. 

During the course of testing many little beams, it was found that a 36-gri; finish used in conjunction 
with Eastman 910 cement would consistently give strains before inttdlation failure of around 8% (see Fig. 
A-4). However, being able to measure large strains under atmospheric conditions did not resolve the 
problem associated with gaging inside the vessel, 
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Gtje Factor and Hgh Pressure 

Very early in the project, attempts were made to demonstrate that the gage factor is insensitive to 
pressure or. at the least, varies in a regular and predictable fashion. (At this time we had not yet seen recent 
wo'.k of Kular.5) Specifically, a gage was placed on a beam, and then the beam was deflected. Next, the 
beam was placed in an autoclave, and the pressure was raised while changes in strain were being recorded. 
Objections were raised on the lack of flexibility in this concept, so a device was constructed to load and 
unload the beam while the pressure was applied as shown in Fig. A-5. Here we see a 6-in.-OD. 3-in.-ID 
autoclave mounted on a trunnion. The ropes and pulleys permitted rotation of the device from vertical to 
horizontal and vice versa from a remote location. The strain gages are mounted on opposite sides of the 
cantilever beam shown in Fig. A-6, and the beam is fixed to a cagelike assembly, which in turn is attached 
to the head of the vessel. Thus the whole assembly can be easily slipped into the autoclave. The basic test 
procedure is as follcvs. 

First, the unpressurized autoclave is put in the vertical position, and the potentiometers are balanced to 
give a zero reading. Next, with pressure still at zero, the autoclave is rotated 90°, thus placing one gage in 
tension and the other in compression. Then the pressure is raised by a convenient amount, say 5000 psi. 
and a reading of strain is taken. The autoclave is then returned to the vertical without releasing the pressure. 
Again a reading is taken, but now pressure is increased before returning to the horizontal. The sequence can 
be seen in Fig. A-7, which also contains plots of strain as a function of pressure a would be predicted by 
Hooke's law for simple hydrostatic loading and also the data from an unloaded gage mounted on the steel 
cage. Note that the experimental data are always greater than the Hooke's law calculation. This observation 

\ 
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Fig. A-S. Aatodave ased to amstigaie the effect of bjgfc pteunre oa straia gage 

PHOTO 79557 

Fig. A-6. Capsule for loading beam in hjgh-prewire environment inside autoclave. 
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is in agreement with those of previous investigators, Gerdeen,1 for example, and represents the so-called 
pressure effect, which is a small, but positive, apparent strain due to the squashing of the gage into the tiny 
protrusions of the surface. Further discussion of the usefulness of this technique for our application is given 
below. The significant conclusion here is that the strain generated in the beam due to the rotation of the 
autoclave appears to be independent of pressure. In short, gage factor appears to be very insensitive to 
pressure, but a small pressure effect due to other causes does exist. 

Surface Roughnea and High Presrare 

While checking techniques using the same procedures as planned for the vessel tests, it was found that 
gages installed on 36-grit surfaces gave erroneous readings when subjected to high hydraulic pressure. The 
problem is clearly illustrated in Fig. A-8. A number of gages were cemented to a small flat plate which had 
four different zones of surface roughness. Thus several gages were cemented down on a 200-grit surface, 
some on a 100-grit surface, some on a 36-grit surface, and finally two on a chemically etched surface. As 
hydraulic pressure was applied, the gages on the 36-grit surface responded in a systematic but completely 
erroneous fashion. Instead of indicating increasingly negative strains, these gages indicated positive strains 
as the pressure increased. Between the other gages in the experiment there was no measurable systematic 
difference. The gages fell within a 15-pin./in. scatter band at 30,000 psi. The band is shown in Fig. A-8 t as is 
the strain expected according to Hooke's law. Note that the experimental data Ik above the predictions by 
40 jiin./in. at 30,000 psi. For the very rough 36-grit finish, however, the pressure effect is so large that the 
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small negative strains caused by the hydrosutic pressure are hidden. Evidently the 36-grit finish, which was 
desirable for high strains under atmospheric pressure, is too rough for high pressure. Hence, for gages 
internal to the vessel, we elected to use a 100-grit finish and hope that the pressure itself would hold them in 
place. 

Although the procedure described above worked wdl at room temperature, there was still some concern 
that it would fad at 130*F because both the cement and the wax were approaching their temperature 
limits. Consequently, four beams were prepared for a submergence test On two of the beams die gages 
were cemented onto a 36-grit surface and on die othen onto a 100-grit surface. Afl four beams were 
submerged in a 130°F bath for five days. The beams were then removed and promptly wrapped around a 
mandrel whie the maximum strains were being read with a digital strain indicator. The results are 
summarized in Table A-1. 

TafettA-l. 
Fnw days ia 130*F water. 910 caramt; 

1. rabbcr ceawet, DH>U wax. 

No. 1 No. 2 No. 3 No. 4 

Grit amber 100 100 36 36 
rerceat strata It 4.0 9.2 9.3 
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Waterproofing and Cementing for 130° Service 

The effort here centered on finding a technique for waterproofing that could be used in water at 35,000 
psi. After a numter of unsuccessful attempts, we consulted the Facilities Branch of the U S. Navy Ship and 
Development Onter formerly David Taylor Model Basin). There it was found that strain gages had been 
used for years under salt water at pressures equivalent to those found at the bottom of the deepest oceans. 
Also. Eastman 910 was the favored cement. The important steps in the Navy procedure were the two final 
coatings: one of metal to rubber cement and the other of a soft wax.6 The details of the procedure used on 
the ves^ls are: 

1. After the gage has been cemented down with Eastman 910, it is coated with a thin layer of Bean's Gage 
Coat No. 1. 

2. Next a layer of a metal-to-rubber cement made by GC Electronics (GC No. 35-2) is applied and allowed 
to dry overnight. 

3. Finally, a layer of BLG's Di-jeli wax is applied with a brush. The wax was melted for such an 
application, which is preferred over the more obvious approach of using a spatula because the latter may 
leave tiny pinholes. A beam u:ed in these investigations is shown in Fig. A-4. 

Lead-Through Devices 

One of the development problems to be resolved .uring the preparation for the tests of the 
intermediate-size pressure vessels was getting the strain-gage lead wires out through the head of the vessel. 
Several approaches were considered, one of which was based on a paper by Gerdeen.1 

During the course of his study of influence of high pressure on foil gages, Gerdeen found that Conax 
thermocouple glands could be adapted for use with strain-gage lead wires. Althou&h only rated by the 
manufacturer for 10,000 psi, Gerdeen had used these devices routinely to 20,000 p>i, and some of his data 
imply that he had at le«.st occasionally gone over 30,000 psi. We purchased similar de dees and tested them 
in our autoclave and found that the seals were not reliable above about 25,000 psi and therefore tried other 
approaches. In the end a commercially available thermocouple lead-through device was used. The device 
was available from Autocbve Engineering and applied a concept very similar to one in 'ented by Bridgman 
over 40 years ago.7 A photograph of the device is shown in Fig. A-9. 

As is shown in Fig. A-9, the lead-through device permits only eight wires to be brought through the 
packing. Thus if one is using a three-wire system, all available holes will be rapidly used up. Consequently, 
we elected to use a commercially available V,6-in.-diam stainless steel sheath containing three copper wires 
insulated by magnesium oxide to go through the holes in the packing. This choice, in effect, tripled our 
strain-measuring capacity on the inside of the vessel. 

The difficulties experienced with the O rings shown in Fig. A-9 are also worth mentioning. After 
purchasing several Autoclave fittings, we tested them with the small autoclave described earlier. No trouble 
was experienced in sealing the lead wire to 40,000 psi; however, during the test of the first vessel, we had 
numerous leaks at 18,000 psi, as discussed later. The trouble was attributed to two causes: the finish on the 
metal surface of the vessel was slightly rougher than en the laboratory vessel, and the mating surface was 
probably not as close to being perpendicular to the axis of the hole as on the laboratory vessei. The 
problem was quickly solved during the actual test by polishing the mating surface and by increasing the 
torque to tighten the fitting. No trouble has been experienced since. 
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Fjg. A-9. Lead-through device used for the vessel tests. 
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PRESSURE-STRAIN DATA FROM TESTS OF VESSELS V-1 AND V-2 
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23.7 137* 1372 2329 1372 • 3 2 
24.1 !427 1422 2369 1422 1419 13*5 3391* • 4 * 1331 ' 
24.7 1492 1487 2412 14*6 M S 
25.1 1544 1539 2445 1537 1561 1531 1464 2044 1855 1735 469 3221* 2044 •76 1411 
2 5 * 1646 159* 2520 1637(1636) 1607 1551(154*) 1*6711665) 1627 1542 3212 2113 I t * * 533 2979 209* 1*79 M S 147* si 

0 207 204 -34 211(211' 197 1*1(1*0) 236(235) 206 173 1492 499 3*7 126 249* 1239 4*7 33* - 2 1 I M -i 
3.1 389 385 298 391(392) 37* 355(355) 416(417) 387 346 1709 701 559 177 2821 145* 672 533 M 2SI 4 1 
«-2 564 559 615 565(565) 551 521(522) 591(592) 560 513 191* 897 743 2 2 * 3137 1670 •70 720 207 449 I I 
9.2 727 722 911 728(729) 7 1 ! 67*467*) 7534755) 722 66* 2115 1081 914 272 3218* 1*69 1056 *96 309 607 13 
12.2 89 i 885 12T5 *90(*91) S75 *34<834) 917(91*) 885 *24 2314 1264 1087 319 20*9 1241 1071 414 763 23 
15.0 104* 1043 1488 1048(1049) 1031 9*5(9*5) 1074(1075) 1042 975 2507 1442 1255 364 22*3 1422 1241 SI4 915 n 1S.2 1226 1221 1798 1223(1224) 1200 y.a 1250(1251) 1214 1143 2724 1642 1442 414 2480 1622 1430 62S 10*4 M 

[ 2 0 1 1340 1335 1993 1335(1337) 1310 12*1 1362(1363) 1325 1251 2864 1770 15*2 446 2620 1751 1550 696 1192 4 1 
22.2 1459 1454 2198 1453(1454) 1426 1374 1481(1483) 1442 1364 3013 1905 1*89 480 2769 I M * 1679 770 1304 4S 
24.0 1570 15*5 

1597* 
2388 1562 1593 1551 1469 3157 2033 ISO* 512 2913 2017 • 3 9 1409 

25.0 1626 
15*5 
1597* 24*1 1619 1649 1607 1523 3236 2099 •74 1462 

23.7 1*75 2555 1668 • 9 7 I S M 
26 0 1739 2634 1731 1769 1716 1615 3297* 902 1559 
26-6 1864 2864 1850 1*32 1694 909 1712 

2007 27.0 1991 2880* 19/8 2038 1953 1764 9 I S 
1712 
2007 

27.4 2172 21*3 
27.6 2263 2231 2247 1906 960 

1011 
3154* 

27.9 2435 2432 2256 2603 19*4 2414* 3433* 883 
960 
1011 

2S.2 2676* 2488 3439 2147 1145 
1299 
1629 

2S.3 3137* 2534 1553* J»73* 2308 1303 3466* 3035* 2*49* 
1145 
1299 
1629 2 * 5 26I4*(26I4) * 2 7 0 6 b 2931 

3037* 

1145 
1299 
1629 

'S.5 
2931 
3037* i / 46 1*04 

2 * 6 2065 
28 6 2269 2117* 
28.6 (154*)* (2253)* 2593 4 1 

*To convert microinchei ttrain (o perccnl strain, mow decimal point four places lo left. 
Computer output capacity exceeded; the datum may not be correct; uibwquent data deleted. 

A 



! ! 

i - i . data fmn vessel V-

nia at a siflfle computer scan. 
5.37.39.48.49. 51 53. 56.60.61.62.63.65.67.68. 71. 73. 74. 83.85.87.88.95.96.98.99. 101. 105. 108 

2J 
S t M ( a a L l " ( m p « * N o 

72 75 76 77 71 • I 93 94 97 100 102 103 104 106 

icycb 

14 
339 
669 
832 
991 
1143 
1294 
1450 
1604 
17*7 
1916 

- a 

I I S 
324 
6*9 
753 
sas 
1*14 
1097 
1223 
1338 
1431 
1542 
123 

4 
52 
99 
124 
146 
170 
189 
210 
229 
234 
277 

14 

23 9 
4 171 
51 338 
49 419 
88 495 
102 578 
114 651 
123 733 
134 820 
146 896 
171 978 
-41 5 

- 3 
171 
339 
421 
490 
576 
655 
736 
817 

-12 

12 
108 
212 
263 
311 
359 
410 
462 
514 
567 
619 

5 

0 6 8 
61 62 44 
120 121 88 
148 iSi 110 
175 ITS 131 
203 206 151 
229 237 170 
256 259 189 
281 284 208 
309 312 229 
i i » M I 2S2 

12 12 10 

10 

108 
127 
147 
166 
185 
204 
225 
247 
7 

11 
44 
87 
109 
129 
149 
169 
190 
210 
231 
*«» 

9 
45 
10 
i'.S 
133 
154 
174 
193 
211 
233 
256 
10 

103 
TJ 
43 
98 
171 
24; 
298 
340 
442 
504 
M S 
173 

•>2I 
)20 
-76 
) < * • 
139 
1512 
1722 
;932 

8 42 
«« 12 
n M 
86 36 
101 44 
118 51 
137 58 
156 64 

: I » I ITS 6i 
2314 |94 * 7 
Z*M m 7} 

36 21 66 

165 
6 
19 
14 
22 
36 
64 
145 
255 
318 
J72 
199 

I 

1 
8 
28 
48 
68 
88 
110 
133 
157 

I 

27 
37 
76 
96 
114 
133 
15' 
IK. 
213 
234 
256 
6 

I 
91 
T7t 
367 
452 
537 
624 
713 
so: 
893 

27 
145 
164 
178 
130 
121 
142 
302 
215 
220 
224 
181 

72 
24 
105 
79 
58 
80 
93 
94 
94 
106 
115 
164 

T* 
••"» 1 

282 
541 
649 
751 
852 
948 
1032 
1002 
1139 
1188 
21 

10 
149 
333 
413 
489 
565 
643 
724 
802 
882 
962 
8 

4 
IdO 
236 
293 
347 
402 
459 
518 
575 
630 
606 

12 

0 
343 
602 
997 
1318 
1*27 
1926 
2027 
0 

0 
298 
555 
80S 
i a . 7 
1267 
1333 
1479 
51 

1 
53 
106 
153 
202 
248 
305 
289 
4 

• cjrdr 

-run -Mm o 
338*338) 288(278) 48 
680*682) 54*4348) 102 
10*1(1003) 782(783) 149 
1313(1311) 9934993) 196 
2*S4(2*33) 1514(1515) 302 
1944 1439 
4(5) 24(24) 0 

O M O O 
ISI 169 
339 340 
496 497 
656 658 
810 814 
998 1020 
1024 1029 

18 - 1 3 

0 
108 
213 
312 
409 
510 
614 
644 

14 

5 1(1) -6(3) 
188 185(184) 116(119) 
357 351(354) 224(226) 
519 314(515) 32 *328 ) 
477 6*9(675) 424(426) 
1057 105*1034) 663(664) 
999 990 427 
8 5 (6 , 012) 

0 0 0 
61 63 44 
122 124 89 
1?7 ISO 1)0 
232 236 173 
288 292 214 
389 392 257 
362 368 269 

7 8 9 

3 2 0 
59 55 47 
124 121 91 
182 ISO 134 
237 231 176 
370 371 274 

1 

0 
42 
87 
127 
168 
208 
230 
262 
-9 

45(45) 
88(88) 
130(130) 
170(171) 
266(266) 
252 

S(-5> 

43 
88 
129 
171 
211 
254 
264 
-4 

45 
90 
133 
176 
218 
262 
275 
-10 

I 0 
48 46 
91 91 
133 135 
175 178 
272 279 

1 1 
347 250 
72* J39 
863 ' - I 

-863 1132 
863 1361 

-863 1598 
864 1468 
271 7* 

I I 2 
734 56 
750 274 

-750 $59 
-750 827 

751 1400 

i » 191 

Ow 
21 
41 
64 
82 
103 
119 
125 

31 

0 
I I 

12 
39 
57 
97 

47 

62 
45 
17 

2 
I 
38 

242* SO 
121 
165 
i n 
2 

i o 
23 0 
227* I 

37 
79 
179 

37 
77 

95 
279 

114 454 
153 634 
191 886 
232 90S 
243 
-21 

1045 
2 

I 0 
72 92 
104 278 
146 *~A 
184 635 
2SI 10M 

13 0 

24 
-242 
363 
389 
414 
417 
400 
418 
146 

-I 
-*19 
-*44 
610 
-569 
3C7 

32 0 
367 1S4 
3*8 358 
371 524 
381 647 
7*1 792 
SSI 951 
862 974 
457 JO 

I 0(0) 
460 -234-22) 
454 7(-5) 
4*0 684*4) 
460 IS2IIS2) 
361 529(52.?) 

438 

0 
167 
333 
488 
646 
799 
959 
1088 

17 

0 
178 
342 
502 
*5S 
1031 
975 

US 
237 
348 
4*2 
572 
*S8 
721 
- IS 

1(1) 

-489 460 1 9 * 106) I 

132(133) . T 'L 
24*249% - f 
34213*3* cV 
474(47S»~r* 
744(7418 ;.. 
70M7O3» ;U 
1(1) & 

F M k p 

12 -1 
1 -1 
10 9 
14 189 
19 370 
tl 345 

• 741 
3 867 
H 1000 

40(15) 
247(33*) 
599(372) 
*52(858) 
1095(1*04) 
13*4(1296) 
1538(1532) 
1*0* 
16*3 
1*75 
171* 
1735 
1787 
1833 
18*5 
1905 
1947 
1984 
2028 
2059(2045) 
2108(2091) 

3* | i3 ) 
124(11*) 
65(19$) 
131(248) 
277(295) 
38*1339) 
3*8 
379 
394 
398 
40* 
415 
425 
425 
O M 

(442) 

• c * d * 
46 
99 
147 
189 

116(100) 
403(393) 
671(651) 
900(885) 
1125(1110) 229 
1331(1125) 266 
1371(1557) 301 
1720(1705) 32* 
1871(1857) 354 
2011(1997) 
2100 
2147 
2165 
2224 
2255* 

(2239)* 

10 20(52) 
214 200)251) 
255 364(449) 
340 430(610) 
712 73*17*8) 
8*1 891(923) 
io:* 
1081 

1143 
1174 
1203 
1229 
1258 

1331 

1417 

7(74) 
1 5 * 2 * 2 ) 
2*5(334) 
217(437) 
489(534) 
5844633) 
692 

63 47 
149 145 45 
234 231 89 
292 289 132 
349 35* 173 
403 405 213 

0 
42 
St 
128 
1*7 
20* 

43 45 
85 90 
127 134 
1*7 17* 
20* 218 

1509 935 
1585 1*23(1652) 956(999) 557 610 403 397 396 40S 

1*9 207(240) 73(120) 65 105 35 37(36. 44 30 
348 3*4(421) 182(234) 127 167 83 83(83) 91 74 
519 534(595) 294; J43) 191 234 129 12*128) 137 125 
681 717(755) 395(442) 245 286 171 169(169) 178 169 
842 882(915) 496(544) 302 345 215 211(211) 221 213 
995 1037(1070) 591(639) 355 401 25$ 251(251) 261 255 
1171 1210(1243) 702(749) 415 461 299 293(293) 
1283 1322(1354) 772(819) 453 501 328 322(322) 335 331 
1398 143*1470) 844(890) 492 542 358 351(352) 
1507 911 379 
1580 945 

1653 984 
1743 
1829 1032 

2002 
2120 10"$ 
2416 1139 
2622 2194* 1183 961 
2803 
2890 1321 1339 
3283 1423 
3629 1498 1681 

0 0 0 
1 42 85 
0 81 272 
30 122 451 
72 1*1 625 
113 199 798 

113 460 2121 

96 88 531 
145 133 731 
192 174 923 
235 213 1104 
279 253 1285 
321 292 1460 

« 0 ) ! 
1 2 2 ( 1 2 2 3 / ' 
239(248* | 
353(354) -i 
444(4*»5» . 
574($-»5# i 

0 
171 
336 
495 
*54> 
SOJ 
970 
1019 

1075 
1106 
1133 
1160 
1193 
1232 
1266 

1349 

1433 
1507 967(964? 

12) 
299 
4*8 
«27 
785 
938 
1109 
1218 
1332 
1437 
1490 
;537 
1592 
1767 
2097 

2756 
3 * 3 9 l 

-*< ~m 
I OHIO*) 
224(225»"^ 
33t(33Uk 
450(4511 
560(561},; 
*87 t 
7*5 
846 

I 
4039" 507 3873 (1224)* 1602(1631) 23 928 1606* 1857(18*1) 1891 1724 2420 2110 4043* 

'541 

2738*(3 

I 



BLANK PAGE 



1 
J 

73,74.83.85.87.88.95.96.98.99.101.105.108 

77 7« 79 " t l • 2 • 4 06 (N 90 91 92 93 94 97 too 102 103 104 10* M7 109 124 125 

I 0 6 • 10 I I 9 103 421 • 42 165 1 27 1 27 72 
! 

W 4 3 2 1 ) 12 
H 61 62 44 44 44 45 72 120 40 12 6 1 37 91 145 24 202 M9 120 57 12) 174 174 
12 lie ill M • 6 07 90 43 T74 71 30 19 1 76 276 164 105 541 333 236 no 240 34) 341 
D 14* 151 I M 100 H * 11) 98 MfcS •f. 36 U 1 96 367 171 70 641 413 293 137 2*6 42* 424 
I I 17) I T t 13? 127 129 133 171 1 3 9 101 44 2 ; 20 • 14 452 130 50 751 409 347 161 )S2 504 M . 
» 20) 3 6 is; t*f 149 154 2 4 ! !J I2 I I I 51 36 40 133 S37 121 W •52 565 402 I K 44* M 3 SOI 
W 2 » 2 )2 I T * 166 169 174 290 Mil 137 5 i 64 60 157 624 142 93 941 643 459 m 464 664 • 6 0 
a 2)6 2S9 109 i t s 190 19) 34C .9)2 156 64 145 U 1(5 713 2*2 94 1032 724 S l ( 231 323 749 743 
M 2S1 204 200 3 4 210 211 442 : u i 170 61 255 110 :o 602 215 94 1002 002 S75 252 M l 0)4 025 
W 3*9 312 229 22.- 231 233 SO* 2314 194 67 310 133 234 19: 220 106 1139 (02 430 276 • M 919 9*0 
19 33* 242 252 247 254 256 600 34M 197 73 372 137 256 906 224 115 un 962 6(6 34* *«* M g l 992 
S - I J - « i *• 7 * :c - •») J O 21 66 199 1 6 ' 101 164 2 i • 12 U 15 2 4 

• 0 0 0 0 0 1 1 0 « 1 4 0 0 0 24 32 0 0 1 0 1 0 • 
» M t ) 44 42 43 45 34? ise 21 62 2 37 91 242 367 I W 167 I I I 55 121 172 171 
13 122 124 • 9 • 7 M 90 726 J39 41 45 1 77 279 *'. 364 351 333 237 110 240 343 M l 
12 177 I M 130 127 129 133 063 M l 64 17 30 114 454 309 371 524 4 0 * 340 160 353 SOS 500 
M 232 2)6 173 160 171 176 -063 l»32 • 2 242» 0» 153 634 414 501 647 6*6 462 212 469 667 6 6 ) 
M 2 M 292 214 200 211 211 -063 1 * 1 103 121 191 •06 417 701 792 799 572 262 540 •24 •19 
M 309 392 257 250 254 262 -063 un 119 165 232 9 H 400 061 951 9 ) 9 6 H 315 699 999 90S 
M 3*2 3 M 209 262 266 275 -064 I4*« 125 177 243 10(5 4 I S 062 974 toot 721 327 732 10*2 M M 
14 - 7 -• - 9 - 9 - 9 10 -272 76 31 2 21 2 146 457 -00 17 I I 6 IS - I S - I S 

•O) 3 2 0 •m 1 0 11 2 #i 2 0 , 0 1 1 (MO) 0 1(11 1 010) 1 1 
MCI 19) 59 55 47 45445) 40 46 734 5* i t 23 0 72 92 619 460 234 22> r.« 1324133) 54 131(133) 106 M 2 
MOW 124 121 91 OMOOl 91 91 750 174 12 227* 1 100 27t 644 4S9 7«-S) 342 240)249) 109 250(251) 355 351 
tso» 1*2 I N 134 130(130) 133 135 -750 S59 39 37 146 4S» 410 460 60469) 502 3624363) 161 3654)67) 520 515 
24*426) 2 )7 2)5 170 170(171) 175 170 -750 127 57 r. 104 635 -569 460 3S24IU) on 4744475) 213 4794401 > 601 675 
13466*) 370 371 274 2664266) 272 279 751 1400 97 179 211 1054 507 461 5294522) 1031 7444743) 331 752(751) i o » : M M 

n 252 4S» 975 7044703) 711 
B» - 1 - 7 - 5 - 5 4 - 5 ) 4 7 270 191 47 0 13 0 -409 460 I00( 106) 1 K l ) 2 140) 0 2 

tw 63 47 0 0 0 0 0 010) 0 0(1) 0 0 
S0(262> 149 145 45 42 43 45 1 42 •5 171 122(122) 56 ! Hi 125) 109 179 
I S O M ) 234 2)1 09 • 6 OS 90 0 I I 272 336 239(240) no >434244) 351 349 
l?*4)7> 292 209 1)2 I2S 127 134 30 122 451 495 35X354) 163 3 S * J 6 0 > 514 SI I 
M O M ) 349 350 17) 167 167 176 72 161 625 650 4644465) 2 M 472(47)) 474 • 7 0 
M » ) 3 > 403 405 21) 206 206 210 113 199 79« •03 574(575) 2*4 5S44505) • 3 1 •27 

« 
1019 

1075 
1106 
1133 
1160 
1193 
1232 
1266 

1349 

707 
742 

•59 

•97 

936 

IS 1433 974 
KW99) 557 610 40 ) 397 396 400 • 1) 460 2121 1507 967(964) 369 996(993) 1636 1636 

m») 65 105 35 37(36) 44 30 S*. U 531 123 - 2 U - 2 1 1 65 -44 -4 ) 205 1 1 * 
12(2)4) 127 167 ») « 3 t 3 ) 91 74 MS 133 731 299 103(104) - 7 122(124) 3 M 396 
M<343) 191 234 129 12«12*> 137 125 •92 174 923 464 224(225) 4 ( 244(245) 562 570 
15(442) 245 2*6 171 169(169) 171 169 235 213 1104 627 336(337) 99 351(360) 726 732 
*<S44) 302 34) 215 211(211) 221 213 279 253 1213 7*5 450(451) 152 474(476) ( 0 9 •95 
»«639) )SS 401 255 251(251) 261 255 321 292 1460 9 3 * 560(561) 201 50M5I7) 1047 1051 
HK749) 415 461 299 293(293) 1109 6(7 711 
IKSI9 ) 453 501 )2S 322(322) 335 331 1211 765 790 
I44J90) 492 542 350 351(352) 1332 (46 • 7 1 
I I 379 1437 946 
IS 1490 

1537 
9*4 

M 1592 
1767 

1030 
1051 

0 2 2097 

2756 | 

10(4 

1129 
195 3639* 1 1155 
I M 1201 

•) 961 1541 1260 
1362 

(21 1339 1417 
93 1521 
N 16(1 159 J 
•2(1*31) - 2 5 92S 1606* 1(37(1161) 1*91 1724 1420 2110 4045* 273»*<273«* 213 1647(1702 2003* 1994* 

L 
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Table B-2. Preeiure-atraJn data from veetet V-2 last - computer output 

See Fig. 7.10 for gage location 
Gaget out at beginning of test: 30,75,107 

See alio Table B-3 

Pressure Strain (gin.)* from gage No. 

<k«> 24 25 26 27 28 29 31 32 33 35 37 38 48 49 50 

First preeaurization cycle 

0 -2 -199 4 2 2 0 0 2 10 2 2 0 0 2 2 
3.8 363 1314 401 46 224 417 85 256 91 413 431 91 249 243 260 
7.8 706 1742 782 99 441 804 181 504 171 802 825 177 485 479 509 
11.9 1034 2008 1149 147 651 1184 272 748 248 1202 1218 260 720 712 755 
16.0 1363 2146 1534 194 873 1579 363 1006 315 1609 1625 349 968 956 1016 
18.0 1530 2079 1712 218 980 1766 405 1131 300 1800 1816 391 1087 1073 1140 
20.0 1690 2173 1905 240 1093 1966 451 1266 341 2008 2030 438 1215 1199 1276 
22.0 1831 2272 2095 268 1206 2165 494 1403 383 2218 2272 476 1339 1321 1412 
23.0 1869 Out 2159 282 1270 2262 544 1500 407 2339 2367 496 1428 1400 1513 
24.0 1943 2169 300 1347 2339 572 1643 Oul 2554 2776 508 1544 1503 1657 
24.4 1982 2177 300 1397 2326 591 1756 2677 2875 516 1631 1574 1767 

Second preawrltation cycle 

0 -48 Out -97 30 44 52 85 222 Out 240 351 2 138 105 213 
0 129 -165 4 85 135 101 339 157 373 16 150 114 225 
0 127 163 4 5042 133 101 159 365 150 114 
0 131 169 0 93 141 97 335 155 371 16 154 118 231 
3.9 244 244 44 308 292 198 562 587 810 73 412 371 497 
7.9 588 63) 87 522 691 294 863 992 1236 163 6SS 609 749 
12.0 917 1002 125 730 1074 385 1115 1383 1637 2S0 891 842 998 
16.0 1245 1373 167 943 1457 462 1371 2046 2015 337 1132 1077 1249 
19.9 1566 1745 212 1157 1840 554 1622 2689 2411 423 1375 1316 1503 
19.9 1562 1741 212 1165 1834 556 1618 269V 2409 421 1377 1318 1507 
22.0 3207 2788 1513 1450 
22.1 1735 1941 232 1286 2052 675 1743 3235 2812 464 1521 1458 1657 
24.0 1878 2118 248 1389 2235 706 1879 3684 2947 508 1641 1574 1783 
25.9 2066 2310 262 1534 4237 3237 1858 1769 
25.9 2074 2302 262 1542 2451 752 2126 4263 3281 550 1874 1785 2027 
27.0 2270 2415 Out i679 2630 782 2709 4779 3721 576 2098 1994 2515 
27.9 2659 2723 1860 2874 794 6113 5553 4162 643 4982 3390 5223 

"To convert microinches strain to percent strain, move decimal point four placet to left. 
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TaUeB-3. Pl i—i !»••• <•>• frot w d V-2 -
switch boxcsta 

See Fig. 7.10 for gage locatioii 
See abo Table B-2 

Prcssue Strani (JOB.)" from gage No. -
*•> 1 9 52 54 55 76 100 

First pii —ii ttmm cycle 
0 0 0 0 0 0 0 
4 380 310 220 220 210 220 
8 730 610 450 420 420 430 
12 1090 910 670 630 630 650 
16 1440 1220 890 830 820 850 
20 1790 1560 1120 1040 1050 1070 
22 1960 1750 1230 1140 1140 1170 
23 1990 1930 1310 1220 1210 1230 
24 2010 2300 1400 1300 1270 1310 
24.4 1930 2910 1470 1340 1320 1350 

Secoadpt ̂•rizatk m cycle 
0 -120 1270 120 100 60 90 
4 70 1610 370 320 300 300 
8 430 1940 600 540 510 520 
12 790 2260 830 750 720 730 
16 830 2590 1060 960 930 930 
20 1090 2920 1280 1170 1140 1170 
19.9 1130 2920 1280 1170 1140 1180 
22 1260 3120 1430 1300 1270 1300 
24 1410 3320 1540 1410 1380 1410 
26 1580 4020 1730 1560 1520 1560 
27 1820 4490 1970 1720 1670 1700 
27.9 2190 6530 3510 1920 1820 1890 

"To change microinches strain to percent strain, move decimal 
point four places to left. 



Appendix C 

CALCULATIONS OF THE FRACTURE OF VESSELS VI AND V-2 

Introduction 

One objective of the intermediate pressure vessel tests is to provide a means for determining the 
accuracy of the various methods of fracture analysis proposed for calcinating the fracture strengths of 
nuclear pressure vessels in the case of hypothetical or real flaws. The intermediate test vessels are the first of 
their size and material type to be tested with large sharp man-made flaws ana with pretest measurements of 
fracture toughness; therefore no similar data existed before these tests were performed. 

The main purpose o>' this appendix is to explain how the several values of fracture pressure, strain, 
and'or energy for vessels V-l and V-2 were calculated. It is not the purpose of this discussion to evaluate 
any of the methods of fracture analysis. Fracture calculations were made both prior to and after the tests. 
In the discussion that follows, the pretest calculations for each vessel are presented as a group followed by 
the posttest calculations. (See Appendix F for list of nomenclature.) 

Pretest Fracture Strength for Vessel V-l 

Pretest estimates of the fracture conditions for vessel V-l were made by eight methods, all of which 
differed in varying degrees. The calculations made by each of these methods are explained in this section. A 
set of input data used in several of the estimates for vessel V-1 is given in Table C-1. 

TaMeC-I. Data for fractwe 
of the HSST program •towufate test »e»d V-l 

Material A508.dass2 
forging steel 

NDT temperature, ° F +10 
Test temperature, ° F +130 
Expected fatigue-sharpened 

flaw dimensions, in. 
Depth 2.5 
Surface length 8.1 
Radius of cumture 4.53 

Tensile properties 
Yield stress, ksi 72 
Ultimate stress, ksi ?3 
Elongation, % 26 
Reduction in area, % 70 
Strain at maximum load, % 11 

Vessel dimensions, in. 
Inside radius 13.5 
Wall thickness 6.0 

Model vessel data 
Inside radius, in. 1.91 
Wall thickness, in. G.Sa 
Raw depth, in. 0.32 
Flaw surface length, in. 1.4 
Failure pressure at 130° F, ksi 32. 1 

Failure strain at r = r0. % 1.68 
Charpy V-notcn upper-shelf impact 90 

energy, ft-lb 

160 
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Fracture analysis diagram (analysis performed by J. G. Merkle, ORNL). The Naval Research Laboratory 
fracture analysis diagram,1 modified to include the effects of section thickness, is shown in Fig. C-1. For 
thick sections and a flaw surface length of about 8 in.. Fig. C-1 indicates that at a temperature 120°F above 
the nil ductility transition (NDT) temperature, stresses between the yield stress and the ultimate stress (i.e., 
the stress foi plastic instability) will be required to produce fracture. Note that Fig. C-1 does indicate some 
degree o( flaw size effect for thick sections at NDT + 120° F. 

Plastic instability (analyst performed by J. G. Merkle. ORNL). Previous analyses have indicated that for 
upper shelf conditions, the gross strain tension specimens,2 the intermediate tensile specimens tested at 
SwRl. and the model pressure vesseb tested at ORNL have failed by the plastic instability of the net section 
after various assumed amounts of slow crack growth during rising load, possibly very near maximum load. 
In the case of the gross strain tension specimens. Randall and Merkle2 have reported as much as a 25% 
increase in crack dimensions prior to maximum load. 

For a pressure vessel with an external part-through surface crack, the analysis used was similar to one 
developed by Eiber et al.3 Referring to Fig. C-2. failure by plastic instability was assumed to occur when 
the average hoop stress over a defined area adjacent to the flaw becomes equal to the hoop stress for plastic 
instability in an infinitely long unflawed thin-walled cylinder under internal pressure with closed ends. 

OftNL-DW6 7 3 - 4 1 3 1 

ft9 

CM 
STMCSS UMTATKM H 

5 no* sness 

•CO •*> •no •no • e t 0 ( « n 

«0T •20 •40 «*0 
It. TCMFCUTUMC 

•00 Hooro 

Fig. C-I. Fracture analysis diagram modified to include the effects of section size. 

OMM.-MG 73-6132 

Fig. C-2. Definition of the load-bearing area for a plasti 
instability analysis of a surface-flawed cylinder. 

2b "I 
FATIGUE SHARPENED FLAW BORDER 

B 

FLAW EXTENDED BY STABLE 
CRACK GROWTH (ESTIMATED) 
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Following ref. 4, the nominal hoop stress at plastic instability for an unflawed cylinder with closed ends 
under internal pressure can be written as 

* = oer=Q' 
° r + ° u l t 

(1) 

where 

<? = 
4/3 

H 

(2) 

and HoY is the dope of the strain-hardening branch of the stress-strain curve, assuming linear strain 
hardening. In Eq. (1), aY is the uniaxial yield stress and a' u l t is the engineering ultimate stress. The true 
ultimate stress is always given by 

a u l t = e 6 ' a ' u l t > (3; 

where e( is the true strain at maximum load in a tension test, regardless of the shape of the stress-strain 
curve. Using the tensile date from Table C-l, which are for the quarter-thickness location, 

°u;t = ( ' U "X93)=104ks i . 

Then, if the strain at the onset of strain hardening is about 1.5%. / / ~ 5, and, from Eq. (2), q = 1.07. 
Consequently, from Eq. (1), 

a g * = 1 . 0 7 ^ 7 2 ^ 9 3 ^ = 88.3ksi. 

It was assumed that the force carried by the area ABCD in Fig. C-2 would still be carried by the same area 
with the flaw present. Thus, if 

A=ABCD = (2b+t)t, (4) 

then, at failure, 

Pf-fA=ae*(A-Ac)> (5) 

where py- is the pressure at failure, ri is 'he inside radius, t is the vessel wall thickness, uAAc is the area of 
the crack. F;om Eq. (5), it follows tliat 

Pf 

o9*(l-Ac/A) 
rjt (6) 
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For these calculations, the Haw border was treated as a semiellipse, for which 

Ac = f . (7) 

Data for the model vessel tested at 130°F are summarized in Table C-1. Using Eqs. (4) and (7) and assuming 
no slow crack growth, AJA =0.184. Thus, from Eq. (6), 

88.3(0.816) „ n . . 
p r 2 25 s 3 2 - o k M » 

which is very close to the observed failure pressure of 32.2 ksi. 
For vessel V-l, some slow crack growth prior to maximum load was expected. Thus the expected 

dimensions of the fatigue-sharpened flaw (here the fatigued flaw depth was taken as 2.5 in.) were assumed 
to increase by 15% in order to estimate the size of the flaw at maximum load. Using Eqs. (4) and (7) and 
considering the estimated slow crack growth, 

-7-<"2il5J)-a»«-
A 84.6 

Thus, from Eq. (6), 

(88.3X0-752) „ . . . 
p r (2,25) = 2 9 - 5 k * 

The stress concentration method (analysis performed by J. G. Merkle, ORNL). A method for estimating 
fracture strengths at any temperature has recently been proposed by Irvine and Quirk of the UKAEA 
Safeguards Division.5 ~ 7 Their method assumes that fracture will occur when the average stress over a 
distance S ahead of the crack becomes equal to the ultimate tensile stress. The distance S is considered to 
be a material property and is calculated from the equation 

(8) 

where a is a factor of proportionality, CVN is the Charpy V-notch impact energy (ft-lb), and oY is the yield 
stress (ksi). From Fig. 1 in ref. 7, it can be deduced that 

° =fe) • (9) 

where et is the total elongation obtained from a tension test (%). From Table C-1, €t = 26%, and, therefore, 
from Eq. (9),a- 1.61. Consequently, using Eq. (8)and values from Table C-1 gives 

S = (1.30X1-61) ^ =2.26 in. 
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ORNL-DWG 73-6133 

CRITICAL LOAD 
BEARING AREA 

-CENTER OF CURVATURE 

Fig. C-3. Definition of the critical toad-bearing area for fracture analysis by the stress concentration method. 

For a part-circular surface crack, such as the one shown in Fig. C-3, equating the nominal force acting on 
die flaw area phis the strip of width S, in the absence of the flaw, to the force acting on the strip of width 
S, adjacent to the crack, leads to 

= f U_( r ' V * i - b ( ' i - » ) / r i 2 1 (10) 

where 

0i =cos *(V) (11) 

and 

^ = c o s " , (^T?) (12) 

In Eqs. (10>—(12), / . is the average gross stress at failure, fu is the ultimate tensile stress, and r, is the 
radius of curvature of the crack front. Using the data given in Table C-l, Eqs. (11) and (12) give 0 ( - 1.1 i 
radians and 0 2 = 1.27 radians. Using/,, = 93 ksi, Eq. (10) then gives 

fg = (93X0.677) = 63.0 ksi. 

The pressure corresponding to this average stress over the flaw area can be estimated by using 

"r^i-lk-280^- (13) 

Th? knee of the pressure-strain curve can be estimated in a consistent manner from the same equation used 
to calculate ihe code-allowable pressure, but with Sm replaced by oY• Thus 
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Therefore, the stress concentration method, as applied to this case by ORNL, appears to indicate that gross 
yielding will precede fracture. 

The stress concentration method (analysis submitted by W. H. Irvine, UKAEA). The UKAEA's 
application of this method of analysis (which they originated 5 - 7) differs from the ORNL application 
mainly in assumptions regarding the use of the nominal stress distribution. The UKAEA assumed that the 
nominal stresses would still be within the elastic range at fracture, so that Eq. (1) of Appendix E would still 
apply. This assumption is in contrast to Eq. (13). Secondly, instead of spph/ing the equulbrum condition 
to the entire area of the flaw and the surrounding strip of width 5, they analyzed only the incremental 
element of area containing die bisector of the flaw, within a differential angle d6, measured at the center of 
flaw curvature. Thus no stress redistribution due to yielding was considered, as it was in die ORNL analysis. 

By integration, within the angular element of area containing the flaw bisector, the following equation 
can be obtained for the failure pressure: 

pf (N2 - 1) \MI{ra -S)- 1/2J -N1 InN ( 1 5 ) 

InEq.(15), 

r « = r o - « » 0 6 ) 

N-^j. (IT) 

and 

M = rt +ra. (18) 

The input data for the UKAEA estimate for vessel V-l are as follows: 

oY = 70.75 ksi, 

/„ = 92.6 ksi, 

e, = 26.5%, 

CVN = 80 ft-lb, 

a = 2.6 in., 

rx - 5.6 in. 

The calculated values, from Eqs. (9), (8), ar.d (15) are as follows: 

a =1.65, 

S = 2.25 in., 

pf = 24.0 ksi. 

This estimate predicted failure prior to the onset of gross yielding at 130°F. 
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Gross strain phis a bulging correction (analysis performed by P. N. Randall, USAEC). This calculation 
was an estimate based on the TRW gross strain data for A 533-B steel,* some of the HSST program 
intermediate tensile test data,9 and some earlier unpublished TRW test data from 2-in.-diam surface-flawed 
tubes of high-strength steel. Figure C-4. taken from ref. 8. indicates that the critical gross strain for a tensile 
specimen containing a 2.5-in.-deep surface flaw at 130°F should not exceed 2%. This strain corresponds to 
an average stress roughly equal to the yield stress. The TRW tube failure data indicated that for a ratio of 
inside radius to thickness of 20, bulging causes about a 20% reduction in the fracture stress for a flaw 
oriented «orn»i to the circumferential stress. Assuming (conservatively) that the effect of bulging is the 
same for a vessel with a ratio of inside radius to wall thickness of 2.25, the calculated vlue of the failure 
pressure for a yield stress of 70 ksi is 

0-*>y_ (0.8X70) 
pf ^ - - O B r " 2 4 - 9 * * - <i9> 

Thus the failure pressure was estimated to be approximately 25 ksi. 
Inverse square root based on strain (analysis performed by R. W. Derby, ORNL). This estimate of the 

behavior of the first intermediate test vessel was based on the following assumptions. First, the 
pressure-strain curve for a model similar to vessel V-l (including material property variations through the 
thickness), except for flaw size, can be approximated by extending the pressure-strain curve for the models 
tested previously at 130°F, in which the flaws were located in surface material, to a strain of approximately 
2.6%, as shown in Fig, C-5. The reason for extending the curve is that the strain required to cause fracture 
initiation was assumed to be governed by the strain tolerance of center material, while the pressure-strain 
curve of the remaining ligament beneath the flaw was assumed to be governed by the flow properties of 
surface material. Second, the gross strain at failure in ? prototype is assumed to be smaller than in a model 
by a factor equal to the square root of the ratio of the dimensions. The idea is simply that an inverse square 
root law, based on strain, was assumed to be applicable for either completely ductile or completely brittle 
behavior. Thus the failure strain in the prototype was estimated from 

ORML-OWG 73-6*34 
150 

too 

1 
fit 
UJ 

I 0 
*-

-50 

-100 
0 0.5 1.0 t.5 2.0 2.5 3.0 35 
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Fig. C-4. Effect of crack size on the temperature required to achieve various levels of grow strain at maximum load, for 
TRW and SwRI data. 
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! T r 
BURST CONDITION PREOCTED 

FOR VESSEL V-1 

W* •-X A * ' 

CURVE EXTENSION FOR 
HYPOTHETICAL MODEL 

130*. SURFACE MATERIAL FLAW 
430*. SURFACE MATERIAL FLAW 
O*. SURFACE MATERIAL FLAW 
-35". SURFACE MATERIAL FLAW 
130". CENTER MATERIAL fLAW 
130*. CENTER MATERIAL FLAW 

0.5 1.0 1.5 2.0 
GROSS STRAIN (%) 

2.5 3X> 

Fjg. C-S. Comparison of model vessel text data with eqoivaleat-eaeigjr pfedictjoa aad test results for vessel V-1. 

C /P = 
-fm 

y/Wm 
(20) 

where ê _ and e<-m are the failure strains of the prototype and the model, respectively, and Bm and Bp are 
the sizes (in this case wall thicknesses) of the model and the prototype respectively. Since the prototype is 
6 in. thick and the models were 0.85 in. thick, the square rc:V of the ratio of the dimensions is 2.66. Hence 
the strain in the prototype at failure was estimated to be 2.6/2.06=0.97%. Reading from the higher cf the 
two curves obtained from the models at 130°F in Fig. C-S, the failure pressure was estimated to be 30,600 
psi. 

/ integral plus model (analysis performed by H. T. Corten, University of Illinois). This estimate was 
based on an assumed generalization of an equation recently derived by Rice1 ° for estimating the value of 
the J integral for a d:cp double-edge-notched tensile bar. An additional empirical coefficient was evaluated 
by means of model test data. Rice's expression for the /integral 1 0 for a deep double-edge-notched tensile 
bar is 

J = J ^ b i\j:'*"r-f:"»] (21) 

where Jci is identical to the elastically calculated value of Kj2/E, based on the nominal stress, crack size, 
and geometry; b is the width of the uncracked ligament; P is the load per unit thickness; and 8P is the 
plastic displacement of P due to the crack. The quantity in brackets is the difference between the real 
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plastic work and the complementary plastic work of the load P. due to the crack. For this analysis, it was 
assumed that an analogous expression exists for a part-through surface crack; so that, reversing the 
thickness and width directions, J can be estimated from 

'=^i[/:w-/ViP], (22) 

where 

' e l = 
1 .20y 2 W 

(23) 

In Eq. (23) the nominal stress has been estimated as Jhe yield stress. Note that Eq. (22) ignores any bending 
that may be caused by the eccentricity of the load with respect to the centroid of the net section. 

If the P vs 8P curve is approximated by a straight line, beginning at a yield load PY, then 

• « * J Pdbp-f 6pdP = Py6p 

(24) 

Combining Eqs. (22) and (24) thus gives 

J=J*X^PY*P (25) 

An alternate expression is obtained by substituting the expression 

k (26) 

into Eq. (22), where 5 is the total displacement due to the crack and k is the elastic stiffness. The result is 
that 

' - ' - •£[/ . ' ' *- / . 'H- (27> 

Thus the quantity in brackets in Eq. (22) also represents the same expression written in terms of the total 
displacement, because the elastic values of the real and the complementary energies are always equal. HP0 

i*. the intercept of a linear approximation to the strain-hardening branch of the P vs 6 curve with the load 
.ixis, then 

J = Jel+fP0(b-6y) (28) 

where 

5 y " T 
(29) 
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If the following definitions are adopted: 

P = PTj, 

6=** * 2*r„, , 

(30) 

(31) 

and 

n+'o 
rm= — (32) 

then using Eqs. (30) and (31), Eq. (28) becomes 

J = / e l + 7 (ce - eeY) . (33) 

At failure, Eq. (33) becomes 

•'uk='el + 

2^mriflPo 
(?6f-€$r)> (34) 

where 7 u l t is the critical value of J and eej is the critical circumferential rtrain at failure. Solving Eq. (34) 
f°I€ef g> v e s 

2wmri>Po 
(35) 

and solving the same equation for 0 gives 

0 = 
Wult - 'el) 

2n'mriPb(€ef-€eY) 
(36) 

Because the models and the prototype were not exactly geometrically similar with respect to flaw size 
and thickness, it was decided to treat 0 as a function of the ratio b/B using the expression 

0 = (b/Br , 

where B is thickness. The value of n C?JI be obtained by rearranging Eq. (37) to read 

(37) 

lnfl 
" = In (b/B) 

(38) 

Values of / u l t were calculated from compact tension specimen lozd-deflection data provided by ORNL, 
according to the following equation, also derived by Rice:1 ° 

'.»-£/*'*• (39) 
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where 6 is the total displacement of the load due to the crack and P is the load per unit thickness. Data 
from a series of 4t CT specimens and 0.85t CT specimens of IVT-1 material were a ilyzed. Evidence of 
onset of cracking prior to final fracture was found in almost all of the P vs 5 records. However, this will not 
be pursued further here. In this analysis, emphasis was placed on the value of J at final fracture, hereafter 
denoted a s / u l t . 

The series of load-deflection records were obtained from the HSST program office, and the area under 
the P vs 5 diagram to maximum load was evaluated for each record. In Table C-2 the specimen dimensions, 
P m a x , & m a x , and the measured area are recorded for each specimen. The measured area was adjusted for 
two factors. First, this area was divided by the specimen thickness B to obtain a per unit thickness number. 
Second, on approximate correction was made for the fact that the deflections 6 were measured at the front 
face of each specimen instead of at the load point. For this reason, all the areas (deflections) were divided 
by a number close to 1.48. The values of a/W were computed, and corrections were based on an analysis 
supplied by Westinghouse. The minimum and maximum corrections were 1.442 and 1.4%. However, the 
corrections for only 4 of the 19 specimens analyzed were outside the range of 1.47 to 1.49, and the average 
value was 1.48. While some questions surround this value, it appears that, at worst, only a small systematic 
error might have been introduced by this correction. The values, adjusted for thickness and deflection 
measurement point, are listed in Table C-2 in the column labeled jPdh. A value o f / u l t was computed 
from fPdb by multiplying each value by the factor 21b. The values of / u | t as a function of temperature are 
shown plotted in Fig. C-6. Data from the 4t CT specimens are distinguished from the 0.85t CT center data 

Table C-2. Compact tension specimen data for HSST intermediate vessel prolongation of vessel V-l 

Specimen T 
<°F) 

B 
(in.) 

a 
(in) 

b 
(in.) a/W max 

(lb) 
5 max 
(in.) 

Measured 
area (in.-lb) 

f0Pd& 
(in.-lb/in.) 

•'ult „ 
(in.-lb/in.2) 

4tCT 

VIB-6 0 4.0 4.10 3.90 0.512 148,000 0.070 5,280 880 455 
V1B-2 100 3.97 4.12 3.88 0.516 232,000 0.187 28,300 4800 2470 
V1B-1 120 4.0 4.33 3.67 0.541 204,000 0180 24,000 4110 2240 
VIB-5 130 4.0 4.11 3.89 0.515 227,000 0.183 27,200 4580 2350 
VIB-4 130 4.0 4.27 3.73 0.535 213,000 0190 27,800 4750 2550 
VIB-3 200 4.0 4.10 3.90 0.512 228,000 0.171 25,100 4220 2160 

0.85t CT, center 

VIB-19 -50 0.852 0 88 0.82 0.518 10,250 0.04 221 175 427 
VIB-14 0 0.852 0.89 0.81 0.523 11,350 0.059 593 472 1165 
VIB-15 100 0.852 0.88 0.82 0.517 11,400 0.121 1,090 863 2100 
VIB-17 130 0.852 0.89 081 0.522 10,950 0.124 1,085 862 2120 
VIB-18 130 0.832 087 0.83 0.512 11,350 0-131 1,200 968 2330 
VIB-16 200 0.853 0.88 0.82 0.518 11,000 0.122 1,060 840 2050 

0.85t CT, outside surface 

VIB-13 -100 0.85 0.958 0.742 0.563 8,400 0-037 162 132 357 
V1B-12 -50 0.853 0.883 0.817 0.52 10,750 0.045 266 211 517 
VIB-7 0 0-852 0.89 0.81 0.524 12,300 0.1135 1,044 833 2060 
VIB-8 100 0.852 0.87 0.83 0512 12,100 0.090 790 624 1500 
VIB-10 130 0.852 0.87 0.83 0-512 11,800 0-100 900 711 1720 
VIB-11 130 0.853 0.897 0.803 0.527 11,100 0.120 1,050 838 2090 
VIB-9 200 0.853 0.858 0.842 0.504 11,800 0.100 885 692 1640 

0.85t CT, inside surface 

VIB-21 130 0.853 0.883 0.817 0.520 11,400 0.100 975 772 1890 
VIB-20 130 0.853 0.880 0.820 0.517 11,600 0.122 1,134 900 2200 
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Table C-3. Avetage ftactue 
130°F for vessel V I 

at 

Specimens Av J^* (in.-lb/in.2) Equivalent £ „ | t (ksi >/bT) 

271 

260 
236 
248 

'Average values of two specimens for each condition. 

4t CT 2450 
085t CT 

Center 2225 
Outside 1855 
Inside 2045 

and the 0.85t CT surface data. The low value at 0°F for the 4t specimen is consistent with the data 
reported in Chap. 4. As might be expected, the surface material has the highest toughness in the 
low-temperature range. However, the surface data showed the lowest upper-shelf toughnesses. At 130°F, 
the test temperature for vessel V-l, the average toughnesses corresponding to fracture were as listed in 
Table C-3. 

Since the flaws in the models (Vl-Al-F and Vl-Al-C) used to evaluate the empirical coefficient 0 were 
located in outside surface material and the walls of these model vessels were 0.85 in. thick, Jult for these 
models was taken as 1850 in.-lb/in.2, based on the average 0.85t CT value for outside surface material 
listed in Table C-3. (Due to minor errors, this value differs from the value of 1855 in.-lb/in.2 listed in Table 
C-3, which should have been 1905 in.-lb/in.2.) The value of / u , t for vessel V-l was taken as 2350 in.-lb/in.2, 
which also differs from the 4t CT value listed in Table C-3 for unspecified reasons. 

The values of the quantities used for analyzing the model vessel test data and for estimating the failure 
strain of vessel V-l are listed in Table C-4. For the models the value of a/2c was an assumed value (the 
actual value was about 0.168). The value of <f>2 was obtained from a graph of 4>2 vsa/2c (see, for instance, 
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Table C-4. Vetoes used for/-integral 
analysis of vessel V-l 

Quantity 0.85-ir "el vessel Vessel V-l 

Dimensions 
r0, in. 2.76 19.5 
r,. in. 1.91 13.5 
r m'W- 2.34 16.5 
B, in. 0.85 6 0 
a. in. 0.32 2.6 
b, in. 0.535 34 
2c, in. 

ftopcrties 

8.25 

oy, ksi 70 70 
£". psi 3 X ! 0 7 

J •« I U 

/ult, in.-lb/in.2 1850 2350 
/gl, in.-lb/in.2 100 965 
Py,ksi 290 
To. ks« 28.5 28.5 
€Q y, in./in. 0.0019 0.0019 
e 0 y, in./iB. 0.0174 

nrooeteis 

Cak. 

0 0.0757 0.044 
a[2c 0.374 0.315 
• 2 1.875 1.65 
R 5.51 5.51 

ref. 11);* Jel was calculated from Eq. (23), and 0 was calculated from Eq. (36). The value of n was then 
calculated from Eq. (38). For vessel V-l, the values of 4>2 and JtX were determined by the same procedure. 
The value of 0 was then calculated from Eq. (37). The estimated fracture strain for vessel V-1 was then 
calculated from Eq. (35) as follows: 

= 0.0019 + (3.4X2350 - 965) 
c e / - (2X^X16.5X13.5X0.044X28,500) 

= 0.0019 + 0.0027 = 0.0046 = 0.46%. 

Since the estimated failure strain is within the range of the tensile yield point elongation, the failure 
pressure was estimated as the fully plastic (gross yield) pressure. This pressure was calculated by using the 
strain energy of distortion (also called the Von Mises yield criterion), 

2oY

2=(ol -o2)2 + (o2 -o3)2+(a3-al)2 , 

and the average stresses through the vessel wall, which were taken as 

(40) 

Q\ ~ae =P~Z~ 2-25p , 
B 

02=0 = 
ir0lr,)2 - 1 

= 0.92p, 

•Contrary to the nomenclature, 2c is used here to denote the length of a surface flaw to avoid confusion with b, the 
ligament width. 

(41) 

(42) 
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and 

Substituting Eqs. (41), (42), and (42) into En. (40) and solving forp gives for vessel V-l, 

PGY = 0A2oY. (44) 

For oY = 70 ksi, PCy~ 2^-4 ksi, which was therefore estimated to be the failure pressure for vessel V-L 
The equivalent-energy method (analysis performed by F. J. Witt, ORNL). The basic equation of the 

equivalent-energy method1'' can be written in the form 

KIcd = CodyJmd, (45) 

where C is a dimensionless shape and restraint factor determined by either model testing or elastic analysis, 
ad is a pseudoelastic stress at fracture for a specimen of size d, and ad is the flaw size in a specimen of 
thickness d. The pseudoelastic stress ad defines a point on the extended initial tangent to the gross stress vs 
gross strain curve, the area under which is assumed to be the same as the area under the actual gross stress vs 
gross strain curve at maximum load. The shape and restraint factor C for surface flaws in pressure vessels is 
presently being determined by model testing. The value of C does not always agree exactly with the value 
of the calculated elastic shape factor C, based on linear elastic analysis. 

The value of the fracture toughness parameter KIcd is determined from compact tension specimen 
d a t a : 1 3 ' 1 4 

By/W *Icd^ \ /rr , <* = *> («*) 

where Pd* defines a point on the extended initial tangent to the load-deflection curve of a specimen of size 
d, the area under which equals the area under the actual load-deflection curve at the point of maximum 
load. The other factors in Eq. (46) have the same meaning as for a conventional linear elastic calculation1 5 

of KIc. Values of Kjcd obtained from specimens taken from a prolongation of the cylindrical region of 
vessel V-l are listed in Table C-5. 

Table C-5. Summary of lower-bound toughness Kjcd v Jues 
for V-l material obtained from compact tension specimens, 

circumferential orientation 

Test Kicd (ksi V«n.) 
</ = 4, 

temperature d=0.SS, d = 0.85, rf=0.85, a n t t I 

i F) center outer surface" inner surface" 

136 
292 
285 

215,230 295,305 
280 

100 113 
-50 103 112 
0 142 214 

100 225 192.5 
120 
130 228,237 219, 202 
200 213 209 

"Surface of specimens is 7j 6 in. from surface of prolongation. 
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A value of K/cd for d s 6 was obtained by calculating the volumetric energy ratio $m _. m = 0.85, p = 4, 
from the formula 

**lcp ~ * lent Vsm.p 
(47) 

and then extrapolating the assumed linear plot oi volumetric energy ratio vs thickness to a thickness of 6 in. 
The value of the shape and restr ;nt facto; C that was used in the estimate for vessel V-l was 

determined from a modification of the data obtained from the 0.85-in.-thick models Vl-Al-F and 
Vl-Al-C, which are shown plotted in Fig. C-5 as weD as in Fig. S.7. Rearranging Eq. (45) and using the 
pressure to represent the nominal stress gives 

C = 
L/cd 

° j v w d 

(48) 

For model vesse'. with 0.85-in.-thick walls and flaws in originally outside surface material, Table C-5 gives 
an average value of KIcd = 210 ksi >/uT.. For these two models ad = 0.32 in., and based on Fig. C-5, the 
average value of ad is about 142 ksi. Based on other model data the effect on Cof increasing the value of 
a/B from 0.377 (the ratio for *he modeli) to 0.437 (the estimated ratio for the prototype) is to increase the 
value by 9%. Thus, with mis modification, the value of C used for the analysis of vessel V-l was calculated 
from Eq. (48) to be 

C = 210 
142>/032» 

-(1.09) » 1.60. 

Using the average values o(KIcd at 130°F, from Taole C-5, for d - 0.85 in. ami i = 4.0 in., 

*0 .8S.4*2.81 ' 

which in turn gives 

*0.8S.6 = 4 - ° 

KIc6 was then determine J as 

K/c6 = 231 Jo. 
6.0 

85X4.0) 
= 311 ksi >/irT 

The fracture estimate for vessel V-l was obtained from Eq. (45) wi'Ji Ktch = 311 ksi V^-» C s 1.60, anda( 

•= 2.625 in. This gave 

°P = 

311 
,60V2.625ff 

= 68 ksi 
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Estimating the initial slope of the pressure vs outside circumferential strain curve as 

the energy at maximum load was calculated to be 

c (Op)2 (6.8 X 10* ) 2 „ . . . . . . 3 

6 2£ 4 X 1 0 7 

The point on the pressure-strain curve in Fig. C-5 for models Vi-Ai-F and Vi-Ai-C at wtiicn the energy 
equals this value has the coordinates p* - 2V.6 ksi and e9, = 0.46%. 

Crack Arrest Estimate for Vessel V-l 

The pretest analyses of vessel V-l included one quantitative estimate concerning crack arrest. This 
estimate, which is quoted below, was correct. 

The NDT temperature of the vessel forging steel is the same as that of the A 533-B plate, namely, 
+10°F. Therefore, it will be assumed mat the crack arrest toughness vs temperature curve for the two 
materials is the same. Figure C-7 shows Materials Research Laboratory crack arrest toughness data for 
A 533-B steel.1 6 As shown in the figure, the value ofKIa at 130*F is estimated to be 110 ksi \/uT 

Whether or not crack arrest can occur in the test vessels depends upon whether fast fracture ever 
initiates and on the rate of decrease of pressure with crack extension following crack penetration through 
the wall t ickness. If fast fracture initiates in sound material and a dropoff in Kt does not occur, then 
crack arrest cannot occur. Discounting a dropoff in load, it is instructive to calculate the value of K!m 

required to arrest a through crack of length equal to double the vessel wall thickness at yield stress loading. 
For a thickness of 1.0 in., the required value 1 7 of KjJoY is 1.3, or K-tU - 93.5 ksi >/u7.. Note that this is 
less than the estimated value of 110 ksi VuT. at 130°F, and fast fracture did not occur in the 0.85-in.-thick 
model vessels tested at 130°F. For a thickness of 6 in., the required value ' 7 oiKjJoY is 3.1, or £ / , * 223 
ksi VST, which is greater than the estimated value of 110 ksi V>n.. Thus, if fast fracture initiates in the first 
intenrk ate test vessel, propagation to the ends of the vessel is likely. 

Posttest Fracture Strength Calculations for Vessel V-l 

Notch sensitivity analysis (analysis performed by D. Costes, CEN). This method of calculation is 
described in a paper published in the Proceedings of the First International Conference on Structural 
Mechanics in Reactor Technology.' * The calculated failure pressure was 26 * ^... 

The stress concentration method (analysis submitted by A. Quirk, UKAEA). This calculation used a 
revised set of input values. The original and revised input values are as follows: 

Grfefaul Rcviwd 

Oy,kU 70.75 72.0 
/ u ,k» 92.6 93.0 
»>% 26.5 28.5 
CVN.fMb 80 90 
a, in. 2.6 2.5 
r t,in. 5.6 4.53 
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crack front remained within 0.10 in. of the minimum thickness section of the test specimen. 

The revised elongation value is based on a gage length equal to 4 y/A, where A is tensile specimen cross-
sectional area. This adiustment is explained in more detail in the discussion to follow of the UKAEA's 
pretest estimate by the same method for vessel V-2. 

The original and revised calculated values, using the same procedure as for the pretest estimate, ?je as 
follows: 

Original Revised 

a 1.65 1.93 
5, in. 2.25 2.7 
fyk» 24.0 27.2 

The equivalent-energy method (analysis performed by F. J. Witt, ORNL). Because the pretest 
calculation underestimated the energy to maximum load and the flaws in the models from which the shape 
and restraint factor C was calculated had surface lengths exceeding, and depths less than, those 
corresponding to geometric similitude with vessel V-l, another model test was performed. This model, 
designated V2-A1-B, was fabricated from the prolongation of the cylindrical region of vessel V-2 and had its 
flaw ir outside surface material. The pressure-strain curves obtained from this model are shown in Fig. C-8. 



177 

The crack depth was 0.36 in. The actual flaw depth in vessel V-1 was 2.S6 in., thus giving a flaw depth ratio 
of 7.»0, comparea with a wall thickness ratio of 7.07. By Eq. (48), 

C = 198 
164.4Vo36lr 

= 1.132 

Substituting into Eq. (45) gave E6 = 237 psi. 
J integral plus model (analysis performed by J. G. Merkle, ORNL). Since the pretest estimates made by 

the J integral plus model and the equivalent-energy methods were nearly identical, but low in strain, and 
the use of additional model test data improved the equivalent-energy calculation, it was of interest to 
determine if these same additional model test data would also improve the J integral plus model calculation. 
Somewhat unexpectedly, the use of the additional data did not significantly change the J Integra! plus 
model estimate because the flaw geometry differences involved had already been accounted for in the 
original estimate. 

The posttest and pretest calculation procedures were identical. In the following discussion, numerical 
values not specifically mentioned are the same as those listed in Table C-4 for the pretest calculations. From 
a bilinear approximation to the pressure-strain curves for model V2-A1-B shown in Fig. C-8, the following 
values were determined: 

p 0 = 28.2ksi, 

€ ^ = 0.15%, 

eef= 2.30%. 

Fg. C-8. ItaMrc-arcuiiifereatBl-itrata cure*, 180 
from few, for model read V2-A1-B, tested at 130°F 
(flaw m awCace material). 
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The flaw dimensions for model V2-A1 -B were a = 0.36 in. and 2c = 1.15 in. The values of KJcd for the pie 
and posttest models were slightly different. Therefore, 7 u l t for model V2-A1-B was adjusted for this 
difference by the calculation 

/ u U = (jfi)2 (1850) = 1645 in,Ib/in.2. 

For the model V2-A1-B, * 2 = 1.67 and, from Eq. (23), / e l = 33 in.-lb/in.2. Then, from Eq. (36), 0 = 
0.0435, which is very close to the value originally used fcr the pretest estimate for vessel V-l, as shown in 
Table C-4. Using Eq. (38), n = 5.69, which completes the model calculations. 

The actual dimensions of me flaw in vessel V-l were a = 2.56 in. and 1c = 8.25 in. For this flaw, 3>2 = 
1.67 (the same as for model V2-A1-B) and, from Eq. (36), J e | = 946 in.-lb/in.2. From Eq (37), £ = 0.0425, 
which is not much different from the pretest estimate The value of / u U for vessel V-l ir. unchanged from 
the pretest estimate, 2350 in.-lh/in.2. Thus, using ee Y ~ 015%, Eq. (35) gives an estimated failure strain of 
0.44%, which is neariy the same as the pretest estimate. The estimated failure pressure is unchanged, 29.4 
ksi. 

Pretest Fracture Strength Calculations for Vessel V-2 

Pretest estimates of the fracture conditions for vessel V-2 were made by \\ different or partially 
different methods. The calculations made by each of these methods are explained in this section. The main 
features of several of these methods are given in Table C-6, which provides a basic frame of reference for 
comparing different methods of fracture analysis. A set of input data used in several of die estimates for 
vessel V-2 is given in Table C-7. 

Several of the estimates to be described below also made use of the same elastic-ideally plastic estimate 
of the pressure vs outside circumferential strain curve. This estimate was made as follows. In the elastic 
range, die relation between outside circumferential strain and internal pressure is given by 

~9° E ( Y 2 ~ *> ' 
(2-*>) 

(49) 

where eeo is the circumferential strain on the outside surface, p is the internal pressure, E is the elastic 
modulus, v is Poisson's ratio, and Y is given by 

ro 
7 = - . (50) 

r i 

In Eq. (50), r0 and r-t are the outer and the inner radii of the vessel respectively. Since r0 = 19.5 in. and r, = 
13.5 in., Eq. (50) gives Y = 1.444. Then using E = 3 X 10* ksi and v * 0.3, Eq. (49) gives 

p 
€$o ~ i 9 | 5 » (51) 

where p :s in ksi and eBo is in percent. 
'n several of the failure analyses for vessel V-l (see Table C-l) the tensile yield stress at the 

quarter-thickness location, at 130°F, was taken as 72 ksi. A reasonable estimate of the increase in the yield 



Table C-6. Proposed methods of fracture analysis 

Elements of MM method 
Empirical method! Analytical or semumal yttcal methods 

Equivalent energy Tangent modulus Elements of MM method Fracture analysis 
diagram 

Gross Equivalent energy 
Strain (model) 

Elastic fracture 
mechanics 

J 
integral 

Stress concentration 

yttcal methods 
Equivalent energy Tangent modulus 

Crack tip fracture criterion Kl'Ktc Jl'J/c S-1.31 . ( £ ) ' " * />,:» *f\fp « const x Kc 

Critical load condition 
Stress and Raw 

die (graphical) 
Strain, flaw 

she. and 
thickness 
(graphical) 

Energy: Ep"-2-

K,c - Cafy/ii Jic'fr,w<ty 

(For SEN) 

Klal * <V>/"*5 

Site effect condition 

Stress and Raw 
die (graphical) 

Strain, flaw 
she. and 
thickness 
(graphical) 

Energy: Ep"-2-

1 
1 NA» 

Numerical Depends on flaw 
site,/ 

KiC(f determined 
directly or 

film 
V'm.rf 

Raw sice a, and l:

t/t'n Site effect condition 

Stress and Raw 
die (graphical) 

Strain, flaw 
she. and 
thickness 
(graphical) 

Energy: Ep"-2-

1 
1 NA» 

Numerical Depends on flaw 
site,/ 

KiC(f determined 
directly or 

film 
V'm.rf 

( & • ' • < " > ' 
Partial restraint condition Thickness (graphical) 

Strain, flaw 
she. and 
thickness 
(graphical) 

fm>p depends on 
thickness (graphical) ( & ) ' • • " " « • 

KiC(f determined 
directly or 

film 
V'm.rf 

( & • ' • < " > ' 

Loading and geometry 
act audition 

Strain 
gradient 
(graphical) 

Em from model; no 
effect on i ^ 

C Numerical Equilibrium stress 
model 

c Cu"r{z)v 

Subte crack growth 
coadHiaa 

2 5 * stable 
crack 
growth 
(upper 
shelf) 

Estimate from test dat* 

*0 
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TaMeC-7. Valves ased for fnctne aaaiyses 
of the HSST propaa iatemediate tert vend V-2 

Material A 508, cUss 2 
forging steel 

NDT temperature, ° F +10 
Test temperature. ° F +32 
Fxpected fatigue-sharpened 

flaw dimensions, ir -
Depth 2.5 
Surface length 8.1 
Radius of curvature 4.53 

Tensile properties 
Yield stress, ksi 75 
intimate stress, ksi 97 
Tctal elongation, % 22.2 

Vessel dimensions, in. 
Inside radius 13.5 
Wall thickness 6.0 

Chirpy V-notch impact energy, ft-lb 42 
Fracture toughness, A/ c ,« ksi •\/inT 184 

a Not valid. 

stress due to a decrease in the temperature from 130 to 32°F is 3 ksi. Therefore the value of the yield stress 
used in several of the fol'owing calculations was 75 ksi. 

The pressure vs outside circumferential strain curve for vessel V-l underwent a sudden decrease in slope 
at a strain exactly equal to the uniaxial yield strain of 0.24% (see Fig. C-14). The pressure at this strain was 
28.2 ksi. The co-responding pressure for vessel V-2, which will be called the gross yield pressure, was 
estimated simply as 

P G y =^§(28.2) = 29.4 ksi. < 5 2> 

This pressure was considered to be a sufficiently c'ose estimate of the failure pressure if failure occurred 
after gross yielding. A bilinear estimate of the pressure vs outside circumferential strain curve for vessel V-2 
is shown in Fig. C-9. 

Fracture analysis diagram (analysis performed by J. G. Merkle, ORNL). Referring to Fig. C-l, the 
fracture-analysis diagram for thick sections indicates that an 8-in.-long flaw can cause fracture at a stress 
about equal to five-eighths of the yield stress at a temperature 22°F above the NDT temperature. Whether 
the fracture analysis diagram represents static or dynamic conditions in this case was rot certain, but a 
conservative interpretation was that fracture prior to the onset of gross yielding was predicted. It should be 
noted that the A508, class 2 forging steel in the cylindrical region of vessel V-2 was considerably tougher 
against static initiation near the NDT temperature than the A533, grade B, class 1 steel plate tested 
previously under the HSST program. 

Referring to Fig. C-3, it can be seen that a reasonable estimate of the ratio of the average nominal stress 
in the region of the flaw to the internal pressure in the vessel is 1.9. Thus ths estimated failure pressure was 
calculated as 

%Oy 

P / ' - y ^ - * 24.6 ksi, 

which corresponds to an outside circumferential strain of about 0.13%. 
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The stress rorcentration method (analysis performed by J. G. Merkle, ORNL). The computing 
procedure for this method was the same as it was for vessel V-i. From Table C-7, the input data for vessel 
V-2 are as follows: 

o y = 75 ksi, 

/„ = 97 ksi, 

et = 22.2%, 

CVN = 42 ft-lb, 

a -, 2.5 in., 

rj = 4.53 in. 

The calculated values from Eqs. (9), (8), and (10) are as follows: 

a = 1.175, 

S= 1.26 in., 

fg ••= 49.1 ksi. 

The predicted gross stress at failure in the region of the flaw, 49.1 ksi, i& 66% of the yield stress, very 
close to that predicted by the fracture analysis diagram. In the elastic range, the pressure is related to the 
gross stress in the region of the flaw by the same relationship used for the fracture analysis diagram, 
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namely, 

'•IT ( 5 3 ) 

Equation (S3) gives a failure pressure of 25.8 ksi, which is less than the gross yield pressure. Thus the stress 
concentration method, as applied by ORNL to this case, predicts failure prior to the onset of gross yielding, 
at 32°F. The outside circumferential strain corresponding to the estimated failure pressure is approximately 
0.13%. 

The stress concentration method (analysis submitted by A. Quirk, UKAEA). Although the equation 
used by the UKAEA to estimate the failure pressure of vessel V-2 was rederived, it can be shown that the 
result is identical f.o Eq. (15), which was used for vessel V-l. As in the posttest calculation for vessel V-i. an 
adjustment was made to the total tensile elongation value supplied by ORNL. The purpose of this 
adjustment was to convert the reference gage length of the elongation value from that used experimentally 
by ORNL to a gage length equal to Ay/A, where A is the tensile specimen original cross-sectional area. The 
latter gage length was used originally by the UKAEA in developing the stress concentration method. The 
gage length adjustment appears io be based on the equation 

c , 2 =ln 1 + _ ( e c " _ i ) _ i) (eu-i) 
L.Q2 V *-02 

(54) 

where L0l and L02 are die first and second gage lengths respectively, en and et2 are the first and second 
values of the total elongation iespectively, and e, is the engineering strain at necking in a tension test. 
Equation (50), which can be derived in a straightforward manner, is based on the logarithmic definition of 
total strain. For the 0.505-in.-diam tensile specimens tested by ORNL, L0\ is 2.25 in. andZ, 0 2 = 1.79 in. 
Using e,- = 0.10 and etl = 0.24 (note that this value differs from the value use-l in ORNL's analysis), Eq. 
(54) gives e / 2 = 0.265, which agrees with the value used by the UKAEA for their analysis of vessel V-2. 

The input data for the UKAEA estimate for vessel V-2 are as follows: 

ffy = 72ksi, 

/„=96ksi , 
e, = 26.5%, 

CVN = 40ft-lb, 
a - 2.625 in., 

r, = 4.53 in. 

The calculated values from Eqs. (9), (8), and (15) are as follows: 

a= 1.65, 
5 =1.775 in., 

Pf = 23 ksi. 

This estimate predicted failure prior to the onset of gross yielding at 32°F. 
Notch sensitivity analysis (analysis performed by D. Costes, CEA). This calculation was ba>ed on ref. 

18. The estimated failure pressure was 24.0 k s \ 
Fracture mechanics (analysis performed by J. G. Merkle, ORNL). A first estimate of the value of KIc at 

32°F for the A508, class 2 forging steel in the cylindrical region of vessel V-2 was made from the data 
obtained previously for vessel V-l. Scaling from the 4t CT curve in F:g. C-6, the value of / u | , at 3 2 o p is 
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1050 in.-lb/in.2. From the equation 

* / c = > / ^ u l t , < 5 5 > 

the calculated value of KJc is 178 ksi \^nT. A second estimate was made from additional 4t CT data 
obtained for vessel V-2, which are shown plotted in Fig. C-10. Scaling from the curve in Fig. C-M), the 
estimated value of KIc4 at 32°F is 190 ksi \Z5T. Since the iwo estimated values are only 7% different, then-
average value, 184 ksi \/u7., was considered to be a good estimate o(KIc at 32°F. 

The flaw dimensions used in this analysis are those which define a part-circular surface crack with a 
fatigue-sharpened depth of 2.S in. and a total surface length of 8.1 in. The value of the elastic shape factor 
for this flaw, as given by Eq. (8) of Appendix E, is 0.863. In the fracture mechanics analyses to follow, the 
value used was 0.9 unless otherwise stated. This value considers, at least implicitly, tfie effect of the plastic 
zone size and the back face free surface effect. Thus, referring to Eqs. (8) and (10) of Appendix E, the 
adjusted expressions for Kt are 

Kj = Q.9osy/ia , (56) 

where as is the outside circumferential stress, or 

Kj= 1.66 p V w \ 

where p is th« internal pressure. 

(57) 
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Before making a fracture mechanics calculation, it was considered instructive to investigate whether or 
not fracture was likely to occur under fully plane strain conditions. This was done by calculating the flaw 
size and the thickness required for fully plane strain fracture, according to the ASTM E-24 validity 
criterion, which is 

•>® a&B>2.5[-^\ . (58) 

Using K/c = 184 ksi VuT and aY = 75 ksi, the ratio Kjc/oY is 2.45, and the required value of both a and B 
is 15 in. Since the actual flaw size and thickness were both considerably less than this value, fully plane 
strain fracture was not expected. Thus a calculation based on the assumption of plane strain conditions was 
expected to be conservative, if properly interpreted. 

Assuming plane strain conditions, a failure pressure wis calculated by rearranging Eq. (57) to read 

Krc 

1.66 V™ 

where py-* is the failure pressure calculated by linear elastic analyses. Using KIc = 1P4 ksi VET. and a = 2.5 
in., the calculated value of p** is 39.6 ksi, well above the gross yield pressure of 29.4 ksi. Thus failure was 
expected to occur after the onset of gross yielding, at a pressure equal to or only slightly greater than 29.4 
ksi. The strain at failure was calculated (it was assumed conservatively) from Eq. (51). Using the calculated 
value of p/*, the calculated value of strain at failure is 0.207%. This was expected to be an underestimate of 
the strain at failure. 

The Martin-Marietta Corporation empkical equation (analysis performed by J. G. Merkle, ORNL). 
Recognizing that the occurrence of yielding in the region of a crack causes a reduction in constraint near 
the crack tip, Loechel and Lubahn19 proposed an empirical equation for estimating strain tolerance that 
increases the elastically calculated value by a factor that depends on the nominal plastic strain that is 
expected to occur near the crack ut fracture. This multiplying factor has a value of 1.0 in the elastic range 
and a value greater than 1.0 if plastic strain exists at fracture. For the case of failure at the gross yield load, 
this equation can be written in general form as 3 0 

1-e -Ve .* 
xre*-t—ir-T' < 6 0 > 

1 l - e * / e „ * 
where A,- is the total strain at failure, 6* is the elastically calculated strain at failure, € Y is the gross yield 
strain, and fB* is a characteristic strain of the material. From Eq. (51) the gross yield strain is 0.154% (this 
is the strain at the knee of the curve in Fig. C-9). From ref. 20, the value of €„,* for A533, grade B, class 1 
steel is 0.37%, and this value was used for vessel V-2. From the preceding linear elastic fracture mechanics 
calculation, the value of e* is 0.207%. Substituting all the above values into Eq. (88) gives a value of As 
equal to 0.274%. This value was also considered to be an underestimate of the fracture strain that would 
occur in vessel V-2, due partly to the fact that Eq. (60) was developed from bending test data, in which the 
effect of the strain gradient is to maintain a higher degree of restraint in the transition region than would 
exist in a specimen under reverse strain gradient or tension at the same surface strain.8 

Fracture mechanics with (3Ic correction (analysis performed by J. G. Merkle, ORNL). A still less 
conservative estimate of the strain at failure was made by estimating an increase in the effective fracture 
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toughness due to specimen dimensions insufficient for full restraint. Irwin's equation for making this 
estimate is 2 ' 

* c ^ = VTTI4^7, (61) 

where 

(KIcloY)2 

Equations (61) and (62) were based mainly on data from specimens containing through-thickness cracks. 
However, for specimens containing part-through surface cracks, a modified definition of 0;c seemed 
appropriate. In a through-cracked specimen, the distance from the point of greatest restraint on the crack 
tip to the nearest free surface, not including the crack surface, is 5/2. In a surface-cracked specimen, the 
corresponding distance is a, unless the crack depth exceeds half the thickness. Thus it seemed appropriate 
to replace B with 2a in Eq. (62), sc that the definition of f}fc used for this analysis was 

Plc = ^ (63) 

Since Klc\aY = 2.45 and a = 2.5 in., Eq. (63) gives 0 / c = 1.2. Equation (61) then &vesKc/KIc = 1.74. 
Multiplying the elastically calculated value of fracture strain, 0.207%, by 1.74 gives a less conservative 
estimate of the outside circumferential strain at fracture, which is 0.36%. 

Gross strain (analysis performed by J. G. Merkle, ORNL). The gross strain approach js, at present, a 
direct experimental approach to the problem of estimating the strain at which fracture will occur, due to a 
flaw of given size and shape, under specified conditions.2 To apply this approach, it is necessary to have 
experimental data for the flaw size and temperature of interest. The intermediate tensile tests performed 
under the sponsorship of the HSST program at the Southwest Research Institute mee* this requirement 

ith respect to flaw size. However, because the vessel forging material appears to have a greater static 
icture toughness at a given temperature below the upper shelf than die plate material from which the 

intermediate tensile test specimens were made, it is necessary to determine the test temperature of an 
intermediate tensile specimen at which the fracture toughness was the same as that of the vessel forging 
steel at 32°F. It has been found that the fracture toughness of the A 533-B plate material used for the 
intermediate tensile specimens can be estimated from the equation17 

K!c AT 

where AT is a material constant, T„ is a characteristic temperature of the material, and T is the test 
temperature. Using T„ = 125°F andv4r = 125 in.'' 2'°F, the temperature at which the value of KIc/oY 

becomes equal to 2.45 is 74°F. An intermediate tensile specimen (No. 5) was tested at 75°F.9 This 
specimen had a flaw depth at maximum load of 2.53 in. The stain across the net section was measured by 
two displacement gages, one on each side of the specimen, as shown in Fig. C-l I. As shown in Fig. C-12, 
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gage 1 ; dicated a strain of 0.521% at maximum load, and gage 3 indicated a strain of 0.442% at maximum 
load. The average of these two strains is 0.48%, and this strain was considered to be a good estimate of the 
outside circumferent- J. strain at failure in v^asel V-2. 

The tangent modulus method (analysis performed by J. G. Merkle, ORNL). The tangent modulus 
method is jr. incremental elastic-plastic method of fracture analysis that is st»U under development. The 
method is a direct extension of linecr elastic fracture i.iecharics, and it uses a fracture criterion based on 
the value of K,c. The crack tip stress and strain are assumed to be related according to an equation derived 
by Neuber, namei/, 

K& = Kt2 . (65) 

\ 
A 
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where Ka and A e are the actual stress and strain concentration factors, respectively, and Kt is the 
theoretical elastic stress concentration factor. The innovation in the analysis is that Ka and Kf are written 
in incremental form, so that 

dS Ka - ^ (66) 

and 

where a ?jid S are the notch tip and tne nominal stresses respectively, and e *nd > are th^ notch tip and tht 
nominal strains respectively. The combination ci Ecs. (65), (66), and (67) k-ads to the following 
differential equation: 

(68) 

in which En and Fg are the tangent moduli at he notch tip and in the gross sectior respectively. Equation 
(68) is kno vyi as the tangent modulus equatioii. Using the expression 

K, - icjl, (69) 

in which C is the fracture mechanics shape factor, a is crack depth, and p is the c.ack tip root radius, Eq. 
(68) can be rewritten to read 

<feV£=2CvS" / / < * * • (70) 

Integrating Eq. (70) produces values of the quantity €y\/p, in which e> is the crack tip strain at fracture. 
The quantity Cfyfpxs called the notch ductility factor. K3 va'ue is directly proportional to the value of KIc, 
ana thus it can be used as a failure criterion. 

Calculations based on the tangent modulus method had been made previously for t'.ie first series of 
longitudinal intermediate tensile specimens. It was found necessary to use an estimate of the Haw size at the 
onset of instability, as measured either from the specimen itself or from a photograph of the specimen, in 
order to calculate a fracture load close to the measured fract.ire load. As yet we have no way of calculating, 
theoretically or empirically, how much stable crack extension will occur prior to the onset of unstable 
fracture. Figure C-13 shows the comparison between calculation and experiment. The agreement is good in 
all cases. Especially noticeable is the fact that all the specimens tested at +100°F can be distinguished from 
each other on the basis of flaw size alone. Note in Fig. C-13 that the depth of the flaw in specimen 4 at 
maximum load appears to have been between 2.25 and 2.80 in., ins^ad of the posttest estimate of 3.45 in., 
concerning which there is some doubt.9 Further elaboration oi. the details of this method is not warranted 
here, b;:» a more complete description of the method wll follow if it proves to be accurate for the analysis 
of the interme Jiate ve.isels. 
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made by the tangent modons method. 

A fracture strain calculation by the tangent modulus method was made for intermediate tensile 
specimen 5, which was considered to be an adequate gross strain model of vessel V-2, as discussed 
previously. The flaw depth used was 2.S0 in., thus considering some stable crack growth, and the value of 
the elastic shape factor C was taken as 0.95. The calculated value of the net section strain at fracture is 
0.521%, which, as shown in Fig. C-l 2. is the same as the value indicated by gage I on the specimen. 

Linear strain interpolation (analysis performed by R. W. Derby. ORNL). This prediction was based on 
the assumption that for the material and flaw size giveii, the failure strain varies linearly with temperature 
over the range of strain between 0.20 and 0.92%. Assuming that the lower value of strain occurs at 4°F and 
the upper value occurs et 130°F, the estimated failure strain can be calculated as 

€^=0.20 + (32 - 4) 
( 1 3 0 - 4 ) 

M 0.92 0.20) = 0.36T 

The failure pressure was estimated from model test data (see, for instance. Fig. C-8) as 29.5 ksi. 
The equivalent-energy method (analysis performed by F. J. Witt. ORNL). This estimate w u made 

without recourse to a shape and restraint factor by applying a volumetric energy ratio due to a change in 
temperature to the value of the energy to maximum load measured in vessel V-l. A 4t compact tension 
specimen was tested at 32°F, ihe test temperature- for vessel V-2, giving a value of A ' / f 4 equal lo 200 
ksi>/uT.. This value was assumed to be equal to A / r 6 - The volumetric energy ratio due to a decrease in 
temperature from 130 to 32°F *vas calculated from tq. (47) to be 

' A - / C 6 ( - I 3 0 ° F V 
I JO,32 
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Assuming that the volumetric energy- ratio for compact tension specimens and for pressure vessels is the 
same, the energy to maximum load in vessel V-2 was estimated to be 

h\ <«. 32°F = — = ^ = 99 in.-lb/in.3 . 
*« 30.32 * " * -

The pressure .i.id strain at failure were estimated from the pressure-strain curve for vessel V -1 , shown in Fif r 

C-14. by finding the point on the curve up tc which the area under the curve equals 99 in.-lc/in.3. This 
point, shown in Fig. C-14. identifies a pressure of 28.S ksi and a strain of 0.43%. 

A check on this estimate of energy to maximum load was made by means of a shape and restraint factor 
calculated from the test data from model V2-AI-F, which was tested at 32°F (see Fig. C-15,. Using Eq. 
(48). 

C = 
t94 

|70V/0345JT 
= 1.10. 
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For vessel V-2, the flaw depth was estimated to be 2.56 in., so that Eq. (45) gives 

°6 = 
200 

1.10>/l567r 
= 64.2 ksi. 

The energy at maximum load was calcuhed as follows: 

_. _ ° * 2 _ ( 6 . 4 2 X I Q 4 ) 3 . , ^ . .... 3 

EK = -—7 = — T-1— - 02in.-lb/m. 
6 2£ (4X 10 7) 

Note that the value of E' used in the latter calcu.ation, 2 X iO7 psi, does not agree exactly with the ratio 
Pyle9Y f° r m o a > l V2-A1-F, which was 1.80 X 10* psi. 

Crack Arrest Estimate for Vessel V-2 

Since the NDT temperature of the vessel forging steel is the same as that of A 533-B plate, namely, 
+ I0°K, it was considered probable that the two materials have nearly the same crack arre:t toughnesses as a 
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function of temperature. Referring to Fig. C-7, it can be seen fhat the "/alue of the crack arrest to ghness, 
Kja, at 32°F is about 70 k;i\/in.. This value is less than half the estimated value of the static fracture 
toughness and considerably less than the value of Kja at 130°F. Thei^ore, crack propagation following 
initiation was considered to be a certainty, and the formation of' xne or more fragments during propagation 
was even considered possible. Both predictions were correct. 

Posttest Fracture Strength Calculations for Vessel V-2 

Fracture mechanics (analysis performed by P. Riccardella, Westinghouse, PWR Division). This analysis 
is, in principle, die same as the pretest fracture mechanics analysis for vessel V-2. The two analyses differ 
only with respect to the particular methods used for estimating the elastic shape factor, for defining the 
nominal stress, and for approximating the nonlinear part of the pressure-strain curve. The flaw was analyzed 
as a part-through semielliptical surface flaw, and the stress was assumed to vary linearly through the wall 
thickness. For this case, the crack tip stress intensity factor can be estimated1! from the equation 

*/ = omMm V ^ y | + °bMb \frj^ > (71) 

where am is; the membrane component of the stress field, ab is the bending component of the stress field, Q 
is a parameter mat accounts for both the flaw shape and the plastic zone size correction, Mm is the 
membrane correction factor, the value of which can be determined from Fig. C-16, and Mb is die bend­
ing correction factor, the value of which can be determined from Fig. C-17. The value of Q was calculated 
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Fig. C-16. Membrane correction factor for surface flaws. 
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from the equatio. 

Q = V- 0.212 g ) (72) 

The value of <I>2 can be calculated from the equation 11 

& = 1 + 4.593 (*r • (73) 

w .ere a is the crack depth and 2b is the surface length of the crack. The memhiane stress was calculated 
fiom 

o m = — = 2 . 2 5 p , (74) 

and the bending stress at the outside surface *as calculated from 

°b = ~0SP (75) 

The latter equation is justified by the fact that the difference between the circumferential stresses at the 
inside surface and at the outside surface, in the elastic rang-, is always numerically equal to the internal 
pressure. 
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For vessel V 2, the flaw dimensions were issumed to be a = 2.5 in. and 2b = 8.0 in. Thus, a/26 = 0.3125 
and ait = 0.4167. Thus from Fig. C-16, Mn = 1.15, and from Fig. Q-\l,Mb = 0.52. Substituting these 
values into Eq. (71) gives 

K-I 6 5 7 

— = ̂ - . (76) 

Equation (76) holds only in the linear .unge jf the pressure-strain curve. However, it was assumed that up 
to gross yield,p could be replaced by p* in Eq. (76), thus giving 

Kj 65"* 
n* ./FT' ^ ' 

where, following Eq. (51), 

p*=l92e0o, (78) 

and e0o is the a:tual outside surface circumferential strain. 
The pressure for initial yielding at the inide surface was calculated frc m the Von Mises yield criterion, 

Eq. (40). For a Mick-walled cylinder with closed ends under internal pressure, the initial yield pressure pY 

is given by 

\ V 3 / ' PY^^vi-y-w)* (79) 

where Y is defined by Eq. (50). Assumin \ a yield stress of 67 ksi and using Y = 1.444, Eq. (79) gives 

pY =(0.3X67)= 20.i ksi. 

From EQ (78), the strain at initial yielding is 0.104%. 

The condition for gross yielding was assumed to be 

oY(A-Ac) = pGYjA (80) 

wnere A and Ac are the gross area and the crack area respectively. Thus, 

*"-H)S- (8" 
The gross area was calculated from 

A=lt = (6*X6> = 40rf in.2 , (82) 
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and the crack area was calculated from 

g . ^ 1 5 X 4 . 0 , . | S 7 | n i 

c 2 2 
(83) 

Reierring to Fig. 2.1, the length dimension / in £q. (82) is seen to be the sum of the length of the 
cylindrical section plus the inside radius of the bottom head, taken to the nearest inch. Substituting the 
values from Eqs. (82) and (83) into Eq. (81) gives 

pc Y = (0Ally67) = 28.6 ksi. 

The strain at gross yielding was estimated, by inspection, ft cm the uniaxial stress-strain curve shown in Fig. 
C-18. The strain at which the yield point elongation at the lower yield stress level begins is approximately 
0.25%. This strain was estuiiated io be the outside circumferential strain at the onset of gross yielding in the 
vessel. 

The foregoing equations were used to calculate the values listed in Table C-8. The term p was replaced 
by p* for calculating the values of am, Kj, and e6o. The values listed in Table C-8 were then used to plot 
the two curves shown «r. Fig. C-19. The lower curve in Fig. C-19 is a curve of Kj vs eeo; the upper curve is a 
plot of real pressure p vs eeo. The upper curve was constructed by plotting the two points for initial 
yielding and gross yielding, as estimated previously, and then drawing a straight line down to the ongin 
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Fig, C-18. Tensile stress vs strain curve for vessel V-l material. 
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Table C-8- Quantities calculated for vessel V-2 by the 
Westinghous: fracture awchvacs analysis 

(ksil 

10 
20 
30 
40 

•m 
(kii).Eq (74) 

22.5 
45^ 
67.5 
90.0 

Q. Eq-(72) 

1.7 
1.6 
1.5 
1.5 

dciiVST). Eq. (77) 

50.1 
103 
160 
213 

(%), Eq. (78) 

A052 
0.104 
0.156 
0.208 

from the initial yield point, a horizontal line to the right from the gross yield point, and a curved line by 
eye between the initial and the gross yield points. 

Fracture toughness data from compact tension specimens of the aciuxl pressure vessel material 
indicated that at the vessel test temperature (32°F), KIc ranged from 160 tc 200 ka v̂ in~.. Using die lower 
curve in Fig. C-19, th»s f.acture toughness range was used to estimate a failure strain range. The failure 
strain range was then transferred 10 the upper curve in Fig. C-19 to estimate the range of real pressure at 
failure. The predicted ranges of pressure and strain at failure are listed in Table C-9. 

Equivalent-energy method (analysis performed by F. J. Witt, ORNL). A* discussed in Chaps. S and 8, 
the potential of a yield point effect was investigated in the model vessel tests. Essentially it was not 
recognized prior to the test that the model vessels would sxhieit behavior similar to that of gross strain 
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Table C-9. Failure predictions by Westtnghouse, 
vessel V-2 

Lower bound Upper bound 

Failure pressure, psi 

Outer surface 
hoop strain 
at failure. l7c 

25.000 

0.16 
27,000 
0.19 

specimens. In fact, only two such failures in pressuic vessels had been obtained prior 10 the lest of vessel 
V-2. Subsequently a model vessel was tested with special care to obtain as much strain as possible at the 
gross yield pressure. The results are shown in Fig. C-20. It may therefore be logically argued that, within the 
scatter band of toughness data, vessel V-2 did indeed exhibit rJic behavior calculated by the 
equi/alent-energy method. More specifically, it is very doubtful that the vessel at failure would follow the 
decrease in toughness below 32°F. Most likely it would fail at the same pressure at perhaps as much as 50° 
below the test pressure. (See Appendix H for additional discussion.) 
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Fig. C-20. Presttire-circumferential-strain curve 180° from flaw for model vessel tested with emphasis on discerning 
the yield plateau (model vessel V2-A1 -E). 
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The Martin-Marietta Corporation empirical equation (analysis performed by ' . G. Merkle, ORNL). The 
solo reason why this prediction is different from that of the first fracture mechanics analysis was that the 
assumed gross yield strain of 0.154% was less than the elastic ally calculated fracture strain of 0.21%. 
However, ai, analy tical elastic-plastic analysis of the vessel wall performed since the test indicates that the 
actual outside circun fcrential strain at the gioss yield pressure is 0.22%. Therefore, the Martin-Manetta 
Corporation empnkal equation should also have agreed with the linear elastic frac'ure mechanics analysis. 

The tangent modulus method (analysis performed by J. G. Merkle, ORNL). The flaw in vessel V-2 was 
subject to nearly a plane strain condition, due to the effect of axiai stress in the vessel wall, and the fracture 
strain estimates based on a ratio Kc/K/C greater than unity were unconservative. Therefore the 0/ c 

correction, which was used to estimate the ratio Kc/K[c in both the second fracture mechanics calculation 
and the tanger.t modulus analysis, was suspected of not properly considering the effects of biaxiality for a 
surface flaw. Note, however, that the tangent modulus analysis, using the 0/ c correction, did agree with the 
intermediate tensile test data for specimen 5. Apparently, by this analysis, tensile specimens do not 
adequately model pressure vessels because of a difference in the transverse restraint conditions. Noting this 
difference, then the gross strain estimate for vessel V-2 was eliminated. Removing the 0 / c correction from 
the tangent modulus analysis produces a irracture strain estimate of 0.19%, with no adjustment for 
differences irl yield stress be' veen the plate avd the forging material. Removing the $jc correction from the 
second fracture mechanics analysis also makes it the same as the first fracture mechanics analysis. 
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TabfcZM. h i M i m n w d a t a t u r n m o d a l w w i V 1 A 1 A 
(wmtl V-l »roionfe»'<OM) 

Sea Fia;. 54 f o r r - f tooliom 
Tet' tempc.Kt** 130* F 

F!s~ sjjs: •»«§«&. i .4 in..dcptn,0.52 in 
Flaw location center material 

Press** rYtmwedrop* Strain tea.)* at m y No. 
<P»> <P*> t 2 11 12A I2i 13A l » 13C 15 

0 3 0 3 J 1 3 0 3 0 
3.000 190 50 130 150 110 150 170 150 170 
6,000 370 90 260 240 310 290 300 210 300 
9j000 630 140 430 470 510 4«0 500 4M 500 

124)00 M0 ito 570 630 660 630 650 630 650 
.SjDOO 1.060 220 710 790 110 790 610 790 110 
11.000 1.300 270 •60 950 970 950 990 950 990 
21.000 1.620 320 990 1.110 1.140 1.120 1.140 1.110 1.130 
234)00 2.250 440 1.090 1.260 1.240 1.260 1490 1.250 1470 
23jOOO 4140 500 1.210 1.410 1.460 1.510 1.540 1.470 1.490 
264X30 t.7C0 570 14t0 1.610 1.510 1110 1.720 1140 1170 
214100 250 16J00O 920 O50 1.770 1.410 1.950 2.170 2.140 1.960 
27.500 250 19.740 1.230 1.410 1J40 1.770 2,260 2.710 2.760 i.320 
2SJ0OO 300 22.900 1.430 1.560 1J40 1JU0 2140 3.990 4490 3.740 
24.400 450 26450 2.140 2.110 2.160 ijao 6^40 7310 1.310 71S0 
21,500 400 27.410 2.550 3110 2.7SO 1.960 1.140 9.410 9J40 •100 
29^)00 500 31.140 3.22C 6.920 5.310 2J30 10130 11>60 11100 10130 
29.750 550 37.660 4 120 94170 1.210 6110 13150 13140 14.450 13.430 
30.750 :so 50455 5.520 H150 124)70 114173 17.590 11120 11470 17400 
31.400 500 67.350 6,910 13.770 14160 14.7>0 204?0 21.710 21440 20.130 
31.750 550 121.170 •4M0 14.120 16.510 16.540 22.43C 23120 234)60 21.940 
32.200 700 117.510 9450 15.430 11.060 11.110 24.150 25.400 24100 23140 
31.750 •50 U4.1S0 11,970 14.550 11.340 11.460 24.690 25.970 25.320 24.160 
31300 26.100 

I f ptastk deformation occur* afttr a prasvrr it acme***). (Jw prccn** lerfwrcs by U\e er*o»nt fetad; snen information 
« u aoi always rtrftrdtirf 

*To convert inkroincnes strain to percent strain, move decimaJ poini four placet to left 
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Tibte D-2. h n w n t n k data front model *,*•* V. M-B 
(ve*el V I fnkm+tior, 

See Fig. 5.4 for gsgc JccslioiU 
Test temperature: 0*F 

FUw size: length. 14 in.;depth. 0.32 in. 
Fuwn tocation: near surface material 

Pressure Strain Odu.)* at gage No. -

<p») ~~i i il i2A 12I H A i l i ilc iT 

0 2 3 7 S -2 0 0 7 * 
>» 15.000 917 218 652 75* 745 753 755 758 756 

22,000 1.400 326 945 1.120 1.114 1.122 1.111 1.120 1.124 
0 57 -2 -35 -4 -15 -13 -9 -12 -14 

15,000 751 
22.000 1.406 327 939 1.114 1.104 1,116 1.120 1.128 1.126 
27,000 2.610 601 1.204 1.570 1351 1332 1326 1360 1316 
28.000 3,750 66* 1.276 1.721 1.70S 1.666 1.648 1.714 1440 
29.000 5.500 632 1.326 1.984 1.916 1J10 1.778 1.872 1,770 
29300 12500 1160 1.120 5390 9390 1410 1450 \J190 1420 
31.500 20^00 2430 2.210 13.SO0 11.300 6.090 3430 4490 3380 
33.000 27300 345C 6.490 18300 12400 11400 9.630 10,900 8470 
35,000 70,000 7440 11.100 28400 26.200 19.100 18.100 17.100 16.400 
34300 5.240 18.600 

*To convert microinches strain lo percent strain, move decimal point four places to left. 

file:///J190
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Table D-3. Pressure-stna data fro* Model vend Vl-Al-C 
(vessel V-l protoagario*) 

See Fig. 5.4 for gage locations 
Test temperature: 130° F 

Flaw size: length, 1.4 in.; depth, 0.32 in. 
Flaw location: near surface material 

fVessure Pressure drop" Strain Qtin.)* at gage No. -
(psi) (psi) i 2 11 12A 12B 13A 13B 13C 15 

0 10 -3 -3 -6 5 -6 -7 -2 - 1 
1.500 109 25 72 86 85 81 82 85 90 
3.000 220 4? j 40 I W 

1 / 4 
1 9 1 t o e i7 i 

4300 316 62 201 235 234 237 234 240 248 
6.000 431 88 270 315 317 323 320 325 333 
7300 533 107 337 397 394 400 399 403 410 
9.000 ©46 128 406 474 474 484 482 485 490 

0 26 -8 -19 -13 -8 -12 -6 -5 - 2 
1300 126 14 46 66 68 68 64 73 75 
3.000 239 39 125 156 156 156 152 161 162 
4300 333 58 190 230 227 235 230 234 241 
6.000 436 84 258 306 309 316 315 316 322 
7300 541 101 332 388 389 398 396 396 400 
9.000 646 126 406 472 473 485 478 485 489 

10.000 715 137 450 523 526 536 531 537 541 
IljOOO 7SS 148 490 572 573 585 580 585 592 
\2j00Q 849 160 530 618 623 634 633 634 638 
13.000 924 178 580 687 680 688 684 689 693 
14.000 993 188 618 731 725 739 733 740 743 
15.000 14370 206 662 788 787 792 788 792 801 

0 39 -22 -47 -36 -17 -30 -29 -22 -21 
3.000 250 21 99 132 139 141 141 143 148 
6.000 446 63 230 276 292 292 290 295 305 
9,000 659 108 376 452 457 462 460 463 470 

124W0 173 153 521 620 620 633 627 631 635 
15.000 993 196 650 770 770 783 780 782 785 
16.000 1.140 209 697 825 820 834 833 833 838 
17.000 1.206 221 736 875 869 867 882 887 890 
114)00 1.292 238 781 930 930 945 938 947 950 
19.000 1364 247 818 973 976 995 988 994 994 
20.000 1.452 266 860 14)40 1.032 14)50 14)48 14M8 1350 
214)00 13*4 285 900 1.096 1.0*6 1.106 1.104 1.108 1.108 
224)00 1.720 314 957 1,174 1.176 1,174 1.174 1.190 1.190 
234)00 1536 352 14)14 1.248 1.256 1.242 1354 1368 1362 
244)00 234) 442 1.150 1.410 1,410 1.330 1350 1.390 1.308 
254)00 3.290 623 I.I 50 1390 1385 1,470 1310 1370 1310 
26.000 200 5330 586 1.240 1,730 1.780 1,610 1330 1360 1310 
27J0O0 200 9.460 736 1370 2.450 2.410 1.750 1,750 1300 1.750 
21.000 400 11.200 1320 1.120 64)00 5,170 1330 1330 1340 1310 
294)00 500 26J600 3,370 2.480 12.700 12.800 3340 2,700 1360 2310 
29.600 500 29.700 4.190 4330 14300 14.700 5340 4360 3320 4390 
30.200 too 33.700 4.780 5.940 16.700 16.700 7.710 74)50 5360 6330 
30300 500 37JWO 5330 6380 18.200 18.300 9330 94M0 7»«40 8,180 
30300 500 43300 64)20 7350 19300 20.100 11.400 114)10 9300 10300 
31 300 500 534)00 74)60 94)50 njoo 22.400 13,300 12.700 11300 11.700 
31.750 450 76,600 9.130 10360 25,300 25300 15.700 15300 14300 144)00 
32.200 700 9*400 13J0OO 10.100 27.300 27.600 17.100 16300 15300 15.300 
324)00 

•If ptasiic deformation occurs •flat a pressure it achieved, tht pressure reduce* by the amount listed; such information 
was not always recorded. 

•To cower! mkrointhr* rtram .»serosal strain, move decimal pofau four places to left. 

file:///2j00Q
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Table EM. PTesnue-strain data from modd vessd Vl-Al-D 
(vend V-l protoagatio*) 

See Fig. 5.4 for gage locations 
Test temperature: 130°F 

Flaw size: length, 1.4 in.; depth, 0.33 in. 
Flaw location: center material 

Pressure Pressti re drop" Strain (jtin.) at gage No. -

(psi) 
Pressti re drop" 

1 2 11 12A 12B 13A 13B 13C 15 

0 - 3 5 6 3 6 6 5 5 4 
3,000 198 63 157 167 178 175 175 173 177 
6,000 392 106 298 329 335 333 333 323 334 
9,000 613 155 454 499 509 508 C t a 

- 1 1 

12,000 799 196 583 642 660 662 662 654 664 
15,000 984 242 721 800 813 814 816 807 819 

0 38 9 -10 - 5 12 7 4 2 8 
5.000 359 88 241 266 278 27"> 275 276 280 

10,000 682 170 486 549 546 553 554 546 554 
15,000 991 242 723 788 828 813 815 804 817 
21,000 1,472 332 993 1,128 1,146 1,133 1,141 1,130 1,152 
22,500 1,746 367 1,060 1,226 1,250 1,232 1,284 1,232 1.248 
27,500 17,400 1,076 1,560 1,780 1,808 2,540 3,300 2,580 3.430 
28,000 250 20,000 1,480 1,770 1,900 1,930 4,280 5,700 4,540 6,170 
28,250 21,000 1,770 2.8JO 1,970 1,890 5,810 8,760 7,320 8,510 
28,600 350 23,200 2,230 5,590 2,410 1,980 9,330 10,700 10,300 10,300 
29,250 450 27,800 2,970 8,400 4,490 3,190 13,000 13,700 13,200 12,700 
29,900 33,300 3,760 11,100 7,600 7,680 15,500 16,400 15,800 15,200 
31,000 400 47,400 5,490 14,400 13,000 13,200 20,200 21,000 20.300 19,700 
31,700 300 65,900 7,320 15,800 15.30C 17,100 23,100 24,400 23,300 22,800 
32,000 500 99400 10,700 16,100 17,000 i 9,100 25,100 26,600 25,400 24.900 
32,300 26,600 

I f plastic defcrmation occurs after a pressure is achieved, the pressure reduces by the amount listed; such information 
was not always recorded. 

*To convert microinches strain to percent strain, move decimal point four places to left. 

Table D-5. Pressure-strain data from modd vend Vl-Al-E 
(vesad V-l piolonption) 

See Fig. 5.4 for gage locations 
Test temperature: -35° F 

Fawsize: length, 1.4 in.;depth, 0.31 in. 
Flaw location: near surface material 

Pressure Strain (M»n.)a at gage No. -
(p») 1 2 11 12A 12B 13A 13B 13C 15 

0 0 0 0 0 0 0 0 0 0 
5,000 290 50 220 250 240 250 260 260 230 

10,000 590 130 460 490 490 500 510 520 490 
15,000 900 200 690 750 750 750 770 780 740 
18,000 1,100 250 330 910 910 920 930 930 900 
21,000 1.300 300 970 1080 1060 1080 1100 1100 1060 
23.000 1.480 330 ")60 1190 1180 1190 1210 1210 1170 
25,000 1.840 410 1170 1340 1330 1330 1360 1260 1310 
26.000 2.150 500 1250 1450 1450 1430 1460 1460 1420 
27400 3.220 600 1350 1640 1660 1580 1620 1610 1560 
29^00 8,790 710 1490 2250 2380 1840 1880 1830 1810 
30.000 12,100 840 1500 3240 2870 1920 1950 1860 1880 
30400 16.840 1290 1480 5750 4030 1930 1930 1810 1900 
31.000 20400 2080 2200 9950 9060 1870 1820 

T o convert microinches »tia'n to percent ttiain. mow decimal point four places to left. 
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Table 1X6. Pressure-strain data from model vessel VI-A 1-F 
(vessel V-I protonprJoa) 

See Fig. 5.4 for gage locations 
Test temperature: 130° F 

Flaw size: length, 1.4 in.; depth, 0.32 in. 
Flaw location: near surface material 

Pressure Pressure drop" Strain pun.) at gage No. -
(psi) (psi) \ \ H J ^ j^5 J ^ [^ ^ J7 

3,000 200 60 160 150 170 1?0 170 150 150 
6.000 380 100 290 300 320 320 330 330 310 
9.000 590 150 440 460 490 490 500 500 480 

12,000 800 200 600 630 650 650 660 660 640 
15.000 990 240 720 770 800 800 810 800 790 
18,000 1,200 290 860 930 960 960 970 970 950 
21.000 1,470 340 1,020 1,100 1,140 1,150 1,150 1,140 1,130 
23,000 1,800 390 1,130 1,250 1,290 1,300 1,300 1,290 1,270 
25,000 100 2,790 640 1.250 1,480 1,530 1410 1410 1,490 1.480 
26,000 100 4,640 610 1,330 1,690 1,720 1,640 1,650 1,650 1,630 
27,000 200 7,600 740 1.410 2,000 2,000 1,770 1,790 1,800 1,760 
27,500 200 10,300 860 1,420 2,570 2.430 1,840 1,830 1,870 1,820 
28,000 400 13,840 1,040 1,390 3420 3,200 1,860 1,830 1,900 1,800 
28400 500 18,410 1420 1,320 6,340 6,850 2,000 2,150 2,420 1,910 
28400 400 19,330 1,720 1,490 8,320 8410 2,160 2,440 2,840 2,150 
29400 500 24,670 2,840 5,030 13,480 13,400 5,880 5,710 6,890 5,030 
30,000 550 27,020 3,320 6,960 15,050 15,040 8,020 7,680 8,690 6,750 
31,000 550 34,990 .460 10,100 18,990 18,980 11,850 11400 12,250 10,230 
31,800 490 55,470 7,230 13,620 24,820 24,800 16,740 16,430 17,020 14,990 
32400 1100 111,700 12400 13,920 28440 28,360 19,300 19,000 19450 i 7,450 
32,000 19,000 

'If plastic deformation occurs after a pressure is achieved, the pressure reduces by the amount listed; such information 
was not always recorded. 

*To convert microinches strain to percent strain, move decimal point four places to left 

Table D-7. Pnwure-firsin data from model vend V2-A1 A 
(vea*: V-2 prolongation) 

See Fig. 5.10 for gage locations 
Test temperature: 32° F 

Flaw size: length, 1.15 in.; depth, 0.35 in. 
Flaw location: center material 

Pressure Strain pan.)* at gage No. -
(P«) ~ 1 2 3 4 5 6 7 

0 30 30 40 40 4C 40 30 
10.000 670 540 580 580 580 590 580 
20,000 1.300 1,010 1.090 1.090 1.090 1.100 1.090 
25,000 1.920 1.250 1.390 1.380 1.400 1.420 1.410 
27,000 3,030 1.400 1460 1480 1.600 1,610 1.610 
29.000 11.210 1.650 1,810 1.960 2,210 2.530 1.910 
31.000 20.0*0 3.380 1.940 4.090 6.190 7,75 r 2.250 
31400 22.420 7,790 1.940 9.340 *042G 11.240 5410 
32400 27.400 10.870 2.440 12.870 13.820 14.330 9,260 
32400 32.990 13,260 6.220 15.640 16.620 17.180 11.920 
33.000 39,070 15,350 10,950 18.120 19.140 19.830 14.360 
34.000 43,970 16.670 13.170 19,750 20.830 21.620 16.020 
34400 51,360 18.370 15.720 21310 23,070 24.040 18.170 
35,000 59,490 19450 17400 23460 24,770 25.830 19.730 
35.000 Out 20300 19.850 25450 27,180 28.450 21.990 
3S400 27.940 

*To convert micromches strain to percent ttrain, move decimal point four places to left. 



Table D4. Pressure-strain data from model vessel V2-A1-B 
(vessel V-2 prolongation) 

See Fig. 5.10 for gage locations 
Test temperature: 130°F 

Flaw size: length, 1.14 in.; depth, 0.36 in. 
Flaw location: near surface material 

Pressure Pressure drop* Strain (MJn.)* at gage No. -
(psi) (r>si) i 2 3 4 5 6 7 8 9 10 U c 12 13 14 15 16 17 18 19 

0 30 20 20 20 20 20 30 20 20 Out 30 30 30 20 20 20 20 20 10 
S.000 320 270 290 290 290 290 290 300 290 370 2V0 240 290 270 220 280 270 210 
10,000 610 510 550 560 550 550 550 570 550 710 550 4-;o 550 530 420 540 520 400 
15.000 8*0 750 810 820 820 820 810 850 810 1,070 820 650 810 780 620 810 760 590 
20,000 1.170 1,000 1,090 1.100 1,100 1090 1,090 1,140 1.100 1,470 1,100 880 1,100 1,070 840 1,100 1,050 810 
23.000 1.380 1.160 1.270 1,290 1.290 12S0 1,260 1,340 1,250 1,790 1,260 990 1,270 1,210 940 1,260 1,200 920 
25.250 1,610 1.310 1.480 1.500 1,500 Out 1,440 1,580 1,410 2,290 1,410 1100 1,460 1,360 1040 1,450 1,340 1020 
26.200 1.770 1,410 1.620 1,620 1,640 1,590 1,750 1,510 2,630 1,510 1140 1,570 1,460 1090 1,570 1,430 1070 
27.700 2.3SO 1.570 2.760 1,880 1,930 2,550 2,350 1,720 4,710 1,720 1230 1,810 1,650 1200 1,800 1,620 1150 
28,i00 3.370 1.590 4.710 2,010 2,i60 4.110 3,440 1.890 7,250 1,930 1280 2,000 1,810 1270 1.940 1,760 1210 
29.200 6.440 1.520 8.680 3.400 3.71C 8,020 6,860 2.980 14,610 3,330 1530 3,830 2,900 1660 3,4 "J 2,580 1600 
29,500 9.870 1.620 10.790 6,480 6,660 10.090 9.520 3,990 19,250 4,190 1790 5,500 3,830 1870 4.720 3,320 1790 
30.200 11.480 2,190 12.250 8,100 8.380 11,610 11.330 5,090 22,840 4,930 2110 6,880 4,600 2090 6,020 4,030 2000 
31.000 12.980 4.180 14.240 9.980 10,400 13,610 12.920 6,230 26,590 5,620 2590 8,540 5,520 2360 7,640 4,950 2340 
31.600 15,600 8,320 17,600 13,020 13,610 16,920 15,800 8,040 33,480 6,710 3300 11,220 7,140 2940 10290 6,570 3030 
32.400 400 18.ISC 10.120 19.840 14,970 15,650 19,120 18,340 9,600 Out 7,810 3780 12,970 8,360 3390 11,980 7,720 3490 
33.000 700 20.590 11.460 21.720 16,5 0 17,320 21,010 20,860 11,180 9,020 4250 14,450 9,330 3800 13,410 8,750 3900 
33,200 500 22.090 12.140 22.710 17,410 18,180 21,910 22,120 11,990 9,640 4480 15,140 9,830 4020 14,070 9,240 4100 
33.500 600 24.050 12,870 23,f30 18,410 19,220 23,130 24,040 13,190 10,570 4820 16,060 110,490 4310 14,950 9,900 4360 
3\900 26.280 13,530 25.170 19.410 20,250 24,320 26,140 14,450 11,560 5160 16,950 11,130 4600 15,810 10,530 4620 
34.200 900 31,170 14,680 77,570 21.290 22,170 26,660 30.770 17,070 13,560 5880 18,630 12,520 5140 17,410 11,700 5110 
34.100 700 35.010 15.120 28.860 22,270 23,180 27,880 34,430 18,930 lb, 090 6400 19,490 12,960 5440 18,230 12,310 5350 
34,700 23.940 

"If plastic deformation occurs after a pressure is achieved, the pressure reduces by the amount listed; such information was iiot aiviys recorded. 
*To convert microinches strain to percent ttrain, move decimal point four places to left. 
cPossible loose gage. 
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Table D-9. Pressure-strain data from model vessel V2-A1-D 
(vessel V-2 prolongation) 

See Fig. 5.10 for gage locations 
Test temperature: -55°F 

Flaw size: length, 1.15 in.;depth, 0.36 in. 
Flaw location: near surface material 

Pressure Strain \uin.f at gage No. -
(psi) i 2 3 4 5 6 7 

0 0 20 0 20 0 0 0 
5,000 350 250 260 260 230 240 250 

10,000 730 490 520 520 490 500 500 
15,000 1,060 710 750 760 740 720 720 
20,400 1,550 960 1,030 1,040 950 960 960 
24,000 1,870 1130 1,280 1,230 1,210 1,130 1,160 
26,000 2,250 1250 1,460 1,390 i,370 1,320 1,310 
28,000 2,880 1380 1,630 1,560 1,550 1,500 1,490 
28,500 1,650 1,630 1,580 
29,000 1,690 1,670 1,620 
29,300 4,010 1510 !,870 1,760 1,730 1,690 1,690 
30,000 1,870 1,830 1,780 
30,200 1,960 1,910 1,860 
31,000 6,240 1650 2,530 2,110 2,040 2,000 2,380 
31,500 2,240 2.220 2,150 
32,000 2,490 2,530 2,500 
32,500 3,020 3,090 3,490 
32,000 13,720 1600 6.430 3,350 3,780 4,300 6,550 
32,500 3,700 4,300 4,980 
32,500 17,350 1630 8,570 5,510 6,350 6,590 9,060 
33,000 19,450 1690 9,860 7,090 7,810 7,960 9,950 
33,400 73,350 11,880 9,260 9,810 9,560 11,610 
33,300 26,220 4220 13,640 10,960 11,430 11,100 13,260 
34,300 20,900 6580 15,250 12,430 12,880 12,470 14,770 
33,600 Out 7090 15,540 12,660 13,100 12,670 14,410 
34,500 8520 16,690 13,740 14,190 13,730 14,960 
34,700 14,340 

flTo convert microinches strain to percent strain, move decimal point four places to left. 

file:///uin.f
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Table EM 0. Pressure-strain data from model vessel V2-A1 -F 
(vessel V-2 prolongation) 

See Fig. 5.10 for gage locations 
Test temperature: 32° F 

Flaw size: length, 1.14 in.;depth, 0.36 in. 
Flaw Icc-ition: near sulfate material 

Pres«?re Strain (^in.)a at gage No. -
(rsi) j 2 3 4 5 6 7 

0 20 20 0 0 10 10 0 
12400 970 630 67C 680 680 670 670 
25,000 2,150 1,230 1,390 1,360 1,390 1,340 1,360 
27,500 2,840 1,410 1,670 1,610 1,640 1,650 1,620 
29.000 4,810 1,580 2,020 1,870 1,890 1,960 2,460 
30400 10,810 1430 5,160 2,190 2,270 3,330 7,820 
31,000 15,170 1,620 8,350 4,560 4,440 6,050 10,460 
32,000 20,880 2,370 10,770 7,370 7,290 8,620 12,120 
32,000 27,870 5,150 13,160 9,700 9,690 10,830 14,250 
33,000 32,720 7,760 14,900 11,360 11,350 12,470 15,920 
33,000 Out 9,W0 17,080 13,470 : 3,470 14,590 18,100 
33,500 11,530 19,080 15,360 15,350 16,410 20,080 
34,000 12,150 19,950 16,170 16,170 17,360 20,960 
34,500 12,880 20,960 17,110 17,100 18,340 21,980 
35,000 13,630 22,130 18,170 18,160 19,450 23,130 
35,500 14,700 24460 19,720 19,710 21,090 24,910 
35400 15,730 Out 21,380 21,350 22,810 26,820 
36,000 16,370 22,500 22,490 24,030 28,200 
36,000 16,770 23,430 23,410 >5,020 29,330 
36,500 2^.860 

T o convert microinches strain to percent strain, move decimal point four places to left. 



Appendix E 

CALCULATION OF TEMPERATURES FOR DEMONSTRATING THE NONFAILURE 
OF THE HSST PROGRAM INTERMEDIATE TEST VESSELS 

In March 197 2. the HSST Program Review Committee suggested that the testing plan for each 
intermediate test vessel should include a demonstration cf nonfailure, under the maximum pressure 
permitted by the new fracture control provisions of Section 111 of the ASME Pressure Vessel Code,1 at 
temperatures to te selected. Conditions in the vessel tests are not actually as severe as those assumed in the 
new Code pre.' isions, because the vessel tests are static "ijtiation tests instead of crack arrest tests. Thus, 
two temper?iures were calculated. The fust is a tempcature based on an underestimate of the static 
initiation fracture tcugh*ic$s of ihe vessel forging steei, and the second is a temperature based on the ASME 
Code lower-bound reference toughness curve, which is a lower bound to the existing crack arrest toughness 
data for A 533-B steel.2 The fact that the drop-weight NDT temperatures of the vessel forging steel and of 
A 533-B plate are the same indicates that the crack arrest propei^s of the two materials are probably 
similar. 

The procedure for making these calculations was tc first determine the Code-allowable pre^ure for the 
vessel without a flaw and then to determine the lowest temperature at which this pressure could be applied 
if the reference flaw was of the iize intended for the tests of vessels V-l and V-2. 

Stress Analysis of the Cylindrical Region 

In the cylindrical region of vessels V-l and V-2, halfway between the ends, the state of stress under 
internal pressure in the elastic range is virtually the same as for an infinitely long thick-walled hollow 
cylinder with closed ends. This fact has been verified by comparing the analytical thick-walled hollow 
cylinder solution with a finite-element analysis of the vessel.3 Thus the equation for the circumferential 

ORNL-CWG 73-6150 

2.84 

1.84 

0 69? 

Fig. El. Circumferential stress distribution in the cylindrical region of vessels V-l and V-2. 
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stress is 

irdrf * i 
°e=P——2—r. (0 

where r,, r0, and r are the inside, outside, and general radii, respectively, and p is the internal pressure. 
Equation (1) is shown plotted in Fig. E-1, which also shows a linear estimate of the elastic stress distribution 
in the outer half of the vessel wall for use in estimating the elastic stress intensity factor. The outside diameter 
of the vessel is 39 in., and the wall thickness is 6 in. 

Cod£-AI!owab!e Pressure 

The Code-allowable pressure for a cylindrical vessel is determined by the general primary membrane 
stress intensity, which is defined by 4 

pR p 

t 2 

where 

R=n (3) 

and 

t = r 0 - n . (4) 

Thus, setting S = Sm, the allowable primary membrane stress intensity gives 

p " 1 = ] / ( y - T ) + i / 2 ' < s ) 

where 

v-r° Y=~. (6) 
w. 
• I 

For the intermediate vessels, Sm - 26,700 psis and Y = 1%; so that p a l ! = 9710 psi. Note that for the 
3-in.-diam model vessels tesied earlier,6'7 Y = 1% andp a | | = 9430 psi. 

Elastic Stress Intensity Factor 

Vessels V-l and V-2 each contained a part-through surface flaw, projecting inward from the outside 
surface, normal to the circumferential direction, in the test area of the vessel, as defined in Fig. 2.1. Each 
flaw was machined as a part-circular notch having a depth of 2 in., a surface length of 8 in., and a radius of 
curvature of 5 in., as shown in Fig. E-2. After fatigue sharpening by cyclically pressurizing the notch 
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8.10 in. 
0RNI-DV6 73-H5* 

OUTSIDE 
/SURFACE, 

J> 
1 r - r0 

7/777////, 
TAT«UE SHARPENED CRACK 
BORDER (ESTIMATED) 

Kg. E-2. Flaw geometry ued for stress ateaatv bctnr aaalvw of W M I S V- l tad V-2. 

Table E-l. VrineswBd 
the vatae of A'/for veM 

IbrcalaMttMf 
tb V I Md V-2 

Quantity Value Source 

*C<*> 0.904 Refi Hand 12 

* i < « > 0.760 Reff. Hand 12 

OQIOS 
1194 Kig- E-l 

C, -a)lc 0.677 

rxlc 151 

8-1 0 cavity, 0 ' 1" it was estimated that the flaw depth would be 2.5 in., the surface length would be S.10 in., and 
the radius of curvature would be 4.53 in., also as shown in Fig. E-2. 

Numerical solutions for the stress intensity factor for a part-circular surface crack in a plate have been 
obtained by Smith and Alavi.1' For a linearly varying stress field, the value of Kt is given by* * 

Ki ̂ — f— yfm as\ ) - (— 
• ) • 

r. -a lM*) + (H?* (B) > . (7) 

where r, is the radius of curvature of the crack front, a is the crack depth, c is half the plate thickness, and 
o s and o 0 are 'he front surface and the midthickness stresses respectively. The functions ^ o(0)*nd ^i(0) 
determine the variation of Kj around the perimeter of trw flaw. For the flaw geometry shown in Fig. E-2, 
the maximum value of Kj occurs at the deepest point of the flaw. Tab! £-1 lists the values of the 
nondimensional term* :;i tq. (7) for vessels V-l and V-2. Using the values given in TaWe E-l. Eq. (7) 
reduces to 

Kj = 0.863af \fira . (8) 

file:///fira
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From Fig. E-l. 

so thai 

Fof>"<??IOpst amU • 2.5 w». A> • 43 2 k*»\^n. 

Frsclifft 

These calculations wtfp.-nade p*K* to ihe test M vessel VI using the sialic if-'<<u*e toughness data 
obtained from precfacked Cha»>^ .yecunem of vessel V-1 material, shown plotted m F«. 4.13. These data 
may be used directly, however, ji •»*; gaumed that the static fracture toughness w a function of 
temperature could be repress ;c4 £y toe afe**?*)*' * 

Ktc * t 
* -—-. ( l i t 

Equation (11) can be rearranf :d to give 

TmTm A t ~ <*2> 

From data on A 533-B tieel. if was assumed that AT • \ 35*F \^m. From the vesad V. I prepacked Charpy 
data shown ptuted in Fie. 4.13. it *as assumed that T^ • »50*F. and from Fit. 4.4 if was conservatively 
assumed that o r * 6$ kst. Equation (12) thus becomes 

r - 5 0 135 — H3) 

The lower-bound crack arrest fracture toughness was estimated frjm Fig. F-3. which was taken from 
reft. I and 2. The NOT temperature for the A 50B-2 forging steel in the mid thickness region is • Iff F (see 
Table 4.3). The equation for the fracture toughness curve in Fig. F-3 is 

*,*> * 26.8 • 1.22 exp 0.0145 f (T * r m , T ) • 160 p I HI 

Equation (14) can be rearranged to grve 

T RTHtyj = 6 ° l n i - ~ 22.0j 160 (15) 

The minimum temperatures for full prtssurisation. as governed by static initiation and crack arrest 
conditions, were determined from hqs. (13) and (15). respectively, fw specified values of A'/r 
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At design pressure. 9710 pu. the value of K, is 4^.2 lest Vm.. Using a safety factor1 of 2.0, the value of 
A / c must be equal to or greater than 86.4 ksi >/»!. Using Eq. (13) or Fig. 4.13 directly for static initiation 
conditions gives a value for T of about -50°F Using Eq. (IS) or the Klt curve in Fig E-3 directly for crack 
arresi conditions and RTH DT "HO*Fgivesa value for T of about 120°F 

For hydrotestmg.> the pressure is 1.25 times design pressure, but the safety factor is l.S. Thus the 
minimum value of Ktt is 1% times 43.2 ksi >/inT = 81.0 ksi \/in., which is not much different from the 
previously determined value for operating conditions. 
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Appendfa r 

NOMENCLATURE FOR AITENDIXES C AND E 

Cross-sectional area, in. 2 

v'rack area, m1 

Material parameter. *F /̂in~. 

Crack depth, in. 

Crack depth in a specimen of tut d. in. 

Thickness, in. 

Thickness of a specimen ci size d. in. 

Half the surface length of a pan-through suffice Haw. m. 

Ligament width, in. 

Fracture mechanics shape factor, dimenskmless 

Ourpy V-notch impact energy, ft-lb 

Half the t&cfcness of a plate, m 

Empirical coefficient, in. "* 

Modulus of elasticity, ks: 

Initial siope of a pressure vs strain curve, ksi 

A defined energy per unit volume, up to maximum load, in a specimen of sized*, psi 

Ta&gent mothitus away from the notch tip. ksi 

Tangent modulus at the notch tip. ksi 

Gross stress, ksi 

Ultimate tensile strength, ksi 

Fracture mechanics shape factor for the compact tension specimen, dimensionles* 

St rain-hardening coefficient for linear strain h*<dening. dimensionless 

J integral, in.-lb /in. 2 

Elastic portion of the J integral, in.-lb / in. 2 

Value of the J integral at fracture, in.-lb / in. 2 

Elastic crack tip stress intensity factor, ksi \/uT-

Value of A'/ at crack arrest, ksi v/ST 

Critical value of Kt for fracture initiation under static plane strain conditions, ksi \/ir7. 

Estimate o(Ktc made by the equivalent-energy method for a specimen of sized. It si /̂uT-

Reference value of the fracture toughness, ksi >/bT 

Theoretical elastic stress concentration factor, dimensionless 

Actual strain concentration factor, dimensionless 

Actual stress concentration factor, dimensionless 

Initial slope of a load per unit thickness vs deflection curve, lb/in. 2 

First and second gage lengths for a tensile specimen, in. 
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Length of a rectangular area subject to load. in. 

Distance from the center of curvature of an external part circular surface crack to the axis 
of a pressure vessel, in. 

Elastic Ki magnification factor for bending stress, dtrnensionkss 

Elastic K, magnification factor for membrane stress, dimenstonless 

Geometry parameter defined by Eq. (17) of Appendix C. dimensionkss 

EmpihcjJ exponent, dimenskmless 

Load per unit thickness, lb/in 

Pseudoelastic load on a compact tension specimen of size d at fracture, kips 

Intercept o( the *tr*ii»4i§?de«»ag brsnch of s bilinear ioiu per unit thickness vs 
displacement curve with the kcd axis, lb/in. 

Yield load per unit thickness, to/in. 

Pressure, ksi 

Pseudoelastic pressure, kst 

Code-alowabte pressure, ksi 

Faiure pressure, ksi 

Pseudoelastic faiure pressure, ksi 

Gross yield pressure, ksi 

intercept of the strain-hardening branch of a bilinear pressure vs strain curve with the 
pressure axis, ksi 

Yield pressure, ksi 

Raw shape and plastic zone size parameter, drrnenskmless 

Burst stress coefficient, dimensionless 

Inside radius, iii. 

Reference value of the transition temperature, °F 

Radial distance, in. 

Radial distance to the deepest point of an external part-through surface flaw, in. 

Inside radius, in. 

Mean radius, in. 

Outside radius, in. 

Radius of curvature of a part-circular surface crack, in. 

Stress intensity (5 = a t - o 3 ) , ksi 

Critical distance ahead of a crack tip over which the average stress is assumed to equal the 
ultimate tensile strength at fracture, in. 

Nominal stress in the region cl a flaw, ksi 

Allowable primary membrane stress intensity, ksi 

Size effect, also called the volumetric energy ratio, between a model of size m and a 
prototype of size p, dimensionless 

Temperature, °F 

Characteristic temperature of a material, °F 
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t Thickness, in. 
W Width, in. 
Y Ratio rQjr . dvaensionless 
a Empiric*! ductility parameter. in./(ft*ib/ksi): / 3 

0 Empirical coefficient m the expression for J for a part-through surface crack in the wail of 
z pressure vessel, dimensionless 

0 / c Parameter proportional to the ratio of the plastic zone size to the thickness in plane strain, 
dimensionless 

6 Displacement, in. 
6 j Displacement at initial yield, in. 
br Plastic displacement: *n. 
€ "train. in./in. 
€f 'raki at faiure. in./in. 
€fm • €fp Faiure strains in a model and in a prototype, respectively, in./in. 
e, True strain at maximum load in a tension test, in/in. 
€Y Tensie yield strain. in./in. 
e, Total elongation in a tension test, in./in. 
€n€tj Total elongation in atension test over the Irst and second gage lengths, respectively, in./in. 
e§ Circumferential strain, in./in. 
€§/ Circumferential strain at failure, in./in. 

e«o Circumferential strain on the outside surface of a cylinder, in./in. 
e§ y Circumferential strain at yield, in./in. 
e* DasticaUy calculated fracture strain, in./in, 
€m * Characteristic strain of a material, in./in. 

0 , . 0 2 Angles, radians 
X Total strain, in./in. 
\f Total strain at failure, in./in. 
v Poisson's ratio, dimensionless 
p Root radius of a notch, in. 
a Stress at the root of a notch, ksi 
ab Bending stress, ksi 
Oj Pseudoelastic failure stress in a specimen of size d, ksi 
om Membrane stress, ksi 
o0 Stress at rrudthicknesi, ksi 
o, Surface stress, ksi 
o u l t True ultimate tensile stress, ksi 
a ' u l t Nominal ultimate tensile stress, ksi 
oY Tensile yield stress, ksi 
o , , o 2 • 03 Major, intermediate, and minor principal stress, respectively, ksi 
ag,or, oz Circumferential, radial, and axial normal stresses, respectively, ksi 
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o$* Circumferential stress at plastic instability for a thin-walled cylinder under internal 
pressure, ksi 

• Elliptical integral, dimensionless 

•o (0 ) . * i ( 0 ) Functions describing the variation of Kt around the perimeter of a part-circular surface 
crack due to the uniform and the linearly varying portions of the total nominal stress acting 
over the crack area, respectively, dimensionless 



Appendix G 

FRACT0GRAPH1C STUDY OF FRACTURE SURFACfc vK VESSEL V-l 

Initially, attempts were made to extract fracture surface replicas wi hoi . disturbing the failed vessel. 
However, the rough texture of the fracture did not allow this non iestr ictiv; approach; so oxyacetylene 
burning and saw cutting were used for obtaining samples. The flame cut v/«s made approximately 8 in. 
away from the fracture surface. This distance is more than ample to assure thai the flame-cutting operation 
would have no detrimental effect. A photograph of the fracture surface to Ix examined is shown in Fig. 
G-l, which shows the original man-made flaw quite clearly. The circumferential weld that joined the 
bottom hemihead to the cylindrical test section is easily seen at the left side of the photograph. (It is 
located at the change in contour.) The circumferential weld at the upper end of he cylindrical test section 
is not evident; however, it is also located at the geometric change in s?ction size at the right side of the 
photograph. After obtaining samples by sawing, a seaming electron microscope was used in the 
investigation. 

Several regions of the fracture surface shown in Fig. G-l were studied. One is located in the transition 
piece; others are located in the cylindrical test section and the hemihead. 

Figure G-2 shows the results of the study of the region just adjacent to the man-mide flaw. Two areas 
within this region were studied. (The corner of the flaw can be seen.) From the appearance of the fracture 
surface, we concluded that this region exhibited a dimpled mode of failure. 

A region just under the steel rope shown in Fig. G-l was also investigated. This location exhibits a 
change in appearance and color. The dark "ductile" coloration seems to terminate in a vee. Chevron lines, 
lighter in color, appear to originate from its apex. This is usually indicative of an initiation site for fracture 
propagation. Figure G-3 contains the results of the fractography study of this region. Two areas were 
stud'.ed. The first is located close to the center of the fracture surface and was within an area that was 
similar (visually) to the regions shown in Fig. G-2. It has a fracun appearance nearly identical to those 
previously discussed. The second area studied was from outside he V-shaped area and in the lighter 
(shinier) area. The fracture surface of this area is unlike that of Fig. G-2. This area exhibits a fracture 
surface identical to that see.i in a low-energy (cleavage) failure. 

Fig. G-l. Pi 'tograph of fracture surface from intermediate test vessel V-I. 
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Additional regions were studied, which included regions approximately 3 in. from tht circumferential 
welds in the ;op transition piece and the bottom hemihead. Both exhibited cleavage fracture. Regions in the 
cylindrical test section approximately 3 in. from tfn two circumferential welds were also found to exhibit 
cleavage fracture appea ances. 

In summary, the fractography study revealed that the region around the man-made flaw exh.bited a 
fracture appearance that is indicative of tough behavior (dimpled). This mode of failure continues for some 
distance in either direction away from the man-made flaw to a point where it undergoes t transition from 
dimple to cleavage. This cleavaged fracture continues and is found both in the bottom heirihead and in the 
top traniition piece. 

ITV VI ASTM A508 CL 2 
PHOlO 4 2 1 3 - 7 3 

Fig. G-2. Results of scanning electron i.-.icroscopy «!u«ly of fracture surface near the machined flaw. The two areas 
shown illustrate dimple mode of failure. 
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PHOTO 4212-73 

ITV VI ASTM A508 CL 2 

Fig. G-3. Results of scanning electron microscopy stutfy of region where failure mod? changed from dimple to 
cleavage. Photomicrographs on the left are dimples; photomicrcxraphs at the right show the cleavage mode of failure. 



Appendix H 

FRACTURE BEHAVIOR OF MODEL VESSEL VI-A I E AND 
INTERMEDIATE TEST VESSEL V-2 

Model vessel Vl-Al-E and intermediate test vessel V-2 exhibited common fracture characteristics in 
that significant strains were present near the flaws at fracture pressure, while the nominal outside surface 
circumferential strains were near the initial yield strain. The calculations of energy to fracture for the 
pressure-outside surface circumferential strain curve, based on the behavior of compact tension specimens, 
were unconservative for both cases. This appendix discusses the significance of the large strains measured 
near the crack tip and relevant conclusions pertaining to the fracture of the two vessels. 

General Fracture Behavior of Structures Exhibiting a Yield riaieau 

For this discussion we first consider Fig. H-l, showing the nominal pressure-outside surface 
circumferential strain curve (gage 13B, Fig. 5.4) 180° from the flaw in vessel Vl-Al-E (Table 5.1 and 
Appendix D) in comparison with the pressure-circumferential strain curve V4 in. from the crack tip (gage 
1). Based on nominal strain alone, a frangible or near-frangible result for the vessel might be postulated. 
With this postulation might follow the inference that linear elastic fracture mechanics is applicable to this 
situation, which in turn implies that the fracture pressure is linearly related to the fracture toughness of the 
material, at least at -35°F and for all temperatures below, as given in Fig. 4.13 

To examine fully the question of whether linear elastic fracture mechanics is applicable to the results of 
model vessel Vl-Al-E, we shall first refer to tests of other types of specimens. The example of structures 
other than pressure vessels most applicable to this situation goes back to one of the earlier investigations 
sponsored by the HSST program.1 Randall's results, depicted in Fig. H-2, show that the gross strain (gross 
section strain to fracture) for the center flawed tensile specimen is a constant 0.2% (yield strain), at least 
from ~*C to +20°F. Over this range of temperature the frscture 'oughnesf probably varies by at least 50%, 
but fracture continues to occur at 0 2%. The material tested by Randaii (HSST plate 01) exhibits about the 
same yield plateau behavior as depicted in Fig. 4.3, which is also typical for vessel V-2 material. In terms of 
a comparison with compact tension specimens the results given in Fig. H-3 are obtained.2 Specifically, 
compact tension specimens do not exhibit the yield point instability; therefore when these results are 
compared with results of specimens that do, using a high temperature as a basis for normalization, the 
compact tension specimens appear to give unconservative results. However, this is not necessarily the case if 
one is concerned with fracture either at, or significantly belcw, the yield point instability. The compact 
tension specimen behavior indicates fracture points falling along the yield plateau, hence giving the correct 
load if not the correct strain. Since gross strain specimens were not tested below -50°F, it cannot be directly 
infeired that these specimens still fail at yield even though the compact tension specimens indicate such 
behavior. However, a series of l-in.-thick pressure vessels have been tested wit'i the results given in Fig. H-4. 
As may be observed, the results of a vessel tested at 200°F with over 2.5% circumferential strain, combined 
with those of compact tension specimens, accurately defined the failure strain of a vessel tested at -75°F as 
about 0.2%.3 Similarly, results from a l-in.-thick compact tension specimen combined with results from a 
l-in.-thick flawed tensile specimen, each tested at 200°F, and the fracture toughness of the material at 
-40°F led to the prediction of the failure load of a similar 6-in.-thick tensile specimen (see ref. 4, specimen 
15) to be between 3.0 and 3.6 million pounds.5 Actual failure occurred at 3.4 million pounds (about half 
the yield strain). These last two results demonstrate that failLre significantly below yield does not occur 
until such a low temperature is reached that the volumetric energy ratio of the compact tension specimen. 
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Fig. HI . Pressure-circumferential strain curves for vessel V'l-Al-E tested at -35 ' F. 

when applied to higher temperature results of the specimen in question, produces such a result. That the 
pressure vessels fabricated from the steel in question exhibit a yield point instability is shown in Fig. 5.12 
(vessel V2-A1-D). Fig. 8.4. and more precisely in Fig. C-20. 

Essentially then we have established the correspondence as sketched in Fig. H-5. where the energies to 
maximum load are normalized at a high temperature (point A). Both specimens exhibit the same volumetric 
energy ratio to point B. at a temperature slightly higher than that at point B. specimen 2 fails at a load 
slightly higher than yield load. In terms of strain it experiences the yield point instability and exhibits some 
strain hardening at failure. At point #. however, specimen 2 fails at yield load, does not experience th,v 

yield point instability, and fails at yie'd strain: hence the discontinuity with the volumetric energy ratio for 
specimen 2 jumping to B . At point C the energy ratios coincide again and continue to coincide for .ill lowr-
temperatu res. 
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Both model vessel Vi-Al-E and intermediate test vessel V-2 failed near nominal yield strain, while the 
behavior premised on the compact tension specimens indicated fracture well along on the yield plateau. To 
further determine the actual behavior of the two vessels, load-strain behavior near the flaw is examined, 
where the yield plateau instability probably does not exist. 

Fracture of Model Vessel VI-A I E 

We shall now examine in more detail the behavior in the model pressure vessels in question 180° from 
the flaw in conjunction with behavior near the flaw with specific reference to the yield point instability. 
The test most definitive for this discussion is that of a 1-in.-thick model of the intermediate vessels 
fabricated from a 12-in.-thick plate (HSST plate 01 ). 3 designated model 01-HW. This vessel had a flaw 
similar to that of the V-1 material models and was tested at 50°F (see Fig. H-4). Figure H-6 is a plot of the 
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presbure-sirain curves 1 HO fror. the Haw and % in. from the crack tiD (see Fig. 5.4, gages 13B and 1 
respective!)). In this test the yield point instability is well defined, however, most noteworthy for this 
discussion is the behavior near the flaw. As the nominal circumferential strain increases from around 0.3^ 
ro around 0.h'~< at 26.000 psi the strain near the crack tip increases about the same amount. In fact, from 
2b.0O0 to 27.000 psi. these two strains increase by the same amount (over 0.6^1. At higher pressure the 
strain near the crack tip increases rapidly, indicating local bulging and stable crack growth. At 29,000 psi 
the stiain from gage 1 began to decrease, suggesting either gage failure or release of strain due to stable 
crack growth. 

The above results define three regions of behavior near the flaw: (1) straining due to the stress 
concentration near the c.ack. (2) plastic deforming typical of the same region unflawed. and (31 bulging 
accompanied by stable crack growth. These regions are indicated in Fig. H-6. Without crack growth or 
bulging, plastic deformation similar to that of region 2 would be expec'ed to continue; that is, the curve in 
region 2 would remain parallel to the nominal strain curve, as indicated in Fig. H-6 by the dashed line. 

The behavior of model vessel VI-A IE. t^ctcu at 35°F. will now be further explored, based on the 
results from vessel Vl-Al-C. tested at 130°F. This choice is arbitrary since results from vessel Vl-Al-Bor 
VI-A' c could be used where data are available. Figure H-7. in a plot of the nominal pressure-
circumferential strain curve (gage 136. Fig. 5.4) 180° from the flaw in vessel Vl-Al-C (see Table 5.1 and 
Appendix D) and the curve V4 in. from the crack tip (gage 1). The pressure increments were not taken to 
well define the yield point instability, but the yield plateau starts at about 29,000 psi (the beginning of 
region 2 as defined above). Region 3 starts at slightly less than 30,000 psi. As in Fig. H-6. the dashed line 
represents the continuation of region 2 to failure pressure. 

The curves near the flaw from Figs. H-l and H-7 are compared in Fig. H-8. The difference in yield 
pressure is probably due mostly to the 165° difference in test temperature. The same procedures used to 
obtain Fig. 9.1 will now be applied. The volumetric energy ratio for the near-surface material of vessel V-l 
material is determined from the data in Table 4.7 and Fig. 4.12. At -35°F. the interpolated lower-bound 
toughness for surface material from 0.85-in.-thick compact tension specimens is taken as 135 ksi y/iri.; at 
130"F the average value is 210.5 ksi \/HT.. From these values the volumetric energy ratio from 130 to 
••35"F is 2.44 [i.e.. (210 135)2J. In Fig. H-8, the area to point A divided into the area to point B is 2.1, 

while the area to point A divided into the area to point C is 5.3. In other words, if data near the flaw, 
which reflect the actual local bulging and crack growth, had been used, the predicted area under the curve 
for vessel Vl-Al-E would have been high by a factor of over 2. On the other hand, using the plastic 
deformation extended curve for the vessel, the result is accurate within 15%. Similar results would have 
been found for vessel V1 -A 1 -B or VI -A 1 -F. 

The above calculations using actual data near a flaw where stable crack growth occurs prior to 
maximum pressure well illustrate why the nominal strain is used in making the comparison with compact 
tension specimens. The compact tension specimen exhibits little or no crack growth prior to maximum load 
for the materials being investigated: thus displacements reflect only the stress concentration behavior (region 
1) and plastic deformation behavior (region 2). This is also a basic reason for emphasizing the compact 
tension specimen tests in the material investigations discussed in Chapter 4. 

From the above discussion, it is concluded, assuming no local bulging or crack growth prior to fracture 
and accounting for this in the near-flaw behavior, that a correct fracture assessment may De obtained for 
cases where the nominal strain is near yield. 

Figure H-2 generalh shows that varying the temperature at which failure occurs at a nominal yield load 
does not degrade the failure conditions over the temperature range investigated. This implies that the 
increase in yield strength with *u.e lowering temperature compensates for the decreasing toughness of tn 
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specimen over the range of temperature. On the other hand, if thickness is the varying fracture parameter at 
a given temperature, the nominal load ana strain at failure would decrease. For instance, if a 6-in.-th;ck 
prototype of model vessel Vl-Ai E with 'he same flaw shape and size scaled by the scaling factor of 7.06 
were tested at -35°F, fracture would be expected to occur at a pressure of about 26,000 psi. (Note: Tlie 
flaws in vessels V-l and V-2 were not modeled : - vessel Vl-Al-E; see Table 5.1 and Fig. 5.9.) This is 
premised on the fact that the volumetric energy ratio at -35°F between compact tension specimens 0.85 
and 6 in. thick is the ratio of the dimensions, 7.06 in this case. Thus at —35°F, a near-frangible behavior 
would occur in the prototype vessel. 

Fracture of Intermediate Test Vessel V-2 

The examination of the fracture behavior of intermediate test vessel V-2 wi'l follow the same steps as 
for model vessel Vl-Al-E. 

As shown in Fig. 8.20, a strain of over 0.8% was measured near the flaw in vessel V-2. In this region the 
material is obviously yielding very rapidly with pressure; however, at 13 in. from the crack tip, no yielding 
has occurred. Likewise, inside the vessel opposite the flaw (see Fig. 8.22), the strain is actually less at the 
thinnest section and increases as the point opposite the crack tip is approached. Thus significant straining is 
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apparently limited to the close confines of the flaw. The significance of these strains to the fracturing 

process is examined below. 
Since strain data close to the flaw were not obtained near the burst pressure of vessel V-l, model 

V2-A1-B (Table 5.2 and Appendix D) will be used for examining the significance of the strains near the 
flaw at the burst of vessel V-2. On this model, gage 1 il lg. 5.10) coincides in location roughly with gaje 
50 of vessel V-2 (Fig. 7.10). while gage 8 coincides quite well with gage 49 (6 in. from crack tip). Com­
parisons of the pressure-strain behavior at these two locations on the model with similar locations 180° 
away ire given in Figs. H-9 and H-10, along with results from gages 49 and 50 of vessel V-2. The region 3 
portions cf tne cuives. as discussed above, are identifiable from these curves, and the dashed lines represent 
the region 2 extension to fracture. 

The energy ratio between the model tested at 130°F and vessel V-2 will now be established. As 
indicated in the discussion above and in the discussions of the equivalent-energy method in Appendix C. an 
average energy ratio of 4 was established between the model and the prototype for the 130°F test, 
following Eq. (47) in Appendix C. For an average KJc6 of 311 ksi \/hT at 130CF and 160 to 200 ksi\/iir at 
32°F. an energy ratio of from 2.42 to 3.84 is established. The product of the energy ratios of these 
numbers will give the volumetric energy ratio between the model tested at 130°F and vessel V-2. This 
product is between 9.68 and 15.36. Figure H-l 1 is a plot of the results from gages 4°- and 50 together with 
estimates for the fracture conditions based on the model behavior. The calculation for gage 49 location is 
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quite accurate, while less accuracy is obtained for the gage 50 location. In genera'., it may be concluded that 
the fracture conditions defined here may be applied to similar models. 

The question o\ the frangibility of the vessel V-2 test may now be explored. More specifically, it may be 
asked if linear elastic fracture mechanics is applicable to the analysis: that is, whether fractur--* pressure 
reduces inversely as the square root of the flaw size and directly with fracture toughness. The rest Its frori 
gage 49 of vessel V-2 (Fig. 8.20) will be used. At 32°F. we shall take an average fracture toughness oi 180 
ksi \An". (Fig. 4.13). The fracture behavior at 32°F of vessels geometrically simiiar to vessel V-.':(including 
scaling up the flaw) in greater thicknesses may now be estimated using linear elastic fractUie mechanics 
based on a fracture pressure of 27,900 psi for vessel V-2. The fracture behavior based on gage 49 (Fig. 
II 11; may be calculated by simply dividing by the scale factor. These two results are plotted in Fig. H-12. 
Based on the above discussion it may be concluded that linear elastic fracture mechanics was not applicable 
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at ."i°F; that is, the fracture pressure initially would not increase inversely as the square root of the flaw 
size. 

From the average toughness data of Fig. 4.13, the fracture pressures at lower temperatures of vessel 
V-2, based on gage 49 results as well as those based or. the assumption of frangible behavior are plotted in 
Fig. H-13. Again, based on the above discussion, frangible fracture is seen to occur in vessel V-2 at around 
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50°F. Since the yield strength increases with decreasing temperature, the fracture pressure would 
probably remain more or less constant, at least until near frangible fracture. 

Last to be discussed of the relative fracture behavior between vessels V-l and V-2 will be the crack 
opening displacements. These results are compared in Fig. 9.3. It shoi Id be recalled that for vessel V-l the 
prcssurization near failure was continuous. Experience with the model vessels has weli demonstrated that 
near-failure conditions actually can be made to occur by regaining a pressure (the pressure drops due to 
deformation) and allowing the vessel to strain nice (bulge) in the region of the flaw as tne pressure again is 
reduced due to the local bulging. Of course stable crack growth is occurring all the while. The same 
behavior could have been expected for vessel V-l if the original test plan had been followed (see Chapter 8). 

Wh;le it is difficult to assess accurately when near-unstable crack growth initiated for vessel V-l, a 
reasonable choice can be made from Fig. 8.9 (see also Table 8.1). from which one may conclude that such 
growth initiates between crack opening displacements of 0.2 and 0.35 in. For instance, for a crack opening 
displacement of 0.256 in. (Table 8.1) the pressure is within 300 psi (about 1%) of failure pressure. In Fig. 
9.2. the energy ratio of vessel V-2, based on a crack opening displacement of 0.256 in. for vessel V-l, is 
4.15. This compares fairly well with the scatter band of values from 2.5 to 4.15 obtained from compact 
tension specimens. 

Conclusions 

Several aspects of the fracture behavior of vessel V-2 and model vessel Vl-Al-E have been discussed in 
this appendix. Each discussion indicates that neither vessel failed in a frangible mode for which linear elastic 
fracture mechanics is directly applicable. While any one discussion taken individually may not be a 
completely satisfactory argument, the overall results presented serve to demonstrate that vessel V-2 did not 
exhibit frangible fracture at initiation and that the low nominal strain is no more than a manifestation of 
the yield point instability type of fracture behavior as seen throughout the fracture investigations of the 
HSST program. 

References 

1. P. N. Randall. Gross Strain Measure of Fracture Toughness of Steels. HSSTP-TR-3, TRW Systems 
Group. Redondo Beach, Calif. (Nov. 1, 1969). 

2. F.J. Witt, The Equivalent Energy Method for Calculating Elastic-Plastic Fracture (to be published). 

3. F. J. Witt, "Factors Influencing a Quantitative Safety Assessment of Water Reactor Pressure Vessels," 
Topical Meeting on Water-Reactor Safety, Mar. 26-28, 1973, CONF-730304, USAEC Technical 
Information Center, pp. 16-38,(1973). 

4. S. C. Grigory. Tests of Six-Inch-Thick Flawed Tensile Specimens, Third Technical Summary Report, 
Longitudinal Specimens Numbers 14 through 16, Unflawed Specimen Number 17, HSSTP-TR-22, 
Southwest Research Institute, San Antonio, Tex. (October 1972). 

5. Personal communication, F.J. Witt, Oak Ridge National Laboratory, to be published. 

>''U.S. G O V E R N M E N T P R I N T I N G O F F I C E : 1 9 7 3 - 7 4 7 - 3 0 2 / 1 1 3 


