
W-M6 

ORNL-4653 
UC-80 - Reactor Tachnofouy 

HEAVY-SECTION STEEL TECHNOLOGY PROGRAM 

SEMIANNUAL PROGRESS REPORT 

FOR PERIOD ENDING AUGUST 31,1970 

OAK RIDSE NATIONAL LA*ORATORY 
9p« raised by 

UNION CARBIDE CORPORATION 
lor »he 

U.S. ATOMIC ENERGY C O M M I S S I O N 



BLANK 



WwTjGd "ss t>e Urited States of America. Available from 

U.S. Department r f Commerce, Sp«ngfre;d; Vtrgirwa 22161 
Pries: Printed Cooy $3.00; Microfiche $0.S5 

I T h - report was prepared as an account cf work sponsored by the United 
i Gt.3«*s Government. rWitJwr tn* United States nor the United-States Atomic 

Energy Cornmiisk^.. - j r any at tfleir employees, nor *»v of their contractor*, 
subcontractors, or the-r employees, makes anv warranty, express or irr^ied, or 
sssurms any legal ^ability or rasponsibt'Uy for the accuracy, completeness or 
usefulness of any information, apparatus, product o' process disposed, or 
represents thst its use weuM not infringe privately ^vnsd rights. 



BLANK PAGE 



ORNL4653 
UC-80 - Reactor Technology 

Contract No. W-7405-ens-26 

HEAVY-SECTION STEEL TECHNOLOGY PROGRAM 

SEMIANNUAL PROGRESS REPORT 

For Period Ending August 31,1970 

F. J. Witt, Program Director 

This report was prepared as aii account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
let*! liability or responsibility for the accuracy, com
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

APRIL 1971 

OAK mDQZ NATIONAL LABORATORY 
0»* RWg», Torn**** 

optratsdby 
UNION CAR8IDE CORPORATION 

forth* 
U S. ATOMIC ENiERGY COMMISSION 



i l l 

Contents 

FOREWORD v 

SUMMARY vu 

1. PROGRAM ADMINISTRATION AND PROCUREMENT 1 

2. INVESTIGATION OF UNIRRADIATED MATERIALS 4 

Fracture Mechanics Investigations 4 

Effect of loading rate on dynamic toughness of A 533, grade B, class 1 steel 4 

Crack-arrest toughness studies 5 

Gross strain as a measure of crack tolerance of steels 9 

Three-dimensional elastic-plastic stress and strain analysis for fracture mechanics 22 

Fracture mechanics characterization and crack-preparation studies of HSST program materials 22 

Fatigue and Crack-Propagation Investigations 24 

Fatigue-crack growth characteristics 24 

3. INVESTIGATIONS OF IRRADIATED MATERIALS 27 

Irradiation Effects on Pressure Vessel Materials 27 

Background 27 

Results 27 

Irradiation Effect on Fracture of Heavy-Section Pressure Vessel Steels 31 

Specimen irradiation 31 

Irradiation of 4-in.-thick specimens 32 

Base materifa studies of ASTM A 533, grade B, class 1 steel 33 

Fatigue-crack preparation in compact tension specimens 36 

Fractographic evaluation of irradiation embrittlement in pressure vessel steels 36 

Radiation Hardening m& Embrittlement in ASTM A 533, Grade B. Class ! Stee! 38 

4. PRESSURE VESSEL INVESTIGATIONS 41 

Development of Hydraulic Fatiguing Procedure for Flaw Sharpening of Specimens.., 41 

Acoustic Emission Analysis of the Second Large Tensile Specimen 

at Southwest Research Institute 44 

Acoustic emission instrumentation 46 

Analysis of acoustic emissions 48 

Conclusions 50 



IV 

Testing of the Third 6-in.-Thick Flawed Tensile Specimen, A One-Sixth-Scale Model, 
and Parametric Study Specimens 50 

Third large tensile specimen and one-sixth-scale model SO 
Parametric study of tensile specimens of rectangular cross section 54 

Procurement of Intermediate Test Vessels 56 



V 

Foreword 

The Heavy-Section Steel Technology (HSST) Program 
is a USAEC-sponsored effort for investigating the effects 
of flaws, variations of properties, stress raisers, and resid
ual stress on the structural reliability of present «.n con
templated water-cooled reactor pressure vessels. The 
cognizant engineer for USAEC is J. R. Hunter. At 
ORNL the program is under the Pressure Vessel Tech
nology Program of whidi G. D. Whitman is Director. 
The HSST program is being carried out in very close 
cooperation with the nuclear power industry. Prior re
ports in this series are ORNL-4176, ORNL-4315,ORNL-
4377,0RNL4463, ORNL-4512, and ORNL4590. 
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Summary 

The Heavy-Section Steel Technology (HSST) Program 
is an ABC-sponsored engineering effort that is coordi
nated with efforts by the manufacturing and utility 
sectors of the nuclear power industry to assess the 
in-service structural safety of the massive pressure 
vessels typical of those used in boiling-water and 
pressurized-water reactor systems. Particular emphasis is 
placed on the effects of flaws in such vessels. However, 
the scope of the activity covers metallurgy, chemistry, 
materials properties, inspection, analytical and experi
mental stress and strain analyses, environmental effects, 
fracture mechanics, and the general areas of fracture 
behavior. Through the culmination of this effort, as 
well as that of the nuclear industry, a technology 
should be developed for making reliable engineering 
estimates of margins of safety against fracture during 
the service life of the plants. The results of these 
programs will assist the USAEC regulatory bodies, the 
professional code-writing bodies, and the nuclear power 
industry in providing the safety standards necessary to 
maintain a vigorous economical industry with proper 
regard to public health and welfare. 

There are 12 tasks cf the HSST program. In this 
report the activities under these tasks are grouped under 
administration and procurement, unirradiated materials, 
irradiated materials, and pressure vessel investigations. 

Unirradiated Materials 

Dynamic fracture toughness tests were conducted by 
Westinghouse Electric Corporation on 1-, 2-, 4-, and 
8-in.-thick specimens of IISST plate 02 material. The 
results of these tests are compared with those of 
previous static tests. As for the static tests the K[c data 
indicate a rapid increase in toughness with temperature. 
Below ambient temperature, w' e a direct comparison 
with the K,c fracture tough. . obtained in the static 
tests is possible, a decrease in the toughness curve with 

temperature was noted in the dynamic tests. Accord
ingly it was possible to measure the dynamic toughness 
at ambient temperature. The results of tests of the 2-, 
4-, and 8-in.-thick compact tension specimens indicated 
the dynamic fracture toughness properties of A 533, 
grade B, steel plate at room temperature to be above 
100 ksi y/in. at loading rates exceeding K = ! 0 4 ksi 
V^nT/sec. A final report covering these tests is in 
preparation. 

TRW is investigating the gross strain crack tolerance 
of pressure vessel steels in the presence of flaws. TRWs 
approach is to measure critical gross strains in a 
surface-cracked tension specimen of rectangular cross 
section as a function of crack size, temperature, and 
constraint. Scaleup to heavy sections requires a size-
effect study, preceded by investigation of the effects of 
specimen shape and size relative to crack size, to permit 
knowledgeable extrapolation. 

At TRW the tensile properties of the material 
furnished from plate 02 weie measured in some detail. 
Natural flaws in the form of slag inclusions were 
encountered. A better system of strain measurements 
was developed, and studies were begun on the effects of 
shape on specimen cross section and the ratio of crack 
area to gross area on critical gross strain in the presence 
of a O.lO-in.-deep crack. These studies are prerequisites 
to the size-effect study that is the basic part of this 
work. 

Previous work on the strain rate and crack arrest 
studies by Materials Research Laboratory showed that 
the crack-initiation toughness could be varied by 
changing loading rate, fatigue precracking procedures, 
etc. Variations in the initiation conditions influenced 
the length of crack jump, but the value of the arrest 
toughness was the same within a tight scatter band, 
independent of the preceding initiation level. Recent 
work has been directed toward measuring crack-arrest 
toughness at higher temperatures. 



BLANK PAGE 



vm 

Tests of initiation and crack-arrest toughness were run 
with contoured double-cantilever beam specimens on 
which a temper.iu.^ =r-uient in the direction of crack 
wrest wa» imposed so that fracture was initiated at a 
low tcmpciui'—- and nested at a higher temperature. 
AJ! the initiation Yiiue*. were obtaineu in the tempera-
lure range where the toughness increases rapidly with 
temperature, with the higher initiation toughness values 
being cbtained on specimens that experienced some 
plastic jending of the arms prior to fracture. All the 
crack-arrest toughness values fell distinctly below the 
corresponding initiation toughness values. 

The arrest toughness values seem to fall into two 
groups. A large number of tests, representing crack 
arrest at temperatures ranging from 75 to 11 S°F, gave 
arrest toughness values clustering around 110 ksi \/H7- A 
significant number of tests gave lower values, suggesting 
that the low end of the scatter band of arrest toughness 
may define * rzthv gradual linear increase in the 
crack-arrest toughness with increasing temperature. 
Examination of the fracture surfao-es showed that in the 
specimens that gave the higher crack-arrest toughness 
values the plane of the crack wandered from the 
minimum section far enough to give some shear lip in 
the vicinity of the crack-arrest position. The specimens 
that gave lower arrest toughness values invariably had 
fracture surfaces that were more flat. Hence it is 
suggested that the lowest values of the arrest toughness 
are the most significant. 

The primary activities of Brown University on the 
three-dimensional dastic-pla jtic analysis were the prepa
ration of a topical report covering the work completed 
to date and the accomplishment of some internal 
improvements in the computer program being devel
oped. The main improvement in the computer program 
was the introduction of a direct method of solution for 
the system of equations generated by the elastic part of 
the problem. This improvement reduces by a factor of 
approximately 2 the f me required to accomplish the 
elastic solution and therefore makes the program 
significantly more efficient. 

Brown University's topical report covers the develop
ment of an elastic-plastic finite-element analysis for 
'hree-dimensional specimens with flaws. Particular at
tention was paid to the analysis of a semielliptical crack 
and a uircugh crack in a plate of finite thickness. 
Ihree-dimensional polar, cubic, and cubic-distorted 
element', were developed for this purpose. In addition, 
programs to generate the mesh of elements and nodal 
points for a given problem size and specimen geometry 
were written and tested. 

Two final reports covering fracture toughness charac
terization of A 533, grade B, class 1 steel and notch 
preparation in compact tension specimens were pre
pared by Westinghouse Electric Corporation and distri
buted. Westinghouse also continued the testing of 
compact tension specimens from approximately -50 to 
550°F. An equivalent-energy procedure was used to 
determine the fracture toughness parameter KIcd. The 
experimental study has indicated that KIcd values 
determined from small compact tension specimens may 
be almost numerically equal to the KIc values deter
mined from much larger specimens. Compact tension 
specimens V2 and 1 in. thick were tested, but only the 
evaluation of the results for the l-in.-thick specimens 
art presented in this report. 

A fatigue-crack growth experiment in high-tempera
ture pressurized water was initiated by Westinghouse 
FJectri Corporation. Three 2-in.-thick WOL specimens 
were evaluated. Examination of the fracture surfaces of 
the specimens revealed that the starter crack (fatigue 
precrack) did not remain in the side notch plane during 
crack growth. It was concluded that because of the 
constraint of the chamber head, the stress intensity Kt 

at the crack tip was not well defined. The constraint 
occurred from fixing the test specimen to the test 
chamber head. This technique of testing was required to 
utilize the ultrasonic crack-monitoring system to follow 
crack growth. Various solutions to the problem were 
considered, and it was concluded that the desired crack 
growth experiment could be performed if the test 
specimen was not fixed to the chamber head. This 
modification will require the use of compliance cali
bration to experimentally measure rates of crack 
propagation. 

Irradiated Materials 

The irradiation at 550°F of two capsules containing 
2-in.-thick compact tension specimens was completed 
by Westinghouse Electric Corporation. The fracture 
toughness KIc properties were generated for A 533, 
grade B, class 1 steel plate and submerged-arc weldment 
material in the postirradiation condition [2 X 10' 9 to 6 X 
1 0 1 9 neuirons/cma (E > 1 MeV)J. TensHe properties 
were also obtained for the plate material following 
neutron exposure under the same conditions. In addi
tion, the postirradiation fracture toughness from one 
test performed on A 508, class 2, steel was obtained. 
The results indicate the postirradiation fracture tough
ness properties to be highly temperature dependent; 
that is, they exhibit the same transition temperature 
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shift as the 30 ft-lb-fix Giarpy transition temperature. 
In particular, a valid fracture toughness KIc valt>« of 
around 70 ksi VnT was obtained at 150=F following 
irradiation. A final report was prepared on this activity. 

Specimen irradiations are under way on plate and 
weld material at Hartford Engineering Development 
Laboratory to fluences between 2 X 10*9 and 8 X 
1 0 1 9 neutrons/cm2 (£" > 1 MeV). Charpy V-notch, 
tensile, and compact tension specimens are being 
irradiated. The irradiation temperature is about 550°F. 

One-inch-thick irradiated compact tension specimens 
were tested between -125 and 175°F. The results at 
the higher temperatures indicated that rapid transition 
behavior initiates at somewhat over 100°F. The temper
ature shift of the 40 to 60 ksi y/m. toughness level 
appears to be over 200° F for the irradiation conditions 
given above. 

A feasibility study for using the Advanced Tests 
Reactor (ATR) and the Experimental Test Reactor 
(ETR) to irradiate 4-in.-thick cempact tension speci
mens was completed. Neither reactor was found to be 
ideally suited for the desired irradiations. The ATR was 
shown to require about seven years to accomplish the 
fluence levels, while gamma heating presents a problem 
in the ETR. The ETR could be used to achieve the 
irradiation, however, if methods currently under investi
gation for controlling the temperature prove feasible. 

A fractographic examination was performed on irradi
ated steels. This study confirmed that irradiation 
embrittiement results primarily from a loss of the 
metallurgical ability of the steel to undergo the cleav
age-to-plastic dimpling transition rather than low-energy 
ductile fracture. 

At ORNL, impact and tensile data were obtained for 
irradiated samples of weld metal from a submerged-arc 
weldment and an electrcslag weld. The tensile proper
ties of the submerged-arc weldment showed a greater 
sensitivity to radiation damage than either base plate or 

electroslag weld toilowing comparable irradiation at 
ISO and 550°F. Similar results were shown to held for 
impact data from Charpy V-notch specimens. 

Pressure Vessel Investigations 

A procedure was developed at ORNL for fatiguing a 
machined notch by local pressurization of the notch. 
The method was successfully applied to a 6-in.-thick 
tensile specimen that contained a machined flaw 2 in. 
deep and 8 in. long. The flaws grew in fatigue about % 
in. uniformly around the machined tip of the notch. 

The second, large, flawed tensile specimen tested by 
Southwest Research Institute was instrumented with 
acoustic emission devices. The results indicated yielding 
and crack extension at loads below those at which these 
behaviors were observed experimentally and tended to 
support the predictive capabilities of the method. 

A third 6-in.-thick flawed tensile specimen was tested 
at Southwest Research Institute. The test temperature 
was 50°F and the flaw (segment of a circle, 2 in. deep, 
8 in. long) was fatigue sharpened in three-point loading. 
A flat fast fracture occurred at a load of slightly over 
S.3 X 106 lb. Only a slight amount of yielding occurred 
in the specimen. This behavior was not unexpected, 
since the test conditions and flaw size were chosen to 
produce the behavior exhibited. 

A parametric study was completed on a series of 
specimens to elicit the true tensile behavior of the 
specimen configuration used for the large flawed tensfle 
specimens. The results confirm that a near uniform 
tensile load is exhibited over a sufficient length of the 
test section. 

The fabrication of the 6-in.-thick 39-in.-OD inter
mediate test vessels is well along. Six vessels are on 
order. Most of the various components are nearing 
completion and will be assembled by welding. 



1. Program Administration and Procurement 

The civilian nuctear power industry has progressed 
rapidly in the last few years, as attested to by the some 
100 nuclear power stations now in operation, under 
construction, or on order. Capacities of plants under 
construction are exceeding 1100 MW(e). The walls of 
die primary pressure vessels ?re approaching 12 in., 
with design pressures up to 2500 psi. The design 
temperature ranges up to 650°F. 

As a result of this growth of the nuclear power 
industry and the limited operating experience with 
nuclear power systems, the United States Atomic 
Energy Commission is sponsoring extensive research to 
assess the safety of these plants. One of the larger 
research programs is the Heavy-Section Steel Tech
nology (HSST) Program, which is being carried out 
under the direction of Oak Ridge National Laboratory 
(ORNL). The emphasis in the HSST program is on the 
structural behavior of the thick reactor pressure vessels, 
particularly in the presence of flaws. The material of 
interest is the ASTM A 533, grade B, class I steel and 
welds typical for this material that are currently used in 
the fabrication of reactor pressure vessels. The program 
is being carried out in close cooperation with the 
materials, fabrication, and design interests of the United 
States nuclear power industry. 

Since all steel vessels are assumed to contain flaws 
(inhomogeneities or discontinuities) c f some size, the 
effects of such flaws on the fracture behavior of 
pressure vessels are of primary interest. The develop
ment of a quinti^tive technology to make the neces
sary safety asses*n.cr.t':, together with an understanding 
of the factors (including irradiation) that degrade or 
change the anticipated behavior of the steel, is a 
primary objective of the HSST program. However, the 
broad spectrum of investigations of the HSST program 
covers metallurgy, chemistry, materials properties, in
spection, analytical and experimental stress and strain 
analyses, and environmental effects, with emphasis on 

irradiation, fracture rnCvhanics, and the general area of 
fracture behavior. 

The work of the HSST program is carried out under 
12 separate tasks. In addition to the administrative and 
procurement task, which is discussed in this chapter, 
the remaining task activities are grouped under investi
gations of unirradiated materials, investigations of 
irradiated materials, and pressure vessei investigations. 

No new research subcontracts were initiated hiring 
this reporting period; however, two minor extensions 
were negotiated, as well as one second-year extension. 
Four technical reports were distributed, bringing the 
tetal to nine. 1 - 9 Three more were reviewed and 

1. S. Yukawa. Evaluation of Periodic Proof Testing and Warm 
Prestressing Procedures for Nudear Reactor Vessels, Report 
HSSTP-TR-l. General Electric Company, Schenectady. New 
York, July 1,1969. 

2. L. W. Loechel. The Effect of Testing Variables on the 
Transition Temperature in Steel. Report MCR-69-189, Martin-
Marietta Company, Nov. 20, 1969. 

3. P. N. Randall. Gross Strain Measure of Fracture Toughnas 
of Steels. Report HSSTP-TR-3. TRW Systems Group. Nov. 1. 
1969. 

4. C. Visser, S. E. Gabrielse, and W. Van Buren. A Two-
Dimensional Elastic-Plastic Analysis of Fracture Test Speci
mens, Report WCAP-7368, Westinghouse Electric Corporation, 
PWR Systems Division. August 1969. 

5. T. R. Magcr. F. O. Thomas, and W. S. Hazelton, Evaluation 
by Linear Elastic Fracture Mechanics of Radiation Damage to 
Pressure Vessel Steeh. Report WCAP-7328. Rev.. Westinghouse 
Electric Corporation, PWR Systems Division. October 1969. 

6. W. O Sr.abbits, W. H. Pryle, and E. T. Wessei. Heavy 
Section Fr.cture Toughness Properties of A 533. Grade B. Class 
I Steel Fate and Submerged Arc Weldment, Report WCAP-
7414, W^stiighouse Electric Corporation. PWR Systems Divi
sion, December 1969. 

7. F. J. Loss. Dynamic Tear Test Investigations of Fracture 
Toughness of Thick-Section Steel. NRL Report 7056. U.S. 
Naval Research Laboratory. May 14,1970. 
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approved for publication. Three technical or progiam-
matk manuscripts were published, bringing the total to 
four.1 °"' 2 Four such reports were approved for publica
tion. 

8. P. B. Crostey and E. J. Ripttng, Crack Arrest Fracture 
Toughness of A533 Grade B Class I Pressure Vessel Steel. 
Report HSSTf-TR-8, Materials Resetrch Laboratory, March 
1970. 

9. T. R. Mager, Post-Irradiation Testing of 2T Compact 
Tension Specimens, Report WCAP-7561, Westinghouse Electric 
Corporation, PWR Systems Division, August 1970. 

i a Tetodyae Materials Research Company, HSST Inter
mediate Vessel Oomrt Analysis. Report E-1253 <b>, Msr. 25, 
1970. 

11. C. L. Segastr, Conceptual System Design Description of 
the Intermediate Vessel Tests for the Heavy Section Steel 

The fourth annual information meeting was held on 
March 31-April 1 at ORNL. Some ISO persons 
registered to attend the presentation of 34 papers. 
Some highlights of the meeting are depicted in Fig. 1.1. 

The current major procurement effort evolves around 
the fabrication of the intermediate test vessels; this 
activity is discussed in Chapter 4. 

Technology Program, USAEC Keport ORNL-TM-2849, Oak 
Ridge National Laboratory, June 1970. 

i2. F. j . Witt and R. G. Berggren, See Effects and Energy 
D&osition in Impact Testing of ASTM A5SS Grade B Steel, 
USAEC Report ORNL-TM-3030, Oak Ridge National Lab
oratory, August 1970. 
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2. Investigation of Unirradiated Materials 

The material investigations under the Heavy-Section 
Steel Technology Program are divided, in gene, al, iato 
studies of unirradiated materials and studies of imdia-
tioa effects. Ike studies of onirradiated material ia-
cfade inspection, chancteriartion, variability deteraa-
natioos, tneaMoa teaapemtnre mvestigatioas, fracture 
mrrhanin f**a#fT, aad frtig1* tiati. MH ungate w tests. 
The carreot work a these areas is dimmed in thai 
section. Additional reaalts for aaarradiated material are 
presented in ditf imious of mcniauaujon stadies in the 
section on in united material* ia Chapter 3. 

la dm particular report the inspection aad ratability 
activities are reported in Chapters 4 aad 3, respectively. 
No work was carried out aader the characterization aad 
transition temperature activities. 

FsUCTUREMHSAMCSINVESTIGATIOr^ 

J.G.Merkk 

The objectives of the fracture mechanics investiga
tions are (1) to establish the applicability of fracture 
mechanics methods at currently understood to the 
low-aBoy steels being used in reactor pressure vessels, 
(2) to extend the applicability of this body of knowl
edge to cover the tougher behavior at higher tempera
tures, and (3) to develop new methods speafioay 
applicable for predicting the fracture behavior of steels 
mat undergo gross plastic strains before fracture. These 
objectives are being pursued through a series of five 
subconti^ts, with related tasks (described elsewhere) 
contributing 9gmfk*nt)y to the developments. The 
activities under the subcontracts are discussed on the 
following pages. 

Efsectofloaaw«iaaeoadyaaBUCioafJuK3sofAS33, 
gndeB, class 1 steel1 (W.O.Shabbits,L. J.Cescfaim, 
E. T. We**!, and T. R. Mager. Westinghouse 
Electric Corporation) 

Uaake the measurement of static toughness (K/c) 
properties, for which a standard procedure2 has been 
adopted by the ASTM E-24 Omnmttee on the Fracture 
Toughness of Metals, dynamic toughness testing re
quired the development of experimental techniques. In 
&e interests of uniformity, the static toughness testing 
procedures were adhered to wherever possible. The two 
major problems encountered m dynamic testing were 
the design of a loading system aad fixtures that would 
provide uniform, rapid, vibration-free specimen loading 
and the measurement of loads aad daptacement; on the 
specimen with sufficient accuracy and resolution. 

A hading system capable of 60-m-/sec ram velocities 
and 150-kip capacity was designed spedfkaDy for this 
test program. Gripping fixtures sutatar to those recom
mended by ASTM were used. The system provided for 
static preloading of the specimen and pretravd of the 
actuator loading rod, and also permitted the placement 
of damping materials between the actuator rod and the 
loading dcris. Dunping was found necessary to permit 
gradual acceleration of the system and avoid the shock 

1. Tais prasnwi b part of aa oraal wcstawjfcoaae Electric 
Cotpontion, Eafwc Suae Atoanc Devdopwtat AstocMet, 
lac, mi Oak Raja? NaikNHi Laboratory (aaaer UOCND 
Subcontract 3078) coaaenmve program 

2. ASTM Scaaaant E399-7QT, Tortatm Memo* of Test 
for Fbae-Stma Fnctaue of Metaflk MMriatt/* ASTM Stmt* 
mb. pt 31,1970. 
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waves associated with direct impact. The measurement 
of specimen loads and displacements required instru
mentation with adequate frequency response and 
linearity characteristics. Electrical strain-gage instru
mentation was used to measure loads, and the displace
ment-measurement transducers iiduded linear variable 
transformers, plastic film potentiometers, and electrical 
dip gages. The outputs were recorded on a frequency-
modulated magnetic-tape recorder. 

The 84n.-thick compact tension specimens were 
tested with a gas-driven extrusion machine. Special 
fixtures were designed to attain constant acceleration 
on the specimen to avoid shock and vibration. The basK 
design consisted of parabolic machined wedges sep
arating standardized (4-in.-diam) pins that were free to 
rod on a flat surface. 

Tests were conducted on 1-, 2-, 4-, and 8-in.-thick 
specimen; of KSST pbte 02 material. Interpretation of 
the results was based on standard ASTM static pro
cedures for testing metallic materials.2 The limitation 
of 3% liscsarity b&poaed by v*z oscilloscope made it 
Afficult to reserve a 5% secant Intercept. Since the data 
appeared linear to within the linearity requirements, 
fracture leads were used to compute the measured 
fracture toughness. The results of these tests are 
compared with the previously generated static data in 
Figs. 2.1. 2.2. and 2 3 and are summarized in Table 2.1. 

As with the static (Kfc) data the results indicate a 
rapid increase in toughness with temperature. Below 
ambient temperature, w*»ere a direct comparison with 
the static (Kle) fracture toughness is possible, a 
decrease in toughness is observed. The apparent cverall 
effect is a shift in the ambient temperature. The results 
for the 2-, 4-, and 8-in.-thJck compact-tension speci
mens indicated the dynamic fracture toughness of A 
533, grade B, class 1 steel pbte to be above 100 ksi 
v^iT. at room temperature. 

(P.B.CrosfcyandE.J. 
Rtpling, Materials Research Laboratory) 

Previous work showed that the crack-initiation tough
ness could be varied by changing loading rat';, fati^je 
precracking procedures, etc. Variations in the initiation 
conditions influenced the length of crack jump, but the 
value of the arrest toughness was the same within a 
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Table 2.1. Compact tenaion dynamic fracture toughneat (KiD) data for HSST plat* 02 

Specimen 
identification 

Test 
temperature m 

Yield 
stress 
(ksl) 

B, Width 
(in.) 

W, Depth 
(in.) 

KA Fatigue 
(kils/in.) 

Average crack 
length 
(in.) 

Ultimate 
load 

(kips) 

KQ or K!D, 
Tough new 
(kti v/57.) 

K, 
Loading rate 
(kti >/in./aec) <•) 

HS2M -30 74.0 1.003 2.000 is.;; 10288 5.22 35.9 62.000 0.234 
HS213 50 74.0 1.003 2.000 15.6 1.0337 7.6S 54.5 46.200 0.542 
HS21-2 -SO 74.0 1.003 2.000 1S.6 1.0309 6.0 42.7 68,100 0.332 
HS21-1 -50 74.0 1.003 2.000 15.5 1.0292 6.64 46.9 10.900 0.402 
HS21-6 -50 74.0 1.003 2.000 15.4 1.0249 58 40.4 61.300 0.298 
HS21-S -50 74.0 1.003 2.000 14.8 0.9966 4.9 32.8 50,500 0.196 
HS22-4 75 69.0 2.004 3.999 21.4 2.0801 39.1 99.6 19,500 1.04 
HS22-6 50 71.0 2.004 3.999 21.3 2.074S 27.5 69 7 17,400 0.482 
HS22-5 25 72.0 2.004 3.999 21.3 2.0753 24.0 60.9 19,000 0.357 
HS22-1 0 73.0 2.004 3.999 21.5 2.0863 16.5 42.4 13.900 0.16? 
HS223 -25 74.0 2.004 3.999 21.1 2.0630 16.0 40.2 13,400 0.148 
HS22-8 -100 79.0 2.004 3.999 21.7 2,1015 15.7 40.7 12,700 0.133 
HS227 -150 84.0 2.004 3.999 21.9 2.1088 13.0 33.8 10,900 0.0812 
HS22-2 -SO 74.0 2.004 3.999 21.2 2.0731 13.8 34.9 13,500 0.112 
HS26-8 -50 74.0 2.004 3.999 21.4 2.0794 21.6 55.0 48.6 0.276 
HS26-7 -50 74.0 2.004 3.999 21.4 2.0805 19.1 48.5 123 0.245 
HS26-5 -50 74.0 2.004 3.999 21.1 2.0639 14.1 15.5 31,600 0.115 
HS262 -so 74.0 2.004 3.999 21.2 2.0726 14.3 116.3 33.200 0.126 
HS260 50 74.0 2.004 3.999 22.3 2.1339 15.3 40.7 8.480 0,131 
HS2I12 50 74.0 2.003 3.999 16.1 2.0994 22.0 56.9 6.22 0.296 
HS21U -50 74.0 2.003 3.999 15.9 2.0'71 16.0 40.7 1,660 0.151 
HS27-1 -50 74.0 2.003 3.999 16.1 2.0971 20.7 53.5 1.130 0.261 
HS212-2 -50 74.0 2.003 3.999 15.2 2.0219 18.3 44.6 2.62 0.182 
HS218-1 -50 74.0 2.003 3.999 15.3 2.1241 162 39.4 92.8 0.142 
HS227-1 -50 74.0 2.003 3.999 15.3 2.0256 19.6 47.9 479 0.209 
HS227-2 -50 74.0 2.0u3 3.999 15.4 2.0321 23.1 56.8 6.31 0.295 
HS218-2 -50 74.0 2.003 3,999 15.4 2.1131 18.4 47.6 173 0.207 
HS2183 7S 60.0 4.015 8.011 15.6 4.1130 138,0 121 23.400 0.772 
HS2-24 0 73.0 4.002 8.001 21.5 4.1762 56.8 51 12,300 0125 

A'yJ where ays is the 0.2% offset static yield strength. 



Table 2.1 (continued) 

Specimen 
identification 

Test 
temperature 

CV) 

0 

II
I B. Width 

(In,) 
W, Depth 

(in.) 
K/s Fatigue 
(kil v/iiT) 

Average crack 
longth 
(in.) 

Ultimate 
load 

(kip*) 

56.4 

KQ or KfD, 
TouglinejHi 
(ksl Viiv) 

50 

k, 
Loading rate 
(kill v/ln./sec) 

14,000 

(a) 

HS2-23 

Test 
temperature 

CV) 

0 73.0 4.002 8.002 21.1 4.1339 

Ultimate 
load 

(kip*) 

56.4 

KQ or KfD, 
TouglinejHi 
(ksl Viiv) 

50 

k, 
Loading rate 
(kill v/ln./sec) 

14,000 0.119 
HS21I3 -50 74,0 4.013 8.015 16.0 4,1797 54.2 48 34,900 0.109 
HS2-26 0 73.0 4.002 7.999 21.3 4.1547 73.5 6*. 25,400 0.205 
HS27-3 50 74.0 4.012 8.007 15.8 4.1463 54.0 4* 482 0.106 
HS2283 75 69.0 4.002 7.999 15.8 4.1045 122.0 107 16,300 0.609 
HS2273 -50 74.0 4.002 8.000 15.7 4.0S37 51.5 4S 11,900 0.093 
HS2124 75 69.0 4.002 7.999 15.7 4,0862 140.0 122 •5,700 0.791 
HS2DI3 50 71.0 4.003 7.999 16.4 4.1970 126.0 115 462 0.702 
HS2D15 50 71.0 4.003 7.999 16.3 4.i737 117.0 106 3,720 0.592 
HS2L17 SO 71.0 4.003 7.999 16.3 4.1757 134.0 121 73.6 0,773 
HS2D10 50 71.0 4.003 7.999 16.1 4.1467 131.0 117 30.5 0.726 
HS2D16 50 71.0 4.002 8.000 16.6 4.2200 14P.0 lit 12.2 0.981 
HS2D8 SO 71.0 4.002 8.000 16.3 4.1720 85.6 77.6 6,160 0636 
HS2-I3-3 50 71.0 4.008 8.01 15.4 4.0833 71.5 62.3 13,000 0.203 
HS2-7-4 SO 71.0 4.002 8.000 15.3 4.0570 81.4 70.6 13,100 0.265 
HS2-28-4 0 71.0 4.002 7.998 15.3 4.0538 55.5 48.1 11,400 0.108 
HS 2-11-4 50 71.0 4.002 8.000 15.4 4.0715 80.3 70.0 13,500 0.257 
HS2-21 75 69.0 4.001 7.998 15.4 4.1000 120.0 105 5.250 0.573 
HS2D4 125 65.1 8.005 16.001 36.6 8 135 594 182 87,000 0.975 
HS202 125 65.1 8.004 15.999 37.0 8.193 466 145 98,000 0.615 
HS2DI 100 67.4 8.005 IS.998 36.8 8.165 416 128 61.300 0,452 
HS2D3 75 69.0 8.002 16.002 37.0 8.189 308 95.8 63,800 0,241 
HS2D6 75 69.0 8.004 16.001 36.8 8.164 304 9 4 ! 75,200 0.233 
HS2D5 ISO 62.9 8.001 16.002 36.0 8.165 650 >200 

\ 



8 

ORNL-OWG 7!-«26 
220 

200 

180 

£ 160 

ES
S 

(k
s 

140 

I 120 o 
£ 100 
u 
3 - 80 

GO 
o 

* 40 

20 

1 i 
K -»<104 ksi 4 in. /a *c j 

; 

ASTM VALID STAT i c / f I e / . ASTM 

i / 

^ (STA1 J 
^ (STA1 IC) i 

4 * + 
f 

- 200 -KX) 0 1O0 
TEMPERATURE (•F) 

200 

tjght scatter band independent c f the preceding initia
tion level. It was also found that at low temperatures 
the initiation toughness showed only a modest rate 
sensitivity, and the crack-arrest toughness was es
sentially equal to the initiation toughness. With increas
ing temperature, greater rate effects appeared, and 
static initiation and crack-arrest toughness values were 
more widel> separated. Since the crack-arrest toughness 
increases less rapidly with increasing temperature than 
the initiation toughness, it <&ould be posrible to 
measure the crack-arrest toughness at higher tempera
tures than the initiation toughness with reasonably 
sized specimens. Therefore recent work has been 
drrected toward measuring crack-arrest toughness at 
higher temperatures. 

Experimental procedure. In order to measure crack-
arrest toughness it is first necessary, of course, to 
initiate a flat fracture that runs at a high velocity. 
Because the crack-arrest toughness value is independent 
of the preceding crack-initiation value, attention was 
focused on a method of artificially lowering the 
initiation value so that a running crack could be 

obtained at the higher temperatures of interest for 
crack-arrest measurements. The method selected was to 
test specimens with a temperature gradient in the 
direction of the crack propagation so that fracture was 
initiated at a low temperature and arrested ac a higher 
temperature. 

The tests were run with contoured DCB (double-
cantilever-beam) specimens loaded dynamically in a 
closed-ioop servo-hydraulic machine following pro
cedures described in previous reports.4-4 The tempera
ture gradient was established by cooling the front end 
of the ycciroeg with dr^ ice. Then, with Use specunet! 
placed iu the test machine, the back end was heated 
with an oxyacetyiene torch. The temperature was 
monitored with six Chromel-Alumel thermocouples 
spot welded to the specimen. The thermocouples were 
spaced % in. lpart adjacent to the crack line. With this 
procedure, temperature gradients of 15 to 20°F/in. 
were established over a region including the crack jump 
distance. After testing, die cracK-arrest position *as 
marked by extending the crack a short distance in 
fatigue prior to breaking the sperirjien completely at a 
low temperature. Typical jump distances were of the 
order of % to 1 in., although in some cases the distance 
was as much as 2 in. 

Rente. Initiation and arrest toughness measurements 
obtained for specimens with a temperature gradient are 
shown in Fig, 2.4. The initiation values arc denoted by 
squares (for 2-in.-thick specimens) and ti .angles (for 
3-in.-thick specimens). The arrest toughness vali*** arc 
denoted by JTs. Lines connecting the initiation and 
arrest values indicate an initiation and an arrest from a 
single pop. As b obvious in Fig. 2.4, the initiation 
values were obtained in the temperature range where 
the toughness increases rapidly with temperature. The 
higher initiation toughness values were oltained on 
specimens that experienced some plastic bending of the 
arms prior to fracture. This slowed down the straining 
rate as the crack-initiation load was approached. Never
theless, in aD the tests the load corresponding to crack 
initiation was dearly defined, and unstable crick 
extension occurred with an abrupt drop in load As may 

4. F. J. Witt, Hetty-Section Sled Technology Program 
Semmmn. Progr. Rept. Feb. 28. 1969. USAEC Report ORNL 
4463. Oak Ridge National Laboratory 

5 F. J. Wilt, Hecry-Sectkm Steel Technology Program 
Semmmn. Progr. Rept. Aug. 3i. 1969. USAEC Report ORNL-
4512, Oak Ridge National Laboratory 

6. F. J. Witt, Heavy-Section Steel Technology Program 
Semiann. Progr. Rept. Feb. 28. 1970. USAEC Report ORNL 
4590. Oak Ridge National Laboratory. 
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be seen in Fig. 2.4, all the crack-arrest toughness values 
are distinctly below the corresponding initiation tough
ness values. The arrest toughness values seem to fall into 
two groups. A large number of tests representing crack 
arrest at temperatures ranging from 75 to 115°F gave 
arrest toughness values clustering around 110 ksf Vm. A 
significant number of tests gave lower values, which 
suggested that the low end of the scatter band of arrest 
toughness may define a rather gradual linear increase in 
the crack-arrest toughness with increasing temperature. 
Examination of the fracture surfaces showed that in the 
specimens that gave the higher crack-arrest toughness 
values the ptene of the crack wandered from the 
minimum section far enough to give some shear lip in 
the vicinity of the crack-anest position. The specimens 
that gave lower arrest toughness values invariably had 
fracture surfaces that were more fat. Hence it is 
suggested that the lowest values of the arrest toughness 
are the more significant. 

Pacussiou. In the temperature range 80 to I00°F. 
crack-arrest toughness values are distinctly below the 
crack-initiation values. It is not yet possible, however, 
to project the behavior of crack-arrest toughness with 
further increases in temperature. Some data suggest that 

the arrest toughness may begin to increase rapidiy with 
temperature in a temperature range somewhat higher 
than that at which crack-initiation toughness behaves in 
the same manner. Other measurements are consistent 
with the possibility that the arrest may continue to 
show a gradual increase wif.% temperature at tempera
tures still higher than those at which measurements 
have yet been made. An immediate goal of the present 
work is to measure the crack-arrest toughness at higher 
temperatures in order to answer this question. 

Gross strain as a measure of crack tolenace of * e d s 7 

(P. N. Randaii, TRW Systems Group of TRW, Inc.) 

In common with the other HSST projects, the basic 
objective of this *tudy is to predict the fracture 
behavior of full-scale hardware from tests of a practical 
specimen of the material. The approach is to measure 
critical gross strains in a surface-cracked tension speci
men of rectangular n-oss section as a function of crack 
size, temperature, and constraint. Scakup to heavy 
sections requires a size-effect study, precede.! by 
investigation of the effects of specimen shape anc! size 
relative to crack s»ze to permit knowledgeable extrapo
lation. Some of these variables were studied in the first 
year's work, which was reported previously.' A full 
statement of the problem and an explanation of the 
gross strain measurement approach were also given and 
will not be repeated here. 

Prcgr^£ during this first six months of the second 
year's contract is discussed here. The tensile properties 
of the material furnished (from plate 02) were meas
ured in some detail. 2nd effects of natural Haws in the 
form of slag inclusions were encountered. An improved 
system of strain measurements was developed, and 
stud-'ds were begun on the effects of shape of specimen 
cross section and the ratio of crack area to gross area on 
critical gross strain in the presence of a O.lO-in.-deep 
crack. These were preliminary steps in the size-effect 
study. 

Material. The material furrusted at the beginning of 
the program was from the lower end of pbte 02 -
pieces 02GX Y. and Z, as shown in Fig. 2.5. To avoid 
the inhomogenrity in yield properties that was found 
previously and which required classification of speci
mens as either midplaie or bottom-btock material, these 
pieces were cut 3.5 in. from eithe*- plats surface. To 
check for variability at the yield-point loading through 
the truVkness of the Mock and along the length, several 

7. Wore performed under IHXND Subcontract No. 3134 
between Union C r*"'** Corporation and TRW. Inc. 
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Fig. 2.5. Layout of specimens dtming their locations in piale 02. All blocks were cut « i th 5-in. thickness centered on the plate 
midplane. 

0.505-in.-dtam tensile specimens were prepared from 
locations shown in Fig. 2.5. They were tested at -20°F 
because most of the tests of gross strain crack tolerance 
were expected to be made at subzero temperatures. The 
results for individual specimens are listed in Table 2.2. 
There was little variation of yield cr ultimate strength 
with position in the block. The range of ultimate 
strength values was about ?. ksi. and that of lower yield 
point values was less than 4 ksi. The shape of the 
stress-strain curves in the yield region was uniform for 

ail locations in the block - the yield plateau extended 
to about 1.4% total (elastic plus plastic) strain. Strain to 
maximum load war- about 12%(±1%), which means that 
the upper lim»* of c-gnc, critical g/oss strain in the net 
section, is about ] 2% for this material at -20°F . 

Elongation and reduction-of-area values were reduced 
in some specimens by the presence of slag inclusions 
and by another form of inhomogeneity that produced 
"fisheyes" in the fracture surface. The inclusions were 
most evident in the central part of the block; that is, in 
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Table 2.2. Results from tensfe tests at -20°F or speuweus from KSST plate 02 

Specimen 
No. 

Ultima -e 
strength 

(ksi) 

Upper 
yield 
stresj 
(ksi) 

Lower 
yield 
stress 

Elongation 
at yirfd 

point 
(%) 

Strain to 
maximum 

load 
(%) 

Elongation 
(*) 

Reduction 
of 

area 
(%> 

Z2 93.3 72.0 70.0 1.4 12.4 27.G 60.5 
Z3 93.7 70.5 69.8 1.4 11.7 27.0 61.1 
Z5 91.6 69.8 68.2 1.3 12.2 28.0 58.3 
Z7 90.1 71.4 69 1 1.3 9.3* 17.5- 46.3* 
Z8 91.5 69.5 68 5 1.4 12.8 22.5 42.7 
Z9 91.0 68.7 68.3 1.5 114 20.0 40.9 
Z10 90.7 70.4 68.9 1.4 12.8 25.0 50.1 
ZU 90.6 70.0 68.4 1.4 12.3 28.5 62.0 
Z14 89.2 70.1 66.6 1.2 13.4 28.0 59.3 
Z15 89.4 6? .7 66.9 14 12 6 28.5 56.9 

Y2 66.5« 63.1« 62.3 a 0.4« 1.2« 5.5« 20.8« 
Y3 88.8 69.4 67.1 1.5 10.8 14.0* 27 3« 
Y6 91.2 69.3 68.5 1.4 12.3 27.5 56.4 
Y7 90.9 70.3 68.7 1,4 12.1 27.0 54.6 
Y8 89.3 69.7 67.5 1.4 11.5 16.0* 23.9« 
Y9 91.1 70.7 67.5 1.2 128 25.0 48.8 
Yin 91.7 69.3 68.9 1.3 13.9 28.0 59.0 
Y l l 92.3 72.6 69.4 1.3 12.3 28.5 59.4 
Y15 90.5 71.5 67.6 1.3 12.0 23.5 44.0 
Y16 91.0 68.8 68.8 1.4 12.1 22.5 47.7 

"Test data affected by the presence of slag inclusions or "fisheyes.' 

the middle third of the plate. Figure 2.6 shows the 
failure surfaces from three of tlie tensile spec'mens, the 
behaviors of which were noticeably affected by the 
presence of inhomogeneities. as indicated in footnote a 
in Table 2.2. The photos in Fig. 2.6 represent the worst 
fractures in the tensile specimens. All three specimens 
were tested at -20°F, and all three had a "spongy**' or 
"woody" patch, which in specimen Y-2 occupied about 
40% of the cross section. In addition, specimen Y-3 had 
a large "fisheye." Many specimens had fisheyes 0.020 
to-0.050 in. in diameter, and they faiied by formation 
of a cup-and-cone fracture, with tne fisheye forming the 
bottom of the cup. The fractures on specimens from 
the top and bottom block were nearly normal. 

The data of Table 2.2 indicate that all but one or two 
specimens developed 90% of the median vaiue of strain 
to maximum load; hence, the flaws die' not generally 
produce failure by crack propagation prior to normal 
tensile instability. Only one specimen (Y-2) showed a 
reduction in ultimate strength. Ten of the 20 specimens 
tested at -20°F showed reduced values of elongation 
and reduction of area. 

The trend in tensile properties with temperature was 
also measured by resting one pair of specimens at 

+75°F and another pair at — 100°F, a< shown ki Table 
2,3. The instability at yield-point loading was more 
pronounced at the low temperature. Tensile instabflity 
strain also increased s'ightly at the low temperature. 
Trends in elongation and reduction of area values are 
hard to detect, because many of the values were 
reduced by the presence of slag in the vicinity of the 
fracture. By comparing the higher values at each 
temperature and assuming that they were least affected 
by inclusions, it nay be concluded that the effect of 
temperature on these ductility values was small. 

Radiographs of the largest inclusions in the mauuiied 
gross strain specimens, taken normal to the plate 
surface, showed the inclusions to have the appearance 
of clouds of low-density particles. The largest dimen
sion of the largest cloud was between 0.5 and 1.0 in. 
Figure 2.7 shows a print of the radiograph of the 
inclusion in specimen 103 and of the fracture that 
originated at that point in a room-temperature test. The 
inclusion was more severe than the O.lOO-in.-deep 
surface crack, a! though the latter showed almost the 
expected crack-opening displacement, and the post 
strain values were nearly equal to the tensile instability 
strain. Hence the test result was included in the data 
discussed later (see Table 2.6). 



12 

r»<CTO (XH9-71 

(o) SPECIMEN Y-2 

{b) SPECIMEN K-3 

(c) SPECIMEN Z-7 

Rf. 2^. P*hKe swfaces in dine tcnale spedment contaumg 



13 

PHOTO 0 0 2 0 - 71 
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TaMe2J. Effects of tenpenture oa 

Specamas tested at 75* F Averaged 
results of 

tests* at -20*F 

Specimens tested at -
Y17 Y18 

-100°F 

Y13 Y14 Average 

Averaged 
results of 

tests* at -20*F 

Specimens tested at -
Y17 Y18 Average 

Uttiniate strength, ksi 85 9 84.9 85.4 90.9 99.2 99.8 99.5 
YiHd stress, ks 

Upper 65.7 6S.0 65.4 70.1 r>A 76.6 77.0 
Lower © J . / 64.3 65.2 **.i 76.8 75.8 76.3 

Elongation at yield point, % 1.2 1.2 l 2 1.4 1.8 1.8 1.8 
Strain to nttxnwum toad, % V0.8 11.4 11.1 12.3 13.4 13.5 13.4 
Elongation, % 27.0 26.5 26.8 (b) 26.0 27.5 26.8 
R<v*!x£u« of area, % 64.6 55.7 60.2 W 46.0 53.2 49.6 

*Dats from Tsbfe 2.2; data affected fcv presence of slag iiiCnnioa* or Tisheyes** aoi iadudcd. 
^Average not confuted because spread in values caused by presence of slag inclusion was so laige. 

A study of the radiographs fiat were made a* a result 
of the findings from the tnsu> ied to the 
conclusion that as many as one-third of the test results 
for individual gross strain specimens might be affected 
by the slag inclusions. For example, (1) the specimen 
might "ail at the inclusion instead of at the fatigue 
crack, (2) the size of the fracture origin might be put in 
doubt by the presence of fisheyes adjacent to the 
fatigue crack, (3) delamination might reduce constraint 
below the crack, or (4) gross strain values might be 
affected by local strain around an inclusion. Conse
quently, replacement material, pieces 02AE and 02AF 
(see Fig. 2.S), was furnished by ORNL from the upper 
end of plate 02. The use of this material is described 
after the presentation of the test plan. 

Strain measurement. One result of the first year's 
work was the conclusion that critical values of gross 
strain should be measured in the gross section above 
and below the crack ( e ^ ) , as well as in the net section 
sparging the crack (egnc). The e ^ c values can be 
obtained after a test from micrometer readings that give 
the reduction in width and thickness by using the 
technique described in HSST Technical Report No. 3." 
For small strains, extensom*!ers arc more accurate. 

Record: of ioad versus displacement provide for 
measurement of energy values and for fuiier observation 
of the deformation process, and hence pairs of exten-
someters(back to back) were provided for measurement 
of average values of £ | r as well as e„„, and a single 
extensometer for measuring the crack-opei.'ng displace-

8. P. N. Randall, "Gross Strain Measure of Fracture Tough-
nets of Steels," Heavy Section Steel Technology Program 
Technical Report No. 3, TRW Systems Group, p. 7, Nov. I, 
1969. 

men! (COD). In the initial adjustment for axiality of 
loading, the difference in the output of two units of a 
pair of extensometers was read to measure bending. 

The seven extensometers shown in Fig. 2.8 utilize the 
conventional strain-gaged flexure principle and have 
special fingers to contact the specimen. Many gage 
lengths are required in a size-effect study of this kind, 
but for reasons of economy and survival when the 
specimer breaks, all extensometers are of one size - as 
small as possible. The gage points on the specimen are 
spot welds that hold adapters made of wire and 
threaded rod. ;he length of which can be adjusted fairly 
easily to fit the extensometer to any gage length. 
Typicii configurations are shown in Fig. 2.8. 

For size-effect studies, gage lengths must be scaled the 
same as other dimensions. Figure 2.9 shows the 
dimensionai requirements for the placement of gage 
points. Exceptions to this pattern for other studies are 
noted where those tests are discussed. 

A typical set of records is shown in Fig. 2.10. The 
curves in Fig. 2.10 were traced from charts obtained 
from X-Y plotters. The dip in load in the curve for egn 

was caused by sudden yielding in the lower part of the 
specimen. While not evident in this record, the X-Y 
recorder pens traverse the yield plateau at different 
times during the test. In the ideal <*aac, the net section 
yields firs!, but when the ratio of crack »rea to gross 
area is very small, this may not be true. In these tests, 
yielding frequently occurred first at the fillets at either 
end of the reduced section. Figure 2.IS, discussed later, 
illustrates this condition. 

Test plan. Two features of this work are a nudy of 
net section effects and a study of crack size effects. 
Superimposed on both is the problem of how gross 
strain is *o be measured - what gage length, what 
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location, etc.? - with the purpose being to obtain 
results from a practical test specimen that can be 
applied to fuli jcale hardware. 

The importance of net-sectign effects was realized 
when previous results showed that the transition tem

perature was the temperature at which the material in z 
gjven specimen configuration could tolerate the local 
(crack tip) strain that was present at the load level that 
caused gross-section yieUhis. It appeared that a speci
men having a very small crack area relative to the gross 
area would exhibit a lower transition. This aspect of 
specimen design is tr be investigated by tests of the 
three specimens with the cross sections shown in Fig. 
2.11. All have a seimeUipticai surface crack grown in 
fatigue to a nominal size of 0.10 in. deep by 0.30 in. 
long. The ratio of crack area to gross area is about 1.5% 
in the first two groups of specimens and about 6.0% in 
the third. The purpose in testing both *ide specimens 
and narrow ones was to check the hypothesis that the 
shape of the specimen cross section is unimportant 
provided the crack tip region is embedded sufficiently 
to provide all the restraint possible for that particular 
crack size. 

The importance of a crack size-effect »iudy in the 
HSST program is fairly obvious. The approach is simply 
to test a range of cracks of various sizes embedded in 
geometrically similar cross sections and measure the 
critical displacements over geometrically similar gage 
lengths. Extrapolation to the crack size expected in 
full-scale hardware will be in terms of critical strain 
both below and at the transition temperature. The 
specimens to be tested are shown in Fig. 2.12. All these 
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have a ratio of crack area to gross area of about 6.0%. 
The smallest specimen was abo shown in Fig. 2.11, and 
the sketch was repeated here for completeness. 

One other task planned is the preliminary stud) of 
strain-gradient effects. The objective is to decide on « 
suitable test specimen and means of loading and to get a 
first indication of the magnitude of the effects. There 
are two kinds of strain gradients to be studied: a 
transverse gradient, such as that produced by testing 
cracked specimens in bending, and a combined *xial 
and transverse gradient, such as that produced by a 
tension test of a specimen having a very short reduced 
section so that the surface crack is located in a fillet. 
The transverse gradient will be tested first because it 
poses the simpler question; namely, what critical strain 
value in bending correlates with those measured in 
tension for the same crack size? This year's effort 
should provide a basis fur planning the testing required 
to include the treatment of strain gradients in the gross 
strain approach. 

Test results. Only the test results relative to the 
effects of shape of cross section are available for this 
report (see the two top sketches in Fig. 2 .H ). Table 2.4 
fasts the actual specimen d"nensions and Table 2.S gives 
results in terms of loads and displacements, ar **eU as 
stresses and strains. Gage lengths were the same for 
both tests: 5.12 in. for €_. and 1.60 in, for e 

The transition temperature for O.lO-in.-deep cracks in 
this material appears to be at about - 9 0 ± I0°F for the 
foot of the transition in values o(egHC, €ac, and COD. 
Figure 2.13 presents the data for specimens 4 X 0.4 in., 
and Fig. 2.14 shows the data for specimens 132 X 
1.2 in. The trend for e a c values is less clear because 
these specimens, which had a net-section stress only 1.5 
to 2.0% greater than the stress on the gross section, 
often yielded first at the fillet at one end of the 
specimen. The Luder's bands spread toward the crack 
and caused the extensometer in the pos» section to 
indicate higher strain than that in *he net section or in 
the other gross-section gage length until the yielded 
region covered the entire reduced section. Figure 2.15 
illustrates this condition. 

Some difference possibly exists between the two 
specimen shapes, but it is masked by the scatter in 
crack sizes plus the fact that crack depth was greater for 
the thicker specimens. The ratio of crack depth to crack 
length was 0.33 for the 0.4-in.-thick specimens and 0.41 
for the 1.2-in. ones. This difference was to be expected 
and should have been compensated for by growing 
longer cracks in the thinner bars, but through an 
oversight it was not. As a matter of side interest, 
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TaHe2.4. for. 

No. 

Test Spedaaea dimei HKMB Crack see 
net area 

Ratio 
crack area 

to gross area No. 

Test 
Width Thickness Gross area Length Depth Area net area 

Ratio 
crack area 

to gross area 
fF> («-) (in.) ( ia. 2 ) (»-) (HI ) tm. 2 ) <m- ) (**> 

103 •75 4.005 0.403 1.612 0.300 0.100 0.l«23> 1.588 1.46 
102 - 4 0 4.002 0.3*7 1.588 0.302 0.102 0.0241: 1.564 1.52 
104 - 6 0 4.001 0.400 1.601 0.302 0.101 0.0239 1.577 1.49 
106 -83 4.003 C.402 1.610 0.347 <U05 0.0285 1.582 1.77 
101 -90 4.002 0398 1.594 0.300 0.103 0.0242 1.570 1.52 
105 -112 4.000 0.396 1.583 0.304 0.096 0.0229 1.560 1.45 
109 - 5 0 1.328 1.200 1.593 0.300 0.!28 0.0301 1.563 1.89 
112 --»2 1.328 l.«99 1.592 0.304 •U30 0.0310 1.561 1.95 
110 -83 1.328 l 201 1.593 0.321 0.153 0.0386 1.554 2.42 
H I -84 1.328 1.20» 1.594 0.304 0.123 0.0294 1.565 1.84 
114 -104 1.327 1.2C0 1.592 0.304 0.114 0.0272 1.545 1.71 
113 118 1.328 1.201 1.594 0.311 0.130 0.031/ 1.562 1.99 

TaMe l£ . Res ato of teats fa rdeteraa aing critical gross i * • • » » • * * ts 

Nominal 

size 
(in.) 

Specimen 
Nc. 

Test 
temperature 

(°F) 

Kaxanum 
load 

(kips) 

Gross 
stress 
Oca) 

Net 
stress 
(ksi) 

Critical gross straka and displacements 
Nominal 

size 
(in.) 

Specimen 
Nc. 

Test 
temperature 

(°F) 

Kaxanum 
load 

(kips) 

Gross 
stress 
Oca) 

Net 
stress 
(ksi) 

<ter 
at top 

(%) 
at bottom 

(%) (%) 

Displacement in 
engage length 
spanning crack 

(nub) 

COD 
(mis) 

4 X 0 . 4 103 +75 a 132.0 81.9 83.1 12.4 9.8 >5 .2 6 >370 70 
102 -40 141.8 89.3 90.7 13.1 12.9 >6 .8 6 >350 
104 -60 128.2 80.0 81.2 4.1 3.8 192 16 
106 -83 117.5 73.0 74.3 2.5 0.25 1.0 52 4 
'01 - 9 0 120.3 75.5 76.7 0.24 0.25 0.33 17 7 
105 -112 119.8 75.7 76.8 0.29 0.30 1.3 68 6 

1.23 X 1.2 109 - 5 0 1431 89.8 91.5 13.6 11.8 12.8 658 89 
112 -72 120.7 75.8 77.3 2.6 2.4 2.4 124 IS 
110 -83 112.8 70.8 72.5 0.69 0.37 0.66 34 10 
111 -84 128.8 80.0 82.2 3.6 :.6 3.70 189 16 
114 -104 118.8 74.6 75.9 2.2 0.23 1.1'. 57 9 
113 -118 123.5 77.5 79.0 0.32 0.2" 0.44 22 6 

'Broke at slag industoo rather than at crack. 
°Ran out of extensometer travel. 

specimen 106, which had a ratio of 0.30, was grown 
completely in reversed bending (inadvertently). 

The relationship of gross stress to temperature, 
plotted in Fig. 2.16, shows a transition it the same 
temperature (-90° F) as that for the strain values. The 
data for yield and ultimate strengths are from Table 
2.3. As expected from the previous work, the transition 
occurred at the temperature at which gross-section 
yielding preceded the onset of fast fracture. 

Figure 2.17 is a repiot of a set of the load 
displacement records from which egnc values were 
computed for the bars of 1.32 X 1.20-in. cross section. 
They show how elongation and maximum stress values 
drop off at the transition. Obviously trie area under 
these curves is the energy to maximum ioad consumed 
in deformation within the gage length (5.12 in.). From 
Fig. 2.10, it is evident that the strain was fairly uniform 
along this length once the yield plateau was passed at all 
points along the gage length. 
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PHOTO 0 0 2 2 - 7 4 

F|g. 2.15. Laden* i—di ipmdwf, downward front Wet at end of jane length. These bands caused pto'uc strain to occur first in 
the gross section. Ratio of crack area to grcs« area was 13%. 

for completion of work. Mien it was discovered 
that the presence of slag inclusions in pieces 02GAT, Y, 
and Z might interfere with the interpretation of test 
results, additional material was provided by ORNL. 
Pieces 02AE and 02AF were from the upper end of 
plate 02, as shown in Fig. 2.S. Tensile specimens (O.SOS 
in. in diameter) are currently being machined. They will 

be tested to check homogeneity of yield properties, 
primarily. The size-effect study described in Fig. 2.12 
will be done on this material. The tests of the smallest 
specimens (O.lO-in.-deep crack) will repeat those on 
specimens from Mock 02GK to provide correlation with 
the other work dene to date. 
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TIme-anneaaonal dastic-pfastic stress and strain 
•anryw for fracture mtduofcs9 (iV. J. Levy, 
P. V. Marcal. nnd J. R. Rice, Brown University) 

The primary activities during the current reporting 
period were the preparation of a topical report covering 
the work completed to date and the accomplishment of 
some internal improvements in the computer program 
being developed. The main improvement in the com
puter program wa° the introduction of a direct nietheJ 
oi solution for the system of equations generated by 
the Hastic part of the problem. This improvement 
reduces the time required to accomplish the elastic 
solution by a factor of approximately 2 and theiefore 
<i£kcs the program significant]) more efficient. 

The topical report covers the development of an 
elastic-plastic finite-demen* analysis for three-
dimensional specimens with flaws. Particular attention 
was paid to the analysis of 2 semidliptic crack and a 
through crack in a plate of finite thickness. Three-
dimensional polar, cubic, and cubic-distorted elements 
were developed for the analysis. In addi&Mi, programs 
to generate the mesh of elements and noJal points for a 
given problem size and specimen geometry v. ere written 
and tested. The finite-element analysis was im
plemented by a computer program developed to handle 
problems with up *o 10,000 degrees of freedom. As is 
well known, such large problems are freque..tly en
countered in three-dimensional analysis. This capability 
was also r ea red for analysis of the stress and strain 
field near cracks. The results of analysis for a through 
crack with 4500 degrees of freedom and for a semi-
dhptk crack with 2700 degrees of freedom are also 
reported. The problems discussed were studied mainly 
to test the finite-element program, the mesh-generating 
programs, «nd the suitability of the elements developed. 

With respect to the three-dimensional crack problem 
- case study (a) - the ehstic solution obtained 
reproduced de<dy the features of the approximate 
solution suggested by Hartranft and Sih. 1 0 The main 
result shown by the elastic solution is tlat at *tc crack 
tip the plane-strain regime prevails across the specimen 
thickness, except perhaps at the free surface or in a thin 
layer - called the bcomdary layer in ref. 10 - near :he 
free surface. It should be noted that the three-di-

9. Work performed under UCCND Subcontract 3153 be
tween Union Carbide Corporation and Brown University. 

10. R. J. Ifartranft and G. C. Sih, An Approximate Three-
Dimensional Theory of Plates with Application to Crack 
Problems, Lehigh University, Technical Report No. 7 May 
1969. 

mensional polar dement is a generalization of the 
f wo-dimensional polar clement reported in ref. 11 and 
uv?d in the plane-strain crack problem. As shown in ref. 
11, fhe two-dimensional dement reproduces quite well 
the displacement singularity at the crack tip in the 
plastic regime. It is therefore believed that the three-
dimensional polar demerit developed here will be 
excellent for the study of the stress and strain field in 
the three-dimensional through-crack problem, especially 
at the proximity of the crack dp in the elastic as well as 
in the plastic domain. 

As to the elastic-plastic analysis of the semieiliptic 
crack, there are no analytic or approximate solutions 
with which io compare the results of the fiiiiie-cicmctu 
analysis. However, a qualitative study of the stress and 
strain distribution based on equilibrium in the large 
shows that the finite-element results are qualitatively 
correct. The main result of the analysis is that the limit 
load of the specimen with the flaw is the same as the 
limit load of a specimen of the same dimensions but 
without a flaw. In addition the stress and strain field 
disturbance due to the presence of the flaw fades away 
almost completdy at a distance equal to three times the 
thickness of the specimen. 

Finally, it would be very interesting and instructive to 
compare these findings with the experimental results 
when these are available. 

Fracture mechanics characterization and crack-
preparation studies of HSST program enterals 1 2 

(T. R. Mager, Westinghouse Electric Corporation) 

Two final reports covering fracture toughness charac
terization of A 533, grade B, class 1 steel and notch 
preparation in compact tension specimens were pre
pared.1 3 M 

Testing of compact tension specimens from approxi-
matdy -50°F to approximately 550CF continued. An 

11. N. Levy, P. V. Marcal, W. J. Ouegren, and J. R. Rice, 
"Small Scale Yielding Near a Crack in Plane Strain: A Finite 
Element Analysis," Int. J. Fracture Mechanics (in press). 

12. This program was performed under UCCND Subcontract 
No. 31% between the Oak Ridge National Laboratory and 
Westinghouse Electric Corporation. 

13. T. R. Mager, "Fracture Toughness Characterization of 
A533, Grade B, Class 1 Sted," Heavy Section Steel Technology 
Pn -ram Technical Report No. 10, Report WCAP-75/B, Wti,-
inghouse Electric Corporation. 

14. T. R. Mager, "Notch Preparation in Compact Tension 
Specimens," Heavy Section Steel Technology Program Tech
nical Report No. II. Report WCAP-7579, Westinghous? Electric 
Corporation. 
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equivalent-energy procedure was used to determine the 
fracture toughness parameter * / c j The experimental 
studies indicated that Ktcd values determined from 
small compact tension specimens may be almost numer
ically equal to Kfc values determined from nitich larger 
specimens. Compact tension specimens % and 1 in. 
thick were tested. 

Wi t t 1 5 proposed an equivalent-energy method for 
relating crack size, temperature, and stress levels at 
maximum load to fracture and outlined a procedure for 
obtaining the fracture toughness value. K[cd, which is 
not to be confused with the dynamic fracture toughness 
KID-

111C prccCuure Jv»r Gutaining **-icd ****^* irofii stand
ard fracture toughness tests consists of the following: 

i . Measure the *:ea under the load-deflection curve 
up to maximum load of a specimen of width d. 

2. Select any point on the linar portion of the 
load-deflection curve. Measure the ;urea up to this point, 
and divide this area into the area up to maximum load: 
call this ratio b. Scale the dimensions of the specimen 
tested by the factor b and the load by b2. Using this 
load as PQ, determine KQ for ih* so2!ed-up specimen. 
The value determined is unique regardless of the point 
selected on the linear portion of the curve. This number 

Experimental test procedure. Twenty I-in-thick and 
twenty V2-in-thick compact tension specimens were 
machined from HSST plate 02. The specimens were 
prefatigue cracked according to the ASTM recom
mended procedure,2 and a clip gage was placed on the 
front face of each specimen. In addition to the 
front-face clip gage, a deflection gage was placed on one 
side across the machined crack and V4 in. from the top 
of the prefatigue crack on the surface of some of the 
1-in-thick specimens. This clip gage measured surface 
crack opening displacement (surface COD). The devists 
and specimen were placed in a temperature-controlled 
chamber for testing. 

For temperatures below ambient, liquid nitrogen 
vapor was used to cool the test specimen; above 

IS. F. J. Witt, Equivalent Energy Procedures for Predicting 
Gross Plastic Fracture, peper presented at Fourth Natictal 
Symposium on Fracture Mechanics. Carnegie-Melon University. 
August 24-26. i970 ( « publication), see also USAEC Report 
ORNL-TM-3172 <n publication). 

ambient, an electrically hea*ed chamber was utilized. 
The load-displacement readings were read out on 
stan<brd x-y plotters. After the test, the crack lengths 
at crack initiation were read at five equal!y spaced 
intervals. These were averaged to give the crack length 
for the test. A time-load behavior was also recorded. 

Results. The specimens were tested at IS tempera
tures from 50 to +550°F. Then, using the method 
previous})- outlined. 1 5 A / c l (that is. Ktcd from a 
l-in.-thick specimen) values were calculated at each test 
temperature. At temperatures where the specimen 
maintained a maximum load over considerable displace
ment, the point where the maximum load was first 
reached was chosen as the maximum load to ftacuse. 
Data tor the '^-in.-thick specimens are still being 
evaluated. 

The Kjcl data are summarized in Table 2.6, and Fig. 
2.18 is a plot of all the Klc, data obtained from testing 
l-in.-&fck compact tension specimens between - 5 0 
and 550°F. These data indicate a very high resistance to 
fracture at elevated temperatures, even though a slight 
degradation is noted at 550°F. 

onNL-ans IO-OSSSM 
400 ( . 

S • 

• 2 0 C I • *- < • — 
w o * 
k - • • o ATfc, USMG FRONT-FACE 

WO —•; — OSPL*TEMtHT CURVE 
J • /Tfc, US*JG 9AFACE CRACK-

OPENN6 0BPU&CEMENT CURVE 
0 ' ' ' • • ' ' 
-CO O 100 200 300 400 500 600 

TEMPERATURE (*) 

Faj.2.19. Yunnan of Klcl m a ftmdkm of tenysent—e far 

of ASTM A 533. gnoe 1 . daw t anwl (nnairfin ifirsmni) 

Future work will include evaluating 4-, 6-, and 
lO-in.-thick specimens at temperatures corresponding to 
the upper-shelf Charpy V-notch range (200 to 5S0°F). 
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2J6. Fractave 
aKcaaapto! 55TF 

» • * • - Test 
fenpcntMK 

CF) 

Crack 
fc««di 
(av) 

Soeae fracture 
'jttgknes panaaeters 

(ka^T) 

Kledfnm 

front-face 
displacement 

Klatfmn 
surface COD 

flui-v/ST) 

Test 
fenpcntMK 

CF) 

Crack 
fc««di 
(av) 

KV *<?* KU* JCf* 

Kledfnm 

front-face 
displacement 

Klatfmn 
surface COD 

flui-v/ST) 

HS2-7-C10 -50 1.022 43.1 5S.2 63 6 7.2 61.0 
HS2-7-C8 0 1.010 37.0 46.9 739 7.1 76.0 80.6 
HS2-7-C7 25 1.016 41.4 63.6 84.7 7.1 96.0 102 0 
HS2-7<C3 50 1.010 61.6 91.7 97.6 7.0 128.0 
HS2-7-C12 75 1.032 67.5 93.1 103.8 7.3 1763 194.0 
HS2-28-CS 75 1.029 49.2 615 993 16.6 1433 
HS2-28CI0 90 1.027 553 66.5 1003 17.0 203.0 
HS2-28-C2 103 1.024 35.9 56.0 103.4 163 184.0 
HS2-7-CS 125 1.034 54.8 89.7 1073 7.4 312.0 331.0 
HS2-7-C2 i50 1.026 55.1 87.1 106.3 7.3 276.0 283.0 
HS2-28C4 150 1.020 39.0 52.4 106.3 16.3 293.0 
HS2-7-C9 ISO 1.024 42.0 81.3 105.7 7.3 321.0 
HS2-2»C9 200 1.025 46.3 57.9 104.2 16.6 283.0 
H52-7-C4 250 1.018 42.4 82.0 105.4 7.1 282.0 338.0 
HS2-7-CU 250 1.016 60.5 85.8 105.8 7.0 269.0 341.0 
HS2-7C1 350 1.016 623 79J6 99.6 7.1 237.0 287.0 
HS2-2S-CI 44* 1.019 57.0 590 104.1 163 234X1 
HS2-7-C* 550 1.022 633 801 96.4 7.2 204.0 2120 
HS2-2S-CS 550 1.014 51.8 69.0 1023 16.3 206.0 

*Fractaaetoi 
*Fractaaeto 

afkaeat at 4ent 
•jfcarw at aecai 

itioa froaa natality in load-
it offset load. 

rflMa^aW^ajBaaVaaal ca«e. 

Tnctaaetoi afbacst at vital ate load. 

FATIGUE AND CRACK-FROTAGATION 
INVESTIGATIONS 

L F. Kooistra 

The effects of environment and stress state on crack 
growth rates are being studied. Currently crack growth 
rates ate beiug measured in an environment of high-
temperature water (without irradiation). All combina
tions of two water conditions (typical of pressurized-
water and boiling-water reactors), four materials (platf. 
submerged-arc weld, rlectrosbg weld, and shidded-
mettl-arc weld), and two locations (surface and center 
for plate. Held metal and heat-affected zones for welds) 
ate beiafe >nvestigated at 550°F with the use of 
2-Ht-thick compact tension specimens. Some character
ization studies will also be made at room temperature. 

i * 

(T. R. Mager, Westinghouse Electric Corporation) 

The fracture mechanics approach is being used to 
study the effect of tugh-temperatiire reactor-grade 

primary water on the fatigue-crack growth character
istics of materials of nuclear prrmire-veasd grade. The 
2-in.-thick WOL (wedge opening loading) specimen is 
being utilized to measure the faugue-crack growth at 
550°F in an environment (excluding irradiation) typical 
of pressvrized-water reactors and toiling-water reactors. 
The crack growth rate, ck/dN, of pressure vessel 
materials is being measured as a function of A£ # , the 
change in the stress intensity factor at the tip of the 
crack. 

Applications of the ultrasonic technique fo* measur
ing crack growth of the WOL specimen was found in 
prior work to have many advantages. Ultrasonic crack 
detection can be used over a wide range of temperatures 
(-200 to 600°F) without instrument recaUbration, and 
the equipment can be automated to produce a con
tinuous record of crack length versus elapsed cycles. 
The test chamber was dftigned for exposure of the 

16. Work spoasored by HSST program vadur UCCND Sab-
contract No. 3290 betweea UMOM Carbide Corporation aad 
WesUaghonK Electric Corpora tioa. 

•̂ s 
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WOL specimens in primary reactor coolant water at 
pressures up to 2000 psi. Obviously, i f the ultrasonic 
crack-grow.... monitoring technique was to be used, 
access to the specimen surface was necessary. This was 
accomplished by damping the specimen to the bd of 
the test chamber and having an access slot in the 
chamber lid to permit the ultrasonic transducer to 
contact the specimen. An O-ring in a groove around the 
slot and between the chamber lid and specimen surface 
provide the seal. 

When the chamber initially reached 550°F and 2000 
psi, a leak developed at the interface between the 
chamber lid and the test specimen. This was corrected 
by proper selection of the O-ring. Next, a problem 
developed when the ultrasonic transducer overheated at 
the test specimen temperature of 550°F. This was 
corrected by circulating a coupling fluid. 

Exiterimeatal fesalts. Three 2-in.-thick WOL speci
mens were evaluated; a specimen from the top surface 
and center thicknrs of HSST pbte 02 and a specimen 
from the submerged-arc wddment of A 533, grade B, 
class 1 steel. The results are presented in Rgs. 2.19, 
2.20, and 2.21. Examination of the fracture surfaces of 
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the specimens revealed that the starter cract: (fatigue 
pracrack) did not remain in the plane of the side notch 
during crack growth. It was concluded that because of 
the constraint of the chamber hid, the stress intensity K, 
(mode I fracture) at the crack tip was not well defined. 

In order to verify the conclusion that the loading 
arrangement influenced the compliance characteristics 
of the specimen and ultimately, the stress intensity 
calibration, a series of compliance tests was conducted 
both m and out of the test chamber. The difference in 
compliance (deflection across the machined notch at 
the front of the specimen per unit load) menured in 
and out of the test chamber «as approxima'eiv 26%. 
The lower compliance values were measured in the test 
chamber. 

The crack-tip stress-intensity Factor, K, is related to 
the crack-tip energy release rate, G, which in turn is 
rekted to the specimen compliance. The factor K is 
grven by 

where E is modulus of elasticity and P is tVmton's ratio. 

From this relationship it can be concluded that a 26% 
decrease in compliance represents approximately a 5% 
decrease if the stress intensity. 

It wet also concluded that a component of K„ 
loading (mode fl fracture) was also present during the 
fatigue-crack growth tests. 

Future •*©*. Three methods of obtaining interpret-
able data were considered: 

1. Devise an analytical solution for the strtss in
tensity at the crack tip that tiles iiito consideration the 
decrease in Kt and the present* of mixed mode loading 
{K§ and Kn). 

2. Redesign the chamber with bellows on thr bottom 
to provide a flexible seal between the chamber and the 
lower loading stud. 

3. Redesign the experiment to utilize compliance 
(LVDT gage) to measure the crack growth rather than 
the ultrasonic crackHncnitoring technique. 

It was cooduded that compliance measurements were 
the most feasible. At present, a new chamber head is 
bong fabricated to accommodate the LVDT gage. 
Cornphsnce calibration is being performed at 600° F to 
insure the accuracy of the crack-growth measurements. 
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3. Investigations of Irradiated Materials 

In*u ation is one of the environmental factors that 
must be considered in safety evaluations of reactor 
pressure vessels, since the mechanical properties of 
metals may be modified thereby to a degree that is if 
considerable engineering significance. Investigations of 
irradiation effects are being carried on by Hanford 
Engineering Development Laboratory (HEDL), Westing-
house Electric Corporation, Naval Research Laboratory 
(NRL), and Oak Ridge National Laboratory. The areas 
of primary interest to the HSST program are the 
temperature range 450 to 60G°F and the fast-neutron 
(t > 1 MeV) fluence range I X f r 9 to 8 X 1 0 " 
iKutrons/cm2. 

The projected work at NRL, Westinghouse, and 
ORNL has essentially been completed, and final reports 
are being prepared. Results not previously reported, in 
addition to those from HEDL, are reported here. 

Irradiation Effcc tt on Pressure Vessel Materials1 

T.R.Mager 
Westinghouse Electric Corporation 

Barfctrouiid 

Experimental tests of a group of reactor vessel steels 
were performed to investigate the application of the 
fracture mechanics approach to these materials in the 
postirradiation condition. Materials investigated in
cluded the center material from a 12-in.-thick 
quenched-and-tempered ASTM A 533, grade B, class 1 
steel plate (HSST plate 02), a heat of A 508, diss 2, 
forging-grade steel, and the weld metal from a heavy -
section weldment of A 533, grade B class 1 steel 
produced by the submerged-arc process. 

To generate the fracture toughness data, 
tension3 specimens were i*ed. Five 2-as.-thack 
tension specimens were selected from HSST plate 02, 
one was fabricated from the heat of forgiag-grade steel, 
and two were selected frcm the weld metal. The five 
specimens fabricated from the plate 02 were oriented • 
the longitudinal (RW) direction. TV notch dwecSoa 
was copianar to the direction of tae weftd beads for the 
two specimens from the weMacnt. The notch 
oriented in the tangential direction for the fc 
specimen. 

Tensile specimens were abo included in the experi
mental program to satisfy the validity reqsir^eatt 
(yield strength), as wefl as to provide correiAtion data. 
The design, fabrication, and irradiation of the capsule 
assemblies were performed by Babcock AWicoxatthe 
Bibcock ft Wicox Test Reactor (BAWTR). Toe 
BAWTR is a pool-type experimental reactor with a* 
output of 6 MW. The capsules were designed so thet the 
specimens could be maintained at 540 ± 15°F Through a 
combination of gamma heating and extrmsHy applied 
electric heat. Typical temperature readings for each 
capsule are given in Table 3.1. 

The postirradiation tensfle properties of the A 533, 
grade B, dan 1 steel (HSST pstte 02) are listed in Table 
3.2 and pktted on Fig. 3.1. The curves in Fig. 3.1 are 
the postimdiation ("4 X 10'* neutrons/cm ,)teajle 
properties of HSST plate 02 (quarter thickness) re
ported in ref. 3 (see Fig. 14, p. 34, of ref. 3 for correct 

1. Wedc HMMuoied by the HSST program under UCCND 
Subcontract No. 3209 between Union Carbide Corporation and 
Westinahoute Electric Corporation. 

2. ASTM Standard E399-70T, ^eataffee 
of Plum 8iisin Fracture of Mil all 
ana; Pt 31, May 1970. 

3. T. R. Manet and F. O 
Ekstic Frtctwe Mtdmtkt of Jfadatrtrw 
Fend SteHs. Report WCAP-732*, Rev.. 
Corporation, October 1969. 

for Teat 
AST* Sim* 

Ewtkittion of 
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prior dsla). The apod correartkm between the two sets 
of tensfle data indicates that conditions of irradiation 
were sunflar for both the 14n.-tbick3 and 2-m.4bick 
fractire mechanic! specimen*. 

Fracture toughness testing was performed with the 
techniques and specimen! diuuasfd in ref. 3. The 
requirements of the type of fracture toughness testing 
employed are unusual in that it is necessary to compare 
posttcst data with specimen pretest dimensions to 
detennku validity of the test data. 

The postirradartion fracture toughness result* are 
given in Table 33 and Figs. 3.2 and 33. For com
parison, prekradiafjon data, as well as previously 
obtained3 pestirradiatkm data, are also illustrated in 
Fsjs.3.2and33. 

It is interesting to note that the higher exposure 
received by capsule 7 in comparison with capsule 8 (5.7 
X 10'* versus 2.8 X . I O ' * neutrons/cm3) did not 

n 
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influence the postirradiation fracture toughness of the 
material (specimen 18-6 versus 11-5,18-5 versus 27-6, 
Al versus A2). This tends to indicate that irradiation 
damage saturates at approximately 2 X 10'* neu
trons/cm3 when fracture toughness Klc is used as the 
criterion for evaluating the effect of high-energy neu
tron bombardment. 

The ASTM recommended method3 for establishing 
validity of fracture toughness (K,c) data obtained with 

Tank £2. of A 533, 
t §2 

Test O.KfrOffset 
ykti 

Uttimie 
teaalt riontiiion Reduction 

CF) ftfentOi 
(pa) 

straujui 
(pai) 

(%) 
(*> 

21Q4 Room 16438 I06.362 18.0 704 
21Q5 ROOM 93.155 111,993 17.0 584 
21Q3 •175 12422 100,657 184 604 
21Qi •175 85.00a 102451 164 574 
21Q1 •250 •4.707 103406 164 584 
21Q7 •250 I4J7S 103,269 16.0 594 
21Q* •400 •6.056 1C0437 164 594 
21Q2 •550 78,649 103.702 164 504 



Table 3.3. Fractwe toggtaaaa of irradaited 2*i*.>tMcfc comfmci ttMrion apadiiMM 

Specimen 

C8 

Temperature 

12S 

Yield 
Strength 

<k*i> 

Crack 
length 
(in.) 

a/»v, Ratio 
of crack length 

to specimen width 

Plaitic zone 
itee 
(in.) 

Ten Precrackinii 

Kic or KQ, 
Stress-intensity 

factor 
(ksl s/irU 

Validity4 

A8TM A 533, grade B, daw I steel from HSST plate 02 

87.0 2.157 

A SOS, claae 2, forging-grade steel 

0.539 0.051 0.0039 83.7 

Capsule 
No. 

I luence 
(neutrons/.mJ) 

X 1 0 " 

U 4 Room 90.0 2.099 0.S25 0.014 0.0036 47.7 1 7 5.3 5.7 
18-6 150 85.5 2.092 0.523 0.040 0.0027 75.1 1 7 5.3 5.7 
11-5 150 85.5 2.081 0.520 0.029 0.0<U© 63.5 1 i 2.3 2.8 
18 5 170 83.9 2.087 0.522 0055 0.0070 86.1 2 8 2.3 2.8 
27«6 173 83.9 2.070 0.517 0.049 0.0034 80.9 2 7 5.3 5.7 

A S33, grade B, daaa 1 steel weld 

A2 Room 110.0 2.057 0.514 0.011 0.0030 51.? 1 8 2.3 2.8 
Al 148 100.0 2.040 0.510 0.043 0.0029 91.0 2 7 5.3 5.7 

2.3 2.8 

* l . Meets both criteria: a and B greate. than 2.5 tK/f/ay,)* and secant offset, where e is crack width and B is specimen thicknens. 
2. Fails « and B greater than 2.5 (IClc/avti2: meets secant offset criterion. 

S 
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compact tension specimens is based en specimen 
thickness B and cmck length a. AS! M reconvnends that 
both B and a be equal to of greater than 2.5 (Klcfo„s)2. 
As the test temperature is increased, the yield strength, 
a v of the material decreases; thus the specimen 
thickness B and the crack length a must be increased to 
meet the recommended validity criterion. 

As shown in Fig. 3.2, fracture toughness data ob
tained for unirradiated A 533, grade B, class I steel 
specimens up to 12 in. in thickness indicated a sharp 
upswing in Kte values somewhere near the nil-ductility 
transition (NDT) temperature. Similar data were ob
tained for forging-grade material and weldmems. There 
are no inherent reasons for these materials not to 
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TaMe3.4. 

Specimen Measurement 
capacity, a ; ^ * * ^ 

i C / c ( k a v « > ) 
thjck&ess 

(in.) 

Measurement 
capacity, a ; ^ * * ^ 

MeasunBg" 
capacity at 75° F 

Meantime* 
capacity at 100*F 

Meaaxiag* 
capacity at I50°F 

Measvriag* 
capacity at 20u*F 

Iteasnrag* 
capacity at 400* F 

1 0.63 56.7 56.0 55.4 54.1 51.6 
*/ 0.*> 81.0 80 1 79.2 77.4 73.8 

4 1.30 117.0 115.7 114.4 111.8 106.6 

6 1.6G 144.0 142 4 140.8 137.6 1312 

'Based on postinadutioa (4 x 101* nentmu/cm3) yield strength. 

exhibit the same behavior in the posiimdiation con
dition. Data for A 533, grade B, class 1 steel suggest 
that the shift m fracture toughness of nuclear veseet-
grade materials after high-energy neutron exposure is 
approximately the same as the 30 ft-lb fix Ch**r»y 
transition temperature shift, AT. Therefore, the post-
irradiation fracture toughness could be projected if AT 
applied over the complete curve. The projected curves 
for A 533, grade B, dass 1 steel and A 533, grade B, 
dass 1 weidment naterial are also shown in Figs. 32 
and 3 3 , respectively. Based on the previously reported 
postinsdntion (4 X 1 0 " neutrons/cm2) yiejd 
strength3 and the measuring capacity of the various 
specimens, the maximum Klc values that can be 
obtained with compact tension specimens are summa
rized in Table 3.4. 

From Table 3.4 and Figs. 3.2 and 3 J , it could be 
predicted that valid Ktc data would be obtained at 
+150°F and that invalid data would be obtained at 
•!75°F. The test r*s-dts (Table 33) verify these 
predictions. This is a good indication that the posiirra-
diatton fracture toughness exhibits an increase or a 
transition with temperature, as was the case with the 
preirradiated material. To exceed a Ktc vsiue of 100 ksi 
\/in. would require testing a 4-in .-thick compact tension 
specimen at 175 to 200°F 

A final report wa* prepared on this activity.4 

C.W. Hunter J. A. 
Hanf ord Engineering Development Laboratory 

4. T. R. Maatr. hm4rmdmikm Tatmg of 2T Comfct 
TVwnon Sprrimnt. Rtootl WCAF-7S41. WniianVww Electric 
Corporation. Anjwt 1970. 

irradiations were icsawui in the M-3 
hot-water loop of the £T& at the lirginning of reactor 
cyde 108 after the completion of heater initaBition for 
water temperature control of the loop. The addition of 
loop heaters constituted a major loop modification to 
alow for the temperature control of the M-3 specimen 
assembly over the temperature range 125 to 6Q0*F. The 
heater instaftatioft induded the addition of feester loop 
piping and necessary vatving for use with the M-3 piping 
system. Twenty heaters, eadt of 6-kW capacity, tie 
mounted on the heater loop piping and are poweiul by 
a three-phase somistate power supply. Power to the 
heaters is controHed in a proportional manner to avoid 
undue thermal shock to the heaters ssd to supply a 
leaaonabk response n> changing reactor power. 

Two specimen tubes of the M-3 irradiation capsule 
were modified for the irradntion of Charpy V-notch 
specimens. The capsule charged during cyde 108 
contained twelve I-in. compact tension specimens, 24 
Charpy Y-notch specimens, and 21 Sensne specimens. 
Of the compact tension specimens, eight were WR 
orientation A 533, pade B, HSST plate 02, with goal 
exposures being 2 / ! 0 " and 8 X I 0 " neutrons/cma 

(k > 1 MeV) for two groups of four, respectively. The 
Wsnce of four compact tension lpcciitam ate weld 
center material of A 533, grade B, das I submerged-arc 
wdd metal with a goal exposure of 8 X 1 0 " 
neutrons/cm3 <£ > 1 MeV). The Charpy V-notch 
specimens mdude five WR and five RW specimens of A 
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533, grade B, class I steel, with a goal exposure of 2 X 
1 0 " nevtrons/cm2 (£ > 1 MeV), and seven WR and 
sewn RWspeciinens, with a goal exposure of 8 X 1 0 " 
neutrons/cm2 (E > 1 MeV). Itine A 533, grade B» dass 
1 steel transverse tensne spedrnem are to be irradiated 
t o 2 X 10 1* neutrons/cm2 {E > 1 MeV) and ei^u to 8 
X 10'* neutrons/cm2. Four weld center tensie speci
mens were inserted for a goal flurace of 2 X 1 0 " 
nentrons/cm3 ( £ > 1 MeV). 

A dosimeter pin with monitor sets selected tc provide 
the energy-depetvdent absolute integrated flux (10* 1* 
to 18 MeV) at U^ee axial positions in the M-3 capsule 
«s* included fo> irradiation during cycle 106. Pre
viously flux foenninatiocs were made with iron and 
Al-0.i% Co wire dosimeters and a catenated spectrum. 
Detenunution of the actual spectrum wfl provide a 
basis for riming the degree of confidence to be phced 
on previous flux determinations or the necessary 
correction factors. 

the value anticipated. Based on neutron flux attenu
ation aud reactor operating efficiency, an uuacceptabry 
long irradiation period of seven vears would be required 
toatiiieveafluenceofSX 101 * neutrons/cm2. 

A iugh ratio of fast flux to gamma heating is required 
to produce meaningfui irradution of a thick specimen 
in a reasonable time. Ifighgamraa heating results in too 
huge lemperature gradients r> the specimen, and low 
flux, of course, leads to long reactor tenure. For both 
the ETR and ATR reflector posstiom the values of 
gamma heating and flux that would exist through a 
4~m.-thidt spedmen are phyied in Fig. ?.<. The 
Markers on each hue indicate the front and back faces 
of the 4-in. specimen, with the higher value* of heating 
and flux being nearest the core. The general relation of 
heating and flux is quite evident, and protabry these 
values for any w»ter-oooled test reactor would fal on 
nearly the same hue. The arrows on Ae hues in Fig. 3.4 
indicate the T-AKS of heating and flux that nwy be 
obtained by moving the 4-m. spedmen ra the reflector. 

to obtain 
higher valid Ktc values. Based upon the irradiated yield 
strength and the fracture toughness behavior of l«in.-
thick specimens^44n.-thick compact tesuaon specimen 
wouM yield a Kl€ of 110 ksi >/«. at approximately 
200*F. The intended large t̂wxsmen inadhttion fcadfity 
was a capsule containing four 4-ia.-thick compact 

m the ATR north reflector. The 
of fauuna heating and neutron flux 

reported5 were based on low-power measure
ments m the ATR and measurements m the ATRC * ? 

To verify or refine these values, expuimems were run 
m the ATR north reflector during cycles I and 2-These 
numna heating values obtained were comparable to the 
previously reported values, but the fluxes were only 
10% of those anticipated. Subsequent additional flux 
ineasureuarats with spectral compensation during cycle 
3 revealed a higher flux of 4.5 X 10'' neutrons/cm2-
arc (£> 1 MeV); however, this flux is stiB only 23% of 

Effect S. C. W. Hwtfcr Mi J. A. 
Factom of llewy-itctnoa 
103-121. Uemry-S*c*om S*H Tukmohgy 

Jha*. ft*. 28. 1970. USAEC ftcnoct ORNL-4590. Oak 

Vend Susehs** pp. 

i . F. L. Mrllmni. Phew* Sckt+Jes for TRA TestRtmcton. 
IBAEC Report IK 1213, Mno Nackar Corporaoon, Jo* 
lttt. 

7. N. C. KnhM aui J. L Dwary. ftaartor Jftjrafcs few/is 
pom Low luwrr Htmummtmn m ike ATK, USAEC Report 
n4.12%AI«akoN«clwCorpontMM. February 19*9. 
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In the EI"R, the vessel wall prevents movement of the 
specimen away from the core, while in the ATR the 
reflector construction precludes movement of the speci
men closer to the cow. Thus the ATR is too "cool" for 
a high-fluence irradiation, the ETR is too "hot." and a 
more favorable heating and flux range is not covered by 
either. Therefore the following three alternative meth
ods of irradiating a 4-in. specimen are being considered: 

1. Achieve a uniform crack-tip temperature in a high 
gamma-heating position, such as the FTR reflector, by 
controlling the heat flow in ihe specimen with appropri
ately located insulating patches. 

2. Produce a higher ratio of flux to heating in the 
ETR reflector with shielding materials that preferen
tially reduce gamma heat generation. 

3. Use a reactor with more favorable gamma heating 
and flux ranges. 

Capsues considered for large-specimen irradiation 
until recently were of the type in which specimens are 
completely encapsulated and the temperature of the 
specimen is controfl«i by varying the conductivity of a 
fixed gas gap by varying the composition of the 
helium-argon mixture in the gap. In such a capsule the 
heat flow is out the two large parallel surfaces of the 
specimen, and since the crack line (region of interest in a 
fracture initiation test) is perpendicular to tnese sur
faces and intersects their centers, the largest tempera
ture gradient in the specimen exists along the crack line. 
Instead, by insulating only a small area at the ends of 
the crack line, heat flow parallel along the crack line 
would be greatly reduced, and thus the temperature 
gradient along the crack line would be reduced. In a 
fracture initiation test the material outside the plastic 
zone along the crack tip would be strained only 
ebstically, and since irradiation temperature does not 
affect the elastic propnties, the proper irradiation 
temperature is essential only within the plastic zone. In 
the ETR reflector a 4-in.-thick compact tension speci
men with insulated areas of 16 in.2 centered on the 
ends of the crack fine would have a maximum tempera
ture differential of about 25°F in the plastic zone from 
the face of the specimen nearest the reactor core to 
two-thirds through the thickness of the specimen. 
During the irradiation, the back one-third of the 
specimen would receive less than 25% of the neutron 
exposure and would be maintained at a cooler tempera
ture tiian the front two-thirds of the specimen. As 
described previously, the specimen would be rotated 
halfway through the irradiation period to achieve a 
symmetrical exposure through the specimen thickness. 
Two specimens could be irradiated simultaneously in 

one reflector of the ETR io a fluence of 5 X 10 l* 
neutrons/cm2 in less than one yeai. The principal 
disadvantage to such an irradiation experiment is .hat 
the periphery of the specimen would have been 
irradiated at a cooler temperature and therefore would 
be of questionable value as a source of irradiated 
material for machining smaller specimens. This in-
S'liation concept is of course applicable to irradiation in 
any other reactor, but it is of decreased significance it 
tower gamma heating ar d flux values and kmger 
irradiation times. 

It is possible to preferentially decrease gamma heating 
with respect to flux with suitable shielding and adsorber 
Rteteriais. Heating results from specimen adsorption of 
gaiiiii ia fayS §£ii€rSt£u GuiSiuC t u c 5p€Cl7licil i l l u llOlU 

gamma rays generated by capture of low-energy neu
trons in the specimen. This latter source is probably the 
dominant one and may be greatly reduced by lithium, 
which captures iow-energy neutrons without generating 
gamma rays. Also the externally generated gamma rays 
may be reduced, without appreciably disturbing the 
fast-neutron flux, by a heavy-metal shield, such as lead 
or tungsten. The potential of such shielding b beiss 
evaluated with 31-group neutron diffusion calculations 
to determine the spatial and spectral distributions of 
neutrons and gamma rays in the ETR, and the 
influences caused by lithium, lead, and tungsten shield
ing. If such shielding is effective and practical, it will 
enable the meaningful irradiation of thick specimens 
afforded by no other means. 

The heating and flux relations indicated in Fig. 3.4 
for the ATR and ETR reactors are quite similar to those 
in all water-cooled reactor reflector positions, and thus 
it is not reasonable to expect that a very favorable rctic 
of flux to gamma heating will exist in another reactor. 
Nevertheless, the flux and gamma heating conditions in 
several other reactor reflector positions are being 
determined or evaluated. The reactors being considered 
are the BAWTR, ORR, and GETR. Hopefully the 
information obtained will reveal reactor positions that 
will fill the gap in flux and heating values between the 
ETR and ATR and the reactor that has the most 
favorable ntio of flux to gamma heating. 

Base mat >ria; »»gss of ASTM A 533, grade B, 
class 1 stcci 

Irradiated 1-in .-thick compact tension specimens from 
12-in. ASTM A 533, grade B, class 1 KSST plate 02 
were tested at temperatures as high as ! 75°F and as low 
as -125°F. The specimens were of RW orientation and 
had been irradiated to approximately 2 X 10" 
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neutrotts/cm2 (E > ' MeV) at 540°F. The results of 
irradiated fa&ure toughne* siuJ*> <;ompieted to date 
are given in Table 35. The frcctare toughness for 
irradiated A 533, grade B, dass 1 steel, as shown in Fig. 
3.5, exhibits considerable seraitivity to irradiation 
embntUement. In terms of arbitrary toughness levels of 
40 and 60 ksi the shifts in the transition temperatures 
are at approximately 24C and 2>0°r, respectively. The 
start of transitional behavior is indicated only through 
the u*e of invalid fracture toughness, Kgy data. The 
."irradiated *CQ data shown closely represent the 

fracture behavior of A 533, graie B, class 1 st--i wheii 
compared with the data of Shabbits, Ptyfe, and Wessel* 
for the same material, and it is surmised that the 
irradiated KQ values represent, at least, a temperature 

8. W. O. Shabbtts, W. H. Pryk. and E. T. Wessel. Heavy 
Section Steel Technology Program Technical Report No. 6, 
Heavy Section Fracture Toughness Properties of A 533 Ow& B, 
Cum I. Steel Plate and Submerged Arc Wekhnent. Report 
wCAP-7414, Westjnghouse Electric Corporation, December 
196*. 

Table 3.5. F i M i w iougjneai of annotated ASTM A 533, grade B, 
from RW orientation of H5ST plate 02 

Specimen 
Test 

temperature 
(°F> 

a. Crack 
length 
(in.) 

Yield 
strength 

(psi) 

Fast-neutron 
(£ > 1 Me V) 

ftaence 
(neutrons/cm 2) 

(fcsi v/m.) -"» i**Qlayi>~ 
(lut>/m.) 

02GA10 
02CA24 
OcGAll 
02GA22 
02CA1 
02GA4 
02GA9 
«J23*_2 
02GA2 

-120 
-100 

-25 
26 
85 

120 
125 
145 
175 

1.026 
1.119 
1.063 
0.971 
0973 
0.̂ 24 
0.994 
0.991 
1.014 

X lO"* 

115 
107 
101 
97 
94 
92 
92 
91 
89 

X 10 

1.85 
2.28 
2.10 
1.82 
1.85 
1.83 
1.7 
1.85 
1.92 

19 

27.6 
40 5 
32.8 
41.8 
43.1 
47.0 
82.3 
69.7 
79.6 

0.145 
0.358 
0.264 
0.458 
0.525 
0.654 
1.98 
1.47 
2.0 

27.6 
40.5 
32.8 
41.8 
43.1 
47.0 

140 
T 

0NNL-0W6 70-121068 
1 ! 1 1 1 

c * i* . UHWRADUTED ( • KQ) -
1 1 

* n , IRRADIATED 
^p.o-2.3 »1C W Mutmons/cm' {£ > 1 M«V) *, " I e , -_ ._ , .___ . m „ 
w o Aj e , IRRADIATED ( • XQ 

1.2 - 2 .4 K 10* tmrtront/cm2 -

-50 0 50 
TEMPERATURE <»F) 

250 

Fig, 9S. Fracttxe UMghneaa and yield stoeafth of imdiated and unirradiated A 533, grade B, dam 1 steel at a function of 
Umfmtwu. The propniies are for the RW orientation of HSST plate 32. 
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range in which an increase in toughness would actually 
be observed. Eventual verification of transitional be
havior will depend on the results of valid fracture 
toughness measurement. 

An analysis incorporating the combined effects of 
irradiation, stress, and temperature on a simple struc
ture of A 533, grade B. class 1 steel is shown in Fig. 3.6 
for a plate 6 in. thick with a crack depth a and unit 
plane strain iengin.9 The critical flaw depth under 
conditions of yield loading was calculated from fracture -
toughness data. Temperatures above which significant 
flaw sizes can be tolerated may readily be seen in Fig. 
3.6. The temperature shift in this type of analysis is oi 
significance because the effect of irradiation on both 
the yield strength and decrease in the fracture tough
ness are accounted for. 

The fracture appearances of irradiated A 533. grade 
B, class 1 steel specimens over the temperature range 
investigated are shown in relation to the fractwre 
toughness curve in Fig. 3.7. An increasingly tougher 
appearance is evident with increasing test temperature. 

9. P. C. Pahs and G. c . Sih, "Stress Anatyris of Cracks," 
ASTM STP 3?i - Fracture Toughness Testing md Its Applica
tions, p. 44, American Society for Testing and Materials. 1964. 

The most pronounced increase in shear lips and fracture 
toughness is observed between ?45 and I75°F. 

TensHe specimens and compact tension specimens 
irradiated to 8 X 10'* neurons/cm2 <£ > I MeV) are 

r«-i«4« 

- 2 0 0 -WO 0 
TEV^EftATUftE t*F) 

W> 200 

100 
0*ftl-D*G TO-12I07B 

R* ORIENTATION 
1/4 T CENTER THICKNESS 

-200 300 
TEMPERATURE if) 

Mf. 3.7. Ftactam sarfacM frou 1-MHfckt ~gTYA333, l ,pi*«ha * * * » 

$%0»?jtitt i'ajffW*"*'v .r>*i*- '->**..-.;sk%ii# st •i#$& - V w ^ * 1 i ^ l ? * » * # s i * w -
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currently in various stages of testing and preparation for 
testing. Tensle specimens watt be tested between - 1 0 0 
and 500°F prior to testing of tlie fracture toughness 

Fat^ene-crack prepssatiss is compact 

m loear elastic fracture toughness determinations, 
the critical stress intensity, K,c, is that for fracture 
initiation from a sSurp fatigue crack. Hence the 
preparation of a fatigue crack in the fracture specimens 
is necessary weliinsnary to actual toughness determina
tion*. Consideration of the loading conditions during 
such fatigue-crack preparation provides an opportunity 
to obtain information on fatigue-crack behavior. How
ever, these loading conditions were not intended to 
provide pure propagation data, such as the relationship 
of crack growth rate per cycle, df/aYi, to cyclic stress 
intensity. AAT, developed by Pans. Nevertheless, this 
information does offer tome insight into the nractirj 
situation of crack initiation, staling, and reinitiation 
(incubation), as wel as propagation. 

The detafe of the fatigue cracking were previously 
described.9 The effective crack growth for initiation 
and propagation in the base material and weldment 
approached pure crack propagation rates, with a dis
tinct propensity for hindrance. Fatigue-crack propa
gation hi irradieted base material specimens has pro
vided an opportunity for a cursory assessment of the 
irradiation effect on fatigue. The comparison; in Table 
3.6 suggest doubling of the effective propagation rate 

Tt>fe3j*. UnSwiiua mtkmm.% o» effective latajat-crack 
H^uajutoa in l-favmkfc cosspact usafam saeckwam of 
ASTMA533,#aitl\dMtf*M!fnM»HSSTpta*02 

. . Lasnadiated medrntm Itnamttd toedamxf 
trstcnie f 

rtep 6JC Crack rate &JT Crack rate 
(kn>/ia) (in./cycte) (tti^aT) OnJcyck) 

x 1 0 * X 10~* 

1 * 26.1 122 26.1 2.44 

2 22.2 1.73 21.7 2.71 

3 1S.0 1.97 17.2 1.06 

4 13.3 0.31 12.7 062 

'Dose: IS x 10** to 2.5 x tO1* neutrons/cm2. 
*Fiom machined notch. 

by irradiation. However, this observation must 
presently be considered ts preliminary, because, a 
different crack-fnonitortng system was used in the hot 
eel! on she irradiated specimens than on the unirradi
ated ones. 

eaabiitffanent in saeaaase vesad steels 

Pressure vessel steeb normally exhibit a rapid increase 
in impact energy over a narrow temperature /mge. This 
transition in toughness is associated with * racture 
mechanism transition from dcavage to plastic dimpling 
(shear or glide-plane decoheakm). Typically, irradiation 
ent i t lement (1 ) causes an increase in the temperature 
at which the impact energy begins to rise. (2) often 
causes the energy to increase more slowly with tempera
ture, and (3) often causes the upper shelf energy level 
(b*gh4enapevature fracture energy) to be reduced. In 
addition, there is a marked variability in the character 
and extent of the neutron embrtttlement response 
among pressure vessel steels, as has been demonstrated 
by Steele and Hawthorne at N R L . 1 1 1 2 

The relations between fracture mechanism and irradi
ation ensbrittlement for several materials were pre
viously reported. 1'> i 4 Thss study showed that for 
unirradiated ASTM A 302, grade B, 6-in. reference plate 
the percentage of plastic dimpling correlated wet with 
the increased impact energy in a Charpy V-notch 
specimen and that 100% plastic dimpling fracture was 
essential to the fuU development of upper shelf energy 
absorption. The fracture surface examination of two 
irradiated A 543 materials from NRL demonstrated 
essentially the same fracture mechanism versus impact 

10. H. H. Johnson and P. C. Pans. "Subcritical Flaw 
Growth,** Engineering Fncturr Mechanics. 1(1): 3-45 (1968). 

11. L. E. Steele, The Influence of Composition on the 
Fracturt Toughness of Commercial Nuclear Vessel Welds. NRL 
Report 7095. Navai Research Laboratory, Jane 23.1970. 

12. U. Potapovs and J. R. Hawtbone. The Effect of 
Residual Elements on the Response of Selected Presmre Vessel 
Steeb and Wddments to Irndattioa at 550*F.** Nud Appl, 
6(1): 27-46 (January 1969). 

13. C. L. Heftench and C. W. Hunter. Proctography of 
Irradiated and Uhlrradmted Pressure Vessel Steel impact Speci
mens. USAEC Report M4WL4-2298. Pacific Northwest Labora
tory, Feb. 1.1969. 

14. C. W. Hunter, J. A. Wiswans, and C. L. HeKerich, 
"Irradiation Effect on the Fracture of Heavy-Section Pleasure 
Vessel Stec*,** pp. 77-90. Heavy-Section Steel Technology 
Program Sendaan. Pro*, kept. Aug. 31. 1969. USAEC Report 
ORNL-4512, Oak RkJfe Nafjowri Laboratory. 
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energy behavior.1 $ •' * The striking difference in energy 
behavior for the two irradiated A 543 materials was 
that the base plate exhibited a normal transition to a 
reasonably high upper shelf energy level while the weld 
metal exhibited a very slow energy increase with 
temperature and an apparent upper shelf energy ab
sorption of only 41 ft-lb above 400°F ' * The fracture 
surface of the weld metal indicated that a large amount 
of cleavage fracture was still occurring at the apparent 

IS. L. E. Steele. J. R. Hawthorne.C. Z. Serpen. Jr.. and It A. 
day. Jr.. Ineduitkm Effects on Reactor Structure! Materials. 
&* A*w*a i-0d&S*f Si. 1966. NRL Report 
1731. Naval Research Laboratory. Nov. IS. 1966. 

16. L. E. Steele. J. R. Hawthorne. C. Z. Serpen. Jr.. and UbJis 
Potapovt, Irreditttkm Effects m Reactor Structure! Materials. 
QPR February I -April 30. 1969, NRL Menwrandwn Report 
1872. Naval Research Laboratory. May IS. 1968. 

upper shelf; this observation is consistent with the 
dependence of transition and upper shelf energy be
havior on the development of plastic dimpling fracture. 
These observations supported the contfv^on that irradi
ation embrittlement resulted primsrdy from a loss of 
the metallurgical ability of the material to undergo the 
cleavage-to-plastic dimpling transition, rather than the 
occurrence of low-energy ductile fracture.'4 

The recent examination of fccture surfaces of A 533, 
grade B, das* 2 Charpy V .iot6. impact specimens from 
NRL 1 7 provided an example of the extent to which 
irradiation may reduce the energy absorption abiity of 
plastic dirnplin- fracture. The irradiation effect on the 
impact energy behavior is shewn in P«g. 3 J . Irndatimi 

17. L.E. Steele. Navel Research Laboratory, letter* 
catkM. Feb. 2.1970. 
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Fh> 34. Inadwrton effect on the Qtajpy V-ooteh impact enetgr and itiatfon to fracture mschei Jam of A 533. grade • , dam 2 
alert. The fracture data are from .N&L (ref. 17). The irradiated fractal* at 220*F and 22 ft-lb contained a total of 30% ptesttc 
donptmf fracture with the dtrnpsV.* piedomtnantly at the edges of the specimen and cleavage primarily in the center, as shown. The 
fracture at 230*F and 77 ft-lb WM 100% plastic dtmplinf. The sharp transition from cUavags to dimpling indicates the control that 
fracture mechanism has over the impact energy and that cleavage fracture is the principal mechanism of irradiation embrittkment 
The reduction in upper shelf energy from 120 tc 80 ft-fl> reveals the S3gnifkr<nce of irradiation reduced from plastic fracture 
fltsHtance. 

U 
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produced a large shift in the transition temperatures, 
but nevertheless the material stifl exhibited an abrupt 
energy transition behavior an4 attained a reasonably 
high upper shelf energy level of 80 ft-Ib. The two 
fracture surfaces shown in Fig. 3.8 again demonstrate 
the correlation of cleavage fracture with low energy 
levels and plastic dimpling with the upper shelf. 
However, the facts that 100% obstic dimpling fracture 
and a genuine upper shelf energy behavior are attained 
s fh» irradiated condition and that tht irradiated upper 
shelf is reduced to 80 ft-Ib, whereas the unirradiated 
upper shelf is 120 ft 4b, proves the existence of reduced 
plastic fracture energy due to irradiation. The decreased 
plastic fracture energy probably results from decreased 
strain hardening. 

With respect to practical application to vessel fracture 
resistance, it must be noted that the irradiation-reduced 
plastic fracture shelf of 80 ft-Ib does not comprise a 
particularly serious threat and that cleavage fracture 
(rather than reduced plastic fracture energy) was the 
mechanism through which irradiation produced the 
sizable shift in transition temperature. For impact tests, 
fracture mechanics tests, and structures, /actors that 
promote cleavage fracture to higher temperatures must 
receive the most serisue attention. 

Radiation Hardening and EaaMttfasaut in 
ASTM A 533, Grade B.Oassl Steel 

R. G. Berggren W. J. Stelzman T. N. Jones 

Impact and tensile data were obtained with irradiated 
samples of weld metal from a submerged-arc weldment 
made in HSST plate 01 (subplate 5IB) and wn electro-
slag weldment (HSST plate 53) made in ASME SA 302, 
grade B (Code Case 1339), steel plate identified as 
FVRC 315 (General Electric). The weldmen? and 
specimens were described previously, and tensile and 
Charpy V-notch properties of the unirradiated speci
mens were presented.11>1 * 

Application of the specimen orientation scheme in 
the- weldment presented a problem, since the weld 
orientation would not be easily apparent. Therefore the 

18. D. A. Canonico, "Characterization of Heavy-Section Steel 
WekhwnU," pp. 29-35, Heavy-Section Steel Technology Pro* 
pun SemUmn. Progr. Rept. Feb. 28, 1969. USAEC Report 
ORNL-4463, Oak Ride* National Laboratory. 

19. D. A. Canonico, "Characterization of Heavy Section Steel 
Wektoents," pp. 10-13, Heavy Section Steel Technology Pro
gram Semlann. Progr. Rept. Aug. 31. 1969. USAEC Report 
ORNL-4512, Cak R Jfe National Laboratory. 

three principal directions were modified for the weld 
only aid designated L, the direction of the weld center 
line; IV, the width direction perpendicular to the weld 
center line and parallel to the weld surface; and 7*. the 
thickness direction perpendicular to the surface of the 
weld. Application of these symbols to specimen orienta
tion remained unchanged. The first symbol indicates 
the normal to the fracture plane and the secund 
symbol, the direction of fracture propagation. The 
symbol for the normal to the fracture plane is sufiicieat 
to define the specimen orientation in uniaxial tensile 
tests. The base plate orientation symbol for the 
heat-affected zone was retained, since the original 
rotting direction of the base plate may still be an 
influential factor in data comparison. 

Data from irradiated and unirradiated miniature 
(0.178-in. gage diameter and 1.250-in. gage length) 
tensile specimens of submerged-arc and eiectroslag weld 
metal are presented in Table 3.7. The ters?e data from 
the quarter thickness level of base plate (plate 01K, R 
orientation) were obtained previously. A comparison of 
tensSe data for unirradiated specimens indicates that 
the yield stress is 9% lower and the elongations are 12% 
higher for the submerged-arc weid metal than for the 
base plate, the tensile properties of the submerged-arc 
weldment are not significantly different from those of 
the dectroslag weldment, and the eiectroslag weld 
metal exhibits 9% lower yield stress and 10% higher 
elongations than the base plare at equivalent plate 
depths. After irradiation at 150°F to similar fluences, 
the submerged-arc weld metal showed a 6% larger 
increase in yield stress and * 26% larger decrease in 
elongation than the base plate. The oicctroslag-weld 
metal showed a 5% larger increase in yield stress and a 
17% smaller decrease in elongation than the submerged-
arc weld metal but showed an equsi increase in yield 
stress and a 9% larger decrease in elongation than the 
base plate or the submerged-arc weldment, respectively. 
In both weldments, the work hardening portion of the 
load-elongation curve was absent, as indicated by eithe r 
a constant load after yielding, followed by a drop in 
load, or a continuous drop in load after yielding. 
Irradiation at 450°F to similar fluences indicated that 
the increase in yield stress was 26% jjr'iier and the 
decrease in elongation was 4 to 10% greater for the 
submerged-arc weld metal than for the base plate. After 
a *50°F irradiation to similar fluences, the increase in 
yield stress was the same for the electroslag weld metal 
and base plate but 20% greater for the submerged-arc 
weld metal. The decrease in elongation was the same for 
both welds but 5% snslter for the base plate. Tlterefore, 
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3.7. T< of heavy 

Kiueace. 
t > 1 MeV 

(neutrons/cm3) 

x iO i > 

Irradiation 
temperature 

Strength propertits (ksa) 

Upper 
yield 

Lower 
yield 

Ultimate 
tensile* 

Elongation <*> 
Uniform 

pfate from HSST nfate OIK. %T.M orientation 

Total* 
•*r-

0 69.5 68.3 89.8 9.8 19.5 
7J 158 105.5 101.8 102.9 4.7 13.3 I2J 
8.8 450 95.5 93.8 I0S.3 8.9 15.9 8.3 

11.8 550 90.2 87.6 106.5 9.5 16.8 54 

tnt from HSST nfate 51 , \ and % T. Vorintatioi 

0 64.2 62.4 79.7 11.4 219 
5.8 150 97.9 93.1 93.1 11.2 I 2J 
7.1 150 101.0 96.6 96.6 9.2 124 
7.1 458 101.5 99.9 108.7 8.9 17.6 14.1 
8.5 458 103.3 101.7 110.5 9.2 17.1 133 

12.3 560 89.9 88.7 102.G 11.5 18.7 7.5 
12.5 548 93.8 92.5 105.7 10.5 17? 8-5 

Efcctroetag tf>oaiHSgT»lt*S3 ,y««nd%r.»y€ nhmtntif 

0 635 61.9 80.8 no 21.4 
8.4 140 95.4 92.6 92.6 12.6 104 

10.3 140 98.0 95.4 95.4 10.8 10.4 
10.4 140 100.6 96.9 96.9 U.8 10.9 
10.0 547 77.7 95.4 10.5 18 2 5.0 
12J 547 80.2 79.4 95.6 9.6 17.3 4.9 
12J5 546 81.4 80.6 96.8 10.7 17.9 5.3 
12.3 54» 79.6 786 94.8 10.7 184 44 

Ultimate tensile strength is here defined as the maximum toad after the yieid point divided by the 
Length to diameter ratio: 7. 

cross-secttovnl 

cFrom equation AoLy '*LY (WIO 1 8 ) 1 ' 2 . wkne * is the ftuence in neatronVctn7 (£ > 1 MeV), ao^yts * e 
yield strength. 

i tower 

the tensile properties of the submerged-arc weldment 
show greater sensitivity to radiation damage than those 
of either the base plate during tomparable 1 SO, 450, 
and 550°F irradiation; or the electroslag weldment 
during comparable 150 and 550°F irradiations. 

Irradiated Charpy V-notch data from transverse (WL) 
specimens of submerged-arc ivcld metal taken from the 
Vi i T level and electroslag weld metal taken from the 
% and % T level* are presented in Table 3 .8. The 
impact properties are essentially uniform throughout 
the depth of both weldments;5 8 , 1* therefore com
parison of weld impact properties will be made inde

pendently of weld depth references. The submerged-arc 
weldment and base-plate impact properties after 130 
and 450°F irradiations were compared above. 

Irradiation of v»br^rg*d-nrc we'd-metai and base
plate specimer<s at 565°F to similar fluences resulted in 
a 24 ft-lb lower shelf tne.gy, a 15°F higher uanritioti 
temperature, and a 70°F greater transition temperature 
shift for tlie weld metal than for the Mac pbte. 
Therefore, tlie sufemergedtrc wektoent impact proper
ties show greater sensitivity to radiation damage than 
those of the bas* plate during comparabk 130, 450, 
and 550*F irradiations. 
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Tat* 34. 

£ >IH»V 
(mttOawCM*) <*F) 

AtTT -

rF) utrrrn 
• < * • 

(1Mb) 

x 10 is 

t » ftefe tow HSSTrfcfeOlK, % T. Kw 

0 0 120 
6.2 155 100 100 100 72 
7.1 450 175 175 100 64 
9.4 540 105 105 

• S i .^a 

!00 

r.WLonsati 

34 

0 -45 115 
ts 130 130 195 109 *'„ 
7.9 455 290 245 75 95 

11.5 545 120 

HOT state S3, 

-25 

its 76 

r.WLoriMt 

15 

54 

0 

120 

HOT state S3, 

-25 

its 76 

r.WLoriMt 

15 
9.S 130 135 140 46 52 

U.2 555 50 75 05 22 

at 30 f t * 

•F. 

.,—..,. &DBTT ' A <«/l© l*> l / 2. 
i* (f > 1 HeV) wmt ADSTT U the. 

where + is the flaeace is 

Cbmpaiiauii of the ekctroalag and sufciwrged-erc 
wesdmeot impact data indicates that the unirradiated 
ekctrodaa weld metal has a higher transition tempera-
tore and a lower shelf energy man thi unxrrsJiated 
submerged-arc wdd sntaJ. Irradiation of the weldments 
at 130*F results in a higher transHion temperature, 
lower increase in transition temperature, and a greater 
drop in shelf energy for the elr^trosng weld metal than 
for the subj*eifBd-eic weld metal After a 560°F 
irradiation, a iower tramhiofi temperature, a lower 
^create in transition temperature, and a higher shelf 
energy are indicated for the efectrosUg weld metal. 

A compel iaon of the impact data for the electrosb* 
wesdment and the base plate indicates that the urorrwti-
ated etectroatag er*d metal ejdubiu a lower transit 
temperature and lower shelf energy th&n the untrr&di-
ated base piste. Irradiation data at 130*F indicate a 

lower transition temperature, smaller increase in transi
tion temperature, and a lower shelf energy for the 
etectrostag weld metal. After a 560°F inadiation, a 
lower transition temperature, a smaller shift in transi
tion temperature, and a smaller drop in ihetf energy 
were indicated for the ekctroslag weld. 

Therefore the impact data for the etectrodag and 
pjbmerged-erc weldments and the baa* pbte indicate 
that the submerged-arc weM metal is superior in 
toughness in the unirradiated condition but is more 
semitiw to irradiation damage than the ekctroslag weld 
metal during comparable 130 and 560°F irradiations. 
The ekctroslag weld metal has a better transition 
temperature but a poorer shelf energy than the base 
piste in the unirradiated condition but is less sensitive 
to radiation damage after comparable 130 and S60°F 
irradiations. 
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4. Pressure Vessel Investigations 

Eirprusis during this reporting period has been placed 
upon the simuLited service tests activity, although 
effort was continued under the complex stress state 
studies and the specific safety research studies. Activ
ities reported include the development of a fatiguing 
procedure for flaw sharpening of the simulated service 
test specimens, evaluation of the acoustic emission data 
obtained during the testifs of the second large tensile 
specimen at approximately 210°F at Southwest Re
search Institute, testing of the third large tensile 
specimen and a one-sixth-scale model at 50°F at 
Southwest Research Institute, completion of a para
metric study for investigating geometry effects of the 
S*Ri large tensile specimen, and cor.tir.ued expediting 
of procurement of six intermediate test vessels from 
Taylor Forge Comp»uj. 

Development of Hydraulic Fatiguing Procedure 
for Flaw Tharnr ring of Spcctmtas 

R. W. Derby A A. Abbattdlo 
ICJCKlindt 

High priority has been given o developing a method 
of growing a fatigue crack in a notch without resorting 
to cyclic loading of a complete structure. The advan
tages in time, money, and control of having such a 
method are obvious when the problems involved in 
cyclic loading a pressure vessel with a 6-in. wall ar& an 
inside diameter of only 27 in. are contemplated. 

The basic procedure used was somewhat similar to 
one used by Westinghouse.' A mathematical analysis 
validated the feasibility of the procedure and provided 

I. W. J. Clark, Jr., and L J. Cocbtai, T'.tiiae PNcracktee 
of Sptabunt Toufbfce» Spednwm," Exp. Mtch., 9(3): 
123-128 (March 1967). 

useful guidance in the design and operation of the 
device. 

The idea is simple: a notch is filled with hydraulic oil, 
sealed off with an O-ring, and subjected to cyclic 
loading at high pressure. In effect, the hydraulic oil acts 
like a wedge that is continually pushed into the notch 
and then removed. Although simple in concent the 
procedure presented certain problems. Fust, it was 
necessary to «al the notch, but sealing was complicated 
because of tiie high pressure involved and the awkward 
seal area. It was found that an elastomer (Xring 
approximate .y 13 in. in circumference in an oblong 
continue*^ groove with minor and major extremity 
dimensions of % and 6% in., respectively, and backed 
by a slotted plate was quite effective. The initial 
preload on the seal was effected by the six high-strength 
steel studs shown in Fig. 4.!. An SwRI tensie specimen 
is shown in the sealing assembly in Fig. 4.1. It is 
currently planned to use the device to sharpen the 
cracks in the fifth and sixth 6-in.-thick specimens. 

The second problem was the design of the cyclic 
ptessurizinx equipment. To achieve the high pressures 
required a pimp with t small stroke or displacement 
must be used. The sntaU-displacement stroke imposes a 
virtually gas-free requirement on the system to insure 
that the pumping strokes will be effective. Tins require
ment was met by fust evacuating the system, then 
disconnecting the vacuum pump, and finally releasing 
oil into the system. 

A third problem was the necessity for matching the 
volume of oil in the system with the displacement of 
the pump and the compresttbtiity of the hydraulic fluid 
to insure that the pressure rise per stroke was accept
able. Solution of this problem vro complicated because 
the expansion of the tubes, valves, waA specimen due to 
pressure loading also had to be consider. An adjust-
aM&vohime loop, shown in Fig. 4.2, ws.: devised to 

•&iiif-?bi&mttius e&fo*0V<*-iii nmsm&&t-*£*i--2j'*-

http://cor.tir.ued
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solve this problem. The correct balance was expedited 
by careful calculation of the system volume and by a 
careful dstenniaatioa of the fluid compresdbflity. A 
mixture of three parts motor oil mil l one part 
kerosene, w*tich provided good lubricity sad yet pre 
vented a very hajjh Increase in viscosity at high 
pressure*, was used for the pressurizing fluid. 

An interesting detail shown in Rg. 4.2 is the check 
vaive located just below the pressure pee. Tat purpose 
of this valve was to keep the pressure gage from 
experiftnolng large pressure changes and shock with each 
piston stroke. However, the check valve a&owed the 
reading of maximum pre**ure? only send obscured 
observation of the continuous ptesture stats of the 
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system. On some row it was observed after several 
hows of running that the system faded to bring me 
fluid up to pressure on each cycle. Hence the check 
valve was replaced with a needk valve, which was dosed 
after the system was found to function rtornaMy. The 
closing of this valve removed fluid from the system: 
consequently, an additional loop whose volume was the 
same as that of the pane was added to the system. As 
finally designed the system had the capability of a 
pressure stroke from 0 to 17,000 pri and a rate of 40 
strokes per rrJnute. 

After drugging and developing the hydraulic system 
the next problem was detection of growth of the 
fatigue crack. An uttraaosne detection system was 
devised for tins purpose. A special support device for an 
ultrasonic transducer, which allows both angular and 
rectilinear motion and permits the petitioning of the 

in a precise and reproduribk location, 
ds^gued. The irrtnuwai motion of the support is 
controtted by a snal screw that has features skate to 
those of a micrometer (s«e fig. 43) . 

hi a validation run of the equipment, after approxi-
nmtery 13.000 cycles, the reflectoscope began to 

it* possible adtsnament of the crack. By 20.000 
cycles the fatigue crack appeared to be dose to 0.10 m. 
deep, and at 26,000 cycles, about 0.19 to 0.27 in. deep. 
The test pace was removed and dissected, and a 
photonateograph (fig. 4.4) was made of the deepest 
point m the crack, fig are 4.4 shows that the crack was 
vary dose to 0J0 in. foep. 

At this time there appears to be no barrier to 
successful appweatioA of the procedure to both the 
6*L4Mck tensfle test specimens and the 6-m.4fakk 

test 

cws TO-ioen? 
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Ph>44. i» iMtpfecc. Scale is fntaatediaosiu of 0.01 in. 

Anal. ah of the Second Lame 
at Southwest Reaearct !»«**•-*-* 

W D . Jolly 
Padfic Northwest Laboratory 

'Hie Pacific Northwest laboratory (PNL) participated 
in ihe second heavy-section steel tensfle test on March 
13,1970, at Southwest Research Institute in support of 
the Edison Electric Institute s (EEI) acoustic 

2. Tail wort was aaoosorad bjr the 
Project AF-T? with Suatfcwm 

wMitkeHSST 

Electric lastttate 

system evaluation project. The purpose of PNL partici
pation was to obtain additional acoustic emission data 
from crack initiation and propagation in heavy-section 
pressure vessel sted. This opportunity was also used to 
field test acoustic enasskm processing electronics of the 
same design as used in the EEI acoustic emission 
system. 

The rxond heavy-section steel tensile test at SwRI 
was performed on specimen 03G2000 at 205 to 215° F. 
The test section of the specimen, shown in Fig. 4.5, was 
24 in. long, 18 in. wide, and 6 in. thick. The specimen 
was loaded in tension parallel to the 24-in. dimension. 
A semielliptical slot with a 0.015-in. root radius was 
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Fig. 4.5. Second targe testate test specimen of 6 X 
0.015-in. root radius. 

18-in. cross section. The center slot is semicircular (3-u. radius) with a 

machined perpendicular to the direction of tension. The 
specimen was fully instrumented with strain gages and 
preheated before installation in the tensile facility. It 
was gripped by the stepped section at either end, as 
shown in Fig. 4.6, which is a side view of the specimen 
installed and ready for loading: After initial cycling in 1 
X 10*-lb increments up to 3 X I0 6 lb to balance the 
stress across the specimen, the loading schedule was, in 
millions of pounds, 3, 4, 4.4, S, 5.5, 6, 6.5, 6.6, 6.7, 
6.8,6.9,7.0,7.1,7.2,7.3,7.4, etc. 

Acoustic emission data were recorded from two 
experimental doughnut-type sensors mounted approxi
mately n a plane with the semidliptical slot on the 
6-in. thicf-jiess of the specimen, and the signals were 
processed by both the counting technique and the 

amplitude integration technique. Both rate and total 
were recorded from each type of signal processing, aid 
an extended-rang" total emission output was also 
recorded from the amplitude integration system to 
accommodate anticipated high-level acoustic emission 
during crack extension. 

Analysis of the acoustic emission data, recorded as 
the load was increased incrementally from 3 X 10* to 
7.4 X 10* lb, indicated that initial yield at the root of 
the semielhptica] slot began »* approximately 4.2 X 10* 
lb total load and continued to about 4.8 X 10* lb. The 
first major crack extension began at about S.7 X 10* lb 
and the second at aboui 7.1 X 10* lb. 

This interpretation of the acoustic emission data from 
the second tot is necessarily subject to correction, since 



Fig. 4.6. Second large tensile test specimen installed in Southwest Research Institute's 15 «' 10 -lb tensile machine. 
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Fig. 4.7. Acoustic emission sensor attached to the edge of the second large tensile test specimen irar the center. 

rate, and (2) total emission and emission iate, in which 
the output to a chart recorder is proportional to the 
product of emission .p ilse amplitude., pulse length, and 
repetition rate. The latter technique is used for signal 
processing in the EEI prototype acoustic emission 
system. This type of signal processing is accomplished 
by integrating the amplitude of all signals that exceed a 
preset noise level. The unit of total emission is the 
volt-second. To put this unit in perspective, an indi
vidual acoustic emission may contribute from 5 X 10"s 

to 1 X 10~2 V-sec to the total emission. The emission 
rate is obtained in the signal processor by differentiat
ing the total emission with respect to time. The time 
interval may be chosen to provide the desired amount 

of smoothing on the emission rate output. In addition, 
the tota! emission may be manually differentiated with 
respect to a test variable, such as load or strain. 

The significant difference between the count tech
nique and the integrated amplitude; technique is the 
inclusion of acoustic emission amplitude as a variable in 
the integrated amplitude method. The total count 
output is proportional to the total time the emission 
signals exceed a preset level. By using a count-reset time 
of 10~4 sec, an individual emission pulse may con
tribute from 1 to 40 counts to the total count. 

The acoustic emission instrumentation, shown in Fig. 
4.8, was installed for the second test. Four chart 
recorders were used to record gross section strain, total 
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Fig. 4.8. Paoftc Northwest Laboratory acoustic emotion monitoring wutrumtntition for the second large tensile test. 

count, count rate, total emission, emission rate, ex
tended-range total emission, and extended-range emis
sion rate. Three of the chart recorders were dual 
channel. The signal conditioner and signal processor 
unit, located between the chart recorders, were devel
oped by PNL for general acoustic emission monitoring 
in the field. 
Analysis «>f acoustic emissions 

Acoustic emission data recorded during the incre
mental loading of the specimens by the count and 
integrated amplitude techniques followed essentially 
the same patterns of variation with increasing load. The 
graphs presented in Fig. 4.9 were compiled from the 
total emission output by using the integrated amplitude 

method, in the lower graph, the acoustic emission rate 
in V-sec/106 lb is plotted against total load from 3 X 
10 6 to 7.4 X JO6 lb. This chart represents acoustic 
emissions recorded only during loading increments and 
excludes emissions that occurred under constant load or 
load reduction. Each data point represents the increase 
in total emission during a load increment of C.2 X 106 

lb. The first significant event indicated on this graph is 
initial yield, at about 4.3 X 10* lb. Bast experience has 
shown that initial yield is indicated by a reduction of 
emission rate during load increase. The emission rate 
increases more rapidly during the period of plastic 
deformation following initial yield. The formation of 
microcracks in the root of the semielliptical slot may 
also contribute to emission rate in the load range from 
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Fig. 4.9. Interpretation of acoustic emission data from the 
second large tensOe test. 

4.8 X 106 to 5.7 X 106 lb. The first major crack 
extension occurred between 5.7 X 106 and 6.i X 10* 
lb. as indicated by the sharp increase in emission rate. 
The low emission rate between 6.3 X 106 and 6.7 X 
106 lb may indicate blunting of the crack tip. A second 
major crack extension is indicated by the sharp increase 
of emission rate above 7.! X 106 lb. 

An additional parameter was considered in the inter
pretation of the emission rate data. The upper graph cf 
Fig. 4.9 represents emission persistence versus load. 
Persistence is believed to represent the dissipation of 
potential energy around the semielliptical slot due to 
localized yield following a load increment. This graph 
indicates that initial yielding may have begun at about 
4.2 X 10* lb and continued to about 4.8 X 10* lb. The 
decrease in persistence above 5 X IO6 lb is consistent 
with the plastic deformation zone, since residual stress 
at the end of a load increment should be negligible in 
the plastic zone. The increase in persistence above 6.5 X 
106 lb is interpreted as yielding preceding the second 
major crack extension. 

Emission persistence can best be understood by 
reference to Fig. 4.10, which presents a typical emission 
rate recording in the load region of initial yield. 
Persistence is defined as the total emission in volt-
seconds during the first minute of constant load 
following a load increase. This quantity may be 
obtained either by integrating the emission rate as 
shown in Fig. 4.10 or, more directly, by reading the 
increase in total emission during the first minute 
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Fig. 4.10. Acoustic emission persistence - The integral of rate for the first minute foflowmg a load increment. 
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following a load increment. The interval of 1 min is 
arbitrary, but in most cases the emission rate decays to 
a small value in less than 1 min. 

Conclusions 

The interpretation of acoustic emission data from the 
second test is based on the limited data obtained on the 
first test and past experience with similar materials 
under different conditions. Data from several tests of 
the same type correlated with detailed stress-strain 
history and posttest analysis ore needed to refine the 
placement of significant events, such as initial yield or 
plastic zone. The data presented do, however, present a 
reasonably complete history of major events during the 
second test. 

Signal detection, conditioning, and processing instru
mentation of the same design as used in the EEI 
acoustic emission system proved satisfactory for acous
tic emission monitoring on heavy-section steel at 205 to 
215°F. The data obtained from this test are valuable 
additions to the background information necessary for 
the evaluation of the EEI system. 

Testing of the TTard 6-in.Yhick Flawed Tensile 
Specimen, A One-Sixth-Scale Model, 
and Parametric Study Specimens3 

S. C. Grigory G. W. Deel 
Southwest Research institute 

Third large tensile specimen and one-sixth-scale model 

Summary of test results. Two tensile specimens tested 
at 220° F were reported on extensively in the last 
progress report.4 The third test was conducted at 50° F 
with only minor changes in preparations for the test 
and in specimen geometry. 

The first two specimens contained semielliptical 
unsharpened notches and were obtained from HSST 
plate 03. The third specimen contained a semicircular 
notch sharpened by a fatigue crack and was obtained 
from HSST plate 01. The change from a semielliptical 
to a semicircular notch was made for economic reasons. 

3. This work is being carried oat under UCCND Subcontract 
3202 between Union Carbide Corporation and Southwest 
Research Institute, 

4. S. C. Grigory, G. W. Deel, and R. Sherman, 'Test* of Large 
Tensile Specimens," pp. 138-143, Heavy-Section Steel Tech
nology Program Semiann. Progr. Rept. Feb. 28, 1970, USAEC 
Report ORNL-4590, Oak Ridge National Laboratory. 

The specimens tested at 220° F required a maximum 
load of about 7.5 X 10* lb to fail and were necked at 
the net section. The third specimen failed at a load 
slight'y over 5.3 X 10* lb after yielding slightly in the 
gross section. As may be seen in Fig. 4.11, considerable 
shear occurred on the fracture face of the specimen 
tested at 220° F, but the specimen tested at 50° F 
showed only a slight amount of shear on the top, or 
notched, surface. 

A detailed presentation of data from this and sub
sequent tests will be made in a summary report at the 
end of this series of six tests. 

A one-sixth-scaie model containing a semicircular 
notch sharpened with a fatigue crack was tested at 50° F 
to model the test of specimen 01M6602. This model 
required a maximum load of 223 kips to fail and 
otherwise behaved much like the models tested at 
220° F. Some crack growth was observed before the 
ultimate load was reached. The fracture surface of the 
model specimen is shown in Fig. 4.12. As may be seen, 
the fatigue crack did not propagate uniformly around 
the notch tip as desired. This is beiieved to have been 
the result of misalignment of the fatigue machine that 
occurred some time during the lengthy test. 

All one-sixth-scale model specimens were machined 
from the center 8 in. of HSST plate 03. Hardness tests 
ou the ends of the specimen varied from RB 87 to 91 
on each specimen. 

Future tests. Three additional tests of 6-in.-thick 
tensile specimens are scheduled prior to November 1, 
1970. The next test will be conducted at 100°F, and 
the other two test temperatures are yet to be deter
mined. 

Notch sh&rpening. A fatigue crack was generated at 
the root of the semicircular notch of specimen 
01M6602 by subjecting it to a three-point bending load, 
as shown in Fig. 4.13. The specimen is supported on 
two pins with a center-io-center span of 42 in. A load 
of 187,000 lb was applied repeatedly at the midplane of 
the specimen on the unnotched side, and a pin was used 
to transmit the load from the jack to the specimen. 

A total of 35,000 cycles was applied to the specimen 
to produce the fatigue crack shown in Fig. 4.14. 
Fatigue cracks were noted in the root of the notch at 
about one-third its depth at about 15,000 cycles. The 
cracks joined in the base of the notch after about 
20,000 cycles but d̂ d not propagate to the surface until 
35,000 cycles had been applied.' 

In order to test the notch-sharpening procedure, a 
one-sixth-scale model specimen was notched, and the 
notch was sharpened by exactly the same loading mode 
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Fig. 4.11. Six-incMhick teasie 03G2000 ilVfY) and 01M6602 after test. 

PHOTO 0028-71 

Fjg. 4.12. Fracture face of one-sixth-scale model of the third Urge tensie specimen. Test temperature was 5(fF. 
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Fig. 4.13. Six-inch fUwed tetuie specimen 01M6602 daring notch sharpening by fatipe. 
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Fig. 4.14. Fracture face of specimen 01M66O2. The machined notch and the fatigue crack are dearly visible. 

as that described above. The load was determined by 
multiplying the prototype load by \A>/36 to take into 
account the scale factor and the notch size effect so 
that the resulting load of 12,750 lb would produce a 
fatigue crack in approximately the same number of 
cycles as the load of 187,000 lb applied to the full-size 
specimen. 

A fatigue crack was noted in the root of the notch at 
the surface of the specimen at about 15,000 cycles, and 
it had grown the full length of the notch by 20,000 
cycles. An additional SOOO cycles was applied to be sure 
the crack was of sufficient depth at the base of the 
notch. This specimen was not tested but was cooled and 
broken open for inspection of the shape and depth of 
the fatigue crack. Also a valid tensile test of the $r;all 
specimen might not have been possible, since high 
residual stresses were no doubt produced ax the crack 

tip - z problem experienced with the stress-corrosion 
cracking procedures. 

The cimenrions of the machined notches in the 
full-size and the one-sixth-scale models are shown in 
Fig. 4 IS. The notch in the 6-in.-thick specimen was 
produced by electric-discharge machining at ORNL, and 
the notch in the 1-in. specimen was machined with a 
cutting wheel. 

Another one-sixth-scale model was notched, sharp
ened by fatigue, and tested at 50° F to model the test of 
specimen 01M6602. The fatigue load was 52001b (V 3 6 

X 187,000) for the first 1 X 10* cycles, and no fatigue 
crack was produced. A fatigue crack was finally 
obtained by increasing the load to 8ISO lb and cycling 
for an additional 163,000 cycles for a total of 1.163 X 
iO6 cycles. 
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* - t.SCO—4 AS REQUIRED 
FOR CUTTER 

SHANK Cl£ARANCE^ V0882R 

0.042-

j r 
DETAIL Â " 0.333 ~r 

4.00-

U< 

DIMENSIONS IN INCHES 

45* 
- 0.005 MM. 

0.OI5 MAX. ROOT RAD. 
DETAIL A 

P«.4.15. Notch deofls for oae-« 

ftanmetric study of tensfc specimens 
off rectangular cross section 

The rectangular cross section of the large tensile 
specimens has caused some questions to be raised on 
the effects of the ratio of width, depth, and length 
parameters on strain at maximum load. To study these 
effects a series of five tensile 'ipecimens, whose para
metric ratios are given in Table 4.1, was tested, and the 
results were compared wim ihose for the 6- and 
l-in.-thick tensile specimens being tested for the HSST 
program. 

Figure 4.16 shows the instrumentation initially 
planned for .he test series. Because of the good 
correlation observed between crack-opening displace
ment and gross strain displacement with gage length 
displacement in the first two large tensile tests, only 
gage length displacement was obtained during the 
testing of thr model parametric specimens. In addition 
to the strain gages shown, a square grid having a 
0.100-in. spacing to about 0.0001-in. tolerance was 
scribed on one face and side of each specimen. The grid 
pattern was intended to provide for observation of any 
asymmetric or anomalous strain pattern that might 
develop. To permit this observation it was intended to 
interrupt each test as soon as maximum load was 
reached. 

| ^ - 0.005 MIN. 
1 0.015 MAX. ROOT RAD. 

DETAIL B 

flOfcUNt MI-MS etestspecta 

Tzble4.1. Di0KMkHHi|Ni 
formoddparameo* 

vneters of &5-a.-tMck «pecimem 
s stady of SwRI teaak test 

Specimen 
Width-to 
tbkkness 

ratio 

Gagelength-
to-width 

iatio 
Flaw 

03ED-2000 
03EE-2000 
03ED-20010 

03ED-2002 
03ED-2OO3fl 

10 
3 

10 
3 
3 

1 
2.667 
1 
1.333 
1.333 

No 
No 
Semielliptical* 
No 
SenueUiptfcal* 

"Specimen i; one-twelfth-scale model of the 6-in.-thick SwRI 
tensue specimen. 

bA semieliiptical flaw, minor-to-tnajor diameter ratio of 0.72 
and depth of 0.167 in., was placed perpendicular to the load 
direction at midlength and midwidth. 

Data were recorded manually for specimen 03ED-
2000 and automatically on a B & F strain-gage data 
recorder for other specimens. In retrospect the use of 
the B & F recorder proved to be a disadvantage due to 
its limitation of recording strains to about 6%. The gage 
length displacements were obtained by means of 
mounting the gage on posts that were rigidly attached 
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Fig. 4.17. Gross stress 

5 6 7 8 
LONGITUDINAL STRAIN (%) 

loqgptwianl strain for SwRI model pamnetric tests. 

by tack welding to the specimen side at the grip end. It 
was assumed that with this method and location the 
grips would not yield and thereby influence the 
readings. This assumption unfortunately subsequently 
proved to be fallacious in the testing of specimen 
03ED-2001 because of the pronounced curvature that 
developed on the sides early in the uniform strain 
regime. 

Table 4.2 presents the load deflections, stresses, and 
strains at maximum load in the model parametric tests 
in comparison with the results of the second full-scale 
tensile test and the second one-sixth-scale model test. 
Figure 4.17 shows a composite of the conventional 
engineering stress-strain curves for each of the five 
model parametric specimens and for specimen 01-6568, 
a conventional, round tensile specimen. 

Procurement of Intermediate Test Vessels 

C. E. Childress 

Six intermediate test vessels are being obtained from 
the Taylor Forge Company of Paola, Kansas. The 
vessels will be fabricated from forge components 
essentially as shown in Fig. 4.18, except that one will 
be provided with a 9-in.-ID nozzle, and, among the 
vessels, certain parameters, such as weld type and weld 
location, will be selectively varied. Further, each vessel 
will be provided with artificially induced flaws of 
varying size, configuration, and location. Each vessel 
will serve as a test specimen for demonstrating capa
bility to predict safe behavior of thick-walled pressure 

vessels containing flaws of known dimensions under 
frangible, transitional, and tough loading regimes. Each 
particular vessel will serve to provide a determination of 
critical flaw size for a specific set of test parameters. 

Fabrication of the vessel components has been sublet 
to two forging manufacturers: National Forging Com
pany and Lenape Forging Company. Lenape is making 
the hemispherical heads and the flat-head closure 
covers. National Forge is making the shell courses, 
closure flanges, and a weld test plate to be used for 
qualification of Taylor Forge welders. All components 
are being fabricated from ASTM A 508, class 2, 
materials. 

Materials for the hemisphei'cal 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 5400 lb. 



Table 4.2. Results of parametric study of rectangular tensile specimens 

Gage Specimen Gross Net Elastic limit 
Elastic 

limit stress Ultimate Ultimate stress Deflection* Average strain* 
Specimen length" 

(in.) 
width 
(in.) 

area 
(in. 2) 

area 
(in. 2) 

load 
(kips) 

(ksi) load 
(lb) 

(kti) at ultimate 
(in.) 

at ultimate 
(%) 

length" 
(in.) 

width 
(in.) 

area 
(in. 2) 

area 
(in. 2) 

load 
(kips) 

(ksi) load 
(lb) Gross Net 

at ultimate 
(in.) 

at ultimate 
(%) 

length" 
(in.) 

width 
(in.) 

area 
(in. 2) 

area 
(in. 2) 

load 
(kips) 

Gross Net 

load 
(lb) Gross Net 

at ultimate 
(in.) 

at ultimate 
(%) 

Full-scale specimen No. 2C 24 18 108 97.82 6000 55.5 68.4 7550 69.9 77.5 0.92 3.83 
One-sixth-scale model No. 2C 4 3 3.00 2.6S9 17S 58.4 65.7 230.6 78.6 88.9 0.240 6.00 
03ED-2000 5 5 2.50 170 68.0 222.5 89.0 4 .2 J 

03ED-2001 5 5 2.50 2.429 170 68.0 70.0 222.5 89.0 91.6 4.8 r f 

" ! 
O3ED-20O2 2 l.S 0.750 so u6.6 67.5 90.0 0.15 7.5' **J 

03ED-2003 2 1.5 0.750 0.C79 45 60.0 66.3 65.0 86.6 95.7 0.15 7.5/ 
03EE-2000 4 l.S 0.750 50 66.6 67.5 90.0 0.30 7.5 

"Effective gage length was actual gage length, including ends of specimen. 
*Detlection is total over actual gage length and includes slight elastic strain from heavy end sections. Average strain is deflection at ultimate divided by effective gage 

length. 
cTest temperature, 2l5°F;all other tests at room temperature. 
''Average of strain-gage readings on the side of the specimen. 
'Specimen 03ED-2002 was necked more than other specimens, 
t rack growth occurred in the notched specimens. 
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their minimum forging temperature was 1650°F.) Each 
of the six pieces was forged into a cylindrical configura
tion before the next operation began. 

The cylindrical parts were then reheated to about 
2050°F, removed from the furnace, and placed upright 
in a specially prepared, preheated, and lubricated die, as 
shown in the top view of Fig. 4.19. The cylindrically 
shaped steel was then pressed into the die, but the mass 
was slightly less than enough to completely fill the die; 
that is, the steel did not fill the die to the sidewalls. 
Lenape advised that they had tried to provide such an 
amount of steel, since the next operation would force 
the steel to tb/j sidewalk and facilitate machining of the 
inner surface. Following this operation (each required 
about 5 min), the pieces were again returned to the 
furnace for reheating. Each piece was reheated to about 
2040° F, removed from the furnace, and reinserted in 

ORNL—OWC 7 0 - 10C62 

Fig. 4.18. Essential features of intermediate test 
V-2,V-3,V-4,andV-6. 

V I , 

Each piece was then placed in a furnace and heated to 
about 1950°F. The first operation consisted of forging 
the section of billet into a square configuration. The 
part was then rounded by working opposite corners. On 
completion of this operation, the part was cylindrical, 
with a nominal diameter of 24 in., and was 48 in. long. 
The temperature of the part upon completion of 
preliminary forming was 1740° F. (Lenape advised that 

Fif. 4.19. Procedure for fotgng !teMttpherical heads of 
intermediate test vessel*. 
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the preheated, lubricated die. Next, a blunt-ended 
tapered die was placed over the center of the mold and 
pressed about 6 in. into the steel. A second die having a 
radius of 12 in. was then placed over the tapered hole 
(see bottom view cf Fig. 4.19) and pressed deeper into 
the mass of steel. This operation forced the hot steel to 
the sidewalk of tht die. Forging in this manner w*s 
designed to permit the use of a minimum amount of 
steel and to eliminate much unnecessary machining on 
the inner surface of the heads. 

Lenape advised that they had hoped that the upset 
ratio would be about 1.75:1 to the top of the die, and 
then the center would be worked so that the upset ratio 
in the center would be 4:1. The upset ratio of USA to 
the top of the die was not achieved; however, Lenape 
advised that they would determine the ratio and advise 
the HSST staff of their findings. 

Figure 4.20 shows a preliminary forging operation in 
process. Figures 4.21 and 4.22, respectively, show a 
hemispherical head immediately before and after final 
forming. After final forming, the configuration of the 
forging was essentially as shown in Fig. 4.23. It should 
be noted that some of the forgings contain surface 
imperfections that may extend through the metal 
designated for clean-up machining and into the finished 
head. In this case, repair welding will be necessary. 

Upon completion of the forging operations, the parts 
made by Lenape will be subjected to normalizing, 
austcnitiztng, quenching, and tempering heat treatments 
in accordance with Lenape Procedure HT-12 Rev. 1. 
This procedure requires that "ach part be (1) nor
malized at 1650 ± 25°F and cooled in air, (2) 
austenitized at 1560 ± 25°F, (3) quenched in agitated 
water, and (4) tempered at 1225°F min and cooled in 

tfg.4.20. Prefeninaiy fonjfatg opwition in the Conning of the intermediate teat vewd hemtopherical head*. 
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Ft* 4.22. Completion of Anal foignf operation on in* hMiritphwtoal haadt of tfia intarmadiaw tot viiMto. 
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**r. A!! pert? my*! he held *t temperature for 1 hr per 
inch of metal thickness. Lenape has advised that the 
hemispherical heads will be stress relieved at 1125 ± 
25°Ffor24hr. 

The test specimens for detenraning mechanical prop
erties of the forging* will be heat treated by Lenape by 
using their Data Irak programmed testing procedure. 
Accordingly, it was necessary to equip one forging with 
a thermocouple during quenching to determine the 
cooling rate to which test specimens would be sub
jected. A stainless steel-sheathed Ch^-^-Alumel 
thermocouple was installed §•» z.# neadat the % TX T 
position, as sho»r. \n rig. 4.23. 

The instrumented part was austenitized and 
quenched, and the resulting cooling curve is shown as 
curve A in Fig. 4.24. Based on past experience, the 
cooling rate thus obtained was considered to be too 
fast. Lenape elected to instrument a second head and 
this time installed two thermocouples (see Fig. 4.23). 
The cooling rate obtaiued from the second quench was 
somewhat slower than the first, as shown by curve B in 
Fig. 4.24. Both thermocouples recorded essentially the 
same values during this quench. 

Lenape has advised that each of the hemispherical 
heads wsE be equipped with embedded thermocouple? 
during the tempering heat treatment. The heads will be 
heat treated (three per furnace) and instrumented with 
stainless sted-sheathed Chromd-Alumd thermocouples, 
as shown in Fig. 4.25. At this time the results of 
chemical check analysis and physical properties tests for 
the hemispherical heads have not been reported. 

The 314n.-diam flat heads were forged from pieces of 
billst measuring 26 X 26 X 13% in. long. Each piece 
was cubed and rounded into a cylindrical configuration 
on an open-die press and then upset into a 33-in.-Ou, 
10%-in.-deep dit. The upset ratio was 2:1. A rough-
finished forging is sketched in Fig. 4.26. 

It was also necessary to equip one of the flat heads 
with an embedded thermocouple during quenching to 
determine the cooling rate for the test specimens from 
the flat heads. The location of this thermocouple is 
shown in Fix. 4.26. The cooling rate obtained for the 
flat heads is shown as curve C in Fig. 4.25. 

The flat heads, too, will be equipped with embedded 
thermocouples (see Fig. 4.27) during the tempering 
heat treatment. As noted previously, the parts will be 
tempered at 1225°F min and held at temperature for 1 
hr per inch of metal thickness. Since much of the heat 
treatment and machining are not completed, the results 
of check chemical analysis and mechanical properties 
tests have not been reported. 

The National Forge Company will make the shell 
courses, closure flange, and a wdd test plate. The ingot 
used to make the shell ccuises (one ingot provided 
material for thvx shell sections) weighed about 
200.0**) lo and was poured simultaneously from two 
rumace heats, 3V924 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 bottom end by 12 ft long, excluding the hot top. 
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The ladle and check chemical analyses follow: 

Ladle wmtiym 
(wt%) 

Check aaelysh Ladle wmtiym 
(wt%) (bottom ead) 

(wt%) 

c 0.27 0.22 
Mn 0.87 0.82 
P 0.007 
S 0.012 
Si 0.32 0.32 
Ni 0.74 3.73 
Cr 0.34 0.33 
Mo 0.64 0.60 
V 0.64 0.04 
Cu 0.13 0.13 

The temperature of the ingot upon removal from the 
soaking pit was 2350°F, as determined by an optical 

pyrometer reading. Upon removal from the pit the 
ingot was conveyed to a 3000-ton open die press, which 
was used for the forging. During the first forging 
operation the ingot was reduced to a 56-in. octagonal 
cross section, and the length of the forged section was 
increased by 4 ft. 

The par; was then conveyed to the cutting area, 
where a few surface defects were removed so that the 
piece would fit into the furnace. Also, a 54b chunk was 
cut from each end of the ingot for check chemical 
analysis. The results of the analysis from the bottom 
ingot end are given above. The temperature of the part 
was then down to about 1600°F, and it was returned to 
the furnace for reheating. 

About 9 hr later the temperature of the piece was 
about 23503F, and it was again removed from the 
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furnace for further forging. After about 2 hr of forging 
the part was cylindrical, with a usable length of about 
27 Vj ft and a nominal diameter of 41 in. The 
temperature of the part upon completion of forging was 
1440° F. The unusable material from each end was then 
cut off, and the tip ingot end was identified with a 
deep-die stamp. 

The postforging heat treatment procedure for the part 
will consist of the following: 

"Immediately on removing the two ends, the usable 
length will be returned to the furnace and 'equalized' 
at 1180°F for 8 hr. On completion of the 8-hr hold, 
the forging will be allowed to furnace cool to 500°F 
and held at this temperature for 22 hr. Following this 
^2-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 ?00°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 hold, without cooling further, the tempera

ture wfll 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 inspec
tion, after which it will be sawed into three piece* of 
equal length (a 2-ft prolongation will be left on each 
piece). Each piece wiil then be shipped to the NF 
plant in Irvine, Pa. for machining, final heat treat
ment, and final ultrasonic inspection." 

When forging of the weld test plate made from A 508, 
class 2, material was completed, it measured 18 X 72 X 
6 in. thich. It was then heat treated (data not available 
at this time) and sawed into four 18-in.-square pieces. 
These pieces were not subjected to ultrasonic inspection 
at the mill but will be subjected to all the nondestruc
tive inspection requirements of Section III of the ASME 
Code upon completion of the weld tests. 

Fabrication of the closure flanges is in process, but 
data are not yet available. 


