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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 cf present .1 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 which G. D. Whitman is Director.
The HSST proeram is being carried out in very close
cooperation with the nuclear power industry. Prior re-
ports in this series are ORNL-41735,ORNL4315,0RNL-
4377, ORNL 4463, ORNL-4512, and ORNL4590.




Summary

vii

The Heavy-Section Steel Technology (HSST) Program
is an AEC-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 2xperi-
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 stand2rds 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.

Unimadiated Materiais

Dynamic fracture toughness tests were ccnducted by
Westinghouse Electric Corporation on 1-, 2-, 4-, and
&in.-thick specimens of HSST plate 02 material. The
results of these tests are compared with those of
previous static tests. As for the static tests the K, data
indicate a rapid increase in toughness with temperature.
Below ambient temperature, w! ¢ a direct comparison
with the K, 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 temperaturc. The results of tests of the 2-,
4-, and &-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 v/in. at loading rates exceeding K = 10% ksi
Vin/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. TRW’s
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
knowlcdgeable extrapolation.

At TRW the tensile properties of the material
fumished 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 secticn and the ratio of crack
area to gross area or: critical gross strain in the presence
of a 0.10-in.-deep crack. These studies are prerequisites
to the size-effect study thai 1s 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.
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Tests of initiation and crack-arrest toughness were run
with contoured doubl:-cantilever beam specimens on
which a tempeiaiuic ssadient in the direction of crack
srrest was impesed so that fracture was initiated at 2
low tempcizt. > and ‘avested at a higher temperature.
A the initiation ~aiues. were obtaineu in the tempera-
ture range where the toughness increases rapidly with
temperature, with the higher initiation toughness values
being cbtained on specimens that experienced some
plastic Uending of the arms prior to fracture. All the
crack-arrest toughness values fell distinctly below the
corzesponding initiation toughness values.

The arrest toughness values seem to fall into two
groups. A large number of tests, representing crack
arrest at temueratures ranging from 75 to 115°F, gave
arrest toughness values clustering around 110 ksi v/in. A
significant number of tests gave lower values, suggesting
that the low end of the scatter band of arrest toughness
may define a r=ther 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 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 bGrown University on the
three-dimensional elastic-plastic 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 iniroduction 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 t'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
three-dimensional specimens with flaws. Particular at-
tention was paid to the analysis of a semielliptical crack
and a :iroxgh crack in a plate of finite unckness.
Three-dimensional polar, cubic, and cubic-distorted
element- were deveioped 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 temsion specimens were pre-
pared by Westinghouse Electric Corporation and Jistri-
buted. Westinghousc also continued the testing oi
compact tension specimens from approximately —50 to
550°F. An equivalent-energy procedure was used to
determine the fracture toughness parameter K, _,. The
experimental study has indicated that K, , values
determined from small compact tension specimens may
be almost numerically equal to the K,  values deter-
mined from much larger specimens. Compact tension
specimens ;, and 1 in. thick were tested, but only the
evaluation of the results for the l-in.-thick specimens
are presented in this report.

A fatigue-crack growth experiment in high-tempera-
ture pressurized water was initiated by Westinghouse
Electri Corporation. Three 2-in.-thick WOL specimens
were evaluated. Examinztion cf the fracturc surfaces of
the specimens reveaied that the siarter crack (fatigue
precrack) did not remain in the side notch plane during
crack growth. It was concluged that because o: the
constraint of the chamber head, the stress intersity K
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 probiem were
considered, and it was conuiuded that the desired crack
growth experiment could be performed if the test
specimern 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 K,. properties were generated for A 533,
grade B, class 1 steel plate and submerged-arc weldment
matesial in the postirradiation condition [2X 10'? 06 X
10'? neuirons/cm? (E > 1 MeV)]. Tensile properties
were also obtained for the plate material following
neutron exposure under the same conditiors. 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




R Af o it i S

R L A

shift as the 30 ft-Ib-fix Charpy transition temperature.
In particular, a valid fracture toughness K. val=2 of
around 70 ksi v/in. 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 Hanford Engineering Development
Laboratory to fluences between 2 X 10'® and 8 X
10"° neutrons/cm? (E > 1 MeV). Charpy V-notch,
tensile, and compact tension specimens are being
irradiated. The irradiation temperature is about SS0°F.

One-inch-thick irradiated compact tension specimens
were tested between —125 and 175°F. The results at
the higher temperatures indicrted that rapid transition
behavior initiaies at somewhat over 100°F. The temper-
ature shift of the 40 to 60 ksi v/in. 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 compact 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 garnma 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 temperatuze prove feasible.

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

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

ix

electroslag weld tollowing comparable irradiation at
150 and SSO°F. Similar resuits were shown to held for
impact data from Charpy V-notch specimens.

Pressure Vessel Investigations

A procedure was devefoped 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 yie'ding
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 tatigue sharpened in three-point loading.
A flat fast fracture occurred at a load of slightly over
5.3 X 10° Ib. Only a slight amount of yieiding occurred
in the specimen. This behavior was not unexpected,
since the test conditions and flaw size were chosen to
preduce the behavior exhibited.

A parametric study was completed on a series of
specimens to elicit the true tersile behavior of the
specimen configuration used for the large flawed tensile
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.
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l. Program Administration and Procurement

The civilian nuclear power industry has progressed
rapidly ir the last few years, as attested to by the scme
100 nuclear power :tations now in operation. under
construction, or on order. Capacities of plants under
construction are exceeding 1100 MW(e). The walls of
the primary pressure vesseis are 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
Enrgy 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 cut
under the direction of Qak Ridge National Laboratory
(ORNL). The emphasis in the HSST program is on the
structurai behavior of the thick reactor pressure vessels,
particularly in the presence of flaws. The material of
interest is the ASTM A 333, grade B, class | steel and
welds typical for this raterial that are currently used in
the fabrication of reactor pressure vessels. The program
is being carried out in close cooper:tion with the
raaterials, fabrication, and design interests of the United
States nuclear power industry.

Since all steel vessels are assumed to contain flaws
(inhomogeneities or discontinuities) cf some size, the
efiects of such flaws on the fracture behavior of
pressure vessels are of primary interest. The develop-
ment of a gquanti*ative technology to make the neces-
sary safety assessii.cnte, together with an understanding
of the factors (including irradiation) that degrade or
change the anticipated benavior 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, apalytical and experimental stress and strain
analyses, and envirormental effects, with emphasis on

awviay 1 uV L v

fraciure behavior.

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

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

i[_rgt_ﬁatinn fv‘o/\!ure - ;n‘aﬁv;m, a‘id

1. S. Yukawa, Evaluation of Periodic Proof Testirg and Warm
Prestressing  Procedures for Nuclear Reactor Vessels, Report
HSSTP-TR-t. 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, Mariin-
Marietta Company, Nov. 20, 1969.

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

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

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

6. W. O Shabbits, W. 1. Pryle, and E. T. Wessel, Heary
Section Fr.cture Toughness Properties of A 533. Grade B. Class
{ Steel Pate and Submerged Arc Weldment, Report WCAP-
7414, Wastiighouse Electric Corporation, PWR Systems Divi-
sion, Decemuer 1969.

7. F. 1. 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 program-
matic manuscripts were published, bringing the total to
four.'®'? Four such reports were approved forpubli-a-
tion.

8. P. B. Crodey and E. J. Ripling, Crack Arrest Fracture
Toughness of A533 Grede B Class | Pressure Vessel Steel,
Report HSSTP-TR-8, Materials Research Laboratory, March
1970.

9. T. R. Mager, Post-Irrediation Testing of 2T Compect
Tengion Specimens, Report WCAP-7561. Westinghouse Electric
Cosponation, PWR Systems Division, August 1970.

10. Teledyne Materials Research Company, HSST Inter-
mediste Vessel Closure Anelvsis Report F-1253 (b), Mar_ 2§,
1970.

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

o

The fourth annual information meeting was held on
March 31-April 1| at ORNL. Some 150 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 Progrem, USAEC Report ORNL-TM-2849, Oak
Ridge National Laboratory, June 1970.

iz. F. J. wint and K. G. Berggren, Size Effects and Energy
Disposition in Impact Testing of ASTM AS5;3 Grade B Steel,
USAEC Report ORNL-TM-3030, Qak Ridge National Lab-
oratory, August 1970.
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2. Investigation of Unirradiated Materials

Steel Techmology Program are divided, in geneial, into
studies of unirradiated materials and studies of irmadia-
tion effects. Tke studies of unirradiated material in-
The curreat work in these aress is discussed i this
section. Additional results for uniradiated muterial are
presented in discussions of preirradistion studies in the
section on imadiated materials in Chapter 3.

In this particslar repoit the imspection and variability
activities are reported in Chapters 4 and 3, respectively.

FRACTURE MECHANICS INVESTIGATIONS
J. G. Merkle

The objectives of the f-acture mechanics investiga-
tions are (1) to estadlish the applicability of fracture
mechanics methods as currently understood to the
low-alloy steels being used in reactor pressure vessels,
(2) tc extend the appicability of this body of knowi-
edge to cover the tougher behavior at higher tempera-
tures, and (3) to develop new methods specificolly
applicable for predicting the fracture behavior of steels
that undergo gross plastic strains before fracture. These
objectives arc being pursued through a series of five
subconti2ts, with related tasks (described elsewhere)
contributing agnificantly to the developments. The
activities under the subcontracts are discussed on the
following pages.

Eftect of leading rate on dynamic toughness of A 533,
gade B, clas 1 steel' (W. O.Shabbits, L. J. Ceschini,
E.T.Wessel, and T. R. Mager, Westinghouse

Electric Corporation)

Unlike the measurement of static toughness (K, )
sroperties, for which a standard procedure? has been
adopted by ibe ASTM E-24 Committee on the Fracture
Toughness of Metals, dynamic toughness testing re-
quired the development of experimental techriques. In
the interests of uniformity, the static toughness testing
procedures were adhered to wherever possible. The two
major problems encoumtered in dymamic testing were
the design of 2 loadiag system and fixtures that would
and the measurement of loads and displacements on the
specimen with sufficient accuracy and resolution.

A loading system capsble of 60-in_fsec ram velocities
and 150-kip capacity was designed specifically for this
test program. Gripping fix*ures similar to those recom-
mended by ASTM were used. The system provided for
static preloading of the specimen and pretravel of the
actuator loading rod, and also permitted the placement
of damping materials between the actuator rod and the
loading clevis. Damping was found necessary to permit
gradual acceleration of the system and svoid the shock

1. This program is part of an overall Westinghouse Electric
Corporation, Empire State Atomic Development Associmies,
inc., a»2 Osk Ridge Nationsl Lsboratory (smder UCCND
Sebeontract 3078) cooperative program.

2. ASTM Standard E399-70T, “Temtative Methods of Test
for Piane-Strain Fracture of Metallic Materials,” ASTM Stend-
ands, pt. 31, 1970.




waves associated with direct impact. The measuremen:
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
clip gages. The outputs were recorded on a frequency-
modulated magnetic-tape recorder.

The 8-in-thick compact tension specimens were
tested with a gas-driven extrusion machine. Special
fixtures were designed to attain constant acceleration
on ihe speamen to avoid shock and vit.ration. The basic
design consisted of parabolic machined wedges sep-
arating standard-sized (4-in.-diam) pins that were free to
roll on a flat surface.

Tests were conducted on 1-, 2-, 4-, and 8-in.-thick
specimens of HSST plate 02 material. Interpretation of
the resuits was based on standard ASTM static pro-
cedures for testing metallic materials.? The limitation
of 3% linzarity amposed by .c oscilloscope made it
difficult to rescive a 5% secant intercept. Since the data
appeared linear to within the linearity requirements,
fracture locads were used to compute the measured
fracture toughness. The results of these tests are
compared with the previouslv generated static data in
Figs. 2.1, 2.2, and 2.3 and are summarized in Table 2.1.

As with the static (K;.) data the results irdicate 2
rapid increase in toughness with temperature. Below
ambient temperature, where a direct comparison with
the static (K;.) fracture toughness is possible, a
decrease in toughness is observed. The apparent cvenall
ffect is a shift in the ambient temperature. The results
for the 2-, 4-, and 8-in-thick compact-tension speci-
mens indicated the dynamic fracture toughness of A
533, grade B, class 1 steei plate to be above 100 ksi
V:n. at room temperature.

Crack-arrest toughness studies’ (P. B. Crosley and E. J.
Ripling, Materials Research Laboratory)

Previotrs work showed that the crack-initiation tough-
ness could be varied by changing loading rat:, fatig e
precracking procedures, etc. Variations in the iniiation
conditions influenced the length of crack jump, but the
value of the amrest toughness was the same within 2

3. Work performed umder UCCND Ssbcontract No. 3152
between Unior Carbide Corporation and Mat« ials Research
Laboratory.
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Table 2.1. Con'pact tension dynamic fracture toughness (X ;) dats for HSST plate 02

Teat Yieud Average cruck Ultimate KqorK;p, K,
ldfm:;:::m temperature ares 8. (}Vk)lth w. (ﬁ?m A; nIF:JInu)’ length foud oughness Loading rate (’;')
“F) (kal) n. ' ' (in) (kipy) (ki VI (kai /in./sec)

HS214 -8\ 74.0 1.003 2.000 18.5 1.0288 $.22 359 62,000 0.234
HS21-) - 80 74.0 1.00) 2.000 156 1.0307 7.68 $4.8 46,200 0.542
HS21-2 - 30 74.0 1.003 2.000 15.6 1.0309 6.0 427 68,100 0.332
HS21-1 -$0 74.0 1.003 2.000 158 1.0292 6.64 46.9 10.900 0.402
HS216 -30 74.0 1.003 2.000 154 1.0249 $8 40.4 61,300 0.298
HS21-$ -50 74.0 1.003 2.000 14.8 0.9966 49 328 $0,500 0.196
HS224 18 69.0 2.004 3999 214 2.0801 39.1 99.6 19,500 1.04
HS8226 30 71.0 2.004 3.999 21,3 2.0748 27.8 6917 17,400 0.482
HS22.8 28 72.0 1.004 3999 21.3 2.078%3 4.0 6G.9 19,000 0.387
HS22-1 0 73.0 2.004 3.999 2.8 2.0863 16.8 424 13,900 0.167
HS22.3 -2$ 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 3999 217 2.1018 18.7 40.7 12,7060 0.133
HS227 -150 84.0 2.004 3.999 219 2.1088 13.0 338 10,900 0.0812
HS22.2 --$0 74.0 2.004 3.999 21.2 2.0731 13.8 349 13,500 0.J12
HS26-8 -5 74.0 2.004 3.999 214 2.0794 216 55.0 48.6 0.276
HS26-7 -850 740 2.004 3999 214 2.0808 19.1 48.5 123 0.248
HS26-S ~-50 74.0 2.004 3.999 211 2.0639 14.1 35.8 31,600 0.118
HS26-2 -80 74.0 2.004 3.999 21.2 2.0726 14.3 363 33,200 0.126
HS26-2 -0 74.0 2.004 3.999 2.3 2.1339 15.3 40.7 8,480 0.131
HS2112 --$0 74.0 2.003 3999 16.1 2.099% 220 69 6.22 0.296
HS2111 --$0 74.0 2.003 3.999 159 2.0 16.0 40.7 1,660 0.181
HS27-1 -50 74.0 2.003 3999 16.1 2.0971 20.7 438 1,130 0.261
HS212.2 ~-50 74.0 2.003 3999 15.2 2.0219 18.3 44.6 2,62 0.182
H8218-1 -%0 74.0 2.003 3999 15.3 2.041 16.2 39.4 928 0.142
HS227-1 -50 74.0 2.003 3,999 183 2.0286 19.6 479 479 0.209
HS227-2 -$0 74.0 2.00V3 3.999 154 2.0321 21 56.8 6.31 0.298
HS218.2 -50 74.0 2.003 3.999 15.4 2.1131 12.4 47.6 173 0.207
HS218) 75 69.0 4,018 8.011 15.6 41130 1380 121 23,400 0.772
HS2-24 0 73.0 4.002 8.001 218 4.1762 56.8 L] 12,300 0.128

ﬂﬁc-a

1/ Kg_
- , where Oy is the 0.29 offset static yield strength.
o
ys




Table 2.1 (continued)
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Test Yield : Average crack Ultimate KqorK;p, K,
i df::lj‘:m:m temperature stross 8. (\I":\k)“h W, ({::;“h A;{:.: :;:%u; longth load Toouuh L) Loading rate z;)
cP (ksi) ' ' ' (in.) (kipr) (ksi /in.) (ksi \/in./sec)

HS2-23 0 730 4.002 8.002 211 4.1339 56.4 SO 14,000 0.119
HS2113 - 80 74.0 4013 8.015 16.0 4.1797 54.2 48 34,900 0.109
HS2-26 0 73.0 4.002 7.999 213 4.1547 73.8 66 25,400 0.208
HS27-3 30 74.0 4012 8.007 15.8 4.146) 54.0 4R 482 0.106
HS2283 78 69.0 4.002 7.999 15.8 4.1045 122.0 107 16,300 0.609
HS82273 -850 74.0 4.002 8.000 18.7 4.0437 st.s 45 11,900 0.093
HS2124 78 69.0 4.002 7.999 18.7 4.0862 140.0 122 15,700 0.791
HS2D13 50 71.0 4.003 7.999 16.4 4.1970 126.0 118 462 0.702
HS2D1S 50 71.0 4.003 7.999 16.3 4.737 117.0 106 3,720 0.572
HS2L 17 50 71.0 4.003 7.999 16.3 41787 134.0 121 73.6 0.773
HS2D10 S0 71.0 4.003 7.999 16.1 4.1467 131.0 117 30.5 0.726
HS2D16 S0 71.0 4.002 8.000 16.6 4.2200 142.0 140 12.2 0981
HS2D8 s0 71.0 4.002 8.000 16.3 4.1720 85.6 7.6 6,160 0636
HS2-13-3 50 n.o 4.008 8.01 15.4 4.0833 71.5 62.3 13,000 0.203
HS2-74 50 71.0 4.002 8.000 183 4.0570 814 70.6 13,100 0.265
HS2-284 0 7.0 4.002 7.998 1.3 4.0538 $5.5 48.1 11,400 0.108
HS2-114 50 7.0 4.002 8.000 15.4 40718 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 0573
HS2D4 128 6S5.1 8.003 16.001 36.6 8.138 594 182 87,000 0975
HS2D2 128 6S.1 8.004 15.999 370 8.193 466 148 98,000 0618
HS2DI 100 674 8.008 15.998 36.8 8.168 416 128 61,300 0.452
HS2D3 78 69.0 8.002 16.002 37.0 8.189 308 95.8 63,800 0.241
HS2Dé 78 69.0 8.004 16.001 36.8 8.164 304 94.) 75,200 0.233
HS2DS 15¢ 629 8.001 16.002 36.0 8.16S 650 >200
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Pig 2.3. Compect temsion dymamic toughmess data for
2 -thick specimeas of A 533, grade B. <ius | sieel from
12-in.-thick HSST plate 02.

tight scatter band indepeadent ¢ f the preceding initia-
tion level. It was also found that at low temperatures
the initiation tovehness showecd 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 appearsd, and
stauc initiation and crack-arrest toughness values were
more widely separated. Since the crack-azrest toughness
increases less rapidly with increasing temperatuere than
the initiation toughness, it <hould be postible to
measure the crack-arrest toughness at higher tempera-
tures than the initiation toughness with reasnnably
sized specimens. Therefore recent work has been
directed toward measuring crack-arrest toughness at
higher temperatures.

Experimental procedure. In order to measure crack-
amrest toughness it is first necessary, of course, to
initiate a fl2¢ fracture that runs at 2 high velocity.
Because the crack-arrest toughness value is independent
of the preceding crack-initiation value. attention was
focused on 2 method of artificially lowering the
initiation valve 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 tne
direction of the crack propagation so that fracture was
initiated at a low temperature and arrested ai 2 higher
temperature.

The tests were run with contoured DCB {double-
cantilever-beam) spccimens loaded dynamically in a
dosedHoop servo-hydraulic machine following pro-
cedures described in previous reports.*™® The tempera-
ture gradient was established by cooling the front end
of the cpecimen with dry ice. Then with the specimen
placed i iixc test machine, the back end was heated
with an oxyacetylene torch. The temperature was
monitored with six Chromel-Alumel thermocouples
spot welded to the specimen. The thermocouples were
spaced ¥, in. 1part adjacent to the crack line. With this
procedure, temperature gradients of 15 to 20°F/in.
were established over a region in~ludirg the crack jump
distance. After testing, the crack-armrest pasition was
marked by extending the crack a short distance in
fatigue prior to breaking the specimen completely at a
low temperature. Typical jump distances were of the
order of ' to 1 in., although ir some cases the distance
was as much as 2 in.

Results. Iritiation and arrest toughaess measurements
obtaineC for specimens with a temperaiure gradient are
shown in Fig. 2.4. The initiation values ars denoted by
squares (for 2-in_-thick specimens) and t..angles (for
3-in -thick specimens). The arrest toughness valvwe< are
denoted by X's. Lines connecting the initiation ano
arrest values indicate an initiation and an arrest from a
single pop. As is obvious in Fig 2.4, the initiation
values we.re 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 all the tests the load comresponding to crack
initiation was clearly defined, and unstable crck
extension occurred with an abrupt drop in load As may

4. F. J. Witt, Hewy-Section Steel Techmology Program
Semisnn. Progr. Rept. Feb. 28, i969. USAEC Report ORNL-
4463, Oak Ridge National Laboratory.

5 F. J. Witt, Hecry-Section Steel Technology Pr_gam
Semiann. Progr. Rept. Aug. 3i. i969. USAEC Report ORNL-
4512, Oak Ridge National Laboratory.

6. F. J. Witt, Hewy-Section Steel Techmoilogy Program
Semiann. Progr. Rept. Feb. 28. 1970. USAEC Report ORNL-
4590, Oak Ridge National Laboratory.
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Fig. 24. Initistion and acvest Soughmess data from tests of
contoured DCB specimens with a tempenatwse gradicn? ~=-
posed. Specimens from RW direction of plate 02

be secn 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 {ll into
two groups. A large number of tests representing crack
arrest at temiperatures ranging from 75 to 115°F gave
arrest toughness values clustering around 110 kst V/in. A
significant number of tests gave lower values, which
suggestsd 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 plane of the crack wandered from the
minimem section far enough to give some shear lip in
the vicnity of the crack-arrest positicn. The specimens
tnat gave lower arrest toughness values invariably had
fracture surfaces that were more fat. Hence it i
suggested that the lowest values of the arrest toughness
are the more significant.

Discussion. In the temperature range 80 to 100°F,
crack-arvest toughness values are distinctly below the
craca-nitiation values. It is not yet possible. however.
to project the behavior of crack-ariest toughnese with
further increases in temperature. Some data suggest that

the arrest toughness may begin to increase rapiasy with
femnperaiure In a temperature range somewhat higher
than that at which crack-initiation toughness behaves in
the same manner. Other measurements are consistent
with the possibiiity that the arrest may continue to
show 2a gradual increase wit': iemperature at tempera-
tures stili higher than those at which measurements
have yet been maic. An immediate goal of the preserni
work is to measure the crack-zrrest toughness at highes
tempcratures in order to answer this question.

Gross strain as a measure of crack tolerance of steels’
(P. N. Randail, TRW Systems Group of TRV, inc.)

In common with the other HSST projects, the basic
objective of this study 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 :ross section as a function of crack
size, temperature, and constraint. Scaleup tc heavy
sections requires a size-effect study, precedei by
investigation of the effcis of specimen shape anc size
relative to crack size to permit knowledgeable 2x‘r>po-
lation. Some o these variables were studied in the fust
year’s work, wilich was reported previously.® A full
statement of the problem and an explanation of the
gross strain measurement spproach were also given and
will not be repeated here.

P:ozre<s 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 flaws in the
form of slag inclusions were encountered. An improved
system of strain measurements was developed, and
stud:cs were begun on the effects of shape of specimen
cross secticn and the ratio of crack area to gross arez on
critical gross strain in the presence of a 0.10-in.-deep
crack. These were preliminary steps in the size-effect
study.

Material. The material fumisid a: the beginning of
the program was from the lower end of plate 02 —
pieces 02GX, Y, and Z, as shown in Fig 2.5. To avoid
the inhomogeneity in yield properties that was found
previously and which required classiiication of speci-
mens as either midplate or bottom-biock material. these
pieces were cut 3.5 in. from either nlate surface. To
check for variability at the yield-point loading throug:
the thickness of the block and along the length, several

7. Worx performed under UCCND Subcontract No. 3134
betweea Union C: rvi“te Corporation and TRW, Inc.
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Fig. 2.5. Layout of specimeds showing their locations in piate 02, All biocks were cut with 5-1n. thickness centered on the plate

raidplane.

0.505-in.-diam tensile specimens were prepared irom
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 varistion of yield cr ultima:e 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 extendcd
to about 1.4% total (elastic plus plastic) strain. Strain to
maximum load was about 12% (£1¢5), which means that
whe vpper limat of <., ., critical gioss 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

VUSSR
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Table 2.2. Resuits from tensde tests at —20°F or specimens from HSST plate 02

Ultima.c Upper Lower Elongation Stram to ) Reduction
Specimen strength yiweld yield at ywld maximum Elongation of
No. (ksi) stress stress point load %) area
(kst) (%) (®) (%) (%
Z2 933 72.0 70.0 14 124 276 60.5
23 93.7 70.5 69.8 14 117 210 61.1
75 91.6 698 68.2 1.2 12.2 280 583
YA S 90.1 714 09" 1.3 9.3 17.5¢ 46.3°
Z8 91.5 69.5 685 1.4 12.8 225 4277
29 91.0 68.7 683 15 114 200 409
Z10 90.7 704 689 14 12.8 250 50.1
Z11 90.6 70.0 684 14 12.3 285 62.0
214 89.2 70.1 66.6 1.2 13.4 28.0 593
215 RO4 677 669 14 126 285 569
YZ 66.59 63.19 62.3¢ 04° 1.2¢ 5.5¢ 20.8*¢
Y3 88.8 694 67.1 L5 10.8 14.0* 2738
Y6 91.2 69.3 685 14 12.3 21.5 56.4
Y7 90.9 70.3 68.7 1.4 12.1 270 546
Y8 89.3 69.7 67.5 14 115 16.0¢ 2394
Y9 91.1 70.7 675 1.2 12.8 25.0 488
Y10 91.7 69.3 689 1.3 13.9 280 59.0
Yil 922 726 694 1.3 12.3 28.5 554
Y1i$ 90.5 7158 67.6 1.3 120 235 4430
Yié 91.0 68.8 68.8 1.4 12.1 225 47.7

@Test data aTected by the presence of slag inclusions or “fisheyes.”

the middle third of the plate. Figure 2.6 shows the
failure surfaces from three of the 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 tensiie specimens. All three specimens
were tested at —20°F, and all three had a “spongy™ or
“wr0dy” 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
t0-0.050 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 biock were nearly normal.

The data ot 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 di¢ 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 2C specimens
tested at —20°F showed reduced values of elongation
and reduction of area.

The trend in tensile properties with temperzture was
aiso measured by testing one pair of specimens at

+75°F and another pair at —100°F, a< shown in Table
2.3. The instability at yield-point ioading was more
pronounced at the low temperature. Tensile instability
strain also increased s'ightly at the low temperature.
Trends in elongation and reduction of area values are
hard to dJdetect, 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 may be concluded that the effect of
temperature on these ductility values was small.

Radiographs of the largest inclusions in the macmned
gross strain specimens, taken normal to the plate
surface, showed the inclusions to have the appearance
of clouds of iow-density particles. The largest dimen-
sion of the largest cioud was between 0.5 and 1.0 in.
Fisure 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 seveie than the 0.100-in.-deep
surface crack, aithough the latter showed almost the
expected cruck-opening displaceinent, and the gioss
strain values were nearly equal to the tensile instability
strain. Hence the test result was included in the data
discussed later (sce Table 2.6).
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Fig. 2.7." Radiograph of siag inclusion in specimen 103 (Sottom) that became the fracture osig; .
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Table 2.3. Effects of tempenature on tensile properties

Specimeas tested at 75°F :ﬂ'r; Specimens tested at - 100°F
Y13 Yi4 Average tesis® at —20°F Y1? Y18 Average

Ultimate strength, ks 859 849 854 90.9 99.2 99.8 99.5
Yizld stress, ksi

Upper 65.7 65.0 65.4 70.1 774 76.6 770

Lowes 85.7 o%.3 63.2 (S 4 76.8 75.8 76.3
Elongation at yield point, % 1.2 1.2 12 14 18 1.8 1.8
Strain to maximum load, % 108 ie 111 123 134 13.5 134
Elongation, % 270 265 26.8 b) 26.0 275 26.8
Rerde=clion of area, B 64.6 55.7 60.2 W) 46.0 53.2 49.6

8Dat3 from Tabke 2.2; data affected bv piresiace of slag inclusions of “Tisheyes” nol incuded.
’Anwmtm&uledmsptdhlvﬂmmsedbypmofslginclnsionmsohtge.

A study of the radiographs t'at were made as 2 result
of the findings from the tensile (5is ied to the
conclusicn thet 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 constrzaint
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 2.5), 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 messurement. 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“c), as well as in the net section
span.iing the crack (e‘,u.). The €z values can be
obtained after a test from micrometer readings that give
the reduction in widih and thickness by using the
technique described in HSST Technical Report Ne. 3.*
For small strains, extensometars asc more accurate.

Records i ioad versus displacement provide for
measuremerit of energy values and for fuiier observation
of the deformation process, and hence pairs of exten-
someteis(back to back) were provided for measurement
of average values of ¢,,, as well as ¢.,, and a single
extensometer for measuring the crack-opes.ing displace-

8. P. N. Randall, ““Gross Strain Measure of Fracture Tough-
ness of Steels,” feavy Section Steel Technology Program
Technical Report No. 3, TRW Systems Group, p. 7, Nov. |,
1969.

ment (COD). In the initial adjustment for axiality of
loading, the diffsrence 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. :ne length of which can be adjusted fairly
easily to fit the extensometer to any gage length.
Typicai 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 rccords 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 €,
was caused by sudden yielding in the lower part of the
specimen. While not evident in this record, the X-Y
recorde: pens traverse the yield plateau at different
times during the test. In the ideal rasc, the net secuon
yields first, 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 filiets at either
end of the reduced section. Figure 2.15, discussed later,
illustrates this condition.

Test plan. Two features of this work are a «tudy of
net section effects and a study of crack size effects.
Superimposed on both is the problem of how gross
strain is fo be measured — what gage length, what




T s vy T = e s =

-

15

W

.
!

—

im A
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specimen 112.

jocation, etc.?” — with the purpose being to obtain
results from a practical test specimen that can be
applied to fuli icale hardware.

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

perature was the temperaiure at which the material in
given specimen configuration could tolerate the local
(crack tip) strain that was present at the load level that
caused gross-section yielding. 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 tc be investigated by tesis of the
three specimens with the cross sections shown in Fig.
2.11. All have a semiellipticai 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 wide specimens
and narrow ones was to check the hypuihes:s 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 siudy in the
HSST program is fairly obvious. The approach is simply
10 test a range of cracks of various sizes embedded in
geometrically similar cross sections and measure the
critical displacements over geomet:icaily similar gage
lengths. Extrapoiation to the crack size expected in
full-scale hardware will be in terms of critical st-ain
both below and at the transition temperatuse. The
specimens to be tested 2re shown in Fig. 2.12. All these
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have a ratx of crack area to gross area of about 6.0%.
The smallest sp. cimen was alwo shown in Fig. 2.11, and
the sketch was repeated here for completeness.

One other task planned is the preliminary study of
straingradient <{fccts. 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 io be studied: a
transverse gradient. such as that produced by testing
cracked specimens in bending, and a combined axi
and transverse gradient, such as that produced by a
tension test of a specimen having 2 very short reduced
section so that the surface crack is located in a iiflet.
The transverse gradient will be tested first because it
poses the simpler question; namely, what critical strain
value in bending correlate; with thosc measured in
tension for the same crack size? This year’s effort
should provide a basis for plaaming the testing required
to include the treatment of strain gradients in the gross
strair approach.

Test results. Only the test results relative to the
effects of shape of cross section are available for thi:
report (see the two top sketches in Fig 2.11). Table 2.4
lists the actual specimen dimensions and Table 2.5 gives
results in terms of loads and displacements, o =il as
stresses and strains. Gage lengths wer. the same for
both tests: 5.12 in. for €, and 1.60 in. for e

The transition temperature for 0.10-in.-deep cracks in
this material appears to be at about —90 % }0°F for the
foot of the transition in values ofe‘“, [ and COD.
Figure 2.13 presents the datz for specimens 4 X 0.4 in.,
and Fig. 2.14 shows the data for specimens 1.32 X
1.2 in. The trend for g, values is less clear because
these specimens, which had a net-section stress only 1.5
to 2.0% greater than the siress on the gross seciion,
often yielded first at the fillet ai one end of the
specimen. The Luder’s bands spread toward the crack
and caused the extensometer in the gicss section to
indicate higher strain than that in the 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,




Table 24. Specimen dimeasions (ov determination of critical gross strains and displacements

- Test Specimen dimensions Crack size Specamen cr::t:u
S¢ 'No:-'_" lemperature  Width Thickness Grossarea Length Depth  Ara metares o ossarea
crH (m) (m) (m?) (m) tm)  m?) tin.") (<)
103 +75 4.005 6.403 1.612 0300 0100 0.0235 1.538 1.46
102 ~40 4.002 0.37 1.588 0302 0102  0.024: 1.564 1.52
104 -0 4.001 0.400 1.601 0302 0101  6.023) 1.577 1.49
106 -83 4.003 0.402 1.610 0347 0165 0.0285 1.582 1.77
101 —90 4.002 0.398 1.594 0300 0103  0.0242 1.570 1.52
105 -112 4.000 0.39% 1.583 0354 009  6.0229 1.560 1.45
109 -50 1.328 1.200 1.593 0300 0128 00301 1.563 1.89
112 _72 1.328 1.199 1.592 0304 0130  0.0310 1.561 1.95
110 -83 1.328 1.201 1.593 0321  0.153  0.0386 1.554 2.42
111 -84 1.328 1.20% 1.594 0304 0123  0.0294 1.565 1.84
14 ~104 1.327 1.2¢0 1.592 0304 0114  0.0272 1.565 1.71
113 s 1.328 1.201 1.594 0311 0130 00317 1.562 1.99
Table 2.5. Results of tests for determining critical gross strains and displacements
. Critical gmss straius and displacements
. . Test Maximum Gross  Net Displacement in
specmmen Spec;men temperature load stress  stress  Cgge Cepc €nc  Eqnitags length  COD
sze < CP (kipy  (ksi) (ks) Attop atbottom o ing crack  (mils)
(in) %) %) Spanning mes
(mils)
4% 04 103 +75¢ 152.0 819 831 124 9.8 >5.2b >370 70
102 -40 1418 89.3 907 13.1 12.9 >6.80 ~350
104 -60 1282 800 812 4.1 38 192 16
106 -83 117.5 730 743 25 0.25 1.0 52 4
191 -90 120.3 755 767 024 0.25 0.33 17 7
105 -112 119.8 757 168 029 0.36 1.3 68 6
1.23x 1.2 109 -50 143.1 898 915 136 11.8 12.8 658 89
112 -72 120.7 758 7173 26 24 24 124 15
110 -83 1128 708 725 069 0.37 0.66 34 10
1 -84 128.8 800 822 3.6 2.6 3.70 159 i6
114 -104 118.8 746 159 22 0.23 1.1! 57 9
113 ~118 123.5 775 7190  0.32 0.20 044 22 6

9Broke at slag inclusion rather than at crack.
ORan 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 at 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 precededu the onset of fast fracture.

Figure 2.17 is a replot of a set of the load
displacement records from which ¢,, . 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 the area under
these curves is the energy to maximum iocad consumed
in deformation within the gage length (5.12 in.). From
Fig. 2.10, it is evident that the strain was fairly uniform
alony ihis jength once the yield plateau was passed at ail
points along the gage length.
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Fig. 2.15. Luders’ bands spreading downward from fillet at end of gage leagth. These bands caused plasiic strain to occur first in

the gros section. Ratio of crack area to groes area was 1.5%.

Plans for compledion of work. When it ‘was discovered
that the presence of slag inclusions in pieces 02GX.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 2.5. Tensile specimens (0.505
in. in diameter) are currently being machined. They will

be tested to check homogeneity >f yield properties,
primarily. The size-effect study described in Fig 2.12
will be done on this material. The tests of the smallest
specimens (0.10-in.-deep crack) will repeat those on
specimens from block 02GY to provide correiation with
the other work done to date.
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Three-dimensional elastic-plastic stress and stra’n
saslysis for fracture pechanics® (N. J. Levy,
P. V. Marcal, ind J. R. Rice, Brown University)

The primary activivies during the current reporting
period were the preparation of a topical report coveling
the work completed to date and the accompiishment of
some internal improvements in the computer program
being developed. The main improvement in the com-
puter program was the introduction of a direct methe.
ol solution for the system of ecquations generaied by
the lastic part oi the problem. This improvement
reduces the timc required to accomplish the elastic
solution by 2 factor of appsoximately 2 and thereiore
tnckes the program significantty more efficient.

The topical repor: covers the developmen: of an
elastic-plastic finite-elemen* analysis for three-
dimensional specimens with flaws. Particuiar attention
was paid to the analysis of z semielliptic crack and a
through crack in a nlate of finite thickness. Three-
dimensional polar. cubic, and cubic-distorted elements
were developed for the analysis. In addiiion, programs
to generate the mesh of elenxats and noJal points for a
given problem size and specimen geometry were written
and tested. The finite-element analysis was im-
plemented by a computer program deveioped to handle
problems with up %0 10,000 degrees cf freedom. As is
well known, such large problems are freque..tly en-
countered in three-dimensional analysis. This capability
was also rec.ired for analysis of the stress and strain
field near cracks. The results of analysis for a through
crack with 4500 Cegrees of freedom and for a semi-
elliptic crack with 2700 degrees of freedom are also
reported. The prodlems discussed were studied mainly
to test the finite-element program, the mesh-generating
programs, «nd the suitability of the elements deveroped.

With respect to the three-dimensional crack problem
—~ «<ase study (a) — tme <2lastic solution cbtained
reproduced clc:ely the features of the approximate
solution suggested by Hartranft and Sih.'® The main
result shown by the clastic zolution is tiat at the crack
tip the plane-strain regime prevails across the specimen
thickness, except perhaps at the free surface or in a thin
layer — called the boundary 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. Hartranft 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 element is a generalization of the
'wo-dimensional polar clement reported in ref. 11 and
used in the plane-strain crack problem:. As shown in ref.
11, the two-gimensionai ciement reproduces quite well
the displacement singularity at the crack tip in the
plastic regime. It is theretore believed that the three-
dimensional polar element develcped here will be
excellent for the study of the stress and strain field in
ihe three-dimensional through-crack problem, especiaily
at the proximity of the crack iip in the elastic as well as
in the plastic domain.

As to the elastic-plastic analysis of the semielliptic
crack, there are no analytic or approximate solutions
wiih which io compare il resuits of ihe {iniie-element
analysis. However, a qualitative study of the stress and
strain distzibution 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 completely at a distance equal to three times the
thickness of the specimen.

Finally, it woula 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 materals'
(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: s compact tension specimens were pre-
pared.13.14

Testing of compact tension specimens from approxi-
mately —50°F o0 approximately SS0°F continued. An

I1. N. Levy, P. V. Marcal, W, J. Osiegren, 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. 3196 between the Oak Ridge National Laboratory and
Westinghouse Electric Corporation.

13. T. R. Mager, “Fracture Toughness Characterization of
AS533, Grade B, Class | Steel,” Heavy Section Steel Technology
Pr. ram Technical Report No. 10, Report WCAP-7578, We;:-
inghouse Electric Corporation.

14. T. R. Mager, “Notch Preparatios in Compact Tension
Specimens,” Heavy Section Steel Technology Frogram Tech-
nical Report No. 11, Report WCAP-7579, Westinghous: Electric
Corporation.




equivalent-energy procedure was used to determine the
fracture toughness parameter K. ;. The experimental
stugies indicated that K., values determined from
small compact ‘ension specimens may be almost numer-
ically equal to K. values determined from n.nch larger
specimens. Compact tension specimens % and 1 in.
thick were tested.

Witt'* proposed an equivalent-energy method for
relating crack size. temperature. and stress levels at
paximum load to fracture and outlined a procedure for
obtaining the fracture toughness value. K4, which is
not to be confused with the dynamic fracture toughness
Kip- s

The procedure fur obiaining K4 values from stand-
ard fracture toughness iests consists of the following:

i. Meacure the 2:ea under the load-defiection curve
up to maximum load of a specimen of widthd.

2. Select any point on the lin-ar portion of the
load-Zeflection curve. Measure the :rea 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 b%. Using this
load as P, determine K, for i sca2led-up specimen.
The value determined is unique regardiess of the point
selected on the linear portion of the curve. This numier
is chd :

Experimental test procedure. Twenty 1-in.-thick and
tweaty '4-in.-thick compact tension specimens were
machined from HSST plate 02. The sprcimens were
prefatigue cracked according to the ASTM recom-
mended procedure,? 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 onc
side across the machined crack and ', 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 clevises
and specimen were placed in a temperature-controlled
chamber for testing.

For temperatures below ambicnt, liquid nitrogen
vanor was used to cool the test specimen: above

15. F. J. witt, Equivalent Energy Procedures for Predicting
Gross Plastic Fracture, puper presented at Fourth Naticual
Symposium on Fracture Mechanics, Carnegie-Mellon University .,
August 2426, {970 (in publication). see also USAEC Report
ORNL-TM-3172 (i» publication).

ambient. an electrically heated chamber was utilized.
The load-displacement readings were read out on
standurd x-y plotters. After the test. the crack lengths
at crack initiation were read at five equally spaced
inervals. These were averaged to give the crack length
for the test. A time-load behavior was also recorded.

Results. The specimens were iested at 15 tempera-
tures from - SO to +550°F. Then. using the method
previously outlined.' S chl (that is. Kltd from a
1-in.-thick specimen) values were calculated at each test
temperature. At temperatures where the specimer
maintained 2 maximum load over considerable displace-
ment, the point where the maximum load was first
reached was chosen 2s the maximum load o fractuse.
Data for the ‘-in-thick specimens are still being
evaluated.

The K., data are summarized in Table 2.6, and Fig.
2.18 is a plot of all the K, data obtained from testing
1-in.-hick compact tension specimens between —50
and 550°F. These data indicate 2 very high resistance to
fracture at elevated temperatures. cven though a shight

degradation is noted at SSO°F.
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Fig. 2.18. Vaistion of K., 25 3 fumction of tempesatuse for
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Future work will include evaluating 4-, 6-. and

10-in.-thick specimens a1 temperatures corresponding to
the upper-shelf Charpy V-notch range (200 to 550°F).
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Table 2.6. Fracture toughacs. results determined from testing 1-in.-thick comgact teasion

24

specincess wp to SSO°F
Some fracture K+, from
; Test Crack roughness parameters f,{f:._f,a K jcg from
.s'.”"" " mr.egtm l::')h (ksi /i) displacement "'(k‘:":,%o)o
XD* [ Ord kU< KFe ksi \/im)
HS2-1C10 -50 1.022 43.1 58.2 636 7.2 610
HS2-1C8 0 1.010 370 469 739 7.1 76.0 80.6
KS2-1CY 28 1016 41 4 €3.6 84.7 1.1 9.0 1020
ws2-1C3 S0 1.0t0 616 91.7 97.6 7.0 128.0
HS2-1C12 75 1.032 61.5 93.1 1038 7.3 176.5 1940
HS2-28C5 ) 1.029 49.2 615 995 16.6 1435
HS2-28C10 90 1.027 855 66.¢ 100.5 170 2030
HS2-28C2 103 1.024 359 560 103.4 16.5 184.0
HS2-1CS 128 1.034 548 89.7 107.5 7.4 3120 3310
HS2-1C2 150 1.026 5.1 87.1 106.3 1.3 276.0 2830
HS2-28C4 150 1.020 390 524 106.3 16.3 2930
HS2-7C09 180 1.024 420 81,5 108.7 13 3210
HS2-28C9 200 1.025 46.3 579 104.2 16.¢ 2830
HS2-71C4 250 1.018 424 820 1054 71 2820 3380
HS2.1C11 250 1.016 60.5 858 1958 70 2690 3410
HS2-1Cl 350 1.016 6LS 96 996 7.1 2370 2870
HS2-28C1 448 1.019 570 590 104.1 16.5 2340
HS2-7C¢ $50 1.0 638 80.1 9.4 7.2 2040 2120
HS2-28C8 550 1.014 S1.8 90 102.5 16.3 206.0

*Fractuse toughacss at deviation from lineasity im load-displacement curve.
SFractuse toughness at secant offset Soad.

‘Fractuse toughness at witimate joad.
‘me-mmmm

FATIGUE AND CRACK-PROPAGATION primary water on the fatigue-crack growth character-

INVESTIGATIONS
L. F. Kooistra

The cffects of environment and stress state on crack
growth rates ave being studied. Currently crack growth
rates are 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 (platc.
submerged-arc weld, electrodag weld, and shielded-
metal-asc weld), and two locations (surface and center
for plate, weld metal and heat-affected zones for welds)
are being 'nvestigated at SSO°F with the use of
2-in.-thick compact tension specimens. Some character-
ization studies will also be made at room temperature.

Fatigee-crack growth characteristics' ¢
(T. R Mager, Westinghouse Electric Corporation)

The fracture mechanics approach is being used to
study the effect of high-temperature reactor-grade

istics of materials of nuclear pre-sure-vessel grade. The
2-mn.-thick WOL (wedge opening loading) specimen is
being utilized to measure tae fatazue-crack growth at
$50°F in an environment (excluding irradiation) typical
of pressurized-water reactors and boiling-water reactors.
The crack growth rate, de/dN, of pressure vessel
materials is being measured as a function of AK,, the
change in the stress intensity factor at the tip of the
crack.

Applications of the ultrasonic technique for measur-
ing crack growth of the WOL specimen was found in
prior work to have many advantages. Ultrasonic crack
detection can be used over a2 wide range of temperatures
(—200 to 600°F) without instrument recalibration, and
the equipment car be automated to produce a con-
tinvous record of crack lenc:h versus elapsed cycles.
The test chamber was designed for exposure of the

16. Work spomsored by HSST program uader UOCCND Seb-
contract No. 3290 between Umion Carbide Corporation and
Westinghouse Electric Corporation.




WOL specimens in primary reactor coolant water at
pressures up to 2000 psi. Obviously, if the ultrasonic
crack-grow... monitoring technique was to be used,
access t0 the specimen surface was necessiry. This was
accomplished by clamping the specimen (o the lid 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, 2 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 uitrasonic transducer overheated at
the test specimen temperature of 350°F. This was
corrected by circulating 2 coupling fluid.

Experimental results. Three 2-in.-thick WOL speci-
mens were evaluated; a specimen from the top surface
and center thickncs of HSST plate 02 and a specimen
from the submerged-arc weldment of A 533, grade B,
class | steel. The results are presented in Figs. 2.19,
2.20, and 2.21. Examrination of the {iucture surfaces of
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the specimens revealed that the starter craci: (fatigue
precrack) did not remain in the plane of the side notch
during crack growth. It was concluded that because of
the constraint of the chamber lid, the stress intensity X,
(mode ! fracture) at the crack tip was not well defined.
In order to verify the conclusion that the loading
arraagemaent influunced the compliance characteristics
of the specimen and ultimately, the stress intensity
calibratidn, a series of compliance tests was conducted
both in and out of the test chamber. The difference in
compliance (deflection across the machined nctch at
the front of the specimen per unit load) mexwured in
and owt of the test chamber ‘was approximatav 26%.
The lower compliance values were measured in the test
chamber.

The crack-tip stress-intensity Yactor, K, is related to
the crack-tip energy release rate, G, which in tum is
relzted to the specimen compliance. The factor K is
given by

GE \1/2
K 1_.1) '

where £ is modulus of elasticity and » is Poisson’s ratio.

from this relationship it can be conciuded that a 26%
decrease in compliance represents apnroximately a 5%
decrease ir the stress intensily. i

it wez aiso concluded that a component of K,
loading (mode i! fracture) was also present during the
fatigue-crack growth tests.

Future work. Three methods of obtaining interpret-
able data were considered:

1. Devise an analytical sclution for the stress in-
tensity at the crack tip that t24es into consideration the
decrease in X, and the presenc+ of mixed mode loading
(K, and K,).

2. Redesien the chamber with dellows on the bottom
te provide a flexible seal between the chamber and the
kwer loading stud.

3. Redesign the experiment to utilize compliance
(LVDT gage) to measure the crack growth rather ther
the ultrasonic crack-menitoring technique.

It was concluded that compliance measurcments were
the most feasible. At present, a new chamber head is
being fabricated to accommodate the LVDT gage.
Compliznce calibration is being performed at 600°F to
insure the accuracy of the crack-growih measutements.

e el i




|y

'3

3. Investigations of Irradiated Materials

Iriad-ation is one of the environmental factors that
mast be considered in safety ewvaluations of reactor
pressure vessels, since the mechanical properties oi
metals may be modified thereby to a degree that & f
considerable engineening s:gnifizance. Investigaticns of
irradiation effects are being carried on by Hanford
Engineering Deveiopment Laboratory (HEDL), Westing-
house Electric Corpo:ation, Naval Research Laboratory
(NRL), and Oak Ridge National Laboratory. The arcas
of primary interest to the HSST program are the
temperature range 450 tc 60G°F and the fast-neutron
(¢ > 1 MeV) fluence ringe | X i4*® to 8 X 10*?
. uatrons/cm? .

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

Irradiation Effecis on Pressure Vessel Materials'

T. R. Mager
Westinghouse Electric Corporation

Background

Expenmental 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-
cduded the center material from a 12-4in.-thick
quenched-and-tempered ASTM A 533, grade B, class |
steel plate (HSST plate 02), a heat of A 508, class 2,
forginggrade stesl, and the weld metsl from a heavy-
section weldment of A 533, grade B. clacs | steel
produced by the submerged-erc process.

). Work sponsored by the HSST program under UCCND
Subcontract No. 3209 between Union Cardide Corporation and
Westinghouse Electric Corporation.

To generate the fractuie toughness data, compect
tension? specimens were 1sed. Five 2-n.-thick compect
tension specimens were seiected from HSST piate 02,
one was fabricated from the heat of forgag-grade steel,
and two were selected frum the weld metal. The five
specimens fabricated from the plate 02 were onieated in
the longitudinal {RY) direction. The notch direction
was coplanar to the direction of tae weld beads for the
two specimens from the weldmcat. The notch ems
oriented in the tangential Jirection for the forging grade
specimen.

Tensile specimens were also included in the experi-
mental program (o satisfy the walidity reqsirewente
(vield strength), as well s to provide correiation data.
The design, fabrication, and irradistion of the capsule
amemblies were performed by Bebcock & Wilcox at the
Bsbcock & Wilcox Test Reactor (BAWTR). The
BAWTR is a pool-type experimental reactor with am
output of 6 MW. The capsules were designed 3o thet the
specimens could be maintained at 540 £ 15°F through a
combination of gamma heating and externally applied
electric beat. Typical temperatwre readings for each
capsule are given in Table 3.1.

Results

The postirradiation tensile properties of the A 5§33,
grade B, clars | steel (HSST piate 02) are listed in Table
3.2 and pictted on Fig. 3.1. The curves in Fig. 3.1 are
the postirr: diation (~4 X 10'® neutrons/cm?) tensile
properties of HSST plate 02 (querter thickness) re-
ported in ref. 3 (see Fig. 14, p. 34, of ref. 3 for comrect

2. ASTM Standard E399-707, “Tentative Methods for Tent
of Planc-Strain Fracture of Metallic Matesinls,” ASTM Sasnd-
ods, Pt. 31, May 1970.

3. T. R. Mager and F. O. Thomas, Evslustion of Liwewr
Elastic Fracture Mechanics of Redistion Damege 0 Presmwe
Vessel Steels, Report WCAP-7328, Rev., Westinghouse Electric
Corsporation, October 1969.
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Tuble 3.1. Typical tempecatuse seading for capeules

isnadisted in BAW R
Thermocoupl: Temperature (°F)
sumber and location Capsale 7 Capsule 8

1, fromt Open 545
°, fromt 575 520
3, fromt Opea §3S
L, back Ocen §§S
2, back 38S 560
3, back Opea 565
4, back Opea Opea
§. back 5§25 550
Frame top 78 Open
Frame, botsom Open Sis

prior dsta). The good correlation between the two sets
of teasile data indicates that conditions of irradiation
were similar for both the |-n.thick® and 2-in.thick

Fracture toughness testing was performed with the
techniques and specimens discussed in ref. 3. The
rcquirements of the type of fracture toughness testing
employed are unusial in that it is necessary to compare
posttest data with specimen pretest dimensions to
determir.e walidity of the test data.

The postirradiation fracture toughmess results are
given in Table 33 and Figs. 3.2 and 33. For com-
parison, preirradiation data, as well as previowsly
obtained’ postirradiation data, are also Hustrated in
Figs.3.2and 3.3.

It is interesting to note that the higher exposure
received by capsule 7 in comparison with capsule 8 (5.7
X 10'? versus 28 X .10'® neutrons/cm?) did not

ofteL-0W6 Ty -1137

ts10% { T
®
_ o~ | ULTIMATE TENSILE STRENGTH
§ 00 _NE#*‘._L
: °
¥ ﬁ\:d.“ YIELD STRENGTH
£ ® — v—]
60 i 1
80 f
1
®
% REDUCTION IN AREA
<— 0 gl T —
e .
& .
Eg 40
3
5
§"' 20 ELONGATION __
¥ = ! -
o
[\ 0O 200 300 400 530 600

TEMPERATURE (°F)

Fig. 3.1. Postisradistion tcaslle propertiss of A 533, grade B,
class | steel from HSST pless 02.

influence the postirradiation fracture toughnes: of the
material (specimen 18-6 versus 11-5, 18-S versus 27-6,
Al versus A2). This tends to indicate that irradiation
danmge saturates at appoximately 2 X 10'* neu-
trons/cm? when fracture toughness K, is used as the
criterion for evaluating the effect of high-energy neu-
tron bombardmen.

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

Tabic 3.2. Postirsadintion tonsile peoperties of A 533, grads B, cless |
stesl from centrr section of HEST plate 02

Test 0.2‘;32! Ultimate . Reduction
Specimen nq;:}un streagth MI ‘ Ele '(:')" . - ;u
(ps) (psi) N
21Q4 Room 86.838 106,362 18.0 70.0
21Q8 Room 93,158 115,993 17.0 580
21Q3 +178 82822 100,657 18.0 60.0
21Q¢ +178 85,008 102,651 16.0 §7.0
21Q1 +250 84,707 103,086 16.0 58.0
aQ +250 $4.878 103,269 16.0 59.0
218 +400 90,086 100,837 16.0 590
21Q2 +350 78,649 103,762 16.0 50.0




Table 3.3. Fractwe toughness of irradiated 2-in.-thick compuct tension specimens

d Plastic zone K, ot K
Temperature Yield Cu.ck a/w, Ratio size St w int 3; Capsule Fluence
Specimgen . Strength of crack length (in) rest-intensity Validity? ' T
cH ks length 10 specimen width factor No. (neutrony/zm*®)
(in.) pee Teat Precracking (ksi /in)
ASTM A 533, grade B, class | steel from HSST plate 02

x 10'9
116 Room 90.0 2.099 0.52$ 0.014 0.0036 41.7 1 1 53 83
186 150 BS.S 2.092 0523 0.040 0.0027 75.1 | 7 53 57
11-5 150 85.5 2.081 0.520 0.029 0.0M2e 631.5 1 8 23 28
185 170 839 2.087 0.522 0.085 0.0070 86.1 2 8 2.3 28
276 173 83.9 2.070 nsi? 0.049 0.0034 80.9 2 7 53 5.9

A $33, grade B, class | steel weld
A2 Room 1100 2.087 0514 0.011 0.0030 $1.2 | 3 2328
Al 148 100.0 2.040 0510 0.043 0.0029 91.0 2 7 5357

A 308, class 2, forging-grade steel
C8 128 87.0 2.187 0539 0.081 0.0039 88.7 2 8 2328

21. Meets both criteria: a and B greate. than 2.5 (X lc"’y:)z and secant offset, whore g is crack width and B is specimen thickness,
2. Fails @ and 8 greater than 2.5 (K,‘./a")’; mcets secant offset criterion.
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Fig. 3.3. Pre- 230d posticradiation temperature dependence of submesged-arc weldment in A 533, grade B, class | stesl.

compact tension specimens i« based con specimen As shown in Fig. 32, fracture toughness data ob-

thickness B and crack length g. AS1M recommends that
both B and a be equal to or greater than 2.5 (K,_/o,,)* .
As the test tempenature is increased, the yield strength,
0., of the mawerial decreases. thus the specimen
tI{icknm B and the crack length @ must be increased to
meet the recommended validity criterion.

tained for umirradiated A 533, grade B, class | steel
specimens up to 12 in. in thickness indicated a sharp
upswing in K, . values somewhere near the nil-Guctility
transition (NDT) temperature. Similar daia were ob-
tained for forging-grade material and weldments. There
are no inherent reasons for these materiak not to



Table 3.4. K;. Measuring cagacity of compact teasion specimens

Specimen  Measurerment K, (ks Vo)
"“?“"’“‘ mw'_"‘l T ys Measuring” Measuring” Measuring® Measuring® Measnring”
(i) /m) capacity 3t 75°F  capacity at 100°F  capacity at 150°F  capacity at 065°F  capacity at 400°F
1 063 56.7 56.0 55.4 s4. 516
2 0.50 g1.0 80.1 79.2 77.4 738
4 1.30 1170 115.7 1144 N8 106.6
6 1.66 144.0 142.4 140.8 1376 1312

“Based on postirradiation (4 X 10" ® neutrcas/cm?) vield strength

exhibit the same behavior in the posiirradiation con-
dition. Data fozr A 533, grade B, class | steei suggest
that the shift m fracture toughness of nuclear wveseei-
grade materials after high-energy neutron exposure is
approximately the same as the 30 ftdb fix Cherwy
transition temperatvre shift, AT. Therefore, thz post-
irnadiation fracture tcughness could be projecied if AT
applied over the complete curve. The projecicd curves
for A 533, grade B, dass | steel and A 533, grade B,
dass 1 weldment nmterial are 2ls0 shown in Figs. 3.2
and 3.3, respectively. Based on the previously reported
postiriadiation (4 X 10'% neutrons/cm?) yield
strength® and the measwring capacity of the various
specimens, the maximum K, values that can be
obtained with compact tension specimens are summa-
rized in Table 3 4.

From Table 34 and Figs. 32 and 3.3, it could be
predicted that valid K,  data would be obtained at
+130°F and that invalid data would be obtained at
+175°F. The test rstlts (Table 33) werify these
prediciions. This is a good indication that the postimma-
diation fracture toughness exhibits an increase or a
transition with temperature, as was the case with the
preirradiated material. To exceed a K value of 100 ksi
Vin. would require testing a 4-in -thick compact tension
specimen at 175 to 200°F.

A final report was prepared on this activity.*

4. T. R. Mager, Posr-lrvadistion Testing of 2T Compect
Tennon Specimen, Report WCAP-7561, Westinghouse Electric
Corporation, August 1970.

lrvadistion Effect en Fractwe of Heavy-Section
Pressure Vessel Steeks

C.W.Hunter J. A Wilamg
Hanford Engineering Development Laborztory
Seecisncn imadiats

Specimen irradiations were reswmed in the M-3
hot-water loop of the ETR at the beginuning of reactor
cyde 108 after the completion of heater installation for
water temperature control of the loop. The addition of
loop heaters counstituted 3 msjor loop modification to
allow for the temperatwre comtrol of the M-3 specimen
asserbly over the temperature range 125 to 600°F. The
heater instaliation included the addition of kezter luop
piping and necessary valving for use with the M-3 piping
system. Twenty heaters, cach of 6kW capucity, are
mounted on the heater loop piping and are powered by
a three-phase solidstate power supply. Power to the
heaters is controlied in 3 proportional manner to avoid
undue thermal shock to the heaters =2 to supply a
reasonable response \., changing reactor power.

Two specimen tubcs of the M-3 iradiation capsule
were modified for the irradiation of Charpy V-aotch
specimens. The capsule charged during cycle 108
contained 1welve [-in. compact tension specimens, 24
Charpy V-notch specimens, and 21 tensile specimens.
Of the compact tension specimens, cight were WR
orientation A 533, swade B, HSST plate 02, with goal
exposures being 2 . '0'® and 8 X10'® neutroasjcm?
(E > 1 MeV) for two groups of four, respectively. The
halsnce of fowr compact temsion specimens are weld
center material of A 533, grade B, clam | submerged-arc
weld metal with 2 goal exposwre of 8 X 10'°
newtrons/cm’ (£ > | MeV). The Charpy V-acich
specimens include five WR and five RW specimens of A
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533, grade B, class 1 steel, with a goal exposurs of 2 X
10'® neutroms/cm? (£ > | MeV), and seven WR and
seven RW specimens, with a goal exposure of 8 X 10*°
newtrons/cm? (E > 1 MeV). Nine A 533, grade B, class
1 steed transwerse tensile speciraens are o be irradiated
10 2 X 10'® nevtrons/cm® (E > 1| MeV) and eight 10 8
X 10'® neutrons/cm?. Four weld center tensile speci-
mens were inserted for 2 goal flueace of 2 X 10'*
meutroas/cm? (E > | MeV).

A dosimeter pin with moaitor sets seiected tc provide
the eacrgy-dependent absolute inteerated flux (1071
to 18 MeV) at ti.ree axial positions in the M-3 capsule
wet acluded fo irradiation during cyce 108. Pre-
Al-0.i® Co wire dosimeters and a caiculated spectrum.
Determimation of the actual spectrum will provide a
basis for asreming the degree of comfidence 1o be phced
oa previows flux determinations or the necessary
cotrection factrs.
kvadintion of 4-in_-thick specimens

Thicker irradiated specimens are necessary to obtain
higher wiid X,_ =aiues. Based upon the irvadiated yield
strength and the fracture toughaess bekavior of 1-im.-
thick specimens, 2 4-in.-thick compact teasion specimen
would yield 2 K, of 110 ksi v/im. at approximately
200°F. The imiended large specimen irradiation facility
was a aapsule comtaiming fowr 4-m.thick compact
temsion specimens in the ATR north reflector. The
aaticipsted wives of gamma heating and newtron flux
previously report2d® were based on low-power measure-
sacats in the ATR and measurements in the ATRC **?
To verify or refine these values, expeiments were run
in the ATR north reflector during cycles | and 2. These
g heating walues obtained were comparable to the
previously reported walues, but the fluxes were only
10% of ihose anticipsied. Subsequent 2dditional flux
measwrements with spectral compensation during cycle
3 revealed a higher flux of 4.5 X 10' ' newrons/cnd? -
sec (£ > 1 MeV); however, this flux is stifl only 23% of

S. C. W. Hunter and 3. A. Williams, “Irradiation Effect on
Fractase of Hewy-section Pressuse Vemel Steeh,™ pp.
102-121, Hesvy-Section Suel Technology Progrem Sewigan.
Mog. Repe. Feb 28, 1970, USAEC Repart ORNL-4590, Osk

6. F. L. McMilaa, Pricing Schedvles for TRA Test Reaciors,
USAEC Report IX-1213, ldaho Nuciess Corporation, Jaly
1968.

7. N.C. Kmtman and ). L. Deacy, Resctor Physics Resdts
pom Low Power Mesnwemmnts mn the ATR, USAEC Repont
IN-1260, ldaho Nucless Corporation, February 1969.

the waius anticipated. Based on neutron flux attenu-
ation i reactor ogcrating efficiency, an unacceptably
lony irradiation period of seven vears would bz required
to achieve a flueace of 5 X 10'* neutrons/cm?.

A high ratio of fast flux to zammme heating is required
to produce meaningful irradiation of a thick specimen
in 2 reasonable time. High gamroa heating results in too
brge icmperature gradients r the specimen, and jow
flux, of course, leads to long reactor tenure. For both
the EXR and ATR reflector positions the walves of
gamma heating and flux hat wouid exist through 2
4n thick specimen are plotied in Fig. 24, The
anrkers on each line indscate the front and back faces
of the 4-in. specimen, with the higher value« of heating
and flux being nearest the core. The oweral relation of
heating 20d flux & quite evidon?, and prohably these
wiues for an)" watercooled test reactor would fall on
nearly the same lime. The arrows on he lines in Fig. 34
iadicate the vidues of heating and flux that may be
obtained by moving the 4-in. specimen i the reflector.
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In the ETR, the vessel wall prevents movement of the
specimenn away from the core. while in the ATR the
reflector construction preciudes movemern:t of the speci-
men closer to the core. Thus the ATR is too “‘cool™ for
a high-fluence irradiation, the ETR is too “hot.” aud a
more favorable heating ar.d flux range is not covered by
either. Therefore the followirg three aliernative meth-
eds of irradiating a 44n. specimen are beirg considered:

1. Achieve a2 uriform crack-tip temperature in a high
gamma-heating position, such as the FTR reficctor, by
cvntrolling the heat flow in che specitnen with appropri-
ately located insulating patches.

2. Produce a higher rctio of flux to heating ir the
ETR reflector with shieldine materials that preferen-
tiaiiy reduce gamma heat generavion.

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

Capsuees considered for largespecimen irradiation
until recently were of the type in which specimens are
completely encapsulated and the temperature of the
specimen is controiled by varying the conductivity of a
fixed gas gap by varying the composition cf the
helium-argon mixture in the gap. In such a capsule the
heat flow is oui the two large perallel surfaces of the
specimen, and since the crack line (region of interesiin 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
elastically, and since irradiation temperature does not
affect the <lastic properties, 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.? centered on the
ends of the crack linc 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 io
two-thirds through the thickness of the specimen.
During the irradiation, the pack one-third of the
specimen would receive less than 25% of the neutron
exposure and would be maintained at a cooler tempera-
ture than 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 simultaneousiy in

one reflector of the ETR o a flusnce of 5 X 10'°
neutrons/cm* in less than one year. The princ.pal
disadvantage to such an irradiation expenment is .hat
the periphery of the specimen would have been
irradiated at a cooler temperaturc and therefore would
be of questionable value as a source of irradiated
material for machining smaller specimens. This in-
sulation concept is of course applicable to irradiation in
any other reactor. but it is of decreased significance 2t
lower gamma heating ard flux values and longer
irradiation times.

It is possible to preferentiativ decrease gamma heating
with respect to flux with suitable shielding and adsorber
natenials. Heating results from specimen adsorption of
gamma 7ays sencrated outside the specimen and fiom
gamima 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 captuies iow-energy neutrons without generating
gamma rays. Also the externally generated ganama rays
may be reduced, without appreciably disturbing the
fast-reutron flux, by a heavy-metal <hield, svch as lead
or tungster. The potential of such shielding s pewnz
evaluated with 31-group neutron diffusion calculations
to determine the spatial and spectral distributions of
neutrcns 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
affcrded by no other means.

The heating and flux relations indicated in Fig. 34
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 ratie
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 r2veal reactor positions that
will fill the gap in flux and heating values betwesn the
ETR and ATR and the reactor that has the most
favorable ratio of flux to gamma heating.

Base mat>risi <io:2ies of ASTM A 533, grade B,
class ! sicei

Irradiated 1-in.-thick compact tension specimens from
124n. ASTM A 533, grade B, class 1 HSST plate 02
were tested at temperatures as high as 175°F and as low
as —125°F. The specimens were of RW orientation and
had been irradiated to approximateiy 2 X 10'°

h» P




neutrons/cm? (E > * MeV) at S40°F. The results of
imadiated fraciure toughnes siudss .ompleted to date
are given in Table 3.5. The {rocture toughness for
#radiated A 533, grade B, class 1 steel, as shown in Fig.
3.5, exhibits considerable cencitivity to irradiation
embrittlement. In terms of arbitrary toughness levels of
40 2nd 60 ksi the shifts in the transition temperatures
ate at spproximately 24( and 2i0°F, respectively. The
start of transitional behavior is indicated only through
the we of invalid fracture toughness, KQ, data. The
onircadiated i\’Q data shown closely represent the

fracture behavior of A 533, grade B, class 1 ste=] wheu
compared with the data of Shabbits, Pryle, and Wessel®
for the same material, and it is surmised that the
irradiated KO values represent, at least, a temperature

—

8. W. O. Shabdits, W. H. Pryle, and E. T. Wessel, Heavy
Section Sieel Technology Progrem Technicel Report No. 6,
Heavy Section Fracture Tough:ress Properties of A533 Grede B,
Class I, Steel Plate and Submerged Arc Weldment. Report
WCAP-7414, Westinghouse Electric Corporation, December
1969.

Tabk 3.5. Fraciwe ioughness of irnadiated ASTM A 533, grade B, class | steel
from RW orieatation of HSST plate 02

Test a, Crack Yield fz"i"?'&‘f’f") K ’ X
Specimen tempenature length strength N " Q 25K plo " Ie

:’:)‘ (in) (psi) fluence (ksi \/in.) C i i)

(neutrons/cm®)
x 10° x 10'?

02GA10 -120 1.026 115 1.85 27.6 0.145 276
02"A24 -100 1.119 107 2.26 405 ¢.358 405
0:GA23 -25 1.063 101 2.10 328 0.264 32.8
02GA22 26 0971 97 1.82 48 0458 418
O2CAl 85 w573 % 1.8 43.1 0.525 43.1
02GA4 120 0.524 92 1.83 470 0.654 410
02GA9 125 0.994 92 1.7 82.3 1.98
"Ma2 145 0.991 91 1.85 69.7 1.47
02GA2 175 1.014 89 1.92 79.6 2.0
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range in which an increase in toughness would actually
be observed. Eventual wverification of transitional be-
havior will depend on the results of valid fractur:
toughness mcasurement.

An analysis incorporating the combined effects of
irradiation. stress. and temperature on a simple struc-
ture of A 533, grade B, class | steel is shown in Fig. 3.6
for a plate 6 in. thick with a crack depth ¢ and unit
plane strain lengin.® The critical flaw depth under

conditions of yield loading was calculated from fracture.

toughness data. Temperatures above which significant
flaw sizes can be tolerated mav readily be scen in Fig.
3.6. The ‘emperature shift in this type of analysis is or
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 irradisted A 533, grade
B, class | steel specimens over the temperature range
investigated are shown in relaion to the fracture
toughness curw in Fig. 3.7. An increasingly tougher
appearance is evident with increasing test temperature.

9. P. C. Paris and . . Sih, “Stress Analysis of Cracks,”
ASTM STP 371 - Fracture Toughness Testing and Its Applica-
fions. p. 44, American Society for Testing and Materials, 1964.

The most pronounced increase in shear lips 2nd fracture
toughness is observed between : 45 and 175°F.

Tensile specimens and coripact tension specimens
irradiated to 8 X 10'° neutions/cm? (£ > | MeV)are
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currently in various stages of (esting and preparation for
testing. Tensile specimens will be tested between —100
aad SOO°F prior to testing of the fracturr toughness
specimens.

Fatigne-crack prepsratios in compect
tension specimens

In kaear elastic fractwse toughness determinations,
the critical stress intensity, K, , i that for fracture
initiation from a sharp fatigue ciack. Hence the
preparation of a fatigue crack in the fracture specimens
is necessary preliminary (o actusl toughness determina-
vons. Considerstion of the ioeding conditions during
such fatigue-crack preparation provides an opportunity
to obtain information on fatiguecrack behavior. How-
ewr, these loading conditions were not intended to
provide pure propagstion data, such as the relationship
of crack growth rate per cyde, de/dn. (0 cydic stress
intensity, AKX, developed by Faris.'® Nevertheless, this
information does offer some insight into the oracticd
situation of crack initistion, stalling, and reinitiation
(incubstion), as well as propegation.

The details of the fatigue cracking were previously
described.* The effective crack growth for initiation
and propagation in the base mmterial and weldment
approached pure crack propsgation rates, with a dis-
tinct propensity for hindrance. Faiguecrack propa-
gation in irradicted bese nmterial specimens has pro-
vided an opportunity for a cursory assessment of the
irradiation effect on fatigue. The comparisons in Table
3.6 suggest doubling of the effective propegation rate

Telle 3.6. lsradistion influsace on effective iatigue-crack
proaetion in |-in-thick compect tension specimens of
ASTM A 533, pade B, ciass | steel from HSST plaie 02

b atigue Usinsadisted specimens  lmadiated spevimens”
aK Crack rate aK Crack rate
&aiin)  (n/cycle) (ki)  (incycle)
x 10°¢ x 107
12 26.1 1.22 26.1 2.44
2 2.2 1.73 207 271
3 18.0 1.97 17.2 1.06
4 13.3 0.31 12.7 0.52

*Dose: 1.5 X 10'? 10 2.5 x 10'? neutrons/cm?.
OF rom: machined noich.

by irradiation. Howewer, this observation must
presently be considered 2s preliminary, because. a
difTerent crack-monitoring system was wsed in the hot
cell on the irradiated specimens than on the unirradi-
ated ones.

Fra .ographic evalustiea of isradiation
embrittiement in pressuse vease! stecks

Pressure vemel steels normally exhibit a rapid increase
in impact energy ower 2 parrow temperature . nge. This
transition in toughness is associated with » ‘racture
mechanism transition from clcavage to plastic dimpling
(shear or glide-plane decohesion). Typically, irradiation
embsittlensent (1) causes an increase n 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
(hightempevature fracture energy) to be reduced. In
addition, there is 3 marked variability in the character
and extent of the neutron embritilement response
among pressure vessel steels, as has been demonitrated
by Steele and Hawthome at NRL.! ! -!?

The relations between fracture mechanism and irradi-
ation embrittiement for several materials were pre-
viously reported.'?''* This study showed that for
unirradiated ASTM A 302, grade B, 6-in. reference Hlate
the perceatage of plastic dimpling correlated well with
the increased impact energy in a Charpy Vaotch
specimen and that 100% plastic dimpling fracture was
essential to the full development of upper shelf energy
absorption. The fracture surface examination of two
irmadiated A 543 materials from NRL demonstrated
essentially the same fracture mechanism versus impact

10. H. H. Johnson and P. C. Paris, “Subcritical Flaw
Growth,” Engineering Fracnire Mechanics, 1(1): 3-45 (1968).

11. L. E. Steele, The Influence of Composition or: the
Frecture Toughness of Commerciasl Nuciear Vessel Welds, NRL
Report 7095, Navai Research Laboratory, Juse 23, 1970.

12. U. Potapovs and ). R. Hawthorre, “The Effect of
Residual Elemients on the Respoase of Selected Pressure Vessel
Steels and Weldments to Irradiation at SSO°F,” Nucl. Appl.,
6(1): 27-46 (Janusty 1969).

13. C. L. Hellerich and C. W. Hunter, Fractography of
Irredisted end Unirradiated Pressure Vessel Steel ' mpact Speci-
mens, USAEC Report BNWL-8-22398, Pacific Northwest Labora-
tory, Feb. 1, 1969.

14. C. W. Hunter, J. A. Williams, and C. L. Hekenich,
“Irradintion Effect on the Fracture of Heavy-Section Presure
Vessel Steels,” pp. 77-90. Heavy-Seciion Stesl Technology
Program Semiann. Progr. Rept. Aug. 31, 1969. USAEC Report
ORNL-4512, Osk Ridge Natiotal Laborstory.
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energy behavior.'* ' ¢ The striking difference in energy
behavior for the two irradiated A 543 meterizls was
that the base plate exhibited a normal transition to 3
reasonably high upper sheif energy level while the weld
metal exhibited a very slow energy increase with
temperature and an apparen! upper shelf energy ab-
sorptior of only 41 ftdb above 400°F.'S The fracture
surface of the weld metal indicated that a large amount
of cleavage fracture was still occurring at the apparent

15. L. E.Steele, ). R. Hawthome, C. Z. Serpan, Jr.,and R. A.
Geay. Jv.. Iedigtion Effects on Resctor Structural Meterisls,
PR Augusi i-Cciober 31, 1966, NRL Memorandum Repont
1735, Naval Research Laboratory, Nov_ 1S, 1966.

16. L. E. Steele, J. R. Hawthorme, C. Z. Serpan, )r.. and Uldis
Potapovs, Irrediation Effects on Reactor Structurel Matevisis.
QPR February | -April 30. 1968. NRL Memorandum Report
1872, Naval Research Laboratory, May 15, 1968.

vpper shelf: this observation is consistent with the
dependence of transition and upper shelf energy be-
havior on the development of plastic dimpling fracture.
These observaticns supported the conc'v=on that irradi-
ation embrittiement resulted prims:ay from a loss of
the metallurgical ability of the material to undergo the
deavageto-plastic dimpling transition, rather than the
occurrence of low-energy ductile fracture.’*

The recent examination of fracture surfaces of A §33,
grade B, class 2 Charpy V-aotc. impact specimens from
NRL'’ provided an exampile of the extent to which
radiation may reduce the energy absorption sbiity of
plastic dimplin- fracture. The irradiation effect on the
impact cnergy behavicr is shown in Fig. 38 lrradigtion

17. L. E. Steele, Nevel Research Laboratory, letter commuai-
catwa, Feb. 2, 1970.
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fractuze mechanisn has over the impact energy and that cieavage {ractuse is the principsl mechanism of irradiation embrittiement.
The reduction in upper shell energy from 120 tc 83 fi-fb reveals the significance of irradistion reduced from plastic fracture
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produced a large shift in the transition temperatures,
but nevertheless the material still exhibited an abrupt
energy transition hehavior ant attained a reasonably
high upper shelf energy level of 80 ftdb. The two
fracture surfaces shown in Fig. 3.8 again demonsirate
the correiation of cleavage fracture with iow energy
levels and plastic dimpling with the upper sheif.
However, the facts that 100% olastic dimpling fracture
snd 2 genuine upper shelf energy behavior are attained
i the irradiated condition and that the irradiated upper
sheif is reduced ¢o 8) ftdb, whereas the unirradiated
upper shelf is 120 ftit, 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 apolication to vessel fracture
resistance, it must be noted that the irradiationreduced
plastic fracture she!f of 80 ftdb does not comprise a
perticularly serious tireat 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 sericius attention.

Radistion Hardening and Embrittiem:at in
ASTM A 533, Grade B, Class 1 Stee!
R.G. Berggren W.J. Steizman T.N. Jones

Impact and tensile data were obtained with irradiated
samples of weld metal from a submerged-arc weldment
made in HSST plate Of (subplate 51B) and an electro-
sisg weldment (HSST plate 53) made in ASME SA 3052,
grade B (Code Case 1339), steel plate identified as
PVRC 315 (General Electric). The weldment and
specimens were described previously, and tensile and
Charpy Vaotch properties of the unirradiated speci-
mens were presentsd.!$:1Y

Application of ik 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
Weldments,” pp. 29-3S, Heavy-Sectior. Steel Technology Pro-
pam Semian:. Progr. Rept. Feb. 28, 1969, USAEC Repont
ORNL-4463, Oxk Ridge Nationa! Laboratory.

19. D. A. Canonico, “Characterization of Heavy Section Steel
Weldments,” pp. 10-13, Heavy-Section Steel Techiinclogy Pro-
gam Semiann. Progr. Rept. Aug 3!, 1969, USAEC Report
OBNL-4512, Cak Riige National Lsboratory

tnree principal directions were modified for the weld
only ard designated L, the direction of the weid center
ine; W, the width direction perpendicular to the weld
center lirie 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 sufficieat
to define the specimen orientation in uniaxial tensile
tests. The base plate orientation symbol for the
heat-affected zone was retained, since the original
rofling direction of the base plate may still be an
influential factor in data comparison.

Data from irradisted and unirradiated miniature
(0.178-in. gage diameter and 1.250-in. gage length)
tensile specimens of submerged-arc and e.ectroslag 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
tensile data for unirradisted 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 electrosiag weldment, and the electroslag weld
metal exhibits 9% lower yield stress and 10% higher
elongations than the base plate at equivalent piate
depths. After irradiation at 150°F to similar fluences,
the submergedarc weld metal showed a 6% larger
increase in yield stress and a 26% larger decrease in
clongation than the base plate. 15:e :icctroslag-weld
metal showed a 5% larger increage in yield stress and a
17% smaller decrease in elongation thar: the svdmerged-
arc weld meial but showed an equsi increase in yield
stress and a 9% larger decreas® in elongation than ithe
base plate or the submerged-aic weldment, respectively.
In both weldments, the work hardening portion of the
load-elongation curve was absent, as indicated by either
a constant load after yielding, Joliowed by 2 drop in
load, or a continuous drop in load after yiclding.
Irradiation at 450°F to similar fluences indicaied that
the increase in yield stress was 26% sreuier and the
decrease in eiongation was 4 to 10% greater for the
submerged-arc weld metal than for the base plate. Afier
a $SO°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% siiialler for the base plate. Therefore,
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Table 3.7. Tessile properties of heavy-section stesl weldments 2 room tempetature

Strength properties (ksi)

Fluence, Irradiation Elongation (%) Ay
E>1 MeV temperature Upper Lower Ultimate ) radiation
(neutrons;cm?) CF) yield yield tensile” Uniform Totad sensitivity®
x 10'®
Base plate from HSST plate 01K, Y, 7. R orientation
(1] 69.5 68.3 89.3 98 195
7.5 158 108.5 101.8 102.9 4.7 13.3 122
8.8 450 955 938 108.3 89 159 83
11.8 §50 90.2 87.6 1065 9.5 16.8 54
Smm:ﬁwm*nsl.’/.nl" 7. W orientation
(1] 64.2 624 79.7 114 219
§8 150 979 93.1 93.1 11.2 128
7.1 150 101.0 9%.6 96.6 9.2 128
7.1 458 101.5 999 108.7 89 17.6 14.1
8.5 458 103.3 101.7 110.5 9.2 17.1 135
123 560 89.5 88.7 1026 1L.5 18.7 7.5
12.5 548 93.8 925 108.7 10.5 17.2 85
Electrosiag weldment i om HEST plate 53, Y, and ¥, 7, W orientatin
0 635 619 80.8 1.0 214
8.4 140 9s.4 926 92.6 126 | {\Y 9
10.3 140 98.0 95.4 954 10.8 10.4
104 140 100.6 9.9 96.9 11.8 109
10.0 547 7.7 954 10.$ 182 50
12.5 547 89.2 794 95.6 9.6 17.3 49
12.5 546 814 80.6 96.% 10.7 179 53
12.3 s4? 196 786 94.8 10.7 186 43

Ultimate tensile strength is here defined as the maximuzs load after the yieid point divided by the original cross-sectional ares.

”Length to diameter ratio: 7.

“From equatior 40, y =4, y ©/10'%)"2_ whore ¢ is the fluence in meatrons/om? (E > 1 MeV), 40, yis the change in lower

yield strength.

the tensile properties of the submerged-arc weldment
show greater sensitivity to radiation d-mage than those
of either the base plate during :omparable 150, 450,
and 5SO°F irradiations or the slectroslag weldment
during comparable 150 and 550°F irradiaticns.

frradiated Charpy V-notch data from transverse {WL)
specimens of submerged-arc weld metal taken from the
%2 T leve! and electroslag weld metal taken from the
% and ¥ T levels are presented in Table 3.8. The
impact propertics are essentially uniform throughout
the depth of both weldments;’®:!® 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 irmadiations were compared abowe.

Irradiation of svwbmezgedarc we'd-metai and base-
plate specimers at S65°F to similar fluences resulted in
2 24 ftdb lower shelf ene.gy, a 15°F higher tran*’tion
tenmperature, and a 70°F greater transition temperature
shift for the weld metal than for the ouse plate.
Therefore, tiie submerged-«rc weldmernt impsct proper-
ties show greater semsitivity \o radiation darmage thae
those of the base plate during comparab. 130, 450,
and 550°F irradistions.
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Toble 3.8. Chatpy V-asich propesties of irsadinted

hoavy-ssction stesl weidments
Mm lm’ ‘ o
. DBTT* Cheageim Shell dintion
E> 1 MY tempenstuse P DRTTCH L.
(sentrony/cm”) cH (W) ind b!
x 10'®
Sam plat: from HSST slate 85K, ¥, T, W osisatation
0 0 120
6.2 15¢ 180 180 100 12
7.1 450 17§ 17§ 100 66
94 560 108 L1 00 5~}

Submesged-asc weldment from HSST piwte 3i, ¥ 2 T, WL orisntaticn

0 S 118
6 130 130 195 109 7
7.9 4ss 290 265 75 s
1S 56S 120 185 2 54
Elsctossing weldmont fsom RSST plate 53, ¥, and ¥ T, WL osientstion
0 -25 85
95 130 13§ 160 66 52
1.2 5SS 50 75 8s 2

*Ductile-to-brittie transition smpesature at 30 fi-Ib enegy.

SFrom cquation ADSTT = A__ (#/10'*)1/2, where ¢ is the flsence in
is the change in tramsition Sempetature in

neutrons/cn’ (£ > 1 MeV) and

°F.

Comparison of the electrosiag and submergederc
weldment impact data indicates that the uairradiated
electruosiag weld metal has a higher transition tempera-
tare and a lowes shelf energy than th: umirrs listed
submerged-arc weld m:tal. lrradiation of the weldments
at 130°F results in a higher transition temperature,
lower increase in trassition temperature, and a greater
drop in shelf energy for the ele-troslag weld metal than
for the submergedarc weld metal. After a 560°F
imadistion, a iower tramsiion temperature, a lower
Increase in transition tempersture, and a higher shelf
energy are indicated for the clectroslag weld metal.

A comparison »f the impact data for the electrosiag
welément and the base plste indicates that the unirradi-
sted electrodlag w'd metal exhibits a lower transiae -
tempenatyre and lower shelf energy thin the unirrudi-
sted base piste. Imadiation data st 130°F indicate a

lower transition temperature, smaller increase in transi-
tion temperature, and 3 lower snelf energy for the
electroslag weld metal. After 2 560°F inadiation, a
lower transition temperature, a smaller shift in transi-
tion temperature, and a smaller drop in snelf energy
were indicated for the eiectroslag weid.

Therefore the impact data for the electroslag and
submesgedarc weldments and the baw: plate indicate
that the submergedarc weld rmetal is superior in
toughress in the unimmadiated condition but & more
sensitive to irradiation demage then the electrosiag weld
metal during comparable 130 and S60°F irradiations.
The electrodag weld metal has a beiter transition
tempersture but a poorer zhelf encrgy than the base
plate in the vairradiated condition but is less sensitive
to radiation damage afier comparable 130 and S60°F
irradistions.
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4. Pressure Vessel Investigations

Emphusis during this reporting period has been placed
spon the simulited service tests activity, although
effort was continued under the complex stress state
studies and the specific safety research studies. Activ-
ities reposted include the development of a fatiguing
procedure for flaw sharpening of the simulated service
test specimens, evalustion of the acoustic emission data
obtained during the testirg of the second large tensile
specimen at approximately 210°F at Southwest Re-
search Institute, testing of the third large tensile
specimen and a onesixthscale model at S0°F at
Southwest Research Institute, completion of a para-
metric study for investigating geometry effects of the
SwRi large tensile specimen, and cor.tirued expediting
of procurement of six intermediate test vessels from
Taylor Forge Compusy.

Development of HyJdraulic Fatiguing Procedure
{or Flow Sharpening of Specimeas

R.W.Derby A. A. Abbatiello
K. X. Klindt

High priority has been given 0 developing a method
of grewing a fatigue crack in 8 aotch without resorting
to cyclic lcading of a complete structure. The advan-
tages in time, money, and conirol of having such a
method are obvious when the problems involved in
cyclic loading a pressure vessel with a 6-in. wall anc 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 teasibility of the procedure and provided

1. W. J. Clark. Jr., and L. J. Ceschini, “r.tigne Precracking

of Spinburst Toughses Specimens” Exp Mech. 9(3):
123-128 (March 1967),
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useful guidance in the desigsn and operation of the
device.

The idea is simple: a notch is filled with hydraulic oil,
sealed off with an O-ing, and subjected to cydlic
loading at high pressure. In effect, the hydraulic oil acts
like 2 wedge that is continually piiched into the notch
and then rewwoved. Although simple in concept the
procedure presented certain problems. First, it was
necessary to seal the notch, but sealing was complicated
because of the high pressure involved and the awkward
seal area. It was found thst an clsstomer O-ring
approximat..y 13 in. in circumference in an obiong
continuc~>; groove with minor and ma2jor extremity
dimensions of '4 and 6'% ir., respectively, and backed
by a slotted plate was quite effective. The initial
prefoad on the seal was effected by the six high-strength
steel studs shown in Fig. 4.1. An SwRI tensile specimen
is shown in the sealing assembly in Fig 4.1. It is
currently planned to wse the device to sharpen the
cracks in the fifth and sixth 6-in.-thick specimens.

The second problem was the design of the cydclic
pressurizing equipment. To achieve the high pressures
required a pump with ¢ smali stioke or displacement
must be used. The small-displacement stroke imposes a
virtuaily gas-froe requirement on the system to insure
that the pumpirg strokes will be effective. This require-
ment was met by first evacuating the system, then
disconnecting the vacuum pump, and finally relessing
oil into the system.

A third problem was the necessity for matching the
voiume of oil in the system with the displacement of
the pump and the compressibility of the hydraulic fluid
to insure that the pressure rise per stroke was accept-
able. Solution of this problem was complicated because
the expansion of the tubes, valves, 2ad specimen due to
pressure loeding also had to be conside:od. An adjust-
abiz-volume loog. shown in Fig 4.2, wa: devised to
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Fig. 4.1. Sealing and clamping serangament for tocal fatige device.
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solve this problem. The correct balance was expedited
by careful caiculation of the system volume and by a
careful deierminatioca of the fluid comprestibility. A
mixture of three parts motor oil wich ome pert
kerpsene, which provided good lubricity Snd yet pre-
wvented a very high increase in viscosity at high
pressures, was used for the preesurizing fluid.

An interesting detail shown in Fig 4.2 is the check
vaive jocated just below the pressure gage. The purpose
of this valve was to keep the presuwe gage from
expersincing inge pressure changes and shock with each
piston sroke. However, the check valve allowed the
reading of maximum presure: only ind obecured
observation of the continuous pressure state of the

&




system. On some rums it was observed after several
hours of running thet the system failed 10 bring the
fluid up to pressure om each cycle. Hemce the check
valve was replaced with a needie valve, which was closed
after the system was found to function normally. The
closing of this valve removed fluid from the system:
conssquently, an additional lonp whose volume was the
same as that of the gage was added to the system. As
finally designed the system had the capebility of a
pressure stroke from O to 17,000 psi and a rate of 40
strokes per r-inate.

After designing and developing the hydraulic system
the next problem was detection of growth of the
devised for this purpose. A special support device for an
ultrasonic transducer, which allows both angular and
rectilinear motion and permits the positioning of the

AR B T A 2 e o SR AR TR |

tramsducet in a precise and reproducible location, was
decigned. The rectilimear motion of the support is
comtrolied by a small screw thet has features similar to
those of a micrometer (sre Fig. 4.3).

In 2 wlidation rum of the equipment, afier approxi-
mately 15000 cycles, the reflectoscope began to
indicate possible advancement of the crack. By 20,000
cycles th: fatigue crack appesred to be dose t0 0.10 in.
doep, and at 26.000 cydcles. sbomt 0.19 t0 0.27 in. deep.
The test iece was removed and dissected. and 3
photomicrograph (Fig. 4.4) was made of the deepest
point in the crack. Figare 4.4 shows thet the crack was
very close to 0.20 im. deep.

At this time there appears to be wo bamier to
successful application of the procedure to both the
Gim.-thick temsilc test specimens and the 6-n.-thick
intermediate test vemels.
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Pig. 4A. Photomicrogsaph of Satigus czack i test picce. Scale is graduated in vzits of 0.01 in.

Acoustic Emission Ane/_ sis of the Second Lasge
Tenslle Specimen at Southwest Research !mstitute?

W. D. Jolly
Pacific Northwest Laboratory

The Pacific Northwest Laboratory (PNL) participated
:a the second heavy-section steel teasile test on March
13, 1970, at Southwest Research Institute ins support of
the Edison Hectric Institate’s (EEI) i~oustic cmission

2. This work was spousored by the Edison Electric Institute
wadsr Project AP-77 with Southwest Rescarch Institute in
coopezstion with the HSST Program.

syvtem 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 steel. This opportisnity was also used to
field test acoustic emission prouessing electronics of the
same design as used in the EEl acoustic emission
system.

The scond heavy-section steel tensile test at SwRI
was performed on specimen 03G2000 at 20S 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 dot with a 0.015-in. root radius was

APy KRN Ay e .
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Fig. 4.5. Second large teasile test specimen of 6 X 184n. cross section. The ceates slot is semicircular (3-in. radius) with a

0.015-in. root radius.

machined perpendicular to the direction of tension. The
specimen was fully instrumenied with strain gages and
preheated before installation in the tensile facility. It
was gripped by the stepped scction at either end, as
shown i Fig 4.6, which is a side view of the specimen
installed and ready for loading: After initial cycling in |
X 10%-1b increments up to 3 X 10° Ib to balance the
stress across the specimen, the loading schedule was, in
millions of pcunds, 3, 4, 44, 5, 5.5, 6, 6.5, 6.6, 6.7,
68,69,70,7.1,7.2,7.3,7.4, etc.

Acoustic emission data were recorded from two
experimental doughnut-type sensors mounted approxi-
mately 1 a plane with the semielliptical siot on the
6-in. thickness of the specimern, and the signals were
processed by both the counting techrigue and the

amplitude integration technique. Both rate and total
were recorded from each type of signal processing, and
an extended-range total enussion output was also
recorded from the amplitude integration system to
accommodate anticipated high-level acoustic emnsion
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° Ib, indicated that initial yield at the root of
the semieiliptical slot began »t approximatety 4.2 X 10*
Ib total load and continued to about 4.8 X 10° Ib. The
first major crack extension began 2t about 5.7 X 10* Ib
and the second at aboui 7.1 X 10° Ib.

This interpretation of the acousiic emission data from
the second ivet is necesserily subject to corrextion, sinc
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tensile test specimen installed in Southwest Research Institute’s 15 « 10°4b tensile machine.
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s

Fig. 4.7. Acoustic emissivn sensor attached to the zdge of the second large tensile test specimen near the center.

rate, and (2) total emission and emission 1ate, in which
the output to a chart recorder is proportional to the
preduct of emission piilse 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 107°
to 1 X 1072 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 smcothing 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 integraied amplitude technique is the
inclusion of acoustic emissior: 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-resei time
of 107 sec, an individual emission pulse may con-
tribute from 1 to 40 counts to the total count.

The acoustic emission instrumentation, shown in Fig.
48, was installed for the second test. Four chart
recorders were used to record gross sectior. strain, total
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PHOTO 0026-71

Fig. 4.2. Pacific Northwest Laboratory acoustic emission monitoring instrumentation for the secuid large tensile test.

count, count rate, total emission, emission rate, ex-
tended-range total emission, and extended-range emis-
sion rate. Threc of the chart recorders were dual
channel. The signal condi:ioner and signal processor
unit, located between the chart recorders, were devel-
oped by PNL for general aconstic emission monitoring
in the field.

Analysis of 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 ampiitude

method. in the lower graph, the acoustic emission rate
in V-sec/10° 1b is plotted against total load trom 3 X
10° to 7.4 X 10° 1b. This chart represents acoustic
emissicnis recorded only during loading increments and
excludes emissivns that occurred under constant load or
lnad reduction. Each data point represents the increase
in total emission during a load increment of C.2 X 10°
Ib. The first significant event indicated ou this graph is
initial yield, at about 4.3 X 10° Ib. Past 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 thc 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 tensile test.

48 X 10° to 5.7 X 10° Ib. The first major crack
extension occurred between 5.7 ¥ 10° and 6.1 X 10°
Ib. as indicated bty the sharp increase in emission rate.
The low emission rate petween 6.3 X 10° ard 6.7 X
10° 1b may indicate blunting of the crack tip. A second
major crack extension is indicated by the sharp increase
of emission rate above 7.! X 10° Ib.

An additional parameter was considered in the inter-
pretation of the emission rate data. The upper graph of
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 yie!ding may have begun at about
4.2 X 10° Ib and continued to about 4.8 X 10° Ib. The
decrease in persistence above 5 X 10° Ib 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 atove 6.5 X
10° Ib is interpreted as yielding preceding the second
major crack extensios..

Emission persistenc: can best be understood by
reference to Fig. 4.10, which presents a typical emission
rate¢ recording in tke load region of initial yield.
Persistence is defincd as the total emission in volt-
seconds during the first minute of constant load
following a load ircrease. 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

ORNL—DWG 741—1144
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following a load increment. The interval of 1 min is
arbitiary, but in most cases the emission rate decays to
a small valis in less than 1 min.

Conclusions

The interpietation 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 .ype correlated with detailed stress-strain
history and posttest analysis are needed to refine the
pacement of significani events, such as injtial 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 satisfaciory for acous-
tLc emission monitoring on heavy-section sicel 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 Thixd 6-in.-Thick Flawed Tensile
Specimen, A One-Sixth-Scale Model,
and Parametric Study Specimens’

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.* The third test was conducted at SO°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 O!. The change from a semielliptical
to a semicircular notch was made for economic reasons.

3. This work iz being carricd out under UCCND Subcontiact
3202 between Union Carbide Corporation and Southwest
Research Institute.

4. S.C. Grigory, G. W. Deel, and R. Sherman, “Tests of Large
‘fensile Specimens,” pp. 138—-143, Heavy-Section Steel Tech-
nology Program Semiann. Progr. Rept. Feb. 28, 1970, USAEC
Report ORNL-4590, Oak Ridge National Labozatory.

The specimens tested a: 220°F required 2 maximum
load of about 7.5 X 10° Ib to fail and were necked at
thc net section. The third specimen failed at a load
slight’y over 5.3 X 10° Ib after yielding slightly in the
gross section. As may be seen in Fig. 4.11, considerable
sheat occurred on the fracture face of the specimen
tested at 220°F, but the specimen tested at SO°F
showed only a sliglit amount ¢ shear on the top, or
notched, surface.

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

A onesixth-scaie model containing a semicircular
notch sharpened with a fatigue crack was tesied at SO°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
uitimate 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 believed 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 cenicr 8 in. of HSST plate 03. Hardness tests
o1 the ends of the specimen varied from Ry 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 sharpening. A fatigue crack was generated at
the root of the semicircular notch of specimen
01M6602 by subjecting it i> 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 Ib was applied rzpeatedly 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
ciacks joined in the base of the notch after about
20,000 cycles but a%}:lot propagate to the surface untll‘
35,000 cycles had been applied.

In order to test the notcn-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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PHOTO 0027 -7

Fig. 4.11. Six-inch-thick tensile specimens 03G2000 (220°F) and 01M6602 after test.
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Fig. 4.12. Fracture face of one-sixth-scale model of the third lazge tensile specimen. Test temperature was 50°F.
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Fig. 4.13. Six-inch flawed tensile specimen 01M6602 during notch sharpening by fatigee.




f PHOTO 0030-7¢

Fig. 4.14. Fracture face of specimen 01M6602. The machined notch and the fatigue crack are clearly visible.

as that described above. The load was determined by
multiplying the prototype load by 1/6/36 to take into
account the scale factor and the notch size effect so
that the resulting load of 12,750 1b would produce a
fatigue crack in approximately the same number of
cycles as the load of 187,000 Ib 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 S000 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 s7:all
specimen might not have been possible, since high
residual stresses were no doubt produced a: the crack

tip — 2 problem experienced with the stress-corrosion
cracking srocedures.

The cimensions of the machined notches in the
full-size and the one-sixth-scale models are shown in
Fig. 4 15. The notch in the 6-in.-thick specimen was
produced by electric-discharge machining at ORNL, and
the no:ch 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 S0°F to model the test of
specimen 01M6602. The fatigue load was 5200 Ib (4
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 8150 Ib and cycling
for an additional 163,000 cycles for a total of 1.163 X
i0% cycles.
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Parametric study of tensile specimens
of rectangnlar 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 specimens, whose para-
metric ratios are given in Table 4.1, was tested, and the
results were compared wiil. itose for the 6- and
1-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 betweer. crack-opening displace-
ment and gress 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.

Tztle 4.1. Dimeasional parameters of 0.5-in.-thick specimens
for model parametric study of SwRl teasile test

Width-to-  Gage length-

Specimen thickness to-width Flaw
ratio 1atio
03ED-2000 10 1 No
03EE-2000 3 2.667 No
03ED-20014 10 1 Semielliptical®
03ED-2002 3 1.333 No
03ED-20034 3 1.333 Semielliptical®

4Specimen is one-twelfth-scale model of the 6-in.-thick SwRI
tensuie specimen.

ba semiciiiptical flaw, minor-to-major 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 §%. 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. Geoss stress versus longitudinal strain for SWRI model parametric 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
medel 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
essentiallv 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 seleztively varied. Further, each vessel
will be provided with artificially induced flaws of
varying size, configuration, and location. Each vessel
wiil 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 raanufacturers: 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 hemispheiical 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 anslysis

(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
\'A 0.003

The billet was cut into six sections that measured 32
X 14 X 45 in. long, and each weighed about 5400 1b.



Table 4.2. Results of parametric study of rectangular tensile specimens

Elastic
Gage Specimen Gross Net Elastic limit limit stress Ultimate  Ultimate stress  peflection®  Average strain®
Specimen wengthd width area area load (ksi) load (ksi) at ultimate at ultimate
(in) (in) (in?)  (in? (kips) (1) Gross _ Net (in.) (‘%)
Gross  Net

Full-scale specimen No, 2¢ 24 18 108 97.82 6000 5§55 684 7550 699 775 0.92 3.83
One-sixth-scale model No, 2¢ 4 3 3.00 2.659 175 584 65.7 230.6 78.6 889 0.240 6.00
03ED-2000 5 5 2.50 170 68.0 2225 89.0 4,24
03ED-20061 s S 2,50 2429 170 680 70.0 222.5 89.0 916 4.84
03ED-2002 2 1.5 0.750 50 v6.6 67.5 90.0 0.15 7.5¢
03ED-2003 2 1.5 0.7s0  0.¢79 45 600 66.3 65.0 866 95.7 0.15 1.8/
03EE-2000 4 1.5 0.750 50 66.6 67.5 90.0 0.30 7.5

JEffective gage length was actual gage length, including ends of specimen.

ODetlection is total over actual gage length and includes slight clastic strain from hzavy end sections. Average strain is deflection at ultimate divided by effcctive Rage

length.

©Test temperature, 215°F; all other tests at room temperature,

dAverage of strain-gage readings on the side of the specimen.

€Specimen 03ED-2002 was necked more than ather specimens.

Crack growth occurred in the not~hed specimens.

LS
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Fig. 4.18. Escential features of intermediate test vessels V-1,
V-2,V-3,V4,and V6.

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

their minimur 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 ccmpletely 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 1o th sidewalls 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—DOWG 70- 16062

Fig. 4.19. Procedure for forgh g heamspherical heads of
atermediate test vessels.
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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 operztion forced the hot steel to
the sidewalls of the die. Forging in this manner was
designed to permit the use of a minimum amount ol
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 wouid be worked so that the upset ratio
in the centei wounld be 4:1. The upset ratio of 1.75:1 o
the top of the die was not achieved; however, Lenape
advised that they would determinc the ratio and advise
the HSST staff of their findings.
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Figure 4.20 shows 3 preliminary forging operation in
process. Figures 4.21 and 4.22, respectively, show a
hemispherical head irumediately 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 extond through the metal
designated for clean-up machining and into the finished
head. In this case, repair welaing will be necessary.

Upon completicn of the forging operations, the rarts
imade by Lenape wiii be subjected to normilizing,
austenitizing, quenching, and tempering heat treatments
in accordance with Lenape Procedure HI-12 . L
This provedure requires that 2ach part be (1) nor-
matized 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

dig. 4.20. Preliminazy forging op=ration in the (orming of the intermediate test vessel hemispherical heads.
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Fig. 4.22. Completion of final forging operation on the hemispherical heads of the intermediate test vessels.
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Fig. 4.23. Completed rough forging of 3 hemisphersical head
for the inteymedint: test vessels.

air. All narte must he held at temnerature for 1 hr per
inch of metal thickness. Lenzpe has advised that the
hemispherical heads will be stress relieved at 1125 ¢
25°F for 24 hr.

The test specimens for determining mechanical prop-
erties of the forgings will be heat treated by Lenape by
using their Data Trak 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 Chr~o.c-Alumel

thermocouple was installed in Z.cneadat the Y, TX T

position, as show<, (i rig 4.23.
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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 rale ihws obtained was considered to be teo
fast. Lenape elected to instrument a second head and
this time installed two thermocouples (see Fig. 4.23).
The cooling rate obtained from the second quench was
somewhat slower than the first, as shown by curve Bin
Fig. 4.24. Both thermocouples recorded essentially the
same values during this quench.

Lenape has advised that each of the hemispherical
heads will be equipped with embedded thermocoupies
during the tempering heat treatment. The heads will be
heat treated (three per furnace) and insirumented with
stainless steel-sheathed Chromel-Alume! thermocouples,
as shown in Fig 4.25. At this time the results of
chemical check analysis and physical oroperties tests for
the hemispherical heads have not been reported.

The 31-in.-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 configuraticn
on an open-die press and then upset into a 33-in.-Op,
10'%5-in.-deep die. The upset ratio was 2:1. A rough-
finished forging is sketched in Fig. 4.26.

It was also necessary to equip onc of the flat heads
with an embedded thermocouple during quencking to
determine the cooling rate for the test specimens from
ine flai heads. The location of this thermocouple is
shown in Fix. 4.26. The cooiing rate obtained for the
fiat hezds i= 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
heas treatment. As noted previously, the rarts 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 2nd machining are not completed, the results
of check chemical analysis and mechanical propertics
tests have not been reporied.

The National Forge Company will make the shell
courses, closure flange, and a weld test plate. The ingot
used to make the shell cousses (one ingot provided
meterial for thw-_ shell sections) weighed about
200.00 .0 and was poured simultaneously from two
rurnace heats, 2V924 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.




1600 - —

ORNL-DWG TO0- 100S"

1565 °F

1400

1200

3

CURVE C (FLAT HEAD)

TEMPERATURE (°F)
-]
8

N
| CURVE B (2nd HEMISPHERICAL HEAD)
600 \
400 \\\
Q\\
CURVE A (1st HEMISPHERICAL HEAD) QX'
OUT OF
| WATER
o |
0 5 10 15 20 25 30 35

TIME (min)

Fig. 4.24. Cooking cuxves for the henuspherical and flat heads for the intermediate test vessels.

The ladle and check chemical analyses follow:

] Checl .
Ladile smalysis Y
"t %) (bottom ead)
(wt %)

C 0.27 0.22

Mn 087 0.82

P 0.007

S 0.012

Si 0.32 0.32

Ni 0.74 J.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. Jpo: 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 pai: 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 5-Ib 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 2350°F, and it was again removed from the

preTven
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Fig. 4.26. Completed rough forging of a flat head.
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Fig- 4.27. Schematit amaagement and thermocouple location of fiat hezds it faasce for the tempering heat treatment.

furnace for further forging. After about 2 hr of forging
the part was cylindrical, with a usable length of about
27Y% 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 fumace cool to SO0°F
and held at this temperature for 22 hr. Following this
72-hr hold, the temperature will be raised at a rate of
90°F/hr to 1180°F and held for 8 hr, then raised at
100°F/hr to 1600°F and held at this temperature for
32'hr. Following the 32-hr hold, the forging will be
removed from the furnace and air cooled to 700°F,
then returned to the furnace and furnace cooled to
500°F. It then will be held at 500°F for 22 hr. After
this 22-hr hold, without cooling further, the tempera-

ture will be raised at 90°F/hr to 1240°F and held for
30 hr. The forging will then be furnace cooled to
below 500°F, thus completing the post forge heat
treatment.

“On completion of post forge heat treatment, the
forging will receive a preliminary ultrasonic inspec-
tion, after which it will be sawed into three pieces of
equal lenath (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. thick. It was then heat treated (data not available
at this time) and sawed into four !8-in.-square pieces.
These ieces 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 completior: of the weld tests.

Fabrication of the closure ﬂ#ngu is in process, but
data are not yet available.



