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PREFACE

' The lleavy-Section Steel Technology (IISST) Program, which is sponsored by the Nuclear
Regulatory Commission (NRC), is an engineering research activity devoted to extending and
developing the technology for assessing the margin of safety against fracture of the thick-walled
steel pressure vessels used in light-water-cooled nuclear power reactors. The program is being
carried out in close cooperation with the nuclear power industry. This report covers llSST work
performed in July through September 1979, except for subcontractor contributions which may
cover the three-month period ending in August. The work performed by Oak Ridge National
Laboratory (O R N L) and by subcontractors is managed by the EngineeringTechnology Division. Major

tasks at ORNL are carried out by the Engineering Technology Division and the Metals and Ceramics
Division. Prior progress reports on this program are ORNL-4176, ORN L-4315, ORNL-4377, ORNL-
4463, O R N L-4512, O R N L-4590, O R N L-4653, O R N L-4681. O R N L-4764, O R N L-4816, O R N L-4855.

ORNL-4918. ORNL-4971, ORNL/TM-4655 (Vol. II), ORN L/TM-4729 (Vol.11), ORN L/TM-4805
(Vol.11), OR N L/ TM-4914 (Vol. II). ORN L/TM-5021 (Vol. II), OR N L/TM-5170,
O R N L/ N U R EG/ TM-3, O R N L/ N U R EG/TM-28, O RN L/ N U R EG/ TM-49, O R N L/ N U R EG/TM-64,

O R N L / N U R E G / T M-94, O R N L/ N U R EG / TM-120 O R N L/ N U R EG / TM-147,
* O R N L/ N U R EG / TM-166, OR N L/ N U R EG / T M-194, O R N L/ N U R EG /TM-209,

ORNL/NUREG/TM-239, NUREG/CR-0476 (ORNL/NUREG/TM-275), NUREG/CR-0656
(OR N L/ N U R EG/TM-298), N U R EG/ CR-0818 (OR N L/ N U R EG/TM-324), and NU R EG/ CR-0980,

(ORN L/ NU R EG/TM-347).
.

O

9
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SUMMARY *

1. PROGRAM ADMINISTRATION AND PROCUREMENT

The IIcavy-Section Steel Technology (IISST) Program is an engineering research activity
conducted by the Oak Ridge National Laboratory (ORNL) for the Nuclear Regulatory Commissicn
(NRC) in coordination with other research sponsored by the federal government and private
organizations. The program comprises studies relating to all areas of the technolcgy of the materials+

fabricated into thick-section primary-coolant containment systems oflight-water-cooled nuclear power
reactors. The principal area of investigation is the behavior and structural integrity of steel pressure,

sessels containing cracklike flaws. Current work is organized into the following tasks: (1) program
administration and procurement, (2) fracture mechanics analyses and investigations, (3) effect of
high-temperature primary reactor water on the subcritical crack growth of reactor vessel steels,(4)
investigations of irradiated materials, (5) pressure vessel investigations, and (6) thermal shock
investigations.

The work performed under the existing research and development subcontracts is included in this

report.

Fifteen program briefings reviews, or presentations were made during the quarter.

2. FRACTURE MECHANICS ANALYSES AND INVESTIGATIONS

Several problems of different geometries were run with the NOZ-FLAW computer code automatic

mesh generator to verify that this feature produces the mesh parameters correctly. Also, solutions to
thermal shock trial problems in cylindrical geometry were found by NOZ-FLAW and compared with
solutions obtained independently.

*

Work was initiated by Materials Research Laboratory (MRL) to establish a standard testing
method for determining crack-arrest toughness of pressure vessel steels. A wedge-loaded compact-type

specimen has been selected on the basis of a cooperative test program involving about 30 laboratories..

Notch preparation and procedures for data redaction will be evaluated in preparation for a round-robin
test program involving three types of steel.

3. EFFECT OF HIGH-TEMPERATURE PRIMARY REACTOR
WATER ON THE SUBCRITICAL CRACK GROWTH

OF REACTOR VESSEL STEELS

Fatigue testing of 13 specimens was completed; 7 specimens were of weld or heat-affected-zone

material. Typically, growth rates initially accelerated rapidly and slowed down to remain above the air

data scatter band below the upper limit of the scatter band for base metalin a pressurized-water reactor

(PWR) environment.
Further investigations of starting effects were made, with comparisons made of tests having

different starting AK and initial cyclic frequency. A preliminary indication is that starting a test at a
high frequency, as a practical matter, is a better way to initiate crack growth than imposing a high.

starting AK. A tentative explanation was developed for the effect of frequency and AK during the
observed incubation that occurs before environmer t illy accelerated growth is achieved.

9-

' Conversions from SI to English units for all SI qua tities are listed on a foldout page at the end of this report.
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A test of a large specimen at high .1K was completed after 18 months. The period of accelerated

growth was briefly interrupted only once; however, accelerated growth never resumed. This experience

suggests that a different testing procedure needs to be employed to obtain useful data from large
specimens on environmentally enhanced crack growth.

4. INVESTIGATIONS OF IRRADIATED MATERIAL

+Charpy V-notch impact tests of irradiated and unitradiated specimens of the three welds in the
second irradiation series show that the objective of irradiating to an upper-shelf energy of 68 J was
attained. The loss of upper-shelf energy is noted to be less than that predicted by Regulatory Guide 1.99. ,

Irradiation parameters for all the specimens in the third irradiation series have been tabulated. The first

capsule of the fourth irradiation series was assembled and is being tested.

Fracture properties ' irradiated welds 61W,62W, and 63W were investigated by a J-integral
method; welds were from ths ,econd IISST 4T irradiation experiment. The irradiation fluence range
wa3 0.7 x 10" neutrons / cm (E > I MeV), and the irradiation temperature ranged from 260 to 315 C.2

Fracture toughness from room temperature to 260 C was evaluated to develop transition through
upper-shelf toughness curves for each weld material.

5. PRESSURE VESSEL INVESTIGATIONS

Preliminary plans were made for testing an intermediate vessel with a flaw in low-upper-shelf
material. The onset and progression of stable tearing will be observed and compared with predictions
by clastic-plastic fracture mechanics. Specifications were written for repair of vessel V-8 and placement

of a low toughness weld in the vessel.

Further studies of possible intermediate vessel tests with combined pressure and thermal shock or
*

cyclic thermal loads led to the preliminary conclusion that such tests are feasible.

6. THERMAL SHOCK INVESTIGATIONS -

The test cylinder for thermal shock experiment TSE-5 was prepared and tested in the liquid
nitrogen facility. The cylinder was tempered at 613' C to obtain the specified toughness value at -18* C.

A long axial inside-surface flaw 16 mm deep was prepared by electan-beam welding and hydrogen
charging.

The actual thermal shock was somewhat more severe than planned. The crack initiated and
arrested three times, attaining depths of 20,63, and 807c of the wall thickness. Test data indicate that the

cylinder toughness at temperatures above O C is substantially less than was expected from compact

specimen tests.

From pos# test analysis, warm prestressing apparently prevented a fourth initiation event, but this

is uncertain because the K ratio at the final crack depth is only slightly greater than 1.0. A crack velocity

of ~180 m/s was estimated from crack-opening displacement (COD) and ultrasonic test (UT) data.
Secondary cracks extending entirely around the cylinder and to both ends apparently originated at a
single site on the initial flaw. Some cracks were as deep as 35Fo of the wall thickness. -

i
|.

|

|
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HEAVY-SECTION STEEL TECHNOLOGY PROGRA51 QUARTERLY
PROGRESS REPORT FOR JULY-SEPTEMBER 1979

G. D. Whitman R. H. Bryan

ABSTRACT
+

The lleavy-Section Steel Technology Program is an engineering research activity
conducted by the Oak Ridge National Laboratory for the Nuclear Regulatory

*
Commission. The program comprises studies related to all areas of the technolagy of
the materials fabricated into thick-section primary-coolant containment systems of
light-water-cooled nuclear power reactors. The principal area of investigation is the
behavior and structural integrity of steel pressure vessels containing cracklike Gaws.
Current work is organized into six tasks: (I) program administration and
procurement, (2) fracture mechanics analyses and investigations, (3) effect of high-
temperature primary reactor water on the suberitical crack growth of reactor vessel
steels. (4) investigations ofirradiated materials,(5) pressure vessel investigations, and
(6) thermal shock investigations.

A finite-element computer program for calculating mixed-mode stress-intensity
factors for nonle-corner Daws of arbitrary shape is being checked. A standard
crack-arrest toughness testing method is being deseloped. Charpy impact and J-
integral test data were obtained for irradiated weld metal. Preparations for an
intermediate vessel test of low-upper-shelf material commenced. The first large-
cylinder thermal shock test was performed.

.

1. PROGRAM ADMINISTRATION AND PROCUREMENT
i
'G. D. Whitman,

i

The IIcavy-Section Steel Technology riSST) Program, a major safety program sponsored by the |
Nuclear Regulatory Commission (NRC), is concerned with the structural integrity of the primary

'

systems (particularly the reactor pressure vessels) oflight-water-cooled nuclear power reactor stations. )
The structural integrity of these vessels is ensured by designing and fabricating them according to |

standards set by the code for nuclear pressure vessels, by detecting flaws of significant size that occur

during fabrication and in service, and by developing methods capable of producing quantitative
|

estimates of conditions under which fractures could occur. The program is concerned mainly witn
developing pertinent fracture technology, including knowledge of the material used in these thick-
walled vessels, the flaw growth rate, and the combination of flaw size and load that would cause fracture

and thus limit the life and/or operating conditions for this type of reactor plant.
The program is coordinated with other government agencies and the manufacturing and utility

sectors of the nuclear power industry in the United States and abroad. The overall objective is a
quantification of safety assessments for regulatory agencies, professional code-writing bodies, and the,

nuclear power industry. Several activities are conducted under subcontracts by research facilities in the

United States and through informal cooperative efforts on an international basis. Five research and
'

development subcontracts are currently in force. These include a subcontract with Materials Research

Laboratory (M RL) to work on development of a standard test for measuring a crack-arrest toughness
parameter.



2

Administrative!y, the program is organized into six tasks, as reflected in this report:(1) program
administration and procurement, (2) fracture mechanics analyses and investigations, (3) effect of
high-temperature primary water on the subcritical crack growth of reactor vessel steels, (4)
investigations of irradiated material, (5) pressure vessel investigations, and (6) thermal shock
investigations.

During this quarter,15 program briefings, reviews, or presentations were made by the HSST staff
at technical meetings and at program reviews for the NRC staff or visitors. .c

,
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2. FRACTURE MECHANICS AVALYSES AND INVESTIGATIONS *

2.1 Computer Program (NOZ FLAW) for Direct Evaluation
of K-Factors for Arbitrarily Shaped Cracks

at Pressure Vessel Nonle Cornerst

Satya N. Atlurit K. Kathiresant
'

Work continues on the development of a f' mite-element computer program (NOZ-FLAW) for the

calculation of stress-intensity factors along arbitrarily shaped flaw fronts a: pressure vessel nonle
corners. A paper describing and presenting results to date from this work was presented at the Fifth-

International Conference on Structural Mechanics in Reactor Technology, August 13-17,1979, held

in Berlin, Federal Republic of Germany.'

2.1.1 Automati6 mesh generator for N0Z-FLAW computer program

Th e mesh generator program, which can generate the appropriate finite-element mesh patterns for

analyzing nonle-corner cracks in boiling-water reactor (BWR) vessels, is now operationalin a fully
automatic mode. This automatic mesh generation program has been inserted into the main structural

analysis program (which contains the special 3-D hybrid crack elements) as a separate overlay. The
input for the NOZ-FLAW program simply would be data such as the dimensions of the vessel, the
nonle, description of the crack-front geometry, and the number of elements the user wishes to have in

each of the three directions of the grid breakdown. These input data will be explained and illustrated

more fully in a detailed user's manual. With the above data as input to the mcsh generation overlay of

NOZ-FLAW, the vessel-nonle geometry is automatically converted into a finite-element mesh. In
addition, finite-element nodal points, nodal connectivities, and boundary conditions are at:tomatically

,

identified. These are then fed as input data to the main structural analysis program.Thus,if needed, the

flexibility of using the main structural analysis program independently (without using the automatic

mesh generator) is maintained.*

The output from the main NOZ-FLAW program is the solution for stress-intensity factors along
the crack front as well as stresses at various points in the structure, as specified by the user. The
automatic mesh generation overlay also gives (as its output) the details of the input given to it, along

with aay parameters assumed by the program by default. In addition, this output also contains details
such as the total numbers of finite elements, nodes, and degrees of freedom. If the data supplied to the |

automatic mesh generator are insufficient,if there is an error in the input data, or if the parameters
defined are outside the allowable range, the program automatically prints out an error message with a

|brief description of the problem encountered; further execution is then stopped. Each error message is

assigned a number, and a detailed description of each error message is given in the user manual.

Several problems with different geometries of the structure and crack were tested by generating the

finite-element breakdown using the automatic mesh generator. This was done to check whether the

program generates the finite-element breakdown, element nodal connectivities, and boundary
conditions (displacement, including rigid body mode suppression, and traction boundary conditions)

,

* Conversions from Si to English units for all Si quantities are listed on a foldout page at the end of this report.
tWork 'onsored by llSST Program under UCCND Subcontract 7565 between Union Carbide Corporation Nuclear

,

Disision arr orgia Institute of Technology.

%Cente r the Ads ancement of Computational Mechanics. School of Cisil Engineering. Georgia Institute of Technology.
Atlanta, Ga. ,0332.
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correctly. All the possible bugs in the pregram were located and remedied. Checking of the finite-
element breakdown was done through an extensive use of the graphics facilities and by manual
spot-checking. The structural analysis program can be executed at two different levels:(1) to process all

the input data from the mesh generator and prepare the data so the finite-element grid breakdown can

be viewed tbrough a graphics facility or(2) to carry out the entire stress analysis and output the solution.

Further debugging of the mesh generation overlay is currently under way. Note that the program
generates a large number of pages of output if the user chooses to print out the stress-intensity factors ,.

along with the displacements and stress solutions in the entire structure. If the user is interested only in

the stress-intensity factor solution, such instructions should be included in the input to the automatic
'

mesh generation scheme overlay.

A subroutine that generates the traction boundary conditions has been completed and added to the

main program. Some of the traction boundary conditions that may be generated are: application of
uniform pressure on surfaces such as the crack surface and vessel wall application of any line loads and

equivalent traction boundary conditions to simulate hemispherical caps at the ends of the pressure
vessel. Provisions have been made for the user to specify any other special boundary conditions through

a special boundary condition command. The program has been designed so that the user may specify
stress-free conditions at the (longitudinal) ends of the cylindrical vessel, the condition of zero axial
displacements at the ends of the cylinder, or the simulation of end caps at the ends of the cylinder. As,

mentioned in the previous progress report, the program is also capable of solving thermal shock
problems in cylinders where the temperature distribution is specified apriori.

The mesh generator is now capable of breaking the structure into finite elements for the following

four major categories of problems:(1) plates,(2) plates with through-the-thickness holes,(3) cylinders,

and (4) cylinders with nonles. The program is capable of considering through-the-thickness, corner.
surface, and buried cracks. Mathematical or experimentally observed " natural" shapes of the crack

,

front may be considered. Different options for the traction boundary conditions are also provided.
Note here that the mesh generated by the present automatic mesh generation program for corner cracks

at nonle pressure vesseljunctions is slightly different in the arrangement of elements from that of the *

semiautomatic version of the program used to solve several BWR nonle-corner crack problems, as
reported in prior progress reports

2.1.2 Thermalloading capability

The NOZ-FLAW code is presently capable of accepting nodal temperature values for the thermal

analysis of a pressure vesse! nonle configuration. It was modified this quarter to also compute the
actual temperature distribution due to thermal shock (i.e., the Bessel function solution) for cylindrical

pressure vessels only. Ki values were calculated for two different meridional beltline, elliptical, inside
surface flaws and for one meridional beltline, semicircular, inside surface flaw in cylindrical vessels
subjected to a thermal shock applied at the inside surface. Good agreement was obtained between the

calculated values and those obtained by Kobayashi et al.,2 as evidenced in Figs. 2.1 through 2.3. Note

that the" normalized" values shown have a unit of stress because o. is a nondimensional stress.
The current version of NOZ-FLAW is operational on a CDC 7600 computer. Next quarter the '

program will be delivered to Oak Ridge National Laboratory (OR NL) at which time work will begin to
make NOZ-FLAW operational on the Union Carbide Corporation Nuclear Division (UCCND) IBM ,

computers.

1
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2.2 Standard Method of Crack-Arress Toughness Testing *

P. B. Crosleyt E. J. Riplingt

2.2.1 Introduction

The goal of the program being conducted at (MRL) is a standard test method for measuring
crack-arrest toughness. The method will employ a wedge-loaded compact specimen sased on a design ,

developed at MRL and used recently in a cooperative test program involving some 30 different

*

' Work sponsored by IISST Program under UCCND subcontract 1755 between Unie tarbide Corporation Nuclear
Disision and Materials Research Laboratory,Inc.

tMaterials Research Laboratory,Inc.

|
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laboratories. The standardization effort is being carried out within American Society for Testing and
Materials ( ASTM) Committee E24 on Fracture Testing;a specific task group in ASTM E24.01.06. has

been charged with setting up and conducting a round-robin test program. Before a round-robin test can

be run, more preliminary experiments must be conduc 9 to establish test parameters. Conducting such

experiments, as well as following through with the round-robin testing, falls within the scope of the
M RL program.

,

2.2.2 Current status

Some ten years ago, Crosley and Ripling began characterizing crack arrest in terms of the,

parameter Ku, the st ress-intensity factor in the static condition following a run-arrest segment of crack
extension.' A large number of tests made on llSST Plate 02 with tapered double cantilever beam
(TDCB) specimens defined Ku as a function of temperature for A533 grade B class I steelf Tests on

electron-beam-welded single-edge notch specimens were in good agreement with the results on TDCB

specimens / M ore recently, a compact test specimen was developed for Ku testing. Tests made with this

specimen gave results in agreement with TDCB results.' Measurments of Ku made on the cooperative

test program were also in agreement with earlier results on A533 grade B class I steel,and a large body

of data showed no dependence of Ku on test parameters-particularly on the K level at crack initiation

preceding the crack arrest-as might be expected if dynamic effects had invalidated the Ku crack
characterization methodology / Thus, the compact Ku test specimen and test procedure are the starting

point for the development of a standard crack-arrest test.

2.2.3 Problem areas

In the specimens provided for the cooperative crack-arrest test program, the crack starter region
,

consisted of a brittle weld deposit with a machined notch. To lower the load required to initiate the
crack, the specimens were precompressed. While this two-step method worked well in the cooperative

program, it is a cumbersome procedure. Also, some of the success may be because all compact Ku'

specimens on the cooperative program were welded and machined at one facility. Further, the amount

of precompression required to produce a crack initiation load in the desired range must be determined

experimentally for each material. Thus, simplifying the crack starter preparation by eliminating the
brittle welding step or the precompression step or both would be extremely desirable. It may be that i
some (but not all) materials will allow a streamlining of the crack preparation procedure. The
possibility of using simpler procedures for candidate materials for the round-robin test program will be
studied experimentally.

|The formulas previously used for calculating Ku from displacement and crack length
measurements made in a Ku test were based on analytical results for configurations somewhat different I

from the compact Ku specimen. Analysis results for geometries closer to the wedge-loaded compact Ku

specimen should be consulted and an experimental calibration based on a shape identical to the test j

specimen should be carried out. More accurate calibration results are not likely to result in values of Ku |
significantly different from the older formulas. However, the results of the cooperative test program

,

have been called into question on the basis of putative inaccuracies in the expressions used to reduce test

data. An experimental calibration of the Ku compact specimen, therefore, is being carried out, and
analytical expressions that appear most relevant will be reviewed in terms of the experimental results.*

. .
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2.2.4 Round-robin test program

in the cooperative crack-arrest test program, two materials were tested-AISI 1018 steel and
SA533 grade H class I steel. The former material was included only to give the participants some
experience with the test procedure before the material ofinterest, the pressure vessel steel, was used. All

the 30 participants had an interest in nuclear pressure vessels. A standard test method should apply to

more than one class of material and should be of interest to a wider technical community. The
"

round-robin program, which will underlie the development of a standard crack-arrest test method, will
include a pressure vessel steel material, S A533 grade B class 1. In addition, the structural steels, A36 and

A514, will be tested. Arrangements for obtaining the test materials are being made. Participants in the -

cooperative test program have been invited to take part in the round-robin program, and others who
may have an interest in crack-arrest characterization of the pressure vessel steels or the structural steels

have also been contacted. At present, ~30 laboratories apparently will participate in the round-robin
program.
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3. EFFECT OF IIIGH TEhlPERATURE PRIhlARY REACTOR WATER
ON TIIE S8)RCRITICAL CRACK GROWTil OF

REACTOR VESSEL STEELS *t

W.11. Hamfordt
D.hl.hioon L. J. Ceschinit

The objective of this continuing program is to characteriie the fatigue crack growth rate properties.

of ferritic vessel steels exposed to pressuriied-water reactor (PWR) primary coolant ensironments.
Four environmental chambers are being used, and the following areas are being investigated:

,

Weld and heat-affec.ed-sonc 3 chambers (14 M Pa. 288*C)
materials. $ tarting co ulitians
(2I-% Ot.,2T CT specimens)

Crack growth rate at high K 1 chamber (14 MPa. 28N*C)
(4 T-WOt.,4 T CT specimens)

During this report period,13 specimens were completed, including the 101.6-mm-thick specimen

recently ecmpleted at an R ratio equal to 0.7. Considerable progress was made in characteriring weld
and heat-affected-ione (ll AZ) behavior, as well as the mechanisms of environmental enhancement as

tney affect starting conditions. This is the last report to be presented under this cover because the
contract has expired witi Ns report period.The w ork will be continued under subcontract to the Naval

Research Laboratory ana be reported as a chapter in their progress reports titled Structural
Integrity of if'ater Reactor Pressure Boundary Components, edited by F. J. Loss.

3.1 Crack Growth Rate Behavior of Welds and Heat-Affected Zones,

Tests of seven additional weld and il AZ specimens were completed during this report period,
w bich doubled the number of specimens of these materials tested thus far. A summary of allspecimens,

now completed, along with conditions of testing,is provided in Table 3.1. Individual plots of the results
for each of the specimens tested are provided in Appendix A.

Results have now been obtained for two pressure vessel weld materials as well as for the associated

il AZs. The first class of welds studied was made with a Linde 124 flux, typical of welds made in S A533

grade B class I plate. The second class of welds was made with a Linde 80 flux, typical of that often used

in S A508 class 2 forging material prior to 1977.

A summary of the test results obtained for the Linde 124 weld and il AZ at R (K., / Km.) = 0.7 is

provided in Fig. 3.1. As seen from Fig. 3.1, crack growth is very difficult to sustain in welds at high R
ratio. In all of the tests except specimen CIO and the II AZ specimen, crack growth could not be
sustained at rates greater than 5 x 10" mm/ cycle. Study of the individual test results in Appendix A
reveals that the growth rate increases at the beginning of the test but then seems to slow down before

increasing steeply again, giving a seesaw or saw-tooth effect. Specimen C IO shows a similar increasing-

decreasing effect, but the changes are more gradual. In this specimen, the crack began to grow quickly

almost immediately at the start of the test. The growth rate then slowed down and finally increased*

'Consersions from Si to English units for all SI quantities are listed on a foldout page at the end of this report.,

tWork sponsored by IISST Program under UCCND Subcontract 3290 between Union Carbide Corporation Nuclear
Division and Westinghouse Electric Corporation.

tWestinghouse Electric Corporation.
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Table 3.1. Test specimens from welds and 11 AZs

Test conditions

= 0.2 R = 0.7
Material

One cycle t-mm ramp One cycle 1-min ramp
per min no hold per min no hold

'

Linde 124 meld C2(2T WO!) C7(2T WOL) Cl (2 T-wol ) C8 (2T-W01.)
C3(2T WOL) 09 (21-WOL) C6 (2 T-WOL) C10 (2T-% OL)

l.inde 124 meld it AZ C2411 AZ-1 C23 il A/.-l,

(in A533 grade Il class I plate) (2I CT) (2T CI)

I inde 80 mcld C3 WI D Cl%ID C2 % LD
(2 I CT) (2T CT) (21 CT)

I inde ko meld II AZ Cl ll AZ
(in A508 ct:ss 2 forging) (2I CT)

again gradually as the test reached a conclusion. A significant difference between test CIO and the other

three welds is that the others all tended to reach a maximum value of growth rate, after w hich the rate

slowed down. This maximum value of growth rate did not increase with AK, as most of the base metal

specimens do. Behavior such as Ihis results in very long test times. For example, specimen C8 was tested

for four months (138,000 cycles) and the crack grew 18.3 mm, while specimen CIO was tested for only

about six weeks (44.000 cycles) and the crack grew 48 mm, almost three times as much. There were no

known differences between the specimens or the test methods used, so the conclusion reached from

these results is t hat cracks generally are exceedingly difficult to propagate in t his type of weld at high R
,

ratio.
,

The behavior of the 11 AZ specimen was slightly more like the behavior of base metal specimens, as

denoted by the line in the figure. Arrests also occurred in the II AZ specimen, but they w ere milder than*

those in the weld specimens.

For completeness, a summary of crack growth rate results for this same Linde 124 weld at a low R

ratio is provided in Fig. 3.2. These results were presented in the previous report' and show a different

overall behavur. At low R ratio, the weld specimens and the H AZ specimen behaved similarly to the
base metal specirnens, with only minor arrest events occurring.

Results of the tests completed to date on Linde 80 weld and il AZ specimens tested at low R ratio
are shown in Fig. 3.3, w hich shows that t he behavior of these welds is different from the Linde 124 welds

at the s'2me R ratio because each of the weld specimens and the single li AZ specimen show an arrest in

the growth rate that occurs within the same range of applied AK values. Figure 3.3 indicates that the

specimens all begin propagating almost immediately at the beginning of the test, and each specimen

then begins to arrest shortly after, with the growth rate behavior tending to revert to air crack growth
rates. Two specimens, Cl WLD and Cl IIAZ, revert to air crack growth rate behavior almost
immediately, w hile specimen C3 WLD continues accelerated crack growth for a much longer period of

,

time and length of cracking.

The li AZ specimen behavior is nearly identical to that of one weld specimen tested, as seen in Fig.

3.3. This behavior is in marked contrast to that of the H AZ specimen from the plate material, which*

showed only very mild arrest events, as seen more clearly in Fig. 3.4. The 11 AZ specimen from the plate

(C24 weld H AZ-1) gradually reverts to the air behavior but only at a high value of applied AK. The

_ . _
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majority ofits test life is spent in accelerated growth; this is compared with the forging II AZ specimen.
Cl ll AZ, the majority of w hose life is spent in nonaccelerated growth.

Figure 3.5 presents the results of the first tests completed on a specimen of Linde 80 weld at high R

ratio (0.7). Again, note that the crack growth rate accelerated very quickly to a significant rate without a

significant incubation period, w hich w as seen in the Linde 124 weld specimens and in all the base metal

specimens tested. This same behavior was noted on the Linde 80 weld specimens tested at R = 0.2, as

shown in Fig. 3.3. Another similarity noted at both values of R ratio is that an arrest event of some.

significance began almost immediately in the test. In the high R ratio specimen, the arrest was not as

sescre, but it was certainly significant. Further study is in progress on these weld and H AZ materials,
,

and we hope that the blocks of Table 3.1 eventually will each be filled with at least two tests. A
reasonable number of tests apparently must be completed on each weld to fully characterize the
behasior.

A study has been made of the fracture surfaces of the two types of welds after corrosion-fatigue

crack growth testing, and examples of the surfaces of two representative welds are shown in Fig. 3.6.
Note that there is no major difference between the two fracture surfaces show n. Both are a mixture of

striations and dimples, which result from void nucleation and growth. The fracture surfaces of fl AZ
specimens from the two types of welds are shown in Fig. 3.7. All specimens were tested with the R ratio

= 0.2, and, again, no major difference is evident in this figure. The li AZ specimens show behavior that is

more like the base metal than the weld because few dimples are apparent; carlier studies of the base
metal fracture surfaces have shown virtually all of the fracture surfaces to be striated.2

3.2 Mechanisms of Growth-Starting Effects

Previous test results showed that the fatigue crack growth rate results can be affected significantly
*

by the starting cor.ditions of the test. If the specimen is in tially loaded at a relatively high value of AK

(or K .), then the mechanically induced crack growth iate is faster than can be influenced by the
environment, and no environmental enhancement is obsetved. In the reactor water environment, the,

observation is that this lack of environmental influence can Se continued throughout the test, with no
enhanced condition ever being attained.'

A series of tests was conducted during this report perioo to investigate these effects and try to
quantify some of the reasons for their occurrence. Results of this test series are indicated in Fig. 3.8. A
single heat of A533 grade B class I steel was used,and all the tests shown were done at an R ratio = 0.2 in

a PWR environment. A number of interesting results were obtained. First, consider a specimen
(04 A103) tested earlierin the standard manner starting at AK = 22 M Pa 6and tested at I cycle / min

and another specimen (04AE13) tested at the same rate and starting at AK = 35.2 M Pa 6. Specimen

04A 103 shows typical crack growth behavior accelerated by the environment, while specimen 04AEl3

shows almost no environmental acceleration, with the latter data lying along a line parallel to the air
behavior data represented by the straight lines in the figure.

Results of three other tests are shown in Fig. 3.8, and these were all done with a combination of

60-cycles / min ar.d I-cycle / min loadings. The purpose of these three tests was to investigate the
*

possibility of" conditioning" the crack tip by propagating the crack at a high cyclic rate and then
slowing the test to let the environment influence the crack. There were two purposes for this series of
experiments: to further study the mechanisms of environmental enhancement and to find out if another.

method could be found to speed up the often lengthy tests. The tests were successful in both respects.

. . . .-
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The test times required for each of the three tests were factors of 4 to 6 less than those or ine

cons entional tests. Such considerable time savings are possi'.>le if we recognize t hat the early part of the

test when the cracks propagate slowly often makes up 8004 of the time required for the t;st. Covering

this portion of crack propagation as quickly as possible has always beer a major goal. but starting at
high values of.1K to accomplish this has not been successful, as mentioned previouny.

Each of the t hree specimens initially tested at high cyclic freq uency acc elerated almost immediately

to t he water-enhanced crack grow t h behas ior obtained in the conventional test of 04 A 103 as soon as the .

frequency was changed to i cycle / rr in.This is shown even more clearly, for example,in the crack length

test record in Fig. 3.9 homens De \ElI anJ 04AE12 showed behavior parallel to the air curve until
*

the frequency change,after w hicn it growth rates of the two specimens a :celerated almost sertically to

the upper band < Schavior obtaine L in previous specimens,as represented by the solid curve. Note that

the" conditioning' of the crack in the test of specimen 04AElI before cycling at I cycle / min results in
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considerably different behavior than does simply starting the I-cycle / min test at the same AK,35.2
M Pa 6, as was done on specimen 04AEl3.

'Another specimen,04AE14, was cycled at 60 cycles / min, beginning at a value of aK = 15.4
M Pa 6 Previous conventional tests at this R ratio had always been started at a higher AK because

the crack could not otherwise be made to grow.The crack did grow in this test, and, when the frequency
was changed to I cycle / min at AK = 18.7 MPa 6, the growth immediately accelerated to the
environmentally influenced behavior and followed the behavior of the other specimens.e

The crack grow th rate in each of these three specimens reached a value that is virtually identical to

the specimen of the same heat tested in the conventional manner, near the solid curve in Fig. 3.8.This
*

strongly suggests that there is an incubation time before a steady-state enhanced growth rate behavior

occurs. Note that, once the steady-state behavior occurs, the growth rates of the four specimens form a

very narrow band. This indicates that at least some of the" data scatter" reported in corrosion fatigue
crack grow th rate tests in the past resulted from such non-steady-state behavior, and very little can be

attributed to crack lenFth measurement accuracy if these data are any indication. Also note that

another source of"sca cer"in the results of these environmental tests is the arrests that often occur and
that are encouraged by long tests. Only one of these four tests was a long-time test, and, fortunately, no

arrests occurred. TLis is another advantage of a test philosophy that incorporates a fast cycling period
to condition the er ick; fewer arrests are likely.

Consider 2tior ofIhe crack length test records sheds some further light on the evironmental effects,

as shown in Fig. 3.9. As with most of the specimens tested in the conventional way at low cyclic
frequency, specimen 04AIO3 shows a considerable incubation time before crack growth begins to
accelerate. This is not seen on crack growth rate plots because relatively sizable increments of growth
are always taken to produce these, and very little growth occurs during this incubation time. Note that

this incubation period does not occur in a hydrogen sulfide environment, as shown by the results of
,

specimen 04A104, even though the crack growth rates obtained are similar in water and in hydrogen

sulfide through the middle of the aK range, as shown in Fig. 3.10 and discussed in earlier reports.
In Fig. 3.9, the specimen that was cycled in PWR water at 60 cycles / min and then switched to I*

cycle / min showed an abrupt chtnge in growth rate behavior, indicating that the r ;k tip had been
" conditioned"and was ready to take off when the frequency was slowed.

Comparison of specimen 04AE12 with the one tested conventionally in the PWR environment
(04A103) shows that both specimens had an incubation period before the accelerated growth began.

Although no attempt was made to reproduce any specific incubation time on specimen 04AE12. this

result reveals that there is a finite time for cracks to stabilize with the environment. In tests done at 60
. cycles / min,10 h is clearly enough because that is the length of time before the frequency change on

specimen 04AE12. Consideratica of specimen 04A 103 indicates that 200 or more hours were necessary

for acceleration to begin.This apparent anomaly indicates that more than time is important in such a

consideration of enhancement. This incubation apparently may be associated with the time required to

grow through a characteristic zone of material. Let us assume that this zone is the plastic zone of the -
_ specimen and carry further with our investigation.

The plastic zone can be approximated by the exp:ession given below, attributed to Irwin:
,

1 [aK -
._ r, = ,

where o, is equal to the yield strength.
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Considering a starting aK equal to 35 M Pa 6,a plastic zone size of 0.25 mm is calculated. If the

crack is growing at 1.8 X 10" mm/ cycle, which is what occurred on specimen 04AE13,2.3 h are
necessary for the crack to grow through the plastic zone. Perhaps the crack is growing through the
plastic ione before sufficient hydrogen has concentrated there to enhance the growth. At an initial AK =
22 M Pa 6, the plastic ione is smaller by a factor of about 2.5, but the grow th rate is so much slower

(2.5 x 10" mm/ cycle) that it takes one or tw o orders of magnitude longer to grow the crack tbrough this

rone. This is presumably more than adequate time for hydrogen to accumulate to affect the crack,

grow th.

This type of argument aho can explain w hy there is little or no environmental acceleration in tests
'

done at 60 cycles / min, regardless of the aK lesel. At this frequency. only 0.5 h would be required to
propagatethecrack through theplastic zone at AK = 35 M Pa 6and about 0.7 hto accomplishthisat
AK = 22 MPa 6 Neither of these times may be sufficient to concentrate the adequate amount of
hydrogen.

Such an argument also explains why the growth rate obtained in a water environment tends to

increase more slowly as AK increases (shown clearly in Fig. 3.8), producing the curved effect on a

logarithmic plot. As the growth rate increases,it becomes more difficult for hydrogen to keep up with
the crack; eventually, the growth rate reaches an equilibrium with the available hydrogen.

The fracture surfaces of two of the specimens in this series were examined microscopically, and

results of this work are presented in Fig. 3.II. Both specimens show the same striated appearance, but

specimen 04 AEl3 shows more microcracking, w hich is evidence of the higher loads being applied. In
both cases, the striations do match the macroscopically observed growth.

Clearly, this is only a beginning in the investigation of starting effects and mechanisms. Future

work willinvMve the study of higher values of R ratio and further treatment of results already obtained.
The data interpretation method used on all these specimens distorts this behavior because it uses

*
seven points in an incremental fitting procedure and thus allows earlier slow-grow th points to influence

the overall fit for a few points. This shows up as a few" transition" points as the growth ratejumps from

air to environmentally enhanced behavior. Future work will include a study of this point and.

comparison with the popular " secant" or point-to-point data interpretation method.

3.3 Fatigue Crack Growth at High AK

The results of the recently completed large specimen test to study crack growth rate at very large
JK values are presented in Fig. 3.12. The test, done on a WOI.-type specimen 102 mm thick, was

conducted with a 30-s ramp time and quick reset to obtain cycles as expeditiously as possible. The test

still required almost 18 months to complete,and the results were disappointing. An R ratio equal to 0.7
I

was used.

Near the beginning of the test, after the crack had grown ~2.5 mm. the equipment had to be shut

dow n to complete some system repairs. Afler the shutdown of approximately one month, during which
time the specimen sat in a water bath at room temperature, the test was begun again, and the crack
growth rate began to slow.

After propagating for ~39.2 mm at progressively slower growth rates (which took nearly 650,000*

cycles), the crack began to accelerate, and the growth rate rose quickly to about 2.5 X 10" mm/ cycle. At ;

this point, the test stand was shut down for slightly more than a day, but the chamber was never opened. l

.

,

After this event, the growth slowed down again, dropping back toward the air growth curve. This short

shutdown was the only one experienced during the accelerating growth period, although others had
J
l

|

'I
i
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been experienced during the decelerating growth period. This indicates that the growth rate as
interpreted by the incremental polynomial method is very sensitive to any changes that occur during the

test.The deceleration in grow th experienced at the beginning of the test lasted for niuch ionger than the

plastic zone sire, so there is clearly an unknown variable influencing t he time involved in such an event.

As an attempt to obtain crack growth rates at high values of applied K or AK, the test was
j

somewhat of a failure because of the reversals experienced. Long tests such as this are extremely
difficult, if not impossible, to complete without interruptions, which can negate the value of the test. *

The specimen did finally get to a value of applied K,,,.. equal to about 104.5 M Pa 6, with an applied

AK of 30.2 MPa 8 ,

Results of this test showed that testing large specimens in the conventional manner is unlikely to

provide useful data in the high AK regime unless test interruptions can be minimited. This is equivalent
to saying that test time should be minimized, and some progress in this direction apparently has been

made in the mechanistic studies of" conditioning "as discussed previously. M ore than 80c* ofIhe cyclesc

in the test just completed were expended in the low-growth region, and a fast fequency applied to get

through this region as quickly as possible appears the best course of action at present.

Investigations are continuing on the results of this recent test and include both fractography and
comparisons of internal and external linear variable differential transformer (LVDT) crack
measurement methods.
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4. INVESTIGATIONS OF IRRADIATED MATERIALS *

4.1 Toughness Investigations of Irradiated Materials

R. G. Berggren J. W. Woods

T. N. Jones D. A. Canonico

.
4.I.1 Second 4T CS Irradiation study

Previously we reported' Charpy V-notch impact (Cv) test results for three low-shelf submerged-
,

are weldments (weld numbers 61W. 62W, and 63W). One objective of this irradiation study was to

irradiate these welds to upper-shelf energies of about 68 J (50 ft-lb); this objective was achieved. The
initial tests, w hich were conducted to ensure that the 68-J objective was satisfied, utiliied a minimum

number of specimens. To better determine the irradiated upper-shelf (ductile) energies for these three

weldments,22 additionalimpact tests were conducted at temperatures above the onset of upper shelf.

Results from these tests and pertinent prior Cv results for 61W,62W.and 63W are presented in Figs.

4.1,4.2, and 4.3, respectively. Loss of upper-shelf energy due to irradiation was markedly less (40 to
6097) than that predicted by Regulatory Guide 1.99 (Ref. 2). This may be an indication that the loss of

upper-shelf energy is less for " low-shelf" materials than for materials with higher initial upper-shelf
energies.

' Conversions from Si to English units for all SI quantities are listed on a foldout page at the end of this report.
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4,1,2 Third 4T CS Irradiation study

Fast neut ron dosimeter results and irradiation temperature records for this irradiation experiment

were reviewed, and fast neutron fluences and irradiation temperatures for each specimen in the three

capsules of this irradiation experiment were determined by three-dimensionalinterpolations. Tables
4.1 through 4.4 present irradiation parameters for each specimen.

The total irradiation time for the irradiation [which was done at 2 MW in the Hulk Shielded
*

Reactor (BSR)] for capsules A and H (IISST weldments 64W and 65W) was 1012 h and for capsule C
(ilSST weldments 66W and 67W) was 1581 h. Each capsule was first irradiated in the " forward"
position for 40G of the irradiation time, then rotated 180* and irradiated in the" reverse" position for an.

additional 50% of the irradiation time, then rotated back to the original" forward" position and

irradiated for the final 10G of the totalirradiation time.
We chose to report" median" irradiation temperatures as being the most meaningful data. We also

determined "aserage"and maximum temperatures and p;rcent of time in 3*C(5 F) intervals for each
#

recording thermocouple, but these are not reported in the tables. Temperatures below 232 C(450 F),

recorded during experiment start-up, have an inordinate effect on the " average" temperatures (only
10% of recorded temperatures were less than the average temperatures). Maximum temperatures, in

almost all cases, were recorded during the initial start-up period and thus would have little effect on
radiation-induced property changes. In almost all cases, more than 90% of the temperature recordings

were within 15.6* C (10 F) of the median temperatures.
1

4.1.3 Fourth HSST irradiation series

| The first capsule of this irras ation series' has bec r assembled, and final preirradiation testing is int

j progress prior to start of irradi . tion. The capsule contains 60 IT compact specimens,70 Charpy
,

] V-notch specimens, 20 precracked Charpy specimens,10 tensile test specimens, and neutron
dosimeters. All specimens are from IISST plate 02 (ASTM A533 grade B class I steel plate).

Because |T compact specimens are used in this irradiation series rather than the 0.5T through 4T*

compact specimens used in the presious irradiation studies, the capsule was redesigned, and the

[ capsules will not be rotated during irradiation.To achieve more eniform irradiation tempecatures,12
electrical heating sections are used (Fig. 4.4). The specimens are installed in an internal frame in the

capsule and spring-loaded against the heater plate. Figure 4.5 shows the capsule during installation of

specimens, thermocouples, and neutron dosimeters. In front of the capsule are typical specimens,
spring assemblies, and a dosimeter capsule. The arrangement of specimens may be seen in the center

portion of the capsule, with installed spring assemblies at the top of the capsule. Heat flow in the capsule

is from the specimens through the heater plate, across a gas gap, through the capsule face, and into a

cooling waterjacket next to the reactor face.

Specimens of submerged-arc weldments are being machined for the second capsule of this series.

.
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Table 4.1. Third 4T CT irradiation esperiment (HSST-BSR-2). Fast neutron fluences
and median irrad'stion temperatures for 4T compact specimens

Capsule coordinates
'** " ' ' ' * "

. formard position Total Median
**'

Fluence Temperature fluence Temperature
(10''ne rons/ m')* ('C) F')" * " " " * * I I I "*"''"'I" IX Y Z

Weldment 64W-Capneste A

64W-22 0 -122 0 7.29 289 553 I.2I 262 503 8.50 276 528
0 -122 6 6.76 289' 553' l.37 264' 508' 8.13 277 530
0 -122 13 6.23 289 553 1.56 268 514 7.79 279 534
0 - 122 25 5.15 289' 553' 2.02 272* 522' 7.17 281 538
0 -122 38 4.16 288 551 2.59 278 532 6.75 283 542
0 -122 51 3.30 286 547 330 283 542 6.60 285 545

.0 -122 64 2.59 280 536 4.16 287 549 6.75 283 542
0 -122 76 2.02 272' 521' 5.15 289' 553' 7.17 281 537
0 -122 89 1.56 264 507 6.23 287 549 7.79 176 528
0 -122 95 I.37 259' 498* 2.76 284* 544' 8.13 272 521
0 -122 102 1.21 254 490 7.29 283 541 8.50 269 So

64W-23 .0 -122 0 7.09 284 543 1.18 280 536 8.27 282 540 $
0 - 122 6 6.70 286* 546' 134 281* 538' 8.04 283 542
0 -122 13 6.06 289 552 1.52 283 542 7.58 286 547
0 -122 25 5.00 292* 557' l.98 286' 547' 6.98 289 552
0 -122 38 4.04 292 557 2.52 288 551 6.56 290 554
0 -122 51 3.21 292* 557' 3.21 290* 554' 6.42 291 556
0 -122 64 2.52 291 555 4.04 291 555 6.56 291 555
0 -122 76 f.98 289* 553' 5.00 29t* 556' 6.98 290 554
0 -122 89 1.52 288 551 6.06 289 552 7.58 289 552
0 -122 95 134 288' 550' 6.70 287* 549' 8 04 288 550
0 -122 102 1.18 287 549 7.09 286 547 8.27 287 548

Weldnient 65W-Caps.de B

65W-24 0 -122 0 8.26 287 548 1 42 253 488 9.68 270 518
0 -122 6 7.62 288' 551' l.62 257' 494' 9.24 272 522
0 -122 13 6.88 290 554 1.82 262 504 8.70 276 529
0 -122 25 5.69 291* 556' 230 271* 519' 7.99 281 538
0 -122 38 5.64 289 552 2.94 277 531 7.58 283 542
0 -122 51 3.72 284' 543' 3.72 283* 541' 7.44 283 542
0 -122 64 2.94 278 533 4.65 288 550 7.58 283 542
0 -122 76 2.30 273' 523' 5.69 291* 556' 7.99 282 540
0 -122 89 1.82 265 509 6.88 292 557 8.70 278 533
0 -122 95 1.62 261* $02' 7.62 29t* 556' 9.74 276 529
0 -122 102 1.42 258 4% 8.26 291 555 9.68 274 526

s * =. . .

.__s
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Table 4.I leontinued)

P ee Forward position Reserse position TM Mh,

f,'g")E''' "p")o Fluence Temperature Fluence Temperature gg33 ',"','I"'"I
3

,

" ' " " " ' " " ' " * ' * "
X Y Z

65W-25 0 -122 0 6.72 288 550 1.17 287 548 7.88 287 549

0 -122 6 6.26 288* 551' l.32 288' 550' 7.58 288 550

O -122 13 5.63 289 552 1.50 289 $52 7.13 289 552'

0 - 122 25 4.67 289* 553' l.88 29 B* 555' 6.55 290 554

0 -122 38 3.82 288 551 J.4 5 292 558 6.23 290 554

0 -122 51 3.05 287* 548' 3.05 294* 561* 6. I I 290 554

0 -122 64 2.41 283 542 3.82 295 563 6.23 289 552

0 -122 76 1.88 279* $35' 4.67 296* 565* 6.55 288 550

-0 -122 89 1.50 276 528 5.63 294 561 7.13 284 544

- 0 -122 95 I.32 273* 524' 6.26 292* 558' 7.58 283 541

0 -122 102 1.17 271 520 6.72 291 555 7.88 281 538

Weldmeent 47W-Capsule C.

67W.23 0 -122 0 9.45 288 551 1.63 288 509 11.08 277 530

0 -122 6 8.70 289* 553' l.86 267* SI3* 10.56 278 533 If
0 -122 13 7.99 291 555 2.11 27I 520 10.I0 281 538

0 -I22 25 6.57 291* 556* 2.67 277' 530' 9.24 284 543

0 -122 38 5.33 288 550 3.40 281 538 8.73 284 544

0 -122 51 4.30 283* 542' 4.30 285* 545' 8 60 284 544

0 -122 64 3.40 278 533 5.33 288 551 8.73 283 542

0 -I22 76 2.67 272* 521' 6.57 289* 552' 9.24 280 536

0 -122 89 2.11 263 506 7.99 287 548 10.10 275 527

0 -122 95 1.86 257' 494* 8.70 283* $41' 10.56 270 $18

0 -122 102 1.63 253 487 9.45 28I 538 11.08 270 $18

67W-24 0 -122 0 10.58- 282 540 1.83 276 529 12.41 279 534

0 - 122 - 6 9.71 284* 544* 2.14 278* 532* 11.85 281 338

0 -122 13 8.94 288 550 2.36 280 536 11.30 284 543-

0 -122 25 7.36 292* 557* 3.01 283* 542' I).37 287 548

0 -122 38 5.96 292 558 3.80 285 545 A76 289 552

0 -122 51 4.81 292* $57' 4.81 287* 548' 9.62 289 552

- .0 - 122 64 3.80 291 555 5.% 288 551 9.76 289 553

0 -122 76 3.01 289' 552' 7.36 289* 552* 10.37 289 552
,

0 -122 89 2.36 286 547 8.94 288 550 11.30 287 548

0 -122 95 2.14 284' 543' 9.71 286* $46' - 11.85 284 544

0 -122 102 1.83 282 540 10.58 284 543 12.41 283 542

*10 ' neutrons /m' = 10'' neutrons /ce'. E > I MeV.2

Thermocouples were located at these coordinate sites other temperature readings mere interpolated.

.
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TsWe 4.2. TWrd di CT irredise6es esperknent (HS$T 5554 21 Capsule A. F est neutron Buenem
and medina irredestion sensperatures for spwimens from wel4 miens 64%,

Forward position Rncese position

type.'"
" ""

fluence temperatureN o. Fluence Temperature Fluence Temperature
00" e n 't (* O (' O(10' neutrons /m'/ ('C) (* F) (10' neutronn e m,/ ('C) (* F I

16T CS 64W 30 3.33 279' 5 34' 2 90 292' 557' 6.23 286 546
31 4 44 298' %9' 2.27 278' 53Y 6.78 288 551

0 8T CS e4W-40 5.25 298' 568' 2 48 271' 519' 7.73 284 544 e

43 5.25 298' 568' 2 48 278' 591' 7.73 284 544
45 2 44 274' 526' 5.25 291' $56 7.73 283 541
44 2 48 274' 526' 5.25 291' 556' 7.73 283 541

0.57 C5 64W-101 5.38 294' M2" 8.34 268' 514' 6.72 281 538 *

107 3.12 298 569 2.58 279 535 5.70 266 547
104 1.35 294 561 5.38 293 560 6.72 293 560
108 4 65 277 531 1.17 266 510 5.82 271 520
110 2.71 281' 538' 2.24 278' 533' 4 95 279 335
Ill 1.17 277 530 4 65 296 565 5.82 287 548
114 3.05 238' 461* 0.70 234' 453' 3.75 2% 457
112 1.77 242' 468' l .% 246' 475' 3.I3 244 472
II) 0.75 238' 460' 2.86 254' 497' 3 61 248 479
115 2 86 238 461 0.75 234 453 3 61 244 472
|16 1.65 242 468 1.45 246 475 3.00 244 472
117 0.70 238 460 3 05 258 497 3.75 248 479
|18 2.54 272' 521' O.59 269' Sl?' 3.09 271 519
119 I.46 278' 532' l.13 273' 524' 2.56 276 528
121 0 62 216' 528' 2.37 270'' Sit' 2 98 273 523
122 2.37 272 521 0 62 269 517 2.98 271 $19
123 1.38 278 532 1.21 273 524 2 54 276 528
124 0.59 276 528 2.54 270 518 3.09 273 523
125 4.15 291 5% 0.79 259 498 4.94 275 527
I27 4 48 29/ 558* 0 85 259' 499' 5.33 276 528
129 4.82 291 556 0.93 259 498 5.75 275 527
130 2.02 275 527 1.68 270 518 3.70 272 522
131 2.17 276' 529' l.81 271' 519' 3 98 273 524
132 2.35 275 527 1.95 270 $18 4.30 272 522,

133 0.91 258 297 3.22 268 SIS 4.13 263 506
*

134 0.99 259' 498' 3.48 269' 516' 4.47 264 507
135 1.06 258 497 3.75 268 515 4.81 263 506
138 3.75 279 535 1.06 288 550 4.88 283 542 .
136 3 48 279 535 0 99 288 550 4.47 283 542
139 3.22 2?9 535 0 98 288 550 4.13 283 542
140 0.84 245' 473' 5.16 281' $38' 6.00 263 506
141 4.52 292' 558' O 88 277' 531' $ 40 284 544
142 4.15 292 $$8 0 81 277 531 4.96 284 544
143 3.66 292 558 0.72 277 531 4.38 284 544
144 0.89 290' 554' 3.78 275' 527' 4 61 282 540
145 3.51 272 52I I.00 282 540 4.51 277 530
146 3.22 272' 521' 0 91 282' 540' 4.13 277 530
147 2.85 272 521 0 81 282 540 3 66 277 530
148 0.79 T. " 531' 4.84 285' 545' $.63 281 538

C, 64W-200 3.76 238 460 0.75 231 448 4.61 234 454
20I 3.35 239 463 0.92 2% 456 4.27 238 460
202 2.87 241 466 1.13 240 464 4.00 241 465
203 2.43 242 468 I.38 243 470 3.81 243 469
204 2.02 243 470 1.67 247 477 3.69 246 474

,

205 1.67 242 468 2.02 251 484 3.69 247 476
'

206 1.38 241 466 2.43 254 469 3.81 248 478
207 1.13 140 464 2.47 251 494 4.00 248 479
208 0.92 239 462 3.35 ?$9 499 4.27 249 480
209 0.75 237 458 3.76 262 504 4 61 249 481
276 5.29 286 546 1.03 286 547 6.32 286 546 *

277 3.95 249 552 1.56 288 550 5.51 288 551
278 2.79 29 t' 556' 2.31 289' 553' 5.10 290 554
279 2.31 291' 556' 2.79 289' 55Y 5.10 290 554
200 1.56 290 554 3.95 287 548 5.5I 288 551 l

*

281 1.03 289' $32' 5.29 284' 543' 6.32 287 548
282 3.58 272 522 0.70 270 518 4.28 271 520
283 2.67 275 527 1.06 272 522 3.73 273 524

|
|

|
|

_ - _ _ _ _ _ - - _ .
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Table 4.2 (continued)

Forward position Reserse position
Total Median

""#" ''""
fluence temperaturetype' No, Fluence Temperature Fluence Temperature ngo g,, , f g.g g. py

(10' neutrons /m f (' C) (*F) (10' nevarons m'f ('Cl (* F1

Cs 64w.284 1.90 279 534 1.56 274 526 3 49 277 530

285 1.56 279 534 f.90 274 526 3 49 277 530

286 1 06 24 532 2.67 273 523 3.73 276 528
,

287 0.70 277 530 3.58 271 520 4.28 274 525

288 1.66 262 503 2.57 284 544 4.23 273 524

289 I 54 262 503 2.39 284 544 3 93 273 524

293 1.75 262 503 2.80 284 544 4.55 273 524,

292 1.66 264 507 2.65 286 547 4.31 273 524

291 1.55 264 507 2 48 286 547 4.03 273 524

290 1.43 262 503 2.28 284 544 3.71 273 524

294 1.68 262 503 2.77 284 544 4 45 273 524

295 1.59 264' 50 7 2.62 286' 547' 4.21 275 527

296 f .49 264 507 2 45 286 547 3.94 275 527

297 1.42 262' 503' 2.35 284' 544' 3.77 273 524

298 1.54 262 %) 2.65 284 544 4.19 273 524

299 1.43 262 503 2.46 284 544 3.89 273 524

300 1.33 262 503 2.30 284 544 3.63 273 524

301 1.77 293 560 2.05 281 537 3.82 287 548

J02 1.59 293 560 1 84 281 537 3 43 287 548

303 1.92 293 560 2.16 281 537 4 08 287 548

304 f.81 294 562 2.04 282 539 3 85 288 550

305 1.65 294 562 f.86 282 539 3.58 288 550

306 1.51 293 560 1.68 281 537 3.19 287 548

307 1.90 293 560 2.07 281 537 3 97 287 548

308 I.79 294' 562' l.95 282' 539' 3.74 288 $50

309 f .64 294 562 1.78 282 539 3 42 288 550

310 1.48 293 560 1.61 281 537 3.09 2s? 548

311 f .84 293 560 1.91 281 537 3.75 287 548

312 1.71 293 560 1.78 281 537 3 49 287 548

313 1.54 293 560 1.60 281 537 3 14 287 548
*

314 1.54 275 527 2.36 287 548 3 90 281 538

315 1.39 275 527 2.13 287 548 3.52 281 538

316 1.63 275 527 2.58 287 548 4 21 281 538

317 1.53 277 531 2.43 288 551 3.96 283 541,

318 f .40 277 531 2.22 288 $55 3.62 283 of
319 1.27 275 527 2.01 287 548 3.28 281 538
320 1.56 275 527 2.56 287 548 4.12 281 538

321 1.47 277 531' 2 41 288' 55 t' 3 88 283 548

322 1.34 277 $3B 2.20 288 351 3.54 283 541

323 1.21 275' 527 1.99 287' $48' 3.20 281 538
324 1.43 275 527 2 47 287 548 3.90 281 538

325 1.34 275 527 2.30 287 548 3.64 288 538

326 1.20 275 527 2.07 287 $48 3.27 281 538
PCC, 64W 210C 4.61 287 549 1.27 287 549 5 88 287 549

2ilC 3.34 290 554 1.90 289 552 5.24 289 553
212C 1.90 291 555 3.34 288 551 5.24 289 553

213C 1.27 289' 533' 4 68 284' 543' $.88 287 $48

214C 3 12 273 523 0.86 271 519 3.98 272 521

215C 2.26 277 531 1.28 273 524 3.54 276 528

216C I.28 278 533 2.26 274 525 3.54 276 529

217C 0.86 277 531 3.12 272 522 3.98 274 526

1 ensile 64W 4 4.80 293 560 1.89 269 516 6.69 281 538

5 1.89 277 530 4 to 287 548 6.69 282 539

6 1.76 292 558 0 69 287 548 2.45 289 553

7 0.69 289 553 1.76 291 555 2.45 290 554
* 8- 4.00 275 527 1.82 272 522 4.42 273 524

9 1.82 277 530 4 60 278 520 6.42 274 525

1 1.77 262 503 2.75 284 544 4.52 273 524

2 1.89 293 560 2.21 281 537 4.10 287 548
*

3 f .65 275 527 2.54 287 548 4.19 288 538

*CS-compact specimen; C=~ standard Charpy V-notch impact specimen; PCC,- precracked Cha rpy V-notch specimen; tensile-0.178-in. gate diameter.
8*10'' neutrons!m = 10'' neutrons /cm'. E > I MeV.

'Thermocouples mere located at these coordinate sites; other temperature readmss were interpolated.
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Tehte 4.3. Third di CT irradime6en espeelment (H%57.BSR 21 espeule B. Fase neutron Amenen
ese medene irre46et6on temperatures for spee6 mens frosi wel4 ment 65W

Forward pasieson Reverse position g
"" "'"

fluence temperature
type * N o. Fluence Temperature Fluence Ter.rerature 00" wrm M/ (' O P F)

(10' neutrons /m / (* Cl (' F) (10', neutrons / m / ('C) (' F)

1.6T CS 65 W.37 4 63 304' 579' 2.07 274' $26' 6.70 289 552
39 3 00 274' 52r 3.20 308' 586' 6.20 291 5% '

0 8T C5 65W 48 S ol 291* $56' 2.43 276' 528' 7.44 283 542
42 5.09 298' 556' 2 47 276' 528' 7.M 283 542
44 2.43 270' S it' 5.01 298' 568" 7.44 284 543
45 2 47 270' 518' 5.09 298' 568' 7.56 284 543 ,

0.5T CS 65W-100 6.07 29 7 566' l.60 269' Sir 7.67 283' 542
101 3.55 289 552 2.97 283 541 6.52 286 546
103 1.60 278 532 6.07 293 559 7.67 286 546
104 4 98 294 561 1.31 279 534 6.29 287 548

105 2.92 286' 54 7 2 44 287' 548' 5.M 287 548

106 1.31 275 527 4 98 297 566 6.29 283 542
107 2.15 286' 546' 0 62 266' 510' 3.77 273 523

108 1.24 278' 532' l.16 279' SM' 2.40 278 533
109 0.56 26 7 512' 2.39 289' 552' 2.95 278 532

til 2.39 286 546 0.5' 266 510 2.95 273 523

112 1.38 278 532 1.04 2?9 534 2.42 278 533

II) 0 62 267 512 2.15 289 552 3.77 278 532

115 1.90 262' 50Y 0.56 273' 524' 2.46 270 518
118 1.Il 258' 49 7 1.03 276' 528' 2.14 267 312
120 0.50 264' 508' 2.10 273' 523' 2.60 269 516
122 2.10 262 503 0.50 273 524 2.60 268 514

| 123 1.24 258 497 0 93 276 528 2.17 267 512
124 0.56 264 508 8.90 273 523 2.46 269 516
126 2.80 282 541 .l.01 273 524 3.81 264 514
127 3.36 283* 542' l.21 274' 526' 4.57 279 534

129 3.74 283 541 1.35 273 524 5.09 268 514
130 1.48 269 516 2.30 296 565 3.58 282 540
131 1.77 269' Sif 2.51 298' 569' 4.28 284 543
133 1.98 269' 516' 2.81 296' 565' 4.79 282 540 '

IM 0.72 252 486 4.00 302 576 4.72 277 531

137 0 85 253' 487 4.76 304' 580' 5.61 279 534

138 0% 252 486 5.33 302 576 6.29 277 531
*

139 5.33 319 607 0 96 258 497 6.29 289 552
140 4.76 320' 608' 0 85 259' 498' 5.61 289 553

142 4 00 319 607 0.72 258 497 4.72 289 552
143 1.24 26 7 sty 4.10 272' 522' 5.34 269 Sie
144 3.04 276 528 1.06 295 563 4.10 286 546
145 2.71 276' 528' 0 95 295' 563' 3.66 286 546
146 2.M 276 528 0.82 295 563 3.18 206 546
157 0.70 265' 50 7 . 4.44 292' 55 7 5.14 278 532

159 4.26 293 559 0.77 276 528 5.03 284 544
160 3.81 293' 559' O.69 276' 528' 4.50 284 544

let 3.31 293 559 0 60 276 528 3.91 284 544
162 0.96 276' 528' 3.22 269' 516' 4.I8 272 522

C. 65W 233 3.28 287 548 0.67 261 502 3.95 274 525

234 2.84 286 546 0 82 266 510 3.66 276 528

235 2.43 283 542 0.99 271 520 3.42 277 531

2M 2.06 281 538 1.20 275 527 3.26 278 $32
237 1.73 278 532 1.44 279 534 3.17 278 533

238 1.44 277 530 1.73 282 540 3.17 279 535
239 1.20 274 525 2.06 286 546 3.26 280 SM
241 0 99 271 $20 2.43 288 550 3.42 279 535

240 0.82 267 512 2.84 289 552 3.66 278 532

242 0.67 264 508 3.28 289 552 3.95 279 530 *

243 4.87 288 538 I.01 293 560 5.88 287 549
244 3.65 282 540 1.49 295 563 5.14 289 552

245 7.60 281' 537 2.17 296' 56Y 4.77 288 SSI

i 246 2.17 279 535 2.60 296 565 4.77 288 550 '

247 f.49 274 525 3.65 292 558 5.14 283 542

248 1.01 268 Sid 4.87 289 552 5.88 278 533

| 249 3.07 267 513 0.64 278 532 3.75 272 522

250 2.32 267 512 0.94 200 SM 3.26 273 524

'

i



35

Table 4.5 (continuedi

Forward position Reverse position TW Mu

type.'n
"" Pecimen fluence temperature

N o. Fluence Temperature Fluence Temperature 00" wres m'f (* O (* O(10' neutrons,s.'f (*C) (* F) 00 neutrons m'f PCI (* F I

C. 65 % 25I 1.65 266 510 1.38 282 540 3.03 274 525

252 1.38 266 $10 1.65 282 540 3.03 274 525

253 0 94 266 510 2 32 280 $M 3 26 273 523
,

254 0 64 266 5II 3 07 277 530 3.71 371 520

255 2 10 294 561 2.19 273 524 4.29 283 542

256 I 83 294 Sol I 91 273 524 3.74 283 542

257 2.42 294 Set 237 273 524 4.79 283 542,

258 . 2.22 294 562 2.17 273 524 4.39 284 543

259 2.00 294 562 I .M 273 524 3.96 284 543

260 1.71 294 561 1.68 273 $24 3.39 283 542

262 2.44 294 561 2.24 273 524 4 68 283 542

261 2.24 294' 562' 2.06 273' 524' 430 284 543

263 2.02 294 562 f.85 273 524 3 87 284 543

264 1.73 294' 561' l.58 273' 524' 3.31 283 542

265 2.35 294 561 2.03 273 524 438 283 542

266 2.14 294 561 1.85 273 524 3 99 283 542

267 1.87 294 561 1.61 273 524 3 48 283 542

268 1.33 269 516 2.21 298 568 3.54 283 542

269 1.20 269 516 1.99 298 568 3 19 283 542

270 1.43 269 516 2.54 298 568 3 97 283 541

278 I.32 270 518 2.34 299 571 3.66 254 544

272 1.19 270 $18 2 12 299 $71 3.31 284 544

273 1.06 269 $16 1.90 298 568 2.96 283 542

274 1.35 269 516 2.57 298 568 3 92 283 542

275 I.25 270' 518' 2.37 299' $7 t' 3 62 284 544

276 1.13 270 Sil 2.14 299 571 3.27 284 544

277 1.01 369' $16' l.92 298' 568' 2.93 283 542

278 1.24 269 516 2.50 290 568 3.74 283 542

279 1.12 269 516 2.27 290 568 3.39 283 542

280 1.01 269 516 2.05 290 568 3.06 283 542
*

281 1 68 284 543 I.75 274 526 3 43 279 SM
284 1.5I 284 543 1.58 274 526 3.00 279 * SM
287 8.94 284 543 1.89 274 526 3.83 279 534

290 1.79 285 545 1.74 276 528 3.53 288 SM,

293 8.62 285 545 1.58 276 $28 3.20 288 SM
236 1 45 284 543 1.41 274 526 2.86 279 534

299 1.95 284 543 1.79 274 526 3.'4 279 534

302 1.79 285 545 1.65 276 528 3 44 288 SM
305 1.62 285 545 1.49 276 528 3.11 288 SM
308 1.45 284' 543' l.33 274' $26' 2.78 279 534

311 I.89 284 543 1.63 274 526 3.52 279 $M
314 1.72 284 543 1.48 274 526 3.20 279 SH
317 1.54 284 543 1.33 274 526 2.87 279 $M

PCC, 65W-200C 4.27 282 540 1.23 294 562 $.50 288 $51

20lc 3.10 282 540 1.80 296 564 4.90 286 552

202C 1.80 277 530 3.30 294 562 4.90 286 546

203C 1.23 269' - 517' 4.27 289' 553' 5.50 282 540

204C 2.71 267 513 0.73 279 534 3.49 273 524

20$C 1.97 266 Sil i 14 288 SM 3.11 273 $24

206C 1.14 266 510 1.97 est $38 3.11 273 524

407C 0.78 266 Sil 2.71 278 $33 3.49 272 522

Tensile 65W-4 5 44 293 560 2.20 266 $10 7.64 279 $35

5 2.::0 277 530 $.44 292 558 7.64 284 544

6 1.3' 285 545 0.57 29I 555 1.% 288 550

7 037 277 $30 1.39 296 565 1.96 287 548
' 8 4.27 262 504 f.74 274 526 6.01 268 $IS

9 1.74 266 510 4.27 274 525 6.0! 270 518

1 2.30 294 Sol 2.43 273 524 4.73 283 542

2 1.46 269 516 2.93 290 568 4.39 283 542
'

3 1.85 284 343 1.94 274 $26 3.79 28I $38

*CS-compact specimen; C,-standard Charpy Wnotch impact specimen; PCC,-precracked Cha rpy V-notch specimen; tensile-0 I78-in. gate diameter.
*l0'' neutrons rm' = 10'' neutrons /cm'. E > I MeV.
'Thermocouples were located at these coort mate sites; other temperature readmgs were interpolated.i
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TeWe 4.4. TWrd 47 CT trredist6aa espertment(Hs57 BSR Ileepente C. Iest neueren noenese
and modnes irradisties temperatures for operimens from wel4ments 66% and 67%

Tormard positu,a Revesse pos. tion TM WM
"" "" fluence temperature

Cre* No Fluence Temperature Fluence Temperature g ,,f ,, g
(10' neutrons m'f (* C) (*F) (10' neutrons'en f l* C) (* F)

ICT CS 66W 31 3 88 29 7 558' 4 66 269' SIP 8.54 281 538

32 6.73 314' 59 7 2.71 267 512' 9 44 290 554

0 8T CS 66W-41 6 97 316 600 3.33 268 Sid 10 30 292 557 .

40 6 81 316 600 3 41 268 Sie 10.22 292 557

6*W-42 3.41 279' 535' 6 81 289' 55Y 10.22 284 544

43 3.33 279' 535' 6.97 289' 55Y 1030 284 544

O ST CS 66W ll6 7.09 29 7 566' l.87 272' 521' 8% 284 544 *

117 4.16 294 561 3 47 283 541 7.63 288 551

119 8.87 277 530 7.09 286 546 8% 281 538

120 6.30 287 549 f .66 271 519 7.96 279 534

125 3 69 284' 544' 3.08 282' 519' 6.77 283 542

126 8 66 268 515 610 284 544 7.96 277 530

127 4.M 273' 52Y 0 97 2M' 500' 5.27 267 512

132 2.51 270' $ 18' l.80 27 t' 520' 4.31 271 519

133 1.l | 25Y 487 3.68 274' 525' 4.79 263 506

134 3 68 273 523 1.11 260 500 4.79 267 512

139 2.15 270 518 2 09 278 $20 4.24 271 519

140 0 97 253 487 4.30 274 525 5.27 263 506

67W 121 2 09 26Y 505' 0 47 25 7 495' 2.56 260 500

122 1.21 258' 496' 0 87 256' 493' 2.08 257 494

123 0.54 252 485 f.78 249 480 2.32 250 482

126 1.78 263 505 0.54 257 495 2.32 260 500

124 1.04 258 496 1.01 256 493 2.05 257 494

127 0 47 252 485 2.09 249 480 2.56 250 482

128 5 98 288 551 0.96 247 477 6.94 268 Sie
129 6.74 289' 552' l.09 248' 4%' 7.83 268 $15

130 7.18 288 551 1.16 247 417 8.34 268 514

131 3.13 28e 544 2 01 260 500 5.12 272 522

132 3 50 286' 546' 2.26 261* Sol' 5.76 273 523

133 3.73 284' 544' 2 41 260' 500' 6.17 272 522 ,

134 1.44 264 507 3.73 261 50I 5 17 252 504

135 1.63 264' 508' 4.20 261' $01' 5 83 263 505

1% 1.73 264 507 4 48 261 508 6.21 262 504

66W 141 4 48 276 528 1.78 286 546 6.26 281 537 .

146 4.20 276' 528' I.67 286' 546' 5.87 281 537

147 3.73 276 528 I.48 286 546 5.21 28I $37

148 1.05 249' 481' 7.83 312' 593' 8.88 281 537
'

153 6.21 296 564 0 97 264 507 7.18 280 SM
154 5 43 296' 564' 0 85 264' 50 7 6.28 280 5%

,

155 4.53 2% $64 0.78 264 507 5.24 280 5%
157 8.32 284' 544' 4 05 260' 500' 5.37 272 522

67W 138 3.77 269 517 1.50 286 546 5.27 278 532

139 3.30 269' 517 1.31 286' 546' 4 61 278 532

140 2.75 269 517 1.09 286 $46 3.84 278 532

141 0 88 266' Sil' 6.70 289' 55Y 7.58 278 532

C, 66W-215 5.18 274 526 1.05 258 496 6.23 266 511

216 4.46 274 525 1.28 261 502 5?4 268 514

2t? 3 81 273 524 1.$6 266 510 5.37 269 Si?

218 3.24 272 522 1.89 269 517 5.13 271 $20

219 2.71 271 520 2.27 272 522 4.98 272 521

220 2.27 268 515 2.71 273 523 4.98 271 519

221 8.89 ;64 508 3.24 274 526 5.13 269 517

222 1.56 2(,t 502 3.81 275 527 5.37 268 514

223 1.28 254 490 4 46 276 528 5.74 265 509

224 1 05 250 482 5.18 276 528 6.23 263 505
'

67W 203A 7.34 286 546 I.49 280 SM 8 83 283 541

206A 5 40 286 547 2.20 282 540 7.60 284 544

207A 3 85 286' 546' 3.21 284' 54Y 7.06 284 544

226 3.21 285 545 3.85 284 543 7.06 284 544 ,

227 2.20 283 541 5.40 284 544 7.60 283 542

232 I.49 288 538 7.34 283 542 8.83 282 540

( 23) 3.70 271 520 0.75 267 512 4.45 269 516

234 2.72 271 520 1.31 268 515 3.83 270 Sit

i
_ _ _ _ _ - -
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Table 4.4 (continued)

Forward posmon Reverse position g

ty pe.'"
'#"" '""*"

fluence temperatureN o. Fluence Temperature Fluence Temperature 00'' em W I* Cl (* F i
(10" neutrons ' m )* (* C) (* F) 110" r.eutrons.m / (* C) (* F)

Ci 67W 235 f.94 271 520 1.62 269 517 s.% 270 518
240 1.62 271 519 f.94 269 517 3 56 270 518
241 1.13 269 516 2.72 270 $18 3.83 269 517

e 242 0.75 267 512 3.70 269 517 4 45 268 514
66W-2 t l 2.16 261 501 3.92 308 587 6.08 284 544

212 1.88 261 Sol 4.18 308 587 6.06 284 544

213 1.78 261 Sol 3.% 308 567 5.74 284 544
e 214 1.65 261 50! 3.66 308 587 5.21 284 544

225 2.36 292 557 2.23 266 511 4.89 279 534
226 2.85 292 557 2.50 266 511 5.35 279 534
227 2.54 293 559 2.23 267 513 4.77 280 536
228 2.22 293 559 1.94 267 513 4.16 280 536
229 I.89 292 557 f.66 266 511 3.55 279 534
230 2.87 292 557 2.36 266 511 5.23 279 534
231 2.56 293' 559' 2 10 267' 513' 4.66 280 536
232 2.23 293 559 1.83 267 513 4.06 280 536
233 1.91 29 7 557 1.56 266' Sil' 3.47 279 534
234 1.69 292 557 2.08 266 511 4.77 279 534
290A 2.38 292 557 1.84 266 511 4.22 279 534

67W 243 2.06 292 557 1.59 266 511 3.65 279 534
248 1.70 270 $18 3.10 294 561 4.80 282 540
249 I.9I 270 518 3.73 294 561 5.64 282 540
250 1.70 270 518 3.33 294 561 5.03 282 540
251 1.48 270 $18 2.90 294 Sol 4.38 282 540
256 1.27 270 $18 2.48 294 561 3.75 282 540
257 f.80 270 5iB 3.77 294 561 5.57 282 540
238 1.60 270' 518' 3.36 294' 563' 4.% 282 540
259 1.40 270 $18 2.93 294 561 4.33 282 540
264 I.19 270' 518' 2.50 294' 561' 3.69 282 540
265 1.59 270 518 3.53 294 561 5.I2 282 540
266 1.4l 270 518 3.12 29d 561 4.53 282 540,
267 1.22 270 $l8 2.70 294 561 3.92 282 540

PCC. 67W-200C 6.31 286 546 1.82 281 538 8.13 283 541
20lc 4.55 286 547 2.66 283 542 7.21 284 544

, 203C 2.66 284 543 4.55 284 544 7.21 284 544
208C 1.82 28 7 539' 6.31 284' 543' 8.13 283 541
210C 3.18 271 320 0.92 268 514 4.10 269 587
218C 2.29 271 520 1.34 269 516 3 63 270 $18
217C I.34 270 518 2.29 270 $18 3 63 270 $18
218C 0 92 268 514 3.18 270 $18 4.10 269 516

66W 20lc 2.19 261 501 4.29 308 587 6 48 284 544
202C 2.08 261 502 4.07 310 590 6.15 286 546

i

203C I.95 261 502 3.81 310 590 5.76 296 546 !

204C 1.78 261 501 3.48 308 587 5.26 284 544
,

205C 2.07 261 501 4.33 308 587 6.40 284 544 1

207C 1.96 268' 50 7 4.10 310' 590' 6.06 286 546
209C 1.84 261 502 3 84 310 590 5.68 286 546 -

206C 1.68 261' 501' 3.51 308' 58 7 5.19 284 544
Tensile 66W-il 6.22 297 566 2.52 274 525 8.74 286 546

12 2.52 274 525 6.22 288 550 8.74 281 538
67W-17 1.27 288 550 0.51 281 538 1.78 284 544

18 0.51 285 545 1.27 287 $48 1.78 286 546
15 6.74 264 507 2.73 258 497 9 47 261 502
16 2.73 253 488 6.74 250 482 9.47 252 485

66W-3 2.21 261 50I 4.14 308 587 6 42 284 544
5 2.67 - 292 557 2.52 : 266 511 5.19 279 534*

67W 4 l.92 270 518 3.50 294 561 5.42 282 540
66W4 I.99 261 Sol 3.63 308 587 5.62 284 544

9 2.04 292 557 1.93 266 Sil 3.97 279 534
67W-9 1.47 270 Sit 2.68 294 Sol 4.15 282 540,

*CS-compact specimen; Cs-sta ndard Charpy Wnotch impae' specimen; PCC.-precracked Charpy V-notch specimen; tensile-0.178-in. 8a8e diameter
*10" neutronsi m' = 10" neutrons /cm'. E > I MeV.
'Thermocouples were located at these coordiute sites; other temperatare readin8s were interpolated.

|

|
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4.2 Fracture Toughness ofIrradiated Welds 61W,62W, and 63W*

J. A. Williamst K. W. Carlsont

The materials of interest were from the second 4T irradiations conducted by ORNL. A weld of

ASTM A533 grade B class I steel plate tweld 61W) and the two welds of A508 class I forging (welds

62W and 63W) were evaluated.
The toughness vs temperature curves were developed using 12.7-mm-thick compact specimens. ,

Because all specimens in the temperature range of testing were invalid by ASTM E 399,' the specimens

were analyzed by J-integral test and analysis methods.'# Test temperatures were nominally in the range'

*of 25 to 93'C to develop transition data and at 177 and 260*C to provide upper-shelf toughness
information.

4

4.2.1 Testing and analysis

A minicomputer system used for data acquisition and computations was programmed to
accurately measure load and displacements, compute the compliance, and assess the accuracy of
compliance measurements. Real-time computations of the compliance, crack length, and estimated J

values were made and printed at the time of each unloading; all data were stored on a magnetic disk.

Concurrently, the computer-controlled x-y plotter produced a load-deflection record.On completion of

the tests, temporary processing was completed by the computer. After subsequent crack length
measurements were made from the broken specimen, the data were recalled from the magnetic disk and

were reprocessed, and the r curve was plotted. Reprocessed results were then refiled on the magnetic

disk.
Test method. The fracture toughness tests of this study were conducted using the procedure given

below. Calibrations of all test machines, measuring devices, and data-indicating and -recording devices ,

are directly traceable to the National Bureau of Standards (NBS).

The tests were conducted as follows.
,

I. Specimens were visually examined for their general appearance and integrity.

2. Specimens were loaded into the test machine. During this step, load-line extensometers and
thermocouples were attached to the specimen, and the specimens were aligned in the specimen grips.
Shims were used to ensure centering of specimen in grips; shims were subsequently removed after
setting a small preload (8.76 N/mm of thickness) on the specimen. Preload was necessary for
maintaining alignment of the test specimen and was accounted for within the computer program.

3. A " Test-Ready" analysis was conducted at room temperature. The following steps were included.

a. System stability analysis was conducted by sampling the load si nal and load-line extensometerE

systems. For each signal,100 readings were taken, and a 95% confidence limit on the signal
stability was obtained. Generally, the 95% confidence level of stability was 20 N or better for load,
0.38 pm or better for the dual LVDT load-line extensometer,2.0 pm or better for the clip gage
load-line extensometer. |

b. Ten unloadings were conducted at low clastic load. Approximately 250 load-deflection pairs
were taken and analyzed by the computer to determine the compliance of each unloading. . <

|
|

*
'Research performed under Purchase Order llY-50917V for the Oak Ridge National Laboratory, operated by Union

Carbide Corporation Nuclear Division.
tilanford Engineering Development Laboratory.

,
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c. Computer analysis determined the mean and standard deviations of compliances and crack
lengths for the ten unloadings, as indicated by each load-line extensometer used on the system.,

d. When standard deviations of calculated crack length of less than 25 ym were obtained for the
dual LVDT load-line extensometer system, a * Test-Ready" condition was considered to exist.

1 The clip-gage-system standard deviation was generally in the range of 130 pm or less. Irradiated
j test specimens of this series had machined knife edges, which are unsuitable for obtaining highly
; reproducible (Iow standard deviation on calculated crack length) clip-gage results and therefore
: were considered unreliable indicators of" Test-Ready" conditions. Standard deviations of less

*
than. 25 m have been achieved on 25-mm-thick compact specimens using clip-gage systems -*

seated on razor blade knife edges attached to the specimen.

j 4. The specimen was heated to test temperature. Soak time of specimen was 0.04 h/mm of specimen*

thickness in the furnace at test temperature.

5. After attaining test temperature, the " Test-Ready" analysis is repeated [see item (3) above].

1 6. With a positive " Test-Ready" indication, the test was started. An initial unloading at the same load
! level of the" Test-Ready" analysis was conducted, and,if the measured crack length was within the
i 95% confidence limit of the " Test-Ready" analysis, the testing was continued.
t
j a. For tests being conducted in the transition region, no further unloadings were necessary. The test'

loading was continued to first pop-in or unstable fracture. If unstable fracture occurred without

| arrest, the test was terminated. If pop-in or unstable fracture with arrest was observed, the
j specimen was unloaded, the unloading compliance data were obtained, and the test unloading
j was completed, at which time the test was terminated.
1 b. For tests conducted on the upper shelf, unloading compliance procedures were continued
j incrementally throughout the course of the test. The number of unloadings conducted ranged

from 20 to 25. Real-time computer analysis of the unloadings gave J and aa printouts for,

monitoring the progress of the tests.i

7. Posttest measurements of initial crack length and the final crack extension were made from the-

fracture surfaces of specimens after heat tinting at 340 C and fra:turing at low temperature. Crack
length measurements ofirradiated specimens were made from enlarged photographs of the fracture,

' surfaces.
,

Calculations of fracture toughness parameters for both unstable and stable crack growth are
described in the following paragraphs. All calculations were made using the minicomputer fracture;

'

toughness processing programs developed at Hanford Engineering Development Laboratory (H EDL).

J-integral calculations. To compute J for the compact specimens, the formula developed by Rice
et al.' modified for the tensile component of load after Merkte and Corten,' and shortened by the
ASTM Task Group E24.01.09' was used. This equation isi

2A' (1 + a)
J = Bb (1 + a') ' (1)

-

i
4

where

2 + +2 - +1 (2)

< ,

= area (energy) under the load-deflection record,
,

i- 4 = thickness (net section thickness for face-grooved specimens),

I

4

, - , , ,_ ,, . . - . . .n -...m . . ., - - ,- . J.
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b = remaining uncracked ligament,

ao = initial crack length.

Compliance-based crack-length calculations. The compliance equation developed by Saxena and
fludak' was used to calculate the crack length from the measured compliance data of clip-gage load-line

extensometers. An experimentally determined crack-length compliance equation was used for analysis
*of dual LVDT load-line extensometer compliance measurements.

The initial crack length was computed from the mean of ten compliance measur ements at very low

load levels. Crack extension (aa) was computed by subtracting this value from subsequent computed ,

crack lengths.

J-R curve analysis. The intersection of the lines representing crack blunting and crack extension
was taken as the Ju value. The blunting line was taken as following the relationship

' + #"
aa = (J/2) ao for ao = flow stress = (3),

2

where o, is the yield strength and o, is the ultimate strength. Data points utilized for the construction of
the crack extension line were those contained in an interval defined by offset lines parallel to the
blunting line [Eq. (3)], offset 0.5 and 1.8 mm " ahead"of the blunting line. The crack extension portion
of the r-curve was a least-squares linear regression through these points. Nominally, Ref. 6 recommends

a range between 0.15-and l.5-mm offset.Thelarger offsets were used because of the consistent behavior

of unloading compliance blunting data to exhibit greater apparent crack blunting than predicted by the
theoretical blunting line. Inclusion of these points (between 0.15 and 0.5 mm) would have yielded
inordinately low toughness values. ,

Tearing modulus. After Paris et al.,' the tearing modulus T was calculated

dJ E '

(4)
T = da o.2

.

where

d3/da = slope of the crack extension line,
'

E = modulus of elasticity,

o. = flow stress.

Stress-intensity esiculations. Stress-intensity calculations were made for tests that exhibited
unstable crack extension by the equation of Rice'* for small-scale yielding, j

l
JE |

Ki = 1 p (5)2 ,
i

,
,

1

|

where v is Poisson's ratio and J is determined by Eq. (1) for the area under the curve to unstable fracture.

Equation (5) was also used for the calculation of critical stress intensity from~Ju determined by J-R *

curve methods.The value of critical stress intensity determined by Eq. (5)is reported in the tabulations

as Ks to avoid confusion with the Ku calculation by ASTM E 399 methods.

I
i

. - -
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Physical crack measurements. After completion of the test, specimens were heat tinted in a
furnace at 340 C and then fractured after cooling in liquid nitrogen. The blue oxide coating clearly
delineates the fatigue crack and crack extension. Crack measurements were made at nine equally spaced

points along the fatigue crack front and the final crack front. The crack measurement was taken as the

mean of eight points: the seven interior measurements plus the average of the two surface
measurements. The initial crack length as measured on the specimen fracture surface was used to
recompute the J values. ~

,

4.2.2 Results,

The results of the fracture toughness studies of welds 61 W,62W, and 63W are given in Tables 4.5,

4.6, and 4.7, respectively.
i After irradiation, the fracture properties of all three welds appear to be very similar, as shown in

Figs. 4.6 through 4.8. Upper transition occurs between 25 and 75 C for all materials, and upper-shelf
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Fig. 4.6. Toughness vs temperature curie for weld 61W.
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Table 4.5. Fracture soughness ofirradiated A533 weld elW

Irradiation
Irradiation temperature

' ' 'Specimen fluence (*C) Ks Jw 25(Ju/on ) Test.** " ' 'No. (10" neutrons /cm') ( M Paf)* (kJ/m )* (m m)* conditions"
2

(E > I MeV) Forward Reverse
position position

Smoath Specimens

6|W-104 II(8/3) 291-293 299-304 26 101 44 1.5 1.4.8.11
6|W-103 14 (3/11) ~ 302-310 316-324 37 115 58 2.3 1,4,8,11
6 t W-i l2 12(9/3) 302-307 288-307 52 140 85 3.3 I.5.8.11
6| W-106 12(10/2) 291-293 299-304 79 135 80 3,0 1,5.8.11
6 t W-Il3 II (8 / 3) 302-307 288-307 !35 84 31 73 1.3 1,6,8,12

10% Side-Crooted Specimens

6 t W-123 16 (13/3) 288-299 288-299 177 150!171 101/133 48/51 - 4.1/ 5.3 3.6,10,12
. 6 t W-124 - 14 (3/11) 277-288 277-288 260 142/l36 94/86 45|48 3.8 / 3.6 3,6,10,12,

Low-Fluence Smooth Specimens I
6 t W-125 7 (4/3) 293-304 293-302 177 142/I12- 91/56 53,61 3.8/ 2.3 2.6.10,12
6 t W-126 7 (4/3) 293-304 293-302 177 117/133 61/79 79/75 2.53.3 2.6.10,12

Low-Fluence 10% Side-Grooved Specimens

61W-127 7 (4/3) 293-304 293-304 177 171/168 133/l27 56-67 5.2/ 5.1 3,6,10,12'
_

61W-128 7 (4/3) 293-304 288-299 177 124/l!7 69;61 60/63 2.8|2.5 3.6.10,12

' 'Where two values are given, the first salue is from clip gage data had the second is from LVDT data.
Test conditions are as follows (for Tables 4.5 through 4.7):

1. Standard CT specimen.
2. J-modified specimen.
3. J-modified specimen.109 side grooves.
4. Unstable fracture.
5. Unstable fracture-arrest.
6. Stable crack extension.
7. Calculated at maximum specimen load where noted in the table.
8. LVDT data only.
9. Clip gage data only.

10. Clip gage data / LVDT data.
II. Ja and K, determined from crack instability.
12. Ju and K, determined from R-curse.

!
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i - Table 4.6, Fracture toughness ofirradiated weld 62W
I

Irradiation
Irradiation temperature -

,

Specimen fluence . (*C) Ks J, 25(Ji. ion ) Test
'#" * "''

- No. ' (10" neutrons /cm') (MPadf (kJ/ m'f (mmf conditions"
y

(E > 1 MeV) Forward Reverse
position position

Smooth Specimens

. 62W-117 12(7/5) 288-296 296-310 25 - |19 60 2.3 I,4,8,11
- 62W-152 12 (10/2) 277-288 293-299 37 103 49 t ,8 1,4,8,11 g

62W-120' 10 (8/2) 291-299 285-293 52 148.g I,7,8
62W-I l9' 10(8/2) 291-299 285-293 66 155,g i ,7,8

. 10% Side-Grooved Specimens
1 ..

! 62W-106 f2y0]) 291 302 302-310 177 147/166 97/I24 90/86 4. !!$.1 3,6,10.12
62W-159 ill (1710) 277-288 299-310 260 134/113 84/59 58/62 3.5! 2.5 3,6,10.12

*Where two values'are given, the first value is from clip gage data and the second is from LVDT data.
Test conditions are defined in Table 4.5, footnote b.
The value of K, was determined from the analysis of the area under the loaddeflection curse to maximum load. T hese salues do not represent crack

. initiation for specimens 62W-120 and 62W-Il9. Examination of fracture surfaces of both specimens indicates small amounts of stable crack extension and,
therefore, represents upper bounds of the fracture toughness at the temperatures indicated. The test of 62W 120 was stopped at maximum load and 62W-119just
after maximum load because no unstable crack extension had occurred.

|

I
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| Table 4.7. Fracture toughnew of irradiated weld 63W
| ..

j' - Irradiation
irradiation temperature 3,,

Specimen - fluence .- (' C) K. 3 25(35./an ) Test
'** * " ' ' T.. No. (10'' neutrons /cm') - (M Pa 8)* ( k3 / m'). (mm)* conditions *

)
(E > 1 MeV) Forward Reverse

j position , position
.

l'
Suenoth Specineens g

63W-100 ' I4 (3/11) 285-302 291-307 24 59 15 0.5 'l.5,8,11
63W-101 I4 (11/3) 285-302 266-282 52 81 28 1.0 I.5.8.11

10% Side-Grooted Specineens

63W-135 9 (6/3) 288-304 293-304 93 152 101 53 4. I 3,6,9,12
63W-109 12(10/2) 296-313 288-348 149 151/157 100!Il0 72/68 4.1/4.3 3.6,10,12
63 W-l *J 10 (3/7) 293-313 277-282 260 105/103' 50.49 49/45 2.3 / 2.0 3.6,10.12

*Where two values are given, the first value is from clip gage data and the second is from LVDT data.
* Test conditions are defined in Table 4.5, footnote b.
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Fig. 4.7. Toughness vs temperature curve for weld 62W.

'

toughness is in the range of 140 to 150 M Pa 6.The degree of transition shift or the reduction in upper

shelf due to irradiation cannot be ascertained because no unirradiated data are available for
comparison.

*
We also observed that the degree of scatter, probably caused by material variability, masked any

effects that might be attributed to differences in irradiation level or specimen side grooving; specifically,

the data of weld 61W, which attempted to show these effects, can be cited. Although not shown here,,

examination of fracture surfaces of broken specimens failed to show any evidence of beneficial effects of

10To side grooves in producing straight crack fronts.

, - .
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Fig. 4.8. Toughness vs temperature curve for meld 63W.
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5. PRESSURE VESSEL INVESTIGATIONS

R. II. Bryan P. P. Ilotz
G. C. Robinson G. D. Whitman

Preparations were initiated for an intermediate vessel test to investigate the application of
clastic-plastic fracture mechanics (EPFM) to a thick .tructure, and a preliminary feasibility study of
pressurized thermal shock and thermal fatige tests in intermediate vessels was undertaken. i

*

5.1 Behavior of Flaws in Low-Upper-Shelf Material
,

The tests of six 152-mm-thick vessels" with part-circular surface flaws demonstrated the useful

application of linear-clastic fracture mechanics (LEFM) to the analysis of flawed vessels for cases in

which fracture toughness is low enough that fast fracture precedes the onset of gross yielding in the

structure. Ilowever, in tots conducted at high transition and upper-shelf temperatures, for which
toughness is high, tearing are heal plastic instability are important mechanisms associated with failure.

Attempts to apply EPFM methods to the latter types of tests were complicated '| extensive
yielding and vessel deformations that preceded failure. Further in the early tests, the mer.ns of detecting

and measuring stable tearing in a flawed vessel had not been developed. Even so, them tests, which were

conducted at $4 C or above, clearly showed that a deeply flawed vessel could sustain through-the-
thickness yielding without failing.

All of the intermediate vessel tests involved materials with high-upper-shelf toughness typical of
steels in reactor pressure vessels of current design, while some vessels in operating plants contain
high-copper welds of lower toughness and greater sensitivity to neutron embrittlement. After some

period of operation, the toughness of these welds is expected to be degraded to the extent that practical

operating temperature limits may not be definable in accordance with present regulatory guidelines, *

which essentially would not allow operation of a vessel with a Charpy impact energy upper shelf ofles*

than 68 J. Ilowever, no one has actually demonstrated that a vessel with such a low toughness does not .

have adequate resistance to tearing.

Intermediate test vessel V-8 will be prepared for a test in which flaw >ehavior in low-upper-shelf
material will be investigated at upper-shelf temperature. The test program is expected to reveal the
modes of flaw growth and to test the capabilities of E PFM in predicting flaw behavior. In addition, the

test wih be a direct demonstration of the behavior of a flaw in a thick vessel under conditions that may
be typical of some future reactor vessel accient conditions.

The plan for the low-upper-shelf test (tes. V-8/ )is to repair vessel V-8 (Ref. 3), place a longitudinal

seam weld oflow-upper-shelf toughness in the tet section, place a flaw in the weld, and pressurize the
vessel at an upper-shelf teraperature.

Specifications for ti e repair and seam weld preparad9n were developed. The weld will be required

to have properties similar to those of irradiated specimens in the second irradiation study.* The
upper-shelfimpact energy should preferably be in the range 54 to 68 J and the yield strength 448 to 621

M Pa. Since these values are not typical of welds being made today in pressure vessel steels, some special
welding process may be required. The finished vessel will be stress relieved; the base metal must not be *

degraded by the process to the extent that the yield strength requirement of the ASME Boiler and

Pressure Vessel Code for SA533 class I steel would not be satisfied. .

*Se Sect. 4.1.1 and Figs. 4.1 through 4.3 of this report.
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The seam weld will be characterized by testing specimens froih seam weld _ :nade in a cylindrical

prolongation of intermediate test vessel V-10. The prolongation welds will be made concurrently with
the seam weld in vessel V-8. Tensile, Charpy impact, fracture toughness, Ja, and r-curve properties will

be determined; these will be used to make detailed test plans and to predict the behavior of the flaw.

5.2 Pressurized Thermal Shock and Thermal Fatigue Tests

'

Steam line break and small-site loss-of-coolant accidents lead to combined thermal and pressure

loads that would affect crack propagation differently than would thermal shock alone. Merkte
demonstrated that an axialinternal crack propagating through the wall under the influence of a severes

thermal shock at zero pressure would be stopped by a compressive ligament before penetrating to the

outside surface.' Some combination of pressure and thermal shock with low touZ ness hypotheticallyh

could lead to a complete penetration of the wall. Thus, an interest exists in expenmental study of crack

propagation for the combined loading.
The combined loading is also ofinterest from an entirely different point of view. Cracking in nozzle

corner regions of vessels has been observed in several instances in which crack initiation and suberitical

crack growth are associated with thermal cycling. The incidence of this type of cracking is of concern

because, at some point, repairs must be instituted unless it can be shown that the cracks are harmless.

One can reasonably argue, on the basis of analysis, that some thermally induced cracking is limited in

depth. However, no experimental demonstration has indicated that this is the case in the structure of

interest.

The feasibility of combined pressure and thermalload tests relating to both types of problems has

been investigated. The particular concept considered would use vessels of approximately the geometry

of the intermediate test vessels that have nozzles. The nozzle corner region would be equipped with flow

baffles and channels through which a cooling fluid flows at a controlled rate. With the high stress*

concentration at the nozzle corner, producing stress-intensity factors high enough to study both
thermal shock and thermal fatigue problems of interest appears feasible.,

Test facility modifications that would be needed for these types of tests were studied to make a
preliminary evaluation of feasibility. The test facility,in addition to present features, would consist of

high-pressure pump loops for both hot and cold fluids, a mixing and injection system for the controlled

coolant, and system auxiliaries. With this facility, the vessel could be maintained at essentially constant

temperatures (except for the test region) between ~-30 and 300 C. tressure could be maintained or
cycled up to about 70 M Pa. Capabilities of the thermal cycling feature have not been defined precisely,

but severe single shocks and cyclic frequencies as high as 1/60 Hz are feasible.
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6. THERMAL SHOCK INVESTIGATIONS

R. D. Cheverton S. E. Bolt

P. P. IIolz

6.1 Introduction

During this report period for the Thermal Shock Program, the TSE-5 test cylinder (TSC-1) was ,

tempered, flawed, and instrumented,its inner surface was coated, and TSE-5 was conducted. A posttest

analysis was begun, and material characterization for TSC-1 was continued.
a

6.2 Flaw Preparation in TSC-1

The full-length axial flaw associated with TSE-5 was prepared in TSC-1 by means of the electron-

beam (E B)-weld technique, which requires postw eld hydrogen charging of the weld to induce cracking.

Final development stages of the technique involved preparing the desired TSE-5 EB-weld flaw in the
TSC-1 prolongation.' With one exception, the E B-weld parameters used for making the w eld in TSC-1

were the same as those used for the prolongation. For TSC-1, the focus was sharp +9 rather than +14 to

reduce the flaw depth slightly and thus reduce spiking.
Ilydrogen charging of the TSC-1 weld was accom'".ed using a10%II2SO4 solution and de

current density of ~8 X 10~' Almm'. Ultrasonic instrumentation (5-M Hz transducers) was used to
detect crack formation and depth during the charging process. A period of 79.5 h was required to
achieve complete cracking (only 36.75 h were required for the prolongation). Visua' observation
confirmed the presence of the axially oriented crack and also revealed numerous short cross eracks, the

lengths of which were confined to the fusion zone. Cross cracking of this type would be ewected
because of the nature of the EB-weld-induced residual stress field; these cross cracks were obse./ed .

during the development stage.

Figure 6.1 shows the EB-weld apparatus and TSC-1 inside the EB-weld boxjust prior to making
,

the weld. Note that the weld box is the largest of its kind readily available and is barely large enough.

This was a consideration in the selection of test cylinder length.

6.3 Instrumentation of TSC-1

6.3.1 Thermocouples

One hundred eighty thermocouples (type K) were used to measure the radial temperature
distribution as a function of time in the wall of TSC-1 during TSE-5. The radial distributions were
determined at 15 different locations (as shown in Fig. 6.2), and, at each location,12 thermocouples were

2used to establish the gradient. These 12 thermocouples a e located in a thimble that plugs into a
25.4-mm-diam hole in the wall of TSC-l. Use of 15 of these thimbles distributed uniformly around and

along the test cylinder permits a determination of the degree of symmetry in quenching during the
thermal shock experiment. All thermocouples were scanned every 2 s at a rate of 10' points /s and
recorded on tape. -

' 6.3.2 Crack-opening displacement (COD) gages
,

Nine COD gages in the form of weldable strain gages ( Ailtech SG-125) were used to detect sudden
! crack-opening events, to provide an estimate of actual crack opening, and to measure crack-opening

|

|
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.

rate. The gages were placed across the initial long axial flaw, as shown in Fig. 6.2. Details pertaining to

mounting and performance of the gages are discussed in Ref. 3. Figures 6.3 and 6.4 are photographs of '

the gages on the inner surface of TSC-1 followingTSE-5.The buckled condition of the gages shown in

these figures is the result of extensive plastic strain of the gages during the thermal shock, followed by

closing of the crack as the thermal stress subsided. A good indication of maximum crack opening
during the thermal shock can be obtained by measuring the permanent stretch of the gages.

All gages but Nos. 4 and 6 (Fig. 6.2) were recorded on the data system (digital) and on charts -

(analog). Output from the other two gages was fed into a fast-phenomena digital recorder, permitting a
determination of crack-opening rate.

6.3.3 Acoustic emission

Three acoustic emission transducers were located on the outer surface of TSC-1 opposite the long

a xial flaw in the specific locations shown in Fig. 6.2. These locations were selected so that only events in
the immediate flaw zone were recorded.

.

6.3.4 Ultrasonics

Three ultrasonic test (UT) crystals were located on the outer surface of TSC-l directly opposite the *

long axial flaw (see Fig. 6.2). This instrumentation was used to determine crack depth before, during,
and after the thermal shock. All output was recorded on tape.

I
|
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6.4 Coating of TSC-1 Inner Surface

The inner surface of TSC-l was coated with rubber cement (3ht-NF34) to enhance the heat
transfer to liquid nitrogen (see Figs 6.3 and 6.4). Prior to TSE-5, two thermal shock heat transfer
experiments' were conducted with TEC-l. From these experiments and the TSE-5 design analysis,

~

the determination was made that the thickness of the rubber cement coating forTSE-5 should be ~0.86

mm. The coating for TSF-5 was applied in 11 separate coats for a total thickness of 0.87 mm.

The coatiqg thickn measurements are made with an eddy current device (Kama n) and include a*

bias associated with compression of the coating under the applied force of the eddy current transducer.

As a check on consistency from one coating to another, the surface density of the coating was also
,

obtained. This was done by weighing SI- by 51-mm squares of vellum that were attached to the inner

surface of the test specimen and coated along with the rest of the surface (these were also used for the
2thickness measurements). The desired surface density for TSE-5 was 0.39 mg/mm , and the value

2obtained was 0.37 mg/mm , which was considered satisfactory.
Following the two heat transfer experiments, we noticed that the rubber cement coating was

blistered and, after warming to room temperature, would flake off easily in many places. Ilowever,
careful observation following the second heat transfer experiment indicated that the blistering was
occurring some time after the test specimer was removed from the LN dunk tank and thus w ould have

no effect on quenching of the test specimen. This was confirmed by the wall temperature measurements,

which showed no irregularities in quenching that could be attributed to blistering. Even so, any
tendency for blistering could not be tolerated because of the possible consequences during a thermal

shock experiment; thus, an investigation was undertaken.,

One important observation regarding blistering was that the coating on the ends of the
thermocouple thimbles never blistered;in fact, the adhesion to the thimbles was very good. Elsewhere,

the coating could be scraped off ratner easily posttest. In all previous experiments associated with,

development of the coating technique and with smaller-scale thermal-hydraulic experiments including

those with the 533-mm-OD A50' class 5 flow-test specimen (TSV-F), adhesion of the coating was very
*

good, even after repeated thermal shocking.Thus, two possible causes of blistering were apparert:(1)

there was something peculiar about the surface of TSC-1, or (2) there was something different about the

3N1-NF34 material. A test of coating material and cleaning procedure was conducted on a piece of
250-mm pipe that had been used in the LN2-quench development experiments. The same container of

3N1-NF34 used for the two heat transfer experiments with TSC-1 was used for coating the se.ltion,of- 9, .

pipe, and the surface preparation and coating techniques were the same. The coated pipe was then
heated to 93 C and quenched in LN:. No blistering or other irdications of poor adhesion occurred.

The 3ht-N F34 adhesive is manufactured at several different 3 N1 facilities, and, according to 3M.

processes and component materials at each plant might be slightly different. The adhesive used for the

TSC-1 heat transfer experiments came from a different plant than the adhesive used for the earlier
experiments, in which no blistering occurred. The 3h1 company recommended that we purchase the
3ht-NF34 adhesive to be used for TSE-5 from the plant that provided our original material. This we
did, although, as indicated above, there were indications that the problem was not associat: d with the

material.a

During our discussions with 3M, the suggestion was made that condensation caused by air
temperature changes and/ or surface temperature changes resulting from evaporation of the 3 ht-N F34

,

solvent might create a problem. Therefore, while coating TSC-1 in preparation for the second heat

,
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transfer experiment TSC-1 was maintained at a temperature about 6 K above room temperature;
however, blistering still occurred.

Following theTSC-1 heat transfer experiments and prior to TSE-5,TSC-1 was tempered at 633'C

for4 h and coole:1in air.This resulted in an oxide scale that was subsequently removed by sanding The

surface was then cleaned wit h solvent in the usual manner in preparation for application of the coating.

With the exception of the heat trcatment, this cleaning process, including the sanding, was essentially
identical to that used in preparing TSC-1 for the second heat transfer experiment.

,

As in the previous ex periments wit h TSC-1, there were no indications, based on temperature data,

that blistering or other nonbonds had occurred during TSE-5. Ilowever, though less extensive than
before, blistering did occur, although it was visually obvious only quite some time after TSC-1 had been *

removed from the LN2 dunk tank. Thus, blistering was not a factor during TSE-5.
A final suggestion from 3M was that we should use 3M-34 instead of 3M-NF34 the next time.

6.5 TSE-5

Thermal shock experiment TSE-5 was conducted on August I,1979,and consisted of quenching
the inner surface of a thick-walled steel cylinder (initially at 96* C and containing a long axial flaw) with
liquid nitrogen. Conditions for the experiment are summarized in Table 6.1.

Anticipated results of TSE-5, based on expected heat transfer conditions and specified and
assumed material properties, are discussed in Ref. 5 and are summarized in terms of the critical-crack-

dept h set of curves in Fig. 6.5, which indicates that the 16-mm-deep initial flaw would initiate at a time

of 204 s and that a total of three initiation-arrest events would take place prior to warm prestressing
(WPS). Depending on the actual values of Kt./ Kt. (the Ki vs temperature curve was assumed) and
assuming WPS to be effective, the final crack depth would be ~50 to 70% of the wall thickness, and

.

Table 6.I. Test conditions for TSE-5

Test srecimen TSC-1
,

Test y. etmen dimensions. m
OD 0.99I
ID 0.686
Length I.22

Test specimen material A508 class 2

Test specimen heat treatment Temp rd at 613*C for 4 h

Kw ss temperature curse specified HSST plate 02 (Ref. 6)

Kw and Ki. curves used in ASME Section XI Appendix A,"
TSE-5 design analyses R T,.m = -34* C

Flaw Long axial sharp crack.
a = 16 mm

Temperatures. * C

Wall (initial) %
Sink -196

Coolant LN2
*

Flow rate Natural convection loop

Coating on quenched surface Rubber cement (3M-NF34) *

Coating thickness, mm 0.8
|

.. - -- - - - -
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.

|

incipient warm prestressing(IWPS) would take place ~509c' of the way through the wall. The largest
single crack jump was expected to be ~2096 of the wall thickness. Calculated maximum K ratios 1.

[(Ki/ Ku)...] were large enough to ensure initiation of the initial flaw and to provide assurance that
WPS was effective, if initiation failed to occur after the time corresponding to IWPS.

Actual results of the experiment indicate that (I) the thermal shock was somewhat more severe

than planned,(2) the toughness of the material above a temperature of 0 C was substantially less than j

ex pected (see Sect,6.7), and (3) even though WPS may have been effective in preventing erack initiation

deep in the wall, conclusive evidence could not be obtained.

As illustrated graphically in Fig. 6.6 by the trace of the COD gage output, initiation-arrest events

took place at 105,177, and 205 s, with all gages indicating these events. Four of the gages survived the

event at 205 s and indicated no further events during the remainder of the 30-min test. Prior to the event

at 105 s, a few relatively small events took place but were not indicated by all gages.

Flaw depths corresponding to the three major events were measured with UT instrumentation
before, during, and after the experiment, and this information is presented in Fig. 6.7. As indicated by

these results,less propagation of the flaw occurred near the ends of TSC-l than elsewhere. Maximum
* uniform fractional crack depths for the three events, as determined by UT, are 0.20,0.63, and 0.80.

Posttest fracture mechanics calculations have been made using the actual TSE-5 radial l

temperature distributions as input to the LEFM finite-element (FE) code. For the first such analysis. I.

the Ku vs temperature data (referred to in Table 6.1) were used,' and the corresponding critical-crack-

dept h set of curves is shown in Fig. 6.8, with the actual path of events indicated by the dashed lines. The
;

!

-
- .
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.

first two initiation events (points 2 and 4 on the dashed curve) agree well with the K = Ki, cun e, but the
final initiation event (point 6) does not, indicating that the actual toughness at temperatures-

corresponding to the third initiation event was much less than assumed.

As mentioned in Sect. 6.7, a posttest review of the Ki, data obtained for the TSC-1 prolongation to

TS E-5 indicates that the toughness of TSC-l for temperatures above 0 C is considerablyless than it was

believed to be prior to TSE-5. This trend is also indicated by a comparison of the calculated Ki values

corresponding to the TSE-5 initiation and arrest events with the available pretest Ki, data and the ,

specified Ki, vs temperature curve; such a comparison is shown in Fig. 6.9. With the exception of the Ki |

value for the second initiation event, all the critical Ki values (Ki, and K .) derived from TSE-5 indicate !

a higher transition temperature. Consistent with these data, a new toughness curve was obtained by

plotting a straight line through the Ki, values for the first and third initiation events, and this new Ki, vs
temperature curve was used in a second posttest fracture mechanics analysis. The results are shown in -

Fig. 6.10.
Figure 6.10 indicates that the second initiation event (point 4) was delayed relative to w hat would

be expected on the basis of this particular analysis, and this delay, which results in a further increase in ;

'
Ki, would account for the large second crackjump. What caused the delay is not clear, although it might

be crack-tip blunting, inhomogeneities, or simply statistical variations in Ki . There are arguments
,

against each of these, but a long crack jump did take place. Regarding the possibility of a statistical-

variation, note that the Ki, value corresponding to the second initiation event is ~38Fc higher than the

toughness curve (Fig. 6.9) used in the analysis.

I
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Figures 6.8 and 6.10 also gise an indication of the crack depth corresponding to IWPS. As
indicated, this crack depth is a function of the toughness curve used in the analysis. If the actual
toughness curve were identical to that specified, the fractional crack depth corresponding to IWPS
would have been ~0.45 (Fig. 6.8). Ilowever, the use of the apparent lower toughness in the second
posttest analysis resulted in an IWPS fractional crack depth of ~0.8 (Fig. 6.10). The calculated
maximum K ratio [(Ki/ Kn)...] for this crack depth is only 1.16,and no initiation events took place for
cracks deeper than ~0.63. Thus, WPS apparently prevented a fourth initiation event. Ilowever, the'

maximu m K ratio (~ l.16) for the final crack depth (~0.80)is too small to compensate for uncertainties
in Ki and Ku, and, therefore, a firm conclusion regarding a demonstration of WPS during TSE-5

,

cannot be drawn.

Another objective of TSE-5 was to demonstrate crack arrest in a rising Ki field. T he pretest
analysis indicated that this could be achieved for the first two crack jumps. Ilowever, results of the
posttest analysis, as show n in Fig. 6.11 in terms of Ki vs fractional crack depth (a/ w), indicate that the

first arrest event occurred as Ki reached a maximum [d Ki/d(a/w)= 0]and that the other two occurred
as Ki was decreasing with increasing crack depth. During the second crack jump, Ki initially increased
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and then decreased before arresting, while, for the third crack jump, Ki was decreasing for the entire
crack jump.

Results ofIhe ex periment (as related above)are summarized in Table 6.2. Note that the Ki, and Kr.

values listed for the three initiation-arrest esents are based on posttest Ki calculations and are
completely independent of assumptions regarding toughness curves used in the analysis. The toughness

values listed in Table 6.2 are material properties derived from the experiment (TSE-5). Additional Ki

values calculated posttest for TSE-5 are shown in Fig. 6.12, where Ki is plotted as a function of time, i

with crack depth as a parameter.

.

Table 6.2. Results of TSE-5

Initiation-arrest esents

I ? 3

Time s 105 177 205

Crack depth.' alw
initiation 0.10 0.20 0.63
Arrt 0.:0 0.63 *).80

Temperature. * C (* F)
Initiation -9 (15) -3 (27) 79 (175)
Arrest 36 (96) 82(180) 89 (193)

Ku MN m"'(ksid) 79 (72) 111(101) I!5 (105)
Ki.. M N m"'(ksi6) 86 (78) 104(95) 92 (84)
Duration of experiment. 30

min

.
*Maumur.1 depth (midleng* h of TSC-l).

,

The above K values were calculated with a two-dimensional finite-element technique. Previousi

studies' indicate that, for a straight crack front and for the deepest crack investigated (a/w = 0.5),
tw o-dimensional K values for the central portion of the cylinder are reasonably accurate. As indicated

in Fig. 6.7 the first and second crack fronts are reasonably straight. However, the third and fourth
crack fronts are significantly shallower near the ends of the test cylinder, and, thus, actual Ki values in

the central portion will tend to be less than those calculated. A three-dimensional analysis considering
the actual TSE-5 crack fronts has not been conducted.

)
The fracture surfaces of t he long axial flaw are being examined at this time. To gain access to these

surfaces, TSC-1 was cut into two nearly equal-length cylinders, and then a narrow pie section
!

containing the flaw was cut from each of the two cylinders. These pie sections were 0,en cut into eight . I
nearly equal-length blocks. (The cutting plan is shown in Fig. 6.I3.) Each block will be broken open at !
cryogenic temperatures to reveal the fracture surfaces; to facilitate the operation, an axial slot 5 mm |

wide by 8 mm deep (3/16 by $/16 in.) was machined in the top end of the E H weld to allow insertion of a
wedge. *

The ends of each of the eight blocks have been polished for exam nation of the crack cross sections. I

A cross section for one of the blocks (TSCl-l)is shown in Fig. 6.14. Each of these blocks has been -

- superficially examined for an estimate ofinitial and final crack depth. These findings are recorded in

Fig. 6.7, and these results are seen to agree well with the UT measurements. One of the blocks (TSCl-1)

,

. . _ _ . _ _ _ _ . _ _ _
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!

has been broken open, and the fracture surface is shown in Fig. 6.15. The initial and second flaw dept hs

are quite obvious, but the others are not. As indicated in Fig. 6.15, the EH-weld and next fracture
.

surfaces are quite flat and well defined, and the depths agree well with the UT measurements. The |

fracture induced by the wedge at -196*C (-320''F) appears flat, but its initiation point is not well
defined. All the area in between is quite rough and irregular, without a clear indication of the second

arrest event. A thorough examination of this and similar surfaces is being conducted.

An attempt was made during TSE-5 to measure crack velocity by recording the output of COD
gages on a scope. This output (COD vs time) could then be converted to crack velocity by relating crack

depth to COD with the LEFM-FE analysis. Comparing measured and calculated COD for the same
crack depth at specific times in the transient indicates that the calculation overestimates COD for |"
TSE-5 by about 509c. Thus, the crack velocities deduced from the COD vs time data would tend to be l

low by this amount.

The second crack jump was recorded successfully on a scope, and a reprint of the curves for COD-

gages 4 and 6(Fig. 6.2) near midlength of TSC-1 is shown in Fig. 6.16. We observed from the decreasing

slopes of the curves with time that the ve!ocity decreases throughout the crack jump. The uncorrected

|
|
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Fig. 6.14. Cross section of TSE-5 tong asial flew (posttest).

calculated crack velocity for the first part of thejump is ~180 m/s, which is rather low compared with
velocities measured on laboratory-size crack-arrest specimens.

This relatively low velocity and the disagreement between measured and calculated COD raise

questions regarding the accuracy of the COD measurements. A check on maximum COD was obtained
'

posttest by determining the permanent stretch of the COD gages. Most of the strain in the COD gages

during TSE-5 was beyond the clastic limit. As the thermal stress diminished, the crack closed, causing

the unbonded portion of the COD gages to buckle without inducing significant reduction in actual-

length of the gage (see Fig. 6.4). Thus, the stretched length could be determined, and the results agree

well with the output of the COD gages.

- - -__ _ _ _ _ . _ _ _ _ _ _ _ __ _ _ _ - . .. , _ . _ _ _
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Another event or series of events taking place during TSE-5 may have had an influence on the

behavior of the long axial flaw. Following TSE-5 and after the rubber cement coating had been
removed from the inner surface of TSC-l.an extensive cracking pattern other than the long axial flaw -

was discovered on the inner surface. A sketch of theinner surface showing some of the more important j

features of the cracking pattern is shown in Fig. 6.17.The cracking apparently initiated at a single. small i

! l
,
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flaw, which existed in the initial axial flaw rone as a cross crack in the EB weld, moved
circumferentially, and then branched out over essentially the entire surface. Several branches turned in

*
an axial direction and ran out the ends of the cylinder, while others turned axially and then back to a
circumferential direction. Some of the cracking extended a full 360* , ret urning to I he long axial flaw as

several circumferential flaws. There is no indication at this time that any of the cracks crossed over the-

long axial flaw.

TSC-1 was in th process of being cut into numerous pieces for materialcharacterization purposes

at the time the secondary cracking was discovered. The resultant cuts have revealed the approximate

depth of some of the crack branches. Some of these cracks appear to extend as much as 35% of the way
through the wall.

Cross cracking of the EB weld occurred during hydrogen charging of the EB weld and appeared to
be very shallow (~ l mm),in which case initiation was not expected. H owever, the more severe thermal

shock increased the chances of very shallow flaws initiati.y;and, as shown in Fig. 6.10,long flaws with
depths as small as ~0.1 mm (a/w = 0.004) would initiate. The times ofinitiation of a cross crack this

shallow presumably would be later than the times associated with the long-flaw events. However,if a
cross crack were somewhat deeper (a/ w 2 0.01), the time ofinitiation could have been within the time
span of the axial-Gaw events.

The existence of axial flaws in addition to the intended long axial flaw would tend to reduce the
'

thermal stress relative to that in the absence of the additional flaws and thus'would result in lower values
of Ki, and COD. Calculated values of COD are somewhat greater than measured, but the calculated Ki

values appear reasonable compared with independently determined K , and Ku values (see Sect. 6.7).-

Another point to consider in this regard is that the areas of very extensive and axial cracking are ~500

mm (20 in.) to cither side of the long axial flaw, as shown in Fig. 6.17. Calculations are being made to

- - _ _ . - .- _ __ _ - _ _ - . - . _ _ . _ _ _ . _ . _ . ._
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determine w hether this distance is suffici(nt to preclude a significant effect ofIhe secondary cracking on

the behavior of the long axial flaw.
As mentioned above, the secondary cracking ,'ossibly took place after the long flaw experienced

one or more ofits events. This may be the case becco:,e some of the secondary cracking apparently was

stopped by the long flaw and none crossed over. Ilowever, a more detailed examination of the cracks is

required before a firm conclusion can be drawn.
The thermal shock during TSE-5 was more sesere than intended, but the axial symmetry in

'

quenching was still very good. The expected and actual surface quench rates are shown in Fig. 6.18, and

the degree of axial symmetry is illustrated in Fig. 6.19, w hich shows near-surface temperatures at five
locations along the length of TSC-1 as a function of time. Previous heat transfer experiments * w ith the a

same equipment indicated that significant asymc.etry would result for such a rapid quench. Ilowever,

just prior to TSE-5, the lower plenum was 6 creased in site by raising the low er stop point for the test

cylinder in the LN: dunk tank. Apparent:y, this modification resulted in the more severe quench and in

a reduction in asymmetry as a result of an increase in LN2 flow rate.
Radial temperature distributious were measured during TSE-5 at 15 different locations in the test

cylinder (see Fig. 6.2); at each location,12 radial locations were monitored. Radial temperature
distributions for times corresponding to each of t he three initiatiou-arrest events for the long axial flaw

are show n in Figs. 6.20 through 6.22. Similar data were recorded at 2-s intervals during the transient

and were used in the posttest LEFM-FE analysis for the thermalloadings.
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6.6 Residual Strew Studies4

.

T he inner and outer surfaces of the rough-machined forging used for TSC-I and an adjacent
narrow annular region experienced sery high (nonelastic) tensile strains during the water-quench heat

treatment (quenched from 870*C). As a result, high residual stresses remained following the rapid
quench to uniform temperature. These stresses ( I) w ere a maximum and compressis e at the surfaces. (2)

decreased to zero over a short radial distance, and (3) were comparatisely low and tensile oser the
remainder of the wall thickness. This is illustrated in Fig. 6.23 for one of the earlier test specimense

(TSV-1)."' Residual stress studies performed on the prolongations from TSV-1 and -2 showed that the

remosal of 32 mm (1.25 in.) of material from the inner surface after the quench-only heat treatment,

would climinate the residual compressive stress in the inner portion of the wall.

At the time, the TSC-1 forging was subjected to the water-quench heat treatment (May 1975), the

i D a nd O D w cre 622 and 1070 mm (24.5 and 42.0 in.), respectively, and t he prolong w as still an integral

part of the cylinder forging. Before shipping the cylinder to ORNI., National Forge machined the
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Fig. 6.23. Approministe residual strees distribution in TSV-1 following quench-only heat treatmeent and prior to final
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diameters to 635 and 1041 mm (25.0 and 41.0 in.), leaving a 203-mm (8-in.) wall thickness, and
separated the prolong from the test cylinder. Finally, we machined the diameters to 686 and 91 mm
(27.0 and 39.0 in.), leaving a 152-mm (6-in.) wall. Thus,32 mm (l.25 in.) was removed from the inner

surface as before, and 38 mm (1.5 in.) was removed from the outer surface. These machining operations

should have left the cylinder and prolong essentially stress free. ,

Subsequently, the cylinder and its prolongation were tempered at 613'C (1135 F) for 4 h and
cooled in air. Following this operation, the hole-drilling technique was used to measure residual stresses .

on the inner and outer surfaces of the TSC-1 prolong without attempting to remove the very shallow
resid ual compressive-stress component caused by machining. The indicated stress on both the inner and

,

outer surfaces was approximately -210,000 kPa (-30.000 psi). Because of the results obtained
presiously, we believed that most of this residual stress was associated with machining of the surfaces

and thus would have little effect on Kt for the initial and deeper Daws.

Following TSE-5, the test cylinder was' cut into two cylindrical pieces (as show n in Fig. 6.13), and

the lower end was used for residual stress studies. Strain gages were applied to the inner and outer
surfaces opposite each ot her. Small sections of steel uit h the gages attached w ere removed by sawingio

relieve the residual stresses, except for those induced by machining. The results indicated a residual

compressive stress of -120.000 kPa (-18,000 psi) on both the inner and outer surfaces. Thus, the
residual stresses induced by machining (and which survived the tempering heat treatment) were
apparently about -83.000 kPa (-12,000 psi).

The ione in w hich t he residual stresses were measured (~ 120* in Fig. 6.17) following TS E-5 had a

high density of secondary cracking, and this would seem to have an effect on the determination of

pretest residual stresses. Ilowever, since the residual stresses are compressive, the secondary cracking

would be tightly closed at the time the gages were applied 1o the surface. Thus, the residual stress would

be essentially the same posttest as pretest, and the gages would indicate this.
,

Since the gradient in residual compressive stress is quite steep, a value of-120,000 kPa (-18.000

psi) on the surface would correspond to a very low tensile stress throughout the major portion of the
wall and would have little effect on the calculation of Ki for the initial and deeper flads. *

6.7 Taermal Shock Material Characterization

W. J. Steleman D. A. Canonico

The results of the thermal shock test TSE-5 indicate that the SA508 class 2 chemical composition -

steel,' from which the test cylinder was machined, did not recover its fracture toughness in a manner

similar to that suggested by the TSE-5 design curve in Fig. 6.24. This behavior is contrary to that
previously experienced with SA533 grade B class I steel and SA508 class 2 steel; it is contradictory to

experience with SA533 grade B steel and SA508 class 2 chemical composition in quenched-only
condition.

The selection of a tempering temperature for the thermal shock test cylinder TSC-1 was based on

the need to match the design curve shown in Fig. 6.24. The results from IT compact specimen tests of ,

the prolongation from TSC-1 tempered at $95,600, and 650 C (1100, ||10, and 1200* F) are shown.

~

*The steel used in TSC-1 has an ultimate tensile strength in excess of the 725 M Pa (105 ksi) limit permitted in the S A508 class
2 specification.

L_ _ __ _ _ . _ __i__ _ _ . . _ _ _ __ . _ . _



75

. ORNL-DwG 79-20009
,

TEMPERATURE (*F)
-300 -200 -10 0 0 100 200

1 : i I i
-DESIGN CURVE (TSE-5)

o 595 *C (if 00 *F )
4 600 *C (1910 'F) I a g - 200

a
200 - c 650 *C (f 2OO 'F) I I

I g
* s

CT-ORIENTATION : IT CS / I -

CLOSED POINTS NOT VALID I*

- 150 -
PER E399-78 I

- 150 *
7

/ / EQ*

/ / f/.- e/ 2
$, '* * y' p - 100 ?,

$ oo
- /tt 4 i

a|2 |
/ /

/ s2 /s2
/ /50 - j/

- 50
p

' ' ' ' 'O O
-150 -10 0 -50 0 50 100

TEMPERATURE (*C)

Fig. 6.24. Effect of temperature on static fracture toughness of quenched TSC-1 prolongation after tempering at $95,600,
and 650'C; CT oriented IT CS.

The selection of the temper temperature for TSC-l [615 C (1135 F)] was based on matching the
'

fracture toughness requirement of the solid line at -18 C (0 F). We assumed that the shape of the
toughness curve of the tempered cylinder would duplicate that of the design curve. The invalid data
points at-46.-18,and 10 C(-50,0, and 50' F) for the materialtempered at 650 C suggested that this-

tempering temperature was too high to provide a material w hose fracture toughness met the solid line in

Fig. 6.24. Ilowever, the valid Ku values obtained at -46 and 10'C suggest that the 595 C temper was
too low. Figure 6.24 shows that a number of the specimens presiously reported as valid are invalid when
the geometric requirements of ASTM Standard E 399 are considered."

'As indicated earlier in this section, the static fracture toughness properties of the thermal shock
cylinder were much lower at ~100 C(210 F) than expected. The experimental results suggest that the

toughness did not increase with temperature as projected by the dashed lines in Fig. 6.24 (see Fig. 6.9).

This unexpected behavior is further clouded because the three IT CS machined from material tempered
i

at 600 C(Ii10 F) and exhibiting high toughness [180 to 220 M Pa 6(165 to 200 ksis[In.)]at 38 C |
(100*F) failed considerably before maximum load was achieved. In the specimen (8SC31) that
exhibited 208 M Pa 6(189 ksis[in.) at 38 C(IO0 F), the dimple fracture tone at the crack tip was
only 0.25 mm (0.01 in.), a crack exte nsion value that is similar to those used w hen plotting the blunting j
line in an R-curve determination in accardance with the procedures suggested by Clarke et al." This I

information suggests that, although the test is invalid in accordance with ASTM Standard E 399, the |
'

specimen did undergo very littie ductile tearing prior to fast fracture and some credibility can be placed

on that test result. Figure 6.25 contains the scanning electron microscopy (S E M) results obtained from j
-

the fractured surface of specimen 8SC31, The region of dimple fracture, which is evident at the fracture

initiation area, averages about 0.25 mm (0.01 in.)in width. Figure 6.26 contains the results of an SEM;

!

|
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study of the same material also tested at 38 C-specimen 9SCl, which exhibited 98 MPa 6(189
ksi6.); it, too, is invalid because of geometric considerations. Ilowever, in this test, the load-

displacement curve satisfies that validity criterion in Standard E 399; the width of the dimple band at
the fracture site [0.038 mm (0.0015 in.)] indicates a near (if not actual) plane-strain condition at fracture.

There is more than a factor of 2 difference in the toughness exhibited by specimens 8SC31 and 9 SCI at

t he same temperature. Figure 6.27 is included to show the SE M results from a valid test. This specimen,

8SC4, was tested at -46 C (-50 F) and exhibited a toughness of 41 M Pa 6(37 ksis/In.). No
measurable dimple mode fracture occurs at the initiation site; this is truly a plane-strain failure.

While the specimens were in the SEM, chemical analysis of the dimple region in specimens 9 SCI

and 8SC31 was made with an Energy Dispersive Analyier(EDA). No detectable (within the limits of
the ED A) difference was apparent in the chemical composition at the fracture imtiation site in the two
specimens.

'

An examination of the microstructure and microhardness near the fracture initiation site was
undertaken in an effort to explain the extreme differences in the fracture toughness of the specimens
tested at 38 C(100 F). Figure 6.28 contains photomicrographs and hardness readings near the fracture-

initiatio'n sites in specimens 9 SCI and 8SC31. Although these two specimens ' xhibited quite differente

fracture toughness, their microhardness and microstructures are quite similar.

- - - -- . . _ -
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Appendix A

INDIVIDUAL, RESUI.TS FOR FATIGUE SPECIMEN TESTS
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Con +mion Factors *

SI unit English unit Factor

mm in. 0.039370I
cm in. 0.39370I
m It 3.28084
m!s ft t s 3.28084
kN Ib, 224.809
k Pa psi 0.145038
M Pa ksi 0.145038
M N m'' ' ksid. 0.910048 ,

(M Pa sE)
3 ft-lb 0.737562
K ' F or ' R I.8

'
kJ r m' in.-lb < in.' 5.7I015
W m'' K-' Btu l hr-ft' * F 0.176110
T(* F) = 1.8 T(* C) + 32

+

' Multiply Si quantity by gisen factor to obtain
English quantity.
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