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SECOND ANNUAL PROGRESS REPORT ON UNITED STATES-JAPAN COLLABORATIVE
TESTING IN THE HIGH FLUX ISOTOPE REACTOR AND THE OAK RIDGE

RESEARCH REACTOR FOR THE PERIOD ENDING
SEPTEMBER 30. 1985*

J. L. Scott, M. L.
I. I. Siman-Tov,

T.

Grossbeck, L. K. Mansur, A.
K. R. Thorns, M. P. Tanaka,†
Kondo,‡ and A. Hishinuma‡

ABSTRACT

F. Rowcliffe,
S. Hamada,†

of the program of U.S.-Japan collaborativeThe second year
testing in the HFIR and ORR has been successfully completed.
Two of eight phase-I HFIR target capsules were irradiated, and
postirradiation testing was begun. Two spectral-tailoring cap-
sules, MFE-6J and -7J, were fabricated and installed in the ORR.
The JEOL JEM 2000FX microscope was installed at ORNL and is now
being operated routinely. Microstructural data of the JPCA in
the SA, 10%, and 20% cold-worked conditions and type J316 in the
SA and 20% cold-worked conditions reveal that all specimens
examined clearly show a high concentration of fine helium
bubbles after irradiation to about 30 dpa at 300°C (in HFIR).
Precipitation of MC was observed in 20% cold-worked JPCA.
Swelling of all specimens was less than 1%.

1. INTRODUCTION

1.1 BACKGROUND

This report covers the second year of a five-year program of U.S.-

Japan collaborative testing in the High Flux Isotope Reactor (HFIR) and

the Oak Ridge Research Reactor (ORR). In last year’s annual reportl the

implementing agreement, the objective and scope, and the facilities being

used were discussed in detail. This report describes the status of the

*Research sponsored by the Office of Fusion Energy, U.S. Department
of Energy, under Contract No. DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc.

†Japan Atomic Energy Research Institute, Tokai-mura, Japan,
assigned to ORNL.

‡Japan Atomic Energy Research Institute, Tokai-mura, Japan.
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HFIR capsules, presents preliminary postirradiation examination results

on the first capsules to be completely irradiated, and gives a full

description of the test matrix and assembly of the ORR capsules. It is

a requirement of the collaboration agreement that an annual report be

issued.

1.2

uate

OBJECTIVES

The objectives of the program are to (1) design, conduct, and eval-

joint irradiation experiments in the HFIR and ORR; (2) investigate

the response of Japanese and U.S. structural alloys to high levels of

displacements per atom (dpa) and helium content in the HFIR; and

(3) investigate the response of U.S. and Japanese prime-candidate alloys

(PCA and JPCA) to the correct helium-to-dpa ratio in the ORR. With the

recent change in emphasis of the U.S. fusion program to longer-range

problems, a secondary U.S. objective is to study basic radiation processes

under well-controlled conditions.

1.3 SCOPE

The scope of the program consists of eight phase-I HFIR target

capsules to be irradiated to exposures between 30 and 50 dpa at tempera-

tures in the range 300 to 600°C, and two ORR spectral-tailoring capsules

to be irradiated to 30 dpa , with interim examinations at 10 and 20 dpa.

Each ORR capsule provides two different irradiation temperatures, thus

specimens are being irradiated at 60, 200, 330, and 400°C. The program

includes eight phase-II HFIR capsules scheduled to be planned in FY 1986.

The status of the eight phase-I HFIR capsules and the two ORR cap-

sules is described in the following sections.

2. HFIR CAPSULES

2.1 PROGRESS AND STATUS

A description of the HFIR phase-I capsules and the complete test

matrix was reported previously.1 Two capsules, JP-1 and -3, have

completed irradiation, and six capsules are still in the reactor. The
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present irradiation schedule is shown in Fig. 2.1. Damage levels achieved

by the specimens in the JP-1 and -3 capsules are given in Tables 2.1

and 2.2. The specimen descriptions and compositions were reported

previously. 1
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2.2

are

POSTIRRADIATION EXAMINATION OF CAPSULE JP-1

The steps in postirradiation examination (PIE) and a typical schedule

shown in Fig. 2.2. The upper and lower ends of capsule JP-1 were

removed with an abrasive cut–off wheel, as shown in Fig. 2.3. The inner
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and outer containment were cut axially the entire length and removed.

The appearance of the specimen holders is shown in Fig. 2.4; all areas

were bright and shiny, indicating no water leakage into the capsule. The

flux monitors located at the top of holders 3, 5, 6, 9, and 11 were iden-

tified and shipped to L. R. Greenwood of the Argonne National Laboratory

for analysis. Specimens (Figs. 2.5 and 2.6) were removed from their

holders by cutting the retainer rings and prying apart the half shells.

Figure 2.5 shows the four hourglass fatigue specimens and the holder

containing transmission-electron-microscopy (TEM) disks. The holder was

irradiated at 300°C, whereas all fatigue specimens were irradiated at

430°C. There was a slight discoloration of the fatigue specimens because

of surface oxidation. Even though the capsule is filled with helium, some

outgassing occurs during the initial heatup in the reactor, leading to

superficial oxidation at the higher specimen temperature. Somewhat greater

oxidation was observed on tensile specimens irradiated at 500°C (Fig. 2.6).

The two center specimens were irradiated at 500°C. Specimens irradiated

at 400°C (next to the 500°C specimens) and those irradiated at 300°C were

bright and shiny following the experiment.

Swelling was determined using two methods: length and immersion

density measurement. The two methods serve as checks on each other, but

the immersion density method is more precise for such small specimens,

since it has a limit of error of about ±0.2% change in density. Length

measurements are listed in Table 2.3; all values are small, probably at or

below the level of sensitivity of the measurement. Immersion density

measurements were made on the specimens following removal of the end spurs,

which were irradiated at a lower temperature. Measurements were made on

irradiated and unirradiated specimens in the same batch to obtain accurate

differences in density between those irradiated and unirradiated. The

results appear in Table 2.4. Again the values are small, but the highest

swelling values correspond to the highest temperatures. Since these

swelling values (0.5 and 0.3%) are outside the limit of error of 0.2%,

they are considered value numbers, indicating very low and probably

insignificant swelling.

In other hot-cell work the TEM disks have been sorted, and equipment

is being prepared for tensile and fatigue testing.
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2.3 POSTIRRADIATION EXAMINATION OF CAPSULE JP-3

Capsule JP-3 has also been disassembled. The specimens had the same

appearance as those in capsule JP-1. Length measurements of tensile speci-

mens are shown in Table 2.5. Testing was interrupted following the length

measurements.
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2.4 HFIR TEMPERATURE EXPERIMENT

An experiment in the U.S. -Japan collaborative testing program was

evaluated to determine the temperatures in the HFIR target capsule.

Originally this experiment was to be a passive one in which the thermal

expansion of a gamma heat source would be measured accurately. The prin-

cipal

point

ment,

limitation to this method is that only a peak temperature at some

in the reactor cycle would be measured; therefore, an active experi-

such as one using thermocouples, was desired.

The opportunity for an active experiment became available when ORNL

management decided to upgrade the HFIR to improve its capability for

materials irradiation testing. In particular, it was decided to instru-

ment two target–rod positions in the HFIR target and to enlarge and

upgrade positions in the removable beryllium region [called RB star (RB*)

position] just outside the reactor core. One can get an understanding of

the HFIR modifications by studying the general arrangement of the new

target tower and quick access hatch shown in Fig. 2.7. In order to

instrument the target region, a new target tower and quick access hatch

are required. The new hatch will contain two penetrations for instrumen-

tation and a third penetration for a “rabbit tube,” used in the manufac-

ture of medical isotopes. In addition, there are eight penetrations that
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provide straight access for the RB* positions. This access allows one to

rotate the RB* capsules to provide a uniform fluence to all specimens,

even though there is a flux gradient across the capsule.

The locations of the new RB* positions (viewed from above) are shown

in Fig. 2.8. The left diagram shows the present HFIR core with four 33–mm

die RB positions; the right side shows the new arrangement with the eight

RB* positions. Modifications to the shroud flange and the upper tracks of

the control plate assembly are required to complete the HFIR modification.
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Further details of the new target region access hatch are shown in

Fig. 2.9. The two instrument penetrations are shown together with a con-

ceptual representation of how one might perform gamma shielding or

spectral tailoring of an instrumented target capsule by replacing seven

target rods with a capsule shroud of tungsten, cadmium, or hafnium. With

somewhat reduced shielding, a 25.4-mm-diam (1.0 in.) capsule could be

irradiated. No shielding is planned for the U.S.-Japan instrumented

target capsule.

The proposed configuration for the U.S. -Japan target temperature test

capsule is shown in Fig. 2.10. Typical tensile, fatigue, and TEM specimens

will be produced with 1.016-mm-diam holes through which will pass a multi-

function thermocouple. Specimen holders and helium gaps will be identical

to those used in the JP–1 through JP-8 capsule series. The capsule will

be operated in the HFIR for one or more cycles to obtain the temperature

history for a given cycle and to determine the reproducibility between

cycles. The schedule calls for this experiment to begin in August 1986.

Fig. 2.9. HFIR target region with two capsules.
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2.5 TEM EXAMINATION OF JPCA AND J316 ALLOYS FROM CAPSULE JP-1

The first HFIR specimens to be examined by electron microscopy were

the Japanese prime candidate alloy (JPCA) and Japanese 316 stainless

steels irradiated at 300°C in the JP-1 capsule. The chemical compositions

of the two alloys are given in this report (see Table 3.5). Heat and

mechanical treatments are presented in Table 2.6. The final thickness of

all sheets was 0.254 mm. The 3-mm-diam disks were punched out from the

sheet and irradiated at 300°C for 16 cycles (˜8000 h) to 33,644 MWd in the

JP-1 capsule. Displacement damage and helium content in JPCA and J316

produced 34.0 dpa and 2500 at. ppm, and 33.0 dpa and 2100 at. ppm, respec-

tively. After irradiation, disks for transmission electron microscopy

were thinned with a twin-jet Tenupol

2000FX electron microscopes.

Small cavities were observed in

solution-annealed (SA) and J316 (SA)

all specimens, fine cavities of high

unit and examined using JEM 100CX and

the microstructure of all JPCA

specimen materials (Fig. 2.11). In

concentration were quite uniformly

dispersed throughout the matrix. Quantitative data on cavities are given

in Table 2.7. The ratios of helium concentration for materials calculated

from cavity microstructure to those produced by transmutations are listed

in Table 2.7. The high ratio suggests that most of the observed cavities

may be equilibrium helium bubbles; certainly they are not voids.

The dislocation structure of all specimens consisted of a heavy con-

centration of networks and Frank-faulted loops. Frank-faulted loops were

imaged separately from the network using a high-resolution dark field with

<111> kinematical satellite streaks around g200-type matrix reflections.
2

Dislocation parameters are given in Table 2.8. Regardless of the

metallurgical preconditions, no big difference can be observed among the

specimens examined.

Table 2.6. Heat and mechanical treatment

JPCA J316

Solution annealed (SA) llOO°C X 1 h 1050°C X 0.5 h

Cold worked (CW) 20 and 20% 20%
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J1352

J1420
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Figure 2.12 shows the radiation-produced precipitation in 20% CW

JPCA. The spacing of Moiré fringes of the particles is 1.0 nm, and the

direction of the fringes is perpendicular to <200> reflections of the

matrix, indicating that these particles are MC-type precipitates that have

a cube–on–cube relationship with the matrix. Precipitation has not yet

been observed in J316.
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J1568

Fig. 2.12. Distribution of MC precipitates in JPCA-20% CW after
irradiation in HFIR to 30 dpa at 300°C.

3. ORR SPECTRAL-TAILORING EXPERIMENTS

Spectral-tailoring experiments in the ORR are a part of the program

of U.S.-Japan collaborative testing. The experimental technique was

described in the last annual progress report.1

collaboration, two spectral-tailoring capsules

Capsule MFE–7J, which is irradiated at 330 and

design in which heat transfer is provided by a

Under the U.S.-Japan

are being irradiated.

400°C, is of a conventional

liquid-metal (NaK) medium.

Capsule MFE-6J has an outer region in which the specimens are in contact

with the ORR cooling water at 60°C. The inner 200°C region was especially

challenging.

Since NaK does not wet stainless steel below 300°C, it would not be a

good heat-transfer medium. The design approach selected was to use a

solid piece of aluminum as the heat-transfer medium. Carefully machined

slots in the aluminum were to contain flat tensile specimens; round holes

provided containment for pressurized tubes and TEM disk packets. It was
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also found convenient to put the 60°C region outside the 200°C zone

instead of having one above the other. A schematic representation of

MFE-6J is shown in Fig. 3.1.

3.1 EXPERIMENT OBJECTIVES

When the U.S.-Japan Collaborative Program using spectral-tailoring

capsules was originally conceived (October 1981), the emphasis in the

United States was focused on obtaining an engineering data base for the

next-generation fusion reactor, especially the Engineering Power Reactor

(EPR). Likewise in Japan, the focus was to obtain a data base for the

structural alloy to be used in the Fusion Engineering Reactor (FER).

Low-temperature capsule (60/200°C) experiments in the United States were

especially important because higher temperature data (300/400/500/600°C)

were already being obtained in the U.S. spectral-tailoring capsules MFE-4A

and -4B. Thus, the original objectives were primarily focused on an engi-

neering data base and on a direct comparison of U.S. and Japanese alloys

under the same test conditions.

More recently (˜1984) the focus of the U.S. fusion materials program

has been redirected toward basic fusion materials research leading to the

development of new materials with properties that enhance the economic and

environmental potential of fusion. Low-activation alloys with good irra-

diation properties that are relatively easy to dispose of are especially

attractive environmentally.

The U.S. test matrix for MFE-6J and -7J capsules contains specimens

designed to accomplish both the original and new objectives. Engineering

data are being obtained on type 316 stainless steel, U.S. PCA, and on

HT-9. At the same time, data will be obtained on a variety of research

and low-activation alloys at both ORNL and Hanford Engineering Development

Laboratory (HEDL). Experiments with JAERI specimens are designed to

accomplish both original and new objectives; however, priority will be

given to the engineering data base for the FER. A comparison of results

obtained with MFE-6J and -7J capsules with those of MFE-4A and -4B will

provide the needed direct similarities and differences between U.S. and

Japanese structural alloys.
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The basic studies in the ORNL program are a collaborative effort among

the ORNL Basic Energy Sciences (BES) Radiation Effects Program, Alloy

Development for Irradiation Performance (ADIP), and Damage Analysis and

Fundamental Studies (DAFS). As part of this collaboration, the programs

have initiated an effort to prepare a combined experiment that would

constitute a part of the U.S. side of the U.S.-Japan ORR test. The

experiment consists of a joint effort with the fusion program on studies of

irradiation creep and ceramics irradiation, together with other research

on swelling, microstructural development, and mechanical properties.

3.1.1 Irradiation Creep

Irradiation creep behavior under neutron irradiation of materials

of interest is relatively unknown at low temperatures, such as those

available in this experiment. To our knowledge, there are no data at

temperatures as low as 60 and 200°C. Furthermore, systematic data

covering creep, swelling, and microstructure in high-purity simple alloys

are also lacking. Such data are highly desirable in our theoretical

efforts toward a quantitative understanding of mechanisms of irradiation

creep and, in particular, the relationships of irradiation creep to

swelling.

Four simple alloys in the form of pressurized tubes are used in the

experiment. Also used are tubes of austenitic stainless steel PCA and

ferritic stainless steel HT-9. Corresponding unstressed tubes and TEM

specimen disks are used to provide baseline data on swelling and micro-

structure. The four simple alloys are the ferritic Fe-16Cr and the

austenitics Fe-13Cr-15Ni, Fe-13Cr-35Ni, and Fe-13Cr-15Ni, with titanium

and carbon added.

The ferritic alloy should be particularly interesting at the lower

temperature, since materials of this type exhibit swelling and significant

dislocation evolution at lower temperatures than austenitic alloys. A

high-purity binary alloy was selected to study the irradiation response in

an alloy with a simple preirradiation microstructure, thus facilitating

interpretation of the experiment with modeling. The chromium content was

dictated by the low-corrosion requirements for materials placed in the
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cooling water of the ORR (60°C irradiation). A minimum level of 15%

chromium was suggested to avoid any possible contamination of the reactor

pool. The alloy was arc-melted from starting materials of MARZ-grade iron

(99.99%+) and 10CHROME chromium (99.996%+). For a preliminary test heat

fabricated in the same manner as the final alloy, metallic impurity con-

centrations were less than 5 wt ppm, and the total interstitial impurity

concentration was about 100 wt ppm. Planned postirradiation analyses

included correlation of the creep results with the microstructure.

The simple austenitic alloys were similarly selected to facilitate

understanding of the creep-swelling interaction. Comparisons of the 15Ni

ternary with the 35Ni ternary will provide information on relative creep

rates in two alloys known to exhibit large differences in swelling and

microstructure. In our previous work the 35Ni ternary proved highly

resistant to swelling, whereas the 15Ni ternary swelled readily. The 15Ni

ternary will also provide a good comparison with the creep and micro-

structural behavior of the ferritic alloy. The alloy containing titanium

and carbon is expected to form a fine dispersion of TiC precipitates

during irradiation. This is a microstructural feature that imparts

swelling resistance, as our previous work has shown. Therefore, the creep

response of this swelling-resistant alloy will be of great interest.

The alloys PCA and HT-9 were included to provide further detailed

information on alloys of direct interest for fusion reactor application.

the precipitation of

3.1.2 Embrittlement

Several experiments using SS-3 tensiles have been included to identify

various mechanisms involved in grain boundary embrittlement. The first

experiment addresses the effect of the segregation of Ti, Al, and Si and

on grain boundary strength in both nickel and an

Fe-15Cr-15Ni alloy. A second experiment explores the effects of helium on

grain boundary strength in body-centered cubic (bcc) iron; doping with

boron is used to generate helium. The third experiment explores the behav-

ior of helium in zirconium, a material that is highly resistant to inter-

granular creep cavitation. SS-3 tensile specimens are also included for

a set of both simple and more complex engineering alloys based on the
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Fe-15Cr-15Ni system. The primary objective of these experiments is to

investigate radiation hardening in a set of well-characterized alloys for

which extensive swelling and microstructural data already exist.

3.1.3 Microstructures

Microstructural information from the previously described specimens

will be obtained by analytical electron microscopy. Additional specimens

are included in the form of TEM disks that consist of specimens based on

the B–series and E–series austenitics (previously described) and a series

of high-purity Fe–C and Fe-Cr-C alloys. The austenitics are used to study

phase stability and its interactions with swelling and mechanical property

changes. In particular, the association of cavities with precipitates

and the effects of the precipitate interfacial area on swelling in precip-

itates (such as TiC and Fe2P) are of great interest in controlling

swelling. Ferritic specimens were included to study the effects of carbon

on swelling and dislocation evolution. The dislocation structures are

particularly interesting in ferritic materials. Interstitial dislocation

loops with b = a<l00> are often observed in irradiated ferritic materials,

whereas loops in other bcc materials have b = a/2<111>. The effect of the

a<l00> loops on the nucleation and growth of cavities is not known. The

dose to the onset of swelling in ferritic materials is relatively large

and may result, in part, from the unusual dislocation evolution.

Impurity segregation at the dislocation loops and cavities may also

influence the damage evolution. Carbon, in particular, is known to segre-

gate to {100} planes, as evidenced by observing the effects of carbides on

these planes. In this experiment, the effects of both interstitial carbon

and carbide precipitates will be determined. The alloys with the higher

carbon concentrations approach the carbon levels contained in ferritic

steels and contain precipitates; the alloys with low-carbon concentrations

contain no precipitates. The relatively low irradiation temperatures

(200, 300, and 400°C) complement those in a similar experiment conducted

in the Fast-Flux Test Facility (FFTF). In the FFTF experiment, the same

alloys were irradiated at temperatures of 470 to 585°C. Although the FFTF

experiment was conducted primarily to study high-temperature structures
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the swelling variation, the lower temperatures in the ORR should per-

comparisons of

nucleation.

3.1.4 Ceramics

Ceramics have

dislocation loop structures and early stages of cavity

been proposed for a variety of fusion applications;

however, little irradiation data exists on most ceramics at the fluences

and temperatures of interest. Since the spectral-tailoring capsules offer

the range of fluences (up to 30 dpa) and temperatures (60-400°C) of

greatest interest, it was decided to include selected ceramic materials in

the form of TEM disks in capsules MFE-6J and -7J. The compositions,

forms, and investigators are listed in Table 3.1. Ceramics 1 through 3

and 6 through 7 (Table 3.1) are compositions and forms of direct relevance

to fusion application. Ceramics 4 and 5 will provide additional infor-

mation about the effects of helium on swelling. Helium is produced

either by lithium fissions (composition 4) or by the two-step neutron-58Ni

reaction that produces
56Fe and helium (composition 5). Examination by

TEM after irradiation will provide important data on swelling and micro-

structural changes, and microhardness testing will provide information

about irradiation-induced changes in the fracture toughness.

Table 3.1. Ceramics being irradiated in capsules MFE-6J
and –7J

Number Composition Form Investigator

1 Si3N4 Polycrystalline F. W. Clinard, Jr.
2 MgAlOz Polycrystalline F. W. Clinard, Jr.
3 MgAlOz Single crystal F. W. Clinard, Jr.
4 MgO + 0.1Li Single crystal L. L. Horton
5 MgO + 0.1Ni Single crystal L. L. Horton
6 MgO Single crystal L. L. Horton
7 Al2O3 Single crystal P. F. Becher

3.1.5 Objective of the HEDL Test Matrix

The HEDL test matrix consists of crack-growth specimens, SS-3 tensile

specimens of experimental ferritic alloys, and TEM disks of simple

Fe-Ni-Cr and Fe-Cr-Mn ternaries, together with solute modifications to
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these ternaries. The crack-growth specimens consist of 20%-CW type 316

stainless steel (X-15893) and 25%-CW PCA (K-280). Since these alloys were

irradiated in capsules MFE-4A and -4B, the data can now be expanded over a

wider temperature range. The matrix of tensile specimens consists of a

series of low-activation ferritic alloys with chromium contents between

2.25% and 12%, with V, W, and Mn as alloying additions. These specimens

will provide information on irradiation embrittlement of low-activation

alloys. The TEM disk arrays are designed to explore the swelling behavior

of high-purity Fe-Ni-Cr and Fe-Cr-Mn alloys with and without low-

activation solute additions. The specimens will also provide information

on the fundamental mechanisms of swelling and the effects of helium.

3.1.6 Objectives of the JAERI Program

The primary objective of the Japan Atomic Energy Research Institute

(JAERI) part of the ORR spectral-tailoring capsule is to obtain engi-

neering data on candidate structural materials for the next fusion reactor

in Japan. Major emphasis is placed on the understanding of the irradiation

response of type 316 stainless steel and the Japanese prime candidate

alloy (JPCA) with respect to swelling, irradiation creep, tensile proper-

ties, and fracture behavior. It is expected that JPCA will show more

improved resistance to swelling and helium embrittlement at an elevated

temperature than does type 316 stainless steel. To further enhance its

behavior, JPCA is being tested in the 15% to 20% cold-worked condition

and/or is being heat treated to control solutes and precipitate distribu-

tions. Solution-annealed JPCA

required for blanket assembly,

gas (TIG) method are a part of

A second objective of the

fundamental studies leading to

induced segregation, swelling,

is also being tested. Since welding is

welded joints made by the tungsten inert

the JAERI test matrix.

JAERI test program in the ORR is to conduct

a further understanding of radiation-

embrittlement, and resistance to stress

corrosion cracking. Not only the austenitic stainless steels, but also

ferritic and dual-phase alloys are included. Alloys designated C and K

are compositional modifications to JPCA, with improved resistance to

stress corrosion cracking in water (a possible coolant for next-generation
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fusion reactors). The C and K alloys have lower carbon contents and small

amounts of titanium and/or niobium to compensate for strength reduction.

The nickel and chromium contents are also adjusted to maintain phase sta-

bility. In the case of ferritic steels, 9Cr–2Mo alloys are being compared

with HT-9. One all-martensitic alloy is included to determine the effects

of vanadium and tungsten on HT-9.

The fundamental studies include a series of dual-phase alloys. Since

austenitic alloys suffer helium embrittlement and ferritic alloys show a

ductile-to-brittle transition, an alloy resistant to both phenomena is

being sought. Dual–phase alloys may offer this possibility. Strain-aged

and recrystallized (SAR) austenitic steels are also possibly resistant to

helium embrittlement; these alloys are 50% cold worked and then aged at

650°C for 15 h and at 775°C for 5 h. This treatment reduces the grain

size to ASTM 10-11 and provides many grain boundaries to trap helium. A

pure Fe-Ni-Cr ternary is being irradiated to determine the swelling behav-

ior of simple ternaries; low-activation manganese steels and Incoloy 800

(a good breeder reactor alloy) are also being evaluated.

Because of the limited availability of space, fundamental studies are

limited to TEM disks, and microstructural analysis will be the primary

evaluation technique.

3.2 TEST MATRIX

The test matrix for the MFE-6J and -7J capsules is shown in Table 3.2.

The types of specimens and the source of each are indicated together with

the number to be removed for testing at the 10-, 20-, and 30-dpa levels at

each temperature. The compositions of the alloys are given in Tables 3.3

through 3.5. Specimen descriptions and loading lists are given in the

following sections.

3.3 PRESSURIZED TUBES

Irradiation creep is being investigated through the use of pressurized-

tube specimens. This technique, which was used in the earlier spectral-

tailoring capsules MFE-4A and -B,3 has proven successful at ORNL,4 HEDL,5

and at KRZ Karlsruhe.6 The design of the pressurized tube is shown in
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Table 3.2. Test matrix for the MFE-6J and -7J capsules

Number of specimens
a

Type Source 60 200 330 400

10 20 30 10 20 30 10 20 30 10 20 30

Pressurized
tubes

Tube blanks

TEM disks

SS1 tensiles

SS3 tensiles

Grodzinski
fatigue

Crack growth

Rod tensiles

HFIR fatigue

ORNL
JAERI

ORNL
JAERI

ORNL
HEDL
JAERI

ORNL
JAERI

ORNL
HEDL

JAERI

JAERI
HEDL

JAERI

JAERI

32
6

6
3

2
0
3

9
40

7
17

24

18
6

0

0

32
6

6
3

1
0
0

0
18

8
8

16

0
6

0

0

32
6

6
3

1
0
2

20
12

28
10

16

0
6

0

0

16
10

6
3

2
0
5

10
35

8
17

8

18
6

0

0

16
10

6
3

1
0
0

0
12

8
8

8

0
6

0

0

16
10

6
3

1
0
2

24
12

28
10

8

0
6

0

0

39
6

6
3

6
2
4

11
46

16
15

24

10
0

2

0

39
6

6
3

1
1
0

0
12

0
7

16

0
0

0

0

39
6

6
3

1
1
2

0
18

0
8

16

0
0

2

0

33
6

6
3

7
2
4

13
40

22
15

24

10
0

0

3

33
6

6
3

1
1
0

0
12

0
7

8

0
0

0

0

33
6

6
3

1
1
2

0
12

0
8

8

0
0

0

2

aIrradiated to 10, 20, and 30 dpa.

Fig. 3.2. After fabrication, the tube is placed in a pressure chamber

that has a glass window. The chamber is pressurized with helium gas, and

the pinhole in the end cap is laser welded shut. Weld parameters are cho-

sen to give a full–penetration weld. The Japanese tubes in MFE–6J and -7J

were fabricated at HEDL and have a different end cap weld.

To obtain irradiation creep data, the pressurized tubes are periodi-

cally removed from the reactor, and the diameter profiles are measured.

The average diameter of the central three-fifths of each tube is used in

the creep analysis. A correction for swelling is made based on density

measurements of 6.35-mm-long tube specimens prepared with no end caps.











Fig. 3.2. Pressurized tube design; all dimensions are in millimeters.

Since the tubes are pressurized at a series of different pressures, the

effect of stress at constant fluence can be determined for each alloy.

The fluence dependence can be determined through the periodic examination

of all tubes. The test matrix and hoop stresses for each tube are pre-

sented in Table 3.6.

3.4 TENSILE SPECIMENS

The tensile test matrix for capsules MFE–6J and -7J consists of

SS–1–type specimens from ORNL and JAERI, SS-3-type specimens from ORNL and

HEDL, and a few so-called submini specimens (normally used in HFIR) from

JAERI. Specimen dimensions are shown in Figs. 3.3 through 3.5. The test

matrix is presented in Tables 3.7 through 3.10.

3.5 FATIGUE SPECIMENS

Fatigue specimens (provided by JAERI) are of two types: Grodzinski

sheet specimens and HFIR-type hourglass specimens. Sheet specimens

(Fig. 3.6) can be used for tensile-tensile fatigue or bend testing;

hourglass specimens (Fig. 3.7) are tested in the full tension-compression

mode. The fatigue test matrix is given in Table 3.11.
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3.6 CRACK-GROWTH SPECIMENS

The MFE-6J and -7J capsules contain crack-growth specimens from HEDL

and JAERI. The specimen configuration is shown in Fig. 3.8, and the test

matrix is presented in Tables 3.12 and 3.13. The specimen width shown in

Fig. 3.8 does not apply to specimens

result of capsule design restraints,

10.16 mm. At all other temperatures

shown.

being irradiated at 200°C. As a

the width of these specimens is

the specimen width is 12.70 mm as
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Table 3.11. JAERI fatigue test matrix
in MFE-6J and -7J

capsules
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3.7 TEM DISKS

Transmission-electron-microscopy (TEM) disks are coin-shaped speci-

mens 3 mm in diameter and 0.25 mm thick that are stacked as tightly as

possible into tubular holders with inner diameters of 3.35 to 3.45 mm.

The holders were made of type 6061 aluminum for the MFE-6J capsule and of

type 304 stainless steel for the MFE-7J capsule. For purposes of iden-

tification and because of limited space availability, the TEM tube holders

were of several different lengths, as shown in Table 3.14. Disk packets

were scheduled for removal at the 10-, 20-, and 30-dpa levels. The ORNL

TEM test matrix is given in Table 3.15 , and the HEDL TEM test matrix is

given in Tables 3.16 and 3.17. The JAERI test matrix consists of engi-

neering alloys (Table 3.18) and base research alloys (Table 3.19).
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Table 3.14. Test matrix of TEM disk packets in MFE-6J and -7J capsules
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3.8 CAPSULE ASSEMBLY

The original schedule called for the MFE-7J capsule to be assembled

in March 1985 and installed in the ORR in April. The second capsule,

MFE-6J, was to be assembled in June 1985 and installed in July. Prior to

capsule assembly the specimens had to be placed in the specimen holders.

The specimens, basket parts, and flux monitors for the MFE-7J capsule are

shown in Fig. 3.9. The specimens had to be positioned in the baskets so

that the specimen mass per unit length did not exceed 24.1 g/cm, a limit

set by the maximum allowable gamma heating rate. Assembled baskets are

shown in Fig. 3.10.

During final capsule assembly a leak developed in the primary

bulkhead. The capsule was partially disassembled to repair the leak and

then reassembled. The repairs caused the insertion date to be delayed

until June 27, 1985. In addition, two thermocouples were lost: TE2,

measuring the temperature in the middle of the 330°C region, and TE6 at

the bottom of the 400°C region. Fortunately, there was enough redundancy

in capsule instrumentation so that alternate thermocouples in the central

spine could measure each region.

The MFE-6J capsule was assembled by a different team simultaneously

with the MFE-7J capsule. The specimens were loaded into the appropriate
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holders on schedule. Final assembly was so smooth that assembly and

facility preparation were completed one reactor cycle ahead of schedule.

The experiments were installed in the ORR on June 27, 1985; irradiation

began on June 28, the same time as MFE-7J.

3.9 CAPSULE OPERATION

At start-up, the temperatures in the MFE-7J capsule stabilized at

299°C in the 330°C region and at 380°C in the 400°C region, with a control

gas composition of 100% helium. The top region of the first capsule was

not heated to 330°C so that temperature fluctuations during the cycle due

to control rod movements and the effect of the presence of the Heavy

Section Steel Technology (HSST) experiments in the production support

facility (PSF) could be observed. In the second capsule, average tem-

peratures were 329.1°C in the 330°C region and 394.5°C in the 400°C

region. Observing the temperature gradients in the 330 and 400°C regions,

it was noted that there was an overlap of temperatures; in the 330°C

region there was practically no gradient, whereas in the 400°C region

there was a gradient of 10°C/cm. It was then decided to change the

operating temperature of the 400°C region to an average of 400°C rather

than a maximum of 400°C. This change was initiated on September 20, 1985.

The capsule now operates with a maximum temperature of 330°C in the

upper region and an average temperature of 400°C in the lower region. The

controlling thermocouples are TE3 in the top region (or TEl, whichever

reads the maximum temperature in the region) and TE5 in the lower region,

since it is located in the middle of the region.

Capsule MFE-6J achieved the desired temperatures of 60 and 200°C at

start-up and has operated as expected.

The neutronics analysis of the MFE-6J and -7J capsules

R. A. Lillie of ORNL using flux monitor data obtained by L.

of Argonne National Laboratory. The present operating data

spectral-tailoring capsules are given in Table 3.20.

4. CONCLUSIONS

was done by

R. Greenwood

of the

The second year of the ORNL-JAERI collaborative testing program in

the ORR has been successfully completed. Two HFIR target capsules, JP-1
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and -3, were irradiated beyond 30 dpa, and specimens are being tested.

The other six capsules are still being irradiated in the HFIR. The two

ORR spectral-tailoring capsules (MFE-6J and -7J) were completed and

installed in the core.

The initial test results on U.S. and Japanese PCA alloys and type 316

stainless steel show less than 1% swelling at 30 dpa at temperatures of

300, 400, and 500°C.

Comprehensive microstructural data of JPCA in the SA, 10% CW, and

20% CW conditions, and type 316 stainless steels in the SA and 20% CW

conditions reveal that all of the specimens neutron irradiated in HFIR to

30 dpa at 300°C clearly show a high concentration of fine helium bubbles.

Also, radiation-produced precipitation of MC was observed in JPCA-20% CW

specimens.

The collaborative program has been carried out with a spirit of

cooperation and a fine exchange of technical information and ideas that

yield great benefits to both the United States and Japan.
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