ORNL/ TM 10102
Di stribution
Category UG 20c

METALS AND CERAM CS DI VI SI ON

SECOND ANNUAL PROGRESS REPORT ON UNI TED STATES- JAPAN COLLABORATI VE
TESTING IN THE H GH FLUX | SOTCPE REACTOR AND THE OAK RI DGE
RESEARCH REACTOR FOR THE PERI OD ENDI NG
SEPTEMBER 30, 1985

J. L. Scott, M L. Gossbeck, L. K Mmnsur, A F. Rowliffe,
|. I. Siman-Tov, and K. R Thorns
Cak Ridge National Laboratory

and

M.P. Tanaka, S. Hamada, T. Kondo, and A. Hishinuna
Japan Atonic Energy Research Institute
Tokai -mura, Japan

Date Published - August 1986

Prepared for
O fice of Fusion Energy

Prepared by the
CAK RI DGE NATI ONAL LABORATORY
Cek Ridge, Tennessee 37831
operated by
MARTI N MARI ETTA ENERGY SYSTEMS, | NC.
for the
U.S. DEPARTMENT OF ENERGY SYSTEMS LIBRARIES

under Contract No. DE-AC05-840R21400 Wmﬂlﬂmﬂﬂmﬂmw ",” m ‘,”,””l

3 4456 0069952 7



Printed in the United States of America. Available from
National Technical information Service
U.S. Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161
NTIS price codes—Printed Copy: A04; Microfiche AJ1

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the U nited States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or
represents thatits use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency
thereof.




CONTENTS

| ACKNOW.EDGVENTS

| LIST OF FIGURES .

| LIST OF TABLES|

ABSTRACT|. . . .

| NTRODUCTION .

BACKGROUND .

OBJECTI VES .

SCOPE .

CAPSULES .

PROGRESS AND STATUS .

POSTI RRADI ATI ON' EXAM NATION' OF CAPSULE JP-1
POSTI RRADI ATI ON' EXAM NATI ON OF CAPSULE JP-3
HFI R TEMPERATURE EXPERI NENT .

Wl IN ||

=]
NINIRININE:
Ol ||| N —
pul

ORR SPECTRAL- TAI LORI NG EXPERI MENTS .
EXPERI MENT OBJECTIVES . . .
[3.1.1] Irradiation Creep .
Enbrittlenent o
[3.1.3| Mcrostructure .
[3.1.4] Ceramics .

[3.1.5| Cbjective of the HEDL Test Matrix .
[3.1.6] vj ectives of the JAER Program .
TEST MATRI X .
PRESSURI ZED TUBES .
TENSI LE SPECI NENS .
FATI GUE SPECI MENS .
CRACK- GROWIH SPECI MENS .
TEM DI SKS .
CAPSULE ASSEMBLY .
CAPSULE OPERATI ON .
CONCLUSI ONS.
REFERENCES .

TEM EXAM NATI ON OF JPCA AND J316 ALLOYS FROM CAPSULE JP-1

O© DM PO D D NN e e X

Ol O1 o1 B B W W W N D DD DD N DD PP
Gl W W o W ol NN oo O AR WD PO o ol O



BLANK PAGE



ACKNONLEDGVENTS

The authors of this report would like to acknow edge the help of
Dr. T. C Reuther, DOE, and E. Shirai, JAER, who serve on the Steering
Committee and have provided nuch support in the creation and inplemen-
tation of this collaboration. The authors would also like to thank
Frances Scarboro and Bertie Byrum for preparing the draft of this report
and D. L. Northern of the Metals and Ceranics Division Publications Ofice
for final preparation.



BLANK PAGE



T

N

©O||co ~|| o gl N

w

o
[EEN
o

N
[EEN
=

©

w| |eflw]|le]|w||w] [w] [ef |~
OO\I@U'I#OOI\)I—‘E

o

LIST OF FlI GJRES

Legend

HFI R-JP irradi ati on schedul e .

Postirradiati on exam nation schedule for JP capsul es
(typical)

JP-1 capsule mounted in a chuck prior to naking the first
cut Coe

JP-1 specinen holders during capsule disassenbly .

Hour gl ass fatigue specinmens and TEM hol der after renova
fromJP-1 .

Submini tensile specinmens after renoval fromJP-1 .

CGeneral arrangenent of core target tower and quick access
hatch . .o Co

RB and proposed RB* positions .
HFIR target region with two capsul es .

Proposed configuration for the target tenperature test
capsul e .

Cavity microstructure of (a) JPCA-SA and (b) J316-SA after
irradiation in HFIR to 30 dpa . . Ce e e

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

Cross section of the ME-6J capsule with typlcal t est
speci men | ocations . oo Coe

Pressurized tube design; all dinensions are in
mllinmeters

SS-| tensile specinen .

SS-3 tensile specinmen .

HFI R subnmini tensile specinen .
Grodzi nski fatigue specinen .

Hour gl ass fatigue specinen; all dinensions are in
mllinmeters . .

Crack-growt h specinen;, tabs are welded along the 25.4-nmm
edge followi ng irradiation .

ORR spectral-tailoring capsule M-E-7J specimens prior to
assenbl y. oo

ORR spectral -tailoring capsule M-E-7J specinen assenbly .

Page

11
12
13

14

16

18

20

32
34
34
35
40

40

42

51



BLANK PAGE



Tabl e

N
[EEN

N
N

oo

w
(6]

wl|w| [w| |w|w| [w| | w| |wllw|lef || [Nl ] .
i, Ol |o|IN] | O Al | WIIN]||F ~N| o gl | W
=l R =]

@
[EEN

N

LI ST OF TABLES

Legend

Di spl acements per atom and helium contents in HFIR-JP-1
capsul e.

Di spl acenents per atom and helium contents in HFIR JP-3
capsul e.

Length changes of subnini tensile specimens in HFIR JP-1
capsul e.

I mrersion densities of submini tensile specinens .

Length changes of subnmini tensile specimens in HFIR JP-3
capsul e.

Heat and nechani cal treatnent

Cavity data for JPCA and J316 stainless steels irradiated
in HFIR .

Di sl ocation parameters for JPCA and J316 stainless steels
irradiated in HFIR .

Ceramics being irradiated in capsules MFE-6J and -7J .
Test matrix for the MFE-6J and -7J capsul es .

Alloys in the ORNL test matrix for the MFE-6J and -7J
capsul es . e e e e e
Alloys in the HEDL test matrix for the MFE-6J and -7J
capsul es . C e e e
Alloys in the JAERI test matrix for the MFE-6J and -7J
capsul es . .o . . . .

Test matrix for pressurlzed tubes in MFE-6J and -7J
capsul es .

ORNL SS-1 tensile test matrix in MFE-6J and -7J capsul es .

Test matrix of ORNL SS-3 tensile specinens in ME-6J and
-7J capsul es . .

Test matrix of HEDL SS-3 tensile specinens in ME-6J and
-7J capsules . e e e e
JAERI tensile test matrix in MFE-6J and -7J capsules .
JAERI fatigue test matrix in MFE-6J and -7J capsules .
Test matrix of HEDL crack-growth specinens in ME-6J
capsul e. C e e e e e

10
15

17

17
24
27

. 28

30

. 31

33
36

37

38
39
41

.42



=3
1Y
o
[
o

w

Wl |Ww
=
~N o

w

W
-
o

w
N
o

[
(%]

[y
(> ]

3

w w
[y
&

-

Legend

Description of JAERI crack-growth specimens in MFE-6J and
-7J capsules

Test matrix of TEM disk packets in MFE-6J and -7J
capsules e e e e e e e e e e e e e e e

ORNL TEM matrix for MFE-6J and -7J capsules .

HEDL TEM matrix for MFE-6J

HEDL TEM matrix for MFE-7J

JAERI engineering alloy TEM matrix in MFE-6J and -7J
JAERI basic research TEM test matrix in MFE-6J and -7J

Operating data for the ORR-MFE-6J and -7J experimental
capsules as of September 30, 1985 . e e e

43

44
45
46
47
49
50

54



SECOND ANNUAL PROGRESS REPORT ON UNI TED STATES- JAPAN COLLABORATI VE
TESTING IN THE H G4 FLUX | SOTOPE REACTOR AND THE OAK RI DGE
RESEARCH REACTOR _FOR THE PERI OD ENDI NG
SEPTEMBER 30. 1985*

J. L. Scott, M L. Gossbeck, L. K Mnsur, A F. Rowcliffe,
. 1. Siman-Tov, K R Thorns, M P. Tanaka,t S. Hanada, t
T. Kondo, ¥ and A. Hi shinumaf

ABSTRACT

The second year of the program of U S. -Japan collaborative
testing in the HFIR and ORR has been successfully conpleted.
Two of eight phase-1 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. Mcrostructural data of the JPCA in
the SA, 10% and 20% col d-worked conditions and type J316 in the
SA and 20% col d-worked conditions reveal that all specinens
exam ned 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% col d-worked JPCA.
Swelling of all specimens was |ess than 1%

1. | NTRCDUCTI ON

1.1 BACKGROUND

This report covers the second year of a five-year program of U. S -
Japan col | aborative testing in the Hgh Flux Isotope Reactor (HFIR) and
the Cak Ridge Research Reactor (ORR). In last year’'s annual report'the
i mpl ementing agreenent, the objective and scope, and the facilities being
used were discussed in detail. This report describes the status of the

*Research sponsored by the Ofice of Fusion Energy, U S. Department
of Energy, under Contract No. DE-ACO05-840R21400 with Martin Mrietta
Energy Systens, Inc.

tJapan Atomic Energy Research Institute, Tokai-nura, Japan,
assigned to ORNL.

tJapan Atonic Energy Research Institute, Tokai-nura, Japan.



HFI R capsul es, presents prelimnary postirradiation examnation results
on the first capsules to be conpletely irradiated, and gives a full
description of the test matrix and assenbly of the ORR capsules. It is
a requirenent of the collaboration agreenent that an annual report be

i ssued.

1.2 OBJECTI VES

The objectives of the program are to (1) design, conduct, and eval-
uate joint irradiation experinents in the HFIR and ORR, (2) investigate
the response of Japanese and U S. structural alloys to high levels of
di spl acenents per atom (dpa) and helium content in the HFIR and
(3) investigate the response of U 'S. and Japanese primne-candidate alloys
(PCA and JPCA) to the correct heliumto-dpa ratio in the ORR Wth the
recent change in enphasis of the U.S. fusion program to |onger-range
probl ens, 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-1 HFIR target
capsules to be irradiated to exposures between 30 and 50 dpa at tenpera-
tures in the range 300 to 600°C, and two ORR spectral-tailoring capsul es
to be irradiated to 30 dpa, with interim exanmi nations at 10 and 20 dpa.
Each ORR capsule provides two different irradiation tenperatures, thus
specinens are being irradiated at 60, 200, 330, and 400°C. The program
i ncludes eight phase-1l 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 follow ng sections

2. HFIR CAPSULES

2.1 PROGRESS AND STATUS

A description of the HFIR phase-l1 capsules and the conplete test
matrix was reported previously.’ Two capsules, JP-1 and -3, have

conpleted irradiation, and six capsules are still in the reactor. The



pr esent

irradiation schedule is shown in Fig. 2.1. Damage |evels achieved

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

and 2.2. The specimen descriptions and conpositions were reported
previously. "’
ORNL-DWG 86-8463
U.S. FISCAL YEAR
1984 1985 1986
capsULE [ F[MA[M[J]J]A[s|o[N[D[J]F[mM[a[M[s[J]aTs|o[N]D J]FIM[a[MIuls]ATS
JP —
P2 -
JpP3 — —
JP4 ' 4
JP 5 ' -
JPG [’ ol
w7 -
JP8 4
Fig. 2.1. HFIR-JP irradiation schedule.
Table 2.1. Displacements per atom and helium contents in
HFIR-JP-1 capsule?
Distance Tempe Displace- Helium
pera- {fi-
Position from HP?R ture Alloy Specimen IdenF1f1 ments content
centerline (°c) type cation per atom (at m)
(cm) (dpa) T PP
1 23.20 300 PCA Tensile EL15 15.82 1014
2 18.76 400 PCA Tensile EL21 22.06 1546
3 14.31 500 PCA Tensile EL28 26.97 1964
4 9.59 430 316 Fatigue AAl 29.97 1843
5 4.58 430 316 = Fatigue AA2 32.24 1999
6 0.00 300 J316%  TEM disks 33.03 2116
7 4.58 430 JPCA  Fatigue FE1 32.93 2417
8 9.59 430 JPCA  Fatigue FE2 30.60 2230
9 14.31 500 JPCA  Tensile TB1 26.87 1925
10 18.76 400 JPCA  Tensile TB2 21.98 1520
11 23.20 300 JPCA  Tensile TE1 15.77 1004

4MWd = 33,644; removed from HFIR February 1, 1985.

bThis holder contained several alloys.



Table 2.2. Displacements per atom and helium contents in

HFIR JP-3 capsule?

Distance Tempera- Displace- Helium
Positi from HFIR Specimen Identifi- ments
osition s ture Alloy . content
centerline (°C) type cation per atom (at. ppm)
(cm) (dpa) )
1 23.20 300 PCA Tensile EL30 16.00 1020
2 18.76 400 PCA Tensile EL34 22.32 1559
3 14.31 500 PCA Tensile EC29 27.28 1981
4 9.59 430 316 Fatigue EC152 31.07 2298
5 4.58 430 316 Fatigue AAS8 32.60 2019
6 0.00 300 J316®  TEM disks 33.40 2142
7 4.58 430 JPCA Fatigue FES 33.30 2447
8 9.59 430 JPCA Fatigue FE6 30.95 2258
9 14.31 500 JPCA Tensile TB7 27.17 1950
10 18.76 400 JPCA Tensile TB8 22.23 1541
11 23.20 300 JPCA Tensile TB¢S 15.95 1019

a4MWd = 34,019; removed from HFIR May 28, 1985.

bThis holder contained several alloys.

2.2 POSTI RRADI ATI ON EXAM NATI ON OF CAPSULE JP-1

The steps in postirradiation exam nation (PlIE)

are shown in Fig. 2.2. The upper and |ower ends of

and a typical schedule

capsule JP-1 were

removed with an abrasive cut-off wheel, as shown in Fig. 2.3.

The inner

ORNL-DWG 85-8823
MONTH

TASK 1

3

4

. DISASSEMBLY

. SHIP FLUX MONITORS TO ANL

. SORTING OF DISKS

. LENGTH MEASUREMENTS, TENSILE & FATIGUE
. IMMERSION DENSITIES

. TENSILE TESTS

. FATIGUE TESTS

. SEM FRACTOGRAPHY

. TEM THINNING 8 ANALYSIS

. ANALYSIS OF TEMPERATURE MONITORS

O ® N O 0 & L0 N~

1

O

Fig. 2.2. Postirradiation examination schedule for JP capsules

(typical).
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and outer containment were cut axially the entire length and renoved.
The appearance of the specinmen holders is shown in Fig. 2.4; all areas
were bright and shiny, indicating no water |eakage into the capsule. The
flux nonitors located at the top of holders 3, 5 6, 9, and 11 were iden-
tified and shipped to L. R Geenwod of the Argonne National Laboratory
for analysis. Specimens (Figs. 2.5 and 2.6) were renoved from their
holders by cutting the retainer rings and prying apart the half shells.

Figure 2.5 shows the four hourglass fatigue specinmens and the hol der
containing transm ssion-electron-mcroscopy (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 sone
outgassing occurs during the initial heatup in the reactor, leading to
superficial oxidation at the higher specimen tenperature. Sonewhat greater
oxi dation was observed on tensile specinens irradiated at 500°C (Fig. 2.6).
The two center specinmens were irradiated at 500°C. Specinens irradiated
at 400°C (next to the 500°C specinens) and those irradiated at 300°C were
bright and shiny followi ng the experinent.

Swelling was determined using two nethods: Iength and inmmersion
density measurenent. The two methods serve as checks on each other, but
the immersion density method is more precise for such small specinmens,
since it has a limt of error of about *0.2% change in density. Length
measurenents are listed in Table 2.3; all values are small, probably at or
bel ow the | evel of sensitivity of the nmeasurenment. |nmmersion density
measurenents were nade on the specinmens follow ng renoval of the end spurs,
which were irradiated at a |ower tenperature. Measurenments were nmade on
irradiated and unirradiated specinens in the sane batch to obtain accurate
differences in density between those irradiated and unirradi ated. The
results appear in Table 2.4, Again the values are small, but the highest
swel ling values correspond to the highest tenperatures. Since these
swelling values (0.5 and 0.3% are outside the limt of error of 0.2%
they are considered value nunbers, indicating very |[ow and probably
insignificant swelling.

In other hot-cell work the TEM di sks have been sorted, and equi pment
is being prepared for tensile and fatigue testing.



YPOO1

Fig. 2.4. JP-1 specimen holders during capsule disassembly.



YP0OO5

FE 2,
FE 1,

430 °C
AA 2

AA 1~
TEM 300°C

Fig. 2.5. Hourglass fatigue specimens and TEM holder after removal

from JP-1.

YP0O06

EL15 300°C
EL21 400°C

TB2 400°C
TE1 300°C

Fig. 2.6. Submini tensile specimens after removal from JP-1.



Table 2.3. Length changes of submini tensile specimens
in HFIR JP-1 capsule
. Irradiation Length (mm)
sz;;:§n Alloy Condition?  temperature In§;§ase %! = §%L
n (°c) Initial Final
EL15 PCA B3 300 39.34 39.35 0.02 0.06
EL21 PCA B3 400 39.34 39.46 0.31 0.93
EL28 PCA B3 500 39.34 39.47 0.33 0.99
TB1 JPCA PS2 500 39.39 39.50 0.28 0.84
TB2 JPCA PS2 400 39.38 39.48 0.25 0.75
TE1l JPCA PC2 300 39.37 39.46 0.23 0.69
4B3 = SA at 1100°C + 8 h at 800°C + 25% CW. PS2 = SA at 1100°C. PC2 =
PS2 + 15% CW
Table 2.4, Immersion densities of
submini tensile specimens
Spec imen Irradiation AV (= Ap
e temperature Vo P,
nnumver
(°C) %
ELAS 0
EL15 300 0.013
EL21 400 0.070
EL28 500 0.496
TB134 0
TB1 500 0.302
TB2 400 0.117
TE132 0
TE1 300 0.072
4Control.

2.3 POSTI RRADI ATI ON EXAM NATI ON OF CAPSULE JP-3

Capsul e JP-3 has al so been disassenbl ed. The speci nens had the sane
appearance as those in capsule JP-1. Length neasurenents of tensile speci-
mens are shown in Table 2.5. Testing was interrupted followng the length

measur enent s.
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Table 2.5. Length changes of submini tensile specimens
in HFIR JP-3 capsule

. Irradiation Length (mm)
Specimen Alloy Condition? temperature Inc;;ase
number (°C) Initial Final (
EL30 pcab B3 300 39.34  39.39 0.14
EL34 PCA B3 400 39.34 39.52 0.47
EC29 PCA A3 500 39.35 39.43 0.20
TB7 JPCAC PS2 500 39.41 39.45 0.10
TB8 JPCA PS2 400 39.40 39.46 0.15
TB9 JPCA PS2 300 39.40 39.43 0.08

8A3 = SA at 1100°C + 25% CW. B3 = SA at 1100°C + 8 h at 800°C +
25% CW. PS2 = SA at 1100°C.

bprime candidate alloy.

CJapanese prime candidate alloy.

2.4 HFI R TEMPERATURE EXPERI MENT

An experinment in the U S. -Japan collaborative testing program was
evaluated to deternine the tenperatures in the HFIR target capsule.
Originally this experinent was to be a passive one in which the thernal
expansi on of a gamma heat source would be neasured accurately. The prin-
cipal linmitation to this nethod is that only a peak tenperature at somne
point in the reactor cycle would be neasured; therefore, an active experi-
ment, such as one using thernocouples, was desired

The opportunity for an active experinment became avail able when ORNL
managenent decided to upgrade the HFIR to inprove 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 renovable berylliumregion [called RB star (RB*)
position] just outside the reactor core. One can get an understanding of
the HFIR nodifications by studying the general arrangenent 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 instrunmen-
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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ORNL-DWG 85-18470

QUICK ACCESS
HATCH \ﬁ% 7
|
Z— STRAIGHT ACCESS
PENETRATION FOR
RB* FACILITY
|
f«——— ¢ OF LARGE
N RB* FACILITY
ﬁ )W
1
TARGET TOWER ———————
SHROUD FLANGE 4—%
]
'
UPPER TRACKS
-W Y& Nl
«——— REMOVABLE

! REFLECTOR

o ———— CORE

N SN

Fig. 2.7. General arrangement of core target tower and quick acce
hatch.

provi de straight access for the RB* positions. This access allows one to
rotate the RB* capsules to provide a uniform fluence to all specinens,

even though there is a flux gradient across the capsul e.

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-nm
die RB positions; the right side shows the new arrangenent with the eight
RB* positions. Mdifications to the shroud flange and the upper tracks of

the control plate assenbly are required to conplete the HFIR nodification.
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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 Wth
somewhat reduced shielding, a 25.4-mmdiam (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 tenperature test
capsule is shown in Fig. 2.10. Typical tensile, fatigue, and TEM speci nens
will be produced with 1.016-mmdiam holes through which will pass a multi-
function thernocouple. Specinmen 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 nore cycles to obtain the tenperature
history for a given cycle and to determine the reproducibility between
cycles. The schedule calls for this experiment to begin in August 1986.

ORNL-DWG 85-4662 ETD

PERIPHERAL TARGET
POSITION TYPICAL

HYDRAULIC
TUBE

CAPSULE SHIELD
TUNGSTEN OR
STAINLESS STEEL

LARGE
CAPSULE

SMALL .
cApPsuLE 0654 in-

Fig. 2.9. HFIR target region with two capsules.
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ORNL-DWG 86-1910

TCAT TENTATIVE ARRANGEMENT
Pj REGIONS 1,3,5 GAMMA HEATING TEST
e | REGIONS 2,7 FATIGUE SPECIMEN
REGIONS 4,8 TEM DISKS
1
REGIONS 6,9 TENSILE SPECIMENS
REGIONS 10,11 AVAILABLE FOR EXPERIMENTERS
2
3
4 TENSILE CONTAINERS TEMS
FATIGUE
5
g E N '&
3 N \
6 ™ A N '@g
d1 B SNES
:.‘ :_.‘ O \:‘»ﬁ‘ N
7 RERE NERSY
3A ‘(E:': C»:Sr H‘\:i
R N B
A :.: \VP e x
8 G e
HH NEER
\i b4 \ir-<~[f}>.
| v [
g 5 N ,‘&
9 N'EE
e
3
10
11 NOTE: SPECINEMS HAVE CENTRAL HOLE DRILLED
FOR THERMOCOUPLES TO GO THROUGH
.
g O

Fig. 2.10. Proposed configuration for the target temperature test
capsule.
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2.5 TEM EXAM NATI ON OF JPCA AND J316 ALLOYS FROM CAPSULE JP-1

The first HFIR specinmens to be examned by electron mcroscopy were
the Japanese prime candidate alloy (JPCA) and Japanese 316 stainless
steels irradiated at 300°C in the JP-1 capsule. The chem cal conpositions
of the two alloys are given in this report (see Table 3.5). Heat and
mechani cal treatments are presented in Table 2.6. The final thickness of
all sheets was 0.254 mm  The 3-mmdiam disks were punched out from the
sheet and irradiated at 300°C for 16 cycles (78000 h) to 33,644 MM in the
JP-1 capsule. Displacenent 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 transmssion electron m croscopy
were thinned with a twin-jet Tenupol unit and exam ned using JEM 100CX and
2000FX el ectron m croscopes.

Smal | cavities were observed in the mcrostructure of all JPCA
sol ution-annealed (SA) and J316 (SA) specimen materials (Fig. 2.11). In
all specinens, fine cavities of high concentration were quite uniformy
di spersed throughout the matrix. (Quantitative data on cavities are given
in Table 2.7. The ratios of helium concentration for materials calcul ated
from cavity mcrostructure to those produced by transnutations are listed
in Table 2.7. The high ratio suggests that nost of the observed cavities
may be equilibrium helium bubbles; certainly they are not voids.

The dislocation structure of all specinens consisted of a heavy con-
centration of networks and Frank-faulted |oops. Frank-faulted |oops were
i maged separately from the network using a high-resolution dark field with
<111> kinematical satellite streaks around g,-type matrix reflections.?
Di sl ocation parameters are given in Table 2.8. Regardless of the
metal | urgi cal preconditions, no big difference can be observed anobng the
speci nens exam ned.

Table 2.6. Heat and nechani cal treatnent

JPCA J316

Sol ution anneal ed (SA) [10*C x1 h 1050°C x0.5 h

Col d worked (CW 20 and 20% 20%
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(@) J1420

») 0.0250 pm

Fig. 2.11. Cavity microstructure of (4) JPCA-SA and (b) J316-SA
after irradiation in HFIR to 30 dpa.
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Table 2.7. Cavity data for JPCA and J316 stainless steels

irradiated in HFIR

Displace- T ; Cavity
empera— Helium Average .
; o ment . Density volume a
Specimen Condition damage tgte content Type diameter (cavities/m*) fraction R
(dpa) (°C) (at. ppm) (nm) (%
JPCA SA 34.0 300 2500 Bubble 2.9 1.9 x 1023 0.23 0.6
10% CW 3.0 2.1 x 10%? 0.31 0.8
20% CW 2.6 2.3 x 10%? 0.21 0.5
J316 SA 33.0 300 2100 Bubble 2.7 3.0 x 102? 0.29 0.8
20% CW 2.5 3.5 x 10%? 0.28 0.7
fRatio of calculated helium concentration for specimens from cavity microstructure to that calculated
for transmutation.
Table 2.8. Dislocation parameters for JPCA
and J316 stainless steels irradiated
in HFIR
Dislocation parameters
Specimen Average Number
diameter density
(nm) (m™?)
JPCA SA 11.5 1.2 x 1022
TDA 1nY MW 1n 1 £ w 1n22
Jroan 1V UW 1V 1.9 ~ 1V
JPCA 20% CW 0.6 2.5 x 1022
J316 SA 10.3 1.3 x 1022
20% CW 10.4 1.5 x 1022
Figure 2.12 shows the radiation-produced precipitation in 20% CW
JPCA. The spacing of Miré 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- TAI LORING EXPERI MENTS

Spectral -tailoring experiments in the ORR are a part of the program
of U.S.-Japan collaborative testing. The experinental technique was
described in the last annual progress report.’ Under the U.S.-Japan
col l aboration, two spectral-tailoring capsules are being irradiated.
Capsul e MFE-7J, which is irradiated at 330 and 400°C, is of a conventional
design in which heat transfer is provided by a liquid-netal (NaK) medium
Capsul e MFE-6J has an outer region in which the specinens are in contact
with the ORR cooling water at 60°C. The inner 200°C region was especially
chal | engi ng.

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 alumnum as the heat-transfer medium Carefully nachined
slots in the alumnum were to contain flat tensile specinmens; round hol es
provi ded containment for pressurized tubes and TEM di sk packets. It was
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al so 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 EXPERI MENT OBJECTI VES

Wien the U S.-Japan Collaborative Program using spectral-tailoring
capsul es was originally conceived (COctober 1981), the enphasis in the
United States was focused on obtaining an engineering data base for the
next-generation fusion reactor, especially the Engineering Power Reactor
(EPR).  Likewi se in Japan, the focus was to obtain a data base for the
structural alloy to be used in the Fusion Engineering Reactor (FER).
Lowtenperature capsule (60/200°C) experiments in the United States were
especially inportant because higher tenperature data (300/400/500/600°C)
were already being obtained in the U S. spectral-tailoring capsules ME-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.

Mre recently (-1984) the focus of the U S fusion naterials program
has been redirected toward basic fusion materials research leading to the
devel opment of new nmaterials with properties that enhance the econom ¢ and
environnmental potential of fusion. Lowactivation alloys with good irra-
diation properties that are relatively easy to dispose of are especially
attractive environmentally.

The U S. test matrix for ME-6J and -7J capsul es contains specinmens
designed to acconplish both the original and new objectives. Engineering
data are being obtained on type 316 stainless steel, US. PCA and on
HT-9. At the same tine, data will be obtained on a variety of research
and lowactivation alloys at both ORNL and Hanford Engineering Devel opnment
Laboratory (HEDL). Experiments with JAER specimens are designed to
acconplish 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 ME-4A and -4B will
provide the needed direct simlarities and differences between U S. and
Japanese structural alloys.
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The basic studies in the ORNL program are a collaborative effort anong
the ORNL Basic Energy Sciences (BES) Radiation Effects Program All oy
Devel opnent for Irradiation Perfornmance (ADIP), and Danmge Analysis and
Fundamental Studies (DAFS). As part of this collaboration, the prograns
have initiated an effort to prepare a conbined 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 ceranics irradiation, together with other research
on swelling, microstructural developnment, and nechanical properties

3.1.1 Irradiation Creep

Irradiation creep behavior under neutron irradiation of nmaterials
of interest is relatively unknown at |ow tenperatures, such as those
available in this experinent. To our know edge, there are no data at
temperatures as low as 60 and 200°C. Furthernore, systematic data
covering creep, swelling, and mcrostructure in high-purity sinple alloys
are also lacking. Such data are highly desirable in our theoretica
efforts toward a quantitative understanding of nechanisns of irradiation
creep and, in particular, the relationships of irradiation creep to
swel l'i ng

Four sinple alloys in the form of pressurized tubes are used in the
experinent. Also used are tubes of austenitic stainless steel PCA and
ferritic stainless steel HI-9. Corresponding unstressed tubes and TEM
speci nen disks are used to provide baseline data on swelling and nmicro-
structure. The four sinple 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 |ower
tenperature, since nmaterials of this type exhibit swelling and significant
di sl ocation evolution at |ower tenperatures than austenitic alloys. A
high-purity binary alloy was selected to study the irradiation response in
an alloy with a sinple preirradiation microstructure, thus facilitating
interpretation of the experiment with nmodeling. The chronium content was

dictated by the lowcorrosion requirements for materials placed in the
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cooling water of the ORR (60°C irradiation). A mininum level of 15%
chromi um was suggested to avoid any possible contanination of the reactor
pool. The alloy was arc-nelted from starting nmaterials of MARZ-grade iron
(99.99%) and 10CHROME chromium (99.996%). For a prelimnary test heat
fabricated in the same nmanner as the final alloy, netallic inpurity con-
centrations were less than 5 w ppm and the total interstitial inpurity
concentration was about 100 wt ppm  Planned postirradiation analyses

i ncluded correlation of the creep results with the microstructure.

The sinple austenitic alloys were sinmlarly selected to facilitate
understanding of the creep-swelling interaction. Conparisons of the 15N
ternary with the 35N ternary will provide information on relative creep
rates in two alloys known to exhibit large differences in swelling and
m crostructure. In our previous work the 35N ternary proved highly
resistant to swelling, whereas the 15Ni ternary swelled readily. The 15N
ternary will also provide a good conparison with the creep and micro-
structural behavior of the ferritic alloy. The alloy containing titanium
and carbon is expected to forma fine dispersion of TiC precipitates
during irradiation. This is a microstructural feature that inparts
swel ling 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.

3.1.2 Enbrittlenent

Several experinments using SS-3 tensiles have been included to identify
various nechanisns involved in grain boundary enbrittlement. The first
experiment addresses the effect of the segregation of Ti, A, and Si and
the precipitation of «” on grain boundary strength in both nickel and an
Fe-15Cr-15N 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 experinent explores the behav-
ior of heliumin zirconium a material that is highly resistant to inter-
granular creep cavitation. SS-3 tensile specinmens are also included for
a set of both sinple and nore conplex engineering alloys based on the
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Fe-15Cr-15Ni system  The primary objective of these experinments is to
investigate radiation hardening in a set of well-characterized alloys for
whi ch extensive swelling and microstructural data already exist.

3.1.3 Mcrostructures

Mcrostructural information from the previously described specinmens
will be obtained by analytical electron nmicroscopy. Additional specinens
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 Fe,P) are of great interest in controlling
swelling. Ferritic specinmens 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<l 00> | oops 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 |oops and cavities my also

i nfluence 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 experinent, the effects of both interstitial carbon
and carbide precipitates will be determned. The alloys with the higher
carbon concentrations approach the carbon levels contained in ferritic
steels and contain precipitates; the alloys with |owcarbon concentrations
contain no precipitates. The relatively low irradiation tenperatures
(200, 300, and 400°C) conplenent those in a simlar experiment conducted
in the Fast-Flux Test Facility (FFTF). In the FFTF experinent, the sane
alloys were irradiated at tenperatures of 470 to 585°C. Although the FFTF
experiment was conducted primarily to study high-tenperature structures
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and the swelling variation, the lower tenperatures in the ORR should per-
mt conparisons of dislocation loop structures and early stages of cavity

nucl eati on.
3.1.4 Ceram cs

Ceramics have been proposed for a variety of fusion applications;
however, little irradiation data exists on nost ceramcs at the fluences
and tenperatures of interest. Since the spectral-tailoring capsules offer
the range of fluences (up to 30 dpa) and tenperatures (60-400°C) of
greatest interest, it was decided to include selected ceranmic materials in
the form of TEM disks in capsules MFE-6J and -7J. The conpositions,
forms, and investigators are listed in Table 3.1. Ceranmics 1 through 3
and 6 through 7 (Table 3.1) are conpositions and forns of direct relevance
to fusion application. Ceramics 4 and 5 will provide additional infor-
mati on about the effects of heliumon swelling. Helium is produced
either by lithiumfissions (conposition 4) or by the two-step neutron-*Ni
reaction that produces *Fe and helium (conposition 5). Exami nation by
TEM after irradiation will provide inportant data on swelling and nmicro-
structural changes, and microhardness testing will provide information

about irradiation-induced changes in the fracture toughness.

Table 3.1. Ceramics being irradiated in capsules ME-6J

and -7J
Nunber Conposi tion Form I nvestigator
1 Si ,N, Pol ycrystal line F. W dinard, Jr.
2 MyAl O Pol ycrystal line F. W Cinard, Jr.
3 MyAl O Single crystal F. W dinard, Jr.
4 MO + 0. 1Li Single crystal L. L. Horton
5 MO + 0. 1N Single crystal L. L. Horton
6 MO Single crystal L. L. Horton
7 Al O, Single crystal P. F. Becher

3.1.5 hjective of the HEDL Test Matrix

The HEDL test matrix consists of crack-growth specinens, SS-3 tensile
speci nens of experimental ferritic alloys, and TEM disks of sinple

Fe-Ni-Cr and Fe-Cr-Mi ternaries, together with solute nodifications to
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these ternaries. The crack-growh specinens 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
wi der tenperature range. The matrix of tensile specimens consists of a
series of lowactivation ferritic alloys with chromum contents between
2.25% and 12% with V, W and M as alloying additions. These specinens
will provide information on irradiation enbrittlement of |owactivation
alloys. The TEM disk arrays are designed to explore the swelling behavior
of high-purity Fe-N-C and Fe-Cr-M alloys with and without |ow
activation solute additions. The specimens will also provide information
on the fundamental nechanisms of swelling and the effects of helium

3.1.6 bjectives of the JAERI Program

The primary objective of the Japan Atom c 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. Mjor enphasis is placed on the understanding of the irradiation
response of type 316 stainless steel and the Japanese prinme candidate
alloy (JPCA) with respect to swelling, irradiation creep, tensile proper-
ties, and fracture behavior. It is expected that JPCA will show nore
i mproved resistance to swelling and helium enbrittlement at an el evated
tenperature than does type 316 stainless steel. To further enhance its
behavior, JPCA is being tested in the 15% to 20% col d-worked condition
and/or is being heat treated to control solutes and precipitate distribu-
tions. Solution-annealed JPCA is also being tested. Since welding is
required for blanket assenbly, welded joints nade by the tungsten inert
gas (TIG nethod are a part of the JAER test matrix.

A second objective of the JAERI test programin the ORR is to conduct
fundanental studies leading to a further understanding of radiation-
induced segregation, swelling, enbrittlenment, and resistance to stress
corrosion cracking. Not only the austenitic stainless steels, but also
ferritic and dual -phase alloys are included. Aloys designated C and K
are conpositional nodifications to JPCA, wth inproved 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 |ower carbon contents and snall
amounts of titanium and/or niobiumto conpensate for strength reduction.
The nickel and chrom um contents are also adjusted to maintain phase sta-
bility. In the case of ferritic steels, 9C-2M alloys are being conpared
with HT-9. One all-martensitic alloy is included to determine the effects
of vanadi um and tungsten on HT-9.

The fundarmental studies include a series of dual-phase alloys. Since
austenitic alloys suffer helium enbrittlement and ferritic alloys show a
ductile-to-brittle transition, an alloy resistant to both phenonmena is
being sought. Dual -phase alloys may offer this possibility. Strain-aged
and recrystallized (SAR) austenitic steels are also possibly resistant to
helium enbrittlenent; 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 deternmine the swelling behav-
ior of sinple ternaries; |owactivation nmanganese steels and Incol oy 800
(a good breeder reactor alloy) are also being eval uated.

Because of the linmited availability of space, fundamental studies are
limted to TEM disks, and microstructural analysis will be the primry

eval uation technique.

3.2 TEST MATRI X

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 nunber to be renoved for testing at the 10-, 20-, and 30-dpa |levels at
each tenperature. The conpositions of the alloys are given in Tables 3.3
through 3.5. Specinen descriptions and loading lists are given in the

foll owi ng sections.

3.3 PRESSURI ZED TUBES

Irradiation creep is being investigated through the use of pressurized-
tube specinmens. This technique, which was used in the earlier spectral-
tailoring capsules ME-4A and -B,*has proven successful at ORNL, ‘HEDL,°®

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

Nurber of speci mens’

Type Sour ce 60 200 330 400

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

Pressuri zed ORNL 32 32 32 16 16 16 39 39 39 33 33 33
t ubes JAER 6 6 6 10 10 10 6 6 6 6 b b

Tube bl anks ORNL 6 6 6 6 6 6 6 6 6 6 6 6
JAER 3 3 3 3 3 3 3 3 3 3 3 3

TEM di sks ORNL 2 1 1 2 1 1 6 1 1 I 1 1
HEDL 0 0 0 0 0 0 2 1 1 2 1 1
JAER 3 0 2 5 0 2 4 0 2 4 0

SS1 tensiles  ORNL 9 0 20 10 0 24 11 0 0 13 0 0
JAER| 40 18 12 3% 12 12 46 12 18 40 12 12

SS3 tensiles  ORNL 7 § 28 8 § 28 16 0 0 22 0 0
HEDL 17 § 10 17 8§ 10 15 7 § 15 7 8

Grodzi nski JAER 24 16 16 8 8 8 24 16 16 24 8 8

fatigue

Crack growth  JAERI 18 0 0 18 0 0 10 0 0 10 0 0
HEDL 6 6 6 6 6 6 0 0 0 0 0 0

Rod tensiles  JAER 0 0 0 0 0 0 2 0 2 0 0 0

HFIR fatigue  JAER 0 0 0 0 0 0 0 0 0 3 0 2

Irradiated to 10, 20, and 30 dpa

Fig. 3.2. After fabrication, the tube is placed in a pressure chanber
that has a glass window. The chanber 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 renoved fromthe reactor, and the dianeter profiles are nmeasured
The average dianeter of the central three-fifths of each tube is used in
the creep analysis. A correction for swelling is made based on density
measurenents of 6.35-mmlong tube specinmens prepared with no end caps
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Fig. 3.2. Pressurized tube design; all dimensions are in mllineters.

Since the tubes are pressurized at a series of different pressures, the
effect of stress at constant fluence can be determned for each alloy.
The fluence dependence can be determined through the periodic exam nation
of all tubes. The test matrix and hoop stresses for each tube are pre-
sented in Table 3.6.

3.4 TENSI LE SPECI MENS

The tensile test matrix for capsules MFE-6J and -7J consists of
SS-1-type specimens from ORNL and JAERI, SS-3-type specinens from ORNL and
HEDL, and a few so-called submni specimens (normally used in HFIR) from
JAERI.  Specinmen dimensions are shown in Figs. 3.3 through 3.5. The test
matrix is presented in Tables 3.7 through 3.10.

3.5 FATI GUE SPECI MENS

Fatigue speci mens (provided by JAERI) are of two types: G odzinski
sheet specinmens and HFI R-type hourglass specimens. Sheet specinens
(Fig. 3.6) can be used for tensile-tensile fatigue or bend testing;
hour gl ass specimens (Fig. 3.7) are tested in the full tension-conpression
mode. The fatigue test matrix is given in Table 3.11.
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Table 3.6. Test matrix for pressurized tubes in
MFE~6J and ~7J capsules

60°C 200°C 330°C 400°C
Alloy Condition Source Identi- Stress Identi- Stress Identi~ Stress Ideati- Stress

fication (MPa) fication (MPa) fication (MPa) fication (MPa)

PCA 20% CW ORNL FA-1 0 FA-2 0 FA-1 0 FA-2 0
PCA 20% CW ORNL FA-51 50 FA-59 50 FA-33 50 FA-O1 50
PCA 207 Cw ORNL FA-36 100 FA-48 100 FA-19 100 FA-32 100
PCA 20% CW ORNL FA-53 150 FA-62 200 FA-27 200 FA-10 200
PCA 20% Cw ORNL FA-58 200 —---—- - FA-34 200 FA-05 300
pCA 20% CW ORNL FA-24 200 ———— -—- FA-08 300 FA-12 400
PCA 20% CW ORNL -— — e -— FA-28 400  me—ee -—-
HT-9 a ORNL SA28-1 0 SA28-2 0 SA-1 0 SA-2 0
HT-9 a ORNL SA-54 100 SA-21 200 SA-09 50 SA-58 50
HT-9 a ORNL SA-49 200 SA-30 400 SA-56 100 SA-37 100
HT-9 a ORNL SA-17 200 —— -— SA-05 200 SA-32 200
HT-9 a ORNL SA-41 280 —— - SA~-16 200 SA-53 300
HT~9 a ORNL SA-55 280 ——— ——- SA-01 300 SA-03 400
HT~9 a ORNL SA-24 300 ——— -— SA-33 300 SA-31 400
----- -—= -— -— SA-38 400 —— -—

1B SA ORNL CA-1 0 CA-2 0 Ca-1 0 CA-2 0
1B SA ORNL C3-A4 5 Cl~A6 5 Cl-A0 5 C5-A2 5
1B SA ORNL Cl1-A3 10 C2-A6 10 Ch4-Al 10 C3-A6 10
1B SA ORNL C3-A0 30 C4-A9 30 C3-Al 20 C4—-A2 20
1B SA ORNL C3-A5 30 =e-—- -—= Cl-a9 27 C2- 44 30
1B SA ORNL C3-49 60 ———— -— . C4-A6 30 C3-A2 40
18 SA ORNL —— ——- ————— == C4-A3 40 Cl—-Al 40
2B SA ORNL Ch~-1 0 CB-2 0 CB-1 0 Cb~2 0
2B SA ORNL C2-B8 5 C3-B2 5 C5-B3 5 C4-B4 5
2B SA ORNL C2-B6 10 CI-B3 10 C4-B9 10 C3-B4 10
2B SA ORNL C2-BS 30 C3-Bl 30 C4-BS 20 C4~B2 20
2B SA ORNL C2-B9 30 —— - €3-83 20 C4~B0O 30
2B SA ORNL Cl-B6 50 ———— - C5-Bl 30 C5-80 30
2B SA ORNL C3-B0 50 —— -— C3-B9 30 C4-B6 40
2B SA ORNL C1-BS 60 ——— -—- C5-B5 40 ———== -
. 3B SA ORNL CcC-1 Q 0 CcC-1 0 cc-2 0
3B SA ORNL Cc1-c9 50 20 C1-C5 10 C1-CO 10
3B SA ORNL C4-C2 100 50 Cc2-C9 20 C3-C4 20
3B SA ORNL C3-Cl 150 100 C1-C2 50 C€3-C6 50
3B SA ORNL C€2-C5 150 —-— Cc3-C7 100 c2-C7 50
3B SA ORNL === —-— — c3-C8 100 C4-C3 100
3B SA ORNL ~  ————- - - C4-C9 150 —=--- -
3B SA ORNL ——— - - €3-C3 150 ————— -
SA SA ORNL S1A5-1 4] S1-AS 0 SXAX-1 0 SXAX-2 0
SA SA ORNL S3-A7 10 S3-AS 20 52-43 10 S1-a0 10
SA SA ORNL S1~A9 20 S2~-A7 80 S2-46 20 01 20
SA SA ORNL S2-A5 20 —_—— —-— S1-A6 50 S2-44 50
SA SA ORNL S2-A2 50 —-— -—= S3-A0 50 S2-40 80
SA SA ORNL S1~A8 100 ———- -—= S1-A2 80 Si-Al 100
SA SA ORNL ===~ — _———— —-— Si-A7 100 ————— -
J-316 SA JAERT 4] 3813-2 0 3st1-1 0 3s11-2 0
J-316 SA JAERI 100 35-00 80 35-04 100 35-03 100
J-316 SA JAERI 180 3s5-02 100 38-07 120 35-06 130
J-316 SA JAERL —— 35-05 130 ——— — —— -
J-316 SA JAERL -— 3s-10 150 ——— —— mmee- -—=
J-316 20% Cw JAERI 3C12-1 0 ©3C12-2 0 3C10-1 0 3C10-2 0
J-316 20% CW JAERI 3C-11 100 3C-05 200 3c-03 200 3C-04 200
J-316 20% CW JAERI 3C-08 200 3¢-09 300 3C-06 350 3c-07 - 400
JPCA SA JAERI 0 PS14-2 0 PS1l-1 0 PS11-2 0
JPCA’ SA JAERL 100 PS-00 100 PS-03 100 PS-04 100
JPCA SA JAERL 180 PS-02 130 PS-10 150 PS-07 150
JPCA SA JAERT b PS-05 160 === - ——— -
JPCA SA JAERL - PS-09 180 ————— - ——— -~

aTempered martensite,
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Fig. 3.3. 8SS-1 tensile specimen.
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Fig. 3.4. SS-3 tensile specimen.
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Fig. 3.5. HFIR submini tensile specimen.

3.6 CRACK- GROANTH SPECI MENS

The MFE-6J and -7J capsules contain crack-growth specinmens from HEDL
and JAERI. The specinen configuration is shown in Fig. 3.8, and the test
matrix is presented in Tables 3.12 and 3.13. The specinen width shown in
Fig. 3.8 does not apply to specimens being irradiated at 200°C. As a
result of capsule design restraints, the width of these specinens is
10.16 mm At all other tenperatures the specinen width is 12.70 mm as
shown.
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Table 3.7. ORNL SS-1 tensile test matrix in MFE-6J and
-7J capsules
Specimen identification

Alloy Condition dpa

60°C 200°C 330°C 400°C
316 SS SA 10 AM-09 AM-04 AM-06 AM-12
316 SS SA 10 AM-05 AM-10 AM-07 AM-08
316 SS 20% Cw 10 B1-16 AM-22 AM-26 AM-25
316 S8 20% CW 10 B1-25 AM-28 AM-14 AM-13
316 SS 20% CW 10 B7-23 B5-5 AB-107 B1-17
316 8S 20% Cw 10 C1-5 AB-26 B1-15 C1-10
316 SS 20% CW 10 B4-7 B1-5 B7-15 B5-12
316 SS 20% CwW 10 AM-18 C1-17 B5-10 B7-21
316 SS 20% CW 10 AM-15 B7-9 B4-12 B7-2
316 SS 20% CW 10 - B4-23 C1-23 B4-10
316 SS 20% CwW 10 -—— - B7-22 B4-21
316 SS 20% Cw 10 —— ——— —— B5-23
316 SS 20% CwW 10 -— - — AB-87
B1 SA 30 B1-08 B1-07 == ===
B2 SA 30 B2-08 B2-07 W - ==
B3 SA 30 B3-08 B3-07  ————— ==
B5 SA 30 B5-08 B5-07  -——— ==
B6 SA 30 B6-08 B6-07  -————— -
B7 SA 30 B7-08 B7-07  -—— -
B9 SA 30 B9-08 B9-07  —-——— ==
B10 . SA 30 B10-08 B10-07 - ——— -
B11 SA 30 B11-08 B11-07  ———— ==
B12 SA 30 B12-08 B12-07 === -
B13 SA 30 B13-08 B13-07  ——— ==
E-1 SA 30 E1-08 E1-07 === e
E-2 SA 30 E2-08 E2-07 @ ~——=— @ ==
E-3 SA 30 E3-08 E3-07  —-—m— @ =
E-4 SA 30 E4-08 E4-07  ————— =
E-5 SA 30 E5-08 E5-07  ———— @ ==
E-6 SA 30 E6-08 E6-07  ————— e
E-8 SA 30 E8-08 E8-07  —-————
E-9 SA 30 E9-08 E9-07  -———— = -
E-10 sA 30 E10-08 E10-07  -————= = o
E-11 SA 30 - E11-07  -——~-—= = ———-
E-12 SA 30  -—— E12-07  -———— = -
E-13 SA 30 - E13-07  -—— = -
E-14 SA 30 W -——- E14-07  —-———— = ==
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Table 3.10.

JAERI tensile test matrix in MFE~6J and -7J capsules
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Specimen Identification

_Specimen Identification

A1 1A Oanddrian Ana auw 'y nn na
ALy TmmAbETROOTRE 60°C 200°C 330°C 400°C Mloy Condition  dpa 60°C 200°C 330°C  400°C
JPCA 15% CW 10 DL-36 DL-3 DL-7 DL-19 JPCA SA 10 CL-42 CL~7 CL-19
JPCA 15% CW 10 DL-37 DL-4 DL~-8 DL-20 JPCA SA 10 CL-43 CL-8 CL-20
JPCA 15% CwW 10 DL-38 DL-5 DL-9 DL-21 JPCA SA 10 CL-55 CL-9 CL-21
JPCA 15% CW 10 ——— DL-6 DL-10 DL-22 JeCcA SA 10 CL-46 CL-10 CL~-22
JPCA 15% W 10 —— DL-45 DL-11 DL-23 JPCA SA 10 CL-47 CL-11 CL-23
JPCA 15% CcW 10 — DL~46 DL-12 DL-24 JPCA SA 10 ——— CL-48 CL-12 CL-24
JPCA 15% CW 20 DL-39 DL~47 pL-13 DL-25 JPCA SA 20 CL~36 CL-49 CL-13 CL-25
JPCA 15% Cw 20 DL-40 DL-48 DL-14 DL-26 JPCA SA 20 CL-38 CL-50 CL-14 CL-26
JPCA 15% CwW 20 DL~41 DL-49 DL-15 DL-27 JPCA SA 20 CL~39 CL-51 CL-15 CL-27
JPCA 15% CW 30 DL~42 DL~-50 DL-16 DL-28 JPCA SA 30 CL~40 CL-52 CL-16 CL-28
JPCA 15% CW 30 DL-44 DL-52 DL-17 DL-29 JpCA SA 30 CL~4} CL-53 CL-L7 CL-29
JPCA 15% CW 30 ——- DL~-53 DL-18 BL-30 JPCA SA 30 —-—— CL-54 CL-18 CL-30
J3i6 20% CW 10 FL-31 FL-39 FL-13 FL-1 316 SS SA 10 EL~33 EL-43 EL~1 EL-14
J316 20% CW 10 FL-32 FL-40 FL-14 FL-2 316 sS SA 10 EL~34 EL-44 EL-2 EL-15
J3ié 202 CW 10 FL-33 FL=42 FL-15 FL-3 316 S8 SA 10 EL~36 EL-46 EL-3 EL-16
J3le 20% CW 10 —— FL-43 FL-16 FL-4 316 SS SA 10 EL-47 EL-4 EL-17
J316 20Z CW 10 m———— FL-44 FL-17 FL-5 316 SS SA 10 EL-48 EL-5 EL-18
J316 20% Cw 1 —— FL-55 FL-18 FL-6 316 SS SA 10 ——— EL-49 EL-6 EL-19
J316 20% CwW 21 FL~34 FL-46 FL-19 FL-7 316 SS SA 20 EL~37 EL-50 EL-7 EL-20
J316 202 Cw 20 FL-35 FL-47 FL-20 FL-8 316 SS SA 20 EL~38 EL-51 EL~8 EL-21
J316 20% Ccw 20 FL-36 FL~-50 FL-21 FL-9 316 SS SA 20 EL~39 EL-52 EL-9 EL-22
J316 20% Cw 30 FL-37 FL-51 FL-22 FL-10 316 S8 SA 30 EL~40 EL-53 EL-10 EL-23
J316 20% CW 30 FL-38 FL-52 FL-23 FL~11 316 SS Sa 30 EL~41 EL-54 EL-11 EL-24
J316 20% CW 30 —— FL-53 FL-24 FL-12 316 SS SA 30 ——— EL-55 EL-12 EL-25
316 SS SA 30 16 24 24 24
JPCA 15% CW JU] ——— ——— TE-29
Jeca {(HFIR type) 10 —— TE-30 J316 SAR 10 HL-6 © HL-8 HL~1 HL-3
JPCA (HFIR type) 30 TE-31 J3le SAR 10 HL-7 HL-9 HL-2 HL-4
JpCA (HFLR type) 30 TE-32 -—
Dual Phase SA 10 IL-6 IL-8 IL-1 1L-3
Jpca 252 CW 10 GL-6 GL-1 ———- (K) SA 10 IL-7 1L-9 IL-2 IL-4
Jeca 25% CW 19 GL-7 GL-2 —
JPCA 25% CW 10 GL-8 —— ———= ——— All Martensite Heat Tr. 10 ML-6 —— ML-1 ML-3
All Martensite Heat Tr. 10 ML-7 -— ML-2 ML-4
JPCA 25% Cw 29 GL-9 ———— ——— .-
JPCA 25% CW 20 GL-10 ——— ———— -——- J3té SA, TIG (W.J.) 10 ELW-1 ELW-3 ———= ——
JPCA 254 CW 20 GL-11 — —-— — J31i6 SA, TIG (W.J.) 10 ELW-2 ——— ———- ===
JPCA 25% CW 30 GL=12 -——— GL-3 J316 CW, TIG (W.J,) 10 FLW-1 FLW-7 ——— ——
Jpca 25% CW 30 GL-13 —— GL-4 J3le CuW, TIG (W.J,) 10 FLW-6 —_— - -
JPCA Aged 10 DLA-6 -——- DLA-1 —— Jilé SA, EB (W.J.) 1O JL-6 JL-8 Ji-1 Ji-3
JPCA Aged 10 DLA~7 ——— DLA-2 ————— J316 SA, EB (W.J.) 10 JL=-7 JL-9 JL-2 JL-4
JPCA Aged 10 DLA~8 ———— ——— -—--
J316 SA, TIG (Depo) 10 D-29 - D-17 D-23
JPCA Aged 20 DLA~10 -— J316 SA, TIG (Depo) 10 D~30 — D-i9 D-24
Jpca Aged 20 DLA~11
JPCA Aged 20 DLA~12 —— ——— J316 CW, TIG (Depo) 10 D-57 D-49 D-53
J3le CW, TIG (Depo) 10 D-58 D-50 D-54
JPCA Aged 30 DLA~13 - DLA-3
JPCA Aged 30 DLA~14 —— DLA-4 JPCA SA, TIG (Depo) 10 CLW-13 CLW-5 CLW-9
JPCA SA, TIG (Depo) 10 CLW-14 CLW-6 CLW-10
JPCA SA, TIG (Depo) 10 CLW-15 —— il
JPCA SA, TIG (Depo) 10 CLW-16 ——— == -
JPCA SA, EB (W.J.) 10 KL~6 KL~8 KL-1 KL-3
JPCA SA, EB (W.J.) 10 KL~7 KL-9 KL-2 KL-4
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Fig. 3.6. Grodzinski fatigue specimen.
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Fig. 3.7. Hourglass fatigue specimen; all dimensions are in
millimeters.
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Table 3.11. JAER fatigue test matrix
in MFE-6J and -7J
capsul es
. Specimen Identification

Alloy  Condition dpa 60°C 200°C  330°C  400°C
JPCA 15% cw 10 GFB-30 GFB-44 GFB~1 GFB~15
JPCA 15% cwW 10 GFB-31 GFB-45  GFB-2 GFi~16
JPCA 15% cwW 10 GFB-32 GFB-3 GFB~17
JPCA 15% CW 10 GFB-33 GFB-4 GFB~18
JPCA 15% CW 10 GFB-34 GFB~5 GFE~19
JPCA 15% cw 10 GF3-35 GFb-6 GFE~20
JPCA 15% cW 20 GFB-36 GFB-46 GFB-7 GFB~21
JPCA 15% cwW 20 GFB-37 GFB-47  GFB-8 GFB~22
JPCA 15% cW 20 GFB-38  =—-——- GFE-9  ———-
JPCA 15% W 20 GFB-39 ————- GFB-10  —==ne
Jpca 15% cv 30 GFB~40 GFB-48  GFs-11  GFB~23
JPCA 15% Ccw 30 GFB~41 GFB-49 GFB-12 GFB~24
JPCA 15% cW 30 GFB=42  =m~—- GFB-13  -——-
JPCA 15% cwW 30 I R GFB-14  ==—m-
Jeca 15% CW 10 mmmee mmmmm e FE-9
JPCA Hourglass 10 = —emme e FE-17
JPCA Hourglass 10 ———— ————— meee— FE-18
JPCA 15% CW & 1 J U N FE-19
JPCA Hourglass 30 0 mmmem s memee FE~-31
JpCA SA 10 GFA-30 GFA-1 GFA-15
JPCA SA 10 GFA-31 GFA-2 GFA-~16
JPCA SA 10 GFA-32 GFA-3 GFA-17
JPCA SA 10 GFA-33 GFA-4 GFA-18
Jrca SA 10 GFA-34 GFA-5 GFA-~19
Jeca SA 10 GFa-35 GFA-6 GFA~20
JPCA SA 20 GFA-36 GFA-46 GFA-7 GFA-21
JeCA SA 20 GFA-37 GFA-47 GFA-8 GFA-22
JPCA SA 20 GFa-38 GFA-9 -
JPCA SA 20 GFA-39 GFA-10
JPCA SA 30 GFA-40 GFA-48  GFA-11  GFA-23
Jeca SA 30 GFA-41 GFA-49  GFA-12  GFA-24
JPCA SA 30 GFA-42  ———=- GFA-13  ——=--
Jpca SA 30 GFA-43  ———== GFA-14  ——=me
J316 20% W 10 GFD-30  GFD-44  GFD~1
J3le 20% CW 190 GFD-31 GFD-45 GFD-2
J316 20% Cw 10 GFD-32  ——mm- GFD-3
J316 20% oW 10 GFp-33  ——=-m GFU-4
J316 20% CW 10 GFD-34 GFD=5
J316 20% cw 10 GFU-35 GFU-6
J3l6 20% cw 20 GFD-36 GFD-7
J316 20% W 20 GFD-37 GFD-8
J316 202 cwW 20 GFD-38 GFD-9
J316 207 ¢ 20 GFD-39 GFD-10
J316 20% v 30 GFD-40  GFD-49  GFb-11  GFL-23
J316 202 CW 30 GFD-41  GFU-50  GFD-12
J316 20% CwW 30 GFD~42 GFD-13
J316 20% CW 30 GFD-43 GFD-14
J3l6 SA 10 GFC-30  GFC-44  GFC-1 GFC-15
J316 SA 10 GFC-31  GFC-45  GFC-2 GFC-16
J31e SA 10 GFC-32  =---- GFC-3 GFC-17
J3is SA 10 GFC-33 GFC-4 GFC-18
J3le SA 10 GFC-34 GFC=5 GFC-19
J316 SA 10 GFC-35 ———-- GFC-6 GFC-20
J316 SA 20 GFC-36 GFC-46 GFC-7 GFC-21
J316 SA 20 GFC-37 GFC-47 GFC-8 GFC-22
1316 SA 20 GFC-38  ———m- GFC=9  —=mm-
J316 SA 20 GFC-39  -—--- GFC~10 —————
J316 sA 30 GFC-40 GFC-11  GFC-23
J3i6 SA 30 GFC=41 GFC-12  GFC-24
J316 SA 30 GFC-42 GFC-13
J316 SA 30 GFC-43 GFC-14
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Fig. 3.8. Crack-growth specimen; tabs are welded along the 25.4-mm
edge following irradiation.

Table 3.12. Test matrix of
6

HEDL crack-growth specimens in
MFE-6J capsul

o
<

Specimen Identification

Alloy Condition dpa 60°C 700°C
316 SS 20% CW 10 AH-01 AH-17
316 SS 20% CW 10 AH-02 AH~18
316 SS 20% CW 10 AH-03 -
316 SS 20% CW 20 AH-04 AH-19
316 SS 20% CW 20 AH-05 AH-20
316 SS 20% CW 20 AH-08 -
316 SS 20% CW 30 AH-09 AH-24
316 SS 20% CW 30 AH-14 AH-25
316 SsS 20% CW 30 AH-15 -
PCA 25% CW 10 AT=01 AT=27
PCA 25% CW 10 AT-05 AT-28
PCA 25% CW 10 AT-07 AT-31
PCA 25% CW 20 AT~-15 AT-32
PCA 25% CW 20 AT-16 AT-33
PCA 25% CW 20 AT-17 AT-36
PCA 25% CW 30 AT-19 AT-38
PCA 25% CW 30 AT-20 AT-39
PCA 25% CW 30 AT-24 —
HT-9 Tempered 30 - EH-01
Martensite 30 - EH-03

30 - EH-09
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Table 3.13. Description of JAERI crack-growth specimens
in MFE-6J and ~7J capsules

Specimen identification

Alloy Condition dpa

60°C 200°C 330°C 400°C
JPCA 15% CW 10 CGB-6 CGD-1 CGB-1 CGB-3
JPCA 15% CW 10 CGB-7 CGD-2 CGB-2 CGB-4
JPCA 15% CW 10 CGB-8 CGD-3 —_—— —_—
JPCA 15% CW 10 CGB-9 CGD-4 —_— —_—
JPCA 15% CW 10 CGB-10 CGD-5 —— —
JPCA 15% CW 10 CGB-11 CGD-6 —— —
JPCA SA 10 CGA-8 CcGC-1 CGA-1 CGA-4
JPCA SA 10 CGA-9 CGC-2 CGA-2 CGA-5
JPCA SA 10 CGA-10 CGC-3 CGA-3 CGA-6
JPCA SA 10 CGA-11 CGC-5 —_— —
J316 20% CW 10 CGF-6 CGH-1 CGF-1 CGF-3
J316 20% CW 10 CGF-7 CGH~2 CGF-2 CGF-4
J316 20% CW 10 CGF-8 CGH-3 — —
J316 20% CW 10 CGF-9 CGH-4 — —_—
J316 SA 10 CGE-8 CGG-1 CGE-1 CGE-4
J316 SA i0 CGE-9 CGG-2 CGE-2 CGE-5
J316 SA 10 CGE-10 CGG~4 CGE-3 CGE-6
J316 SA 10 CGE-11 CGG-5 —— —

3.7 TEM DI SKS

Transmi ssion-el ectron-nicroscopy (TEM disks are coin-shaped speci-
mens 3 nmin dianeter and 0.25 mmthick that are stacked as tightly as
possible into tubular holders with inner diameters of 3.35 to 3.45 nm
The hol ders were made of type 6061 al uminum for the MFE-6J capsul e and of
type 304 stainless steel for the MFE-7J capsule. For purposes of iden-
tification and because of limted space availability, the TEM tube hol ders
were of several different |lengths, as shown in Table 3.14. Disk packets
were scheduled for renoval 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 JAER 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 capsul es

Source Length Holder dpa Specimen Identification
(in.) Material 60°C 200°C 330°cC 400°cC
ORNL 0.65 Al 10 A D - ==
ORNL 0.65 Al 20 B E - --
ORNL 0.65 Al 30 C F - -
ORNL 0.50 Al 10 H I - -=
JAERI 1.00 Al 10 J1 J6 - -=
JAERT 1.00 Al 10 J2 J7 - --
JAERI 1.00 Al 10 J3 J8 -= -
JAERI 1.00 Al 10 - J9 - --
JAERI 1.00 Al 10 - J10 - -
JAERI 1.00 Al 30 J4 J11 - --
JAERT 1.00 Al 30 J5 J12 - --=
JAERT .00 SS 10 - -- Jrl Jp7
JAERI 1.00 SS 10 -= - Jp2 Jp8
JAERI 1.00 SS 10 - - JP3 JP9
JAERI 1.00 SS 10 - - JP4 JP10
JAERI 1.00 SS 30 - -— JP5 JPll
JAERI 1.00 SS 30 - - JP6 Jpl2
ORNL 0.75 S8 10 - -- A D
ORNL 0.75 SS 20 - -= B E
ORNL 0.75 SS 30 - -= C F
ORNL 0.75 SS 10 - - G K
ORNL 0.75 SS 10 - - H L
ORNL 0.75 SS 10 - - I M
ORNL 0.75 SS 10 - - J N
ORNL 0.75 SS 10 - - == {Blank)
ORNL 0,50 S8 10 - - A B
HEDL 0.75 SS 10 - -- LB LH
HEDL 0.75 SS 10 - - LBl LH2
HEDL 0.75 SS 20 - - LE LK

HEDL 0.75 SS 30 - - LF LL
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Table 3.16. HEDL TEM matrix for MFE-6J

Specimen identification

Condi- 60°C 200°C
Alloy tion
A B C D E F
(10 dpa) (20 dpa) (30 dpa) (10 dpa) (20 dpa) (30 dpa)

E90 SA TIL4 TIL5 TIL6 TIL7 TIL9 TIMA
E20 SA UBL4 UBLS UBL6 UBL7 UBL9 UBMA
E22 SA UEL4 UELS UEL6 UEL7 UEL9 EUMA
E23 SA UFL4 UFL5 UFL6 UFL7 UFLS UFMA
R58 SA UHL4 UHL5 UHL6 UHL7 UHL9 UHMA
E37 SA UKL4 UKL5 UKLé6 UKL7 UKL9 UKMA
GES SA BBL4 BBLS BBL6 BBL7 BBL9 BBMA
E38 SA UNL& UNL5 UNL5 UNL7 UNL9 UNMA

3.8 CAPSULE ASSEMBLY

The original schedule called for the MFE-7J) capsule to be assenbled
in March 1985 and installed in the ORRin April. The second capsule,
MFE-6J, was to be assenmbled in June 1985 and installed in July. Prior to
capsul e assenbly the specinens had to be placed in the specinen hol ders.
The speci mens, basket parts, and flux nonitors for the MFE-7J capsule are
shown in Fig. 3.9. The specinens had to be positioned in the baskets so
that the specinen mass per unit length did not exceed 24.1 g/cm a limt
set by the maxinum all owabl e ganma heating rate. Assenbled baskets are
shown in Fig. 3.10.

During final capsule assenmbly a |eak developed in the primary
bul khead.  The capsule was partially disassenbled to repair the |eak and
then reassenbled. The repairs caused the insertion date to be delayed
until June 27, 1985. In addition, two thernmocouples were |ost: TE2,
measuring the tenperature in the mddle 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 thernocouples in the central
spine could neasure each region.

The MFE-6J capsule was assenbled by a different team sinultaneously
with the MFE-7J) capsule. The specinmens were |oaded into the appropriate
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Table 3.18. JAERI engineering alloy TEM matrix in MFE-6J and -7J

Abbre-
viated Identification of Tubes Containing Alloy
Alloy Conditiond Name : 60 200 330 400
JPCA SA 1175°C Psl1 Ji, J4 Jg, Ji1 J1, J5 J7, J11
JPCA SA 1100°C PS2 J1, J4 J6, JI1 Jl, J5 J7, Jll
JPCA SA 1050°C PS3 J1, J4 J6, Ji1  J1, JS J7, Jil
JPCA PS2 + 10% cold work PC1 Ji, Jé& J6, Jil Jl, J5 J7, Jii
JPCA PS2 + 20% cold work PC3 Jl, J4 J6, J11 J1, Js  J7, Jli
C SA 1100°C Csl Jl, J4 J6, Jl1 Ji, J5 J7, Jil
C CS1 + 20% cold work CCl1 Jl, J4 Jé, J11 - Jl, J5 J7, Jl1
K SA 1050°C KS1 Jl, J4 J6, J11  J1, J5 J7, Jii
4 KS! + 20% cold work KC1 J1, J4 Jé6, J11  J1, J5 J7, Jil
J316 SA 1050°C SS1 Jl, J4 J6, Jl1 J1l, J5 J7, Jll
J316 SS1 + 20% cold work SC1 Jl, J4 J6, J11 J1l, J5 J7, Jl1
Aged JPCA PC3 + 2 h at 800°C PAl J1l, J4 J6, Jll Ji, J5 J7, Jll
Aged JPCA PC3 + 8 h at 800°C PA2 J2, J4 J7, J12 J2, J6 J8, Ji2
High Ni Alloy I SA 1100°C Ist J2, J4 J7, J12  J2, J6 Jg, J12
High Ni Alloy I 1Ist + 3000 h at 700°C 1Iag J2, Jb J7, J12  J2, J6 J8, J12
High Ni Alloy Q SA 1100°C Qst J2, J5 J7, Jl12 J2, J6 J8, Jl2
High Ni Alloy Q @Qst + 3000 h at 700°C Qag J2, J5 J7, Ji2 J2, J6 J8, J12
Ferritic Steel SA 1050°C + AC Fp1 J2, J5 J7, J12  J2, J6 J8, Ji2
Ferritic Steel FDl + 1 h at 775°C FD2 J2, J5 J7, J12  J2, J6 J8, J12
HT-9 SA 1050°C + AC + FD3 J2, J5 J7, J12  J2, J6 J8, Ji2
1 h at 780°C

J316 TIG weld Matrix SWl J5 J8 J3 J9

J316 TIG weld HAZ SW2 J5 J8 J3 J9

J316 TIG weld Bond SW3 J5 J8 J3 J9

J316 TIG weld Deposit SwW4 J5 J8 J3 JS

SAR (type 304) A SRI Jz, J5 J7, Jl2 J2, Jé J8, J12
SAR (type 316) B SR2 J2, J5 J7, 12 J2, J6 Jg, Ji2
High Mn 1 SA 1050°C MS1 J3 J9 J4 J10
High Mn 2 SA 1050°C MS2 J3 J9 J4 J10

SN 1 SA 1050°C SAl — J7,J12  J2, J6 J8, Jl12
SN S SA 1050°C DP1 J2, J5 J7, J12  J2, Jé6 J8, J12
Dual phase A SA 1050°C DP2 J3 J8 J3 J9
Dual phase B SA 1050°C DE3 J3 J8 J3 JS
Dual phase C SA 1050°C DP4 J3 J8 J3 J9

Dual phase D SA 1100°C DP5 J3 J8 J3 J9

Dual phase E SA 1050°C DP6 J3 J9 J3, Jb4 J9, J10
Dual phase K SA 1050°C DP7 J3 —— J4 J10
Dual phase G SA + 5 h at 1200°C DP8 J2 J9 J4 J10
Dual phase I SA+ 4 h at 1200°C DP9 J2 J9 J4 J10
Dual phase J SA + 1 h at 1200°C DP10 J3 J9 J4 J10

All martensite C AMi J4 JS -— J7, Jii
Incoloy 800 SA at 1120°C INL J4 J9 -——— J7, Jl1
HP 12 Ni SA at 1200°C HP1 J4 J9 —— J7, Jli
HP 35 Ni SA at 1200°C HP2 J4 J9 —_— J7, Jil
HP 50 Ni SA at 1200°C HP3 Jé J9 — J8, Jil

8A: SA — 1080°C + 50% CW + 15 h at 575°C + 5 h at 775°C.
B: SA— 1150°C + 50% CW + 15 h at 650°C + 5 h at 775°C.
C: SA—1050°C + AC+ 1 h at 775°C + AC.
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Table 3.19. JAERI basic research TEM test matrix in MFE-6J and -7J

Abbre- Identification of Tubes
Alloy Composition Condition v;::l:d Contalaing Alloy
(60°C) (200°¢) (330°C) (400°C)

Fe—0.055C-0.5351~1 .88Mr—0.024P~0.009 5— 20% cw upl J3 J10 Jb J10

15427 Ni—15.80Cr—2 .66 Mo—0 .24Ti—~0.00328—

0.0039N
Fe—0.056 C~0.7451~0 . 20 M0 ,008 P—0 . 006 5~ SA 1050°C + 1 h 775°C UF1 J3 J10 J4 Ji0

1.37 Ni—8 .86 Cr—2 , 46 Mo—~0 ., 06 Nb—0 . 0069 N
Fe—22Cr—>5 .5N1—3Mo—0.1N~0.02C SA 1050°C UILl J3 J1o Ja Ji0
Fe—14 ,5Cr—16 Ni~2 .5Mo—0 .006N—0.003C SA 1050°C U12 J3 J10 J4 J10
Fe—14 .5Cr—16Ni~2 .5Mo—0 .007N—0.054C SA 1050°C U13 3 J10 J4 J1o
Fe—14 .5Cr—16Ni~2,5M0—0.076N0.061C SA 1050°C ul4 J3 J10 Jb J1o
Fe—16Cr—15N1—2.5M0—0.00880.001C—0.1P SA 1050°C UI5 J3 J10 J4 J10
Fe9Cr-1Mo—0.2Zr0.05Y SA 1000°C + 1 h 780°C UYl J3 J10 J4 J10
Fe-9Cr—1Mo—0.22r—0.2V-0.05Y SA 1000°C + 1 h 780°C UY2 J3 Jio Ja J10
Fe—9Cr-2 ,M0—0.22r—0.2V~0.05Y SA 1000°C + 1 h 780°C  UY3 J3 J10 J4 J10
Fe—9Cr—~2Mo—0.2Zr—0.05Y SA 1000°C + I h 780°C UY4 J3 J10 J4 J10
Fe—~7Cr~1 .5M0—0.2Zr0.2V—0.05Y SA 1000°C + 1 h 780°C  UYS J3 J10 J4 J10
Fe—15Cr—16N1 SA 1050°C UK1 J3 J10 J4 J10
Fe—15Cr—-16N1—0.25T1 SA 1050°C UK2 13 J10 Jb J10
Fe—15Cr—16N1—0,25T1—0.06C SA 1175°C UK3 J3 J10 Jb Jio
Fe—]5Cr—16N1i~0.06C SA 1050°C UN1 I3 J10 Ja Ji0
Fe—15Cr—16N{+—0,.2Nb—0.06C SA 1050°C UN2 J3 Jio J4 J10
Fe—15Cr—16N1i~0.1Nb~0.06C SA 1050°C UN3 J3 J10 J4 J10
Fe SA UAL J3 J10 Jb J10
Ni SA UA2 J3 J10 J4 J10
Cu SA UA3 J3 J10 Jb J10
Au SA Ua4 J3 J1o Jb J10
Al SA UAS J3 J10 J4 J10
Mo SA uaé J3 J10 Jb J10
Nb SA ua7 J3 J10 J4 J10
Al-0.l at. % Si SA UBl J3 J10 Jb Jio
Cu—0,2Ni SA UB2 J3 J10 J4 J10
Ni—0.2Cu SA UB3 J3 J10 J4 J10
Al—0.1 at. % Mg SA UB4 J3 J10 J4 J10
Al-0.1 at. % Li SA UBS J3 Jio Ja J10
Al-0.l1 at. Z Mn SA UBé J3 J10 Jb J1o
v SA 1000°C UTl J3 J10 J4 J10
V—0.2T1 SA 1000°C UT2 J3 J10 J4 J10
Fe~31N{—3T1 SA 1000°C uul J3 J10 Jb J10
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ORNL PHOTO 2367-85

Fig. 3.9. ORR spectral-tailoring capsule MFE-7J specimens prior to
assembly.
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hol ders on schedule. Final assenbly was so snmooth that assenbly and
facility preparation were conpleted one reactor cycle ahead of schedule.
The experinments were installed in the ORR on June 27, 1985; irradiation
began on June 28, the sane time as ME-7J.

3.9 CAPSULE OPERATI ON

At start-up, the tenperatures in the ME-7J) capsule stabilized at
299°C in the 330°C region and at 380°C in the 400°C region, with a control
gas conposition of 100% helium The top region of the first capsule was
not heated to 330°C so that tenperature fluctuations during the cycle due
to control rod novenents and the effect of the presence of the Heavy
Section Steel Technol ogy (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. Cbserving the tenperature gradients in the 330 and 400°C regions,
it was noted that there was an overlap of tenperatures; in the 330°C
region there was practically no gradient, whereas in the 400°C region
there was a gradient of 10°Ccm It was then decided to change the
operating temperature of the 400°C region to an average of 400°C rather
than a nmaxi mum of 400°C. This change was initiated on September 20, 1985.

The capsule now operates with a maxinum tenperature of 330°C in the
upper region and an average tenperature of 400°C in the | ower region. The
controlling thermocouples are TE3 in the top region (or TEl, whichever
reads the maximum tenperature in the region) and TE5 in the |ower region,
since it is located in the niddle of the region.

Capsul e MFE-6J achieved the desired tenperatures of 60 and 200°C at
start-up and has operated as expected.

The neutronics analysis of the MFE-6J and -7J capsules was done by
R A Lillie of ORNL using flux monitor data obtained by L. R G eenwod
of Argonne National Laboratory. The present operating data of the
spectral -tailoring capsules are given in Table 3.20.

4. CONCLUSI ONS

The second year of the ORNL-JAERI collaborative testing program in
the ORR has been successfully conpleted. Two HFIR target capsules, JP-1
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Table 3.20.

Operating data for the ORR-MFE-6J and -7J

experimental capsules as of September 30, 1985

NRDRD_MLEL_& T
UARTIIP LT OU

Insertion date 6/28/85 6/28/85
Exposure, Mwh 52,419.8 52,419.8
Equivalent full power days? 72.8 72.8
Thermal fluence, neutrons/m? 1.46 + 25b 1.76 + 25
Total fluence, neutrons/m? 5.03 + 25 6.08 +25
Displacements per atom {dpa) 1.22 1.48
Helium, at. ppm® 3.15 4.44

4Full power for ORR is 30 MW.
by .46 + 25 is read as 1.46 x 1025,

CHelium and dpa values are for type 316 stainless
steel.

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 (ME-6J and -7J) were conpleted and
installed in the core.

The initial test results on U S. and Japanese PCA alloys and type 316
stainless steel show |ess than 1% swelling at 30 dpa at tenperatures 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.
Al so, radiation-produced precipitation of MC was observed in JPCA-20% CW
speci mens.

The col I aborative 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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