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ABSTRACT i

1n

This report describes a set of experiments undertaken using a 2 MW
test reactor, the UBR, to qualify the significance of fluence rate to !
the extent of embrittlement produced in reactor pressure vessel steels j
at their service temperature. The test materials included two ' :

reference plates (A 302 5 A 533 5 steel) and two submerged arc weld
deposits (Linde 80 Linde 0091 welding fluxes). Charpy V (C ),y ;

tension and 0.5T.CT compact specimens were employed for notch
,

'

;,,

ductility, strength and fracture toughness (J.R curvg determingions, !,

respecgvely. Ta fluence rates were 8 x 10 6 x 10 andn/cm-s*{get ,

29 x 10 Specimen fluences ranged from 0.5 to :.

3.8 x.1019 n/cm , E > 1 MeV. '

,

,

The data describe a fluence-rate effect which may extend to power
reactor surveillance as well as test reactor facilities - now in use, j
The dependence of embrittlement sensitivity on fluence rate appears to
. differ for plate and weld deposic materials. Relatively good.
agreement in fluence rate effects definition was observed among the - e

three test methods.
;

,
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1. INTRODUCTION |
1

ne present investigation was undertaken with the objective of l
qualifying, under closely controlled experimental conditions. the l
influence of radiation exposure rate on embrittlement accrupt in I

reactor pressure vessel (RPV) stools. The question of fl.uence. rate or
dose rate effects on radiation. induced embrittlement in nuclear
service has its origins in tha 1950's when accelerated irradiation

;

exposures were first applied to study end.of. life (20L) nuclear
service effects. Materials testing reactors such as the MTR and ETR .

in Idaho, the LITR and ORR in Tennessee and the UBR and UCRR in New |
York have been vehicles for high fluence. rate exposures of reactor !
structural materials including RPV steels. In these reactors. I

radiation exposures of a few weeks or a few months in duration can )equal projected EOL fluemis for commercial power reser vessels or,
|internals . Whether or not the same magnitude of % mage' would ba j

exhibited by materials irradiated under " fast" versus ' slow" fluence J

recognized uncertainty by the 1960's. |accumulation conditions was a
,

i This uncertainty was one key reason that power reactor vessel i
surveillance programs were undertaken. To guide such efforts, ASTM E |
185: Standard Practice for conducting Surveillance Tests for
Light. Vater. cooled Nuclear Power Reactor Vessels was drafted.

1

i Early investigations of fluence. rate effects, using test reactor I
experiments, did not reveal a significant influence of this exposure I

variable on steel property changes. For example, Harries and Eyre .' j
(Ref. 1) compared the effects of a 100:1 difference in exposure rate |

at an irradiation temperature of less than 200'c and found no apparent i
difference in the strength elevation with increasing fluence rate. J

| The use of a low exposure temperature precluded thermal contributions !
| from the result. The fluence was on the order of 13 * 10gdifyipsj n/cm . Nonetheless, strength changes were appreciable and |ufficient for their analyses. One limitation of the data set was the !ehort time frame of the lowest fluence. rate exposure (about 200 *

hours). Unlike the indication of these data, data derived from power :
,

reactor aurveillance programs compared recently to test reactor datia |
banks do provide indications of a fluence. rate effect or a ;
tiwa.at. temperature effect, or a combination of both. In most {
instances, the data bank information does not offer a 1:1 comparison ;

for a specific material. Rather, the fluence. rate effect is inferred |

from comparisons of material trends depicting embrittlement tendencies !for exposures in the two reactor types. In a few cases, correlation. i
monitor materials such as the ASTM A 302.B reference plate (Ref. 2) or i

Plates of the Heavy Section Steel Technology Program (HSST Plates 01,
02 or 03) were included in the surveillance program and permit a )
bridge to other irradiation tests. Unfortunately, such data do not !

cover a broad fluence range. In turn, a basis for a critical test of ;

fluence. rate contributions is not provided. !

t

A further impediment to testing for fluence. rate effects is the
general tie between fluence. rate level and neutron spectrum.
Decoupling these two factors experimentally is, difficult if not ;

impossible. (Harries and Eyres solved this problem by having their |
reactor operated at three power levels.) Progress made in neutron I

l

|
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metrology in recent years offers partial solutions to this probles.
Calculations of actual neutron spectra conditions, for example, are
new available. Their use replaces the former practice of assuming a |

fission spectrum neutron energy distribution. Also, the exposure |
unitt displacements per atom (dpa) has been developed as a measure of
damage production potential and is an alternative to non. weighted
measures such as fluence E > 1 MeV or fluence E > 0.1 MeV for

|1rradiation comparisons and descriptions. To the extent possible, !
both measures of neutron exposure are reported here. One reason is i
that significant portions of data in existing banks are referenced to j
fluence . E > 1 MeV, only. The reporting of neutron exposure in both !
frameworks is consistent with ASTM recommendations (Ref. 3) |

This report presents MEA findings to date from its exploratory study
for validating fluence rate as an exposure variable. It is noted here
that one long ters (3.7 year) experiment of the original matrix is
still under irradiation for the NRC; results from this experiment are j

expected in 1991. i
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2. 0& JECT!YE !
|

|

The general objective was to clarify and confirm the significance of |fluence rate for the NRC's projection of fracture resistance changes I,

in RFV stools by irradiation at their service temperature, nominally !

288'c (550'F) . The research plan was to test the influence for three jfluence levels: one (herein termed ' low") corresponding to early ,

vessel life; a second (termed " intermediate *) corresponding
*

approximately to the inflection of the embrittlement versus fluence
curve, and the last (termed 'high") corresponding to mid. vessel life j
measured at the inner wall surface of the vessel. (Target fluence

levels were dictated in part by the fluence obtaigle in a fog year
program.k2 Targgtn/cm.s*{1uencerates were: 8 9 x 10 5 6 x 10 and,

8 9 x 10 The lowest target value corresponds [approximately to the upper end of the range for PWR vessel service; '
,

the highest target value corresponds to that level equated with (in core experiments in many materials testing reactors. j,

Fluence rate effects were to be judged independen .. '.y from: (1)
relative change in notch ductility determined with the Charpy V (C )y
test method, (2) the relative change in tensile strength determined ,

with 5.74 mm Sage diameter tensile specimens, and (3) relative change [in fracture toughness (K), and J.R curve) as defined with 12.7 mm i
thick (0.5T.CT) compact specimens. I

The plan called for the use of reference plates and welds having a f
hi h copper content to assure a relatively.high radiation tS
embrittlement sensitivity. High copper content materials 'aro commonly |
found in older. vintage RPV's and primarily are the source of present
concerns over the fracture resistarw of these structures,

i
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3. MATERIALS AND 1RRADIATION MATILIX

!Four materials were selected for investigation (Table 1), h A 302 8 ;
plate is the ASTM correlation monitor material which has seen |
optonsive use in test and power reactor irradiation programs as a jreference material. N A 533 5 plate represents the steel. ,

composition. chosen for more recent RFV construction in the U.S. A. and>

abroad. Copper contents (- 0.24 Cu) are illustrativw of 'high copper
content * plates from non improved steelmaking production (Ref. 4). j
he plates were arbitrarfly coded 23F and 230, respectively, for ready r
idotification, j,

ne submerged arc welds were made with unde 80 welding flux or Linde
0091 welding flux and were coded V8A and V9/., respectively. These i

fluxes ' represent the two generic types used in ILPV construction in the |
U.S.A. Velds made with Linde 80 tend to have a low as. fabricated C, !

upper shelf energy (USE) level (80120 J); welds made with Linde 0091 i
or Linde 124 tend to have a high as. fabricated C, USE t poster than !
150 J) . Both welds were made commercially, using the same lot of .

welding wire. Only the welding flux (d) type differed. Accordingly, |a direct test of the significance of welding flux type to irradiation ibehavior could be accomplished. Copper contents of the weld deposits '

(~ 0.356 Cu, target) were derived primarily from the copper cladding [i

of the welding wire. j
1

Specimens were removed from the A 302 5 plate and the A 533 5 plate to
represent the L.T (longitudinal, strong) and T.L (transverse, weak) ,

test orientation, respectively. Those from the welds were aligned to I

have the plane of fracture parallel to the welding direction and !
perpendicular to the voldoent surface, h weld sampling region was ;
in accordance with ASTM Standard Practice E 185. Depending on i
specimen type, the A 533 3 samples were removed in two or three layers r

brack+ ting the 1/4T thickness plane. For the A 302 8 plate, the C *
y

and tensile . specimens were taken from me layer located just above the
| 1/2T plane of the plate. N CT specimens were removed in one layer

immediately beneath the C,l,
' and tensile specimens. The use of the 3/8 ;

to 5/8T location materia instead of the preferred 1/4f location {material was with NRC concurrence and was diennd by the current
.[

'

shortage of ASTM reference plate material we + hide. (Note: The
adjoining 1/4T and 3/4T material was consumed in the performance of :

the NRC's LVR.SDIP Study (Ref. 5)). !

| Table 2 shows the irradiation test matrix for the materials. To date,
data have been developed for all experiment assemblies except UBR 49 i

whose irrdiation is still underway.
|

'
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TABLE 1 Chemical Compositions of the Reference Flates and Submerged Arc Weld Depeelts

| Chemical Composition (Weight-Fercent)
*

! Material Code C Mn Si F S Ni Cr No Ce Se.

i
A 302-5 Plate 23F 0.24 1.34 0.23 0.011 0.023 0.18 0.11 0.51 0.21 0.037

*A 533-B Flate 23G 0.22 1.40 0 19 0.017 0.006 0.63 0.19 0.54 0.20'
...

S/A Weld USA O.079(ein)b 1.27 0.71 0.010 0.012 0.55 0.10 0.42 0.37 0.002
(Linde 80 () 0.096(max) 1.36 0.79 0.017 0.019 0.68 0.13 0.50 0.42 0.004

S/A Weld U9A 0.19 (ein) 1.21 0.23 0.006 0.005 0.64 0.10 0.49 0.35 0.003
'

(Linde 0091 4) 0.19 (enx) 1.27 0.23 0.012 0 010 0.77 0.11 0.50 0.43 0.004,

* Not analyzed

b Range (ein/ max) observed, multiple test locations in 1.83-e long weld some
2

4
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TABLE 2 Irradiation Matrix
{.-

hNeutron Tluence Rate
,

Target
Matertal Fluence" High !nteruediate Low

1( (x 10 ') (9 x 1012) (6 x 1011) (8'x 1010)

; A 302 5 0.5 UBR.65c UBR.44 URR.38
1.0 UBR 75 UBR 46 ...

2.0 UBR 76 UBR 45 ...

S/A Weld
I (Linde 80 () 0.5 UBR 65 UBR.44 UBR 49 d

1.0 UBR 75 UBR 46 ...

2.0 UBR.76 UBR.45 ...

A 533 5 0.5 UBR 77 UBR.38...

S/A Weld
d(1.inde 0091 d) 0.5 UBR 77 UBR.49...

(In. Core) (Core. Edge) (Reflector)

2
| * n/cm , g > g g,y

b 2n/cm .s'1, E > 1 MeV

c Irradiation assembly number
d UBR.49 (irradiation in progress).

|
|

I
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4. MATERIA!J IRRADIATION j

fThe reacter chosen for the irradiations was the USR reacter at the
Buffalo Materials Research Center (SMRC). he BNRC is located on the
campus of the State University of New York at Buffalo. The UER is a
2 MW pool. type test reactor having a low fuel enrichment (~ 6 percent)

|
comparable to that of power reactors. Easy access for instrumented
(lead type) experimental assemblies and a capability for irradiating
several assemblies at different fluence rates simultaneously were ,

factors in its choice. The general arrangement of the MEA experiment [
'facilities relative to the fuel core is illustrated in Fig. 1.

The in.cge fagiligies (54 and C2) provide a nominal fluence rate of ,

8 9 x 30 n/cm.s*;thgeatghegoreedgeprovidedtheintermediatefluence rate of 5 6 x 10 n/cm .s* . MEA experiments for the in core
and the coro edge facilities are designed to use gamma heating to {
attain the desired specimen irradiation temperature, in this case t

1 288'C. Accordingly, sample temperatures drop automatically (to about i

50'C) whenever the reactor is shut down. The reflector region
facility (a drf standpipe) provided the lowest fluence rate.' Here,
the target temperature is achieved primarily by resistance heaters !

located external to the specimen assembly. The control |
instrumentation reduces specimen temperatures during reactor [

| outages. Proper e*andpipe position relative to the fuel lattice for {' the target fluence rate was established in advance using a " dummy" ;

I assembly.
|

Irradiation periods to attain a fluence of 0.5 x lod n/cm are about f2

2, 27 and 175 weeks for the three respective exposure locations. !

Because of the slow flueng accupulation in the standpipe, only a j
target fluence of 0.5 x 10 n/cm was included in the irradiation |
natrix. Each assembly typically was rotated by 180 des in the j

irradiatioft facility at least once during the in. reactor residence |

| period for fluence balancing across the specimen array. ;

F

Neutron spectrum conditions in the three facilities have been ;

calculated for MEA (NRC) by outside laboratories. Calculations by i

Hanford Engineering Development Laboratory (HEDL) for the in core !-

facilities are given in Ref. 6 and 7. Those by the Institut fur i

Kerntechnik und Energiewandlung eV (IKE) for the core. edge and !
reflector region facilities are given in Ref. 8. Fluence (E > 1 MeV) {
measurements employed iron and nickel wire dosimeters placed within j
the specimen arrays. Most assemblies also included cocalt. aluminum, i
silver aluminum and uranium dosimeters to supplement the results from !iron and nickel. Irradiated dosimeters are analyzed routinely for MEA !by EGM Idaho, Inc. (J. W. Rogers). The levels of uncertainty it i

assigns to fluence rates by iron, nickel and eseU analyses are, '

respectively, i 8, i 7 and i 5 pe,rcent at the la confidence level. -

exclusive of uncertainties associated with the actual spectrum 1

averaged cross sections of the irradiation fields or burnout of the
reaction products of interest.

>

Figure 2 through 17 show the specimen loadings in the individuag ;capsules of each irradiation assembly. Neutron fluences, n/cm i

1 >

| (text continues on pg. 25) g
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Assembly UBR-38 (Capsule Al elevation view). Ave rage neutron .

fluence v alue s , ba sed on iron dosimetry , are shown in this |
figure and Figure 3 to Figure 17. De te rminations based on -

2 38U d os ime t ry , a re al so shown whe re available . |
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O 23F 230 23F 23G 23f AA AA 23G23F 23G 23F 23G

95 121 45 ft 35 v v v v 10 85 5 55 5 l a te*y Tetet Flooece, etee
y h y yl i

0.47 0.55 0.65 0.56 are oesi.e ry

|
0.55 0.59

.

.. -

F% . 3 Placement of 0.5T-CT compact specimens in Irradiation Aseeably W R-38 (Cepoisle 5;
elevation view).
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I,T0tol Fluence, n/em2 18x 10
I(fe 00sinetry)

A cme ssA 23F s8A 23F W8A |'UBR-44 29e 105 28S 4P 27: ,

23F V8A 48A 23F 23F' *ft 0.76 i

(135 8' 318 45 141

WBA 23F V8A 23F #8A !.

327 146 317 MM 279 ;

23F W8A 23F W8A 23F * FC 0,78 i
* 181 342 6 337 93 |

V8A W8A 23F 23F dea
285 39 97 290 |

''

23F 48A d8A 23F 23F I

149 299 308 *T 184
~ F8 0.82 fW8A V8A 23F V8A 48A

282 328 5t 302 307 [
23F 23F 23F W8A 23F t

54 138 3 "' 13 ,

W8A V8A 23F v8A W8A i

174 268 I87 276 293 ,

e 0.8523F 23F 23F V8A 23F ;

195 19? 90 301 100 L

t

|

!
-

,

!-

Cy TENSILE .

- ;-

i

*-

Fig. 4 Pla ce ment of C, and tension test specinans in Irradiation i
Assembly LBR-44 (Capsule A; elevation view).
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UBR-44 -

:

B-CAPSil.E

|
.

; 1. . . F . _e . . ,s . . ..
.

sFe Desseetrys
79 | 1 WeA WsA 2R 23F | | WSA77 I I 22 ?? 74 '! 4 1 1 34

!
0.68 Fe -

------ -- -- --- O|O O|O --- --- --- -- ---

"

.

- Fe 1.1223F W8A 23F W8A23F 23F V8A WeA 23F WsA 23F WeA
58 5t 43 32 2 2 26 28 83 }6 f02 50

V8A 23F
12 117

0.65 Fe -

Fe 1.045 W9A 23F W8A 23F W8A AA AA 23F W9A .23F WeA 23F
16 62 2 39 12 V V V V 187 26 199 47 17

-- ..

-

Fig . 5 Placement of 0.5T-s',T compact specimens 'in Irradiation Assembly IBR-44 (Capsule B; elevation view).- *
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T0t0i Fluence, n/cm2 x 10 ' |1

1

(Fe 00sinstry) |

A* CAP $lLE WBA 23F W8A 23F W8A |UBR.4 303 19t 283 104 275
23F W8A W8A 23F 23F' ~ Fe 3.57 i
40 '**- 304 52 188

V8A 23F W8A 23F WBA |
269 I47 272 MA 291 !,

~ Fe 3.7023F V8A 23F V8A 23F
25 338 139 330 94.

W8A W8A 23F 23F W8A
277 '' 150 46 313*

23F W8A W8A 23F 23F i

|182 329 343 ** 4
~ I8 3.04| W8A W8A 23F W8A W8A j

280 314 7 ?88 266 i

23F 23F W8A W8A 23F
48 190 320 A' 185
W8A W8A 23F 23F W8A .

297 319 98 14 23 |
0 3*b023F 23F 23F W8A 23F 1

43 '"* 91 294 136 I

|

|
'

1

'
_

Cy TENSILE |" ;

:
i

.. |

!
Fig. 6 Placement of and tension test 8pe cime ns in Irradiation

!Assembly IBR-45((Capsule A; elevation view).
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- UBR-45 -

-

!

B-CAPSILE

I

Totot Fivence. a/ce2 , ,,e

tre o... trya
| WSA WBA 23F 23F II W9A23F 1|1 27 77 79 78 11 2919

O|O O|O --- --- --- --- ---
- Fe 3.934.36 Fe

23F W8A 23F W6A 23F 23F kI8A WG A 23F W9A 2F W9A
82 53 189 17 22 22 49 49 59 39 3 39*

V8A 23F
33 44

- 4.I1 Fe Fe 3.63* W9A 23F W8A 23F W8A AA AA 23F W9A 23F W9A23F
23 i'03 43 63 33 ,. v v v v 44 13 97 3 37 *

'

Fig. 7 Flacement of 0.5T-CT compact specimens in Irradiation Assembly (BR-45 (Capansle B; elevatlem view).
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Total Fluence, h/cmi x 1018
.

A cme 'W 8 ^ 23F W8A 23F W8A' UBR-46 :305 96 270 140 315
~ I8 1.41 5

23F W6A W8A 23F 23F
92 '** 300 8 I83 [

;W8A 23F W8A 23F wtA i295 189 284 "' 289
i

+

~ F8 1.502pF W8A 23F W8A 23F [ist 344 99 32t 151
!

IW8A W8A 23F 23F V8A
[287 ** 95 53 267 r

23F WBA W8A 23F 23F
-

|197 273 300 tin i4p
~ I6 1.55 iW8A WBA 23F W8A W8A

331 332 137 339 278 |
L23F 23F W6A WBA 23F

'26 47 3it *' 104 i

W8A W8A 23F 23F V8A ;28i 325 ida di 298
- It I.59 (23F 23F 23F W8A 23F

5 ** 44 292 102 |-

l'

I
.

I
-

Cy TEt6fLE -

I
ummu

t

I'

tFig . 8 Placement of ( and tension test spe cimens in Irradistion '

Asseably 18R-46 (Capoule A; eleyation view).
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UBR-46 -

-

|

B-CAPSlLE

,

I

'
.

Tetet Fivence, n!ce# w 10''

tFe Desseettyl
23F | | WBA weA 23F 23F { I W9A
42 I I 25 75 57 57 1 1 9

-1.71 Fe
-

-- --- --- --- --- O|0 O|O -- -- -- ---
-

Fe 1.57---

23F W8A 23F W6A 23F 23E V.8 A dea 27 WeA 2F W6A
64 15 38 43 4 4 a' 38 99 46 96 52

W8A 23F
35 tot

i,79 pe _ ._. __. ___ -_.-_. -_. _. ._. .-- --
- Fe t.49* W8A 23F WgA 23F W8A AA AA 23FWSA 27 W9A 23F

21 19 31 79 35 V V V v '01 1 111 5 23

-.

.

Fig . 9 Flacement of 0.5T-CT compact specimens in Irradiation Assembly IBR-46 (Capoele E; elevation view).
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UBR-65
.

A-CAPSULE
D051 METER 2 x 10"[ VIRES (4 PLACES) ~

Total Fluence. a/ce
g ,o ,i ,,,,

OpA O|O ?
W 23F 23F V8A V8A 23F TI T85 $ 2y Fe 0.43

4 12 91 8 10- 113 12 abr
O|O OO 3

23F VA V8A 23F 23F V8A IB52~ $ T85 * *

7 20 18 52 89 14 20 52 '; 1.1
O O O|O :-

VA 23F 23F V8A V8A 23F 2T 2I U-
'

24 48 67 30 38 33 48 3 33
23; W8A W8A 23F 23F V8A WBA2J M ( 23s U)(0.52)
72 g 34 108 29 42 (DJA -

Fe 0.61
O|O OIO

h

FILLER
PIECE

-

F%g. 10 Flacement of 0.5T-CT compact specineas la Irradiation Assembly UBR-65 (Capsule A; elevation
view).
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Totol. Fluence, n/cm2 is jx jo
|

(Fe D0simetry) ,1

B* CAPSULE 48A 23F W8A 23F 48A fUBR.65 30, 63 363 i32 383 1

Fe 0.60 '

48A 23F 23F 48A 23F
310 18 114 372 172 !

'23F V8A 23F W8A 48A
15 392 117 412 33'

~ Fe 0.57 |48A 23F 23F 23F 23F .

238 311 68 78- 'MR 177
(0.55) '

23F W8A W8# 98A 23F ;

21 352 tin AA |g4 ;

~ Fe 0.56 ;d8A 23F W8A 48A 23F
348 72 402 374 180

_ ,

W8A 23F W8A 23F W8A e 0.56
;

340 62 365 167 421 !

23F 23F W 8 A,W8A 23F
|'g sn 99 sn? 78

- Fe 0.54 |48A 48A 23F #8A 23F
386 355 121 376 73 ;

23F 23F d8A 23F W8A I
,

| 27 65 369 164 240 |
el 48A 48A 23F d8A 23F ;.

349 358 67 380 198 )
!
i

!
8

:.

Cy TENSILE f
mmm !.

'i
. -

j

r

'o Fig . 11 Pla ce me nt of and tension test spe cimens in Irradiation Assembly UB R-65 :(Capsule 51 ele (vation view).i
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UBR-75
il

.

A-CAPSULE
DOSIMET8 '

7.,a ri.e.e . nic.2 = s o*[ VIRES (4 PLACES)
, <re m s m erys

*

opA ojo !
V 23F 23F V8A V8A 23F FY k~8Af yy - Fe 0.90

'9 68 8 124 116 114 68 124 LU

23F 'OA V8A 23F 23F V8A Fe 0.99-- =
i

! d9 119 104 13 92 128 119 13

l O" O O|O-

| WNA 23F 23F VBA V8A 23F jy Fe t.06
*

134 27 54 129 103 87 27 12 87
e.23F V8A W8A 23F 23F W8A W8A 25 ( U) (1. 03)

31 !g4 139 73 109 144 [11 . 11 - - Fe 1.12
O|O OlO

.

o

FILLER
PIECE

_ - - - . .

Fig. 12 Placement of 0.5T-CT compact specimens in Irradiation Assembly IBR-75 (Capsule A; elevation view).
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Total Fluence, n/cm2 18x 10

(Ft 008!!ttity)
B CAP $llE V8A -23F W8[W 8 A,2,3FUBR 75 384 90 33 i 8 36, .

WBA 23F 23F W8A 23r * Fe 1.09
3 24 49 162 367 til

23FW8A 23F WBA WBA
120398 178 388 368

* FC 1.06WBA 23F 23F 2{ 23F
236 3?' 22 ''- ' 19

g g O'IO323F W8A WBfS 23F
$6 359 dd* * 19
W8A 23F W8A VBA 23F
423 110 44 350 118
WBA 23F VBA 23F W8A 8 I0
594 63 377 175 322
23F 23FW8A V8A 23F
127 '" *" ** 69

~ I8 I 0IWBA dea 23F WBA 23F
404 370 1IS 375 165
23F 23F L'8 A 23F WBA
74 28 590 16 353 _

V8A W8A 23F WBA 23F e 1.00
381 341 92 214 144

|
Z 202 282 102 182
i 32 32 32 32 '? '

-

,

t
'

FILLER 4 4
o PIECE - -

Cy , TENSILE

-.
. . - - - - . - .

Fig . 13 Placement of C, and tension test spe cimens in Irradiation

j Assembly UBR-75 (Capsule B; elevation view).
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UBR-76
-

.

j.

k-CAPSULE
DOSIMETER To,oi pi o..c., ofc.2 x som

[ VIRES (4 PLACES) .s
,p, g , ,,,,,

opA ojo ?
V 23F 23F V8A V8A 23F H TBA yg Fe 1.65i~

=

0 6 9 115 107 112 69 11 9 Ll2

23F ', ' A VSA 23F 23F V8A T85H h T8j Fe 1.87 -=

2 7 1' O 140 14 93 118 110 14 j; tlj"

0 0 0 0 - 3
'

| VNA' 23F 23F V8A V8A 23F HT8f g Fe 2.04=

125 28 51 120 135 88 28 I2n 88 g
23F W8A W8A 23:- 23F V8A WBA 23- was .( U) (2.09)
'32 11 5 121 74 107 135 L D3 .L4. , i.11 Fe 2.24=

olo oTo 9
h.

FILLER
PIECE

_ _ _ _ - _
.

Fig . 14 Placement of 0.5T-CT compact specimens in Irradiation Assembly UBR-76 (Capsule a; elevation
,

j view).
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2 18
'

Total Fluence. n/cm x 10
*

(Fe Desimetry) ;

B-CAPSULE ~l8 A 23F V8A 23F W8AUBR-76 --

36o 9i 333 200 362

f* " Fe 2,32V8A 23F 23F W8A 23F
416 50. 163 371 80 ;

23F W8A 23F V8A W85 i

129 410 17S 400 379 !

~ Fe 2.25
' '

W8A 25 23F 23F 23F
354 '23 "- R1 20( 238U )~ (2,321

*

23F V8A W6# 98A 23F
67 364 dd7 d"

81__ ;

V8A 23F V8A W8A 23F #

334 Ii1 390 351J 1H ,

e 2,23,_

W8A 23F W8A 23F WBA
382 64 589 176 425

L 23F 23F V8A W8A 23F
1 128 '" "C' '7 70 ;

-

7BA W8A 23F W8A 2'3F * - Fe 2.19
- 336 368 116 378 166

, 23F 23F W8A 2.3F W8A -

|- 77 29 59_2 17' 335 '

_p
'

- W8A WBA 23F W8A 23F ,

*

'
- 357 85 88 114 l_43

!
*

| <

|

, |C TENSILEy .

,

.

_ . - . _ --. e

' Fig . 15 Placeme nt. of 4 and tension test spe cimens in Irradiation Assembly UBR-76
_(Capsule B; elevation view).
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Total Flu'shce.'n/cm2 18x 10 i,

(Fe 00stmetry)-
_ .

#;
.

UBR-77 . A-c e n E 23GWSA 23G W9A
230 202 238 V3

~ Fe 0.41 :23GW9A 23G W9A*

223 204 233 286 ;
'

W9A W9A W9A 23G
276 307 297 234 j

- Fe 0.43 123G 23G W9A W9A-

24D 227 '"' 274 (

I: WWA 23G W9A 23G
'

;l|- 304 209 284 235 .

~ Fe 0.43
. W9A W9A 23G 23G

. 292 ' * ' -''" 210 t

( 238U I' (0.44)
'I

''
23G 23G99A W9A ,

252 ''" '''266
23GW9A 23G V9A i

. *

215 301 211 282
Fe 0.46 ;W9A 23G V9A 23G

339 214 270 220
23G W9A 23G W9A _

1! 221 295 U 2. 289
- Fe 0.47 ;! W9A 23G 2$G W9A

I
167 .225 224 278

!' WBA W9A 23C 23G .I
| ,2641 299 23123 ;

Fe 0.48J23G W9A 23G u9A 1

j
,236 272 232 317

|. ,

I i
!
|

!

' -

C
_

TENSILEy

,

|
. . .

-

Fig . 16 Placree nt of C, and tension test spe cimens in Irradiation l
Assembly UBR-77 (Capsule A; elevation view). I
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UBR-77
_

9

B-CAPSULE
DOSIMETER y,,, , p i ,,,,, , , f. :3 e, ,,

\ VIRES (3 PLACES) are m. imine

O|O gVA
~ 23G 23G VSA V9A 23G g g- Fe 0.49

O
! 23G V9A

17 71 66 20 23 ~ 70- 78 27 71 20 17 g 23811 ) (0.44)
i W9A 23G 23G WSA WSA 2JG 23G WSA 230 JG 4A
| p 18 21 65 75 24 30 67 ,13, 11 -

Fe 0.47
O O O|O

2. .G WSA W9A 23G 23G W9A W9A 23G- E 5
25 g4 72 19 22 68 80 32 11 . 22. - pe- 0.44

O|O OIO
' *

|

FILLG
- PIECE

,
- - - - .

_ _ . _ .

Fig . 17 Placement of 0.5T-CT compact specimens in Irradiation Assembly IBR-77 (Capsule B; elevation view). .
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| Fig. 18 Irradiation Assembly IBR-38 showing the rmocouple placements in the
'' specimen arrays.
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Fig . 19 Irradiation Assembly IBR-44 showirg the rmocouple placements in the
specimen arrays.
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5. EXPERIMENTAL RESULTS !

5.1 Notch Ductility and Tensile Strength Determinations |

5.1.1 overview |

The C test results for the A 302 8 plate (Plate 23F) are illustrated Iy
in Fig. 26, 27 and 28; those for the Linde 80 submerged arc weld (Weld .

E' V8A) are shown in Fig. 29 and 30. C test results for the. A D3 8e y
A plate (Plate 230) and the Linde 0091 submerged are weld'(Wald W9A) are

,

shown in Fig. 31 and 32, respectively. For the weld materials, data |
from the companion low fluence rate irradAstion are not yet available !

(UBR 49). Individual C, test values from the irradiation assemblies
are provided in AppencMx C. Computer curve fits of the data and :

values of curve fitting parameters are given in Appendix D. In the - !

text below, comparisons are based on 41-J transition temperature and
upper shelf energy (USE) values from~ the hand drawn curves. !

Determinations . on strength increase with irradiation are listed in
,

Table 3. Tensile test results for Veld W8A from other high fluence t

rate tests (in core irradiations) are also listed in Table 3 to extend
the data base. Expected from its higher copper and nickel content,
the Weld W8A consistently showed a greater radiation embrittisment
sensitivity than the Plate 23F.

Three genera 1' comments on the data for the Plate 23F and the Wold V8A
,

are appropriate. Figure 26 shows prairradiation notch ductility
properties of the plate at the 1/4T location. This thickness layer
was used for the NRC's Light Water Reactor Surveillance Dosimetry ;

' Improvement Program (LWR SDIP) irradiations in the Pool Side Facility t

(PSF) . of the Oak. Ridge Research Reactor (Ref. 5). Comparison of the| '

|' properties' of this layer versus those of the present study indicates a i

small difference in 41-J transition temperature (about 11 C, 20*F) and
.

i '

'

a relatively large difference in C US." (about 16 J , 12 ft-lb). The !y
I differences point up the need for chocat testing when more than one

thickness. layer of a plate is employod for specimen stock. .In Fig. 29 ;
and 30,' the data for the weld depie; a very shallow ductile to-brittle *

transition trend and at the higher fluences, a low C USE as well.y
These characteristics made identification of the '41-J temperature ;
elevation by irradiation difficult. The cited characteristics are not
unusual- for Linde 80 welds; on the other hand, 41-J temperature ;

identification for Linde 0091 welds generally is not hampered by ,

either aspect (see Fig. 32 example). It is further noted that fairly
high data scatter is present in certain regions in some Weld W8A
curves. The cause of the scatter is not known but local weld|

|. inlomogeneity is suspected. In this regard, test specimenc were taken
randomly. through the weld thickness. Lastly, the postirradiation
tensile strength values listd in' Table 3 are duplicate test values in
most cases. Typically, values for a given irradiation condition were
within 20 MPa (3 hsi). .

A,
*

| Actual (meaFuT9d) neutron fluences for the 19-Core experiments were
close to targe- values in all cases; hcwever, actual values for the
core-edge experiments ex.eeded the target levels, espceially that of
Assembly CE 3. This precluded a 1:1 matching of data sets for the two

(text continues on pg. 43)
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TABLE 3 Postirradiation Tensile Strengths (Ambient Temperature Tests)

Tield Strength * Ultimate Tenelle Strength

Irradiation Fluence dpa MPa ksi #fPa MPa kai WIPs

II 2
Material Assembly x 10 n/ca

447 64.74 589 85.35 ......
Plate 23F Unirradiated ... ...

IC-1 'IBR-65B 4 0 56 0.0091 517 74.93 70 647 93.79 58(A 302-B)
IC-2 UBR-75B 1.04 - 0 0198 538 78.06 91 668 %.85 79

IC-3 UBR-76B 2.23 0.0361 564 81.73 117 691 100.22 102

CE-1 UBR-44A 0.79 0.0111 550 79.81 103 680 98.68 91

CE-2 ((UBR-46A 1.50 0.0212 554 80.32 107 683 99.08 94

CE-3 (UBR-45A 3.85 0.0545 566 82.14 119 6% 100 91 107

IP-1 (UBR-38A) 0.54 0.0076 529 76.68 82 661 95 93 72

Plate 23G Unirradia ted 431 62.47 581 S4.33 ............

(A 533-B)
IC-4 (UBR-77A) 0.45 0.0073 493 71.46 62 641 92.91 60

IP-1 (UBR-38 8L) 0.54 0.0076 550 79.74 119 699 101.34 118

D481 69.76 604 87.59 ...
...

Weld W8A Unirra dia ted ...

498 72.18 617 89 50C ......
...

g (Linde 80)
483 70.% 604 87 56 ......Thermal Aged ... ...

IC-1 UBR-65B 0.56 0.0091 592 85.86 111 699 101.44 95

IC-2 UBR-75B 1.04 ~ 0.0198 624 90.53 143 726 105.26 122

IC-3 UBR-76B 2.23 0.0361 659 95 59 178 747 108.26 143

UBR-72**f 1.06 0.0172 625 90.62 144 721 104.62 117*

UBR-55C''I 3.25 0.0527 706 102.40 260 778 112.90 189

CE-1 UBR-44A 0.79 0.0111 650 94.31 169 741 107.54 137

CE-2 UBR-46A 1.50 0.0212 659 95.53 178 751 108.91 147

CE-3 UBR-45A 3.85 0.0545 684 99.26 203 767 111 23 163

b
Weld W9A Unitra dia ted 564 81.81 659 95.55 ......

... ...
C 617 89 54565 81.99 ......(Linde 0091)

Thermal Aged 561 81.32 653 94.77d ......
... ...

IC-4 (UBR-77A) 0.45 0.0073 667 96 70 103 740 107 37 81

d
study ; corresponds to specimen set no. I* Average of duplicate tests unless noted 288'C- hours

* Priorb Specimen set no. 1 (reference set)
Specimen set no. 2 Single determination

-
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exposure locations. Nonetheless.- sufficient overlap exists for trend
definition. |, . ><

q
' 5.1.2 Assessment of Fluence Rate Effect

I! Figure 33 summarizes observed transition temperature elevations for
the two plates and the Wold W8A to illustrate the influence of fluence ;

rate on apparent embrittlement sensitivity. The open circle points'

depict 5 6 :t 10gesultg s*f{on
the core edge irradiation experiments at,

'n/cm ; the filled circle points signify results from
the in-

n/cm s*{ation
1 rad experiments at the high fluence rate of :89x10gre 3 The filled square points refer to the low I.

fluence rate irradiation of the reference plates in the reflector |

region. To aid the identification of embrittlement trends for the in- |
core exposure condition, data obtained from prior in core irradiation i
tests of Wald V8A have been included in Fig. 33. A reference trend I

band and two high fluence test points for the 1/4T thickness location
of the Plate 23F are also shown for this purpose. I

I
Referring first to the A 302-B Plate 23F, the C findings show no ]y
discernable effect of fluence rate on radiation sensitivity in the low "

target fluence regime. Furthermore, the in core (IC) and core edge
(CE) regits gre in good a6recaent up to a fluence of about
2,0 x 10 n/cm . Above this value, the data trends diverge with the
intermediate fluence rate appearing to have a lesser damage producing
potential than the high fluence rate. In sup,, ort of this analysis,
notice the positions of the data trend for the 1/4T thickness layer of
the plate versus the datum for the CE-3 Assembly. The observed
fluence-rate effect for the A 533 5 Plate 23G agrees well with that i.

for the A 302 5 Plate 23F in the low target fluence region. While the '

41-J transition temperature elevations for the in-core and the-

reflector region irradiations of this plate are not the same, the
difference (17'C) can be attributed in part to the fluence difference !

between the two specimen sets and the observed data scatter.
Considering these factors, the fluence rate effect does not appear
large for the Plate 23G - anless viewed on a percentage basis. The
radiation induced elevations in transition temperature for the two
plates from the low fluence-rate experiment are essentially the
same. Likewise, the transition gespegature elevations from the in- )
core experiments at 0.5 x 10 n/cm are not markedly different. '-

This is not the case for the high fluence irradiations condition. The
high fluence datum shown for Plate 23G is from an earlier MEA study.
Yield strength elevations by the low fluence rate irradiation were
also very similar. It is noted from Table 1 that the nickel contents
of the plates differ (0.18% vs. 0.634) but not their copper contents
(- 0.214). The Plate 23G has a significantly lower sulfur content
(0.023% vs. 0.0086) as well.

In contrast to the apparent fluence rate effect for the Plate 23F, the
data trends for the Wald V8A indicate a fluence-rate influence in the
low but not the high fluenco regime. That is, the data points for

core-edgean{9in-coge tests are separated by approximately 15 C (25'F)
at - 1 x 10 n/cm but tend toward convergence with increasing |

fluence. The scatter in the 41 J transition temperature elevation

43 |
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precludes a clear assessment )fluences ' above 2 x 10 ' n/cm21values at
of the effect. For thu wold, it can be concluded however that the

!
embrittlement condition achieved by specimens in the CE 3 Assembly is I

no worse than the embrittlement condition described by specimens i

irradiated in core to about the same. fluence level. Secondly, the !

determinations for the plate versus weld permit a conclusion that the
fluence rate effect is dependent on material type (or composition). '

Further comparisons are planned which will provide separate tests of
composition effects.

.

The tensile test results for the Plate 23F suppgrt thg cited C data {y
comparisons at fluences greater than - 1.2 x 10 n/cm . Noting that j
the fluence of Assembly- CE 2 is between those of Assembly IC 2 and '

IC 3, the postirradiation yield strength elevation (107 MPa) is
#

intermediate to the elevations found for specimens in Assemblies IC 2 i

andIC3(91MPaand117MPs,respecgvely)g Extrapolation of the in-core irradiation trend to 3.85 x 10 n/cm indicates, a much greater
,

-

strength elevation at this fluence than that shown by the Assembly
CE 3 gecimey. Relative to the fluence interval between 0.6 and 1.2

10 n/cm , the yield strength elevation for Assembly CE 1 is ix
somewhat greater than that expected (by about 25 MPa) from the C, i
trends. For the low fluence condition of Wald W8A, data for the two

1

fluence rates show a much greater difference, that is, - 45 MPa (~ 6 !

kai) - and are considered significant. For this material, data from a
prior in core irradiation tort at high fluence are available (see ;

UBR 550 Table 3) for comparison with the Assembly CE-3 data. Here, #

the yield strength elevationa, are within 22 MPa (- 3 ksi).

5.2 Fracture Toughness Determinations
,

_3,

( 5.2.1 Overview

Fracture toughness data were developed for the materials in both the
transition and the upper shelf regimes. Details on the test
procedures and the data analysis procedures, and a detailed '

description of the results (including tabulated results from
individual tests) are given in Appendix E. This section summarizes
the most important information.

For both the transition and the upper shelf regimes, K values wereyc
determined from each test. For the transition region, K was, ye

| computed from

K , - /J !(y Crit (}
-

'

L where J is the critical J value at the fast fracture point
'

(determiNehfrom the Merkle Corten formulation, Ref. 9) E is theL
,

elastic modulus and v is Poisson's ratio (taken to be 0.3).
Individual test points in the transition region were fitted to an
exponential equation of the form

,

.

Kye - C1+C2 EKP [(T-T,)/C ] (2)3

|

L

1. 0
,
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where the coefficients C , C2 *Dd C3 are determined from a non linearg ,

regression analysis, and T, is O'c or 32'F, depending on the units of j
T. The use of confidence bounds (954 954) is described in Appendix E, '

and the curve fit results are documented in Appendix F. ;

:.

For the upper shelf region, a J resistance or J R curve was obtained
from each test. For this report, the modified -form of J (J per

evaluations .g)Ernst - (Ref. 10) has been used for all J.R curve For
calculation of K

in Eq. yf., the J(Forthepurhosesofthisreport,uppershelfK
i

or J value for each test is substituted
for JCrit ye
values are used to compare results for the different irradiation )
conditions only.) As described in Appendix E, the J or Jg value is !yc

| determined from a power law analysis, whereby the power law ;
l intersection with the 0.15 mm offser exclusion line is termed Jn. )

This definition of J is similar to the ASTM E 813 87 method, whePeo
the JR curve intersbetion with a 0.2 mm offset exclusion line is ;
used. The method applied in this report is preferred to the ASTM
method due to the lower, and hence more conservative values which

,

result from this definition. The K3e values are independent of the J i
formulation used, since the various formulations tend to give {,

| identical values at small crack growth increments. 1

1

Plots of Ky62 B Plate 23F,as a function of temperature are given in Figs. 34 to 36for the A 3 in Figs. 37 and 38 for the Linde 80 Weld i

,

W8A, in Fig. 39 for the A 533 B Plate 23G and in Fig. 40 for the Linde )0091 Weld W9A. In all c.ggas the indicated trend lines are from l
computer curve-fits to the data, using Eq. 2. '

In general, the K data for each irradiated condition data set areyc
characterized by moderate to high amounts of scatter. This

| characteristic is particularly evident for the Linde 80 weld (W8A),
| but 'is true to some extent for the plates as well. Possible causes
| for the scatter include inherent material variability, irradiation
| . temperature differences and to a small extent the fluence differences

within the specimen set.

l

For the Plate 23F and for the Wald W8A, the data from the three core- '

edge (CE) assemblies indicate similar fracture toughness trends in the
transition region for all throo fluence levels, as illustrated in
Fig. 41. More specifically, data for all three CE assemblies indicate
about the same 100 MPa[m transition temperature, chosen as an indexing
level for making comparisons. This finding was unexpected, and is l

generally not supported by either the C or the tensile strength data, !y
for which higher fluence equates to a greater transition temperature l

L elevation or strength increase. The differences in the strength and |
| transition temperature increases were not great among the various CE

assemblies however. In contrast, the three in core (IC) experiments
'

indicate a progressive increase in transition temperat. ire with fluence
(Fig. 42). As shown in Appendix E, the J-R curve trends do not
necessarily agree with the fracture toughness trends in the transition

| regime, as higher fluence tends to result in reduced J 1evels in most
cases. I

(text continues on pg. 56)
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5.2.2 Assessment of Fluence Rate Effect

Comparisons of the transition temperature increason (at 100 MPa/m) for
each material are given in Fig. 43. The Linde 0091 weld (W9A) is
included in this figure for completeness. It is re emphasized that
the determinations were hampered by high data scatter in many cases.
For the A 302 8 Plate 23F, data from the NRC's LWR 4 DIP (Ref 5) and
an EPRI sponsored program (Ref.11) are also shown. The fluence rate
for specimens from the LWR.SDIP Simulated Surveillance Capsules (SSC) !
is slightly lower than the fl rgte xperienced by the in core i

10gncen/cm s*p);assemblies (- 7 vs. -9 x the LWR SDIP In Wall ,

capsules have fluence rates whicg span phoge of the core edge (CE)
i assemblies (2 8 vs. 56 x 10 n/cm s* ). The EPRI sponsored

irradiation was an i'n core irradiation at UBR. For the two welds,
additional in core irradiation data are obtained from Ref.12. For
the A 533 B Plate 230, data (of a limited nature) from a previous in-
core irradiation (Ref.13) are given to estimate e'mbrittlement at high
fluence.

_ For the A 302 B plate, the data from the three in core irradiations,
the SSC irradiations and the EPRI sponsored in core irradiation form a ;

single data trend as a function of fluence. In comparison, the core-
edge irradiations and the LWR SDIP in wall irradiations indicate less

,

embrittlement at high fluences and greater embrittlement at low I
fluences. However, with the core-e6ge irradiations, no significant
difference in fracture toughness was found with the fluence levels
examined. Data trends for the two fgence gates (CE and IC) appear to
cross-over at a fluence of - 2 x 10 n/cm . For the lowest fluence +

rate, achieved with the in pool (IP) facility, the indicated shift is
much greater than the shift by a comparable fluence in core. However,t

it is also lower. than that for a somewhat higher core edge fluence !

e exposure. This trend is more clearly seen in Fig. 44, where the
individual data points and curve fits are illustrated for each fluence
rate. (Some acknowledgement of the fluence differences among these
three sets is necessary.)

l Many of the observations for the A 302 B Plate 23F are found to apply
!

-

to the Linde 80 weld as well. Specifically, the in core irradiations
of the Linde 80 weld in this program and previous in-core irradiations
indicate a distinct dependence og the tptal fluence, within the rangeof fluences from 0.5 to 2.1 x 10 n/cm . As well, data for the core-
edge irradiations do not indicate significant differences in spite of
a large fluence difference. The data trend with fluence for the in-
cog irra ations crosses that for the core edge irradiations at - 2 x
10 n/cm A disturbing aspect of the results for this weld is that
previous in core data (Ref.12) indicated much less embrittlement than
the present IC data for a given fluence. Since the same irradiation
facility was used for all of the in core irradiations, the difference

! may be due to some weld inhomogeneity along the weld seam. This is
! being investigated and will be the subject of a future report.

For the A 533-B Plate 230, the IP irradiation prnduced greater
embrittlement than the IC irradiation (Fig. 45). In this case, the
fluence differences could explain some of the difference. This trend
is consistent with that observed for the A 302 B Plate 23F.
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For the Linde 0091 Wold 0091, no comparisons of data fros' different i
fluence rates is possible. The shift resulting from the present j

in cors' irradiation (IC 4) is similar to that from previog in cgre j
irradiations to a much higher fluence (0.5 vs. 1. 5 x 10 n/cm ), 1

paralleling the observations for the Linde 80 Wold V8A. I
;

In terms of degradation in upper shelf properties, small decreases in i

J 1evels occur for the plates (Figs. 46 and 47),' with moderate )
decreases for the welds (Figs. 48 and 49) . For any of the fluence :

rates, higher total fluences tend to result in reduced J 1evels. For ]
the A 302 B Plate 23F and the Linde 80 Wald W8A, the lowest curves ;

overall are for the highest fluence irradiatiod overall, from CE 3 '

(UBR 45), i

!

To summarise, fluence rate effects were seen for the fracture
toughness data. In contrast to degradation from a high fluence rate i
exposure, a low fluence rate appeared more detrimental at low fluence, :

but the converse appears true for high fluence. A clearer picture is
L precluded by the scatter encountered in this data,
l

:
l 5.3 Comparison of Transition Temperature Elevations by Kr and .:'e

!Charpy-V Test Methop,

| One important consideration in the evaluation of fluence rate effects
|~ is the relative effect on notch ductility (C ) vs. fracture toughnessy

correlation. Since the upper shelf fracture toughness trends are not
easily quantified using a single parameter, the focus of this
discussion will be on the transition temperature elevation (AT). Data
for the transition regime are summarized in Table 4 for both the C ;y
and K data. !ye

,

'

In Ref. 14, the AT from C data was found to underestimate somewhaty
the AT - from K data for base metals. For weld metals, the two iye
measures of AT were found to be in good overall agreement. Similar
comparisons are made in Figs. 50 and 51 for the materials of the
present study. Also illustrated in each case are data from previous
irradiations of the same materials. For all four materials of the
present study, the AT from C is found to give reasonable estimatesy
of the AT from K The one noteworthy exception is the somewhatJc.
large difference in AT's for the low fluence rate (IP) irradiation of
the A 533 8 Plate 230.

For the A 302 8 Plate 23F, all three fluence rates from this program
,

yielded a similar AT relationship for the two test methods. In '

contrast, the " Previous" data (from Ref. 5) indicate a disagreement
(on average 24'C) between the AT from C and that from K The iy ye.
previous data on this plate were from the nominal 1/4T and 3/4T
thickness locations, whereas specimens for the current study were

.' taken from the plate mid thickness (1/2T) location. On examining the
data for the unirradiated condition (see Fig. 26), the C data for they
1/2T location shows a 41-J transition temperature which is ll'c (20*F)
lower than that for the 1/4T or 3/4T location, that is 15*C vs.
-4*C. In contrast, the K data for the 1/2T location indicate ayc
100MPa/mtransition temperature ( 44'C) that is 12*C (22*F) higher
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Table 4' Comparison of Transition Temperature Shifts (AT) from C and K ,y g

Temperature at Temperature Shifts at

4}C)
100,MPa[a

4}C)
100,MPa[a ICapsule UBR. Fluence J J

( ( C) ( ( C)a -

,

A 302 8 Plate 23F ,

..../.... 15 44 !Unirred. .. .. ..

CE.1 44 0.79/0.88 43 31 58 75 '

CE.2 46 1.50 1,64 49 33 64 77
CE.3. 45 3.85 4.01 63 30 78 -74
1C.1 65 0.56 0.53 29 13 44 31
1C.2 75 1.22 1.02 46 9 61 53
10 3 76 2.23 1.95 57 40 72 84
IP.1 38 0.54 0.57 38 16 53 60

Linde 80 Weld V8A

Unitrad. ..../.... 23 01.. ... ... - *

CE.1 44 0.79/0.88 102 69 125 130
CE.2 46 1.50 1,64 107 80 130 141
CE.3 45 3.85 4.01 127 66 150 127
10 1 65 0.56 0.53 82 22 105 83

.

10 2 75 1.22/1.02 96 51 119 112
'

- 1C.3 76 2.23/1.95 104 73 127 134 ;

A 533.B Plate 23C

Unirrad. 34 83.. .... .... .. ..

1C.4 77 0.45 0.47 5 54 39 29
IP-1 38 0.54 0.57 21 7 55 90

Linde 0091 Vold W9A

Unirrad. 62 84.. --. .... .. ..

10 4 77 0.45 0.47 1 5 61 79 -

1019 n/cm2 (E > 1MeV), with C /K8 * *y ye.
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- than that for the 1/47 or 3/4T location ( 56'C). Causes for this
i mismatch are not known. One.. would expect both test methods to,

indicate a change in properties in the. same direction. An accounting
of the 23'c total offset (11'c + 12'C) in the baseline properties
would bring both sets into better agreement.

i, In terms of upper shelf toughness, correlations have been developed
relating J R curve trends. to C VSE levels (Ref. 15). The cited '

y
|- correlations were developed using Linde 80 weld materials only. As

' illustrated in Fig. 52, data from this program correspond well with,~

the correlations from Ref. 15, further validating the utility of the
correlations.
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6. D18CUS$1014

'the ebeerved levels of difference in notch ductility change (or yield
strength change) .by an 'intetuodiate' versus 'high* fluence rate were
not large. However, the differences appear to be of sufficient
magnitude to warrant consideration in making judgments of material
servicability or the setting of operating parameters. The influence of
composition on the relative susceptibility of stools and weld metals
to fluence. rate effects should be qualified. Until this variable is
properly suplored, the full importance of the present observations to
embrittlement projection methods such as NRC Regulato:ry Guide 1.99
will not be known.

Additional tests of fluence. rate effects in welds should be pursued
for low that is, the fluence interval of about
1 to 5 x 10guoncef,, since heren/cm slow fluence accumulations (service)
appear more damaging than fast fluence accumulations (test
reactors). The magnitude of the fluence. rate effect seen to date is
not so large as to preclude the use of accelerated (test reactor)
trradiations for screening metallurgical, irradiation or
postirradiation annealing variables.

The reduction of the C USE of weld V8A to a level of 50 J (and less),y
while hampering the establishment of 41.J temperature, demonstrates

that 1guch 2 levels are possible with fluences less than
4 x 10 n/cm . The development of J.R curve data at such low
fluences helps to validate correlations developed for Linde 80 welds
as a function of C VSE (Ref. 15).y

The study has demonstrated the value of including tensile specimens
along with C specimens, especially if low postirradiation C VSEy y
levels result. Trends in yield strength with fluence may offer an
accopacable alternative to 41.J temperature trend information in such
cases.

One somewhat surprising result was the very low apparent sensitivity
of the A 302 8 Pjgte 23{ in the intermediate fluence rate irradiationand the Linde 80 Weld V8A to fluence levels
above ~ 0.5 x 10 n/cm
series (CE). Such an embrittlement ' plateau * was not described by the
data for the materials when irradiated at the high fluence rate.
Whether or not this behavior is generic to these two material types is
smcortain at present.

.
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!. 7. CCNCLUSIONS |

.

[' N followinr, observations and conclusions have been obtained from the j
investigations to date: :

T |

Fluence. rate effects on the notch ductility and tensile strength i
'

e

properties of the ASTN A 302 8 reference plate and a high |
copper, high nickel content Linde 80 submerged arc weld deposit |

| were observed.

* The fluence rate effect was apparent fer the plate at high |
! fluence but not low fluence. The converse was observed for the ,

weld. At high fluence, the intermediate fluence rate produced [' less embrittlement than a high fluence rate for the A 302 5 t

plate. At low fluence, the intermediate fluence rate produced !t.

more embrittlement than the high fluence rate for the Linde 40 !
weld.. [

t

From conclusion 2, the data suggest that the fluence rate effect Ie

is dependent on material type (plate or weld) or material
composition, including copper content and nickel content.

e The apparent radiation embrittlement sensitivities of the 0.2%

- 0.5 x g /cm .contog /ga{erence
Cu re plates were about the same at ;

n but differed significantly at !
- 3 x 10 n Their similarity at the lower fluence level

|was independent of fluence rate (high or low). t

!

e Fluence. rate effect indications from the C test results arey
consistent with those found in tensile tests and Ky, and J.R
curve tests.

|* Observed differences in prope3ty, change attributable to a
3fluence

n/cm .s*gog56x?On/cm .s versus a fluence rate of }rfte8 9 x 10 are not considered large but could i

influence data interpretations within the framework of NRC !

Regulatory Guide 1.99. !
i I

o An inconsistency was found in the baseline data (unirradiated j,

'

condition) for the A 302 8 Plate 23F; specifically, the 1/47 |and 3/4T locations exhibit a higher transition temperature in C
tests but a lower transition temperature in fracture toughness - jy

;

! tests compared to the 1/2T location. This observation will be
' investigated further in the continuing Mr.A program for the NRC. [

!.

t

h

!.

|
1

;

i
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A CAPSULE 23G 23F 23G 23F 23FUBR-38,

i8i 58 iS8 ies i33 ;
-

_ pe,
23F 23F 23F 23G 23G ;.

I 3F 3 3F ~ AgAl. Coal
155 19) 35 1 '' R 60 l

~ Fe, Ni ;23F 23G 23G 23G 23G
82 200 204 208 202 -

t-

23F 23G 23G 23G 23Ft

169 ' Q '' 199 183 108 |
23G 23G 23G 23G 23F
198 185 1Ad 203 132 |

~ Fe, Ni j23F 23F 23F 23F 23G
130 10 107 171 194 6

23G 23F 23F 23G 23F ,

207 131 170 'QA 106
'

23G 23G 23F 23G 23F ~ A9 I* COAI -!A

189 205 'd 196 85
_ ;

23F 23G 23F 23G 23G
e,

,

36 206 109 186 192 [

!

l
!

.

k'
Cy TENSILE .

!
!
,

Fig . A-1 Irradiation Assembly . IB R-38 (Capsule A) showirg neut ron

fluence-rate monitor locations. .
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UBR-38
.

B-CAPSULE

AgAI. Coal

23F 23G 23G i /23F 23F 23G .

75 1 1 ( 65 65 4

= ------ --- --- --- O|O O|O --- --- --- ------ - Fe. NiFe. Ni
y 23G23F 23G 23F 23G 23G 23F 23F23G 23F 23G23F
4 3 105 g 115 7 7 6 6 9 3 13 25

23F 23G
35 10

Fe. Ni = --- --- --- --- --- --- --- --- ------ - Fe. Ni
23F 23G 23F 23G 23F AA AA 23G23F 23G 23F23G
95 12 45 ft 35 v v v v 10 85 6 55 5

.

AgAl. Coal

_ _ . _ _ -

Fig . A-2 Irradiation Assembly IBR-38 (Capoule B) showig neutron fluence-rate monitor locations.
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Table A.1 Irradiation Assembly USR.38 Capsule A Fluence. Rate Monitor,

Results (Ref.1)
o

bMonitor / Segment" F1uence Rate .c x 1010 Monitor Location in
(Average) Specimen Array

A14 (Fe) 7.33 Between layers 1 and 2
(M1) 7.48

i A15 (AgCo) 4.36 between layers 2 and 3d

A16 (Fe) - 7.61' Between layers 3 and 4
(N1) 7.09

A17' (Fe) 7.96 Between layers 6 and 7
(Ni) - 6.75'

A18 (AgCo) .f Between layers 8 and 9

A19 (Fe) 7.95 Between layers 9 and 10
(N1) - 7.74'

* See Figure A.1 fwr monitor loc 11. The Fe and Ni results are based
on > 1 MeV sesU fission spectrus. averaged. cross sections of 115.2 and 156.8
millibarns, respectively.

D Fission spectrum assumption; n/cm8.s*8 (E > 1 MeV) unless noted,
c Values obtained from Ni segments are suspect because of very long

irradiation time of this assembly (years),
d .Ihermal fluence rate corrected for epithermal neutron contributions based

on 18'Ag and 8800 reaction rates and their cross sections.
* Approximate value based on two of three wire segments; one segment lost in

hot cell operation,

f Not available.

Total time of irradiation: 17,354 hours !

Y
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r
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Table A.2 Irradiation Assembly UBR 38 Capsule & Fluence. Rate Monitor
Results (Ref. 1)

* bMonitor / Segment" Fluence Rata ,e x 1010 Monitor location in
(Average) Specimen Array

534 (Fe.l.2)(Ni 1.2) 8.09(15.8) Specimens 230 7 and 23F 115
(Fe.3)(Ni 3) 7.24(11.9) Specimen 23G.26
(Fe.4,5)(NL 4,5) 6.90( 9.2) Specimens 23F 105 and 23G.3

513 (Fe.l.2)(N1 1.2) v.84(20.1) Specimens 23F.6 and 230 9
(Fe.3)(Ni 3) 8.85(16.9) Specimen 23F.15
(Fe 4,5)(Ni.4.5) 8.39(13.0) Specimens 73G 13 and 23F.25

517 (Fe.l.2)(Ni.1.2) 7.90(15.5) Specimens 23F.35 and 230 1
(Fe 3)(Ni.3) 6.90(11.6) Specimen 23F.45
(Fe 4,5)(Ni.4.5) 6.86( 9.0) Specimens 230 12 and 23F.95

815 (Fe.l.2)(Ni.1.2) 9.39(19.6) Specimens 230 10 and 23F 85
,

(Fe 3)(Ni.3) 8.43(15.4) Specimen 230 6 :
(Fe 4,5)(Ni 4.5) 8.11(12.3) Specimens 23F.55 and 230 5 !

d512 (Asco) - 5.02 '' Between specimens 230 1 and
23F.65 and between specimens i
23F.75 and 230 4 !

dB16 (Asco) - 3.90 Ga capsule centerline
immediately below botton |specimen layer

3
'

>

|
,

* See Figure A2 for monitor locii. he To and Ni results are based -

on > 1 MeV seeU fission spectrum. averaged cross sections of 115.2 and 156.8
,

mil 11 barns, respectively, i

b Fission spectrum assumption; n/cm8.s** (E > 1 MeV) unless noted, f
c

| Values obtained from Ni segments are suspect because of very long |
| irradiation time of this assembly (years). !

d Thermal fluence rate corrected for epithermal neutron contributions based !
on 8"Ag and seCo reaction rates and their cross sections. j

,

' Range of measured values: 3.77 to 6.88

!
*

Total ti e of irradiation: 17,354 hours

!

.A-5 J
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A CAPSULE WBA 23F WBA 23F W8AUBR,,44 29e iO5 285 42 27i :
Fe, Ni

.

*---
23F W8A W8A 23F 23F
135 A7 318 45 141 !

W8A 23F V8A 23F W8A ~ AQ l. Coal iA

327 146 317 95 279 ;

Fe !23F W8A 23F W8A 23F
181 342 6 337 93 |

I
W8A W8A 23F 23F W8A

''285 39 97 290 .

23F W8A W8A 23F 23F
149 299 308 A' 184 .

Fe, Ni !
-

W8A W8A 23F W8A W8A
282 328 51 302 307

7

23F 23F 23F W8A 23F !

54 138 3 6' 13 |

M AAl, COAL
|QW8A W8A 23F W8A W8A '274 268 187 276 293-

e23F 23F 23F W8A 23F
195 '"' 90 301 100

i
;

,

C
_

TENSILEy

,

-

.. .

Fig . A-3 Irradiation Assembly UB R-44 (Capsule A) showirg neu t ron
fluence-rate monitor locations. '
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UBR-44

B-CAPSULE

AgAl. Coal

23F W8A WBA /23F 23F W8A
77 22 22 / 24 24 54

Fe - O|O O|O - Fe* Ni
23F W8A 23F W8A 23F 23F V8A W8A 23F W8A 23F W8A
58 51 43 32 7 2 <3 pg 83 33

Y V8A 23F
~

107 50

* 12 !!7
Fe. Ni - --- --- --- ------ --- --- --- --- ---

- Fe
W8A23F W8A 23F W8A AA AA 23F W8A 23F W8A23F
16 62 2 39 12 V V U U 117 26 99 47 17

AgAl. Coal

, __

Fig. A-4 Irradiation Assembly IBR-44 (Capsule B) showing neutron fluence-rate monitor locations.
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Table A 3 Irradiation Assembly UBR 44 Capsule A Fluence Rate Monitor
Results (Ref. 2)

b 11Monitor / Segment * Fluence Rato x 10 Monitor Location in
(Averego) Specimen Array

t

A16 (Fe) 6.09 Seeween layers 1 and 2
(N1) 6.24

A14 (AgCo) 11.07' 8etween layers 2 and 3

A17 (Fe) 6.27 Between layers 3 and 4

A18 (Fe) 6.57 Between layers 6 and 7
(N1) 6.57

A15 (As o) 13.00c Between layers 8 and 9c

A20 (Fe) 6.82 Between layers 9 and 10

" See Figure A3 for monitor loc 11. The Fe and Ni results are based
on > 1 MeV aseU fission spectrum averaged cross sections of 115.2 and 156.8
millibarns, respectively. !,

b Fission spectrum assumption; n/ca8.s** (E > 1 MeV) unless noted.
,

c '

Thermal fluence rate corrected for epithermal neutron contributions based
on 18'Ag and 8'Co reaction rates and their cross sections.I o

'

:

i
Total time of irradiation: 2,775.4 hours *

l
:
i
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'Table A 4 Irradiation Assembly UBR.44 Capsule & Fluence. Rate Monitori

Results (Ref. 2) i
c

b 11Monitor / Segment" Fluence Rate ,c x 10 Monitor 14 cation in,

j specimen Array {

i

823 (Fe.1) 4.77 specimens W8A 32 and 23F.2 ;
(Fe.2) 5.56 Specimen 23F.43

:

(Fe.3) 6.06 Specimens W8A.51 and 23F.58 :

822 (Fe.1),(NL.1) 7.77,(7.74)d 8pecimens V8A.28 and 23F 83
(Fe.2),(N1 2) 9.20,(8.85)d Specimen V84 36 {(Fe.3),(N1 3) 10.00,(9.67)d Specimens 23F.102 and W8A 50 ,

B26 (Fe.1),(NL 1) 4.77,(4.23)d Specimens W8A.12 and 23F.39
(Fe.2),(Ni 2) 5.56,(5.14)d Specimen W8A 2
(Fe.3),(Ni.3) 6.06,(5.76)d Specimens 23F.2 and V8A.16

|
824 (Fe.1) 7.12 specimens 23F.117 and V8A.26 |

(Fe.2) 8.47 Specimen 23F 99 !
(Fe.3) 9.42 Specimens W8A.47 and 23F.17

B21 (AgCo) 11.57' Between specimens V8A.22 and
23F.24 and between specimens
23F.77 and W8A.54 :

?

12.29' On capsule centerline fB27 (AgCc) -

immediately below botton ;

specimen layer ;

!
* See Figure A.4 for monitor locii. The Fe and Ni results are based !

on > 1 NeV seeU fission spectrum. averaged c ass sections of 115.2 and 156.8
millibarns, respectively.

t
b Fission spectrum assumption; n/cm8.s** (E > 1 MeV) unless noted. I

c Single determination value.

o Nickel monitor value. I;

* Thermal fluence rate corrected for epithermal neutron contributions based
on 18'Ag and 8800 reaction rates and their cross sections. ;

l i

{
l Total time of irradiation: 2,775.4 hours
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A ca sute ,W8^ 23F W8A 23F W8AUBR-45 303 196 283 101 275
Fe, Ni23F W8A W8A 23F 23F

40 199 304 52 188
W8A 23F W8A 23F W8A AgAl C0Al~

269 147 272 BR 291
Fe (*

23F W8A 23F WBA 23F
25 338 139 330 94
W8A WBA 23F 23F WBA
277 41 150 46 313
23F W8A W8A 23F 23F
182 329 343 AA 4

Fe, NiW8A WBA 23F W8A W8A
280 314 7 288 266
23F 23F W8A W8A 23F
48 190 320 A' 185
W8A W8A 23F 23F W8A AgAl COAL

~
-

297 319 98' 14 286
_

e23F 23F 23F W8A 23F
43 16* 91 294 136

.

C
_

TENSILEy

g
-

.
,

Fig . A-5 Irradiation Assembly LBR-45 (Capsule A) showirg neu t ron
fluence-rate monitor locations.
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UBR-45

B-CAPSULE

AgAl. Coal

23F WBA V8A /23F 23F I WBA
18 27 27 7 78 78 1 29

Fe
- --- --- --- -- --- --- --- --- --- -- - Fe* Ni

23FW8A 23F W8A 23F 23F V8A W8A23F W6A 23FWeA
82 53 118 17 22 22 43 49 59 39 3 39

3
8 V8A 23F

.5 33 44
FeFe. Ni -

-- --- --- --- --- --- --- --- --- ---

W8A 23F W8A 23F W8A AA AA 23F WBA 23F W8A23F
23 103 43 63 33 V v v v 44 13 97 3 37

AgAl. Coal

Fig . A-6 Irradiation Assembly IBR-45 (Capsule B) showig neutros fluence-rate monitor locations.
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! Table A 5 Irradiation Assembly Unt.45 Capsula A Fluence. Rate Monitor
Results (Ref. 3)

|

Monitor / Segment * Fluence Ratob x 1011 Nonitor 14 cation in
(Average) Specimen Array

A7 (Fe) 7.19 Setween layers 1 and 2'
,

(Wi) 7.07

AS (Asco) 19.00c.d Setween layers 2 and 3

A9 (Fe) 7.44 Between layers 3 and 4

A10 (Fe) 7.73 Setween layers 6 and 7
(Ni) 7.56

All (AgCo) 14.43c Between layers 8 and 9

A12 (Fe) 8.03 Botvoon layers 9 and 10

" See Figure A.5 for monitor loc 11. The To and N1 results are based
on > 1 NeV seU fission spectrum. averaged cross sections of 115.2 and 156.8
millibarns, respectively,

b Fission spectrum assumption; n/ca ... (E > 1 MeV) unless noted.s

c Thermal fluence rate corrected for epithermal neutron contributions based
on lHAg and seCo reaction rates and their cross sections,

d Single determination value.

Total time of irradiation: 11.106 hours
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Table A.6 Irradiation Assembly UBR.45 Capsule a Fluence. Rate Monitor
Results (Ref. 3)

!

t'
h 11Moniter/ Segment * Fluence Rate a 10 Monitor Location in

(Average) Specimen Array

,

54 (Fe) 8.78 Specimens 23F.22 to 23F.82

86 (Fe) 7.92 Specimens V8A.49 to V8A.39
(M1) 7.58

52 (Fe) 8.27 Specimens W8A.33 to VBA.23
(N1) 7.17,

81 (Fe) 7.30 specimens 23F.44 to 23F.37

85 (AgCo) 16.96c Between specimens V8A.27 and
23F.78 and between specimens
23F.18 and W8A.29

B3 (Ar,Co) 14.78c on capsule centerline
immediately below botton
specimen layer

* See Figure A.6 for monitor locii. N Fe and Ni results are based
on > 1 MeV as*U fission spectrun. averaged cross sections of 115.2 and 136.8
millibarns, respectively,

b Fission spectrum assumption; n/ca8.s** (E > 1 MeV) unless noted.
* Thermal fluence rate corrected for epithermal neutron contributions based

on zo'Ag and 8'Co reaction rates and their cross sections.

| Total time of irradiation: 11,106 hours
|
|
!

|
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A CAPSULE W8 23F W8A 23F V8A
'

UBR-46 30 9e 220 i40 3i5
- Fe, Ni j23F W8A W8A 23F 23F

92 1R9 300 8 183 :

W8A 23F W8A 23F W8A " AgA!, COAL |
295 189 284 57 289 '

_ pe23F WBA 23F WBA 23F 3

186 344 99 326 151
;

WBA WBA 23F 23F WBA
'

,

287 RQ 95 53 267 '

23F W8A WBA 23F 23F
.

197 273 306 i'd 142 !
Fe, Ni*

W8A WBA 23F W8A W8A
331 332 137 339 278 t

23F 23F W8A W8A 23F :

26 47 316 "' 104 i

WSA W8A 23F 23F W8A AQAl Coal i

281 325 148 41 298 t

Fe |
~

23F 23F 23F W8A 23F
5 A 44 292 102 j

,

)
i

!

!
,

t

Cy TENSILE !
-
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Fig . A-7 Irradiation Assembly IBR-46 (Capsule A) showirg neu t ron
fluence-rate monitor locations.
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UBR-46

B-CAPSULE
.

AgAl. Coal

23F WBA WBA /23F 23F I WBA
42 25 75 , f 57 57 I 9

Fe
- --- --- --- ------

Ojo O|O - Fe. Ni--- --- --- --- --

23F W8A 23F W8A23F 23F VBA WBA 23F W8A 23F W8A
4 11 11 98 46 86 5764 15 38 4 4y

O. VsA 23F
W 35 101

FeFe. Ni - --- --- -- --- --- --- --- --- --- --- =

WBA23F W8A 23F WBA AA AA 23F WBA 23F WBA23F
21 19 31 79 35 V V V V 101 * i13 5 23

,

AgAl. Coal
.

--.

Fig. A-6 Irradiation Assembly IBR-46 (Capoule B) showig neutron fluence-rate scatter locations.
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Table A.7 Irradiation Assembly UBR.46 Capsule A Fluence. Rate Monitor
'

Results (Ref 4)

Noniter/ Segment * Fluence Rate x 1011h Monitor Location in
(Average) Specimen Array

! A1 (Fe) 5.61 Setween layers 1 and 2
(N1) 5.80

A2 (Asco) 12.20c Setween layers 2 and 3

A3 (re) 5.99 Setween layers 3 and 4

A4 (Fe) 6.18 Setween 1syers 6 and 7
(N1) 6.16

A5 (AgCo) 10.20* Seeween layers 8 and 9

A6 (Fe) 6.35 between layers 9 and 10

* See Figure A.7 for monitor locii. The To and Ni results are based
on > 1 MeV aseU fission spectrum averaged cross sections of 115.2 and 156.8
mil 11 barns, respectively.

D Fission spectrum assumption; n/ca8.s*l (E > 1 MeV) unless noted.
* Thermal fluence rate corrected for epithermal neutron contributions based

on l "Ag and seCo reaction rates and their cross sections. Single
determination value,

i
' Total time of irradiation: 5.596.8 hours

|

:
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Table A.8 Irradiation Assembly UER.46 Capsule & Fluence. Rate Monitor |
Results (Ref. 4) ,

!

!
'

!

Noniter/ Segment" Fluence Rateb , goll Monitor Location in !
(Average) specimen Array !

,

| I
8! 523 (Fe) 6.77 specimens 23F.4 to 23F.64 i

' 321 (Fe) 6.22 specimens V8A.11 to V8A 52 |
(NL) 4.89(?) |

,

t

820 (Fe) 7.11 Specimens WSA.35 to W8A.21 |
(Ni) 7.62 !

,

5.90 specimens 23F.101 to 23F.23 (B19 (Fe) -

!

822 (AgCo) 11.40c d Between specimens V8A.25 and
23F.57 and between specimens }
23F.42 and V8A.9 !

324 (Asco) 10.90c.d on capsule centerline !
immediately below specimen ;

layer.
|
,

i
:

* See Figure A8 for monitor locii. The Fe and Ni results are based i
,

on > 1 MeV 8''U fission spectrum averaged cross sections of 115.2 and 156.8
.

mil 11 barns, respectively. !

D Fission spectrum assumption; n/ca8.s*1 (E > 1 NeV) unless noted, f

f
c single determination value,
d IThermal fluence rate corrected for epithermal neutron contributions based

on l''Ag ated asco reaction rates and their cross sections. I

!
:

L
'Total time of irradiation: 5,631.4 hours

i

,
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UBR-65
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A-CAPSULE
DOSIMETER

/~ VIRES (4 PLACES 1

OpA O|O 3
V 23F 23F V8A V8A 23F N 'g Fe. CoAI. Ni.

,L4 17 91 8 10 113 12 8 /

O|O O O s'
23F V .IA V8A 23F 23F V8A T85 IhEd Fe

7 20 18 52 39 14 20 52<11 _.
.

O{A
O O|O .

' '

5 V8 23F 23F V8A VBA 23F g 'g Fe, N!=
1
' " 74 48 _67 30_ 38 33 48 3 33 23823e WBA W8A 23F 23" W8A L'SA 2 U

72 4 34 108 29 42 A.D. JA - ggy
.O|O Ofn

pp=

O'

,

o

FILLER-

PIECE-

e -

Fig. A-9 Irradiation Assembly IBR-65 (Cepoule A) showing acutron flucam-rate monitor locations.
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,' UBR 65 'W8A,
B CAPSULE 23F V8A 23F,W8Ais 38330 85 383

~W8A 23F 23F W8A 23F * Fe, COAL, AgAl
310 18 114 372 172
23F W8A 23F V8A W8A
15 39R17 412 33 '

W8A 23F 23F 2g 23F e. N
238 311 68 'S ' 177

23F W8A W8A W8A 23F
21 352 iin AA jg4

Fe~
W8A 23F W8A W8A 23F
348 72 402 374 180
W8A 23F W8A 23F W8A e,
340 62 365 167 421
23F 23F WBA W8A 23F

9 MME 7 8,,,

W8A W8A 23F W8A 23F pe. N,. > .

,

386 355 121 376 73.

23F 23F W8A 23F W8A
27 65 369 164 240
W8A W8A 23F W8A 23F '

349 358 67 380 198

C
_

TENSILEy
.

. . _ . . - - - . _ . ,

' Fig . A-10 Irradiation Assembly IBR-65 1 apsule B) showirg neut ron
fluence-rate monitor locations. . . . . . ~
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L Table A.9 Irradiation Assembly URR 65 Capsule A Fluence. Rate Monitor |

Results (Ref. 5) t

|'p
11 |

b 12Monitor / Segment" Fluence Rate x 10 Monitor Location in |,
'

(Average) Specimen Array .!
:s

.r

.L
i

Al' (Fe) S.A3 Specimens W8A.4 to W8A.10 |

(NL) 5.87 i

(AgCo) 3.64c ;
;

' A2 (Fe) 6.76 Specimens V8A 20 to W8A.14

A3 (Fe) 6.98 Specimens W8A 24 to V8A-38
(Ni) 6.90 i

A4 (Fe) 7.64 Specimens W8A.40 to W8A-428 j(AgCo) 5.11c

dVial (sssU) 8.26 Specimens W8A 30 and V8A.38 '
,

' 9.42' and between specimens 23F.67 ,

(Fe) 7.11 and 23F.33 (diagonally)
(N1) 7.10

" Sec Figure A.9 for monitor locii. The Fe, Ni and sesU results are based f-.

on > 1 MeV sasU fission spectrum. averaged cross sections of 115.2, 156.8
,

and 441 millibarns, respectively. '

b Fission spectrum assumption; n/cm2.s"1 (E > 1 MeV) unless noted...

.

*
. . Thermal fluence rate corrected for epithermal neutron contributions based-

'

i on l''Ag and 5'Co reaction rates and their cross sections,
d Determination from astCs, tosRu, 18'BaLa and asZr results.
* Calculated spectrum value.

Tetal time of irradiation: 154.22 hours
s''

b

.

1
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Table A 10 Irradiation Assembly UBR 65 Capsula B Fluence Rate Monitor i

Results (Ref 5)

i
.

b 12Monitor / Segment" Fluence Rate x 10 Monitor Location in
(Average) Specimen Array !

B1 (Fe) 7.51 Between layers 1 and 2
,

(Asco) 3.75* !
,

B2 (Fe) 7.19 Between layers 3 and 4 !

(Ni) 7.15

B3 (Fe) 7.10 Between. layers 5 and 6 |
.

B4 (Fe) 7.00 Between layers 6 and 7 !

(Ni) 6.92

B5 (Fe) 6.80 Between layers 8 and 9 -
(NL) 6.75

,

B-6 (Fe) 6.62 Between layers 10 and 11
C(AgCo) 3.08

dVial (assU) 8.65 Between layers'4 and 5 :

(9.86)* '

'

(Fe) 7.02 *

| (Ni) 6.97 I

|'
|-

* See Figure A-10 for monitor locii. The Fe, Ni and assU results are based '

on > 1 MeV essU fission spectrum-averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively. .

b Fission spectrum assumption; n/cm8-s*1 (E > 1 MeV) unless noted.
>

* . Thermal fluence rate corrected for epithermal neutron contributions based
on l''Ag and' 8'Co reaction rates and their cross sections.

d
| Determination from tarcs, no:Ru, 140Bala and esZr results.

* Calculated spectrum value.

| Total time of irradiation: 154.22 hours
,

1
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UBR-75 .

'
.

A-CAPSULE
Fe DOSIMETER VIRES (8 PLACES)

[Ni DOSIMETER VIRES (2 PLACES)
O O|O

V 23F 23F V8A V8A 23F >Y 2y Fe Ni
In9 68 8 124 116 114 68 12 B,

| O O|O -

'5 2- ' I8; Fe
W8

-

23 V8A V8A 23F 23F V8A
|

| 20 119 104 23 92 128 119 23< 23
i O p O|O

_

V .i A 23F 23F V8A V8A 23F >Y 2y Fe. Ni=

" 134 27 S4 129 103 37 27 12 87 238
23F W8A W8A 23F 23F V8A W8A 2 U
31 1 4 139 73 109 144 (14 14

O|O O{IO
Fe. Coal. AgAl=

'

y.

FILLER
Coal. AgAl PIECE

- . . . .

Fig . A-11 Irradiation Assembly UBR-75 (Capsule A) showing neutron fluence-rate monitor locations.
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W8A 23F 23F W8A 23F '

'
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23F W8A 23F W8A W8A
120 398 178 388 366
W8A 23F 23F 23F 23F ''

.

i 238 321 22 '' 180 19

|
U~ 23F W8A W88 9gA 23F

66 359 AJS d M 19

W8A 23F WBA W8A 23F
423 110 414 350 118. _

0'W8A 23F W8A 23F W8A
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23F 23F W8A W8A 23F
127 'M' N AR 69
W8A W8A 23F W8A 23F ~ Fe. COAL. AgAl
404 370 115 375 165
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74 28 590 16 353
W8A V8A 23F W8A 23F '

381 341 92 214 144

32 32 32 32
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Fig . A-12 Irradiation Assembly UB R-75 (capsule B) showing neut ron'

fluence-rate monitor locations.
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Table A 11 Irradiation Assembly UBR 75 Capsule A Fluence Rate Monitor !

Results (Ref. 6) :

l
c.. ;

h 12Monitor / Segment" Fluence Rate it 10 Monitor location in -

,

(Average) Specimen Array .,

!.

A16 (Fe) 5.73 Specimens W8A 109 to W8A 116
(NL) 5.45 :

A17 (Fe) 5.66 Specimens 23F 68 to 23F 114. ',
,

' A18 (Fe) 6.29 Specimens 23F 49 to 23F 92

A19 (Fe) 6.21 Specimens W8A 119 to W8A 128

A20 (Fe) 6.62 Specimens W8A-134 to W8A 103
,[(NL) 6.28

A21 (Fe) 6.65 Spanimens 23F 27 to 23F-87 .

A22 (Fe) 7.05 Specimens 23F-31 to 23F 109 ;

1 '

L A23 (Fe) 7.07 Specimens V8A-114 to W8A-144
(AgCo) 4.86c !

.

dVial (assU) 8.13 Between specimens 23F 54 and
(9.27)* 23F 87 and between specimens

| (Fe) 6.58 W8A-129 and W8A 103 '

| (N1) 6.48 (diagonally)
| .

..

,

* See Figure A-11 for monitor locii. The Fe, Ni and assU results are based
on > 1 MeV sosil fission spectrum averaged cross sections of 115.2, 156.8 '

and 441 millibarns, respectively. ;

|- b Fission spectrum assumption; n/cm s*1 (E > 1 MeV) unless noted.8

* Thermal fluence rate corrected for epithermal neutron contributions based !
on 18'Ag and 88C0 reaction rates and their cross sections. '

d Determination from astCs, sosRu, 14'BaLa and esZr results. -

'
* Calculated spectrum value.

Total time of irradiation: 308.22 hours !

:
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Table A.12 Irradiation Assembly UBR 75 Capsule 3 Fluence. Rate Monitor
Results (Ref. 6) |

|

1
i

b 12Monitor / Segment" Fluence Rato x 10 Monitor location in
i. (Average) Specimen Array

|

825 (Fe) 6.85 Between layers 1 and 2
(AgCd) 3.72c

,

i
826 (Fe) 6.67 59 tween layers ~3 and 4 ;

(N1) 6.44 i
1

827 (Fe) 6.58 Between layers 6 and 7.

(Ni) 6.27
;

B28 (Fe) 6.35 Between layers 8 and 9 )
(AgCo) 3.13c j

!
B29 (Fe) 6.29 Between layers 10 and 11 )

(NL) 6.05
]

B30 (Fe) 6.25 Below layer 12
(Ni) 5.98

dVial (sssU) 8.33 Between layers 4 and 5
i' (9.50)* ;.

1

(Fe) 6.63
(Ni) 6.56

i

" See Figure A 12 for monitor locii. The Fe, Ni and seeU results are based
on > 1 MeV seeU fission spectrum averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively.

I b Fission spectrum assumption; n/cm8-s*1 (E > 1 MeV) unless noted.
!

* Thermal fluence rate corrected for epithermal neutron contributions based >

on 100Ag and asco reaction rates and their cross sections,
d Determination from as7Cs, losRu, 140Bata and esZr results.
* Calculated spectrum value.

|

| Total time of irradiation: 308.22 hours
1

'
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UBR-7_6 ..

.
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.

A-CAPSULE
DOSIMETER

[ , VIRES (4 PLACES)i

o p ojo -

duA 23F 23F V8A V8A -- 23F g g Fe. Ni
0 E9 9 115 107 112 69 11 J2

_

_

23F duA V8A 23F 23F V8A i/8; y- ' gj Fe.=

; L7 110 140 14 93 - 118 110 14 ' J.ge

O O O|O
'

$ duA 23F 23F V8A' V8A 23F g g Fe. Ni=

* 125 28 51 120 133 88 28 12- 88
23F W8A V8A 23' 23| V8A W8A 2 3, U

j Ig532 121 74 107 135 te z Fe. Coal. AgAl
O|O OIO

=

i

.

FILLER
PIECE

- - -

_ . _--. -.

Fig . A-13 Irradiation Assembly IBR-76 (Capsule A) showing neutron fluence-rate monitor locations.
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B-C@SULE W8A 23F W8A 23F W8AUBR-76 360 91 333 200 362
W8A 23F 23F W8A 23F * Fe, Coal, AgAl
416 50 163 371 80

;

23F W8A 23F WBA W8A
129 410 179 400 379
W8A 23F 23F 23F 23F - Fe, NI

.

238 354 23 " 18' 20g~
23F W8A W8A V8A 23F
67 364 dd7 437 81

W8A 23F WBA W8A 23F
334 111 390 351 119

| W8A 23F W8A 23F W8A e, i

. 382 64 589 176 425
23F 23F WBA W8A 23F

W8A W8A 23F WBA 23F ~ Fe, Coal, AgAl
i

| 336 368 116 378 166
1 23F 23F W8A 23F W8A
| 77 29 592 17- 335 _

WBA W8A 23F. W8A 23F '

| 357 85 88 114 143
|

\

|

| C TENSILE iy
M i

"

| Fig . A-14 Irradiation Assembly UB R-7 6 (Capsule B) showirg neut ron
fluence-rate monitor locations.
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Table A 13 Irradiation Assembly UBR 76 Capsule A Fluence Rate Monitor I
Results (Ref. 6) ;

t

*
i

b 12Monitor / Segment" Fluence Rate x 10 Monitor Location in
(Average) Specimen Array

,

J

;A32 (Fe) 5.33 Specimens V8A 100 to W8A 107
(Ni) 5.00 :

!

A33 (Fe) 5.21 Specimens 23F 69 to 23F 112 '
,

!

A35 (Fe) 5.95 Specimens 23F 47 to 23F 93 f

A36 (Fe) 5.88 Specimens W8A 110 to W8A 118
,

A38 (Fe) 6.51 Specimens W8A-125 to V8A 138
(NL) 6.22

!
A37 (Fe) 6.44 Specimens 23F-28 to 23F-88

A39 (Fe) 7.07 Specimens W8A-105 to W8A 135 ;

'(AgCo) 4.08c !

i
dVial (assU) 8.25 Between specimens W8A 120 and .

(9.41)* W8A-138 and between specimens
(Fe) 6.51 23F 51 and 23F-88*

(NL) 6.43
,

* See Figure A-13 for monitor locii. The Fe, Ni and assU results are based ;
|- on > 1 MeV ssU fission spectrum averaged cross sections of 115.2, 156.8 >

l and 441 millibarns, respectively,
b Fission spectrum assumption; n/cm -s*1 (E > 1 MeV) unless noted.8

c Thermal fluence rate corrected for epithermal neutron contributions based I
1.m on 18'Ag and asco reaction rates ,nd their cross sections. '

a
,

d Determination from astCs, sosRu, 1**BaLa and 882r results.
* Calculated spectrum value.

, ,

\
|
l'

Total time of irradiation: 616.04 hours
1

.

A-34

4

< , -. - - - - . _ _ _ _ . . - - - . - . - - _ - _ - - . _ _ - - - - . --



_

i<

I.

|
;,,

'- Table A 14 Irradiation Assembly UBR 76 Capsule B Fluence. Rate Monitor
Results (Ref. 6)

!

!
b 12Monitor / Segment" Fluence Rate x 10 Monitor Location in I

'(Average) Specimen Array'

B1 (Fe) 7.32 Between layers 1 and 2 ;
(AgCo) 4.57c d g

:

B2 (Fe) 7.10 -Between layers 3 and 4 [
(Ni) 6.87 '

B3 (Fe) 7.02 Between layers 6 and 7
(NL) 6.70 -

|

I B4 (Fe) 6.92 Between layers 8 and 9 ,

(AgCo) 2.86c ;

B5 (Fe) 6.75 Between layers 10 and 11
(Ni) 6.57

.

Vial (sssU) 9.20' Between layers 4 and 5 i
(10.45)f '

(Fe) 7.00 !

(NL) 6.95
.

* See Figure A-14 for monitor locii. The Fe, Ni and essU results are based !

on > 1 MeV seeU fission spectnan averaged cross sections of 115.2, 156.8
and 441 millibarns, respectively. '

b Fission spectrum assumption; n/cm8-s*1 (E > 1 MeV) unless noted. i
|

|
*

'
Thermal fluence rate corrected for epithermal neutron contributions based
on 10'Ag and 8800 reaction rates and their cross sections.

,

d Single determination value.
,

* Determination from astCs, n o Ru,1"BaLa and esZr results. *

f" Caleclated spectrum value.

|

|-

Total time of irradiation: 616.04 hours

|

1
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A CAPSULE 23G W9A 23G W9AU B R .,.7
'i 230 202 238 V3|

~ Fe, NII 23G W9A 23G W9A
223 204 233 286 .

"

W9A W9A W9A 23G !
276 307 297 234 !

, *--- F e , C OA l '
'

23G 23G W9A W9A
240 227 9" 274'

W9A 23G W9A 23G
'

,

304 209 284 235
W9A W9A 23G 23G ----- F e , N I -

238 292 2 8 '- #18 210 '

U~ 23G 237 99A W9A :

212 91A 9d5 266 !

23G W9A 23G W9A
215 301 211 282

_
W9A 23G W9A 23G 8' I

L

339 214 270 220
23G W9A 23G W9A
221 295 9'' 289

"*-~~ F e . C O A l C UW9A 23G 23G W9A ,

167 225 224 278
09A W9A 23G 23G
264 299 231 228
23G W9A 23G W9A

e,

L 236 272 232 317
|

|

| C TENSILEy
| M

. _ . _ . . _ . . - _ . _ .

I
Fig . A-15 Irradiation Assembly IB R-77 (Capsule A) showirg neutron

fluence-rate monitor locations.'

,
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B-CAPSULE
DOSIMETER

j y VIRES t3 PLACESI,

O|O q O
23G VlA V9A 23G 23G V9A V9A 23G [gi - g Fe. Ni
17 71 66 20 23 70 -78 27 71 20m 70 27 2389
W9A 23G / 230 W9A W9A 2JG - 23G WSA 230 30 WA

{9 18 21 65 75 24 30 67 D, gJ. _ p g,

O O Olb
2sG W9A- W9A 23G 23G W9A W9A 23G- 57 230

72 19 22- 68 80 32 11 , R Fe. Coal. AgAl25 g4
=

j ,

E O|O OIO |'

= m

FILLER *
PIECE

|
-

- - - - - .-

Fig . A-16 Irradiation Assembly UBR-77 (Capsule B) showing neutron fluence-rate monitor locations.
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Table A 15 Irradiation Assembly UBR 77 Capsule A Fluence Rate' Monitor
Results (Ref. 7) |

i

1

a h 12Nonitor/ Segment Fluence Rate x 10 Monitor Location in j
(Average) Specimen Array ;

;

A1 (Fe) 5.75 Between layers 1 and 2 ?
(Ni) 5.66 i

A2 (Fe) 5.96 Between layers 3 and 4
(Asco) 2.75c

;

A3 (Fe) 6.03 Between layers 5 and 6
(NL) 5.97 I

l

|- A4 (Fe) 6.38 Between layers'8 and 9 I
'

(Ni) 6.25 |

!
A5 (Fe) 6.50 Between layers 10 and 11 .]

(AgCo) 2.92c ,

(Cu) 5.46 )
A6 (Fe) 6.71 Between layers 12 and.13-

| (NL) 6.59 )l

i

d* 'Vial. (sssU) 7.64 Between layers 6 and 7
(8.71)*

'

(Fe) 6.33
L (N1) 6.26 :

L 1
.'

" See Figure A 15 for monitor locii. The Fe , Ni, Cu and assU results are
based on > 1 MeV sesU fission spectrum averaged cross sections of 115.2,
156.8, 0.867 and 441 millibarns, respectively.

b pg,,' ion spectrum assumption; n/cm8-s** (E > 1 MeV) unless noted. i
i

1

c Thermal fluence rate corrected for epithermal neutron contributions based
|, on 10'Ag and asco reaction ratou and their cross sections.
|

|
d Determination from setCs, sosRu, 180BaLa and asZr results.
* Calculated spectrum value.

Total time of irradiation: 139.00 hours
|

|
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ITable A 16 Irradiation Assembly URR.77 Capsule B Fluence Rate' Monitor

Results (Ref. 7) ;

! !
:
6

I 'Nonitor/ Segment" Fluence Rate x 10 Monitor Location in
D 12

-

, (Average) Specimen Array
,

1

88 (Fe) 6.88 Specimens W9A 71 to 230 27 |
(Ni) 6.71 !

" *

! i
B9 (Fe) 6.54 Specimens W9A 69 to 230 30 ;

(NL) 6.43 !

B10 (Fe) 6.19 Specimens W9A 64 to 23G.32 f(AgCo) 2.71c

dVial (sssU) 7.64 Between specimens W9A 65 and
(8.71)" W9A 75 and between specimens

'

(Fe) 6.39 23G.219 and 230 24 '

.

(NL) 6.30 (diagonally) ,

,

* See Figure A.16 for monitor locii. The Fe, Ni and sssU results are based
on > 1 NeV assU fission spectrum. averaged cross sections of 115.2, 156.8 !

and 441 millibarns, roepectively, i

b Fission spectrum assumption; n/cm .s"1 (E > 1 MeV) unless noted. ;8

l'

| Thermal fluence rate corrected for epithermal neutron contributions basedC
-

on 188Ag and ''Co reaction rates and their cross sections.
,

d Determination from. asrcs, sosRu,140BaLa and asZr results.
,.

* Calculated spectrum value.

Total time of irradiation: 139.00 hours '

| '

.

.

e
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Reactor Operations History: "

Irradiation Assemblies UBR 38, UBR 44, UBR-45, UBR 46 -(
UBR 65, UBR 75, UBR.76, AND UBR.77 q
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EXPOSURE XISTORY UBR 38
.

l''

DATE IN TIME IN DATE OUT TIME OUT EXPOSURE SIGMA CORE j
HOURS HOURS POSITION NOTES j

2-21-a3 1715 2-22-83 0919 16.07 16.07 Re flect or 6" S.P.
)

2-93-a3 1018 2-23-83 1800 31.20 47.27 !

9-91-R3 IA43 2-25-85 0830 37.78 85.05 I

2-27-83 1720 2-28-83 0850 15.50 100.55
2-28-83 0917 2-28-83 1827 9.17 109.72

'

*
2-28-83 1854 3-1-83 14 14 19.33 129.05 i

3-I-83 1443 3-1-83 2342 8.98 138.03
3-2-83 0010 302083 1300 12.83 150.86
3-2-83 1345 3-4-83 1015 44.50 195.36

'

3-6-83 1702 3-7-83 1040 17.63 212.99 *

3-7-83 1040 3-7-83 2000 8.40 221.39
i-7-Ai 2000 3-7-83 2I00 0.95 222.34

s1-7-E3 2100 3-7-83 2330 2.50 224.8;

i 7-Ri 9116 i-R R1 0100 f.35 226.!9
1-R-Ri nfon 1-R-Ri 1914 11.2% 737.44
i a.ai 1994 i R.Ri 1949 1.1% 99R.79
3-B-83 1345 3-11-83 0800 66.25 305.04
3-11-83 0828 3-11-83 1123 1.46 106.50
3-11-83 1149 3-11-83 1227 0.32 306.82
3-I3-83 1721 3-13-83 2209 4.80 311.62
3-13-83 23!3 3-14-83 134 8 I4.58 326.20
3-!4-81 1427 3-18-83 1052 92.42 4 18.62

|- 1-?n-Ri 170% 3-24-83 1200 90.92 509.54
| 3-27-83 1616 3-28-83 0945 17.48 527.02

3-28-83 1106 3-28-83 1320 2.23 929.9%
.

3-28-83 I4 18 4-I-83 1200 93.70 622.95
4-5-83 1054 4-8-83 1700 73.10 696.05

| 4-10-83 1655 4-11-83 1930 26.58 722.63
4-11-83 2017 4-I5-83 0830 84.22 806.85
4-17-83 1712 4-l8-83 1300 19.80 826.65
4-18-83 1355 4-19-83 2103 31.13 857.78
4-I9-83 2217 4-20-83 1024 12.12 869.90
4-20-83 1054 6-22-83 1300 50.10 920.00
4-24-83 1701 4-26-83 1630 47.48 967.48

_.

,

4-26-83 1740 4-28-R3 1248 41 I' toto.At '

4-28-83 1910 4-29-83 1000 18.50 1029.11

i

B-1
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EEPOSURE MISTORT: tram 38
!

*
DATE IN TIME Ill DATE DUT TIME OUT EEP08URE 81CMA CORE

HOURS HOURS POSITION NOTES

5-1-83 1707 5-2-83 0930 16.38 1045.49

5-2-83 0954 5-6-83 1000 96.10 |141.59
'

'

'

5-8-83 1653 5-I3-83 0900 112.12 1253.71

5-15-83 1630 5-18-83 2300 78.5 1332.21

5-22-83 1655 5-26-83 0223 81.47 14I3.68'

5-26-83 0213 5-27-83 1030 31.78 1445.46

5-31-83 1345 6-3-83 0043 58.97 1504.43

6-3-R3 0204 6-1-B3 1100 8.93 1513.36
'

6-4-81 1643 6-ID-R3 0800 111.28 1624.64

6-12-83 1654 6-16-83 I400 93.1 1717.74

6-19-83 1718 6-24-83 0900 til.7 1829.44

6-26-R3 1720 7-1-83 1200 114.7 1944.14>

7-5-R3 0054 7-7-83 1634 64.46 2008.60

7-7-83 1726 7-8-83 1045 17.32 2025.92
'

7-10-83 1756 7-15-83 1200 114.10 2140.02

7-17-83 1703 7-20-83 1015 65.20 2205.22

7-20-63 1100 7-22-83 1200 49.00 2254.22

7-24-83 1700 7-26-83 1800 49.00 2303.22
7-76-R3 1836 7-27-03 1100 16.40 2319.62
1 97-ai 1909 7-29-R3 1200 48.00 2367.62 *

7-31-83 1705 8-5-83 0800 110.92 2478.54
8-5-83 1214 8-5-83 1240 0.43 2478.97
D-7-83 17 tt R-II-83 0800 86.77 2565.74

*

R-11-R3 0917 B-12-83 I200 26.3R 2592.12
*

A-ta-Ri 1700 R-to-R1 1000 113.00 2709.!2
A-91-A1 1700 R-7%-83 1906 94.10 2803.22
8-28-83 1743 8-31-83 1526 69.71 2891.52 South RmF1 seene
8-31-83 1600 9-1-83 If30 19.50 2911.02
9-1-83 1237 9-2-83 0150 13.22 2924 ?4
9-2-83 0300 9-2-83 1000 7.00 2031.9&

'

180' ROTATION

9-6-83 0050 9-9-83 0800 79.17 inin at
|9-11-83 1712 9-16-83 I200 114 .8 3125.2'l

9-18-83 1659 9-23-83 0900 112.00 1237.21
9-25-83 160R' 9-10-81 0900 Itt.RA 11&o n7

10-2-83 1700 10-5-83 1030 65.50 34.I4.57

B - 2'
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EXPOSURE RitTORT: URE 38 I

l
DATE IN' TIME Ill DATE OUT TIME OUT EXPOSURE SICMA CORE

*
HOURS 110UR$ POSITION NOTES i

10-5-83 1159 10-7-83 1045 46.77 3461.34

10-9-83 1723 10-1|-83 0800 110.55 3571.89 )

10-16-83 1715 10-21-83 0830 111.25 3683.14
'

10-23-83 1648 10-28-83 0800 111.20 3794.34

10-30-83 1709 11-4-83 0900 111.85 3906.19 !

11-6-83 17I0 11-7-83 1200 18.83 3925.02 !

11-7-83 1342 11-10-83 1400 72.30 3997.32

11-13-83 1700 11-14-83 0845 15.75 4013.07 |

Il-la-83 0938 Il-17-83 0250 65.20 4078.27

11-17-R3 0312 11-17-83 1600 12.80 4091.07

ft-17-R3 169% 11-18 83 0900 I6.08 4l07.15
tt-97-Ai 1A41 11-30-R1 1630 71.62 4178.77
12-1-83 0035 12-2-83 1000 21.42 4200.I9 !

'

12-4-83 1710 12-6-83 1809 42.00 4242.19 ?

12-6-83 1544 12-7-83 1130 29.77 4271.96 | '

12-7-83 1200 12-9-83 0800 44.00 4315.96 |

12-11-R3 1900 12-16-83 1000 111.00 4426.96,

: ,
'

12-19-83 1713 12-20-83 0218 33.90 4460.86 '

12-20-Ri 0307 12-23-83 0900 77.88 4538.74
12-26-83 1623 12-29-834 2330 79.12 4617.86 I

I-2-84 1604 I-4-84 2400 55.93 4673.79
l-s-84 1013 1 5-84 1940 9.45 4 6 R1. 24

I-5-64 2043 1-6-84 1300 16.28 4699.52
1-8-84 165I l-9-84 1000 17.15 4716.67 |

I-9-84 1035 l-13-84 1100 96.83 4813.50
l 1-15-84 1653 1-16-84 0000 7.12 4820.62
| ,

l 1-16-84 0000 1-19-84 1509 87.15 4907.77
*1-19-84 1600 1-20-84 1030 18.50 4926.27

l-22-84 I64 1 1-27-84 0800 III.32 5037.59
l-29-84 1652 l-30-84 1700 24.13 5061.72
t-in-R4 1R18 2-1-84 1230 89.86 5151.59
2-5-84 1655 2-10-84 I200 115.08 5266.67
2-12-84 1647 2-17-84 1002 113.25 5379.92
2-20-84 1648 2-23-84 14 50 70.01 9469.9%

2-23-84 Isaa 5 st-as inin in ,e 5468.72

B-3
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EKF08URE NISTORY tran sa
,

,

DATE IN TIME IN DATE OUT TDIE OUT EEF08URE SIGNA CORE
HOURS HOURS POS! TION NOTES

1 26-84 1705 2-28-84 0700 37.90 5506.62

2-20-14 'l106 2-29-84 1900 7.90 5514.52

9-90-AA 1002 3-2-a4 1500* 42.97 5557.49

3-4-84 1712 3-5-84 1000 16.80 5574.29 ,

i-5-A4 1011 3-6 84 0800 21.63 5595.92 1
*

3-6-64 0826 3-8-44 2200 61.57 5657.49

3-8-84 2240 3-9-84 1000 11.33 5668.82

ROTATED 180' 3-9-1 4 (

'

3-l|-84 1700 3-16-84 0830 111.5 5780.32

3-13-84 1700 3-21-84 1518 70.3 5850.62

3-21-84 1710 3-22-84 1330 20.33 5870.95
'

3-22-84 1429 3-23-84 0840 18.183 5889.14

3-25-R4 1659 3-30-84 0830 111.52 6000.66

L-t-AA 1A%0 A-S-Ra 1%00 77.00 6022.66

4-2-64 1535 4-6-84 0800 88.42 6111.08
,

4-8-84 1639 4-10-84 0800 39.35 6150.43

4-10-84 0830 4-15-Ra 0900 79.50 A???.93

!4-15-84 1649 4-20-R4 0R00 Itt tR Aita i t

4-22-84 1650 4-27-84 0800 111.17 ALL% 9R

4-29-84 1850 5-2-84 1900 70_Ri 6516.11

| 5-2-84 1527 5-4-84 0800 40.55 6556.66

l 5-4-84 1319 5-4-84 1410 0.85 6557.51

5-6-84 1654 5-9-84 0000 55.10 6612.61

3-9-84 0019 5-10-84 0800 31.68 6644.29

5-10-R4 1726 ,,5-10-84 1830 1.07 6645.36
*

%-ft-84 1230 5-11-84 1240 0.17 6645.53

%-13-86 1700 5-17-84 0800 87.00 6732.53

%-tR-Ra t&S3 %-1R-84 1933 0.67 6733.20
,

I 5-20-84 1705 5-20-84 1749 0.73 A733.01

5-20-84 1827 5-23-84 0230 96.05 67Ro oR

5-23-84 0254 5-23-84 2200 to.10 ARoo.0A ,

5-29-84 1026 6-1-R4 0800 Ao %A AR7R AL
i

6-3-84 1643 6-7-84 ??no tot.?R A070 09

- 6-10-84 1646 6-15-84 0800 111.?.3 7091,15

6-17-84 1705 6-17-84 174 5 0.67 7091.92

6-17-84 18t7 6-f8-94 0121 7 sn 7099.02

B-4



. - - _ . _ - . _ - ._. - . - . . . _ - _ .

:-

i

;

'
.. .

EXPOSURE MIST 0RT U8R 38 -

'

DATE Ill TIME IN DATE OUT TIME OUT EKP05URE $1GMA CORE
'

HOURS HOURS POSITION NOTES ,

6-18-14 0154 6-18-84 1312 11.30 7110.19

' 6-18-84 1340 6-2D-84 _1745 52.0a 7162.40 i

6-20-84 1906 6-21-84 2400 28.90 7191.30
s

6-24-84 1657 6-29-84 0118 105.25 7296 55
.

7-1-84 1653 7-3-84 2300 54 . 12 7350.67-

7-5-84 0054 7-6-84 1423 37.48 7388.15
7-8-84 1730 7-10-84 2053 51.38 7439.53;

.

7-10-84 2150 7-13-84 1200 62.I7 7501.70 '

7-It-Ra 1706 7-19-Ra fino 101.90 7603.60 $

7-??-Ri 1651 7 97-RA !?on I11.10 7712.70
7-29-84 I654 8-3-84 0900 111.90 7830.60
8-5-84 1739 8-9-84 1900 97.35 7927.9s
8-9-84 2053 * 8-10-84 0815 11.37 7939.37 ',

8-10-84 1049 8-10-84 1219 1.50 7960.n2

| 8-12-84 1654 8-12-84 2000 3.10 79&3.92
*

8-12-84 2040 B-16-84 1400 89.33 8033.29
'

8-I6-84 1538 8-16-84 1752 2.23 8035.4a

8-22-84 1300 B-24-84 1515 50.25 8035.73
8-26-B6 1700 8-31-84 1223 1I5.38 8201.11 ,

9-t-RL 0092 0-7-84 1400 85.13 8286.24
9-9-84 1649 9-13-84 0020 80.15 8366.39

'

9-13-84 0511 9-I4-84 0900 27.82 8394.21
9-16-84 1653- 9-21-84 0800 111.12 8505.33
9-23-84 1730 9-27-84 1230 91.00 8596.33 '

9-27-R4 1600 9-28-B4 1141 21.68 8618.01
0-10-Aa 170f 10-t-BA 0930 16.50 8634.51

'

to-t-R& n121 10-5-84 0800 92.65 8727.16
to-7-Ra 165R 10-10-84 2130 76.53 8803.69
10-10-84 2339' 10-12-84 ' 1500 39.35 RR&3.0A

10-14-84 1709 10-15-84 1300 19.8% AR67.A9

10-15-84 1341 10-15-R4 1600 0.17 RAA1.11

10-15-84 14 34 10-I8-84 1300 70.43 Roii Aa

10-18-84 1418 10-19-84 1600 tc in not? or

10-21-84 1657 10-26-Ba onnn its n1 9068.97
10-26-84 ROTATED 180*

.

10-28-81 t653 10-30-86 1900 50.12 9119.09

B-5
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EXPO 8URE MISTORTI URR 38

DATE IN TIME Ill DATE OUT TIME OUT EXPOSURE SIGNA CORE
HOURS HOURS POSITION HOTES

10-30-84 2030 11-2-84 1815 62.75 9181.84 1

11-4-84 1717 11-9-84 1130 114.22 9296.06

j 11-11-84 1808 11-12-84 1339 19.52 9315 58

11-12-84 1402 11-16-84 0800 89.97 9405.55

11-18-84 1738 11-21-84 2300 77.37 9482.92

11-25-84 1731 11-30-84 1200 114.48 9597.40

12-2-R4 1725 12-4 - 84 0714 37.81 9635.21

12-4-84 1005 12-5-84 !!!9 25.24 9660.45

12-9-R4 1140 12-6-84 1415 26.58 9687.03

19-6-R4 1440 12-7-84 1233 21.88 9708.91
* '12-9-84 1758 12-14-84 0800 1I0.03 9818.94

'

12-16.R4 1756 12-21-84 0800 !!0.I6 9929.10'

{
,

1-9-R5 0054 1-4-85 0900 56.10 9985.20

1-6-85 1743 I-11-85 1000 113.28 10098.48

l-13-85 1746 1-16-85 1900 73.23 10171.71

1-I6-85 2006 1-17-85 1300 16.90 10188.61

1-I7-85 1530' I-17-85 1715 1.75 10190.36

|-17-85 17,45 1-18-85 1200 18.25 1020R.61

1-25-85 0627 1-25-95 004% 1.10 - 10211.01

1-25-85 1015' I-25-85 1520 5.0a 10216.00

1-27-85 1658 1-28-85 0830 1%.53 t0919.99

I-28-85 0948 2-1-95 1100 90.90 16111.77

2-3-85 1771 9.R.R9 tion ItM.At inAA7 it
,

2-10-85 1718 2-11'-85 1100 17.70 104A9.07

2-II-85 I I30 - 2-t5-85 1530 100.00 togsg n7

2-17-85 1802 2-22-85 1000 112.00 inA77 nt

2-24-85 1644 2-26-85 1300 44.27 10721.34

2-26-85 1408 2-27-85 0109 11.02 10732.36
,

2-27-85 0136 2-27-85 0544 4.13 10736.49

2-27-85 0604 2-27-85 1105 5.02 10741.51

2-27-85 1356 2-27-85 1717 3.35 10744.86

2-27-85 1758 2-28-85 1100 17.03 10761.89

2-28-85' 12I$ 3-I-95 1010 21.61 10783.50

3-3-85 1725 3-8-85 0900 111.58 10895.08 -

3-B-85 1110 3-9-85 ft?9 0.7s toros ii

B-6
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EXPOSURE HIST 0ltYs tran sa

DATE IN TIME Ill DATE OUT TIME OUT EXPOSURE SICHA C0llt ;

HOURS HOURS POSITION NOTES
;

3-8-85 1237 3-8-85 1509 2.53 10897.86 |,,

3-10-85 1720 3-15-85 0800 110.66 11008.52 i

3-17-85 1726 3-18-85 0254 15.46 fl023.98
3-18-85 1036 3-18-85 2045 10.15 11034.13

3-18-85 2200 3-21-85 2025 71.62 fl105,75
1

3-21-85 2137 3-22-85 0600 8.38 11II4.13 j

1-22-85 16 54 3-22-R5 1511 0.2R l illa .& 1 d

3-24-85 1721 3-28-85 0457 83.60 1119R.01
1

3-28-85 0518 3-28-85 1045 5.45 ft203.46

1 28-85 1149 3-29-85 1100 21.la I t ?? A . 6A I

3-31-R5 1725 6-3-85 0700' 61.%R lt?RR.?? |
l

j 4-3-85 til4 4-5-85 0900 as.77 tiiii.co
'

| 4-7-85 1700 4-10-85 0815 63.25 11997.7a

4-10-85 1054 4-11-85 0900 22.10 116to.it

4-11-85 1220 4-12-85 1100 77 A7 itato ni

4-13-85 0058 4-13-RS 0111 0.9R I f LA 9 to

4-14-85 1730 4-19-85 0913 111.72 I l 554. 3 I

4-19-85 2009 4-19-85 2021 0.20 11554.51

'4-21-85 'l725 4-24-85 0836 63.18 11617.69
4-24-85 0908 4-25-85 2042 15.57 11653.26

l4-79-R5 2122 4-26-85 0640 9.30 11667.96
4-28-85 1732 5-3-85 0700 109.47 11772.03
5-3-85 1257 5-3-85 1336 0.65 11772.68
5-5-85 1640 5-6-85 1551 23.18 11795.86

l' 5-6-85 2209 5-9-85 0830 $8.35 11854.21
5-9-85 1055 5-10-85 072f 20.43 11874.6&
5-10-85 1650 5-10-85 1716 0.87 11875.51
9-12-R9 17&I 9-16-85 1700 90.17 t1969.R1

5-19-85 1653 5-24-85 0900 ft?.15 t7n17.QA

5-28-85 0100 5-10-85 1400 61.00 12138.9B

5-30-R5 1733 5-30-85 1913 f.67 17160.6%

5-30-85 2000 5-11-R5 t&&O tR 67 17199.17

6-2-R5 1R00 6-7-RS 0900 lit.00 17270.12
6-9-85 t720 6-ft-85 0719 17.99 1710R.7&- |

A-1t-R% nR9a A-ti-R% t%nn sa An t91A9 RA

6-13-85 1600 6-14-85 0830 16.50 12379.34

B-7
|
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EXPOSURE MISTORY: nam sa

'
DATE IN TIME Ill DATE OUT TIME OUT EXPOSURE $1CNA CORE

__ HOURE HOURS POSITION NOTES q. '

6-16-85 1837 6-18-85 1000 39.38 12418.72 |

'
6-18-85 1035 6-21-85 1015 71.67 12490.39

6-23-85 1732 6-28-85 0906 111.47 12601.86
'

6-30-85 1726 7-3-85 2300 77.58 12679.44 t

7-7-85 1736 7-I0-85 1030 64.90 12744.34*

7-10-85 1810 7-12-85 0830 45.33 12789.67

7-12-85 1852 7-12-85 1910 0.30 12789.67

7-14-85 1657 7-18-85 1127 90.50 12800.47 i

7-18-85 1210 7-19-85 1820 23.16 12903.63

7-21-89 1709 7-21-85 2006 2.95 12906.58

7-91-R4 7010 7-2&-85 1535 66.93 12973.51.,

7-24-85 1827 7-26-85 1430 44.05 13017.56

7-28-85 1717 7-30-85 0438 35.35 13052.91

7-30-85 0500 8-2-85 1200 67.00 13119.91

8-4-85 1742 R-9-85 0800 110.30 13230.2I

B-11-R5 1651 8-11-R5 2020 3.48, 13233.69

! R-11-B5 2048 R-16-85 0930 108.70 13342.39
~

ROTATZD 180'

R-tR-R9 1A%R R-23-RS 1000 113.03 13455.42

R 91 A4 ptfftFn RA *r FenM cnR1: (HFATrn F Lit.1f RF )

12 22-85- marr IN PLur
,

19-97-R4 1716 I2-2&-85 ttio &? 90 13407.gg

12-R6-85 0833 12-27-85 1200 27.45 13:25.10
12-27-85 I200 12-27-85 1508 1.57 13996.67

12- 29-<3 5 1709 12-31-85 1500 45.85 13s79.99

l-5-86 1710 I-10-86 1400 116.83 13689.35

l-12-86 1651 1-13-86 0900 16.15 13705.50

1-19-86 1700 1-24-86 1000 |13.00 13818.50

1-26-86 1700 1-28-86 0800 39.00 13857.50

1-28-86 0928 |-31-86 1000 72.53 13930.03

2-2-86 1648 2-7-86 1200 115.20 14045.23

2-9-86 1708 2-11-86 0809 39.02 14084.25

2-11-86 0840 2-14-86 0900 72.33 I4156.58

2-17-86 1649 2-21-86 0900 88.18 14266.76

?-23-86 1709 ?-?R.RA nenn tin et la355.61

--.

B-8
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EEP08URE MISTORYI 188R 38
|

l .i t ',
:

$!Giu COREDATE IN TIME IN DATE OUT TDIE OUT EXPOSURE -

HOURS HOURS POSITION NOTES'

3-2-86 1658 3-3-86 1030 17.53 14373.14
'

! 3-3-86 1306 3-4-86 2224 ' 33.30 I4406.44 ;
'

l 3-4-86 2314 3-5-86 1936 19.87 14426.31*

3-5-86 1937 3-7-86 1241 41.07 14467.38 ;

'

3-9-86 1641 3-14-86 0900 112.32 14579.70

3-16-86 1702 3-17-86 0850 15.80 14595.50

3-17-86 1020 3-20-86 1200 73.67 14669.17

I3-23-86 1700 3-25-86 0704 38.07 14707.24

3-25-86 0745 3-28-86 0930 73.75 I4780.99 I

t

4-4-86 1200 115.00 16895.993-30-86 1700 >
<

4-6-86 1658 4-7-86 I123 18.41 149,l4.40
_

4-7-86 1342 4-7-86 2217 8.58 14922.98 _

4-7-86 2249 4-8-86 1400 15.18 14938.16
3

4-8-86 1431 4-11-86 0900 66.48 15004.64 *

i 4-13-86 1653 4-l6-86 1100 66.12 15070.J6

6-16-86 Ig2 4-18-86 1130 47.63 15118.39 ,,

1-20-86 1700 4-23-86- 0000 55.00 15173.39
,,

4-23-86 0028 4-23-86 1545 15.28 15188.67 >

,
, .

|'

4-23-86* 1642 4-25-86 t945 41.05 15229.72'

4-27-86 2030 5-2-86 0900 108.50 15338.22
c

5-4-86 1711 5-9-86 1300 115.82 154 54,04
i

5-11-86 1644 5-16-86 1450 118.10 IS572.14
'

5-18-86 1720 5-19-86 0830 15.16 15]S1.30 ,

l' 5-19-86 0910 5-23-81 1300 99.67 15686.97

%-96-86 1643 5-26-86 1650 0.12 15687,09
'

I5-76-86 1710 5-30-86 2103 99.88 l5786.97
!4-1-86 1700 6-2-86 1300 20.00 13806.97

6-2-86 1314 6-4-86 1000 44.77 15851.74

6-4-86 1050 6-5-86 1000 23.17 15874.91

6-5-86 I I41 6-6-86 0700 19.32 15894.23
_

'6-6-86 1359 6-6-86 I407 0.13 15894.36

|
6-6-86 1436 6-6-86 1508 0.53 15894.89

| _. 6-8-86 1726 6-8-86 2l00 3.57 15898.46

| 6-8-86' 2158 6-12-86 0700 81.03 15979.49.

6-12-86 0742 6-13-86 1200 28.30 16007.79
;

6-l3-86 ROTATED 180'*

t

B-9
.

e
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- ________.

EXPO $URS B!tTORT: ___ tram sa

DATE IN TIME 1R BAT 7. DUT TDit OUT EKP08URE $10NA C0kB
RDU18 HOU18 P081710N MOTES

6-IS-86 1709 6-16-86 IS66 22.58 16030.37
'

6-l&-66' 1611 6-20-86 0900 '88.82 16119.19

6-22-86 1707 6-27-86 1300 115.88 16235.07

6-29-86 1722 7-3-86 0200 80.63 16315.70
'

7-3-86 0225 7-3-86 ,2165 19.32 16335.03

7-6-86 1602 7-7-86 0800 15.97 16351.00

7-21-86 1106 7-25-86 0800 92,93 16443.93
,,

7-27-86 1730 8-1-86 1200 |16.50 16558.63

__8- 3- 8 6 1710 8 5-86 1600 66.83 16603.26
,

8-5-86 1435 8-8-86 1000 67.62 16670.68

8-10-86 1656 8-11-86 2226 29.53 I6700.21

8-15-86 1550 8-15-86 2312 7.37 16707.58
__

8-17-86 1656 8-19-86 1330 46.57 16752.15

8-19-86 1516 6-22-86 0800 64.73 168_l6.88 -

8-26-86 1707 6-28-86 2300 101.88 16918.76

9-2-86 0115 9-2-86 1102 9.78 16928.56

9-2-86 1121 9-5-86 0700 67.65 16996.19

9-7-86 1658 9-10-86 0865 63.78 17059.97

9-10-86 tile 9-11-86 1300 25.77 17085.74

9-11-86 1361 9-12-86 0800 18.31 17106.05

9-16-86 1738 9-19-86 0900 111.37 17215.62
__

___

9-21-86 1717 9-26-86 0800 110.7/ 17326.16
,_

9-28-86 1656 10-2-86 1200 91.10 17617.26

SISCKARCED

'
..

B-10
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ExPosvat utstoar

v & & ai d A k b
.

4. . it 4.i. it .J.W,. eiid ....
La in est out heves heure p.etiten

4.th.Sl 1740 41685 l 't. 4% d| 't . l b '4 %. 4 % memh.
.s. . s g . t s itse 4..tg . t l t**. i t. So (,, t . 61,

E t . 81 17 o t 5. t . 8.% ossat t h. t t 7g.et ,'
.

-

-

t .1 8 ) 0954 E b.tl toes op. . t o 174.11 |

6 3, . g g Ib4'b t.i14% oey eo 111.42. Igh .g g i

E.it.b4 thip 5 44.%) 2. % e o 7&.50 .%4.11
S.*tigt t45s %.16 81 o tt 3 tbt.47 444.10

.

52684 o L4-4 T.17. t t lot o St."l 4 4417.9 % !

|
-

.. si ... iu. u . ,. n o.4, t . .n s ,6...

4.% .3 5 o t e s.l 618% ti e s 4 11 545.%t !

6.E.4% 164 % 4,.40 4 % 0 % eo Ill .14 457. l b i
,

6 11.%3 Ib5d. (, . I b .t 1 14*e $1.) o 7 Go.th |

6 19.% 1 171 % 6 14 41 0900 111. 7 o Skt.% {
i .

9% Isb
-

( 4 16. S't 11 LO "I . t . g 3 | tee t | 4.'10 ,

7 5 4T **54 714E U.14 ( 4.46 104l.12. |
7744 17 L6 7 % 9% 1o45 17 31 1o 56.44 |

|
11041, t1G4 '765 41 iLeo || 4.1 o iI 71. 54 j

| 717 8) 17 0 % 7.to.6% lol5 6 5 . '2. e 11'47.74 |,

| 7.t..ts ii o o ,.tz.n izoo c... i t ,4 ;

7 14.%1 17e o *F.26 8% l%eo 49.se 11 15.74 |
,

7 1b.81 l&% 1116% lioo 14.4 o l'4 51.t 4

7 . z1 41, ttot *7 19.S3 1100 4%,. co 14100,t4
,

.. . .l.o .1 2. t $ll.ob7. 1.1 %.1..,.. . ..L 7. .o 5 .. . S.. E. S,L 09.#o l i

!. . _ . ,

I,. E_' &.,$_,,1144 _J.E'B 114 o C.41 15It.49 i
, ,

S .1.* S't ' l l i af S . l t . '81 CSoo St.. '1 '1 159%.14
'

,,

S , ll %1. , 0 9'57 S 12..%'t ,,,118 0 *14 . 't,b ,, I b 2.g |, , , , , , , ,
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EXPOSLfIlt R1470RY
,

u&Ldd A k 4
V '

Ehw that
date time date time supeevre eigma sore tin in out out hours hours posttten

- # A.* m f648 i t 414.le8It A&ptesfeb

44Ah m we %f s.it. sb m.nA.A aap i t.9. s s -

-

. .- -

is . it. s t tg en it.th tg tee. ist.e. 1745.44
_

;is.ig.ts siis it.te.ss out u s.t o 1169.54
|

,

-

st.te.es os.v s t. a s .s t eg es 11 46 1447 41 -

i t .56.g 4 lbtg it.M lt tsto 19. t k 1911. 54
11 34 the4 t.4 34 14eo 55.%'l 1 % 1.47
t.c.84 l o t 'l I.4 54 l%do %.4C 1991.%2. I

t.t. g4 104), i. b . 44 11.. 16 16 ***$.to
_ |t

1. g . s 4 i6si 19.t4 lo.o 17. s t to ts.ss
1.%.g4 to ns 18%'54 1t 00 %.55 2.i tt.i t. '

tei5.%k | 4 % 'g Idb.t4 oeco 7. l 'A. 2.) te) .g o f
1t. lip 34 **eo 1.l%.44 1Eeg &7. I 5 11.14.45 !

-

1.Ig.34 t heo 1.to.g4 tose Ig.50 2.1.14.45 !
i . a.t . 64 1641 1 27.g4 oleo 11111 1%44.17 i

.

t . n . 64 t 6 s s. t. s. 64 ties 14. t ). 11,7o.40

15 44 Ig st .a.s.g4 late 59.% 1*lho.L4 |
1564 thC5 11014 61 *o 185.09. 1515.1.4 i

,

1. it . g4 144'7 1 17. S 4 l eet. It%.t5 14.5%.t') |
1. s . g,4 t64g L.11 54 145o "I c. * I A7 54.I.1 |

. ,

L 2.s1,.34 1544 3..s49 ioso t s.16 t ,,,.ig ,

L 44 A4 s, pi s em oo
~

j-

,
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SEP08Ulla t!420$Y Page 1.

. ?. -
'

UBR 45 Ae2 -

- -

., .
, ,

-

data time date- 'stae 'aspesure s18ma core.

in La out eut hours - hours position
' '-

__

**
4-10-83 16$$ 4e11-83 l'930 26.$8 26.58

*4-11-83 3017 4-15-83 0830 ;* 84.22 110.80-
.

' '

l' 00 19'.80 130.60-- 4-l7 83 17l2 4-18-83 _ 3.

4-14-83 13$$ 4-19-83 2l03 31.13 161.73-

'

'6-19-83 2287 4-20-83 1024 12 12 173.45-

r 4-20-83 ' ' 0 h4 4 22-83 1300 $0.10 223.9$
-

4-14-81 1701 4-16-a3 lato - 4 7 .'4 a 271.43

t-is-as ' t?An - a-sa-as isaa a s'.l s sia.ss
3

I. 4-28-83 IS30 4-29-83 1000' 18 ,'$ 0' 333.06
'

,*
,

.

$-t-83' 1707 $-2-83 0930 16.38 sag.&&
'

_

5-2-83 0t$4 $-6-83 Innn ' e's . lo' &A t3s

$-8-83 1653 b|3-43 0900 ''.112 12 '$$7.66
*

.

$-IS-83 , 1630 5-18-83 '2300' ' '78 $ 636,16
- . .

5-22483 16$$ S-26-83 0223 81.47 717.63
'5-26-83 0243 5-27-83 'l030 31.78 749,41

'

$-31-43 134 $ 6-3-83 0041 sa.t? 80s.38
'

6-3-83 0204 6-3-83 1100 8.93 817.31

6-$-83 1643 6-10-83 0800 111.28 928.$9 -

- 6-12-83 1654
_ 6-la-as- taon ei.i inti.te

.

*

6-19-43 1718 - 6-24 83 0900 .111.7 |133.39.
'

6 26-83 1720 7-1-83 1200 * ' 1 14 '. 7 1248.09

0a4
'

7-7-83 i6u 64.46 i3ii.5$
-

7 $.43

iid
"

7-7-83 7-8-83 u s. i7.32 i329.87-
.

,

7-10-83 1758' 7-15-43 1200 ',114.10 1443.97-

'

7-17-83 1703 7-20-83 10l$ 6'$.20 1509.17

7*20-83 1100 7-22-83 1200 49.00 1558.17

-

B-13
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' REP 081118 !$TOILY hge 2
-

t. .

,.-usR 45 A,8
'

,

k.
.' >

.

f

. . . . - t

date time, date . Sine empeoute a t tae ' core |
in ** La out out .houre .heurs poettien j

;..

7-24-43' 1700 7-26-83 1600 49.'00- 1607.17 !
}

,

. ' *

7-26-83' 1836 7-27-83 1100 '*16.40 1623.57
;

.

-

7-27 83 1208 7-29-83 1200 48.00 1671.57 |
|

'

7-31-83 170$ 8-5-83 0800 110.92'- 1782.49 ;

;

0.43' 1782.92 |
'

8-$ 83 1214 6-5-83 1240 -

|*
.

. .

' 6 *. 7 7 1869.69 {A-7-83 17la R-Il-83 DA00
~

8
'

fa ti-at nest m.it-at- 1200 '' 26.38 1896 07 cut of flux
| ,

CAPSUI.8 LCADEDIlfTOhl8M.8CTOR 1896.0712-9-83 * ,

.
. !

'

12-II-83 1900 12-I6-83 1000 111.00 2007.07 |
i '

|
I 12-18-83 1713 '12-20-83 0218 33.90 2040197 i

! I-
. .

12-20-s3 0307 12-23-s3 0900 77.88 2118'.85i

|

79.12 2197.97*

12-26-as ists 12-29-as 2sso -

l-2- 64 1604 1-4-84 2400 '55.93 2253.90 |
*

9.45 '2263.35 fl-5-64 1013 1-5-64 1940 -

I-5 84 . 2043 1-6-84 1300 16.'28 2279.63.

'

1-8-64 1651' - I-9-84 16 0 17.13 2296.78 f.

96.'83 239'3 611- t- 44 1031 1- 13- 84 1100 -

|
,

1-ts-ai' ta6 - t- t s a4 oooo 7.12 240'0.73 !
-

.% i.

I-16-84 0000 1-19-84 1509- '87.'15 2487.88*

| l-19-44 160$ l-20-84 1030 . 10,$0 2$06.38-
_

| l-22-84 1&& I I-27-84' ' 0800 l'll.32 2617.70
-

..

1-29-Aa last 1-30-84 1700 24.13 264'I.83 j

j i io-na lait 2-3-mi 'l1in 89.86 273I.70
'

| 2-5-64' 1655 2- 10-84 1200.* . I I S'.08 2846.78 !i

2-12-64 1647 2-17 84 1002 '113 25 7960.03*

2-20-44 1648 2-23 84 1450 70.03 3030.06 .
__ _

-

.

.

| B-14-
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DAf8 IN TDS IN D4tt OUT TDIE OUT r EMURE SIGNA CORE
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HOUni Houts POSITION 180788 )
*7-35-86 75 A & b Late C-2 C-2 !
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7-27-66 1730 0-let6 1200 114 . 5 114. $ j
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>*

ROTATED 180' !
i
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I
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A 392-3 Plate 23F (Unteradiated Condition; L-T Orientation) :
t
'

No. Specimen Layer Capsule Test Temp. Enerov Lat. Exo. Shear
Humber (*C) (*F) (J) (ft-lb) (mm) (mtis) (4) !

1 145 1 -29 -20 29.8 22.0 0.56 22 (100---

2 38 1 -23 -10 32.5 24.0 0.71 28 (100---

3 174 1 -7 20 55.6 41.0 0.89 35 <100---

"

4 1 1 -1 38 51.5 38.8 8.89 35 <100---

5 191 1 16 68 81.3 68.8 1.32 52 <100---

6 2 1 38 188 113.9 84.0 1.83 72 <100----

7 173 1 93 200 127.4 94.0 1.88 74 100---

204 400 124.7 92.0 1.96 77 100 |8 37 1 ---

9 192 1 r-- 204 400 124.7 92.0 1.83 72 100
,

i

|

!
.

(ilD) - Not Determined
(HT) Hot Tested-

.

l

|- *
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A 533-B Plate 23G (Unirradiated Condition! T-L Orientation >* '

Ho. Specimen Layer Capsule Test Temp. Enerov Lat. Exp. Shear !
Humber ('C) (*F) (J) (ft-lb) (mm) (mtis) (4) ;

!

1 TA-6 la -62 -80 10.8 8.0 0.13 5 <100---
,

2 TM-15 1 -62 -80 6.8 5.0 0.10 4 <100 ;
---

3 TA-5 1 -40 -40 38.0 28.0 0.53 21 (100---

4 TR-19 1 -40 -40 33.9 25.0 0.64 25 <100.---
,

5 TA-4 1 -18 8 66.4 49.0 0.99 39 <100---

6 TA-17 1 -18 0 48.8 36.0 0.76 50 <100---

7 TR-7 1 -1 30 92.2 68.0 1.37 54 <100---
'

8 TM-14 1 -1 30 75.9 56.0 1.14 45 <100---

9 TA-3 1 27 20 132.9 98.0 1.65 65 (100---

to TM-18 1 27 60 141.0 104.0 1.75 69 (100 |
---

11 TR-61 1 71 160 131.5 97.0 1.83 72 100 |
---

12 TR-80 1 71 160 158.6 117.0 1.91 75 100 !---

13 TR-1 1 93 200 143.7 106.0 1.78 70 100 '---

14 TR-16 1 93 200 158.6 117.0 1.85 73 100---

15 TR-8 1 121 250 150.5 111.0 1.91 75 100---

16 TR-2 1 150 320 127.4 94.0 1.75 69 ISO---

17 TR-13 1 160 320 A53.2 113.0 1.88 74 100---

18 TR-20 1 160 320 166.8 123.0 2.01 79 100---

19 TA4-8 3 -40 -40 14.? 11.0 0.28 11 (100---

20 TA4-1 2b -le 0 61.0 45.0 0.94 37 <100 e---

'
21 TA4-5 2 27 80 109.8 81.0 1.55 61 <100---

'22 TA4-4 3c 204 400 134.2 99.0 1.63 64 100---

23 TA4-9 2 204 400 151.9 112,.0 1.85 73 100---

7

t

| I

1

|
'

* - Also MER Code TA.
a - One layer above 1/4 T plane.
b - One l ayer above 3/4 T pl ane.

| c - One l ayer below 3/4 T plane.
|

|-
,

6

|

|
|

.

| C-3
1
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f
Code WOM (Unirradiated Condition) .

\

Ho. Specimen Layer Capsule Test Temp. Enerov L at . Exo. Shear
Number (*C) (*F) (J) (ft-Ib> (mm) (mits) (%) ;

'

1 4 4 -40 -40 19.0 14.0 0.33 13 5---

2 11 11 -40 -40 24.4 10.0 0.43 17 5 i---

3 30 6 -23 -10 35.3 26.0 (HD) (HD)---
:----

4 9A 9 -23 -10 43.4 22.0 (HD) (HD) !--- ----

-10 0 40.0 36.0 0.94 37 |5 5 5 --- ----

6 12 12 -le 0 43.4 32.0 0.79 31 20---

7 10 6 4 40 52.9 39.0 (ND) (HD) ;--- ----

e 3 3 27 90 56.9 42.0 1.09 43 45 i
---

9 10 10 27 00 40.7 30.0 0.74 29 35 i---

49 120 70.5 52.0 1.27 50 80 |le 6 6 ---

11 1 1 49 120 63.7 47.0 1.19 47 60--- '

12 2 2 93 200 01.3 60.0 1.55 61 100 '---

13 9 9 93 200 75.9 56.0 1.47 50 100 i
---

14 15 3 *204 400 70.6 50.0 1.60 66 , 100---
,

15 22 10 204 400 70.6 50.0 1.52 60 100---

,

,

:

!

.

O

4

e

'

|

|

|
'

,

F

1

|
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Code W9R (Unirradiated Condition) !

Ho. Specimen Layer Capsule Test Temp. Enerov L at . Exp. Shear i

Humber (*C) (*F) (J) (ft-lb) (mm) (mtisi ( *4 ) - ;

'

1- 5 5 -62 -80 39.3 29.0 0.71 28 20---

-62 -80 38.0 28.0 0.64 25 10 l2 15 3 ---

3 3 3 -46 -50 71.9 53.0 1.09 43 50 +---

4 19 7 -46 -50
_ 130.2 96.0 1.45 73 95

67.8 50.0 1.07 42 20 ----

5 18 7 24 75---

6 27 3 24 75 149.1 110.0 1.96 77 99---

7 6 6 71 160 154.6 114.0 2.18 86 100--- -

8 16 4 204 400 169.5 125.0 2.21 87 100 !---

9 29 5 204 400 169.5 125.0 2.21 87 100---

10 35 11 204 400 168.1 124.0 2.16 85 100---

,
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CharDY V Data from Irradiation Assembiv UBR-38
'

(Reflector Region Irradiation)
,

I

1

I

e

i

e

C.
t

L-
|
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A 302-3 (UBR-38, Capsule A, As-Irradi at ed) (IP-13 .

:

No. Specimen Layer Capsule Test Temp. Enerav L at . Exp. Shear
Humber (*C) (*F) (J) (ft-lb) (mm) (mtis) (%)

1 169 38-A 4 40 20.3 15.0 0.46 18 (100
2 168 38-A 21 70 19.0 14.0 0.36 14 <100-
3 58 38-A 29 85 36.6 27.0 0.69 27 (100
4 106 38-A 32 90 38.0 28.0 0.64 25 (100
5 155 38-A 38 100 36.6 27.0 0.71 28 <1001

6 130 38-A 46 115 62.4 46.0 0.91 36 <100
7 108 38-A 54 130 63.7 47.0' 1.02 40 <100
8 109 38-A 60 140 63.7 47.0 1.19 47 <100
9 11 38-A 66 150 58.3 43.0 1.02 40 <100 ,

10 171 38-A 74 165 120.7 89.0 1.55 61 100
11 133 38-A 82 180 97.6 72.0 1.55 61 <100
12 12 38-A 93 200 112.5 83.0 1.68 66 <100
13 36 38-A 138 280 118.0 87.0 2.01 79 <100
14 170- 38-A 182 360 111.2 82.0 1.98 78 100
15 131 38-A 2W4 400 115.2 85.0 1.65 45 . 100

*
.

|

|
(HD) - Not Determined
(HT) Hot Tested-

l'
|. *
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|

|
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|
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A 533-B Plate 23 G (UBR-38, Capsule A, As-Irradiated) t!P-13 f

No. Specimen Capsule Test Temp. Enerav Lat. Exp. Shear ,

Humber (*C) (*F) (J) (ft-lb) (mm) (mtis) (%)

1 195 38-A -18 9 10.8 8.0 (HD) (ND) (100 -

2 196 38-A 4 40 32.5 24.0 0.46 18 (100
3 182 30-A 10 50 27.1 20.0 0.41 16 (100
4 183 38-A 16 60 35.3 26.0 0.61 24 (100 |

5 202 38-A 21 70 32.5 24.0 0.61 24 <100
'

6 198 30-A 24 75 54.2 40.0 0.76 30 (100.
7 181 30-A 32 90 56.9 42.0 0.86 34 (100
8 186 38-A 38 100 50.2 37.0 0.81 32 100 ,

9 206 38-A 52 125 77.3 57.0 1.12 44 (100
10 188 38-A 66 150 81.3 60.0 1.12 44 (100
11 189 38-A 71 160 69.1 51.0 1.04 41 (100
12 200 30-A 88 190 97.8 72.1 1.75 69 <100
13 192 38-A 149 300 142.4 105.0 1.60 63 100
14 204 38-A 177 350 135.6 100.0 2.36 93 100
15 194 38-A 204 400 139.6 103.0 2.03 80 . 100 .

,

|
|

l (HD) - Hot Determined
'

(HT) Hot Tested-

1

.

|
|
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R 302-3 (UBR-44, Capsule A, As-Irradiated) (CE-13.,

Ho. Specimen Layer Capsule Test Temp. Enerov Lat. Exp. Shear [
Humber (*C) (*F) (J) (ft-lb) (mm) (mtis) (%) |

t

1 +149 44-M (HT) (HT)
2 e 13 44-A (HT) (NT)
3 195 44-A -7 20 5.4 4.0 0.03 1 <100
4 42 44-A 4 40 13.6 10.0 0.23 9 <100
5 141 44-A 21 70 31.2 23.0 0.66 26 <100 '

6 100 44-A 27 80 21.7 16.0 0.43 17 <100.

7 93 44-A 43 110 40.7 30.0 0.69 27 <100
1 8 54 44-8 49 120 50.2 37.0 0.81 32 <100

9 135 44-A 66 150 56.9 42.0 1.04 41 <100
10 3 44-A 88 190 75.9 56.0 1.24 49 <100
11 181 44-A 93 200 99.0 73.0 1.50 59 <100
12 39 44-A 121 250 105.8 78.0 1.70 67 (100
13 *184 44-R (NT) (HT) (HD) (ND) <100
14 105 44-A 182 360 100.3 74.0 1.96 77 100
15 90 44-A 204 400 113.9 84.0 2.21 87 - 100

i

.

L
,

1

* Reserved f or postirradi at ion anneal .
(HD) - Hot Determined
(HT) - Hot Tested

1

1 *

|

L .
,

i

C-10
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Weld W8R (UBR-44, Capsule A, As-Irradiated) (CE-13

No. Spec t' men Layer Capsule Test Temp. Enerov Lat. Exp. Shear
Humber (*C) (*F) (J) (ft-Ib) (mm) (mils) (* )4

1 *279 3 44-A (HT) (HT)
2 #290 2 44-R (HT) (HT)
3 e307 7 44-A (HT) (HT)
4 *274 16 44-R (NT) (HT) ,

5 #301 1 44-A (HT) (HT)
6 265 1 44-R 49 120 10.8 8.0 0.15 6 (100
7 317 5 44-R 66 150 19.0 14.0 0.30 12 <100
8 327 3 .44-A 88 190 24.4 18.0 0.43 17 <100
9 299 11 44-A 88 190 32.5 24.0 0.51 20 <100

10 271 7 44-A 104 220 48.8 36.0 0.86 34 (100
11 268 4 44-A 104 220 46.1 34.0 0.71 28 (100
12 282 6 44-R ' 110 230 35.3 26.0 0.58 23 (100-
13 285 9 44-R 121 250 52.9 39.0 0.94 37 <100
14 296 8 44-R 204 400 54.4 40.1 1.02 40 100
15 293 5 44-R 204 400 50.3 37.1 0.79 31 . 98

* Reserved for postirradiation anneal.
(HD) - Hot Determined *

(HT) Hot Tested-

!
!

,
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A 302-3 ' Plate 23 F (USR-45, Capsul e A, As-Irradiated)tCE-33

No. Specimen Capsule Test Temp. Enerov Lat. Exp. Shear
'

Number (*C) (*F) (J) (ft-Ib) (mm) (mtis) (' )4

'

1 48 45-A 16 60 9.5 7.0 0.18 7 (100
2 185 45-A 21 70- 28.5 21.0 0.56 22 (100 -

3 94 45-A 38 100 24.4 18.0 0.51 20 <100
4 43 45-A 49 120 32.5 24.0 0.58 23 <100
5 150 45-A 60 140 33.9 25.0 0.74 29 <100
6 4 45-A 60 140 38.0 20.0 0.74 29 <100 ;

7 14 45-A 71 160 58.3 43.0 0.99 39 <100
8 182 45-A 77 170 84.1 62.0 1.40 55 <100
9 48 45-A 82 180 56.9 42.0 0.99 39 (100

10 188 45-A 85 185 92.2 .68.0 1.45 57 <100
11 25 45-A 93 200 77.3 57.0 1.30 51 <100
12 196 45-A 121 250 89.5 66.0 1.52 60 <100
13 136 45-A 177 350 101.7 75.0 1.65 65 <100
14 101 45-A 204 400 97.6 72.0 1.63 64 100
15 91 45-A 260 500 97.6 72.0 1.78 7 0. . 100

t

i
'

i

1
,

| (HD) - Hot Determined
'

(HT) Not Tested-

l'
1

|
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Weld WOR (UBR-45, Capsule R, As-Irradi at ed) CCE-33,

No. Specimen Layer Capsule Test Temp. Enerov Lat. Exp. Shear
Number (*C) (*F) (J) (ft-lb) (mm) (mils) ( *4 )

i e303 3 45-R (NT) (HT)
2 e269 5 45-R CHT) (NT) -

3 e319 7 45-R (NT) (HT)
4 266 2 45-R 71 160 14.9 11.0 0.28 11 <100
5 291 3 45-R 80 190 12.2 9.0 0.23 9 <100
6 297 9 45-R 93 200 32.5 24.0 0.51 20 (100

: 7 277 1 45-R 104 220 23.0 17.0 0.38 15 <100
' 8- 200 4 45-R 107 225 28.5 21.0 0.61 24 <100

9 12 8 45-R 121 250 43.4 32.0 0.79 31 <100-
10 286 10 45-R 121 250 34.0 25.1 0.53 21 <100.

11 -329 5 45-R 138 280 40.7 30.0 0.66 26 <100
12 275 11 45-R 160 320 46.1 34.0 0.84 33 <100
13 283 7 45-R 204 400 40.7 30.0 0.79 31 <100
14 294 6 45-R 204 400 43.4 32.0 0.69 27 100
15 313 1 45-R 288 550 46.1 34.0 0.87 3 4' ' 100 '

|

. e Resteved for postirradiation anneal.
'

(HD) - Hot Determined
(HT) Hot Tested-

|

|
1
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;,, Charov V Data from Irradiation Assembly UBR-46
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(Core Edge Irradiation)
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R 302-3 Plate 23 F (UBR-46, Capsule R As-Irradt ated) CCE-23

No. Specimen Capsule Test Temp. Enerav L at . Exp. Shear '

Humber (*C) (*F) (J) (ft-Ib) (mm) (mits) (* )4 ,

1 96 46-R 10 50 8.1 6.0 0.20 8 <100 !
2 95 46-R 21 70 20.3 15.0 0.38 15 <100 t

3 140 46-R 27 80 24.4 18.0 0.41 16 <100 ,

4 104 46-R 32 90 30.0 28.0 0.64 25 (100'

5 151 46-R 38 100 32.5 24.0 0.69 27 <100- ;

6 41 46-R 54 130 46.1 34.0 0.76 30 <100
7 142 46-R 60 140 46.1 34.0 0.79 31 <100
0 186 46-R 71 160 69.1 51.0 1.09 43 <100
9 26 46-R 82 180 56.9 42.0 0.99 39 <100

10 92 46-R 88 190 82.7 61.0 1.37 54 <100
11 5 46-R 104 220 105.8 79.0 1.63 64 97

| 12 197 46-R 138 200 104.4 77.0 1.55 61 97
13 102 46-R 177 350 97.6 72.0 1.57 62 98
14 44 46-R 260 500 111.2 82.0 1.55 61 100
15 183 46-R 260 500 105.8 78.0 1.80 71' ' 98

,

'-

l

:

(
'

.

;

(HD) - Hot Deterhined
*

(HT) - Hot Tested

|

|
|

.
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Weld W3R (U3R-46, Capsule R, As-I rr adi at ed) (CE-23

I Ho. Specimen Layer Capsule Test Temp. Enerov Lat. Exp. Shear
r Humber (*C) (*F) (J) (ft-lo) (mm) (mtis) (' ) 14

.|

1 #315 3 46-R (HT) (HT)
R2 *331 7 46-R (HT) (HT)

3 305 5 46-R 43 110 6.8 5.0 0.15 6 <100 j

4 298 le 46-R 60 140 19.0 14.0 0.38 15 <100* 1

,

5 278 2 46-R 82 180 24.4 18.0 0.48 19 (100
6 289 1 46-R 88 190 28.5 21.0 0.46 18- <100
7 281 5 46-R 93 200 24.4 18.0 0.38 15 (100 l

|' 8 267 3 46-R 104 220 33.9 25.0 0.58 23 <100 I
L 9 287 11 46-R 104 220 43.4 32.0 0.69 27 (100 |

10 325 1 46-R 110 '230 38.0 28.0 0.64 25 (100 l
11 284 8 46-R 121 250 48.8 36.0 0.99 39 98 1

12 273 9 46-R 121 250 48.8 36.0 0.97 38 98 l
13 292 4 46-R 204 400 50.2 37.0 0.89 35 100 |

l 14 270 6 46-R 204 400 48.8 36.0 0.94 37 100- I
15 295 7 46-R 289 550 44.7 33.0 1.42 56 * 100 '

I .

|'

|
l

* Reserved for postirradiation anneal. 1

(HD) - Hot Determined I

(NT) Hot Tested-

,
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Charov V Data from Irradiation Assembly UBR 65

,
' (In Core Irradiation)'
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A 302-3 Plate 23 F (UBR-65, Capsule B, As-Irradi at ed) (1C-13

No. Specimen Capsule Test Temp. Enerav L at . Exp. Shear r

Humber (*C) (*F) (J) (ft-1b) (mm) (mtis) (!O

1 121 65-3 -4 25 20.3 15.0 9.43 17 (100
2 152 65-3 4 40 16.3 12.0 0.36 14 (100
3 68 65-B 16 60 32.5 24.0 0.71 28 (100
4 72 65-3 27 80 28.5 21.0 0.56 22 (100
5 21 65-3 27 80 43.4 32.0 0.84 33 <100
6 67 65-B 32 90 39.3 29.0 0.86 34 <100 :
7 78 65-3 38 100 56.9 42.0 1.02 40 <100
0 15 65-3 43 110 48.8 36.0 0.94 37 (100
9 198 65-B 49 120 61.0 45.0 1.07 42 (100 -

,

18 164 65-B 49 120 71.9 53.0 1.17 46 (100
11 9 65-B 71 160 89.5 66.0 1.42 56 <100
12 65 65-B 71 160 97.6 72.0 1.83 72 (100
13 65 65-2 71 160 93.6 69.0 1.50 59 (100
14 124 65-3 138 280 108.5 80.0 1.65 65 100 '

15 114 65-B 177 350 100.3 74.0 1.70 67 * 100
16 172 65-B 204 400 115.2 85.0 1.91 75 100
17 27 65-B 260 500 109.8 81.0 2.01 79 100 '

L
-

'
t

| CHD) - Hot Determined
| (NT) - Not Tested

|

.

i
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Weld W8A (UBR-65, Capsule B, As-Irradiated) CIC-13 ,

i
tNo. Specimen Layer Capsule Test Temp. Enerov L at . Exp. She ar ,

Humber ('C) ('F) (J) (ft-Ib) (mm) (mits) (* )
|

4

1 #376 4 65-3 (NT) (HT) -
'

2 363 3 65-B 16 60 10.8 8.0 0.25 10 <100
3 340 4 65-B 27 80 8.1 6.0 0.36 14 (100
4 380 8 65-3 41 105 38.0 28.0 0.71 20 <100
5 369 9 65-3 49 120 38.0 28.0 0.71 28 <100 '

6 309 9 65-3 60 , 140 30.0 28.0 0.69 27 (100
7- 311 11 65-3 66 150 29.8 22.0 0.53 21 (100
8 374 2 65-3 71 160 33.9 25.0 0.66 26 <100 *

^

9 355 7 65-B 82 180 48.8 36.0 1.02 40 (100
le 352 4 65-3 93 200 42.0 31.0 0.79 31 <100
11 365 5 65-B 93 200 40.7 30.0 0.86 34 <100
12 372 12 65-B 104 220 55.6 41.0 1.04 41 <100 '

13 33 9 65-B 121 250 55.6 41.0 1.04 41 99
14 358 le 65-B 121 250 56.9 42.0 1.17 46 97
15 349 1 65-8 204 400 59.7 44.0 1.12 44 100
16 383 11 65-B 204 400 61.0 45.0 1.12 44 98
17 240 12 65-B 288 550 61.0 45.0 1.32 52 100

. L

.

r

>

* Reserved for post irradi at ion anneal
l (HD) - Hot Determined

<HT) Hot Tested-
.

.

|

|

|

|
| |

|
1 |
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Charov-V Data from Irradiation Assembly UBR 75 |
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(In Core Irradiation) ;
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' A 302-3 Pl at e 23 F (UBR-75, Capsule B. As-I rrad i at ed) (1C-23

Ho. fpecimen Capsule Test Temp. Enerov L at . Exo. Shear |
Humber (6C) (*F) (J) (ft-Ib) (mm) (mtis) (* )4

'

1 74 75-3 -1 30 13.6 10.0 0.23 9 <100 i
2 162 75-3 4 de 19.0 14.0 0.38 15 <100
3 22 75-3 27 80 24.4 18.0 0.46 18 (100 '

4 127 75-3 32 90 35.3 26.0 0.69 27 (100 ,

5 120 75-3 49 120 43.4 32.0 0.79 31 <100 *

6 110 75-3 49 120 40.7 30.0 0.76 30 <100
7 69 75-3 63 145 66.4 49.0 1.17 46 <100
8 6G 75-B 71 160 58.3 43.0 1.02 40 <100
9 16 75-3 79 175 90.8 67.0 1.40 55 <100

10 28 75-B 82 180 96.3 71.0 1.63 64 <100
11 24 75-B 93 200 85.4 63.0 1.57 62 <100 ,

12 115 75-B 121 250 105.8 78.0 1.78 70 100
| 13 199 75-3 138 280 100.3 74.0 1.63 64 100

14 90 75-B 204 400 115.2 85.0 2.26 89 <100 -

15 144 75-B 204 400 103.0 76.0 1.85 73 - 100
16 122 75-B 288 550 105.8 78.0 1.75 69 100
17 92 75-B 280 550 118.0 87.0 1.63 64 100

|

.

(HD) - Hot Determined
' (NT) Hot Tested-

h

L

t

<

1

'
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Weld Wem (UBR-75, Capsule B, As-Irradiated) (1C-23

Ho. Specimen Layer Capsule Test Temp. Enerov Lat. Exp. Shear
; Humber- (*C) (*F) (J) (ft-Ib) (mm) (mtis) (%) ;

1 341 5 75-B 24 75 8.1 6.0 0.10 4 <100
2 301 9 75-B 32 90 25.0 19.0 0.49 19 <100 ,

3 375 3 75-3 49 120 21.7 16.0 0.41 16 <100 !

4 594 10 75-8 60 140 29.8 22.0 0.53 21 <100 :
5 359 11 75-3 71 160 29.8 22.0 0.53 21 (100'

6 377 5 75-3 82 100 27.1 20.0 0.53 21 <100 ;

7 590 2 75-B 82 180 32.5 24.0 (HD) (HD) (100 |
8 367 7 75-3 88 190 44.7 33.0 0.84 33 <100
9 370 10 75-B 99 210 40.7 30.0 0.74 29 <100

10 350 2 75-B 104 220 46.1 34.0 9.76 30 <100
11 366 6 75-B 110 230 40.7 30.0 0.71 28 <100 ;

12 361 1 75-B 127 260 44.7 33.0 0.91 36 <100 ,

'
13 214 10 75-B 138 280 55.6 41.0 0.91 36 <100
14 321 4 75-B 149 300 52.9 39.0 0.91 36 - 100
15 356 8 75-B 204 400 56.9 42.0 1.07 42 100 f

16 353 5 75-B 204 400 54.2 40.0 1.02 40 100
'

17 384 12 75-B 288 550 52.9 39.0 1.12 44 100

L
'

1

.

.

t (HD) - Hot Determined
L (HT) Hot Tested-

,

'

*

.
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Charov V Data from Irradiation Assembiv UBR 76 '
,,.

' (In Core Irradiation) r
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R 302 ,3 Plat e 23F (UBR-T6, Capsule B, As-I rr ad i at e d) [1C-33

No. Specimen Capsule Test Temp. Ertrov l at . Exp. Shear.

Humber (*C) (*F) (J) (ft-lb) (mm) (mtis) (' )4
;

1 29 76-3 4 40- 6.8 5.0 0.15 6 (100
2 77 76-B 4 40 6.8 5.0 0.15 6 (100
3 163 76-3 27 80 23.0 17.0 0.46 18 <100
4 143 76-3 32 90 19.0 14.0 0.38 15 <100
5 128 76-3 49 120 33.9 25.0 0.64 25 <100
6 43 76-3 49 120 35.3 26.0 0.71 28 (100
7 67 76-3 57 135 42.0 31.0 0.74 29 (100 .

''

8 70 76-3 60 143 52.9 39.0 0.94 9? <100
9 129 76-3 74 165 55.6 41.0 0.94 ;2 / <100

1e til 76-3 82 130 73.2 54.0 1.27 50 <100
11 91 76-3 88 190 70.5 52.0 1.37 54 <100
12 17 76-3 104 220 105.8 78.0 1.70 67 <100
13 81 76-3 121 250 110.0 81.1 1.63 64 100
.14 80 76-B 149 300 105.8 70.0 1.83 72 100
15 77 76-3 204 400 96.3 71.0 1.78 78 100

- 16 200 76-3 288 550 94.9 70.0 2.03 80 100
17 88 76-3 288 550 93.6 69.0 2.13 84 100

.

,

|

(HD) - Not Determined 1

(NT) Hot Tested-

1

!

i

,
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i - , Weld W8R (UBR-76, Capsule B, As-Irradiated) t!C-33
,

No. Specimen Layer Capsule Test Temp. Enerov L at . Exp. Shear i

Humber (*C) ('F) (J) (ft-lb) (mm) (mtis) (%) '

1 *114 6 76-B (NT) (HT) D.
2 e360 12 76-B (NT) (NT) '

3 354 6 76-B 49 120 13 <. 6 10.0 (HD) (HD) <100
4 357 9 76-3 60 140 28.5 21.0 0.54 '21 (100
5 351 3 76-3 66 150 20.3 15.0 0.36 14 (100
6 85 1 76-3 68 155 24.4 18.0 0.43 17 (100

'

7 589 1 76-3 82 100 27.1 20.0 0.61 24 (100
S 362' 2 76-3 98 208 27.1 20.0 0.74 29 <100
9 378 6 76-3 99 210 35.3 26.0 0.58 23 <100

10 364 4 76-3 110 230 47.5 35.0 0.84 33 <100 #

11 371 11 76-3 118 230 43.4 32.0 0.79 31 <100
12 382 le 76-3 121 250 40.7 30.0 0.79 31 <100
13 379 7 76-B 127 260 46.1 34.0 0.84 33 100
14 368 8 76-3 149 300 52.9 39.0 0.97 38 <100
15 333 9 76-B 204 400 55.6 41.0 (HD) (HD) 100 !

16 592 4 76-3 204 400 48.8 36.0 0.94 37 ' 100
17 335 11 76-B 288 550 51.5 38.0 0.97 38 100

.

*

* Reserved for post irradi at ion anneal .
(HD) - Hot Determined .

(HT) Hot Tested-

|

|

.
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CharDY-V Data from Irradiation Assembiv UBR-77 !

' '
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;

| (In Core Irradiation)
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A 533-B Plate 230 (UBR-77,s aesule A, As-Irradtated) (1C-43 Ia

-

:No. Specimen Layer Capsule To ,t Temo. Enerov L at . Exo. Shear i

Humber (*C) (*F) (J) (ft-lb) (mm) (mtis) (' )< ,

1 220 77-A -29 -20 32.5 24.0 0.61 24 (100
2 230 77-A -7 20 36.6 27.0 0.74 29 (100 -

3 221 77-A -1 30 44.7 33.0 0.74 29 <100
4 236 77-R 2 35 9.5 7.0 0.15 6 (100 i

'
5 212 77-A 4 40 46.1 34.0 0.74 29 (100 i

6 227 77-R 21 70 40.7 30.0 0.76 30 (100 '

? 232 77-R 21 70 51.5 30.0 0.04 33 (100
0 224 77-A 27 80 75.9 56.0 1.27 50 (100
9 214 77-A 30 100 100.3 74.0 1.03 72 (100

10 233 77-R 49 120 105.0 70.0 1.57 62 <100
"11 230 77-A 66 150 113.9 04.0 . 1.75 69 <100

12 220 77-A 149 300 131.5 97.0 1.91 75 100
13 234 77-R 204 400 141.0 164.0 2.26 89 100
14 240 77-R 204 400 126.1 93.0 2.31 91 100

,
,

- ..

(HD) - Hot Determined
(NT) - Hot Tested

i
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We14 W9A (UBR-77, Capsule A. MS-Irradi at e d) (!C-43

" Ho. Specimen Layer Capsule , Test Tene. Entrev __ L a t . Exe, $he ar
,,

Humber (*C) (*F) (J) ((4-lb) (mm) (stis) ( P. )

1 274 10 77-A -32 -25 24.4 10.0 0.33 13 (100
2 272 0 77-A (HT) (HT) ' ----

3 17 6 12 77-A -12 le 29.0 22.0 0.53 21 (100
4 292 4 77-A -7 20 32.5 24.0 0.56 22 (100
5 167 11 77-A 4 40 40.0 36.0 0.69 27 (100
6 295 7 77-A 10 50 50.3 43.0 0.09 35 (100
7 209 1 77-A 16 60 51.5 30.0 0.04 33 (100
0 339 3 77-A 16 60 36.6 27.0 0.99 39 (100
9 202 le 77-A 27 et 66.4 49.0 1.04 41 <100

le V3 Vee 77-A 43 110 00.1 65.0 1, 35 53 (100
11 317 5 77-A 49 120 85.4 63.0 1.30 51 (100
12 266 2 77-A 66 150 100.3 74.0 1.52 60 (100
13 297 9 77-A 93 200 132.9 90.0 2.24 $$ 100
14 299 11 77-A 149 300 123.4 91.0 1.03 72 100
15 270 6 77-A 204 400 122.0 90.0 2.01 79 100
16 204 12 77-2 204 400 113.9 04.0 1.70 70 <100

,

) .

.

.

(HD) - Hot Determined
(NT) - Hot Tested

C 29
|

<



;;:(- _
.-

,

f- o

I

, ,

| 1 . I

f o'
I.'
,

}.
P

1..
,

:
. , , .

,

i

t

|

| ?
:

-

i
- .

| ArramII D
,

Computer Curve. Fits of Charpy.V Test Results
(Specimen Energy Absorption vs. Tomparature)
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OVERV!rW |
:
iThe data curve fitting procedure employed the hyperbolic tangent (Tanh) curve ;

fitting method as given by:
|,

|
*

(*Cy - A + 5 tanh
C

|
;

!
Parameters A, 8, C and T, are determined from non. linear regression analysis. |

t

The quality of the fit to each data set generally depends upon the number !
of specimens tested and the availability of data defining the upper shelf and (lower shelf for the data set. For many of the present data sets, both !
requiraments are satisfied and' an acceptable curve fit results. In other !
cases, either few tests were conducted or the data did not adequately define
the lower shelf for the data set. For such casos, the lower shelf from a
standard Tanh fit gives a lower shelf which is either above 27 J (20 ft lb) or I

negative. Since such results are not satisfactory from either engineering or !

aesthetic standpoints, two modified curve fits can be applied. One (Case A) !

is illustrated for certain data sets of the plate code 688 50 and 6A !materials. L

!

Case A is the result obtained when four fictitious data points with 7 J i

(5 f t.lb) of energy absorption are added at a temperature that is 28'C (50'F) ['

below the intercept with the abscissa, of a line representing a linearized !transition region. The line in this case is an eyeball fit to the data; the i
choice of a larger temperature shift (up to 56'c or 100*F) was found not to !

infuence the result appreciably. Case & represents use of a fixed lower shelf !
'

| of 7 J (5 ft.lb); this lower shelf is attained at a temperature of . . |

)The use of the modified curve fits serve to force the curves to a
reasonably low, positive value in the lower shelf region. This device is
particularly useful for those cases where data are lacking in the lower shelf [region for guiding the computer in its setting of bounding conditions. It i

should be noted that the American Society for Testing and Materials has not !
issued a standard method or a standard guide for curve fitting C data for the |yirradiated condition. !j

:
Within this appendix, the curvefit sheet immediately following the data |

| table represents a standard evaluation using the Tanh equation. The second *

*

curvefit sheet if present, gives the Case A results. For Case A, the !fictitious data points are denoted by *0" on the graph and **" in the data '

| tabulation on the curvefit sheet. Tabis D 1 compares the 41.J temperatures !
' indicated by the hand. drawn curves. (See main text.) |
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Table D 1 Compartoon of Charty.V Transit 10n Temperature j
(, Indications Free Two Data Curve Fitting Methode !

;

!

C 41.J Transition Temperature ('C)y

Irradiation Material Hand. Drawn Computer. Fit Difference
Assembly Curve Curve |

(a) (b) (a.b) i
!

i

(Unitrad.) 23F 15 13.9 1.1 ',
23G 34 28.9 5.1 ,

W8A 23 17.0 6.0 t

W9A 62 61.3 0.7
!
!UAR.38 23F 38 38.2 0.2

230 21 20.7 0.3

||USR.44 23F 43 43.1 0.1
W8A 102 101.3 0.7 ;

i
UBR.45 23F 63 59.5 3.5 i

W8A 127 131.7 4.7
q

USR 46 23F 49 48.7 0.3
W8A 107 109.3 2.3

(URR 65 23F 29 31.0 2.0
W8A 82 71.3 10.7 1

.

USR 75 237 46 45.2 0.8 :
W8A 96 97.7 + 1.7 ,

e
UBR 76 23F 57 55.4 1.6

V8A 104 110.1 6.1 |
i

URR 77 23G 4 11.4 7.4 i
W9A 1 3.1 4.1 '
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! R 302-B P1ste 23Fise -

| (Uni rradt ated Condition: L-T Ori ent ati on )
100-

| m
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25 -
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~50 8 50 100 150 200 250

Temperature (*C)

........................................................................
CV = A + 3 tanht(T - To)/C3

Enelish Metric
A = 55.33 ft-lb 75.02 J
B = 37.67 ft-Ib 51.00 J
C = 54.17 *F 30.09.*C

4

To = 51.21 *F 10.67 *C

Cv = 30 ft-lb (41 J) at T= 7.1 *F -13.9 *C
Upper Shelf Energy = 93.0 ft-Ib 126.1 J

........................................................................
PT Temp Energy

e (*F) (ft-ID)
1 -20 22.0
2 -le 24.0
3 20 41.0
4 30 30.0
5 60 60.0

' 6 100 04.0
7 200 94.0
0 400 92.0
9 400 92.0

0 = Fictitious Point Added . = Test Point Hot Included
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!
Te mp e r at u r e (*C) |

.......e..e..e.........e.**......e...ee....e...e.e.......ee.....ee..e... !
Cu = A + 3 tanht(T - To)/C3 ;

,

| t

| Enolish Metete !
; A = 44.51 (t-lb 65.77 J :

3 = 45.08 (s-Ib 61.12 J !

C = 73.53 'F 40.05 *C ;

To = 37.55 'F 3.08 *C .

i

30 ft-lb (41 J) at T= 5.5 'F -14.7 *C !CV =,

'

= 93.6 (t-Ib 126.9 J |Upper Shelf Energy
. ***ee eeeeeeeeeeeeeeeeeee eeeee.e.eee*.eeeeeeeeeeeeeeeeeees.eee.ee. .ees ;
! '

PT Temp Energy ;

4 (*F) (ft-Ib) :

1 -26 22.0 I
2 -18 24.0 t

3 20 41.8
4 30 30.8
5 68 60.0 t

6 100 84.0
'

l 7 200 94.0 j

$ 498 92.0 '

9 400 92.0
'

18 0 -100 5.0
11 0 -100 5.0 !

12 0 -100 5.0 !

13 0 -100 5.0 [

!0 = Fictitious Point Added * = Test Point Hot Included
|
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-

(Unt r radt ated Condit t en t T-L Orientation) |>
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Temperature (* C) >

!
eeeee**********eee********ee**************eeeeeeeee*****eeeeeee***eeeeee i

Cv = A + 3 tanht(T - To)/C3 i

fEnalish Metric
A = 55.11 ft-lb 74.72 J !
3 = 54.57 ft-1b 73.90 J !

C = 74.06 'F 41.14 'C
To = 16.03 'F -0.43 *C !,

!

Cv = 30 ft-Ib (41 J) at T= -20.0 'F -20.9 *C |

109.7 ft-Ib 140.7 J !Upper Shelf Energy =

*eeeeee*****ese*****eeeeeee****eeeeeeeeeeeeeeeeeeeee***eseeee*********** i

PT Temp Energy PT Temp Energy i
0 (*F) (ft-Ib) # ('F) (ft-Ib) i
1 -80 0.0 13 to 01.0
2 -80 5.0 14 160 97.0 j

I 3 -40 20.0 15 160 117.0 i

| 4 -40 25.0 16 200 117.0
'

5 -40 11.0 17 200 106.0 i
6 0 36.0 10 250 111.0

! 7 0 49.0 19 320 94.0 !
*

. 0 0 45.0 20 320 123.0 i

9 30 60.0 21 320 113.0 ;

le 30 56.0 22 400 99.0 i

;. 11 et 90.0 23 400 112.0 ;

!- 12 et 104.0

0 = Fictit1ous Point Added * = Test Point Hot included

:
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| Tempe ratu re (OT) ,
,
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tee

t i i i

I38 ~

Code W8A
(Unirradiated Condition)

80-
m

S- 100 -

6
w #

M x se*

t 75 $*-

*
6 g
>. wn. 4g-

;3 se - x

6 **
kx

6 \

|2e-as _

-
1

1 !

i 1I I I I I Ig g
i -5e a 50 les 150 2ee 250

Te mpe r atu r e (' C) .
e e..e.e. .e...e e e.. .e.e e e e e e e..e...e e..e e * *.. e e e e e e e e e e e e..e e e e....

Cv = A + 3 tanht(T - To)/C3
,

Enattsh Megetc !
lA = ~355.03 ft-lb -401.36 J

3 = 415.53 ft-1b 563.39 J
*

C = 251 15 'F 139.53 *C
To = -400.93 'F -244.96 *C

Cv = 30 ft-1b (41 J) at 7= 1.4 *F -17.0 *C |
'

Upper Shelf Energy = 60.5 ft-1b 02.0 J
**eeeeeeeeeeeeeeeeeeeeeeeeeeee********eeeeee***esee**eeeee***eeeeeeee***

PT Temp Energy
e (*F) (ft-Ib> ;

1 -40 14.0 1

2 -44 10.0
3 -10 26.0
4 -10 32.0
5 4 36.4
6 0 32.0
7 40 39.0
0 et 42.0 !<

'

9 et 30.0 )
le 120 52.0 ]
11 120 47.0
12 200 60.0
13 200 56.0
14 400 50.0

j15 400 50.0

0 = Fictitious Point Added D-7 e = Test Point Hot Included

>
.. . __ - _ - - . _ . . - . _ . . _
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TotpS rtture (o n :
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aee~

7 i i i i i

iase -

Code W9R :
i

(Unteradiated Condition) i

160 j-
m

f i- 200 -

8 i ;

w e t
4 i

N 12e
*

i
-

$ {$ 15e x-

0 $ \*

x w ;

8e '}
& -

gg lee -

6 |i
.c i

V i
40 '

~

5e -

!
i

di i l I I i i !
e a :

~5e e 5e les 15e aos 25e ;

Te mpe r atu r e C' C) j
eeeeeeeee....eeeeeeeee.. *****ee,*eeeeeeeeeeeeeeeese*eeeeeeeeeeeeeeeeee, !

Cu = A + 3 t anht(T - To)/C3 !
|

English MetetC' [~

A = -395.47 ft-lb -536.10 J ;

520.99 ft-Ib 706.25 J !3 =

C = 204.01 'F 113.34 *C |
To = -312.32 'F -191.29 'C

f

! CV = 30 ft-1b (41 J) at T= -70.3 'F -61.3 *C |
| Upper Shelf Energy = 125.4 ft-Ib 179.1 J !

| eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee*******eeeeeeeeeeeeeeeeeee j
l PT Temp Energy :

# ('F) (ft-1b) ;
i

1 -et 29.0 |i

| 2 -80 20.0 !

3 -50 53.0 .

4 -50 50.0 :
5 75 96.0 j
6 75 110.0
7 160 114.0 i
e 400 125.0 .

9 400 125.0 [,

! le 400 124.0 ;

| |
1 0 = Fictitious Point Added ea Test Point Not included

W
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Tcaperttere ( r)-

..

.

e les aos ses 4ee- s:s
125'

y i i i

'R 302-B 11se -

UBR-38. Capsule R. R -Irradisted) (IP-1) '

100 !-
m
;f! )125- --

% - i i
tw x vx *

p ise 7s ;
-

--

. .

b h '|
w Ix 75 -

~

hx .s x a
6 50 * i-

6 !
25 i-

;as -

x >

I di I I I i ig g
8 50 100 15e 200 250 )|'

1
.

Tempe ratu re (* C) .|
j........................................................................

Cv = A + 3 tanht(T - To)/C3-

l

Ene t t~sh Metric )
'

A = 48.71 ft-lb 66.84 J
3 = 39.47 ft-1b 53.51 J
C .= 71.78 'F 39.88 *C 1
To = 137.80 *F 58.78 *C {

t

Cv = 30 ft-lb (41 J) ,at T= 100.8 'F 30.2 *C |
88.2 ft-Ib 119.6 J !Upper Shelf Energy =

........................................................................ )
PT Temp Energy 1

e (*F) (ft-lb)
1 . 48 15.8
2 78 14.8
3 85 27.8,

4 98 28.0
5 190 27.8
6 115 46.0
7 130 47.8
8 140 47.0
9 158 43.0

10 165 09.9
11 ite 72.0
12 208 83.8
13 200 87.0
14 . 360 42.0
15 499 85.0

0 = Fietitious Point Added . = Test Point Hot Included
. D-10,
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s Tempe r atu r e (o r) i
,

1

> -tes a tee aos see 4ee see ;

tse
|

' aos L i 7i i i i

R 533-B |
t

(UBR-38 Capsule R. As-Irradiated) CIP-13 |

120 !-
m

f |- 150 -
, -

t |6 u ,
w +8 ;

'

4*= !

90 !h -

6 >,
'.

. =

| |i$ tee --

A w ,

60 g |I
-

x
n !8 x ,

6 h !
*" $ i50 -- "

30 !-

X
X

,

| I d I I I I I gg _

-50 e 50 les 150 2ee 250 ..

:

Temperature (* C) j
e...... ...... .********eee... .e*** .....ee...e***** ..eee...**e...ee , t

CV = A + 3 tanht(T - To)/C3 |
*

|

( _ English Metric
46.24 ft-lb 62.69 J lA =

64.36 ft-Ib $7.25 J }
'

3 =

C = 175.95 'F 97.75 *C )
To = 114.65 *F 45.92 *C !

!

Cv = 30 ft-Ib (41 J) at T= 69.3 'F 20.7 *C i
= 110.6 ft-1b 149.9 J !Upper Shelf Energy

ese**eeeeeeeeeeeeeee**eseeeeeeee***********eseeeeee****eeee*********eee* ;,

PT Temp Energy .

# (*F) (ft-Ib) )
1 0 0.0 |

2 40 24.0 |
3 50 20.0 ' 4

4 60 26.0 l
5 TO 24.0 |

| 6 75 40.0 !

L 7 90 42.0 !
| 0 100 37.0 t

| 9 125 57.0 i

L to 150 60.0 i
'

| 11 160 51.0
| 12 190 72.1 i

13 300 105.0 ;

14 350 100.0 i

15 400 103.0 ,

'

0 = Fictitious Point Added D-11 * = Test Point Not included

I
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. Te mp o rtt u r e (* F )
-'

!
e too aos see 4ee 5ee

125If' I I i
,

R 302-B15e ..

(UBR-44. Capsule R. R:-Irrad1ated) (CE-l3
100-

m

f
'

125 --
I 8 i

w x *
Dx

M tes 75-
. x

6 x
e o

-- xx 75 w
58$ -

x
e a,

|i6 se
-

--
* .c

V
25-

,

25 --
, ,

~"I 11 1 I I I
B B

0 50 t80 15B 200 250
..

Tempe rature (' C)
*** ..eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee*******eeeee**eeeeeeeeeeee.

Cv = A + 3 tanht<T - To)/C3
.

Enotish Metric
A = 40.76 ft-lb 55.2? J

40.30 ft-Ib 54.64 JB =

C = 93.30 *F 51.03 *C
To = 135.11 'F 57.20 'C

Cv = 30 ft-lb (41 J).at T= 109.6 *F 43.1 *C
= 01.1 ft-Ib 109.9 JUpper Shelf Energy

eeeeeeeeeeee**eeeeeeeeeeeeeeeeeeeeeee************eeeeeeeeeeeeeeeeeeeeeee
PT Temp Energy

e (*F) (rt-Ib)
1 20 4.0
2 40 10.0
3 70 23.0
4 80 16.0
5 110 30.0
6 120 37.0
7 150 42.0
0 190 56.0
9 200 73.0

le 250 70.0
11 369 74.0
12 400 04.0

0 = Fictittous Point Added e a Test Point Hot included

_.
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fCV = A + 8 tasht<T - To)/C3.

Enolish Metric |
A = 23.45 ft-lb 31.79 J !

15.30 ft-1b 20.96 J !' 3 =

45.16.*F 25.99 *C
.'

C =

To = 193.02 *F 09.90 *C |
'

Cv = 30 ft-1b (41 J) at T= 214.4 *F 101.3 *C
30.0 ft-lb 52.7 JUpper Shelf Energy =

**e.**eeee***ese*eeee**eee*****.eeeee. .e**eeeeee***.**e.******.e.**.eee i

PT Temp Energy !

0 (*F) (ft-Ib) !
~

1 120 0.0 l

2 150 14.0 i
3 190 10.0 ;.

4 190 24.0 j
5 220 36.0
6 220 34.0 j
7 230 26.0 -

0 250 39.0 I

9 400 40.1 |
10 400 37.i ;

O = Fictitious Point Added * = Test Point Not included
,
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x 75 --

'
! t Se-

u
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25 ;x -
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e 50 100 150 200 15 0 300 i
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Te mp e r at u r e (' C ) !

ee...ee. eee.ee... .eeeeee.e.e...e.ee.eeeeee e eee..eee. ee**eeeeeeeeeee !

Cv = A + 3 tanht(T - To)/C) i
. !

*

Enattsh Metric !

A = 42.12 ft-lb 57.11 J,

i
'

3 = 28.95 h -lb 39.25 J [
C = 43.56 'F 24.20 *C t
To = 150.59 'F 70.33 *C ;

i
i '

Cv = 30 ft-Ib (41 J).at T= 139.2 'F 59.5 *C ;

| Upper thelf Energy = 71.1 ft-1b 96.4 J i
*

i eeeeeeeeeeeeeeeeeeeeeo*eseeeeeeeeee.e***eeeeeeee*********eeeeee**eeeeee. ;

PT Temp Energy }
'

e (*F) (ft-Ib> j
1 60 7.4 i

2 70 21.8 |
3 100 18.0 ;

4 120 24.0 ;
5 140 25.0 |
6 148 2(.0 |
7 168 43.0 >

$ 170 62.0 i

9 180 42.0 [
14 185 68.9 j

|

i 11 200 57.0 |
12 250 66.8 ,

13 350 75.0 !

14 400 72.0 !
'

15 500 72.9

0 = Fictitious Point Added * = Test Point Not Included
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}
- ..

Tempe rature (' C) r

........................................................................ i

Cv = A + 3 t anht <T - To)/C3 |

Enelish Metric !
A = 20.99 ft-lb 20.34 J !

3 = 11.63 ft-lb 15.76 J !

C = 45.81 'F 25.45 'C i

To = 220.88 'F 164.09**C '

CV = 30 ft-1b (41 J).at T= 269.8 'F 131.7 'C [
Upper Shelf Energy 32.5 ft-1b 44.1 J '=

........................................................................ (
PT Temp Energy [
t (*F) (ft-Ib) |

1 168 11.9 !
2 198 9.9 '

3 209 24.0 I

4 228 17.8 :
5 225 21.0 f

6 250 32.0 !
7 258 25.1 !

8 200 30.0 |
9 320 34.0 ;

19 400 34.0 ;

11 400 32.4
12 558 34.0 :

I

O = Fictitious Point Added * = Test Point Hot included |
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(UBR-46. Capsule R. As-Irradiated) CCE-23 |
100 , f
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i,

125 -
,-

, i t

$ |M
jx x ., w

75-m ges ,-. x x i6
e o I

'
x 75 y-+

52 g$ -

* a t,,

h !6 se -
* 6 i

*
25 |-

|25 --

!

i d | I I I lg g
8 50 tee 150 2e0 250 300 ..

Te mp e r atu r e (' C ) |
........................ ******** .................****................. :

A + 3 tanht(T - To)<C) iCV =
t

Enelish Metric !

A = 41.92 (t-lb 56.84 J !
3 = 37.21 ft-1b 50.45 J !

85.01 'F 47.67 *C :C =

To = 148.24 *F 64.50 'C |
i.

| CV = 30 (t-Ib (41 J) at T= 119.7 'F 48.7 'C t

= 79.1 ft-lb 107.3 J !|
Upper Shelf Energy

**...................................................................... i

PT Temp Energy I

e ('F) (ft-1b) !
1 50 6.0 |i

2 70 15.8 |
3 90 10.0 |
4 98 28.4 ;

5 100 24.0 !
6 130 34.0 |
7 140 34.0 |

8 160 51.0 l
'

9 180 42.0
10 190 61.0 ,

11 220 78.8
12 280 77.0 *

| 13 350 72.0
| 14 500 82.0

15 580 70.0 !

1
|

|. 0 = Fictitious Point Added D-19 . * Test Point Hot Included
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x 5 g |) se -
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2e-as - x
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I Id i I I I |e e ,

50 198 150 200 250' 300 I..

, Tempe rature (' C) |
......e .............e........................ ** ......es.............. !

CV = A + 3 t anht <T - To)/C3 (
l

Enalish Metric 1

A = 21.98 ft-lb- 29.04 J
B = 14.24 ft-Ib 19.30 J
C = 40.14 'F 26.75 *C'

; To = 198.10 'F 92.28 *C
'

| Cv = 38 ft-Ib (41 J)'as T = 228.8 *F 109.3 'C
| Uppte Shelf Energy = 36.2 ft-lb 49.1 J
1

eesssessessesesseeessesseesssesessesesessesssssesssesseessessesseessses,
l' PT Temp Energy i

. c.r> cn-i.> !
1 110 5.0 t

2 148 14.0 j,

3 180 18.0 :
4 190 21.8 i
5 200 18.0 t

6 220 25.8 l

? 228 32.8 |
| 8 230 20.0 |
| 9 250 36.0 i
! le 250 36.0 i
| 11 400 36.0 i

| 12 408 37.0 t

13 558 33.0 ;'

i

0 = Fictitious Point Added * = Test Point Hot included !
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103-
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f125
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.,- i,

" gw
.,

5 gee v
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e o

>. 7s w-
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SGt
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r y <

|25-x
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!- x
I

I bI I I 1 l I |g g
B 50 100 150 200 250 300 i

..

Te mp e r at u r e (*C)
ese**e e.e eeeeeeeeeeeeeeeeeeeeee..........eee******eeeeee**** ee...eee, ;

'

C,v = A + 3 tanht<T - To)/C3 i

I:
English Metric 1

45.9F (t-lb 62.33 J )A =

3 = 34.24 (t-1b 46.42 J i

C = 55.71.*F 30.95 *C I
*

To = 115.95 *F 46.64 *C |
!

I Cv = 30 ft-1b (41 J) at T= 07.0 *F 31.0 *C :

09.2 ft-Ib 100.7 J || Upper Shelf Energy =

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee*****eeeeeeeeeeeeeeeee********eeeeeeene
PT Temp Energy PT Temp Energy i

: e (*F) (ft-Ib) e (*F) (ft-lb) I

| 1 25 15.0 le 120 53.0 |
2 de 12.0 11 160 66.0 ,

3 60 24.0 12 160 72.0
4 80 21.0 13 160 69.0
5 00 32.0 i4 200 00.0

,

! 6 90 29.0 15 350 74.0 1

7 100 42.0 16 400 05.0 ?

0 110 36.0 17 500 01.0 ;

9 120 45.0

0 = Fictitious Point Added * = Test Point Not Included !
'
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i w e

| 5 se-

5 || 5 75 '~
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w j^x -

a. X E 43 ,-

g j3 58 - x

6 m h I
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" V i

2e-

25 -

i
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0 - e
O 50 100 150 200 2-50 300 ;

'
-

!.
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Te mpe r at u r e (' C )
esseeeeeeeeee**eeeeee**ee*e*****eeeeeeeeeeeeeeeeeee**eeeeeeeeeeeeeeeeee.

CV = A + 3 tanht<T - To)/C3 !

!
English Metric ?

A = -192.93 ft-lb -261.50 J !
3 = 239.22 ft-lb 324.34 J '

C = 214.24 'F 119.02 'C |
Tc = -190.09 'F -117.03 'C ;

i

Cv = 30 ft-1b (41 J) at T= 160.3 'F 71.3 *C )
= 46.3 ft-1b 62.0 J )Upper Shelf Energy

eeeeeeeeeeeeeeeeeeeeeeeee***seeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeveeeee, j

PT Temp Energy PT Temp Energy i

0 (*F) (ft-1b) # ('F) (ft-1b) ,'

1 60 0.0 9 200 30.0
;|2 00 6.0 te 200 31.0

| 5 105 20.0 11 220 41.0 !
'

' 4 120 20.0 12 250 41.0 |
5 140 20.0 13 250 42.0 !

6 150 22.0 14 400 44.0 <

7 160 25.0 15 400 45.0 1

0 100 36.0 16 550 45.0 {
l

O = Fictitious Point Added e = Test Point Not included )
!'
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125
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h (UBR-75. Capsule B. As-Irradiatod) CIC-23
,100-

m

f- 125 -

C b*-

M tee
*

* 75--. x
,
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I 6 |

*

x 75 - w.

$| 50-

x
s x a
6 se h-

O,

* 25-

25 -

.,

i da i i i I i
. g e
l 0 50 100 150 200 2-50 300
( ..

Te mp e r atu r e (*C)
eeeeeeeeeeeeee*****eseeeeee**eeeeeeeeeeeeee********eeeeeeeeeeeeeeeeeeeen

Cv=Ae 3 tanht<T - To)/C3;

Enettsh Metric
A = 45.07 ft-lb 61.10 J

| 3 = 35.33 ft-lb 47.91 J'

66.90 *F 37.21 *CC =

To = 143.70 *F $2.10 *C

Cv = 30 ft-lb (41 J) at T= 113.3 *F 45.2 *C
Upper Shelf Ener99 = 00.4 ft-lb 109.0 J

eeeeeeeeceeeeeeeeeeeeeeeee***eeeeeeeeeeeeeeeeeee****eeeeeeeeeeeeeeeeeese
PT Temp Energy PT Temp Energy .

e (*F) (ft-lb) e (*F) (ft-1b>
1 30 10.0 le 100 71.0
2 40 14.0 11 200 63.0

| 3 et 10.0 12 250 70.0
| 4 90 26.0 13 200 74.0

5 120 32.0 14 400 05.0
6 120 30.0 15 400 76.0

|
7 145 49.0 16 550 70.0
0 160 43.0 17 550 07.0
9 175 67.0 ,'

| 0 = Fictitious Point Added e = Test Point Not Included
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e 50 100 150 200 250 300 .

..

Temperature (*C) -

eeeeee*****eeeeeeeeeeeeeeeeeeeeeeeeeeeeeo**** .e.******e ..eeeeeeeeeeeee
Cv = A + 3 tanht<T - To,)/C3

l Enettsh Metric
A = 22.04 ft-lb 30.96 J
B = 10.27 ft-Ib 24.77 J
C = 114.29 *F $3.50 *C

I To = 160.55 *F 71.41 *C
l

Cv = 30 ft-lb (41 J) at T= 407.9 *F 97.7 *C
Upper Shelf Energy = 41.1 ft-1b 55.7 J

p eeeeeeeeeeeeeeeeeeeeee***eeee******eseeeeeeeeeeeee*******easeeeeeeeessee
PT Temp Energy PT Temp Energy'

0 (*F) (ft-lb) # (*F) (ft-Ib)
1 75 6.0 ~ie 220 34.0,

2 90 19.0 11 230 30.0a

L' 3 120 16.0 12 260 33.0
i 4 140 22.0 13 200 41.0

5 160 22.0 14 500 39.0
6 let 20.0 15 400 42.0
7 100 24.0 16 400 40.0
0 190 33.0 17 550 39.0
9 210 30.0

0 = Fictittods Point Added * = Test Point Not included
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;M !
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,

.3 !
'

125 --

. 6 e i
c w * , - ;,

X s+. i

A x x. w .'
75 ia leg -

u x , x ,

e o >,

x, 75 -- w ;,
50 i$ -

x
* ?x'
6 5e - . . .

I D '

L 25 '
-

i25 -- x

i~W
l+n | | | 1 IIg g ;

e 50 100 150 200 250 300 |..

;
Te mpe r atu r e (* C)

.

********************************************;4.*************************
,

Cv = A + B t anht (T - To)/C3
7

Encitsh Metric ,

40.09 ft-Ib 54.35 JR =

| B = 34.74 ft-Ib 47.10 J
"

| C = 64.13 'F 35.63 *C
' To = 150.87 *F 66.04 *C

'Cv = 30 ft-1b (41 J)'at T= 131.7 *F 55.4 *C
= 74.8 ft-lb 101.5 JUpper Shelf Energyy

**********************************************a*************************
PT Temp Energy PT Temp Energy

'

# (*F) (ft-1b) # (*F) (ft-lb)
1 40 5.0 10 180 "$4.0
2 de 5.0 11 190 52.0
3 80 17.0 12 220 78.0
4 90 14.0 13 250 81.1
5 120 25.0 14 300 78.0
6 120 26.0 15 400 71.0

- 7 135 31.0 16 550 70.0''

8 140 39.0 17 550 69.0
,,

9 165 41.0

0 = Fictitious Point Rdded * = Test Point Hot Included
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'

it We1d W8R |
125 ~

!" (UBR-76, Capsule B. As-Irradiated) [IC-3) i

'80 i-u m

S100 --

i% . ,

w $

!
' 'g -se-

s jt 75 -

6 g i

x w <

a * 4e !-x
$ |$ 50 ^- x x

h ir 6 * x
.c r

U
* x 20-

25 ..

:

X

i IE I I I Ig g ,

50 100 150 200 250, 300
. ..

Te mpe r atu re (* C)
.

************************************************************************
CV = A + B tanht(T - To)/C3 :

1 t

1 Encitsh Metric !
A = 25.99 ft-lb 35.11 J'

B 12.75 ft-lb 17.29 J=
'

C = 60.17 *F 33.43 *C
To = 210.12 *F 98.95 *C

1

| CV = 30 ft-lb (41 J) ,at T= 230.2 *F 110.1 *C
38.6 ft-1b 52.4 JUpper Shelf Energy =

********************************************************************a***
,

| PT Temp Energy -

# (*F) (ft-Ib)
1 120 10.0
2 140 21.0
3 150 15.0
4 155 18.0
5 100 20.0
6 208 20.0 '

*
7 210 26.0
0 230 35.0
9 230 32.0 ,

le 250 30.0
'

11 260 34.0
12 300 39.0
13 400 36.0 .

14 400 41.0
15 550 38.0

0 = Fictitious Point Added * = Test Point Not Included
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,

L 7 R 533-B
v -

i UBR-77. Capsul o FI, Fl -Irradi ated) (IC-4)
it 120-

m

fL 150 ---

6 x i.

. w 4
m +

N * *
90-

, 6 x xe a*
p' 6 '13e '-

EA w
B 50-r

x 3
m a
6. is

6y 50 -
.,x

| 30x -x
=t,

| Ib I I I | |e e 1,

-5B e 50 100 150 200 250 !
..

| Temperature (* C)
........******.. *******....***. ** .***......... ***.***..*********. ** I

L Cv = A + B t.anh0(T - To)/C3 I
I i
1 ;
i Enolish Metric l

'

le. 61 ft-lb 79.47 J
'

A =

B = 36.42 ft-lb 49.30 J
C = 35.90 *F 19.94 *C,.

D To = 98.49 *F 32.49 *C

! Cv = 30 ft-Ib (41 J) at T= 52.4 *F 11.4 *C
Upper Shelf Energy 95.0 ft-lb 128.9 J=

L ........................................................................
PT Temp Energy

# (*F) (ft-lb)
i

1 -20 24.0 l
2 20 27.0 j

3 30 33.0
'

4 35 7.0
5 40 34.0 1

6 79 30.0
7 70 30.0
8 80 56.0 |
9 100 74.0

10 120 78.0
11 150 04.0
12 300 97.0
13 400 104.0
14 400 93.0

0 = Fictitious Point Rdded * = Test Point Hot included
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v !
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Es -
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i E I t i I i
'

| 0 B-
| '-S e 0 50 100 150 200 250 ;
, .. .

| Te mp e r at u r e ,(* C )
...........*.*4...............................***.....****** ....***....

Cv = A + B t anht <T - To)/C3 i
,{.

Enalish Metric '

A = 53.47,(t-lb 72.49 J
B = 37.20 ft-Ib 50.44 J,

C = 73.66 *F. 40.92 *C'

.

To a 92.33 *F 33.52 *C
*

:
CV = 30 ft-1b (41 J) at T= 37.6 *F 3.1 *C L

Upper Shelf Energy = 90.7 ft-1b 122.9 J '

**...... *........ * .** ...********...********.....****** ....*********
,

PT Temp Energy -

| # (*F) (ft-Ib)
,

1 1 -25 10.0 ,

! 2 10 22.0
3 20 24.0
4 40 36.0i

! 5 50 43.0
l. 6 60 27.0
|: 7 60 30.0 -

1 0 00 49.0
9 110 65.0

,.

j, le 120 63.0
; 11 150 74.0
1 12 200 90.0
|- 13 300 *91.0 -

14 400 90.0 ,

15 400 04.0

0 = Fictitious Point Added D-32 * = Test Point Not Included

1
1.

. . . _ . , .. __ _ , .



p \

p~ Temperature (' f ) .-
,

'
t,

L -les- e ice aee 3:e 4ce 5:e !.

125
p i 7- i i i i ;

,

.
. ,

I .15e We1d W9R- |-

!: (UBR-77. Capsul e R. As-Irrad i ated) CIC-43 i
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._ x6
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x 75 - w ;

& 50 ;-

x
* x n i
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6.

x *-

.c tu i

* 25-

25 x- '

;

I E I I I I I :O O
L -50 0 50 100 150 200 250 ,

Temp e r at u r e (*C)
************************************************************************ i

CV e A + B tanhC(T - To)/C3

L English Metric
!

A = 47.48 ft-lb 64.37 J
B = 43.00 ft-lb 59.39 J
C = 93.92 *F 52.18 *C . 'To = 76.47 'F 24.71 *C

CV = 30 ft-lb (41 J) .at T= 36.8 'F 2.7 *C
Upper Shelf Energy = 91.3 ft-Ib 123.8 J

************************************************************************
PT Temp Energy PT Temp Energy

,

# (*F) (ft-1b) 6 (*F) (ft-Ib)
L 1 -25 18.0 11 150 74.0 i

'

|; 2 10 22.0 12 200 98.0
3 20 24.0 13 300 91.0
4 40 36.0 14 400 90.0
5 50 43.0 15 400 84.0
6 60 38.0 16 0 -85 5.0

| 7 60 27.0 17 0 -85 5.0
|. 8 80 49.0 18 0 -85 5.0

| -- 9 110 65.0 19 0 -85 5.0 ;

10 120 63.0

0 = Fictitious Point Added * = Test Point Not included
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Appendia E
,

!

MACTURE TOUCHNESS DETERMINATIONS

1. SPECIMEN DESIGN I

!

f The fracture toughness determinations were made using 0.5T.CT speci. ,

mens with a thickness of 12.7 mm (Fig. E.1). This design is similar i

to the specimen recommended in ASTM E 813 81 (Ref. E 1) where load. (

L line displacement is measured on the specimen. This specimen size was
considered acceptable based upon results from a size effect study, as *

discussed in Section 7.4 of Ref. E.2. As illustrated in Fig. E.2 for i

a Linde 0091 weld (code E24), the 0.5T.CT specimen design gives -

similar J .R curves to IT CT specimens, but lower JD levels at largeg ,

crack growth levels (i.e., Aa > 1 mm).
|
,

Precracking was performed in the preirradiation condition for all i

tests, with K,,x below 22 MPa[n for the last 1 mm (0.04 in. ) . Side |

grooves were applied only to those specimens for which ductile failure
(i.e., J.R curve development) was anticipated. (All specimens of
capsule UBR 38 were side. grooved by 204 prior to irradiation.) The ,

side grooving was targeted to a total depth of 2.54 mm, 1.27 mm per
side, or 20% of the gross specimen thickness. Side grooving of the '

irradiated specimens was generally performed prior to irradiation.
Razor blades were spot welded to the flats located on the load line, ;

to allow accurate measurement of the load-line displacement.

2. TEST PROCEDURES

Although definition of upper shelf (ductile, J.R curve) and transition
'

L (cleavage, K K) behavior was desired in this program, theory y
| testing procedures for both types of tests were identical. Specifi.
'

cally, a 50 kN (110 kip) servohydraulic test frame was used, with
either a strain gaged clip gage or a capacitance type clip gage used
for displacement measurements. In all cases, a computerized data
acquisition system was used, with digital load displacement pairs-

stored on magnetic media for later retrieval or analysis. In
| addition, an , analog load-displacement trace was recorded for each

-44MPa[m/ min, with monotonictest. The K for these tests was
loading of the specimen until the ASTM E 399 (Ref. E 3) 54 secant line
was intersected, at which time the single specimen compliance (SSC)
technique was utilized to track the crack length during the remainder

- of the test (Refs. E 4 to E.6). Successive crack length
determinations were made at intervals sufficient to accurately
characterize the J R curve behavior of the specimen.

After completion of the J.R curve tests, the specimens were heat
tinted at - 300'c to mark the end of the stable growth, cooled to
liquid nitrogen temperature, and then fractured. This procedure

| allows for an undistorted characterization of the fracture surface, as
it was upon test termination. For the unirradiated teste, the
resultant crack lengths (initial and final) were measured using a
microscope and an X.Y table (accurate to 0.025 mm) . The irradiated

|

| E1
|

|
.

|: A
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Fig. E-1 The 0.5T-CT specimen design used for the fracture toughness determination.
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; fracture surfaces were photographed, with the crack lengths then |

t_ digitized using an X Y digitizer. The-latter technique has been found |

| accurate to within 0.05 mm, based on optical and photographic |
measurements of unirradiated fracture surfaces, j

|

3. DATA ANALYSIS PROCEDURES |

|

3.1 Cleavage /No Stable Crack Crowth ;

1

For those tests resulting in cleavage failure with no stable crack
i growth, an' ASTM E 399 (Ref. E 3) analysis was performed to determine ;

K , and to assess if Kg-Kye. >g

In addition, the J integral was used to calculate toughness for these |

tests. The form of the J integral used was the ASTM E 813 61 ;

(Ref. E 1) form developed by Merkle and Corten (Ref. E 7), as '

simplified in Ref. E.8:
.

J=Bb, II"oN} ( *1)

i with I2f(a,/W) - 2(1 + a) / (1 + a ) j

- [(2a,/b,)2 + 2 (2a,/b,) + 2)1/2 (2a,/b, + 1)a -

l
i A - total area under the load load line displacement curve
| 1

i B - net 8Pecimen thickness j
'

N

a, - initial (precrack) crack length y

j b, - W a,

Specifically, the J value at the cleavage point was termed JCrit, and<
,

l aK value was calculated from !
,

ye

|

| K -/EJ / (1 - p ) (E 2) !ye Crit

| where E is the modulus of elasticity and v is Poisson's ratio, taken
'

to be 0.3 in all cases. (In the data tables, the J values areCrit ;
L listed under Jye.)

|

Since the specimens used here were small and precluded the !

determination of valid K values above 60 MPa[m', the K values were <ye
adjusted using the Irwin p c procedure (Ref. E 9). As recommended byy

L Merkle (Ref. E-10), these tests were conducted in displacement
control, cleavage was the failure mode in every case, and conditions
at the cleavage point were used to calculate the unadjusted fracture i
toughness values. The adjusted fracture toughness values, termed K g
and thought to provide a better approximation to Kye,werecalculateb
from:

E4
,

4
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|

#, - # , + 1.4 By, (E.3)
'

3

where i

2
'

!

#, -f(K[y) |

2 f
1 (KEE)p

Ic B a >y
and

:

a - 0.2% offset yield strength at temperature. .y
,

K, *non. plane strain fracture toughness" - K ,y

K,, - to h. so1 ed ,or
t

Rearranged. Eq. E 3 gives: ,

+ (5/7) p , -(5/7) S, - 0 (E4) i#,7 g.

Several. parameters can be defined

- (5/14) p, |u.

g-/aA + +m
. .

A2-Ay 2m

p , can be calculated fromg

p _g 1/3 3-1/3
Ic 1 2

and finally K , - a, / B p ,.g g ,

Since the magnitude of the Age adjustment is inversely proportional tot .
L the yield strength, unirradiated data are adjusted significantly more

than irradiated data, due to strengthening typically associated with
irradiation embrittlement. This in turn results in irradiation- <

induced transition temperature increases (AT's) which should be lower
(by definition) than AT's from K data. While the Sg, data areJc
reported in the data tables, no other use of the data are made in this
report. '

3.2 Ductile / Stable Crack Crowth

The J integral resistance curve (J-R curve) was used for upper shelf<

characterizations. The test procedure used was in general conformance
with ASTM Standard E 1152-87 (Ref. E 11) and the J , test procedure,g
ASTM E 813-81 (Ref. E-1).

E-5
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F As noted previously, the unloading compliance technique was used for
|- crack length (and crack growth) determinations. For J integral calcu. .

lations, the modified J integral, J , was used (Ref. E 12),)- g
'

s

a 8(JD C) ]pf (E 5)J -J
aa dag

a, 6i pg

j with !

'

J - deformation theory Jp

G - Criffith linear elastic energy release rate ;

a,,a - the initial and current crack lengths, respectively
6 - the plastic part of the displacement [py

Reference E 6 gives a detailed listing of the computa'clons required to
calculate J . Additionally, Refs. E 6 and E 12 provide justification, g

| for the use of this non path independent integral whereby small speci-
! men ' data using Jg are seen to give better corresondence with large

D or J ) than do small specimen.specimen data (using path independent J g
data using J . Since one intent of this study is to develop data

.

g
relevant to structural integrity applications, J is considered ' theg
appropriate formulation of the J integral. .

The format for the presentation and analysis of these J R curves is
illustrated in Fig. E 3. The left most J value is determined using
ASTM E 813 81 procedures (Ref. E 1), wherekey selected data are fit to- f
- a linear equation, which is then extrapolated back to the blunting
line (as given by J-2a Aa, with a the flow strength, the

f
average of the yield and ultimate strengths). The intersection of the
linear equation and the blunting line is defined as J , which becomes

'

q
J if various validity criteria are satisfied.ge

In a similar fashion, the power law definition of Jge ,'
used in this

report is the intersection of the 0.15 mm exclusion line with a power-
*

law fit to the test data. The power law is given by
l

J - C Aa" (E 6) -

with C and n determined through regression analysis. This power law
method is considered preferable to the ASTM linear method in that the
actual J R curve behavior is modeled better using the power law than
using a linear equation, and power law intersection represents a true
intersection and not an extrapolated intersection. In addition, the

cited power law method gives Jg values which are generally within 10%
of the E 813 81 values, insteaci of the larger differences found with
the power law method given in E 813 87, which uses a 0.2 mm offset to
define Jye.

Another parameter used to define J R curves is the tearing modulus
(T), as given by (Ref. E 13):

E6

.
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Fig. E-3 The format used for-analysis of the J-R curve data.
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t where dJ/da is the slopo of the JR slope. While T changes ;

continuously with crack growth, an average value of T between the
,

0.15- and 1.5 mm exclusion lines. T has been defined (in i

Appendix H of Ref. E 6) for use in reYok,encing fracture toughness
. '

i differences. ,

I.
4. FRAC 11.RE TOUGIDIESS RESULTS'

,
,

The fracture toughness data will be treated on a material by material |basis, with comparison of the transition region and upper shelf data i

made. Each of the irradiation capsules contains specimens from two
materials. In all cases the specimens are randomized within the
capsule such that there is no fluence bias for one material vis a vis '

the other.

As a note, validity of fracture toughness data and evaluation of J

and T, E (equire the use of tensile properties, specifically the yiefbr

strengt a) and the flow strength (ag). For the unirradiatedy
condition, full curves of strength as a function of temperature were ,

made. In contrast, limited testing was possible for the irradiated
conditions. To provide strength data at each test temperature, the
strength results for the unirradiated condition were fit to a
quadratic equation. For the irradiated conditions, the same overall
-curvature of the strength vs. temperature curve was used (i.e. , the
same quadratic equation), with the constant (either A3 or B ) adjusted3
to account for differences in strengths between the unirradiated
condition and each irradiated condition. The following equations were
used for yield (a ) and ultimate ('u) strength:y

y Ag x T2+A2xT+A3 MPaa -

#u - B1xT2+B2xT+B3 MPa

where T is the test temperature in 'C and the resultant strengths are
in MPa. The constants Ag , A , A, Bg, B and B3 are given for each :2 3material and each irradia on capsule in Ta la E 1 ;

The transition region fracture toughness data have been curve-fit to
'

an exponential equation of the form:

K-Dg+D2 EXP [(T T,)/D ] (E W3

with D , D2 and D3 constants for each data set as determined through ai
non linear regression analysis, and T is O*c or 32'F. Data sheetso
from this curve-fitting are given in Appendix F for each data set,
with the overall results summarized in Table E-2. Included on each
sheet are tabulations of the data points used for each fit, along with
upper and lower bounds (954 95% confidence bounds). Although the
ideal situation would involve using only those data points exhibiting

E8
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Table E 1 Strength Results for Program Materials
.

;

|..

L Yield Strength Ultimate Strength

'

(ay - Ag x T2+A2xT+A) (#u * D1*I +82*I*0)3 3

I'
82 832 ^3 8y Capsule UBR. Ag A 1

2 2
.. (MPa/'C ) (MPa/*C) (MPa) (MPa/'C ) (MPa/'C) (HPa)

i i

;

A 302 B Plate (23F)
1

0.002651 0.9574 468.50 0.003063 0.9838 619.90-Unitrad, --
,

CE-1 44 0.002651 -0.9574 529.86 0.003063 0.9838- 697.06 '

CE 2 46 0.002651 0.9574 533.89 0.003063 0.9838 699.83'
CE 3 45 0.002651 0.9574 547.11 0.003063 0.9838 707.67
IC 1 65 0.002651 0.9574 502.57 0.003063 0.9838 663.34 ;

IC 2 75 0.002651 0.9574 520.37 0.003063 0.9838 681.90 ;

10 3 76 0.002651 0.9574 540.78 0.003063 0.9838 699.36 1
IP 1 38 0.002651 0.9574 508.69 0.003063 0.9838 669.32

Linde 80 Weld (WBAl

0.001987 0.8086 500.70 0.002431 0.8158 627.20Unirrad. -

CE-1 44 0.001987 0.8086 646.39 0.002431 0.8158 743.94
CE 2 ' 46 0.001987 0.8086 652.82 0.002431 0.8158 754.18
CE 3 45 0.001987 -0.8086 682.49 0.002431 -0.8158 768.46 ;

IC 1 65 0.001987 0.8086 606.07 0.002431 0.8158 707.88
IC 2 75 0.001987 0.8086 633.48 0.002431 -0.8158 729.95 ,'

IC 3 76 0.001987 0.8086 662.54 0.002431 -0.8158 750.17 '

A 533 B Plate (230)
,

'

|
I

L Unirrad. 0.001381 0.5984 449.40 0.002822 0.9007 608.00--

| IP 1 38 0.001381 -0.5984 549.65 0.002822 -0.9007 698.67
10-4 77 0.001381 0.5984 501.38 0.002822 -0.9007 655.56

Linde 0091 Weld (W9A)

0.002542 1.1200 589.40 0.002214 -0.8457 672.50Unitrad. -
--

IC 4 77 0.002542 -1.1200 698.22 0.002214 0.8457 764.21

.
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t Table E.2 Transition Temperature Curve. Fit Results
'

F

> '

1
TemperatuIe at Shift at :

[L K = Do'+ D1 EXP[(T 7,)/D ) 100 MP4m 100MPa/s. ~!
2 ,

'
r

M**" l**'Y !Capsule Fluence Do. Dr D2
Curve Bound -

,

L (b) (MPa/E) (MPa/s) ('C) ('C) ('C) ('C) !

! L

Y''
|!# A 302.B Plate (23F)

V"
34.31 211.21 37.31 44 37

'

;Unirrad ' ....--

L IP.1 0.57 64.71 16.64 21,25 16 21 60 .

E CE 1 0.88 62.37 5.06 15.66 31 37 '75 ',

CE.2 ~ 1.64. 4.90 70.51 109.48 33 40 77' .

y; CE 3 4.01 21.45 94.06 118.56 30 46' 74 |
IC-1 0.53 94.80 209.40 175.56 13 2 31 ;

IC 2 ' 1.02 41.11 129.66 103.43- 9 21 53 i
IC 3 1.95 37.03 26.47 46.09 40 .C' 84 i

t

!

Linde 80 Weld (WBA) ,

-30.21 188.13 164.52 61 41.Unirrad. -.

'CE 1 0.88 45.32 10.88 42.56 69 75 130
*

141CE 2 1,64 44.49 12.18 52.99 '80 -

127' iCE.3- 4.01 51.10 7.49 34.96 66 ..

; - IC 1 0.53 25.58 48.46 50.23 22 40 83
10 2 '1.02 - 44.93 13.89 36.91 51 61 112

,

| IC.3< 1.95 49.78 93.48 154.78 73 97 134 ;

h '

| A 533 B Plate (23C) i

f
'

29.21' 276.59 60.83 83 75Unirrad. .. !--

IP 1 0.57 41.25 51.03 50.92 7 26 90 t

i: 10 4 0.47 30.60 131.34 84.53 54 -38 29 !
| f

|- Lindo 0091 Weld (W9A)
| t

'22.40 519.22 44.24 84 77Unirrad. ----

IC-4 0.47 13.69 91.27 94.29 5 1 79 .

!
L' " T is O'c or 32'F '

o

b 1910 n/cm2 (E > 1 MeV) ;

c Lower bound does not reach this level ;

.

E 10

P

*

e

. . ..



-

_

[

L
cleavage fracture with no ductile crack growth in this curve fitting,
in some cases one or more of the testa exhibiting ductile crack growth
are also used to provide an improved fit. In all cases, the trend
curves illustrated with the K data are from curve fitt!.ng toye
Eq. E.8.

4 .1- A 302.B Plate (23r)>

This plate was tested in all three fluence rate levels, with one IP,
three CE, and three IC conditions. Detailed data for all of these
irradiation conditions and the unirradiated condition are given in
Table E.3.

Comparison of the J.R curves for the unirradiated condition of this
plate are illustrated in Fig. E.4. As expected, increasing the test
temperature tends to result in reduced J 1evels, although two curves
at 288'C exhibit moderate differences and bound the curve at 200'C.

y in addition to the post irradiation data included in this report,
several other sets of irradiated data for this plate are reported in
Refs. E.14 and E.15. From Ref. E.14 (the NRC's 1.WR.SDIP), Simulated.

Sugeillagce gapsules (SSC) were irradiated at a fluence rate of - 7g*
10 n/ slightly lower than the fluence rate of - 9 x 10
n/cm .s*gm s

,

2 for the IC irradiations. The gnW capsules were
n/cm.s*gli11

irragated af.s* fluence rate of 2 8 x 10 , bounding the 5 6a
x 10 n/cm for the CE irradiations. The irradiated data from
Ref. E 15 for this plate is also from an in core irradiation at UBR.
These previous irradiation data were from the plate 1/4T and 3/4T
thickness locations, in contrast to the 1/2T location used for these
fluence rate assessments.

4.1.1 High Fluence Rate (IC)

Comparisons of the KJc data for the IC conditions and the unirradiated
condition are illustrated in Fig. E.S. As expected, increasing the
fluence results in a higher transition temperature shift, as
illustrated in Fig. E.6. In contrast, the upper shelf Kyc data do not
demonstrate similar ordering.

The J.R curves for each irradiation condition are compared in Figs.
E.7 to E.9. Tests at temperatures below 200*C were made with plane.
sided specimens, resulting in somewhat of an artificial elevation of
those curves in comparison to those from side. grooved specimens. In
each case, higher test temperature tends to result in reduced J

| levels, with tests at 200*C and 288'c genetally yielding similar '.

I trends. Comparisons of the J.R curves for all three irradiation
I conditions at 200*C and 288* (Figs. E 10 and E 11) indicate no

consistent trends, as all three conditions yield similar J 1evels to
those for the unirradiated condition (all conditions give curves which ,

appear to be from a common scatter band).
'

,

| \

l
|

|
| (text continues on pg. E-2 4)
: E.11
|

|

|
.
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Table E-3 Fracture Toughnese Data for A 302-5 Flate (23F) (continued)
'

#c *Jc1
Specimen Test

Number Temp (a/U),a 3,p am - F.L ASDI F.L ASIM K Q T eg ec
p g 7

2 2
('C) (m) (mm) (-) (u/m) (u/m) Des 4) Ore 4) De=4) Owen) Dem) Dee)

m M -1 (W R-44)

702.3 616.6
23F-2 -75 0.542 12.7 54.3 35.5 47.5 55.5 -

23F-63 -20 0.506 '9.7 67.1 49.4 31.5 63.5 - 634.0 550.1
604.0 320.6

23F-39 10 0.511 34.9 89.0 49.7 38.1 77.5 -

595.2 511.8
23F-77 20 0.512 20.4 68.0 32.8 50.4 64.4 -

587.7 504.3
23F-102 29 0.538 39.2 94.1 57.4 58.6 81.4 -

586.1 302.7
23F-62 31 0.518 M ---8 8 143 7 180.1 -

576.3 492.9
23F-43 44 0.518 -8 -8 .- 8 165.9 193.2 -

575 6 492.1
23F-117 45 0.504 103.7 132.8 57.9 70.6 91.0 -

f
23F-2 60 0.4% 2.% 2.80 -0.16 151.0 131.5 183.9 171.6 114 565.5 482.0

f
23 80 0.517 6.66 6.17 -0.49 136.3 151.S 174.2 183.9 33 554.1 470.2

87.( 131.3 135.1 32 570.9 474.0
23F-1 288 0.524 6 60 6.23 -0.37 82.2
23F- 288 0.515 5.91 5.72 -0.19 58.4 53.8 110.6 1E2 - 42 570.9 474.0

_Y
W m M -2 (W a-46)

742.5 6El3.9 30.4 29.48 29.8 29.4 -

23F-19 -100 0.507 -

660.3 576.4
23F-98 -40 0.515 15.3 59.4 52.0 49.2 55 4 -

616.9 539.9;
' 23F-64 0 0.533 28.2 80.2 53.8 EO 76.4 -

27.8 79.4 46.9 54.8 69.2 - 598.6 515.8
23F-42 20 0.492 -

591.9 309.2
23F-119 28 0.513 37.9 92.6 42.3 58.5 82.7 -

579.0 496.2
23F-38 45 0.327 59.7 115.9 31.2 63.5 88.2 -

.

577.5 494.7
23F-4 47 0.519 58.3 114.5 48.7 63.1 87.6 -

23F-101 50 0.533 5 69 4.83 -0.86 145.5 1A2 180.8 153.0 152 575.5 492.6
f

23F-86 70 0.518 4.98 4.82 -0.16 91.0 61.4 142.6 117 0 131 362.9 479.9
d f

| 23F-23 90 0.526 6.90 6.13 -0.77 147.5 145.8 181.0 179.9 34 552.6 469.2
d f

| 23F-57 288 0.531 6.90 6.42 -0.48 87.1 87.6 133.2 135.5 ' 31 574.3 478.0
d f

| .
23F-79 288 0.529 7.37 6.91 -0.46 87.2 87.1 135.2 135.1 37 574.3 478.0

,

i

d 8 Cleewege failure precludedPre-test a/U. Side grooved.*

Opticall, _ " crack 8rowth. Valid 1 Per ASDI E 399. deteruimetice of this gematity.*b 1c
Crack greath predicted by compliance. Valid J per ASDE E 813-81C gg
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~ specimen - Test
C F.L. AS3t F.L. ASM E E,,, T,,, og e -

meener Temp (a/u) O an[ g ym g-gp

(*c) (m) .(mm) (m) (u/7) (u/m3' Oren) Dean) Oren) Oe*4) (mm) (es)2-
'

nu mamamump

705 5 638.14.5 32 4 32.3* '31.6 32.3 -

23F-1 -129 0.522 662.3 596.6
12.3 53 6 46.8 M.6 31.3 -

23F-104 -96 0.506 635.0 - 370.3
23 9 74.5 47.6 35.7 67.4 -

23F-84 -73 0.531 617.4 553.2
23F-66 -57 0.525 38.1 93 9 44.4 61.5 74.6 -

603.0 539.1
23F-16 -43 0.517 32.9 87.1 45 2 58.6 71.6 -

597.0 533.3
40.6 E6 35 6 61 1 75 1 -

23F-60 -37 0.521 594.1 530.5
58.6 116.1 43.0 66.1 79.7 -

23F-34 -34 0.508 --
586.6 ~ 523.1

103.4 154.0 44.1 73.5 81.2 -

23F-100 -26 0.519 -- 579.3 515.9--

238.7 233.7
_-_823F-39 -18 0.515 --8 J

564.8 501.5-
K 191 2 208.7

-1 0.512 -- g _5

23F-8d 93 0.526 6.18 5.27 -0.5 ' 115.6 118.I 160.2 161.9 89 507.5 442.7 -
23F-5"d

f

139.5 140.5 62 490.2 418.4

91.9(f23F-9& 204 0.535 6.79 6.12 -0.67 90.6d
91. 139.2 138 8 34 513.3 432.6

y 23F-46 288 0.526 6.68 6.15 -0.53 92.4d

288 0.528 6.38 6.20 -0.18 86.5 84.2 134.6 132.9 51 513.3 432.6.
8

g 237-110

Man ip-1 p38)

22.6 72.2 52 1 51.6 65 4 - 644.7 563.2

23F-11[ -30 0.507
23F-55" -25 0.515 16.5 61.4 49.8 46.3 57.3 -- 615.1 534.3

389.0 - 508.7
23F-3 0 0 510 26.3 77.4 52.0 50.7 68.0 -

579 6 499.4
45.3 101.4 31.8 E5 81.2 -

23F- 10 0 509 570.7 490.6
49.4 105.8 52.2 E9 83 8 -

23F- 20 0 514 561.7 481.6
78.7 133.3 32.8 61.7 91.3 -

23F-10}d 31 0 504 553.3 473.2-

23F-85" 42 0 507 65.6 121.6 53 6 58.9 86.7 -

23F-45 50 0.522 -E -- E -1.05 155.6 169.0 186.9 194.8 94 547.6 M7.4
d

55 0.502 6.54 5 99 -0.55 141.1 135.7 177.9 174.5 87 544.6 464.4f

23F-7[23F-6 200 0.514 7.29 6.19 -1.10 103.7 102.6 149.4 148.6 48 309.2 423.2

23F-65 288 0.521 6.05 5 76 -0.29 88.0 84.3 135.8 132.9 42 54.4 452.8f
d

d 8 Cleeve8e failure precisese.

Pre-test a/U. Side grw wed.* deterdantica d this Wity.
Optienll, _ " crack grw th. Valid E per ASDt E 399.*

gg
Valid J , per ASDI E 813-81.cred growth predicted by egliance. g

m tauure precluded
..no y# per ASM E 399 w d this p ity.

ge per ASDI E 8th1.. M grw th predicted by'coupliance. f
Valid J

- .- - - - - . . _ _ _ , _ . . _ ._.
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Table E-3 Fracture Toughmoos Beta for A 302-B Flate (23F) (contismed)_

!
#c El 1 Je

| Specimen Teet
~b cL leimmber Temp (a/W),a - P.L. ASDI F.L. A52M K Q Tg eg ey

(*C) (um) (mm) (mm) (U/m ) ggf,2) gyp,g) g,,,g) g,,,4) g,,,g) g,,,) g,,,)2

m m -3 (s u 4 5)

23F-37 -40 0.530 9,7 47.3 48.0 42.6 48.0 - 670.8 589.6
23F-118 -20 0.530 97 47.2 47.3 42.0 47.3 - M7.9 567.3
23F-82 0 0.531 33 5 87.4 40.8 59.1 74.4 - 627.4 547.1
23F-59 25 0.524 31.9 85.0 49.4 57 1 76.2 - 606.9 324.8
23F-103 40 0.524 91.4 143.5 51.4 70.7 93.2 - 593.1 513.1
23F-18 45 0.508 45 2 '100.9 47.4 60.8 81.7 - 309.5 509.4
23F-3 50 0.513 42.7 98.0 47.4 39.8 81.3 - 386.0 505.9
23F-97 65 0.524 6.35 5 22 -1.13 102 3 67.5 151.3 122.9 133 576.4 496.1
23F-44 70 0.513 7.09 5.77 -1.32 108.2 56.5 135.4 112.3 120 573.4 493.1

f23F-22 80 0.533 5 58 5.32 -0.26 132.0 72.7 171.4 127.2 103 568.0 487.5d f23F-63 204 0.520 6.17 5.80 -0.37 85.8 89.4 135.8 138.5 45 548.3 42.1d f23F-78 288 0.527 7.04 6.17 -0.87 61.0 36.4 113.1 108.7 24 564.8 491.3

?
5 N ED-1 (WM-45)

23F-12 -80 0.492 6.8 39.7 37.7 37.3 37.7 - 678.9 596.1
23F-33 -45 0.492 17.4 63.4 32.2 30.2 57.5 - 632.4 551.0-

23F-52 -20 0.505 40.1 95.9 48.2 60.3 79.2 - 603.5 522.8
23F-29 -3 0.498 42.7 98.7 47.6 60 4 77.0 - 587.9 507.4
23F-89 5 0.503 87.5 141.1 50.7 68,9 89.2 - 378.2 497.8
23F-48 10 0.509 45 5 101.7 48.0 Se.9 82.7 - 573.5 493.3
23F-108 20 0.496 -E * --- 8 132.3 J 173.1 -- 8 e 5M.7 494.5
23F-7 26 0 504 72.2 127.8 31.0 M.8 85.7 - ' 560.5 480.3
23F-72 50 0.505 3.08 3.89 -1.19 148.6 90.9 182.7 142.9 186 341.6 #1.7d23F-91 204 0.504 6.57 6.25 -0.32 92.7 84. I -141.1 134.6 60 503.8 417.6023F-67 288 0.521 6.49 6.12 -0.37 78.3 95. 128.1 141.7 35 - 540.4 44.7023F-113 288 0 511 6.97 6.31 -0.% 87.8 91. 135 7 138.1 44 540.4 44.7

d* Pre-test s/U. Side grooved. 8 Cleewege failure precludedb *Optica113 - 1.d cradt growth. Valid K per e E M . dethnetian d this Wity.ycC Crack growth predicted by compliance. Valid J , per AS2M E 813-81.g

-. , - , - - - - - . , , , _ ~ . -- . _ - - _ . _ - - - . . . ~ _ - , _ - - _ _ _ _ _ . , , _ _ . _ _ - - _
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Table E-3 Fracture Tougheeos Data for A 302-B Flate (23F) (coatissed)
,

A 'Jclc
Specimen Test
Ntaber Temp (aN),a - P.L. ASTM F.L. AS2M K (- Tc

g eg c
7

('C) (um) (un) (un) (U/m ) ggf,2) (,,,g) (,,,4) (g,,4) gy,4) g,y,) g,,)2

immamaanum EC-2 (8mt-75)

23F-6 -50 0.499 4.0 30.6 30.f 29.7 30.3 - 656 8 574.9
23F-73 -20 0.505 20.4 68 3 49.9 51.9 63.1 - 621.7 340.6
23F-49 -18 0.504 34.1 88.4 53.0 59.0 73.8 619.5 538.5-

23F-31 5 0.506 4.6 103.0 53.9 61.7 82.7 - 596.4 515.6
23F-13 12 0.489 18.2 64.2 50.9 48.8 58.6 - 389.9 509.3d23F-87 21 0.500 73 6 129.1 43.0 62.5 90.1 - 382.0 501.4
23F-48 32 0.487 78.4 133.1 %.0 66.9 89.3 - 573.0 -492.4
'23F-54 45 0.493 9 81 6 50 -3.31 149.2 126.7 183.1 168.8 140 %3.2 482.7
23F-92 50 0.511 -8 -- 8 * *105.3 153.8 ---8 - 559.7 479.1
23F-114 55 0.500 8.08 6.64 -1.44 167.4 122.6 193.8 165.8 163 556.4 475.7
23F-10j f200 0.507 6.68 6.08 -0.60 101 2 99.8 147.6 14.5 53 521.3 434.9

f23F-27' 288 0.512 6 38 5.67 -0.91 84.2 86.2 132.8 134.4 37 558.5 464.5-

7
C| N 30-3 NM)

23F-9 -25 0.505 12.2 32.9 50.8 45.4 32.1 - 64 1 5%.4
23F-28 0 0.503 19.7 66.9 48.9 31.3 60.9 - 620.1 340.8- -

23F-93 25 0.497 30.1 82 5 32.0 55 9 72.5 - 597.6 518.5
23F-69 32 0.495 25.1 75.2 49 1 53.2 69.8 - 591.9 512.9-

23F-107 41 0.498 37.9 92.4 48 5 58.2 80.3 - 385.1 506.0
23F-74 50 0.489 7.86 6.01 -I.85 126.2 83.8 168.4 137.2 1M 578.7 499 5
23F-112 55 0.505 37.1 91.3 52.4 57 3 80.3 - 575.3 496.1
23F-51 65 0.497 7.44 5 76 -1.68 140.9 107.9 177.5 155 3 140 M9.1 489.7
23F-47 65 0.499 7.52 6.30 -1.22 150.3 123.4 183.3 1%.1 134 569.1 409.7
23F-14 75 0.508 7.45 6.25 -1.20 1%.8 111.7 180.9 157.6 155 563.3 4c3.9d f23F-G8 200 0.510 6.05 5 86 -0.19 106 4 95.7 151.3 143.5 36 340.2 455.3d f23F-32 288 0.527 6.11 6.07 -0.04 123.5 120.8 Ito.9 159.1 36 577.5 484.9

Pre-test aN. d*
Side grooved. 8 Cleewage failure precludedb *optiemlly-meneured credt growth. Valid E

* gg per ASIM E 399. . deteruimation of this W ity.
Crack growth predicted by coupliance. Valid J per ASTM E 813-81.gg

_ - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - _ _ _ _ _ - _ - _ - - _ _ _ _ _ - _ _ _ - , _ _ _ _ _ _ _ _ _ _ _ , - - _ ~ - - - - . _ - . _ _ _ _ _ _ - - ____-._ __ ~. _
- _ . _ , _ _ _ . _ _ _ . . _
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Fig. E-4 J-R curves for the unirradiated condition
of A 302-B Plate 23F.
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4.1~.2 Intermediate Fluence Rate (CE)
i

'

f In contrast to the generally consistent results evident for the high
fluence rate (IC) data, data for the intermediate fluence rate (CE)

t- are not as well. behaved. Comparisons of the Kyc data for each of the
t CE conditions and the unitradiated condition are illustrated in Tig.

E.12, with all of the irradiated conditions compared in Tig. E.13.
All three of . the CE data sets demonstrate similar trends within the
transition region (indicative of an embrittlement. saturation * plateau *
phenomenon), surprising given the large fluence differences among the

' three capsules (a factor of 4 between CE.1 and CE.3). Data scatter is
i not too severe, even for CE.1 (UBR 44) where the fluence varies by a

factor of - 2 for the extremes in the capsule (this capsule was not
rotated at nid. exposure as the others were),,

i

The indicated saturation of embrittlement for this plate is not
expected, given previous results with simi',ar or higher fluence rates
at higher fluences (Ref. E.14). One consequence of the CE.1 data is a
very rapid initial embrittlement for this plate, with minimal,

'

additional embrittlement after subsequent irradiation time. The
irradiations themselves appear to have been performed in a
satisfactory fashion, except for CE.1, UER.44, which has a large
fluence gradient. Additional irradiations at this fluence rate to lov
and high total fluences similar to those of CE.1 and CE.3 would help
to confirm the trend fully.

The J.R curve trends for the CE conditions (Tigs. E.14 to E.16) are
similar to those for the IC conditions, where higher test temperatures
result in reduced J 1evels. Comparison of data for t.he three CE,

conditions (Tigs. E.17 to E.19) is likewise generally consistent with
the observations for the IC conditions, where data for the irradiated
conditions are similar to those for the irradiated conditions. One
difference is at 288'c (Tig. E.19), where data from CE.3 has the
lowest overall J 1evels. However, data for CE.1 and CE.2 exhibit only
minor differences with the unirradiated data.

4.1.3 Low T1uence Rate (IP)

KJe data for Ip.1 are illustrated in Tig. E.20. As with the other
irradiation conditions, data scatter is not too severe for the Kjedata. On the upper shelf, increasing the test temperature results in
generally lower J 1evels (Tig. E 21). Toughness reductions due to
irradiation are minimal for the IP.1 condition (Tige. E.22 and E.23).

i

4.1.4 Comparisons of Different Fluence Rates
.

Since comparisons of data from different fluence rates cannot be nade
in all cases on a 1:1 basis due to fluence differences, transition
temperature comparisons vill be made by looking at overall trends as a
function of fluence. As illustrated in Tig. E.24, the highest fluence
rates (IC from this program, SSC.1 and $$C.2 f rom Ref. E.14, and UBR.
31 from Ref. E 1$) tend to give the lowest embrittlement at lov
fluence levels and the highest embrittlement at high fluence levels.
In contrast, the intermediate fluence rates (CE in this program and

(text continugn pg. E-38)
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h

the In.Vall Capsules 1, 2, and 3 in Ref. E.14) give the highest
embrittlement at lov fluence levels and lower embrittles.ent at high
fluence levels. Trends for the hi g and 9the intermediate fluence
rates cross at a fluence of - 2 x 10 n/cm . At the lovest fluence
rate (1p from this program), the single data point at a very lov
flue nce is located nidway between the trends for the CE and the IC
fluence rates.

J.R curves for this plate at 288'C are illustrated in Tig. E.25. At
low As levels (< 3 mm), the curve for IC.3 is higher than most of the
curves and the curve for CE.3 is much lover than most of the curves.
In other respects, the remaining curves are quite sinitar to one
another,

4.2 Linde 80 Veld (VBA)

This veld was tested at three fluences each of ths intermediate (CE)
and the high (IC) fluence rates. Detailed data for these irradiation
conditions and the untrradiated condition are given in Table E+4. ;

Data for the unitradiated condition have been treated previously in
|Ref. E.2. i

;

Comparison of the J.R curves for the unitradiated condition are
illustrated in Tig. E.26. As expected, increasing the test

temperature results in lover J 1evels, with a largo drop evident from
200 C to 288'C. The latter is in contrast to the A 302.B plate !

(Tig. E.4), where two curves at 288'C bounded a curve at 200'C.

Besides the data reported here, two additional sets of post.
irradiation data from in core irradiations are used for comparison
purposes (Ref. E.2).

|
4.2.1 itish T1uence Rate (IC) ,

Comparison of the Kyc data for the IC conditions and the unitradiated
condition are given in Fig. E 27. As expected, increasing the fluence
results in greater transition temperature shifts for the IC
irradiations (Fig. E.28). Tor this veld, data scatter in the

i
transition region appears to be greater than that for the A 302.B
plate (23T). At least a partial cause of this appearance is the lover

.

'

upper shelf toughness for this veld and an apparent nagnification
{effect of the scatter resulting from the reduced toughness range

exhibited by this veld. A second cause is undoubtably the somewhat i

large scatter inherent to the veld metal, as indicated by data for the |
unirradiated condition,

t

t

In terms of upper shelf toughness, comparisons of the J.R curves for
each of the irradiation conditions are illustrat.ed in Tigs. E.29 to !
E.31. Testa at temperature below 200'C are somewhat elevated in

,

comparison to those at higher temperatures due to the use of plane.
|sided specimens for the low temperature tests. Comparisons of the

curves for all three irradiation conditions at 200'C and 288'C (Figs.
E.32 and E.33) indicate fairly large reductions in J 1evele af ter |

|
(text continues on pg. E-52)
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irradiation. At 200'C (Fig. E.32), all three IC conditions exhibit !
I similar J 1evels, whereas at 288'C the curve for IC 3 is lower than i

LL the other IC conditions. I
! !

Comparisons of these IC data with previous in. core irradiaton data are i
illustrated in Fig. E.34 at 200 C and 288'C. In general higher ;
fluence tends to results in lower J.R curve levels, with the lowest

,

curves from UBR 48 in Ref. E 2.
! ,

, 4.2.2 Intermediate Fluence Rate (CE) '

i
''

K data for the CE conditions of the Linde 80 weld are illustrated in
Fie

,

' '
gs. E 35. In contrast to the well-behaved nature of the IC data, ;

the CE data do not indicate a consistent trend with fluence
! (Fig. E.36). Specifically, all three CE conditions indicate similar

data in the transition temperature region. This trend is remarkably
L consistent with that exhibited by the A 302 B plate. The same

discussion given in Section 4.1.2 on possible saturation of
embrittlement for the A 302 B plate is also pertinent here.. *

Upper shelf (J.R curve) data for this weld are illustrated in
|

Fiss. E 37 to E 39. An example of the effect of side. grooves on J R
curves for this weld can be found in Fig. E 38 for CE.2. Of the two
tests at 120*C, the higher curve is from a plane sided specimen,
whereas the lower curve is from a side grooved specimen. In this a

case, the effect of side grooving (ignoring all ether variables such '

as fluence and irradiation temperature) is quite striking. In
contrast, two side grooved specimens from CE 3 tested at 288'c exhibit
nearly identical J R curves (Fig. E-39).

Comparisons of the curves for all three CE conditions at 288'C
(Fig. E 40) are similar to those for the IC conditions. Specifically,,

large reductions in toughness are evident for the post irradiationI

conditions, with the highest fluence yielding the lowest J 1evels
overall.

4.2.3 Comparisons of Different Fluence Rates

Transition temperature increases as a function of fluence are compared
in Fig. E 41 for all of the irradiation conditions. Data for the
highest fluence rates include the IC conditions and two other in core
irradiations reported in Ref. E 2. For reasons yet unknown, fracture '

toughness data for the IC conditions and that from Ref. E 2 indicate
somewhat different trends.

| The data for the CE conditions within themselves do not indicate a
|- consistent trend. Whereas CE 1 and CE 2 give an expected trend of
I increasing AT with increasing fluence, CE 3, which had the highest

overall fluence of the CE irradiations, indicates the lowest overall
L AT of the three CE conditions. A satisfactory c.mse of this
'

discrepancy is not readily identified; specimens fer all three CE
irradiations were from the same portion of the weld. One rationale is *

that the inherent scatter in the toughness data, in combination with
I' fluence and irradiation temperature differences, may be masking a
l' trend towards an embrittlement plateau.
|

(text continues on pg. E-61)
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overall, data for the IC conditions exhibit lower embrittlement than !

| the CE conditions at low fluence. A crogs ove[ in embrittlement for -{
| the two fluence rates occurs near 2 x 10 n/cm , similar to the trend :

p found for the A 302.B plate. |
t

In terms of the upper shelf (J R curve) trends, data for the ,

irradiated conditions only are illustrated in Fig. E 42 for 200'C and '

288'C. The comparisons at 200'C are only useful from the standpoint ,

of CE.2 and the IC conditions, since no data is available for CE 3 and '

the specimen tested from CE 1 was plane. sided, resulting in a large :

elevation in the J 1evels. At 288'C, the highest curves are from IC 1
and IC 3, whereas the lowest curves are from CE 3. Comparison of.the
curves from IC 3 and CE-2' at 288'C indicates close agreement, which is !

*

also indicated by the fluences. Therefore, the upper shelf data are
consistent with the transition region data, in that the IC condition ;

at low fluences indicates Igs embrittlement than the CE condition. |
but at a fluence of - 2 x 10 the two fluence rates give similar J.R *

curve trends. .

4.3 A 533 B Plate (23C) i

This plate was tested in one IC condition (IC 4) and one IP condition [
'(IP 1). Detailed data for all of . these conditions are given in

Table E 5.
,

,

Comparisons of the JR curves for the unirradiated condition are
illustrated in Fig. E 43. Tests at 200*C and 288'C indicate excellent
agreement at those temperatures.

4.3.1 High Fluence Rate (IC)

Kje data for the IC condition are compared to data for the un-
irradiated condition in Fig. E-44. Near the arbitrary index of .

100MPa[m data for the irradiated condition indicate only a small
bshift (29 C) from that for the unirradiated condition. There is some

variability in the data for the irradiated condition near 100 MPa[n, i

although the indicated mean curve bisects the data at that fracture
toughness level.

J R curve data for the IC condition are illustrated in Fig. E-45. As
with the unirradiated condition, data at 200'c and 288'c are
coincident. Comparisons of the J R curves for the IC condition with

,

those for the unirradiated condition (Figs. E 46 and E-47) at 200'C
and 288'c indicato no loss in upper shelf toughness due to the
irradiation exposure.

4.3.2 Low Fluence Rate (IP)

K, data for the IP condition are compared to those for they
unIrradiated condition in Fig. E 48. In contrast to the IC data in
Fig. E 44 and IP data for the A 302-B plate (23F) in Fig. E 20,
considerable scatter is obvious in the data for the IP condition of
the A 533 B plate. No cimple explanation for the scatter in the IP
data is at hand. The transition temperature shift is also much larger
for the A 533 B plate thar. for the A 302-B Plate 23F.

(text continues on pg. E-71)
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Table E-3 Fractm e Toughness Data for A 533-B Flate (230) .

_

0 K1c JcSpecimen Test
b cNumber Temp (a/W),a ,g ,p ,p_ 'I P.L. AS1M F.L. ASDI K, Q Tn g 7

('C) (um) (um) (um) (kJ/m ) (kJ/m ) (Wea) (W e E) (Na a) (ws E) (Wm) (Wa)

N

230-28 -171 0.519 6.4 39.0 39.3' 36.7 39.3 - 718.3 592.1
TA4-14 -140 0.555 1(.2 38.0 36.1 47.9 56.1 674.8 360.2-

23G-16 -110 0.508 31.3 85.7 %.7 57.7 73.3 - 636.6 531.9 a
TA4-16 -95 0.509 32.5 87.2 47.1 57.4 76.6 - 618.9 518.7

'

23G-31 -80 0.539 39.5 EO 35.0 39.2 81.8 - 602.1 506.1
TA4-15 -65 0.534 82.8 138.5 45.1 68.1 30.1 - 386.3 494.4
23G-29 -30 0.518 86.2 141.1 46.9 67.1 84.8 - 571.4 482.',
TA4-17 -35 0 515 132.3 174.4 41.9 72.4 80.1 - 557 5 4T 0
23G-1 -20 0 511 243.5 236.2 54.2 79 8 89.0 - 544.5 41.9-

| 24 0.516 5.63 5.29 -0.34 267.3 195.1 245.8 210.0 200 511.t 435.8d E| TA4-13 200 0.514 6.14 5.% -0.18 164.5 137.3 188.0 183.9 122 %2.8 385.0d f! TA4-18 288 0.516 6.86 6.69 -C.17 195.4 188.6 202.4 198.8 91 487.1 391.6d fm 23G-14 288 0.517 6.29 6.11 -0.18 153.1 146.0 179.2 174 9 114 487.1 391.6
I
o
w W avun IP-1 ( w 38)

d
23G-J1 -90 0 524 13.7 60.5 32.3 48 8 53.8 - 708.6 614.7
23G-T' -55 0.519 10.7 49.7 47.3 42.4 47.3 - 671.7 586.7d23G-5 -30 0.508 30.3 83.4 31.9 55.7 73.2 - 648 5 568.8023G-11 -10 0.515 11.1 30 3 47.0 41 9 47.0 - 631.9 553.8
23G-1 15 0.507 32.5 85 9 30.2 54.9 74.1 - 613.4 541.0
23G- 22 0.508 130.6 171.9 31.4 72.8 98.6 - 608 7 337.1d23G-3 28 0.520 73.0 128.4 35 5 64.8 95.7 - 604.8 534.0
23G-1 50 0.518 125 6 168.0 33.7 71 0 97.9 - 391.9 523 2

70 0.510 -8 --E J 258.7 265 1 240.3 243.3 - 382.0 514.5423G-4 100 0.520 6.60 6.29 -0.31 237.9 244.1 229.5 232.5 97 570.2 503 6-

d f23G-6 200 0.533 6.48 6.32 -0.16 1%.4 183.7 205.6 198.8 102 558.3 485.2d23G-I 288 0 517 7.11 5.80 -1.31 150.9 147.4 177.9 175.8 62 582.6 491 9

Pre-test a/W. d 8*
Side grooved. Cleang failure precludedb *Optically - * crack growth. Yelid E per ASDC E 399. deteruimation of this quantity.ggC Crack growth predicted by compliance. Valid J per ASTM E 813-81ge

!
|
|

!

|
|
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Table E-3 Fracture Toughmoos Beta for A 535-5 Flate (23G) (couri-=d) ~

i
. ,

i

J, K,
. g yg

Specimen Test
member Temp (aN)," a[ a" ag F.b ASDI F.L ASIN K Q Tp p e g 7

2 2(*c) - (mm) (=) (m) (kJ/m ) (kJ'm ) Ore 5) Ora 5) ~ (WaE) (MPs E) Ort) Ora)

- 304 N 77)

| 23G-21 -130 0.513 34.d' 34.0 - 711 4 602.5
! 23G-19 -100 0.515 11.3 51 5 41 5 44.8 49.5 - 674.4 575 0

23G-24 -75 0.514 41.4 98.1 32.4 .62.8 83.8 - 1646.5 554.0
- 23G-17 -40 0.509 53 2 - 110.9 31.4 65.6 67.3 - 631.0 542.3

23G-22 -35 0 508 45.1 101.9 49 9 62.0 83.0 - -607.3 524.0
23G-30 -22 0 553 87.4 141.2 49 6 70.4 92.5 - 396.0 515.2
230-27 -10 0 517 103.8 153.9 48 8 72.2 89.7 586.2 507.5-

23G-18 10 0.510 147.4 182.8 47.0 76.0 92.0 - - 571 2 495 5
23G-25 30 0.515 136.9 185.2 48 3 75.7 90.9 - 557 9 484.7
23G-23 50 0.525 -8 -- E -- K 356.7 -- 8 283.0 8 - 546.2 474 9---

d f230-32 200 0.524 6.78 6.09 -0.69 173.0 175.8 192.9 194 5 87 512.6 ~ 436.9d fi 23G-20 - 298 0.529 6 59 6.13 -0.46 163 3 144.3 185.0 174.0 86 336 9 443.6-

?
E

,
. _ . _

Fre-test aN. 8* Side grooved. 8 Cleewege failure precludedb *Optica11, M credt growth. Valid K
Valid J " per ASDt E 399. deterutmatice of this w dty.g

I* Crack growth predicted by compliance. g per ASTM E 813-81.
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J P. curves for the IP condition are also somewhat unusual for this
'as the test at 200'C yields much higher J 1evels than the test

plate,'c (Fig. E 49). As expected, data for the IP condition at'200'C iat 288
indicate no loss in toughness due to irradiation (Fig. E 50). '

However, data for the IP condition at 288'C indicate slightly higher
" 'toughness than the unirradiated condition (Fig. E 51).

4.3.3 Comparisons of Different Fluence Rates
*

Since the fluences of the IC and the IP conditions are relatively
close (within flot), Kyc data for these two conditions can be directly
compared. As i' lustrated in Fig. E 52 . data for the IP condition
indicate a much larger shif t than do the data for the IC condition.
While this trend is consistent with that found with the A 302 B plate -

(23F), the magnitude of the differences is much greater than that
'

found with the A 302 B plate. Although data scatter does tend to
magnify the apparent differences, even the upper bound data for the IP
condition are only close to but not within the data scatter for the IC

'

condition. '

t
In terms of the upper shelf trends (Fig. E 53), data for both
irradiated conditions indicate similar toughness to the unirradiated i

condition at 288'C, whereas the IP condition exhibits somewhat higher
toughness at 200'C.

4.4 Linde 0091 Weld (W9A) .

!

At this point, irradiated data for this weld are available for an IC I

condition (IC 4) only. (Data for an IP condition, IP 2, will be !

developed in' follow on work.) Previous data from in core irradiations (
are also available (Ref. E 2). *

'

Detailed data for this weld in the unirradiated condition and the IC
condition (10 4) are given in Table E 6. K data for these condi-ye
tions are compared in Fig. E 54. Data scatter is remarkably low for
this weld. The transition temperature shift at 100 MPa[n (79'C) is -

similar to that for the Linde 80 Weld WBA for the IC 1 condition
(81'C), with similar fluences.,

L
. For each condition, JR curves are illustrated in Figs. E 55 and i
|- E 56. In each case, increased test temperature results in lower J

'

| 1evels, and tests at 288'C give only slightly lower J 1evels than
those at 200*C. Comparing data for these two conditions with that
from previous in-core irradiations (Ref. E 2), a consistent trend

|= emerges whereby higher fluence results in lower J 1evels (Figs. E 57
to E-59). This trend is most pronounced at 75*C (Fig. E 57) and 288'C
(Fig. E 59). ''

1

L Transition temperature shifts (AT) from Kje data as a function of '

fluence are illustrated in Fig. E 60. The previous data from in core ,

irradiations illustrate somewhat less embrittlement with fluence than
does the data from 10-4.

(end of text)
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Overall the trends from these data are reasonably consistent.;
' specifically, the A 302 8 Plate 23F and the Linde 80 Vold V8A indicate a
i sistlar trends for the same fluences and fluence rates, indicative of ;

the success from randonising the specimens within each capsule. Such
cases are for the intermediate (CE) fluence rate experiments where

[ each material indicates an embrittlement plateau, and the high (IC)

| fluence rate experiments where each material illustrates increased
embritclement with increased fluence,'

i.

Comparison of trends for the plates and the velds are consistent for
each product form. Specifically, the A 533 8 Plate 230 and the Linde
0091 Veld V9A exhibit similar transition temperature shifts as the

A 302 8 Plate 23r and the gnde 8g) Weld V8A,
respectively, for the,

same low fluence (-0.5 x 10 n/cm at . the high fluence rate (IC),
'

t in addition, the plates consistently demonstrate limited or no loss of
upper shelf toughness with irradiation, whereas the welds demonstrate
considerable loss of upper shelf toughness after irradiation.

The one inconsistent result. is the high transition temperature shif t

found for the A 533.B Plate 23G with the low fluence rate (IP)
exposure at low iluence. This high shif t is much greater (90'C vs.!

29 C) than that for a similar fluence at a high fluence rate (IC), andi

f also much greater than that (60'C) found for the A 302.B Plate 23T in
the IP condition.
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