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THE NRL-EPRI RESEARCH PROGRAM (RP886-2),
EVALUATION AND PREDICTION OF NEUTRON EMBRITTLEMENT
IN REACTOR PRESSURE VESSEL MATERIALS,
ANNUAL PROGRESS REPORT FOR CY 1979
Part 1. Dynamic Cv’ PCC, Investigations

SUMMARY

The NRL-EPRI RP886-2 Research Program was formalized in January 1977. This
report documents the highlights and accomplishments of the NRL investigations during
CY 1979, the third year of program operation.

The program focuses on radiation-induced changes to reactor pressure vessel
materials typical of past as well as current commercial production. Radiation effects
are being investigated by standard Charpy-V (C_), fatigue precracked Charpy-V
(PCC,), and compact toughness (CT) test methods. “Primary accomplishments during
CY 1979 relate to the completion of material irradiation experiments, the continuation
of postirradiation material evaluvations, and the evolution of mechanical property
correlations.

Highlights of investigations made during this reporting period inciude:

o Development of the first experimental comparison of notech ductility and
fracture toughness at a low (48-J) Cv postirradiation upper shelf level.

) Development of data supporting earlier tentative indications of a general
agreement between the radiation-induced elevation in C 41-J and K., 99MPa m
transition temperatures. The suggested correlation, if colfirmed by remaining post-
irradiation assessments, will be of major value to the interpretation and use of Cv
results from reactor vessel surveillance.

] Observation of large differences between measured postirradiation C_ 41-J
transition temperature elevations and projections of irradiation-induced transition
temperature change for high copper content weld materials computed from NRC
Regulatory Guide 1.99. Comparisons among program materials indicate that the Guide
is not equally conservative for all materials and fluence conditions evaluated.

Additional research highlights pertaining to CT test investigations are
described in Part II of this Annual Progress Report.

INTRODUCTION - J. R. Hawthorne

The cooperative research and development program between the Electric Power
Research Institute (EPRI) and the Naval Research Laboratory (NRL) is generally
directed at materials and material applications for nuclear energy systems, with
research emphasis on material reliability and environmental responses for system
safety. The present effort focuses on the deggadation of fracture resistance of
reactor vessel steels and weld metals by a 288°C (550°F) radiation environment.

Manuscript submitted November 17, 1980.




Properties under study are notch ductility, fracture toughness, and strength. Objec-
tives are (a) to develop a data base for the evaluation of current radiation-
embrittlement projection methods and for the development of improved procedures,
(b) to investigate the relationship, if one exists, between radiation effects measured by
the C_ test method and fracture mechanics test methods, (c) to determine the
radiatidn embrittlement sensitivities of a broad range of reactor pressure vessel
materials (plates, forgings, welds), and (d) to experimentally assess the effects of
selected composition variations.

This annual report summarizes achievements of the thizd year of program effort.
Previous reports [1,2] described program progress in CY 1877 and CY 1978, respec-
tively. Program investigations are scheduled for completion in CY 1980.

MATERIALS - J. R. Hawthorne
Materials and Test Matrix

Program materials are identified in Table 1. The bases for materials selection
were discussed in Ref. 1. In general, test specimens were taken from the quarter
thickness location in the wrought materials and from through-thickness locations in
the weld deposits. The transverse (TL, weak) test orientation was selected for study
for the plate and forgings. Weld metal specimens were oriented to make the plane of
fracture perpendicular to the weldment surface and parallel to the welding direction.

Table 2 illustrates the materials irradiation test matrix. Each of the experi-
ments included standard C_ specimens for notch ductility determinations and PCC
and 25.4 mm thick CT spe‘éimens for fracture toughness determinations. The thre&
fluence levels represent, respectively, initial vessel service, early life and end of life
conditions. During this reporting period, the material previously listed as "undesig-
nated" for experiment 12 (BSR-14) was selected. That is, a decision was made to
evaluate the longitudinal (LT, strong) orientation of the A302-B plate, Code N, in view
of its TL orientation performance with the aim of comparing J-integral fracture
tough;uws properties of one material over a wide range of Cv upper shelf levels (47 to
107-J).

Table 1 - Program Materials

Material Code Type W

A533-B plate CAB U. S. production

A533-B plate CBB Foreign production

A302-B plate N U. S. production (ASTM A302-B reference)

A508-2 forging BCB U. S. production

S/A* weldl E19 High copper content (~0.35% Cu) and
low upper shelf energy (USE)

S/A weld 2 E24 High copper content and high USE

S/A weld 3 E23 Intermediate copper content (~0.20% Cu)
and low USE

S/A weld 4 E4 Intermediate copper content and high USE

*Submerged arc weld process.
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Table 2 - Irradiation Test Matrix

Irradiation Assessments

Material® 152 X 10'8 ~ 8x10'8 354 x 10!
n/em”> 1 MeV n/em”> 1 MeV n/em”® > IMeV
A533-B plate (CAB) o (BSR-2)* e (BSR-3,5)
A533-B plate (CBB) e (BSR-4)
A302-B plate (N)
TL Orientation e (BSR-7)
LT Orientation e (BSR-14)
A508-2 forging (BCB) e (BSR-6)
Weld1l (E19) e (BSR-9) e (BSR-8) e (BSR-10)
Weld 2 (E24) e (BSR-1,15)
Weld 3 (E23) e (BSR12)
Weld 4 (E4) o (BSR-13)

* Bulk Shielding Reactor, experiment 2.
CY 1979 decision.

Specimen Machining

The C_ and PCC , specimens were machined to the standard dimensions given by
ASTM Recommended Practice E23 (type A specimens). The CT specimens were
machined to the dimensions given in reference (2). Specifications for fatigue
precracking of PCC_ and CT specimens provided an a/W ratio of 0.5. The maximum
allowable stress intgnsity (K,) during the last increment of fatigue crack growth, 0.76
mm (0.030 in.), was 22 MPaV?!h'(ZO ksiVin.) and 24 MPayTi (22 ksiMTi.) for the PCC_, and
CT specimens respectively. Specimen fatigue precracking records on file document
fatigue cycles, stress intensity, R ratio, and surface crack lengths for all stages of
precracking.

REACTOR FACILITY AND OPERATIONS - H. E. Watson and J. R. Hawthorne
Status of Material Irradiation Experiments

During this period, reactor exposures were completed for experiments BSR 6
through BSR 9, BSR 11, BSR 12 and BSR 15. Experiments under irradiation at the time
of this report were BSR 10 and BSR 13. The irradiation of experiment BSR 14 (see
preceding section) will commence in CY 80 to conclude all scheduled reactor
operations (See Table 2).

Neutron Spectra Calculation

Computations of the neutron flux spectra for the EPRI-NRL irradiation facilities
and experiment designs were completed. The spectrum calculations were performed
by the Oak Ridge National Laboratory (ORNL) under contract to NRL. Results are
documented in reference [3], and apply to the initial and the current fuel core
configurations (e.g. cores 37 and 54 respectively) used for the EPRI-NRL experiments
(See Figures 1 and 2). The core 54 computation (position 78) assumed the simultaneous
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Fig. 2. Original fuel core configuration in fhe BSR reactor fof NRL-EPRI experi-

ment operations using core position 67 only.




use of two core positions (78 and 76) and the current (revised) experiment design. The
core 37 computation (position 67) assumed the use of the original experiment design
[2].

To summarize the ORNL findings, the calculated spectrum and assumed fission
spectrum ences for Er>slMeV for the current core configuration are in the
relation: @ = 0.954 . Additionally, the calculated spectrum fluence for
E>0.1MeV is approximately equal to 2.18 P °s E>1Mev.f In comparison, t
calculations for core 37 gave the relations: & © = 1.08 & ' (E>1MeV) and ®
(E>0.MeV) = 2.1 & = (E>1MeV).

During this period, 5 sets of dosimeters (20 wires each) were also irradiated in
core position 78 using the NRL flux monitor assembly, for a further assessment of
local BSR spectrum conditions by the Argonne National Laboratory (ANL) (R.
Heinrich). Each dosimeter set consisted of gadolinium-covered and uncovered
dosimeter wires. Reactor power was purposely reduced to 1 MW for the 72-hour long
exposure. Results of this special neutron flux survey and analysis are not yet
available.

FRACTURE TOUGHNESS TESTING - J. R. Hawthorne
Overview

The emphasis of this program is on the definition of toughness trends relative to
the brittle-to-ductile transition regime. The research program permits limited studies
of the upper shelf, however, as specimen numbers permit. To evolve a full analysis of
data significance, irradiation data and trend information developed here will be
evaluated statistically by a related EPRI program.

The primary focus of evaluations with the CT specimens is on fracture initiation
toughness. However, it was expected that the materials would exhibit elastic-plastic
behavior over the major portion of the brittle-to-ductile transition regime. Accord-
ingly it was felt necessary to characterize the slow-stable crack extension phenom-
enon, commonly denoted by the R curve, as well. The latter is useful not only for
defining crack initiation but also for assessing material potential for crack instability.

Charpy-V (CV) and Precracked Charpy-V (PCCV) Specimen Evaluations

Unirradiated Condition

In the previous report (2], preirradiation condition C_ data developed by NRL for
the two A533-B plates, codes CAB and CBB, and the A508-2 forging, code BCB, were
presented. Comparisons of these data against data generated by the RP232 Program
4] for other sections of the three materials revealed significant differences in two
cases. Initially, RP232 Program C_ and PCC_ data were to serve for the reference
condition for plates CAB, CBB, and N and the fgrging BCB. However, the NRL results
confirmed the merit of conducting separate (check) tests as a precautionary measure.
In the case of the newly fabricated weldments, codes El9, E23, and E24 and the
production weldment, code E4, NRL is generating the primary reference condition
data for its preirradiation versus postirradiation comparisons. (Welds E19, E23 and E24
are also included in an EPRI sponsored research program at Westinghouse.)

During this reporting period, preirradiation condition CV data were developed for
the four welds and for the particular section of A302-B plate employed. Additionally,
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preirradiation condition PCC_ data were developed by NRL for the A302-B plate, the ¥
two A533-B plates, the A508-2 forging and the welds E23, E24 and E4. Reference -
PCC_ testing of weld El9, originally assigned elsewhere, has been given to NRL for

com[;ietion in CY 1980.

NRL findings with preirradiation C_ and PCC_ tests are illustrated in the
individual data figures and are summarized in tables 3 and 4. Referring first to the CV
data, several observations can be made as follows:

° A302-B plate, code N (Fig. 3). The results for the transverse test

orientation show good agreement between quarter and midthickness test loca- !
tions in the transition region and between the present data set and prior NRL

test results [5]. A small difference (7-J) in upper shelf level between quarter

and midthickness regions is observed; however, the upper shelf data for the one

quarter and three quarter thickness layers match well.

. High copper, low upper shelf weld, code El19 (Fig. 4). Good agreement is
observed between the data sets developed independently by NRL and Westing-
house. oWith the exception of the temperature interval between -1°%c anc(l)4°C (30
and 40°F), the data scatter is relatively small. The data spread at ~4 C could
be the result of a weld layer effeect. That is, the two "high" energy values
represent layer 4 and layer 5 specimens (one quarter thickness region) while the
data points located on the "average" trend line between -18°C and 27°C (0°F and
80°F) represent specimens from layers 12 through 16. (Note: Specimens were
taken in 16 layers through the weld thickness).

° High copper, high upper shelf weld, code E24 (Fig. 5). Data sets developed
by NRL and Westinghouse show significant differences in the upper half of the
brittle/ductile transition region. However, the data sets are in quite good
agreement in their definition of 41-J and 68-J transition temperatures and upper
shelf energy level. Additional tests may be undertaken if clarification is

t‘ required.

. Intermediate copper, low upper shelf weld, code E23 (Fig. 6). Good
agreement between data sets is noted. In parallel with the data trend for weld
El9, the upper shelf level of this weld rises with increasing temperature. This
characteristic has been observed for several other A533-B submerged arc welds
made with Linde 80 welding flux [6].

.« gl

. Intermediate copper, high upper shelf weld, code E4 (Fig. 7.) A consistent
difference in upper shelf level, but not transition behavior, is described by the
data for the one quarter versus three quarter thickness regions of this production
weld. A similar difference in fracture toughness was not evident in the limited
upper shelf PCCV data developed thus for this weld (see Fig. 17 below).

Results of PCC_ tests of the reference condition are illustrated in Figures 8-11
and 13-17. Main observations are as follows:

® A533-B plates, codes CAB and CBB (Figs.8,9). Comparisons of NRL data
against data from the RP232 P-ogram indicate small but discernable differences
between the respective test sections, The observed differences do not change
the conclusions made earlier for these plates, and relative PCC_ vs C_ property
changes with irradiation [2]. In the case of plate CAB, the PC&V tests of NRL

Text continues on page 23
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Fig. 5. Charpy-V notch ductility of submerged arc weld, code E24, before and

after irradiation (experiment BSR-11). Additional tests of the preirradiation condition
are planned.

10

.




*(21-¥Sd JudW1Iadxd) UOIIBIPBIIL J3YJB
puB aJoJaq ‘gzd 2pod ‘pram dae padiawqgns jo Ayuonp ydou A-Adieyd °g 814

JUNLVYIINIL ]
(44 00% oz¢ ov2 09! 08 o 08- :
° T T | S— T T T 11 T T |EER B T o
o
ogt ° \v\o 02
(4641} 016 o —— 3 o *
o
o9} 8 1ON-MmQ —ov
S g —- L o m
Q31vIavyyl o ° dos @
de 2 ) o
* -
Jos i
Q31VIQVHYINN
]
oo
Q3Lviavyyl e
(THN) Q3LVIQVHYINN © @ary)
(M) Q3LVIQVHYINN ©
-
T T T T 1 T 0
(o]
o T
{4561 A
2801 Jov ¢
) m
b
>
o - -
o 194
—os W
2
(ASWI<) woru 04 % g~
(40S6) 2862 QILVIOVHYI @ dozi
{T¥N) QILWOVHYINN ©
(stu)
(21 ¥S8 dX3 I¥d3-1HN)
(€23 3002) A3M WS 8-¢eSVY
i l 1
06 0 0%-




e o~ == =1 o e e r——— 1 =

-50 0 50 100 150 200 (°C)
( 1 7 T T T ‘"T’_‘“‘"““"‘}
AS33~-8 S/A WELD (CODE E4)
{mils} {mm)
2o - O UNIRRADIATED (NRL) 3
5 ———— O o "8 g
3 sof P ° ” 2
g oFE |
»
u /
2 I o
<
[+ 4
& a0l / '
< [o)o]
- / 0?
0/o
0 1 o 1 T 1 ) [ R S P
O UNIRRADIATED (NRL)
{£1-1b) ()
120 UNIRRADIATED 3 s b2
————(F T {150
’O_______,_..———-—‘O
—
100 -~ o (gD— 95
%"’_’0 120
80| /°
s 9 490
60 |- 3 -
F r
W +
o 460
40 L%
+ o?
4
2ol / 30
0 T T 3 i 4 By i i i 3 SR R
-80 0 80 160 240 380 400 (°F)
TEMPERATURE
Fig. 7. Charpy-V notch duetility of submerged arc weld, code E4, before irradia-

tion, Note the difference in upper shelf level between one quarter and three quarter
thickness regions of this commerical production weld.

12




‘uo11BIPBJII 340J3q

‘dv D apoo ‘a18[d g-£ESVY ) 4O SIMS3Jd 1591 A-Aduey) pax3owddald andne g ‘g 314
IYNLVHIdWNIL
(4,) 085, 0O0O¥ 0oce ove o@r

2
09- z 3
20
- (462) Wi~ o
m
0zL- m
> x
_ “ha
o
o8l - _.nl._
-8 2
- =
. &=
ove - (T4N) Q3LVIOVHYEINN® ° pg-S
(ZEZdH) QILVIAVHYINN . o -opz 2
- . ~
A »\4| T T T (8vD 3A02) 31Vvd 8-£esvy o
00€ - \ / -
|.\»0&5 IFI|L.I:N Lvlitl e [ S G i 4 LMX“C_ .mx'
GLBQ = 05 0 05— 001 -

13




‘UOTIBIPBIIL 240JaQ

‘adD apod ‘a8ld g-£ESV 3y} J0] SIMSaJ 1593 A-AdaeyD paxosloald andieg ‘6 "3y
IHNLIVHIdWNIL
(4,085, GZv . 082 002 oZL ov ov- 0Zi- 002 -
| e e S T LS TR Y
iON
- .m
- 2 )
09 .09 Waw
- o
0ZL- e
i ez .
S
081~ m
. - 081 nw
o
o - O x
ovz- ° (14N) Q3LVIVHYINN® hgy
(ZEZdY) ILVIAVHYINN. - . 74 W
- ° — o — . __
Ve ° y (883 3402} 31v1d 8665V a
00€ - A >,.9: .
WA BYW. . A
CALLT ] e e ) . ‘ 006

(2,)882° 81Z * 061 " 00t 0 05- 001 -




"SUOIIIPUOD 1S3 [BNPIALDUL 3Y) 40
B18D Ul u211BOS IpIm 3y} 0N *(9-YSH IudwLIadxa) *UOIIBIPB.IL 43)J8 PUB 310J3q ‘GOd

3p02 ‘Juidio} 7-80SVY Y} JoJ symsad S8} A-Adusy)) parowuoasd anSiieg 01 "314
JHNLVHIdWIL
(4,006G, 00¥ 0ce ove 091 08 0 08~ 091 -
cﬁl\sui?}l}ﬂli’ T YT T K] ' 7 v a0

—

09 ‘\, m S
_ 0 23
) 2z
(456) DEG~ o
0zL- m
} -0CL Mb..mu,ﬂ
a
08l - _._..u
_ . >
=
O x
ove- (4095) 2882 QILVIQVYHI & . 35
(T4N) 3LVIOVEHING ®  -opz 2
(ZEZ4Y) QILVIQVHHINA o =
w LS.
wpeaw, / \ : o (8589 3000) DNIDHO0H 2805V  w A sy
e L o . L . . i )
AUOV 8N 1343 “ ;mnmvn v.mawmmmdmnm me*nVM o 8‘ 8—, -— §




‘(9-ysd
juawiiadxa) ATuo symsad 359} wedlodd ZEZdY Ul 0} PadUIIJAJ UOIIBIPBIIL 433 B ‘gDH
apoo ‘SuiBio) Z-80SV 94} JoJ symsad 353} A-AdisyD paxowvioaad anduey 34
J¥NLVYH3IdWAL
(da) 0SS, OPY 0% 082 002 02 ot ov- o2l- 09i-
or - ; 0
! 10N
JIAVIOVHRING + .om
QILviQveN ¢
o = 0 F 2
Ne!
j gl e
(3G6) 2gS~ 06 —ig - .
o2 5 -
o0z Z 9l
. s
st T Tm
08I+ .~
o8t
- Px /Px
Ly ) a
JINVNAQ LD11e'0 [
ouvls 1oiie's 0¥ L 8
S — JINVYNAQ AQ0d e'c
oo ¢ I ® (808 300J) ONI9H0S 2-80SV Aoz
W/ 04N \e , Joos
(24882 002 0 0s- (ST L




* [2] uon
-BIPBAJI 3J0Jaq ‘4Od apod ‘BulBioy g-80SV 3yl Jo Alonp yojou A-Adasy)) "2l 314

JHNIVHSdW3EL
(4s) OGS  Ott 09¢ 08e 00¢ azi (0} Ov- o2t-

0 TV — N T T TTTTo

v |
09 | +, ov
| |
A {08
02—
Wﬁﬁ 4
<021
o8l - ®
121 —r k
() Y ® Qi 4
9 e - =43
1 N\
ot
. e ®
Z L4 o )
8 —@— —9- —-——
- ° & S1S3L 2 7ay
$iS3. N @
! NCHUANC ™ 03,7 QUayineg
- (928 3dCD) ONIOYO4 2-80GeV
Wy -t
— e .
"Jo1 BB 2 IS Wi Y -

AOH3IN3

W iv

NOISNY X 3




*(2-gSsd uawIadxo) UoIBIPBIIL J9) )8 pus
adoJaq ‘N apoo ‘a181d g-70£V 9y) J0J symsad 3s83 A-Adaey) payowaoaad andiyeg e1 “Sig

JHNIVH3IdIWITL
(do) 0o0v 0ce ove 09i 08 0 08- 09I -
O J [1 T _ T ﬁ L _ T J 1 — T J T o
B -10¢
o2
09 doo
e
- 3
(46¥1) D18 06 <
YAl = (LST)ABWI < ; wI/u ¢ OIXE~ a H
(4066) 2882 Q3LvIQvHYI \ JON_ & mx
l
B ‘v 5
-5 ey 0 - PO neey — \ — Om— H
Om_ — ) Y ~
! |\..| o 4 \ (1L'L+/1) a3Lviave w‘o (08! |5
— ve— (T4N°L12/1) Q3LVIQVHYINN v'v 3
jmz.:{.mw Q3LVIGVHYINNG @°C _W a
2€2 d¥) QILVIAVHYHINN e ‘o
ovz k ( LVIQVHYINN o o]¥4 mb..
W oA (2 ¥S8 dX3 1¥d3-148N) Jovz o
(N 3Q02) 31V d 8-20¢ev
| _ . o N ) h (u/risy)
(Do) 002 ¢le]l 0] 00I-




*UMOYS 0S8 aJ8 UOT}IPUOD UOI}BIPBIJIIaIC 2y} JOJ wn}vp
oML ‘(6-USHd PUB g-YSg SIUdWIJIAAX3) S[OAS] 20UDN[J OM} O} UOITIPBIJ] J91J8 ‘GIH
9pod ‘plom dJB paliowiqns ay) JoJ s3MsSaJ 3s93 A-Adaey) paowvioaid andiyeg 1 81

JYNLVHIdNIL
(4,) 085, 00V (1743 1,24 09l 08 0 08— 09L-
0 T T T T T T T T i T f T f T T T 0
{8 4S9} {6 4S8) (QvHHI3bd)
- 1AN~ 10N~ 1AON~
12
O
8.! 18 2 o)
>
z2
(468) oLv - 0
174 m
0L B = ~
— |_D.
_ . 1
o8l (8 HSA) 9L~ - —F m i
(6 4SE) 181~ .\ N.. lost > .,
B = 4
Q
0
~
>
[72]
-

vzl (8 HSE) ZWO/U g, 0L x e O &
(6 4Sg) zWO/Ug Ol xZ-Llm T | |
- (4055) 2882 QILVIQVHYI 10 i
(1YN) QILVIQVHHINN® © | &
wrean] (613 300) A13M V/S E-EESY  (uwas)

{ i 1 1 1 1 1 H Lsm
(J.188¢° 002 0SL 0oL 05 0 05— 0L -




*(21-¥Sd JuswiLiedxo) UOIIBIPBIII J9}J8 PUB 2J0J3q ‘¢ZH
apoo ‘pIom oJ8 poSJowigns ay) JOJ sIMsad 1593 A-AdasyD pedoriodad andnyey 61 “31d

JMNIVHIdWAL
(4o) 0OP oz ove o9l o8 0 o8- 09l-
0 T _ T T T T T T T T T T T T 0
( muv*z ~
1 N
B QvHYl 150d 10N —
o9t
o9 S
(¢]
by
7
(4021) 2 b6 _ 5
oai- 5 Q
—
: oz |3
(153) ASWI< LW U GOIX 8 ~
™ (40sS) 0882 QILVIAvEMI ° m
) . b
osi 3
— . ——
/[T LLT/ o 3
| ] —081 -.H a
_ ) -4
) 4
o (40s6) 0882 | a
ovel- Q3LVIOVHYI @G
[ ]
(7YN) Q3LVIGVHYINN @'
8 (21 ¥S8 dX3 18d3-TuN) —ore
A (€23 3000) Q13M V/S 8-EEGV  [tusrsn
A 1 1 1 1 1
{3a) 002 osi 00} oS ) oS- 00I-




i
i
H
j
ke

(TI-¥4S4d yudwiriadxa) *uol1vIpBLIl J23J8 PUB 3J0Jaq ‘$ZH
opod ‘prom dJ8 paliouiqns ay) JoJ sysad 1593 A-AdasyD podosvioaad sndnieg ‘91 "314

WNLVYIINIL
{40) 00P o02¢ ovz 091 08 0 08- 09lI- obz-
0 T T T T _ T T T | I S— T T T T T Y
| ! Lz
(1S3) LON i
"QvNl 150d _Quaidl 3ud
ool
o9
[w]
[
{46€1) 262 -—— n
[ordY
[ — 021
| »

J4SvI13

OBl  (153) ABW 1< 7 WU g0IXB ~
(4066) D 882 Q3LVIQVEY)

- S —_——
a
ovwﬁl
L - LI _ .
[ ]
T (40¢6) 0882
00g |- o\ Q3LviQvyyl ‘o
” / (IYN) Q3LVIQVHYINN @'
- ? o {11 ¥SH dX3 I1dd3-uN) — 00¢

6i€

w/Mogw (P23 3002) 13M W/S 8-€EGV Cufisn)

. I 1 ] | L
(D) 002 [e1=1] 001 oS 0 0s- ool- 0sl-

o8I

JILSVId /J1LSVI3

| S S S T

ov2




T

P At O i Sy

g

*UOL4BIPBUII 3J0Jaq ‘b

apoo ‘p[em oJB padsawigns ayj JoJ syMNsald 359} A-AdasyD padowaoald andnysg A1 814
JHUNLIVH3IdNITL
(40} OOF oz¢ ove 09l 08 o8- 09I~ ov2-
° T T T T _ T _ T _ T 0
o9t
-{ 09
1 o
[a]
ocl A.J
o2 [m
< x
- W s
— (g}
o8I
m
o o8l |>
- =
Q x
- vE
ovz}- »
. o
B \ Hovz 2
oot N Mi \.N —e Ny / -1
. IRI (TTYN) QILVIAVHYINN e'0
- — oo¢
&/ odw (3 3002} 013M V/S B-£ESY (u/isy)
| 1 L I ] ] |
{94) 002 o8 001 0% ) 05- 00I- 061-

.

22




. 7 o " ‘ R N A KBl e im0 il

Here, the displacement is in the direction opposite that noted in the C_ data
comparison [2]. In the case of plate CBB and forging BCB (below), C dafa sets
for energy absorption versus temperature generally were in good agreeYnent.

o Forging BCB (Figs. 10,11). In the transition region, wide data scatter is
found. At a toughness level of 150 MPa Vm for example, the scatter band is
about 39°C (70°F) wide. In turn, the data scatter precludes an exact deter-
mination of 66, 99, or 132 MPaVm transition temperatures for indexing of the
irradiation effect. The material tendency toward data scatter is not as evident
from the RP232 program results (Fig. 11). In the previous report [2], a relatively
high C_ data scatter coupled with a rapid upswing in C_ energy absorption within
a narrow temperature range was shown for this material (Fig. 12). The PCC,

data variability may be a reflection of this behavior. l

show a somewhat higher temperature transition than the RP232 Program tests. l

adee.

° A302-B plate, code N, and welds, codes El9, E24, E23 and E4 (Figs 13-17).
Only two upper shelf tests of weld El9 could be conducted with specimens
available in CY 1879. The remaining materials generally show uniform properties
and low data scatter. For plate N, the NRL data compared to RP232 Program
data, suggest a steeper transition curve (see dashed line). However, this ]
indication could not be confirmed fully with the few specimens available (test
stock limitation). Confirmation is not critical to the assessment of the 99
MPaVm transition temperature elevation with irradiation as shown.

Irradiated Condition

In CY 1979, postirradiation C v tests were completed for six reactor experiments.
The experiments were BSR-6 (forging BCB), BSR-7 (plate N), BSR-8 and BSR-9 (weld
El9), BSR-11 (weld E24) and BSR-12 (weld E23) (see Table 2). The test results are
presented in Figure 18 and Figures 3 to 6, respectively. A C_ data summary is
provided in Table 3. Neutron fluence values reported in the individual figures are
preliminary estimates only. Neutron dosimeter wires (iron, nickel, cobalt-aluminum,
silver-aluminum) included in each experiment are currently being analyzed. In this
regard, each of the experiments employed the revised irradiation assembly design [2],
that is, Cv and PCC_ specimens were comingled in a single capsule.

Analyses of the C, data provided the following key observations:

] The upper shelf energy level of plate N was reducefgto 47—Q (35 ft-1b) from
an initial level of 65-J (48 ft-1b) by the esti{gated 3 x 10 n/em” fluence. In an
earlier NRL study [5], a fluence of 1.9 x 10™° resulted in a 56-J (41 ft-1b) upper
shelf level; accordingly, a progressive decrease in upper shelf level with
inereasing fluence is indicated.

® A significant reduction in upper shelf ler‘Sl (to 79 ft-1b) was produced in
weld El‘.w)y the relatively low fluence of ~1x 10 n/em”. Further irradiation to
~8 x 107" reduced the upper shelf level below 68-J (50 ft-1b). The 26-J (19 ft-1b)
decrease in this case equates to a 30% reduction by irradiation.

° A fluence of ~8 x 1018 n/cm2 also produced a large (22-J) reduction in
upper shelf level for weld E23. An even larger reduction (38-J) in upper shelf
level occurred in weld E24 with the same fluence; however, the much higher
initial shelf level of this weld readily offsets the impact of this reduction.
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° Trwsitjonztemperature elevations0 (41-J igdex) oct; all thrge welds by
~8x10 " n/em” are in the range of 72°C to 97°C (130°F to 175 F). Pending
final dosimetry results, radiation sensitivity differences among the welds would
appear to be small in terms of this property change.

] Good agreement is evident between the 4l1-J and 68-J transition temper-
ature elevations. Also, the elevations in the 0.9 mm lateral expansion transition
temperature are equal to or are somewhat greater than the respective 41-J
transition temperature increases. Where upper shelf levels approach 68-J,
differences between the three measurements will tend to be magnified by
uncertainties in curve fit.

In parallel with the postirradiation C  tests above, postirradiation PCC_ tests
were completed for the same six experiments. In general, reductions in dynamic
fracture toughness (K. ) at upper shelf temperatures were consisitent with the C
upper shelf level redictions. However, the evaluation of relative effects ar&
complicated by the PCC_ data scatter in this region in most cases. It must be
recognized that, because of possible crack extension prior to development of maximum
load, it is difficult to prove that values in excess of about 110 MPaVm can still be
considered as an "initiation toughness" [2].

PCC  test results are reported in Figures 1C, 11, and 13 through 16. Table 4
presents a summary of the experimental determinations. Assessments of the data
trends were as follows:

° The fracture toughness transition of forging BCB (99 MPavm index),
within the limits of the wide PCC_ data scatter, appears to have been elevated
much more than the notch duc‘fility transition described by the C_ tests
(compare Figs. 18 and 10). That is, the temperature elevation by irragiatlon for
the PCC_ data band is on the order of 53°C compared to 14°C and 17°C for the
C,, curves (energy abosrption and lateral expansion). Data for IT CT specimens
of' this forging, reported below, also suggest a large irradiation effect. The
reason for the apparent inconsistency, which was not observed in plate or weld
materials, is unclear. As nointed out above, the PCC_ and C_ specimen types
were comingled in the irradiation unit and thus the inconsistency was not caused
by irradiation exposure differences.

° The radiation-induced elevations in the fracture toughness transition for
plate N and welds E23 and E24 agree very well with the corresponding elevations
in C_ 41-J transition temperature. In the case of weld El19, reference condition
data are not yet available but the difference in temperature between post-
irradiation toughness transition curves (experiment BSR-8 vs BSR-9) agrees very
well with the tebmperatuse difference between postirradiation CV energy tran-
sition curves (47 °C vs 42°C),

. The upper shelf dynamic fracture toughness levels of plate N, weld E19 and
weld E23 after irradiation ranged from 176 to 200 MPavm (160 to 181 ksivVin) and
correspond to C v upper shelf values ranging from 48 to 76-J (35 to 56 ft-1b).

. Average postirradiation PCC_ upper shelf values rank the materials in the
same order as average postirradia‘{ion C,. upper shelf values. However, per-
centage differences in dynamic fracture toughness value among materials are
much less than the percentage differences in C, energy absorption.
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To summarize the PCC_ and C_ observations made thus far, a general corre-
lation of the two test method? is indifated by the data for plate and weld materials
but not by the data for the forging material. Three of the materials show that C
upper shelf energy levels can be reduced to low levels; a 48-J postirradiation upp?x
shelfzwas observed for the A302-B reference plate. Two of the welds after ~ 8 x 10
n/em” exhibited a 41-J transition temperut\ige elertion which is greater than that for
the A302-B refereqﬁe platﬁ after -3 x 100 n/em”; however, differences among the
welds after ~8 x 100 n/em” are relatively small. Pending neutron dosimetry results,
the Cv data suggest that the radiation embrittlement sensitivity of weld E23
(intermediate copper content) is about the same as that of weld EI9 (high copper
content). Finally, observations made from C_ and PCC_ tests conducted in CY 1979
are consistent with initial observations made if CY 1978 With plates CAB and CBB [2].

Measured Versus Projected Radiation-Induced Property Change

The expression of fered by the Nuclear Regulatory Commissjon Guide 1.99 (71 for
the calculation of the Cv transition temperature elevation by 288 "C irradiation is:

1/2
T OF) = [40 +1000 (%Cu - 0.08) + 5000 (%P - 0.08) | (£/10'%) )

where f is the fluence in n/cm2>l MeV. In conjunction with this formula, the Guide
imposes an upper limit on AT values depending on fluence level. The upper bound
applies primarily to high copper content materials.

Table 5 compares elevations in C, 41-J transition temperature measured in this
study against projected elevations detefinined by either equation (1) or the upper limit
criterion as appropriate. The projections are noted to be equal or greater than the
measured values in each case. Accordingly, the Guide embrittlement estimates are
generally conservative. (The 6°C difference between values for plate CBB is not
considered significant). Large differences between measurement and projection are
apparent, on the other hand, and show a need for further refinement of current
embrittlement projection capabilities. It has been proposed [6] that, along with
copper and phosphorus content, nickel content be taken into account as one possible
refinement since the empirical evidence suggests a reinforcement by nickel of the
deterimental effect of copper on steel resistance. Plates CAB and CBB and forging
BCB have nickel alloying whereas plate N and the weld deposits do not. In Table 5, the
difference betw?ﬁn megsured and projected transition temperature elevation for
fluences 28 x 107" n/em” is largest for the low nickel content materials. Conversely,
reference [6] shows relatively good agreement between measurement and projection
for high copper, high nickel content welds for this fluence condition. The current data
bank, however, may not be sufficiently comprehensive to restructure the Guide to
include the nickel content variable.

THERMAL CONTROL TESTS - J. R. Hawthorne

The effects of long term 288°C heating in the absence of nuclear radiation is
being evaluated for the plates CAB and CBB, the forging BCB and the production weld
E4. Parallel evaluations of the plate N and the welds El9, E23 and E24 were precluded
by the limited test stock. Fortunately in the case of plate N, a study of long term
302°C heating effects on C_ notch ductility (TL orientation) has been made by another
NRL study [8], wherein a 9726 hour exposure did not result in a significant change in
either the Cv 41-J transition temperature or upper shelf energy level of the material.
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The present thermal control test series includes all four specimen types (C' ,
PCC_, CT and tensile). However only one thermal conditioning time of 92 days (22d0
hourgs is being investigated. This time period corresponds approximately to the
longest irradiation time employed for the four materials. The thermal conditioning
treatments now stand completed. Finish machining of the C_ and tensile test
specimens has been undertaken. v

PLANS FOR CY 1980

Experimental plans for CY 1980 include the following efforts and objectives for
program completion.

° Completion of reactor exposure of experiments BSR-10 and BSR-13 and the
construction and irradiation of experiment BSR-14.

) Completion of remaining preirradiation and postirradiation Cv' PCCV, CT
and tensile tests for all materials.

] Completion of C_ and tensile tests of thermally conditioned materials.
PCC. and CT tests will be conducted only if significant notch ductility and
tensile property changes are observed.

° Refinement of Cv versus PCCV and Cv versus CT test method correlations
now evolved.

° Development of final program report, The report will summarize experi-
mental results, and test method correlations and radiation sensitivity inter-
comparisons permitted by the results.
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