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Abstract

Recent MEA investiga:ions on the effect of neutron flux
level on radiation-induced embrittlement accrual and the
contributions of metallurgical variables to postirradia-
tion annealing and reirradiation behavior are reviewed.
Studies of dose-rate effects involved experiments in the
UBR test reactor and separately, radiation sensitivity
deterninations for the decomnissioned Gundremmingen (KRB-
A) vessel wmaterial, Annealing-refrradiation studies
employed 399°C and 454°C heat treatments.,

Material composition is shown to play a major role in
postirradiation annealing recovery. Results illustrate
effects of variable copper and variable nickel contents on
recovery for steel plate having low phosphorus levels.
Composition cffects on recovery were also observed for
prototyple welds depicting high/low copper and high/low
nickel contents and three flux types. The welds, in
addition, indicate major differences in re-irradiation
sensitivity.

The UBR investigations revealed a significant difference
in flux level sensitivity between the ASTM A 302-B refer-
ence plate and a submerged-arc (S/A) Linde 80 weld, based
on C, tests and quasi-static fracture toughness (J-R
curvey tests, Studies of the Gundreraingen reactor
vessel, fepresenting a joint SA-FRG-UK undertaking,
revealed an anomaly in strong vs. weak test orientation
radiation sensitivity,

1 INTRODUCTION

This report highlights certain MEA research accomplishments for the
Nuclear Regulatory Commission (NRC) 1in calendar year 1986, The
research findings build on previous MEA studies of variable radiation
embrittlement sensitivity among reactor pressure vessel (RFV) gteecls
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and the qualification of in-sftu annealing for coantrolling radiation
embrittlement accrual in-service (Ref., 1). Investigations reported
here forus on the potential effe.t on metal properties chagge of
irradiatson exposure rate or duse rate (neutron flun, n/ca“=s™ ') and
secondly, examinations of key varfables influencing material behavior
with irradiation-annealing (IA) and reirradiation (lAR) treatments.

Investigations made to qualify potential dose-rate effects depict two
research thrusts. One involves the irradiation of reference plate and
weld materials in a light water cooled and moderated test reactor (the
UBR) at three difierent flux levels. The flux range brackets condi~-
tions incident to RPV walls and flux conditions typical of in-core
irradiation facilities of many research reactors. The second thrust
involves postservice properties and property changes of the pressure
vessel of the decomaissioned Gundremmingen BWR. This postmorten
effort 1s under the auspices of a joint USA-FRG-UK program; MEA,
StaatlicheMaterialPruefungsanstalt (MPA), and Harwell are the lead
laboratories for the three respective countries.

MEA studies of the annealing method are qualifying the influence of
material composition and heat treatment temperature on annealing
recovery and equally important, the influence of both factors on
reirradiation sensitivity and reembrittlement path after the anneal.
The focus is on weld metal behavior, racognizing that weld deposits
may well constitute the limiting material in older reactor vessels in
PTS scenarios (Ref. 2).

2. DOSE~RATE EFFECT STUDIES =-- UBR INVESTIGATIONS

2.1 Background

The MEA Dose-Rate Effects (DRE) experiment series is designed as a
critical test of neutron flux level vs. radiation embrittlement resis-
tance. The uncertainty over the effect of irradiation at high vs. low
neutron flux frequently is placed in the framework of power reactor
vé. test reactor environments. Flu levils._rt the inner walls of
RPYE: aef _Tn the order of 10'Y n/ca’-s whereas levels of
10°¢ n/cn®~s or higher are typical of fuel lattice facilities in
test reactors. Resolution of the flux-efifect question is essential.
Test reactor experiments offer the only feasible means of obtaining
large irradiation volumes for systematically testing metallurgical
variable or specimen-size effects and the flexibility required for
anneal'ing-reirradiation studies.

242 Irradiation Facilities

MEA 1irradiation facilities at the UBR are providing neutron lex
levels of ~ 8 ‘ 10 v (low), 5-6 x 1011 (intermediate) and 8-9 x 10 ¢
(high) n/cmz-s- + Facility locations relative to the fuel lattice are
fllustrated in Fig. l. In each, specimen temperatures can be
controlled, e.g., at 288°C, and are monitored continually by external
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instrumentation. The in=core (IC) and core-edge (CE) irradfation
assemblies employ only gamma heating for temperature maintenance; the
in=pool (1P) or reflector jrradiation assemblies employ a rombination
of gamma heating and resistance heaters. Because of the primary
dependence on gamma heating, specimen temperatures are .utomatically
reduced at times of reartor ocutages to well below the nominal irradia-
tion temperatures. Thus, speciumens are protected against inadvertent
annealing of radiation effects between reactor runs.

2.3 Materials and Test Matrices

Materials selected for the DRE experiment series include two high Cu
content (~ 0.202 Cu) reference plates, types A 302-B and A 533-B, and
two high Cu content (~ 0.39% Cu) submerged-arc weld deposits. The
wvelds were wmade commercially wusing the same lot of copper-coated
tiller wire; ouly the flux type differed (Linde €0 or Linde 0091).
The A 302-B plate is widely known as the ASTM A 302-B reference
plate. Compositions of two of the materials are given in Table 1.

Irradiation test watrices are summarized in Table 2. Specimens
include Charpy-V (C,), fatigue-precracked Charpy-V (PCC,), tensile,
and 0.5T compact tension (CT) types. For the A 302-B plate, specimens
were orjented to represent the longitudinal (LT-strong) test direc=
tion. This direction was selected over the transverse (TL-weak)
orientation because of the low preirradiation C, upper shelf energy
level [65 J (48 ft=1b)) of this material. The transverse orientation,
on the other hand, was chosen for the higher toughness A 533-B plate,
consistent with current surveillance program practices. Weld speci-

mens spanned the deposit in the manner of ASTM Standard Practice
E 185. '

Table 2 indicates three target fluenqs levels for the two highest flux
conditi?ss. I{t{?f:tion to 0.5 x 10 n/cm® at the lowest flux level
(8 x 10™" n/cm®~s™") represents more than a 3-year residence period in
the UBR. Because of this time factor, higher fluence experiments in

the low flux facility were not included in the matrix.

2.4 Progress

Table 3 indicates the nuzber of irradiation exposures completed at the
time of this report. Postirradistion testing has been completed for
the intermediate flux exposures [Core-Edge (CE) experiments]) of the
A 302-B reference plate and the Linde 80 weld. Both of these
materials have a "low" preirradiation C, upper shelf level, unlike the
A 533-B plate and the Linde 009! weld. Accordingly, these received
the greater program emphasis.

C, data for the A 302-5 plate and the Linde 80 weld are presented in
r!go. 2 and 3, respectivelv. Companion fracture toughness deteruina-
tions are given ia Figs. 4 and 5. An immediate observation is that
the 4X difference in fluence beiween experiments CE~]l and CE-3
produced only a small increase in C, transition temperature elevation



(AT) in each case. For example, the AT at 41-J for the plate is only
20°C (35°F). That for the weld is only 25°C (45°F). Referring to the
fracture toughness deterainations, Duth saterials show very little
fluence sensitivity in terws of the AT at the 10U MPa/m levels The
difference in curve shape between CE-1 vs. CE-3 data sets, in part, is
due to the computer curve-fitting of the data points. (The C, curves
are visual curve fits.)
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Referring to the CE~l data sets, relatively close agreement of the AT
for C, at 41-J and the AT for CT at 100 MPa/m is observed for the weld
but not the plate. In the case of the plate, the 4l-J temperature
elevation underpredicts the 100 MPa/m temperature elevation. Applica-
tion of the Irwin §;. adjustment (Ref. 3), as recommended by Merkle
(Ref. 4), reduces the shift in the toughness transition., This brings
the plate data sets into closer agreement. By the same token, the
weld data sets diverge, with AT from CT exceeding the AT from C_.
Hiser has observed this pattern of C, vs. CT data for many but not a!l
plates and weld deposits in his development of a data bank on RPV
materials (Ref. 5).

The results from in-core (high flux) DRE irradiations are not yet
available; however, the core-edge data can be compared to data and
data trends for the two materials generated by other MEA programs
(Table 4). Specific data pairs denote a dose-rate effect which may
extend to power reactor surveillance as well as encompass the test
reactor case. For example, notice the intermediate flux irradiation
of the weld to 6.4 x 101'8 n/cm2 produced an eambrittlement level
requiring 13.4 x 1018 n/cm2 under high flux irradiation conditions.
Overall, the intermediate flux level appears to be more danaging to
the weld than the high flux level. This is not the case with the
plate. The intermediate flux level produced significantly less
ecbritt{gment 2thcn the higqa flux _level at the higher fluences of
12 x 10'® n/ce® and 24 x 10°° n/cm®. (NOTE: Trend data indicate a
41=J increase of 92-97°C for the highest fluence, in-core.) A differ-
ent sensitivity vs. dose-rate relationship is thus indicated for pla. =
compared to weld deposit.

The results show that a unique relationship between embrittlement anl
dose rate may not exist for all RPV steels and that earlier compari-
sons of high flux/low flux environment effects may not have place.
sufficient emphasis on product form or composition influences. It is
encouraging that the level of effects seen to date is not so large as
to preclude the use of accelerated (test reactor) irradiation for
screening metallurgical, {irradiation, or postirradiation annealing
variables.

3. DOSE-RATE EFFECTS STUDIES == GUANDREMMINCEN INVESTIGATIONS

3.1 Background

The decommissioning of the KKB-A reactor in 1977 and the mora recent
locating of archive forging naterial from 1its vessal construction




1

prte-rnts a unique oappartunity for sunli ing the afferts of 1= vy

cdiattoa wn a prototypic steels Koo datny this puwawiiicy, tin
LG pul 1n place a joint USA/FRG/UK program to investigate vessel
properties in both the as-irradfated and postirradfation=~annealed
conditions. Among, {ts objectives are verification of prediction

methods for radiation effects and prediction methods for the attenuag=-
tion of rudiation effcets with steel thickness. Through test method
selection, the correlation of notch ductility vs. fracture toughness
change with irradiation is also being evaluated experimentally. The
vessel composition includes 0.15 Cu, 0.79% Ni, and 0.015% P.

3.2 MEA Progran

MEA has developed through-thickness mechanical properties information
for the archive material which is being used to index the irradiation
effect to the vessel (Ref., 6). Additionally, MEA 1is performing
Irradiation and postirradiatien annealing assessments of the archive
material us) ‘g C,» tensile, and 0.57-CT cowpact specimens irrediated
atl the nominal KRB-A vessel service temperature in the UBR,

Results wiil be compared against vessel properties being determined by
MPA from a series of 1M-mn diameter trepans removed from the belt-
line region. Harwell 1s perforr.ng irradiation assessments of the
archive mater‘al using C, specinens exposed in the Pluto heavy water
test reactor,

3.3 Progress

Irradiation and postirridiation annealing data obtained through the
UBR experiments are show 1in Figs. 6 through 9. Fracture toughness
data for 399°C and 454°C annealed conditions are currently under
developnment.

Referring to Figs. 6 and 9, a ~omparable effect of irradiation to 4l=J
and 100 MPa/a index temperatures is indicated (444°C vs. 447°C). The
accompanying drop in C, upper shelf energy was small (about 10 J).
The projection of 41=) transition temperature increase by NRC
Regulatory Cuide 1.99, draft Revision 2, for the fluence indicated is
$9*c. Accordingly, the Guide is properly conservative in its embrit-
tlement estimate. ‘

Figures 7 and 8 show that a 454°C-168 % anneal but not a 399°C-168 Y,
anneal produces essentially full transition temperature recovery.
Full upper shelf recovery was obtained with both heat treatments. An
explanation for the higher C, upper shelf level after the anneal,
compared to the preirradiation level, is not available. This may be
simply an effect of the time-at-temperature during the irradiation.
Thermal aging tests to evaluate this possibility are wunder
consideration.
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3.4 Comparison with FRG/UK Findings

T™ha jrradictioa test reoulrs ahitained by Harwell, Z2epleting the
effects of a hneavy water environpent, and the Urepan test rcsults
obtained by MPA, depicting the effects of light water environment
service, are very tentative. The preliminary results, however, are
quite interesting.

In the case of the UBR vs. Pluto test reactor irradiations, the data
show a general agreement in embrittlement sensitivity. On the other
hand, the UBR test reactor data agree well in terms of damage magni-
tude, only with the trepan longitudinal orientation data. The UBR
data considerably wunderpredict the trepan transverse orientation
irradiation behavior.

A major difference in radiation sensitivity level between LT and TL
orientations of the trepans has been found by MPA (Ref. 7) and
currently is anomalous. 1f the LT vs. TL orientation difference is
confirmed by the ongoing test programs, this observation will have a
major impact on the application of Regulatory Guide 1.99 which has
made extensive use of LT orientation data in {ts development,
especially in the formulation of upper shelf behavior projections with
fluence.

4. ANNEALING/REIRRADIATION STUDIES

4, Background

Material composition is expected to play a major role in postirradia-
tion annealing recovery, both for welds and plate materials, The
significance of this varlalble to annealing response 1is being probed by
two MEA investigations. One set of investigations, coded Coaposition
Effects on Annealing or CEA, is studying the annealing response of
plate materials initially acquired for investigations of material
sensitivity to 288°C radiation eambrittlement and underlying damage
mechanisnms., The second group of investigations, identified as the
High Temperature Annealing studies or HTA, is evaluating the annealing
and reirradiation embrittlement behavior of weld depuzits. Here,
postirradiation annealing cemperatures of 454°C vs. 3v5°C are being
employed to gain insight into composition effects as well as annealing
temperature effectiveness.

4«2 Progress by CEA Investigations

The CEA investigations center on 288°C irradiation and 399°C-168 h
postirradiation annealing tests of two material groups identified in
Table 5. Findings for group | were presented to the 1985 WRSM
(Ref. 1); a primary determination was that residual enmbrittlement
(after 399°C annealing) is a function of copper content bul not phos=-
phorus content. Determinations for material group 2 are summarized inm
Fig. 10.
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heloerring ¢ L3¢ Fesulls fur the plates from the Wigh coupper content
welt no. 6, a detrimental effect of a high nickel ceatent (0.69% Ni)
on both radiation resistance and annealing recovery (residual embrit-
tlement) indicated by cist B vs. cast C. Percentage recoverfes for
the two plates are about the same, however (56°F vs. 54%). Results
for the plates fiom melt casts A and B do not describe a detrimental
effect of nickel for the rauge of 0.05% to V.27%2 5i. This range is
within the & Ni specification limits for A 302-B steel. Accordingly,
nict ‘1 would appear critical to the performance of A 533-B steel
(eegs, 0.69% Ni) and not A 302-B steel.

Results for plates from melt casts C and D of melt no. 5 show an
effect of nickel content, but here the differences are less than those
noted for melt no. 6 because of the lower copper content (0.16%).
Consistent with the findings for materials group l, a greater percen-
tage recovery and smaller residual enmbrittlement is found for the
lower of the two copper eontents,

Summarizing CEA experiment observations in terms of residual embrit-

tlement, copper and nickel but not phosphorus can exert a detrimental
influence on notch ductility recovery of RPV steels.

4.3 Progress by HTA Investigations

Four prototypic submerged-arc (S/A) welds were obtained for the inves-
tigations. These represent the major weld types found in USA reactors
and depict two copper levels (intermediate and high), two nickel
content levels (low and high), and the use of three flux types. The
materials are identified in Table 6. The irradiation matrix is
fl1lustrated in Table 7. Results are now available for all exposure
conditions except that designated IARZ.

Figure 11 summarizes the findings on 41-J transition temperature
increase after irradiation and the residual 41-J transition teapera~-
ture increase after annealing at 454°C or 399°C. The duration of the
anneal, in each case, was 168 h. Samples of the four welds were
commingled during the irradiation and again during postirradiation
heat treatment. Figure 12 and 13 show the effects of reirradiation.
The former shows the amount of the increase produced by the second

cycle of drradiation only; the latter shows the total increase
observed following the IAR treatment.

Several observations are pernitted by the data. In general, the welds
experienced different degrees of recovery, illustrative of a composi-
tion dependency of some type. Also, depending on the weld, the
transition temperature recovery with 454°C annealing was or was not
significently greater than that by 399°C annealing. However, the
extent of reembrittlement of the welds is consistently less following
the 454°C anneal. In turn, the irradiation-anneal-reirradiation (1AR)
benefit appears to be greatest with this anneal.

In Fig. 13, the difference in fluence between the first cycle frradia-
tion data and the IARl irradiation data mudt be kept 1n nmind when
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judging the benefits of 399°C annealing. In this framework, a benefi-
~1al effert of 1AP is deserihed in each {iastance. Also, consistent
with earlier experiment obaeivatioas, the seesitivitly to foati wWiation
eabrittlement is high compared to wmaterial that received the sane
fluence but which has not been annealed.

Referring to Table 7, one objective of experiment IAK, is the defini-
tion of reembrittlement path with increasing fluence. The potential
of the individual weld types for reirradiation embrittlement satura=
tion will be tested by comparing this set of data agalonst data for
IAR,.

.4 Conclusions of CEA and HTA

The cited findings reinforce the original NRC concerns that
composition effects and interactions mnust he understood to assess
plant-specific ennealing applications. Properly applied, 1AR proce-~
dures may be a means of avoiding PTS limitations and a means for
overall plant-life extension. A 454°C anneal, although more difficult
te apply from an engineering and systems viewpoint, holds forth high
promise for embrittlement mitigation and control.
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Table 1| Compositions of ASTM A 302-B Reference Plate
and MEA Linde 80 2eferonce Weld

Material MEA Composition (wt-%)
Code
Cu Ni P C Mn Si S Cr Mo
A 302-B 23F 0.21 0.20 0.013 0.24 1.3 0.23 0.023 0.1l 0.51
Plate
Linde 80 WBA 0.39 0.67 0.015 009 1.29 0.76 0.015 0.1 0448

weld

——— —

Table 2 Irradiation Matrix - UBR Series

Target High Intermediate Low
Fluence® Flux Flux Flux
(x 10'9) (8 x 1019)% (6 x 101y (g x 1019
0.5 X X X
1.0 X X -
2.0 X X -

(In-Core) (Core-Edge) (Reflector)

& nlew?, B> 1 Mey " nlent=s™l E > 1 Mev
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Table 3 Status of Irradiations® - UBR Series

——— ]~ ——— i ——— — S ———. < —— -~ - — .- ———— ——

Material Target Neutron Flux
Fluence
(x 10‘9) High Interaediate Low
A 302-B 0.5 C C C
1.0 C < -
2.0 C C
Linde 80 0.5 C C u
1.0 54 C -
200 C C »
A 533-B 0.5 P -b c
Linde 0091 0.5 3 -b v

8 ¢ = Complete U = Underway P = Planned b NRC Option

Table 4 Intermediate vs. High Flux Results

Fluence Flux ' AT Irradiation
(x 10'8) (x 10'h (41-J)  Facility

ASTM A 302-8B Reference Plate

(0.21! Cu)
545 85 65°F In=Core
6.5 6 85°F Core~Edge
12.0 85 140°F n=Core
12.8% 6 95°F Core-sdge

Linde 80 Subnerged-Arc Weld

(0.392 Cu)
6.4 6 225 Core~Edge
3.4 85 215°F ln-Core
12.8% é 235°F Core-Edge

Preliminary estimate



table 5 haterials - CEA Investigat ions

————— ——————

Irradiation Molt Flate 4 Cu 3P
Assembly
Number

0.015
0.025

0.003
0.016
0.028

0.002
0.002

0.002
0.002
0.002

Table 6 Weld Material ldentification

Weld Linde Welding % Cu % Ni
Code Flux

WW7 80 0.10
WEA 80 0.67
W9A 0.70
WiWh 0.65

Table 7 Irradiation Matrix

288°C Irradiation (~ 1.3 x 10!9)
Anneal 454°C-168 h (Group 1)
Anneal 399°C-168 h (Group 2)

288°C Reirradiation (~0.3 x 1019)

288°C Reirradiation (~ 0.7 x 1019)

. e —— ——— i i Wi — ——e e —
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