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T3 INTHODUCTION,

One of the crucial  issues in ihe Licenaing process of & Wuclear Power Dlant
(RPPY 15 the safeiy sualuation ef the Reactnr Pressure Vessel (RPY) dUiring
its opersting lLife.

Ta periorm such  an gvaluation & fracture mechanics assessment of the RPY,
in  the presence of an asssumed or  existing Tlaw and opera ting siressss, i5
reguired.

The knowladge of the material toughness, duping the Life of the Compenent ,

is needed to this pu PonsE. fippendix B, Section X1 and Appencix 6, Section %1
of the MAmerican Society of Mechanical Enginesrs (ASMEY Boiler and Pressure
Vessel CGdE contain respectively  static and  dynamic lower  lbound toughngss

curves (KIc,KIr)y, as a function of temperature, to be used in RPY siructural
lﬂL ggrity ﬁualua\?mn,

Wit and ir curue are normstized to the material reference nil-ductility

ﬂmoeraLure iPTMUEJ that incresses during the eperation of ihe vessel due to

the ects  of neutron radiation. Supvelllante progrems are  conceived o
monitmr material degradation. Smatl specimens, usually Charpy Y-notch (CV3,
are loaded into the wessel, in capsules facing the core region, and are
periodically withdrawn and tested to obiszin complete Charpy Y curves  at
different values of ithe intzqgrated fast newtron Tilux (flLuence’.

The irradigted RTNOT is determined by adding the temperature shi
ihe unirradiated and irradiated OV curves, at the 41 J Level , to Lhe
unirr advavcﬂ RTNDT. The 1implicit essumpiion of this procedure is §
shiit represents the shift of the Kic and ¥Ir curves.

Twia paper presents the avallable results of an extensive research program
that the Itslian Committee {or Nuclear Energy and Bliernative Energies (EMER)
started in 1985.

The research had two primary objeciives: (1) to characterize an SO508 CL. 2
carbon steel ring farging produced in  Itsly as a prototype of a pressurized
water reacter wessel and (2) %o invesiigate the effect of various Levels of
neutron irradiation at temp2ratures near 280 £ on the strength, toughness,

! RTMDT is the highest of three tempersiures: ROT, Trgey23, 1 vﬁ33 where T rus
is the tempera[urﬂ st which the €Y energy in the transverse direciion is BE
joules and Twﬁgis the temperature at which the Y laterial expansion in  the
transverse dirsciion is G,389 mm.
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and ritile transition temperature of the forging. irradi
temperatures were approximately 260 C and fluehces ranged Trom approxims
7T E+15 to 5.9 E+19 nfom®l

Far the fipst time crack arrest specamens of a base material been inserted in
g capsule and irradizted.

ation
ately

m

A total nf <0 fensile tests, 672 Charpy tests, 76 KId tests, 30 KIc {or
JIicy testis, 17 c¢rack-arrest tests were performed on unirradiated or
irradiated maierlal. Results from tensile, standard and pre-cracked specimens
are reported in tnis paper. Additional tests are planned, including 8 crack
arrest tests on irradiaied material and 50 KI¢ tests on unirradiated and
irradiated material.

The paper reportts  als0  comparisons  among translition-temperature shifis
measured and exaected on the basis of some of ithe best-known empirical
predicilon equations.

Four  Laborstories pave peen involved in the ipvestlgatio ENER {RE
Casaccia, near FUWg, Battelle Columbus Laboratories (DLL)J Ohio, JJQ anc TwWo

frER)

Laboratories af the Commissariat & L'Energie Atomigue namely Saclay
and Grengble in France.

ENER, the sponsor of  the entire pregram, hes been performing mechanical
testing f unirradiaied maierials The oiner ihree lLaboratories nave been
performin testlng of UﬂirquLﬂLEﬁ specimens snd irradiafion, dosimeiry, ang
mechanical tesiing of irradiated specimens.

The material is the SAH 398 CLl.3 carbon
molybdenum a5 principsi a.toving elements.
weii as {or nozzies or flanges.

ALL tests specimens {for the FNER Irradiation Program were cut from materlat
pasitionad at one guarter of fne 200 mm thick ng ferging. The orientation
gf the toughness specimens was C-R &5 defined AETHM E399 standard  {(Annual
L
i

‘FDD.

i
o)

et A

taining mangan
far

and
Ar25SUre Ves JLL 5

w

in
C1

L

pook of ASTM standards. vol. 3.01). Tensite sps were aligned with the
circumferential direction of the forging. Drmr wWe i tests conducted on ihe
material by the manufacturer indicated that e nit-doctility INDT?
temperature was -12.% €, which is ailso  the reference temperature nil-
duetility transition temperature {(RTNDT).

ens
g
th

2) THE NEUTRON IRRROIATION.

The maln goal i ihe DFD]PL‘ was to investigate materiat radiation damage.
Three te resesrch reactors have been used to this purpose.

The 0SIRIS reactor is 8 poot reactor with a nominal power of 6% MW, managed
by CER. The neuiron flux was around 1.15 E+13 nfcm®s. The irradiation phase
took only 14 days, at fult power, to reach the targer fluence of 1 E+18
nfem? .

ules were 1nstrumented with thermocouples and flux detectors.
t detectors were used for fast and thermal flux respectiveiy.
Z2.2) The MELUSINE reactor at Grenoble.

The Melusing reacior is a poct reatCier wiih a nominal power of & MW, managged
Dy CEA. The neutron flux in tne specimens reglon had an exial paradolic shape
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wiih 2 peak va
both ends, nof

For this rpaspn dif
Lepgih. %pﬂuﬂ

t full powe
specimens.

n the m1ddLE, of 1.13 E«13 nfom®s and a Lowest value, ati
1

i
ferent rluence Levels were achieved along the capsute
B omiddale of the capsule 2uperienced, after 1379 hours
3.5 E«19 nfom® against 3.5 E448 niem® for the border

a1l

-

2.3) The ford Nuclear Reactor (FNR) at the University af Michigan.

The Ford MNuclear Reactor, a 2 MW pool r‘actLP mgnaged by University of
Michigaw was  selected oy 30L for drradiation. @ aluminium capsule was
designed o contsin specimens. The capsule was positioned in a region, close
to the core, where the neutron TLUY was around 2 E+42 nfcmfs. The irradiztion
phase took a total of 4877 haours at Tull power e reach an average  final
rhuence of 3.7 E+18 n/om?,

33 TENSILE DATA.

Up 1o now 40 specimens nave Dbeen tested in Ine not irradiated 23 well as in
the irradiated conditions. Standard round specimens {(BSTM EB - 4 mm  in
gliameter and 20 mm gage Lengih) were ﬂsed.

Irpadiation increased bnth the tensile strength and the yield strengih  of
the steel, but had litile 2ffect on either the uniform or  fotal elongation
(Ref. 1. Thus, in the absence aof a notch, the energy sbsarning capability of

the material in tension was actually Increased by ’“Fmd7aLWDP

tncreasing the neuiran fluence bevand 1 E+18 niom produced wviriuvaily no
sdoitional sirengihening of the steel.

Prior to irradiation, the tensite strengih  de sed ronfinunusly with
increasing temperature, indi ”ing that the steei I Litile susceptibilit
to dynamic strain aging (DS0) Ref. 2%, NEYBE, Lmuir] irradiation, th

tensite strengih was {ound to increase as the temuerature was raised from 1
to 290 &, indicating that the sateel may be susceptible o D5A Dy peuwtr
irradiation. Some serrations on the siress-strain curves =1 200 and 250 C ip
the material irradiated fo 3.5 E+19 nfem provide further svidence of  0SA.
This Tinding is in contradiciion o some results reported by  Murty (Ref. 33
wha ?Dunﬁ that steels which wers suscepiibie to 0SE were mgde Less

susceptible by irrediation to a fluence of approximaiely 2 £498 nfom .

¥
e
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an

43 IMPRCT TESTS.

Standard Charpy ¥-notch specimens were ussd. Tests were performed according
ta A5TM E23 (Bnnual Book ai ASTM Standards - wol. 2.01).

EV results on not irradiated material are shown in Fig. 1. The lLarge amsunt
of scatter, f{or example from 25 to 95 J at -850 € ar from 50 to 950 J at ~40
£, complicates the dInterpretation of unirradisted specimen resulbis,

re oshifi hag to he

particularly when the magnitude of the transition temperatus
determined.

Mareover aisc resulis on irrediated material are characterized by 2 guife
Large scatier {(3ze Fig. 13.

It came wnexpected that, 35 shown in Fig. 1, data at 3.7 £+19 n/tmg WEPe
Tatiing practically on the vnirradiated data aree.



At present no ean nation has been found Tor this unusuval behaviour. Oata
3t 3.7 E+19 nfocr were obtasined at Westinghouse hot-celis facilities after
irrgdiation in FHR.

The only difference cen e ascribed o the newiron Tlux that is one order
of magnitude Llower in  the FMR compared to the other itwo. & fluence rate
eftect and possibly the neuiron spectrum could than be responsible for this
behaviour. This narticular aspect wiil be furiher investigated.

Data at 3.7 £+19 nfcm® were disregarded in the evaluation of the brittle tn
ductile transition temperature shifts to compare datz &t homogeneous flushce

a =

[ i
rate. Resulis reperted in the pext section.

nilar te the

specimens were tested according to & french siandard sim
syre  Vessel Research  Touncil /0 Metal Properties Council  (PYRCIMRECS
ance.
tandsirt specimen for the PCCY instrumented dynamic tests, with
initist  f ng from  45% to 355% of  the ithickaess . The
L requency of 20
L

k)
impact 1ceug ranging fre D 5 omis, depending on ti
dsed in [

B tesi temperature,
gl energy o break the specimen  and, at the
iime, to i cis of inertial loading.
nen  the specimen be ﬂdVCd etastically during the i=2s5%t, +the fractiure
toughness KId were calcubated using standard Linear elastic {ormuLas. When
the specimen behzved In elastic-plastic Tashion the fest were evaluated using
the methed of the 3 integral (KJd) or the method of the egeivalent energy
{Kd®),

The Llarge daia scatizr in the irradiated » el as i
conditions does not allow, at presesc, thﬁ drawing of lLow
estimaie snifis of reference temoorature

Fig. 2 shows pre-cracied Charpy ¥ 5p951m5ﬁ resutis in terms of diasl energy
measured during ihe tests. &hifis at ¢1 J are reporied in table 1.

i
pﬂcaﬂena were Linear elastic range, with a
1

15 W

n the not irradiates

€
2 bound curves o

63 REFEREMCE TRANSITIGHN TEMPERATURE INIRERASE.

Ryperbotic  tangent best-7it curves wers drawn tnrough  experimental resulis
i ig.Z in order tp obiain shifis of OV and POCY curves

shown in flg.1 and 7ig

after irradiation.

shifts of reference temperatures and drops of Upper Sheli Energy  (USD)
measured on  the CV  curves are reported in feble 9, and compared io  fwo
prediction =quations results. Regulatory Guide 1.93 Rev.?, issued by ihe
American Nuclear Regulatory rDWWlelDﬂ INRCY (Reif. 4) provides equations and
plots  io predici Reference Transition Temperature shifts and  Upper Shelf
Energy ({USE} drops. Predictions from RG 1.99 Rev.2 are compared {0 the
gxperimenial OV shifts at 413, with end without the "margin® propozed in the
guide, and to the measuped USE decreases. [V ghifts read at 683 are compared
to expecied values according to 2 prediciion equatinm developed at ENER (Ref,

53,




7 CONCLUSIONS.

The paper presents intermediate resulis rram @ research program  an neutron
radiation damage in a pressure vessel sisel F 08 5D5n5wﬁed by the Itatian
Committes {or Research  snd Development uf wucle tnergy andg  Bliernaiive
Energies (ENEM).

Tensite data show thet the susceptibitity of the steel to Dynamic Sirain
Aging (O0%A) increases with neuiron {luence.

Temperature shivis measured on  Charpy v—nattr ERErgy  curves  have beeq
compared to {he resulis of two prediction egustions. Regulatory Guide 4.929
fev.?2 equation, issued by American Nuclear cgulatm"” Commission (NRLY, which
is usuably assumerd to  be conservative, iilWTLE[’ net conservative in
predicting irradiatian effecis for this Thez ENER eguaition, on the
ather hand, is conzervative. R possible neuiron flux and specirum effect may
responsible  for  ihe ARt served wn C¥ energies Detween
primens irradiated in

s
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PBLE 1 - Dummary of iemperaiure shifis

Fluente PEEY Tests | [V Tesis O Tests | §b. 1.9% fev.? {Y Tests THER eruatisn |
G£18 nica'2) SRiTT ab 414y Shift sb 4%3) USE Drop | (with marging Shilt at BAI| (wiih mer i
LY Shift USE deap

£y (€3 16y at §10 W i {0 i
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