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Nuclear reactor pressure vessel materials are subject to progressive reduct ions in fracture
resistance in service due to neutron Irrad iation. Current technology is in sufficient to quantita-
tively predict radiati on embri ttiement for all typical materials and their metallurgical variations
for neutron fluences of interest . Another needed refinement to radiation effects technology
Involves the establishment of a relationship between apparent notch ductility and fracture
toughness In the irradiated condition. The current $~t~~~P I -  RP~$$.-4 program was formulated _~~ ,~~~~~ .
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20. Abstract (Continued)

to advance both areas for the benefit of reactor vessel design and opera tion. An immediate
obje cti ve involves the development of a high quality data base for the evaluation of current
radiatIon embrittlement projection methods and the development of improved methods.

This report documents program highlights and accomplishments during CY 1977 and pla~~’...
for the forthcoming second-year investigation.
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THE N RL— EPR I RESEARCH PROGRAM (RP 886-2 )
EVALUATION AND PREDICTION OF NEUTRON EMBRITTLENE NT

IN REACTOR PRESSURE VESSEL MATER IAL S
ANNUAL PROGRESS REPORT FOR C? 1977

SUMMARY

The NRL—EP RI RP 886—2 Program was formalized on January 10, 1977.
This report documents the hig hlights  and accomplishments of the NRL
research e f f o r t s  and in~~ st igations during CY 1977 , the first year of
program operation.

The init ial  three—year e f f o r t  focuses on radiat ion—induce d proper ty
• changes to reactor pressure vessel mater ia l s  typical  of past as well as

current  commercial  product ion p r a c t i c e s .  Radiat ion effects are being in-
vestigated by standard Charpy—V (Cv), fatigue precracked Charpy—V (PCC~),
and compact toughness (CT) test methods. Primary accomplishments during
C? 1977 relate to: (1) project design and materials selectioii, (2) speci-
men production , (3) acquisition and development of the materials trra—
diation facility, (4) conduc t of the initial materials irradiat~.on experi—
merits, and (5) development of plans for postirradiation mater~a1s evalua-
tion.

Research plans arid expected accomplishments for C? 1978 are also
summarized .

I. INTRODUCTION . J. R. Hawthorne

The Naval Research Laboratory (NRL) and the Electric Power Research
Institute (EPRI) have entered into a cooperative research and develop-
ment program on materials and material applications for nuclear energy
systems with emphasis on material safety, reliability, and environment
capabilities. The current (initial) effort focuses on radiation—induced
property changes to steels and weld metals used in the construction of
reactor pressure vessels. Properties under study are notch ductility,
fracture toughness, and strength. Primary objectives are: (a) to develop
a data base for the evaluation of current radiation einbrittlement pro-
jection methods and for the development of improved procedures , (b) to
investigate the relationship, if one exists , between rad iation effects
measured by the C

~ test method arid fractur e mechanics test methods 4
(c) to determine the radiation embrittlement sensitivities of a broad
range of reactor pressure vessel materials (plates , forg ings, welds),
and (d) to assess the effects of selected composition variations.

Not.: Manuscript submitted March ~~. t978.
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This report summarizes highlights of the first year ’s effort in-
cluding project design and materials selection , acquisition and develop-
ment of the mat erials irradiation facility, initia l irradiation opera-
tions, and planning for postirradiation testing and analyses. The
present set of investigations has a three—year timeframe with comp letion
scheduled for January 1980.

II. MATERIALS. J. R. Hawthorne

Materials Selection

The selection of materials for the program was accomplished jointly
by NRL and EPR I representa t ives .  Eight materials were chosen for  the
investigations and include two plates of A533—B steel , one plate of A302—B
steel, one forging of A508—2 steel, arid four submerged arc welds (Table 1).
The plates and forgings were among those commercial materials evaluated by
the EPRI RP232 Program earlier; accordingly , preirradiation material pro—
perties are documented. The A533—B plates , Codes CAB and CBB , permit a
comparison of USA and European manufacturing. The A302—B plate , Code N ,
also is known as the ASTM A302—B reference correlation monitor material
(1) which has seen wide usage in reactor vessel surveillance programs .
Program objectives for the welds include assessments of the effects of
specific composition variations and upper shelf energy variations. That
is, the detrimental effects of a high copper content (~ .35% Cu) on radia—
tion resistance compared to an intermediate copper content (“.181.20% Cu)
are to be investigated (2). Likewise, the significance to radiation re-
sistance of a high (>122J) C,, upper shelf energy (preirradiation) produced
by one type of welding flux compared to a relatively low (81 to 95J) C

~upper shelf energy produced by another commonly used flux is to be ex-
plored. Three of the experimental welds are being produced by Combustion
Engineering, Inc., under EPRI contract , using representative commer~.ia1.
production practices. Arrangements for securing Weld 4 (Table 1) have
not yet been completed .

Test Matrix

The irradiation test matrix is illustrated in Table 2 and was de-
veloped by NRL and EPRI on 15 April 1977. Each of the twelve irradiati. n
experiments will include standard C,, specimens , fatigue precracked C,,,,
specimens , and 1— in, compact toughness (ITCT) specimens for notch ductility
and fracture toughness determinations. The three fluence levels (n/cm-
>1 14eV) selected for study: 1 to 2 x 1018, \.8 x 1018, and 3 to 4 x 1019 ,
respectively represent initial reactor vessel service , early vessel life ,
and end—of—l ife conditions. The 8 x i018 fluence condition was specially
chosen for its correspondence with the knee of the radiation embrittle—
merit versus fluence trend curve observed with other compa rable materials.

Table 2 indicates a primary program emphasis on Weld 1. and Plate CAB
as reference materials . Based on composition, it is anticipated that
Weld I will exhibit the poorest postirradiation properties and radiation
resistance of all the materials for any given fluence condition . Plate

L ~~~~~ ~~~~~ -~~~~~~~~~



TABLE I

~~~~~~k5 ~~~~~~ 
FOR INVESTIGAT ION

Avai1ah i~j~~~ 
Statu s *

A.533—B At NRL In—Reac tor

(U .S . ,COde CAB )

A533 B At NRL Specs. Machined

(Vorei gn made ,
Coda CBB)

A508—2 At NRL Specs. Machined

(U.S., Code BCB)

A302—B At NRL Not cut

(USS R e f . . Code N )

S /A  Weld ~1 
Not Ava i lab a le  CE Fabr icat ing

.30 Cu, Low S he l f )

S/A Wel d ~P2 
Not Available CE Fabricating

~~.30 Cu, 
Hi Shelf)

S/A Weld :~3 
Not Available CE Fabricating

(.131.10 Cu, Low Shel f)

S/A Weld :p4 Not Availab le CE Fabrication

(.18/.20 Cu, Hi Shelf~

*As of 31 December l °7 ’ .
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TABLE 2

IRRADIATION TEST MATRIX AND PRIORITIES

FLUENCEa AT 288°C (550 °F)

Material l—2x 10 18 \~8xl0 18 3—4x 10 19

A533—B ~( (#l)~ x (#2)
(CAB)

A533—B X (~)3)
(CE B)

A508—2 X (#4  or 5)
(BCB)

A302—B X (#4 or 5)
(U SS , N)

Weld l X X X
(�.30 Cu , Low Shelf)

Weld 2 x
( �.30 Cu , Hi Shelf)

Weld 3 X (~ 4 or 6) (a)
( . 18/ .20 Cu , Low Shelf)

Weld 4 X
( . 18/.20 Cu , Hi Shelf)

a , 2 >1 14eV.
blrradiation Experiment Priority.
C~~ op tion considered for  Experiment No. 12.

4
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CAB, on the other hand , represents improved production material and
shoul d exh ib i t  r e l a t i ve ly  hi gh r ad i at i on  res ist an ce .  As par t  of the
overa l l  mater ia ls  plan , th ermal c o n t ro l  t e s t s  w i l l  be conducted to  reveal
the effects of 288°C t e m p e r a t u r e  c o n d i t i o n i n g  in the  absence of i r rad ia-
tion . The plan is to limit such evaluations to tha t .e~ in~ condition
corresponding to the  longest of the r eac tor  i r r a d i a t i o n  expo sures .

Material Availability and Spec imen Cuttin g

The th ree  p la te  ma te r i a l s  and the  f o r g ing  •nate r i a l  only have been
received at NRL thus fa r  (Table 1) . w i th  the excep t ion  of P l a t e  Code N.
specimen c u t t i n g  and machining op er at i o n s  have been compl eted for  the
available m a t e r i a l .  In the case of thermal  c o n t r o l  specimens , : ina l
machining wi l l  be accomplished a f t e r  t emperature  c on d i t i o n i n g .  In
ad d i t i on , f a t i gue p rec rack ing  opera t ion s  on PCC~. and CT spec ime n s have
been undertaken on an “as—needed” basis to r e ta i n  p rog ram f1e\i~’i1itv.

The del ivery of Weld 1 will  be required by 1 March l9~8 to maintain
the planned ma ter i a l s  i r r a d i a t i o n  schedule ~see Section ill be1ow~ .
La t er deliveries of Welds  2 . 3 , and 4 a re  p e r m i t t e d .  Howeve r , it should
be recognized that  the  conduc t of p r e i r ra d ia t i c u  c on d i t i o n  testing in
advance of i r r ad ia t ion  exper iments  is hi gh ly desi r ab L e , e s p e c i aL ly  in
the case of newly fabricated material such as the welds.

I I I .  REACTOR FAC ILI TY AND OPE RA TI ONS. H. E . Wats on and J . R . H awth orne

Facility Ac~~isitiot~

The schedule of events leading up to the acquisition of the irradia—
t ion f a c i l i ty  for  t he EPRI Progr am is de ta i l ed  in Fi g.  1. Although t~ie
NRL—EPRI c o n t r a c t u a l  agreement was not finalized until January l’~7 .
the in i t i a l  process of secur ing  and qua l i f y i n g  a new f a c i l i ty  he~ a n in
May 197n.

The first site considered for the NRL—E?Rl irradiation program was
the Massachuset ts  Institute of Technology (MIT) Reactor . This reactor
was ul t imate l  re jec ted because oi ~~ excessive gamm a hea t ing ,  ~b)
irradiation space limitatton~ , (c~ poor access to  the core ¼sealed  co re~~,
(d) high cost , and (C~ an u n de s i r a bl e  locat ion  fo r  the control console
(i.e., contaminated area).

Upon re j ect ion of the MIT Reactor , o ther  options were inves t iga ted .
The several reactor facilities considered included those at the Univer-
sity  of V i rg in ia , the Universit y of North Caro l ina . Georgia I n s t i t u t e  of
Technology, the U n i v e r s i ty  of Missouri , 1,owell rechnical  I n s t i t u t e , the
Industria l Reactors Laboratory , the  U n i o n  Carbide  Research Cent er , and
the Oak Ridge Nationa l Laboratory ~,ORNL). When .411 fact’rs were evaluated .
the Bulk Shielding Reactor (BSR) at ORNL appeared to  be the  best r e a c tor
for the irradiation program.

The BSR is a government—owned f a c i l i t y ;  therefore, it cannot compete
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w i t h  p r i vat e  lv— owned r e a c t o r  f a c t  t t o s .  ~e fore -~ -o~~ ~- a c t  c~~a
ostab Li sh e d  t o r  ir  r ad t a t  ion ser~’ t c e s , I t wa s  ~~cessarv t o  p r o v e  o th e
Dep ar tmen t  of 1’n e r g v  t h a t  private tc  t tes wh h ou d ~ee t t h e  U L ’ —

t r eme n Cs 0 C h ~ s p r o  g r an we re n o t  - ~va .tb I - s w _ t  s onp 1 shed
and a c o n t r a c t  wa~ es t ab  I tshed n >ta v

Upon final I :a t ion of he c on t r a c t  • an e xi’ ’ r i -
~e~’ or ow onn.~

was submi t t ed  t o  ORN L ~~c !jC r o r  ~a f e g u a  rds  Co~ nt  t — , s Commit  t o~’ has
the  responsibilit y for a 11 expe r ~ on t .~~~~ gns  a ad i-a 2 re .‘ ‘u r r . ’ 1
concepts as we I as con t r o l  c b s  ad mist ~ t v e  ‘. s .-t pt ~r~ ’~~a b e f or e
any I r r a d i a t i on  e xp e r i m e n t  can be ~‘ or~tod . A :‘erson.~ I t~aranco be: ore
the Board was n ecessary  bet  ore  ~n.t I . ti ’prcva was g r a n te d  he N RL e x p e r t —
ment design and externa l c on t r o l  ss te m.  ~‘r i o r  to t h  ~s meet t a g  • he
propose.i NRL con sole  was ~iod led t o  meet the known ro~ u t re~te21 t s o~ ~RN1
and shipped t o  the r e a c t o r  in p r e p a r : I t  t on  for  : l s t a  11 at I on .

O f f  i cia l  a p p r ov a l  of the Commit tee was secured on .~O l\’cemher 
•
. ‘~~~

the pre 1 im I nary  gamma h eat  survey  expe r n~out  was in set  ed in  t he r o a c t ~’
on the same day . A spec Ia neutron flux ~utpp tng e x p e r t ~:e a t , . loscr  it ’ed in
the next section. was comple ted  in advance ot t h t s  survey . ~n ~~
the gan~ta heat survey experiment was d i s ch ar g e d  and i~ured C c l v  t o p ’..~ce~i
with the first NRL—EPRI ~taterials irradta t ion experiment. l’h t s  m t  i.i I
exper iment  has c o n f i rm e d  the  adequacy  of the i r r a d i a t  i.’~ ~~~~~~~ I v  and
con t ro l  SYSCOn destg n.

N e u t r o n  Fl ux Survey

In accordance w i t h  NRL rou t  inc procedures for qua l t v  t a g  a -.

radiat ton f a c  ilitv . a neut ron f l u x  survey  of the  p roposc~1 I~SR .tc L
(BSR ~~~

‘‘
~ w.ts per f ormed . The ob Jec t ives  wer e  t h r e e f o l d :  ~~ to  estal’

the ambient neutron f :ux levels in the fac ii j t v , ih ’~ to i~tent  :v the
ve r t i c al  and hor i .~on t a  1 f l u x  gr ad i ent s , and ~, c to S1et o t r ~ta~ t h e
elevation of the spec imen assemh l tu the reactor core ~t oc~ to recet \~’
the most an i f o r m  neutron exposure. Norrna 1 I in~ or~na t ion on nea t  ron
condit. ions ta i n d i vi du a l fact I t t  tes . av a i la b le  r orn r e a ct o r  o n c r a t  ons
repres en ts ~‘ ~t her f l u x  . i np t- oxt na t ions or ext  u a p ~’ b a t  ions t roat near  I ’. fa~’ —

t it i es  and cannot  be re l ied  upon f u l l y .

the exper thental  u n i t  designed f o r  t h e  f l u x  s u r v t ’v ~oa5 ist  od of  t w o
blocks of carbon steel s imu lat  t ag  t h e  ac t  ive  spec m e n  vo une in  he ~ it
rials irradiation assembly and three aluminum l’locI~s (Figure 2~ .
aluminum I’ iOO~ S served to displace the react or cool ant ~~ir~~’ .~~~~ ha :
volume norma I lv  t aken  up by voids  in t h e  t rrad  i a t  ‘. on assent’ I v  . rho ‘.ot ’.g —

tudina l holes at corner and cen t er  ok -sit tons reco 2ved the bux
tubes cont . i  t n  tug  Fe • Ni , CoAl , and AgAl w re s.

The in it ial survey  tr ad  iat ton inv o  Ived a ~‘ I • ~ i Iowa Ct  hour  o
sure. rhe dos e t or w t r e~ w er e  ana lv :ed at rho L4d tat ton Cou nt  j ag  I a b o r t —
tory o ~~~~~ Idaho , Inc . In F . 2 , the d~’s t~te t rv r e s ul t s  I ear lv  n.j  t —

ca t e that the materials irradiation assembly sh o u l d  Sc positt oned tw.’
inches h igher  than th e  in t a l  survey p ost  t i on .  At t h t s  new boc.it t ’:t .

I
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Fig.  2 - Schematic design of experimental unit deve l~ ped
f o r  neu t ron  f lu x  surveys in the SSR. F lux  monitor tubes
were pl aced in the lon gi tud ina l ho les located a t  the  as-
semblv corners and center. Flux intensiti es ~n cm- -sec
‘l MeV x over the assembly length in the center
monitor ing  loca t ion  are a lso shown .
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the neutron fiux ov~r t h e  active spec then volum es wil l he between -4 .0
and ~ .5 x 10u n/ cm — sec I 1. ~1eV) .t c c o r d i n g  to t h e  ce nt e r  monit or results
Also , the vert Ical , flux grad lent over  most ot  t h e  .issemh lv shou Id he
within 10 percent of the .mvt~r.ige.

Because of a m i su n d er s t an d  lu g ,  the -ipec it Led f i t e  I con I i gu r a  t ion . ibout
the experimental t’,tc  i t itv was not p r ’ v l ~lcd fur the  I Iux survey experi-
ment . That is , t’ue I was p r ov ide d  on on lv r h r t ’c m d  not  i l l  s Ides ot ’ t h e
f a c i l i ty  is r e q u I r e d .  As .m r e s ult  • .m r a t h e r  large h o r i n en t a l  I l ax  grad-
ient is noted fr ont  the dos irne t rv ~1a ta . :\ r ep eat  I tux  survey  ir r ad  ta t ton
us ing  th e  requested fuel c on f i gu r a t  ion , has since been conduc ted ;  however ,
the results ire not vet  . mv a i ij h l e .

I n a d d i t i o n  to selected fu e l. ad j u s t m e n t s , an a l t e r na t e  t e c h niq ue  for
balancing neu t ron  t’luen ces is o f t en  used by NRL.  This  method in v o l v e s
the rotation of the experimenta l assembly hr 180 degrees ‘it  - i  p o i n t  n i d —
war t hrough the  scheduled i r ra d iat  Le n  p er iod . Bec au se ot ’ the  RSR rt~.ict~ r
core piece con ft gura t ion and space L i m i t  it  ions however  • on lv th e  upper
ha l f  of the N RL— ~ PR I e x p er i m e n t s  can be r ot ated  fo r  t h i s  p u r p o se .  N ev er -
t heless , the m u i r  i—specimen n atu r e  of  the  .mssemb i ies makes it ~

p
~s-~ihle

to m i n i m i~~o g r.’id t en t  e f f e c t s  b y expe r im en t a l  ar r an g e men t

Gamma Heat  Survey

Para l le l. ing the  neutron flux survey , a gamma h e i r .  s m u r v t ’v i s  u c ~ i r. ’d
for  a new i r rad  ( at  ion facility to comp lete  essent l . m  I i n :  .‘rm. mt i e t t  on
amb tent  exposure cond i t i ons . O b j e c t i v e s  of the survey  Lu thi s c ~~~~t Ire
(a) to qua lil y tia- gamma heating cond it tons which must he handled 1’ v
the exper imen t t e m p er a t u r e  co nt r o l  sys tem . and ~b ’~ to  , , ;ess t I c  h eat  m c ,
gradients  wh ich  must  be overcome by the ir ra d  t a r .  ion .msse  nt ~ l v  I~~ i gn. the
NRL appro ac h entai ls  the cons t rue  t ion .tnd i r r i d i at t on ot ’ .t h i g h l v  In s t  r um —
mented spec Imen assemb ly of he proposed des Ign  eve t r o d  r ‘in gamma ite m t —

ing p r o je ct  ions . In t h i s  instance • the  p reposed spec I n o n  I a vou t  or uppe t-
m d  lower expe r imen t  u n i t s  is shown 54 ’hema t f o a l  l y Lu F i g .  t . The’ t ipp er
u n i t  c o n t ai n s  -~ ITCT . I tens ) Ic , an d b C~ spec ime n s ;  t he  I owt’r un i  t • -o n —
t ains  3 LTCT , I tensi le , t C,~, and 10 PCC~J spec incus. t o  ! .%c I l i t  i t  heat
t r an s f e r  between spec linens , each specimen . m r r a v  is u n i t  I ovd t h r ou g h  i s ~’
of .i common s teel  t r amework and c l a m p i n g  . l r r 2 m n g e m e n t .

The first attempt to survey the gamma b e a t in g  Lu the  BSR f a c i l i ty

was cmlv  p . m r t  La l i v  successful  in tha t  one of the  two exper iment  u n i t  ~
experienced a Leak in the outer containment. Although the inner con—
tainment remained tnt~mc t • the leak proc imidod any c o n t r o l l e d  t ” mp er a t  i r e
operation of that unit. i The Leak was subseq u e n t ly  t r aced  to , a l o n g [—
-t ud in a l seam we ld f a i l u r e  introduced hr a las t  m i n u t e , o n — s i t e  a d d i t i o n
of welded spacer p ieces. This was done at  t he  reques t  ct  t he  BSR Safety
Review Board) .  The perfo rmance or ’ the  lower un it , howeve r , d i d  p rove
that the temperature control system was capable of h a n d l i n g  the  p r o —
posed irradi a tion experiment needs under  r eac t o r  s tar t u p  c o n d i t i o n s  and
under norma l oper-i c 1mg conditIons . The lower mitt it ml so in d t c . t t  ed t h a t
the exper iment  de s ign w. ms gener a I l v  sat t~~f , u c  t o r y  w i t h  regard  to spec m e n
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• ~SR RECORDER
• SURVEY EX P I

Fig . 3 - Schematic showing propoeed specime n configuration
in the material irradiation experiment. Temperature patterns
observed with the lower unit of the gamma heat survey exper-
iment (numbers in parentheses) and with the initial materials
irrad iation experiment are shown . The one temperature deter-
mina tion marked (BSR recorder) is in question because of un-
certain instrument calibration .
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temperature patterns . Based on these tentative observations , a decision
was made to proceed wi th  the same desi gn for  the ini t ia l  mater ia l  ir-
radiat ion experiment .  System temperature  control  capabili t ies and
ass embly temperature pat terns were subsequently confirmed . Fi gure 3
compares temperatures obtained with  survey experiment No. 1 (numbers
in parentheses) and materials irradiation experiment No. 1. Based on
the latter , the irradiation assembly design is now being fine—tuned for
optimum temperature uniformity.

Irradiat ion Schedule

The materials irradiation schedule established for CY 78 and CY ~‘9
is shown in Figs . ~e and 5. Irradiation priorities were determined
jointly by NRL and EPRI and take into account the nonavailabilitv of
the four  submerged arc welds during 1977. As noted , the simultaneous
use of two irradiation facilities , beginning on or about 1. June 1978,
is planned. Concurrent irradiation operations will be necessary if
all twelve required experiments are to be completed , including testing,
within the three—year timeframne allotted for this phase of the stud y.
To provide simultaneous irradiation capabilities , NRL is making arrange-
ments for a second BSR experiment f ac i l i ty . The cons t ruc t ion  of a
duplicate experiment control system also will be necessary . Twin systems
were not called for  by the original program plan .

IV. FRACTURE TOUGHNESS TEST P LANS . F. J. Loss and J. R . Hawthorne

Overview

The primary program objectives stated in the int roduct ion are ampli-
fied here in the context of notch ductility and fracture toughness test
methods to be app lied , including C

~ , PCC~, and 1TCT methods . The major
emphasis is upon definition of toughness trends relative to the brittle—
ductile transition regime as a function of fluence level , produc t form ,
chemical composition , and test method . Limited studies are planned for
the upper shelf regime as specimen numbers permit. Unfortunately, the
small numbers of specimens that can be included in each experimental ir—
radiation assembly stay prevent establishment of material property trends
to the accuracy desired ; in this case, fol low—on studies may be required.

The testing for a given material condition will be performed with
respect to specimen type in the order of C,,~,, PCC,,,, and 1TCT. Before
investigating an irradiated material , baseline data for the unirradiated
condition first will be established with each specimen type . The inde-
pendent variable for each group of specimens is the choice of test

• temperatures. This variable will be determined with input from a statis-
tician. The irradiation assemblies themselves have not been designed
purely by statistical methods ; however , a statisti:al analysis of all
the results can still be performed and is expected to provide additional
information relat ing to the s ignif icance of the resui. ‘ . This analysis
will be performed by a related EPRI program.

11
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Char py—V Tests

The objective of the C,, tests is to assess the embrittlement charac-
teristics of each material condition by a conventional method and thereby
provide an index of the data from this program to procedures (3,4)
currently used in fracture safety analyses. These tests , when augmented
by drop weight tests of the unirradiated condition ,* will define the
radiation—induced elevation in the reference temperature , RT

~~T. 
as used

in ASME Section III. Assessments of the degradation in upper shelf energy
with irradiation will also be performed . As a major objective , these
trends will provide a data base with which to evaluate embrittlement pro-
jections ~et forth by NRC Regulatory Guide 1.99 (4) .

There will be twelve C~, specimens available from each irradiation
experiment. The test temperatures for these specimens will be chosen
so as to define the full C,, curve that includes both the transition and
upper shelf regimes. Tentatively, three C, specimens only will be allo-
cated for upper shelf regime tests. Depending on material preirradiation
upper shelf level (high or low), the first four C,, specimens of each
experiment will be tested as follows, based on the estimated postirradi—
ation transition behavior:

Material Typ~ Material Codes Test Temp~ Equivalent

High Upper Shelf CAB, CBB, BCB , W2 , W4 C,, 27—41 J (20—30 ft—lb ’i
C,, 68—81 J (50—60 ft—lb )
Cv 102—122 J (75—90 ft—lb)
C,, upper shelf

Low Upper Shelf N, (41, W3 Cv 14—27 J (10—20 ft—lb)
C,, 41—48 .1 (30—35 ft— lb )

Cv 61—75 J (45—55 ft—lb ~
C,, upper shelf

The remaining specimens will be applied to delineate the full C,, curve
with particular attention given to establishing the Cv 41 J (30 ft—lbS)
and Cv 68 J (50 ft—lb) transition temperatures . Unless data scatter is
small, upper shelf tests will be conducted at one temperature only. The
estimation of postirradiation behavior in advance of testing will be
guided by prior NRL experience on similar materials and material composi-
tions, and by currently—used methods for projecting radiation embrittle—
menc (4,5). Schedule permitting, specimen testing will not be initiated
until neutron dosimetry results for that experiment are available .

The hot cell machine to be used for all postirradiation C~ and PCC,,
tests was rechecked for calibration in August 1977 using specimens
supplied by the Army Materials and Mechanics Research Center (AMMRC) .

* The drop weight test identifies the material nil ductility tran—
sition ( NDT) temperature.

14
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Based on the results , AMMRC has certified the machine as acceptable
for inspection testing for a period of one year (6). Similar calibra-
tion tests are scheduled for the relocated out—of—cell machine for pre—
irradiation (reference condition) C.,, and FCC,, tests. Rechecks of
calibration will be performed in the future as necessarY .

Precracked Charpy—V Tests

These specimens will be tested dynamically in accordance with
procedures developed in an earlier EPRI program 17). Each irradiation
experiment will provide ten PCCv specimens. A plan for the specific
test temperatures has not yet been formalized ;* however , tests will
focus on the transition regime as in the C test plan above . It is
anticipated that the PCC~, specimen cai~ define dynamic fracture tough—ness (K ta) in the transition region to a value of approximately 110

~~ av cn (100 ksi/i~ .), using the J—lntegral method up to the point of
maximum load . The specimen size is too small to measure a valid frac-
ture toughness (by ASTM E—399 criteria for static tests) above a value
of approximately 44 Z’Wa/m (40 ksiv’in.). Consequently, the J—integral
approach must be used to project a KJd from these tests for levels in
excess of this value. This procedure is believed to be acceptable
only when fracture initiates in a cleavage mode. This type of fracture
can be easily interpreted from available instrumentation and will de-
fine the point of crack initiation (i.e., a single specimen 

~Id 
test).

The K~~ curve thus c~ tabllshed will be assessed in terms ~ f the
KIR curve of ASME Section III. In addition , the results will enable a
comparison to be made between the embrittlement trend projected by the

test and tha t defined by a fracture mechanics—type test that is more
directly relatable to the critical flaw size and stress level in a
structure. Unfortunately, the limited thickness of the PCC..,, specimen
will permit definition of only the beginning of the postirradiation KId
curv e in the transition region. Nevertheless , the measured trends will
permit a part ial verification of the temperature shift of the KIR curve
with irradiation that is currently determined from the 

~, specimen in
terms of 

~
RTNDT.

Compact Toughness Tests

These ~pecimena will be tested in the static mode wi th  the primary
objective being to define the postirradiation K1. curve in the tran—
ition region. Besides defining this behavior for irradiated material,
the results will permit conclusions to be drawn as to whether or not
the temperature shift (.~T) between unirradiated and irradiated condi-
tion C , or PCC , curves (dynamic tests) is identical. to the tempera—
ture sKift between the irradiated and unirradiated condition

* The p lan for poscirrad iat ion FCC.,, testing currently is being
evolved at N ’R L.
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curves 1etatic test). Current application of NRC Regulatory Cuide 1.99
assumes the latter correlation to be 1:1. However , the data in Cuide
1.99 relate strictly to the irradiation—induced shift in the KIR curve ,
which is generally taken t o  be based upon dynastic toughness data.

Each ir r ad i a t i on  experiment includes seven ITCT spec imens (Fi g. ~
) .

The current plan for material, of high upper shelf energy is to test
five specimens at f o u r  tempe r a t u r e s  in the tr~insition reg ion and hold
the remaining two in reserve. A decision to commit these specimens to
the transition or upper shelf regions will be made upon review of the
results .  For the materials of low upper shelf energy , it is planned
to test four spec imens at four temperatures in the transition region ,
test one spec imen on the upper shelf , and hold the remaining specimens
in reserve .

rest temperatures in the transition region w i l l  be chosen initiall~’
to result in K1, values of 55 , 110, 165, and 220 ~~a~m (50, lOU , 150.
and 200 ksi~ in.

’
~ in the transition region , thereby defining the tough-

ness range of major interest, The Ktc curve for the unirradiated mate—
rf.al will provide guidance as to the slope of the postirradi atton K1.
curve whereas the temperature shift between the unirradiated and ir-
radiated condition C,,, curves will provide an estimate for the absolute
position , temperature wise , of the postirradiation K1 curve .

it is currently proposed to test only the low shelf materLi l on
the upper s h el f .  From past experience it is judg ed tha t  the h I gh  shelf
materials will exhibit such a high upper shelf toughness as to be more
than sufficient to meet the requirements of an accident analysts.
Therefore, it appears more productive to  commit the limited specimen
inventory to a better definition of toughness trends in the transitior.
reg ion. For tests that are conducted on the upper shelf , .~ primary
objec tive will be to express the toughness in terms of C,, energy . This
information, when augmented by additional data from future tests, wili
enable a quantitative interpretation of the  upper shelf energy from C,,
specimen results of reactor surveillance capsules .

The ITCT specimens will be investigated in terms of the J— integral
approach us ing  the unloadin g—comp liance method . In this way, K 1 v alu e s
can be interpreted from the J values when the E—39~) t~ ickness ~riterion
for  val id  K 1 ,  tes ts  has been v~ olated .  In some cases a K 1,  t est may

L
result d i r ec t ly  from rests at low tempera tures  in the t r a n s i t i o n  reg ion.
In other cases the fractures may exhibit a cleavage initiation while
violating the E—399 linearity requirements of the load versus deflection
record , When this occurs the specimen becomes a single specimen J 1test ,  as previously discussed fo r  the PCC,, tests , and a K~ value c~tn he
predicted . At higher temperatures in the transition reg ion and on the
upper shelf , crack initiation will he by ductile tearj:~g so that a J— R
curve approach must be used to define .J~~,. Due to the iimi ted specimen
numbers avai lable , it is e~sentta1 that this R curve be established from
.‘ single specimen test which is possible with the unloading—complianc o
technique .
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tn order to app~~v the un ad — c o m i ance  ~et h c d . the n o t c h  re~ ’on
of standard E—3’~ ec~ nen des~~ n has Seen ~ ‘i~ tei to ~er~~ : t he  - s e
of kn i f e  b~. a4es to i m e f r ~.,ct~ cr~ ‘..n the measurement of ~o — ~~ r.e
d e t L ec:~.on.  The st’ec~,men destgn is ~~~as:razeJ ‘.: ‘, Fi z . ~~~. n some cases .
the spec~.ner. ~~~~kness ~~t ’.. he r e d u c o d  o~’. ~~~~‘ . — t o  -.. . .  — ‘

~~~ ~~ .CC t~in.” to per~nit a ~~earer ~~~~~~~~~~ the 3S~ r~~~~ar : o n  assemb v
design4 Th~,s sma L onange s not ex~’ec:o~ to  have an i r pr e c i ab ~~e e f f ~ c:
on the r e sij i t s .  An addi:~ona~ e c t n e n  ± i c a t ~~c’n n ec e s s i ta te d  5v t h e

ra~~~at t, on assemb ,. v des . zn was the ~rtc ,us’ cn :~ o sma~~. no l e s .  ~ara ’.. .e
to the ho es f o r  the sQeci.nen Load~.n~ H,ns . ~~~~ ab ove and b e l ow  t h e  ‘a:n
of c rack  p ropa~ at t o n  ¼ SCC ~~~~ ~~ . An ana .vs i s  ‘v th e  awr dn c e  ~.vermor ~
t..aboratorv ~~~~~ has shown th at  these hc .es co not present a ~‘robLem .~.:h
respect to p er t ur b i n g  the p a s tic  ftetd tna z would d ev e l o p  from the n o t c h
tip wi thou t  the holes. The analysis 5’.’ ~~~~~~ . is c o n tinu in g  f o r  the case of
face  grooves ~.n the specimen . The use of f ace  gro oves  is be cons ’.dered
as a potent ia l  opt ion  f o r  the  spe c imen des i~~n if ~t can be shown that th’s
modiftcation produces a result that can be more r e a d i .v r e a t~~d to  tne
behav~.or of a struOzure of different ge om et ry  than the  specimen w~-tho ut
fac e ~rooves.

V .  ?LA~4S FOR ~‘f 1’~~S

Experimenta . plans for ‘Y 8 tnclude the fo ’
~~owtng efforts and

ob~ ec:ives:

I. Complete preparation of required spec imens from those materials
now on hand ; fabricate required specimens from Welds I. ~~~, 3,
and as they become ava t ab e.

1. Acquire and develop a second SSR exper~mont fac~ Lity to permit
simultaneous Lrradiat ton operations .

3. Construct and ~rradiate mate rtals experiments numbers I throug h

~ in accordance w i t h  es tabl ished p r t o r t : i e s .

~. Commence o o s t l r r a d i a t i o n  t e s t ing  of m a t e r t a s exper iment s
numbers I to 3, ~ and ,.

5. Conduct preirradiat ion con4~ tion ~,re ference~ test’4,~ig, as
required , on m ar a r t a l s  now avai ab l e .

Research f i n din g s  and a c c o mp l i s hm e n t s  d u r in g  t h i s  per:od ~;t~~ be
documented in the second annual  ~‘rogress report.
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