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ABSTRACT

Redietion embrittlement which is of grest importence
for nuclesr reactor pressure vessel stesls, is measured
in most cases with the help of small stenderd specimens
in dynsmic bending. Their dimensions sre much smaller than
those of the reactor (this concerns firet of all the press-
ure vessel thickness); there is ususlly no other possibili-
ty from the viewpoint of irredistion and testing conditions.

Increese in the criticel tempersture (trsnsition tem=
persture from brittle-to-ductile fracture) is normally mco-
sured using standsrd Chaerpy-¥ type specimens qr smsll CT-
type specimens. This incresse is then used as the mein po-
rameter for both epproaches to the pressure vessel safety
eveluation, i.s. the tempersture approach snd fracture me-
chenice one. : |

This pepei deals with the philosophy of experiments
uged for the unirrsdiated and irrediated states of pressu- _
re veasel steels. A comparison of the inereese in trensi-
tion tespersture messured in different types of specimens
with verious testing methods (static and dynemic bending
of specimens with notch or crack) is also mede.

Results of this comparison as well ss further study
heve shown & reletively good sgreement of results witain
both .static and dynmsic tests. On the comtrary, compari-
son of stetic and dynamic results have shown some diffe~
rences, which the suthor tries to explein.




l. INTRODUCTION

One of the most important requirements imposed on con-
temporery desizn and operstion of nmuclear power plants is
to ensure operationsl safet; of nuclear devices. This con-
cerns mainly their pressurized components, including pressu-
re vessels. These must be fully sufe, i.e. no reference
failure (iCi) may lecd to a loss of inte;rity{ Consequent-
1y, every effort must be mede in desiin, msnufacture and
operation to avoid sny possibility of feilure. sudden britt-
l¢ fuilure is considered as tne most donserous type.:

Beczugse of tne speciel conditicns in the nuclesr react-
cr active core, i.e. of the presence of zn intensive field
cf nuclesr rsdistion, it is necessery to include into this
pressure vessel safety evalustion slso the effect of rediste
ion, especizlly the radiation embrittlement of pressure
vessel steels, soreover, these pressure vessels are manu-
factured with %thick vessel wi:lls; comparing their thick-
ness witn the size of normally used standzxrd spedmens, the
proolen of size offect in radiastion embrittlement cen arise,

2o THEORETICAL EACKGROUND COF THE PROSLEL:

Ihe zn:ilysis of pressure vessel safety nccessitstes
to know durin; both stetionury snéd non-stationsry modes
throughout the whole operetion, the values of LY und L:,
whicn ere described st some length subsequently:

i
L* = £ (C, s’m, a) (1)

where Li represents 8 chosen puraceter of fracture mecha=
nics ( e.z. the strecs intensity factor, K3
crack opening displacement, ] { tesperature, T;
velue of J-integral, Jq; ete.),
¢ (compliance fector) charecterizes the geometry
of both the flow and the body under investiga-
tion,
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6 - is the stress tensor in the locstion of the flew,
@ represents & chsracteristic dimension of flaw.
The second persaetr, L:, represents the criticel value
of the chosen fracture mechasnics psrameter L for Elven
materiel (for example, it can be frecture toughness, Kyoi
crack arrest temperature, CAT; critical crack opening dis-
" pleceaent, 5;; criticel value of tiec Rice-integral, Jy.,
etc.) Its value depends on microstructure and the orientaticn
of the defect in the naterial, on temperature, strasin rate
or loading rete, on time (materid can chcnge its properties
a8 & result of thermal ageing, irredistion, cyclic loading
etc.). Both values, L* and L: , are pseudovectorse

Safe operation requires tnst .

| = F. i, (2)
fbeing the linear operator of the sefety coefficient. Its
value is selected according tc tre de.ree of knowledze of
fracture mechanics (or of the caeracteristic factor which
has been used), technique sdopted for opersticnsl inspect=-
ions &nd, fimally, the accurecy with whicia the operetional
or tronsient stctes cen be determined (in other words, it
requires the temsor 6, (t) to te xnovnle

The opersator ?may be exoressed
FK. or KF+- for the cpproacn based on KIC
a / .
f = : (3)
N\ FCAT = CAT + for the spproach besed cn CAT.

Owing to thne character of the cienge of mater:af’s
cheracteristic perameter, Li, due to cperztion (dem:ge 1is
ususlly reflected by transformetion ¢f the temperaiure de-
pendence of this curve, with its shifting towerds higher
velues), the influence of operationsl .demuge muy bc formelly

expressed as

1t (4,1 = &Ll (t=0,m) = 1} (te0,r -2A7) ()
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where X is the linesr operstor of operationsl demage and

is obtzined in practice by shifting the original dependence
L: - T by & value of Z7(AT.) . A!J characterizes the shift
of transiticn temperature induced by the j-th manner of
ageing or Jdsmaging (tempersture-induced ageing, strein -
induced a.cing, irradiation embrittlement, etc.).

Historically, esnd taking also into account current
knuwledge of fracture mechanics and ite epplicetion to
pressure vessel technology, two approaches (i.e. the
selection of the chearuccteristic parsmeters L' end L: )
underlie tie present = day philosophy of pressure vesael
suefety, namely

- the tempersture spprosch, characterized in the first
place by the Cruck isrrest Tempersture (CAT), and some-
times also by the Nil Ductility Temperature (NDT),
trensitidn temperature ( TBO%’ T50 J° RTNDT)’ end

- the stress approsch, where pllain strein fracture touzhe-
ness, KIC' is of the utmost importence. '

For the first one, the temperature based approcach,
equation (4) is modified into

CAT ( G, t20) = CAT (G, t=0) + Z'ATJ- (5)
while for the second one, based on the fracture toughness,,
it is changed into

Ko (420, T) = K7, (20, T - Z'ATJ) (6)

where 4T; represents the changes in CAT ceused by rezctor
operstion, i.e. CAT,
aT ; Tepresents the emount of siift of the K ,~T curve
resulting from the operation, or, expressed
otherwise, 4 .
& -




3. Tidi BFFECT OF KADIATION EvBrITTLE.LZH

Al

Ccogsering bota spprucches chows that they resemble eesch
ctier in neving o common persmetcr consistings in the casrngze
of cheracteristic temperzture, i.e. eitner

28T . for toe CLT oepretca, enl
w
Z”-‘TJ‘ for the ELIA. 5P TOLCe
~

in teti ezses, these increwses or snifts of texnzereture
dependencisg, coused by tae Spersticom:l r-ziies, =ye ususlly
comaidegres equol te ths tronsitiovnm tenpersture incresse, TK’
#s vut.ined Ly Boten toughness tests vita Caorpy=V wpicimens.

A3 resards feesibility, i.z, cperoticns «ith speciuens,
ths ccurate appliczticn of cit.er spprocen invelv:c problezms,
€. e wheller.

ACAT 2’ax 3
7, YA B o
J

6\1,1 Y
-

I reluticne (G) =re velid, ieen it is coscitie, il wnl;

11
Hew e
-3

in suen 2 cose, (o urite
ool = By 7 A% ()
.

mven thou:h there 18 ¢ luek of d-ts veris,ing too voli-
dity of Eqe (8), it ig wid:l; euployed snd inm pructice it
iy cne ¢f the Tundsmentel toouls ased in tie epplicition ¢f
surveillunce specimen prorommes to tod evelustion of tae
pressure vessel lifetime,

This meuns that Eq. (9) is the most izportant one for
the nuclear resctor pressure vsgscl g:zfety correct evzluztion,

Let us dis ugs some fuetors whien cim oifcet ths correct
ness of this Lge ()8

/=/ = stenderd Chorpy~V specimens hoive smll dimern.ionc
(10210 mm), und pressure vessel woll thickno.o ic ot
leest by one order larvier (1,0 mw cn? morel, 1.co
Chorpy specimens do not include the size effect;
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/b/ - netch toughness tests on Charpy specimens =re male
by dynamic bending; on the contrary pressure vessel
failure is more initiated by static mode;

/c/ = notch toughness tests on Charpy specimens sre male
witi V-type notches, and pressure vessel {ailure is
in xost cases initiated from the fatiguc crack, i.e.
iron the concentrator with subtstanticlly smaller tip
radius; )

,¢/ = notehr toughness value charscterizes first of ell the
con2itions of the initistion of the feilure /Irom the
sharp notch/ and its further propas:iiom ~né/or rrvest,
while KIC represents only tae conditiong of briti.e
frocture initiation;

/e/ = on the cther side, crack arrest temperatvre chgract-
erizes the conditions of the crack arrest, inconon-
dently on the initiation and propasgation o7 the crazi;

/7/ = irradiation in substantisl w:y increases the <icld
strenght of the materisl and by that way the ccnli-
ticns of the transition from the plane strain to thc
nlane stress conditions are 8lsc ciianzed; this effoct
can be expressed namely in the cas:z of noten tourhmads
tests in the transition regicn, but it con wmenifest
itself subetaentiully less in the casze of precsurc
vessel wall,

Froz this smell, short discussion, it is clesr that
the correctness of tg. (8) is not possible to accept without
any experimentsl approval. _

some experimental study in this field has bean madc
recently. In this paper some results from the study cf
czechoalovak state Standard €Sk 12 03C (type AsTi & 21i-B)
steel are used and discussed. Independently on the type,
chemical composition and irradietion conditions it cen be
supposed that received results ten be used se un illustration
aleo for the solving of the whole problem, i.e. o7 .q. S




4. ANALYSIS OF EQUATION (8)
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From the generszl point of view, several dependencies

among

use only some more important:

/e/ -

VA

this equation was olsc studied using specimens with

individuel perameter chsnges cen be studied, let us

ATy * Alypr (9)
tuils equation had been exsmined severel times several
years ego, for example in the NRL /1/; received
results shovw good sgreement;
in both cases tests ure cierscterized as dynamic
tending, even tnough with other type of cracs initiatorﬁ

ATy = ATpp (10)

thickness of 5/8 in. = 16 mm and 1 in. = 25%.4 mm /2/;

received results show ¢ good ogreement, too;

in both cuses tests are provided by dynemir Hending

end the messured velue is absorbed energy :r fracture

surface appearsnce; con the contrary in.these tests

asre uged specimens with Jdifferent type of initiator;
ATy = ACAT (11)

this equation is very difficult to study end verify

¢n the basis of the irrudisticn embrittlement. From

tnis resson, sgimilasr t;pe of demoging, i.e. artificisl

strein ageing was chosen c«nd tests on plates witn

thickness of 1% mm on 22-8000 equipment hose been

mcde /3/;

received results approsved very well EZqe. (11) end

thus also 1qe 73 i.¢o no size effect in these type

of tests is expressed similerly as the difference

between the measured churacteristics - temperature

of crack errest snd acsorbed energy by crack initiation

end propagetion has no observable effect on Eq, (1.)}

both teste ere of dynamic modej
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)e/ -

4Ty = ATy /5 | (1)
this Eq. is recommended in standard /4/; tiic increase
in the transition temperature, AT; /3? is Setermincg
using static bemnding of specimens «itu s :r; notci.
Criticel tempereture is then determiaud rs
reture 2t which the fast decreese® (pou=in. 1o
loud Fp to the PA is equzl to the 1/3 of tuc 2.
Characteristic results for both type of tests ere
shown in Figele It is seen thet the incrouse in the
transition temperature Tl/} is lowcer tlon tae AE:
approximstely by 40 % (unfortunustcly, thae det-ininsiioa
of the'Tll3 is very simple bectuse of ver; shei. Lritild
to Quctile traonsition of steeli.

In this case, two typesof tests zre us.d - gtitic _n
dynamics ones = even thougn boti: zre Le ndluc tistse

The most different is the model of resuli ew:lustiicin,

In the cose of notch todz ness tests cil; +‘c ERVIIS S Crs
enerbé for the initiction und propa_=tion ¢f th: crocl
is mcasured, in tihe case of stitic vendii cn;; ol
pop-in in load is determined, i.e. the pop~in in loud
ceused by tac repid prepesation wnl crresty uf The

crack. That is, tempersture T1/3 is & terwliwd gl

the characteristic chenge in loesd, znd te TDQT”&JEC,fg
is determined from the whole ebsorbed ener.sy e

On the controry to the afore mentionec? ugyrndnnclba,

Eq. (12) hes no* been spproved;

ATy = ATg, {13)
where ATm meens the increase in the tempercture
dependence (curve) of a chosen fracturc meeisnics
parcmeter, 6.g. KIC 5&, JIC' etce.

Ege (13) hes been elso enalysed, first of all from
the point of view of the linear elustic fructure
mechenics, i.e.

ot = o%y - a3)
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xperizents made in tie Trecewcrk cf the HS3TP (57
have shown t:.< relgtively 568 azreemgent Letween

ot incre.ses, even thoush not Dull: clecslye

;= r

on tae contrs.:, /37 siczs thst bdoi. skifis vre not

cquzl; saift in AL, is lsrger thsn AT,
F1 Y ‘Ic
It can be szid tust Zg. (133) is tixc most imporiant

equaticn for tae wiile. [riasdire vessel oafely evae
luetion ond 21sc it is5 tae e5is 1o tae planning

0l wzo of the surveillonce z-:eclmenc HIUEraa@2s ior
tuae resctor precsure vesser & o i .i5e

The cffect of the nene=cquelity . Loi. incresses

(i 21s0 of 11/3) cii the finsl wwi.luntion is siaosn

n Fige 1: for thess sa:lil fluenca: i Jifd

|

3

erence 1ir.
tr:nsiticn temperature shifis rescaes G:o> UIProil=
sotely ¢5 &, but finelly, in tae cricicsl defect viiue,
it reprecsents a chahge equali t¢ 20 %, wiic: ie nct
neclecteole;

furtiier possibilit; 1is the suum:r: equaticn for sll
fracture mecnanics parameiers:

AT, = ATy, = BT (14)

*IC “I1C C
study of this equetion has beer czd: on b .se materisl,
aenusl cre ond electresli:z —eldin- joints vaing spe-
cimens with sharp notch znd =it f4ti_ue cracke
zxomple of received results are shown in Fige 2e
Criterie for the decterminsticn of individusl texperc-
ture dependencies were choeen in such g vw_.y as to
recelve gpproximetely the tempercture of T1/3 in al}
coses in non - irredizted materisl, @eze 35 Jo 1
for Ty, 100 kPe. m'~  Jor Tg , » 0+05 ien =2 for 1,

R
B
[}]
2
a

IC
snd Qelxl0 3 B for IS e Deterinination of tre K,
C -

Los boen made in accordence witn C3K and AuTM stundardSJ
ve.lues of JIc using for exzmple /7/ -nd velues of JE
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using /8/.

Prom Fig.2 it is geen thet the increaces of indivi-
dual temperature dependencies are slso differeat =
all parameters have been measured in on e swe2ciuen
at the same tine, during one static vendig t=nt.,
I% 1is seen that these increases are not cqual, ns
they reach the following values:

+ 54 +42° " +76 + 138 (°n)

Prom this short surmary it cen he concludad thet
the cnrllest increaee 18 raceived for the teavperaturs
1/3 which 1is not hnsed on the frecture mactcnica,
Incr 'ses in parcmetors d& and J, nr2 close one to
another = 1likewise the measured values, or Y 7os
of loaﬁiﬁp diasrsm, even though different ini*ial
measured values are used, i.e, crack opaning -nd
abgorbed energy, see Pige. 3. The larzest 1ncranss,
practically twice higher, is obvscrved in fraciurs
toughness dependence. It shows that Jiring irradinie
ion tha conditions for the *rittle crasck initiztion
are markedly changed, unlike the crsc tip defnimntion
in the quasi-brittle type of failurc.

Summarized results are ghown in Fig. 4. In t04z
é¢iagram the increases {n trensition temn-ruture, Tyo
measured on Charpy-V type specimens by noth touhnees
tests, and increases in other fracture mechanics parcizters
are shown together, It is clearly seen *hat the incranse
in A‘!l gives the smallest values., Further rocvlt: =100
confirmed /6/, which means that increase in tempersture
denczeé‘ of KIG and ch are also aapller than the
shift in transition temperature, Ty. It means that the
notch toughness tests, even though there are some criticel

notes to them, Zive the fiost appropriate resulss fron the
viewpoint 6f the following reasonss




~ = these shifts ere the largest, i.e. from the viewpoint of
the highest safety they are most suitable, because they
Zive the largest safety factor with respect to the
fracture mechenics values,

- this type of tests is very simple, chesp anc o . ' =~:izc,
which is important first of all for the surveillance
specimens programmes.

Increase of the trensition tenporature, Ty s ie &proxi-
nately equal to the increase in temperature dependence of
5&; it can be expleined probably by the fact that both
increeses are measured in the transition region of failure,

i.e, in elastic-plastic conditions.

Comparison of different conditions for the determina-
tion of individual studied parameters is shown in rig.3.
There are shown different types of diagrams and first of
all different measured cheracteristic values that determinec
the resulting value. While fracture mechanics tests cover
cnly the conditions of imitietion /I/, Charpy notch touzhness
tests cover also the propagetion /P/ and errest /A/ of crack
initiated from e sharp notch. In the first two tests (r+
and 5 .) loaed and crack opening sre meesured, the last two
feats measure the absorbed energy. Moreover, KIc1s deter~
nined only for fully brittle feilwe, while other threc
~velues can be determined also in elastic-plastic or in
fully plastic regions.

These differences in measured characteristics and
type of diagram used in enslysis measn that each change in
the retio between the conditions of crack initistion, pro-
pagation and errest cen substentislly chenge the values of
their temperature dependencies. This fact is fully supported
by the known changes in irradistion-induced mechenicel pro-
perties: increase ik yield strength and decrease in toughness,
elongetion end absorbed. energy.




On the besis of known mechenism of crack initiation
and propagation in the polycrystelline solid it is rezl to
suppose that irrsdistion-induced chenges in structure cin
also influence the retio between the resistence of metericl
ageinst crack initiation end arrest: the urrest of & running
crack becomes more difficult then in the unirredizted stote.
This fact hes two implicetions:

- sbsorbed energy in notch toughness tests will ducresse
more repidly than the tempersture shift would sug cstj
the tempersture dependencies become less steep ond upgser
shelf energy decreases, B

- temperature shift between Churpy notcu toushncs: volu:s
end fracture toughness velues is equal only in tae britilc
region, i.e. for smell notch toughness viiues unly.

5. IMPLICATION TO SURVEILLANCE SPECLLEN PRUGRALL:SS

' The most importent epplication of this theory cen Lc
found in the surveillence specimen prozrammes cs it ic the
only resl possibility of the detersinstion of the pressure
vessel meterial chenges (chenges in tue resistance o:sinsti
brittle fracture).

From the point of view of boti useed &approaclics, it is
necessary to know increeses in both temper:ture de,endenciccs

crack arrest tempersture snd frscture mechenics ‘KIC) T

ters, ceused by the irradietion and otiher operctionui
effects.

On the basis of received dete us well as literaoture
resulte it cen be recommended as the most sefe (with the
lergest safety margin) to use Charpy specimens for notci
toughness tests. Moreover, these tests are very ciieay und
simple end necessitate small quentity of meteriol and smsll
volumne in irredistion capsules, and involve a san-1)1 induced
activity after irredistion.




with respect to the widely used application of frscture
mecnénics, first of all of lineer elastic fracture mecheanics,
it is uwlsc importcnt to include some quentity of Charpy -
. sized specimens (10x10x55 mm) with fstigue crack, tested
by dynsmic bending (Ky;) or static bending ( dg or Jy) |
The first perameter gives values very similer to the refe-
- rence values of fracture tcughness, KIR' used in ASME Codes,
thus the exact knowledge of its change snduld be very import-
ant °néd by this way it could be possible to substantially
incre:ze the pressure vessel safety and relisbility.

7o receive full informatioy about the changes of moteric
pruperties in the VVEH type pressure vessels, thcir surveil-
lznce specimen programmes include elso some part of specimens
witia fotigue erack; these specimens are used for the ueter—
mination of fructure mechenics peremeters - Ky, end/or d%-

6o CUICLUSIONS

Analysis of received results and references suzcests
suie .rinciple conclusions:

/=/ = determinstion of the tremnsition temperature increase
or the increesse of the temperature dependence of indi-
vidual chaeracteristic paremeters is necessary for use
of fracture mechsnics methods;

/o/ = tie most eppropriate method for the determinstion of
this increase is the notch toughness test made by
dynauic bending of Cherpy epecimens (cneap, simple,
smell volume, small induced sctivity);

/¢/ = inecrecse in trensitlon temperature, AT;, determined
on Churpy specimens during sotch toughness tests, is
not dependent on the size effect; this conclusion is
valid also for the increase in other characteristic
temperatures =~ NDT, DT, and CAT;

-~




/t/

inerease in transition tempersture, ‘4T1/3, is smaller
then in aT,;

increases in temrarature dependencies of fracture me-
chanics parameters ( K., JIC) are the smallest ones,
sualler than AT.; it secures largest safety margin
and high cperational safety; this relation merits to
bg studied et full lenght;

ircvease in the tempersture dependence of critical
crock wpening displacement, Jh, is in the first
anppreoximation equal to the increasse of ATK' Their
widact use in surveillance specimen programmes
ghiculd Le based on further supporting evidence;

durin- static btending tests seversl parameters of
fracture mechanics cen be determined at the seme
time: Tracture tonughness, crack opening displacement;
J = integrel, end transition tempersture, Tl/}' In
=11 cases s decrease of all fracture mechanics para-
zcters has been observed, this decrease necessitates
s nmore precise apalysis of the operationsl effects
which are incluled into the pressure vessel safety
evaluation.

—
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