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ABS1BACT 

Radiation cmbrittlement which is of greet importance 
for nuclear reactor pressure veeeel steels» is measured 
in most cases with the help of snail stendard specimens 
in dynamic bending* Their dimensions ere much smaller than 
those of the reactor (this concerns first of all the press* 
are vessel thickness); there ie usually no other possibili­
ty from the viewpoint of irradiation end testing conditions. 

Increase in the critical temperature (transition tem­
perature from brittle-to-ductile fracture} is normally mea­
sured using standard Charpy-f type specimens or small CT-
type specimens* This increase is then used as the main pa­
rameter for both approaches to the pressure vessel safety 
evaluation, i*s* the temperature approach and fracture me­
chanics one* 

This paper deals with the philosophy of experiments 
used for the unirradiated end irradiated states of pressu­
re vessel steels* A comparison of the increase Дп transi­
tion temperature measured in different types of specimens 
with various testing methods (static end dynamic bending 
of specimens with notch or crack) ie also mede* 

Results of this comparison as well a» further study 
have shown e relatively good agreement of results witain 
both static end dynamic tests* On the contrary» compari­
son of static end dynamic results have shown some diffe­
rences, which the author tries to explain* 

/ 
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1. INTRODUCTION 

One of the most important requirements imposed on con-

teaporor,y design and operation of nuclear power planta is 

to ensure operational safety of nuclear devices» This con­

cerns mainly their pressurized components, including pressu­

re vessels. These must be fully safe, i.e. no reference 

failure telCA) may lead to a loss oi integrity. Consequent­

ly, every effort must be made in design» manufacture and 

opt ration to avoid any possibility of failure, oudden britt­

le failure is considered as the most dangerous type. 

Because of the special conditions in the nuclesr react­

or active core, i.e. of the presence of an intensive field 

cf nuclear radiation, it is necessary to include into this 

pressure vessel safety evaluation £»lso the effect of radiat­

ion, especially the radiation embrittlement of pressure 

vessel steels, Moreover, these pressure vessels are manu­

factured with thick vessel walls; comparing their thick­

ness with the size of normally цзеа standard apeimens, the 
problem of size effect in radiation embrittlement сгт arise. 

2. TilflOBEIICxtf. BACKGROUND OF THE РйОВШа 

The &n'j.ljsis of pressure vessel safety necessitates 
to know during both stetion^r> and non-stationary modes 

• * 
throughout the whole operation, the values of L1 and h\ 
which are described fit some length subsequently; 

Ь1 • f W, €m, a) (1) 
where L represents a chosen parameter of fracture mecha­

nics ( e.g. the streos intensity factor, K*$ 
crack opening displacement, 5 ; temperature, T; 
value of J-integral, J.; etc.), 

С (compliance factor) characterizes the geometry 
of both the flow end the body under investiga­
tion, 
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б'тт ie the stre86 tensor in the location of the flew, 
a represents a characteristic dimension of flaw. 

The second parametr, L*, represents the critical value 
i of the chosen fracture mechanics parameter L for e given 

material (for example, it can be free ture toughness, K™; 
crack arrest temperature, CAT; critical crack opening dis­
placement, Si critical value of the Rice-integral, J_„, 

С 1U 
etc») Its value depends on microstructure and the orientation 
of the defect in the material, on temperature, strain rete 
or loading rete, on time (materia, can chonge its properties 
as a result of thermal ageing, irradiation, cyclic loading 
etc*)* Both values, L1 and L* , arc pseudovectors* 

Safe operation requires that 
LJ^ J . L1, (2) 

J being the linear operator of the safety coefficient* Its 
value is selected according to the decree of knowledge of 
fracture mechanics (or of the characteristic factor which 
has been used), technique adopted for operational inspect­
ions and, finally, the accuracy with which the operational 
or transient states can be determined (in other words, it 
requires the tensor 5 ^ (t) to be known) • 

The operator ̂ noy be expressed 
, Ir • or К + for thr epproach based on KTr, 

\ „CAT s CAT + for the approach based on CAT* 
Owing to the character of the change of materLAI'Q 

characteristic parameter, IT, due to operation (damage is 
usually reflected by transformation of the temperature de­
pendence of this curve, with its shifting towards higher 
values)f the influence of operational .damage may be formally 
expressed as 

L{ (t;T) » X . L* <t«0,T) * h\ (t*0,T -Z'AT^) (4) 
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where <* is the linear operator of operational damage and 

is obtained in practice by shifting the original dependence 

I»Í • T ЬУ ri value of 2?(AT.) • ДТ* characterizes the shift с у J 
of transition temperature induced by the j-th manner of 
o«3eir*£ or damaging (temperature-induced ageing, strain -

induced ageing, irradiation enbrittlement, etc.). 

Historically, and taking also into account current 

knowledge of fracture mechanics and its application to 

pressure vessel technology, two approaches (i.e. the 
* * 

selection of the characteristic parameters Lx end Lx ) 

underlie tiie present * day philosophy of pressure ves3el 

safety, namely 

- the temperature approach, characterized in the first 

place by the Crack Arrest Temperature (CAT), and some­

times aloo by the Nil Ductility Temperature (NDT), 

transition temperature ( Т=гл» T$Q JI ̂ UDT^* e n d 

- the stress approach, where plain strain fracture tough­
ness, KIC, is of the utmost importance. 

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

CAT ( Ó*, t20) * CAT ( <5% t=0) • 2!AT. (5) 
о while for the second one, based on the fracture toughness,, 

it is changed into 
KIC (t*0, T) = Kjg (t«0, T - 2л%р (6) 

where JT- represents the changes in CAT caused by resctor 
operation, i.e. CAT, 

ÁŤ. represents the amount of slift of the KJQ-T curve 
resulting from the operation, or, expressed 
otherwise, u'L, . 
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3» IHiž EFfbJI OF žaDlATIOb £Ш*11ТьЗ»и.КТ 

CoaperiAg bota approaches chov/s t h a t they r e e t a b l e each 
c t a e r i n having а сошвюп p s r s u e t e r c o n s i s t i n g i n the сл&ц^е 
of c h a r a c t e r i s t i c t e m p e r a t u r e , i . e . e i t h e r 

^ТЛТ .- f o r t ř e С .VI о ř p r c í c h , t n i 
27*17 ч f c r the- iwT . ар r o - C L 

i a cctU c e s a s , these, i n c r e a s e s c r s a i f t s c ř tc-apereture 
dtpenclcacios, c^uueč by t^c c ^ t r s t i c i v 1 r--.ji*'.*eu, ':i-e u s u š i l y 
ccna idc re i equ i i to t a e t r u n ó i t i o n t e ^ p e i ^ t u r e i n c r e a s e , T~, 
аз OJtwined Lu fcvtcn toughness t e e t s v á t a wiorpy-V jp^cimens. 

Аз r ega rds f e a s i b i l i t y , i . e . o p e r a t i o n s * i t a specimens, 
the accu ra t e a p p l i c a t i o n of t i t t e r approach invc iv iZ pro b l o c s , 
e . 0 . wnether . 

ДСАТ - 2?Л1. 

l i rel . ' - t ioab CO) i.re v a l i d , t een 
i n sucn и e s s e , to v ; r i te 

а с.лТ = AI . . 

bven though t h e r e i s ci 1 -̂ck 
d i t y of £q« ( 8 ) , i t i s v;ii>:ly employed í>nd in ^ г ь e t i c e i t 
i s one of the fundamental t o o l s use-] i n t^e App l i ca t i on of 
s u r v e i l l a n c e specimen pr^r^mraes to t;:c e v a l u a t i o n of tnc 
p ressu re v e s s e l l i f e t ime» 

This теьпз t h a t Eq. (9) i s the most i^port-r-nt one fo r 
the n u c l e a r r e a c t o r p re s su re v e s s e l s a fe ty c o r r e c t e v a l u a t i o n . 

Let us die-- use some f a c t o r s which ccn e f f e c t the c o r r e c t ­
ness of t h i s ii-q. ( 3 ) : 

/ -• / - s tandard Chorpy-V specimens hi-V'i an.11 dimension:. 
(10x10 mm),>nd pressure- ve s se l no i l thiclino...^ i o a t 
l e e s t by one o rde r l o r ^ e r ЦрО mm and more) , i . e # 
Chorpy specimens do n e t i nc lude tho s i z e e f f e c t ; 

w 

i t i s luOSijitle, .i-u vnly 

- AT-, Í Ó ) 

^•x dot-: veri i \ ' r ic£ t:;c v a l i -
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/b/ - notch toughness tests on Charpy specimens ??re mavle 

by dynamic bending; on the contrary pressure vessel 
failure ,is more initiated by static mode; 

/c/ - notch toughness tests on Cherpy specimens are made 
with Y-type notches, and pressure vessel failure is 
in most cases initiated from the fatigue crack, i.e. 
from the concentrator with 3ut3tantielly ssaller tip 
radius; 

/(i/ - notch toughness value characterizes first of pll the 
conditions of the initiation of the failure /frout the 
sharp notch/ and its further propagation ?nc./or mest,, 
v/hile Kj_ represents only the conditions of oritt G 
fracture initiation; 

/e/ - on the other side, crack arrest temperature charact­
erizes the conditions of the crack arrest, indepen­
dently on the initiation and propagation of the еггз-.;:; 

/Г/ - irradiation in substantial wny increases the yield 
strenght of the material and by that v/ay the ccn.li-
tiens of the transition from the plane strain to the 
plane stress conditions are also changed; this effect 
can be expressed namely in the case of notch toughness 
tests in the transition region, but it cm manifest 
itself substantially less in the case of pressure 
vessel wall. 
Froz this email9 short discussion, it is clear that 

the correctness of £q. (8) is not possible to accept without 
any experimental approval. 

some experimental study in this field has been ciadc 
recently. In this paper some results from the study cf 
Czechoslovak State Standard ČSN 13 030 (type AST?,: • 212-B) 
steel are used and discussed. Independently on the type, 
chemical composition and irradiation conditions it can be 
supposed that received results can be used as an illustration 
also for the solving of the whole problem, i.e. of .q, 8. 



- 8 -

4. ANALYSIS OF EQUATION (6) 

From the generel point of view, several dependencies 
among individual parameter changes can be studied, let us 
use only some more important: 

A / - áTY - ДТ М л LIIDI (9) 
this equation had been examined several times several 
j.tajrs e&o, for example in the NBL /1/; received 
results shov/ good agreement; 
in both cases tests ^re ci*s meter is ed as dynamic 
beading, even tnou^h with other type of ггаск initiator 

/k/ - лтк > гяя (10) 
this equation was aloe studied using specimens with 
thickness of 5/8 in. = 16 mm and 1 in» = 2^.4 mm /2/; 
received results show e ^ood agreement, too; 
in both cases tests are provided by dynamic lending 
and the measured Vi-lue is absorbed energy >-' fracture 
surface appeax-anee; on the contrary in these tests 
are used specimens with different type of initiator; 

/c/ - ÓTK = Л CAT (11) 
this equation is vary difficult to study and verify 
on the basis of the irradiation embrittlement» From 
tnis reason, similar type of damaging, i»e. artificial 
strain ageing was chosen end tests on plates with 
thickness of 1>0 am on ZZ-8000 equipment ho»been 
msde /3/; 
received results approaved very well Eq# (11) and 
thus alco jjq. 7j i»e. no size effect in theee type 
of tests is expressed similarly as the difference 
between the measured characteristics - temperature 
of crack arrest and absorbed energy by crack initiation 
end propagation has no observable effect on Eq* (1»)$ 
both teste are of dynamic mode; 
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x- i t t l * 

/ d / - лтк=дт1 / 3 ilí} 

this Eq. is recommended in standard /4/; the increase 

in the transition temperature, J T-,/̂ , is" determined 

using static bending of specimens v.ith s. ~r;\ notch. 

Critical temperature is then ceterciinoa >•& t.;v ts;-p2-

roture at which the fast decrease* (po^-in; frora t^e 

loud Pp to the P. is equal to tfre i/3 с Г ťv. ?,.. 
Characteristic results for both type cf test,; «ire 
shown in Fig.l. It is seen thet the increase in the 
transition temperature Т^/т is lower thou tAe Лг* , 
approximately by 4-0 % (unfortunotcly, the det "viJuî tioa 
of the T.J/-, is very simple because of very sh£rr 
to ductile transition of 3teel). 

In this case, two type»of tests are UG-Л - et; tic _r.J. 
dynamics ones - even though both eve bending testa. 
The most different is the model of result et::•!uatioi;. 
In the case of notch toágřness tests oni v the -:.^zi.-ť^cC 
energy- for the initiation ;md propagation cf t;v: ĉc-c.'-
is measured; in the case of static Lendiju._, cril̂  i.i-. 
pop-in in load is determined, i.e. the pop-in in lo::d 
caused by the rfcpid preparation end or vest of the 
crack. That is, temperature I,,, is d̂  ' eiuia< d ficv. 
the characteristic change in load, and tea?oer: tui-e 2, 
is determined from the whole absorbed ener..;. 
On the contrary to the afore mentioned dependencies, 
£q. Цг) has not been approved; 

/e/ - ДТ К = Л Т Ш (13) 
where Л т ^ means the increase in the temperature 
dependence (curve) of e chosen fracture mechanic*?' 
parameter, e.g. Kj C 4J,, JIC, etc. 
Eq» (13) has been also analysed, first of all from 
the point of view of the linear elastic frbctiare 
mechanics, i.e. 

*4 ' a \ c U3t) 
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iacperi^ents sade in the freeewcrk of the HS3TF (5> 
hove shewn ti-.с r e l a t i v e l y сз°£ agreeaent between 
bo tli i~cre>.5ee, even tnou^h not f a l l ; cle&rl.v* 
On the eon t r s . ; ; , / 5 / aix.rs t ha t bot-* s h i f t s - r e not 
equal; 3ňif t in 41- i s i e r g e r than ASv, • 

I t c&n be sbiú thirt Iq . í i j s ) i s the Eost important 
equation fer tne v;h-:i.. ;.*:-: ssare vessel -af€ty eva» 
i u e t i o n олЛ a lso i t i s t n t b-*.sic l o r the planning 
vnj ure of the survei l lance s o c i s sne r^gxaaees fo r 
tue r eac to r pressure vessel & v i l l s » 
Ihe effect t f tiia non-ecu Д it;. •_; ".cti increases 
(oř oieo oi" %•*,.) c n ^ e íi^*>i ••-v.^l-i^tion i s sao»n 
in. ? i £ . 1: fo r theee aai.il fluencee th= difference i n 
t i i n s i t ion temperature s h i f t s rescues Oih,; opprc:*i-
uotel,.' 23 5ó, but f i n a l l y , i n t^e c r i t i c a l defect value , 
i t r epresen ts a change equal t c £0 %t v;l±c\ i s net 
ne^ lec tob lc ; 

/f/- fur ther p o s s i b i l i t y i s the зиг^огу equation f c r a l l 
f r ac tu re sechanica parameter:»: 

ДТ-, = 4T,,- , = *TV = ДТГ = A V Í14) 

Citudy of this equation has beer, ccdo on b-,se material, 

iwmu&l c.rc and electrcalt^ eldinc jcint3 U3in& spe-

ciaiene with sharp notch and v.it.i ihti^ue crack» 

Lxample of received resulta are uhovm in Fig. 2. 

Criterie for the dc termination of individual tempera­

ture Jependencies were chosen in such a ».. у as to 
receive ^proximately the temperature of T4/-> in ell 
Ссзев ia non - irradiated oateriol, e.g. 35 J. ста ""̂  
for Tv, 100 iiře. • *or Ту , 0.05 «J.E for í T 

K KIC J IC 
_ - > 

ond 0.1x10 J a for To • Determination of tne К, 
has been bade in accordance with CiN and АьХЛ s tandards , 
values of J - c using for ex&aple / 7 / r-nd veluee of o„ 

http://aai.il
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using /8/. 
Prom Pic.2 it is seen that the increases of indivi­
dual temperature dependencies are also different -
all parameters have been measured in one s ̂ cirnen 
at the яшпе tine, during one static bandig tsst. 
It is seen that these increases are not equal, as 
they reach the following values: 

йЦ лта лтк а*1/3 
+ 54 +42* + 7 6 + Зв (°С) 

Pron this short summary it can ho concluded that 
the Frailest increase is received for the t «-.r.p erasure 
T./• which is not based on the fracture iracV'.c.r.icfi. 
Incr >ses in parameters <£, and J,, nro гЛосг. ono to 
another - lilcewise the measured values, or %-j~::->s 
of loading diagram, even though different initial 
measured values are used, i.e# crack opening ind 
absorbed energy, see Pig. 3# Thn lar^oet ineraa?;^., 
practically twice higher, is observed in fracture 
toughness dependence. It showr- that during irradiat­
ion the conditions for the brittle crack initiation 
are markedly changed, unlike the cracTc tip deforrr-tion 
in the quasi-brittle type of failure. 
Summarized results are shown in Pif> 4« In tliir; 

diagram the increases in transition tamr!.-?r&ture, T«, 
measured on Charpy-V type specimens by noth tou.̂ hne&'S 
tests, and increases in other fracture mechanics par:t;.---3ters 
are shown together. It is clearly seen that the incr^nrse 
in АТч/ч gives the smallest values* Further results <?lso 
confirmed /6/, which means that increase in temperature , 
dencies 9t К»л and J.- are also я nailer than the 
shift In transit ion temperature, Tg« It meaner that tho 
notoh toughness teste, even though there are some critiorl 

notes to them, give the most appropriate results fror. the 
viewpoint of the following reasonsi 
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- these shifts are the largest, i.e. from the viewpoint of 
the highest safety they are most suitable, because they 
give the largest safety factor with respect to the 
fracture mechanics values, 

- this type of tests is very simple, cheap and c; .;•-::,:.;, 
which is important first of all for the surveillance 
specimens programmes. 

Increase of the transition temperature, Ту, is сproxi­
mately equal to the increase in temperature dependence of 

S_; it can be explained probably by the fact that both 
increases 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 Fig»3. 
There ere shown different types of diagrams and first of 
all different measured characteristic values that determine 
the resulting value. While fracture mechanics tests cover 
cnly the conditions of initiation /I/, Charpy notch toughness 
tests cover also the propagation /P/ and arrest /л/ of crack 
initiated from a sharp notch. In the first two tests (K™ 
end d.) load and crack opening are measured, the last two 
tests measure the absorbed energy. Moreover, Кп-Дв deter­
mined only for fully brittle failure, while other three 
values can be determined also in elastic-plastic or in 
fully plastic regions. 

These differences in measured characteristics and 
type of diagram used in analysis mean that each change in 
the ratio between the conditions of crack initiation, pro­
pagation and arrest can substantially change the values of 
their temperature dependencies. This fact is fully supported 
by the known changes in irradiation-induced mechsnicel pro­
perties: increaseib. yield strength and decrease in toughness, 
elongation and absorbed energy. 
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On the basis of known mechanism of crack initiation 
&пб propagation in the polycrystalline solid it is real to 
suppose that irradiation-induced changes in structure can 
also influence the ratio between the resistance of materiel 
against crack initiation and arrest: the arrest of a running 
crack becomes more difficult then in the unirradiated state. 
This fact has two implications: 
- absorbed energy in notch toughness tests «vili decrease 
more rtpidly than the temperature shift would ьи̂ -.ost; 
the temperature dependencies become less steep one, upper 
shelf energy decreases, 

- temperature shift between Charpy note;* toû hncf,;; vr,iu a 
and -fracture toughness values is equal only in tlio brittle 
region, i.e. for smell notch toughness 

5. IMPLICATION TO SURVSIUiAKCfc SPJ3CI&SN PBfrSKňa^S 

The most important application of this theory can be 
found in the surveillance specimen programmes :.o it io the 
only reel possibility of the determinetion of the present 
vessel msterial chengee (changes in tne resistance оgainst 
brittle fracture)* 

From the point of view of both used approaches, it is 
necessary to know increases in both temperature ávt--enáoncies-

crack arrest temperature and fracture mechanics (KTn> 

tors, caused by the irradiation and other operetiontd 

effects. 

On the basis of received data as well as literature 

results it can be recommended as the moat safe (with the 

largest safety margin) to use Charpy specimens for note.i 

toughness testa* Moreover, these test* ere wery cheap and 

simple and necessitste emsll quantity of material and small 

volume in irradiation capsules, and involve а ваьЦ induced 
activity after irradiation. 
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With respect to the widely used application of fracture 
mechanics, first of all of linear elastic fracture mechanics, 
it is iilsc important to include some quantity of Charpy -
sized specimens (10x10x55 вив) with fatigue crack, tested 
by dynamic bending (&™) o r static bending ( d*c or Jcj 
The first pai-ameter gives values тегу similar to the refe­
rence values of fracture toughness, K»R, used in А Ш £ Codes, 
thus the exact knowledge of its change should be very import­

ant /no by this way it could be possible to substantially 

increase the pressure vessel safety and reliability* 

lo-receive full information about the changes of materie 

properties in the W £ H type pressure vessels, their surveil­

lance soeciiaen programmes include also some part of specimens 

with iotigue crack; these specimens are used for the ueter­

mination of fracture mechanics parameters - K I D end/or ©£• 

6. COKCLiJSIOKS 

Analysis of received results and references suggests 

so&e principle conclusions: 

/:7 - determination of the transition temperature increase 

or the increase of the temperature dependence of indi­

vidual characteristic parameters is necessary for use 

of fracture mechanics methods; 

/b/ - the most expropriate method for the determination of 

this increase is the notch toughness test made b,y 

dynamic bending of Charpy specimens (cheap, simple, 

small volume» small induced activity); 

/c/ - increase in transition temperature, ДТК, determined 
on Charpy specimens during notch toughness tests, is 
not dependent on the size effect; this conclusion is 
valid also for the increase in other characteristic 
temperatures - 1ШТ, ST, end CAT; 
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/č/ - increase in transition temperature, ДТп/,» is smaller 
than in дттг; 

/e/ - increases in temperature dependencies of fracture me­
chanics parameters ( K-ot JTri) are the smallest ones, 
smaller than AT-.; it secures largest safety margin 
and high operational safety; this relation merits to 
be studied at full lenght; 

/f/ - increase in the temperature dependence of critical 
cr ;>ck. opening й is placement, S~t is in the first 
anprcximation equal to the increase of Aiy. Their 
vidart use in surveillance specimen programmes 
should be besed on further supporting evidence; 

/r/ - during static bending teats seyeral parameters of 
fracture mechanics can be determined at the same 
time: fracture toughness, crack opening displacement; 
J - integral, and transition temperature, Ti/т In 
all cssee a decrease of all fracture mechanics para­
meters has been observed, this decrease necessitates 
с логе precise analysis of the operational effects 
.hicb are ineluJed into the pressure vessel safety 
evaluation. 
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