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'.BSTRACT 

This paper deals with the verification of fracture mechanics 
calculations for WWER reactor pressure vessels by large scale 
model testing performed on large testing machine ZZ 8000 (ma
ximum load of 80 МП) in the Skoda Concern* 

Results of testing of a large set of large scale test 
specimens with surface crack-type defects are presented» 
Nominal thickness of specimens was 150 mm with defect depth 
between 15 and 100 mm, the testing temperature varying between 
-30 and +80 °C (i.e. in the temperature interval of 5^*50 °C). 
Moreover, specimens with scale of 1*8 and 1:12 were tested, as 
well as standard (CT and TPB) specimens* 

Comparisons of results of testing and calculations suggest 
some conservatism of calculations (especially for small defects) 
based on Linear Elastic Fracture Mechanics, according to the 
Wuclear Reactor Pressure Vessel Codes which use the fracture 
mechanics values from JjC testing* On the basis of large scale 
tests the "Defect Analysis Diagram" has been constructed and 
recommended for brittle fracture assessment of reactor pressure 
vessels* 



- 2 -

1. PROBLEMS OF MODEL TESTING 

The requirements imposed on nuclear reactor pressure vessel 

safety are focussed first of all on ensuring vessel resistance 

against brittle and fatigue failures during complex operational 

conditions* The calculations of structural resistance against 

failure are based on standard characteristics of materials re

ceived by testing of small, standard specimens. Codes and stan

dards for calculations of strength and reliability of pressure 

vessels and other components of nuclear reactors contain the 

so called guaranteed values of individual material properties. 

These values represent, as a rule, the upper and lower bound 

curves of material properties. For some complicated structures 

only an approximated method can be used which is not fully 

understood if calculations are conservative or optimistic ones» 

from these reasons these calculations may be fulfilled by sui

tably chosen experiments to serve for precising the up-to-date 

calculation methods and for establishing a basis for the new 

ones. 

Another reason for carrying out tests of large scale spe

cimens (up to thicknesses equal to the thickness of the real 

product) and models, is to eliminate the size effect (material 

and geometrical ones) in received results. 

The "material size effect" represents the existence of: 

- non-homogeneity of properties and structure of base mate

rial, weld joints and austeni;ic cladding, 

- residual stresses which are mostly released during cutting 

and machining Into small specimens, 

- statistical distribution of defects in material (effect 

of defects in standard specimen testing is not taken into 

account as results of such specimens are excluded from their 

evaluation). 

Tit "geometrical size effect" includes the following» 

- effect of the ratio between base material and austenitic 

cladding thicknesses and that of absolute values of both 

thicknesses, 

- effect of the ratio between welding metal and heat 

affected zone widths to the total width of test specimen, 

- effect of plastic zone size in the case of testing 

specimens and models with stress concentrators (boles, noz* 
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zles, artificial defects, cracks, etc.), 

- aspects of linear fracture mechanicst 
- plane strain conditions (for which only fracture 
toughness KIC is valid) are fulfilled if 

"re ^ 
%,., 8, Lb'^z Z'S(-Rp6.Z J (1) 

where a - characteristic crack size in the direction 
of thickness, В 

fracture stress should fulfill the relation 

(j <= O.JkO.l 
f (2) 

stress intensity factor» Kj, depends on defect size 
as 

"y 

while 

/£ — a!<- (3) 

plastic zone sise in the vicinity of crack 

tip is given as 
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Í 
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plane 

plane 

strain 

stress. 

(4) 

It means that for testing geometrically reduced specimens 

their failure will occur at substantially higher stresses 

than in real structures, in most cases specimens will break 

under conditions of elasto-plaetic loading. At the same time 

the ratio between plastic zone size at crack tip and the 

specimen (structure) thickness will be quite different, not 
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to mention that conditions (l) and (2) are very difficult 

to realize. Very complicated will be the transfer of results 

from testing of models with defects in the region of stress 

concentrators, such as nozzles, threads, etc* Generally, it 

can be shown that for obtaining approximately the same criti

cal stresses in models and structures it is necessary to carry 

out tests of smaller models at substantially lower tempera* 

tures in comparison with the operational ones, in most cases 

even below -100 °C if it is necessary to fulfill the conditions 

of linear elastic fracture mechanics* This temperature shift 

is not so large in the case of elasto-plastic region of loa

ding, nevertheless it is not negligible* In these cases it is 

necessary to take into account the stress-strain diagrams 

of tested material at different temperatures* 

Besides these afore-mentioned effects the testing of 

large scale specimens and models allows us to measure also 

stress and strain distributions in the vicinity of defects 

and stress concentrators* 

From these reasons, a wide programme of large scale model 

testing is under way in the Škoda Concern to aesertain the real 

safety margins of reactor pressure vessels for WWBR-440 and 

WWER-1000 HW reactors produced by Škoda Concern* In this paper 

the results from the study of the 15Kh2MFA grade steel of 

Сг-Мо-V type for the WWER-440 KW reactor pressure vessel are 
presented* 

2. MOTIVATION OP THE PROGRAMME 
One of the important questions of ensuring safety appears 

to be the brittle fracture prediction of nuclear pressure ves
sels which is carried out on the basis of calculations perfor
med in conformity with the Interatomenergo standard /1/ which 
is valid for the WWER (LWR type) pressure vessels within the 
СИЕА countries* 

Tests of plates of natural thickness appear to be the most 
reliable for assessing the behaviour of nuclear reactor mate-
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rials in the framework of structural design* In this case the 
artificial crack mast correspond to the creek used in calcu
lations (the so called "calculated" or "postulated" defect) 
according to standard /1/ - it is a semielliptical crack with 
depth equal to 1/4 of wall thickness with axis ratio a/c » 2/3. 
It is also suitable to carry out the tests of plates with smal-
ler defects the presence of which is most probable in pressure 
vessels under operation, and with cracks which substantially 
exceed the "calculated crack" else (up to 100 on deep). This 
last one enables to determine the possibility of the ligament 
break whose consequences would be the change of surface crack 
into the through-type one* As the crack growth is a dynamic 
process, it is also necessary to determine the fast crack ar
rest resistance* 

3 . MATERIAL АДГО TESTIHG PROCEDURE 

Large scale specimens were manufactured for plates 
165 me thick from 15Kh2MFA type of steel* The main characte
ristics of this steel are given in table 1 and 2* 

Flat specimens (fig* 1) with testing section of 150 x 600 mm 
had semielliptical surface defects of 25» 40, 50, 75, or 100 
mm depth* During testing the following parameters were recor
ded: force» temperature, crack opening displacement, an* the 
extension measured at 1,200 am measured length, as well as 
strains at 50 points* Moreerer, the moment of crack start was 
determined by two Independent methods (acoustic emission, and 
electrical potential)* After the fracture the subcrltis^l crack 
growth value was established* 

Beyond this, crack arrest tests with a temperature gradient 
of ESSO type were carried out under nominal stresses between 
0*1 and 0*5 of yield strength, also in ZZ 8000 testing machine* 

4. STRAIN FIELD IK SPECIMENS WITH DEFECTS 
Strain field in specimens have been measured in 50 points 
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by strain gauges in different positions - from the vicinity of 

crack tip to the specimen edges* 

Measurements in the crack plane of specimen surface (axis 

"y") show that the results are in a good agreement with theo

retical dependence between strain and distance from crack tip 

(for distances larger than plastic zone size) given by formula 

/ (5) 

Received results are shown in fig» 2. It is seen that relation 

(5) is well fulfilled even though for larger defect* (and thus 

for large Kj values) strains in the vicinity of crack tip reach 

values larger than £_0.2. At the same time, distances at which 

these values are overreached are also in a good agreement with 

their crack sise values» Very similar results have been obtained 

also for example in point "C", i.e. In the distance of 10 mm 

from crack tip (fig. 1)* Received dependence between crack else 

and measured strain (fig» 3) is well described by formula (5), 

as experimentally determined exponent is equal to 0»42 which 

is very close to the theoretical ona - 0.5* 

Further measurements have shown that specimen width does 

not affect received results, as strains in point "B" are 

practically equal to nominal values for all crack lengths up 

to 2c • 300 mm (i.e. up to 50 % of specimen width)» 

Measurement in point "A" has shown that the finite thickness 

of specimens plays a role for crack depth equal to or larger 

than one third of specimen thickness, which is also In a good 

agreement with theoretical calculations for corrections on 

specimen thickness» 

5. FRACTURE PARAMETERS 

Tests of large specimens (150 mm thick) have been carried 

out on testing machine ZZ 8000 in the region of elastic-

-plastic conditions of loading, i.e. In the interval of 
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Т. -50 С, where T. is the transition temperature called 
the "Critical Temperature of Brittleness" according to the 
Interatomenergo standard /2/ and ia determined using Charpy-V-
•notch impact testt. 

The transition temperature T^ is, in principle, defined 
as follows: 

- at temperature equal to Tj^ the mean value of KCV from 
three tests is equal to 60 J.cm (for steel with yield strength 
in interval between 550 and 700 MPa) 

- at temperature equal to Tfc + 30 °C the mean value of 
KCV from three tests must not be lower than 90 J.cm and the 
mean value of brittle fracture appearance must not be larger 
than 50 %• 

There are also supplementary requirements for the lowest 
value of KCV of individual tests and for repeated testing» 
This transition testing for this type of steel lies within the 
interval of RTm. Í W °C, as was demonstrated by the DUT-type 

tests* 

The results obtained from testing the 15Kh2M?A-type of 

steel are summarised in fig. 4 which contains not only the 

results from large specimens (150 x 600 mm sections), but 

also those from the smaller ones* All their dimensions were 

reduced in scale 1*8 or 1:12 in comparison with the large ones, 

i.e. their thicknesses were 18.75 or 12*5 mm, respectively. 

Their testing temperatures have been chosen between -196 and 

4-20 °C, the tests have been carried out on the HIS 2*5 Ш! 
testing machine* Results for crack depths equal to 3» 5*5, 
and 11.3 mm have been received by testing small scale speci
mens, while results for crack depths equal to 40 and 100 mm 
correspond to large scale specimens» 

Por comparison, the temperature dependence of the crack 
arrest temperature of this type of steel of 150 mm thickness, 
as obtained in previous research programme /3/. has bee:, also 
added in fig. 4. These ESSO-type tests with temperature gradient 
in specimen width equal to 1,200 mm were carried cut also on 
the ZZ 8000 testing machine. During these tests crack propaga
tion and arrest were studied in constant stress field* 
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Isothermal section of this Fracture Analysis Diagram 

(fig, 4) represents the Defect Analysis Diagram as shown in 
fig, 5 for testing temperature of +20 °C. In this diagram both 
characteristic stresses - initiation of subcritical stable 
crack growth (б;) and fracture (6i) are shown together with 
calculated critical stresses (<v) according to the Linear 
Elastic Fracture Mechanics using values of fracture toughness 
of the material according to table 2. 

In fig. 6 these characterlstlcal values of stresses 
for specimens with two different defect sizes - 40 and 
100 mm - are presented together in dependence on testing 
temperature. 

Figs. 5 and 6 show also the dependencies between subcrl
tical stable crack growth values and defect sises at testing 
temperature of +20 °C, and for defects of 40 or 100 depth 
also in dependence on temperature* 

Fracture surface as shown in fig. 7 also confirm these 
dependencies. While specimen G2 with a defect 100 mm deep 
displays, after testing at +72 °C, a failure of the "leak-
-before-break" type followed by a fast shear fracture, at a 
temperature of +20 °C (specimen SI), firstly a large subcritical 
crack develops, also over the entire thickness, and then follows 
a fast quasi-brittle fracture» In both tests* the effect of the 
break of defect ligament is observed, so that it suggests that 
the surface defect is changing into the through-type one before 
there occurs the final fracture* At a temperature of -30 °C 
(specimen G7) a fully brittle fracture develops, without a 
preceding subcritical crack growth. While in the first two cases 
a subcr*tical crack growth occurs on the level of a stress 
equal to ths yield strength and the actual failure finishes 
almost at the ultimate tensile strength of material, the fai
lure at -30 °C (specimen G7) develops at a lower stress than 
the yield strength, in conformity with fracture mechanics* On 
specimens with defects 40 mm deep the situation is substantially 
different* In all cases the final type of fracture Is brittle 
(or quasi-brittle) and at the e«me time the magnitude of the 
•ubcrltlcal crack growth Is substantially lowered with a decre
asing temperature. At temperature equal to -30 °C (specimen 06) 
the subcritical crack growth Is equal to zero. 
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6, DISCUSSION OP RESULTS 

As the result of the analysis the following conclusions 

were derived: 

- tests of large specimens with surface defects carried 

out at room temperature have shown that practically in all 

cases of base material testing some subcritical stable crack 

growth has occurred before the final brittle (or quasi-britlle) 

failure started; its size is proportional to defect size (fig* 5) 

and testing temperature (fig. 6) 

• subcritical crack growth initiation stresses are for the 

whole testing Interval practically constant and dependent only 

on crack size; this means that the upper shelf of this steel 

(for thickness equal to 150 srn) is pronounced practically be

ginning from the transition temperature T. Q (according to the 

Interatomenergs standard) which is very close to the transition 
* 

temperature R'vnf (according to the ASHE Boiler and Pressure 

Vessel Code, Section III); 

- comparison of experimental results with calculation based 

on the Linear Elastic Fracture Mechanics suggests a high con

servatism of calculations (fig. 5)t especially for specimens 

with defects smaller than 30 mm In depth when the initiation 

of subcritical crack growth started at the yield strength and 

the subsequent failure occurs at ultimate tensile strength of 

material (figs* 4 and 5)| 

- tbe Linear Elastic Fracture Mechanics can be applied 

only to stresses up to approx. 0*8 of yield strength of the 

material (even though conditions for plane strain would be 

fulfilled), failure conditions for higher stresses are con

trolled mainly by classical strength theory when failure 

stress (brutto) depends on the netto-section and netto-fallure 

stress is approximately constant and equal to ultimate tensile 

strength of material| 

- fracture of specimen tested at +72 °C has oeeurred by 

fast ductile mode after large subcrltieal crack growth by 

a typical "leak-before-break" type, as this temperature is 
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equal to the temperature FTB from the Fracture Analysis 

diagram (fig. 4); 

- conditions of brittle or quasi-brittle failure are very 

far in temperature scale from crack arrest temperature as re

ceived for this type of steel by the ESSO type teste. Even for 

specimens 150 mm thick this crack arrest temperature Is shifted 

(for similar nominal stresses) by +50 °C to higher temperatures 

in comparison with the temperature dependence of failure stres

ses for specimens with 100 mm deep defects) 

• subcritical crack growth started at the whole crack front, 

the highest value being observed for the highest values of 

stress intensity factors K~ of the crack - at the deepest point 

of the defect; 

• detection of the initiation of subcritical crack growth 

was measured by acoustic emission and electrical potential 

drop (alternating current) methods. Both methods give comparab

le results for this case of teste, even though acoustic emis

sion method have signalled somewhat lower stress values than 

electricalpptential ones) 

• the geometrical size factor manifests itself even for ful

ly brittle fractures) reduction in specimen and defect initia

tes a certain temperature shift in fracture stresses to lower 

temperatures, for example the reduction in scale 1:8 represents 

a temperature shift equal to -150 °C{ 

- the Defect Analysis Diagram (fig. 5) permits to evaluate 

with a high conservatism the safety conditions of structure 

with defects and also to evaluate the allowability of such 

defects) 

•* critical stresses for crack growth initiation for "cal

culated defect" (according to standards equal to 40 mm deep

ness) are larger than 400 MPs for the whole tested interval, 

which is more than twice higher than allowable working stres

ses (218 MPs)| this defect is therefore fully safe, even for 

a 100 mm deep defect its critical stress has safety factor 

close to 2# 
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7. CONCLUSIONS 
This report t:*ies to demonstrate a part of a wide expe

rimental programme aimed at analysing the WWER reactor pres
sure vessel safety and lifetime, as well as the conservatism 
of present reactor pressure vessel codes* 
The results and the following analysis have shown the 

necessity and the advantages of testing large scale speci
mens and/or structural element models* 

In static tests the existence of geometrical size effect 
in brittle/semibrittle mode of failure has been demonstrated 
and also the correctness and applicability of Linear Elastic 
Fracture Mechanics approach has been discussed* 
The results obtained within this experimental programme 

have been compared with those from standard tests of specimens 
to determine the fracture toughness values of the material* 
Using both types of results it was possible to construct 
the diagram of brittle crack initiation of reactor pressure 
vessel material* This represents a very important information 
for the improvement of the reactor pressure vessel code /1/» 

The Defect Analysis Diagram constructed with the use of 
results of standard and large scale specimens allows to prog
nosticate the strength and lifetime of reactor pressure vessel 
elements in dependence on initial defect sizes, temperature, 
and the absolute sizes of stressed sections* 

The results cf this programme enable us to conclude 
that the improvement of the reactor pressure vessel code /1/ 
сед be received using the criteria of non-linear fracture 
mechanics, i.e* KCJ. Besides, some margin in calculation 
leads to the use of the approach represented by smaller 
"calculated defect** (for example equal only to 0*1 of wall 
thickness instead of 0*23 as used in /1/ and the ASMS Code, 
Section III)* As shown by these tests, the failure stresses 
for specimens with small defects are substantially higher 
than the nominal allowable working stresses of this 
material* 
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Generally, testing of large scale specimens is still 

necessary and only lt~ can in some cases give the definite 

word to the evaluation of reactor pressure vessel safety. 
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TABLE 1 - Chomiaal Composition of Material Cwt.jtJ 

С 
0.15 

Mn 
0.48 

S i 
0.35 

P 
0.013 

s 
0.016 

Cr 
2.77 

№. 
0.14 

Mo 
0.60 

V 
0.3^ 

TABLE 2 - Mechanical Properties of Material at + 20 °C 
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[MPal 
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R 
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fMPal 
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A5 

21.2 

Z 

72.8 

KCV 

Cj.cm"2\ 
210 

T xko 

C°cJ 
-25 

4c 
ГМРа.И

1/2] 
1504200 

PIG. J. - Large scale specimen for testing In ZZ 8000 
testing machine 
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PIG» 2 - Dependence of strain values on the distance from 

crack tip on surface of specimen (along "yn axis) 
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FIG» 4 - Practure Analysis Diagram of 15Kh2MPA type of steel 
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PIG» 5 - Defect Analysis Diagram of 15Kh2MPA type of steel 150 
thick at room temperature 
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Пв« 6 - Fracture parameters for two defect s i z e s of 15Kh2»A 
type of s t e e l 150 m thick 

[MPaJ -

800-

700 
Ъ 

600 

500; 

2* i,Z Tim 

n- lCCrm 

400- —£> - П -

_J _L 

50: _ л • . L i. т. m 

Ao | 
ml [• [mm] 

-40 -20 



- 18 -

— O J 

:г<гоо- -

E—кчЧ 

й 

• ль, í, 

G7/-30C G1/20C G2 / 72C • 

o 

I 
t i 
o 

o 

g 
3 
4* 
O 
л 

4» n 
«И 

• 
4» 
O 

G8/-30C G6 / ОС G5/20C 


