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PROPERTIES OF SEMIPRODUCTS POR WER 440 REACTOR PRESSURE VESSELS 

REQUIRED PROPERTIES OP MATERIALS POR PRESSURE VESSELS 

Stringent requirements imposed on the properties of the 

materials to be used in the manufacture of the reactor pressure 

vessels are aimed at ensuring sufficient safety of reactor ope

ration. This safety level is reflected in pressure vessel calcu

lations by the postulate that the probability of vessel failure 

during one year of operation be below 10 . Such a demanding re

quirement is dictated by the necessity to provide full integrxty 

or the pressure vessel because it contains the radioactive mate

rials. Loss of vessel integrity could result in core overheating 

followed by «scape of fission products into the surroundings. 

Calculations show that after one year of operation of the power 
3 

station the whole radioactivity available corresponds to 10 t 
of radium, which is an amount very high and dangerous. 

With regard to the aforesaid, selection of the steel for 

the reactor pressure vessels is governed by the following cri

teria: 

- design strength characteristics on which vessel calcula

tions and customer's acceptance are based; 

- special long-term properties which have a bearing on the 

vessel safety and service life under variable operating conditi

ons; 

- considerations applicable to the manufacture of vessel 

components and final weldments; 

- economic considerations, etc. 

Specifications for the chemical analysis and basic mecha

nical properties of steel have been developed to meet all the 

requirements associated with WER 440 reactor pressure vessels 

(Table 1, 2). 

DESIGN SHORT-TERM STRENGTH CHARACTERISTICS 

An appropriate choice of alloying elements, steel-making 

process and the method of heat treatment are essential for the 

steel to acquire a high yield limit and a high ultimate strength 



- 2 -

together with a satisfactory plasticity and other properties af

fecting the vessel life-span. However, it is not possible to 

provide for high strength characteristics by raising the C-con-

tent of the steel as such an approach would worsen its weldabi-

lity. Moreover, the steel strength characteristics must be favoui 

able not only when the material is in its initial condition, but 

also after its final heat treatment (i.e. when the vessel is sub

jected to pressure testing), at both room (20 C) and service 

(some 300 C) temperatures, and also at any point of the cross 

section and in any arbitrary direction. 

Sufficiently high steel strength characteristics guarantee 

the failsafe operation of the pressure vessel under heavy loads 

(of the order of 12 MPa with the WER reactor) and allow the 

vessel wall thickness and, in consequence, overall weight to 

be reduced. Reduction in the wall thickness leads to a smaller 

vessel diameter (as compared with foreign made pressure vessel 

reactors), whereby transport of the vessel by railway is made 

possible. 

LONG-TERM PROPERTIES 

These properties of the steel are fundamental for the safety 

and service life of the pressure vessel as a whole. It should be 

noted that nuclear reactor pressure vessels are exposed not onlj 

to high temperatures and attendant stresses acting on them 

throughout their full life-span (30 years), but also to a new 

source of ageing - the fission-induced radieticn. The most dan

gerous component of the radiation is the neutron radiation which 

changes the structure and, as a result, the original properties 

of the steel. 

Steel properties requiring close attention include the fol

lowing: 

- resistance to thermal ageing 

- resistance to radiation damage 

- resistance to strain ageing 

- resistance to low-cycle damage* 

In order to assure high levels of the mentioned properties, 

particular caie must be taken in selecting the type of steel 

and the method of its manufacture. It has been found that where 

a high resistance to both radiation and thermal ageing is requi-



red, the stool a'tould contnin the lowest possible amour i з of 
such contaminating elements аз pho phorus, antimony, arsenic, 
tin, copper, etc. Whereas the P-consent should be less than 
0.02 % by weight, the presence of 3b, As and Sn should not 
even reach 0.01 J'j by weight and that of Cu 0.1 # by weight. 
The limit which is to be set on the content of each mentioned 
element depends on the type of steel and the expected operating 
conditions, in particular on temperature and neutron fluence 
level. 

The long-term properties ere also influenced by heat treat
ment but chiefly by welding and stainless steel arc surfacing, 
the latter process giving rise to changes in steel structure. 

SPECIAL PROPERTIES 
Among the special properties of steel known to influence 

the safety and service life of reactor pressure vessels is 
steel resistance to embrittlement, whether the steel material 
is in its raw condition, or in final condition shaped into a 
pressure vessel ready for operation» Depending on the particu
lar approach taken in evaluating the safety level, this property 
may be defined by either the ductile-to-brittle transition tem
peratures and the crack arrest temperature on the one hand, or 
by the fracture toughness on the other hand. However, for either 
tyne of the evaluation it is required that the transition tem
peratures be as low as possible and the fracture toughness as 
high as possible. If such requirements are to be met, it is 
necessary for the steel to have enough plasticity and also an 
appropriate microstructure, particularly of the bainite type. 

THE MANUFACTURE OP STEEL 
Utilizable properties of steel result not only from its che

mical composition and the type of steel heat treatment, but «Is о 
from the ргосезз adopted for its manufacture and the charge ma
terials used. In the case of steels for more or less conventi
onal applications, the manufacturing process is generally not 
a critical factor, but with steels intended for use in nuclear 
power engineering there are a number of special requirements 
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dictated in the first place by considerations of safe and 

reliable operation, which have given rise to entirely new 

techniques of steeliaaking. 

Similarly as in other sections of industrial production, 

there are also here economic aspects which are to be taken, into 

account. The new designs and the latest manufacturing practi

ces applied to the reactor pressure vessels call for ever hea

vier steel ingots which, to give an example, are currently te

emed in weights up to 550 tonnes /2, 3/. As regards Skoda Con

cern, the ingots teemed in 1979 weighed 203 tonnes each.They 

could be used for the manufacture of WER 1000 reactor pressure 

vessels. The steel has a P- and S-content of around 0.008 % 

and it contains such residual elements as Sb, Cu, and As 

amounting to 0.005 %• Teeming of such giant ingots requires 

concurrent tapping of several furnaces and it should be noted 

that the snare taken by electric melting is generally on the 

increase in comrast to the open-hearth furnace melting. This 

"convergent" teeming offers a number of special procedures 

whose individual advantages and drawbacks are then reflected 

in the behaviour of the steel in the finished pressure vessel 

/5, 6/. 

The present-day art of making steel in electric arc 

furnaces guarantees low concentrations of gases, even acceptably 

low proportions of other unwanted elements if charge materials 

of sufficient purity are used. However, electric arc furnaces 

are not available in sizes consistent with the big tonnages 

of nteel demanded by outsize ingots. 

Vacuum degassing of molten steel, a technique mostly 

employed in the process of teeming the ingot in a sealed cais

son, has become an integral part of the steel making process. 

Apart from such modern and rather expensive processes 

as electro-slag remelting and remelting of the central portions 

of large ingots, there is at present a world-wide trend towards 

on off-furnace treatment of steel featured by vacuum degassing 

in two stops. The process of refining steel produced in con

ventional open-hearth furnaces, no matter whether based on the 

ASKA-SKP or FINKL-KOHR ladle refining system, offers the pos-
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aibilities of steel alloying, degassing and desulphurization 

to exacting specifications. The application of such a refining 

treatment to molten steel guarantees a high level of purity 

and uniform mechanical properties. 

The Škoda Concern's existing metallurgical facilities 

designed to m» nufneture steels for reactor pressure vessels 

provide for the manufacturing process (described briefly below) 

which is in line with the available furnace equipment. A system 

of combined heats in a basic open-hearth furnace and an electric 

arc furnace is used, the latter melting a high-alloy metal and 

refining slag. Both furnaces discharge their metal into a lathe 

and the ingot-teeming operation is then carried out in a sealed 

caisson under a partial vacuum of about 1 torr. This method of 

producing low-alloy steel of reactor pressure vessel grade has 

been found very satisfactory in terms of the resultant steel 

analysis (showing a very low concentration of gases and unwan

ted elements) and the mechanical properties of steel microstruc-

ture. 

KAMUPACTUÍ-.2 OP PRESSURE VESS3L CCMP0N3NTS 

The reactor pressure vessel may be regarded as the key 

component of every nuclear power plant as it houses the reactor 

core in which exothermic nuclear reactions take place, producing 

an enormous amount of heat to be utilized by convection through 

a cooling medium. The vessel is exposed to extreme stresses 

and if it is to withstand them, it must be built to the most 

demanding specifications. 

The cylindrical pressure vessel body is made up of a number 

of annular sections and the earlier manufacturing practice has 

been based on the use of rings obtained by bending of rolled 
plate into open-seam cylinders and subsequent butt-welding 

of the longitudinal edges. The rings were then stacked on top 

of each other, aligned, and joined by circumferential welding. 

The more advanced methods currently employed consists in limi

ting the weldin/j operations to circumferential joints an not 

only the vessel dome and bottom but also the rings are mv.de 

http://mv.de
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complete from blanks by forging ела pressing. The need for 
longitudinal welds has thus been obviated. There is also a 
tendency to reduce the number of circumferential welds but 
thi3 means an increase in the size of the all-forged compo
nents and, accordingly, a call for ingots of a higher weight 
category. However, the larger the ingot size, the less homo
geneous its structure on a count of segregation, which could 
result in structural and mechanical anisotropy of the for
ging. For example, in an ingot weighing 135 tonnes, the ave
rage segregation (defined as variation in the percentage of 
elements) ranges between -20 to +40 £ in the direction from 
ingot butt to head. The most liable to segregation are 

phosphorus, sulphur and carbon, also gases, their effect being 

responsible for various non-uniformities of both the macro-

and micro-structure. 

In connection with this, there is a number of manufacturing 

practices adopted by the leading steelworks which aim at eli

minating, partially at least, the presence of mentioned de

fects in the steel of the ingot. One of such practices develo

ped and field-tested with success by Škoda Concern consists 

in removing the axial portion of the ingot, which has the le

ast structural integrity owing to abundant segregation. This 

operation is carried out in the process of forging by trepan

ning with the use of a tubular mandrel or by drilling away the 

central portion. It has been found that this technique adds 

to ingot utilization and overall production economy. Pressure 

vessel components are obtained by hammer-forging or drop-for

ging and most of the problems encountered in this connection 

arise from accommodating outsize blanks in the forging press. 

The outsize dimensions of pressure vessel components also 

pose problems when the components are brought to the heat 

treatment shop to be given the primary treatment consisting 

in heating to and soaking at the required temperature, quen

ching in water or oil and subsequent high-temperature tempering. 

The furnaces designed to handle such components must provide 

a uniform distribution of heat throughout the furnace interior 

and means for controlling the temperature within narrow limits 
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(* 10 °C пах.). Handling of components heated to 1000 °C is 
a very challenging operation as well. 

Close adherence to the manufacturing instructions is 
necessary to ensure that the steel of semi-finished components 
will have the required properties. 

A separate area which can hardly be compared with its 
counterpart in other sectors of industry is that of inspection 
and testing. It should be understood that successive inspection 
procedures carried out in the course of the manufacturing pro
cess and including various types of tests such as 100 per cent 
ultrasonic testing of each pressure vessel component are dicta
ted by the requirements of nuclear safety whose criteria call 
for an entirely unconventional approach. 

CHARACTERISTICS OP WER 440 REACTOR PRESSURE VESSEL 
From the viewpoint of design, the pressure vessel for the 

WER 440 reactor consists of a number of all-forged rings joi
ned by circumferential welds to form the vessel shell, a domed 
head and a deep-dished bottom. The vessel ia 13 800 mm high 
and its inside diameter is 3 560 mm. The vessel shell thick
ness is 140 mm but the wall thickness in the neighbourhood 
of the nozzles and the flange amounts to 450 mm* 

Рог the cylindrical shell a low-alloy steel of Cr-LIo-V 
type is used, namely the one designated as 15Ch2MPA, and the 
ring-type components of the shell made of this cteel ere sub
jected to a neat treatment cons3.stxng of quencning and subse
quent tempering, whereby the steel structure is refined. Men
tioned type of steel is one of the cl'SS of steels branded as 
2nd generation steels designed for reactor pressure vessels 
and their characteristic features are a low percentage of 
alloying elements and a susceptibility to refining heat treat
ment which improves their strength and plasticity. 

Three steel grades of the same class are used in the 
manufacture of the pressure vessel under discussion, namely 
those designated as 25Ch3MFA, 18Ch2MFA and 15Ch2MFA# These 
steels differ only in their individual carbon content which 
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i3 a limiting factor to the steel weldability in thick cross 

sections. The 25Ch3KFA grade is the material of the union 

flange which, of course, is not attached by welding and is, 

therefore, permitted to have higher strength characteristics. 

The 18Dh2MPA is used for the domed head, while the whole shell 

of the vessel consists of 15Ch2KFA steel. 

CHEMICAL ANALYSIS OP VbSSEL COKPOKiiMT BLANKS 

The chemical analysis of each component blank is prede

termined by the respective specifications and close adherence 

to these is repeatedly checked in the course of the whole manu

facturing process. Particular emphasis is laid on the necessi+y 

of holding the percentage of the accompanying elements at low 

levels as these would adversely affect the operational safety 

and service life of the pressure vessel* Keening to close tole

rances in the chemical analysis is a guarantee of uniform 

•nechanical nronerties. To give the reader an idea of the chemi

cal analysis variation involving; about 30 blanks of pressure 

vessel components (VYER 440 reactor), reference is made to the 

histograms presented in fig. 2 wlr»ch give the results obtained 

by analysing samples of steel taken from the ladle at the mo

ment of ingot teeming and other samples taken later from a for

ging for which the material had been taken from the ingot head 

or crop end (marked "A"). 

As statistical evaluation reveals, the uean concentrations 

of the alloying elements and residual impurity elements are 

approximately in the middle of the tolerated ranges of varia

tion and the occurrence frequency distribution is in most 

cases in conformity with the Gaussian curve. As far as phos

phorus and sulphur are concerned, the mean concentrations are 

admittedly rather low, but the sulphur content is still too 

high to meet the present-day specifications, although its 

effect on the steel properties has not been found to be dis

tinctive in any way, as will be shown hereinafter. As regards 

the impurity elements under observation (such as Cu, As, Co, 

Sn, Sb), their concentrations are kept low. This also applies 

to the concentrations of oxygen and nitrogen, and especially 

to the nitrogen content which is kf:pt sufficiently low. 
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The degree of segregation reached by each of the elements 

present in the steel largely depends on the manufacturing met

hod applied to a given component, this being particularly true 

in the case of carbon, phosphorus and sulphur. In this respect, 

very low or even negligible differences between the "A* and 

"Z" ends are found with the rings forged in their entirety 

from blanks whose central region, identical with the axial por

tion of the ingot, has been removed by piercing and subsequent 

machining. In shrrp contrast to this are the outstandingly 

high degrees of carbon, phosphorus and sulphur segregation 

(corresponding with those found in the parent ingot) which 

have been identified in the vessel bottom and head made by 

press-forming rolled plate blanks. The other elements, whether 

of p-lloying, accompanying or trace type, display a very low or 

even negligible degrees of segregation. 

HEAT TREATMETJT 0? ?KE33URE VESSEL COLlPONišiíTS 

The final mechanical properties of a steel depend in the 

firat place on its chemical composition and the performance of 

the primary heat treatment which is responsible for steel's 

microstructure. The mechanical properties are also influenced 

by the method of post-quench tempering characterized by the 

selected temperature levels and overall dwell at these tempe

ratures, also by the number of other heat treatments which the 

components have to undergo after each welding or surfacing 

operation. A non-homogeneity of the steel composition and dif

ferent rates of cooling across the component wall are the cau

ses of not only non-uniform mechanical properties but also 

their degradation to such levels which are below the lov/er 

limits laid down. 

TTT DIAGRAM AND STJiiiL MICiiOGTuUCTURE 

As outlined hereinbefore, the rate of cooling on quenching 

from a temperature above the transformation range (eustenite 

structure) is an important factor determining the microstruc

ture of heat-treated steel, which again is responsible for its 

strength characteristics and plasticity. The relation between 



- 10 -

the steel microstructure and the rate of cooling from a 

given temperature is apparent from the TTT diagram (time-

-trunsition-temperature), fig. 3. This diagram is very help

ful in optimizing the quenching process, i.e. in determining 

the optimum rate of cooling in relation to the required type 

of microstructure. 

Steel of the 15Ch2MFA grade is quenched in oil from the 

austenization temperature of 1000 °C, which, considering the 

steel analysis, ensures a satisfactory hardness penetration 

and uniform mechanical properties to specified levels across 

the component wall, irrespective of the wall thickness. Pig. 3 

shows part of the TTT diagram for the 15Ch2MFA steel defining 

the range of cooling rates related to sections 380 mm thick 

(e.g. the nozzle section). It should be noted that the diagram 

may slightly vary with individual heats, mainly owing to small 

differences in the carbon content or the percentage of any of 

the alloying elements (Cr, Ni, Mo). 

TEMPERING CHARACTERISTICS 

Determination of a suitable tempering process to follow 

steel quenching is essential for the steel strength and plas

ticity characteristics to reach the desired levels. Care must 

be taken not to exceed the tempering temperature or the soa

king time as either of such excesses would adversely affect 

the design strength characteristics, exceptions to this rule 

being some special hardening processes based on short soaking 

intervals. Excessive tempering temperatures and soaking times 

also lower the transition temperature. These changes obviously 

also depend on the chemical analysis of a particular heat} 

nevertheless, the laws governing the behaviour of a given steel 

grade are applicable to every heat. 

Assessment of the effects of individual heat treatment 

procedures (namely tempering and stress-relieving) upon pres

sure vessel components is usually carried out with the use 

of í-Iollomon and Jaffa's parametric relation 

p » T(C + log t), 

where the constant С for the given steel grade equals 20, 
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the temperature T is in Kelvin degrees (K), cime t is given 
in hours and "p" is the parameter of comparison, 

'rhe reiniii.on oetween the individual mechanical properties 
nnd the "p" parameter an established by a tensile test at 623 К 
(i.e. 350 °C) is shown in fig. 4, while the relation between 
the transition temperature and the same parameter is presented 
in fig. 5. In both cases, the test samples were quench-hardened 
in oil from 1273 К (1000 °C) and the relations reflect the con
ditions resulting from both single (lx) and multiple (nx) heat 
treatment. 

Prom a comparison of these diagrams, which reflect a 
heat treatment procedure featured by quenching in oil and coo
ling down in n.ir (at a rate approximating the rate of cooling 
the middle portions of thick-walled components) it follows 
that repeated annealing renders the mechanical properties uni
form throughout the wall thickness. 

As mentioned previously, the steel microstructure obtained 
by quenching in oil is made up of fine-grained bainite in which 
any continued tempering produces only insignificant changes 
while the lamellar cementite coagulates into the precipitate. 

EFFKCT OP SPliCILi'IJ ORIISNTATIOK AND THICKNESS 
In respect of the wall thickness, test npecimen orienta

tion and the part of the ingot from which they are taken 
(crop end "A" and butt end "Z"), the following relations can 
be found in connection with forged rings and press-formed 
vessel bottoms and heads: 

PRESSINGS 
Press-formed vessel bottoms made from ingot butt ends 

(Z) have lower strength characteristics at both 20 °C and 
350 °C, the decrease ranging between 20 and 40 MPa, The dif
ferences in elongation and reduction of area are negligible. 
Minimum differences can also be found both at 20 °C and 350 °C 
when comparing the strength characteristics of the steel in 
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relation to the specimen orientation (i.e. tangential, meridi
onal nnd across wall thickness). A 10 to 15 per cent drop in 
thp value of reduction of area at 350 °C is usually found only 
with test ."pecimens taken in the diî ection across the wall 
thickness. However, considerable differences in notch tough
ness have been found with both KC2 and KCV test specimens 
taken in the direction across the wall thickness on the one 
hrnd and in the tangential or meridional direction on the ot
her, the notch toughness of the former specimens showing a drop 
of as much as 50 per cent. 

F0RGI5JGS 
As regards forced rings, no differences in strength cha

racteristics are found when comparing test specimens taken from 
either ingot end (A, Z) and in three directions perpendicular 
to each other (tangential, axial and radial, i. е., across the 
thickness). 

With thick-walled rings, e.g., the nozzle ring section 
whose quench-hardened wall is 360 mm thick, the strength and 
plasticity characteristics decrease in proportion to the distan
ce from the surface. The relation between the transition tempe
rature and the distance from the surface is nhown in fig. 6. 
The difference in the levels of strength characteristics related 
to the surface layers and the mid-thickness of 380 mm (i.e. 
190 mm) is regularly given close attention when test specimens 
are heated to 350 °C. 7/ith. specimens taken in the axial direc
tion this difference amounts to about 30 - 40 MPa. 

Despite the deviations outlined above, the strength and 
plasticity characteristics of the vessel components are re
gularly found satisfactory enough to comply with acceptance 
specifications. 

STATISTICAL oiVALUAVIoN OP MECHANICAL PliOl'iiRTIliS 
ISnch semi-product is subjected to acceptance tests car

ried out at 20 °C and 350 °C on samples taken from the semi-
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product, the latter temperature bein/j; the one to which the 
intended component is to be exposed in service. The purpose 
of these tests is to make sure that the semi-product has been 
čiven the primary heat treatment as required and to establish 
the initial mechanical properties on which to base further heat 
treatment nrocedures rmá predict the final mechanical properties 
of the component integrated in the all-welded pressure vessel. 
Testing includes tensile tests at the two temperatures mentio
ned above, a bending test, notch toughness tests, and determi
nation of the transition temperature. 

A statistical evaluation of the results of mechanical tests 
carried out after final heat treatment is presented in the form 
of histograms in fig. 7. It can be seen that the strength cha
racteristics decline with increasing ж terial thickness. Plas
ticity variation, if any, is not apparent. An additional heat 
treatment (aimed at simulating the heat treatment of weld 
joints in the course of manufacture) causes the strength to drop 
by 15 to 30 KPa both at 20 and 350 °C. The elongation and re
duction of area values are maintained. On the whole, the level 
of the resultant mechanical properties is comparatively well 
above that required by the specifications. In the case of notch 
toughness testing, almost all instances of fracture effected 
at 20 °C are of tough character and the spread of the values 
obt.'iined is uncommonly narrow. The starting levels of the 
transition temperature are sufficiently low, as is apparent 
from the histograms. This gives assurance of a high resistance 
to brittle fracture both in the starting condition (which de
termines the temperature of pressure testing) and under 
actual nervice conditions. 

LOHG-TISKL: PROPERTIES ISPLUIÍNCIUG PRESSUKÍ: VESSEL SAPBTY ADD 

SERVICE LIFE 

In assessing the service life and the inherent safety of 

a reactor pressure vessel it is necessary to consider the con

ditions of its operation, namely: 



- 14 -

- operating lr>::iperature of 288 С 
- desired service life of 10 to 40 years 
- intensity of reactor radiation. 
- cyclic loading. 

The above main factors determine the required levels of 
the steel properties and characteristics under observation» 

TifiiRKAL AGSILIG 
The shift of the transition temperature can be determined 

from the transition curves of temperature-dependent notch tough-
nesn for the following two criteria: 50 J»cm" k^nj^' a n d 

50i<> brittle fracture evident from the appearance of the fractured 
surface of a sample (dTc^). 

The shift designated as дТ^ is determined by the relation 

ДТ к = Tk(after ageing) - Tk(initial state). 
Besides the tempering-induced brittleness which lowers 

the notch toughness of steel when low rates of cooling from 
temperatures around 600 С are applied, there is also the ef
fect of thermal ageing. This factor can be detected after the 
pressure vessel has been held at its operating temperature for 
a sufficiently long time. The effect of thermal ageing is usu
ally assessed on the ground of the shift of the transition tem
perature manifested by test samples of XCV type (Charpy V) 
which have been exposed to long runs of heating at 350 °C 
(up to 10,000 hours). 

The results of such tests are presented in fig. 8. 
It has been found that the 15Ch2MFA steel has remarkably 

stable properties and, therefore, is not liable to thermal 
ageing either at i.ne operating temperature of 350 °C or at nigner 
te iperatures witnm tne range from 350 to 550 °C, even after 
long-term exposure of up to 10,000 hours. The readings of 
transition temperoture shift are practically the same as the 
errors tolerated in determining the Tk value, i.e., approxi
mately * 10 °C. The high resistance to embrittlement through 
thermal ageing is presumably due to the steel being alloyed 
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wiíth molybdenum an vanadium but no nickel. A contrasting per

formance is given by the A543 eteel (3*5% Ni, 1.7% Cr) mentio

ned by way of example as a material having a strong suscepti

bility to erabrittlement for which the Д\0 shift after 10,000 
hour ageing equals 200 °C, as shov/r in fig. 9» 

RESISTANCE TO MADIATION-INDUCBD DAKAGE 
The main difference between the operating conditions of a 

pressure vessel used in a conventional application and those 
of a reactor pressure vessel is that the latter is exposed to 
the effects of strong reactor core radiation resulting frora 
reactions between neutrons and nuclear fuel talcing place in the 
reactor core and emitted in all directions. This radiation im
pinges on the pressure vessel wall, thereby producing structural 
changes in the material to the detriment of its mechanical and 
other properties. Considering the geometry of the core and its 
location in the pressure vessel, the most detrimental effects 
of radiation are due to neutrons, in particular to fast neutrons 
with energy over 0.1 IúeV. These neutrons substantially alter 
the steel microstructure by pushing the atoms of iron and 

other elements out of their normal lattice positions, whereby 

the steel becomes harder and more brittle. Steel hardening 

through radiation is featured mainly by higher yield and 

strength limits, the former tending to rise short of the lat

ter limit when the material is exposed to a more powerful 

fluence of neutrons. This phenomenon coincides with a dec

line of the elongation and reduction of area characteristics, 

which means a lower plasticity. However, the most severe change 

to adversely affect the service life of the reactor pressure 

vessel is the increase of the transition temperature, i.e., 

the temperature of transition from ductile to brittle fracture. 

Mentioned temperature increase substantially lowers steel re

sistance to brittle fracture and may even result in a tem

perature characteristic which suppresses crack arrest tempe

rature over a temperature range to 100 °Q9 thereby influencing 

the temperature level during the pressure test. In cases where 

the temperature characteristic under discussion reaches an 

excessive level, the pressure vessel must be removed from fur

ther service on account of insufficient safety. 
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It is the practice to utilize the data obtained from 

analysis of experimental data in assessing steel resistance 
to radiation damage, using the kf> parameter which is defined 
by the shift of the transition temperature dTfco and the 
fluence of fast neutrons ft as follows 

JT k o = Af'CiFt.lO-24)^3 

A number of studies, especially those published over re
cent years, have shown that the coefficient kf is not the 
function of the basic chemical composition and steel structure 
only, but is а1зо influenced to a considerable extent by the 
percentage of impure elements 3uch as phosphorus and copper 
in the first place, then arsenic, antimony, tin and others. 
This is the reason why the percentage of the mentioned ele
ments should be maintained at very low levels. It should be 
noted, however, that the effects of these elements on various 
types of steel are not individually the same insofar as the 
absolute values of the resultant changes are concerned. The 
15Ch2MPA grade appears to be very resistant to radiation da
mage, particularly within the range of operating temperatures 
(280 °C). The coefficients of the radiation-induced deterio. 
ration have lower values than those typical of the ASTK A 533 В 
steel. It is thought that it is particularly the relatively 
hi£h vanadium content (about 0.3% by weight) to which the 

former steel owes its high resistance to radiation damage, 

also the stability of its carbides and microstructure. Another 

most probable cause of these favourable properties is the 

absence of nickel which is known to lower the stability of 

steel having a nickel content of up to 2 or 3#* 

The effects of phosphorus and copper as the dominant 

impure elements on radiation-induced embrittlement of steel 

are obvious from fig. 8. It can be seen that there are defi

nite limits of concentration related to both these elements 

below which any further lowering of embrittlement cannot prac

tically be attained (the coefficient of radiation-induced 

embrittlement kf being equal to 2). 

What the actual values of the transition temperature 

shifts in relation to the faet neutron fluence are is pre-



- 16 -
sented in fig. 11 where each r: irv э stands for a particular 
combination of phosphorus r.ná vopoer, a comparison being made 

between the steel grades 15Chi..iPA and ASTM A 533 B. It can be 

seen that in cases of equal concentrations the values related 

to the former steel are considerably lower, particularly where 

more powerful neutron fluences are involved. 

The results of irradiation tasts carried out on 

Škoda-made steel of 15Ch2MFA grade for WER 440 reactor pres

sure vessels have given coefficients Af-' values equal to 

2.6 and 7.5 for identical conditions of radiation, the values 

obtained being fairly below the maximum laid down (i.e. Aj^ = 9). 

The analysis of Skoda heats of the 15СШРА steel made so 
far gives the following phosphoric and copper concentrations: 
Cu: 0.090 ± 0.020 % by weight 
P: 0.0140 ± 0.0034 % by weight. 

The average values of these concentrations correspond 
to A/= 5.5, which is a fairly lov; value as well. Considering 
the current variation in the concentrations of these elements, 
there is a 99.75 per cent probability of th<* coefficient A^ 
value lying within the range from 3.1 to 8.7, which is quite 
consistent with the permitted tolerance. On the other hand, 
this range of values is satisfactory enough to guarantee an 
effective performance and gives evidencí of the fact that the 
Škoda Concern has gained the experience and knowledge of 

producing this particular type o: steel highly resistant to 

radiation dnroage. 

KiiCIIAUICAL STRAIN А ( Ш Ш 
Since certain sections of th«? pressure vessel may, under 

specific conditions including pressure testing, etc., be sub
jected to mechanical stresses of magnitudes exceeding the yield 
ctress and thus producing plastic strains, the knowledge of 
the steel resistance to these effects appears to be worth 
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acquiring. An investigation of this i.ype should also be aimed 
at identifying the effects 01 plastic strains on i.he steel pro
perties while the 3teel is continuously exposed to tne opera
ting temperature. 

Liability of the steel to strain ageing due to ebove-
-yield-stres3es is examined by tensile tests. After a 3-per 
cent plastic strain has been obtained the steel sample v/ill be 
checked for the new yield stress and ultimate strength values 
and a comparison will be made between the original and the new 
values. Resistance of the steel to this type of strain ageing 
is then assessed as shown below: 
/AY^ = fi^Cafter ageing) - Ry(original value)/ 
/ДУр = R (after ageing) - R (original value)/. 

For the steel of 15Ch2MFA grade manufactured in Škoda 
Concern, the following values of the above parameters are 

currently obtained: 

&\ * 0 MPa 

дУ2 = -7 MPa. 
These values prove the steel under discussion to be 

highly resistant to strain ageing of the described type. 

LOW-CYCLE DAMAGE 
In the regions of high stress concentrations, particu

larly around vessel's nozzles and in the head dome, the steel 
is subjected within each working cycle to stresses which, 
being higher than the value of the yield stress, bring about 
plastic strains. This cyclic loading leads to certain irrever
sible changes in the steel microstructure, which phenomenon is 
indicative of changes in its mechanical properties. In the light 
of the desired pressure vessel safety and service life, the most 
important changes to consider are those of the transition 
temperature. 

The effects of the mentioned cyclic loading within the 
region of elastic/plastic strains have been evaluated in 
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respect of the 15Ch2HFA steel and the results obtained show 

that the transition temperature shifts are generally small, 

practically always below +20 °C, even if thenuatoer of cycles 

covers as much as 95% of vessel's service life based on a 

low-cycle operation mode» This is a low value, especially if 

considered in relation to the radiation induced embrittlement, 

and its effect on vessel's service life is nil. 

SPECIAL LIBCHANICAL PROPERTIES 

Of the special properties of the nuclear pressure vessel 

steel which influence vessel safety and life-span, the most bar-

portant are the parameters concerned with the mechanics of 

fracture, i.e. the crack arrest temperature and the fracture 

toughness. It should be noted that the calculation of the 

pressure vessel service life is currently based on these para

meters whose values are ascertained by way of testing as early 

as the presumably correct type of steel has been selected and 

a number of heats completed, there being considerable demand 

for test samples. 

CiiACK ARREST TEMPERATURE 

An increasingly favoured approach to evaluation of safety 

of reactor pressure vessels is taking account of temperature 

parameters. Of these the crack arrest temperature offers the 

most realistic means of assessing the safety of the vessel /9/. 

The philosophy behind this approach lies in the experimentally 

proven fact that when, during vessel service, the temperature 

rises above the crack arrest temperature of a given material 

(this phenomenon has been checked on steel samples of the same 

thickness subjected to the same simulated conditions), there is 

no possibility for a potential crack to arise or an exioting 

crack to propagate, no matter how serious the defect with which 

it is associated may be. 
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The method of determining the crack arrest temperature, 

as .-adopted in Škoda Concern, employs a tensile testing machine 

(Z7. 8000) с pable of developing a maximum tensile force of 
80 I.1N nnd accepting tensile samples as thick as 350 mm. The 
anmples of the 15Ch2MPA steel subjected to this type of test 
•mve a standard thickness of 150 mm which approximates to that 
of the pressure vessel wall around the reactor core» 

A typical testing procedure carried out in conformity with 
ESS0 and featured by dynamic fracture initiation and temperature 
î r-idient applico.tion in the direction across the sample width 
gave results which can be formulated in terms of the following 
equation: 

CAT - T]co = 0.136 R + 10, 
where the stress R is given in MPa, the temperature in centi
grade, CAT bein£ the crack arrest temperature. This equation 
is applicable with a tolerance of * 10 °C to other low-alloy 
steels of reactor grade such as ČSN 13030, ASTM A 533 B, 
ASTLi A 543, etc. A comprehensive set of tests have proved that 
the 15Ch2HPA steel is equivalent to other steels used for this 
application. It should be added that the absolute levels of 
CAT related to a given heat or pressure vessels depend not 
orijy on the stress R applied but also, or even predominantly, on 
the level of Tjco (transition temperature) which is usually 
below -30 °C« Described method gives also assurance of high 
steel resistance to brittle fracture. 

FRACTURE TOUGHNESS 
A rather unconventional approach to assessing reactor ves

sel safety is the application of fracture mechanics where the 
main parameter is the so-called fracture toughness, KjC. This 
approach enables not only the critical value a of a defect, 
but also its permissible value, to determine. The basic relation 
used in linear elastic fracture mechanics is 

KIC(T) - C'R f7T.ac 
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wh<«re C denotes the coefficient characterizing the geometry of 
tho defect and the component* Thi3 means that for a constant 
stress the critical defect size increases as the value of the 
fracture toughness increases, however, not in direct linear 
proportion owing to square root function. So, for example, 
if the original value of the fracture toughness is doubled, 
the critical size of the .defect will grow fourfold, and vice 
versa* 

The high values of fracture toughness required of the 
vessel's components materials in the initial state are motiva
ted by the fact that they will be considerably reduced by the 
effect of neutron irradiation to which the components situa
ted in the pressure vessel will be exposed in service* Radi
ation-induced embrittlement may be defined, in terms of frac
ture toughness, as a shift in the temperature/fracture toughness 
relation equivalent to the temperature Tic0 which has been deter
mined, for example, in the process of notch toughness testing* 
Mentioned shift is responsible for a decrease in the fracture 
toughness value related to a given temperature by a factor of 
two or four, depending on the temperature region concerned, 

Pig. 10 shows the lower limiting curve obtained by plot
ting all the values of fracture toughness KJQ found with the 
15Ch2bi:PA steel compared with the value Kjg determined for the 
steel grade ASTti A 533 В /10/* It is quite obvious that the 
former values are well above the latter curve based on calcu
lations, particularly in the region of low temperatures. 

SUMMARY 
By manufacturing its first of a prospective series of 

pressure vessels designed for WER 440 nuclear reactor, the 
Škoda Concern lias joined the world family of companies produ

cing nuclear power plant equipment. It should be mentioned that 

the Skoda Uoncorn хз axso en^a^ed in une manufacture of other 
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essential units making up the primary and secondary loops 
in nuclear power plants of WER 440 type and has already 
made provisions to launch into production similar types of 
equipment associated with more powerful WER 1000 power plants, 
the program being in line with the economic integration of 
the ДОЕА countries* 

The results presented in this report provide evidence of 
gaining experience and knowledge of manufacturing such a sophis
ticated type of equipment as the reactor pressure vessel indeed 
is. The results so far obtained bear evidence to the high stan
dard of the manufacturing practice employed, which, in terms 
of steel quality, provide for the correct chemical composition 
of the steel components and the desired mechanical properties 
at each stage of the manufacturing process* 

The properties of the Skoda-made steel grade 15Ch2KPA, whet
her of design, long-term or special character, include a high 
resistance to adverse operational effects, particularly to 
thermal ageing and to radiation-induced damage* An evaluation 
of these effects on the resistance of the steel to brittle 
fracture shows that a pressure vessel made of the above-menti
oned steel has a service life of 40 years as required, and a 
sufficiently high level of safety* 
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slip-on flange 
1135 25Ch3MFA 

vessel dome 
185 18Ch2MFA 

Ojhead ring 
°&85 18Ch2MFA 

upper nozzle ring 
1135 15Ch2MPA 

lower nozzle ring 

140 I135 15Ch2MFA 

high plain ring 
1135 15Ch2MPA 

low plain ring 
1110 15Ch2MPA 

low plain ring 
1110 15Ch2MPA 

vessel bottom 
185 15Ch2MPA 

Pig, l. Arrangement of the components of W E R 440 reactor 

pressure vessel 
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Pig» 7« Histograms showing the mechanical properties 
of components made of 15Ch2HPA steel after final heat 
treatment 
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Pj.<. b. Envelope o urve в of KCV values measured after 
thermal ageing of 15Ch2MFA steel at 350 °C. 
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Pig. 10. Relation between the coefficient of radiation-induced 
eabrittlement for the 15Ch2M?A eteel and the oontent of oopper 
In tho eteel* 
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and the fluence of fast neutrons as found with steel grades 
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