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Materials Concepts in PWR Power Plants

An Overview

Andre Luiz V. da Costa e Silva

I.B.Q.N.

1. INTRODUCTION

The ultimate goal in nuclear power plant safety is the

prevention of the release of radioactive material to the

environment in any situation.

Should this release occur, the siting of the reactor

becomes decisive in defining its effects.

With this in mind, safety measures have been developed

since the operation of the first nuclear reactors, back in the

1940's. In 1947, the U.S.-Atomic Energy Comission (AEC) came to

the conclusion that a panel should be established to advise the

comission on reactor safety matters (1). This panel was latter

expanded (1953) to become the Advisory Comitee on Reactor

Safeguards, with the following functions:



"(1) reviewing the hazards summary reports prepared by

organizatons planning to build or operate reactor facilities.

(2) advising the AEC regarding the consistency of

proposed reactor locations with accepted industrial safety

standards, taking into account the proximity of surrounding

population and property."

From these functions it is evident that the reduction

of the risk of exposure to radioactive material was to be

accomplished by three sets of measures:

- Siting. (Exclusion)

- Preventing the events that would lead to an accident

with release of radioactivity, and

- Containing the radioactive material, within physical

barriers.

2. MEASURES TO REDUCE THE RISK OF EXPOSURE

2.1. Siting

In the first years after World War II, the few reactors

built in the U.S. for peaceful uses of atomic energy were of

low power (<50MW Thermal) and usualy sited on government

reservations away from large population centers.
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In 1950 The AEC established a "rule of thumb" for

calculating an exclusion radius, based on the worst possible

scenario:

An accident leading to Belting of the fuel and rupture

of the primary circuit, followed by the uncontrolled release of

the resulting radioactivity from the reactor building.

Beyond the exclusion radius R, in miles given by

R = 0.01 /"F

where P is the reactor thermal power in KHt, the

calculated radiation exposure should be less than 300 rem or

evacuation should be possible. For distances, less than R,

residents would be excluded. { For a 3000MNt plant the

exclusion radius would be 17.3 miles).

The AEC appeared to be particularly concerned with

accidents that could cause gross fuel melting and disruption of

the reactor core and the walls of the primary circuit.

This would be particularly possible under conditions of

a positive reactivity coeficient ( which is not the case in

modern PWR's (2)). According to Okrent (3), this was not

surprising since many members of the AEC had a weapons

background at that time.

Pressure against this rule of thumb was strong,

specially in consideration of the interest in using reactors

for power generation close to large centers in the U.S.
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Within a year or two of the introduction of the rule of

thumb, a new concept emerged (3). This was to place a strong

containment building around the reactor to hold the fission

products released in case of accident.

The first non-military PUR in the U.S., the

Shippingport Atomic Power Station was announced in 1953 and was

about 20 miles from Pittsburgh, with a containment building.

This reactor could not meet the 1950 "rule of thumb" but was

licensed in view of its containment building.

The siting question in the U.S. reached the present

situation with the adoption of 10 CFR Part 100, on April, 1962

(4).

It is interesting to note that at this point in tims

the concept of a containment building was definetively

incorporated to the nuclear power instalation.

2.2 Accident Prevention

Preventing accidents that would cause the release of

unsafe amounts of radioactive materials involves basically two

areas of action. (5)

a) Recognizing all possible accidents (and chein of

events) which could lead to such a release.

b) Designing and operating the reactor in such a way

that the probability of such accidents is reduced to an

acceptable minimum.
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Á1 tough relatively simple in concept , the actual

process to accomplish this is extremely burdensome and

expensive.

In this process of design, systems designed to shut

down the reactor safely in all cases, to control and monitor

the reactor, to remove decay heat after reactor shut down and

hence prevent fuel damage, to compensate for Loss of Coolant

Accidents (LOCA) are classified as "safety-related". Also,

systems which failure could lead to dangerous incidents in the

reactor must be classified as "safety-related".

The parts of these safety-related systems must be built

in such a way that the probability of their failure is

correspondingly small.

Besides, because neither operators nor electro-

mechanical components are completely reliable, designers have

to consider multiple backup systems to perform safety functions

(6).

This places a extreme burden on Nuclear Power Plants,

from the cost point of view. These components and systems can

be built much cheaper for conventional power plants (coal

fired, for instance), since their failure will result in much

less important accidents.

Presently measures aiming at achieving high reliability

at reasonable costs of this components through standardization

and advanced design, materials and fabrication concepts, are

the best solution to this problem. One must consider, however,

that in the future the concept of an "Inherently Safe" reactor

should be pursued (6).



-6-

In this type of reactor, if normal cooling fails, the

heat generated by the core reactions will be dissipated

naturally, by passive processes, such as convection or

radiation, eliminating the need for external systems and

operator actions.

A "self-protecting" reactor would make it possible for

the rest of the plant to be designed and built to the standards

of conventional fossil fuel plants. Savings could be

• tantial, without sacrificing safety.

In any case, the integrity of the reactor itself must

be guaranteed, by adequated design, material selection and

fabrication to avoid accidents.

2.3 Containing the Radioactive Material

As seen above, very soon in the history of commercial

FWR's the concept of containing the radioactive material within

multiple barriers started to develop.

The first barrier is the fuel cladding and postulated

accident must contemplate the damage or failure of this shell

to allow for release of fission products.

The second barrier is the pressurized boundary of the

primary circuit. Should the fuel cladding fail in a

non-catastrophic way, it is admissible • to consider that

radioactive products will be contained within the primary

circuit.
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This boundary is also responsible for keeping a

sufficient inventory of cooling water in contact with the fuel,

in order to keep the fuel cladding temperature below its

melting point.

Some form of rupture of the pressurized boundary of the

primary circuit (LOCA) is postulated during accident analysis,

but its extension is limited by assumptions concerning

component integrity. The validity of this assumptions, also, is

heavily dependent on design, material selection and fabrication

concepts.

Albeit other intermediate barriers may exist, the

ultimate barrier is the containment building or vessel. In

order to the containment to function properly, it must not

only be sufficiently leak-thight but also resist to the

pressure-temperature transients antecipated in case of

accidents leading to the build up of steam within it.

Naturally the postulated accident will play a paramount

role in designing the containment. Since the accident will

predict a certain amount (and entalpy) of water flashing to

steam, the size of the containment vessel and its design

pressure will be related to this. The structural requirements

of the vessel can then be defined and an adequate material and

construction method selected.

It is evident that, in order to guarantee the integrity

of components relevant to the safety of the plant some sort of

safety concept had to be reached. In the German philosophy,

this has been expressed by the concept of Basic Safety "that
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will preclude any disastrous failure of a plant component as a

result of manufacture defects"(7).

According to the RSK Guidelines (7) the basic safety of

a component depends on the following features:

-high-grade material properties, in particular

ductility;

-conservative limitation of stresses;

-prevention of stress peaks by way of optimized design

and construction;

-assurance of the application of optimized manufacture

and testing technologies;

-knowledge and assessment of fault conditions, if any;

-consideration of the operation medium.

The object of this work is to present an overview of

some of the materials-related concepts involved in reaching

Basic Safety of components in a PWR Plant. The evolution of

some of these concepts will be discussed. Some comments

concerning their present limitations will also be presented.

3. MATERIALS FOR PRIMARY CIRCUIT

3.1 Reactor Pressure Vessel

Up to 1965, failure of the pressure vessel of the

reactor in a PWR or BWR was treated as "incredible" by the

American Licensing Authorities (8). This does not mean that RPV

integrity was not considered important by the AEC and the ACRS.

It means only that during the review process for licensing it



was accepted that this event be treated as having a zero

probability of occurring. Hence, " there was no protection

provided against gross vessel failure and were it to occur, it

would have been expected to cause both core meltdown and a

violation of containment integrity, leading to a major...

release of radioactivity" (8).

In 1965, the ACRS suggested that " the industry and AEC

give still further attention to methods and details of stress

analysis,...improved methods of inspection during fabrication

and vessel service life, and to the improvement of means for

evaluating factors that may affect the nil ductility transition

temperature and the propagation of flaws during vessel life"

(9).

This suggestion met strong opposition from the industry

in the U.S. on grounds that reactors, at that time, were as

safe as technically possible.

The question has remained it the high priority list up

to present days.

In 1974 a Report on RPV for LWReactors was issued by

the AEC, in the U.S.

During the discussion about the instalation of PWR's in

the U.K., in the early 1970's it was raised again by Sir Alan

Cotrell, then Chief Scientist for the British Government. Two

reports on the subject were then issued by commissions headed

by Dr.H.Marshall , in 1976 (10) and 1982 (11).

The extensive work within the Forshungkomponenten

Sichereit program and the resulting German concept of basic

safety applied to the RPV also address the problem.



-10-

We shall now discuss some of the material questions

concerning reactor pressure vessel integrity.

3.1.1 Materials Presently in Use

Table 1 gives a comparative view of materials presently

in use for PWR reactors. It is clear from its analysis that the

number of materials in use has been very much reduced, in order

to acheive standardization and better knowledege of the

material behaviour. It is also evident that some standards,

like the ones used in Germany are much more restrictive in

chemical composition than others.

3.1.2. Fracture Control

Engineering structures such as pressure vessels may

fail due to different mechanisms when subjected to mechanical

loading. Elastic instability, excessive elastic deformation,

excessive plastic deformation, plastic instability and fast

(or non-ductile) fracture are the most important (12).

In the case of pressure vessels, design procedures to

avoid failure due to elastic and plastic instability or

deformation have been developed for some time. They are based

on the assumption of homogeneous material, free of flaws. A

comparision of some strength characteristic of the material

with the antecipated stresses is the basis for these

procedures. These procedures are well proven and give generally

good results.
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The presence of cracks or crack-like defects can,

however,lead to a failure mode different from general yielding

(plastic deformation). This mode of failure is called fast or

brittle fracture, and cannot be predicted by the a.m. design

procedures.

Fast fracture is normally associated with the unstable

extension of a crack or crack-like defect leading to

catastrophic failure. Since this mode of failure is not

acompained by large deformation and can occur without "notice",

it has been the subject of much research. Some complexities in

the fields of Fracture Mechanics and of Materials

Characterization still prevent an exact and comprehensive

solution to the problem.

For a series of reasons ferritic steels are normally

selected for reactor pressure vessel (and several other

vessels) in PWR Power Plants. However, these materials exibit

ductile-brittle transition. Below a certain temperature

(transition temperature) they fracture with very little

deformation and show little resistance to crack extension. It

is clear that the first care with ferritic vessels should be

related to this transition.

The first criteria for prevention of brittle fracture

were derived empirically, correlating performance of the

structure with some quantitative result in a standardized

laboratory test devised to expose the ductile to brittle

transition. Based on the results of Charpy tests from plates

from various ships with known performance (cracked or not in

cold weather) a specification was derived for plates for ships,

based on a Charpy test.
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This approach could only consider defect size on a very

superficial way. Since fabrication of the structure was

subjected to acceptance based on some code, one could expect

that the defect limits in this code were not exceeded. There

was, however no knowledge of actual defect size, its effect on

the structure or acceptability in respect to material

properties.

Some of these criteria were transfered to the area of

pressure vessels, although it is clear that loading conditions,

stress distribution, size distribution of defects, etc. are

quite different in respect to ships. Apart from this, one

obvious limitation of this approach is the number of tests and

prototypes required to validate each criterion.

The work of Pellini and coworkers at the Naval Research

Laboratory (13) led to the development of the Failure Analysis

Diagram (FAD). This was the first sucessful attempt at

describing Fracture Mechanics in a systematic way. In the FAD

approach, however, defect sizes were treated qualitatively and

only for limiting cases were predictions possible.

One must consider that in order to guarantee the

integrity of a pressure vessel, the size of a defect that will

propagate in an unstable manner under the conditions that the

vessel may be submited to, must be known. Then it must be

proven that fabrication and in-service inspection can guarantee

that this size of defect will not be present in the structure.

Further, corrosion and fatigue effects in crack growth must be

considered (see item 3.1.3).



-13-

Nith the development and validation of the FAD using

several practical examples of failures, criteria were

introduced, based on TNDT ( Nil ductility transition

temperature, ie.,the highest temperature at which the material

will exibit brittle behaviour when a "small flaw" is present

and stress is equal to the yield strength).

The criterion of TNDT+60F (33 K) was adopted for

reactor pressure vessels. According to the original Pellini

work (13), operating the vessel above this temperature should

be sufficient to guarantee that any defect will not propagais,

provided stress is limited to the yield strength of the

material.

For determination of TNDT, Pellini and coworkers

devised a test (DWT, ASTM E208) and predicted that if

sufficient knowledge about the material behaviour in Charpy

tests was available, a criterion based on these tests could

also be established for TNDT determination.

A combination of these methods for determination of the

"Reference" NDT (RTNDT) was adopted for reactor pressure

vessels by the ASME Code (NB-2300, Sec.Ill) and also by the

German Rules (14).

Three criteria are used for this:

- The TNDT, as determined by the Pellini test,

- 33K below the temperature at which 68J are absorbed

in the Charpy test,
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- 33K below the temperature for which lateral expansion

is 0.9mm in the Charpy test.

The higher of these three temperatures is defined as

RTNDT.

Some comments must be made to the use of the Pellini

and Charpy tests, however. First, no correlation could be found

between the TNDT determined via Charpy or via Pellini tests for

the presently used reactor pressure vessel steels (15). The

Pellini test itself has already been considered not recommended

for quenched and tempered steels(16) and a good deal of

controversy exists over its reproducibility(17). Also, when

trying to correlate RTNDT with fracture mechanics measurements

it seems that a better correlation can be reached if RTNDT

defined with basis on Charpy results alone are considered.

Oldfield (18) suggested and was endorsed by the 2nd Marshall

Comission Report that this method would be more effective than

using RTNDT based on Pellini and Charpy tests.

On the other hand, recent Japanese results from several

heats of actual reactor •pressure vessel steel showed good

correlation between TNDT determined by Pellini tests (19). This

may be due the extremei ly low scatter of results

characteristic of Japanese manufacture.

Lately, Rosezin and Dahl (20) have tried to apply the

Pellini concept (FAD) to results of Large Specimen Tensile

Testing with a modern reactor steel. They could not find any

correlation between NDT and the transition temperature in the

tests. They suggest that a criterion (for fracture evaluation)

based on the Pellini concept alone is not recomended.



-15-

It would seem that the maintenance of the Pellini test

as a criterion for defining RTNDT in Codes for Reactor Pressure

Vessels has more historical than factual justification. One

must question if the introduction of some more modern fracture

mechanics test would not be more profitable.

To address quantitatively the problem of vessel

integrity as related to defect size, some more elaborated

fracture mechanics concept has to be relied upon. Figure 1 from

Hagedorn et al.(21) lists some of the most common *~iteria

proposed for predicting instability and their range of

application. The limitations in their application are described

elsewhere, and will not be discussed here(21,22).

Linear Elastic Fracture Mechanics (LEFM) is the most

well developed of the methods of fracture mechanics. It is

limited, however, to conditions of very limited plasticity in

which the material can be assumed to have a linear elastic

behaviour. In LEFM the characterizing parameter is K,

plane-strain fracture toughness. This material constant is

compared with the stress intensity ahead of a crack to define

its stability.

Testing to determine valid K values can be very

difficult and expensive to perform, specially when considering

tough materials. To mantain plane-strain conditions, required

to reach a thickness independent value of K, very large

specimens may be necessary. This has stimulated work aimed at

correlating Charpy or Pellini results with LEFM 'K' values.
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The approach adopted was to draw a "lower bound" K

curve, as a function of RTNDT for a large population of

specimens of the same reactor vessel steels ( Figure 2 ). This

curve should represent a lowest possible value of K for -the

material considered at the temperature in question (see Figure

3)

The lower bound K curve adopted by the ASME code, in

the non-mandatory appendix 6 was derived with the results from

the Heavy Section Steel Technology Program (23). One of the

criticisms to this curve is that is was derived with a large

number of tests made from a small number of heats of material.

Up to this date, however, most study made on this

subject confirmed that this curve is indeed a lower bound for K

in fracture initiation, arrest and also in dynamic testing

(11,19), for the ASME reactor materials. Albeit Appendix 6 is

not mandatory in the ASME Code, it is made mandatory by 10 CFR

50 (11).

Relevant question have been raised, however, concerning

the shape of the curve in the region of higher toughness (11).

Since valid K specimens and tests are very difficult to obtain

in this range of toughness, few valid points were available to

define this region of the curve. It is presently suggested t

upper shelf toughness (phenomena occurring in the region were

the vessel material behaves in a ductile manner) can be better

described by Elasto-Plastic Fracture Mechanics using approaches

such as the J-integral and several different evaluation

criteria (11,24). Kussmaul and coworkers (25) recently

suggested that upper shelf energy in a Charpy test could be

correlated with characteristic J values in a satisfatory way.
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The introduction of requirements for upper shelf energy

in order to ensure a sufficient margin of safety against

ductile failure of components was also shown to be based on

sound principles by Aurich et al. (26).

Upper shelf requirements are presently specified by the

German Rules (14,27) at a level of 100J. They are also

presented as supplementary requirements by some reactor vendors

in the U.S. (11), in this case only for the core region of the

reactor vessel.

One can see that the use of Charpy-V and Pellini tests

can give a good assurance of material properties for fracture

mechanics analysis, provided that a material for which a valid

correlation with fracture mechanics data is used. It is also of

paramount importance that the material properties measured be

representative of the actual vessel material.

Thus, the controls so far discussed should be adequate

to prevent catastrophic failure of the reactor vessel provided

that:

- Defect population is known and not changing in size

during the life of the vessel.

- Stresses, temperatures, etc. are also known with a

good degree of confidence, including those present in faulted

conditions, to allow for a fracture mechanics evaluation.
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- Material properties are uniform and homogeneous and

the values saeasured in acceptance tests are representative of

the actual material properties.

- Properties are not changing with time during the life

ot the vessel.

However, fatigue and corrosion can alter significantly

the size of defects during vessel operation. This will be

discussed in Section 3.1.3 below.

Several mechanisms are also operative during vessel

life that can change the material properties in respect to the

initial values. We discuss this in Section 3.1.4.

To confirm that the measured properties are

i*epresentative of the actual part, different concepts are

adopted. The most torough approach, adopted by the German

Rules, require a qualification of the material, product form

and dimensions per manufacturer. In this ocasion it will be

confirmed, by extensive testing, that the representative

sampling positions are adopted as sampling positions for

acceptance tests. These sampling positions may vary for

different manufacturers, depending on manufacture process

(28,29). This is not considered in ASME/ASTM specifications.

Use of statistical studies to predict scatter and

confidence limits for the relevant properties can also be

applied, and are an important part in any modern reliability

study (11).
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To validate the predicted stresses, temperatures and

the predictions of vessel material behaviour under these

conditions, testing of prototipes are performed. Comments on

these various experimental programs aimed at validating safety

criteria for pressure vessels will be discussed elsewhere (30).

3.1.3 Fatigue and Corrosion

Defects present in a structure may extend when subject

to alternating loads. This is called fatigue.

The occurrence of fatigue brings a new problem in our

discussion of vessel integrity. Even if one can guarantee that

no critical defects are present when the vessel enters service,

smaller than critical defects may grow by fatigue to become

critical. This problem is presently addressed via the so called

damage tolerating concept in design.

In this concept, also adopted in the aerospace

industry, inspections and acceptance criteria are so arranged

that the maximum acceptable defect plus the maximum antecipated

defect growth during the interval between in-service

inspections will not exceed the critical defect size, with some

safety factor.

In order to predict defect growth, different techniques

can be used. The most widely accepted is the one proposed by

Paris and Erdogan (31):
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A large number of experiments has been performed with

RPV steels under laboratory conditions, to define limit curves,

as shown in Figure 4 . These curves were incorporated in the

ASME Code .

Since fatigue phenomena can be environmentally

assisted, two type of behaviour must be considered. First "dry"

behaviour, for cracks not- exposed to reactor medium. Second

"wet" behaviour, that is fatigue-corrosion.

These curves have been subjected to criticism, since it

has been shown that experimental conditions have a strong

influence on the results of these tests. Specially important

are (32):

-Steel sulphur content.

-Water flow rate.

-Hater chemistry, specially oxygen and sulphur

contents.

It has been shown that a large part of the

discrepancies found in experimental data in fatigue-corrosion

can be related to water chemistry and water flow rate (32).

Also, steel sulphur content and non-metallic inclusion

morphology have been shown to influence environmentally

assisted cyclic crack growth (33).
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This has led to the suggestion that the ASME Curves can

be too conservative for the modern steels available (very low

sulphur content and controlled shape of inclusions). Also, new

experimental programs, with more realistic flow and chemistry

conditions are underway to define better curves.

The curve used for fatigue-corrosion evaluations are

normally the "wet" curves. All commercial PWR reactors,

however, are cladded internally with austenitic stainless

steel. From the point of view of vessel integrity, this should

represent an additional safety.

However, the use of this weld deposited cladding can

give rise to other problems related to materials. Underclad

cracking in the ferritic material has been a considerable

problem for several years. (34).

Albeit the US-NRC Regulatory Guide 1.43 recommends a

procedure to verify the susceptibility to underclad cracking of

ASME material made to a course grain practice it does not

require this test for fine grained steel made to the same

specifications. It has been conclusivelly shown, however, that

not only grain size, but also chemical composition plays a very

important role in defining material susceptibility to the

problem. (35). Adequate base material chemistry control and

correct welding procedures followed by adequate non-destructive

examination have mitigated the problem. One must be aware,

however, that specifications such as ASTM 508 or 533 do not

restrict sufficiently the elements that are important in this

phenomenon. It is important that the more restricted chemistry

be specified and controlled. This is the case for the German
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and Japanese specifications for RPV steel and also the

recornendaticn of the Marshall report (11).

Segregations (local variations in chemical composition

in a part) are also very important in respect to the occurrence

of underclad cracking (35,36). Manufacturing approaches to

reduce this problem have been discussed in an earlier work

(28). Lately, two new promissing approaches have been adopted

with success to control or reduce segregation.

Vacuum carbon doexidation has been introduced as a

permited process in the specification for 20MnMoNi55 steel

(27), and adopted by several manufacturers. When this process

is used, lower silicon content can be aimed for. Since silicon

is one of the most important elements for the occurrence of A

and V segregation in large ingots (37), this can lead to less

segregated material (38), which is less prone to underclad

cracking (and oscilation of properties).

The use of hollow ingots for the production of shell

forgings has been adopted by several manufacturers. (38,39).

Since smaller ingots can be used and segregations are not

exposed to the internal surface of the forging, as with

trepanned forgings, this results in forgings with a much better

internal surface, from the point of view of cladding.

To reach an adequate condition in the weld deposited

cladding, close control of filler material and welding process

are required.

One of the most important failure mechanisms for

austenitic material in the reactor environment is Intergranular
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Stress Corrosion Cracking (ISCC) (32). Sine* sensitization

leaves the austenitic material much wore prone to ISCC(32)

close control for avoidance of sensitization is required.

The German approach to this has been to adopt only

low-carbon stabilized (Nb, basically) stainless steel (39). The

normal procedure in the US has been the adoption of AISI 308L

for cladding and AISI 304 & 304L for austenitic parts. The use

of 304L for parts is limited, however, since mechanical

properties are lower than those established for 304. From this

point of view, the best material would be 347 (Nb stabilized)

since it has good mechanical properties and excelent resistance

to sensitization. The control of the use of sensitized material

has been established in US-NRC Reg.Guide 1.44.

The adoption of AISI 347 in the US seems to be limited

due to possible welding problems (32,40). Adequate control of

chemistry and manufacturing (grain size in forgings, for

instance) has been shown to control these problems (39). For

parts made of this steel, German standards have fixed controls

and recommendations to guarantee good weldability.

For weld deposited materials, delta-ferrite can also

help to mitigate welding crack problems in Nb-stabilized

material (41). Besides, it has been shown that duplex

structures (ferrite-austenite) are very resistant to

sensitization. It is very important, hence, that the

delta-ferrite content in the deposited cladding be controlled.

This is mandatory both in the US (US-NRC Reg.Guide 1,31) and in

Germany (KTA3201.3).
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Failures of claddings in nuclear reactors are uncon

although a notable case was reported in a Japanese BWR.

Excessive dilution of the base material led to the

occurrence of cracks that penetrated and reached the base

material (42). This somehow justifies the use of "wet" curves

for ferratic material when considering environmentally assisted

crack propagation in reactor vessels.

3.1.4 Changes in Material Properties with Time

Once in operation, the reactor pressure vessel is

exposed to conditions that may have an effect on the material

of which it was made.

Strain aging and neutron embrittlement are some of the

most important effects to be considered. Microstructural

stability (the effects of time at operating temperature) must

also be taken in account.

With the increased use of forgings instead of plates

for the manufacture of reactor pressure vessel parts, strain

ageing needs less consideration. This is due to the fact that

no working after heat treatment (quenching and tempering) is

performed.

Neutron irradiation induces changes in the mechanical

properties of steels.

As far as fracture control is concerned, the most

important changes are in tensile and toughness properties.
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Toughness of ferritic materials is changed in two ways during

irradiation. There is a shift of the transition temperature

toward higher values and there is a reduction of the upper

shelf energy.

Chemical composition and synergistic effects with

strain ageing are the most important factors in neutron

embrittlement of ferritic steels. Obviously, neutron fluence

also plays an important role.

The important role of the level of copper and

phosphorous content in the embrittlement of reactor pressure

vessel was well established in the late 1960's and an upper

bound curve to estimate their effects was introduced in the US

as US-NRC Reg.Guide 1.99. A simplified set of curves was

introduced in Appendix A ( Sec.XI, Div. 1) of ASME Code but was

withdraw in 1983 and is currently "in preparation".

The reference curves in the Reg.Guide 1.99 have been

.criticised by several authors since they are not presented as

upper bound curves but rather as expected effects. It has been

shown that they are, in this respect, too conservative (11,24).

Also it is known that structure influences neutron degradation.

Hence, weld metal and base material present different

behaviours and that is not considered.

Monitoring programs are mandatory in US and European

Codes (basis ASTM A175) to check the actual behaviour of the

material employed in a certain reactor in respect to property

changes.
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In view of property degradation, some older reactors in

the US had their safety questioned. This was the case since for

many of these reactors no provisions for adequate inservice

inspection were made and there was poor knowledge of original

status of the vessel quality (43). These reactors were accepted

(except one) on a qualitative Judgement by the AEC (NRC) (43).

Presently the German code concept (from the point of

view of materials) to handle the problem of material

degradation is the following:

- Stringent limitation on Cu and P content in material

to be exposed tc life fluences >= 10 (17) n/cm2

- Lower requirements for RTNDT in the belt line region

of the RPV (where fluence is higher).

- High upper shelf requirement.

- Stringent control of copper contamination in welds,

specially in the RPV.

Naturally, this is accompained by a surveillance

program, conservative limitation of the fluence in the belt

line (by means of design) and adequate vessel design to avoid

welds in regions subjected to high fluence.
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4. MATERIALS FOR CONTAINMENT VESSEL AND EXTERNAL

SYSTEMS

As discussed in Section 1, the containment vessel is

the last barrier against release of radioactive material to the

environment.

The design of this vessel is very much dependent on

postulated accident conditions that can seldom be verified in

practice. ( A notable exception to this may be TMI). However,

in case of a large core melt down, pressures much higher than

the actual design pressure can develop. For a typical German

PWR with a 56m diameter containment, the design pressure is

about 5.3 bar. In the case of a core melt down, it is

antecipated that 8 to 9.5 bar can be reached (44).

Besides, in case of reaction between fuel clad material

and water (a distinct possibility for Zr containing claddings,

this actually occurred in TMI) hydrogen is released. In this

case, hydrogen deflagrations can be expected (1,44) which will

further load the containment vessel.

In this context, Schulz (44) reports that within the

German Risk Study Phase A, the reliability of the containment

vessel of German NPP's was proven up to 8 bar.

Containment vessel evolution in Germany was reviewed by

RW-TUEV (45) up to 1978. It is evident that there was not a

unique design criteria adopted for the vessel design and
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consequevtely various different materials have been selected up

to the definitions of the 116th and 119th meetings of the

German Reactor Safety Comission. (Note that all the mentioned

containment vessel were designed to meet the same safety

criteria. The absence of a unique criteria refers to allowable

stresses, toughness criteria, etc.)

Different criteria have been used, in respect to:

- Allowable stresses

- Design pressure and temperature

- Containment dimensions

- Limits for mandatory performance of stress relief of

welds.

Older containment vessel materials in Germany ranged

from WStE36 to WStE51 (as in Angra 2) fine grained structural

steels, without an unified toughness concept.

The german developments toward basic safety andd the

consideration of eventual weldability problems with

microalloyed steels (such as those induced by precipitation

hardening of the HAZ (46) led to the decision of limiting the

use of fine grained normalized microalloyed steels with

ReH>370MPa in NPP's. The basic argument in this decision

(Weisungsbeschluss 18 ,1977) was that the advantages to be

gained with higher yield strength are not sufficient, in the

case of NPP's, to compensate for the difficulties in processing

and risks of having lower toughness. This was derived from

lessons of actual failures of other vessels in Germany,

including at least one in a NPP (47,48).
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This was incorporated in the RSK Guidelines for

containment in a very interesting way. While for external

systems the RSK clearly prohibits the use of microalloying and

limits the permissible materials, for containment, the material

is limited, presently, in an indirect way. A maximum ReH of

370MPa is adopted for the vessel calculation, even if the

selected material has higher properties. Hence, for the usual

german design, wall thichness in undisturbed regions will be

around 38mm. This, in the AD code would make mandatory stress

relief of all welds in fine grained steels with ReH above

370MPa. This precludes their application.

The steel finally adopoted as an standard for German

containment vessel was 15MnNi63 (KTA34O1.1, Appendix). This is

a fine grained normalized steel, similar to WStE36, with

approx. 0.7%Ni added for increased toughness, and a rigid

control of residual that influence toughness/weldability such

as Cu,Mo,N,Nb, Sn,Ti and V.

Concerning toughness, the following is specified and

controlled on a plate by plate basis:

- TNDT (Pellini) <= -28 *C (Guarantee of sufficient

toughness, ace. Pellini FAD criteria at pressure test at 5°C).

- Charpy (ISO-V) (5#C) 130 J (average)

100 J (minimum)

It is to be noted that this material has such an

outstanding toughness that at 5°C values of about 200 J are

reached, already in the upper shelf region of the transition

curve (49). Also, one must consider that thes criteria have
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been validated by a large number of large plate tests performed

in Germany (50).

The ASME Code criteria for toughness of containment

vessel is also based on TNDT (Pellini) and Charpy (ISO-V)

requirements. Some important differences must be noted,

however. For the most standard containment vessel MC (Metallic

Containmnent) materials, a guarantee TNDT is given by the Code

(NE 2311). Subjected to the temperature differences given in

Appendix H, Pellini tests can be dispensed with. For instance,

for a vessel made of ASTM 537 cl.l or 516 Gr.70 (similar to

WStE36, altough not limited in microalloying) and with the

Lowest Operating Temperature of 5*C, Pellini tests are not

required up to a thickness of 3" inches. Charpy requirements

are presented as a lateral expansion criteria, instead of

energy criteria, but, based on the experience with ferritic

materials, are not as stringent as the German requirements.

Concerning external systems (51) materials, the concept

adopted by RSK was to limit them to a few well proven

materials, for these safety related items. This is very

important in achieving basic safety since manufacturers can

develop good experience (which has to be proven in

qualification tests) both in producing and processing the

adopted materials. Since in the US the systems defined by RSK

as "external systems" are normally not supplied by the reactor

vendor and can come from many different designers and

manufacturers, this limitation is not to be found in the

American system.
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5. CONCLUSIONS

From the selected examples it can be seen that metallic

materials play a very important role in Nuclear Power Plant

safety.

The main barriers for preventing the release of

radioactive material from a PUR power plant are the fuel

cladding, the primary circuit boundary (in special the RPV) and

the containment vessel.

Failure of these barriers is prevented by several

means. A safe materials concept is one of the important

measures in this respect.

The most well developed of these concepts seems to be

the one included in the german Basic Safety concept. The

adoption of such a concept is important if certain accidents

such as RPV gross failure are to be considered "of zero

probability".

The requirements included in this concept are well

within present day technology and hence are not cause for undue

difficulties in procurement and manufacture of the PWR

components.

It is important to consider that although most of the

quality control mechanical testing is made with rather "crude"

test methods (such as Pellini and Charpy) this is validated by
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extensive fracture mechanics evaluation together with component

simulation and large scale testing.

Although this discussion was centered in materials, a

material concept is an integral part of a design concept and of

an overall Safety concept. As is the case for any Code, the

material concept should not be used independently from its

counterparts in other areas such as design, inspection,

monitoring, etc.

Some analytical and experimental limitations are still

found in areas such as elasto-plastic and plastic fracture

mechanics. The analysis of Pressurized Thermal Shock phenomenon

is still under development and some inspection and analysis

problems persist regarding evaluation of discontinuities in

certain critical regions of RPV's. However, one can consider

that the modern material concepts adopted for german PWR's (and

probably the one to be adopted in Great Britain for the

Sizewell PWR (11)) do provide adequate safety against

catastrophic failure of components, when correctly used in

conjunction with the remaining parts of the applicable Rules or

Code.
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MATERIAL

20MnMoNi55
( r e q . f o r REV)

SA 508 C1.3

SA 533 BC1.1

22 NütoCr37
(req.for RFV)

SA 508 a . 2

C

0.17
0.23

0.25

0.25

0.17
0.25

Max.
0.27

Si

0.15
0.30

0.15
0.40

0.15
0.40

0.10
0.35

0.15
0.40.

Mn

1.20
0.50

1.20
1.50

1.15
1.50

0.50
1.00

0.50
1.00

P

0.012

0.025
0.012"

0.0Í?

0.012

0.025
(tt 013

S

0.008

0.025

0.040
0.015

0.015

0.025

Cr

0.20

0.25

0.25
0.50

0.25
0.45

HO

0.40
0.55

0.45
0.60

0.45
0.60

0.50
0.75

0.55
0.70

Ni

0.50
0.80

0.40
1.00

0.40
0.70

0.60
1.00

0.55
1.00

Al

0.010
0.040

0.050

Cu

0.12oi
0.10

0.10*

0.10*

0.10

0.10*

V

0.02

0.05

0.05*

0.05

0.05

Sn

0.011

N

0.013

AS

0.025

Ta

0.030

0.030

Co

0.030

0.030

* Additional requirement S9
** Appendix to SA 533

TABLE 1 - Materials presently in use for Primary Circuit of PWR
(values are maximum limit in wt% except when a range is given)
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edition}.

Kla curve is equivalent to KIR curve of Appendix G,Sec III, and
represents lower bound for crack arrest and dynamic testing.

KIc curve represents fracture toughness aco. ASTM E-399.
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Figure 4. Reference fatigue crack growth curves for carbon and
low alloy ferritic steels. (Figure A-4300-1, Appendix A, Sec.XI, ASME
Code, 1986 edition).
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