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1. Introduction

The neutron irradiation experienced by the reactor pressure vessel (RPV) of a thermal

reactor can produce significant changes in the mechanical properties of ferritic steels used

in the construction of such vessels [1,2]. Typically, an increase in the tensile yield strength

is observed, accompanied by an increase in hardness and a decrease in work hardening rate

and ductility. The ferritic steels used in the RPV exhibit a ductile to brittle transition

temperature (DBTT) in which the energy of fracture increases with increasing temperature

on passing through the transition, followed by a region of relatively constant high fracture

energy (upper shelf). The effect of irradiation manifests itself in an increase in the DBTT

with a decrease in the upper shelf energy. Mechanical property changes of this nature are

clearly of considerable importance in the safe operation of reactor systems and play a

major role in plant life extension studies. It is the purpose of this chapter to consider the

microstructural changes that give rise to these changes in macroscopic properties.

It has been recognised for many years that the dominant mechanism is the formation of

small clusters during neutron irradiation which impede dislocation motion and give rise to

an increase in tensile strenrJi. These clusters are formed by the action of the mobile point

defects created under irradiation, either through irradiation-induced diffusion and

subsequent precipitation of solute atoms or through the clustering of the irradiation

produced point defects. In this chapter we discuss the fundamental radiation damage

mechanisms underlying the formation of these small clusters, the techniques available to

study them, and illustrate tr.-e present status of such studies.
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Within this context it is important to note the attention that this phenomena is achieving

world-wide. On the micro-mechanisms the International Group on Radiation Damage

Mechanisms in Reactor Pressure Vessel Steels (IGRDM) was founded in 1987 with

USNRC sponsorship to bring together in a workshop environment scientists and engineers

involved directly with RPV embrittlement issues [3]. Involvement within the group has

resulted in many world-wide inter-laboratory collaborations. These have made an

impressive addition to our understanding of the embrittlement phenomena; many of the

references cited reflect such collaboration and the advantages of applying various

techniques to the same material.

2. Damage Mechanisms

An operating RPV is exposed to a flux of neutrons throughout its life. The exact neutron

energy spectrum and flux depends on the location in the vessel and the precise reactor

design. Examples of a typical spectra are presented in Figure 1 for the belt-line region.

The energy spectrum ranges from thermal neutrons to neutrons with energies above lMeV

extending up to lOMeV. As the neutrons penetrate the vessel wall the low energy

neutrons are absorbed and the shape of the spectra change. This is illustrated in Figure 2

by comparing the ratio of neutrons > 0.1 Mev and lMeV, where the decreasing importance

of neutrons above lMeV at 1/4T and 3/4T can be seen. In the belt-line region the vessel

is exposed to typically 6 10^ n/cufi > lMeV during its lifetime.

In a typical PWR <pectrum the great majority of the damage is created by neutrons above

O.lMeV, but thennal neurons will also damage the RPV. Several of the processes

occurring during the initial damage event can strongly influence microstructural evolution

and these are considered in section 2.1 below. The subsequent evolution and an overview

of current understanding o: the mechanisms of embrittlement is presented in section 2.2.
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2.1 Importance of initial damage event

Collisions between the fast neutron and the lattice atom can transfer energies

ranging from a few eV to tens of keV. Indeed, a high fraction of the primary knock-on

atoms (PKA) have energies above a few tens of eV. These PKA lose energy through

interacting with both the electrons and atoms of the solid. If the energy transferred to a

lattice atom is greater than some threshold value, E(j (typically >40eV) then the atom will

be displaced from its lattice site, creating a Frenkel defect, i.e. a vacancy (empty lattice

site) and an interstitial (an atom occupying a non-lattice site). Typical recoil spectra are

shown in Figure 3 for a PWR surface and 1/4T positions for energies above this threshold

value; it can be seen that although the majority of recoils are below 5keV, a significant

fraction have energies above 30keV.

If the PKA energy is much greater than a few keV the PKA is able to displace many

atoms, rapidly entering a regime where the collisions occur every lattice spacing. This

sequence of events is called a collision or displacement cascade. It is important to realise

that in the evolution of a cascade not only is a heavily damaged region containing a large

number of displaced atoms established, but that during the subsequent evolution

considerable point defect motion, recombination and clustering may occur. Indeed, there

is general agreement that the centre of the cascade is very hot, with "temperatures" typical

of the liquid state, commonly termed a thermal spike (see for example [4]). The final

configuration is generally a vacancy rich region surrounded by interstitial atoms (which

may be clustered), as envisaged in the classical pictures of cascades, [5,6]. The main

stages in cascade evolution are detailed in Table I and the current status of cascade studies

can be seen from papers such as Diaz de la Rubia and Guinan [7], English et al [8].

Certain cascade processes, particularly during the thermal spike phase can have a profound

impact on subsequent micro structural development and it is important to consider these in



-401 -

detail and to comment on the specific case of an iron matrix. Most important to the

development of the microstructure in RPV steels are the number of point defects produced

by each cascade, this is the basis of one of the foremost exposure parameters, dpa, and the

clustering of point defects within the cascade.

The accepted method of evaluating the amount of damage is given by the formalism

developed by Norgett, Torrens and Robinson [9]. It is also incorporated into an ASTM

Standard E693 [10]. The critical aspects are that it describes the number of displaced

atoms, N(jj by evaluating the partitioning of energy between nuclear (displacement

producing) and electronic losses and by a statistical process evaluates the number

displacements resulting from the energy transferred in collisions. In Norgett, Torrens and

Robertson (NRT) N^ is given by:-

N d = k E d a m / 2 E d (1)

where k is the damage efficiency factor and is energy independent with a value of 0.8,

^darn *s the energy available for damage after energy loss to the electrons is taken into

account, and E^ is the mean displacement energy.

This is the basis for the Internationally agreed exposure parameter displacements jjer atom,

dpa [9]. Evidence from varied experimental studies of RPV embrittlement suggests that

the dpa parameter provides an adequate exposure parameter. In spite of some limitations

the physical basis behind it is superior to other damage functions. However, some debate

still continues stimulated by the recommendation in the USNRC Regulatory Guide 1.99

rev 2 that dpa should be used for describing the attenuation of damage through the

thickness of an RPY.

Recently, evidence from fundamental experimental studies and from computer simulations

of cascade evolutior. point :o a limitation in the formalism for dpa; more specifically, that
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the damage efficiency k is in fact energy dependent [11, 12]. Here, we illustrate this from

molecular dynamics simulations. Figure 4 shows the NRT efficiency factor k, versus the

recoil energy E for copper [13]. These results are based on over a hundred cascade

simulations at 100 K in copper with random knock-on directions and energies ranging

from 60 eV (2 E^) to 10 keV. It is clear that k decreases from a value of 0.8 to 0.37

between 60 eV and 250 eV, from 250 eV to 2 keV there is a steady linear decrease in

total efficiency to 0.28, and k continues to decrease more slowly on going from 2 keV to

10 keV. We also include on figure 4 values of k obtained from the alpha iron simulations

of Calder and Bacon [14] with E^=30 eV. Although based on a more limited data set (of

9 cascades), the efficiency factors are similar to those of copper.

This energy dependence of k has achieved international prominence in the RPV

embrittlement area with the HFIR embrittlement problem. Here, very much higher than

anticipated Charpy shifts in the HFIR Pressure Vessel surveillance programme when

compared with similar material irradiated in Material Test Reactors [15]. This higher

embrittlement effect was variously postulated to be a fluence effect or a neutron spectrum

effect. Early assessments of the HFIR surveillance locations suggested a very high thermal

to fast ratio of 100:1, and enhanced damage was suggested because the low energy (n/y)

recoils are significantly more damaging, relative to high energy recoils, than the present

NRT code allows. It was the potentially large magnitude of this effect which provided a

driving force for a re-evaluation of the specification of radiation exposure parameters.

However, more recent evaluations of the HFIR neutron spectrum suggest more modest

thermal to fast rates which places greater emphasis on a fluence effect

The second fundamental process affecting microstructural evolution is the clustering of

both interstitial and vacancy point defects within individual cascades. The majority of

evidence is for relatively sample metal systems, either through experimental studies or

through computer modellir.g of cascades (see for example [8]). Evidence of interstitial

clustering in isolated casci-ies comes primarily from molecular dynamics simulations of
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cascades in copper and other pure metals. Here, it is observed that the self-interstitial

atoms in the periphery of the disordered central damage region frequently coalesce to form

clusters. (SIA) As the knock-on energy is increased the number of SIA produced in this

peripheral region rises. The strong elastic interaction between the stress fields of the SIA

enhances the probability that an individual SIA will combine with another of its kind rather

than recombine with a vacancy. This clearly demonstrates the steady increase in the

production of SIA clusters as the energy is increased, so that at 2 keV and above an

appreciable fraction of the SIA are being produced in cluster form. As yet there is no

direct evidence that these will be formed in iron or RPV steels at the temperatures of

interest, or of the role of these in subsequent microstructural evolution. However, they

cannot be ruled out.

In many pure fee and bec metals there is extensive evidence for vacancy loop formation

within individual cascades [16]. This can occur with a quite high efficiency, particularly

in fee metals such as copper. The very high generation rate of cascades and thus vacancy

loops in neutron irradiation means that such loops can at low temperatures have a

dominant effect on the microstructure. However, in contrast in alpha-iron there is very

little evidence for vacancy cluster formation within individual cascades at room

temperature and above. Indeed, neutron irradiation of high purity iron to doses where

considerable cascade overlap occurred produced no discernible microstructure within the

grains, suggesting that under fission neutron irradiation no small clusters are formed

(either interstitial or vacancy. This strongly suggests that cluster formation under

irradiation is dominated by diffusion and interaction of the point defects outside the

cascade, particularly with impurity or solute atoms. This is the subject of the next

section.

2.2 Microstructural Evolution in RPV steels.
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As described above microstructural evolution in RPV steels is dominated by the

interaction of the radiation induced point defects after they have left the cascade region.

•Also of significance is their interaction with the impurities in the steel. Both vacancy and

interstitial point defects are expected to be mobile in the temperature range of most

operating pressure vessels. However, they are also expected to interact with solute atoms.

The key interstitial impurities in iron and steel are C and N and there is a wide range of

experimental evidence confirming the strong interaction between C and N solutes and

irradiation induced defects [1]. The partial or complete trapping of self-interstitials by C

and/or N solutes will cause heterogeneous cluster nucleation and a fine cluster

distribution. Further, in steels containing residual levels of elements such as copper, which

are in super-saturated solution, radiation-enhanced diffusion will occur at these

temperatures, which leads to the formation of small clusters which can again harden the

matrix. It is now generally accepted that the mechanical property changes produced

during neutron irradiation can be rationalised in terms of this underlying microstructure.

Generally, after neutron irradiation the processes described above lead to a microstructure

consisting of small clusters (<5nm in diameter) which create obstacles to the free

movement of dislocations thereby producing an increase in the yield stress, hardness and

the ductile-brittle transition temperature of the material.

Physically based models for the prediction of changes in yield stress and ductile-brittle

transition temperature [17-20] have been developed and they all have the common feature

of considering at least two irradiation-induced microstructural components. The first

component is a matrix radiation damage contribution produced by the coalescence of point

defects created by neutron - lattice atom interactions, possibly interacting with C and N as

described above. The resulting obstacles may comprise dislocation loops or microvoids.

The second component L> a copper-related contribution produced by the radiation-

enhanced diffusion and precipitation of impurity copper from solid solution in the steel.

The enhancement arises because the steady state vacancy concentration present during

irradiation is significantly higher than that arising from thermal exposure alone.. It is not



- 4 0 5 -

the purpose of this chapter to consider these mechanism and models in any great detail as

this is covered elsewhere in this volume. However, in order to place the need for

microstructural characterisation in context we give below a summary of the essential

features of each component of the damage, and highlight a selection of critical issues and

how they can be addressed in Table II (see also [21]).

The greatest insight has been obtained into the copper component of the microstructure,

as under both thermal ageing and irradiation it has been possible to examine its

precipitation from solid solution. Initially, this occurs as coherent bcc precipitates

producing efficient pinning sites inhibiting dislocation motion. Under irradiation the

precipitates have not been observed to over-age; instead they remain at about 2 nm

diameter under all conditions reported to date. Evidence from various studies strongly

suggests that the hardening from the copper-rich clusters reaches a plateau once the

copper has precipitated from solution. The rate at which the plateau value is reached is

controlled by factors such as dose rate, and the level of the plateau is determined by

factors such as composition and pre-irradiation heat treatment, which can influence the

initial distribution of the copper is clearly of importance to any subsequent precipitation.

Indeed, there is a continuing need to understand and document the effect of environmental

and metallurgical variables, such as dose rate, heat treatment and composition, on the

precipitation.

There is as yet no direct evidence for the nature of the matrix defects, they may be

"sponges" (vacancy rich regions), microvoids, dislocation loops (vacancy or interstitial), or

solute-point defect clusters. The nature, size and number density of such defects remains

largely unknown. As in the case of precipitation there is a need to understand the factors

controlling the production ind stability of these defects. The irradiation environment and

materials variables 0>oth rr̂ CTOStructure and impurity levels e.g. C, N, & O) are known to

be important but the detaili of how these factors influence the processes are not fully

understood. All the data suggests that for the dose range experienced by RPV's this
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component is continuously formed under irradiation. The different dose dependencies of

the two components is illustrated in Figure 5 [22]

There might also be potential for non hardening embrittlement in some RPV materials.

Non hardening embrittlement is generally associated with intergranular failure resulting

from grain boundary segregation. Elements such as P, S, As, Sn and Sb are known to

segregate to the grain boundaries under thermal conditions. There is a clear need for the

identification of the mechanism(s) and factors influencing the segregation of these

elements during irradiation.

A complete characterisation of the microstructure requires a knowledge of the number

density, composition, structure, and size distribution of the irradiation-produced clusters

and precipitates, an estimate of the grain size and dislocation density, and the spatial

distribution of known embrittling elements such as copper, phosphorus and nickel. In

practice this can only be achieved by focusing a range of microstructural techniques on

model alloys and commercial steels under irradiation. It is important to emphasise the

practical benefits of such characterisation. It is clear from the above that the detailed

microstructure and thus mechanical property change is sensitive to a wide range of

material and irradiation variables. Frequently, in developing trend curves for operating

RPV's, it is necessary to extrapolate outside the database and to do this with confidence

requires underpinning by a knowledge of the mechanisms controlling the microsrructural

evolution. Such an approach can help reduce the conservatism by providing a firmer basis

for choosing the form of '-he trend curve and correlating data more effectively by taking

into account variations ir. environmental and metallurgical variables. In particular, the

usefulness of the modelling approach in establishing the dose dependence of hardening and

embrittlement in copper-rearing steels irradiated in different fluxes has increased the

demand for microsmactunl characterisation. This serves to underpin model development

by confirming the basic mechanisms and critical assumptions, as well as providing data to

remove uncertainties in the model parameters.
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3. TECHNIQUES FOR EXAMINING THE MICROSTRUCTURE

It is only in recent years that microstructural examination has started to play a major role

in understanding the degradation of RPV steels. This is contrast to phenomena such as

void swelling in fast reactor cladding where electron microscopy made a major

contribution in discovering and documenting the phenomena. This is primarily, because in

commercial RPV steels many of the techniques required considerable development before

they could successfully be applied to this problem. However, there have been rapid

advances made in the last five to ten years. It has been found that no one technique can

fully characterise samples, and frequently a combination of techniques have been

employed, successful inter-correlation of data from different techniques is a feature of

work in this area. In this section we focus on the techniques available and type of analysis

they can be used for (section 3.1), and illustrate the success of such studies by drawing on

recent examples from the UK. (section 3.2).

3.1 Techniques Available

Table III has been compiled to show the techniques available to characterise the micro-

structure/chemistry of the material. The table indicates the strengths and limitations of the

techniques together with suitable references where available. The techniques can be

broadly split into two groups, namely the 'mature' techniques that have been used

extensively in the RPV area, and new, in many cases novel, techniques that tend to be used

to answer specific questions when applied to model materials. Many of the techniques can

be used to provide information on all three of the components of embrittlement as

mentioned above, however some are specific as indicated by the following letters in the

table, i.e. precipitates (Pi. matrix (M) and grain boundaries (B). Techniques such as

SANS and Positron Anrchilation sample relatively large volumes of material and yield
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information on bulk averaged properties of the cluster distributions. In contrast in

techniques such as electron and field ion microscopy individual features of the

microstructure are analysed, often in sufficient numbers to give statistically meaningful

data. Frequently, it is by combining such contrasting techniques that the greatest insight

can be obtained. An example of this is that microscopy observations of the composition

of precipitates can be used to refine the interpretation of SANS data, as in SANS it is

impossible to unambiguously fix the composition of the small clusters.

Many of these methods have been validated by studying the distributions of copper

precipitates in irradiated or thermally-aged simple model alloy systems. A comparison

between techniques is illustrated in Figure 6 where the size distributions of small copper

precipitates formed in thermally aged Fe-Cu-Ni, measured by SANS and TEM, are

compared [23]. The agreement is excellent, both techniques showing a bi-modal

distribution after lOhrs ageing. Another important microstructural variable is the amount

of copper in the matrix. Table IV shows the Cu levels measured in-between second

phase particles in aged Fe-Cu alloys; again there is good agreement between the

techniques used [24],

3.2 Examples of recent applications.

It is beyond the scope o: this chapter to critically review the progress made in the

numerous studies cited ir. Table III. The purpose here is to illustrate the mechanistic

insight possible from studies of model materials and the progress made in the study of

commercial materials.

3.2.1 Micro-mech-inisms of particle hardening.

A critical aspect c: developing micro-mechanistic models of the embrittlement by copper

precipitates is to verify -_-.e currently accepted Russell and Brown modulus hardening
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theory [25] for the particle hardening. Recent work in the UK has focused on a multi-

technique study of the observed hardening on ageing or irradiation with the hardening

predicted from the measured populations of copper precipitates. A problem in making

such a comparison is to separate the hardening due to other components such as non-

copper precipitates or dislocations, grain boundaries etc. This is complicated by the small

decrease in the dislocation density component and the more significant effect due to the

reduction in matrix copper content caused by ageing, which have to be determined from

experimental measurements. Figure 7 shows the variation in hardness of the Fe-Cu alloy

after ageing at 550°C [24]. The hardening contributions from the measured grain

structure and dislocation density are shown. To these are added the contributions from

copper in solid solution, based on the composition predictions of SANS and measured

values obtained by STEM and AP/FIM given in [23] combined with the hardening

effectiveness of copper [26]. To this an allowance is made for a third of the vacancies

present during the solution heat treatment to be retained after quenching in the form of

microvoids. The microvoids are assumed to evaporate during the first few minutes of

ageing, in keeping with an interpretation of the SANS data.

A comparison is made in Table V between the copper precipitation-hardening component,

deduced from figure 7, and that calculated using the Russell and Brown [9] modulus

hardening theory. The calculated values were based on the precipitation size and number

densities measured by SANS [23]. These data were fixed by STEM and FIM analysis of

the matrix and precipitate composition [23, 24]. The appropriate form of the Russell-

Brown model depends on the angle made by the line dislocation as it leaves the

precipitate. For the Fe-Cu system this was obtained by in-situ TEM straining experiments

on a range of model alloys. The precipitate hardening is dependent on the difference in

shear moduli between the precipitate and matrix. The appropriate Russell-Brown

equations were solved using the above information for both fee and bec shear moduli for

copper. The bec modulus was obtained from the MD study [24] using a modified

embedded atom interatomic potential of Ackland et al.[27] MD simulations have in turn
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been cross checked by comparing the bcc lattice parameters and the transformation

structure with experimental TEM, EXAFS [24] and HREM [28] data. An encouraging

agreement is obtained using this approach, with the calculations using the bcc shear

modulus appearing the more appropriate.

3.2.2 Application to commercial materials

Many of the techniques listed in Table III have been applied successfully to commercial

materials. An initial significant observation by Fisher and co-workers [29,30] was the

presence of copper sulphide, Cu^ gS, in submerged arc and manual welds used in Magnox

pressure vessels; Buswell [31] subsequently found this phase in the UK submerged arc

weld in Phase II of the IAEA programme. These results show that not all the copper is

initially in solid solution and available to embrittle the vessel, a proportion may be

removed by sulphide formation.

English [32] studied the micro-distribution of copper and nickel in unirradiated and

irradiated weldments using TEM techniques on both the ferrite and second phase particles.

In the ferrite copper levels exhibited considerable spatial variation and for high copper

welds the matrix copper content was significantly lower than the bulk chemical analysis.

This was due to copper precipitating on dislocations during the post-weld heat treatment.

Copper levels in the matrix recovered when the material was given a heat treatment of 5h

at 750C (Table VIV This result shows that in high copper material it is clearly necessary

to take account of the pos:-weld heat treatment, as well as the effects of the potential for

copper sulphide formation, in assessing embrittlemenL

In a joint USA/FRG/UK study, archive samples and material trepanned from the vessel

wall of the decommissioned 250 MW BWR Gundremmingen Reactor (KRB-A) have been

examined by a combination of SANS and TEM/STEM [33]. Small precipitates (2 to 3 nm

diameter) were found in both the service irradiated trepan sections and in archive material

after accelerated irradiation. The SANS data is consistent with the anticipated effects of

dose rate variation [34] ir. producing larger precipitates in lower dose rate exposure and
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apparently enhancing the development of copper precipitation at a given dose. The

presence of copper-rich precipitates alloyed with both manganese and nickel has been

confirmed in these irradiated steels by TEM/STEM techniques. The mairix copper

contents in the irradiated trepan were determined by STEM to be 0.14 + 0.04 wt% (c£

nominal bulk value 0.16 %) in good agreement with SANS data, indicating that only a

small fraction of the bulk copper has precipitated during irradiation. Unexpectedly, in this

class of material, a number of small vanadium-rich precipitates were detected. These were

enriched with copper, but using windowless EDX, the levels of C and N were qualitatively

assessed and appeared to be lower than expected from a VC or VN precipitate. In an FIM

investigation of service and accelerated irradiation material, diffuse regions rich in copper,

phosphorous and nickel were observed [35]. Molybdenum rich carbo-nitride platelets and

precipitates rich in vanadium were also observed. No copper could be detected with these

precipitates due to the problems of overlap between copper and vanadium nitride ion

masses. The deviation from ideal stoichiometry observed in the STEM is in agreement

with FIM results [35]. It remains to be established whether these precipitates were

irradiation-induced.

4. Discussion and Conclusions

It is now well-established that the dominant mechanisms of RPV embrittlemen: are the

formation of clusters by point defects escaping from collision cascades. The subsequent

microstructural development is largely determined by two processes, copper precipitation and

matrix damage. The resultant microstructure is dominated by a high dispersion of small

clusters, frequently < 2nm in diameter. It is only in the last decade that techniques have been

sufficiently refined to successfully analyse these features. The majority of recer.t data has

focused on the role of copper in these materials and has clearly been successful in the

identification of the factors affecting the precipitation of the copper to produce effective

dislocation pinning sites wi-_h resultant increase in hardness and shift in DBTT. The critical

issues are centred around i~e factors controlling the nucleation and growth, an: precise
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hardening mechanism of these copper rich precipitates. Here, dose, dose rate, temperature

and steel composition, product form (weld vs plate) and thermal/mechanical history have also

been identified as important factors. The second component of matrix damage has been

inferred from numerous experiments and semi-empirical models developed to describe the

hardness contribution. However, as yet, there has been no unambiguous determination of the

nature of these clusters. Phosphorous has been observed to form phosphides which contribute

to hardening and embrittlement, but is also subject to irradiation-induced segregation to the

boundary causing non hardening embrittlement.

Finally, it is important to stress the increasing importance of microstructural techniques to

problems in operating reactors. For example, there is an increasing trend, which is most

advanced in the UK, for dose-damage relationships for operating RPV's to be underpinned by

mechanistic models []. The advantages of the models are that they can remove unnecessary

conservatism in the development of the trend line or in the estimation of the scatter band.

Microstructural techniques are then essential to validate the fundamental assumptions of the

models and help paramettse them. The activities range from verifying major assumptions such

as demonstrating that copper precipitation reaches a plateau, or that over-ageing does not

occur under irradiation, to investigating the finer mechanisms such as the rate of copper

precipitation, and the composition of the precipitates. Individual issues relevant to older plant

can be addressed. Here there are frequently problems over archive material; either in saying

that a given material is a genuine archive or in gathering evidence that there have not been

differences in heat treatme-: etc. The former can be achieved by fairly routine microscopy etc.

The latter, in high copper welds, is more sophisticated, as the STEM techniques can be used

to measure the amount of copper available for irradiation embrittlement. Some may have

precipitated out during the post-weld heat treatment, and differences between different

samples can be investigated Specimens may be in the form of scrapings or small volumes of

material cut from the RPY: techniques have been developed to interrogate these.
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Table I. Stages in cascade development

Stage

• < .2 psec
(Collisional phase)

.2-.3 psec

.3:6 psec
(Thermal Spike)

.6 - 5 psec
(Cooling Phase)

4-10 psec

Pescription

Heavily damaged region expanding rapidly, large
number of displaced atoms.
Still exploding but interstitials escape along
replacement collision sequences (r.cs).
Considerable motion in the cascade centre, region
becomes very hot Increased density ring around
heavily damaged region.
Thermal spike, molten region in the cascade centre
which cools slowly. Energy released by
recombination of interstitals and vacancies.

Cooling phase with appreciable defect motion and
recombination in hot region. Clustering of point
defects may occur.

Final cooling down, only interstitials in clusters or
those ejected along r.cs survive.
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Table n Critical issues and outstanding questions.

Critical Issues/Conclusions
Outstanding Questions.

Precipitates and matrix composition.
Most attention to Cu ppts.
Precipitates alloyed with Mn and NL
No evidence to support overaging in the irradiated
material

Factors controlling nucleation and growth.
Dose, Dose rate, Temperature and steel composition.
Factors controlling the initial distribution of
embrittling species such as copper.
Other types of precipitates (eg Phosphides, Mo,V
Carbides/Nitrides etc.).
Why no overaging of copper ppts in irradiated
material.

Matrix defects, they exist but not understood in
what form.

What are the matrix defects? (Sponges, microvoids,
loops {vacancy or interstitial})
Size and number density.
Factors controlling production, irradiation and
materials variables ( both microstructure and
impurity levels eg CNOj

Non hardening embrituement, generally associated
with grain boundary segregation of elements such
as P,S,As Sn etc. Problem confined to specific
materials

Identification of the mechanism's) and factors
controlling segregation, what are the important
irradiation and materials variables.
Understanding of the b-ziance between thermal and
irradiation induced sez-egatior. processes.

Results to date
Technique(s) used to address them

Outstanding work required/underway

Good agreement between techniques SANS,
TEM/STEM and AP/FIM capable of providing
information on Size, N^ and composition.
Transformation of ppts followed in thermally
aged alloys by TEM, HREM, EXAFS and MD.
Structure of irradiation induced ppts confirmed
by EXAFS to be bcc as in 'peak hardness'
thermally aged condition.

Matrix composition can be assessed
experimentally by STEM and AP/FIM

Role of annealing on ppt stability requires post
irradiation annealing and re irradiation
experiments

Controlled accelerator based irradiation may be
beneficial in understanding the role of cascades
in the stability of precipitates under irradiation.

Limited results by TEM.HREM, FIM and SANS
Growing PA data. Interpretation currently
very difficult due to other contributions to the
signal eg precipitates.

A combined PA.IF and e Res on a series of well
characterised model alloys, linked into a well
controlled annealing kinetics experiment.

Experimental work using accelerator based
irradiations combined with modelling may
provide usefull insight.

Techniques exist to analyse grain boundaries
(AP/FIM, STEM, Auger and SIMS)

Computer modelling successful in other systems
(eg IASCC in Austenitics)

Require selected alloys to investigate the
balance between hardening or non hardening,
ie Embrittling species such as P association
with ppts and/or grain boundaries.
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Table in Techniques Available for the Characterisation of RPV Steels

Technique
Application
(Example References)

Transmission Electron Microscopy (TEM)

P(M)B
Example Refs 35-49

Field Emission Gun Scanning Transmission
Electron Microscopy (FEGSTEM)

PB
Example Refs 35,36,40,48.50

Electron Probe Micro Analysis (EPMA)

PB
Example Refs 51

High Resolution Electron Microscopy
(HREM)

PMB
Example Refs 36,52

Field Ion Microscopy and 3D Atom Probe
(FIM) (POSAP or OAP)

PMB
Example Refs 35,36,42,53-56

Small Angle Neutron Scattering SANS)

Diffuse Elastic Neutron Scattering (DENS)

p =:M)
Example Refs 35,36,41,55.59,60

Information Available
Limitations/comments.

Strain field of small precipitates and defect clusters.
Number density, size and structure of features with
diameter above the visibility limit of ~2 nm. In-situ
experiments on dislocation pinning and precipitation
kinetics. Standard sample geometry 3mm diameter
0.05mm thick discs. Analysis limited to relatively small
areas (-mrn^) less than 0.1-0.5um thick. Microchemical
information by electron energy dispersive X-ray (EDX) and
electron energy loss spectroscopy (EELS). Resolution may
be adversely affected by magnetic nature of material or
oxide formation on the surface.

Microchemical information on the spatial distribution of
(embrittling) elements i.e. composition of small precipitates
or precipitate free regions of the matrix, and grain
boundaries. Beam size ~1.5nm, positioned with nm
resolution to give elemental composition by (EDX) or
(EELS), typically can give concentrations (Cu) above ~0.05
wt%

Chemical analysis of the bulk composition by EDX or X-ray
wavelength spectroscopy. Sample volume analysed - unA
Elemental mapping of bulk composition changes across
weld runs etc. Analysis of inclusions and second phase
particles.

Lattice imaging thin regions containing precipitates and/or
matrix defects such as dislocation loops. Size and
structure of the precipitates/defects. Limited to extremely
thin samples <20nm thick, requires very clean samples,
gun damage can be a problem in the identification of lattice
defects.

Atomic resolution and atomic composition of small regions
of the matrix, precipitates and grain boundaries. Very
high spacial resolution, chemical composition isotope
sensitive ,can be both an advantage and a disadvantage.
Relatively small volume analysed, typically only ~5000
nm^.

Size and number density of precipitates in bulk specimens.
Typically 10 x 10 x 2 mm. Magnetic A ratio measurements
also permit some insight into the chemical composition of
the scattering centres. Resolution ~1 nm.
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Anomalous Small Angle X-Ray Scattering
(ASAXS)

P
Example Refs 68,69

Extended X-Ray Absorption Fine Structure
(EXAFS)

P
Example Refs 36.70.71,72

Positron Annihilation (PA)

PM
Example Refs 65.66,73-78.79-81

Internal Friction (IF)

PM
Example Refs 82-87

Mossbauer Spectroscopy (MS)

PM
Example Refs 88

Muon Spin Rotation (uSR^

PM
Example Refs 89

Barkhausen Emission and Magneto Acoustic
Emission (BE.MAE)

PM
Example Refs 90-94

Molecular Dynamics (MD

PMB
Example Refs 36,95-97

Size and number density of precipitates, elemental specific.
Technique similar to SANS but with limited depth
penetration.

Provides data on the average atomic environment of
embrittling species such as copper and nickel. Currently
limited to simple model alloys as data interpretation
difficult in complex steels. Bulk sampling technique.

Lifetime, Doppler broadening and angular correlation
techniques. Information on both matrix defects and
precipitates. Association of vacancy clusters and
contribution of vacancies to the precipitate kinetics. Non
destructive bulk sampling technique, samples typically 10
x 10 x 2 mm. Full mechanistic understanding currently
limited to model alloys, as data interpretation difficult in
complex steels. Increasingly being used in an empirical
way to correlate with mechanical properties data. Can also
be employed in ND testing: of plant components.

Low frequency: Gaseous impurities C,N and 0 in or out of
solution (Snoek effect). Orientation changes in point defect
complexes related to elastic anisotropy. High frequency:
Dislocation interactions (Granato-Lucke effect)

Recoiless nuclear resonance absorption of gamma
radiation. Bulk analysis technique, average environment
of the mossbauer nucleus. Precipitation of copper, carbon
in solution or in carbides. Interpretation difficult in
complex steels.

Bulk technique requiring high energy particle accelerator.
Point defects, defect clusters and precipitation kinetics
followed by changes in depolarisation, commencement of
ppt ripening detected by changes in precession frequency.
Application to complex steels not fully understood.

Related non destructive bulk analysis techniques. Detect
interactions between moving magnetic domain walls and
pinning points (copper precipitates?) Currently lacks
sensitivity in application to RPV steels.

Computer simulation of the atomic interactions in
materials. Understanding of the properties and
transformation of bcc copper. Used in the study of
irradiation induced defect complexes. Good elemental
potentials but currently no realistic Fe alloy potentials as
yet available. Limited to small volumes due to computer
and memory intensive calculations.
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Scanning Auger Microscopy (SAM)

B
Example Refs 50,99

Static / Dynamic Secondary Ion Mass
Spectroscopy (SSIMS / DSIMS)

PB
Example Refs 100-102

Scanning Tunnelling Microscopy (STM)

PCM)
Example Refs 103

Electrical Resistivity

PM
Example Refs 104-106

Lattice Parameter Measurements

PM
Example Refs 107

High Precision Dilatometry/Density

PM
Example Refs 108

Computer modelling

PMB
Example Refs 107,109-117.87

Analysis of the fracture surface providing surface specific
microchemical information on embrittling species such as
P. In situ fracture of specimen required to avoid surface
contamination.

Microchemical information on materials provided by
spectral analysis of sputtered ions. In principle SSIMS can
be used for assessment of segregation to grain boundaries
(fracture surface), requires good time of flight detector.
DSIMS good qualitative elemental mapping, grain
boundary segregation on cross section samples. Through
thickness composition of large inclusions and precipitates.
Diffusion kinetics can be followed due to isotopic
sensitivity.

Surface structural assessment with atomic resolution.
May provide information on large overaged precipitates,
offers possibility to identify subsurface features by
magnetic anomaly when used in conjunction with a
magnetic tip. Sensitive to any oxide layer and/or surface
contamination giving rise to problems in data
interpretation.

Bulk sampling technique used in the assessment of point
defect and defect complexes. Interpretation more difficult
in the complex steels.

Changes in lattice parameter associated with solute
additions, precipitates and matrix defects. Requires
further work to validate the technique and its application
to model alloys and RPV steels.

Accurate assessment of volume changes associated with
the production of matrix defects. Currently unknown
capability in the area of RPV steels. Considerable data and
expertise exists in applying the technique to other systems
ie.irradiation induced growth and void swelling.

A range of modelling codes are available to assist in a wide
range of RPV embrittlement issues, these range from codes
designed to help interpret experimental data, predictions
of irradiation induced phenomena, through to modelling of
the emmbrittlement behavior of vessels. Examples
include: dosimetry, recoil spectra, segregation,
precipitation, TEM image simulation, positron lifetimes,
SANS maximum entropy, etc... All models require a
degree of experimental input for validation.
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Table IV. Matrix Cu Levels Measured in
Fe 1.1 at% Cu aged at 550C [8]

Technique
Ageing
Time
A/Q

lOmin
2hr
10 hr

SANS
Cuat%

1.1
0.99
0.56
0.20

STEM
Cu at%

1.1
0.8
0.4

-

FIM/AP
Cuat%

1.0
-

0.4
0.1
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Table V.
FeCu After Thermal Ageing at 550°C,

Values in Vicker Hardness.[10]

Ageing time
at 550°C

5min
lOmin

2h
10 h

Measured
Hardness

37
55
100
76

Precipitate hardening
predicted from Russell and

Brown (1972) theory
fccCu

modulus
(0>5O°)

23
34
72
58

bccCu
modulus
(0>5O°)

32
47
98
60

Shear Modulii; fee - 4.8X104 MPa; bee - 3-OxlO4 MPa
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Table VI.
Effect of heat treatment on high copper weld [17]

Condition/Heat
Treatment
As received

Bulk Chemistry
As received

Copper effective
(assumes all S in the

form of CUT ftS)
Post-weld heat

treatment of 12h at
600C and 6h at 600C.
Followed by a quench

from 950C and
tempered for 42h at
600C and then 6h at

650C
As above plus

a further 5h at 750C

Analysis method/
Cu level in the ferrite

Wet chemistry
0.56

Calculated from bulk
data
0.52

Measured by STEM
0.39 ± 0.04
min 0.36
max 0.45

Measured by STEM
0.49 ± 0.05
min 0.42
max 0.53
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Figure Captions.

Figure 1. Typical light water reactor spectrum at various depths in the vessel wall.
(Distances in depth from inner surface).

^Figure 2. Percentage of neutrons at the surface, 1/4T and 3/4T which are greater than
O.lMeV and lMeV respectively

Figure 3. Histograms of recoil spectra for the inner surface and 1/4T position of the vessel
wall.

Figure 4. The damage efficiency factor, k, for defect production at 100 K in copper with
recoil energies from 60 eV to 10 keV and random knock-on directions (solid line).
The production of single and di-interstitials is also shown (dotted line).

Figure 5. Modelling interpretation of Magnox submerged-arc weld surveillance data [26].

Figure 6. Particle size distributions for FeCuNi thermally aged for 2 and 10 hrs. at 550°C
(a) derived from maximum entropy analysis of SANS data (b) TEM derived size
distributions. In both cases a bi-modal distribution can be seen.

Figure 7. The various contributions to the overall observed hardening in aged FeCu alloy.
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