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ABSTRACT 

Radiation embrittlement of nuclear reactor pressure vessel steels may lead to 

brittle fracture of pressure vessels under severe conditions like pressurized thermal 

shock events. This problem dominates the reactor safety and the plant life, therefore 

precise estimation and prediction of radiation embrittlement is necessary for keeping the 

safety and evaluating the plant life. Although empirical methods have been employed 

for the evaluation and the prediction of embrittlement, advanced methods based on 

physical understandings about embrittlement mechanisms are required because of the 

need to predict embrittlement in the extended plant life where no empirical data are 

available from the view of the plant life extension. It needs further understandings 

about embrittlement mechanisms, and this thesis is written with the intention of 

contributing to the further understandings and developing a new method to approach 

the embrittlement mechanisms. In chapter I, these backgrounds and the objectives of 

this study are described in some details containing the brief explanation of radiation 

embrittlement of nuclear reactor pressure vessel steels, problems for plant life 

extension, current understandings of the embrittlement mechanisms, and basic 

modeling methods for radiation embrittlement. 

The radiation embrittlement is believed to result from formation of fine features in 

matrix that impede dislocation motion. The fine features are so small (several nm or 

below) that sensitive detection techniques for the features are required . Positron 

annihilation technique has advantage in high sensitivity for detecting vacancy type 

defects. In chapter 2, the variable energy monoenergetic positron beam technique is 

successfully applied to ion irradiated iron based model alloys to investigate vacancy 

cluster formation by ion irradiation and effect of additional elements on the formation. 

It is essential to know how microstructural features cause hardening , and the 

hardeni ng trend and the thermal recovery behavior are expected to provide information 

on microstructural features that cause the hardening. In chapter 3, the hardening trend 

and the thermal recovery behavior are obtained for ion irradiated model alloys. They are 



compared with the positron annihilation results and the transmission electron 

microscopy observation. 

In chapter 4, the nature of the hardening features that form under ion irradiation in 

the model alloys is discussed. It is also discussed how the evolution of the features is 

modeled and how the obtained understandings for the ion irradiated model alloys are 

applied to the neutron irradiated practical steel s. Then this thesis is concluded in chapter 

5. 
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1. Introduction 
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1-1 Radiation embrittlement of nuclear reactor pressure vessel steels 

1-1-1 Profile of Pressure Vessels 

The reactor pressure vessel (RPV) of the light water reactor (LWR) confines a 

reactor core in pressurized water (Pressurized Water Reactor: 150-160kg/cm2, Boiling 

Water Reactor: 70-72kg/cm2) at high temperature (typically 290 "C). Examples of the 

pressure vessels are shown in fig.1-1 (PWR) and fig.l-2 (BWR) [1-1]. Technical 

features of the RPVs are 1) large dimension and thickness, 2) openable top for the 

exchange of fuel assemblies, and 3) large nozzles . Comparison of their dimension is 

shown in fig.1-3 [1-1] . The typical dimensions of the RPVs are in the following; the 

height is about 12m (PWR) and 18m (BWR), and the inner diameter is about 4 m 

(PWR) and 6 m (BWR). The required thickness for such a large dimension of the RPVs 

is as much as 20 em (PWR) and 15 em (BWR). The RPV cannot be exchanged and is the 

most important component which needs absolute integrity th roughout the plant life, 

because it is the last barrier against the defense in depth for the reactor safety. Fracture of 

the RPVs leads to the most severe accident like a loss of coolant accident or release of 

fission products to the air. This concern with safety is exemplified by the attention 

devoted to design, materials selection, fabrication , inspection, overall qua lity assurance 

and continuing in-service inspection for each RPV. Continuous improvements have been 

carried out to get the absolute integrity on the whole aspects. For example, early pressure 

vessels were made of rolled plates as a whole and they required weldment even around 

the core region (fig.1-4) [ 1-2]. However due to the significant development of the steel 

fabrication processes, ring forgings have been used around the core region for the recent 

RPVs to reduce the welded parts since 1970's (fig.l-5) [1-2]. 

1-1-2 Pressure Vessel Steels (Chemical Composition, Heat Treatment, Microstructure) 

Materials for the RPVs must have sufficient toughness in any possible condi tions. 

Si-Mn low alloy steels such as A212B were used as the pressure vessel steels of early 

LWRs. Then, Mo-added steels such as A302B Mn-Mo low alloy steels were used for the 

improvement of the strength at high temperature. As reactors had become larger, the 
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fracture toughness of A302B became insufficient. Then nickel was added to A302B 

steels. However, reactors became even larger, and the toughness of the improved A302B 

became insufficient again. The heat treatment of the steels was improved from 

normalizing- tempering to quenching- tempering. This kind of steels is ca lled A533B, 

and it is now used as the RPV steel most generally in the West. The A533B plate shows 

bainitic structure, but the steels for the RPV s generally have large varieties of 

microstructure between weld, heat affected zone (HAZ), and plate/forgings [ 1-1, 1-3, l-

4J. In Eastern Europe and Russia different kinds of stee ls are used for the VVER type 

reactors and the major difference exists in the addi tion of Cr and V to the VVER type 

steels [1-1, 1-3]. Table-1.1 shows the typ ical steel composi tion for the Western and 

Eastern types of the RPV s [ 1-3] . 

Table 1-1. Typical steel composition a) (wt. %) from various studies [1 -31. 

c Mn Si p s Ni Cr Mo Cu v 

VVER 

15Ch2MFA 0.18 0.6 0.37 0.025 0.025 0.4 3.0 0.8 0.15 0.35 

15Ch2NMFA 
gradcAA 0.17 0.5 0.28 0.009 0.0 11 1.26 2.1 0.58 0.04 0.08 

BWR,TWR 

A533B 0.2 1.37 0.24 0.007 0.006 0.62 0. 14 0.53 0.07 

A302B 0.24 1.34 0.23 0.011 0.023 0.18 0.11 0.51 0.1 

a) Balance Fe. 
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Fig. I-I An example of reactor pressure vessel for PWR ( 1-1] 
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Fig.l-2 An example of reactor pressure vessel for BWR [1-1] 
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1-1-3 Radiation Embriulemenc of Pressure Vessel and its Monitoring 

Aging of the RPVs, in panicular, degradation of toughness of the RPV steels is one 

of the most critical problems on the reactor safety. Since the degradation is mainly due to 

neutron exposure to the RPY, the phenomenon is called radiation embrittlement of RPV. 

The requirements for avoiding brittle fracture of the RPVs from the deterministic 

fracture mechanics are KJC > K1 where KJC is a fracture toughness and KJ is a stress 

intensity factor, and sufficiently large upper shelf energy CUSE), which is measured with 

Charpy V-notch impact test. The KJC and KJ are functions of temperature, therefore it is 

necessary for avoiding brittle fracture to keep the condition ofKJC > KJ over the possible 

temperature range for the pressure vessels. Neutron irradiation to the pressure vessel 

steels shift the KJC curve to higher temperature, and the sh ift in temperature of the curve 

is generally evaluated from the shift in nil-ductility transition temperature (NDTT) 

measured with drop weight tests or the shift in ductile-brittle tran sition temperature 

(DBTT) measured with Charpy Y-notch impact tests. Figure 1-6 shows the above 

concept schematically. Therefore, it is necessary for the judgment of the RPV integrity to 

evaluate precisely the shift in NDTT or DBTT caused by neutron irradiation as well as the 

possible stress and temperature conditions under the accidental events . Nowadays 

surveillance test data and prediction forrnulas derived from statistical analysis of the data 

on the surveillance test and irradiation experiments in material test reactors (MTR) are 

complementarily employed for the evaluation of the embrittlement at the present time or in 

the near future. An example of configuration and direction of the survei ll ance capsules is 

shown in fig . l-7 [1-5]. A lead factor is defined as a ratio of neutron flux at the 

surveillance capsule position to neutron flux at the vessel wall, and it generally ranges 

from 1.5 to 4 I 1-6]. The surveillance data have been accumulated with increasing 

operating plants enough to forrn a data base for fun her statistical analyses. 

10 



t.T 

Lower limit 
of K1c 

- ---~ 

---~ 

TEMPERATURE 

Fig.l-6 A schematic figure of the shift of KJC curve caused by irradiation. 

\ ~ ~l '~·:~::::::;:::::· "" 
\1~ : ;;n;,;::::.-'" 

il'~i~oooi· ... :::·-.CJ-o[J~ .. l.--'!.'.'!4-:: 

.... G ..... ~ .... ,.. ~~ ........ ~~ 

' " 
"' ~, .. I ,. ~, .. I 

.....-,. W.n11;;;-;~ ,;;-;,.m.11 u;-, ------------ t11111 HUU If ttlliL ----"-""--"---'=-

Fig.l-7 An example of configuration and direction of the surveillance capsules [ 1-5]. 

11 



1-1-4 Factors controlling the embrittlement 

1-1-4-1. Neutron fluence 

The embrittlement of the RPV steels monotonously increases with the neutron 

fluence. The fast neutron fluence has been a scale of dose since the early days of the 

nuclear power plants. Other scales such as displacement per atom (dpa) have been 

investigated since 1970s, and the use of dpa is recommended for the estimation of depth 

dependence of radiation damage in RPVs in the Regulatory Guide 1.99 Rev.2. Based on 

physico-based model calculation, it was proposed by Heinisch [1-7] from the study of 

HFIR embrittlement that freely migrating interstitials per atom (fmipa) gives better 

correlation of embrittlement among HFIR, Omega West Reactor (OWR) and Rotating 

Target Neutron Source (RTNS-II) than dpa (fig.l-8). 

300 
• HAR A212 
o ORR A2t2 

250 t>. OWR A212 

o OWR A30'2 . ' RTN5-IIA302 a. 
::;; 

200 • 
~ 
"' 150 u . . . 
Vi 100 
"0 
0 ;• ;:: 

50 
'~ 

0 
.01 .1 10 100 

Freely Migrating lntersl!tlals per Atom (10 4 ) 

Fig.l-8 Change in 0 .2% offset yield stress of A302B and A212B pressure vessel steels 

as a function of freely migrating inters titials per atom (fmipa) [1-7]. 
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1-1-4-2. Chemical composition of the stee ls 

It has been well-known that the em brittlement of RPV steels is sensitive to their 

copper content [1-8, 1-9] . Figure 1-9 shows an example of the copper effect [1-8]. 

However, when the early nuclear reactors were constructed, this fact was unknown to 

result in the pressure vessel steels containing considerably large amount of the copper 

(approximately 0.4wt. %). Until 1970's phosphorus was believed to have a great effect 

on embrittlement. In 1974 American Society for Testing and Materials (ASTM) added the 

limitation to the copper and phosphorus content of the A533B steels. Now the copper 

content of the A533B steels is limited to less than 0.1 wt. %. 

The nickel content was considered to have little effect on embrittlement until the 

middle of 1970's, but the effect of nickel content has been realized and it is now adopted 

to the prediction formul a of the embrittlement (Regulatory Guide 1.99 Rev .2). In general 

nickel is considered to have the combined effec t with the copper content [1 - 10]. But 

Odette et al. adopted the independe nt nickel enhancement of the embrittlement 10 his 

prediction formula [1-8] (Fig. l -10) . It is not clear whether nickel has the independent 

effect on the embrittlement or not. 

The effect of the other elements such as phosphorus or sulfur has appeared to be 

less imponant. However, in Japan the effects of phosphom s and silicon have recently 

been adopted for the prediction of the embrittlement of plates and weld metal s, 

respectively (to be discussed later). 
75.-----------,-----------, 

:r: 
a. 
0 
<] 

/:;. (0.55 ± 0.1) 
0 (0.90 + 0.05) 
0 (0.25 + 0.08) 
e MODEL (0-1.2) 

(Ni) 

Cu 

• • 

Fig. l-9 The effect of copper on the embrittlement of RPY steels and model alloys . The 

numbers in the brackets show the nickel content for each symbol [ 1-8]. 
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Fig.l-10 The effect of nickel on the embrittlement of RPV steels. [1-8]. 

1-1-4-3. Microstructure 

The microstructure of steels is controlled by their chemical composition and the heat 

treatment. It is generally said that low temperature transformation structure such as 

tempered martensite or bainite is more insensitive to neutron irradiation embrittlement 

than high temperature transformation structure such as ferrite or pearlite [1-6]. 

With respect to the effect of grain size, it was reported that the embrittlement of 

steels which consist of larger grains was greater than that of steels which consist of 

smaller grains [1-11]. However the effect of the grain size is considered to be smaller 

than that of impurity or microstructure. 

Weld and heat affected zone (1-!AZ) have quite different microstructure from plates. 

In addition, weld metal have so different amounts of impurities and so different stress 

conditions from that of plates that DBTT of weld is higher than that of plates before 



irradiation, and that increase of DBTI caused by neutron irradiation for weld was larger 

than that for plates (fig.l-11) [1-12]. 

5 ~-IN. A533-B CLASS I ELECTROSLAG WELDMENT 

LEGEND: 
f THICKNESS : •-BASE PLATE •-WELD 

f THICXNESS: 51-BASE PLATE •-WELD 

SURFACE : o-SASE PLATE •-WELD 

IRRADIATED !i!iO"F" 
(•1-

Fig. I-ll A comparison between radiation-induced change of Charpy curves for plate and 

weld [1-12]. 

1-1-4-4. Irradiation temperature 

The effect of irradiation temperature on the embrittlement is considerably great 

(Fig.l-7). The embrittlement decreases with increasing irradiation temperature, and this 

fact suggests that thermal recovery of radiation-induced defects occurs during irradiation. 
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Fig.1-12 Variation of hardness change with irradiation temperature (P: plate, W: weld, 

M: model alloy and CW: cold-worked) [1-8]. 

1-1-4-5. Neutron flux 

Neutron flux was considered to have little effect on embrittlement in the early days 

of the embrittlement study, but the effect has been gradually recognized. The general 

theory of the dose rate effect proposed by Kiritani [ 1-13] is the following; if the reaction 

rateR for a panicular reaction can be expressed as a function of flux 0 in the form of R = 

K0n, the reaction is enhanced by accelerated irradiation in the case of n > I , unchanged 

in the case of n = I , and suppressed in the case of n < I. Since the radiation 

embrittlement of RPV steels result s from multiple radiation-induced reactions, its dose 

rate dependence might not be expressed as such a simple form. The embrittlement of 
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RPV steels in practical LWRs which are exposed to lower neutron flux than MTRs tend 

to saturate [1-6]. Some prediction methods which include the flux effect on radiation 

enhanced diffusion have been recently proposed [ 1-8, 1-9]. 

1-1-4-6. Primary Knock-on Atom (PKA) energy spectrum 

Since PKA spectrum is not so different among various LWRs, PKA energy 

spectrum had been less pronounced until the discovery of the extraordinary accelerated 

embrittlement ofHFIR reactor vessel [1-14) (fig.1-13) which is subject to neutrons of 

much larger thermal- fast flux ratio than LWRs. It was once thought that the difference in 

PKA energy spectrum is the most probable interpretation of accelerated embrittlement. 

However, it became clear recently that the thermal to fast ratio was overestimated, and 

atomic displacement by the gamma field of very high energy is considered as the current 

interpretation of the discrepancy. 
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Hro• "'" l ::> 
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Q. 0- SA336 DATA " ~ • -wELD A 

e • -WELD B ........... 
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0: 
>--
>-
Q. 
0: 
« 
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;; 

"' "' :;', 
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wzz tOZ) 
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Fig. 1-13 Accelerated radiation embrittlement of HFIR reactor vessel [ 1-14). 
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1-2 Problems for Plant Life Extension 

1-2-1 Needs for Plam Life Exiension 

Demand of electric power is getting larger and it will continue growing all over the 

world. Therefore nuclear power is expected to supply more electricity than ever because 

of the limit of the fossil fuels and their C02 problem. However, construction of nuclear 

power plants is globally getting more difficult due to the anxiety of the public for such 

serious accidents like TMI or Chernobyl so that the annual number of newly constructed 

plants is decreasing. It may result in the shortage of electric power when many nuclear 

power plants reach their operation limit and shut down. Therefore it is important to utilize 

the existing plants as long as possible from the view of the global energy problem. 

Operation limit of a nuclear power plant varies among the countries. In US, 

licensing limit of operation of nuclear power plants has been defined as forty years. This 

licensing limit will come in the near future for the plants which have been in service since 

1960's. Several years before power plants reach the licensing limit, power companies 

have to make decision among following three ways; I) shutdown and decommission of 

the reactor, 2) construction of a new plant to substitute the old, or 3) extension of the 

operation period in I 0 to 20 years. It costs very much to take the former two ways, so it 

is natural that power companies intend to extend the plant operation with keeping 

sufficient integrity. Thus, plant life extension is also needed from the view of economy. 

It is needless to say that plant life extension must be done with keeping the 

sufficient safety of nuclear power plants. In USA, it is necessary for the extension of 

service life of nuclear power plants to convince the Regulatory Authorities and the public 

of the plant safety thoroughly. For some plants which have been in service for a long 

time, precise evaluation of the decrease of the fracture toughness has been needed in 

order to prove the integrity even under the severe accidents such as the pressurized 

thermal shock events. 

Surveillance tests and prediction formulas are currently used complementari ly in 

order to estimate embrittlement of vessels. There are various prediction fonnu las among 

countries derived from the statistical analyses of mechanical property data collected 

18 



through the surveillance tests and material test reactor irradiations. In the following 

section, various prediction formulas are shown. 

/-2-2 Empirical Methods for Predicting Embrittlement 

The prediction formulas of the embrittlement are generally expressed in the form of 

the product of the chemistry factor and the fluence factor, the forrner is a function of 

chemical composition of the steels and the latter is the function of fast neutron fluence. In 

the following, the embrittlement is expressed as the shift of reference temperature 

(L'.RTNDT) which is roughly equal to the shift of nil-ductility transition temperature, 

chemical symbols in formulas are the content of the element in wt. %, and f is the fast 

neutron fluence in I 0 19n/cm2 (E > I MeV) . These formulas are derived based on 

statistical analyses of the data from the irradiation experiments in the material test reactor 

(MTR) and/or from the surveillance tests. 

USA 

e Regulatory Guide 1.99 Rev.! (1977) 

Regulatory Guide 1.99 Rev. I was presented by Nuclear Regulatory Committee in 

US. in 1977. At that time, copper and phosphorus were believed to have the dominant 

effect on the embrittlement, therefore the chemistry factor was expressed as the function 

of copper and phosphorus content. The formula is; 

L'.RTNDT = [40 + 1000 (Cu- 0.08) + 5000 (P- 0.008)1 [0.5 

e Guthrie's formula 

The synergistic effect of copper and nickel was adopted to the Guthrie's forrnula. 

The effect of phosphorus was not adopted in the forrnula because of the relative 

insensitivity of embrittlement to phosphorus content. The formula is; 

L'.RTNDT = (-10 + 470Cu + 350CuNi) [0.270 

This formula was used in IOCFR50.61 published by NRC in 1985. 
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e Regulatory Guide 1.99 Rev.2 (1988) 

Regulatory Guide 1.99 Rev.2 is currently effective in US. This is basically a 

combination of two correlations given by Guthrie fl-15] and by Odette [1 -16] . Its 

characteris tics are (I) the chemistry factor is derived from the table using copper and 

nickel content, (2) the table is different for plate or weld, (3) the saturation of 

embrittlement is adopted to the power of f. It is also remarkable that the use of dpa was 

recommended for the first time for the evaluation of embrittlement in the thick wall. The 

formula is; 

L'IRTNDT =[chemistry factor] t<J.28-0.I Ologf 

This formula can be applied in the case of 0.1 to 0.4 wt.% Cu, 0.1 to 1.0 wt.% Ni, fast 

neutron fluence in the range of 2x 1018 to I oi9n/cm2 (E> I MeV), neutron flux less than 

5xi011n/cm2, and irradiation temperature between 280 and 305 ·c. 

Japan 

e JEAC4201-1991 

In Japan , many efforts have been made to develop the vessel material properties 

and their irradiation sensitivity. It results in the excellent level of Japanese steels, and the 

prediction formula should reflect such improvement. Then l shino et a!. analyzed the 

domestic PWR surveillance data, foreign survei ll ance data, and accelerated irradiation 

data at test reactors to derive the prediction formulas f I- I 7]. Moreover, domestic BWR 

data were added to modify the fom1ula. It is currently utilized as JEAC 4201-1991 and 

the form is as follows; 

L'IRTNDT = (- 16+1210P+2l5Cu+77CuNi }f 0.29-0.04logf for plates 

L'IRTNDT = (26-24Si-61Ni+301CuNi ]f0.25-0.IO!ogf for weld. 

It is unique compared with other prediction formulas to consider the effect of 

silicon for weld. 
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1-2-3 Problems of empirical methods and Needs for physico-based methods 

The integrity of RPYs has ever been ensured with such empirical methods, 

however, the necessity to ensure the integrity with the methods based on the physical 

basis has been proposed recently. The background of this concept is shown as follows; 

(1) As described in 1-2-1, in US licensing limit of operation is forty years. This 

limit of license will come in the near future for the plants which have been in service since 

1960's. Due to the difficulty of the construction of a new nuclear power plant, plant life 

extension has been proposed and the necessary R & D has started since 1975. In US it is 

necessary for the extended service life to convince Regulatory Authorities and the public 

of the plant safety thoroughly. For some plants which have been in service for a long 

time, precise evaluation of the decrease of the fracture toughness has been needed in 

order to prove the integrity even under the severe accident such as pressurized thermal 

shock events. 

(2) In Japan, the current concern is to estimate how long the recent improved 

materials will have been safely usable in the future. It is necessary for this to accurately 

predict the limit of the service life for each product based on the mechanisms of the 

degradation. 

(3) Recently, there have been several cases which show difference between the 

prediction of embrittlement based on the statistical analysis and the measured value. For 

example, in KRB-A reactor, a BWR at Gundremmingen in Germany, some of the data 

on embrittlement obtained from trepan specimens taken along specific orientation from 

the actual RPY were found to be worse than expected from trend curves of evaluation 

Code fl-181. Another example is the shift in DBTT of the RPY steels of the High Flux 

Isotope Reactor (HFlR) at Oak Ridge National Laboratory (ORNL) in US. The 

surveillance data were found to be greater than those predicted from research reactor 

irradiation data (fig . l-13). ln order to investigate the possible cause for this discrepancy 

the service of the reactor had to be interrupted for the period of 1986 -1989 . These 

examples evoke needs for the improved prediction methods beyond the empirical 

methods. Mechanistic modeling which is based on physical insights about the 
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embrittlement is currently considered as the possible improved prediction method for the 

radiation embrittlement . The difference between the empirical methods and physico-

based methods are schematically shown in fig.l-14. 

(empirical methods ) 

surveillance data base 

- w-9 dpa/scc 
~----.,----~ 

test reactor data base 

l 
- 10·7 dpa/scc 

scaling by fast flue nee 
data extrapolation 

~hysico-based methods) 

accelerator based ion irradiation 

' ·- ....... analysing embrittlement 
m~chanisms ~om ~-
mtcroscoptc vtew ·-. 

I~ f for ex traction of parameters 

__ ., 

expressing hardening feature 
evolution as a function of material j 
and irradiation variables i appropriate hardening models 

predicting hardening based 
~ on microstructure evolution 

hardening-embrittlement 

prediction of RPV 
embrittlement 

- I0- 11 dpa/scc 

correlaUon 

Fig.l-14 Integration of two different approaches to the prediction of RPY embrittlement. 
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1-3 Current Understandings of the embrinlement mechanisms 

1-3-1 Radiation embritrlement and radiation hardening 

It is commonly recognized that matrix hardening mainly contributes to the radiation 

embrittlement of pressure vessel steels. How matrix hardening causes embrittlement is 

explained in Fig.l-15 [1-19]. Yield stress of body-centered cubic (bee) metals such as 

iron has as weak temperature dependence as elastic constant at relatively high 

temperature, but it has strong temperature dependence at relatively low temperature due to 

thermally activated processes. The increase of yield stress induced by irradiation does not 

depend on test temperature in most cases, so the yield stress-temperature curve shifts to 

higher yield stress. On the other hand, the fracture stress has little temperature 

dependence and hardly changes due to irradiation. 

The temperature at the intersection point between yield stress and fracture stress is 

the DBTT. Therefore as shown in Fig.1-15, the increase of yield stress causes the 

increase of DBTT. This relation can be expressed as follows; 

till BIT= !'J.a,- !'J.ar 
da, 

(f) 
(f) 

w 
a: 
1-
(f) 

1fT 

"-' 
§ 
f-
u 
< ~ 
u: C/1 

IRRADIATED 

YIELD STRESS 

\ IRRADIATION 

STRENGTHENING , 

~~------/ 

UNIRRADIA TED IRRADIATED 

DBTT DBTT 

UNIRRADIA TED 

YIELD STRESS 

TEMPERATURE->-

Fig.1-15 Schematic diagram showing how irradiation hardening results in a transition 

temperature shift [1-19]. 
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where cry is yield stress and Of is fracture stress . Assuming t.Of = 0 and doy/dT = 

constant , t.DBTT is roughly proportional to t.oy. Because the proportionality has been 

confirmed in some irradiation experiments, radiation embrittlement is considered to result 

from matrix hardening by irradiation. For example, the proportionality constant is 

reported to be 0.65 ± 0. 15 "C/MPa for weld and 0.5 ± 0.2 "C/MPa for plate in the cases 

of the RPV steels irradiated in power reactors [ 1-20]. 

1-3-2 Hardening mechanisms 

Although transmission electron microscopy (TEM) has been generally applied to 

the investigation of microstructural evolution, there have been little TEM-visible 

evidences of microstructural evolution in the irradiated RPV steels to which the radiation 

hardening of pressure vessel steels can be attributed. Therefore the radiation hardening is 

considered to be due to formation of fine microstructural features below the TEM 

resolution limit acting as di spersed obstacles to dislocation motion. Hardening models 

will be discussed later. 

1-3-3 Copper rich clusters 

Nature of the fine scale microstructural changes is the main interest about the 

embrittlement mechanisms. Since copper impurity significantly enhances embrittlement at 

low and intermediate fluences, copper rich precipitates have been widely considered to 

form during irradiation through radiation enhanced diffusion. Various techniques such as 

small angle neutron scattering (SANS) , atom probe field ion microscopy (APFIM) and 

field emission gun/scanning transmission electron microscopy (FEG/STEM) indicate the 

presence of fine copper rich clusters (below 2nm) in irradiated steels and model alloys [1-

21, 1-22, 1-23 , 1-24, 1-25, 1-26, 1-27, 1-28] . 

Precipitation of copper atoms from supersaturation of Fe-Cu sys tem was 

investigated with thennal aging experiments above 500"C from 1960s. A schematic view 

of thermal aging behavior and the contribution of each factors are shown in fig.l-16 [ 1-

21 , 1-22]. Copper precipitates continue growing up to several tens of nm during thermal 
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aging, and the hardness shows a peak value when the precipitates become 2- 4 nm in 

diameter. Then the hardness decreases with increasing precipitates' size to show 

averaging. In the averaged condition with precipitate diameter above 15nm, the structure 

of precipitates has been found to be fcc that is inherent to copper. Recent high resolution 

electron microscopy (HREM) indicates the precipitates have twinned 9R stmcture when 

their size is within 6- 15 nm [1-29]. Smaller precipitates are coherent with matrix and 

have been proposed to have bee structure [1-22]. 

The precipitation is controlled by diffusion of copper atoms. Since diffusion of 

copper atoms occurs with vacancy mechanism, supersaturated vacancies introduced by 

neutron irradiation enhance diffusion to assist the copper precipitation. However, 

precipitation behavior in the irradiated iron alloys is different from that in the thermally 

aged alloys . There is no observation that find averaged fcc copper precipitates in the 

irradiated alloys, instead, they remain at- 4 nm diameter in simple alloy systems, which 

is similar in size of peak hardness condition. Moreover, precipitates in the irradiated 

materials tend to contain more other elements such as nickel and manganese than in the 

thermally aged materials. It is not clear why such differences occur between the thermally 

aged and the irradiated. There are still many problems to be solved on the copper 

precipitation in the irradiated materials such as nucleation process and effect of 

displacement cascades on the nucleation, precipitate composition and effect of matrix 

chemical composition on it, structure or atom ic configuration in a precipitate including 

vacancies, diffusion constant at various vacancy concentrations, effective copper 

concentration in solid solution, and so on. 
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Fig.1-16 The various microstructural components making up the measured hardness 

response of a Fe-Cu alloy following thermal aging at 550"C [ 1-21, 1-22]. 

1-3 4 Matrix defects 

There must be the other hardening features than copper rich clusters because the 

irradiation hardening occurs even in the case of very low copper steels . Such features are 

generally called "matrix defects", however, the nature of them is not clear. They may be 

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

or solute-point defect clusters. Although evidence of microvoids and dislocation loops 

has been observed in the irradiated simple model alloys, TEM technique cannot detect 

such evidences in complex practical steels irradiated to typical RPV doses. 

1-3-5 Nonhardening embrittlemem 

As discussed above, hardening mainly induces embrittlement in the dose range of 

the current plant life. However, there might be potential for non hardening embrittlement 
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in some RPV materials in the dose range of the extended plant life . 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 [1-3]. Irradiation might assist the 

segregation but there are little data on the irradiation-induced segregation in RPV steels . 

1-3-6 Various Special Techniques for the mechanism research 

Because of the fine scale of the hardening features, use of various special 

techniques is required for characterization of microstructural and microchemical features . 

Phythian and English compiles the techniques available to characterize the microstructure 

I chemistry of the material in Table 1-2 [1-3). P, M and G in Table 1-2 represent the 

availability of each techniques to precipitates, matrix and grain boundaries, respectively. 

In addition to this table, tomographic APFIM has recently become a powerful method for 

investigation of precipitates [ l-30j. This technique can produce a 3D image of copper 

precipitates in simple model alloys. 
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Table 1-2 Techniques available for the characterization of RPV steels [1-3]. 

Technique application 
Precipitate, Matrix, ~undary 
Example references 

Transmission electron microscopy 
(TEM) 

P,(M), B 

Example refs. 
[29,30,34,38,40,43,44,45,46,52,59,68, 

95,97, 104,105,123] 

Field emission gun scanning trans
mission electron nUcroscopy 
(FEGSTEM) 

P, B 
Example refs. 
[29,30,34,46,52, 104,107 ,119] 

Electron probe micro analysis 
(EPMA) 

P, B 
Example refs. [122,123] 

High resolution electron micros
copy (HREM) 

P, M, B 
Example refs. [26,27 ,30] 

Field ion microscopy and JD atom 
probe (FIM) (POSAP or OAP) 

P,M, B 
Example refs. 
[29,30,32,59,69, 71 ,91,91>, 127' 130] 

Small angle ncutr,Jn scattering 
(SANS) Diffuse :lastic neutron 
sc:ltlering (DENS} 

P,(M) 

Exam;>k refs. 
129 .3o ,J3,3o ,31 ,39 ,5 2.62. 63 .64. 65.67. 

72,100.10! ,102, 105, 126] 

Anom;-,Jous small angle X-Ray 
SC;tth:rin~ (ASA...\:S) 

E.:C"Jmpk refs. {93,9~1 

Extended. X-R3y absorption fine 
structure (CX.AFS) 
p 

Exampie rcis. [30.73,99,125} 

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 3 mm diameter 
0.05 mm thick discs. Analysis limited to relatively small areas (- mm 2 ) less than 0.1-0.5 
~m 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 -1.5 nm, positioned with nm resolution to give P,B elemental composition by 
(EDX) or (EELS), typ·ically can give concentrations (Cu) above - 0.05 wt% 

Chemical analysis of the bulk composition by EDX o r X-ray wavelength spectroscopy. 
Sample volume analysed - ~J.m3 . Elemental mapping of bulk composition changes across 
weld runs, etc. Analysis of inclusions and second phase particles 

Lattice imaging thin regions contain ing precipitates and/or matrix defects such as 
dislocation loops. Size and structure of the precipitates/defects. Limited to e::ttremely 
thin samples < 20 nm 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 -5 j.Lm3 

Size and number density of precipitates in bulk specimens. Typically lOX l0X2 mm. 
Magnetic A ratio measurements also permit some insight into the chemical composition 
of the scattering centres. Resolution - 1 nm 

Size and number density of precipitates, elemental specific. Technique similar to S,.\J'[S 
but with li mited depth penetration 

Provides data on the average atomic environment of embrittling species !Ouch J.S coppc=r 
and nickel. Currently limi!ed to simple model :~.lloys as data interpretation difficult in 
complex steels. Bulk sampling technique 
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Table 1-2 (continued) 

Technique application 
Precipitate, Matrix. ~undary 
Example references 

Positron annihilation (PA) 

P,M 
Example refs. 
134,55,70,84,89,92,96,!00:!05,116,117, 

128,129] 

Internal friction (IF) 

P,M 
Example refs. 
118,29,74,112,113,114] 

M6s.sbauer spectroscopy (MS) 

P, M 
Example rcf.l54] 

Muon spin rotation (~SR) 

P, M 

Example ref. ]87] 

Barkhausen emission and mag-
neto acoustic c:nission 

(BE, MAE) 

P, M 

Example refs. 
166,38, 76,77' 78, 79,88] 

Molecular dynamics (MD) 

P, M, B 

Example refs. 
13,4, 13,14, 15,30,42. 75] 

Scanning Auger microscopy 
(SAM) 

E•ample refs. [80,107) 

Static/dynamic secondary ion 
mass spectroscopy (SSIMSJ 

DSIMS) 
1', 8 

E"mple refs. 181,82,83] 

Scanning tunnc:llin: microscopy 
(ST~I) 

P,(M) 

E"mple rcfs. l108,109,110] 

Information available 
Limitations/comments 

lifetime, Doppler broadening and angu lar correlation techniques. Information on both 
matrix defects and precipitates. Association of vacancy clusters and contnCution 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, 
·ave.rage environment of the MOssbauer nucleus. Precipitation of copper, carbon in 
solution or in carbides. Interpretation difficult in comple.x 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 chances in precession frequency. Application to complex steels not 
fully understood 

Related nondestructive bulk analysis techniques. Detect interactions between moving 
magnetic domain walls and pinning points (copper precipitate:~?). Currently :ad~s 

sensitivity in application to RPV steels 

Computer simulation of the atomic interactions in materials. Understanding-of the 
properties and transfonnation cf bee copper. Used in tl.e study of irraUiation-induced 
defect complexes. Good elemental potentials but currcr.!l~' no realistic Fe alloy potentials 
as yet available . Uffiited to sm:lll volumes due to coJmyu:cr ::md memory intensive: 
calculations 

Analysis of the fracture surface providing surface specific microchemica: information on 
embriuling species such as P. In-situ fracture of speci:nen required to avoid surface 
contamination 

Microchemi:::al infonnation on mat~ rials provided by spectral a~alysis of spu.ttereU ions. 
In principle SSIMS can b:- us~d for asses.c;ment of segrebation to 'rain boumhries 
(iraCiure surface), requires good time-of.night detector. DSIMS good qualitative: elem~n
tal mappin~. grain boundary segregation on cross section s:~mples. Throu&h thicknt:s.c; 
composition of larse inclusions ::md precipitates. Diffusion kinetics C:ln be followed d11e to 
isotopic sensitivity 

Surf:~cc structural assessment with atomic resolution. M:~y provide infonnation em large 
overaged precipitates, offers possibility to identify subsurface fe:-~tures by m:~snetic 
anomaly when usetl in conjunction with a magnetic tip. Sensitive to any oxide 1:\yer 
andjor surface contamir.aticn givin& rise to problems in data interpretation 
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Table 1-2 (continued) 

Technique application 
Precipitate, Matrix, ~uodary 
Example references 

Electrical resis:iviry 

P,M 
Example refs. ]85,86,103] 

Lattice parameter measurements 

P,M 
Example refs. ]60,124] 

High precision dilatometry /den
sity 

P,M 
Example ref. [120] 

Computer modelling 

P, M,B 
Example refs. 
[20,21,22,23,24,49,50,47 ,48,106,111, 

115,118,129] 

Infonnation available 
Limitations/comments 

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

Changes in lattice parameti:r 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 matrU defects. 
Currently unknown capability in the area of RPV steels. Considerable data and expertise 
exists in applying the technique to other systems, i.e ., 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 simula tion, positron lifetimes, SANS maximum entropy, rate theory etc. All models 
require a degree of experimental input for validation 
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1-4 Modeling of Radiation Embrittlement 

The radiation em brittlement of RPV s that occurs over several decades originates 

from atomic displacements induced by neutron bombardment in a very short time(- ps). 

In order to establish the mechanistic modeli ng of the radiation embrittlement such 

modeling should cover the phenomena that occurs in very wide time scale (from ps to 

decades) and in very wide dimensions (from sub nm to several tens of meters). In thi s 

section , the basic flow linking from atomic disp lacements to embrittlement is discussed 

along the time scale. Such sequential reactions are schematically shown along time scale 

in fig.I-17 [1 -3 1], which is a common concept over any problems on radiation damage . 

Neutron Radiation Effects in 

Nuclear Energy Systems 

Displacement Damage Evolution 
Multiple Cascades,cascade Clusters 
Subcascades Migratinp Defects ' 

Volume Change, Strength, 
. Creep, Fatigue, Corros1on, 

Nucleation and GrowthCrack lnitiaf10n & Growth 
of Defect Clusters 

10-13 sec 

I ·~~ar 
namics 

Binary Collision 
Approximation 
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J0-11 sec 10-6 sec 

Stochastic 
Annealing 
Simulation 

Evaluation Method 

J0-3 sec 

' 
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System Analysis , 
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Analytical ~qe~~);ig~s Rate ~~~~~c~W6~ 
Diffusi ,o_n ____ .--__ .._(P_::IE::;,):......_, Mechanical 

Testing 
(PIE) 

In-situ Observation 

PIE : Post Irradiation Examination 

Fig.l-17 Sequentia l reactions along time scale for the development of microstructures 

from cascade damage by neutron irradiation. Small modification to 11 -3 1]. 
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1-4-1 Primary defecr production 

Energetic neutron bombardment to crystalline solids induces sequential 

displacement of lattice atoms from their lattice sites (displacement cascade). A schematic 

two-dimensional diagram of a cascade created by a fast neutron is shown in fig.l-18 [ 1-

32]. It generates vacancies and interstitials in a displacement cascade, and they are the 

fundamental source of radiation embrittlement. The number of displaced atoms can be 

calculated as a function of primary knock-on atom (PKA) energy using the formalism 

developed by Norgett, Torrens and Robinson [1-33]. Since incident neutron flux and its 

energy spectrum can be converted to number of PKA and PKA energy spectrum using 

the displacement cross section, total number of vacancies and interstitials can be evaluated 

under a certain neutron exposure. This number gives displacement per atom (dpa) that is 

an internationally accepted exposure parameter. Thus dpa and damage rate (dpa/sec) can 

be estimated under a certain neutron exposure. 

The dpa counts all the point defects produced by sequential displacements in a very 

short time (-ps) within a cascade irrespective of their fates. For modeling the subsequent 

phenomena it is necessary to describe the absolute number and configuration of vacancy 

and interstitial defects following the local short term rearrangement within the 

displacement cascade. This rearrangement (cascade annealing) leads to in-cascade 

recombination of vacancies and interstitials, and clustering of them. Since it is very 

difficult to experimentally study cascade damage structure that occurs within such a short 

time, computer simulation methods such as molecular dynamics (MD) and binary 

collision approximation (BCA) have been applied to this problem [1-34, 1-35, 1-36, 1-

37, 1-38, 1-39, 1-40]. Recent examples of such approach are shown in figs .l-19 and l-

20 [1-40]. The current obtained insights through such approaches are summarized as 

follows [1-411; 

I) The total residual defect production efficiency, or cascade efficiency 7) , defined as the 

ratio of the defects surviving the short term annealing (STA) to dpa, decreases from about 
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1 for very low energy recoils to about 0.25 to 0.45 at energies above 0.5 to !keY; the 

variation of 7) with PKA energy is relatively slow at higher energies . 

2) A significant fraction of the residual defects are contained in clusters of more than two 

defects. Maximum cluster sizes are 10 or greater. Clustering can be grossly defined in 

terms of the fraction of the residual defects contained in clusters filvc[. The fractional 

clustering and average and maximum cluster size increase with increasing PKA energy. 

Clustering is also a function of the defect type , cluster size and temperature and is 

sensitive to the details of the MD or BCA/STA model. Various models predict clustering 

of 40% to more than 90% of the residual defect. 

3) The corresponding estimate of the fraction of dpa in the form of mobile unclustered or 

'freely migrating' residual defects is in the range of about 0.05 to 0.15 . 

A general view about cascades is vacancy-rich center surrounded by an interstitial 

rich region. The central region col lapses to form a vacancy loop under certain conditions. 

Such vacancy loops that directly form from cascades during STA have been observed in 

neutron or self ion irradiated copper, however, they have never been observed in neutron 

or self ion irradiated iron. Although only very heavy ion irradiation like W produces very 

small vacancy loops that are observable with TEM 11 -421. neutron irradiation seems not 

to form vacancy loops that directly form from cascades. Instead, positron lifetime 

measurements reveal small vacancy cluster formation like microvoids in neutron 

irradiated iron at liquid nitrogen temperature [ l-43J. Since diffusion of vacancies at this 

temperature can be neglected, the vacancy clusters are believed to directly form from 

cascades in iron. 

Although no direct evidence of interstitial clustering in isolated cascades has been 

reported in experiments on metals including iron under a wide range of irradiation 

conditions , indirect evidences for neutron irradiated nickel has been proposed by Kiritani 

[1-44]. In addition , recent computer simulations on copper and a-iron have demonstrated 
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the possibility of interstitial loop formation directly from cascades. This still has to be 

confirmed experimentally. 

The number and configuration of point defects in cascades after short term 

annealing are key parameters for further modeling of the subsequent process such as 

diffusion or clustering. Much work is required for the precise evaluation of those key 

parameters such as 7J and/iivc/. 

Fig.l-18 A schematic two-dimensional diagram of a cascade created in copper by a fast 

neutron [l-32] . E,=2ktV,T:lOOK 

'\--' 

s--~-"14= -~ 

I 
l I ' I 

~ ~~ 
~ .... 

Fig.l-19 Vacant sites (small spheres) and displaced 'interstitial' atoms (large spheres) at 

four stages in the evolution of a 2keY cascade in a-iron at lOOK [ l-40]. 
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Fig.l-20 Typical arrangement of vacant sites and displaced 'interstitial' atoms at the peak 

in number of displaced atoms for 0.5 and 5 keY cascades in a-iron [1-40]. 

14-2 Microstructural evolution 

The point defects produced in the above ways are the source of the following 

microstructural evolution. Possible microstructural evolution includes clustering of 

vacancies and interstitials, precipitation of solute atoms, solute-point defect complex 

formation, grain boundary segregation, and so on. Vacancies and interstitials play 

important roles in each process. For describing the microstructural evolution, reaction 

rate equations are often employed and in many cases space-averaged approximation is 

applied. 

Vacancy and interstitial concentration, Cv. Ci can be expressed in the simple form 

as follows; 

dC.,;_G -RCC-D C s'•"' dt - vii " i vii v/1 v/i 
( 1.1) 

where Gv!i is generation rate of each defect, R is recombination coefficient, Dv!i is 

diffusion constant, and S~~' is total sink strength. The generation of point defects comes 
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from displacement cascade and thermal emission from extended sinks, then the net point 

defect generation rates are given as [1-45, 1-46]; 

Gil ,= 1]Gdpa(l - jf1,") + D,"L c:, ,s;" 
j 

(I .2) 

where 7J is cascade efficiency, Gdpa is generation rate of point defects calculated from the 

NRT model, S~ " are the point defect sink strengths for extended defects of type), and 

c;,, are the point defect concentrations in equilibrium with these defects. In practice, the 

thermal emission term can be neglected compared with the cascade production term. Total 

sink strength composes of dislocations, grain boundaries, vacancy clusters and interstitial 

clusters. 

Evolution of point defect clusters is dominated by direct generation rate from 

cascades and net balance of point defects flowing into and emitting from. It can be 

expressed as a series of }max equations below; 

dC~ t icl . . . . . . 
_ 1_ = a~ IJ~t c~ ' 'cl +(a~ l ie! + 111~ t 'cl)C~' 'ct_ (a"''Jr..' +a~ ~ ~~~+ 111~t 'ci)C~''ct + G~' 'ct (1.3) dt Y/ l ,j - 1 ] - I 1 /V,J + l 't' j + I , ... I "'' '·! 1/V,j 'f' J I 1 

where ct" are the vacancy I interstitial cluster concentration containing} defects, a;{,j' 

are the rate constants for vacancy I interstitial impingement on a vacancy I interstitial 

cluster of size j, VI] ''" are the rate constant for vacancy I interstitial emission rate from 

those clusters of size j, and c;·"' are the direct generation rate of vacancy I interstitial 

clusters of size j from cascades. 

The rate constant for vacancy I interstitial impingement on a interstitial cluster 

(interstitial loop) of size j can be expressed as [ 1-45, 1-46]; 

ici z:li 
(J.v / i,j = 2DvfiC ..,/i 

a, 
( 1.4) 

where z;, , are combinatorial numbers determined by the number of adjacent atomic sites 

from which an interstitial or vacancy can jump into an interstitial cluster of size j. This 

number can be computed for single defects and small clusters [1-471. but not available for 

large clusters. A continuum approach gives the following form for larger loops; 
2nr 

a'" - 1 D C Z (J') (I 5) •li.j - Q, •li ,, , ,,, . 

where Z,,,(J) is the capture efficiency of a loop that is assumed to be proportional to the 

reciprocal of the square of the cluster radius between the lower limit (consistent value 
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with combinatorial number for single defects) and the upper limit (-capture efficiency for 

dislocation network) [1 -45 , 1-461. 

The rate constant for vacancy I interstitial impingement on a vacancy cluster in 

spherical shape of size} can be expressed as fl-411; 
4nr 

a."' - 1 D C (I 6) 
'"·i- n, '" '" . 

;,: ~~: ::("':Tt''"'' ~'"'"" from M '"''"""" loop,, , "' 

where E: is the binding energy of an interstitial to a cluster of size j. Stoller treats the 

emission from interstitial loops only for di -, tri- and tetra- interstitial clusters and neglect 

such emission from larger loops [ 1-45, 1-461. 

The rate constant for vacancy emission from an vacancy cluster of size j can be 

written as [1-41]; 

"''"' 4 p (2r.unm) '"' 'Y i = n r . ,.cxp r f?T I ><, ( 1.8) 

where D ,d is self-diffusion coefficient, r,11 is effective surface energy, and Qm is molar 

volume. 

By numerically solving equations ( 1.1) and ( 1.3) for vacancies , interstitials and 

their clusters simultaneously, their time evolution can be obtained. There are still many 

unknown parameters in the equations to result in reduction in reliability of the calculated 

results. 

Clustering of solute atom s such as copper can be treated by an equation like 

equation (1.3). Then a key parameter is radiation enhanced diffusion coefficient, o;:;;.,, . 
o;;;:.,, depends on vacancy concentration, vacancy diffusivity, binding energy between 

solutes and vacancies etc . It has not been established for copper in iron matrix. 
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1-4-3 Correlation between Microstructure and Mechanical properties 

When radiation hardening is related to radiation-induced microstructural features, 

planar barrier models which describe the interaction forces of various defects as they 

impede dislocation motion along the slip plane are often employed. These models are 

generally derived from Orowan's theory for the a thermal bowing of dislocations around 

obstacles, expressed as: 

M=G~ 
{3f. 

(1.9) 

where -r is the shear stress, b is the magnitude of Burgers vector, "l is the mean 

interpartial spacing, and {3 is the strengthening factor. The full Orowan force required to 

move a dislocation past an impenetrable obstacle, leaving behind a dislocation loop, is 

Gb2 for a periodic array of obstacles and 0.84Gb2 r1-48] for a random array. The mean 

interpartial spacing "l is given by "l = ..JNd where N is number density of obstacles, and 

dis the mean diameter of them. The increment change in shear stress can be related to the 

change in yield stress change using the Taylor factor in the case of polycrystalline 

materials as [1-49]: 

11e>, = 3.1/1-r. ( 1.1 0) 

In addition, Russell-Brown model is often used for calculation of hardening by dispersed 

precipitates of different shear modulus from matrix [1-50]. 

1-4-4 Correlation between hardening and embrittlement 

The grain boundary segregation has been considered to have little effect on the 

embrittlement of RPV steels in the present EOL dose level of PWRs (typically -2x IQ23 

n/m2). Then, hardening is the main contribution to embrittlement. As discussed in 1-3- I, 

correlation between increment change in yield stress and /1DBTT is well established, 

therefore 11DBTT can be calculated from Lle>y. 

1-4-5 Examples of mechanistic modeling 
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There are some examples that attempt to establish better prediction formalism based 

on mechanistic understandings. As embrittlement mechanisms are not fully understood , 

hardening features treated in them are different among the examples. 

Odette et al. [1-8, 1-16, 1-25, 1-41, 1-51] treat copper rich precipitates and matrix 

defects. For copper rich precipitates, they assume rapid nucleation and diffusion

controlled growth . They distinguish matrix defects into three types with their thermal 

stability estimated in annealing experiments as unstable matrix defect (UMD), metastable 

matrix defect (MMD) and stable matrix defect (SMD). 

Fisher and Buswell [ 1-9 1 propose a semi-empirical prediction formalism for 

Magnox reactor pressure vessel. They also treat copper precipitates and matrix defects. 

Copper precipitates contribution is calculated as acceleration of thermal aging behavior by 

supersaturated vacancies , therefore the copper contribution to hardening shows a peak 

value at a certain fluence and the peak hardness is calculated from the volume fraction of 

copper with Russell-Brown model. Matrix defect contribution is simply regarded as 

A(I/Jt)05
, and A is determined by the data for low copper steels. They consider the total 

hardening as the linear sum of the two contribution. 

Simons assumes that cascade-vacancy clusters stabilized by copper atoms act as 

nucleation sites of copper clusters and deduces a semi-empirical formula for 

embrittlement prediction f 1-521. Number density of the clusters is conrrolled by balance 

of formation from cascade, annihilation by cascade overlapping, and thennal annihilation. 

Cluster size is determined by radiation enhanced diffusion of copper atoms. He also 

applies Russell-Brown model, and his formalism includes many fitting parameters to be 

detennined with statistic analysis. 

Stoller estimates the contribution of interstitial loops and cascade-vacancy clusters 

to hardening with rate equation approach 11-45, 1-46]. He describes reaction rate 

equations for vacancies , interstitials, interstitial loops and vacancy clusters to solve them 

simultaneously, and demonstrates the effect of damage rate and irradiation temperature on 

point defect trans ient and cluster hardening. It is remarkab le that no fitting parameters to 
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mechanical properties are employed in hi s calculation, therefore his approach is purely 

mechanistic. 

Taguchi's semi-empirical formalism is proposed in his graduation thesis (1986) for 

the University of Tokyo under instruction by lshino 11-53]. It is introduced here in some 

detail because there is no reference about it in English. He considers Cu-C-vacancy 

complexes as embrittlement features, and he assumes t.DBTT is proportional to number 

density of them. Number density of Cu-C-vacancy, N, is expressed as: 
dN 
- = Kc.-vCc.C,- KNN 
dt 

(I. II) 

where only encounter of copper and vacancy, and its thermal dissociation are considered. 

Vacancy concentration is regarded as C, = f3rp", and nickel is thought to have an effect of 

removal of vacancies from vicinity of nickel atoms to increase apparent vacancy 

concentration as: 

c = __!!£__ ( 1.12) 
' !-aNi 

Then he analytically solves ( 1.11) by replacing Cv with (1.12) and obtains; 

N= K f3~rp·1-exp(-KN1) ( 1.! 3) 
Cu- V 1- aNi KN 

This gives the function form of t.DBTT including four fitting parameters, CJ, C2, CJ and 

n, as; 

(I. 14) 

He applies this semi-empirical formula to some data bases (NUREG/CR-3391, 

HEDL-TME 83,22), and reports that it gives as good correlation as Guthrie's formula [1-

151 for plates but does not give as good correlation as Guthrie's for welds. 
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J-5 Objectives of this study 

As discussed above, although there are some models of radiation embrittlement 

proposed by different groups, modeled mechanisms differ among the groups. It is 

because the identification of the embrittlement mechanisms has not been completed yet all 

over the world. 

Since the current prediction methods are derived from statistic analysis and do not 

consider physical meanings, physico-based methods are considered to have a possibility 

to give more reliable prediction . In order to establish such physico-based methods, the 

embrittlement mechanisms should be fully understood, however they are still unsolved. 

Many factors such as complexity of material conditions, invisibility due to very fine 

microstructural features below TEM resolution, and poor control of irradiation conditions 

make clear understanding of the embrittlement mechanisms so difficult. Therefore full use 

of available knowledge acquired through experiments of the different materials and 

irradiation conditions including model alloys and ion irradiation is required for better 

understanding of embrittlement mechanisms. This concept of correlation among different 

irradiation conditions based on physical understandings is called 'irradiation correlation', 

and its importance has been widely recognized. The prediction of the radiation 

embrittlement is a typical case of application of the irradiation correlation. 

For the study on the embrittlement mechanisms, neutron irradiation has been the 

main irradiation methods. The neutron irradiation can produce 'similar' irradiation 

conditions to the practical RPV condition to a certain extent, however accelerated 

irradiation is substantially necessary because the embrittlement of the practical RPVs 

occurs over several decades. It takes considerably long time even for accelerated neutron 

irradiation to result in low productivity of the irradiated specimens. In addition, the recent 

global trend of shut down of test reactors spurs on the low productivity. Moreover, it is 

essentially difficult for neutron irradiation to produce well-controlled irradiation 

conditions. These facts make production of systematic irradiation matrix difficult. On the 

contrary, ion irradiation has advantage of good controllability of irradiation conditions 

over wide ranges of dose, dose rate and irradiation temperature. Therefore, it is natural 
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that ion irradiation is expected to produce systematic irradiation matrix for study on the 

radiation embrittlement mechanisms. In addition, little radioactivity makes handling of the 

ion-irradiated specimens easier than the neutron-irradiated specimens. 

However unlike neutron irradiation that produces atomic displacement uniformly 

(in a macroscopic sense) over whole volume of a specimen, ion irradiation produces 

atomic displacement only in very small volume close to irradiation surface. This makes 

various post irradiation experiment (PIE) methods that are available for the neutron

irradiated specimens difficult or unavailable. For example, the tensile test, a very general 

PIE method for the neutron-irradiated specimens, is not available for the ion-irradiated 

specimens except for very high energy light ion-irradiated specimens. Although ion 

irradiation has been widely used for study on void swelling and radiation induced 

segregation with the TEM technique, such approach has not been successful for the RPY 

embrittlement mechanisms because the resolution of TEM is not sufficient for the study 

on the RPY embrittlement. Therefore in this study positron annihilation is attempted to be 

applied to investigation of microstructure in the ion-irradiated specimens for study on the 

RPV embrittlement mechanism due to its very high sensitivity to vacancy-type defects . Ln 

order to detect vacancy-type defects that exist only within the small volume close to the 

irradiation surface, the variable energy monoenergetic positron beam technique is 

employed. 

Thus, the objectives of this study are: 

To investigate the mechanisms of the radiation embrittlement of RPV steels by use 

of model alloys , ion irradiation and positron beam technique. 

To investigate formation of matrix defects, behavior of copper during irradiation, 

and effects of dose or irradiation temperature on them. 

To study correlation between microstructural features that fom1 during irradiation 

and the resultant hardening through surface hardness measurement. 
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To demonstrate applicability of ion irradiation to study on the RPV embrittlement 

mechanisms through these experiments . 

In the following , the method and the results of the positron beam experiment are 

discussed in Chapter 2. The results of the hardness measurement and the correlation 

between the hardening and the results of the positron beam experiment are discussed in 

Chapter 3. In Chapter 4, the nature of the hardening features that form under ion 

irradiation in the model alloys is discussed. It is also discussed how the evolution of the 

features is modeled and how the obtained understandings for the ion irradiated model 

alloys are applied to the neutron irradiated practical steels. Then this thesis is concluded in 

chapter 5. 
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2. Microstructural evolution in 
ion-irradiated model alloys 
detected by positron beam 
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2-1. Introduction 

Since the shift in ductile-brittle transition temperature of RPV steels due to neutron 

irradiation is related to yield stress increase, matrix hardening leads to embrittlement [2-

1] as discussed in Section 1-4. The matrix hardening is believed to result from 

formation of dispersed barriers against dislocation movement. The nature of the 

dispersed barriers has not been well understood yet, and many efforts have been made 

to reveal the mechanisms. 

Copper impurity in steels is well known to have a great effect on the embrittlement 

according to the data analyses of the mechanical property tests after the surveillance and 

material test reactor (MTR) irradiation [2-2, 2-3]. Various microanalytical methods such 

as field emission gun/scanning transm ission electron microscopy (FEG/STEM) [2-4, 2-

5, 2-6], small angle neutron scattering (SANS) [2-5, 2-6, 2-7, 2-8] , positron 

annihilation (PA) [2-4, 2-9, 2-10, 2-11, 2-12], and atom probe field ion microscopy 

(APFIM) have been applied to the study on the nature of fine particles produced by 

neutron irradiation [2-13, 2- 14]. Production of the copper-rich precipitates and the 

matrix defects have been reported as the dominant mechanisms from these methods [2-

2, 2-13, 2- 14], and more study is required to obtain knowledge about their nature and 

the processes of formation, growth , and annihilation. The processes are controlled by 

many factors such as neutron fluence, neutron flux, neutron energy spectrum, 

irradiation temperature, chemical composition , microstructure, etc. Irradiation 

experiments in which these factors are separately controlled are desirable for better 

understanding of the mechanisms. In this study iron-based model alloys and ion 

irradiation are app lied to the problems of the radiation embrittlement mechanisms. The 

model alloys are used for investigation of the copper effect on microstructural evolution. 

Ion irradiation, which has been used for fundamental study of radiation damage, has the 

advantages of relatively easy control of irradiation conditions such as damage rate and 

irradiation temperature, and low radioactivity of ion irradiated samples , which makes 

handling of the specimens easy. However, displacement damage produced by ion 
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irradiation is limited only near irradiation surface. It makes conventional post irradiation 

experiments such as tensile rest, hardness test, and several microstructural experiments 

difficult. In this study, microstructural information in the damage region near the 

surface was obtained with variable energy monoenergetic positron beam technique. 

Positron annihilation technique has been widely applied to study of radiation 

damage, especially vacancy-type defects, because positrons are selectively trapped and 

annihilate at vacancies or open-volume defects. This technique is so sensitive to the 

vacancy type defects that the small vacancy clusters below resolution limit ofTEM and 

even monovacancies are detectable. A positron annihilates with an electron to emit 

annihilation photons with energy corresponding to the mass energy of an electron and a 

positron. Since implanted positrons are sufficiently thermalized in solids, the 

annihilating photons have information on electrons in solids. There are three types of 

the positron annihilation techniques; I) lifetime measurement, 2) angular correlation, 

and 3) Doppler broadening. 

Lifetime measurements have been applied to studies on lattice defects and radiation 

damage most frequently of the three techniques , because decomposition of lifetime 

spectrum can provide information on both size and population of vacancy type defects . 

Calculations based on Schrodinger equations have given the correlation between the 

positron lifetime and the size of vacancy clusters in some metals [2-151, and the 

calculated lifetime for monovacancies in iron is similar to measured value for electron

irradiated iron at liquid nitrogen temperature. Although the vacancy clusters formed by 

irradiation and the following annealing have size distribution, a lifetime spectrum is 

decomposed into 2 or 3 lifetime components using calculation code such as 

RESOLUTION [2-16] to get averaged , mainly qualitative, information on size and 

number density of vacancy clusters. It makes the interpretation of the experimental 

results model-dependent. 

The Doppler broadening and the angu lar correlation of the annihilation photons 

reflects the momentum distribution of the annihi lating electrons, which is a 
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superposition of narrow parabolic part, corresponding to the annihilation with 

conduction electrons, and broad part corresponding to the annihilation with core 

electrons. Therefore those techniques give essentially similar inforrnation on vacancy 

type defects. A schematic view of comparison among three techniques is shown in 

fig.2-l [2-17). Because of the simpler measurement system and higher counting rate 

than angular correlation, Doppler broadening has been often combined with positron 

beam technique. When positrons are trapped and annihilate at vacancies, the broad pan 

is reduced and the whole energy spectrum is sharpened. The Doppler broadening can be 

characterized by S-parameter, the fraction of counts in central region of whole energy 

spectrum, and the positrons trapped by vacancy type defects makeS-parameter higher. 

In the present study the S-parameter is measured to detect vacancy type defects. 

The objectives of this chapter are to investigate the forrnation of vacancy clusters 

and behavior of copper atoms under irradiation using the ion irradiation and the variable 

energy positron beam technique, and to obtain information on the dependence of 

microstructural evolution on the copper content, irradiation dose, and irradiation 

temperature. 

(a) ANGULAR CORRELATION 

OF ANNIHILATION RADIATION 

G~------~ 

(b) DOPPLER 

BROADENING 
(c) LIFETIME 

~ 
Ttme 

---Trapped positrons 
-- Delacalized 

Fig.2-l A schematic view of the three typical positron annihilation technique for 

detection of vacancy-type defect [2-17). 
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2-2. Experimental 

2-2-1. Model alloys 

The chemical compositions of the model alloys investigated in this study are 

shown in table 2-1. The copper contents are 0.1 and 0.4 wt. % (Fe-0.1 C-0.1 Cu, and 

Fe-0.1C-0.4Cu, respectively). 0.7wt. % of nickel was added to Fe-0.1 C and Fe-0.1 C

O. I Cu. All the model alloys were melted by high frequency induction heating in 

vacuum, hot-rolled. They were mechanically machined to 24¢ x 2 mm disks for the 

positron annihilation measurement. They were annealed in vacuum using 

recrystallization annealing of 11 30 K-0.5h followed by solution annealing of l 023 K-

1 h, and then furnace-cooled. They were electropolished finally using a 900 ml acetic 

ac id-100 ml perchloric acid-0.5 g chromium trioxide (Cr03) electrolyte to make the 

irradiation surface flat. 

Table 2-1 Chemical comoosition (wt.%) of the model allo 

c 
Fe 0 .006 

Fe-O.IC 0 .10 

Fe-0. 1 C-0.1 Cu 0.0 9 

Fe-0.1 C-0.4Cu 0 . 10 

Fe-0.1C-0.7Ni 0 . 11 

Fe-0.1 C-0.1 Cu-0.7Ni 0.0 9 

Fe: balance 

other elements: Si , Mn, Cr, Mo, V < 0.0 1 

P, S, Sn, As < 0.003 

AI, Ti, Nb, Co< 0.005 

Cu 

0 .001 

0.001 

0 . 11 

0.38 

<0 .01 

0 .11 

s invesngate d 

Ni 

<0.01 

<0.01 

<0.01 

<0.01 

0 .72 

0 .72 



.. l' Table 2-2 Interstma tmpunty level in Fe and Fe -O.IC after final annealing (wt.%) 

c 0 N 

Fe 0.006 0.0074 0.0003 

Fe-O.IC 0.1 0.0049 0.0003 

2-2-2. Jon irradiation 

2-2-2- 1. High Fluence Irradiation Facility, the University of Tokyo (HIT) 

In order to introduce displacement damage, the disk specimens for the positron 

measurement were irradiated with Ni ions accelerated to 3 MeV by the Tandetron 

accelerator at the High Fluence Irradiation Facility, the University of Tokyo (HIT). 

HIT facility has two accelerators; Tandetron and Van de Graaf. The forrner mainly 

produce heavy ions, and the latter mainly produce light gas ions, and their maximum 

terminal voltages are I MY and 3.75 MY, respectively. HIT has five beam lines called 

BLI to 5. The BLI to 4 are light ion beam lines, and the BL5 is heavy ion beam line. 

Nickel ion beam has been mainly used with the BL5. The BL4 and 5 are connected to 

the so-called "dual beam irradiation chamber" to realize dual beam irradiation of heavy 

and light ions to study the synergistic effect of displacement damage and gas atom 

production on fusion materials. The overall view of HIT facility is shown in fig.2-2. 

The heavy ion irradiation was carried out in dual beam irradiation chamber. The 

details of the chamber is discussed elsewhere [2-18] . It is evacuated by turbo molecular 

pump and ion pump to achieve I0-5 Pa. The chamber has dual ion irradiation stage to 

hold the specimens, heat the specimens, and measure the ion beam current. The stage is 

shown in fig.2-3. It has three sample holders ca lled stage I to 3 and two Faraday cup 

arrays one of which is for the heavy ion beam perpendicular to sample and the other is 

for the light ion beam tilted from perpendicular direction. This stage moves horizontally 

with a pulse motor and its controller so that the sample holders and the Faraday cup 

arrays stand at the same place in the beam course. A TEM disk holder can hold twenty 

3mm0 TEM disks by 5x4 array on the thermalizing block. Therrnalizing block can be 

heated by electron beam heating behind the ion beam direction and two AI mel-Chrome! 
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thermocouples are inserted into the hole of the thermalizing block to monitor the 

temperature. The structure of the TEM disk holder and the electron beam heating sub 

assembly is shown in fig. 2-4 [2-18]. The heating power is varied by feedback control 

of grid voltage to keep the temperature constant (fig.2-5 [2-19]). Although precision of 

temperature control is better for higher temperature, irradiation temperature was kept 

within ± 3K for the set temperature of 563K. The Faraday cup array consists of 20 

micro Faraday cup with 2mm diameter (fig.2-6 [2-18]). Secondary electrons are 

suppressed by suppresser with voltage of SOY. The Faraday cup array can measure ion 

beam profile. When operator of accelerator stans up the ion beam, he can check position 

and broadening of ion beam with the beam profile monitor and he adjusts the position 

and condense beam with ion beam steerer and quadruple lenses. The well centered and 

focused ion beam is scanned by electrostatic ion beam scanner with high frequency of I 

to 10kHz so that desired area can be irradiated. Although the system can measure the 

beam profile, the beam current cannot be monitored during irradiation. Therefore beam 

profile is checked with interval (typically I hour) by interruption of irradiation. 

Although the ion beam current may change between the interval, the error of dosimetry 

can be estimated as below 20%. 
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Fig.2-2 Overall view of HIT facility [2-18] 
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Fig.2-3 Ion irradiation stage for beam line 5 [2-1 8) 

Stage Base Wall 

Specimen Holder 

Thermalizing Block Grid Mesh \.l-l%Th0 • Filament 

To Grid Supply 

To Filament Supply 

Alumina Insulator 

Electron Beam 
Heating Assembly 

Fig. 2-4 Structure of TEM disk holder and the electron beam heating sub assem bly [2-

18]. 

55 



!! 

Current 
Reaula:e:i 
?o·.1er Sunly 

Fig.2-5 A schematic figure of the electron beam heating system [2-19] 
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Fig.2-6 Faraday cup array that consists of 20 micro Faraday cup with 2mm diameter [2-

18] 
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2-2-2-2. Irradiation conditions 

Since the shape of specimen for positron annihilation measurement is 240 disk, 

they were directly attached to the thermalizing block with two bolts for irradiation. 

Displacement per atom (dpa) at the damage peak is used as a scaling parameter for the 

irradiation dose. The irradiation conditions are at first 0.001, 0.01 dpa at 563 K for all 

specimens, and 0.1 dpa at 563 K and room temperature is added to Fe-0.1 C-xCu 

specimens, while the maximum end-of-life neutron dose at the belt line of a four-loop 

PWR pressure vessel will be 2.3 x J023 n/m2 [2-20] corresponding to 3.9 x J0-2 dpa. 

The damage rate at the damage peak was 3 x J0-5 dpa/s, which is greater by 7 orders of 

magnitude than that in the RPVs. Therefore, cascade density during ion irradiation is 

very high , which might make the damage efficiency very low. This can make the 

radiation-induced change enhanced or suppressed by the accelerated irradiation [2-21] . 

According to the damage profile calculated by the EDEP-1 code [2-221, the thickness of 

the layer damaged by 3 MeV Ni ion is about I Jlm thick and the damage peak is 0.6Jlm 

deep from the surface (fig.2-7). Implanted nickel concentration is below 40 appm at the 

range peak even for the maximum ion dose. The effect of nickel will be discussed later. 
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Fig.2-7 Displacement damage depth profile calculated with EDEP- 1 code 

(3MeV Ni2+ to I x 1Ql5 ions/m2 in pure Fe) 
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2-2-3. Variable energy positron beam technique 

The variable energy positron beam technique was applied to unirradiated and ion

irradiated specimens. This technique has been applied to detection of defects in ion

irradiated metals 12-23, 2-24, 2-25, 2-26, 2-271 and semiconductors 12-28] since 

Trifshauser and Kogel[2-29]. In this study, the experiment was carried out at Institute 

of Materials Sciences, University of Tsukuba. The overall measurement system is 

shown in fig.2-8 [2-30]. It consists of source chamber, beam line, sample chamber, 

and detection system. They are evacuated by ion pump, Ti getter pump, and turbo 

molecular pump to achieve I0-7 Pa at the source chamber and I o-9 Pa at the sample 

chamber. In the source chamber (fig.2-9), positrons emitted from 22Na source are 

injected to tungs ten converter. The positrons are sufficiently thermalized and then 

emined to vacuum due to the negative positron work function of W. The positrons are 

extracted to grid by 1 OOV of extraction voltage. This source chamber and the attached 

electronic apparatuses are electrically isolated from grand so that the whole source 

chamber can have the positron accelerating voltage up to 50kV. Beam line has a 45" 

curve to select positrons of desired low energy. The slow positron beam is bent by 

magnetic field produced by 9 coils. The positrons that have passed through the curve 

are electrostatically accelerated and introduced to sample chamber. Sample chamber also 

has two condenser coils to finally focus the beam. Doppler broadening of annihil ation 

photons is measured with Ge detector (ORTEC CFG-SH-GEM). The block diagram of 

system for measuring the Doppler broadening of the annihilation photons as a function 

of the incident positron energy is shown in fig.2 - l 0 . 
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Fig.2-8 The overall view of the positron beam experiment system. (A) positron source 

chamber (B) correction coil (C) solenoid (D) gate valve (E) bellows (F) 50keV 

ceramic breaks (G) accelerator (H) turbo molecular pump (I) ion pump (J) rotary 

pump (K) sample chamber (L) sample preparation chamber (M) lead wall (N) 

adrylic acid resin plate (0) magnet coil (P) Ge detector [2-30]. 
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b) 

r:--=-=· =- -0 20 em 

Fig.2-9 The schematic view of the source chamber as viewed from above: (a) W

convener (b) source holder (c) 22Na source (d) extraction grid (e) bellows (f) 

solenoid [2-30). 
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Fig.2-10 System for measuring Doppler broadening as a function of incident positron 

energy [2-30). 



2-3 Variable energy oositron beam exoeriment 

A schematic view of this experiment is shown in fig.2-ll. After the ion 

irradiation, monoenergetic positron beam was implanted to the irradiation surface at 

room temperature, then a positron an nihilates with an electron, emitting the two photons 

of around 511 keY. The Doppler broadening of the photon energy was measured by a 

Ge detector to obtain S-parameter as a function of incident positron energy up to 30 

keY. 

Figure 2-12 shows mean implanted depth corresponding to the incident positron 

energy up to 30 keY. Since the mean depth for the highest positron energy (30keV) is 

about 1150 nm, this energy range is very appropriate for th is irradiation condition that 

produced a damage layer thickness of about 111m from the surface (fig.2-7). If 

implanted positron profile were very narrow for each energy of positrons, it could be 

easily used for the probe of defects in depth direction. In fact, the depth profile of 

implanted positron was estimated experimentally or with Monte Carlo calculations as 

follows [2-31]; 

mx"' -
1 

[ (x)m] P(x, E)= -r-exp - r (2.1) 

where P(x, E) is normalized positron implanted profile as a function of depth x and 

incident positron energy E in keY, m is a parameter to be estimated as around 1.9, and 

ris expressed as; 

(2.2) 

where a and n are parameters to be a =4.5!lg/cm2 and n =1.6 , and pis density of 

material. Figure 2-13 shows the implanted profile of positrons calculated from equ. 2-1. 

The profile is not actually so narrow that the data obtained with a certain incident 

positron energy comes from broad range of depth. In addition the stopped positrons 
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move through bulk diffusion , therefore the technique cannot be easily used for the 

probe of defects in depth direction with the mean depth of each positron energy. 

Several methods have been proposed for the analysis of S parameter as a function 

of incident positron energy [2-17, 2-23, 2-24, 2-27 , 2-32]. They commonly assume a 

single type of defects and three types of annihilation state: surface, bulk and defects. 

This idea was expressed as the following equation, 

(2.3) 

where subscripts, band d represent the positron annihilation site, surface, bulk and 

defect, respectively. Fs( E), Fb(E) and F d( E) are the fraction of positron annihilating at 

each site, and 55 , Sb and Sd are characteristic S-parameter for annihilation at each site. 

Depth profile of implanted positrons (n(x,E)) can be expressed as following steady state 

one-dimensional diffusion equation, 

Jln(x E) 
D-- ' - - A..n(x,E) - K"(x)n(x,E) + P(x,E) = 0 

dx.2 (2.4) 

where D is the diffusion coefficient of positrons, Ab is the bulk annihilation rate of 

positrons, K"(x) is the posi tron trapping rate of defects, and P(x,E) is the positron 

implantation profile . The K"(x) is generally proportional to defect concentration C(x). 

By integrating equation (2), theF5(E) , Fb(E) and F d(E) can be obtained as follows , 

F,(E) = - D dn(x,E) I 
dx. , •• 

F. (E) = i-A.. n(x,E)dx. 

F.( E) = r K"(x)n(x,E)dx.. 
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In this study, the program YEPFIT [2-32] was used to analyze theS-E curve. The 

program is developed by Van Yeen et al. in order to extract the relevant parameters from 

the positron measurements on ion-implanted materials and layered structures. 

Measurements of the Doppler Broadening parameter S vs. the energy of the incident 

positrons are analyzed by means of a semi-linear fitting procedure. On solving the 

problems, it is assumed that p(x, E) and K(x) are slowly varying functions in a given 

depth interval lx, x+Ll.xl and thus can be taken constant in the interval. As shown in 

equation (2.3), S parameters for each annihilation process are linear parameters while 

the others are non-linear parameters. Therefore the semi-linear fitting procedure is 

employed. 

At first, the S-E curve of the unirradiated specimens of each alloy was fitted to 

obtain the Sb and the bulk diffusion length Lb. S parameter data of low energy 

positrons below 4 keY are neglected in the fitting of the unirradiated specimens in order 

to eliminate the effect of epithermal positrons. Then the simplest layered defect profile is 

assumeed, C(x)=C (O<.x<Xb) and C(x)=O (Xb<x<~). The C, Xb, Sd, and Ss are 

determined by fitting under the fixed Sb and Lb. S parameter data of low energy 

positrons below I keY are neglected in the fitting of irradiated specimens for the reason 

discussed above. The VEPFIT program can also apply the assumption of gaussian 

defect profile, however some trials revealed that deviation of data from fitting under 

assumption of gaussian defect profile is larger than the layered defect profile. Gaussian 

defect profile is more suitable for the case that implanted atoms affect void formation , 

for example, helium implantation. 
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2-4. Results 

24-1 unirradiated specimens 

The measured S parameter for the unirradiated specimens is shown as a function of 

the incident positron energy in fig.2-14. S parameter decreases with increasing positron 

energy and approach saturation. This behavior is easily explained as follows. In the 

unirradiated specimens, positron annihilation occurs at the surface or in bulk. Therefore 

equation (2.3) is simplified as: 

(2.8) 

The fraction of positrons that annihilate in bulk increases with increasing incident 

positron energy. The relation of Ss > Sb results in the observed energy dependence. 

The measured S parameter as a function of positron energy is almost same for all 

specimens except Fe-0.1 C-0.4Cu. It suggests that there is little trapping sites in these 

specimens except Fe-0.1 C-0.4Cu. S parameter of Fe-0.1 C-0.4Cu is a little lower than 

others. 

The YEPF!T program can extract the bulk diffusion length of positrons and Sb by 

fitting of the measured S - E curves for the unirradiated specimens. Fitting parameters 

are Sb, Ss. and Lb. There is contribution of epithermal positrons diffusing back to the 

surface when the incident energy is low. Therefore the data for the lower energy below 

Emin are excluded from the fitting. The fitting is done with the various Em in and it is 

determined when fitting parameter and x2 reach constant independent of Em in· It is 

estimated as 4 keY for Fe-O.IC and Fe-O.IC-0.4Cu, and 1.5 keY for Fe-O.IC-0.4Cu 

from dependence of fitting parameters and x2 on Em in (fig.2-15). Table 2-3 shows the 

obtained fitting parameters. The slightly lower Sb and Lb values of Fe-O.IC-0.4Cu 

indicate that there are some trapping sites in matrix and the trapping sites are not 

vacancy-type. It is probably due to small copper precipitates formed during furnace 

cooling from solution annealing. Since the cooling rate is not so slow, precipitates are 

thought to be smaller than peak hardness condition of 2 nm. It has been reported that 

small copper precipitates in Fe trap positrons and affect positron lifetime [2-33]. 
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Table 2 3 F - aung parameters calculated with VEPFIT on unirradiated specimens. 

Ss Sb bulk diffusion 

length (nm) 

Fe 0.4703 0.4052 136 

Fe-O.IC 0.4696 0.4072 134 

Fe-0.1 C-0.1 Cu 0.4701 0.4073 130 

Fe-0.1 C-0.4Cu 0.4624 0.4057 125 

Fe-0.1C-0.7Ni 0.4710 0.4067 128 

Fe-0.1C-O.!Cu-0.7Ni 0.4707 0.4068 124 

0 .5 

0.4 0 Fe 
IE Fe-0.1C ... 0 Fe-0.1 C-0.1 Cu 

Q) 
X Fe-0.1 C-0.4Cu -Q) 0.4 
"' Fe-0.1C-0.7Ni 

E /}. Fe-0.1 C-0.1 Cu-0.7Ni 
I'G ... 
I'G 

0.4 a. 
CJ) 

1 0 1 5 20 25 

positron energy (keV) 

Fig.2-14 Measured S parameter for unirradiated specimens as a function of 

incident positron energy. 
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2-4-2 Effect of nickel ion irradiation at563K 

2-4-2-1 t..S averaged over 15 to 30keV 

Figures 2-16a to 16f are theS -E curves of the each specimen irradiated at 563K. 

S-parameter increases with increasing dose for each specimen. The increase of S 

parameter by irradiation is estimated as the averaged t..S in figs.2-17 to 20 with 

averaging the increase in the energy range between 15 ke V and 30 ke V. Data of lower 

energy than 15keV was excluded from the averaging to reduce the effect of surface. 

Figure 2-17 shows the dose dependence of the averaged t.S . The dose dependence of 

avemged t.S is not so strong as linear or square root of dose. 

The averaged t..S is replotted as a function of content of carbon, copper and nickel 

in figs.2-18, 19 and 20, respectively . lt is seen in fig.2-18 that carbon slightly 

decreases t..S. Carbon is known to have strong interaction with vacancies to form 

carbon-vacancy complexes. Positron lifetime measurement [2-34] shows carbon 

addition to iron slightly reduces '1:2 compared with pure iron due to carbon-vacancy pair 

formation and their asymmetric character. The slightly smaller t.S might be attributed to 

decoration of vacancy clusters with carbon to reduce apparent free volume of vacancy 

clusters. The effect of copper content is clearly seen in fig.2-19 to increase the averaged 

C.S. Nickel addition to Fe-C increases t..S for O.Oldpa irradiation, however little effect 

of nickel addition to Fe-0.1 C-0.1 Cu is seen in fig.2-20. 
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2-4-2-2 Insight from VEPFIT calculation 

The lines in the figures 2-16a to 16f are the fitting curves by the VEPFIT, and the 

results of fitting are summarized in Table 2-4. The program can calculate the optimum 

combination of fitting parameters by iteration . In this case, effective diffusion length 

Leff, Xb , 5d, and 55 are estimated under the assumption of simple layered defect 

profile. Leffis effective diffusion length defined as, 

L,g(X) = I D . V K(x) +A.. (2.8) 

From equation (2.8), K(x) can be obtained. 

The Xb is the boundary depth between shallower defect zone and deeper defect 

free zone. The values obtained here are within 750±80 nm (Table 2-4), which is deeper 

than the damage peak depth (approximately 600 nm) . The Xb obtained here is 

considerably a reasonable value to indicate that the fitting certainly characterizes the 

surface defect zone. 

Figure 2-21 shows (Sd-Sb)ISb , which is related to the free volume of the trapping 

sites of the implanted positrons, in other words, increasing 5di5b means increase of 

free volume of each defect. The observed tendencies are; (I) increasing dose leads to 

increasing free volume of defects, (2) copper addition of 0.4wt.% reduces the free 

volume of defects at O.OO!dpa, (3) nickel addition increases free volume of defects. 

Figure 2-22 shows the trapping rate, which is related to the concentration of them. 

Increasing dose leads to increase of trapping rate, and the effect of copper is clearly seen 

in the figure to significantly increase the trapping rate. 
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Table 2-4 Summary of VEPFIT results 

sample Fe-O.IC Fe-0.1 C-0. I Cu Fe-O.IC-0.4Cu 

dpa 0.001 0.01 0.1 0.001 0 .01 0.1 0.001 0 .01 0.1 

Sd 0.4312 0.4348 0.4452 0.4333 0.4348 0.4428 0.4175 0.4313 0.4417 

Ss 0.4723 0.4625 0.4728 0.4733 0.4750 0.4715 0.4786 0.4762 0.4696 

Boullllarvlnm \ 704 813 725 707 741 742 719 688 678 

Leff(nm) 81.9 88.3 57.4 77.1 48.3 34.9 57.4 24.6 22 .4 

Traooin• rate 1!/ns\ 13.2 10.2 35.0 14.7 49.5 102 29.7 196 238 

x2 43.9 36 .3 77.6 48.6 78.4 90.2 46 .5 93.9 227.5 

SdiSb 1.0589 1.0678 1.0933 1.0638 1.0675 1.0872 1.0291 1.0631 1.0887 

sample Fe Fe-0.1 C- Fe-O.IC-

0.7Cu 0.1Cu-0.7Ni 

dpa 0.001 0.01 0.001 0.01 0.001 0.01 

Sd 0.4347 0.4385 0.4343 0.4453 0.4416 0.4381 

Ss 0.4780 0.4711 0.4721 0.4750 0.4741 0.4729 

Boundarvl run\ 747 768 756 736 707 702 

Leff(nm) 85.2 75.1 94.1 65.4 92.4 51.1 

Trannin• rate 1!/ns\ 12.3 18.0 6.63 22.2 6.34 38.6 

x2 39.4 55.6 45.9 147.7 48.9 127.7 

SdiSb 1.0727 1.0820 1.0680 1.0949 1.0854 1.0767 
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Fig.2-21 Fitted (Sd-Sb)ISb for 563K irradiation 

(3MeV Ni ion irradiation at 563K) 
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Fig.2-22 Positron trapping rate estimated by VEPFIT 

(3MeV Ni ion irradiation at 563K) 

2-4-2-3 Vacancy clusters formed in Fe and Fe-O.IC 

dpa 

Figure 2-23 shows the dose dependence of (Sd-Sb)ISb and the trapping rate for Fe 

and Fe-0.1 C. The obtained values of 5d are 6 to 9 % higher than Sb for each specimen 

and dose. It suggests that the trapping sites are vacancy clusters. For comparison, 5d 

can be estimated to be 7% higher than Sb for neutron irradiated Fe and Fe-C at liquid 

nitrogen temperature where the longer lifetime component was about 200ps [2-34]. This 

lifetime value is longer than the value for monovacancies [2-15], indicating that 

positrons are trapped by not only monovacancies but also vacancy c lusters. Therefore 

vacancy clusters are formed in the present ion irradiation experiment to trap positrons 

because the 5di5b ratio is similar between these experiments. In the literature f2-34j, 



larger vacancy clusters are formed during isochronal annealing and the vacancy clusters 

which have longer lifetime component of 350ps make Sd 23% greater than Sb. The 

lifetime value of 350ps corresponds to vacancy clusters which contain I 0 to 15 

vacancies [2-15]. From these results, the vacancy clusters produced by the ion 

irradiation at 563K is not so large and most of them contain less than I 0 vacancies. The 

increase of SdiSb ratio with increasing dose indicates growth of vacancy clusters and 

the growth is more significant between 0.01-0.ldpa than between 0.001-0.0ldpa. 

Vacancy clusters directly form from cascades in matrix. Growth and shrinkage of the 

vacancy clusters are dominated by balance of point defect flux flowing into vacancy 

clusters and the thermal emission of vacancies from vacancy clusters . Previous work 

done by Vehanen et al. [2-11, 2-341 showed that vacancy clusters become unstable 

around 500-600K in Fe and Fe-C. It suggests that vacancy clusters emit their vacancies 

thermally at 563K. Biased sink that preferably absorbs interstitials is needed for growth 

of vacancy clusters through unbalance of point defect flux. There is little biased sinks in 

unirradiated state, however small dislocation loops (probably interstitial-type) were 

observed with TEM in Fe-0.1 C irradiated to O.ldpa at 563K (Fig.2-24). It is speculated 

that the vacancy flux flowing into vacancy clusters exceeds the vacancy emission rate in 

the dose range due to the bias effect of the dislocation loops formed during irradiation. 

Trapping rate is generally expressed as K = 11 C where K is trapping rate, 11 is 

specific trapping rate into defects and Cis defect concentration. When vacancy clusters 

are considered as trapping defects, the equation is expressed as K = !lei Cel where J.l.el is 

specific trapping rate into vacancy clusters and Cel is vacancy cluster concentration. 

Although there is no experimental data for the specific trapping rate as a function of 

vacancy cluster size, theoretical calculations by Nieminen et al. show that J.l.el is 

proportional to the number of vacancies in the cluster in the case of small cluster size [2-

35]. Therefore total vacancy concentration in vacancy clusters can be estimated by 

applying ~tv (specific trapping rate into monovacancies, well establi shed) instead of J.l.c/. 

[2-11]. Vacancy cluster concentration can be also estimated by dividing the total 
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vacancy concentration by a number of vacancy in each vacancy cluster. Such calculation 

shows the total vacancy concentration ranges from several ppm to several tens of ppm 

in Fe and Fe-0.1 C irradiated up to O.ldpa at 563K. It shows only small frac tion of 

initia lly introduced vacancies remain s surv ivi ng in-cascade recombi nation, matrix 

recombination and diffusion to sinks. 
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Fig.2-23 Dose dependence of (Sd-Sb)ISb (blank symbols) and trapping rate (solid 

symbols) for Fe and Fe-O.lC 

HXlnm 

Fig.2-24 TEM images of Fe-O.lC irradiated to O.ldpa at 563K (Dark fie ld). Bright dot 

images are thought to be dislocation loops. 
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2-4-2-4 Effect of copper on vacancy clustering 

The effect of copper on vacancy cluster size and number density is shown as a 

function of dose (fig.2-25) and as a function of copper content (fig.2-26). The effect of 

copper on vacancy cluster size is significant only for O.OOldpa. Copper addition of 

0.4wt% leads to decrease of vacancy cluster size in the case of 0.001 dpa. The calculated 

SdiSb ratio is around 3% for this irradiation condition. This small value indicates that 

the free volume of trapping sites is either similar to that of monovacancies or smaller 

than that. This implies the formation of copper-vacancy complexes. Further irradiation 

causes absorption of vacancies by the complexes to show similar open volume to that of 

no copper alloys. 

The effect of copper on the trapping rate is particularly significant at 0.01 and 

0. Jdpa. The size of each cluster does not seem to vary so much from calculated SdiSb 

ratio, therefore the difference in trapping rate results from the difference in the defect 

concentration. Copper atoms have strong interaction with vacancies to trap vacancies 

and form copper-vacancy pairs. They aggregate together through diffusion during 

irradiation at 563K to forrn copper-vacancy complexes which contain several vacancies 

and copper atoms. It is guessed that the complexes have enough free volume to trap 

positrons and show the estimated SdiSb value. 
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Fig.2-26 Dependence of (Sd-Sb)/Sb and trapping rate on copper content 
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2-4-2-5 Effect of nickel on vacancy clustering 

The effect of nickel is shown in figs.2-27, 28 and 29. Nickel addition increases the 

SdiSb ratio for each alloy and each dose, which indicates increase of volume of each 

vacancy cluster. On the contrary, the trapping rate is reduced by copper addition except 

the case of O.Oldpa without copper. This indicates that nickel addition leads to 

formation of vacancy clusters larger in size and less in number density. Even for the 

O.Oldpa without copper, the trapping rate might be increased by increase in size rather 

than increase in number density, because this condition shows the largest difference in 

5di5b ratio. It is not clear how nickel atoms affect the vacancy clustering. One possible 

mechanism assumed by Taguchi [2-36! is a removal of vacancies from vicinity of nickel 

atoms. It might increase the effective vacancy concentration for clustering to result in the 

enhancement of the unbalance of point defect fluxes. The other possible mechanisms 

such as stabilizing vacancy cluster by nickel atoms might be given, however one 

dominant mechanism cannot be specified in this experiment. The synergetic effects 

between copper and nickel that is believed to enhance radiation em brittlement cannot be 

clearly seen in these experiments. 
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Fig.2-29 Dependence of (Sd-Sb)/Sb and trapping rate on nickel content 

2-4-3 Effect of irradiation temperature 

Figure 2-30 shows the result of irradiation to 0.1 dpa at room temperature. 

Increment of S-parameter is much greater than irradiation at 563K, and the large value 

of S-parameter indicates formation of vacancy clusters which is larger than ones forrned 

during irradiation at 563K. This indicates difference in therrnal stability of vacancy 

clusters between 563 K and room temperature. The YEPFIT program could not produce 

sufficient fitting for theS-E curve of room temperature irradiation under the assumption 

of neither the layered defect profile nor gaussian defect profile. The S( E) curve of room 

temperature irradiation has 'upper shelf - like shape in the range from 5 keY to 20 keY. 

It implies that almost all the positrons in the energy range annihilates at vacancy 

clusters . Below 5 keY, some positrons diffuse back to the surface, and over 20 keY 

some positrons ann ihilate at the deep defect free region. S( E) in the upper shelf range 

nearly equals to Sd, because Fb = Fs = 0 and F d = I in equation (I). Copper addition 

apparently decreases Sd and the free volume of vacancy clusters at room temperature 
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irradiation. It is also due to strong interaction between copper and vacancies. Copper 

atoms trap vacancies to reduce effective vacancies on clustering and they may be 

associated with vacancy clusters to reduce the apparent free volume of each vacancy 

cluster. 
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Fig.2-30 S parameter change by 0. 1 dpa irradiation at room temperature. 
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2-5. Discussion on the vacancy cluster formation 

It has been widely considered that the radiation embrittlement results from the 

formation of very fine features that impede dislocation motion. Fine copper precipitates 

are believed to form during irradiation to cause matrix hardening. The other features 

than copper precipitates are called "matrix defects" because their nature has not been 

well characterized. 

Since the vacancy cluster is one of the likely matrix defects that cause hardening, 

the positron annihilation technique that has advantage in high sensitivity for detection of 

vacancy-type defects is used in this study. The formation process of vacancy clusters is 

affected by many factors such as damage rate, temperature, sink strength, and so on. 

Nucleation of vacancy clusters occurs in three ways: homogeneous nucleation, 

heterogeneous nucleation assisted by gas atoms and cascade-induced nucleation. The 

first one is encounter reaction of randomly migrating vacancies in matrix. Their 

nucleation rate is affected by vacancy concentration and their diffusivity. The second 

one is due to cavity pressurization effect of gas atoms like helium [2-37]. The latter is 

due to locally high vacancy concentration within cascade region. Such locally high 

vacancy concentration leads to cascade collapse to form vacancy loops in some metals 

such as gold 12-38], however, cascade-induced vacancy loops have never been 

observed in neutron-irradiated iron. The positron annihilation study by Hautojarvi eta!. 

[2-34] showed that clustering of vacancies has already occurred in neutron-irradiated 

iron at liquid nitrogen temperature. Even below stage Ill temperature, growth of 

vacancy clusters occurs by post irradiation isochronal annealing through short range 

migration of vacancies within and near the cascade region. From these facts, cascade

induced nucleation of vacancy clusters is expected to occur in Fe during the irradiation 

both at 563K and room temperature. In addition, such high dose rate and low sink 

strength result in very high vacancy concentration in matrix. It might make the 

homogeneous nucleation of vacancy clusters more significant than the case of neutron 

irradiation to practical steels. 
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'¥' -
In this experiment, a great difference was observed in vacancy cluster size between 

irradiation at 563K and room temperature. It is due to a difference in thermal stability of 

vacancy clusters as well as diffusivity of point defects. Intrinsic sinks of point defects 

are mainly dislocation, grain boundary, and irradiation surface. In these annealed model 

alloys, the dislocation density is low and the grain size with several tens of ~m is larger 

than the distance from damaged layer to irradiation surface. Therefore it is guessed that 

the main point defect sink in this experiment is their irradiation surface. Under this 

assumption the depth distribution and time evolution of vacancies and interstitials are 

roughly estimated under the present ion irradiation conditions. It considers only 

generation of monovacancies and single interstitial atoms, their recombination in matrix, 

and their diffusion to surface sink, and does not consider clustering of point defects and 

other sinks than surface. The solved equations are: 

()Cv = Gv - R CiCv- Dv()
2
Cv 

ac a.r 
ClCi = Gi - R CiCv - o/Ci 
ac a.r 

(2.13) 

(2.14) 

where subscript v and i stand for vacancy and interstitial, respectively, C is 

concentration, G is generation rate of point defects as a function of depth, R is 

recombination rate, D is diffusivity, and xis depth from the irradiation surface. G is 

assumed as tenth of damage rate (damage efficiency equals to 0.1 ). The results are 

shown in Fig.2-31 (563K) and Fig.2-32 (room temperature). They show that the depth 

profile of vacancy concentration is much more different between 563K and room 

temperature than that of interstitial concentration. At 563K, surface is an effective sink 

for both vacancies and interstitials in this dose range. At room temperature surface is not 

an effective sink for vacancies in this dose range while it is an effective sink for 

interstitials. This difference results in difference in effective number of vacancies for 

clustering. From this, the difference in the thermal stability of vacancy clusters as well 

as the mobility of vacancies leads to the great difference in the vacancy cluster evolution 

between 563K and room temperature. 
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The effect of copper on the positron trapping rate was very significant. It is 

guessed that the effect is due to copper-vacancy complex formation. The VEPFIT 

calculation showed that they have small free volume corresponding to a few vacancies. 

It might indicate that the complexes are vacancy clusters surrounded by copper atoms. 

Migration of a copper atom needs a vacancy next to the copper atom to exchange its 

lattice site. It means that copper necessarily has neighboring vacancy when it jumps to 

other lattice site. Such diffusion of copper atoms leads to aggregation of copper atoms 

in matrix. When copper atoms encounter together or come into vacancy clusters and 

copper-vacancy complexes, the migrating copper atom has a neighboring vacancy. The 

vacancy might be added to total number of vacancy in the vacancy cluster or the copper

vacancy complex to show the observed SdiSb ratio. Akamatsu et al. recently proposed 

the possibility of cascade-induced copper clustering from the comparison between their 

neutron and electron irradiation experiments [2-39]. It might be due to the formation of 

copper-vacancy complexes by copper migration to cascade vacancy clusters. Thus 

copper vacancy complexes might act as precursors of larger copper cluster or 

precipitates. 

The effect of copper on vacancy clustering at room temperature was seen in this 

experiment to reduce the volume of each vacancy cluster. It has been believed that 

copper has little effect on embrittlement at lower temperature at which copper migration 

and aggregation is not so significant. However this data show that copper has effect on 

vacancy clustering through strong interaction with vacancies. Therefore the copper 

effect on matrix defects shou ld be considered through their strong interaction with 

vacancies in modeling vacancy cluster evolution. 
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Fig.2-31 Depth profile and evolution of vacancy and interstitial concentration under ion 

irradiation at 563K. No clustering is considered. 
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2-6. Conclusions 

Vacancy clustering and effects of irradiation conditions and chemical elements on it 

were successfully investigated with ion irradiation and variable energy monoenergetic 

positron beam technique. VEPFIT calculation was done to extract information on size 

and population of vacancy clusters from incident positron energy dependence of 

measured S parameter. The obtained insights are as follows: 

1) Small vacancy clusters are formed under heavy ion irradiation at 563K, and the 

number of vacancies in a cluster is estimated to be less than 10. They grow with 

increasing irradiation dose. 

2) Copper content strongly affects positron parameters, particularly trapping rate of 

positrons. This effect is attributed to formation of copper-vacancy complexes. Its 

formation occurs in the lower dose range and tends to saturate in the higher dose range. 

3) Nickel addition tends to increase free volume of each vacancy cluster. Synergetic 

effect of copper and nickel was not seen as for this experimental condition. 

4) Larger vacancy clusters were detected in specimens irradiated at room temperature 

than irradiated at 563K, and their free volume was reduced by copper. 
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3. Hardening Characteristics of 
Ion-irradiated Model Alloys 
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3-1. Introduction 

As discussed in Chapter I, microstructural features formed during irradiation act as 

obstacles against dislocation movement to result in matrix hardening. The matrix 

hardening leads to DBTT increase with Ludwig-Davidenkov model, and it is currently 

regarded as the main contribution to embrittlement. Therefore it is essential to know how 

microstructural features cause hardening. In addition, hardening trend and the its thermal 

recovery behavior are expected to provide information on microstructural features that 

cause hardening. 

Hardness measurement has recently been used for study on embrittlement 

mechanisms by a group of University of California, Santa Barbara (UCSB) 13-1, 3-2j. 

They prepared many varieties of specimens by changing the chemical compositions, and 

did irradiation under various conditions such as high , intermediate and low flux, high 

and low temperature, and many fluences . In addition, they carried out several conditions 

of post irradiation annealing (PIA). Although their experimental matrix is extremely large 

more than 1000 conditions, they have been measuring hardness with semi-automated 

hardness tester developed by them. They proposed four types of defects distinguished 

with their annealing behavior as Unstable Matrix Defect (UMD), Metastable Matrix 

Defect (MMD), Stable Matrix Defect (SMD), and Copper Rich Precipitate (CRP). Thus, 

hardening behavior and their annealing behavior can give insight into microscopic 

features. However nature of each matrix defect is not still clear. 

In this chapter, surface hardening caused by heavy ion irradiation was measured in 

order to investigate how microstructural features cause hardening and obtain insight into 

microscopic features through hardening trends and recovery behavior. Fe-C-Cu, Fe-C

Ni and Fe-C-Cu- i model alloys were prepared in order to simplify the effect of the 

elements of copper and nickel. In this study, irradiation was carried out with varied 

fluence, fixed flux and temperature as the first stage of experiments. 
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3-2 Experimental 

In this study micro Vickers hardness was measured for the estimation of surface 

hardening of the irradiated specimens. Because the damaged region of samples irradiated 

with the energetic heavy ions is limited to thin surface layer, low load (0.5g) was 

employed so that the diamond indentor is not indented too deeply. 

3-2-1 Model alloys 

The chemical composition of the model alloys investigated is shown in Table 3-1. 

Fe-0.1 C-2 .0Ni and Fe-0.1 C-0.1 Cu-2.0Ni were added to the list of specimen 

compositions for the positron experiment. All the model alloys were melted by high 

frequency induction heating in vacuum, hot-rolled, and cold-rolled to 0.2 mm in 

thickness. The final reduction ratio is 2.5 for each alloys. They were mechanically

polished, punched out in the form of TEM discs of 3 mm in diameter, annealed in 

vacuum; recrystallization annealing at 1130K for 0.5h followed by solution annealing at 

I 023K for 1 h, and then furnace-cooled. Each of them except Fe has ferrite-pearlite 

structure and the grain size of ferrite is 10- 50 11m. They were electropolished finally 

using the electrolyte of 900 cm3 acetic acid- I 00 cm3 perchloric acid - 0.5 g chromium 

trioxide (Cr03) to present a flat surface. Interstitial impurity (C, N, 0) and copper 

impurity levels were measured for Fe and Fe-0.1 C (Table 3-2). 

100 



----.----

3 Ch Table- .I em1cal composition (wt. %) of the model allo s investigate d 

c Cu 

Fe < 0.01 <0.01 

Fe-0.1C 0.10 <0.01 

Fe-0.1 C-0. I Cu 0 .09 0 .11 

Fe-0.1C-0.2Cu 0 .1 0 0.20 

Fe-0.1 C-0.4Cu 0.10 0.38 

Fe-0.1C-0.7Ni 0.11 <0.01 

Fe-0.1C-2.0Ni 0.10 <0.0 1 

Fe-0.1C-0. 1Cu-0.7Ni 0.09 0.11 

Fe-0.1C-0.1 Cu-2.0Ni 0.10 0.11 

Fe: balance 

Other elements: Si, Mn, Cr, Mo, V < 0.01 

P, S, Sn, As < 0.003 

AI, Ti , Nb, Co < 0.005 

T bl 3 2 1 a e- . mpunty eve I( ')1) fF dF OIC Wl. o 0 e an e- . measure 

c 0 N Cu 

Fe 0.006 0 .0074 0.0003 0.001 

Fe-0.1 C 0 . 1 0.0049 0.0003 0.00 1 

101 

Ni 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

0.72 

2.02 

0 .72 

2.05 

d after final heat treatment. 



3-2-2 /on irradiation 

In order to introduce displacement damage, the specimens mentioned above were 

irradiated with Ni3+ ions which were accelerated to 4 MeV by the Tandetron accelerator 

at HIT. According to the damage profile calculated by E-DEP-1 code, the damaged layer 

is about I J.lm thick and the damage peak is 0.8 J.lm deep from the surface (fig.3-l ). 

Displacement per atom (dpa) at the damage peak is used as a scaling parameter of 

irradiation dose. The damage rate at the damage peak is controlled to be I x I o-4 dpa/s in 

this case, greater by the 6 orders of magnitude than that in RPVs. Specimens were 

irradiated from 0.001 dpa up to 5 dpa at the damage peak in order to obtain data in the 

wide range of dose, while dpa of the practical pressure vessel steels is estimated to be of 

the order of 0.1 at the end of plant life. 

Diamond pyramid indentor stops within th is range 

1.5 .---~---.-r--....l....,...,__--,---~-----, 0.075 

1.0 0.05 
~ 0 

<1l (.) 

a. .E 
"0 0 

cr; 
0.5 0.025 

depth ( J1. m) 

Fig.3-l Damage profile and range distribution for Fe irradiated with 4 MeV Ni3+ to 

1019 ions/m2 calculated with EDEP-1 code. 
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3-2-3 Micro Vickers hardness test employing low load 

Micro Vickers hardness test was carried out to obtain data about the radiation 

hardening caused by ion irradiation. Terazawa's micro hardness tester (MM-ll) was used 

in the air at room temperature. Fig.3-2 shows the photograph of the tester. The load to 

indentor can be varied by changing the weight on the saucer above the indentor up to 

200g. Loading time can be varied up to 75 sec, and it is set to the maximum value 

through these experiments. As the damage region is only within surface layer of about I 

~m in thickness, micro Vickers hardness test employing low load (0.5 g) was carried out 

so that the tip of the diamond indentor stops within the damage region. The depth of 

indentation is 0.57 ~m for the hardest sample, 0.81 ~m for the softest one as far as this 

experiment is concerned (Fig.3-l ). Grain size of the specimens is larger than the 

diagonal of diamond traces. So the effect of grain boundary on hardness is avoided when 

the center region of a grain is indented. Vickers hardness numbers (HV) were determined 

as the mean values of 5 or more different grains. Apparently abnormal values caused by 

temporary external vibration such as careless closing of the door were excluded. The 

hardness data of irradiated samples are the average of the damaged layer. Since the ion 

energy was constant, the damage profile to the depth direction is probably similar in 

shape for all dpa levels. So the L':.HV is a relative value but it represents the characteristics 

of hardening caused by the ion irradiation . Each data point is estimated to have the 

standard deviation of± 5 to 10 in HV(0.5g) for 5 or more measurements. The 

experimental procedure is schematically shown in fig.3-3. 

Isochronal annealing after irradiation was done to measure hardness change of the 

spec imens irradiated to l dpa at 563 K. Each annealing step was performed for four 

hours in a vacuum better than I o-4 Pa under continuous evacuation with diffusion pump. 

The duration of 4 h was chosen in order to keep the heating-up and cooling-off periods 

short compared to the holding period 13-3, 3-4]. 
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Fig.3-2 Micro Vickers hardness tester (MM-II type) 

O lon irradiation 

IDT Facility 
Tandetron accelerator 

0 Micro-Vickers hardness measurement 

3mm<)> x 0.2mm 

.. 
4MeVNi3+ 

@~~o-ted-ar-ea---j• 
· .. masked area 

.. 
0.001,0.01,0.1, I dpaat563K 

I X w-4 dpa/s 

fi!f!_os, 
~ 

11 HV = HV irr - HV unirr. 

Fig.3-3 Experimental procedure schematically shown 
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2-4 Transmission electron microscopy CTEM) 

TEM observation was carried out for part of the irradiated alloys in order to obtain 

information about microstructural evolution caused by ion irradiation. Thin foils of the 

damage peak region were made of irradiated samples. Controlled electropolishing was 

done to polish out the layer from the irradiated surface to the damage peak region 

followed by back-thinning using Tenupol-3 for the perforation. The electrolyte was 900 

ml acetic acid- 100 ml perchloric acid- 0.5 g Cr03 and the polishing voltage during 

back-thinning is 35 Y. There was a difficulty in making a round hole because carbide 

may fall out to make a corrugated hole. This fact added another difficulty to TEM 

observation as well as magnetic field caused by ferromagnetic ferrite samples. 



---~~--• 

3-3 Results 

3-3-1 Fe 

The radiation hardening caused by the heavy ion irradiation was detectable by 

micro Vickers hardness test. Figure 3-4 shows the dependence of the irradiation 

hardening of Fe on dose. The hardness change (t..HV) on the ordinate is difference 

between hardness number of the irradiated area and the unirradiated area in the same 

specimen so that the effect of thermal history is eliminated. It shows the slight hardening 

at 0.001 to O.Oldpa, and the gradual hardening over this dose range. No saturation trend 

is observed. Power low fitting (t..HV = k (dpa)n) was done and the result is also shown 

in fig.3-4. This fu nction form represents the hardening trend of Ni-ion irradiated iron 

well and the value of n was estimated to be 0.27. 

> 
J: 
<l 

70 

60 

50 

40 

30 

20 

10 

0 
0.0001 

14MeV Ni-> Fe at 563K I 

- - - - 6HV = 25.8 x (dpa) 0
'
27 

R=0.94 

0 

0 

0.001 0.01 0.1 
dpa 

, , 

, 
0 o, 
, "o , 

Fig.3-4 Dose dependence of hardening of Fe 
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3-3-2 Fe-O.JC 

The dose dependence of hardening of Fe and Fe-0.1 C is shown in fig.3-5. The 

hardening trends of Fe and Fe-0.1 C are similar, so the effect of carbon is not clear. 

Power low fitting can represent the hardening trends of Fe-0.1 C as well as that of Fe. 

The estimated n value of 0.43 is large compared with 0.27 of Fe, however, the 

difference inn value seems not to be essential. 

Figures 3-6 shows L1HV change as a function of temperature in isochronal 

annealing for 4 h for Fe and Fe-0.1 C. The hardness change in HV(O.Sg) on the ordinate 

is defined as the difference between hardness number of the irradiated and the 

unirradiated areas in one sample. The hardening of both samples is gradually recovered 

and it seems to be completely recovered at 693K. 

70 

60 
14MeV Ni ion irradiation at 563~ 

50 ~ - cr - Fe I 
. --D- Fe-0.1 C • 

0 

> 40 
~HY = 22.8 x (dpa)043 '0 :I: 

<l 30 R=0.92 f8/J 0 
./ 

20 0 ./ 
O,JJ __..- 0 

10 

o.8oo1 0.001 0.01 10 

dpa 

Fig.3-5 Dose dependence of hardening of Fe and Fe-0.1 C 
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60 

4MeV Ni ion irradiation to 1 dpa at 563K 

0 ~~-O.IC I D 

> 
:I: D 
<I 20 8 0 

D D 0 

10 0 

0 0 

0 D D g 8 

-w5o 600 650 700 750 
annealing temperature (K) 

Fig.3-6 Recovery process of radiation hardening of Fe and Fe-C in isochronal annealing 

for 4 h. 
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3-3-3 Fe-O.IC-xCu 

The dose dependence of hardening of Fe-O.IC-xCu (x: 0, 0.1 and 0.4 wt.%) is 

shown in fig.3-6. The hardening trends are clearly different between with and without 

copper. The enhancement of hardening by copper is clearly seen especially in lower 

doses. The copper containing alloys start hardening at lower doses than the no copper 

alloy, show rapid hardening compared with the no copper alloy, and saturation tendency 

is seen toward higher dose. Such trends are clearly seen in power low fitting of data. 

Increasing copper content decreases n value and increase deviation from fitting curves. 

The copper content dependence of hardening is shown in fig.3-7 where each data point is 

the average I'>HV close to nominal fluences. The copper effect is clearly found at the 

intermediate fluences (0.1 and I dpa) , while the slight effect is seen at 0.01 dpa and little 

effect is seen at 5 dpa. This hardening trends suggest the copper related term like L'>HV = 

k (dpa)n + f(Cu, 0t, etc). 

Figure 3-8 shows the I'>HV change as a function of temperature in isochronal 

annealing for 4 h for Fe-0.1 C, Fe-0.1 C-0.1 Cu, and Fe-0.1 C-0.4Cu. The hardening of 

Fe-0.1 C and Fe-0.1 C-0.1 Cu is gradually recovered and after 673 K - annealing it seems 

to be recovered completely. Significant hardening was observed for Fe-0.1 C-0.4Cu after 

annealing at 613 K. The hardening of Fe-0.1 C-0.4Cu was not recovered completely 

even after annealing at 713 K. 
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- • - Fe-0.1 C-0.4Cu 

Fig.3-6 Dose dependence of hardening of Fe-0.1 C-xCu (x: 0, 0.1, 0.4) 

70 

60 I 4Me V Ni ion irradiation at 563~ 
Fe-0.1 C-xcu 

50 _ _?d~a- __ .... . __ 
- ·-

> 40 
ldp~ ---- 0 - ·• 

:I: -·-- - EE <l 30 0.1dga _ 
• 

20 / 
rn-

/ 
10 ~ 
-S.1 0 0 .1 0.2 0.3 0.4 0 .5 

Cu content (wt.%) 

Fig.3-7 Copper content dependence of surface hardening by heavy ion irradiation 
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Fig.3-8 Recovery process of radiation hardening of Fe-C-Cu in isochronal annealing 
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3-3-4 Fe-0./C-xNi 

The dose dependence of hardening of Fe-0.1 C-xNi (x: 0, 0.7 and 2.0 wt.%) is 

shown in fig.3-9. The three types of specimens show almost similar hardening trends on 

dose, and they follow the power low dependence. The dependence of hardening on 

nickel content is replotted in fig.3-10, however effect of nickel is not clear. From these 

results, nickel does not affect hardening solely. This fact suggests that the effect of the 

implanted nickel atoms can be neglected with respect to hardening. 

The annealing behavior of Fe-0.1 C and Fe-0.1 C-0.7Ni is shown in fig.3-11. The 

annealing behavior of both specimens is similar, and it indicates nickel addition to Fe-

0.1 C has little effect on hardening recovery process as well as hardening itself. 

> 
:I: 
<l 

60 

50 

40 

--o-- Fe-0.1 C 
- - o -- Fe-0.1C-0.7Ni 
- +- - Fe-0.1C-2.0Ni ,' I 

,' / ~ 
ll.HV = 30.0 x (dpa)035 

,'; 

R=0.98 ~ •; 

0 J1 
R=0.91 ~~ D 

ll.HV = 30.9 x (dpa)
0
·
50 

y' ' 

D D I 

¥9 ~ ll.HY = 22.8 x ( a)0·
43 

~ R=0.92 

0.001 0.01 0.1 10 

dpa 

Fig.3-9 Dose dependence of hardening of Fe-0.1C-xNi (x : 0, 0.7, 2.0) 
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Fig.3-10 Nickel content dependence of surface hardening by heavy ion irradiation 
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Fig.3-ll Recovery process of radiation hardening of Fe-C-Ni in isochronal annealing 
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3-3-5 Fe-O.IC-O.ICu-xNi 

The dose dependence of hardening of Fe-0.1 C-0.1 Cu-xNi (x: 0, 0.7 and 2.0 

wt. %) is shown in fig.3-12 . Their hardening trends do not follow the power low 

dependence compared with Fe-0.1 C-xNi case. Copper addition enhances hardening at 

intermediate doses as Fe-0.1 C-xCu. Figure 3-13 shows the dependence of hardening on 

nickel content. The effect of nickel is clearly seen at higher doses while no effect was 

observed in Fe-0.1 C-xNi case. The fact suggests the so-called 'synergetic effect' 

between copper and nickel. 

In Fig.3-14 recovery behavior is shown for Fe-O.IC-O.!Cu and Fe-O.lC-O.lCu-

0.7Ni. Recovery process does not differ so much between these two alloys except high 

temperature. The hardening of Fe-0.1 C-0.1 Cu-0.7Ni is not completely recovered after 

annealing at 713 K while that of Fe-0.1 C-0.7Ni seem s to be completely recovered after 

the annealing. 
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Fig.3-12 Dose dependence of hardening for Fe-·0.1 C-0.1 Cu-xNi (x: 0, 0.7 , 2.0) 
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Fig.3-13 Nickel content dependence of surface hardening by heavy ion irradiation 
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Fig.3-14 Recovery process of radiation hardening of Fe-C-Cu and Fe-C-Cu-Ni in 
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3-4 Discussion 

In the previous section, the results of the hardness measurement were shown. The 

overall trends are summarized as below; 

(!) The model alloys without copper show similar dose dependence of hardening 

irrespective of their carbon or nickel content. Hardening is not so significant at lower 

doses, and then getting greater with increasing dose. The dose dependence follows the 

form of I'>HY=k(dpa)n where n is estimated to be within the range from 0.25 to 0.5. The 

recovery process by isochronal annealing is also similar among these alloys . 

(2) Copper addition clearly changes the dose dependence of hardening. The hardening of 

the model alloys containing copper shows greater hardening than the alloys without 

copper particularly at lower doses, and the hardening increases with increasing copper. 

Then hardening shows saturation tendency at higher doses, and the effect of copper 

content on hardening is not seen at the highest dose. Funher hardening was observed by 

isochronal annealing for Fe-0.1 C-0.4Cu, and the alloy did not show complete recovery 

even at high temperature at which other alloys show complete recovery. 

(3) Nickel addition enhances hardening only for the alloys containing copper. The effect 

of nickel addition can be seen panicularly at higher doses. 

The above trends indicate the existence of two types of hardening contribution; one 

is irrespective of material composition, and the other is clearly related to copper. The 

former can be regarded as due to so-ca lled matrix defects. Nature of the matrix defects in 

practical steels has not been understood yet, and "sponges" (vacancy-rich regions), 

microvoids, dislocation loops (vaca ncy or interstitial), or solute-point defect clusters 
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have been regarded as possible features [3-5]. However, for the case of the ion 

irradiation to the simple model alloys, existence of fine vacancy clusters is revealed in the 

previous chapter. In addition, TEM observation indicates existence of small dislocation 

loops (probably interstitial type). Although other possibilities should be taken into 

consideration, only vacancy clusters and interstitial loops are considered as matrix 

defects in the discussion below. 

From the positron annihilation experiments, vacancy clusters that form during 

heavy ion irradiation at 563K are estimated to be very small and contain only less than 10 

vacancies. Although damage rate (3x I o-5 dpa/sec for positron annihilation vs . I x IQ-4 

dpa/sec for hardness measurement) and ion energy (3Me V for positron annihilation vs. 

4Me V for hardness measurement) are different between these experiments, the difference 

would not result in so different vacancy cluster evolution because PKA spectrum is 

almost same between these conditions. With respect to vacancy clusters, there must be 

vacancy clusters in specimens for the hardness measurement although higher vacancy 

concentration due to higher damage rate may result in larger vacancy clusters. Dot images 

that are interpreted as dislocation loops were also observed with TEM in specimens 

irradiated under the same condition as the hardness measurement. These facts indicate 

that it is reasonable to consider vacancy clusters and dislocation loops as matrix defects 

in ion-irradiated model alloys. 

As shown in 1-4-3, dislocation barrier model has been used to estimate the matrix 

hardening due to the interstitial and vacancy clusters. It describes the intersection forces 

of various defects as they impede dislocation motion along the slip plane. There are some 

models and they are generally derived from Orowan's theory for the atherrnal bowing of 

dislocations around obstacles, expressed as: 

M=G~ 
[3£ 

(3.1) 

where L'.t is the change in shear stress, b is the magnitude of the Burgers vector, 'lis the 

average barrier spacing, G is the shear modulus , and f3 is a obstacle strengthening factor 
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[3-6]. The average barrier spacing is computed from the number density, N, and the 

diameter, d, of the obstacles, 7_ = -.fNd. However Friedel [3-7] suggests that 

dislocations will move past barriers in a zig-zag fashion in the case of weak barriers, and 

defines an enlarged effective interbarrier spacing to express the change in shear stress as; 

M = c; dN
2 13 

(3.2) 

The statistical theory of flow stress shows that Friedel's relation holds over a rather large 

range of obstacle strength; i.e. , up to 1/4 of the Orowan stress [3-8]. Bemont, Jr. 

summarized various barrier interaction models in Table 3-3. The increment change in 

shear stress can be related to the change in yield stress change using the Taylor factor in 

the case of polycrystalline materials as !3-91 

/1(Jy :3.111'!". 

34-1 Hardening due to vacancy clusters 

(3.3) 

Vacancy cluster evolution was investigated in the previous chapter. The vacancy 

clusters that formed during heavy ion irradiation at 563K were estimated to contain less 

than I 0 vacancies from the SdiSb ratio calculated with VEPFIT. Theoretical calculations 

by Nieminen and Laakkonen show that specific trapping rate for vacancy clusters, J.lc/, is 

proportional to the number of vacancies in the cluster in the case of small cluster size !3-

10]. Therefore, trapping rate K =!lei Cc[ can be expressed as K= N !lv Cci where Jlv is 

specific trapping rate for monovacancies, Cci is vacancy cluster concentration and N is 

the average number of vacancies in a cluster. Since J.lv is well established to be 1.1 xI 015 

sec- I for iron , Cc[ can be estimated under an assumption of N value in the range up to 

10 [3-11]. The assumed N can be also related to cluster radius r as N f1a = 4:rrr3f3. 

Thus obstacle number density, N, and radius, r, can be roughly estimated under an 

assumption of N value within the range up to I 0. 

Although large voids are known to act as strong barriers [3-12, 3-131, it is not 
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clear that the small vacancy clusters act as either strong barriers or weak barriers. Then 

three types of hardening models are examined for the estimation of hardening due to 

vacancy clusters detected with positron beam. The first one is the strong barrier 

hardening model ({3=1 in equ. (3.1)), the second one is weaker barrier of {3=0.1 in equ. 

(3.1) proposed by Odette et al. [3-1], and the third one is the Friedel's weak barrier 

model assigned to 6d in Table 3-3. When N is set to a certain value, increment change in 

yield stress can be estimated with the three models and equ. (3.3). Increment change in 

yield stress are estimated from the positron trapping rate of Fe-0.1 C irradiated at 563K in 

Table 3-4. In addition, rough estimate of the change in Vickers hardness number is done 

using the empirical proportional constant between ll.HV and ll.cry (ll.cry/ll.HV = 3.5) in 

the table. The table shows that the predicted hardening strongly depends on the choice of 

the hardening models and the strengthening factor, and that the predicted hardening 

under the strong barrier model is several tens of times higher than the Friedel's weak 

barrier. The predicted hardening and measured hardening data for Fe-0.1 Care plotted 

together in fig.3-15. Although predicted hardening includes uncertainty in the 

proportional constant between ll.HV and ll.cry. and in load dependence of ll.HY, 

application of the strong barrier model clearly leads to overestimation of hardening. It 

indicates that the fine vacancy clusters that form during ion irradiation up to O. ldpa at 

563K act as weak barriers against dislocation motions. 
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Table 3-3. Various models for dislocation barrier interactions [3-6]. 

Dislocation Networks Expression for bt !.._ 

2n 

b. Short-range interaction ~b l/2 
(Trees) i! ~ 4b 

Prismatic Looos 

a. Strong barrier model 
(after Orowan) 

b. Weak barrier model 
(after Friedel) 

.!!!?. 
8i 
vb·d·N 213 
-8--

"4 
"'3.7 
'\.2-3 
"8 (b.c.c. l 
"4 (f . c.c.) 

Sa 
Sb 
Sc 
Sd 
Se 

Imouri ties, Clusters, Precipitates 

a . Strong preci pitates 
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Table 3-4. Predicted hardening due to vacancy clusters detected with positron beam 

using various hardening models. 

vield stress change hardness change (.C.crv/3.5) 
strong weaker Friedel's strong weaker Friedel's 
barrier model barrier model weak barrier barrier model barrier model weak barrier 
(ll=1) (ll=JO) model (ll=l} (ll=IO) model 

(ll=lO) (ll=IO) 

ldrn K 
N-5 N-!0 N=5 N=10 (1/ns) N-5 N 10 N 5 N-10 N=5 N-!0 N 5 N-!0 

0.001 13.2 396 314 39.6 3 1.5 6.6 4.2 11 3 89.9 11.3 9.0 1.9 1.2 

O.DI 10.2 348 277 34.8 27.7 5.6 3.5 100 79.0 10.0 7.9 1.6 1.0 

0.1 35.0 645 512 64.5 51.2 12.7 8.0 184 146 18.4 14.6 3.6 2.3 
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Fig. 3-15 The predicted hardening due to vacancy clusters detected with the positron 

beam technique and measured hardening data for Fe-O.lC. 
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3-4-2 Hardening due to dislocation loops 

Existence of dislocation loops in ion-irradiated Fe alloys at 563K was indicated 

with TEM observation. Although the nature of the loops was not characterized in this 

study, it is indicated from other studies that the loops are of interstitial type (3-5, 3-14, 3-

15]. Number density and size of the loops were estimated for nickel-ion irradiated iron at 

563K, and it showed that measured incremental change in hardness is proportional to the 

square root of (Nd) 1/2 in the range from 0.1 to 5 dpa (fig.3-17, [3-16, 3-17]). This fact 

as well as the lack of visible voids indicates that the measured hardening is mainly due to 

dislocation loops. 13 value is estimated from the proportional constant between 1\.HV and 

(Nd) 1/2 to be 5.27, and thi s value is reasonable compared with the value of 3-4 in the 

strong barrier model when experimental errors and the possibility of other hardening 

features such as vacancy clusters are taken into consideration. 

The relative importance of the vacancy clusters and the dislocation loops on 

hardening cannot be distinguished in this study. As shown above, it strongly depends on 

the hardening model s and strengthening factors. Therefore more precise estimation of the 

hardening models and strengthening factors are required for the prediction of hardening 

from microstructural information. It will be discussed again in Chapter 4. 
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Fig.3-16 Relation between (Nd)112 and L'.HV where Nand dare number density and 

mean diameter of observed dislocation loops in ion irradiated iron at 563K, respectively 

[3-16]. 

3-4-3. Effect of copper 

The effect of copper on hardening is significant at relatively low dose range. Since 

the positron annihilation experiment indicates the formation of copper-vacancy 

complexes at the low dose range as discussed in Chapter 2, the effect of copper on the 

hardening can be related to the copper-vacancy complexes. Although such complexes 

themselves would act as weak barriers with their free volume like small vacancy clusters, 

the dose dependence of the positron trapping rate shows earlier formation of copper

vacancy complexes than hardening trend. It implies that the copper-vacancy complexes 

enhance nucleation of stronger barriers like copper clusters rather than act as barriers 

themselves. 

Post irradiation annealing causes the further hardening only for Fe-0.1 C-0.4Cu at 
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613K. Similar radiation anneal hardening (RAH) has been observed in neutron-irradiated 

model alloys: Takaku et al. [3-18] irradiated Fe, Fe-0.1 Cu and Fe-0.3Cu in the Japanese 

Material Testing Reactor (JMTR) at 523 K to 5 x 1018 n/cm2 Data on isochronal 

annealing after the irradiation showed the hardening after 573 K annealing for copper 

containing alloys, similar to the present work in the point of the copper effect. It can be 

explained as follows; fine copper clusters that form during irradiation at 563K are 

different from the copper clusters that shows peak hardness condition in aging 

experiment, either in size, composition , or structure (bee, twinned 9R or fcc). There is 

no example that finds fcc copper precipitates in the irradiated iron alloys unlike averaged 

conditions, and this fact suggests that the irradiation-induced copper clusters are in the 

'pre-peak hardness' state. Post irradiation annealing would induce change either in size, 

composition, or structure to show peak hardness. This experiment cannot distinguish the 

three types of change, however they can occur simultaneously during annealing. Thus, 

different annealing behavior due to copper addition also indicates formation of copper 

clusters. 

3-4-4 Effect of nickel and its synergetic effect with copper 

Nickel addition to Fe-O.IC seems to have little effect on hardening trend and the 

recovery behavior. On the conrrary, nickel addition to Fe-0.1 C-0.1 Cu enhances 

hardening in the higher dose range. This effect is attributed to formation of copper cluster 

containing nickel at higher doses. Buswell et al. showed that such copper cluster 

containing nickel form in Fe-Cu-Ni during neutron irradiation at 563K with FEG/STEM 

attached with EDX while thermal aging induces formation of pure copper clusters 13-19]. 

They also showed that the hardening of Fe-Cu-Ni is greater than Fe-Cu at relatively 

higher dose. Our data is consistent with their experiment, and it is reasonable to attribute 

the nickel effect to the increase in volume fraction of copper-rich clusters by nickel 

addition to them. 
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3-5 Conclusions 

Surface hardening caused by heavy ion irradiation was measured in order to 

investigate how microstructural features cause hardening and obtain insight into 

microscopic features through the hardening trends and the recovery behavior. The results 

are summarized as; 

( I) The model alloys without copper show similar dose dependence of hardening trends 

irrespective of their carbon or nickel content. Hardening is not so significant at lower 

doses, and then getting greater with increasing dose. The dose dependence follows the 

form of L'>HY=k(dpa)n where n is estimated to be within the range from 0.25 to 0.5. The 

recovery process by isochronal annealing is also similar among these alloys. 

(2) Copper addition clearly changes the dose dependence of hardening. Hardening of the 

model alloys containing copper shows greater hardening than the alloys without copper 

in the dose range between 0.01 and I dpa, and the hardening increases with increasi ng 

copper. Then hardening shows saturation tendency at higher doses, and the effect of 

copper content on hardening is not seen at 5 dpa. Further hardening was observed by 

isochronal annealing for Fe-0.1 C-0.4Cu, and the alloy did not show complete recovery 

even at high temperature at which other alloys show complete recovery. 

(3) Nickel addition enhances hardening only for the alloys containing copper. The effect 

of nickel addition can be found at I and 5 dpa. 

From the dose dependence and the annealing behavior, hardening features were 

disti nguished to matrix defects and copper clusters. Fine vacancy clusters and interstitial 

loops are possible matrix defects, however a vacancy cluster acts as a weak barrier 
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against dislocation motion. Interstitial loops are dominant hardening features in the 

higher dose range. 

Formation of the copper clusters occurs during ion irradiation at 563K, and 

copper-vacancy complexes proposed in Chapter 2 have possibility of enhancing 

formation of copper clusters. The copper clusters add nickel atoms at higher doses to 

show further growth and the resultant hardening. 
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4. Discussion on physico-based 
methods for the embrittlement 

prediction 
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4-1 Introduction 

As discussed in Chapter 1, it is needed to precisely predict the radiation 

embrittlement of RPV steels. Since the current prediction methods are derived from 

statistic analysis and do not consider physical meanings, physico-based methods are 

considered to have possibility to give more precise prediction and higher reliability . In 

order to establish such a physico-based methods, the embrittlement mechanisms should 

be fully understood, however they are still unsolved. Many factors such as complexity of 

material conditions, very fine features below TEM resolution, and poor controllability of 

irradiation conditions make understanding of embrittlement mechanisms difficult. 

Therefore full use of knowledge acquired under the different material and irradiation 

conditions including model alloys and ion irradiation is required for better understanding 

of embrittlement mechanisms. This concept of correlation among different irradiation 

conditions based on physical understandings is called 'irradiation correlation', and its 

importance has been widely recognized. The prediction of radiation embrittlement is a 

typical case of application of irradiation correlation. 

In this chapter, two types of methodology for the embrittlement prediction based on 

physical understandings are discussed. The first one is based on the fundamental 

modeling of the embrittlement mechanisms from microstructural evolution through 

microstructure-mechanical property correlation. It is the ideal , ultimate method, and 

applicable to the condition out of the data base in principle. However, various physical 

parameters such as diffusivity of point defects and solutes must be precisely estimated for 

establishing the prediction. The second one is semi-mechanistic methods pioneered by 

Odette et al. [4-1 , 4-2], Fisher and Buswell (4-3], Simons f4-4], and Taguchi [4-5] in 

which function forms are derived based on physical understanding and several fitting 

parameters included in the formula are obtained with statistic analysis. These two 

methods as well as application of the experiments in this study will be di scussed in this 

chapter. 
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4-2 Methodology for embrittlement prediction based on modeling of embrittlement 

mechanisms 

In Chapters 2 and 3, the microstructural evolution in the model alloys induced by 

the heavy ion irradiation was discussed. Existence of fine vacancy clusters was 

confirmed with positron beam technique, and formation of copper-vacancy complexes 

was indicated by the YEPFIT analysis of positron data. Moreover, small dot images 

(-2nm) were observed with TEM in several model alloys irradiated to relatively high 

doses at 563K and they are believed to be interstitial loops. In addition, the difference in 

the hardening trend between alloys without copper and alloys with copper suggests the 

formation of 'copper-related features', believed to be copper clusters, at around 0.1 to I 

dpa. They may form from the copper-vacancy complexes discussed above. Such 

microstructural evolution is schematically shown in figs.4-l and 4-2 for the alloys 

without copper and with copper, respectively. In the following, the modeling of such 

features and prospect about these features in practical conditions are discussed. 
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Fig.4-l A schematic view of microstructure evolution in model alloys without copper 

induced by nickel ion irradiation at 563K. 
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Fig.4-2 A schematic view of microstructure evolution in model alloys with copper 

induced by nickel ion irradiation at 563K. 
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4-2-1 Vacancy clustering 

General expression of the vacancy cluster evolution was shown as equation (1.3) in 

Chapter I as; 

dC'
1
'" . . 

--' - = avt_i~t c~''cl +(a~ lie~ + 111~ Jici)C~''c/ _ (a·d_ic_t + av lict + 111 .. ,ic/)Cv'ict + Gvticl (I 3) dt v/l,J - 1 J- I 1/II,J+ I 't' J+ 1 J+ 1 v/1,1 i/ll,j 'f' j j j . 

It considers growth by absorption of vacancies, shrinkage by absorption of interstitials 

and thermal emission of vacancies, and cascade-induced nucleation. If vacancy and 

interstitial concentrations are given, the set of equations can be solved numerically using 

stiff equation solver such as "GEAR" [4-6]. However, many of physical parameters in 

the equation are to be established, which might lead to large variation in calculation 

results. 

They include some parameters related to cascade structure or number and 

configuration of point defects after short term annealing such as cascade efficiency, 1] , 

and fraction of vacancies in cascade vacancy clusters containing j vacancies f)". Then 

generation rate of freely mig ratin g vacancies from cascades can be expressed as 

1]Gdp.(1-II;"). and the generation rate of vacancy clusters containing} vacancies as 
)=2 

!"' 
1]Gdpa - '-. . In these expressions, only Gdpa is well established with NRT model , but 

J 

others are not. Vacancy cluster evolution is highly affected by those parameters as 

indicated by Odette f 4-7]. For example, Odette numerically solved the equation ( 1.3) 

under equilibrium point defect concentration with or without I barn cross section of 

generation of cascade vacancy clusters containing 10 vacancies (fig.4-3). The calculation 

showed that formation of cascade vacancy cluster containing I 0 vacancies of I bam cross 

section makes vacancy cluster concentration much higher by about 4 orders of magnitude 

than the case of no cascade vacancy clusters. Thus , correct knowledge about cascade 

structure is required for precise estimation of vacancy cluster evolution. 

Since cascade structure varies with the PKA energy, these parameters should be 

functions of PKA energy. Computer simulation studies qualitatively indicate that cascade 

efficiency , 1] , is nearly unity for the low PKA energy just above Ed (displacement 

energy) and it decreases with increasing PKA energy, and that the variation of cascade 
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efficiency with PKA energy is relatively slow at higher energies [4-8, 4-9,4-10, 4-ll]. 

The PKA energy dependence of 7) and J;" is schematically shown in fig.4-3 . Recent self 

ion irradiation experiment for Au shows that monoenergetic PKAs don't form a single 

type of defect clusters in size and subcascade structure but distribution of size and 

number in a group [4-12, 4-13,4-14, 4-15]. It suggests that a PKA of an energy has 

possibility of making various sizes of vacancy clusters. Therefore if the dependence of 

J;" on PKA energy are given, !;" of a cenain neutron exposure field can be estimated 

by integrating J j" (EPKA)W(EpKA) from Ed to £';;;., where W(EPKA) is a weighing 

function that represents the PKA energy spectrum. Since W(EPKA) can be obtained for a 

neutron exposure field using SPECTER code 14-16, 4-17], the dependence of J;" on 

PKA energy can account for the difference in PKA energy spectrum among various 

reactors in principle. 

Thus ! ;" is a key parameter for modeling of the vacancy cluster evolution. 

Computer simulation has potential for the estimation of J;" as a function of PKA energy. 

Then how can it be experimentally estimated? Self ion irradiation has recently been 

applied to study on cascade damage structure based on PKA energy with regarding its 

energy as PKA energy [4-12, 4-13, 4-14, 4-15, 4-18] . These are TEM-base 

experiments, therefore pure metals with high defect yield such as gold and copper have 

been examined. As discussed in Chapter I, self ion irradiation of iron does not form any 

TEM-visible defects within a cascade region. However, positron annihilation technique 

can detect TEM-invisible vacancy clusters. Therefore combination of self ion irradiation 

and positron annihilation technique may be promising. Doppler broadening measurement 

with variable energy monoenergetic positron beam technique was successfully applied to 

materials irradiated with MeY-order heavy ions in Chapter 2, however, maximum PKA 

energy in pressure vessels is -l50keY. Then self ion irradiation should be done with ions 

of less than l50keY for the application to study on cascade vacancy cluster formation in 

RPYs to result in defect production very close to surface. This means reduction in the 

energy range of probe positrons has to be done , and positronium formation at the surface 

or epithermal positrons must be taken into consideration to make the data interpretation 
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more complicated. Although self ion irradiation experiment where incident self ions are 

regarded as monoenergetic PKAs is thus difficult for iron, ion irradiation has capabili ty 

of making various PKA energy spectra by varying ion species rather than ion energies. In 

these experiments for cascade vacancy clusters, low temperature irradiation and the 

following cryo-transfer is desirable for freezing the vacancy structure. 

Another unknown parameter that affects the calculation results is effective surface 

energy of vacancy clusters. This value controls the vacancy emission rate from a vacancy 

cluster. Odette es timated the sensitivity of calculation results on this parameter, and 

showed the very large variation of the results with various surface energy (fig.4-4) [4-7]. 

Positron annihilation technique is the most possible experimental technique for 

determining the va lue experimentally due to its high sensitivity for vacancy-type defects. 

Combination of irradiation and annealing under well controlled conditions is required for 

it. 

The key parameters for description of vacancy c luster evolution and possible 

techniques for evaluating such parameters are summarized in fig.4-6. Vacancy cluster 

evolution is very important not only for estim ation of its contribution to hardening but 

also for their effec t as sinks of point defects on freely migrating point defect 

concentration. Therefore detailed studies that determine these key parameters are desired, 

and the positron annihilation technique has capability for these studies about vacancy 

clusters. Combination of controlled ion irradiation and the positron beam technique 

discussed in Chapter 2 is also applicable to such studies. 
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Fig.4-4 Steady-state distributions of vacancy clusters at 563K and a flux of 5xJQI2 

n/cm2-s for Yeff =1.2J/m2, with and without the production (!barn) of 10 vacancy 

cascade clusters [ 4-7]. 
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Fig.4-5 Variation in the steady state nanovoid nucleation rate at 563K with flux and Yeff. 
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I cascade-vacancy cluster generation 

key parameters: size and cross section as a function of PKA energy 
______.._ not well established 

For evaluating, 

Controlled PKA energy spectrum (use of different ion mass or self ion) 
Controlled flux and fluence 

Low temperature for freezing damage structure 

Very sensitive detection method for vacancy clusters (positron annihilation) 

I vacancy cluster evolution I 
key parameters: generation rate of cascade-vacancy clusters (unknown, f(PKA energy, flux)) 

generation rate of freely migrating defects (unknown, f(PKA energy, flux)) 
Diffusiv ity of vacancies and interstitials (partly known, !(temperature)) 
Sink strength and bias factor (panly detectable and known, f(material conditi1 
effective surface energy (unknown , f(temperature)) 

For evaluating effective surface energy , 

Controlled isochronal and isothermal annealing 

Very sensitive detection method for vacancy clusters (positron annihilation) 

Fig.4-6 Ke y parameters and required techniques for description of vacancy cluster 

evolution. 
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4-2-2 Interstitial loop evolution 

Interstitial loop evolution is also described by equation ( 1.3), where the absorption 

rate and emission rate have different forms from those for vacancy clusters. There are 

several examples where interstitial loops are observed in iron or iron-based simple 

systems irradiated to relatively high doses, while no such loops are observed in irradiated 

practical RPV steels. Although there are few experiments that try to reveal the reason of 

the difference in interstitial loop evolution between simple iron-based alloys and complex 

RPV steels, it might be due to difference in impurity levels [4-19] . For example, the fact 

that more and smaller interstitial loops are observed in Fe-Ni-P than high purity Fe [4- 19, 

4-20] indicates the importance of alloy and impurity levels. Difference in sink strength 

might also induce difference in fraction of interstitials available for clustering. 

Since any other technique than TEM cannot detect interstitial loops, resolution limit 

of TEM is the current detection limit for interstitial loops. When interstitial loop evolution 

in practical steels is considered, extrapolation from 'TEM-visible' condition to the 

practical 'TEM-invisible' condition. The extrapolation must be done for difference in 

dose, sink strength, and impurity levels. It is schematically shown in fig.4-7 . For 

realizing such extrapolation, controlled irradiation conditions and well-characterized 

materials (sink strength and impurity levels) are desired. Ion irradiation can produce 

visible interstitial loops as shown in Chapter 3, therefore ion irradiation can be applied to 

such extrapolation work. Then, dose rate effect should be considered in addition to the 

difference shown in fig.4-7. 
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sink strength 

Fig.4-7 A schematic view of comparison between a condition where interstitial loops are 

observable with TEM and a practical condition where no interstitial loops are observed. 

Expected loop size trends are also shown. The arrow in the figure is one of the 

approaches to consider the difference. 

4-2-3 Copper clustering 

Although any direct evidence of copper clustering cannot be acquired in this 

experiment, the effect of copper on vacancy clustering is significantly seen in Chapter 2. 

It indicates the formation of copper-vacancy complexes during irradiation , as 

schematically shown in fig.4-2. There are several models approaches where copper 

clustering under irradiation is modeled, and most of them assume rapid homogeneous 

nucleation and growth of copper clusters accelerated by radiation enhanced diffusion of 

copper atoms 14-3, 4-7]. On the other hand , Simons assumes that cascade-vacancy 

clusters stabilized by copper atoms act as nucleation sires of copper clusters and deduces 

a semi-empirical formula for embrittlement prediction 14-4]. This mechanism is consistent 

with the present experimental results in the point that it considers interaction between 

vacancy clusters and copper atoms. Simons' model considers number density, N , of 
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copper cluster as determined by cascade vacancy cluster formation rate, their annihilation 

rate by cascade overlapping, and their annihilation rate by thermal emission of vacancies; 

N = aH- [3GN - vN (4.1) 

where His vacancy cluster generation rate, G is cascade overlapping rate constant, vis 

thermal annihilation rate constant, and a and f3 are fitting parameters. Size evolution of 

the copper cluster is controlled by flux of copper atoms as; 

dd = 4!.2(D C C - nd3 N) 
dr d ' ' c. 6 (4 .2) 

where d is the size of copper clusters, and Cc. is the initial copper concentration in 

solution. (This equation in that literature may be incorrect with respect to dimension in the 

dd 4!.2 ( nd
3 

) bracket, and - = -D,C, Cc.- --N may be the correct form.) These equations 
dt d 6 

are analytically solved for semi-empirical fom1llla including several fitting parameters and 

linked to L'.NDTT with Russell-Brown hardening model for copper precipitates in iron 

matrix [4-21]. 

This approach is for semi-empirical prediction, so the equations are considerably 

simplified. In practice, equation (4.1) is appropriate for cascade vacancy cluster 

formation but may be inappropriate for copper clusters because of the unlikely thermal 

annihilation term. Thermal emission of vacancies from copper-vacancy complexes leads 

to format ion of copper clusters to act also as hardening fea tures. 

For more detailed description of copper-vacancy complex evolution, equation ( 1.3) 

can be basically used with some modification. Equation (1.3) is for clustering of a single 

type of features such as vacancies or interstitials, then C;"" should be substituted with 

e,~;v" for description of copper-vacancy complex evolution where i and} denote the 

number of copper atoms and vacancies in a copper-vacancy complex, respectively. The 

evolution is also controlled by point defect flux and thermal emission of vacancies and 

Cu-V pair flux , and it is schematically shown in fig.4-8 . 

Key parameters for the estimation of copper-vacancy complex evolution are 

radiation enhanced diffusion coefficient, binding energy between a copper atom and a 

vacancy, vacancy emission rate constant from a cluster, etc . The radiation enhanced 
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diffusion coefficient is a basic parameter, but it is not well characterized for copper in iron 

matrix. Specific experiments are required for getting the value (e.g. HVEM). However, 

since sink strength and irradiation temperature range vary the dependence of diffusion 

coefficient on vacancy migration energy [4-22], simple extrapolation may be 

inappropriate. Vacancy emission rate constant from a cluster is not known at all for such 

copper-vacancy complexes although it may depend on number of copper atoms in a 

complex as well as its size and temperature . Thus there are still many unknown 

parameters for modeling copper-vacancy complex evolution. However, this treatment is 

thought to be more realistic than treating independently vacancy clustering and copper 

clustering. 

There is another possibility that copper-vacancy complexes directly form from 

cascade during short terrn annealing. This might enhance nucleation of copper clusters, 

but there is no direct evidence of it. Computer simulation and low temperature irradiation 

experiment may give insight about it in the future . 

Other elements such as nickel and manganese are also contained in the copper-rich 

clusters . Fraction and configuration of such elements in a copper rich precipitates varies 

with irradiation conditions, material conditions, and measurement methods, therefore the 

mechanism is not systematically understood. Tomographic APFIM is expected to clearly 

show the fraction and configuration of these atoms in a precipitate, and systematic 

irradiation experiments should be combined with the technique. 
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4-24 Correlation between microstructural features and mechanical properties 

Vacancy clusters , interstitial loops, copper-vacancy complexes and copper rich 

clusters form during irradiation, and each of them contributes to hardening. As discussed 

in Chapter 3, vacancy clusters and copper-vacancy complexes are thought to act as weak 

barriers against dislocation motion. Interstitial loops are thought to act as relatively strong 

barriers. Although there is no microstructural data on size and number density of copper 

rich clusters in this experiment, Russell-Brown model has been successfully applied to 

hardening estimation from copper rich precipitates [4-7, 4-21, 4-23]. 

Thus each hardening contribution can be predicted from microstructural data to a 

certain extent with the hardening model. However, they don't contribute to hardening 

independently, for example, if there are strong and weak barriers similar in number 

density, weak barriers do little contribution to hardening because dislocations penetrate 

the weak barriers at a lower stress than required to bow the dislocation around the strong 

barriers as shown in fig.4-9 [4-7]. Then, computer simulations by Foreman and Makin 

[4-24] suggest that the net hardening can be expressed as, 

6a;otal = ~L,11aJ (4.3) 

for obstacles of relatively similar barrier strength (weak/weak or strong/strong) , and 

t!.cf• '•' = "/!,(J . 
y L... J (4.4) 

for mixture of many weak barriers and a few strong barriers. Therefore, barrier strength 

of each features is a very important parameter not only for predicting each hardening 

contribution but also for selection of the net hardening model. These two cases are typical 

cases, and superposition model at the intermediate state between equations (4.3) and 

(4.4) has not been established yet. 

The small vacancy clusters are estimated to act as relatively weak barriers (Chapter 

3), however, larger voids are known to act as strong barriers [4-25]. It indicates that the 

barrier strength of vacancy clusters varies with their size. Larger voids might form in 

RPVs during irradiation at 563K if the end-of-life fluence increases in the future, so the 

precise evaluation of barrier strength of vacancy clusters is necessary for the 
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embrittlement prediction based on microstructural evolution. For this purpose, computer 

simulations or well-designed experiments are desired. 

The hardening trends of the model alloys irradiated with Ni ions at 563K are 

schematically shown in fig.4-l0. It shows the matrix defect contribution and the copper

related contribution that is attributed to copper cluster formation. This trend is similar to 

model prediction by Fisher et al. l4-3] and they treat the decrease in copper contribution 

with increasing dose as averaging of copper precipitates. However, averaged larger 

copper precipitates have never been observed in irradiated steels and model alloys. It is 

generally considered that copper precipitates remain 2-4 nm in diameter during irradiation 

at 563K. Therefore, the decrease in copper contribution might not be due to averaging 

but be due to increase of strong barriers such as interstitial loops comparable with copper 

clusters. This effect makes copper precipitates less effective for hardening like fig.4-9. 

As discussed above, predicted hardening value from microstructural features 

strongly depends on the choice of hardening model and barrier strength value for each 

microstructural feature and on their superposition model. Studies on such correlation 

between microstructure and mechanical properties began more than 30 years ago, and the 

problem is still to be solved. More efforts should be made on this problem using 

combination of newly developed techniques such as SANS, PA, nano-indentor, etc. for 

establishing the embrittlement prediction formula fully based on microstructural 

evolution. 
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Fig.4-9 A schematic illustration of a disloca tion penetrati ng an approx imate ly equal 

number of strong and weak dispersed obstacles [4-7]. 
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Fig.4- l 0 A schematic view of dose dependence of t.HV and two types of contributor to 

hardeni ng. 
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4-3 Combination of empirical model and mechanistic model of radiation embrittlement 

In the previous section, modeling based on fairly complete description of 

microstructural evolution is discussed. This method has advantage on its applicability to 

various conditions even out of the data base, and is useful for preventing from technical 

surprises . However, it includes various physical parameters from cascade efficiency to 

barrier strength, and many of them have not been well established. The uncertainty in 

physical parameter may lead to variation of predicted embrittlement over two orders of 

magnitudes. Of course, many efforts should be made on evaluating those unknown 

physical parameters, but fairly complete description of microstructural evolution and 

embrittlement prediction based on it are still difficult problems. 

Then some semi-empirical prediction methods have been proposed by Odette et al., 

Fisher and Buswell , Simons, and Taguchi 14- 1, 4-2, 4-3 , 4-4, 4-51. In the semi

empirical prediction formula, function form is derived from physical understandings, and 

some fitting parameters are included in them to be determined by statistic analysis. They 

are more practical than full modeling based prediction, and sometimes give better 

prediction than fully empirical prediction. 

In the present, full mechanistic prediction is still difficult due to many uncertainty in 

physical parameters. Therefore semi-empirical prediction should become an alternative to 

current empirical prediction in the near future when it predicts embrittlement better than 

empirical prediction. Further mechanistic understandings as well as enrichment of data 

base can be applied to improvement of these semi-empirical prediction methods. So study 

on embrittlement mechanisms must be continued, and highly specific experiments for 

evaluation of various physical parameters must be designed and done for the 

establishment of fully mechanistic prediction, the ideal goal, as schematically shown in 

fig.4-ll . 

There should be at least two kinds of contribution to hardening within this study. 

As discussed above, matrix defect contribution seems to come from vacancy clusters and 

interstitial loops. Rate eq uation calculation by Stoller suggests that their dose dependence 

shows ( ifJt)ll (n-1/2) until it reaches a saturation level [4-26, 4-27]. The dose dependence 
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is consistent with the hardening results (Chapter 3). His calculation also shows 

increasing flux accelerates hardening by the clusters. Although this flux effect is not 

confirmed in this experiment, ion irradiation experiment can be used for confirmation of 

such an effect. In this way, function form of semi-empirical prediction can be improved 

with theoretical calculation and appropriate experiments. 

applicabil ity 

reliability 

Fig.4-ll Future prospective of prediction method of radiation embrittlement 
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4-4 Conclusions 

The combination of positron annihilation, TEM and hardness measurement of the 

model alloys irradiated with the heavy ion suggests that the microstructural features that 

form during ion irradiation at 563K are vacancy clusters, interstitial loops, copper

vacancy complexes, and copper rich clusters. Their evolution process can be basically 

expressed as the cluster equation (equation (1.3)) . The ideal way to establish mechanistic 

prediction is to solve the equation to estimate the size and number density of them under 

the interested irradiation condition and material condition, and convert them to mechanical 

properties. 

Forrnation of vacancy clusters is confirmed with positron annihilation experiment. 

The evolution process of vacancy clusters is highly affected by cascade vacancy cluster 

formation and thermal emission of vacancies from a cluster. Both of them are not fully 

understood, therefore computer simulations and well-designed experiments are desired 

for understanding and estimation of necessary physical parameters. 

Interstitial loops are observed with TEM in this experiment as well as in other 

studies on simple alloys irradiated with neutron or ions. Since there is no example that 

observed dislocation loops in irradiated complex RPV steels, well-designed experiment 

are required for getting insight about interstitial loop evolution in practical steels by 

extrapolation from simple systems to complex systems. 

Although no direct evidence of copper clustering is obtained in this study, copper 

affects hardening trends and positron parameters. Copper-vacancy complexes are thought 

to forrn, and it is possible for them to act as precursors of copper rich clusters. Therefore 

vacancy clustering evolution should be expanded to copper-vacancy clustering evolution. 

Anyway, many parameters remain unknown. 

Since there are many unknown parameters that affect clustering evolution as well as 

uncertainty in barrier strength and appropriate hardening superposition model, fully 

mechanistic prediction is currently impractical. Semi-empirical prediction should be an 

alternative to the current empirical method, and well-designed, specific experiments are 



needed for further mechanistic understandings and evaluation of various physical 

parameters. 
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5. Concluding Remarks 



In this study, the mechanisms of the radiation embrittlement are investigated using 

the ion irradiation and the model alloys. Application of variable-energy positron beam 

technique to study on the embrittlement mechanisms is originally attempted, and, TEM 

and hardness measurement are also carried out for the irradiated specimens. 

Vacancy clustering and effects of irradiation conditions and chemical elements on it 

were successfully investigated with the ion irradiation and the variable energy 

monoenergetic positron beam technique. The VEPFIT calculation was done to extract 

information on size and population of vacancy clusters from incident positron energy 

dependence of measured S parameter. Surface hardening caused by heavy ion irradiation 

was measured in order to investigate how microstructural features cause hardening and 

acquire information on microscopic features through hardening trends and recovery 

behavior. The obtained insights are summarized below. 

Matrix defects: 

I) Small vacancy clusters form under heavy ion irradiation at 563K, and the 

number of vacancies in a cluster is estimated to be less than 10. They grow with 

increasing irradiation dose. They are thought to act as weak obstacles against 

dislocation motions rather than strong obstacles such as large voids . Nickel 

addition tends to increase free volume of each vacancy cluster. Larger vacancy 

clusters were detected in specimens irradiated at room temperature than irradiated at 

563K, and their free volume was reduced by copper. 

2) The model alloys without copper show similar hardening trends irrespective of 

their carbon or nickel content. Hardening is not so significant at the lower doses, 

and then getting greater with increasing dose. The dose dependence follows the 

form of ~HV=k(dpa)n where n is estimated to be within the range from 0.25 to 

0.5. The recovery process by isochronal annealing is also similar among these 

alloys. Fine vacancy clusters and interstitial loops are possible matrix defects that 
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induce the hardening, however the vacancy clusters act as weak barriers against 

dislocation motion. Interstitial loops are dominant hardening features in the higher 

dose range. 

Effects of copper 

!) Copper content strongly affects the positron parameters, particularly trapping rate 

of positrons. This effect is attributed to formation of copper-vacancy complexes. 

Their formation occurs in the lower dose range and tends to saturate in the higher 

dose range. Since they do not induce significant surface hardening, they also act as 

relatively weak obstacles. 

2) Copper addition clearly changes the hardening trends. The hardening of the 

model alloys containing copper shows greater hardening than the alloys without 

copper particularly at relatively low doses, and the hardening increases with 

increasing copper. Then hardening shows saturation tendency at higher doses, and 

the effect of copper content on hardening is not seen at the highest dose. Further 

hardening was observed by isochronal annealing for Fe-0.1 C-0.4Cu, and the alloy 

did not show complete recovery even at high temperature at which other alloys 

show complete recovery. From these results, it is guessed that formation of copper 

clusters occurs during ion irradiation at 563K, and copper-vacancy complexes 

might act as the precursors of copper clusters. The copper clusters add nickel atoms 

at higher doses to show further growth and the resultant hardening. 

The combination of positron annihilation, TEM and hardness measurement for 

model alloys irradiated with heavy ions suggests that the microstructural features that 

form during ion irradiation at 563K are vacancy clusters, interstitial loops, copper

vacancy complexes, and copper rich clusters. Their evolution processes can be basically 

expressed as the cluster equation. The ideal way to establish the mechanistic prediction is 

to solve the equation to estimate the size and number density of them under the interest 



irradiation condition and material condition, and convert them to mechanical property 

change. 

Formation of vacancy clusters is con finned with positron annihilation experiment. 

The evolution process of vacancy clusters is highly affected by cascade-vacancy cluster 

formation and thermal emission of vacancies from a cluster. Both of them are not fully 

understood, therefore necessity and possibility of computer simulations and well

designed experiments are discussed for understanding and estimation of these necessary 

physical parameters. 

Small dot images (-2nm) observed with TEM are believed to be interstitial loops in 

this experiment as well as in other studies on simple iron alloys irradiated with neutron or 

ions. The loops are thought to be the dominant hardening features at the higher doses for 

the model alloys. However there is no example that observes dislocation loops in 

irradiated complex RPV steels, maybe due to resolution limit ofTEM. An extrapolation 

approach from simple alloy systems to complex steel systems are discussed for getting 

insight about interstitial loop evolution in practical steels. 

Although no direct evidence of copper clustering is obtained in this study, copper 

affects hardening trends and positron parameters. Copper-vacancy complexes are thought 

to form according to the positron experiment, and it is possible for them to enhance the 

formation of copper rich clusters. Copper-vacancy cluster evolution expanded from 

vacancy cluster evolution is proposed and discussed. 

Since there are many unknown parameters that affect the defect cluster evolution 

and the copper rich cluster evolution as well as uncertainty in barrier strengths and 

appropriate hardening superposition models, fully mechanistic prediction independent of 

data base limitation is currently impractical. However mechanistic understandings should 

be applied to the development of the empirical prediction methods with respect to 

abstraction of influential variables and determination of function forms from the 

mechanistic models. Well-designed experiments specific to the each problem are needed 

for further mechanistic understandings and evaluation of various physical parameters. 

The experimental methods attempted and discussed in this study can be expansively 
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applied to the specific experiments, and will contribute to establishing more mechanistic 

prediction methods. 
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