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Abstract 

The neutron irradiation embrittlement of reactor pressure vessel steels is an important 

ageing issue for the safe long-term operation of light water reactors. Structural integrity 

of the reactor pressure vessel must be demonstrated throughout the entire operating life 

for normal operation and postulated accident events, notably pressurized thermal shock. 

This requires prediction of reactor pressure vessel embrittlement based on the 

understanding of embrittlement mechanisms. 

 

Solute clusters, composed of Cu, Ni, Mn, and Si, are one dominant microstructural feature 

formed under irradiation which cause hardening and accompanying embrittlement of 

reactor pressure vessel. The main objective of present study is to understand effects of 

solute elements, including Ni, Mn, and Si, on formation and growth of solute clusters in 

reactor pressure vessel. Neutron irradiation following thermal ageing can represent the 

long-term operation condition for reactor pressure vessel. Considering the interactions of 

Ni-Mn, Si-Cu, and Si-Ni, the research objectives are categorized as: to study effects of 

Ni and Mn on nucleation and growth of Cu-rich clusters during neutron irradiation 

following thermal ageing; to study effect of Si on nucleation and growth of Cu-rich 

clusters during neutron irradiation following thermal ageing; to study effect of Si on 

formation of Ni-rich clusters at high dose; to discuss the role of solutes and the 

embrittlement prediction for long-term operation of reactor pressure vessel. 

 

The model alloys Fe-Cu, Fe-Cu-Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si were prepared for 



 

 

Abstract 

II 
 

neutron irradiation following thermal ageing experiments. Additionally, high dose ion 

irradiation experiment was carried out on the model alloy Fe-Ni-Si. For the alloys, the 

microstructural analysis was conducted using atom probe tomography. The major 

conclusions are as follows: 

(1) Mn is found to be critical for the formation of Cu-rich clusters. The addition of Mn 

to Fe-Cu-Ni reduced the ageing time required to achieve a similar microstructure of 

Cu-rich clusters from 225 to 90 h. This indicates that Mn can accelerate solute 

diffusion through thermal vacancies, thus accelerating kinetic process of solute 

clustering. Different from thermal ageing condition, Mn significantly increased the 

number density of Cu-rich clusters under the neutron irradiation. It is suggested that 

Mn may enhance the heterogeneous nucleation of Cu because of its strong interaction 

with self-interstitial atoms. 

(2) A strong thermodynamic relationship between Ni and Mn is found. In the alloys Fe-

Cu-Ni-Mn, an increase of Ni alloying content from 0.6% to 0.8% enhanced the Mn 

concentration in the clusters as well as the Ni concentration. Moreover, for the alloys 

Fe-Cu-Ni-Mn with different Ni alloying contents, in the clusters, the concentrations 

of Ni and Mn exhibited 1:1 relationship. The 1:1 Ni-Mn concentration relationship 

in the clusters remained unchanged from thermal ageing condition to neutron 

irradiation condition. These results indicate that the 1:1 Ni-Mn relationship can be 

thermodynamically favoured. This thermodynamic relationship can serve as a 

driving force for enhanced concentrations of Ni and Mn in the clusters. 

(3) Si atoms hardly cluster with Cu, but largely cluster with Ni. Si may refine Cu clusters 

into small radius under thermal ageing. Except this, evidence for Si to have effect on 

nucleation and growth of Cu clusters was not detected. The Si concentration in the 
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clusters in Fe-Cu-Si was very low, indicating that Si atoms hardly cluster with Cu. 

However, Si should interact with Ni to form high number density of Ni-Si clusters in 

Fe-Ni-Si. 

(4) The role of solutes and the embrittlement prediction for long-term operation of 

reactor pressure vessel are discussed. The mechanisms found in the present study are 

represented using prediction formulas. To sophisticate the prediction formulas 

including fitting parameters, APT database is proposed. Suggestions for future 

studies are also provided based on the present study. 
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1.1 Background 

Nuclear generated electricity is a source of low-carbon emissions. There are now 449 

nuclear power reactors with a total net installed capacity of over 390000 MW in operation 

in 4 regions, Africa, America, Asia and Europe, and 60 nuclear power reactors under 

construction [1-1]. Fig. 1.1 shows the operational nuclear power reactors by age [1-1]. Of 

these 449 nuclear reactors in operation, 270 reactors have been in operation for more than 

30 years. 

 

 

Fig. 1.1 Operational nuclear power reactors by age [1-1] 

 

A specific design basis life was set for the reactors, such as 40 years in Japan and the US. 

The original design life was determined generally based on fatigue usage calculations 

rather than material degradation studies. Plant life extension beyond the design life is very 

attractive to utilities based on technical and economic considerations, and the long-term 

operation (LTO) strategy of the nuclear power plant (NPP) has been accepted in many 
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countries. 

 

The reactor pressure vessel (RPV) is the highest priority key component in the NPP aside 

from the reactor core. The RPV has direct safety significance for confining radioactive 

materials inside the boundary, and is considered irreplaceable as the replacement will 

require an extraordinary amount of time and money. The toughness properties of the RPV 

material are known to degrade during operation because of the neutron irradiation 

embrittlement, which can lead to safety concerns. For example, a massive failure of the 

RPV by rupture or brittle fracture of critically sized flaws could seriously damage the 

reactor core. Structural integrity of the RPV is maintained as long as the RPV materials 

in the most sensitive location, the beltline region near the reactor core, have adequate 

fracture toughness. For the safe LTO, structural integrity of the RPV must be 

demonstrated throughout the entire operating life for normal operation and postulated 

accident events, notably pressurized thermal shock (PTS). The probabilistic analysis 

approach for PTS evaluation needs accurate prediction of neutron irradiation 

embrittlement of the RPV so as to reduce the uncertainties and improve the efficiency in 

processing plant life extension requests. 

 

The existing embrittlement predictive methods can well predict the RPV embrittlement 

up to the end of design life. Nonetheless, direct extrapolation of the methods to LTO 

condition may not be reliable, as they were generally fitted to the surveillance database 

containing little high neutron fluence data, pertinent to LTO condition. For example, Fig. 

1.2 shows the expansion of the range of the residuals when the RPV embrittlement 

predictions are compared with the data in M. Kirk’s Wide-Ranging Database [1-2]. The 
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expansion in the range of the residuals is enlarged at the higher neutron fluences. In view 

of improving the predictive capability of embrittlement predictive methods with limited 

high fluence surveillance data, it is therefore necessary to understand better irradiation 

embrittlement mechanisms of the RPV. 

 

 

Fig. 1.2 Expansion of the range of the residuals when the RPV embrittlement 

predictions are compared with the data in M. Kirk’s Wide-Ranging Database (Different 

colored points refer to the residuals produced by applying different embrittlement 

predictive methods) [1-2]. 

 

1.2 Reactor pressure vessel 

Large and integrated RPV components have been developed for increased unit capacity, 

improved safety and reliability, decreased in-service inspection and shortened 

construction period. High-quality RPV material requires homogeneity, no harmful 

internal defects, good fracture toughness, low embrittlement susceptibility, good 

inspectability, weldability, etc. Because of the continuously improved RPV design and 
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structural integrity approaches, there have not been any RPV failures. 

1.2.1 Features of reactor pressure vessel 

The examples of the RPVs in pressurized water reactors (PWR) and boiling water reactors 

(BWR), and their relative sizes are presented in Fig. 1.3 [1-3]. The differences in size 

between the RPVs of PWR and BWR are primarily because the BWR has a larger core 

and a steam drying equipment is installed at the top of the RPV of BWR. For example, 

for a 1065 MW BWR RPV, the height is about 22 m, and the inside diameter is 6.4 m; the 

typical PWR RPV is about 13.5 m in height and has an inside dimeter of 4.4 m. The 

thickness of the RPV is chosen based on the requirements on the stress in the RPV wall. 

The PWR RPV has typically a thickness of about 20-25 cm, while the BWR RPV has 

typically about 15 cm thickness. 

 

 

Fig. 1.3 Schematic diagram of the RPVs of PWR and BWR showing relative size [1-3] 
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1.2.2 Materials for reactor pressure vessel 

The materials used for the RPVs developed to attain the safety and reliability as the 

reactor technology evolved. For example, SA-302 Grade B, is a Mn-Mo steel for plate 

materials which was used in the quenched and tempered condition for a lot of earlier 

RPVs made through the mid-1960s. As the commercial nuclear power evolved, the RPVs 

were required to be larger in size and wall thickness. A RPV material with greater 

hardenability was necessary. The addition of 0.4-0.7wt.% Ni to SA-302 Grade B provided 

the required increased hardenability across the entire wall thickness, and this steel was 

initially known as SA-302 Grade B Modified. Later, it became the designation SA533 

Grade B Class 1 and was widely used in the quenched and tempered condition. The 

forging steels have also developed since the mid-1950s. For example, the Mn-Mo-Ni 

forging steel, SA-182 F1 Modified was used in the quenched and tempered condition 

mostly for flanges and nozzles in the 1950s and 1960s. Another forging steel used then 

was a C-Mn-Mo steel, SA-336F1 which was used both in the normalized and tempered 

condition and in the quenched and tempered condition. However, large forgings of these 

materials required cumbersome and expensive heat treatment to reduce H blistering. 

These steels were eventually replaced with SA 508 Class 2. This steel has been 

extensively used in the quenched and tempered condition for flanges, nozzles, and ring 

forgings. 

 

Although many materials are acceptable for the RPVs according to the American Society 

of Mechanical Engineers (ASME) Code, the basic materials which are now acceptable in 

the US for most RPVs are limited to SA533 Grade B Class 1, SA 508 Class 2, and SA 

508 Class 3, because of special considerations of facture toughness and radiation effects. 



 

 

Chapter 1 Introduction 

7 
 

In Japan, the plate steel, Japanese Industrial Standards (JIS) G 3120 SQV2A which is 

equivalent to SA533 Grade B Class 1, is now applied in the in the quenched and tempered 

condition; the forging steel, JIS G 3204 SFVQ1A which is equivalent to SA 508 Class 3, 

is now applied. Table 1.1 shows the specifications of the chemical compositions and the 

mechanical properties of SA533 Grade B Class 1, SA 508 Class 2, SA 508 Class 3, 

SQV2A, and SFVQ1A [1-4,5]. 
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The RPVs in the operating NPPs which were made before the early 1970s have relatively 

high or medium levels of impurity elements, such as Cu and P. The impurity Cu is a 

harmful element in terms of the degradation of RPV material toughness properties. For 

example, Fig. 1.4 presents the trend of the Cu content in the RPV steels which were used 

for the belt-line region materials in Japan [1-5]. The Cu content in the RPVs was greatly 

reduced in the late 1970s, when the effect of Cu was identified. Regarding the RPVs 

which were fabricated after the late 1980s, their Cu content is at very low level (less than 

0.05wt.%). 

 

 

Fig. 1.4 Trend of the Cu content in Japanese RPV steels [1-5] 

 

1.3 Integrity and embrittlement of reactor pressure vessel 

The safe operation of RPV is based on maintaining the structural integrity of the RPV and 

the associated primary pressure boundary system. The structural integrity needs to be 

periodically assessed as the RPV fracture toughness changes during operation because of 

the neutron irradiation embrittlement. The RPV surveillance programs are designed to 
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monitor the changes in toughness properties through the use of small specimens, typically 

10 mm square Charpy V-notch (CVN). The CVN test is historically specified as an 

indirect indexing method for the fracture toughness. The shift in the CVN energy curve 

was found to be approximately equal to the shift in the fracture toughness curve in terms 

of neutron irradiation embrittlement [1-6]. Fig. 1.5 shows the CVN energy curve for an 

unirradiated RPV steel (blue) and irradiated one (red) [1-7]. In the past three decades, 

direct measurement of the fracture toughness of small irradiated surveillance specimens 

becomes also possible through an analytical approach developed for ferritic steels, the 

master curve fracture toughness approach [1-8]. 

 

 

Fig. 1.5 CVN energy curve for an unirradiated RPV steel and irradiated one [1-7] 

 

1.3.1 Fracture toughness of reactor pressure vessel 

The fracture toughness of the material, KIc is a measure of its resistance to failure in the 

presence of a flaw (or crack) with known or presumed size and a stress which is known 

or presumed [1-9]. It depends on the temperature T, and the reference transition 
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temperature TTref: 

                                                  𝐾𝐼𝑐 = 𝐴 + 𝐵 exp[𝐶(𝑇 − 𝑇𝑇𝑟𝑒𝑓)]                                        (1.1) 

where A is the lower shelf asymptote, B and C are parameters which define the curve 

shape. The indexing approaches of TTref differ among the countries. In the US, TTref is 

defined as the reference temperature for nil ductility transition (NDT), RTNDT. The initial 

non-irradiated value of RTNDT is defined in the ASME Code Section Ⅲ and is determined 

through the drop weight tests. The irradiated value of RTNDT is defined as: 

                   irradiated RTNDT = initial RTNDT + ∆T41J                (1.2) 

where ∆T41J is the shift in transition temperature because of neutron irradiation 

embrittlement, and is measured at 41 J for the CVN test. The adjusted reference 

temperature, ART for the temperature indexing is then defined as: 

        ART = irradiated RTNDT + margin = initial RTNDT + ∆T41J + margin     (1.3) 

where the margin is to account for the uncertainties in ∆T41J and initial RTNDT, and to 

provide regulatory comfort. The master curve approach provides an alternative to ∆T41J 

and is allowed in the ASME code. The reference temperature RTT0 is defined using the 

temperature T0 at the 100 MPa m1/2 fracture toughness level, as: 

                                                              𝑅𝑇𝑇0
= 𝑇0 + 19.4℃                                                    (1.4) 

 

The Russian approach [1-10] is different from the US method. In the Russian design code, 

TTref is defined through the direct measurement of irradiated TKF which is defined as the 

temperature at a designated CVN energy level that depends on yield strength in the 

irradiated condition. In France, RTNDT is used as the indicator of the fracture toughness 

reference temperature but an ISO Charpy testing standard is used instead of the ASTM 

standard [1-11]. The Japanese approach [1-12] is similar to the US method using the same 
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definition of RTNDT as in the ASME Code, and the Germany approach [1-13] is the same 

as the US method. 

 

1.3.2 Methods for predicting irradiation embrittlement 

The shift in transition temperature of fracture toughness, as a measure of the neutron 

irradiation embrittlement, is generally predicted through the correlations of CVN 

transition temperature shifts measured in surveillance specimens with various material 

variables (e.g., chemical composition) and irradiation variables (e.g., fluence). Empirical 

methods generally predict the embrittlement as a product of a chemistry factor, CF, and 

a fluence factor, FF. The formulas have been developed using relatively simple equations 

with the help of statistical analysis results of the surveillance database and the test reactor 

database. The embrittlement of RPVs is known to be sensitive to many parameters, such 

as Cu content, Ni content, Mn content, flux, temperature, and fluence. To accurately 

predict the long-term integrity of RPVs, it is necessary to use predictive methods 

considering various parameters and the microstructures which result in the embrittlement 

based on physical mechanisms. Fig. 1.6 illustrates the development of embrittlement 

predictive methods [1-9]. The embrittlement predictive methods are very roughly divided 

into two categories: statistically based methods (the empirical methods as mentioned 

above), and mechanism guided methods. 
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Fig. 1.6 Development of embrittlement predictive methods [1-9] 

 

In Japan, the new embrittlement correlation method, Japan Electric Association Code 

JEAC4201-2013 is developed based on mechanism guided concept and provides a 

prediction for the CVN transition temperature shifts ∆T41J using a two-stage model [1-

14]. First, the changes in microstructures, including solute atom clusters and matrix 

damage, under neutron irradiation in the RPV materials are simulated using a set of rate 

equations; second, the total embrittlement ∆T41J is determined from the microstructures. 
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The rate equations that describe the microstructures are defined as: 

𝜕𝐶𝑆𝐶

𝜕𝑡
=

𝜕𝐶𝑆𝐶
𝑖𝑛𝑑

𝜕𝑡
+

𝜕𝐶𝑆𝐶
𝑒𝑛ℎ

𝜕𝑡
 

= 𝜉4 ∙ ((𝐶𝐶𝑢
𝑚𝑎𝑡 + 𝜉1) ∙ 𝐷𝐶𝑢 + 𝜉2) ∙ 𝐶𝑀𝐷 + 𝜉9 ∙ (𝐶𝐶𝑢

𝑎𝑣𝑎𝑖𝑙 ∙ 𝐷𝐶𝑢 ∙ (1 + 𝜉8 ∙ 𝐶𝑁𝑖
0 ))2 

𝜕𝐶𝑀𝐷

𝜕𝑡
= 𝜉5 ∙ 𝐹𝑡

2 ∙ (𝜉6 + 𝜉7 ∙ 𝐶𝑁𝑖
0 )2 ∙ 𝜙 −

𝜕𝐶𝑆𝐶
𝑖𝑛𝑑

𝜕𝑡
 

𝜕𝐶𝐶𝑢
𝑚𝑎𝑡

𝜕𝑡
= −𝜐𝑆𝐶 ∙

𝜕𝐶𝑆𝐶
𝑒𝑛ℎ

𝜕𝑡
− 𝜐𝑆𝐶

′ ∙ 𝐶𝑆𝐶  

𝜐𝑆𝐶 = 𝜉2 ∙ (𝐶𝐶𝑢
𝑎𝑣𝑎𝑖𝑙 ∙ 𝐷𝐶𝑢)2 ∙ 𝑡𝑟 

𝜐𝑆𝐶
′ = 𝜉1 ∙ 𝐶𝐶𝑢

𝑎𝑣𝑎𝑖𝑙 ∙ 𝐷𝐶𝑢 

𝐹𝑡 = 1.869 − 4.57 × 10−3𝑇 

𝐷𝐶𝑢 = 𝐷𝐶𝑢
𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐷𝐶𝑢

𝑖𝑟𝑟𝑎𝑑 = 𝐷𝐶𝑢
𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝜇 ∙ 𝜙 

𝛼
 

𝐶𝐶𝑢
𝑎𝑣𝑎𝑖𝑙 = 𝑚𝑎𝑥(0, 𝐶𝐶𝑢

𝑚𝑎𝑡 − 𝐶𝐶𝑢
𝑠𝑜𝑙) 

(1.5) 

where, CSC is the number density of solute atom clusters, CMD is the number density of 

matrix damage, CCu
mat is the matrix Cu content, CCu

sol is the Cu solubility limit, CNi
0 is 

the bulk Ni content, DCu is a parameter which models the diffusivity of Cu, ϕ is the neutron 

flux, T is the irradiation temperature, and tr is the relaxation time. The coefficients in the 

equations are optimized using Japanese surveillance database. 

 

Regarding the solute atom clusters, CSC is defined as 

                                                              𝐶𝑆𝐶 = 𝐶𝑆𝐶
𝑖𝑛𝑑 + 𝐶𝑆𝐶

𝑒𝑛ℎ                                                     (1.6) 

where CSC
ind is the number density of the clusters through heterogeneous formation 

induced by neutron irradiation, and CSC
enh is the number density of the Cu-rich clusters 

which are formed by thermodynamic precipitation mechanism and are enhanced by 

excess vacancies. CSC
ind increases with the bulk Cu content and is expressed using a 
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product of the diffusivity and the matrix damage since the irradiation induced clustering 

is attributed to solute segregation to the matrix damage [1-15]. For the term CSC
enh, the 

synergistic effect of Cu and Ni is reflected. Regarding the matrix damage, it is primarily 

relevant to point defect clusters. CMD increases with the bulk Ni content since Ni increases 

the number density of dislocation loops [1-15]. Meanwhile, part of the matrix damage is 

consumed as nuclei of the irradiation induced solute atom clusters. In this model, the Cu 

diffusivity DCu depends on thermal vacancies and irradiation vacancies. The contribution 

of the irradiation vacancies DCu
irrad is an exponent function of neutron flux with an 

exponent less than one since the diffusivity decreases at very high flux levels because of 

intercascade interaction. 

 

The relationship between the microstructures and the embrittlement ∆T41J is defined as: 

𝛥𝑇𝑆𝐶 = 𝜉17 ∙ √𝑉𝑓 = 𝜉17 ∙ √𝜉16 ∙ 𝑓(𝐶𝐶𝑢
𝑚𝑎𝑡 , 𝐶𝑆𝐶) ∙ 𝑔(𝐶𝑁𝑖

0 ) + ℎ(𝜙𝑡) ∙ √𝐶𝑆𝐶 

𝑓(𝐶𝐶𝑢
𝑚𝑎𝑡 , 𝐶𝑆𝐶) = 𝜉12 ∙

𝐶𝐶𝑢
0 − 𝐶𝐶𝑢

𝑚𝑎𝑡

𝐶𝑆𝐶
+ 𝜉13 

𝑔(𝐶𝑁𝑖
0 ) = (1 + 𝜉14 ∙ (𝐶𝑁𝑖

0 )𝜉15)2 

ℎ(𝜙𝑡) = 𝜉10 ∙ (1 + 𝜉11 ∙ 𝐷𝑆𝐶) ∙ 𝜙𝑡 = 𝜉10 ∙ (1 + 𝜉11 ∙ 𝐷𝐶𝑢) ∙ 𝜙𝑡 

𝛥𝑇𝑀𝐷 = 𝜉18 ∙ √𝐶𝑀𝐷 

𝛥𝑇41𝐽 = √(𝛥𝑇𝑆𝐶)2 + (𝛥𝑇𝑀𝐷)2 

(1.7) 

The contribution of solute atom clusters to the embrittlement is modelled using the square 

root of the cluster volume fraction as observed experimentally [1-16]. The cluster volume 

fraction Vf is determined as a product of the cluster number density CSC and the mean 

cluster volume that is described with three functions f, g, and h. The function f is the mean 
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Cu amount in the cluster and its product with the function g reflects the synergistic effect 

of Cu and Ni. The function, h, which represents cluster growth in size during neutron 

irradiation, increases with the neutron fluence. The contribution of matrix damage to the 

embrittlement is modelled using the square root of the matrix damage number density as 

in a conventional way. Eventually, the total the total embrittlement ∆T41J is determined as 

the root-sum-square (RSS) of the solute atom clusters contribution and matrix damage 

contribution. 

 

1.3.3 Pressurized thermal shock 

The challenge of pressurized thermal shock (PTS) to the integrity of the RPV is related 

to the neutron irradiation embrittlement during long-term operation. A PTS event can 

occur under some accident scenarios in which cold water is introduced into the RPV while 

the RPV is pressurized. The rapid cooling leads to large thermal stresses, which could 

result in crack initiation or even failure of an embrittled RPV with high internal pressure. 

The PTS event is of great importance for safe operation of the PWR. The BWR is not 

susceptible to the PTS event since the steam in the BWR RPV will condense and reduce 

internal pressure if cold water is introduced into the RPV. Nonetheless, the BWR may be 

susceptible to the RPV overpressurization at low temperatures under some conditions. 

 

The integrity methodologies used for assessing PTS are based on either deterministic 

analyses or probabilistic analyses. Most of methods rely on deterministic analyses and 

involve complicated fracture mechanics evaluations. In the US approach of 10CFR50.61, 

a probabilistic fracture mechanics (PFM) analysis is used to define generic screening 
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criteria that must be met. The generic screening criteria is related to the adjusted reference 

temperature that is determined at end of operating license life. Alternatively, 

10CFR50.61a allows a plant specific probabilistic risk assessment (PRA) and raises 

effectively the allowable levels of the reference temperature [1-17]. 

 

Regarding the RPV integrity, the annual through-wall cracking frequency TWCF is 

employed for risk evaluation and the risk acceptance criterion is defined as 

(10CFR50.61a): 

                          95%TWCF ≤ 10-6 /year                      (1.8) 

where 95%TWCF is the 95 percentile of the TWCF distribution. For the PTS analysis, the 

sequences of events related to the RPV failure and their frequencies are determined 

through PRA analyses. Then, pressure, temperature, heat transfer coefficient histories at 

the inner surface of RPV are determined from thermal hydraulic analyses for the 

sequences of events and passed to a PFM model to estimate the driving force to fracture 

that can be compared to the RPV fracture toughness. This provides estimation of the 

conditional probability of RPV failure CPF and eventually the 95%TWCF. Specifically, 

the Eason-Odette-Nanstad-Yamamoto (EONY) model, a physically-based model for 

estimating irradiation induced transition temperature shifts ∆T41J is incorporated in the 

regulation 10CFR50.61a for PTS analysis [1-18]. 

 

1.4 Radiation damage in reactor pressure vessel 

The RPVs operate at temperatures around 290 °C with pressures ranging from about 7 

MPa in the BWR to about 14 MPa in PWR, and are exposed to neutron irradiation with 
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neutron energies ranging from less than one to several MeV [1-19]. The neutron flux on 

RPV depends on its distance from reactor core and the reactor type and power. Fig. 1.7 

illustrates the maximum neutron fluence, corresponding neutron dose and typical 

temperature for 40-year operation of RPVs of the BWR and PWR [1-20]. The neutron 

dose for the PWR RPV reaches around 0.1 dpa, while the dose for the BWR RPV is 

almost one or two orders lower since the BWR has larger distance between reactor core 

and RPV as well as lower core power density than the PWR. For long-term operation to 

60 years, the dose for the PWR RPV can reach about 0.15 dpa, which corresponds to a 

fluence of about 1020 n/cm2 (E > 1 MeV). 

 

 

Fig. 1.7 Maximum neutron fluence, corresponding neutron dose and typical temperature 

for 40-year operation of RPVs of the BWR and PWR [1-20] 

 

The irradiation embrittlement of RPV over a time scale of several decades originates from 

the lattice atom displacements due to energetic neutron bombardment which take place 

within a time scale of picosecond. Fig. 1.8 schematically shows the time evolution of 
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neutron irradiation damage processes [1-21]. Under irradiation, high-energy neutrons hit 

the lattice atoms, called primary knock-on atoms (PKAs). If the transferred energy during 

the collision is higher than the displacement threshold energy, the PKAs leave sites and 

start moving through the lattice. This interaction results in significant energy transfer to 

create energetic PKAs. Fig. 1.9 shows the PKA spectra for a typical PWR RPV [1-22]. 

The PKAs slow down in a branching series of collisions with secondary knock-on atoms 

(SKAs). The SKAs are then slowed down through the same mechanism. The collisional 

phase ends when no atom has enough energy to displace another atom. The collision 

process produces high concentrations of point defects including vacancies and self-

interstitial atoms (SIAs). During the cooling phase, the defect rearrangement takes place, 

resulting in recombination of vacancies and SIAs or clustering of them [1-23]. A 

displacement cascade leads to direct formation of point defects and point defect clusters. 

Thermally activated diffusion process of the defects take place during the thermal and 

diffusion phases. 

 

 

Fig. 1.8 Schematic diagram of time evolution of neutron irradiation damage [1-21] 
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Fig. 1.9 Representative PKA spectra for three locations in a typical PWR RPV [1-22] 

 

Diffusion of solute atoms, such as Cu, Ni, Mn, and Si atoms, can take place through a 

vacancy mechanism. The ab initio calculations of Vincent et al. [1-24] showed strong 

binding of Ni, Mn, and Si with vacancies in α-Fe. Besides, Olsson et al. [1-25] reported 

that Mn can also strongly bind with vacancies by magnetic coupling. Cu, Ni, Mn, and Si 

atoms can then diffuse in the opposite direction than that of vacancy, known as the inverse 

kirkendall effect, since their binding energies with vacancies are high and their migration 

energies that correspond to a first nearest neighbor jump are lower than the migration 

energy of Fe [1-26]. The study of Messina et al. [1-26] using ab initio calculations 

combined with a self-consistent mean field method showed that Cu, Ni, Mn, and Si atoms 

can also diffuse in the same direction with vacancy through vacancy drag in α-Fe because 

of their binding with vacancies. Solute diffusion can be driven by interstitials as well. 

Both ab initio calculations [1-27] and residual resistivity measurements [1-28,29,30] have 

reported the formation of Mn-SIA mixed dumbbells and the migration of mixed 
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dumbbells, indicating that Mn diffusion by an interstitial mechanism is very plausible. 

 

Basically, three types of microstructures develop in the RPV as a consequence of defect 

and solute diffusion, including solute clusters enriched in Cu, Ni, Mn, and Si, matrix 

damage basically composed of point defect clusters, and grain boundary segregation of 

embrittling elements such as P. The solute clusters and matrix damage act as obstacles 

that impede dislocation movement, resulting in hardening of the material; while the grain 

boundary segregation causes a drop in the fracture strength. The effect of neutron 

irradiation in causing hardening or a drop in the fracture strength is to lead to 

embrittlement of the RPV. 

 

1.5 Solute clusters 

The progress in advanced microanalysis techniques such as atom probe tomography 

(APT) and small angle neutron scattering (SANS) has enabled researchers to perform 

detailed microstructural examinations of irradiated RPV steels and relevant model alloys. 

Such examinations have clearly shown the formation of solute clusters under irradiation 

and their complex chemical compositions [1-20]. The solute clusters are commonly 

formed in RPV steels regardless of the material chemical composition [1-15], and these 

clusters consist of Cu, Ni, Mn, Si, and occasionally P, as reported in so many papers, e.g. 

[1-15,31,32,33,34,35]. 

 

Cu has a dominant effect on solute clusters because of its very low solubility limit in Fe 

matrix (about 0.003% at typical irradiation temperature around 290 oC) [1-36]. The 
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formation of Cu-rich clusters was detected by positron annihilation at neutron fluences of 

an order of 1017 n/cm2 [1-37]. It is recognized that the nucleation of Cu-rich clusters, 

measured as the number density of clusters, increases with increasing Cu content, and the 

fraction of Cu atoms in the clusters increases with increasing Cu content. Once the 

clusters nucleate, the Cu, Ni, Mn, and Si atoms in matrix consistently segregate to the 

clusters, resulting growth of clusters in size. The general trend is that the cluster radius in 

terms of the Guinier radius increases consistently with increasing neutron fluence [1-16]. 

The effect of Ni is commonly taken into consideration because of the synergetic effect of 

higher Ni on the Cu effect and of higher Cu on the Ni effect in terms of Cu-rich clusters, 

which affects the fluence dependence of hardening and embrittlement [1-15,18]. The 

general consensus of opinion from the literature is that Ni is energetically favored to be 

located at the cluster-matrix interface rather than at the cluster center or in the Fe matrix 

[1-38,39,40,41]. 

 

Several experimental studies have shown strong Ni-Mn interaction. A report of an 

International Atomic Energy Agency (IAEA) Cooperative Research Project notes that for 

a given high level of Ni in the material, high Mn content leads to much greater irradiation 

embrittlement than low Mn content for both VVER-1000 and PWR materials [1-42]. The 

Ni-Mn interaction was predicted long ago based on theoretical models [1-43,44], but the 

nature of Ni-Mn interaction remains unclear. Systematic analyses have been conducted 

on surveillance specimens from Japanese pressurized water reactors [1-15,31,32]. The 

mean atomic composition of the clusters was 6Cu-10Ni-6Mn-7Si, 2Cu-11Ni-5Mn-9Si, 

and 0Cu-12Ni-6Mn-12Si for 0.12wt.%Cu steels, 0.07wt.%Cu steels, and 0.04wt.%Cu 

steels, respectively. In the clusters, the Si concentration increased as the Cu concentration 
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decreased, while the concentrations of Ni and Mn remained unchanged, which may 

indicate a negative interaction between Si and Cu. Additionally, a recent study [1-45] 

have predicted that Si addition to binary Fe-Ni alloy can result in the formation of Ni-Si 

clusters at very low temperature. The clustering of Ni and Si at typical RPV temperature 

under the condition of no Cu requires further investigation. 

 

1.6 Atom probe tomography 

The characterization of the fine scale microstructural features responsible for the 

irradiation embrittlement of RPV steels and relevant model alloys has been the focus of 

many studies. APT has emerged as a very powerful experimental technique for the 

quantitative analysis of the local composition of the microstructural features in RPV 

materials. In this section, the basic principles of APT and its uncertainties are presented. 

1.6.1 Principles of atom probe tomography 

APT combines field evaporation, time-of-flight (TOF) spectroscopy and position-

sensitive detection, as shown in Fig. 1.10. By applying a high electric field to the atom 

probe specimen it is possible to induce desorption and ionization of atoms even at 

cryogenic temperatures. This process, known as field evaporation [1-46], has an 

activation energy dependent on the applied electric field strength. Electrons can be 

stripped from surface atoms by a tunneling process at field strengths of 10 V/nm or greater, 

and the resultant positive ions are repelled from the specimen toward the counter electrode 

by applying a high voltage of ~3-10 kV to the specimen. In the local electrode atom probe 

(LEAP), the counter electrode is a small aperture which has a diameter of ~40 μm and is 
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located between the specimen and the detector. The atom probe specimen is prepared in 

the form of a needle tip with an apex radius of ~50 nm. The very small radius of the 

specimen and the high voltage induce a very high electric field (tens V/nm) which 

promotes field evaporation at cryogenic temperatures. 

 

 

Fig. 1.10 Schematic principles of local electrode atom probe 

 

APT uses a position-sensitive detector to record the impact position of individual ions 

and the sequence of evaporation events, which ultimately enables a mapping in 3D of the 

original position of the atoms on the specimen tip. During field evaporation of the 

specimen, the x-y position of the atom is determined from its impact position on the 

detector. The sequence of evaporation events is used to determine its z-position, the depth 

into the specimen along its long axis, since only surface atoms are removed. 
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During analysis, the field evaporation process is controlled, as illustrated in Fig. 1.11. 

First, a standing electric field (Tbase, Vstanding) which is below the evaporation threshold of 

the specimen (Vstanding is d.c. voltage), is established. Then the evaporation is triggered by 

additional pulses, such as negative electric pulses on the counter electrode or temperature 

pulses from laser irradiation on the specimen apex. This can be achieved since the 

evaporation rate increases with electric field and the temperature. The application of the 

pulse enables a measure of the departure time of an ion from the specimen. A second 

timing signal is obtained on arrival at the detector. This allows to measure the TOF it 

takes the ion to travel the distance from the specimen to the detector. The resultant TOF 

mass spectrometry is then used to chemically identify the ion. 

 

 

Fig. 1.11 Field evaporation process controlled by electric field and temperature 

 

As the specimen is evaporated, if it is assumed that the potential energy of an ion is 

immediately converted to the kinetic energy, the speed of the ion ν can be written as ν = 

L/t, where L is the ion flight path length and t is the TOF of the ion. Then, by the energy 
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conservation law,  

                                                         𝑛𝑒𝑉 =
1

2
𝑚𝜈2 =

1

2
𝑚(

𝐿

𝑡
)2                                               (1.9) 

where n is the ion charge state, e is the elementary unit of charge, V is the potential 

difference, and m is the ion mass. Then the mass-to-charge-state ratio, m/n is given by 

                                                                     
𝑚

𝑛
=

2𝑒𝑉𝑡2

𝐿2
                                                         (1.10) 

 

1.6.2 Uncertainties of atom probe tomography 

Anomalous behavior has been observed in some APT studies, where the apparent 

concentrations of certain elements differed from the expected values. For example, in 

ferritic Fe, APT tends to underestimate the true Cu content as the specimen temperature 

increases, where the apparent content of Si obtained by APT tends to higher than the 

actual content [1-47,48]. This is because of the difference in evaporation fields between 

different elements and has been interpreted by preferential evaporation and retention in 

field evaporation. The evaporation field for an element can be calculated at 0 K and the 

evaporation field data for some key elements in RPV steels are shown in Table 1.2 [1-49]. 

Fig. 1.12 illustrates the preferential evaporation of Cu in Fe [1-50]. In voltage pulse mode, 

the most dominant element, Fe, can be controlled to be field-evaporated by the 

superimposition of a standing voltage and a pulse voltage. The Cu atoms then 

preferentially filed-evaporate at higher temperatures during the application of the 

standing voltage alone. During the analysis, the ions evaporated by pulse voltage are 

counted as signals, whereas the ions evaporated by standing voltage are not counted as 

signals. Therefore, preferential evaporation would lead to an underestimation of the actual 

Cu concentration in Fe. For the preferential retention of Si in Fe, the Fe atoms 
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preferentially field-evaporate, while the preferentially retained Si atoms will be 

eventually evaporated by pulse voltage, which lead to an overestimation of the actual Si 

concentration in Fe. 

 

Table 1.2 Evaporation filed for some key elements in RPV steels (V/nm) [1-49] 

Element F1 F2 F3 F4 

Fe 42 33 54 100 

Cu 30 43 77 120 

Ni 35 36 65 110 

Mn 30 30 60 100 

Si 45 33 60  

*Note that Fn is the evaporation field for an element in the n-th charge state. 

 

 

 

Fig. 1.12 Schematic for preferential evaporation of Cu in Fe [1-50] 

 

The measurement conditions of APT must be carefully selected because of the issues of 
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preferential evaporation and retention in field evaporation. In voltage pulse mode, first, 

the d. c. standing voltage should be low enough to avoid field evaporation, while the 

standing voltage plus pulse voltage should provide all elements with similar probabilities 

of field evaporation. This requires a high pulse fraction which can simultaneously cover 

different evaporation fields that are required for the different elements. Second, a low 

specimen temperature is desirable since the difference in the evaporation field between 

two elements increases with temperature [1-51]. Furthermore, a high pulse repetition rate 

reduces the evaporation period by standing voltage. Therefore, it is generally accepted 

that low specimen temperature, high pulse fraction, and high pulse repetition rate are 

desirable for APT analysis [1-52]. But it should be noted that these preferable 

measurement conditions of APT increase the possibility of specimen rupture. 

 

Besides the preferential evaporation and retention, there are still other uncertainties that 

should be considered. For example, the difference in evaporation fields between different 

elements can also lead to local magnification effects for RPV study. In addition, the 

specimen surface migration of some elements, such as C, Si, and P, prior to field 

evaporation may bias the atom position obtained by APT from the original location in the 

specimen [1-9]. 

 

1.7 Research objectives 

The present study is focused on the solute clusters formed in RPV materials. Regarding 

long-term operation, the extensive study [1-16] on Japanese RPV steels at high neutron 

fluences (3×1019 n/cm2 to >1020 n/cm2, E > 1 MeV) showed that the cluster radius 
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increased consistently with the fluence, indicating that the existing clusters grew in size; 

meanwhile, a slight increase in the cluster number density was still observed in most of 

the steels, indicating the formation of new clusters. The main objective of present study 

is to understand effects of solute elements, including Ni, Mn, and Si, on formation and 

growth of solute clusters in RPV. 

 

In this study, novel experimental design, neutron irradiation following thermal ageing, 

will be used to simulate the microstructural evolution under the conditions of long-term 

operation. First, thermal ageing is performed to produce clusters which grow to large size. 

Then under the subsequent neutron irradiation, the pre-existing clusters produced by 

thermal ageing may continue to grow and new clusters may also be formed. Considering 

the open issues regarding Ni-Mn interaction, Si-Cu interaction, and Si-Ni interaction 

which are mentioned in chapter 1.5, the research objectives are then categorized as: to 

study effects of Ni and Mn on nucleation and growth of Cu-rich clusters during neutron 

irradiation following thermal ageing; to study effect of Si on nucleation and growth of 

Cu-rich clusters during neutron irradiation following thermal ageing; to study effect of Si 

on formation of Ni-rich clusters at high dose; to discuss the role of solutes and the 

embrittlement prediction for long-term operation of RPV. 

 

In the thesis, chapter 2 describes the novel experimental design. For the neutron 

irradiation following thermal ageing experiments, RPV model alloys with systematic 

variations in chemical composition were selected. The alloys can be divided into four 

categories: Fe-Cu, Fe-Cu-Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si. 
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In chapter 3, evolution of clusters in Fe-Cu binary alloy under the neutron irradiation 

following thermal ageing is discussed. This is the basis to study effects of Ni, Mn and Si 

in more complex alloys Fe-Cu-Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si. 

 

In chapter 4, effects of Ni and Mn in Cu-rich clusters are studied using the alloys Fe-Cu-

Ni and Fe-Cu-Ni-Mn. Notably, the Ni content in the alloys Fe-Cu-Ni and Fe-Cu-Ni-Mn 

is varied in small range to probe the interaction between Ni and Mn. 

 

In chapter 5, effect of Si in Cu-rich clusters is investigated using the ternary alloys Fe-

Cu-Si. The Si content in the alloys Fe-Cu-Si is varied to identify its effect. 

 

In chapter 6, effect of Si on Ni-rich clusters is focused on using the ternary model alloy 

Fe-Ni-Si. For this study, high-dose ion irradiation experiment is performed on the alloy 

at typical RPV temperature since the clusters in ferric alloys with no Cu have only been 

observed at high dose [1-53,54,55]. 

 

In chapter 7, contribution of solute effects to RPV embrittlement is discussed. This 

includes quantitative correlation between solute clusters and hardening, and discussion 

on solute effects and embrittlement prediction for long-term operation of RPV. 

 

Chapter 8 concludes this thesis, and future studies are also discussed. 
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2.1 Materials 

The model alloys, including Fe-Cu, Fe-Cu-Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si, were used in 

this study and their chemical compositions are given in Table 2.1. A high Cu content, 

0.5% was used in all the alloys to form Cu-rich clusters during the thermal ageing. The 

Ni, Mn, and Si contents in these alloys were according to the chemical compositions of 

commonly used Japanese RPV steels [2-1]. The model alloys were made by JFE Steel 

Corporation and were solution annealed at 900 oC for 30 min. This was then followed by 

water quenching. 

 

Table 2.1 Chemical composition of the alloys (wt.%) 

Alloy Cu Ni Mn Si C P Mo 

Fe-0.5Cu 0.51 0.01 0.01 0.01 0.0007 0.002 0.01 

Fe-0.5Cu-0.6Ni 0.52 0.58 0.01 0.02 0.0006 0.002 0.01 

Fe-0.5Cu-0.8Ni 0.52 0.78 0.01 0.02 0.0006 0.002 0.01 

Fe-0.5Cu-0.6Ni-1.4Mn 0.53 0.59 1.43 0.02 0.0005 0.002 0.01 

Fe-0.5Cu-0.8Ni-1.4Mn 0.52 0.78 1.41 0.02 0.0005 0.002 0.01 

Fe-0.5Cu-0.1Si 0.52 0.01 0.01 0.10 0.0009 0.002 0.01 

Fe-0.5Cu-0.2Si 0.52 0.01 0.01 0.19 0.0010 0.002 0.01 

*Note that the alloys also contain some Al, S, and other trace elements. 
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2.2. Neutron irradiation following thermal ageing 

Prior to the neutron irradiation, thermal ageing was performed under vacuum (below 

1×10-3 Pa) to produce clusters in the alloys. The ageing temperature was set at 450 oC, 

which was higher than the temperature of the subsequent neutron irradiation. This high 

temperature was used to increase the size of the clusters formed by ageing. Benefiting 

from the large cluster size, these clusters could be distinguished from the clusters formed 

during the subsequent irradiation, which were expected to be small in size. In this work, 

the Fe-Cu, Fe-Cu-Ni, and Fe-Cu-Si alloys were aged for 225 h, while the Fe-Cu-Ni-Mn 

alloys were aged for 90 h. This made all the alloys reach their maximum hardness at 450 

oC [2-2]. When the alloys were aged to their maximum hardness, their solute clusters 

grew well and had a large size and high number density. Moreover, the high Cu content 

in the alloys was expected to dominate the microstructure. In addition, Miller et al. [2-3] 

showed that even though the thermal equilibrium state was not reached, the matrix Cu 

content was largely reduced when a Fe-Cu-Ni alloy was aged to its maximum hardness 

at 500 oC. These results are beneficial for studying the effects of Ni, Mn, and Si on the 

Cu-rich clusters during the neutron irradiation following thermal ageing. 

 

The aged alloys were then neutron-irradiated at Czech’s research reactor LVR-15. The 

neutron fluence received at an irradiation temperature of 290 oC and a flux of ~6×1012 

n/cm2/s was 5.8×1018 n/cm2 (E > 1 MeV). This neutron fluence corresponds to about 0.01 

dpa. Previous study [2-4,5] on a neutron-irradiated Fe-0.1 at.%Cu binary alloy showed 

that the number density of Cu clusters in such alloy saturated at around 0.02 dpa, which 

is higher than the neutron dose used in this work. 

 



 

 

Chapter 2 Materials and methods 

38 
 

2.3. Atom probe analysis 

2.3.1 Specimen preparation 

Specimen preparation is one critical step to realize a successful APT analysis, and 

requires a combination of science and art. There are generally three fundamental criteria 

for a successful specimen preparation. First, the needle-shaped specimen must be sharp 

enough (with an apex radius of ~50 nm) to allow field evaporation. Second, its shape 

should be well controlled to avoid specimen rupture and allow for significant evaporation 

events so as to acquire enough data for analysis. Third, the near-apex region of the 

specimen should contain the user-defined features of interest. 

 

Table 2.2 Advantages and limitations of electro-polishing method and FIB method 

Specimen 

preparation method 

Advantages Limitations 

Electro-polishing Low cost of time; 

no Ga+ ion implantation 

Limited to conductive metals 

and alloys; issues of oxidation; 

difficult to prepare site-specific 

specimen 

FIB Site-specific specimen 

preparation permitted; 

suitable for conductive, 

semi-conductive, or 

insulator materials 

High cost of time; 

Ga+ ion implantation; 

demand of user skill 
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Electro-polishing and focused ion beam (FIB) milling are two prevalent methods for APT 

specimen preparation. Table 2.2 provides a brief description of the advantages and 

limitations of these two methods. In this research, the specimens in the neutron irradiation 

following thermal ageing experiments were prepared using the electro-polishing method 

and this will be discussed here. The FIB method was used to prepare the specimens in ion 

irradiation experiments and will be discussed in Chapter 6. 

 

In electro-polishing method, a matchstick is taken from bulk material, and then this is 

followed by a two-step electro-polishing which shapes the specimen matchstick into 

sharp needle-shaped one. In this research, a block with a size of ~0.4×10×10 mm3 was 

first cut from the bulk material which has a cross section of 10×10 mm2 using Struers 

Accutom-5 with a cut-off wheel of thickness 0.52 mm. The block surfaces were then 

polished with metal polishing paper P1000 and the block thickness reached ~0.35 mm. 

The following step was to fabricate ~0.35×0.35×10 mm3 matchsticks from the block 

using Accutom-5 with a cut-off wheel of 0.2mm thickness. The matchstick was then 

refined by paper polishing to remove the burr and finalized into ~0.3×0.3×10 mm3 (see 

Fig. 2.1). The cross section of the matchstick was controlled to be a square, since the 

shape deviation can produce an undesirable wedge-shaped needle. The surface 

deformation introduced by the initial preparation process will normally be removed 

during the subsequent electro-polishing stage. Prior to electro-polishing, the prepared 

matchstick was mounted into a small Cu tube and fixed firmly. 
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Fig. 2.1 The matchstick of an unirradiated sample to be refined by paper polishing 

 

A two-step electro-polishing, including standard electro-polishing and micro electro-

polishing, was used to produce desirable APT specimen from the matchstick, as 

illustrated in Fig. 2.2. The matchstick acts as an electrode and works with a counter 

electrode, an electrolyte, and a controllable voltage. During the first-step standard electro-

polishing, the matchstick must frequently be lifted out from the electrolyte to examine its 

shape and to avoid over-polishing. This was followed by micro electro-polishing, when 

the specimen matchstick was thinned enough into a needle-shaped one. In the micro 

electro-polishing, the needle-shaped specimen was positioned and located in the center 

of a drop of electrolyte suspended in a wire loop. A voltage was applied between the 

specimen and the wire loop. The polishing process can be observed under an optical 

microscope. It should be noted that the specimen must always be thoroughly and carefully 

cleaned using ethanol and acetone to remove all traces of the electrolytes and other 
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contaminations following electro-polishing for a successful specimen preparation. 

 

 

Fig. 2.2 Schematic diagrams of (a) standard electro-polishing, and (b) micro electro-

polishing 

 

In LEAP analysis, the typical analyzed volume is ~50×50×100-200 nm3. A good 

specimen requires to be free from any protrusions, grooves or cracks, especially in the 

near-apex region, as shown in Fig. 2.3. In this research, in order to obtain large amounts 

of successful data (eventually to measure high number of solute clusters), the needle 

specimen was prepared in long sharp shape by well controlling the slope of the needle 

specimen. This enables a large analyzed volume which can even be up to ~50×50×1000 

nm3. 

 

 

+ - 

Standard electro-polishing 

Specimen Counter electrode 

Micro electro-polishing 

Optical microscope 

(X200) 

Specimen Wire loop 

+ - 
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Fig. 2.3 The needle-shaped specimen for LEAP analysis 

 

2.3.2 LEAP analysis 

APT was employed for the microstructural characterization under two conditions: 

 When the alloys were aged to their maximum hardness (aged to max Hv). 

 When the alloys were first aged to their maximum hardness and then irradiated 

(aged+irradiated). 

 

The APT specimens were analyzed using CAMECA’s local electrode atom probe (LEAP 

3000XSi) equipped at the Central Research Institute of Electric Power Industry which is 

shown in Fig. 2.4. The LEAP analysis was performed in the voltage pulse mode. A 

specimen temperature of 40 K, a pulse repetition rate of 200 kHz, and a pulse fraction of 

15% were used to avoid the preferential evaporation of Cu [2-6]. All the experiments 

were carried out with a target evaporation rate in the range of 3-5% per pulse. 

 

50 μm 
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Fig. 2.4 LEAP 3000XSi used in the research 

 

Multiple APT measurements were carried out for each material. The minimum number 

of measurements carried out for a material in this study was three. Typically more than 

200 solute clusters were counted for each material. The large number of solute clusters 

taken from different regions of a specimen facilitated the detailed analyses of the clusters. 

 

2.3.3 Data processing 

In APT, the basic generated data are the mass-to-charge state ratio and the atomic 

coordinates of each atom in the analyzed volume. These data can be visualized in the 

form of atom maps. Fig. 2.5 shows the atom maps for Fe-0.5Cu-0.8Ni alloy after ageing 

plus irradiation. In the atom maps, a small dot indicates the position of one atom and the 

different colors of the dots indicate the different elements. Here, the atoms of Fe are not 

shown for clarity. The Cu-Ni clusters are clearly visible through the atom maps. In this 
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research, the cluster analysis was performed using a recursive search algorithm (RSA) 

method [2-7,8]. Here, the core solute atoms, i.e., Cu, Ni, Mn, and Si, which belong to the 

same cluster, are first searched within the separation of 0.4 nm. Then, any periphery atom 

such as an Fe atom within the separation of 0.4 nm from the core atoms is considered to 

belong to the cluster. Finally, the periphery atoms with less than three core atoms within 

a distance of 0.4 nm are removed. After all the clusters are found, any cluster that contains 

less than 20 core atoms is excluded from the analysis. These parameters for searching 

clusters work well for high Cu RPV model alloys and have been applied in previous 

studies, e.g. in [2-6]. 

 

 

Fig. 2.5 Atom maps for Fe-0.5Cu-0.8Ni alloy after ageing plus irradiation 

 

The cluster number density was determined by dividing the total number of clusters by 

the total reconstruction volume. The cluster radius in this work was defined using the 

Guinier radius, which is the radius of gyration multiplied by (5/3)1/2. The volume fraction 

of the clusters was determined by dividing the sum of the volume of each cluster by the 

20 nm 

      Cu             Ni 



 

 

Chapter 2 Materials and methods 

45 
 

total reconstruction volume. In this study, the clusters searched on dislocations and grain 

boundaries were excluded from the analysis, since it was found that the size and 

composition of such clusters could be altered. 

 

2.4 Vickers hardness tests 

Vickers hardness tests were conducted using Shimadzu HSV-20 for the mechanical 

property characterization of the alloys under three conditions: after solution annealing, 

after ageing to maximum hardness, and after ageing+irradiation. A load of 1 kgf was 

applied for the tests with 12 indents per sample. All procedures were consistent with the 

JIS Z2244 standard. 
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Neutron irradiation following thermal ageing experiments were performed using Fe-Cu, 

Fe-Cu-Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si alloys in the research. Basically, the investigation 

of effects of Ni, Mn, and Si requires first understanding of the changes in microstructures 

during the neutron irradiation in the base alloy Fe-Cu. This chapter describes the 

characteristics and distribution of clusters in Fe-Cu alloy when aged to maximum 

hardness, and when aged plus irradiated to understand the microstructural evolution. 

 

3.1 Characteristics of clusters in Fe-Cu 

Table 3.1 summarizes the characteristics of the clusters in Fe-0.5Cu when aged to 

maximum hardness, and when aged plus irradiated. These characteristics include the 

number density, volume fraction, mean radius, and mean composition of the clusters. The 

number density and volume fraction values given here are the weighted means of various 

measurements, where the weight for each measurement is the total number of atoms in 

the reconstructed tip. The minimum and maximum of various measurements are given in 

parenthesis. The mean radius and mean composition given in the tables represent the 

mean of the radius and composition data collected from all the measurements for various 

clusters. The mean radius refers to a simple mean, while the mean composition refers to 

a weighted mean, where the weight for each cluster is the total number of atoms contained 

in the cluster. This weighted mean approach for the cluster composition limits the 

contribution of very small clusters as their compositions may be skewed because of the 

small number of atoms in them. 
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Table 3.1 Number density, volume fraction, mean radius, and mean composition of the 

clusters in Fe-0.5Cu when aged to maximum hardness, and when aged plus irradiated 

Condition Number 

density 

(×1023 m-3) 

Volume 

fraction 

(×10-3) 

Mean 

radius 

(nm) 

Mean composition 

(at.%) 

Cu Fe 

Aged to max Hv 0.74 

(0.63/0.84) 

1.50 

(1.05/2.11) 
1.56 45.2 37.6 

Aged+irradiated 1.39 

(1.34/1.55) 

2.66 

(2.46/2.79) 
1.46 48.4 36.7 

 

The increased cluster number density accompanied with increased cluster volume fraction 

under the neutron irradiation indicates that new clusters formed in Fe-0.5Cu. This is 

because the clustered Cu content of the alloy, defined as the ratio of the total number of 

Cu atoms in all clusters to the total number of atoms in the reconstructed tip, was only 

0.16at.% when aged to maximum hardness based on the APT analysis, in other words, 

high content of Cu atoms (0.28at.%, assuming that Fe-0.5Cu alloy contains 0.50wt.%Cu 

equivalent to 0.44at.%Cu) remained in matrix. After the neutron irradiation, the clustered 

Cu content in Fe-0.5Cu increased to 0.32at.%. 

 

3.2 Distribution of clusters in Fe-Cu 

To get a clear picture of the evolution of clusters under the neutron irradiation, size 

distribution of the clusters was investigated. Fig. 3.1 shows the size distribution of the 

clusters in Fe-0.5Cu when aged to maximum hardness, and when aged plus irradiated. 

About 600 clusters were counted under each condition, implying that a density difference 
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of 1022 m-3 in this histogram corresponded to more than 40 counted clusters. Thermal 

ageing produced high number density of clusters, the sizes of which showed a unimodal 

distribution with a peak at ~1.6 nm. The subsequent neutron irradiation then increased the 

total cluster number density from 0.74×1023 to 1.39×1023 m-3 and altered the size 

distribution of the clusters, as illustrated in Fig. 3.1. The size distribution of the clusters 

became bimodal with peaks at ~1.0 and ~1.8 nm. 

 

 

Fig. 3.1 Size distribution of the clusters in Fe-0.5Cu when aged to maximum hardness, 

and when aged plus irradiated 

 

To evaluate the cluster changes during the neutron irradiation, one method is to subtract 

directly number density of the clusters in radius r when aged to maximum hardness 

Ndr,aged to max Hv from number density of the clusters in radius r when aged plus irradiated 

Ndr,aged+irradiated. 

                    ∆Ndr = Ndr,aged+irradiated - Ndr,aged to max Hv               (3.1) 
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This assumes that the pre-existing clusters produced by the thermal ageing do not change 

in size and number density, although this hypothesis is not based on theoretical model and 

should be fictitious. Fig. 3.2 shows the change of clusters in Fe-0.5Cu during the neutron 

irradiation. The cluster size distribution produced by subtraction exhibited broad spread 

towards large radius region, and one peak at 2.2 nm even appeared. These observations 

indicate that the pre-existing clusters formed by the thermal ageing should grow under 

the neutron irradiation. 

 

 

Fig. 3.2 Change of clusters in Fe-0.5Cu during the neutron irradiation 

 

The picture that explains the evolution of clusters in Fe-0.5Cu can be as follows. High 

content of Cu atoms remained in matrix when the alloy was aged to maximum hardness. 

Under the neutron irradiation, the pre-existing clusters produced by the thermal ageing 

grew in size, shifting their distribution in size towards large radius region, which resulted 

in the observation of one peak at large radius region, as at ~1.8 nm in Fig. 3.1. Meanwhile, 
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a group of new clusters formed through Cu nucleation, resulting in the observation of one 

peak at small radius region, as at ~1.0 nm in Fig. 3.1. This microstructural evolution 

agreed well with our expectation from the experimental design. 

 

Comments about the growth of clusters under thermal ageing and under 

neutron irradiation 

The temporal behavior of size distribution of solute clusters, growing from supersaturated 

solution under thermally activated processes, was studied by a number of researchers 

before the 1970s. For diffusion controlled precipitation, Kahlweit [3-1] developed a 

model to describe the instantaneous rate of change of the cluster radius r as: 

                                                         
𝑑𝑟

𝑑𝑡
=

𝐷 × 𝑉𝑚 × (𝐶 − 𝐶𝑠)

𝑟
                                               (3.2) 

where D is the solute diffusion rate, Vm is the molar volume of the cluster, C is the 

concentration of solute at distances far from any cluster, Cs is the equilibrium saturation 

concentration of solute. From the Kahlweit model, the instantaneous rate of change of the 

cluster surface area S becomes independent of the cluster radius r [3-2,3], since 

                                       
𝑑𝑆

𝑑𝑡
=

𝑑[4𝜋𝑟2]

𝑑𝑡
= 8𝜋 × 𝐷 × 𝑉𝑚 × (𝐶 − 𝐶𝑠)                                 (3.3) 

This indicates that as solute clusters grow, the surface area distribution of the clusters 

undergoes pure translation to larger surface area. 

 

Growth of solute clusters under neutron irradiation requires considerations, including 

radiation enhanced diffusion, collisional processes by energetic cascades, and solute 

segregation effects. Radiation enhanced diffusion is related to diffusional mechanisms 

that are strongly affected by the presence of radiation produced defects. For example, the 
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excess vacancies produced by neutron irradiation increase Cu diffusion rate in Fe by 

several orders of magnitude [3-4]. Cascade collision might cause atoms within the cluster 

to recoil into the matrix. The average primary knock-on atom (PKA) energy at the first 

RPV node (8 mm of the way through the RPV) is about 18 keV in a typical PWR RPV 

[3-5], as shown in the PKA energy spectra in Fig. 1.9 in chapter 1. In studied Fe-0.5Cu, 

the pre-existing clusters produced by the 450 oC thermal ageing appeared to be stable and 

not to be destroyed by the subsequent neutron irradiation. Since the cascade event do not 

begin from the constituent atoms of the cluster, the energy spectrum of the primary recoil 

atoms in the cluster can be in low energy region so that the cluster is hard to be destroyed. 

Fig. 3.3 gives an example of the recoil energy distribution of struck atoms in Fe by an 

incident Fe atom with an energy of 20 keV. This shows that for a sequences of secondary 

knock-on atoms (SKAs) created by 20 keV PKA, their mean energy has been reduced to 

several hundred eV. 

 

In the literature, there has been little experimental evidence for dissolution under cascade 

collision, except for disordering of the ordered phase such as in [3-6]. Sekimura et al. [3-

7] studied the stability of MC precipitates in austenitic stainless steels under heavy ion 

irradiation and suggested that the pre-existing MC precipitates have strong stability 

against recoil dissolution under cascade damage. The Monte-Carlo based calculations of 

Chou and Ghoniem [3-8] predicted that the maximum cluster size that may be completely 

destroyed by a high energy collision cascade is very limited. For example, for a cascade 

with an average PKA energy of about 500 keV in Fe, the maximum cluster size that may 

be completely destroyed is in the order of 1 nm diameter [3-8]. These results are 

consistent with the strong stability of clusters under neutron irradiation, as observed in 



 

 

Chapter 3 Evolution of clusters in Fe-Cu 

54 
 

studied Fe-0.5Cu. 

 

 

Fig. 3.3 Recoil energy distribution of struck atoms in Fe by an incident Fe atom with an 

energy of 20 keV calculated using SRIM-2008 [3-9] (only those struck atoms of which 

the recoil energy is greater than the displacement energy 40 eV are counted) 

 

Regarding solute segregation effects, it is known that the fluxes of point defects generated 

by irradiation can segregate solute atoms to various defect sinks [3-10]. The Cu clusters 

in Fe are probably sinks for vacancy and interstitial defects, and may act as their 

recombination sites under irradiation conditions [3-11,12]. The irradiation induced solute 

segregation to Cu clusters might also have contributed to the growth of clusters in Fe-

0.5Cu. 

 

Comments about size distribution of the clusters 

To well represent the solute clusters using APT analysis, multiple APT measurements 
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were carried out for each material. Fig. 3.4 shows the size distribution of the clusters with 

0.4 nm bin width in three APT tips analyzed for Fe-0.5Cu when aged to maximum 

hardness with increasing cluster numbers of 37, 113, and 276. All three tips showed 

similar unimodal distributions. This research requires use of small bin width for cluster 

size distribution to get a clear picture of the evolution of clusters. For the cluster size 

distribution, when the bin width was reduced from 0.4 nm to 0.2 nm that was used in this 

research, tips No. 2 and 3 represented similar unimodal distributions, whereas tip No. 1 

did not represent the unimodal distribution, as observed in Fig. 3.5. Therefore, a large 

cluster number, e.g., at least in the order of 100, can be desirable for the cluster size 

analysis with a bin width of 0.2 nm. 

 

From Fig. 3.5, a detailed comparison between tips No. 2 and 3 showed the difference that 

the peak of the cluster size distribution for tip No. 2 appeared at ~1.4 nm while the peak 

for tip No. 3 appeared at ~1.6 nm. Also, the local chemical composition given by APT 

exhibited tip-to-tip variations. The difference between tips No. 2 and 3 appears to result 

from the heterogeneity in initial chemical composition of the alloy. The differences in the 

cluster size distribution (e.g., in terms of mean cluster radius and its standard deviation) 

and the local chemical composition between different tips were also observed in Fe-0.5Cu 

when aged plus irradiated. Therefore, for the APT analysis in the present study, several 

tips were taken from different positions of the alloy. The size distribution of the clusters 

that is used to represent each alloy under each condition, e.g., those in Fig. 3.1, was 

obtained through statistical analysis of the total clusters collected from all tips. 
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Fig. 3.4 Size distribution of the clusters with 0.4 nm bin width in three APT tips (a), (b), 

and (c) analyzed for Fe-0.5Cu when aged to maximum hardness 
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Fig. 3.5 Size distribution of the clusters with 0.2 nm bin width in three APT tips (a), (b), 

and (c) analyzed for Fe-0.5Cu when aged to maximum hardness 
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3.3 Summary 

The size distribution of the clusters in Fe-0.5Cu when aged to maximum hardness was 

compared with and that in Fe-0.5Cu when aged plus irradiated. The comparison indicates 

that the subsequent neutron irradiation caused growth of the pre-existing clusters which 

were formed by thermal ageing and produced new clusters. This microstructural evolution 

agreed well with the expectation from experimental design and would be the basis for the 

investigation of effects of Ni, Mn, and Si. 
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This chapter focuses on effects of Ni and Mn in Cu-rich clusters. First, effect of Ni in 

ternary alloys Fe-Cu-Ni is discussed. This is the basis for the study of effect of Mn and 

interaction between Ni and Mn in quaternary alloys Fe-Cu-Ni-Mn. Notably, the content 

of Ni in Fe-Cu-Ni and Fe-Cu-Ni-Mn is varied in small range to probe the interaction 

between Ni and Mn. 

 

4.1 Effect of Ni in Cu-rich clusters 

4.1.1 Solute clusters in Fe-Cu-Ni 

The distribution of the clusters in size (cluster radius) in Fe-0.5Cu-0.6Ni and Fe-0.5Cu-

0.8Ni are shown in Fig. 4.1 and 4.2, respectively. As in Fe-0.5Cu, thermal ageing 

produced high number density of clusters, and the sizes of the clusters showed a unimodal 

distribution with a peak at ~1.4 nm in both Fe-0.5Cu-0.6Ni and Fe-0.5Cu-0.8Ni. The 

subsequent neutron irradiation then increased the total cluster number density and altered 

the size distribution of the clusters into bimodal one. For both Fe-0.5Cu-0.6Ni and Fe-

0.5Cu-0.8Ni, the peak at large radius region (as at ~1.6 nm in Fig. 4.1 and 4.2) clearly 

indicates that the subsequent neutron irradiation caused the growth of the pre-existing 

clusters formed during the thermal ageing. Meanwhile, the peak at small radius region (as 

at ~0.8 nm in Fig. 4.1 and 4.2) suggests that a group of new clusters were also produced 

by the neutron irradiation. 
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Fig. 4.1 Size distribution of the clusters in Fe-0.5Cu-0.6Ni when aged to maximum 

hardness, and when aged plus irradiated 

 

 

 

Fig. 4.2 Size distribution of the clusters in Fe-0.5Cu-0.8Ni when aged to maximum 

hardness, and when aged plus irradiated 
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The shapes and amplitudes of the size distribution curves for Fe-0.5Cu, Fe-0.5Cu-0.6Ni, 

and Fe-0.5Cu-0.8Ni were similar to each other when aged to maximum hardness, and 

when aged plus irradiated. To identify the difference of the clusters, the number density 

of total clusters in Fe-0.5Cu-0.6Ni and Fe-0.5Cu-0.8Ni was compared, as shown in Table 

4.1. The data showed the trend of slightly larger number density of clusters in Fe-0.5Cu-

0.8Ni than in Fe-0.5Cu-0.6Ni, which suggests a higher Ni alloying content increases the 

number density of clusters, to a slight extent. 

 

Table 4.1 Number density of the clusters in Fe-0.5Cu-0.6Ni and Fe-0.5Cu-0.8Ni when 

aged to maximum hardness, and when aged plus irradiated (×1023 m-3) 

Alloy Aged to max Hv Aged+irradiated 

Fe-0.5Cu-0.6Ni 0.61 (0.56/0.74) 1.58 (1.49/1.82) 

Fe-0.5Cu-0.8Ni 0.95 (0.90/1.13) 1.71 (1.68/1.74) 

*Note that the values are the weighted means of various measurements, where the 

weight for each measurement is the total number of atoms in the reconstructed tip. The 

minimum and maximum of various measurements are given in parenthesis. 

 

Fig. 4.3 shows the Ni concentration distribution of the clusters in Fe-0.5Cu-0.6Ni and Fe-

0.5Cu-0.8Ni, which is the cluster size dependence of the number of Ni atoms in the cluster. 

In the figure, each point indicates one cluster. When aged to maximum hardness, the Ni 

concentration in the clusters for both the alloys was well distributed along the line 

representing the mean content. This suggests that Ni atoms were included in the clusters 

at roughly the same concentration regardless of the cluster size. When aged plus irradiated, 

it was found that the neutron irradiation broadened the Ni concentration distribution curve 
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of the clusters. The clusters of Fe-0.5Cu-0.8Ni showed a slightly higher Ni concentration 

than those of Fe-0.5Cu-0.6Ni both when aged to maximum hardness and when aged plus 

irradiated. This implies that a higher Ni alloying content enhances the Ni concentration 

in the clusters. Nonetheless, this enhancing effect was weak in the studied alloys. 

 

 

 

Fig. 4.3 Ni concentration distribution of the clusters in Fe-0.5Cu-0.6Ni and Fe-0.5Cu-

0.8Ni: (a) when aged to maximum hardness, and (b) when aged plus irradiated 
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of the clusters. The size effect of the solute elements might have contributed to the 

increased number density of the clusters. The volume size factors of Cu, Ni, and Mn in 

α-Fe, which represent the fractional difference between the effective atomic volume of 

the solute and the atomic volume of Fe, are 17.53, 4.65, and 4.89%, respectively [4-1,2]. 

A Cu nucleus is supposed to have a larger lattice parameter than an Fe matrix since Cu is 

an oversized atom for an Fe matrix. This results in a misfit strain. In Fe matrix, the size 

of Ni is smaller than that of Cu. Therefore, when Ni is included in a Cu nucleus, the lattice 

parameter of the nucleus should decrease. This would decrease the strain energy barrier 

for the formation of clusters. This can reduce the formation energy of Cu nucleus, thus 

enhancing the Cu nucleation rate and increasing the number density of the clusters. 

 

Another contribution to the increased cluster number density is revealed by a detailed 

cluster analysis for the studied alloys. By taking a composition profile across the clusters 

using the proxigram method, it was observed that Ni was enhanced at the cluster-matrix 

interface, as shown in Figure 4.4. The interfacial segregation of Ni in Cu-rich clusters has 

been observed in RPV model alloys and steels by many researchers, e.g. [4-3,4,5]. Seko 

et al. [4-6] investigated the sites preferred by Ni and found that Ni was energetically 

favored to be located at the cluster-matrix interface rather than at the cluster center or in 

the matrix. The ab initio calculations reported previously [4-7] suggest that a Cu-Ni 

binding is preferred in the Fe matrix. According to the Scientific Group Thermodata 

Europe (SGTE) solution database [4-8], the Ni–Fe interaction is weakly attractive, while 

the Cu-Fe interaction is strongly repulsive. Therefore, the presence of Ni at the Cu cluster 

interface would replace the strongly repulsive Cu-Fe bond with the attractive Cu-Ni bond 

in the nearest neighbor of Cu. This is energetically favored. Based on the above discussion, 
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it can be concluded that the formation energy of Cu nuclei in Fe matrix can decrease when 

Ni is present between Cu and Fe. This effect of Ni again enhances the Cu nucleation rate 

and increases the number density of the clusters. These mechanisms are in agreement 

with study of the non-classical nucleation theory by Zhang and Enomoto [4-9]. They 

showed that the formation energy of Cu nucleus reduces by the addition of Ni to binary 

Fe-Cu alloy. 

 

 

Fig. 4.4 Proxigram averaged over 10 Cu-rich clusters in Fe-0.5Cu-0.8Ni when aged plus 

irradiated 
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0.5Cu-0.8Ni-1.4Mn are shown in Fig. 4.5 and 4.6, respectively. Thermal ageing produced 

high number density of clusters, and the sizes of the clusters showed a unimodal 

distribution in both Fe-0.5Cu-0.6Ni-1.4Mn and Fe-0.5Cu-0.8Ni-1.4Mn, as in Fe-0.5Cu, 

Fe-0.5Cu-0.6Ni, and Fe-0.5Cu-0.8Ni. The subsequent neutron irradiation of both Fe-

0.5Cu-0.6Ni-1.4Mn and Fe-0.5Cu-0.8Ni-1.4Mn then increased the number density of 

their clusters by about four times. This implies that the neutron irradiation of the alloys 

resulted in a substantial increase in the number density of the new clusters as the volume 

fraction of the clusters increased by about twice at the same time. It can also be seen from 

the figure that the irradiation broadened the size distribution curve of the clusters. The 

resulting size distribution curve had a long tail, which may indicate the growth of the pre-

existing clusters formed by thermal ageing. However, there was a significant size 

overlapping between the new clusters formed by the subsequent irradiation and the pre-

existing clusters formed by ageing. As a result, only one peak appeared explicitly at small 

radius region (as at ~1.2 nm in Fig. 4.5 and 4.6) in the statistical size distribution curve 

of the clusters when aged plus irradiated. 
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Fig. 4.5 Size distribution of the clusters in Fe-0.5Cu-0.6Ni-1.4Mn when aged to 

maximum hardness, and when aged plus irradiated 

 

 

 

Fig. 4.6 Size distribution of the clusters in Fe-0.5Cu-0.8Ni-1.4Mn when aged to 

maximum hardness, and when aged plus irradiated 
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The composition distribution of the clusters in Fe-0.5Cu-0.6Ni-1.4Mn and Fe-0.5Cu-

0.6Ni-1.4Mn when aged to maximum hardness is shown in Fig. 4.7. This composition 

distribution included both the Ni and Mn concentration distributions of the clusters. Again, 

both Ni and Mn concentrations were well distributed in the clusters along the mean 

composition line denoted by the solid lines. A similar trend was previously observed in 

the case of the Fe-Cu-Ni alloys when aged to maximum hardness. These observations 

indicate that Ni and Mn were included in the clusters at roughly the same concentration 

regardless of the cluster size. 

 

 

Fig. 4.7 Composition distribution of the clusters in Fe-0.5Cu-0.6Ni-1.4Mn and Fe-

0.5Cu-0.8Ni-1.4Mn when aged to maximum hardness: (a) Ni concentration in the 

clusters, and (b) Mn concentration in the clusters 

4.1%

0

400

800

1200

0 10000 20000 30000N
o
. 
o
f 

N
i 

a
to

m
s 

in
 c

lu
st

er

Cluster size (No. of atoms)

aged to max Hv

Fe-0.5Cu-0.6Ni-1.4Mn
Fe-0.5Cu-0.8Ni-1.4Mn

5.0%

(a)

4.1%

0

400

800

1200

0 10000 20000 30000N
o
. 
o
f 

M
n

 a
to

m
s 

in
 c

lu
st

er

Cluster size (No. of atoms)

aged to max Hv

Fe-0.5Cu-0.6Ni-1.4Mn
Fe-0.5Cu-0.8Ni-1.4Mn

3.8%

(b)



 

 

Chapter 4 Effects of Ni and Mn in Cu-rich clusters 

70 
 

However, a clear difference in the cluster composition along with an increase in the cluster 

size was observed when aged plus irradiated, as illustrated in Fig. 4.8. In Figs. 4.8 (a)-(d), 

the solid line denotes the mean composition of all the clusters (more than 400 clusters 

measured for both the alloys when aged plus irradiated), and the two dotted lines represent 

the mean composition of 20 largest clusters and that of 20 medium-sized clusters. It was 

found that the Ni and Mn concentrations of the 20 largest clusters were lower than those 

of the 20 medium-sized clusters. The composition distribution of the clusters when aged 

plus irradiated shows the presence of two groups of clusters, which were distributed along 

the two dotted lines. Group 1 clusters were large in size and contained low concentrations 

of Ni and Mn, while group 2 clusters were small in size and contained high concentrations 

of Ni and Mn. Dohi et al. [4-10] studied Fe-Cu-Ni-Mn-Si alloys under neutron irradiation 

and reported that Ni, Mn, and Si atoms were included in the clusters at roughly the same 

concentration regardless of the cluster size. This trend was also observed in this study 

when aged to maximum hardness. Therefore, when aged plus irradiated, the group 1 

clusters should correspond to the pre-existing clusters formed by ageing since such 

clusters contained low concentrations of Ni and Mn when aged to maximum hardness. 

On the other hand, the group 2 clusters were believed to be the new clusters formed by 

the subsequent irradiation. The Ni and Mn concentrations of the group 1 clusters when 

aged plus irradiated were higher than those of the clusters when aged to maximum 

hardness. This suggests that Ni and Mn atoms segregated more to the pre-existing clusters 

during the neutron irradiation. This can also imply the growth of the pre-existing clusters. 
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Fig.4.8 Composition distribution of the clusters when aged plus irradiated: (a) Ni 

concentration in the clusters in Fe-0.5Cu-0.6Ni-1.4Mn, (b) Mn concentration in the 

clusters in Fe-0.5Cu-0.6Ni-1.4Mn, (c) Ni concentration in the clusters in Fe-0.5Cu-

0.8Ni-1.4Mn, and (d) Mn concentration in the clusters in Fe-0.5Cu-0.8Ni-1.4Mn 
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1.4Mn, respectively. These results agree with our observations that a higher Ni alloying 

content enhanced the Ni and Mn concentrations in the clusters. 

 

To further discuss the cluster evolution in Fe-Cu-Ni-Mn during the neutron irradiation, a 

statistical analysis of cluster size distribution is conducted. The intention of this analysis 

is to check whether the cluster size distribution for the aged alloys can be fitted using a 

normal distribution and the cluster size distribution for the alloys aged plus irradiated can 

be fitted using a mixture of two normal distributions. Fig. 4.9 presents the cluster size 

distribution by APT analysis and the fitted normal distributions through a least-squares 

fit in Fe-0.5Cu-0.6Ni and Fe-0.5Cu-0.6Ni-1.4Mn. The practice in Fe-0.5Cu-0.6Ni 

indicates that the cluster size distribution can be represented by one normal distribution 

when aged to maximum hardness, and by a mixture of two normal distributions when 

aged plus irradiated, as shown in Fig. 4.9(a). When aged plus irradiated, the normal 

distribution in large radius region clearly demonstrates the growth of pre-existing clusters 

under the neutron irradiation. When it comes to Fe-0.5Cu-0.6Ni-1.4Mn, Fig. 4.9(b) shows 

that the cluster size distribution can be represented using one normal distribution when 

aged to maximum hardness, as expected. Besides, the statistical analysis can also detect 

two normal distributions when aged plus irradiated, even though the size overlapping 

between new clusters and pre-existing clusters is significant. The second normal 

distribution detected in large radius region demonstrates the growth of pre-existing 

clusters. This verifies our previous analysis that the pre-existing clusters can grow during 

the neutron irradiation. 
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Fig. 4.9 Cluster size distribution and fitted normal distributions: (a) in Fe-0.5Cu-0.6Ni, 

and (b) in Fe-0.5Cu-0.6Ni-1.4Mn (Solid lines represent the cluster size distributions by 

APT analysis, and dotted lines represent the fitted normal distributions) 
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the cluster with its two long axes which appeared to be a preferential plane, especially for 

cluster No. 1, 3, and 4. The preferential plane of cluster No. 1 showed ~60 o angle with 

those of cluster No. 2, 3, and 5, and was parallel to that of cluster No. 4, as illustrated by 

the dotted lines in the figure. It is interesting to note that 60 o is one of the angles between 

{110} planes, and the atomistic simulations [4-12] showed that Cu clusters can exhibit 

faceting toward {110} planes of α-Fe matrix. 
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Fig. 4.10 Morphology of several large clusters in Fe-0.5Cu-0.6Ni-1.4Mn when aged 

plus irradiated: (a) top view, and (b) side view for individual cluster 
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4.2.2 Effect of Mn 

When aged to maximum hardness, the Mn addition to Fe-Cu-Ni had little influence on 

the size distribution of the clusters. This is consistent with that the number density, 

volume fraction and mean radius of the clusters in Fe-Cu-Ni and Fe-Cu-Ni-Mn were 

similar, as shown in Appendix A.1. Fig. 4.11 shows the clustered Cu content of the alloys. 

The clustered Cu content remained unchanged when Mn was added to the alloy. However, 

the addition of Mn reduced the ageing time to reach the maximum hardness from 225 h 

(for Fe-Cu-Ni) to 90 h (for Fe-Cu-Ni-Mn). This implies that the process became 2.5 times 

as fast. These observations suggest that Mn accelerated the kinetic process of solute 

clustering during the thermal ageing. 

 

 

Fig. 4.11 Clustered Cu content in the alloys 

(Error bar refers to the standard error of the mean) 
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The formation and evolution of solute clusters have been proposed to be described by a 

simplified cluster dynamics model based on kinetic equations [4-13]: 

                                 
𝑑𝐶𝑛

𝑑𝑡
= (𝛽𝑛−1𝐶𝑛−1 − 𝛼𝑛𝐶𝑛) − (𝛽𝑛𝐶𝑛 − 𝛼𝑛+1𝐶𝑛+1)                         (4.1) 

where Cn is the number density of a cluster of size n, αn is the emission rate, and βn is the 

capture rate. For the diffusion controlled clustering, both αn and βn can depend linearly 

on the solute diffusion rate [4-13]. Therefore, to reduce the ageing time from 225 to 90 h 

and to obtain a similar size distribution of the clusters, the solute diffusion rate should be 

increased from D0 to 2.5D0. Under thermal ageing, the solute atoms diffuse via thermal 

vacancies and the solute diffusion rate, D, is given by [4-14]: 

                                𝐷 = 𝛼 × 𝐶𝑉 × 𝐷𝑉 = 𝛼 × exp(−
𝐸𝑓

𝑉

𝑘𝑇
) × exp (−

𝐸𝑚
𝑉

𝑘𝑇
)                       (4.2) 

where CV is the concentration of thermal vacancies and DV is the vacancy migration rate. 

CV and DV depend on the formation energy and migration energy of thermal vacancies, 

respectively. The increment of D from D0 to 2.5D0 needs a reduction in the vacancy 

formation energy or the vacancy migration energy of 0.06 eV. Murakami et al. [4-15] 

studied the effect of Mn addition to pure Fe using electrical resistivity measurements and 

concluded that Mn traps the vacancy-type defects and prevents the migration of vacancies 

at around 0 oC. Therefore, for Mn, the effect in reducing the vacancy formation energy is 

more plausible. In fact, Olsson et al. [4-16] found a strong binding between Mn and the 

vacancy up to the third nearest neighbor because of the magnetic coupling. This long-

range Mn-vacancy interaction may contribute to the reduction in the vacancy formation 

energy, thus accelerating the solute diffusion during thermal ageing. 

 

During the subsequent neutron irradiation, the addition of Mn to Fe-Cu-Ni largely 
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increased the number density of Cu-rich clusters even though the clustered Cu content 

was almost unchanged. The large increase of cluster number density is consistent with 

the results reported by Miller et al. [4-17]. Their APT data showed that upon neutron 

irradiation to ~1×1019 n/cm2 (E > 1 MeV), Fe-0.78at.%Cu-1.05at.%Mn showed a number 

density of clusters that was approximately an order of magnitude higher than that for Fe-

0.80at.%Cu. As mentioned previously, in α-Fe, the size of Mn is smaller than that of the 

oversized Cu atom. The addition of Mn to the Cu nucleus can reduce the formation energy 

of the Cu nucleus through the lowering of the misfit strain energy barrier. Interfacial 

segregation of Mn in Cu-rich clusters was observed in the Fe-Cu-Ni-Mn alloys, as shown 

in Fig. 4.12. Similar to the Ni effect, the interfacial segregation of Mn can be energetically 

favored since the Cu-Mn binding in the Fe matrix is also preferred [4-7]. Then the 

presence of Mn between Cu and Fe may also decrease the formation energy of the Cu 

nucleus in an Fe matrix by replacing the Cu-Fe bond with Cu-Mn bond. The effect of Mn 

in reducing the formation energy of the Cu nucleus agrees with the non-classical 

nucleation theory study of Zhang and Enomoto [4-9]. They reported that the addition of 

Mn to binary Fe-Cu alloy reduced the formation energy of the Cu nucleus. This Mn effect 

enhances the Cu nucleation rate, resulting in a higher number density of the clusters. 
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Fig. 4.12 Proxigram averaged over 10 Cu-rich clusters in Fe-0.5Cu-0.8Ni-1.4Mn when 

aged plus irradiated 

 

However, this should not be the only effect of Mn that occurred in the Fe-Cu-Ni-Mn 

alloys since the effect of Mn in increasing the cluster number density was much more 

significant than the effect of Ni during the neutron irradiation. It is interesting that Mn 

had almost no impact on the microstructure and the consumption amount of matrix Cu 

when aged to maximum hardness. Whereas, under the condition of neutron irradiation, 

the Mn addition to Fe-Cu-Ni increased largely number density of Cu-rich clusters even 

though the consumption amount of matrix Cu was almost unchanged. This difference in 

Mn effect can arise from the change of the environment from thermal ageing to neutron 

irradiation. The contribution may be that the irradiation produced SIAs bind with Mn to 

form SIA-Mn clusters. These SIA-Mn clusters can server as nuclei of Cu-rich clusters, 

thus enhancing the formation of Cu-rich clusters. 
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The strong interaction between Mn and SIAs has been reported both theoretically and 

experimentally. The ab initio calculations of Vincent et al. [4-18] showed that the mixed 

Mn-SIA dumbbell configuration was very stable and that the mixed dumbbell was likely 

to migrate because of its low energy for the mixed-to-mixed migration. The transmission 

electron microscopy (TEM) study by Yabuuchi et al. [4-19] revealed that under neutron 

irradiation, the addition of Mn to pure Fe increases the number density of dislocation 

loops. They interpreted their results by that Mn serves as a nucleus of the loop by trapping 

SIAs and clusters. Therefore, it can be concluded that the formation of SIA-Mn clusters 

is very plausible. It is interesting that the atomistic Monte Carlo study by Ngayam-Happy 

et al. [4-20] predicted that small Mn-rich clusters associated with SIAs can form very 

quickly via a fast interstitial-driven mechanism, and the formation of such clusters is 

faster than even Cu nucleation which occurs via a slower vacancy-driven mechanism. 

This is also consistent with the assumption that SIA-Mn clusters form. Since SIA-Mn 

clusters can act as sinks of vacancies, the SIA-Mn clusters can be the nuclei of Cu-rich 

clusters with the mechanism where Cu atoms diffuse by the vacancy mechanism towards 

SIA-Mn clusters. This might have increased the rate of formation of Cu-rich clusters. 

 

4.3 Interaction of Ni and Mn 

In the Fe-Cu-Ni alloys, an increase of Ni alloying content from 0.6% to 0.8% enhanced 

only slightly Ni concentration in the clusters. While in the Fe-Cu-Ni-Mn alloys, the 

increase of Ni alloying content from 0.6% to 0.8% enhanced clearly concentrations of 

both Ni and Mn in the clusters. The APT data obtained under the condition of ageing plus 

irradiation also indicate that the addition of Mn to Fe-Cu-Ni enhanced the Ni 
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concentration in the clusters, even though the pre-ageing time for Fe-Cu-Ni and Fe-Cu-

Ni-Mn was different. Previous APT data by Liu et al. [4-11] also showed that the addition 

of Mn to Fe-Cu-Ni alloys that are not pre-aged and are only neutron-irradiated enhances 

the Ni concentration in the clusters. These results appear to suggest an attractive 

interaction of Ni and Mn. This attractive interaction can serve as a driving force for 

enhanced concentrations of Ni and Mn in the clusters: Mn in the clusters attracts Ni, and 

the higher Ni attracts more Mn into the clusters, which is consistent with the prediction 

of Odette and Wirth [4-21]. 

 

This Ni-Mn interaction appears to rationalize the results of previous studies on RPV steels. 

Miller et al. [4-22] studied two neutron-irradiated RPV steel welds with different bulk Ni 

contents and the APT results showed that the 1.2wt.%Ni weld had not only a higher Ni 

concentration but also a higher Mn concentration in the clusters than the 0.6wt.%Ni weld. 

However, the weld with a higher bulk Ni content had a slightly lower bulk Mn content 

than the weld with a lower Ni content. A similar phenomenon was observed in the study 

of Carter et al. [4-23]. The clusters in the 1.00wt.%Ni weld had a higher Mn content than 

those in the 0.58wt.%Ni weld even though the bulk Mn content of the 1.00wt.%Ni weld 

was slightly lower than that of the 0.58wt.%Ni weld. Buswell et al. [4-24] investigated a 

series of RPV steels with a similar bulk Mn content under neutron irradiation. Unlike the 

~0.8wt.%Ni steels JPG27 and JRQ41, the 1.17wt.%Ni steel JPH2 produced clusters with 

higher Mn content as well as higher Ni content. These observations of the higher Mn 

concentration in the clusters can be caused by the higher bulk Ni content. 

 

To understand the interaction of Ni and Mn, the Ni and Mn concentrations in each cluster 
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of Fe-Cu-Ni-Mn were compared. Fig. 4.13 shows the cluster distribution when aged plus 

irradiated where each point represents one cluster. With the increase of cluster size, the 

Ni and Mn contents in the cluster showed a trend of 1:1 relation. More importantly, this 

1:1 Ni-Mn relation in the clusters remained unchanged even when the Ni alloying content 

was varied from 0.6 to 0.8%. Similar Ni-Mn relation in the clusters was also observed 

when the alloys were aged to maximum hardness. This indicates that the 1:1 Ni-Mn 

relation can be thermodynamically favoured. 

 

 

Fig. 4.13 Relationship between number of Ni atoms and number of Mn atoms in the 

clusters in Fe-0.5Cu-0.6Ni-1.4Mn and Fe-0.5Cu-0.8Ni-1.4Mn when aged plus 

irradiated (Solid lines represent 2:1, 1:1, and 1:2) 

 

Furthermore, the distributions of Ni and Mn in the clusters were investigated. Fig. 4.14 

illustrates the morphology of typical large clusters in the Fe-Cu-Ni-Mn alloy. The cluster 

took a shape of ellipsoid and in the cluster the distribution of Ni atoms was spatially 
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similar to the distribution of Mn atoms. To quantitatively describe the relationship 

between Ni distribution and Mn distribution in the cluster, cluster Ni radius rNi and cluster 

Mn radius rMn were defined. It is know that the radius (Guinier radius) of a cluster r is 

defined as: 

                            𝑟 = √
5

3
× √

1

𝑛
∑{(𝑥𝑖 − 𝑥𝑐)2 + (𝑦𝑖 − 𝑦𝑐)2 + (𝑧𝑖 − 𝑧𝑐)2}

𝑛

𝑖=1

                  (4.3) 

where (xc, yc, zc) is the coordinates of mass center of the cluster, and (xi, yi, zi) defines the 

position of an individual atom in the cluster. Similarly, the cluster Ni radius rNi is defined 

when (xi, yi, zi) defines the position of an individual Ni atom in the cluster, and the cluster 

Mn radius rMn is defined when (xi, yi, zi) defines the position of an individual Mn atom in 

the cluster. Fig. 4.15 shows the relationship between cluster Ni radius and cluster Mn 

radius in Fe-0.5Cu-0.6Ni-1.4Mn and Fe-0.5Cu-0.8Ni-1.4Mn. In the figure, each point 

represents one cluster. The cluster Ni radius was almost equal to the cluster Mn radius, 

indicating similar distributions of Ni and Mn in the clusters. 

 

(a) (b)  

 

 

Cu  Ni  Mn 

 

 

5 nm 

 

Fig. 4.14 Atom maps of a typical large cluster in Fe-0.5Cu-0.6Ni-1.4Mn when aged plus 

irradiated: (a) top view, and (b) side view 
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Fig. 4.15 Relationship between cluster Ni radius and cluster Mn radius in (a) Fe-0.5Cu-

0.6Ni-1.4Mn when aged to maximum hardness, (b) Fe-0.5Cu-0.6Ni-1.4Mn when aged 

plus irradiated, (c) Fe-0.5Cu-0.8Ni-1.4Mn when aged to maximum hardness, and (d) 

Fe-0.5Cu-0.8Ni-1.4Mn when aged plus irradiated (Solid line represents 1:1) 

 

The 1:1 Ni-Mn relation in terms of cluster composition and the almost equivalent cluster 

Ni radius and cluster Mn radius appear to suggest that Ni and Mn might form ordered 

phase in the clusters. It is interesting to note that in the Ni-Mn binary alloy phase diagram, 

an intermetallic at 50%Mn (Ni) occurs. In addition, in the Fe-Cu-Ni-Mn system, the 

interatomic potential developed by Bonny et al. [4-25] showed that Ni2Mn2 was 

energetically more stable than the other clusters (NiMn2, Ni2Mn, NiMn3, and Ni3Mn). 

These results are consistent with the present experimental observations. 

 

4.4 Summary 
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main results are summarized as follows: 

(1) Regarding effect of Ni, the higher Ni alloying content increased the number density 

of Cu-rich clusters, to a slight extent. It is suggested that Ni can reduce the formation 

energy of Cu nuclei, thus enhancing the Cu nucleation rate. 

(2) Regarding effect of Mn, the addition of Mn to Fe-Cu-Ni reduced the ageing time 

required to achieve a similar microstructure of the Cu-rich clusters (the condition of 

ageing to maximum hardness) from 225 to 90 h. This indicates that Mn can accelerate 

the solute diffusion via thermal vacancies, thereby accelerating the kinetic process of 

solute clustering. During the neutron irradiation, Mn significantly increased the 

number density of Cu-rich clusters. Mn can reduce the formation energy of Cu nuclei, 

thus enhancing the Cu nucleation rate. However, unlike the weak Ni effect, such 

significant Mn effect should also imply other important mechanisms. It is suggested 

that Mn may enhance the heterogeneous nucleation of Cu clusters through the 

formation of SIA-Mn clusters, since Mn had almost no impact on the number density 

of Cu-rich clusters when aged to maximum hardness. The SIA-Mn clusters can serve 

as nuclei of Cu-rich clusters. 

(3) Regarding interaction of Ni and Mn, in Fe-Cu-Ni a high Ni alloying content enhanced 

only slightly Ni concentration in the clusters, whereas in Fe-Cu-Ni-Mn the high Ni 

alloying content enhanced clearly concentrations of Ni and Mn in the clusters. The 

addition of Mn to Fe-Cu-Ni also enhanced the Ni concentration in the clusters. These 

results can suggest an attractive interaction between Ni and Mn, which can serve as 

a driving force for enhanced concentrations of Ni and Mn in the clusters: Mn in the 

clusters attracts Ni, and the higher Ni attracts more Mn into the clusters. A 1:1 Ni-

Mn concentration relation was found in the clusters of the alloys with different Ni 
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alloying contents, Fe-0.5Cu-0.6Ni-1.4Mn and Fe-0.5Cu-0.8Ni-1.4Mn. This indicates 

that the 1:1 Ni-Mn relation can be thermodynamically favoured. Moreover, the 

cluster Ni radius was almost equal to the cluster Mn radius, implying similar 

distributions of Ni and Mn in the clusters. 
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This chapter focuses on effect of Si in Cu-rich clusters through the investigation of ternary 

alloys Fe-0.5Cu-0.1Si and Fe-0.5Cu-0.2Si under neutron irradiation following thermal 

ageing, compared to binary alloy Fe-0.5Cu. 

 

5.1 Solute clusters in Fe-Cu-Si 

The distribution of the clusters in size (cluster radius) in Fe-0.5Cu-0.1Si and Fe-0.5Cu-

0.2Si are shown in Fig. 5.1 and 5.2, respectively. Thermal ageing produced high number 

density of clusters, and the sizes of the clusters showed a unimodal distribution with a 

peak at ~1.4 nm in both Fe-0.5Cu-0.1Si and Fe-0.5Cu-0.2Si. For Fe-0.5Cu-0.1Si, the 

shape and amplitude of the size distribution curve were similar to those for Fe-0.5Cu both 

when aged to maximum hardness and when aged plus irradiated. Moreover, the number 

density of total clusters in Fe-0.5Cu and Fe-0.5Cu-0.1Si was almost the same: 0.74×1023 

and 0.78×1023 m-3 for Fe-0.5Cu and Fe-0.5Cu-0.1Si respectively when aged to maximum 

hardness, and 1.39×1023 and 1.43×1023 m-3 for Fe-0.5Cu and Fe-0.5Cu-0.1Si respectively 

when aged plus irradiated. Therefore, the growth of the pre-existing clusters formed by 

thermal ageing and the formation of new clusters during the subsequent neutron 

irradiation was demonstrated in Fe-0.5Cu-0.1Si. It is also indicated that the effect of 

0.1%Si on the solute clusters was not significant. It is interesting to observe that the 

subsequent irradiation had almost no impact on the number density of total clusters in the 

case of Fe-0.5Cu-0.2Si. Moreover, when aged plus irradiated the size distribution of the 

clusters in Fe-0.5Cu-0.2Si was similar to that of the clusters in Fe-0.5Cu (as well as that 

of the clusters in Fe-0.5Cu-0.1Si) as shown in Fig. 5.3, albeit when aged to maximum 

hardness Fe-0.5Cu-0.2Si had a higher number density of total clusters than Fe-0.5Cu. 
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Compared to Fe-0.5Cu, in Fe-0.5Cu-0.2Si, the matrix Cu atoms seemed to prefer to 

segregate to the pre-existing clusters formed by ageing rather than form new clusters 

during the subsequent irradiation. This can be attributed to the high number density of the 

pre-existing clusters, which acted as effective sinks for Cu segregation. 

 

 

 

Fig. 5.1 Size distribution of the clusters in Fe-0.5Cu-0.1Si when aged to maximum 

hardness, and when aged plus irradiated 
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Fig. 5.2 Size distribution of the clusters in Fe-0.5Cu-0.2Si when aged to maximum 

hardness, and when aged plus irradiated 

 

 

 

Fig. 5.3 Size distribution of the clusters in Fe-0.5Cu, Fe-0.5Cu-0.1Si, and Fe-0.5Cu-

0.2Si when aged plus irradiated 
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The Si concentration distribution of the clusters in Fe-0.5Cu-0.1Si and Fe-0.5Cu-0.2Si, 

which is the cluster size dependence of the number of Si atoms in the cluster are detailed 

in Fig. 5.4. In the figure, each point indicates one cluster and the lines represent the mean 

Si concentrations in clusters. For all measured clusters, the maximum number of Si atoms 

in the cluster was less than 100. The small number of Si atoms measured by APT was 

accompanied with scattering around the mean Si concentrations in clusters. It is clear that 

the Si concentration in the clusters in the Fe-Cu-Si alloys was very low, especially when 

compared to the Ni and Mn concentrations in the clusters of the Fe-Cu-Ni and Fe-Cu-Ni-

Mn alloys. 

 

To evaluate quantitatively the level of Si concentration in the clusters, the enrichment 

factor of Si, defined as the ratio of Si concentration in clusters to the Si alloying content, 

was calculated, shown in Table 5.1. The enrichment factor of Si in the Fe-Cu-Si alloys 

was very low (< 2). Notably, when aged to maximum hardness, the Si concentration in 

the clusters was even almost equal to the Si alloying content, resulting in a Si enrichment 

factor of ~1. 
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Fig. 5.4 Si concentration distribution of the clusters in Fe-0.5Cu-0.1Si and Fe-0.5Cu-

0.2Si: (a) when aged to maximum hardness, and (b) when aged plus irradiated 

 

 

Table 5.1 Enrichment factor of Si in Fe-0.5Cu-0.1Si and Fe-0.5Cu-0.2Si when aged to 

maximum hardness, and when aged plus irradiated 

Alloy Aged to max Hv Aged+irradiated 

Fe-0.5Cu-0.1Si 1.1 1.8 

Fe-0.5Cu-0.2Si 1.1 1.6 
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5.2 Effect of Si 

The addition of 0.1%Si to Fe-0.5Cu did not show any significant effect on the Cu clusters. 

On the other hand, when aged to maximum hardness, the addition of 0.2%Si increased 

the number density and decreased the radius of the clusters. The volume fraction of the 

clusters remained unchanged. According to a previous study, the clusters of an Fe-0.5Cu 

alloy aged to 200 h at 450 oC [5-1] exhibited a higher number density and a smaller radius 

than the clusters of Fe-0.5Cu when aged to maximum hardness (aged to 225 h at 450 oC). 

Both the alloys showed a similar volume fraction of the clusters. These results indicate 

that in Fe-0.5Cu, the coarsening of Cu clusters should occur during the ageing period of 

200-225 h. The addition of 0.2%Si to Fe-0.5Cu was likely to suppress the coarsening of 

the Cu clusters. However, the addition of 0.2%Si to the alloys when aged plus irradiated 

had no significant effect on the Cu clusters, as previously shown by the size distribution 

curve of the clusters. The APT study by Liu et al. [5-1] also showed that the addition of 

0.2%Si to Fe-0.5Cu had no clear effect on the Cu clusters under neutron irradiation. 

 

The Si concentration in the clusters in the Fe-Cu-Si alloys was very low and was 

comparable to the Si alloying content. This suggests that the Si atoms hardly clustered 

with Cu. Previous equilibrium lattice Monte Carlo simulations which were parameterized 

purely on the basis of thermodynamic considerations, predicted that it is 

thermodynamically favorable for Si to segregate to the interface of a Cu cluster (Cu 

catalyzing mechanism) [5-2,3]. However, Si atoms hardly segregated to the Cu clusters 

in the ternary alloys Fe-Cu-Si under thermal ageing and even under the neutron irradiation 

which can largely accelerate the diffusion of Si atoms. In fact, the lattice Monte Carlo 

model in [5-2,3] reasonably predicted the contents of Cu, Ni, and Mn in the clusters 
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compared to experimental data, but it under-predicted about 50% of real Si content in the 

clusters. These observations appeared to imply that the segregation of Si to clusters may 

have other mechanisms, rather than the Cu catalyzing mechanism. 

 

Previous analyses on surveillance specimens from Japanese pressurized water reactors 

[5-4,5,6] showed the mean atomic composition of the clusters was 6Cu-10Ni-6Mn-7Si, 

2Cu-11Ni-5Mn-9Si, and 0Cu-12Ni-6Mn-12Si for 0.12wt.%Cu steels, 0.07wt.%Cu steels, 

and 0.04wt.%Cu steels, respectively, as mentioned in chapter 1. In the clusters, the Si 

concentration increased as the Cu concentration decreased, while the concentrations of 

Ni and Mn remained unchanged. The increase of Si concentration in the clusters may 

have been caused by complex mechanisms. To answer this question, at least the 

interactions of Si with other solute elements should be studied. 

 

5.3 Summary 

The comparison of the size distribution of the clusters in Fe-0.5Cu-0.1Si and Fe-0.5Cu-

0.2Si with that in Fe-0.5Cu did not show evidence for Si to have effect on the Cu clusters, 

except that it might suppress the coarsening of the Cu clusters under thermal ageing. The 

Si concentration in the clusters in Fe-0.5Cu-0.1Si and Fe-0.5Cu-0.2Si was very low and 

was comparable to the Si alloying content, indicating that Si atoms hardly clustered with 

Cu. 
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This chapter describes the study of effect of Si on Ni-rich clusters using additional 

experiments of Cu-free model alloy and high-dose ion irradiation. Here, a high dose 

irradiation is desirable since the solute clusters in RPV steels and relevant model alloys 

which contain low Cu or no Cu have been experimentally observed typically at high dose 

levels, e.g. in [6-1,2,3,4]. The primary objective of this chapter is to understand whether 

Si can interact with Ni to form solute clusters at typical RPV temperature and the how is 

the enrichment of Si in these clusters. 

 

6.1 Material and sample preparation 

One model alloy that contains no Cu, Fe-1.0wt.%Ni-0.2wt.%Si was used in this study. 

The concentrations of Ni and Si in the model alloy were selected according to the 

chemical compositions of commonly used Japanese RPV steels [6-5]. This ternary alloy 

facilitates a proper study of the interaction between Ni and Si. The model alloy was 

solution annealed at 900 oC for 30 min and then water quenched. 

 

For ion irradiation experiments, a sample block with a size of ~1×4×10 mm3 was cut from 

the initial bulk material which has a cross section of 10×10 mm2 through an intermediate 

cut into ~1×10×10 mm3. The sample block should not be too thin to sustain the sample 

treatment and manipulation. 

 

The sample surface (4×10 mm2 surface which would receive ion irradiation) was first 

treated by mechanical polishing. In this stage, the sample surface was polished using 

polishing papers P320 and P1500 in sequence. The surface was then buff polished using 
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3μm diamond solution and 0.05 μm Al2O3 solution in sequence. Finally, a mirror-like 

surface can be obtained by this stage. It should be noted that the sample must always be 

thoroughly and carefully cleaned after each step to avoid the contaminations. 

 

The mechanical polishing was followed by electrochemical polishing which can remove 

the surface deformation introduced by the mechanical preparation process. Fig. 6.1 

illustrates the electrochemical polishing method used in this study. The electrolyte liquid 

was 95% CH3COOH and 5% HClO4. The electrochemical polishing was performed at 

~12oC where the temperature was monitored using a thermometer and controlled with the 

ice-water bath and an oscillator. During the electrochemical polishing, it is important to 

insert the sample into the electrolyte liquid with the long side (10 mm side) of the sample 

parallel to the surface of the electrolyte liquid rather than perpendicular to the liquid 

surface so as to uniformly remove the deformation surface. The surface condition after 

electrochemical polishing was confirmed under an optical microscope. About 20 μm 

thickness was removed by the electrochemical polishing in this study. Fig. 6.2 shows the 

surface of the sample after the electrochemical polishing observed by an optical 

microscope. 
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Fig. 6.1 Schematic diagram of electrochemical polishing 

 

 

 

Fig. 6.2 The surface of the sample after electrochemical polishing under an optical 

microscope 
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6.2 Ion irradiation conditions 

Ion irradiation with 2.8 MeV Fe2+ ions was carried out using a tandem-type accelerator 

installed at the High Fluence Irradiation Facility, The University of Tokyo (HIT) [6-6]. 

The irradiation temperature was 290 oC and the ion fluence was 2.32×1015 ions/cm2. Fig. 

6.3 illustrates the alloy sample fixed on the sample stage in HIT facility. During the 

irradiation, the temperature was monitored online using two thermal couples and 

controlled using the heater and the water cooling system. The ion beam profile was 

monitored every 30 min using a series of Faraday cups with an aperture diameter of 2 mm 

(coordinated 5×4). This is because that the monitoring of ion beam profile and the ion 

irradiation can’t be performed simultaneously. The shape of the ion beam was controlled 

by magnetic lenses and steers and adjusted every 30 min accordingly. Then an 

approximately same ion flux during the irradiation and an approximately same ion fluence 

in a large irradiation area can be obtained. 

 

 

Fig. 6.3 The sample fixed on the stage for ion irradiation 
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The damage distribution associated with the ion irradiation was determined by using 

SRIM-2008 [6-7], as shown in Fig. 6.4. The calculation was conducted with a 

displacement energy of 40 eV and to be most consistent with the standard NRT dpa [6-8]. 

The peak of irradiation damage appeared at 800 nm and the calculated dose rate and dose 

(at the depth of damage peak) in this work was 2.65×10-4 dpa/s and 2.5 dpa, respectively. 

 

 

Fig. 6.4 Depth distribution of irradiation damage and implanted ion concentration by the 

SRIM code 

 

6.3 Atom probe analysis 

Considering the depth distribution of displacement damage introduced by ion irradiation 

in this study, the region of interest was the microstructure at a depth of 400 nm from the 

surface of the irradiated sample. This microstructure was characterized by APT. 
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6.3.1 Specimen preparation 

The FIB use ions, usually Ga+ ions, to interact with the sample surface and produce a 

secondary electron signal for imaging. The FIB can be used for milling when a high ion 

current is applied since the ion beam has the capability of sputtering away atoms. 

Deposition is one other fundamental capability of the FIB. Materials, such as tungsten, 

platinum and amorphous carbon, can be deposited on the sample surface as a protective 

layer when milling near sensitive areas. 

 

In this study, the specimen preparation was performed using Zeiss NVision 40 FIB-SEM 

equipped at the Central Research Institute of Electric Power Industry which is shown in 

Fig. 6.5. The NVision 40 combines a high resolution scanning electron microscope (SEM) 

to the FIB. The e-beam images at an angle of 54o to the Ga+ ion beam. This dual-beam 

FIB instrument allows to image the sample in-situ (by the e-beam) when it is being milled 

(by the Ga+ ion beam), which is important for preparing sit-specific specimens. The dual-

beam FIB instrument is advantageous, also because that the imaging using the e-beam 

instead of the Ga+ ion beam can reduce the Ga+ ion implantation into the APT specimen 

and the induced damage in the preparation process. 
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Fig. 6.5 NVision 40 FIB-SEM used in the research 

 

In order to prepare the site-specific APT specimens which can represent the 

microstructure at 400 nm depth, the FIB method was used to fabricate the specimens from 

400 nm depth, of which the long axis from the apex was parallel to the surface of the 

irradiated sample. The manufacture procedure using FIB to prepare the specimens from 

certain depth from the sample surface, of which the long axis is perpendicular to the 

sample surface was presented in [6-9]. The manufacture procedure used in this study is a 

modified version of the procedure in [6-9]. 

 

Prior to the fabrication of the tips, tungsten was deposited on the region of interest up to 

a layer thickness of 600-1000 nm. This tungsten layer provided a protection for the region 

of interest from the Ga+ ion implantation. It also acted as a counterpart of the sample 

when mounted on the atom probe post. To fabricate the tips, trenches were dug via milling 
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leaving a slice of the region of interest and then the sample was tilted to undercut the slice. 

The micro-manipulator was used to lift out the slice. Different from the procedure in [6-

9], the slice was attached to a Nanomesh for a transit rather than directly attached to the 

atom probe post. 

 

After the attachment of the lifted-out slice to the Nanomesh, the sample stage of the 

NVision 40 was taken out and then the Nanomesh was manually rotated 90 o. The stage 

was then reloaded into the NVision 40, and the rotated slice was transferred from the 

Nanomesh to the atom probe post via the micro-manipulator. The configuration of the 

slice tip on the atom probe post is illustrated in Fig. 6.6 (a), while Fig. 6.6 (b) illustrates 

the configuration without 90 o rotation of the Nanomesh. 

 

 

Fig. 6.6 Configurations of the slice tip on the atom probe post: (a) in this study, and (b) 

without 90 o rotation 

 

The slice tip on the atom probe post was finally sharpened by annular milling. For the 
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annular milling, the radial pattern with an outer diameter slightly larger than that of the 

tip was used. The center of the radial pattern was located at 400 nm depth from the sample 

surface (the interface between the sample and the tungsten layer). Annular milling was 

performed under the 30 kV ion beam using several steps with progressively reduced outer 

and inner diameters until the required dimensions were reached. The affection of beam 

drift must be carefully eliminated during this stage for a successful specimen preparation. 

The specimen was finalized with the 10 kV ion beam to have an apex dimeter of ~100 

nm. Fig. 6.7 shows a final atom probe specimen prepared by the FIB. The ion beam 

strategy for annular milling is critical for the FIB method, since it directly affects the 

shape and sharpness of the final specimen. The beam strategy interacts with the property 

of the material, and this determines the successful rate of the specimen preparation and 

the LEAP analysis. 
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Fig. 6.7 Atom probe specimen prepared by FIB 

 

6.3.2 LEAP analysis 

The APT specimens prepared by the FIB method were analyzed using LEAP 3000XSi 

which is presented in Chapter 2 (Fig. 2.4). The LEAP analysis was performed in the 

voltage pulse mode. A specimen temperature of 40 K, a pulse repetition rate of 200 kHz, 

and a pulse fraction of 15% were used. All the experiments were carried out with a target 

evaporation rate in the range of 1-3% per pulse. This evaporation rate was lower than that 

used for the LEAP analysis in Chapter 2 to reduce the possibility of specimen rupture. 
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6.3.3 Data processing 

In this study, the cluster analysis was performed using a recursive search algorithm (RSA) 

method [6-10,11], as in Chapter 2. Here, the core solute atoms, i.e., Ni and Si, which 

belong to the same cluster, are first searched within the separation of 0.4 nm. Then, any 

periphery atom such as an Fe atom within the separation of 0.4 nm from the core atoms 

is considered to belong to the cluster. Finally, the periphery atoms with less than three 

core atoms within a distance of 0.4 nm are removed. After all the clusters are found, any 

cluster that contains less than 20 core atoms is excluded from the analysis. 

 

6.4 Results and discussion 

Fig. 6.8 shows atom maps for irradiated Fe-1.0Ni-0.2Si. Numerous solute clusters (Ni-Si 

clusters) were observed in the analyzed volume of 85×85×131 nm3. APT is an advanced 

microanalysis technique to characterize the solute clusters, but it can’t give the evidence 

of the presence of point defects or point defect clusters. The association of solute clusters 

with the irradiation defect (such as dislocation line or loop) or the grain boundary can be 

identified when the distribution of the solute clusters take the shape of the defect or the 

grain boundary, for example in [6-12,13]. In atom maps shown by Fig. 6.8, these solute 

clusters did not take the shape of an extended dislocation or a grain boundary. 

 



 

 

Chapter 6 Effect of Si on Ni-rich clusters under high-dose ion irradiation 

112 
 

 

Fig. 6.8 Atom maps for irradiated Fe-1.0Ni-0.2Si 

 

 

The cluster analysis based on the definition in the section 6.3.3 quantified the number 

density, volume fraction, mean radius and mean composition which are provided in Table 

6.1. The ion irradiation produced high number density of clusters, the composition of 

which exhibits high enrichments of Si as well as Ni. Fig. 6.9 details the size dependence 

of the number of Ni atoms and the number of Si atoms in the clusters. In the figure, each 

point indicates one cluster (totally 593 clusters), and the lines represent the mean 

concentrations of Ni and Si in the clusters. Both Ni concentration in the clusters and Si 

concentration in the clusters were well distributed along their mean concentrations. This 

suggests that Ni atoms and Si atoms were both included in the clusters at roughly the 

same concentrations regardless of the cluster size. 
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Table 6.1 Number density, volume fraction, mean radius and mean composition of the 

clusters in irradiated Fe-1.0Ni-0.2Si 

Number density 

(m-3) 

Volume fraction  

(%) 

Mean radius 

(nm) 

Mean composition (at.%) 

Ni Si Fe 

1.42×1024 1.56 1.28 24.5 15.8 41.9 

 

 

 

Fig. 6.9 Size dependence of the number of Ni atoms and the number of Si atoms in the 

clusters 

 

Fig. 6.10 (a) describes the composition profile averaged over 5 solute clusters by the 

proxigram analysis, and Fig. 6.10 (b) is atom maps of one of these 5 clusters. The 

concentrations of Ni and Si in the clusters decreased simultaneously with the distance 

from cluster center. The morphology of the cluster in Fig. 6.10 (b) shows the combination 

between Ni atoms and Si atoms in the cluster. To quantitatively describe the relationship 
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between Ni distribution and Si distribution in the cluster, cluster Ni radius and cluster Si 

radius (the definition refers to the definition of cluster Ni radius or cluster Mn radius in 

Chapter 4) for each cluster was compared, as shown in Fig. 6.11. In the figure, each point 

represents one cluster. The cluster Ni radius was almost equal to the cluster Si radius, 

indicating correlated distributions of Ni and Si in the clusters. These observations indicate 

that Ni and Si should interact with each other during the formation of solute clusters. The 

ab initio calculations of solute-solute binding energies showed that Ni-Ni binding and Si-

Si binding in α-Fe are both repulsive, whereas Ni-Si binding at first nearest neighbor is 

not repulsive, which was reported in [6-14]. This appears to agree with an interaction 

between Ni and Si. 

 

 

(b)   Ni   Si 

 

Fig. 6.10 (a) Proxigram averaged over 5 solute clusters in Fe-1.0Ni-0.2Si, and (b) atom 

maps of one of these 5 clusters 
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Fig. 6.11 Relationship between cluster Ni radius and cluster Si radius in Fe-1.0Ni-0.2Si 

(Solid line represents 1:1) 

 

Solute clustering in a ferritic material in absence of Cu and Mn has never been reported 

before. Ni and Si both are soluble in α-Fe according to the phase diagram of binary alloys 

Fe-Ni and Fe-Si, respectively. Which can be the mechanisms for the formation of such 

high number density of Ni-Si clusters which were observed in the irradiated Fe-1.0Ni-

0.2Si? The ab initio calculations have shown strong attractive binding of Ni atom or Si 

atom with the vacancy [6-15,16]. Besides, the positron annihilation experiments 

suggested the association of vacancy clusters with Ni atoms and the formation of vacancy-

Si complexes under electron irradiation which produces damage in the form of single 

vacancies and self-interstitial atoms (SIAs) [6-17]. This also indicated the attractive 

interaction between Ni (and Si) and vacancy. When an attractive solute-vacancy 

interaction is present, the vacancy can drag the solute to diffuse in the same direction of 

the vacancy. The study using ab initio calculations combined with a self-consistent mean 
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field method showed that vacancy can drag Ni and Si in α-Fe [6-18]. The solute diffusion 

by vacancy drag can be strong under irradiation, thus increasing the collision frequency 

between Ni atoms and Si atoms. It is likely that the Ni-Si interaction then contributes to 

the formation of solute clusters. 

 

Comments on the dose rate effects 

Heavy ion irradiation enjoys the benefit of high dose rate which leads to the accumulation 

of high dose in short times. It can also be very efficient at producing dense cascades which 

are similar to those produced by neutrons [6-19]. The dose rate in this study was 2.65×10-

4 dpa/s, several orders higher than that in the RPV of pressurized water reactors and 

boiling water reactors [6-20]. Whether the materials exhibit the same magnitude of 

damage under fast versus slow accumulation of the same dose level and if not, how their 

damages are different should be understood. The dose rate effect on the microstructure 

evolution is an important issue for the work using high dose rate experiments to simulate 

the behavior of the materials in the operating reactors. 

 

The dose rate effect in RPV materials depends on the chemical composition of the 

material, the range of neutron dose, and the irradiation temperature [6-20,21,22]. For 

example, the Kinetic Monte Carlo simulations on the defect accumulation in α-Fe under 

neutron irradiation showed that the magnitude of the dose rate effect depended on the 

irradiation temperature and the dose rate effect was very strong at higher irradiation 

temperature, especially for the vacancy cluster formation [6-23]. The dose rate effect can 

mainly be attributed to two aspects. The first one is the competition between formation 
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and dissolution of defects which are thermally unstable at the irradiation temperature. The 

second one is its influence on solute diffusion and clustering. 

 

It has been reported that large volume fraction of Ni-Mn-Si clusters were enhanced by 

lower dose rate [6-3,24]. The dose rate effect on these solute clusters may result from the 

intercascade interaction at high dose rates [6-23]. Therefore, it should be reasonable to 

conclude that Ni-Si clusters can also form in Fe-1.0Ni-0.2Si under the irradiation 

environment of RPV in the operating reactors. 

 

6.5 Summary 

To investigate the interaction between Ni and Si in ferritic alloy, ion irradiation 

experiment was carried out on one model alloy Fe-1.0Ni-0.2Si at 290 oC to 2.5 dpa by 

Fe-ions with the energy of 2.8 MeV. The microstructure of the irradiated sample was 

characterized using APT. A new manufacture procedure was established for using the FIB 

method to fabricate the APT specimens at 400 nm depth from the surface of the irradiated 

sample, of which the long axis from the apex was parallel to the sample surface. The APT 

results revealed the formation of high number density of Ni-Si clusters and the 

distribution of these clusters did not take the shape of an extended dislocation or a grain 

boundary. In the clusters, the Ni distribution was similar to the Si distribution, and the 

concentrations of Ni and Si decreased simultaneously with the distance from cluster 

center, which suggests the interaction between Ni and Si. Solute clustering in a ferritic 

material in absence of Cu and Mn has never been reported before. The Ni-Si interaction 

may contribute to the formation of these solute clusters. 
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7.1 Quantitative correlation between solute clusters and 

hardening 

To forecast long-term integrity of RPV steels based on physical mechanisms, it requires 

an understanding of the nature of the microstructure under irradiation. Besides, it is also 

important to understand the relationship between microstructure and mechanical property. 

Here, the relationship between microstructure and hardening in the alloys Fe-Cu, Fe-Cu-

Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si is focused on. 

 

7.1.1 Alloy hardening 

The hardness of the alloys, Hv in neutron irradiation following thermal ageing 

experiments was evaluated using Vickers hardness tests and was represented using the 

mean (obtained through 12 indents), as listed in Table 7.1. Standard deviation of the 

hardness, which reflects the indent-to-indent variation, in the alloys was enlarged after 

the thermal ageing or after the neutron irradiation in most cases. Murakami et al. [7-1] 

observed the broadening of the hardness distribution in A533B RPV model alloys (some 

positions hardened more than others) after irradiation and concluded that this might result 

from the heterogeneity in initial alloy chemical composition, especially Cu. 
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Table 7.1 Hardness of the alloys in neutron irradiation following thermal ageing 

experiments 

Alloy Solution annealed Aged to max Hv Aged+irradiated 

Fe-0.5Cu 76.4±2.1 119.8±2.9 157.9±3.7 

Fe-0.5Cu-0.6Ni 88.4±3.1 123.2±2.2 163.8±4.2 

Fe-0.5Cu-0.8Ni 89.6±3.1 125.3±3.7 162.3±6.0 

Fe-0.5Cu-0.6Ni-1.4Mn 113.9±3.4 143.6±6.3 195.1±2.2 

Fe-0.5Cu-0.8Ni-1.4Mn 115.6±3.6 145.7±4.9 208.0±3.6 

Fe-0.5Cu-0.1Si 75.3±2.5 124.2±3.7 158.2±5.8 

Fe-0.5Cu-0.2Si 81.5±2.1 122.7±2.5 160.6±3.8 

The uncertainty is the standard deviation of the mean. 

 

 

The hardening of the alloys, ∆Hv was determined as 

∆𝐻𝑣𝑎𝑔𝑒𝑑 𝑡𝑜 max 𝐻𝑣 = 𝐻𝑣𝑎𝑔𝑒𝑑 𝑡𝑜 max 𝐻𝑣 − 𝐻𝑣𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑 

∆𝐻𝑣𝑎𝑔𝑒𝑑+𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 = 𝐻𝑣𝑎𝑔𝑒𝑑+𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 − 𝐻𝑣𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑 

(7.1) 

The relation between the hardening ∆Hv and the alloy with varied chemical composition 

is shown in Fig. 7.1. The hardening after the thermal ageing or after the neutron irradiation 

depended primarily on the Cu content in the alloys. This can be because that the Cu 

content in these alloys are high. 
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Fig. 7.1 Hardening of the alloys in neutron irradiation following thermal ageing 

experiments (Error bars refer to the standard deviation) 

 

7.1.2 Hardening correlation with microstructure 

The hardening of RPV materials is recognized to result mainly from two mechanisms, 

precipitation hardening and matrix hardening. The precipitation hardening is related to 

the formation of solute clusters, such as Cu-rich clusters and Ni-Mn-Si-rich clusters. In 

the studied alloys with 0.5%Cu, the precipitation hardening was caused by the Cu-rich 

clusters. The second mechanism, matrix hardening, is relevant to the matrix damage, such 

as dislocation loops. These defects can act as obstacles which impede dislocation 

movement and result in hardening. 
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7.1.2.1 Hardening by solute clusters 

The hardening in RPV materials from Cu-rich clusters has generally been attributed to 

the difference in shear moduli between the solute clusters and the Fe matrix. For this case, 

the model that is most commonly used [7-2] is that of Russell and Brown [7-3]. Two 

alternate modulus hardening models can be found in the paper of Kelly [7-4]. In this thesis, 

the Russell-Brown model is employed. This model aims at the interaction between matrix 

slip dislocations and solute clusters which have lower elastic modulus than the matrix. 

The shear stress σsy is given by: 

𝜎𝑠𝑦 = 0.8
𝐺𝑏

𝐿
cos

𝜙𝑐

2
𝜙𝑐 ≤ 100° 

𝜎𝑠𝑦 =
𝐺𝑏

𝐿
(cos

𝜙𝑐

2
)3/2 𝜙𝑐 ≥ 100° 

(7.2) 

where G is the shear modulus of the material, b is the Burgers vector for the dislocation, 

L is the obstacle spacing in the slip plane, and ϕc is the critical angle at which a dislocation 

can cut an obstacle. In the Fe matrix, G = 83 GPa, and b = 0.248 nm [7-5]. 

 

For a dislocation intersecting a spherical cluster, when the energy of the dislocation is 

lower in the cluster than it is in the matrix, the angle ϕc can be determined by the value 

when the dislocation is about to break away from the cluster [7-3]: 

                                                                 𝜙𝑐 = 2 sin−1
𝐸1

𝐸2
                                                       (7.3) 

where E1 is the energy per unit length of a dislocation in the cluster, and E2 is the energy 

per unit length of a dislocation in the matrix. Russell and Brown [7-3] proposed the ratio 

E1/E2 as: 
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𝐸1

𝐸2
=

𝐸1
∞ log

𝑟
𝑟0

𝐸2
∞ log

𝑅
𝑟0

+
log

𝑅
𝑟

log
𝑅
𝑟0

                                                (7.4) 

where E1
∞ and E2

∞ are the energy per unit length of a dislocation in infinite media, R is 

the outer cut-off radius used to calculate the energy of the dislocation, and r0 is the inner 

cut-off radius. The ratio E1
∞/E2

∞ can be estimated to be equal to the ratio GSC/G, where 

GSC is the shear modulus of the cluster. R and r0 are set to 2500b and 2.5b, respectively 

[7-3]. The particle spacing, L can be determined in terms of the volume fraction of cluster 

Vf and the mean radius of cluster r [7-3]: 

                                                                      𝐿 =
1.77𝑟

√𝑉𝑓
                                                             (7.5) 

In a polycrystal, the shear stress, σsy can be converted to the yield stress σy via the Taylor 

factor M: 

                                                                      𝜎𝑦 = 𝑀𝜎𝑠𝑦                                                            (7.6) 

where M has a value of 3.06 for bcc lattice [7-6]. In RPV materials, a linear relationship 

between the hardness Hv and the yield stress σy is generally admitted [7-2,7,8], and Hv 

can be converted to σy by [7-7]: 

                                                                     𝐻𝑣 = 0.41𝜎𝑦                                                         (7.7) 

 

Therefore, the hardening contribution of the solute clusters in studied alloys, ∆HvSC can 

be given by 

                                            ∆𝐻𝑣𝑆𝐶 ≈ 0.23
𝑀𝐺𝑏√𝑉𝑓

𝑟
(1 −

𝐸1
2

𝐸2
2)

3
4

                                     (7.8) 

where 

                                                          
𝐸1

𝐸2
=

𝐺𝑆𝐶 log
𝑟
𝑟0

𝐺 log
𝑅
𝑟0

+
log

𝑅
𝑟

log
𝑅
𝑟0

                                                (7.9) 
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7.1.2.2 Hardening by matrix damage 

Under the thermal ageing, the hardening contribution of the matrix damage in studied 

alloys can be simplified as zero. The matrix damage hardening under the neutron 

irradiation was approximated using the data of a RPV model alloy which contains no Cu, 

Fe-1.0Ni-0.2Si. The alloy Fe-1.0Ni-0.2Si received similar neutron irradiation with the 

studied alloys (a neutron fluence of 5.8×1018 n/cm2 (E > 1 MeV) at an irradiation 

temperature of 290 oC and a flux of ~6×1012 n/cm2/s), and its irradiation hardening 

obtained by Vickers hardness tests was 15.2. Buswell et al. [7-7] developed a fluence-

hardening formula based on the data of low Cu RPV steels to define the hardening 

contribution of the matrix damage: 

                                                            ∆𝐻𝑣𝑀𝐷 = 5.2√
𝜙𝑡

1018
                                                 (7.10) 

where ϕt is the neutron fluence in units of n/cm2 (E > 1 MeV). This gives a hardening of 

12.5 at a neutron fluence of 5.8×1018 n/cm2, which is at similar level with the irradiation 

hardening measured in Fe-1.0Ni-0.2Si. 

 

Therefore, the hardening contribution of the matrix damage in studied alloys, ∆HvMD was 

given by 

                                              ∆𝐻𝑣𝑀𝐷 ≈ {
0 aged to max Hv

15.2 aged + irradiated
                                 (7.11) 

 

7.1.2.3 Superposition of hardening mechanisms 

In order to assess the total observed hardening of the material, the superposition law of 

the obstacles of different types is an important issue. In practice, this superposition law is 
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often taken as linear sum, or root-sum-square (RSS), or a combination of the linear sum 

and the RSS, although the actual superposition law depends on the obstacle strengths [7-

2,9]. The linear sum superposition law assumes implicitly the independence of the 

different hardening mechanisms. In this analysis, the linear sum model was used for the 

approximation, which gives 

                                                         ∆𝐻𝑣 ≈ ∆𝐻𝑣𝑆𝐶 + ∆𝐻𝑣𝑀𝐷                                            (7.12) 

Chaouadi and Gérard [7-10] studied the irradiation hardening of RPV materials and 

suggested the linear sum superposition law for the hardening of solute clusters and matrix 

damage. 

 

7.1.2.4 Microstructure to hardening correlation 

Fig. 7.2 shows the comparison of the measured hardening with that estimated from the 

microstructure (solute clusters and matrix damage). In the estimation of solute cluster 

hardening through Russell and Brown model, the shear modulus of the clusters, GSC was 

estimated by fitting between the measured hardening and estimated hardening with the 

slope of 1:1, and calibrated on the basis of the type of the alloy. Table 7.2 provides the 

values of GSC estimated in different alloys. The estimated GSC values for Fe-Cu-Ni and 

Fe-Cu-Ni-Mn alloys were larger than that estimated for Fe-Cu alloys. This is consistent 

with the higher shear modulus of Ni and Mn elements than that of Cu as shown in Table 

7.3 which were given by Friedel [7-5]. The addition of Ni to Fe-Cu binary alloy and the 

addition of Mn to Fe-Cu-Ni ternary alloys resulted in distinct change in the composition 

of solute clusters. The estimated GSC value for Fe-Cu-Si alloys was similar with that 

estimated for Fe-Cu alloys, since the clusters formed in Fe-Cu-Si had very low 

concentration of Si and their composition was similar with that in Fe-Cu. 
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Fig. 7.2 Comparison of the measured hardening with that estimated from the 

microstructure (Error bars refer to the standard deviation) 

 

 

Table 7.2 Shear modulus of solute clusters estimated in different alloys (GPa) 

Fe-Cu alloys Fe-Cu-Ni alloys Fe-Cu-Ni-Mn alloys Fe-Cu-Si alloys 

62 66 69 62 

 

 

Table 7.3 Shear modulus of the elements 

Fe Cu Ni Mn 

83 49 75 81 
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observed. Liu et al. [7-11] studied similar alloys under neutron irradiation and their alloys 

were not pre-aged before the neutron irradiation. The hardening model in this work was 

then used to estimate the irradiation hardening of these alloys from their published 

microstructure data and this was also plotted in Fig. 7.2, which again shows good 

agreement between the measured and estimated hardening. These results demonstrate the 

quantitative correlation between the microstructure and mechanical property. It should be 

pointed out here that although the size distribution and composition of the clusters were 

not discussed here, the shape of the cluster size distribution and the cluster composition 

changed under the subsequent neutron irradiation, but the hardening was simply 

correlated with the microstructure through the above model and a good agreement was 

obtained. This needs further verification. 

 

7.2 Role of solutes in long-term operation of reactor pressure 

vessel 

Solute clusters are one dominant microstructure for RPV embrittlement. Even in the RPV 

steels irradiated to high fluences, pertinent to long-term operation, the increase of the 

transition temperature ∆T with fluence was still observed [7-12]. The microstructural 

analyses showed the increase of cluster radius and cluster number density with fluence, 

as mentioned in chapter 1 [7-12]. Therefore, for long-term operation of RPV, growth of 

existing clusters and formation of new clusters should be both considered. The present 

study focuses on effects of solute elements, including Ni, Mn, and Si, on formation and 

growth of solute clusters in RPV using neutron irradiation following thermal ageing 
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experiments and high dose ion irradiation experiment. Fig. 7.3 shows the brief summary 

of contribution to the knowledge of solute clustering by the present study. 

 

 

Fig. 7.3 Brief summary of contribution to the knowledge of solute clustering by the 

present study 

 

In the present study, formation and growth of Cu-rich zone in Fe matrix (usually called 

Cu-rich clusters) are identified using the neutron irradiation following thermal ageing 

experiments. In addition, formation of Ni-Si-rich zone in Fe matrix (called Ni-Si clusters) 

is observed through high dose ion irradiation experiment. These three processes are 

shown in Fig. 7.3 using coloured boxes. They are the major sources of embrittlement. 

Formation of Cu-rich clusters and growth of Cu-rich clusters compete with each other, 

since formation of new Cu-rich clusters would reduce the amount of Cu segregation to 
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existing clusters. Besides, growth of Cu-rich clusters and formation of Ni-Si clusters may 

also compete with each other. 

 

The new insights given by the present study are shown in Fig. 7.3 using the boxes with 

red outlines. As far as Mn is concerned, three interesting characteristics are found. First, 

the interaction between Mn and thermal vacancies can enhance solute migration through 

thermal vacancies in Fe matrix. Therefore, Cu-Cu binding in Fe matrix and formation of 

Cu-rich clusters would become rapid. The additional contribution of thermal vacancies to 

solute migration is a typical feature for very low flux irradiation, such as the irradiation 

on the inner wall of the BWR RPV. Second, Mn largely increased the number density of 

Cu-rich clusters during the neutron irradiation. This phenomenon is observed under 

irradiation and when Cu atoms exist in Fe matrix. Thermal vacancies do not contribute to 

this characteristic, as Mn did not change the number density of Cu-rich clusters under the 

thermal ageing. It has been considered to be caused by the formation of SIA-Mn clusters 

which can serve as nuclei of Cu-rich clusters. Third, the concentrations of Mn and Ni tend 

to exhibit 1:1 relationship in Cu-rich clusters. The 1:1 Ni-Mn relationship can be 

thermodynamically favoured. This thermodynamic relationship, probably 1:1 Ni-Mn 

binding, can enhance the enrichment of Ni and Mn in Cu-rich clusters which contributes 

to growth of Cu-rich clusters. The 1:1 Ni-Mn relationship and the enrichment of Ni and 

Mn in Cu-rich clusters can be driven by both thermal vacancies and irradiation produced 

point defects. 

 

When it comes to Ni, two major characteristics are found. One is the 1:1 Ni-Mn binding. 

A higher Ni alloying content can lead to both higher Ni enrichment and higher Mn 
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enrichment in Cu-rich clusters. The other is the formation of Ni-Si clusters. The formation 

of Ni-Si clusters may result from the Ni-Si binding in Fe matrix and it is only observed 

in the highly irradiated material. Even though the fluence effect is not clarified in this 

study, the Ni-Si binding and the 1:1 Ni-Mn binding can interact and have combined effect 

on the solute enrichment and cluster composition. 

 

As for Si, in addition to the formation of Ni-Si clusters, Si is likely to refine Cu clusters 

into small radius if the formation of Cu clusters is driven by thermal vacancies. But this 

Si effect was not recognized during neutron irradiation as the size distribution of clusters 

in Fe-Cu-Si and Fe-Cu became similar after the neutron irradiation. 

 

Prior to representing the new findings in the present study into models, the status of 

current embrittlement correlation method in Japan, JEAC4201-2013 [7-13,14], is briefly 

reviewed: where solute effect, flux effect, and fluence effect have been considered, and 

how the method is different from the findings of this thesis. Current embrittlement 

correlation method consists of a set of mechanism-guided formulas, and the description 

of the formulas is detailed in chapter 1. The principal equations are reshown as below: 

𝜕𝐶𝑆𝐶

𝜕𝑡
= 𝜉9 ∙ (𝐶𝐶𝑢

𝑎𝑣𝑎𝑖𝑙 ∙ 𝐷𝐶𝑢 ∙ (1 + 𝜉8 ∙ 𝐶𝑁𝑖
0 ))

2
+ 𝜉4 ∙ ((𝐶𝐶𝑢

𝑚𝑎𝑡 + 𝜉1) ∙ 𝐷𝐶𝑢 + 𝜉2) ∙ 𝐶𝑀𝐷            (7.13) 

𝑉𝑓 = [𝜉16 ∙ 𝑓(𝐶𝐶𝑢
𝑚𝑎𝑡 , 𝐶𝑆𝐶) ∙ 𝑔(𝐶𝑁𝑖

0 ) + ℎ(𝜙𝑡)] ∙ 𝐶𝑆𝐶                                                                     (7.14) 

𝛥𝑇𝑆𝐶 = 𝜉17 ∙ √𝑉𝑓                                                                                                                                   (7.15) 

𝐷𝐶𝑢 = 𝐷𝐶𝑢
𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐷𝐶𝑢

𝑖𝑟𝑟𝑎𝑑 = 𝐷𝐶𝑢
𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝜇 ∙ 𝜙 

𝛼
                                                                        (7.16) 

In the method, flux effect is described as a difference of the diffusivity DCu, which 

depends on thermal vacancies and irradiation produced vacancies, as shown in equation 
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7.16. If the flux is very low, the contribution of thermal vacancies to formation and growth 

of solute clusters would become effective. The formulas can be separated into three parts: 

cluster formation, cluster growth, and microstructure to embrittlement correlation. In the 

part of cluster formation, Cu-Cu binding and Cu segregation to dislocation loops are both 

considered, as shown in equation 7.13. The first term is quite similar to the Cu-Cu binding 

model in present study, and the second term is also similar to the present study considering 

the SIA-Mn clusters. In both terms, flux effect and Ni effect are considered. Mn effect is 

not included in the method, whereas in this thesis Mn effect is found to be significant for 

the formation of solute clusters. The part of cluster growth is also considered using two 

terms, as shown in equation 7.14. One is the mean Cu amount in the cluster which reflects 

the competition between formation and growth of clusters. The other is cluster growth 

with fluence where flux effect is considered but no solute effect is included. Nonetheless, 

in this thesis, the 1:1 Ni-Mn thermodynamic relationship is found and it can enhance 

segregation of Ni and Mn to the clusters. In addition, the formation of Ni-Si clusters is 

not considered in current correlation method. In the part of microstructure to 

embrittlement correlation (see equation 7.15), current method uses a linear correlation 

between the square root of the cluster volume fraction and the transition temperature shift 

∆TSC, as a first order approximation. 

 

Referring to the concept of current correlation method, the representation of the new 

findings is also separated into three parts: cluster formation, cluster growth, and cluster 

to embrittlement correlation. For the representation, flux effect is first discussed. It has 

been thought that flux takes effect through changing the amount of diffusion of Cu atoms 

[7-15,16], and flux effect depends on the flux range [7-17]. When the flux is as low as 
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like BWR irradiation conditions, the number of thermal vacancy jumps can reach the 

same magnitude as the number of irradiation-produced vacancy jumps [7-18].This type 

of flux effect, which means effective contribution of thermal vacancies to Cu diffusion, 

has been observed in surveillance materials of Japanese BWR RPVs [7-19]. To be specific, 

the RPV material with 0.24wt.%Cu from a capsule placed on the inner wall of the BWR 

RPV where the flux is as low as ~109 n/cm2/s, showed higher number density and higher 

volume fraction of Cu-rich clusters than the archive RPV material irradiated in a material 

testing reactor (MTR) at a flux of 7×1011 n/cm2/s. This is reflected as a linear sum of 

thermal vacancy contribution and irradiation-produced vacancy contribution in equation 

7.16. In this thesis, it is found that the interaction between Mn and thermal vacancies can 

further enhance the contribution of thermal vacancies to Cu diffusion, leading to rapid 

formation of similar number density of clusters. These results indicate that the flux effect 

can be modelled using DCu(ϕ,CMn), where ϕ is the flux which is used to describe the 

contribution of irradiation-produced vacancies, and CMn is the Mn content which is used 

to describe the interaction between thermal vacancies and Mn. 

 

For the part of cluster formation, three features, Cu-Cu binding, Cu segregation to SIA-

Mn clusters, and formation of Ni-Si clusters, are found to contribute to formation of solute 

clusters in present study. The Cu-Cu binding can be driven by both thermal vacancies and 

irradiation produced vacancies, which manifests flux effect. For Cu segregation to SIA-

Mn clusters, the formation of SIA-Mn clusters would not be affected by thermal vacancies. 

Also, their formation should not increase linearly with time as it may compete with Mn 

segregation to existing solute clusters. The formation of Ni-Si clusters can be independent 

of Cu, but must depend on Ni, Si, and fluence. However, the present study is not sufficient 
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to clarify these effects and their priorities, which requires future study. Based on the above 

interpretation, the formation of solute clusters can be represented as: 

                    
𝜕𝐶𝑆𝐶

𝜕𝑡
= 𝑓1(𝐶𝐶𝑢, 𝐷𝐶𝑢) + 𝑓2(𝐶𝐶𝑢, 𝐶𝑀𝑛, 𝐶𝑆𝐶

−1) + 𝑓3(𝐶𝑁𝑖, 𝐶𝑆𝑖 , 𝜙𝑡)               (7.17) 

where CSC is the number density of solute clusters, CCu is the Cu content, CNi is the Ni 

content, CSi is the Si content. The three functions f1, f2, and f3, describe Cu-Cu binding, 

Cu segregation to SIA-Mn clusters, and formation of Ni-Si clusters, respectively. For the 

first term f1, DCu is used to reflect the flux effect. For the second term f2, CMn and CSC are 

used to describe the formation of SIA-Mn clusters. The third term f3 can depend on CNi, 

CSi, and ϕt. The use of such many parameters also highlights the importance of the 

mathematical form of the formulas. For the Cu-Cu binding term f1, a possible form can 

be proposed based on the kinetic theory which describes the precipitation in solid solution 

as a first order approximation [7-20]: 

𝑑𝐶𝑛

𝑑𝑡
= (𝛽𝑛−1𝐶𝑛−1 − 𝛼𝑛𝐶𝑛) − (𝛽𝑛𝐶𝑛 − 𝛼𝑛+1𝐶𝑛+1), 𝑛 ≥ 𝑛∗ 

𝛼𝑛 =
4𝜋

Ω
(𝑅𝑛−1 + 𝑅1)𝐷Cu exp (−

𝐹𝑛−1 + F1 − F𝑛

k𝑇
) 

𝛽𝑛 =
4𝜋

Ω
(𝑅𝑛 + 𝑅1)𝐷Cu𝐶Cu 

(7.18) 

where Cn is the number density of the cluster which contains n atoms, αn is the emission 

rate of the cluster, βn is the capture rate of the cluster, n*-1 designs the critical size for Cu 

nucleation, Ω is atomic volume, and Fn is Gibbs free energy of the cluster. Then, f1 can 

be given by: 
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𝑓1 =
𝑑

𝑑𝑡
∑ 𝐶𝑛

𝑛≥𝑛∗

 

= ∑ (𝛽𝑛−1𝐶𝑛−1 − 𝛼𝑛𝐶𝑛−𝛽𝑛𝐶𝑛 + 𝛼𝑛+1𝐶𝑛+1)

𝑛≥𝑛∗

 

= (𝛽𝑛∗−1𝐶𝑛∗−1 + ∑ 𝛽𝑛𝐶𝑛

𝑛≥𝑛∗

) − ∑ 𝛼𝑛𝐶𝑛

𝑛≥𝑛∗

− ∑ 𝛽𝑛𝐶𝑛

𝑛≥𝑛∗

+ ( ∑ 𝛼𝑛𝐶𝑛

𝑛≥𝑛∗

− 𝛼𝑛∗𝐶𝑛∗) 

= 𝛽𝑛∗−1𝐶𝑛∗−1 − 𝛼𝑛∗𝐶𝑛∗ 

≈ 𝛽𝑛∗−1𝐶𝑛∗−1 

=
4𝜋

Ω
(𝑅𝑛∗−1 + 𝑅1)𝐷Cu𝐶Cu𝐶𝑛∗−1 

(7.19) 

If it is assumed that Cn*-1 is proportional to CCu, then the form of f1 can be proposed as: 

                                                   𝑓1 = 𝐶 × 𝐷𝐶𝑢(𝜙, 𝐶𝑀𝑛) × 𝐶𝐶𝑢
2                                          (7.20) 

where C is the constant. For the term f2 which describes Cu segregation to SIA-Mn 

clusters, since the formation of SIA-Mn clusters should be independent of Cu, its form 

can be proposed as: 

                                                   𝑓2 = 𝑓4(𝐶Cu) × 𝑓5(𝐶𝑀𝑛, 𝐶𝑆𝐶
−1)                                           (7.21) 

 

As for the part of cluster growth, the cluster growth has been believed to be due to solute 

segregation. The segregation of Cu atoms to existing solute clusters competes with the 

formation of new solute clusters. The segregation of Ni and Mn can be driven by both 

thermal vacancies and irradiation produced vacancies, which manifests the flux effect. 

The 1:1 Ni-Mn binding can further enhance the segregation of Ni and Mn. Therefore, the 

growth of solute clusters can be represented as: 

                                    𝑉𝑓 = [𝑓6(𝐶𝐶𝑢, 𝐶𝑆𝐶
−1) + 𝑓7(𝜙𝑡, 𝐷𝐶𝑢, 𝐶𝑁𝑖)] × 𝐶𝑆𝐶                           (7.22) 

where Vf is the volume fraction of solute clusters. The two functions f6 and f7, describe 
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the mean Cu amount in the cluster and the cluster growth with fluence, respectively. For 

the first term f6, CSC is used to describe the competition with cluster formation. For the 

second term f7, DCu can reflect the flux effect, and CNi is used to consider the 1:1 Ni-Mn 

binding. 

 

For the part of cluster to embrittlement correlation, the quantitative correlation between 

solute clusters and hardening based on the Russell-Brown model showed good agreement 

between predicted and measured hardening. This indicates that the transition temperature 

shift ∆TSC can depend on the square root of the cluster volume fraction and the mean 

cluster radius. Therefore, the cluster to embrittlement correlation can be represented as: 

                                                         𝛥𝑇𝑆𝐶 = 𝑓8(
𝑉𝑓

𝐶𝑆𝐶
) × √𝑉𝑓                                                 (7.23) 

where Vf /CSC is used to consider the mean cluster radius. 

 

Based on the above discussion, the representation of the findings in the present study 

using models, is summarized as follows: 

𝜕𝐶𝑆𝐶

𝜕𝑡
= 𝐶 × 𝐷𝐶𝑢(𝜙, 𝐶𝑀𝑛) × 𝐶𝐶𝑢

2 + 𝑓4(𝐶Cu) × 𝑓5(𝐶𝑀𝑛, 𝐶𝑆𝐶
−1) + 𝑓3(𝐶𝑁𝑖, 𝐶𝑆𝑖 , 𝜙𝑡) 

𝑉𝑓 = [𝑓6(𝐶𝐶𝑢, 𝐶𝑆𝐶
−1) + 𝑓7(𝜙𝑡, 𝐷𝐶𝑢(𝜙, 𝐶𝑀𝑛), 𝐶𝑁𝑖)] × 𝐶𝑆𝐶 

𝛥𝑇𝑆𝐶 = 𝑓8(
𝑉𝑓

𝐶𝑆𝐶
) × √𝑉𝑓 

(7.24) 

 

To sophisticate the prediction models with such many parameters, it is necessary to 

develop microstructural database using APT. The consistency between the measured 

microstructural data and the predicted data can avoid the overfitting of the parameters. 
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Also, APT data are important for evaluating the available Mn content in RPV materials 

since this element is partially captured in the carbides. Some internal APT database have 

existed, such as CRIEPI database and UCSB microstructural database. The challenge is 

how to integrate the APT data obtained from different researchers. Here, a three-layer 

structure is proposed for the APT database, as shown in Fig. 7.4. Conventional database 

typically contain the information of material layer and cluster layer. The use of a tip layer 

provides the information of LEAP version, tip preparation method, cluster search 

algorithm, and tip composition. These factors can affect the APT data obtained in the 

cluster layer, thus being important for the integration of different database. To be specific, 

both straight-flight-path and energy-compensated versions of LEAP are in commercial 

use and their differences in detection efficiency and spectral resolution can be significant. 

For example, the detection efficiency of the straight-flight-path LEAP 3000XSi is about 

58%, while the energy-compensated LEAP 3000XHR is about 37% [7-21]. As for the tip 

preparation method, electro-polishing and FIB milling are two prevalent methods. The 

electro-polished tip can be analyzed even up to a length of ~1000 nm, where the analyzed 

length of FIB tip is typically limited to 100-300 nm. Therefore, the cluster counts in 

electro-polished tip and FIB tip can be very different. Due to the small size of solute 

clusters in RPV materials, the cluster search algorithms also requires careful 

consideration. For example, the RSA method [7-12,22] and the maximum separation 

method [7-22] would search the same number density of clusters, but the cluster 

composition estimated by the RSA method can be different from that estimated by the 

envelope method [7-23]. 
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Fig. 7.4 Proposed structure for the APT database 

 

In summary, the solute effects and the embrittlement prediction for long-term operation 

of RPV are discussed. The mechanisms found in the present thesis are represented using 

prediction formulas. To sophisticate the prediction formulas including fitting parameters, 

the APT database is proposed. 
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In the present thesis, effects of solute elements, including Ni, Mn, and Si, on formation 

and growth of solute clusters in RPV were studied using neutron irradiation following 

thermal ageing experiments and high dose ion irradiation experiment. The model alloys 

Fe-Cu, Fe-Cu-Ni, Fe-Cu-Ni-Mn, and Fe-Cu-Si were used for neutron irradiation 

following thermal ageing experiments. Additionally, the model alloy Fe-Ni-Si was used 

for high dose ion irradiation experiment. Microstructural analyses of the alloys were 

conducted using APT. The major conclusions are summarized as follows: 

(1) Mn is found to be critical for the formation of Cu-rich clusters. The addition of Mn 

to Fe-Cu-Ni reduced the ageing time required to achieve a similar microstructure of 

Cu-rich clusters from 225 to 90 h. This indicates that Mn can accelerate solute 

diffusion via thermal vacancies, thereby accelerating kinetic process of solute 

clustering. Different from thermal ageing condition, Mn significantly increased the 

number density of Cu-rich clusters during the neutron irradiation. It is suggested that 

Mn may bind with irradiation produced SIAs to form SIA-Mn clusters. These SIA-

Mn clusters can server as the nuclei of Cu-rich clusters, thus enhancing the formation 

of Cu-rich clusters. 

(2) A strong thermodynamic relationship between Ni and Mn is found. In the alloys Fe-

Cu-Ni-Mn, an increase of Ni alloying content from 0.6% to 0.8% enhanced the Mn 

concentration in the clusters as well as the Ni concentration. The addition of Mn to 

Fe-Cu-Ni also enhanced the Ni concentration in the clusters. These results can 

suggest attractive binding between Ni and Mn, which would be a driving force for 

enhanced concentrations of Ni and Mn in the clusters. Moreover, for the alloys Fe-

Cu-Ni-Mn with different Ni alloying contents, in the clusters the concentrations of 

Ni and Mn exhibited 1:1 relationship. The 1:1 Ni-Mn concentration relationship in 
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the clusters remained unchanged from thermal ageing condition to neutron irradiation 

condition. This indicates that the 1:1 Ni-Mn relationship, probably 1:1 Ni-Mn 

binding, can be thermodynamically favoured. 

(3) Si atoms hardly cluster with Cu, but largely cluster with Ni. Si may refine Cu clusters 

into small radius under thermal ageing condition. Except this, evidence for Si to have 

effect on nucleation and growth of Cu clusters was not detected. Moreover, the Si 

concentration in the clusters in Fe-Cu-Si was very low and was comparable to the Si 

alloying content, indicating that Si atoms hardly cluster with Cu. However, Si should 

interact with Ni to form Ni-Si clusters, and their number density can reach as high as 

the order of 1024 m-3. 

(4) The role of solutes and the embrittlement prediction for long-term operation of RPV 

are discussed. The mechanisms identified in the present study are represented using 

prediction formulas. To sophisticate the prediction formulas including fitting 

parameters, APT database is proposed. 

 

Solute clusters are one dominant microstructure for RPV embrittlement. Even in the RPV 

steels irradiated to high fluences, pertinent to long-term operation, both growth of existing 

clusters and formation of new clusters have been observed, which need careful 

consideration for accurate prediction of RPV embrittlement. The present study showed 

effects of Ni, Mn, and Si on formation and growth of solute clusters in a good manner, 

and threw light on the direction for future studies. The interesting issues suggested based 

on the present study include: 

(1) Quantitative discussion on nucleation and growth of Cu-rich clusters. It is desired to 

quantitatively separate the group of grown clusters from the group of new clusters 
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after the neutron irradiation. This separation can facilitate the further understanding 

of how solute elements and irradiation affect the nucleation and growth of Cu-rich 

clusters. The statistical analysis of cluster size distribution using normal distribution 

fitting in chapter 4 showed a practice to categorize the clusters. However, the use of 

normal distribution or other probability distribution for fitting needs further 

consideration before the quantitative discussion. In addition, radiation induced 

segregation should be evaluated for quantifying the growth of pre-existing clusters. 

(2) Further study on formation mechanisms of Ni-Si clusters. According to the literature, 

this study should be the first time to find the formation of Ni-Si clusters at RPV 

temperature in ferritic material in absence of Cu and Mn. However, the knowledge 

on the formation of Ni-Si clusters obtained in present study is limited. For future 

study, it is desired to clarify how Ni, Si, and fluence determine the formation of Ni-

Si clusters and the relative significance of these effects. 

(3) Study on effect of Si on the interaction of Ni and Mn. The present study finds the 1:1 

Ni-Mn thermodynamic relationship. Also, Si is found to interact with Ni. The cluster 

composition in RPV steels may depends on the competition of these effects. 
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A.1 Number density, volume fraction, mean radius, and mean 

composition of the clusters in all alloys aged to maximum 

hardness 

Alloy Number 

density 

(×1023 m-3) 

Volume 

fraction 

(×10-3) 

Mean 

radius 

(nm) 

Mean composition (at.%) 

Cu Si Ni Mn Fe 

Fe-0.5Cu 
0.74 

(0.63/0.84) 

1.50 

(1.05/2.11) 
1.56 45.2 - - - 37.6 

Fe-0.5Cu-0.6Ni 
0.61 

(0.56/0.74) 

1.08 

(0.81/1.15) 
1.54 38.0 - 4.0 - 38.8 

Fe-0.5Cu-0.8Ni 
0.95 

(0.90/1.13) 

1.45 

(1.24/1.76) 
1.45 41.7 - 4.8 - 37.2 

Fe-0.5Cu-

0.6Ni-1.4Mn 

0.81 

(0.62/0.91) 

1.48 

(0.96/1.92) 
1.50 36.5 - 4.1 4.1 40.0 

Fe-0.5Cu-

0.8Ni-1.4Mn 

0.77 

(0.59/0.90) 

1.51 

(1.18/1.72) 
1.51 34.3 - 5.0 3.8 38.3 

Fe-0.5Cu-0.1Si 
0.78 

(0.60/0.91) 

1.24 

(0.95/1.47) 
1.45 44.5 0.2 - - 36.7 

Fe-0.5Cu-0.2Si 
1.21 

(1.17/1.36) 

1.52 

(1.24/1.98) 
1.34 45.7 0.4 - - 34.2 
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*Note that in the table, the values of number density and volume fraction are the weighted 

means of various measurements, where the weight for each measurement is the total 

number of atoms in the reconstructed tip. The minimum and maximum of various 

measurements are given in parenthesis. The mean radius and mean composition represent 

the mean of the radius and composition data collected from all measurements for various 

clusters. The mean radius refers to a simple mean, while the mean composition refers to 

a weighted mean, where the weight for each cluster is the total number of atoms contained 

in the cluster. This weighted mean approach for the cluster composition limits the 

contribution of very small clusters as their compositions may be skewed because of the 

small number of atoms in them. 
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A.2 Number density, volume fraction, mean radius, and mean 

composition of the clusters in all alloys first aged and then 

irradiated 

Alloy Number 

density 

(×1023 m-3) 

Volume 

fraction 

(×10-3) 

Mean 

radius 

(nm) 

Mean composition (at.%) 

Cu Si Ni Mn Fe 

Fe-0.5Cu 
1.39 

(1.34/1.55) 

2.66 

(2.46/2.79) 
1.46 48.4 - - - 36.7 

Fe-0.5Cu-0.6Ni 
1.58 

(1.49/1.82) 

3.06 

(3.00/3.54) 
1.47 39.6 - 6.4 - 37.4 

Fe-0.5Cu-0.8Ni 
1.71 

(1.68/1.74) 

3.16 

(3.06/3.44) 
1.44 39.6 - 6.6 - 36.5 

Fe-0.5Cu-

0.6Ni-1.4Mn 

3.83 

(3.63/4.56) 

4.72 

(3.83/5.07) 
1.28 27.0 - 8.0 7.4 41.4 

Fe-0.5Cu-

0.8Ni-1.4Mn 

4.21 

(3.94/4.27) 

5.11 

(4.91/5.47) 
1.30 24.5 - 10.2 9.4 41.1 

Fe-0.5Cu-0.1Si 
1.43 

(1.31/1.55) 

2.31 

(2.15/2.36) 
1.38 46.7 0.4 - - 38.5 

Fe-0.5Cu-0.2Si 
1.28 

(1.24/1.32) 

2.24 

(1.70/2.43) 
1.40 47.0 0.6 - - 35.3 

*Note that the definitions of the values given in the table refer to A.1.
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