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Abstract  

 As one of the NISA Project on Enhancement of Aging Management and Maintenance in Nuclear 

Power Plants, we have performed research on the irradiation embrittlement of reactor pressure vessel 

(RPV) steels, especially focusing on irradiation embrittlement on heat affected zone (HAZ) and on 

applications of ion beams to deduce fundamental insights irradiation-induced embrittlement. The results 

obtained from the project are summarized as follows.  

 In order to obtain the technical basis to judge the necessity of surveillance specimens from HAZ, the 

neutron irradiation program was performed at JRR-3, JAEA. The samples were carefully designed based on 

the insights from finite element analysis, metallography, 3D atom probe and positron annihilation methods, 

and were fabricated so as to simulate both heat treatment history and microstructure for typical HAZ from 

as-fabricated RPV steels which also have variation of impurity levels. The fracture toughness of the 

unirradiated HAZ specimens was equivalent to or better than that of base metals. Irradiation embrittlement 

and hardening were roughly identical to those of base metals, while some of the fine-grained HAZ 

microstructure was susceptible to it. The probabilistic fracture mechanics analysis was applied to the 

structural integrity assessment taking into account the heterogeneous microstructure as well as 

susceptibility for irradiation embrittlement of each HAZ microstructure under the variation of welding 

parameter and PTS condition. It was shown that crack propagation at the fine-grained HAZ, but the 

discontinuous distribution of the microstructure retards the further propagation.  

 For the precise correlation of irradiation embrittlement of RPV steels for the long term operations, 

accumulations of high-dose data are required. Ion beam irradiation is one of the solutions for the regime 

and for mechanism-based descriptions. Another interest of ours was to describe irradiation hardening and 

embrittlement in terms of microstructure. The typical RPV steel, A533B steel, is bainite, which consists of 

colonial distribution of carbides embedded in ferrite matrix. The mechanical property and its susceptibility 

to irradiation were investigated systematically. It was found that the regions nearby the carbide colonies 

were harder and more susceptible to irradiation hardening than the ferrite matrix. Irradiation induced 

hardening was proportional to the square root of dose up to 1dpa under irradiations with 2.8MeV Fe
2+

 ions 

with dose rates ranging from 10
-5

 to 10
-3

dpa/s at 563K. Electrical resistivity measurement was applied to 

achieve indispensable insights into diffusion of solute atoms for the correlation equations which includes 

microstructural evolutions based on solute and defect diffusion. Trapping of vacancies by solute atoms 

retards vacancy annihilation and enhance solute diffusion were evident.   

 

1. Introduction 

 Embrittlement of the reactor pressure vessel (RPV) steels of light water reactors (LWRs) was 

observed due to in-service exposure to neutron irradiation. The embrittlement is dominantly induced by 
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increasing of yield stress, so-called irradiation-induced hardening. It is considered to be caused by 

microstructural evolutions, such as nm-sized precipitations of solute atoms and lattice defects induced by 

neutron irradiation [1]-[7]. The correlation equations to predict the irradiation-induced embrittlement have 

been developed empirically and/or mechanistically. Since the embrittlement was affected by so a many 

microscopic factors, such as compositions at impurity level, temperature and dose rate, for instance, even 

the mechanism-based descriptions have both to introduce assumptions, such as simple descriptions for 

kinetics of impurities and homogeneous substance, and to have fitting parameters [7]. Also, in some of the 

LWRs, the surveillance test for the embrittlement of welding metals and heat affected zone (HAZ) after 

long-term operations are requested, which usually show better performance in mechanical properties than 

the base metals [7], and this is one of the reasons that the surveillance test of the HAZ was omitted in the 

US regulations [8].  

 As one of the National Project on Enhancement of Aging Management and Maintenance in Nuclear 

Power Plants operated by NISA, the Nuclear and Industrial Safety Agency of Japan, we have performed 

research on the irradiation embrittlement of the RPV steels, especially focused on (1) irradiation 

embrittlement of the HAZ, and (2) applications of ion-beam irradiation to clarify the effect of 

microstructure and solute atoms at high-dose regime.  

 For the purpose above, A533B steels were employed, which is one of the typical RPV steels for 

relatively old BWRs where the irradiation embrittlement is thought to be one of the crucial matters to be 

concerned for ageing management. We started with the fabrications of the steels which have a variation in 

composition at impurity level so as to cover the range of compositions of the practical materials as shown 

in Table 1. Some of the materials were then supplied to heat treatment. The condition was carefully tuned 

so as to achieve the identical heat-treatment history and the HAZ microstructures, which are usually 

categorized into several types based on their characteristics in microstructure.  

 This paper is formed with two parts. The first is the investigations on neutron irradiation effects in 

the HAZ specimens. Neutron irradiation experiments at JRR-3 conducted by mechanical testing 

(elongation, Charpy impact test and compact tension), finite element method (FEM) simulation and three 

dimensional atom probe (3D-AP) method will clarify irradiation embrittlement. The mechanical strength 

against irradiation for each HAZ microstructure will be summarized and the FEM will give further insights 

into the strength of whole HAZ. The second is the investigation of irradiation effects in the A533B steels 

and related iron alloys. The A533B steels are one of the bainitic steels which consist of ferrite laths, blocks, 

packets, retained austenite grains, and carbides embedded colonially in ferrite laths. Local hardness in 

bainite and its susceptibility to irradiation could be different because of the existence of carbide colonies 

and of sink strength for point defects. The sink strength plays important role in diffusion of solute atoms 

and resulting microstructural evolutions. It can be clarified through evaluation of annealing behavior of 

point defects which is also the important parameter for the correlation equation of irradiation 

embrittlement. Therefore, the experiments will extend to defect annealing experiments consisting of low-

temperature ion-irradiation and post annealing, and in-situ measurements of electron conductivity.  

 

Table 1.  Compositions of A533B JLI, JHI, JRQ, JPCM and JPCH (in units of wt.%) 

sample C Si Mn Mo Ni Cr Al Cu V P S O N 

JLI 0.17 0.26 1.42 0.57 0.67 0.14 0.019 0.01 0.002 0.006 <0.001 0.0014 0.003 

JHI 0.20 0.25 1.41 0.54 0.65 0.12 0.023 0.12 0.003 
0.008 

~0.010 
0.006 0.0013 0.0011 

JRQ 0.19 0.25 1.41 0.50 0.84 0.12 0.012 0.14 0.003 0.017 0.004 - - 

JPCM 0.19 0.27 1.42 0.57 0.68 0.18 0.022 0.18 0.003 0.013 0.014 0.0011 0.0011 

JPCH 0.18 0.26 1.42 0.55 0.66 0.14 0.023 0.18 0.003 0.020 0.014 0.0009 0.0011 

 

2. Irradiation embrittlement in HAZ of RPV steels 

2.1 Approach 

In order to judge the requirement of surveillance specimen of HAZ, our research project is composed 

of (1) experimental evaluation of susceptibility to neutron irradiation in HAZ materials based on 

mechanism of irradiation embrittlement, and (2) structural integrity assessment of RPV considering the 

inhomogeneous microstructural and mechanical distributions. First, the fracture toughness and 
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microstructure in as-fabricated base metals and HAZ materials, as well as those irradiated with neutrons, 

will be compared. In case that the fracture toughness of HAZ materials is higher than that of base metals, 

and that susceptibility to irradiation embrittlement of HAZ materials is not more than that of base metals, 

unnecessity of the surveillance of HAZ can be concluded. The precise simultions and the associated HAZ 

fabrications are indispensable for this approach. Second, in case that irradiation embrittlement of HAZ is 

more than that of base metals, assessment of structural integrity of HAZ in RPV weld will be performed 

concerning brittle crack propagation in heterogeneous microstructures during PTS events. 

 

2.2 Experimental 

Four kinds of RPV steel plates of ASTM A533B-1 were produced. Impurity levels in copper (Cu) 

and phosphorus (P) were varied to study the susceptibility of irradiation embrittlement as listed in Table 1. 

Using the plates of JLI and JHI steels, the butt-weldments were fabricated by sub-merged arc welding The 

HAZ regions derived from the process will be named act-HAZ, hereafter. In order to characterize a 

correlation between metallurgical structures and mechanical properties of HAZ materials, we produced 

simulated HAZ (sim-HAZ) materials of typical course grain and fine grain HAZ materials by varying peak 

temperature and number of thermal cycle. The heat treatment conditions for simulating the HAZ materials 

were determined from thermal histories which were monitored during welding. Post-welded heat treatment 

(PWHT) at 620
o
C for 40 hours and cooling rate of 37 K/h was conducted for base metals, act-HAZ and 

sim-HAZ materials. Mechanical properties such as Vickers hardness, tensile property, Charpy impact and 

fracture toughness such as KJc based on master curve method were experimentally measured.The neutron 

irradiation tests for base metals and simulated HAZ materials was performed at JRR-3. Neutron irradiation 

conditions of flux, fluence and temperature are 5.8 - 10x10
19

 n/cm
2
 (E>1MeV), 3.0 - 4.6x10

13
 n/cm

2
/s 

(E>1MeV) and 272 - 301
o
C, respectively. Deviations in flux, fluence and temperature were adjusted to the 

conditions of 3.0x10
13

 n/cm
2
/s, 8.0x10

19
 n/cm

2
 and 290

o
C, respectively, according to the model, 

10CFR50.61a [9]. Microstructural analyses on irradiated materials were also performed by means of 3D-

atomprobe. 

 

2.3 Analyses 

2.3.1 Finite element method (FEM) 

The FEM analysis was applied to build microstructure and grain size distributions, based on peak 

temperature upon welding. Welding conditions such as heat input and welding speed were determined to fit 

the analytical thermal history to measured one by thermo-couples attached close to fusion line. HAZ 

materials are defined from last two welding pass of multi-pass welding since microstructures in HAZ 

mostly depend on peak temperatures of latter welding. 

2.3.2 Probabilistic fracture mechanics (PFM)  

The structural integrity assessment procedure taking into account the inhomogeneous distributions of 

HAZ materials in RPV weld was incorporated into PFM analysis code, PASCAL3 [10]. It evaluates the 

conditional failure probability of a RPV under transient conditions such as PTS. The flow chart of the 

PASCAL3 is shown in Figure 1. The crack growth simulation in HAZ is introduced into PASCAL3 as 

denoted with red square in the figure. The reference temperature of nil-ductile transition (RTNDT) in the 

HAZ in RPV can be described as the combination of the RTNDT of the sim-HAZ materials whose 

destributions are derived from FEM analysis. 

 

2.4 Results and discussion 

Through unirradiated examinations, it was also indicated that the fracture toughness of simulated 
HAZ materials was equivalent to or better than that of base metal before neutron irradiation [11]. From the 
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metallurgical observation and analysis results, CGHAZ material which occurs close to weld metal was 

composed of martensite and lower-bainite with large grain size of about 50~100m. Mixed structure of 

martensite and lower-bainite is known as a structure which toughness is much better than upper-bainite 

described in the literature [12]. In contrast, in FGHAZ materials which occurs near the base metal, the same 

or lower level of fracture toughness was obtained as compared with base metal. Characteristics in FGHAZ 

are similar to base metal, i.e., main phase structure is upper-bainite which exhibits low fracture toughness. 

From these results, in case of low alloy steels used for RPV, it is clear that the evaluation of irradiation 

embrittlment behavior should be done for CGHAZ and FGHAZ materials because of initial property 

variation. 

 

Figure 1. Main flow chart of the modified  PASCAL3 [10]. 

 

Figure 2. Comparison of normalized ΔTm and ΔT0 values among HAZ materials 

Through irradiation examination, the irradiation hardening of simulated HAZ materials was 

evaluated to be roughly equivalent to those of base metal by Vickers hardness and tensile property 

measurements. Reference temperature shifts for each HAZ material due to neutron irradiation obtained 

from master curve method, T0, and miniature Charpy impact test, Tm, are shown in Figure 2 by 

comparing with those of base metal. The most of T0 and Tm values of sim-HAZ materials are smaller 

than those of base metal of three steels except for JHI steel. For JHI steel, the shifts of sim-HAZ materials 

are larger than that of base metal. This might be coming from the unexpected small shift of base metal. 

Among the sim-HAZ materials, the shift of 1cycle FGHAZ (1FG) material is the highest. Almost 

proportional relation between HV and ΔTm (or ΔT0) is obtained for each material with different impurity 

level as shown in Figure 3. However, 1FG material of JHI steel indicates higher irradiation embrittlement 
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with lower hardening. There was no clear evidence of intergranular fracture for all materials after 

irradiation by fracture surface observation. Microstructures relating to irradiation embrittlement such as 

solute cluster and matrix damage were analyzed to investigate the reason why 1FG material of JHI steel 

indicates the highest irradiation embrittlement among sim-HAZ and base materials. However, no 

differences in solute atoms and its fraction in each cluster, and segregation atoms ant their concentration at 

the grain boundary were obtained. The reason of the difference in irradiation embrittlement of JHI from the 

other materials is not clear at this moment. 

 

Figure 3. Relationship between hardening and shifts of ΔTm and ΔT0 

Using PASCAL3 code, the effects of inhomogeneity of metallurgical property and scatter of fracture 

toughness in HAZ due to multi-pass welding on structural integrity of RPV can be assessed. Sensitivity 

analyses varying PTS condition were performed concerning susceptibility for irradiation embrittlement of 

HAZ materials. Inhomogeneous metallographic distribution in HAZ is visualized by means of welding 

simulation based on FEA method as shown in left figure of Figure 4. CGHAZ exists like islands close to 

fusion line (indicated by red area), while FGHAZ continuously exists along the base metal (indicated by 

green area). RTNDT values are set for base metal and each HAZ materials based on pre- and post-irradiation 

tests as shown in right figure of Figure 4. In this case, fracture toughness data of JHI, which indicated 

different behavior from the other materials, were used. A postulated flaw with 10 mm depth and 60 mm 

surface length is assumed in the PFM analysis. Results of average cumulative probabilities of crack 

initiation and fracture of RPV concerning LBLOCA (Large Brake Loss Of Coolant Accident) as a PTS 

condition are shown in Figure 5. When CPI and CPF values between HAZ region and base metal are 

compared, it is found that these values in HAZ region close to base metalit was slightly higher than those in 

base metal. This is because the result was obtained from JHI data. For the other materials, since the fratre 

toughness or RTNDT in HAZ region is equal to or better than that in base metal, the probabilities in HAZ  

should be lower than those in base metal. It is noted that when the fine grain region in HAZ, where is close 

to base metal, indicates lower toughness than base metal, the corresponding region may continuously exist 

in the through-wall direction,and therefore fracture probability of such region may make higher than that of 

base metal. 
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Figure 4. Inhomogeneities of microstructure and RTNDT in HAZ. (RTNDT of JHI was used.) 

 

Figure 5. Cumulative probabilities of crack initiation, CPI, and fracture, CPF, obtained from JHI data for 

HAZ in RPV. 

 

3. Applications of ion beams for irradiation-induced embrittlement in RPV steels 

3.1.  Introduction 

One of the typical RPV steels, A533B, is a bainitic steel consisting of ferrite laths, blocks, packets, 

retained austenite grains, and carbides embedded colonially in ferrite laths. Local mechanical strength in 

bainite and its response upon irradiation could be varied with locations especially in ferrite matrix and in 

the vicinity of the carbide colonies. The carbides generally work as source of precipitation hardening, 

besides under irradiation they work also as effective sinks for irradiation-induced point defects so that 

microstructural evolutions were affected. Therefore, it should be clarified that irradiation-induced 

hardening and embrittlement in terms of heterogeneity in microstructure in A533B. The evolutions under 

irradiation are described as clustering of solute atoms such as Cu, Ni, Mn and Si in ferrite matrix. Figure 6 

shows a simple model for the microstructural evolutions. Neutron irradiation induses point defects, such as 

vacancies and interstitials. Migration of the point defects and the associated diffusion of the solute atoms 

governs the formation of dislocation loops and solute atom clusters. According to the recent systematic 

observations in Japanese surveillance specimens, the clustering of the solute atoms are the dominant 

mechanism for irradiation embrittlement in RPV steels [7]. Even clustering of nickel, manganese, silicon 

and less copper atoms was observed in surveillance speciments which irradiated up to 3×10
-23

 n/m
2
 [7]. The 
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latest Japanese correlation equations [13] were developed taking into account the effects in the irradiation 

hardening mechanism, as well as the formation of solute clusters. However, the detail mechanism of this 

phenomenon has been understood insufficiently. In the following, irradiation-induced hardening in A533B 

under irradiation with high energy ions up to dose of 1 dpa at high temperature, and measurements of 

electron conductivity in iron-based dilute alloys irradiated at low temperature and post annealed to clarify 

interaction of point defects with solute atoms, will be performed. 

 

Figure 6. Schematic diagram of irradiation embrittlement considered in latest Japanese correlation 

equation. Three embrittlement mechanisms are considered. Two of them are solute cluster formation and 

the other is matrix defects formation. All of these mechanism are causes of irradiation hardening so that 

cause irradiation embrittlement. 

 

3.2. Experimental 

The samples used in this work were A533B JLI and JHQ, as shown in Table 1. The compositions are 

mostly equivalent to latest and old Japanese RPV steels, respectively. The material was cut into shape 

whose surface was electrochemically polished in a solution of 90% acetic acid and 10% perchloric acid at 

40VDC at 283K to remove deformed layer. 

3.2.1. Hardness tests 

Nano-indentation hardness test was applied which allow us to record the load and the penetration 

depth continuously as shown in Figure 7. The experiments were performed using DUH-211S (Shimadzu). 

A Berkovich indenter, which is a triangular pyramid with an apical angle of 115° made of diamond, was 

employed. According to ISO standard [14], nano-hardness was calculated by following equation; 

              ⁄  (1) 

where      and    are the maximum load and the contact depth estimated from the unloading curve, 

respectively.    is the projection of the area of indentation stamp, which is theoretically defined as 

         based on the shape of the tip. The tip truncation was calibrated with a reference fused silica 

according to the method developed by Oliver and Pharr [15]. Maximum depth was set at 150 nm in this 

work. This makes size of the indentation stamp about 1μm. Loading and unloading speed were set at 0.29 

mN/s. After indentation, the samples were observed in SEM to identify the microstructure around the 

indentation stamps, especially the relationship with carbides.  

Elastic modulus was also calculated using unloading curve by following equation [14]; 

                  √   ⁄  (2) 

where  ,    and   are a derivation of unloading curve at early stage, the elastic modulus of the indenter, 

and the elastic modulus of the specimen, respectively.  
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Figure 7. An example of a load-depth curve taken by nano-indentation. The contact depth hc is estimated 

from hmax and hr as hc = hr + (hmax-hr)/4.   

 

3.2.2. Irradiation 

Energetic ions lose their energy through nuclear collisions of atoms and electronic excitations in a 

matter. Since their cross sections of collisions and the amount of secondary collisions strongly depend on 

the energy, distribution of displacement is formed having a peak at the range of ions. Figure 8 shows depth 

profiles of displacements and ion implantation of 2.8MeV Fe
2+

 ions in pure iron calculated by SRIM [16] 

based on an assumption of 40eV as displacement threshold energy. Ion irradiations were performed in a 

Tandem-type accelerator equipped at HIT, with capabilities of reasonable beam control system, sample 

hating stage and temperature control system with pyrometer and two sets of thermocouple [17]. The beam 

current measured with a Faraday cup at the sample position. The ion fluxes were fixed as         , 

         and                  , corresponding to the dose rates of 10
-5

, 10
-4

 and 10
-3

 dpa/s, 

respectively. The amount of dpa (displacement per atom) was evaluated as the average of displacements in 

the depth of 500 nm from surface. Change in the chemical composition is negligible because it is the order 

of 10
-4

 % or less in the volume at the maximum dose. 

 

Figure 8. SRIM calculation result of distributions of displacement damage and implanted ions of 2.8MeV 

Fe ions in iron. The solid line denotes displacements assuming 40eV as displacement threshold energy. The 

dotted line denotes distribution on implanted ions.  

 

The purpose of electrical resisitivity measurement is to analyze the effect of solute elements from the 

defect recovery phenomena in samples irradiated at low temperature. Pulsed laser deposition was employed 

to synthesize thin-film specimens for resistivity measurement. Thickness and grain size of the specimens 

vary between 1 - 5 micrometer. The thickness is set smaller than the rage of ions. Chemical composition of 

the film was controlled by that of the target. The samples were set in the high vacuum chamber with 

cryostat system equipped with the beam line of 3.75MeV Van de Graaff accelerator. The samples were 

irradiated with 1 MeV H
+
 ions at the temperature of 12 K. The beam heating was estimated no higher than 

hmax
hr
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70 K. Irradiation dose was set about the order of 10
-4

 dpa. Isochronal annealing was then carried out. Initial 

temperature was set at 20 K and heated up to 370 K by increment of 10 K and duration of 600 s. At each 

step of the annealing, the sample temperature was then set at 12±0.005 K, and electrical resistivity 

measurement was performed. The geometry of measurement is the traditional four wire method. The 

current was set at 10 mA and was reversed every 10 seconds in order to cancel the thermoelectric voltage. 

At temperatures as low as 20K or less, electrical resistivity in ductile alloys is approximately expressed as 

linear combination of three scattering factor: thermal vibration of lattice atoms, concentration of lattice 

defect, and concentration of solute atoms. Using 3×10 
-5

 m/defect, 2×10 
-6

, 2×10 
-6

 and 6×10 
-6

 m/atom 

as contributions of a Frenkel pair, solute nickel, solute manganese, and solute silicon, respectively, in bcc-

iron, we can estimate the change in concentration of point defects and solutes in ferrite due to the 

irradiation and the following annealing using the method. Positron annihilation technique was also used. 

15KeV positron beam was irradiated to the specimens and positron annihilation induced gamma ray energy 

spectrum was measured by a semiconductor detector. Fraction of the gamma ray between 507 - 515 keV 

was defined as S-parameter. Increment of S-parameter corresponds to clustering or increment of the 

number density of vacancy type defects. 

 

3.3. Irradiation Hardening 

3.3.1. Effect of carbide on nano-hardness 

Figure 9 shows nano-hardness distribution in A533B. The averaged hardness was 2.80GPa, while the 

standard deviation was as large as 0.30GPa. This is due to the heterogeneity in microstructure as mentioned 

above. The size of the indentation stamp is about 1μm, which is equivalent or less than the width of block. 

In this geometry the effect of large-angle boundaries is negligible. Hence, we defined two typical regions 

according to the carbide distribution. The first one is the “ferrite region” which is a part of block where 

large carbides do not exist as shown in Figure 10 (a). The nano-hardness in the ferrite region is 2.43GPa in 

average. The second typical region is the “carbide colony region”, which is a part of block where several 

carbides precipitated between the laths as shown in Figure 10 (b). The nano-hardness in carbide colony 

region is 3.19GPa in average and is harder than the other regions. Volume of a carbide precipitate is less 

than 0.05 μm
3
. Besides, the volume of deformation upon nano-indentation is as large as 1 μm

3
 which is 

estimated with an assumption of 8% as dynamic strain [18]. Therefore, the load of nano-indentation even in 

the carbide colony regions is dominantly occurred by the deformation of ferrite. The difference of hardness 

in the regions can be described as difference in dislocation density and chemical composition. Relatively 

higher dislocation density around carbide probably induced during the cooling process upon fabrication due 

to the difference in thermal expansion coefficient. The segregation of solute elements, such as silicon, and 

chromium around carbide/ferrite interface is reported [19]. Note that, more than the half results are not 

included in the above estimation. We presume the carbides which are located underneath of surface and 

could not detect by SEM observations. But those can be extracted when the unusual increase appeared in 

the load-depth curve as shown in Figure 11.  

 

Figure 9. Histogram of nano-hardness in as-fabricated JLI. The number of measurement is 500. 

(b) (a) 
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Figure 10. Compositional image in JLI surface using backscattered electron mode of SEM. Low-contrast 

triangle is an indentation in; (a) ferrite region, (b) carbide colony region. 

 

Figure 11 Load depth curve in ferrite region and region where carbides are hidden inside. Hidden carbides 

are detected by the unnatural increasing of load. 

 

3.3.2. Microstructure effect on irradiation hardening 

Nano-hardness in both region of A533B steel irradiated with 2.8MeV Fe
2+

 ions at 563K is shown in 

Figure 12. Hardening is consistently greater in carbide colony regions than in ferrite regions, and is roughly 

proportional to         in both regions. Significant hardening in carbide colony region can be explained by 

the effect of carbide/ferrite interface which is a sink of point defects. Stronger the sink effect reduces 

recombination and leads longer distance of point defects. Effect of dose rate   was also observed as the 

lower dose rate resulting in the greater hardening. Figure 13 shows nano-hardness irradiated at three 

different dose rates ( =10
-5

, 10
-4

, and 10
-3

dpa/s) to the fixed dose of 0.1dpa. In the range of this 

experiment, dose rate effect seams a little more evident in carbide colony region than in ferrite region. 

Hardening can be caused by the evolution of microstructure in nanometer size such as solute atoms 

precipitates and/or point defects clusters [5]. The microstructure evolution is ruled by diffusion of point 

defects. Point defects induced by ion irradiation are considered to diffuse shorter distance and annihilate 

earlier than the ones induced by reactor irradiation because higher dose rate enhances the recombination of 

vacancies and interstitials in matrix [20]. Therefore, slower dose rate leads greater the hardness because 

more point defects are effectively used for microstructure evolution at slower dose rate. 
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Fig.12 Nano-hardness in A533B steel irradiated with 2.8MeV Fe
2+

 ions. Dose rate and temperature were 

set at 10
-5

~10
-4

dpa/s and 563K, respectively. 

 

Figure 13 Ion-irradiation-hardening in A533B steel irradiated with 2.8MeV Fe
2+

 ions. Dose rate and 

irradiation temperature were set at 10
-5

~10
-4

dpa/s and 563K, respectively. 

 

3.4. Annealing Behaviors of Point Defects 

Figure 14 shows the isochronal resistivity change in pure iron films irradiated by 1 MeV H
+
 ions up 

to 1.5×10
-4

 dpa and 3×10
-4

 dpa, together with the results of electron irradiation [21-23]. Four recovery 

stages were observed. The first one is corresponding to stage ID, which is corresponding to correlation 

recombination of Frenkel pairs. The second one is the stage II, corresponding to diffusion of small 

interstitial clusters such as interstitial dumbbells. Peak temperatures of the stages of 1 MeV H
+
 and electron 

irradiations are different and can be explained by difference of number density of the clusters. There is 

small recovery stage IE, which is corresponding to uncorrelated annihilation, was reported in electron 

irradiation, but was not detected in ours presumably due to reatively larger increment temperature in the 

isochronal annealing. The third one is the stage IIIA, which is considered to be free migration of 

divacancies or clustering of closed vacancies in displacement cascades [24], and because of this it was not 

observed under electron irradiation. Positron annihilation experiments detected the decrease in signals of S-

parameter at the temperature around the stage IIIA, which indicates increase in number density of vacancy-
type defects and their clustering. The stage IIIA is concluded as the clustering of closed vacancies. The 
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fourth one is called stage IIIB. This stage is corresponding to stage III in electron irradiated pure iron. It is 

corresponding to free migration of vacancies. The resistivity after annealing at 370 K is almost as same as 

unirradiated condition.  

Figure 15 shows isochronal resistivity change in Fe-0.7Ni-1.4Mn-0.3Si alloy (wt.%) which is a 

model alloy for A533B JLI. The differences form pure iron is summarized as follows. The first is the 

reduction in correlated recombination. 60 % of irradiation-induced resistivity recovers at 110 K or the 

lower temperature. However, only 40 % of resistivity recovers in the model alloy. This indicates that solute 

atoms in ferrite matrix prevent the migration of interstitial atoms to the correlated vacancies. Similar 

phenomena are observed in binary and ternary model alloys in our study. The second is increase in stage II 

recovery, which is corresponding to the free migration of small interstitial-type defect clusters. Stage II 

recovery in the model alloy is about 19 % of irradiation-induced resistivity, which is almost twice in pure 

iron. According to the results in electron irradiation, nickel, manganese, and silicon atoms in bcc-iron form 

mixed dumbbell and migrate around the temperature of stage II. Our results in binary alloys also indicate 

mixed dumbbell migration. Therefore, reduction of stage ID and increasing of stage II in the RPV model 

alloy indicate that correlated recombination is prevented by forming small interstitial-solute complexes, 

such as mixed dumbbell, and start migration at stage II. This migration mechanism is also reported in Fe-

Cu alloys. Another difference is appeared in higher temperature than stage IIIA. Recovery of the irradiation-

induced resistivity is 86 % below 200 K in pure iron and is almost as same in the model alloy. Stage IIIB 

recovery is observed around 230 K in pure iron, then the resistivity becomes a few percent higher than 

unirradiated level. Instead, the recovery continues after stage IIIB temperature in the alloy. The resistivity 

becomes lower than the one before irradiation above 240 K. At the temperatures diffusion of vacancies and 

associated solute atoms is presumed. Since the laser ablation forms homogeneous distribution of solute, the 

formation of solute clusters at temperature regime is expected which reduces the scattering factors in 

electrical conductivity.  The solute segregation at grain boundary or at surface can be excluded because the 

diffusion length of the solute at the temperature is estimated as low as 10
-7

 m or equivalent order which is 

much smaller than the size of grains and thickness of specimens.   

 

Figure 14, Isochronal resistivity change in pure iron irradiated with 1 MeV H
+
 ions. Temperature during 

irradiation was about 70 K and the dose is about 10
-4

 dpa. Duration of annealing and the increment of 

temperature are 600 s and 10 K, respectively. Resistivity was measured at 12 K. Green line is a isochronal 

resistivity change in electron irradiated pure iron [21]. 
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Figure 15, Isochronal resistivity change in Fe-0.7Ni-1.4Mn-0.3Si alloy and pure iron irradiated with 1 MeV 

H
+
 ions. 

 

4. Summary 

 The irradiation-induced embrittlement of reactor pressure vessel (RPV) steels, especially focusing on 

irradiation embrittlement on heat affected zone (HAZ) and on applications of ion beams to deduce 

fundamental insights irradiation-induced embrittlement, was investigated. The results obtained from the 

project are summarized as follows.  

Research on the characterization of metallurgical and mechanical properties of HAZ was performed. 

Applying the welding simulation, the distributions of grain size and phase structure were drawn as a 

microstructure map in HAZ. It was clarified that the majority of phase are CGHAZ and FGHAZ 

consissting of martensite and lower-bainite, and upper-bainite, respectively. Fracture toughness in HAZ is 

equivalent or slightly higher comparing to the base metals. Irradiation induced defects such as grain 

boundary segregations, nano-carbides and vacancy-type defects which directly relate to susceptibility to 

irradiation were similar to those of base metal. Hardening, DBTT and microstructure of CGHAZ materials 

irradiated with neutrons at JRR-3 were investigated. The measurement in RTNDT indicated that typical HAZ 

showed comparable response against iraddiation with the base metals, except for FGHAZ of JHI. Applying 

PFM analysis in the HAZ, the probablity on crack initiation in the FGHAZ might be higher than that in 

base metals, but the crack propagation would be controlled also by the other surrounding HAZ whose 

fracture toughness is higher than the base metals. 

Nano-hardness and irradiation-induced-hardening in A533B steel are evaluated considering to the 

characteristic of bainitic steels. Nano-hardness in A533B is strongly affected by the position of carbide 

colony. It is harder in carbide colony region than ferrite region. Comparing the nano-hardness and micro-

Vickers hardness in A533B, hardness in macro-scale has a good correlation with nano-hardness in carbide 

colony region. This indicates that strength in A533B is dominantly ruled by carbide colony region. 

Irradiation induces hardening to not only ferrite region but also carbide colony region. Higher the dose and 

lower the dose rate lead greater the hardening in both region. Hardening in carbide colony region is greater 

than ferrite region. Electrical resistivity measurement was applied to achieve indispensable insights into 

diffusion of solute atoms for the correlation equations which includes microstructural evolutions based on 

solute and defect diffusion. Trapping of vacancies by solute atoms retards vacancy annihilation and 

enhance solute diffusion were evident.   
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