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Abstract 

The formation of Cu precipitates and point defect clusters was investigated in two Fe-

Cu binary model alloys, Fe-0.3Cu and Fe-0.6Cu, irradiated at 573 K at three different 

damage rates, namely 3.8×10
-10

, 1.5×10
-8

 and 5×10
-8

 dpa (displacements per atom)/s, up to 

about 1.6×10
-2

 dpa.  Results of positron annihilation experiments indicated that Cu 

precipitates were formed in these irradiations with different damage rates.  The growth of 

Cu precipitates does not increase monotonously with increasing irradiation dose, but it 

rather depends on the nucleation and growth of microvoids.  It is also clear that the 

nucleation and growth of microvoids are influenced by the irradiation dose rate.  
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1. Introduction 

Cu precipitates form in Fe-Cu alloys during thermal aging at high temperatures, as well 

as upon irradiation with high energy particles [1, 2], since Cu atoms are almost insoluble in 

-Fe.  Cu precipitates obstruct dislocation motion during deformation, which increases the 

hardness and decreases the ductility of the alloy, thus inducing embrittlement in Fe-based 

alloys containing Cu impurities, such as old commercial reactor pressure vessel (RPV) 

steels.  Besides Cu precipitates, defect clusters, such as interstitial clusters and vacancy 

clusters, are also formed during irradiation, which are further contributing factors to 

increasing hardness and decreasing ductility of RPV steels. 

In order to develop new RPV steels and to estimate the lifetimes of RPV steels used in 

present nuclear power plants, accelerated irradiation with neutrons, ions and electrons is 

typically employed, wherein the damage rate is higher than the actual damage rates 

experienced in nuclear power plants.  Thus, the damage rate is thought to be another 

important factor influencing the formation of Cu precipitates in Fe-Cu alloys.  The effects 

of damage rate on the nucleation and growth of voids and interstitial-type dislocation loops 

has been studied experimentally and theoretically [3-10].  For example, peak temperature of 

swelling increases with increasing damage rate for void formation.  For the formation of 

interstitial-type dislocation loops, experiments and simulations have shown that the number 

density of loops is proportional to the square root of the damage rate [11].  Though the 

effects of damage rate on formation of Cu precipitates in Fe-Cu alloys have been 

investigated by the experiments and calculations [12, 13], and the difference in formation 

of Cu precipitates is clear in irradiation with difference damage rates, the details on process 

of Cu precipitates, which is dominated by the damage rate, is still not clear. 
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Positron annihilation spectroscopy is a powerful tool for detecting vacancy-type defects 

in condensed matter [14].  Doppler broadening of positron annihilation radiation is a 

nondestructive technique for testing defect clusters.  In the dominant decay mode of a 

thermal positron and electron, two gamma rays are emitted.  In the laboratory frame, the 

energies of the two photons emitted by the annihilation of a positron and electron are 

different.  This difference in photon energy is proportional to the longitudinal component of 

the electron-positron momentum in the direction of gamma emission.  Through the 

measurement of photon energies, information about the momentum distribution of core 

electrons can be obtained.  Thus, Doppler broadening measurements can provide useful 

information about the distribution of elements around the annihilation site.  Recently, 

Doppler broadening measurements were improved by using a two-Ge-detector coincidence 

system, which decreases the background of high momentum contributions by about two or 

three orders of magnitude compared with traditional measurements using a single Ge-

detector [15]. 

The main purpose of the present study was to investigate the effects of damage rate on 

microstructural evolution in dilute Fe-Cu alloys, which are model alloys of RPV steels, 

using positron annihilation spectroscopy. 

 

2. Experimental procedure 

Two Fe-Cu alloys, Fe-0.3Cu and Fe-0.6Cu, were tested in this study.  The composition 

of Cu is in weight percent.  The model alloys were prepared from pure Fe (99.99% purity) 

and copper (99.9%) using a high-frequency induction furnace under vacuum.  After melting, 

solution treatment was carried out at 1423 K for 24 h, followed by quenching in water.  All 

specimens were rolled to a thickness of 0.1 mm, punched into 3-mm discs, annealed at 



 4 

1223 K for 0.5 h in vacuum, and quenched in water.  Neutron irradiation was carried out at 

the Kyoto University Reactor (KUR) at 573 K using three different facilities named 

Hydraulic Conveyer (Hyd), Material Controlled Irradiation Facility (SSS) and Slant 

Exposure Tube (Sl) under well-controlled temperature conditions using an electric heater.  

SSS is a dedicated tube for material testing, but Hyd and Sl facilities are opened for all 

users.  The damage rates in Hyd, SSS and Sl were 5×10
-8

, 1.5×10
-8

 and 3.8×10
-10

 dpa/s, 

respectively.  The damage rate in the Hyd was about 130 times higher than that of Sl.  The 

operation of irradiation experiment was easier in SSS than in Hyd and Sl, so the irradiations 

were carried out delicately in SSS to investigate the microstructural evolution.  The 

irradiation doses in Hyd were 8.9×10
-4

, 2.7×10
-3

 and 4.3×10
-3

 dpa, those in SSS were from 

4×10
-6

 to 1.6×10
-2

 dpa [16], and those in Sl were 5.5×10
-4

 and 2×10
-3

 dpa.  Positron lifetime 

and coincidence Doppler broadening (CDB) were measured at room temperature before 

and after irradiation.  The positron lifetime spectrometer had a time resolution of 190 ps 

(full width at half maximum) and each spectrum was accumulated over a total of 1×10
6
 

counts.  To discriminate between bulk and defect components, after subtracting the source 

and background components, the lifetime spectrum L(t) was decomposed into two 

components using the programs Resolution and Positronfit [17]: 

 

L(t) = (I1/1)exp(-t/1) + (I2/2)exp(-t/2) ,       (1) 

 

where i are the lifetimes and Ii are the intensities.  The long lifetime 2 originates from 

vacancies and, if any, vacancy clusters, while the short lifetime 1 results from the positron 

lifetime of free electrons and other defects, such as dislocations. 

The average positron lifetime m is defined as 
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 m =I11+I22 .             (2) 

 

Doppler-broadening spectra were accumulated over a total of 2.0×10
7
 counts.  The energy 

resolution was 1.4 keV at 511 keV. 

 

3. Results 

3.1 Lifetime measurements 

Fig. 1 shows the lifetimes and intensities of the long lifetime 2 in Fe-0.3Cu irradiated 

at 573 K in SSS (a), as well as in Hyd (shown in right-hand figures of (b)) and Sl (shown in 

left-hand figures of (b)).  To ascertain the size of the microvoids from the lifetimes, the 

calculated positron lifetimes of V1 (single vacancy), V3 (tri-vacancies), V10 (ten vacancies) 

and V15 (fifteen vacancies) in Fe determined by Puska et al. [18] using the superposition 

method are listed on the right-hand side of the figures in 1(a). 

In Fig. 1(a), the lifetime spectra could not be decomposed into two components after 

irradiation to 4×10
-6

 dpa (point 1), and the mean lifetime was 105.5 ps, which was close to 

106.4 ps, the lifetime of the unirradiated Fe-0.3Cu [19].  When the irradiation dose was 

increased to 1.3×10
-5

 dpa (point 2), the lifetime spectrum could be decomposed into two 

components.  The long lifetime 2 was 143.3 ps with an intensity of 35.4%, which is lower 

than 190 ps, the lifetime of a single vacancy calculated by Puska et al. using the 

superposition method [18]. The long lifetime increased to 194.5 ps at a dose of 4×10
-5

 dpa 

(point 3), which is close to the lifetime of a single vacancy.  This means that single 

vacancies were present.  Microvoids were formed when the irradiation dose was increased 

to 1.2×10
-4

 dpa (point 4).  Subsequently, the long lifetime increased drastically from 220 to 
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399 ps, which corresponds to microvoids containing 15 vacancies according to the 

calculation by Puska et al. [18], with doses from 4×10
-4

 to 3×10
-3

 dpa (points 5 to 7).  When 

the irradiation dose was increased from 3×10
-3

 to 6×10
-3

 dpa (points 7, 8), there was little 

change in the long lifetime 2 (394.9 ps), and the intensity I2 of the microvoids decreased 

slightly during irradiation.  The long lifetime decreased from 394.9 to 184.2 ps, and the 

intensity I2 increased from 9.3% to 31.3% when the irradiation dose was increased from 

6×10
-3

 to 1.6×10
-2

 dpa (points 8, 9).  In addition, the short lifetime 1 was higher than the 

lifetime of the unirradiated sample after irradiation to 1.2×10
-3

 dpa (point 6), where 

vacancy clusters were formed.  The increase in the short lifetime was caused by irradiation-

induced interstitial type dislocation loops.  On the other hand, after irradiation to 5.5×10
-4

 

dpa in Sl, as shown in Fig. 1 (b), 2 was 322.9 ps with intensities of 11.6%, which 

corresponded to V10.  The short lifetime 1 was 110.0 ps, which is higher than the lifetime 

of the unirradiated sample, due to irradiation-induced interstitial-type dislocation loops.  As 

the irradiation dose was increased to 2×10
-3

 dpa, 1 and 2 increased slightly, but intensity 

of the long lifetime 2 increased prominently.  The long lifetime 2 was 154.7 ps, which is 

lower than the lifetime of a single vacancy (190 ps), and stemmed from dislocations and 

monovacancies trapped by the dislocations, after irradiation to 8.9×10
-4

 dpa in Hyd.  As the 

irradiation dose was increased to 2.7×10
-3

 dpa, 2 increased rapidly to 341.1 ps, which 

corresponds to V10, and 1 increased as well, up to 118.1 ps, the lifetime of dislocations [20].  

Subsequently, 2 decreased from 341.1 to 274.8 ps when the irradiation dose was increased 

from 2.7×10
-3

 to 4.3×10
-3

 dpa, whereas there was little change in 1. 

Fig. 2 shows the lifetimes and intensities of the long lifetime 2 in Fe-0.6Cu irradiated 

at 573 K in the SSS (a), and in Hyd (right-hand figures in (b)) and Sl (left-hand figures in 

(b)).  As shown in Fig. 2 (a), changes in the long lifetime and density as a function of 
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irradiation dose in Fe-0.3Cu and Fe-0.6Cu are almost the same in SSS, though the long 

lifetime in Fe-0.6Cu was lower than 190 ps, the lifetime of a single vacancy, during the 

irradiation from 4×10
-5

 to 1.2×10
-4

 dpa (points 3’,4’).  The long lifetime was higher than 

the lifetime of a single vacancy when the irradiation dose increased to 4×10
-4

 dpa (point 5’).  

As with the changes in the lifetime in Fe-0.3Cu irradiated in Hyd and Sl, with increasing 

irradiation dose, 2 in Fe-0.6Cu irradiated in Sl showed minimal change, as shown in Fig. 2, 

whereas that in Fe-0.6Cu irradiated in Hyd increased with increasing irradiation dose from 

8.9×10
-4

 to 2.7×10
-3

 dpa.  2 changed little when the irradiation dose was increased from 

2.7×10
-3

 to 4.3×10
-3

 dpa.  2 was lower in Fe-0.6Cu irradiated in Hyd than in Fe-0.3Cu. 

 As a reference, the lifetimes and intensities of the long lifetime 2 in pure Fe irradiated 

at 573 K in Hyd and Sl are shown in Fig. 3. The long lifetime increased and its intensity 

tended to decrease with increasing irradiation dose in both cases. The long lifetime 2 (305 

ps) in Sl after irradiation to 2×10
-3

 dpa was higher than that (294 ps) in Hyd after irradiation 

to 4.3×10
-3

 dpa, though the irradiation dose in the latter case was higher. In addition, the 

intensity of long lifetime decreased with decreasing damage rate. 

 

3.2 Coincidence Doppler broadening measurement 

In the present study, we introduced two parameters, namely S and W, which are defined 

as the ratio of the low-momentum (|PL| < 4×10
-3

 m0c) and high-momentum (20×10
-3

 m0c < 

|PL| < 30×10
-3

 m0c) regions in the Doppler broadening spectrum to the total region, 

respectively.  S represents the smaller Doppler shift resulting from annihilation of valence 

electrons. In the same material, when compared with a well-annealed sample, the increase 

in S comes from the positron annihilation at vacancy-type defects. So, the increase in the 

size or density of vacancies causes the S to increase. W comes from annihilation at core 
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electrons, which is used to estimate the number of Cu atoms around positrons when they 

are annihilated. The increase in size or density of Cu precipitates also increases W. The 

changes in S and W are not independent. Only the change in size and density of microvoids 

or precipitates can change both S and W, since S and W are defined as the ratio of certain 

regions in the Doppler broadening spectrum to the total region. 

S-W plots in Fe-0.3Cu and Fe-0.6Cu irradiated in SSS, Hyd and Sl are shown in Figs. 4 

and 5, respectively, wherein our other data for unirradiated Cu, Fe, Fe-0.3Cu and Fe-0.6Cu 

are shown.  In addition, data for irradiated Fe are also included for comparison, which were 

obtained by irradiation at the Japan Material Testing Reactor (JMTR), where the irradiation 

temperature was 563 K, and the doses were 3.9×10
22

, 1.8×10
23

, 3×10
23

 and 8.2×10
23

 n/m
2
, 

corresponding to 9.6×10
-3

, 4.4×10
-2

, 7.4×10
-2

 and 0.2 dpa, respectively.  The lifetime 

results of irradiated Fe show that microvoids grew with increasing irradiation dose.  The (S, 

W) points of irradiated Fe (a, b, c and d) were aligned on the same line segment, which 

meant that S increased and W decreased with increasing microvoid size since the fraction 

of positrons annihilated at the microvoids increased.  It is also clear that the changes of S 

and W are not independent. In Fe, where precipitates do not exist, W decreases and does 

not remain the same, with increasing microvoid size.  In the Fe-0.3Cu alloy irradiated in 

SSS, a change in S and W was initiated when the irradiation dose was increased to 1.3×10
-5

 

and 4×10
-5

 dpa, respectively, corresponding to points 2 and 3 in Fig. 4.  With increasing 

irradiation dose from 4×10
-5

 (point 3) to 4×10
-4

 dpa (point 5), both S and W increased; the 

increase in W was not significant from 4×10
-4

 (point 5) to 1.2×10
-3

 dpa (point 6).  Beyond 

this dose, W continued to increase but S decreased (points 6 to 9).  Comparing with the 

lifetime results shown in Fig. 1, the increase in S corresponded to the formation of 

vacancies (point 3) or growth of microvoids (points 4 to 6), while the subsequent decrease 
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in S corresponded to a decrease in the microvoid size or density (points 6 to 9).  In Hyd 

irradiation, with increasing irradiation dose from 8.9×10
-4

 to 2.7×10
-3

 dpa (points 1H and 

2H), S and W increased.  However, when the irradiation dose increased from 2.7×10
-3

 to 

4.3×10
-3

 dpa (points 2H and 3H), S decreased but W increased.  Meanwhile, S increased 

and W decreased in Sl irradiation, though the irradiation dose in Sl was lower than that in 

Hyd irradiation.  The (S, W) points of Fe-0.3Cu irradiated by Sl irradiation (1S, 2S) were 

aligned on a line segment, the slope of which was the same as that of the irradiated Fe. 

Cu precipitates were formed in Fe-0.6Cu even after SSS irradiation to just 4×10
-6

 dpa 

(point 1’), as shown in Fig. 5, since the W value was higher than that of the unirradiated 

sample.  Initially, W and S increased with increasing irradiation dose from 4×10
-6

 to 4×10
-5

 

dpa (points 1’ to 3’).  From 4×10
-5

 to 3×10
-3

 dpa (points 3’ to 7’), W changed little, whereas 

S increased.  Finally, from 3×10
-3

 to 1.6×10
-2

 dpa (points 7’ to 9’), W increased but S 

decreased.  Comparing with the lifetime results shown in Fig. 2, the long lifetime increased 

from 118.1 ps to 151.6 ps during irradiation from 1.3×10
-5

 to 1.2×10
-4

 dpa (point 2’ to 4’). 

The increase in S is a result of the production of vacancies, though the vacancies could not 

be detected by positron annihilation in the present study owing to their low density.  The 

nucleation and growth of microvoids induced the increase in S during irradiation from 

4×10
-4

 to 3×10
-3

 dpa (points 5’ to 7’).  The shrinkage of microvoids induced the decrease in 

S during irradiation from 3×10
-3

 to 1.6×10
-2

 dpa (points 7’ to 9’).  On the other hand, 

changes in S and W with increasing irradiation dose in Hyd and Sl were similar to those in 

Fe-0.3Cu.  Comparing Figs. 4 and 5, W of Fe-0.6Cu was larger than that of Fe-0.3Cu at the 

same doses indicating that the fraction of annihilation at Cu precipitates was higher in the 

Cu-rich alloy. 
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4. Discussion 

The mechanism of microstructural evolution in Fe-Cu alloys during neutron irradiation 

is important for investigating the effect of damage rate on the degradation of mechanical 

properties of RPV steels.  In SSS irradiation, the lifetime and CDB results indicate that the 

formation of microvoids and Cu precipitates are different in Fe-0.3Cu and Fe-0.6Cu only in 

the initial irradiation stages.  In Fe-0.3Cu, Cu precipitates and microvoids were formed at 

doses of 4×10
-5

 dpa (point 3 in Fig. 4) and 1.2×10
-4

 dpa (point 4 in Fig. 1), respectively.  In 

Fe-0.6Cu, Cu precipitates were formed even at a dose of 4×10
-6

 dpa (point 1’ in Fig. 5), and 

microvoids were formed at a dose of 4×10
-4

 dpa (point 5’ in Fig. 2), though there was little 

change in W after irradiation to 4×10
-5

 dpa (point 3’ in Fig. 5).  These results indicate that 

microvoids are nucleated after the completion of Cu precipitate nucleation in Fe-0.6Cu, 

whereas in Fe-0.3Cu, microvoids are nucleated during Cu precipitate nucleation.  Xu et al. 

pointed out that vacancies produced by irradiation are trapped by Cu atoms to form Cu-

vacancy complexes during the initial irradiation.  Subsequently, Cu clusters are formed.  

The concentration of Cu clusters increases with irradiation dose in the initial irradiation.  

As the concentration of Cu clusters, which are trapping sites for vacancies, increased, Cu 

cluster-vacancies complexes, i.e., vacancies nucleating at Cu precipitates, were formed [21].  

The nucleation of Cu precipitates in our study agrees with this statement.  Cu precipitates 

nucleate by vacancy migration before the formation of microvoids.  The microvoids are 

formed by migration of free vacancies, and their density increases with increasing density 

of free vacancies.  In Fe-0.6Cu, the Cu content is higher and the density of free vacancies in 

the matrix is lower because most of the vacancies in this case are trapped by Cu precipitates 

or Cu atoms.  Microvoids are formed when the total density of vacancy trapping sites, that 

is, Cu precipitates and Cu atoms, decreases.  Microvoids are formed in Fe-0.3Cu during 
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nucleation of Cu precipitates due to the high density of free vacancies.  After irradiation to 

4×10
-4

 dpa, the difference in microstructure evolution in the two alloys was not significant.  

The microvoids grew in both Fe-Cu alloys for irradiation from 4×10
-4

 to 3×10
-3

 dpa (points 

5 to 7 or 5’ to 7’ in Figs. 4 and 5, respectively), whereas W did not change significantly.  In 

other words, the rapid growth of microvoids occurred after the nucleation of Cu precipitates.  

When the irradiation dose was increased to 6×10
-3

 dpa (point 8 or 8’ in Figs. 4 and 5, 

respectively), the microvoids shrank and aggregation of Cu atoms was promoted at the 

microvoids.  According to the experimental results of the SSS irradiation, the formation of 

microvoids and Cu precipitates in Fe-Cu alloys can be summarized as follows.  There are 

three stages in the formation of Cu precipitates up to a dose of 1.6×10
-2

 dpa.  First, Cu 

precipitates are formed by vacancy migration (stage I).  Second, vacancies nucleate at Cu 

precipitates and microvoids grow (stage II).  As shown in Figs. 4, 1 and 5, 2, the formation 

of Cu precipitates and microvoids was initiated at doses of 4×10
-5

 (3) and 1.2×10
-4

 dpa (4) 

in Fe-0.3Cu, respectively. On the other hand, Cu precipitates were formed after irradiation 

to 4×10
-6

 dpa (1’), and the formation of microvoids was initiated at a dose of 4×10
-4

 dpa 

(5’) in Fe-0.6Cu. Only S increases during the growth of microvoids.  Third, the aggregation 

of Cu atoms is promoted at these microvoids (stage III; dose > 1.2×10
-3

 dpa (6) in Fe-0.3Cu, 

dose > 3×10
-3

 dpa (7’) in Fe-0.6Cu, respectively), where W increases and S decreases due 

to the aggregation of Cu atoms at the microvoids. Cu atoms aggregated on the microvoid 

surfaces have also been reported [22]. 

Next, we discuss the effect of damage rate on the formation of microvoids and Cu 

precipitates in Fe-Cu alloys.  Lifetime results show that in the initial irradiation to 4×10
-4

 - 

8.9×10
-4

 dpa, V10 and V3 microvoids were formed in the Sl and SSS irradiations, 

respectively, but no microvoids were formed by the Hyd irradiation in both Fe-Cu alloys 
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even though the irradiation dose was high in the latter case.  It is clear that the onset of 

microvoid growth stage is early with decreasing damage rate.  Generally, the concentrations 

of interstitials and vacancies are higher for higher damage rates, which lead to higher ratios 

of recombination of interstitials and vacancies in irradiation at higher damage rates.  The 

high density of interstitials and vacancies prevents these defects from migrating over long 

distances, and hence, prevents defect clusters from growing large.  The formation of 

microvoids in Fe as shown in Fig. 3 also agrees with this common knowledge, where the 

size of microvoids was smaller in the Hyd irradiation with high damage rate than those in 

the Sl irradiation with low damage rate. In both the Fe-Cu alloys in this study, 2 increased 

with increasing irradiation dose in the SSS and Hyd irradiations from 8.9×10
-4

 to 3×10
-3

 

dpa.  In the case of the Sl irradiation, however, 2 remained almost constant in both Fe-Cu 

alloys, but its density increased with increasing irradiation dose.  This suggests that 

microvoid growth is complete even after irradiation to 5.5×10
-4

 dpa in Sl irradiation. 

Comparing the dose dependence of the formation of microvoids and Cu precipitates in 

Fe-Cu alloys irradiated in Hyd, SSS and Sl, it is clear that the formation of Cu precipitates 

in Fe-0.3Cu and Fe-0.6Cu irradiated in Hyd to 8.9×10
-4

 dpa is stage I and to 4.3×10
-3

 dpa is 

stage III, since W is higher and S is lower for the 4.3×10
-3

 dpa irradiation than that of the 

2.7×10
-3

 dpa irradiation.  In stage I, microvoids were not formed and the increase in W was 

due to the precipitates nucleated by vacancy migration.  In stage III, the increase in W and 

the decrease in S stemmed from Cu aggregation on microvoids and the shrinkage of 

microvoids, respectively.  On the other hand, the formation of Cu precipitates in Fe-0.3Cu 

and Fe-0.6Cu irradiated in Sl to 5.5×10
-4

 and 2×10
-3

 dpa is stage II.  The (S, W) points of 

both alloys (1S, 2S) and (1S’, 2S’) were aligned on a line segment, the slope of which was 

the same as that of irradiated Fe. The increase in S was due to the increase in intensity of 



 13 

microvoids.  In addition, the dose of point 6 (1.2×10
-3

 dpa), which is stage III, in SSS 

irradiation was lower than that of point 2S (2×10
-3

 dpa), which is stage II, in Sl irradiation, 

as shown in Fig. 4. 

The effects of damage rate on the formation of microvoids are simple in pure Fe, where 

density of microvoids increases but size of microvoids decreases with increasing damage 

rate. However, the processes of formation of microvoids and Cu precipitates are 

complicated in Fe-Cu alloys. The nucleation and growth of microvoids depend on not only 

damage rate but also the nucleation and growth of Cu precipitates. The growth of Cu 

precipitates also depends on the growth of microvoids. In Fe-Cu alloys, as previously 

described, Cu precipitates nucleate by vacancy migration during the initial irradiation (stage 

I). Subsequently, microvoids nucleate at Cu precipitates and grow with irradiation dose 

(stage II). Finally, Cu precipitates grow at microvoids (stage III). According to the 

processes of nucleation and growth of Cu precipitates, we obtain three conclusions in the 

present work.  First, the nucleation of Cu precipitates is accelerated with decreasing 

damage rate in the initial irradiation (V10 microvoids were formed in the Sl irradiation to 

5.5×10
-4

 dpa (stage II), but no microvoids were formed in the Hyd irradiation to 8.9×10
-4

 

dpa (stageI)). Second, the onset of microvoid growth stage is early with decreasing damage 

rate in the initial irradiation. Third, the growth of Cu precipitates is delayed with decreasing 

damage rate. In other words, the process of Cu precipitate formation is slower with 

decreasing damage rate (Cu precipitates grew in the SSS irradiation at the dose higher than 

1.2×10
-3

 dpa (Fig. 4, point 6; stage III), but they did not grew in the Sl irradiation to 2×10
-3

 

dpa (Fig. 4, point 2S; stage II)).  Vacancies migrate in the matrix for a longer time with 

decreasing damage rate.  This influences the precipitation of other impurities in RPV steels, 

such as P, S and Si, which enhances embrittlement of RPV steels if these impurities 
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segregate on grain boundaries.  An atom probe field ion microscopy study has shown that 

copper atoms are mainly distributed in the core of a cluster, while Si and other impurities 

exhibit spatial distribution around the center of the cluster [23].  Thus, with decreasing 

damage rate, segregation of impurities at grain boundaries (enhancing embrittlement of 

RPV steels) will increase since vacancies migrating over long distances enhance diffusion 

of solute atoms.  The effects of damage rate on evolution of dislocation loops and voids in 

stainless steels can be estimated using rate theory [24].  However, thus far, there has not 

been a useful method to predict the formation of Cu precipitates and segregation in Fe-Cu 

alloys.  Therefore, one must be careful when estimating the lifetime of PRV steels using the 

accelerated irradiation data. 

 

5. Conclusion 

Two Fe-Cu alloys, Fe-0.3Cu and Fe-0.6Cu, were irradiated with fission neutrons at 

573 K at three different damage rates (3.8×10
-10

, 1.5×10
-8

 and 5×10
-8

 dpa/s) to investigate 

microstructural evolution.  The present results clearly show that the nucleation and growth 

of Cu precipitates are influenced by the damage rate, but the process is very complicated as 

they are also related to the nucleation and growth of microvoids. The nucleation of Cu 

precipitates increases with decreasing damage rate, but the growth of Cu precipitates 

increases with increasing damage rate.  In addition, the results indicate that embrittlement 

of RPV steels increases with decreasing damage rate. 
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Figure Captions 

Fig. 1 Positron lifetimes and intensities of long lifetime in Fe-0.3Cu irradiated at three 

different damage rates. 

  

Fig. 2 Positron lifetimes and intensities of long lifetime in Fe-0.6Cu irradiated at three 

different damage rates. 

 

Fig. 2 Positron lifetimes and intensities of long lifetime in pure Fe irradiated at two 

different damage rates. 

 

Fig. 4 S-W plot in Fe-0.3Cu at 573 K.  Points 1 to 9 correspond to an irradiation dose of 

4×10
-6

, 1.3×10
-5

, 4×10
-5

, 1.2×10
-4

, 4×10
-4

, 1.2×10
-3

, 3×10
-3

, 6×10
-3

 and 1.6×10
-2

 

dpa, respectively.  In addition, a, b, c and d represent irradiation doses of 9.6×10
-3

, 

4.4×10
-2

, 7.4×10
-2

 and 0.2 dpa in Fe irradiated in the JMTR at 563 K.  

 

Fig. 5 S-W plot in Fe-0.6Cu at 573 K.  Points 1’ to 9’ correspond to an irradiation dose 

of 4×10
-6

, 1.3×10
-5

, 4×10
-5

, 1.2×10
-4

, 4×10
-4

, 1.2×10
-3

, 3×10
-3

, 6×10
-3

 and 1.6×10
-2

  

dpa, respectively.  In addition, a, b, c and d represent irradiation doses of 9.6×10
-3

, 

4.4×10
-2

, 7.4×10
-2

 and 0.2 dpa in Fe irradiated in the JMTR at 563 K. 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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