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a b s t r a c t 

Radiation-enhanced diffusion (RED) of copper (Cu) in iron (Fe) is essential for understanding so- 

lute/impurity diffusion in nuclear materials, especially reactor pressure vessel steel, but has been rarely 

reported experimentally. In this study, we performed a high-precision investigation of RED using well- 

controlled electron irradiation and three-dimensional atom probe (3D-AP). Cu-Fe diffusion pairs were 

created using high-purity Fe and Cu as base materials, and irradiated by 2 MeV electron at a temperature 

of 773 – 893 K controlled to within ±3 K. Cu diffusion into the Fe matrix was observed at the atomic 

level using 3D-AP, and the diffusion coefficient was obtained directly using Fick’s law. RED was clearly 

observed, and the ratio of diffusion under irradiation to thermal diffusion was increased as the irradia- 

tion temperature decreased. RED was quantitatively evaluated using the reaction kinetics model, and the 

model which consider only vacancies gave a good agreement. This gave experimental clarification that 

RED was dominated by irradiation-induced vacancies. In addition, the direct experimental results on the 

effect of irradiation on the solubility limits of Cu in Fe was obtained; solubility limits under irradiation 

were found to be lower than those under thermal aging. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Irradiation-induced and/or irradiation-enhanced microstructural 

hanges, such as precipitation and segregation/depletion at the 

rain boundaries of solute/impurity atoms, are the main ori- 

ins of nuclear material degradation after irradiation [ 1 , 2 ]. Such 

icrostructural changes are caused by the diffusion of so- 

ute/impurity atoms. Because diffusion is dominated by vacancies 

nd/or interstitial atoms, it may be greatly enhanced under irradi- 

tion conditions in which large numbers of these defects are in- 

roduced, compared with thermal equilibrium conditions. This is 

nown as radiation-enhanced diffusion (RED) [3-10] . 

The diffusion of copper (Cu) in iron (Fe) is particularly im- 

ortant when considering the irradiation embrittlement of reac- 

or pressure vessel steels (RPVs), as Cu precipitates are the main 
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ource of the embrittlement [11-17] . RED for Cu diffusion has been 

tudied theoretically [18-24] , however, there is no direct experi- 

ental report of RED of Cu in Fe, except for a pioneering study 

y T. N. Le - (1992) [25] , in which the kinetics of Cu precipita-

ion in thermal-aged or electron-irradiated Fe-Cu alloy were ex- 

mined using electrical resistance measurements and transmission 

lectron microscopy, and the diffusion coefficient ( D ) of Cu in Fe 

as determined using a precipitation model. However, it remains 

hallenging to obtain accurate D values from precipitation due to 

he complex relationship between D and precipitation kinetics. For 

xample, under thermal-aging conditions, D shows a negative de- 

endence on temperature. In addition, the sample temperature, a 

ey parameter in diffusion studies, fluctuated over a broad range 

f ±15 K during electron irradiation. 

To better understand the RED of Cu in Fe, it is necessary to di- 

ectly evaluate D using Fick’s law from the Cu diffusion profiles for 

u-Fe diffusion pairs. Precise control of the sample temperature 

uring irradiation is also essential for RED investigation. In this 

tudy, after irradiating the Cu-Fe diffusion pairs with high accu- 
under the CC BY-NC-ND license 
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Fig. 1. (a) Time dependency of sample temperature and electron beam current dur- 

ing irradiation at 893 K for 2 h. (b) High-resolution representation of (a). Tempera- 

ture fluctuation was within ±3 K. 

Fig. 2. Typical set of atom maps obtained using 3D-AP for Cu, Fe, C, N, and O for 

electron-irradiated sample (at 893 K for 2 h). 
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f
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acy (within ±3 K), the diffusion behavior of Cu was observed us- 

ng three-dimensional atom probe (3D-AP), allowing direct evalua- 

ion of D to reveal the RED of Cu in Fe. We then applied 3D-AP to

easure the positions of solute atoms at the atomic level to obtain 

he Cu concentration profile at very short diffusion lengths (tens 

f nanometers) for further use in investigating D under thermal- 

ging conditions [ 26 , 27 ]. Furthermore, we were able to clarify the

ffect of irradiation on the solubility limit of Cu in Fe, which is 

nother important parameter for the formation of Cu precipitate 

18-24] that has not been investigated experimentally to date. 

. Experimental 

Pure Fe (5 N, 99.999%) was supplied by Toho Zinc Co. Ltd. 

Tokyo, Japan) with hydrogen annealing. The mean residual resis- 

ivity ratio was > 20 0 0. Pure Cu was supplied by Johnson Matthey 

London, UK) at the 5 N grade. Fe was cold-rolled and cut into 

heets with dimensions of 10 × 10 × 1 mm 

3 . After stress-relief an- 

ealing and surface cleaning, Fe sheets were coated with a ~5 μm- 

hick Cu layer using vapor deposition to create Cu-Fe diffusion cou- 

les. The average grain size of Fe was 400 – 500 μm. The prepa- 

ation details are described in our previous study [26] . 

Electron irradiation for the diffusion couples was performed at 

he Dynamitron Accelerator of the Quantum and Radiological Sci- 

nce and Technology-Takasaki Advanced Radiation Research Insti- 

ute. The electron irradiation parameters included an acceleration 

oltage of 2.0 MeV and total current of 10 mA. The irradiation 

ux was 3.7 × 10 13 electron m 

− 2 s − 1 , and the rate of the dis- 

lacement per atom (dpa) was 1.3 × 10 −9 dpa sec −1 assuming the 

hreshold energy of Fe displacement of 40 eV [28] . Only Frenkel 

airs were introduced in isolation, which is desirable for studying 

he basic interactions between irradiation-induced defects and so- 

ute atoms. The irradiation conditions was selected to be similar 

o those of the Le et al. study (2.5 MeV electrons, 2.0 × 10 −9 dpa

ec −1 ) [25] . The damage rate is also close to that in RPVs (~10 −10 

pa sec −1 [29] ). 

Irradiation was performed at 773 K for 9 h, 803 K for 9 h, 

23 K for 9 h, 843 K for 4 h, and 893 K for 2 h. The sample tem-

erature during electron irradiation was controlled precisely us- 

ng a custom-designed chamber with thermocouples and electric 

eaters. Fig. 1 shows the sample temperature during electron irra- 

iation at 893 K as an example of the temperature accuracy ob- 

ained, together with the electron beam current. The temperature 

uctuation was within ±3 K. During irradiation, helium gas (4 N) 

owed into the chamber (volume: ~5 L) at ~0.1 MPa and a rate of 

3 L min 

−1 to prevent sample oxidation. 

The needle-shaped specimens for 3D-AP measurements were 

abricated using a focused-ion beam apparatus. A piece of the 

pecimen with dimensions of about 5 × 5 × 10 μm 

3 was obtained 

rom the intragranular region sufficiently far from the grain bound- 

ries, and then sharpened into a needle form. Finally, very-low en- 

rgy gallium ions ( < 5 kV) were used to remove regions that were

otentially damaged during the milling process. The Cu-Fe inter- 

ace was set near the top of the needle to enable observation of 

u diffusion just below the interface [26] . 

The 3D-AP measurements were performed using an ultravio- 

et laser-assisted local-electrode atom probe, LEAP-40 0 0 XHR from 

METEK-CAMECA, to reduce the probability of fracture of spec- 

mens, especially around the Cu–Fe interface, at an evaporation 

ate of 0.6% per a laser pulse, applying a laser power of 50 pJ, 

 laser pulse repetition rate of 160 kHz, a DC voltage typically 

n the range of 3 – 8 kV, and specimen temperature of ~35 K. It 

s known that the estimated Cu concentration in Fe with a laser- 

ssisted atom probe is lower than the best estimate obtained using 

oltage pulsing atom probe [30] . After preliminary measurements 

or Fe-0.15 wt.%Cu alloy, the amount of the underestimation in Cu 
2 
oncentration is 10 – 15% in the apparatus in this study, which is 

imilar to the results in Ref. [30] . 

. Results 

Fig. 2 shows a typical set of atom maps obtained using 3D-AP 

or Cu, Fe, carbon (C), nitrogen (N), and oxygen (O) for electron- 

rradiated sample (at 893 K for 2 h). Cu diffusion from the Cu-Fe 
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Fig. 3. Cu concentration profiles obtained from a rectangular parallelepiped region 

(dimensions: 25 × 25 nm 

2 ) in a cross-section perpendicular to the Cu-Fe interface 

for electron-irradiated samples; (a) at 893 K for 2 h, (b) at 843 K for 4 h, (c) at 

823 K for 9 h, (d) at 803 K for 9 h, and (e) at 773 K for 9 h. Fitting curves by 

Eq. (1) are also shown by red solid curves. 
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Fig. 4. (a) Arrhenius plots of D under thermal-aged ( D thermal ) [ 26 , 32 ] and 

D under electron-irradiated ( D irrad ). The black line is the trend line for 

D thermal = 0.48exp( −3.22/ k B T ) [26] . (b) Arrhenius plots of D thermal and D irrad , 

compared with the results in Ref. [25] . The blue lines the trend line for 

D irrad = 2.9 × 10 −17 exp( −0.4/ k B T ) [25] . 
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nterface towards the Fe matrix was observed. Impurities, such as 

, N, and O, were seldom observed in the Fe matrix; the measured 

mounts of the impurities were ~8 atppm C, ~15 atppm N, and ~20 

tppm O. These values were consistent with our previous results 

26] . No segregation of impurities was observed near the Cu-Fe in- 

erface, and no Cu clustering in Fe matrix was detected with the 

tatistics analysis. 

Fig. 3 shows the Cu concentration profiles obtained from a rect- 

ngular parallelepiped region (dimensions: 25 × 25 nm 

2 ) in a 

ross-section perpendicular to the Cu-Fe interface. Cu diffusion to- 

ards the Fe matrix was clearly observed, with the exception of 

he case at 773 K for 9 h due to the low solubility of Cu in Fe at

his low temperature. 

Assuming a concentration-independent D , a semi-infinite 

edium, and a constant surface concentration, Fick’s second law 

ives 

 ( x, t ) = c 0 × er f c ( x/ ( 2 

√ 

Dt ) ) (1) 

here c ( x, t ) is the concentration profile, x is the distance from

he interface, t is the diffusion time, c 0 is the constant saturation 

oncentration of Cu in Fe according to the diffusion temperature 

i.e., the solubility limit of Cu), erfc is a complementary error func- 

ion, and D is the diffusion coefficient [31] . The measured profiles 

ere fitted to Eq. (1) , using c 0 and D as the fit parameters. The

tting results are indicated by red solid curves in Fig. 3 . For the

ample irradiated at 773 K, fitting was not performed because the 

bserved Cu concentration was < 0.05 wt.%, which is close to the 

ackground level. 

The diffusion coefficients of Cu in Fe for the irradiated sam- 

les, D 

irrad , were (2.9 ± 0.2) × 10 −19 m 

2 s − 1 for 893 K, 

5.3 ± 0.7) × 10 −20 m 

2 s − 1 for 843 K, (3.9 ± 0.7) × 10 −20 
3 
 

2 s − 1 for 823 K, and (2.8 ± 0.9) × 10 −20 m 

2 s − 1 for 803 K. 

rrhenius plots of D 

irrad are shown in Fig. 4 (a), together with the 

eported values for the non-irradiated (thermal-aged) condition, 

 

thermal [ 26 , 32 ]. D 

irrad for 893 K is on the trend line of D 

thermal ;

hus, almost no irradiation effect was observed. However, D 

irrad for 

emperatures below 843 K were higher than the trend line. The 

nhancement factor defined by D 

irrad / D 

thermal was 0.91 for 893 K, 

.0 for 843 K, 4.2 for 823 K, and 9.5 for 803 K. The enhancement

actor increased as the irradiation temperature decreased, indicat- 

ng an increase in the effect of irradiation at lower temperatures. 

ig. 4 (b) shows Arrhenius plots of D 

irrad and D 

thermal together with 

he results of Le et al. [25] . Although the irradiation conditions of 

he present study were similar to those of the Le et al. study, the 

 

irrad values obtained in the two studies are very different. 

In Eq. (1) , c 0 is equivalent to the solubility limit of Cu in Fe.

he obtained solubility limits for the irradiated samples, c 0 
irrad , 

ere (0.19 ± 0.01) wt.% for 893 K, (0.065 ± 0.01) wt.% for 843 K, 

0.042 ± 0.01) wt.% for 823 K, and (0.028 ± 0.02) wt.% for 803 K. 

he correlation between temperature and c 0 
irrad is shown in Fig. 5 . 

he reported values for the non-irradiated (thermal-aged) condi- 

ion, c 0 
thermal , are also shown [ 26 , 32 , 33 ]. For the present and our

revious data [26] , there could be underestimations in Cu concen- 

ration due to a laser-assisted 3D-AP, 15% in maximum. The cor- 

ected values, divide of the original values by 0.85, are also shown 
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Fig. 5. Solubility limit of Cu in Fe under thermal-aged ( c 0 th 
ermal ) [ 26 , 32 , 33 ] and un- 

der electron-irradiated ( c 0 
irrad ). The trend curve is log c 0 th 

ermal = 4.495–4627/T [32] . 

For the data marked with ∗ in the legend, the detection efficiency of Cu in a laser- 

assisted 3D-AP measurement is corrected (see the text). 

Table 1 

Physical parameters used in this study. 

Parameter Value 

P 1.3 × 10 −9 s − 1 

Z IV 100 [ 34 , 36 ] 

E V 
m 0.70 eV [37] 

E I 
m 0.33 eV [38] 

N 1 × 1013 s − 1 [34] 

C S 1 × 10 −9 , 1 × 10 −7 , 1 × 10 −5 
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Fig. 6. Irradiation time dependency of C V 
irrad and C I 

irrad calculated using the reac- 

tion kinetics model ( C S = 1 × 10 −9 ). 

Fig. 7. Irradiation temperature dependency of ( C V 
thermal + C V 

irrad ) / C V 
thermal 

( C S = 1 × 10 −9 ). 
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arked with 

∗ in the legend. The obtained values of c 0 
irrad were 

omewhat lower than those of c 0 
thermal . 

. Discussion 

We quantitatively evaluated the observed RED of Cu in Fe using 

he reaction kinetics model. In the first step, the vacancy (inter- 

titial) concentration induced by irradiation, C V 
irrad ( C I 

irrad ), is esti- 

ated. According to the model, 

 C irrad 
V /d t = P − K IV C 

irrad 
I C irrad 

V − K V S C 
irrad 
V C S 

 C irrad 
I /d t = P − K IV C 

irrad 
I C irrad 

V − K IS C 
irrad 
I C S 

here P is the production rate of vacancy or interstitial, K IV is the 

ate of vacancy-interstitial recombination, and K VS ( K IS ) is the an- 

ihilation rate of vacancy (interstitial) to the sink, and C S is the 

oncentration of sink for vacancy or interstitial [3] . The forma- 

ion of di-vacancy (di-interstitial) or larger vacancy (interstitial) 

lusters is neglected. K IV , K VS , and K IS are set at K IV = Z IV (exp(-

 V 
m / k B T ) + exp(- E I 

m / k B T )), K VS = νexp(- E V 
m / k B T ), and K IS = νexp(-

 I 
m / k B T ), respectively, where Z IV is the site number of spontaneous

ecombination, E V 
m ( E I 

m ) is the migration energy of vacancy (in- 

erstitial), ν is the vibration frequency, and k B is the Boltzmann 

onstant [ 34 , 35 ]. In the present study, the candidate of the dom-

nant sinks are the surface and the Cu-Fe interface, because the 

pecimens for 3D-AP measurement were fabricated from the re- 

ion near the surface/interface but far from grain boundaries. If 

he surface is the dominant sink, the expected jump times for va- 

ancy (interstitial) from the region near the Cu-Fe interface to the 

ink will be ~(2 × 10 4 ) 2 , because the necessary migration length is 

5 μm which corresponds to ~2 × 10 4 atomic distance. Assuming 

hat C S as the inverse of the jump times, C S is ~3 × 10 −9 . In case of

he Cu-Fe interface, C S is ~6 × 10 −6 with the migration length of 

100 nm. Therefore, we set the values of C S as 1 × 10 −9 , 1 × 10 −7 ,

nd 1 × 10 −5 . The physical parameters used in this study are listed 

n Table 1 . 
D

4 
Fig. 6 shows the irradiation time dependency of C V 
irrad 

nd C I 
irrad calculated using the reaction kinetics model with 

 S = 1 × 10 −9 . We obtained a similar trend to those reported 

n previous studies [ 3 , 7 , 39 ]. For each irradiation temperature,

 V 
irrad reaches a constant value after several seconds. In case of 

 S = 1 × 10 −7 and 1 × 10 −5 , the time C V 
irrad reaches a constant 

alue is shorter than in C S = 1 × 10 −9 . Therefore, the phenomena 

bserved in the present study occurred during the steady state. 

Fig. 7 shows the irradiation temperature dependency of 

 C V 
thermal + C V 

irrad )/ C V 
thermal with C S = 1 × 10 −9 where C V 

thermal is

he vacancy concentration at thermal equilibrium condition. The 

alue of C V 
irrad was set to be the value at the end of each irradi-

tion period shown in Fig. 6 , and the value of C V 
thermal was evalu-

ted as follows: 

 

thermal 
V = exp 

(
S f / k B 

)
× exp 

(
−E f 

V 
/ k B T 

)

here S f is the entropy and E V 
f is the vacancy formation energy. 

 

f / k B was set at 2, and E V 
f was set to range from 1.4 [40] to 2.0 eV

41] . As shown in Fig. 7 , ( C V 
thermal + C V 

irrad )/ C V 
thermal increased as

emperature decreased. 

In the second step, D 

irrad is estimated. D 

thermal and D 

irrad are ex- 

ressed as follows: 

 

thermal = D V C 
thermal 
V + D I C 

thermal 
I ∼ D V C 

thermal 
V 

 

irrad = 

(
C thermal 

V + C irrad 
V 

)
D V + 

(
C thermal 

I + C irrad 
I 

)
D I 

(2) 
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Fig. 8. Arrhenius plots of D irrad evaluated using the reaction kinetics model with several values of C S and E V 
f . D irrad in this work (black close triangles) and D thermal in Ref. 

[26] (black open circles) are also shown; (a) D irrad is evaluated by Eq. (3) . (b) D irrad is evaluated by Eq. (4) . 
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here D V ( D I ) corresponds to the diffusion by vacancy (intersti- 

ial) mechanism and C I 
thermal is the interstitial concentration at 

hermal equilibrium condition [ 3 , 42 ]. For self-diffusion at steady 

tate, it is known that vacancies and interstitials contribute equally 

o atom mobility, namely, ( C I 
thermal + C I 

irrad ) D I ~ ( C V 
thermal + C V 

irrad ) D V 

 1 , 3 ]. Then, Eq. (2) is modified as 

 

irrad = 

(
C thermal 

V + C irrad 
V 

)
D V + 

(
C thermal 

I + C irrad 
I 

)
D I 

2 

(
C thermal 

V + C irrad 
V 

)
D V 

Therefore, 

 

irrad / D 

thermal = 2 

(
C thermal 

V + C irrad 
V 

)
/C thermal 

V (3) 

On the other hand, if the contribution of interstitials to the dif- 

usion is negligible, Eq. (2) is modified as 

 

irrad = 

(
C thermal 

V + C irrad 
V 

)
D V + 

(
C thermal 

I + C irrad 
I 

)
D I (

C thermal 
V + C irrad 

V 

)
D V 

Therefore, 

 

irrad / D 

thermal = 

(
C thermal 

V + C irrad 
V 

)
/C thermal 

V (4) 

D 

irrad was evaluated by Eq. (3) or Eq. (4) with 

 C thermal + C irrad )/ C thermal shown in Fig. 7 and 
V V V 

5 
 

thermal = 0.48exp( −3.22/ k B T ) [26] , as shown in Figs. 8 (a) and

b), together with the experimental values of D 

irrad obtained in 

his study. D 

irrad evaluated by Eq. (4) shown in Fig. 8 (b) agreed 

etter with the experimental values. The best fit was given by 

q. (4) with C S = 1 × 10 −7 and E V 
f = 1.95 eV. 

The fact that Eq.4 rather than Eq. (3) gave a good fitting indi- 

ates that the contribution of interstitials to the diffusion is neg- 

igibly small. This agrees well with the prediction by theoretical 

tudies that the contribution of interstitials is negligible for Cu in 

e matrix even under irradiation [ 38 , 43 ], because oversized Cu so- 

utes in Fe matrix have repulsive interaction with interstitials thus 

he mixed dumbbells are rarely formed [37] . Therefore, we con- 

lude that the RED of Cu in Fe observed in this study was caused 

y the irradiation-induced vacancies. 

The D 

irrad values obtained in this study are significantly differ- 

nt from those obtained by Le et al. [25] , who determined the D 

rom Cu precipitation kinetics, measured the residual Cu concen- 

ration in the Fe matrix and number density of Cu precipitates ex- 

erimentally, and then applied a precipitation model to estimate 

 . The precipitation model assumes uniformity of precipitate size, 

onstant number density of precipitates during precipitation, and 
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hat only Cu diffusion dominates precipitate growth. The result- 

ng model is an oversimplification of the precipitation process, and 

herefore estimates D with considerable inaccuracy, as noted in the 

riginal publication (as we reported [44] , it is possible to obtain D 

ore accurately using precipitation kinetics by considering the at- 

ractive interaction between Cu atoms). In addition to these prob- 

em with the precipitation model, the accuracy of the experimental 

alues in Ref. [25] was insufficient due to difficulties in quantita- 

ive evaluation of the deviation from Matthiessen’s rule for electri- 

al resistance measurements [1] . 

Although recent developments in computer simulation have al- 

owed theoretical investigation of RED for Cu and other elements, 

uch as chromium and nickel, after [ 18-24 , 45-49 ], very few studies

ave examined RED for Cu in Fe experimentally. We anticipate that 

he results of the present study, which were obtained by applying 

ick’s second law directly to the Cu diffusion profiles of Cu-Fe dif- 

usion pairs, will come to represent a benchmark with respect to 

he validation of theoretical studies by allowing direct comparison 

f experimental and theoretical studies. 

It is suggested that the effect of irradiation on solubility limit 

trongly depends on irradiation conditions (damage rate and tem- 

erature), because it is dominated by the effect of irradiation on 

he second phase formation [ 9 , 50 ]. When the second phase forma-

ion is promoted due to RED and/or an increase of the formation 

ites for example, the solubility limit decreases. As an example, sig- 

ificant decrease of zinc (Zn) solubility in aluminum (Al) matrix 

as observed in dilute Al-Zn alloys under very high damage rates 

f 10 −2 and 10 −4 dpa sec −1 , which is due to radiation-induced pre- 

ipitation of Zn [51] . In this study, a slight decrease of the solubil-

ty limit of Cu in Fe was observed. While irradiation conditions and 

aterials are incomparable, this is the same trend as reported in 

ef. [51] . However, it would not be explained by the promotion of 

he second phase formation because no Cu clustering was detected 

n this study. The possible origin may be solid solution destabiliza- 

ion under irradiation [50] , while it is still open question. Further 

xploration for the effect of irradiation on solubility limit of Cu in 

e is necessary, and experimentally in progress by using dilute Fe- 

u alloys. 

. Conclusion 

Radiation-enhanced diffusion (RED) of Cu in Fe was investigated 

ith high precision using well-controlled electron irradiation and 

D-AP. Cu-Fe diffusion pairs were created from high-purity Fe and 

u as base materials, and irradiated by 2 MeV electron at a tem- 

erature of 773 – 893 K controlled to within ±3 K. Cu diffusion 

nto the Fe matrix was observed using 3D-AP, and D 

irrad was ob- 

ained through direct application of Fick’s law. RED was clearly ob- 

erved, and the enhancement factor, D 

irrad / D 

thermal , was increased 

s the irradiation temperature decreased. Quantitative evaluation 

f RED using a reaction kinetics model revealed that the model 

hich consider only vacancies gave a good agreement, indicating 

hat RED was dominated by irradiation-induced vacancies. In addi- 

ion, the direct experimental results on the effect of irradiation on 

he solubility limit of Cu in Fe was obtained; solubility limits un- 

er irradiation were found to be lower than those under thermal 

ging. 
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