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Abstract. In this paper, we summarized our recent experimental results on Fe-Cu model alloys 
irradiated by Fe ion. Two kinds of Fe-Cu alloys with 0.3%Cu and 0.6%Cu were prepared and 
irradiated by 2.5 MeV Fe ion at 573 K.  Irradiation dose is 0.1 dpa and 1.2 dpa for each type 
alloy respectively.  Positron annihilation techniques of slow positron beam were used to 
investigate the irradiation induced defects.  Results show that the S parameters are higher in the 
specimens with high irradiation dose, but the intensity of Cu peaks of CDB is lower.  It 
indicates that the precipitation of Cu atoms formed easily as lower irradiation dose. 

1. Introduction 
The formation of Cu precipitates plays a key factor in the reactor pressure vessel (RPV) steels as 
irradiation induced by neutrons [1, 2].  Extensively studies focused to the formation and migration of 
the Cu precipitates at past decades, because the precipitation of Cu atoms can increase the hardness 
and decrease the ductility, especially it can leads to embrittlement in irradiation induced RPV steels 
[3-5].  As one of the menaces to the safety of nuclear power reactor operating, to understand the 
formation mechanism of irradiation induced defects and Cu precipitates in RPV steels is one of the 
important research subjects [6-9]. 
As the complicated irradiation effects in commercial RPV steels, such phenomena of radiation induced 
segregation and precipitation is important as the migration of Cu atoms excess point defect fluxes and 
super saturation during the displacement and energy deposition of implanted particles.  It is well know 
that substantial recombination and defect clustering can be produced by neutron irradiation in metals 
as high energy recoils of fast neutrons within dense cascades [10, 11].  Recent work has suggested that 
remarkable precipitates formed during post-radiation procedure with temperature affection [3-5].  One 
assumed viewpoint is that embryos of Cu precipitates can also be nucleated and contribute to the 
hardening directly [11, 12].  Compared to the neutron irradiation effects in RPV steels, high-energy 
heavy particle can produce similar displacement damage within acceptable experiment research.  Fe 
ion produced by accelerator was usually performed as the implanted particles, which can produce 
complex defects without impurity elements. 
The mechanism of the formation of defects and nucleating and clustering of Cu atoms are still unclear 
under irradiation performed, and the evolution of defects with radiation dose and Cu contents still 
require further investigation, especially in the nucleation stage of the Cu precipitates [4].  But it is little 
know experimentally because the difficulty of observation method, such as transmission electron 
microscopy and atom probe tomography [1, 13, 14].  Positron annihilation techniques (PAT) have 
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been used to investigate tiny Cu precipitates, defects and their complexes in Fe-Cu alloys [5], 
especially the positrons can be implanted to the interesting depth with appropriate energy using slow 
positron beam.  Previously, we have published several papers related to Cu precipitates in Fe-Cu 
alloys.  In the present study, PAT of slow positron beam were carried out to elucidate the effects of 
radiation dose and Cu concentration on defects and Cu precipitates formation in Fe ions irradiated Fe-
Cu alloys. 

2. Experimental 

2.1. Materials: Two series of Fe-Cu alloys with 0.3 and 0.6 mass% Cu were smelted from Fe (99.99% 
purity) and Cu (99.9% purity) in vacuum using a high-frequency induction furnace.  Specimens, with a 
thickness of 0.2 mm and 8 mm square sheet, were irradiated with Fe ions after quenched in water from 
1173 K.  Fe ions with 2.5 MeV were implanted using a tandem Pelletron accelerator (model: 6SDH-2) 
of Quantum Science and Engineering Center, Kyoto University.  Irradiation dose performed to 0.1 dpa 
and 1.2 dpa for each series at 573 K, respectively. 

2.2.  Positron annihilation techniques: PAT experiments were performed at slow positron beam 
facility of institute of high energy physics (IHEP). Slow positrons are generated by a 50 mCi (2005) 
22Na radiation source.  During the measurement of positron annihilation Doppler broadening 
spectroscopy (DBS), beam energy was changed from 0.18 keV to 25.0 keV.  In this present study, two 
parameters were introduced to DBS to characterize the information of specimens, which are named S 
and W parameters respectively.  S parameter was defined as the ratio of the counts in the centre area 
near the 511 keV (510.2-511.8 keV) of γ-rays to the total counts of spectrum (503.34-518.66 keV).  
And W parameter was defined as the ratio of the counts in the summed areas of 514.83–518.66 keV 
and 503.34–507.17 keV to the total counts of spectrum.  
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Figure 1. Depth distribution of damage calculated 
using the TRIM code for the Fe-Cu alloy 
irradiated with Fe ions to 1.2 x 1017 Fe/m2. 

 Figure 2. SEM image of Fe-0.3%Cu 
alloy with a irradiation dose as 0.1 dpa 
induced by 2.5 MeV Fe ions at 573 K. 

Compared to the DBS, two HPGe detectors were used to detect the γ-ray pairs emitted by annihilation 
of positron and electron in coincident Doppler broadening (CDB) techniques.  The information of 
elements around the positron trapping position can be described, because the momentum of atom-
bound electron can be measured in CDB if it was annihilated [16, 17].  The damage peak of Fe ions in 
Fe-Cu alloys was about 0.7 μm from the irradiation surface, according to the simulation using the 
TRIM code.  In order to investigate the precipitation of Cu atoms, CDB measurements with a mono-
energetic positron beam were performed to the irradiation damage area in this present study.  The 
implanted mean depth (nm) of positrons may be estimated by empirical equation as R=40×E1.6/ρ, 
using parameters of positron energy E with keV and materials density ρ with g/cm3 [18-20].  The 
results of TRIM code simulation and the mean depth of positron incident are shown as Figure 1.    

3. Results and discussion 

3.1. SEM results:The surface microstructure of Fe-Cu alloy was observed by SEM (Hitachi S-4700).  
Figure 2 showed the result of the Fe-0.3%Cu alloy with a radiation dose as 0.1 dpa induced by Fe ions 
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at 573 K.  It shows that some crystalline structure formed with many tiny clusters on the surface, 
especially aggregated at the grain boundary.  The concentration of Cu distributed on these tiny clusters 
and the grain boundary is high than mean distribution, which confirmed by the energy dispersive 
spectrometer (EDS) of SEM.  Some paper has also reported that Cu atoms migrated and aggregated at 
the grain boundaries with the diffusion of vacancies defects [21]. 

3.2. PAT results: Figure 3 showed the S parameters with positron energy changed from 0.18 keV to 
20 keV.  One un-irradiated Fe-Cu specimen was also measured as the reference specimens.  According 
to the description in Figure 1, the positrons were implanted near 0.7 μm from surface and almost 
closing to the area of Fe ions deposition.  Results show that the S parameters near to 20 keV are 
dramatically increased after irradiated, but there is no clearly difference affected by Cu content and 
irradiation dose.  Because of closing to the Fe ions deposition area, the defects may be saturated to 
trapping positrons to annihilate.  At the range of positron energy changed from 2 keV to 15 keV, the S 
parameters of specimens with 1.2 dpa is larger than those with 0.1 dpa.  It indicated that more defects 
were produced at the area of ions track with high irradiation dose.  The affection to S parameters 
contributed by Cu concentration can also be negligible.  And the S parameters lower than 2 keV may 
be contributed by the surface defects, as shown in Figure 2. 
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Figure 3. S parameters with positron energy 
for Fe-Cu alloys with different Cu content 
and irradiation dose. 

 Figure 4. S-W curves for Fe-Cu alloys 
with Cu content and irradiation dose. The 
straight line was drawn only as guide eye. 

As the W parameter was usually used to describe the information of core electrons annihilated with 
positrons, the slopes of S-W plots can present the annihilation mechanism of positrons after trapped 
[17].  The S-W plots of specimens are shown in Figure 4.  It shows that the slopes changed clearly in 
irradiated alloys compare to un-irradiated one.  And an inflection potion appeared clearly in the 
specimens with 1.2 dpa, which is corresponding to the 2~15 keV of positron energy range.  It indicates 
that the mechanism of positron annihilation was changed in 1.2 dpa specimens.  It may be contributed 
more by positrons annihilation trapping to defects.  That can also be explained by the change of S 
parameters affected by irradiation dose, as shown in Figure 3. 
According to the results calculated by TRIM, CDB experiments were performed as the positron 
energy with 13 keV, which related to the depth near 0.3 μm of Fe-Cu alloys from irradiation surface. 
The results with ratio to pure Fe are shown in Figure 5.  It shows that a typical peak was observed near 
to 24 (10-3 m0c) in irradiated Fe-Cu alloys, same momentum with the peak of pure Cu.  The difference 
at low momentum related to the formation of defects induced by irradiation [22], as shown in small 
graph.  Comparing with the results of S parameters and S-W plots, more detailed information can be 
investigated using CDB experiments, especially related to high momentum as a range with 13~30  (10-

3 m0c).  In which, the intensity of Cu peaks are higher with 0.1 dpa dose than 1.2 dpa.  It means that 
most of the positrons annihilated with electrons of Cu at 0.1 dpa.  It can be attributed to that the Cu 
precipitates can formed easily within the small defects induced with 0.1 dpa, or that the increasing of 
counts related to free electrons affect to the decreasing of Cu peaks in 1.2 dpa specimens.  The other 
reasonable explain is that many tiny Cu precipitates with vacancies type defects were produced in 0.1 
dpa specimens, and positrons can be trapped easily by these vacancies type defects [15].  But in 1.2 
dpa specimens, those tiny Cu precipitates and vacancies are formed to clusters and complex clusters, 
which lead to the increasing of S parameters and decreasing of Cu peaks [4, 23].  The change of Cu 
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peaks with Cu content in 0.1 dpa specimens is few, but is increased with Cu content increasing in 1.2 
dpa specimens.  This can also attribute to the clustering of vacancies induced by high irradiation dose, 
and easier to form complex clusters in lower Cu content specimens [3, 24]. 
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Figure 5. CDB results as the positron 
energy with 13 keV, including pure Cu, 
un-irradiated Fe-Cu alloy, Fe-0.3%Cu 
alloys with 0.1 dpa and 1.2 dpa 
irradiation dose, and Fe-0.6%Cu alloys 
with 0.1 dpa and 1.2 dpa irradiation 
dose, respectively. Small graph is the 
detailed information as the momentum 
lower than 6 (10-3 m0c). 

4. Conclusion 
The PAT were performed to study the formation of defects and precipitation of Cu atoms, especially 
the CDB based on the slow positron beam were used to investigate the Cu precipitates formed with 
complex defects induced by Fe ions irradiation. The defects formed in Fe-Cu alloys at the ions track 
area and deposition area, and more defects produced as the irradiation dose increased.  Precipitation of 
Cu atoms is affected by the irradiation dose and the Cu content in Fe-Cu alloys.  Further experiments 
will be performed to investigate the migration of defects and tiny Cu precipitates with post-annealed 
time and temperature. 

Acknowledgements This work was partially supported by the NSFC (Grant Nos. 91026006). 

References 
[1]  Othen P J, Jenkins M L, Smith G D W, and Phythian W J 1991 Philos. Mag. Lett. 64 383 
[2]  Phythian W J and English C A 1993 J. Nucl. Mater. 205 162  
[3]  Nagai Y, Tang Z, Hassegara M, Kanai T and Saneyasu M 2000 Phys. Rev. B 63 134110 
[4]  Xu Q, Yoshiie T and Sato K 2006 Phys. Rev. B 73 134115  
[5]  Cao X Z, Xu Q, Sato K and Yoshiie T 2009 Phys. Status Solidi C 6 2355 
[6]  Liu J Z, Walle A, Ghosh G F and Asta M 2005 Phys. Rev. B 72 144109  
[7]  Golubov S I, Osesky Y N, Serra A and Barashev A V 1995 J. Nucl. Mater. 226 252  
[8]  Ackland G J, Bacon D J, Calder A S and Harry T 1997 Philos. Mag. A 25 713  
[9] Lambrecht M and Almazouzi A 2009 J. Nucl. Mater. 385 334 
[10]  Harry T and Bacon D J 2002 Acta Mater 50 209  
[11] Auger P, Pareige P, Akamatsu M and Blavette D 1994 J. Nucl. Mater. 225 225 
[12] Perlado J M, Victoria M, Caturla M J, Maria J, Gamez M L, Arevalo C, Martinez E, Mota F, 

Velarde M, Velarde G and Cepas P 2006 J. Phys. IV France. 133 805 
[13] Zhang C, Enomoto M, Yamashita T and Sano N 2004 Metal .Mater. Trans, A 35 1263 
[14]  Pareige P, Radiguet B and Barbu A 2007 J. Nucl. Mater. 360 104  
[15]  Onitsuka T, Takenaka M, Kuramoto E, Nagai Y and Hasegawa M 2002 Phys. Rev. B 65 012204  
[16]  Wang B Y, Ma Y Y, Zhang Z, Yu R S and Wang P 2008 Appl. Surf. Sci. 255 119  
[17]  Hao X P, Wang B Y and Yu R S 2008 Chin. Phys. Lett. 25 1034  
[18]  Biersack J P and Haggmark L G 1980 Nucl. Instrum. And Meth.174 257  
[19]  Vehanen A, Saarinen K Hautojarvi P and Huomo H 1987 Phys. Rev.B 35 4606  
[20]  Asoka K P, Lynn K G and Welch D O 1994 J. Appl. Phys.76 4935  
[21]  Odette G R 1983 Scr. Metall. 17 1183  
[22]  He S M, van Dijk N H, Schut H and van der Zwaag S 2012 Phys. Rev. B 81 094103  
[23] Lambrecht M and Almazouzi A 2011 J. Phys: Conference Series. 265 012009 
[24] Nagai Y, Takadate K, Tang Z, Ohkubo H, Takizawa H and Hasegawa M 2011 J. Phys: 

Conference Series. 265 012007 

16th International Conference on Positron Annihilation (ICPA-16) IOP Publishing
Journal of Physics: Conference Series 443 (2013) 012017 doi:10.1088/1742-6596/443/1/012017

4


