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Abstract. The degradation of reactor pressure vessel steels under irradiation, which results
from the hardening and embrittlement caused by a high number density of nanometer scale
damage, is of increasingly crucial concern for safe nuclear power plant operation and possible
reactor lifetime prolongation. In this paper, the radiation damage in model alloys with
increasing chemical complexity (Fe, Fe-Cu, Fe-Cu-Si, Fe-Cu-Ni and Fe-Cu-Ni-Mn) has been
studied by Positron Annihilation Doppler Broadening spectroscopy after 1.5 MeV Fe-ion
implantation at room temperature or high temperature (290 °C). It is found that the room
temperature irradiation generally leads to the formation of vacancy-type defects in the Fe
matrix. The high temperature irradiation exhibits an additional annealing effect for the
radiation damage. Besides the Cu-rich clusters observed by the positron probe, the results show
formation of vacancy-Mn complexes for implantation at low temperatures.

1. Introduction

The irradiation-induced embrittlement of nuclear reactor pressure vessel (RPV) steels is of great
concern for the safety of the nuclear power plant (NPP) operation and possible lifetime prolongation
since the first-generation reactors are approaching their initially designed operation lifetimes [1]. The
basic task of nuclear reactor safety research is assessing the integrity of the RPV and its reliable
lifetime prediction. Fundamental mechanisms associated with the embrittlement of RPV steels
comprise the formation of solute clusters, matrix damage and grain boundary segregation, and have
been studied in many comprehensive works [2-14]. However, there are still research issues that remain
to be addressed, such as the mechanisms for the formation of vacancy-solute complexes.

The positron is a very suitable probe enabling sensitive detection of vacancy-containing damage in
metals [15,16]. As anti-particle of the electron, the positron is trapped and annihilates at vacancy-type
defect because at these sites the repelling Coulomb force due to the positively charged atomic nuclei is
absent [17]. In addition, positrons annihilate sensitively at the solute clusters due to the difference in
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positron affinity of the alloying atoms in comparison with the host Fe matrix [18,19]. The positron
affinities found in the literature of the key alloying elements in this study are: -3.84 eV for Fe, -4.81
eV for Cu, -4.46 eV for Ni and -3.72 eV for Mn [18].

In the present paper, the Positron Annihilation Doppler Broadening (PADB) spectroscopy
experiments were conducted to characterize the radiation damage in Fe-ion irradiated RPV model
alloys, including Fe, Fe-Cu, Fe-Cu-Si, Fe-Cu-Ni and Fe-Cu-Ni-Mn. The results provide information
on the formation of vacancy-type defects, Cu-rich clusters and vacancy-Mn complexes.

2. Materials and irradiation conditions

Five different series of RPV model alloys (in total eight types) were fabricated in the shape of a bar
with a cross section of 10x10 mm? with growing chemical complexity, i.e. Fe (a purity of 99.95%),
Fe-Cu, Fe-Cu-Si, Fe-Cu-Ni and Fe-Cu-Ni-Mn. The chemical composition of the alloys is provided in
table 1. A final heat treatment at 900 °C for 30 minutes followed by water quenching was performed to
release the stresses. From the bar specimens of size 10x10x2 mm?® were prepared by wire cut electrical
discharge machining. Finally the surfaces of all samples were polished to a mirror finish with metal
polishing paper and diamond lapping.

Table 1. The chemical composition of the studied alloys.

Concentration (wt.%)

Series Cu Ni Mn Si

Fe <0.0001 <0.0012  <0.00025 <0.0004

Fe-Cu 0.5 - - -
.05 ; ; 0.1

Fe-Cu-Si 0.5 i ) 0.2
.05 0.6 ; -

Fe-Cu-Ni 0.5 0.8 i i
05 0.6 1.4 -

Fe-Cu-Ni-Mn ) ¢ 0.8 1.4 -

The eight types of specimens have been irradiated at room temperature (RT) with 1.5 MeV Fe ions
at the 320 kV implantation platform at the Institute of Modern Physics, Chinese Academy of Sciences,
to doses of 0.03 dpa, 0.06 dpa and 0.14 dpa (0.1 dpa corresponding to about 40 years of radiation and
the theoretical end-of-life of the NPPs). In addition, five types of specimens, Fe, Fe-0.5%Cu, Fe-
0.5%Cu-0.2%Si, Fe-0.5%Cu-0.8%Ni and Fe-0.5%Cu-0.8%Ni-1.4%Mn were selected to be irradiated
at 290£10 °C (high temperature, denoted as “HT”) to a dose of 0.14 dpa, as RPVs in service operate at
about 290+30 °C. In the present paper, Fe'®" was used for the implantation (i.e. ion irradiation) and the
implantation flux is 1.2x10'"" cm™s'. The damage level, dpa associated with the ion irradiation was
determined by SRIM. The quick Kinchin and Pease option with a displacement energy of 40 eV and a
lattice binding energy of 0 was run, and then the number of displacements was calculated according to
the damage energy to be most consistent with the internationally-recognized standard NRT dpa, as
recommended by Stoller R E et al. [20]. Then the dose rate D in dpa/s can be calculated as follows:

id
p=5- ()
where F is the ion flux, N the number of displacements per ion and per depth and p the target’s atom

density of 8.48x10%*? atoms/cm?. This leads to a dose rate of 1.5x10* dpa/s (peak value) for the Fe-ion
implantation in this present paper.

3. Measurement and analysis
The PADB measurements were carried out at the Delft **Na-source based Variable Energy Positron
beam facility (VEP). This PADB spectroscopy provides not only information about open volume
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defects but also about the chemical environment of the positron annihilation site by measuring the
momentum distribution of the electron-positron annihilated pair.

The momentum of the electron-positron pair prior to annihilation produces a Doppler shift AE = +
prc/2 on the energy of the two annihilation photons [21,22]. Here py. is the longitudinal component of
the momentum along the direction of the gamma ray emission and c is the speed of light. The overall
effect is observed as a Doppler broadening the 511 keV photo-peak in the annihilation gamma
spectrum.

SRIM calculations show that the damage caused by the implantation of the 1.5 MeV Fe ions is
below 800 nm with a maximum at a depth of about 450 nm. For the PADB experiments, the maximum
positron implantation energy is 25 keV which corresponds to a positron mean implantation depth of
about 900 nm, thus covering the sub-surface damage region.

The PADB spectra were currently measured with one gamma detector in order to get an overview
of the irradiation damage along the entire Fe-ion implantation depth. Two Doppler parameters, S and
W were extracted from each spectrum. The S parameter is the ratio of low-momentum region in the
PADB spectrum to the total region, and the W parameter is the corresponding fraction of high-
momentum annihilations. Besides showing S (W) data versus positron implantation depth (d), it is
convenient to represent the data in S-W plots with energy (or mean implantation depth) as running
parameter).

4. Results and discussion

As previously mentioned, in the present systems, the positrons are sensitively trapped at vacancy-type
sites (i.e. vacancy-type defects and vacancy-solute complexes) and in nano-sized solute cluster with
high (absolute value) positron affinity.
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Figure 1. The S parameter as a function of positron mean implantation depth of all samples for
the different implantation doses (0.03 dpa, 0.06 dpa and 0.14 dpa) at RT and for 0.14 dpa at HT.
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Figure 1 shows the S parameter as a function of positron mean implantation depth of all samples
for the different implantation doses (0.03 dpa, 0.06 dpa and 0.14 dpa) at RT and for 0.14 dpa at HT.
The S curves approaching an S value of 0.47 are obtained for an annealed Fe sample (an extra non-
irradiated Fe which is annealed after surface treatment). For all samples the behavior of the W
parameter is roughly the inverse (high S - low W) and is therefore not shown. The data of the RT
implantations show virtually no dose dependence indicating positron saturation trapping. Furthermore
it can be seen that for alloys containing additional Mn the S parameter in the implantation range is
significantly lower. For the 0.14 dpa implantation at 290 °C the S parameter in the implantation region
has reduced to a value of about 0.49 for all samples.

Figure 2 shows the S-W plots obtained for RT irradiated Fe, HT irradiated Fe and non-irradiated Fe
as well as the annealed Fe. The arrows indicate the direction of increasing positron implantation
energy or implantation depth. Starting from the surface, for the RT data the S,¥ points move into a
direction of a cluster point that is also present in the non-irradiated Fe. Halfway, the points move into
the direction of a line that connects the characteristic (S,) cluster point for Fe with the (S,/) anchor
point with highest S value. Having reached this line the data follows the line up to the highest S value
where afterwards they follow the same line but now in the direction of the (S,W) cluster point for Fe.
As the Fe used in this work does not contain solute elements (i.e. the content of solute elements is low
enough to be neglected here), this round-trip curvature following the specific S, anchor points hints
at the formation of vacancy-type defect with a depth dependent defect concentration.

A closer inspection of the S,/ data obtained at the non-irradiated Fe shows an anchor point in the
near surface region (< 300 nm). This is somewhat unexpected, because in non-irradiated Fe the data
should lie a straight line, as is found for the annealed Fe. The possible cause for this anchor point
(which is below the defect - bulk line) is that the mechanical surface polishing has introduced near
surface defects likely consisting of dislocation loops and vacancies. The figure shows that the anchor
point for the HT irradiated Fe is close to the one just described for the non-irradiated Fe. The lower S
value supposedly is caused by the additional annealing effect of the HT irradiation which effectively
enables the recombination of vacancies with self-interstitial atoms [23].
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Figure 2. Results of PADB data analysis for Fe under irradiation
conditions with variations in temperature and in dose as well as
non-irradiated Fe and annealed Fe.

Figure 3 shows the S-W plots for the Fe-Cu alloy containing 0.5% of Cu. We can see that Fe-ion
irradiation again leads to the round-trip curvature in the S-W plot for all RT irradiated Fe-0.5%Cu
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alloys. It is reported that the W for elemental Cu is larger than that for elemental Fe [22] while the S
parameter is only slightly lower. The effect of Cu is accordingly seen in the S-W plots in which the
(S,W) anchor points belonging to the implantation region all are shifted upwards (increased W value).
Also the HT data shows the round-trip behavior, but it is now located at low .S, high W corner of the
figure.

Compared to the RT data, the HT irradiated shows a significant lower peak value of S and its value
is comparable to the one obtained for the HT irradiated Fe. The W parameter however shows a
relatively larger increase. This observation can be interpreted as follows. It is well known that the Cu
diffusivity depends on the vacancy concentration [12]. The annealing effect of HT irradiation in the
end reduces the final vacancy concentration, but during the implantation process the available
vacancies may assist the Cu diffusion leading to high number density of Cu clusters. The first effect
makes the data shift into the left top corner of the graph while the latter further increases  only.
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Figure 3. Results of PADB data analysis for irradiated and non-
irradiated Fe-0.5%Cu alloys as well as annealed Fe.

The (S,W) points with maximum S for all RT irradiated alloys are presented in figure 4. These
points are located at the end of the line which connects the (S,/¥) cluster point for Fe and (S,#) anchor
point for the implantation defects in the S-W plots. It is clear that under Fe-ion irradiation, the Mn-
containing samples (Fe-Cu-Ni-Mn) give lower values of S compared with the other samples. This is
even the case when comparing the 0.14 dpa irradiated Fe-Cu-Ni-Mn with the 0.03 dpa irradiated Mn-
free alloys. As mentioned before, the positron affinity of Mn is lower than that of matrix Fe. Therefore,
a possible explanation is that in RT irradiated Fe-Cu-Ni-Mn alloys the vacancy-Mn complexes form
efficiently, thus decreasing the content of vacancies and/or vacancy clusters. This is then unfavorable
for the formation of Cu-rich clusters due to lower Cu diffusivity. In addition, the low positron affinity
of Mn impedes positron trapping at the vacancy-Mn complexes. All of this leads to the decrease of S
for the Mn-containing model alloys. This explanation is in agreement with the possible mechanism
suggested for the effect of Mn on vacancy clusters and Cu-rich clusters: additional Mn reduces the
overall vacancy diffusion, vacancy clustering, and the corresponding radiation enhanced diffusion of
Cu necessary for the formation of Cu-rich clusters due to a strong interaction between Mn and
individual point defects [24].
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Figure 4. The (S,W) points with maximum S for all RT irradiated
samples to doses of 0.03 dpa, 0.06 dpa and 0.14 dpa.

Next, the effect of Mn under HT irradiation was analyzed. Figure 5 shows the S-W plots for HT
irradiated samples. It is observed that under HT irradiation, compared to the Mn-free alloys, the Mn-
containing alloy has a lower W at maximum § for the round-trip curvature in the S-W plot. As reported,
the W for elemental Mn is the lowest among those for Fe, Cu, Ni and Mn [22]. Then the low W
observed in Fe-0.5%Cu-0.8%Ni-1.4%Mn alloy can be explained by the enrichment of Mn in Cu-rich
clusters. In HT irradiated Fe-0.5%Cu-0.8%Ni-1.4%Mn alloys, there is no observation of the evidence
for the formation of vacancy-Mn complexes, in terms of the lowering of the S value for the round-trip
curvature part in the S-W plot. Therefore, it is reasonable to conclude that low temperature favors the
formation of vacancy-Mn complexes during irradiation. Furthermore, it has been indicated that Mn-
rich clusters are promoted at lower irradiation temperatures [25]. The consistency of these two
microstructures with respect to the irradiation temperature supports the reported mechanism that
vacancy-Mn complexes may be precursors to the formation of Mn-rich clusters [22].
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Figure 5. Results of PADB data analysis for HT irradiated Fe and
Fe- alloys as well as non-irradiated Fe and annealed Fe.
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5. Conclusion

The results of the PADB experiments conducted in this study are used to characterize the positron-
sensitive nano features produced in the RPV model alloys (Fe, Fe-Cu, Fe-Cu-Si, Fe-Cu-Ni and Fe-Cu-
Ni-Mn) subjected to 1.5 MeV Fe-ion irradiation. It is observed that vacancy-type defects are formed in
RT and HT irradiated Fe and that the higher temperature leads to an additional annealing effect. The
PADB measurements also show the formation of Cu-rich clusters in ion irradiated Fe-Cu alloys and
HT irradiated Fe-Cu-Si, Fe-Cu-Ni and Fe-Cu-Ni-Mn alloys. The behaviors of Mn under RT irradiation
and under HT irradiation are found to be different. It is shown that in Fe-Cu-Ni-Mn alloys, vacancy-
Mn complexes are formed under RT irradiation, but not formed under HT irradiation. This indicates
that during irradiation, low temperature favors the formation of vacancy-Mn complexes.
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