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a b s t r a c t

Self healing of early stage radiation damage by site selective solute segregation is a promising approach
to extend the lifetime of nuclear reactor components. In the present study, the creation and autonomous
healing of irradiation-induced damage is investigated in pure Fe and high purity FeeAu and FeeCu
model alloys. To create radiation damage samples are irradiated at 550 �C by 120 keV Heþ ions with
fluences of 5.0� 1015, 1.0� 1016 and 5.0� 1016 ions/cm2. The observed increase in the S and W param-
eters determined in the variable energy positron annihilation spectroscopy measurements indicates the
formation of vacancy-like defects, precipitates and vacancy-solute complexes. The presence of substi-
tutionally dissolved Au is found to reduce the formation of radiation defects more efficiently than solute
Cu. Site-specific Au precipitation at defect sites is indicated, which results in damage healing with a
reduced swelling, whereas Cu precipitates and radiation damage only show weak interaction. Ab initio
calculations show that the binding energies of Au solutes to vacancy clusters (Au-Vn) are significantly
larger than those of Cu solutes (Cu-Vn) whereas the binding energies of helium filled vacancy clusters Au-
HenVn and Cu-HenVn are comparable.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The irradiation of steel components close to the core of a nuclear
reactor by neutrons, ions and electrons unavoidably leads to
microstructural damage, in the form of vacancies, dislocations,
voids and He bubbles [1]. These types of damage ultimately lead to
swelling, hardening, amorphization and embrittlement, limiting
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the lifetime and stability of critical structural components of nu-
clear reactors [2,3]. Self-healing of irradiation-induced damage is
thought to be a promising approach to enhance the resistance
against irradiation and thereby extend the lifetime of the materials
used in nuclear reactors, including the reactor vessel itself [4]. Self-
healing has recently been put forward as a promising new mech-
anism to mitigate microscopic or even mesoscopic mechanical
damage, in the form of cracks and scratches, and to enhance the
component lifetime for polymers [5,6], ceramics [7,8] and concrete
[9]. In comparison to these materials the development of self-
healing metals remains challenging due to the small size of the
metal atoms, their low atomic mobility at non-elevated tempera-
tures and the fact that the metallic bond is directionally isotropic
[10,11].
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Table 1
Chemical composition of the pure Fe samples and the FeeAu and FeeCu alloy
samples (in wt.% with balance iron).

Alloy Au Cu C P S Si

Fe e e 0.0014 0.0002 0.0001 0.0014
FeeAu 4.20 e 0.0022 0.0206 0.0010 0.0255
FeeCu e 1.15 0.0073 0.0054 <0.0010 0.0291
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Bai and coworkers [12] were the first to present a self-healing
mechanism for radiation damage in copper using atomistic simu-
lation methods. The calculated results showed that under typical
reactor irradiation conditions grain boundaries can act as sinks and
absorb interstitials, while emitting interstitials to recombine with
vacancies. Some years later, a similar self-healing mechanism was
reported for iron [13]. Recently the addition of oversized W in Fe
was found to suppress the formation of large defect clusters using
molecular dynamics simulations [14]. Borovikov et al. [15] pro-
posed a radiation-damage healing mechanism in tungsten by the
induced motion of grain boundaries. The above studies yielded
some insight into the self-healing mechanism of radiation damage
inmetals and provided some qualitative guidelines on how tomake
use of the self-healing concept in pure metals and metal alloys.
However, so far only a few experimental studies on the self-healing
of radiation damage in metals have been reported. Recently, the
self-healing of twin boundaries was observed by an in situ study of
the defect migration kinetics in heavy ion irradiated Ag [16].

Besides the intrinsic self healing of defects in metals near grain
boundaries and twin boundaries, the site-specific segregation and
subsequent precipitation of dissolved alloying atoms has a high
potential to achieve self-healing of irradiation induced damage.
Based on the Johnson-Lam model, the segregation and precipita-
tion of substitutionally dissolved solute atoms is predicted to occur
in non-precipitated alloys under irradiation conditions [17]. When
the solute atoms are strongly attracted to the irradiation-induced
defects, they will segregate and precipitate on the damage sites,
realizing self-healing by a reduction in swelling (and by immobi-
lizing the growth of the defect structures). The radiation-induced
solute redistribution can result in a reduction of the swelling
[18,19].

Cu, either present as an alloying element or as an impurity, is a
commonly encountered element in steels used in nuclear reactors.
Hence, the interaction between solute Cu atoms with radiation
defects has been studied extensively. Molecular dynamic simula-
tions revealed that Cu atoms in iron can act as sinks for both va-
cancies and interstitial defects and act as strong recombination
centres under irradiation conditions [20,21]. Employing ab initio
calculations, the interaction of Cu with irradiation defects, i.e., va-
cancies and helium atoms, was investigated and stable configura-
tions of Cu-vacancy (CunVm) and CueHe (CunHem) complexes were
indicated [22,23]. Experimentally, irradiation-induced Cu-rich ag-
gregations were found in FeeCu model alloys and Cu-containing
reactor pressure vessel steels [24,25]. Jin and coworkers revealed
a spatial correlation between Cu precipitates and irradiation de-
fects in FeeCu model alloys and using positron annihilation spec-
troscopy demonstrated the formation of CunVm complexes and
cavities surrounded by tiny Cu precipitates [26,27]. Xu and co-
workers reported the formation of Cu precipitates within newly
formed micro-voids in neutron irradiated FeeCu model alloys
[28,29]. This internal precipitation resulted in a shrinkage of the
micro-voids. Notwithstanding all these results, limited coupled
experimental and computational information is available on the
role of Cu solutes and clusters thereof in improving the radiation
swelling resistance of iron-based alloys and steels via self-healing
of irradiation defects.

Although the relation between Cu precipitates and open volume
defects has been widely studied in literature, the potential for so-
lute Cu atoms to act as a self-healing agent in Fe-based alloys is
limited, due to the fact that Cu is not only involved in the formation
of precipitates surrounding the radiation defects, but also in the
formation of Cu-rich precipitates in the undamaged matrix [30].

Recently, Au has been identified as an interesting high potential
self-healing alloying element because of its following characteris-
tics: (i) like Cu mobile solute Au can be dissolved in the ferritic iron
matrix by an appropriate heat treatment; (ii) the energy barrier for
homogeneous nucleation of Au precipitates in the Fe matrix is high
due to the large size difference between solute and solvent atoms
[31]; (iii) ab-initio calculations have predicted a strong interaction
between solute Au and the irradiation-induced defects, in partic-
ular to vacancies and helium [32,33].

In the present study, the interaction between dissolved Au and
Cu atoms and irradiation defects is studied in FeeAu and FeeCu
binary alloys of similar atomic solute concentration using variable
energy positron annihilation spectroscopy (VEPAS) and trans-
mission electron microscopy (TEM). The observed behaviour is
analysed on the basis of complementary ab-initio calculations of
the binding energy between either Cu or Au atoms and vacancies
and clusters thereof.

2. Experimental and calculation methods

In order to clarify the role of alloying elements in the self-
healing mechanism in real engineering steels, less complex low-
alloyed model alloys are preferred in order to limited the number
of potential reactions and interactions that can take place simul-
taneously. We therefore prepared via vacuum melting two high
purity binary FeeAu and FeeCu model alloys (both with ~1 at. % of
solute atoms). For comparison, high-purity Fe samples were also
prepared. The composition of the samples is listed in Table 1. The
pure Fe samplewas fully annealed at 850 �C for 1 h after casting and
rolling whereas FeeAu and FeeCu alloys were solution treated at
868 �C for 5 h and 850 �C for 1 h. All heat treatments were done in
evacuated and sealed silica tubes filled with ultrahigh-purity argon
gas and quenched into water at room temperature at the end of the
heat treatment.

The specimens were irradiated using an ion implanter in the
accelerator laboratory of Wuhan University. Irradiations were per-
formed at 550 �C using 120 keV Heþ ions to fluences of 5� 1015,
1� 1016 and 5� 1016 ions/cm2, corresponding to irradiation time of
0.8, 1.6 and 8 h, respectively. Variable energy positron annihilation
spectroscopy (VEPAS) measurements were carried out on a
magnetically guided slow positron beam with a 22Na radiation
source (activity of 1.85 GBq) and a W foil moderator. The energy of
the positrons in the beam was varied from 0.08 to 35 keV. The
relation between the energy of the incident positrons E and the
mean positron penetration depth Z was calculated as follows [34]:
Z ¼ 40E1:6=r, where Z is expressed in nanometers, E is the incident
positron energy in keV and r is the material density in g/cm3.
Doppler Broadening (DB) of the annihilation photon peak was
measured using a high-purity Ge detector with the energy reso-
lution of 1.1 keV at 511 keV. Two parameters (S and W) were
calculated from the annihilation photo-peak. The S and W param-
eters were defined as the ratio of the number of counts in the
central energy region (511± 0.75 keV) and in two high momentum
regions (515.0e519.2 keV and 502.8e507.0 keV) of the annihilation
photon peak normalized to the total number of counts in the overall
peak, respectively. The energy range 511± 0.75 keV for calculation
of the S parameter was chosen so that the bulk S parameter value
for virgin Fe is close to 0.5 in order to guarantee that S parameter
has the highest sensitivity for changes in the width of annihilation



Fig. 1. Radiation damage in pure Fe for a fluence of 1.0� 1016 ions/cm2 in units of
displacement per atom (dpa) and the corresponding helium concentration depth
profile obtained from SRIM calculations.
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photo-peak. The central region for the S parameter was kept the
same for all samples. The microstructures after irradiation were
examined by TEM using a Tecnai F20ST/STEM instrument operating
at 200 keV.

The ab-initio calculations were performed using the Vienna Ab-
initio Simulation Package (VASP) based on the density functional
theory [35]. The interactions between ions and electrons were
described by the projector augmented wave potential (PAW)
method [36]. The exchange-correlation energy functionals were
described with the generalized gradient approximation as param-
eterized by Perdew-Burke-Ernzerhof [37]. Spin polarized calcula-
tions were conducted to account for the magnetic nature of Fe. A
supercell composed of 128 lattice points, based on a 4� 4� 4 bcc
lattice, was used. A plane wave cutoff energy of 500 eV and a k-
point density of 3� 3� 3 was employed, which achieves a
convergence of the total energy of the system to within 1 meV/
atom. During the structural optimization, the shape and size of the
supercell and atomic position were fully relaxed until the forces on
all atoms are less than 0.01 eV/Å. The lattice constant of bcc Fe was
calculated to be 2.83 Å, which agrees well with the experimental
values [38] and previous DFT calculations [39].

The monovacancy formation energy was calculated using

EVf ¼ EVtotal �
127
128

EPerfecttotal (1)

where EVtotal and EPerfecttotal are the total energies of the supercell with
and without a vacancy, respectively.

The binding energies between two defects (such as A1, A2) was
defined as follows:

EA1�A2
b ¼ EA1

total þ EA2
total � EA1�A1

total � EPerfecttotal (2)

where EA1
total and EA2

total are the total energies of the supercell with A1

and A2, respectively, and EA1�A1
total is the total energy of the supercell

containing both A1 and A2. Positive binding energies are attractive,
while negative values are repulsive.

3. Results and discussion

3.1. Calculated He implantation and dpa profiles

For the used implantation energies the displacement per atom
(dpa) and He concentration profiles as a function of depth are
calculated using the Stopping and Range of Ions in Matter (SRIM)
computer program [40]. The displacement energy of Fe was set to
be 40 eV [41] and the calculation was based on the Kinchin-Pease
mode, as recommended by Stoller et al. [42]. As shown in Fig. 1,
for a fluence of 1.0� 1016 ions/cm2 the irradiation-induced damage
reached a maximum value of approximately 0.25 dpa at the depth
of 350 nm. The implanted He ions extended from the surface to a
depth of about 600 nm and the maximum He concentration was
approximately 0.6 at. % at a depth of 390 nm.

3.2. Variable energy positron annihilation spectroscopy

The evolution of the S and W parameters with increasing inci-
dent positron energy is shown in Fig. 2 for pure Fe, the FeeAu and
the FeeCu alloys irradiated with different fluences, together with
data for the samples prior to irradiation. The S parameter repre-
sents the fraction of positron annihilations as a result of in-
teractions with low momentum electrons and increases for an
increasing volume fraction of vacancy-like defects. The W param-
eter reflects the fraction of positron annihilation with high mo-
mentum electrons. Since the positron affinity of Au and Cu is by
0.75 and 0.97 eV lower than that of Fe [43], respectively, Au-rich
and Cu-rich clusters (precipitates or solute-vacancy complexes)
are regarded as preferential potential wells for the positrons. The
annihilation of positrons with the Au-rich and Cu-rich clusters will
cause an increase in the selected high momentum regions, result-
ing in high W parameters [30,44]. For all three materials the S pa-
rameters (Fig. 2(a)-2(c)) for irradiated samples are obviously
enhanced compared to the unirradiated sample in the positron
energy range from 5 to 20 keV. This enhancement becomes more
pronounced for an increasing irradiation dose. The increase in S
parameter is comparable for all three samples, but strongest for the
pure Fe sample and weakest for the FeeAu alloy sample.

The W parameters for the pure Fe samples (Fig. 2(d)) demon-
strate a modest decrease for the irradiated samples. In contrast, an
obvious increase in W parameter is observed for the irradiated
FeeAu and FeeCu alloys (Fig. 2(e) and (f)). This enhancement is
ascribed to positron-detected Au/Cu-rich chemical environment
representative for precipitates or solute-vacancy complexes. Be-
sides the irradiation-induced precipitation, the Au and Cu pre-
cipitates will thermally nucleate and grow at a high temperature of
550 �C. The interface between the precipitates and the matrix
gradually loses the coherency generating new open-volume defects
[30,44]. The positrons can be trapped by the misfit and annihilate
with the surrounding Au/Cu precipitates, resulting in the
enhancement of W parameters.

The SeW plots reflect energy-dependent evolution of the cor-
relation between the precipitation and the generation of
irradiation-induced defects. As shown in Fig. 3, the (S, W) points for
the unirradiated samples follow a single linear relationship
(labelled as L0): S decreases and W increases with increasing
positron energy. The slope of the linear SeW dependence for the
unirradiated FeeAu and FeeCu alloy samples is almost the same as
that of the unirradiated pure Fe sample, suggesting that positrons
were annihilated randomly in the homogenised materials (pre-
dominantly in the vicinity of the Fe atoms). The SeW plot for the
irradiated samples cannot be represented by a single straight line,
indicating that new types of defects were introduced by the He
implantation. For all three materials, the evolution of (S, W) points
can be divided into three (linear) segments with lines labelled L1, L2
and L3, respectively, for variable energies representative for a mean
positron depth ranging from the surface to the bulk. For the irra-
diated pure Fe sample (Fig. 3(a)), the slope of segment L1 in region I



Fig. 2. Dependence of (aec) S(E) curves and (def) W(E) curves on irradiation fluences for pure Fe, FeeAu alloy and FeeCu alloy samples. For comparison, the S(E) and W(E) curves
for the unirradiated samples are included.

Fig. 3. SeW plots for (a) pure Fe, (b) FeeAu and (c) FeeCu alloy samples for unirradiated and irradiated with different fluences.
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is the same as that of the unirradiated sample, indicating that
positrons are predominantly annihilated with the Fe electrons. At
increasing depth values, the implanted He ions diffuse into the
matrix and are easily trapped by vacancies, forming HemVn com-
plexes, as a result of the extremely low solubility of helium in
metals [45] in combination with the high binding energy between
He and vacancies [46]. The positron annihilation with He electrons
results in a change in slope for segment L2 in region II. For segment
L3 in region III (depth >200 nm), the ratio of helium atoms to va-
cancies increases and more helium atoms are trapped by HemVn

complexes, forming He filled cavities [47].
For the irradiated samples, the difference in evolution of the (S,

W) data of the FeeAu and FeeCu alloys samples, with that of
irradiated pure Fe is obvious. For region I, the slope of L1 differs
from that of L0, which is due to the interaction of Cu and Au solutes
with vacancies. In region II, the aligned lines L2 are parallel for the
samples irradiated with 5.0� 1016 and 1.0� 1016 ions/cm2. How-
ever, the slope of L2 for low irradiation doses is obviously different,
which might result from the decrease in the fraction of positrons
annihilated with solute electrons. In region III, the S parameters
decrease as the increasing of penetration depth coupled with a
decrease of the W parameters. This suggests that the chemical
environment around the cavities changes as a result of the irradi-
ation at an elevated temperature.

The S and W parameters for the irradiated samples were
normalized to those of the respective unirradiated samples in order
to extract more specific information related to the nature of the
vacancy-like defects and precipitates [26,30]. As shown in Fig. 4(a),
the normalized S values (SNor) for the irradiated pure Fe samples
shows amaximumvalue at a depth corresponding to themaximum
dpa position (about 350 nm) calculated by SRIM. Similar phenom-
ena are observed for the irradiated FeeAu and FeeCu alloys sam-
ples, (see Fig. 4(b) and 4(c)). The amplitude of the SNor increases as
the irradiation dose increases whereas the peak position does not
shift. The normalized W parameter (WNor) exhibits a broad valley
for the irradiated pure Fe sample (Fig. 4(d)) and the lowest value of
the valley is located at the same position as the peak of the SNor
(Fig. 4(a)). For the pure Fe sample the decrease in WNor mainly



Fig. 4. Dependence of (aec) normalized S parameter and (def) normalized W parameters on positron energy with different fluences for the pure Fe, the FeeAu alloy and the FeeCu
alloy samples. For comparison, the evolution of the normalized S and W parameters for the unirradiated samples are also included.
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results from the corresponding increase in SNor since the enhanced
annihilation at vacancy-like defects reduces the relative contribu-
tion from annihilations in bulk Fe [26]. In contrast, a broad peak in
the WNor curve is observed for the irradiated FeeAu and FeeCu
alloys samples. The amplitude of the peak increases with an
increasing irradiation dose, confirming an accelerated precipitation
by irradiation.

For the FeeAu alloy samples, the maximum damage region re-
flected by a maximum in SNor (shaded in Fig. 4(b)), coincides with
the region where WNor reached a maximum (shaded in Fig. 4(e)),
demonstrating a close correlation between the vacancy-like defects
and the Au solute. Since the positron affinity of Au is lower than that
of vacancy-like defects [28,43], positrons prefer to be trapped by
vacancy-like defects. The increase in WNor corresponds to the pres-
ence of Au clusters or precipitates that decorate the open volume
defects and the formation of Au-vacancy complexes. In contrast, the
maximum WNor for the irradiated FeeCu alloy samples is found at
lower incident positron energies, (shaded in Fig. 4(f)), compared to
the peak regions for SNor (shaded in Fig. 4(b)). It implies a weak
correlation between the vacancy-like defects and the Cu solute.

In order to compare the degree of radiation damage in pure Fe
with FeeAu and FeeCu alloys, the S parameters normalized by the
unirradiated pure Fe as a function of the positron energy are
grouped per fluence level. Although the normalized S parameters
cannot quantify the radiation swelling, a reduction in the S
parameter is positively correlated in a non-linear manner with the
void swelling [48]. As shown in Fig. 5, in the unirradiated samples,
the effect of solute Au or Cu atoms on the SNor-E curves is negligible.
For a given fluence the normalized S parameters of the irradiated
FeeAu and FeeCu alloy samples are significantly lower than those
of the pure Fe sample. Moreover, the SNor values for the FeeAu
sample are lower than those of the FeeCu samples for all three
doses in particular in the range from 5 to 20 keV. This observation
suggests a superior radiation resistance to swelling in the FeeAu
alloy compared to the FeeCu alloy.
3.3. Transmission electron microscopy

Fig. 6 presents bright field TEM images which reveal irradiation-
induced defects in pure Fe after a fluence of 5.0� 1016 ions/cm2. In
the subsurface region (<200 nm), a high density of micro-voids is
observed (Fig. 6(a)). In the maximum damage region, cavities are
formed (Fig. 6(b) and 6(c)). Besides some spherical cases, many of
the cavities were faceted with square or hexagonal shapes. A sig-
nificant variation in cavity size ranging from around 3 to 15 nm is
observed.

Fig. 7(a) presents a TEM micrograph showing the presence of
cavities and Au precipitates from the implanted surface to a depth
of about 500 nm after irradiation up to a fluence of 1.0� 1016 ions/
cm2. To clarify the correlation between Au precipitates and the
irradiation-induced damage, the elemental Au distribution of the
same region is shown in Fig. 7(b). A high density of spherical cav-
ities can be clearly observed at a depth >200 nm, which corre-
sponds to region III in the SeW plot. At a depth below 200 nm, the
observed degree of the radiation damage is low. Au precipitates are
mainly formed as large particles along the grain boundaries and
some discs in the matrix. One region indicated by a red rectangle in
Fig. 7(a) is shown in Fig. 7(c) at higher magnification. The elemental
mapping of Au confirms a strong site correlation of Au precipitates
with radiation-induced cavities.

The microstructure of the FeeCu alloy after irradiation up to a
dose of 1.0� 1016 ions/cm2 is shown in Fig. 8. Spherical cavities are
observed at a depth of 300e600 nm, which agrees well with the
inferred defect type in region III on the basis of the SeW results.
Fig. 8(b) shows details of the cavities at higher magnification in the
region indicated by the rectangle shown in Fig. 8(a). A high density
of micro-voids can be observed in the region close to the surface
(Fig. 8(c)), corresponding to region I in the SeW plot in Fig. 3. A
HAADF mode micrograph is shown in Fig. 8(d) with the corre-
sponding Cu elemental map presented in Fig. 8(e). The location of
the cavities is also indicated by red circles to reveal the absence or



Fig. 5. Comparison of the S(E) curves for the pure Fe, FeeAu alloy and FeeCu alloy
samples: (a) unirradiated and irradiated by Heþ ions up to a fluence of (b) 5.0� 1015

ions/cm2, (c) 1.0� 1016 ions/cm2 and (d) 5.0� 1016 ions/cm2.

Fig. 6. Bright field TEM image of pure Fe after irradiation of 5.0� 1016 ions/cm2 with a
depth of (a)< 200 nm, (b) 200e300 nm and (c) 300e400 nm.
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presence of a site correlation between the cavities and the pre-
cipitates. Even though some Cu precipitates are observed close to
the cavities, most nano-size Cu precipitates are homogeneously
formed in the Fe matrix at locations without detectable radiation
damage. The reduced tendency for Cu solutes to segregate to to-
pological defects has also been observed in earlier high tempera-
ture mechanical deformation experiments using binary FeeCu
alloys of comparable composition [30,49].

3.4. Ab initio calculations

As shown experimentally, the introduction of dissolved Au and
Cu atoms in the matrix can significantly reduce the irradiation
swelling behaviour of Fe-based materials, by the precipitation of Au
(and to a lesser extent of Cu) in radiation-induced open volume
defects, such as vacancies, vacancy clusters and He filled cavities.
More importantly, FeeAu exhibits a superior radiation swelling
resistance in comparison to FeeCu. Previous Ab-initio calculations
showed that the diffusivity of Au in bcc Fe is more than one order of
magnitude faster than bcc Fe self-diffusion, while the diffusivity of
Cu is comparable with Fe self-diffusion [50]. The fast diffusion of
solute Au facilitates the Au segregation and precipitation process,
which can be further enhanced with a high concentration of va-
cancies generated by irradiation. To elucidate the origin of corre-
lation between Au/Cu precipitates and irradiation-induced defects,
we computationally examine the interaction of the solute Au and
Cu atoms with these open volume defects using ab initio calcula-
tions. The interaction of solute Au and Cu atoms with the mono-
vacancy (V) and substitutional He (He) has been extensively
studied. The binding energy of AueV and AueHe are 0.46 eV [39]
and 0.56 eV [32], respectively, which are slightly larger than that of
solute Cu (0.28 eV for the CueV [39] and 0.30 eV for Cu-He [22],
respectively). Such a small difference cannot explain the obtained
experimental results. Apparently, various Auk-Hem-Vn and Cuk-Hem-
Vn can exist in practice and their behaviors are very complex. In the
present calculations, we only focus on two simple cases, i.e., only
one solute Au or Cu atom in the vacancy clusters, Au-Vn and Cu-Vn,
and only one solute Au or Cu atom in the vacancies-He complexes
with He/V¼ 1, Au-Hen-Vn and Cu-Hen-Vn, in order to qualitatively
understand the above experimental phenomenon.

Firstly, to verify the validity of our ab-initio calculations, we have
calculated the monovacancy formation energy (EVf ), the binding
energy of vacancy to a vacancy cluster (Vn) consisting of n vacancies
(EV�Vn�1

b ) in iron, as well as the binding energies of AueV (EAu�V
b ),

AueHe (EAu�He
b ), CueV (ECu�V

b ), and CueHe (ECu�He
b ). The results are

listed in Table 2. Previously published values for these parameters
are also included in the table for comparison. Our calculated



Fig. 7. (a) HAADF mode image of the FeeAu alloy samples after Heþ irradiation (550 �C, 1.0� 1016 ions/cm2) for a region from surface to around 500 nm depth; (b) corresponding
elemental mapping (Fe and Au) of the region shown in the panel (a); (c) the region indicated in the panel (b) by red dashed rectangle shown in higher magnification; (d) elemental
mapping (Au) of the region shown in the panel (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. (a) Bright field TEM of the FeeCu alloy samples after Heþ irradiation (550 �C, 1.0� 1016 ions/cm2) in depth of 300e600 nmwith an enlargement image in (b); (c) bright field
TEM within a depth of around 100 nm; (d) HAADF mode image of FeeCu alloy samples after Heþ irradiation (550 �C, 1.0� 1016 ions/cm2). (e) elemental mapping (Cu) of the region
shown in the panel (d).
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vacancy formation energy in Fe is 2.14 eV, which is in good agree-
ment with previous ab initio calculations [33]. Regarding the
binding energies of CueV, CueHe, AueV, and AueHe, our data
closely resemble the previously reported values. The difference
between the present values and those from previous studies is due
to the use of a different cell relaxation method. In our work, both
the supercell volume and shape are fully relaxed, i.e., a constant
pressure condition is imposed, whereas the previous studies were
done at constant volume [22,32,39]. Note that the results computed
at constant pressure and volume have a better consistency for Cu-



Table 2
Monovacancy formation energy (EVf ), vacancy cluster (Vn) binding energies (EV�Vn�1

b ), as well as the binding energies of complexes CueV (ECu�V
b ), AueV (EAu�V

b ), CueHe (ECu�He
b )

and AueHe (EAu�He
b ).

EVf EV�V
b EV�V2

b EV�V3
b EAu�V

b EAu�He
b ECu�V

b ECu�He
b

This work 2.14 0.22 0.41 0.72 0.38 0.47 0.24 0.30
Literature 2.17 [33] 0.28 [51] 0.36 [51] 0.70 [51] 0.46 [39] 0.56 [32] 0.28 [39] 0.30 [22]

Fig. 10. The most stable configuration of solute Au and Cu in Vn for n � 2. The Fe, Au
and Cu are denoted by purple, yellow and red balls, respectively. The vacancy sites are
denoted by red “þ”. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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related defects than those for Au-related defects. This might be due
to a higher atomic size factor for Au [31].

Fig. 9 presents the calculated binding energies of solute Au and
Cu with Vn as well as Hen-Vn. Fig. 10 presents the initial and final
stable configurations of solute Au and Cu in Vn for n� 2. To obtain
their most stable configurations, we constructed a series of Au-Vn

and Cu-Vn complexes, where an Au or Cu atom is inserted at the
core of Vn cluster or replaces a Fe atom in the vicinity of Vn cluster.
In each case, we examined about a dozen configurations after
considering the symmetry. All these calculations are performed at
constant pressure, i.e., the relaxations of atomic and optimizations
of the shape and size of the supercell are allowed.

As shown in Fig. 9, positive binding energies indicate that both
solute Au and Cu atoms can be trapped by vacancy-like defects, and
therefore lead to Cu/Au segregation and precipitation at those de-
fects. This is consistent with the experimental observations
described in section 3.2 and 3.3. For pure vacancies, the binding
energy of Au-Vn increase rapidly from 0.38 to 1.56 eV as the vacancy
cluster size n increases from 1 to 5. On the other hand, the binding
energy of Cu-Vn increases more moderately from 0.24 to 0.56 eV
when n increases from 1 to 5 and become insensitive to the vacancy
cluster sizewhen n> 3. It is obvious that the binding energies of Au-
Vn are much larger than those of Cu-Vn, indicating that the trapping
capability of a vacancy cluster for solute Au atoms is much stronger
than that for solute Cu atoms. The binding energies of Au-Hen-Vn are
significantly lower than those of Au-Vn for n� 2. This suggests that
He weakens the trapping capability of a vacancy for solute Au
atoms. In contrast, the introduction of helium into vacancy clusters
can slightly enhance the trapping capability of a vacancy cluster for
solute Cu atoms. The binding energies of Cu-Hen-Vn are slightly
larger than those of Cu-Vn. Nevertheless, the trapping of solute Au
atoms by vacancy clusters filled with He atoms is till stronger than
Fig. 9. Binding energies of complexes Au-Vn (EAu�Vn
b ), Cu-Vn (ECu�Vn

b ), Au-HenVn

(EAu�HenVn
b ) and Cu- HenVn (E

Cu�HenVn
b ) plotted as a function of the vacancy cluster size n.
that for solute Cu atoms. This explains why Au precipitates more
closely linked to vacancy-like defects than Cu precipitates. The
difference in behaviour of Au and Cu in vacancy clusters is also
reflected in their calculated equilibrium configurations. As shown
in Fig. 10, the solute Au atom spontaneously moves from the lattice
position nearby the vacancy cluster to the core region of Vn when
n> 2 after complete relaxation, whereas solute Cu atom always
occupies the lattice position nearby Vn during the relaxation, i.e.,
the lattice position nearby Vn is the most stable site for solute Cu
atoms. This is consistent with the experimental observations.

These differences in vacancy cluster trapping between Au and Cu
solutes could be attributed to the different atomic size of the Au and
Cu atoms. The atomic volume of Au is much larger than that of Fe.
The introduction of an Au atom in the Fe lattice will cause a severe
lattice distortion (the relative volume difference, known as the size
factor, of Au in bcc Fe is UAu

sf ¼ 0:44 [31]). Therefore, when the Au
atom is near the vacancy cluster, it tends to relax toward the core of
the vacancy cluster in order to relieve the misfit strain. In contrast,
the atomic volume of Cu is close to that of Fe. The introduction of Cu
atoms in the Fe lattice matrix does not cause obvious lattice
distortion (the volume size factor of Cu in bcc Fe is UCu

sf ¼ 0:18 [31]).
On the other hand, as shown in Fig. 11, the electronic interactions of
both Au and Cu with Fe are very weak due to their full d-shell.
Therefore, the Au atoms prefer to occupy the center of the vacancy,
whereas the Cu atoms prefer to occupy the lattice sites around the
vacancy cluster. Furthermore, the bigger the vacancy cluster, the
larger the space available for Au occupation. Thus, the binding en-
ergy of Au-Vn increases with the vacancy cluster size.
4. Conclusions

Pure Fe and binary FeeAu and FeeCu model alloys were irra-
diated with helium ions at 550 �C with fluences of 5.0� 1015,
1.0� 1016 and 5.0� 1016 ions/cm2, respectively, to investigate the
influence of precipitation on the evolution of irradiation-induced
defects. Variable energy positron annihilation spectroscopy and
TEM measurements are performed to characterize both the



Fig. 11. Charge density map for stable Au-Vn and Cu-Vn. The units are e/Å3. To demonstrate the electronic interaction with the closest Fe atoms, the plane shown for AueV2 and Cu-Vn

is (110) whereas the plane for AueV3, AueV4, AueV5 is (100).
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radiation damage and precipitates to study their site correlation.
The origin of the difference in healing behaviour for FeeCu and
FeeAu alloys is clarified by ab initio calculations. The main con-
clusions are as follows:

(1) The formation of vacancy-like defects is promoted with
increasing irradiation fluences. The normalized S parameters
for the FeeAu and FeeCumodel alloys are reduced compared
to those for pure Fe. Lower normalized S parameter values
are found for the FeeAu alloy in comparison to the FeeCu
alloy, suggesting a reduced radiation swelling.

(2) Both the Au and Cu precipitation are accelerated by irradia-
tion, as indicated by an increase in W parameters with the
increasing irradiation fluences. A close spatial correlation of
Au precipitates with the irradiation-induced defects is found
whereas the Cu precipitation and the radiation damage are
only weakly inter-related.

(3) Ab initio calculations indicate a high binding energy between
Au solutes and vacancies. The energetically most favourable
positions of Au atoms in pure vacancy clusters are located in
the core region of the vacancy clusters, whereas Cu atoms
always prefer to occupy the lattice sites around the vacancy
cluster. Even though He atoms can weaken the trapping
capability of vacancy to solute Au, the trapping of vacancy
cluster filled with He by solute Au atoms remains stronger
than that for solute Cu atoms.
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