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High temperature radiation damage in binary bcc Fe alloys containing 1 atomic % Au or Cu due to Fe ion
irradiation at 550 °C to a peak dose of 2.8 and 8.3 dpa is studied. The precipitation behavior of gold and copper
and its correlation to the irradiation-induced defects is studied by transmission electron microscopy and variable
energy positron annihilation spectroscopy (VEPAS). The increase of S parameters from VEPAS indicates the
formation of open volume defects upon irradiation. Disc-shaped Au precipitates, grown from the irradiation
induced dislocations, are observed in the Fe-Au alloy. In the Fe-Cu alloy, spherical Cu particles are formed but no

direct connection between Cu precipitates and radiation damage is detected. For the Fe-Au alloy, the surface
hardness dramatically increases for a dose of 2.8 dpa, with a slight decrease as the irradiation dose is enhanced
to 8.3 dpa. In the Fe-Cu alloy, radiation hardening increases continuously.

1. Introduction

During service in a nuclear reactor, microstructural damage in the
form of vacancies, dislocations and cavities is generated in the struc-
tural components as a result of the irradiation by neutrons, ions and
electrons. The radiation damage can lead to swelling, hardening,
amorphization and embrittlement, limiting the lifetime and stability of
structural steels in nuclear reactors [1,2]. Earlier work has shown that
substitutional solute segregation and precipitation occurs under irra-
diation in alloys both at room and elevated temperatures [3]. The ra-
diation-induced solute redistribution results in a swelling reduction,
which arises from the trapping of points defects by alloying elements
[4]. For example, irradiation-induced Cr,3C precipitates were found to
form at dislocation loops in austenitic stainless steel [5]. Work by Ono
and coworkers further revealed the Cr segregation at the He bubble
surface in a Fe-9Cr% steel [6].

Copper, either as an intentionally added alloying element or as an
impurity, is a commonly occurring element in steels used for radiation
sensitive components near the core of water cooled nuclear reactors.
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The correlation between the irradiation-induced defects and Cu pre-
cipitates has been studied both theoretically [7-9] and experimentally
[10-12]. Microstructural studies have shown that the irradiation-in-
duced or enhanced Cu-rich precipitates (CRPs) are responsible for the
irradiation hardening in copper-bearing iron-based alloys as they im-
pede the dislocation motion [13-16]. However, most of such radiation
induced precipitation studies focused on the evolution of radiation
hardening at room temperature. Considering the high temperature
service conditions in advanced nuclear reactors (300-800 °C), high
temperature irradiation studies on the radiation damage and Cu pre-
cipitates with their effect on the microstructure and the mechanical
properties are of greater significance. Hardie and coworkers observed
the irradiation hardening on self-ion implanted Fe-Cr alloys at tem-
peratures of 300 and 400 °C whereas no hardening was detected after
irradiation at 500 °C [17]. Yabuuchi and coworkers studied the dose
dependence of irradiation hardening in Fe-1Cu alloys at a temperature
of 290 °C and found a significant radiation hardening which saturated
when the alloy was irradiated to 0.1 dpa [18].

While Cu is a common and known alloying element it is also very
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interesting to study the correlation between radiation damage and the
precipitation of dissolved Au atoms in ferrous alloys since: (i) copper
and gold have about the same solubility in bcc Fe; (ii) in contrast to
copper precipitation, the strain energy generated during nucleation and
growth for Au precipitation is high due to the large size difference
between solute and solvent atoms [19]; (iii) ab-initio calculations have
predicted a strong interaction between solute Au and the irradiation-
induced defects [20,21]. In our recent study [22], we investigated the
correlation between Au precipitation and defects induced by helium
implantation and found the autonomous precipitation on the cavities,
demonstrating a high self-healing potential. However, since the He
atoms reduce the interaction between Au atoms and defects, the
binding between Au precipitates and radiation damage is inhibited. In
this study, open-volume defects, i.e., dislocations, are generated. The
chemical environment and strain fields of are very different from the He
filled cavities. The ab initio calculations indicated a close correlation
between Au atoms and open-volume defects, which can influence the
precipitation behavior and radiation damage evolution and subse-
quently the hardening behavior. Moreover, a comparison between the
precipitation behavior of Au and Cu solutes, which differ principally in
their atom sizes (the size factor of Au and Cu in bcc Fe is QS“ = 0.18 and
QS_A}“ = 0.44, respectively [23]), can clarify the effect of solute size factor
on the precipitation and its correlation with radiation damage in nu-
clear structural alloys. The depth dependent radiation hardening phe-
nomena have been studied for both alloys in order to study the me-
chanical properties evolution under irradiation.

2. Materials and methods

Fe-Au and Fe-Cu model alloys with an addition of around 1 at. % Au
and Cu solute atoms were prepared by vacuum arc melting. The com-
positions of both alloys are shown in Table 1. The Fe-Au and Fe-Cu
alloys were solution treated in evacuated and sealed silica tubes filled
with ultrahigh-purity argon gas at 868 °C for 5 h and 850 °C for 1 h,
respectively, and subsequently quenched into water at room tempera-
ture. All the samples are square sheet materials with dimensions of
10 mm X 10 mm X 1 mm. The specimens were first mechanically
polished with grade 800-2000 silicon carbide paper and then chemo-
mechanically polished using a suspension of colloidal silica (0.04 pum)
to a mirror-like surface. For both alloys the average (equiaxed) grain
size was found to be 32 * 3 pym.

Variable energy positron annihilation spectroscopy (VEPAS) mea-
surements were carried out on a slow positron beam with >?Na radia-
tion source (activity of 1.85 GBq). The Doppler Broadening (DB) of the
positron annihilation photon peak was measured using a high-purity Ge
detector with an energy resolution of 1.3 keV at 511 keV. Two para-
meters (S and W) were calculated from the annihilation photo-peak.
The S and W parameters were defined as the ratio of the number of
counts in the central energy region (511 = 0.8 keV) and in two high
momentum regions (515.0-519.2 keV and 502.8-507.0 keV) of the
annihilation photon peak normalised to the total number of counts in
the peak, respectively. VEPAS experiments were performed on uni-
rradiated and irradiated samples.

The specimens were irradiated on the 320 kV-platform at the
Institute of Modern Physics, Chinese Academy of Science (CAS).
Irradiations were performed using 3 MeV self-ion Fe'** to fluences of
2.66 x 10'® and 7.98 x 10'° ions/cm?, respectively, at a temperature

Table 1
Chemical composition of the studied Fe-Au and Fe-Cu alloys (in at. %) with
balance iron.

Alloy Au Cu C P S Si
Fe-Au 1.23 - 0.010 0.037 0.002 0.051
Fe-Cu - 1.02 0.034 0.010 < 0.002 0.058
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Fig. 1. SRIM calculated damage profiles in the units of displacement per atom
(dpa) generated by 3 MeV Fe ions for the Fe-1.0 at% Cu alloy. Similar radiation
damage levels are calculated to the Fe-Au alloy.

of 550 °C. Self-ions irradiation is an efficient method to simulate neu-
tron irradiation effects. When the Fe ions penetrate the material, they
are slowed down primarily by the electronic energy loss. Meanwhile,
they can interact with the sample atoms via nuclear collisions. Defects
are induced in the cascade of atoms. The depth dependent radiation
damage (expressed in units of the displacement per atom, dpa) is shown
in Fig. 1, simulated by the Stopping and Range of Ions in Matter (SRIM)
software [24]. The calculation is based on the Kinchin-Pease mode and
the Fe-displacement energy is set to be 40 eV [25,26]. At a fluence of
2.66 x 10'° ions/cm?, the corresponding irradiation damage peak dose
is 2.8 dpa at a depth of 840 nm for Fe-1.0 at% Cu alloy. At a fluence of
7.98 x 10'° ions/cm?, the corresponding irradiation damage peak dose
is 8.3 dpa at the same depth. The damage rate was 1.3 x 10™* dpa/s.
The microstructures after irradiation were examined by transmission
electron microscopy (TEM) using a Tecnai G2 F20ST/STEM instrument
operating at 200 keV. The TEM sample preparation technique is as
follows: the sample was adhered with M—bond 610 and biaxially
grounded to a thickness < 20 um. Afterwards, an ion beam thinner
(Gatan691) was used to obtain electron transparency with Ar ions at
room temperature. The voltage decreased from 4.8 kV to 3.2 kV cor-
responding to the incidence angle from 10° to 4°.

Nano-indentation tests (Nano indenter G200, Agilent) were per-
formed using continuous stiffness measurement method with a dia-
mond Berkovich tip. At least five indents with a spacing between in-
dents of 50 um and an indentation depth up to 1200 nm were measured
per condition. The hardness-depth curves were analyzed with the
method developed by Oliver and Pharr [27].

3. Results and discussion

Fig. 2 shows the the cross-section TEM micrographs for the Fe-Au
alloy after self-ion irradiation to a level of 2.8 dpa, indicating the for-
mation of damage and precipitates. Close to the surface, a high density
of thin-plate-like precipitates was observed, as shown in Fig. 2b. At
higher implantation depths, dislocations were generated. High magni-
fication images for the maximum damage region (Fig. 2¢) and a region
in a depth of around 1100 nm (Fig. 2d) indicate that all observed dis-
locations were decorated by thin plates, suggesting a causal connection
between precipitates and the presence of radiation damage. A HAADF
mode micrograph is shown in Fig. 2f with the corresponding Au ele-
mental map (Fig. 2g). TEM micrographs (Fig. 2e, f) indicate that the
thin plates were disc-shape Au-rich precipitates, consistent with pre-
viously reported results on the precipitate structure in cold-deformed
Fe-Au alloys after aging [28]. It is worthy mentioning that the
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Fig. 2. (a—e) Bright Field TEM for the Fe-Au sample after Fe-ion irradiation to a level of 2.8 dpa; (b, ¢, d) are high magnification images for the regions labelled as i, ii,
iii in (a), respectively. (f) HAADF mode image with corresponding Au elemental mapping (g).

correlation between Au precipitates and the dislocations matches well
with the mechanism that Au precipitates are nucleated exclusively on
dislocations as proposed by Hornbogen [19]. The segregation and
precipitation of Au atoms on the dislocations play a role in dislocation
pinning. The site-specific heterogeneous nucleation of Au precipitates
on dislocations is the result of the strongly reduced nucleation activa-
tion barrier due to the local change in surface and strain energy.

The microstructure of the Fe-Cu alloy after an irradiation dose of 2.8
dpa is shown in Fig. 3. Radiation damage manifests itself in the form of
dislocations and dislocations loops (Fig. 3a—d). A HAADF mode mi-
crograph with the corresponding Cu elemental map indicated the for-
mation of a high density of nanoscale Cu precipitates with spherical
shape, as shown in Fig. 3e and f. Most nano-size Cu precipitates were
homogeneously formed in the Fe matrix at locations without detectable
radiation damage. In contrast to the Fe-Au alloy sample, no spatial
correlation between the Cu precipitates and radiation damage could be
established in the Fe-Cu alloy.

It is well known that positrons are a sensitive probe for vacancy-
type defects in the iron matrix. Moreover, positrons are trapped dif-
ferently by embedded ultrafine particles, like Cu clusters/precipitates
[10,29] or Au precipitates [30]. The S parameter represents the fraction
of positron annihilations as a result of interactions with low momentum
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electrons and the value of the parameter increases for an increasing
concentration of vacancy-type defects. The W parameter reflects the
fraction of positron annihilation with high momentum electrons. The
annihilation of positrons with the Au-rich and Cu-rich clusters will
cause an increase in the selected high-momentum regions, resulting in
higher values for the W parameter. Moreover, the evolution of the S and
W parameters with incident positron energy can provide information on
the solute-vacancy complexes [31]. Fig. 4 shows the evolution of the S
and W parameters with increasing incident positron energy for the ir-
radiated Fe-Au and the Fe-Cu alloys as well as the data for the samples
in their unirradiated state. For the Fe-Au alloy, the S parameters in-
creased significantly for a dose of 2.8 dpa in comparison to the uni-
rradiated sample, signalling the formation of open volume defects. The
S parameter values decreased when the irradiation dose was increased
to a dose of 8.3 dpa. It is mainly due to i) the increase of the W para-
meters after 8.3 dpa and ii) the Au precipitation at dislocations. A peak
appeared in the S(E) curve in the positron energy range from around 4
to 14 keV for the sample with a dose of 8.3 dpa, which may result from
the migration and aggregation of defects considering the long-term ir-
radiation (18 h) at high temperature (550 °C) [32]. For the Fe-Cu, the S
(E) curves for the unirradiated sample is close to that of the uni-
rradiated Fe-Au alloy sample. The S parameters for the irradiated
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Fig. 3. (a—d) Bright Field TEM for the Fe-Cu sample after Fe-ion irradiation to a level of 2.8 dpa, (¢) HAADF mode image with corresponding Cu elemental mapping

®.

samples were higher than those for the unirradiated sample and the S
parameters increased with the irradiation dose. Similar to the Fe-Au
alloy, for the Fe-Cu alloy irradiated with a dose of 8.3 dpa a defect peak
was observed.

The difference of the W(E) curves was negligible for the uni-
rradiated Fe-Au and Fe-Cu alloy samples. A decrease in the W para-
meters was observed for the irradiated Fe-Au alloy samples compared
to the unirradiated sample. Since the S and W values are the result of a
competition of annihilation in different states [10], the decrease of the
W parameters primarily arises from the increase of the S parameters.
For the Fe-Cu, the annihilation of positrons with Cu precipitates/clus-
ters contributed significantly to the increase of the W parameters upon
irradiation.

Fig. 5 shows the S versus W plots for the Fe-Au and Fe-Cu alloy
samples. The S-W plots reflect the energy-dependent evolution of the
open volume defects and their chemical environment. The (S, W) points
for the unirradiated Fe-Au and Fe-Cu followed a single linear re-
lationship (labelled as Ly): S decreased and W increased with increasing
positron energy. After irradiation, the S-W plots of the Fe-Au alloy
followed a similar linear relationship as that of the unirradiated sample.
It suggested that positrons were trapped by the open volume defects
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and annihilated with the free electrons in the Fe matrix. Based on the
SRIM calculations (Fig. 1) and the TEM measurements (Fig. 2), radia-
tion damage, in the form of dislocations, was generated by implantation
of 3 MeV Fe ions. Moreover, our previous study revealed that a mixture
of dislocations and vacancy-type misfit were formed between the Au
precipitates and the Fe matrix [30]. Those open volume defects acted as
the dominate trapping sites for the positrons. On the contrary, the S-W
plots for the irradiated Fe-Cu deviated from the single straight line. The
evolution of the (S, W) points was divided into two segments. Region I
and II correspond to a positron energy range of 0.5-8 keV and
8-25 keV, respectively. Based on the experimental and theoretical re-
sults from Jin and coworkers where self-ions with a similar energy were
implanted [11], Cu precipitates and Cu,V,, complexes (n > m) are
expected to be the dominant microstructure features in the region I
whereas open volume defects, in the forms of dislocations and dis-
location loops and Cu,V,, complexes (n < m) are the main defect types
in the region II.

The indentation-depth dependence of hardness of the Fe-Au and Fe-
Cu alloys at different levels of irradiation is shown in Fig. 6a. The
hardness values H of the unirradiated Fe-Au alloy are obviously higher
than those of the unirradiated Fe-Cu alloy. It is attributed to the larger
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Fig. 4. (a) S(E) curves and (b) W(E) curves for Fe-Au and Fe-Cu alloy samples
unirradiated and irradiated with a dose of 2.8 and 8.3 dpa, respectively.
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Fig. 5. S-W plots for the unirradiated and irradiated Fe-Au and Fe-Cu alloy
samples.

atomic size factor for solute Au [23], which generates a higher local
strain field, resulting in an enhanced strain hardening. A significant
irradiation-induced hardness increase was observed for the Fe-Au alloy
at a dose of 2.8 dpa while the hardness slightly decreased when the
irradiation dose was increased to 8.3 dpa. In contrast, for the Fe-Cu
alloy a slight hardening was observed at an irradiation dose of 2.8 dpa
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Fig. 6. (a) Dependence of hardness H on depth h and (b) the dependence of H?
on 1/h for the Fe-Au and Fe-Cu alloys at different irradiation dose levels. The
same symbol characterisation applies to both figures.

followed by a large increase in hardness at an irradiation dose of 8.3
dpa.

For all samples, the hardness decreased with increasing penetration
depth, a feature which is known as the indentation size effect (ISE). Nix
and Gao developed a model based on the geometrically necessary dis-
location (GND) theory to explain the size effect [33]. The na-
noindentation hardness-depth formula can be described as follows:

H

- = 1 + —
Hy h (€)]
where H is the hardness at a given depth h; Hj is the hardness at infinite
depth, h*is a characteristic length depending on the shape of the in-
denter, the shear modulus and Hy. The hardness data are plotted as H?
versus 1/h in Fig. 6(b).

The square of the nanoindentation hardness is proportional to the
reciprocal of indentation depth, which is consistent with the description
in Eq. (1). Hy was calculated by the least square fitting of hardness
within the depth of 100 < h < 500 nm where the plastic zone of the
indent had not extended beyond the damage layer into the unirradiated
bulk [34,35]. The values of H, were the real hardness of the materials
weakening the indentation size effects and are considered as the mac-
roscopic hardness [36,37]. The values of H, for the Fe-Au and Fe-Cu
alloy samples were summarized in Table. 2 and the evolution of the
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Table 2
Hardness (H,) of Fe-Au and Fe-Cu alloy samples at different irradiation levels.
Irradiation dose (dpa) Fe-Au Fe-Cu
Hp AHp Hp AHp
0 2.15 0 1.94 0
2.8 3.14 0.99 2.32 0.38
8.3 2.96 0.81 2.66 0.72
34
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Fig. 7. Comparison of the irradiation hardening of the Fe-Au and Fe-Cu.

hardness with the irradiation for both alloys was shown in Fig. 7. The
macroscopic hardness of the as-quenched Fe-Cu is 1.94 GPa, which is
close to the reported value [18]. Radiation hardening was observed for
the Fe-Cu alloy samples, due to the formation of dislocations, disloca-
tions loops and precipitates (as indicated in Figs. 2 and 3). The Cu
precipitates were reported to be inherited from {0 1 1} Fe planes [38].
The possible slip planes for the bec Fe and Fe-based alloys also include
{1 1 0} planes [39]. It implies the pining effects of the Cu precipitates
on the slipping of the dislocations. The hardening increased with the
irradiation dose. The macroscopic hardness for the as-quenched Fe-Au
alloy was higher than that of the as-quenched Fe-Cu alloy. The Fe-Au
alloy hardened dramatically after a dose of 2.8 dpa, which was attrib-
uted to the enhanced strain hardening due to the irradiation-induced
dislocations and Au-rich clusters and precipitates. In contrast to the Fe-
Cu alloy, the hardening behaviour for the Fe-Au alloy was slightly in-
hibited as the dose was increased from 2.8 to 8.3 dpa. It may arise from
the recovery and migration of irradiation-induced defects [17], as
supported by the VEPAS results (in Fig. 4). Moreover, the interaction of
solute Au atoms with dislocations is expected to increase with the high
irradiation time, resulting in a reduction of the strain fields of dis-
locations and substitutionally dissolved Au atoms, i.e. to a lowering of
the degree of strain hardening.

4. Conclusions

Fe-1at.%Au and Fe-1at.%Cu alloys are irradiated with Fe self-ions at
550 °C to simulate the service condition in a nuclear reactor and to
investigate the correlation between radiation damage and Au/Cu pre-
cipitation. For the irradiated Fe-Au alloy, an increase in the S para-
meters upon irradiation indicates the formation of open volume defects.
The S-W plots suggest a similar positron annihilation mechanism for the
irradiated samples as for the unirradiated sample. A close interaction
between the Au precipitates and the radiation induced dislocations,
which is absent in the irradiated Fe-Cu materials, is observed in the
TEM micrographs. For the Fe-Cu alloy, the increase in the S and W
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parameters in VEPAS corresponds to the formation of radiation damage
and Cu precipitates, respectively. The irradiation-induced defects show
a significantly different behavior is two regions. Radiation hardening is
observed for both alloys. As the irradiation dose increases, the hardness
shows a negligible enhancement for the Fe-Au alloy while the hardness
continues to increase for the Fe-Cu alloy.
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