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ABSTRACT

In this work, we employ transmission electron microscopy and helium ion irradiation to study the interactions
between the radiation-induced point defects and the incoherent/semi-coherent precipitates in CuCrZr and Cu-
1Fe alloys. Both thin foil and bulk implantation were used to explore the interactions of radiation defects
with interfaces. The irradiated defects show a strong interface character dependence in both implanted CuCrZr
and Cu-1Fe alloys after similar level of radiation damage. Large-sized voids appear around the incoherent Cr
precipitates, while no visible cavities are formed around precipitates in Cu-1Fe alloy. Interestingly, three types of
semi-coherent Fe precipitates exhibit various irradiation damage mitigation mechanisms, such as twin bound-
aries migration, short range elements redistribution and precipitate abnormal growth, which are caused by ra-
diation defect-mediated dislocation glide, element diffusion and mass transportation. The high sink efficiency of
the incoherent precipitates trap vacancies and leads to the generation of submicron-sized voids. In contrast, the
semi-coherent precipitates can regulate the motion of point defects and effectively enhance the recombination

rate of vacancies and interstitials.

1. Introduction

A large amount of high-energy particles generated by nuclear re-
actions cause severe irradiation damage to reactor structural materials,
resulting in degradation of both mechanical and physical properties of
the materials [1-4]. Irradiation by high-energy particles (including
protons, neutrons, light/heavy ions, etc.) introduces large amount of
vacancies and interstitials in materials and these point defects further
aggregate and evolve into dislocation loops, stacking fault tetrahedrals
(SFTs), bubbles and voids [1-4]. The accumulation of irradiation defects
causes hardening, embrittlement and reduction of thermal conductivity,
which accelerates the degradation of material properties [4-7]. Inter-
face engineering aims to introduction of high-density interfaces in ma-
terials as sinks for irradiation defects, which can effectively enhance
radiation tolerance of materials [8-12]. The key to reducing irradiation
damage is to increase the recombination/annihilation rate of point de-
fects [8-12]. Interfaces inside the material can capture point defects
generated by irradiation and accelerate the recombination of vacancies
with interstitials, through which the accumulation of irradiation defects
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are largely suppressed [12-14]. Materials can be strengthened by second
phase particles, which also simultaneously introduce a high density of
coherent, semi-coherent or incoherent interfaces, thus some of precipi-
tate hardened materials exhibit excellent irradiation resistance, which is
related to the orientation relationship and phase stability of the pre-
cipitates [15-17].

CuCrZr and CuFe are two common precipitation hardened alloys that
have been extensively used for heat sink materials and lead frame
structures [7,16,18]. The interfaces between precipitates and matrix in
these Cu alloys are coherent, semi-coherent or incoherent, depending on
the type of precipitates [19-27]. For Cu-Cr alloys, face-centered cubic
(FCC) Cr-rich precipitates with size around several nanometers are
coherent with FCC Cu matrix in the early stage of aging. After long time
aging, FCC Cr precipitates transform into body-centered cubic (BCC) Cr
precipitates, and they follow an orientation relationship (OR) of either
Nishiyama-Wassermann (N-W) or Kurdjumov-Sachs (K-S) with Cu
matrix [20,21,26,28]. In addition, some experiments show that these
two precipitates with semi-coherent interfaces transform to incoherent
precipitates with longer artificial aging [19,20,26]. For Cu-Fe alloy, the
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FCC Fe precipitate has an OR of cube-on-cube in the earlier stage of
aging, which is near coherent with Cu matrix. After small deformation
and subsequent artificial aging, the semi-coherent BCC Fe precipitates
form and have ORs of Pitsch or K-S with the Cu matrix [27,29,30].

According to the existing irradiation studies on coherent and inco-
herent precipitates, different irradiation defects and special distribution
characteristics are observed after radiation [31-34]. In-situ electron
irradiation experiments of FCC Fe precipitates in Cu-1.52 wt.%Fe alloy
showed that the formation of SFTs in the vicinity of the Fe particles,
which only align along the (110) direction [31]. Interstitial clusters form
preferentially in the immediate vicinity of Fe particles and cause uneven
distribution of vacancies [31]. As a consequence, SFTs are formed un-
evenly around the Fe particles [31,35]. But in electron irradiated pure
Cu, SFTs distribute along the (100) direction [35]. Preferential nucle-
ation of SFT along the (100) direction occurs directly related to the
enrichment of vacancies in the stress field of stair rod dislocations
composing the SFT. In addition to the directional distribution of defects,
the precipitates lost coherence because of phase transformation or
elemental diffusion [17,36-38]. Interfacial changes and elemental
diffusion do not only occur in irradiated Cu alloys, but also occurs in
some oxide dispersion strengthened (ODS) steels [33,34,39]. The inco-
herent interface in OSD steels absorbs vacancies, which further aggre-
gate to form cavities or mix with He ions to form He bubbles at interface
[33,34,39]. The precipitates with different ORs with matrix have
different features in influencing the defect motion and recombination
behaviors of point defects. However, there is no direct comparative
study of the interactions between irradiation defects and the precipitates
with different ORs under similar irradiation conditions.

In this study, we aim to understand the role of the coherent, semi-
coherent and incoherent precipitates of Cu alloys in the development
of radiation damage, including the evolution of the precipitates after
irradiation and the types and characteristics of irradiation defects. To
this end, CuCrZr and Cu-1Fe alloys are selected as model materials. As-
aged CuCrZr alloy contains fully incoherent Cr precipitates. As-aged Cu-
1Fe alloy have four types of Fe precipitates, for example, one type of
coherent precipitate and three kinds of semi-coherent precipitates [28,
40,41]. These samples can be easily prepared by solid solution and
artificial aging of bulk CuCrZr and Cu-1Fe alloys. Both helium (He) ions
implantation and thin foil irradiation (He ions penetrate the sample)
were used to bombard CuCrZr and Cu-1Fe samples to clarify the inter-
action of radiation defects with coherent, semi-coherent/incoherent
precipitates in a wide range of radiation damage.

2. Experimental procedures

As-aged samples with suitable size of precipitates were obtained by
solid solution and artificial aging of Cu-0.87 wt.%Cr-0.15 wt.%Zr
(CuCrZr) and Cu-1 wt.%Fe alloys (Cu-1Fe) produced by Shaanxi Sirui
New Materials. No artificial addition of other elements, the total content
of impurity elements other than the main elements is below 0.1%. The
bulk samples were sealed in quartz tube with pure Argon protection and
solutionized at 1150 °C for 48 h following water quenching. CuCrZr and
Cu-1Fe alloys were aged at 750 °C for 10 h and at 700 °C for 8 h with a
vacuum of about 2 x 1072 pa, respectively. The solution-treated Cu-1Fe
thin foil samples were cut from solutionized bulk sample for irradiation
test. The bulk samples were grounded and polished to a mirror surface.
The thin foil samples with a diameter of 3 mm were grounded to about
50 pm in thickness and then electrolytic polished using a solution of one
part nitric acid and three parts methanol at —30 °C using a voltage of 30
V.

Irradiation was performed on these two types of samples using He
ions with the energy of 200 keV at 400 °C by using a NEC Implanter to an
ion fluence of 1 x 107 jons/cm? with a flux rate of 1.52 x 10'2 jons/
cm?/s. He beam was tuned 7° off compared to the normal of samples to
avoid channeling effect. The radiation damage (in units of displacement
per atom, dpa) and the He concentration as a function of depth from the
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top surface can be estimated using the Stopping and Range of Ions in
Solids (SRIM) [42] with threshold displacement energy of 29 eV for Cu,
44 eV for Fe, 60 eV for Cr and 40 eV for Zr [43]. Fig. 1 shows the
variation of dpa (black line) and the He concentration (red line) with
depth from the sample surface in thin foil and bulk Cu-1Fe, as illustrated
in Fig. 1(a) and (b). Irradiation damage and He concentration of CuCrCr
alloy are similar to that of Cu-1Fe alloy.

Precipitate structures and radiation defects of samples before and
after radiation were characterized using a JEOL 2100F (200 kV) trans-
mission electron microscope (TEM). In order to study the radiation de-
fects as a function of depth, thin foils were cut at different position in
bulk implanted sample using a focused ion beam (FIB, Helios 600), as
illustrated in Fig. 1(b). The TEM sample of selected depth D means that it
spans from D-50 to D + 50 nm. The ion beam current was reduced to 46
pA for the final polishing to minimize possible FIB-induced surface
damage. Two-beam diffraction contrast and defocus imaging were used
to study the radiation defects. All cavities were observed with a defocus
of —2 pm.

The diameter of different Fe precipitates in Cu-1Fe is measured in the
bright-field or dark-field imaging with zone axis of [011]¢,, respec-
tively. The number density of Fe precipitates were counted based on
around 100 the bright-field or dark-field images with zone axis of
[011]¢y. Precipitates with cube-on-cube OR are counted using bright-
field images. Precipitates with ORs of Pitsch, N-W and K-S are counted
on dark-field images. The thicknesses of TEM samples are about 100 nm.
The diameter and number densities of the precipitates in different
samples were all measured and compared before and after irradiation.

3. Results
3.1. Initial microstructures and irradiation defects in thin foil CuCrZr

During the aging, since the content of Cr in CuCrZr exceeds the
equilibrium concentration, the Cr precipitates nucleate and grow up.
Fig. 2(a) and (b) show the bright-field TEM images and the selected area
diffraction pattern (SADP) of the as-aged CuCrZr before and after irra-
diation, viewed with zone axis of [111]¢, and [011]¢y. Unlike the re-
ported coherent or semi-coherent Cr precipitates [21,23,25], the
diffraction spots of Cu matrix and the Cr precipitates do not show a fixed
OR, which means the Cr precipitates are fully incoherence with Cu
matrix. The Cr precipitates display various shapes, as shown in Fig. 2(a).
With extensive analysis of the as-aged CuCrZr samples, no CuZry4 or
CuZrs phases [44,45] are observed and only the pure Cr precipitates [19,
26].

Fig. 2(b) to (f) display the defect structures in CuCrZr after thin foil
irradiation. According to SRIM simulations, the average radiation
damage of CuCrZr thin foil is about 1.2 dpa and the He concentration is
zero. Large voids (vacancies cluster) with size of 100 nm are attached to
the Cr precipitates, as marked in Fig. 2(b). Randomly distributed SFTs
can be seen in Cu matrix, while no cavities and interstitial clusters are
observed in Fig. 2(c). Fig. 2(d) shows a large void attached to a micron-
sized Cr precipitates. Fig. 2(e) and (f) highlight the irradiation defects in
both Cu and Cr precipitate. There is no SFT in the Cu matrix around the
Cr precipitate. The micron-scale void almost separates the Cr precipitate
from the Cu matrix, which is a result of accumulation of a large number
of vacancies at Cu-Cr interface. Meanwhile, a large number of interstitial
dislocation loops are observed in the Cr precipitate in Fig. 2(f).

3.2. Depth-dependent radiation defects in bulk implanted CuCrZr

To analyze the influence of incoherent precipitates on the evolution
of radiation defects in bulk CuCrZr, thin foils were cut at different
relative depths from the sample surface. Specifically, we selected nine
thin foils with a depth between 0 and 5000 nm from the surface and
divided them into two categories: the He implanted region and the point
defect diffusion zone (beyond the limit of He ion transmission). The
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Fig. 1. Schematic of He implantation in thin foils and bulk samples using a He ion energy of 200 keV to a fluence of 1 x 10'7 ions/cm? at 400 °C. He ion beam was
tuned to implant near perpendicular (7°-off) to the surface of thin foils and the top surface of bulk samples. (a) He concentration (black line) and damage distribution
(red line) in irradiated thin foil. (b) He concentration (black line) and damage distribution (red line) in irradiated bulk sample. The slices represent TEM samples that
were cut at certain radiation depths D that means the sample is cut from a depth of D-50 to D + 50 nm.
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Fig. 2. Microstructures in the as-aged and irradiated CuCrZr alloy. (a) Bright-field TEM images and SADPs of BCC Cr precipitate in as-aged CuCrZr. (b) and (c) TEM
images taken near [110] beam direction. Irradiation-induced voids (circled by the yellow dash line) are attached to the Cr precipitates (circled by the red dash line).
Some SFTs randomly distribute in Cu matrix. (d) Typical TEM image near a micron-sized Cr precipitate. (e) and (d) are enlarged images corresponding to the white

rectangles in (d).

range of radiation damage in the He implanted region varies with depth
from O to 7.4 dpa and the He concentration continues to increase from
0 to 4.3 at.%. Since the He concentration is not zero, the observed
cavities are He bubbles. The number densities and diameter distribu-
tions of He bubbles, cavities and dislocation loops are shown in Fig. S1.

Fig. 3(a) and (d) show the distribution of defects in He implanted
region. At D = 200 nm and 400 nm, only He bubbles are visible and no

SFTs or dislocation loops are observed. The sizes of He bubbles are 3.3

£ 0.7 nm and 5.0 £+ 1.6 nm, respectively. More He bubbles are distrib-
uted around the Cr precipitate (Fig. 3(c)). At D = 600 nm and 800 nm,
the density and size of He bubbles increase. With increasing irradiation
damage and He concentration, He bubbles are always preferred to attach
to the Cr precipitates. Fig. 3(d) shows the radiation defects in the bulk
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Fig. 3. Radiation defects in bulk CuCrZr after He implantation at depths of (a) D = 200 nm, (b) D = 400 nm, (c) D = 600 nm, (d) D = 800 nm, (e) D = 1000 nm, (f) D
= 1500 nm, (g) D = 2000 nm, (h) D = 3500 nm and (i) D = 5000 nm. All images were taken with under focus of 2 pm.

CuCrZr alloy at D = 800 nm. The irradiation damage and He concen-
tration are 7.3 dpa and 3.8 at.%. A high density of He bubbles overlaps
each other in the Cu matrix and at the Cr precipitate. He bubbles in the
Cr precipitates have an average size of 2.1 + 0.4 nm, much smaller than
the He bubbles (11.3 + 1.6 nm) in Cu matrix, as shown in Fig. S2.
Because of higher surface energy (ycr=2.20 J/m? for Cr, ycu=1.77 J/m?
for Cu) and high migration energy (E7.= 0.95 eV for Cr vacancy, E(, =
0.72 eV for Cu vacancy) of vacancies in Cr than that in Cu [46-50], the
spherical He bubbles are expected to be smaller in Cr than in Cu. A large
number of He bubbles still accumulate around Cr precipitate, but the
size of the He bubbles increases significantly.

According to the SRIM simulation, He ions implant to a maximum
depth of 1000 nm. The radiation damage and He concentration in the
region beyond 1000 nm should be zero. However, some irradiation-
induced point defects could migrate into deeper region. We also per-
formed characterizations in the region at a depth from D = 1000 to 5000
nm. The migration of Cu vacancies (E7,= 0.72 eV) is more difficult than
interstitials (Eft,= 0.084 eV) [49,51], therefore we observed the sepa-
rated vacancy migration region and interstitials migration region. Fig. 3
(e) and (f) show the distribution of defects in the vacancy migration
region at D = 1000 nm and 1500 nm. Similar with the region of low
irradiation damage and He concentration, cavities (likely containing He

but cannot be confirmed) attached to the Cr precipitate as well. The sizes
of cavities are 8.6 + 2 nm and 3.1 &+ 0.7 nm at D = 1000 nm and 1500
nm, respectively. The density and size of cavities decrease dramatically
with increasing depth, as shown in Fig. S1. Fig. 3(g) and (h) display the
radiation defects in the interstitials migration region at D = 2000 nm
and 3500 nm. The black dots are interstitial clusters, and the number
density of dots smaller at D = 3500 nm than that at 2000 nm. No radi-
ation defects are observed at D = 5000 nm, as shown in Fig. 3(i).

3.3. Initial microstructures and irradiation defects in Cu-1Fe

Fig. 4 show the solution-treated Cu-1Fe sample before and after He
irradiation. There are no obvious precipitates in solution-treated Cu-1Fe
(Fig. 4(a)). Abundant FCC Fe precipitates with an average size of 10 nm
are uniformly embedded in Cu matrix after irradiation (Fig. 4(b)). Fig. 4
(c) shows a lath-like precipitate with K-S OR after irradiation. The facet
plane of precipitate is approximately (533)c,. This observation indicates
that irradiation accelerates the precipitate abnormal growth.

Fig. 5(a) to (d) displays the four typical Fe precipitates formed in Cu-
1Fe after artificial aging. Fig. 5(a) shows a coherent FCC Fe precipitate
([100]¢u//[100]pe, [110]cu//[110]ge, (111)¢u//(111)pc) embeds in the
Cu matrix [40]. The bean contrast of the spherical precipitate is a
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Fig. 4. Microstructures of solution-treated Cu-1Fe alloy (a) and after thin foil irradiation (b) and (c). (b) Precipitates with bean contrast distribute evenly in Cu. (c)

Lath-like Fe precipitate with K-S OR forming with facet plane of near (533)cy.
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Fig. 5. Microstructures of the as-aged Cu-1Fe alloy before (a to d) and after He irradiation on thin foil (e to h). (a) to (h) are the bright-field TEM images and SADPs of
four kinds of Fe precipitate in the as-aged and irradiated thin foil Cu-1Fe alloy. (e) to (h) show the distribution of SFTs and variation of precipitates in thin foils after
He irradiation. (f) Twins disappeared in the precipitates with Pitsch OR after irradiation. (g) Halo is formed around some precipitates with N-W OR. (h) Precipitates

with K-S OR are remained stable, but some of them grow up with facet planes.

common feature of coherent precipitates in Cu alloy [36,37]. Fig. 5(b)
shows a BCC Fe precipitate with Pitsch OR ([011]¢y//[111]pe,
(200)cy//(101)ge, (022)cy//(121)ge) viewed along [001]c, [28,41]. BCC
twins are formed in the precipitates with Pitch OR. Figs. 5(c) and (d)
shows the spherical Fe precipitates with N-W OR ([011]¢,//[001]ge,
(111)e//(110)ge, (422)cu//(110)ge) and K-S OR ([011]cy//[111]Fe,
(111)¢y//(101)ge, (422)cy//(121)5e) [28,41], respectively. We obtained
the four kinds of spherical precipitates after one-time artificial aging.
The diameters of the four precipitates are approximately similar, around
30 nm. The high resolution TEM images of the four precipitates in the
as-aged Cu-1Fe are shown in Fig. S3.

Figs. 5(e) to (h) show the defects structure and precipitates after thin
foil irradiation. The FCC Fe precipitate still maintains the coherent
feature (Fig. 5(e)). SFTs with an average size of about 3 nm are uni-
formly distributed in the Cu matrix and no cavities are observed in these

defocused images. The bright-field, dark-field and high magnification
TEM images of SFTs near the Fe precipitates are shown in Fig. S4. These
observations confirm the triangle-shape irradiation defects are SFTs.
Twins are disappeared in the two precipitates with Pitsch OR after
irradiation (Fig. 5(f)) and their diameter is larger than the as-aged
precipitates (Figs. 4(b)). As shown in the Fig. S5, the twin structures
remain stable after long period annealing, hence the detwinning is
caused by ion irradiation.

Fig. 5(g) displays a precipitate with a halo feature. The Cu/Fe
interface is blurred and the diffraction spot of the precipitate cannot be
obtained, which means that the original OR has been completely
destroyed with short range Fe elements redistribution. Fig. 6(a) and (b)
display the energy spectrum analysis of the halo region, which is caused
by the diffusion of Fe solutes from precipitates during irradiation. Fig. 5
(h) shows the two circled precipitates with K-S OR. One of the faceted
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Fig. 6. Microstructure of precipitates in Cu-1Fe after thin foils He irradiation. (a) STEM image showing the precipitates with halo. (b) EDS mapping of precipitate in
(a). (c) and (e) are precipitates with N-W OR and K-S OR. (d) is the sketch of the precipitate in (c) with its [011]¢,/[001]g. diffraction pattern superimposed. (f) is the

sketch of the precipitate in (e) with its [011]¢,/[111]g. diffraction pattern.

precipitates has a diameter of 50 nm, while the other one remains
spherical, similar to the diameter before irradiation. There is no SFT
around precipitates with K-S OR.

In addition to the observation above, there are also a small number of
cases where precipitate abnormal growth occurs in the precipitates.
Fig. 6(c) shows the precipitate with N-W OR with a broad bean contrast.
According to the comparison of the bright and dark field images, the
faceted plane of the precipitate is {011}g. Fig. 6(e) shows the lath-like
precipitate with K-S OR, and the faceted plane F; and F; are (533)c, and
(111)¢y. Similarly, the facets of Cr precipitates in CuCr alloy are {533}cy
and {111}¢, [23,25,52]. The faceted plane F; of the precipitate is highly
similar to one of the abnormal growth precipitate in solution-treated
samples, which may be an intrinsic feature of the BCC Fe precipitate.

The number density and diameter distributions of the four types of
precipitates in the as-aged and after thin foil irradiation are shown in
Fig. 7. In as-aged sample, the diameters of the four precipitates are
similar, all around 30 nm, while the density of the FCC Fe precipitate is
the highest and the densities of the three BCC Fe precipitates are similar.
The special density distribution means that the spherical FCC Fe pre-
cipitate forms first during artificial aging, and then gradually transforms
into BCC Fe precipitate with three different ORs. In irradiated thin foil
sample, the diameter of FCC Fe has no change but the number density
has little increase compared with the as-aged samples. The number
density of the precipitates with Pitsch OR keeps unchanged as well, but
the size increases. The yellow arrow in Fig. 7 points the number density
of the abnormal growth precipitate with N-W OR. No spherical N-W
precipitates were found, and a large number of precipitates with halo
were observed. By comparing the number density of precipitates of N-W
OR before and after irradiation, it can be determined that precipitates

with halo are the typical character of precipitates with N-W OR after
irradiation. After irradiation, not only the shape but also the diameter
has obvious change for these coherent and semi-coherent Fe pre-
cipitates. A large portion of the precipitate with K-S OR are spherical or
nearly spherical with a continuous size distribution of about 50 nm, and
a small portion of the lath-like precipitates have a long axis of about 100
nm. Therefore, the diameter variation of the precipitate with K-S OR is
larger than that of other precipitates, as indicated in Fig. 7.

3.4. Radiation defects in bulk implanted Cu-1Fe

To analyze the effect of depth-dependent irradiation defects in Cu-
1Fe and their interaction with Fe precipitates, thin foils were cut at
depths from D = 0 to D = 2000 nm relative to the sample surface. Similar
to the CuCrZr bulk samples, we divided them into two regions: the He-
implanted region and the point defect diffusion region (beyond the
maximum He-implanted depth). The radiation damage in the He
implanted region ranges from 0 to 7.1 dpa, and the He concentration
increased continuously from O to 4.1 at.%.

Fig. 8 shows the accumulation of He bubbles around the three kinds
of Fe precipitates in the He-implanted region. The size of the He bubbles
increases with depth. At D = 600 nm, the peak irradiation damage (7.1
dpa) and He concentration (3.7 at.%), the semi-coherent interfaces and
the twins are survived. The diameter and density of He bubbles increase
with depth in this region. The radiation damage and He concentration in
the region beyond 1000 nm should be zero, hence the deeper regions are
He free. Fig. 9 shows the radiation defects at D = 1500 nm and 2000 nm
for the bulk implanted Cu-1Fe. The observation of cavities (likely con-
taining He but cannot be confirmed) at D = 1500 nm indicates that the
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Fig. 7. The number density and diameter distributions of the four types of precipitates in the as-aged sample, after thin foil irradiation and bulk implantation.
Precipitates with cube on cube OR in bulk implanted sample are not counted due to their poor contrast.

radiation-induced vacancies and interstitials are mobile and spread
beyond the limits of the He implanted region, forming cavities (2.7 +
0.6 nm) and interstitial clusters attached to the Fe precipitates. No ra-
diation defects are detected at D = 2000 nm (Fig. 9(f)). Unlike the thin
foil irradiation, the Fe precipitates in bulk implanted sample almost
maintain the same diameter and number density as the as-aged samples,
as shown in Fig. 7. Due to severe interference between irradiation de-
fects and the FCC Fe precipitates, we did not capture these precipitates
in the bulk implanted Cu-1Fe.

4. Discussion
4.1. Interaction between Cr precipitates and irradiation defects

The precipitate-matrix interfaces are sinks, which have a strong bias
on the segregation of point defects in irradiation [8,9,13,14]. As shown
in Fig. 10(a), large-size voids are distributed near Cr precipitates. Only a
small amount of 4 nm SFTs are formed in Cu, and no cavities are
observed. The incoherent interface acts as strong sink of point defects
and attracts a large number of vacancies to accumulate near the inter-
face, thus forming micron-scale void. The incoherent interface between
Cr precipitate and Cu is completely separated, while there are only some
tiny dislocation loops in Cr precipitate.

According to SRIM simulations, the irradiation damage is similar for
thin foil irradiation (1.2 dpa) and the sample at D = 200 nm (1.5 dpa) in
bulk implantation, but there is no He in thin foil irradiated sample.

Therefore, void forms in the He-irradiated thin foil sample, but He
bubbles form in the bulk implanted sample. During thin foil irradiation,
the top and bottom free surfaces have a marked effect on the migration
of point defects, which could attract the mobile interstitials from the
center to free surfaces. Hence precipitate-vacancies interactions domi-
nate in thin foil irradiation. In contrast, in bulk irradiated sample, except
at the D<100 nm region, the surface sink effect is negligible. The pre-
cipitates are largely interacting with both interstitials and vacancies.
This difference causes the formation of different defect structures in two
types of irradiation. As shown in Figs. 2 and 3, SFTs and large-size voids
at precipitate are produced in the thin foil irradiation, while there are no
SFTs in the bulk implanted sample, and only He bubbles form.

Due to the strong surface sink effect in the thin foil irradiation, the Cu
interstitials (E7},=0.084 eV) easily migrate to the sample free surface,
while the vacancies (E(;,=0.72 eV) are largely trapped in the thin foil
and cluster into SFTs or voids [49,51]. Since Cu point defects are more
mobile than the point defects in Cr, Cu vacancies move to the Cu-Cr
interface and aggregate into voids, as shown in Figs. 10(a) and 12(a).
Nano-scale void continues to grow and finally separate the incoherent
interface. A fraction of vacancies are remained in the Cu matrix and
aggregate into SFTs. Since the concentration of vacancies is much higher
than the interstitials, large interfacial Cu voids are produced around Cr
precipitate in Fig. 10(a).

Fig. 10(b) shows the distribution of various irradiation defects in
bulk implanted CuCrZr. At D = 200 nm, the vacancies gather around the
incoherent interface and bind with He atoms to form He bubbles. With
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Fig. 8. Radiation defects in Cu-1Fe alloy after bulk He implantation at depths of D = 400 nm, D = 600 nm and D = 800 nm. The images showing the interaction of Fe

precipitates with He bubbles. All images were taken with under focus of 2 pm.

the increase of depth, the size and number density of He bubbles in-
crease significantly, and the segregation of He bubbles near Cr pre-
cipitates remain unchanged. For the region beyond the He implanted
range (zero irradiation damage and He concentration), faceted cavities
are also observed around the Cr precipitates. This means vacancies can
diffuse beyond the He implanted region. Small black dotted clusters are
also observed in region with D>1000 nm due to the faster migration of
interstitials during irradiation. In this case, interstitial loops are
observed around the precipitates and in the Cu matrix.

The above analysis demonstrates that the significant influence of free
surface and incoherent precipitates on the dynamic evolution of radia-
tion defects and their clustering behaviors. There are no detectable
elemental diffusion around Cr precipitate in CuCrZr after irradiations,
which is due to the positive heat of mixing between Cu and Cr (18.3 kJ/
mol) [53].

4.2. Interaction between Fe precipitates with irradiation defects

Unlike the incoherent Cr precipitates, the coherent and semi-
coherent Fe precipitates exhibit completely different interacting be-
haviors with irradiation defects. Fe precipitates in bulk implanted
sample have little changes. The diameter, number density and

characteristics of precipitates are almost the same as those of as-aged
samples. However, under thin foil irradiation, they have obvious
changes because of the interaction between the high density vacancies
and precipitates. Fig. 11 summarizes the variation of precipitates and
the typical radiation defects formed in irradiated Cu-1Fe.

The FCC Fe precipitate in Cu-1Fe still maintains a bean-like contrast
with no significant change in diameter after irradiation. Due to low sink
efficiency of interfaces associated with coherent precipitates, the inter-
action between precipitates and vacancies is weak. The lattice constant
(ape = 0.364 nm [54]) of FCC Fe is slightly larger than FCC Cu (acy =
0.361 nm [55]), which produces a weak tensile stress field around the
FCC Fe precipitates, however, irradiation induced interstitials are more
likely attracted by the sample free surface, as illustrated in Fig. 12(b).
After irradiation, the density of FCC Fe precipitate increases slightly
compared to that before irradiation (Fig. 7), which means additional
FCC Fe precipitates form during irradiation. In addition, no voids were
observed in thin foil irradiated Cu-1Fe, which is different from the
irradiation response of pure Cu or Cu/Ag nanocomposites [13,56]. Fe
interstitials tend to combine with Cu vacancies, thus reducing the pos-
sibility of void formation [57].

The semi-coherent precipitate has distinct impact on the evolution of
irradiation defects. The precipitates with Pitsch OR are unstable during
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Fig. 9. Radiation defects in Cu-1Fe alloy after bulk He implantation at depths of D = 1500 nm and D = 2000 nm. All images were taken with under focus of 2 pm.
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Fig. 10. Schematic of the radiation-induced defects distribution in the irradi-
ated CuCrZr alloy (a) thin foils irradiation and (b) bulk implantation.

thin foil irradiation, for example, twin structures are disappeared, and
the precipitates show abnormal growth, as illustrated in Fig. 12(b).
Similar twin boundaries (TBs) migrations were also observed in

irradiated Cu and Ag [58,59]. Irradiation-induced vacancies tend to
cluster at TBs and produce twin dislocation loops, which trigger TBs
migration [60]. The disappearance of TBs in irradiated Fe precipitates
indicates the migration of BCC TBs owing to the interaction between
irradiation-induced vacancies with twins in Fe precipitates under thin
foil irradiation. The abnormal precipitate growth is caused by the
attraction of Fe interstitials at interface. Under thin foil irradiation, a
large amount of Cu interstitials migrate to free surface, while vacancies
are enriched around the precipitates. In this case, the knock-out Fe in-
terstitials likely diffuse to the high vacancy concentration region around
the precipitate and induce abnormal growth. In bulk implanted sample,
the weak surface effect results in a similar number of interstitials and
vacancies, and they are easily recombined, thus the concentration of
vacancies is much lower than that in the thin foil irradiation. Therefore,
the vacancies does not interact strongly with precipitates in this case.

Fe precipitates with N-W OR are also unstable under irradiation [28].
Obvious halos appear around the precipitates, and the number density of
the precipitates decreases sharply. As shown in Fig. 5(b), the Fe element
in halo shows a gradual distribution, which indicates a short range el-
ements redistribution around Fe precipitates. The vacancy formation
energy (Ef:u: 1.23-1.33 eV, E’;e: 1.4-1.85 eV) and migration energy
(Eg,= 0.72 eV, Ef,= 0.55-0.77 eV) of Cu and Fe are similar, so a large
amount of Cu interstitial migrates to the free surface, and the high
concentration of Cu vacancies combine with Fe interstitials in thin foil
sample [49,61]. The combination of Fe interstitial and Cu vacancy
captured by the interface leads to the formation of halo and causes
precipitate abnormal growth, as illustrated in Fig. 12(d).

According to Fig. 7, in irradiated thin foil, the variation of the
diameter of precipitates with K-S OR is larger than that of other pre-
cipitates, and its diameter has a continuous distribution, which means
that the precipitates absorb unequal amounts of Fe atoms, as illustrated
in Fig. 12(e). The sources of Fe interstitials may have two types: Fe atoms
that are not completely precipitated, and Fe atoms are knocked-out from
some of the precipitates during irradiation, especially the Fe precipitates
with N-W ORs. These free Fe interstitials could be captured by the
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precipitate with K-S OR, and cause precipitate abnormal growth.
Although K-S and N-W OR only have a small difference of 5.6° in
interface misorientation, but it has a strong effect on stability of point
defects in the Fe precipitates [28]. This is related to the different
interface structures in Fe precipitates with K-S or N-W ORs. The K-S
interface has two sets of interface dislocations and parallel interface
defect arrays, while the N-W interface has seven sets of interface dislo-
cations and triangular interface defect arrays [62,63], the latter is less
stable under irradiation.

4.3. Stability of precipitates under irradiation

Among the three types of interfaces, the sink efficiency of the
coherent precipitates is the weakest, due to the low mismatch. Under the
same irradiation conditions, compared with the semi-coherent Fe pre-
cipitates, the Cr precipitates accumulate more serious radiation damage
at the incoherent interface-formation of large-sized voids. This is similar
to the accumulation of He bubbles at incoherent interfaces in ODS steel
after irradiation [33]. This means that the strong sink effect on the point
defects may be the intrinsic feature of the incoherent precipitates.
However, the semi-coherent Fe precipitates regulate the movement and
evolution of point defects in the way of TBs migration, element diffusion
and mass transportation, while no large-sized cavity formation under
thin foil irradiation. The different interactions behaviors of irradiation
defects with precipitates indicate that the semi-coherent precipitates are
less likely to accumulate high amount of irradiation defects and have
excellent irradiation tolerance. These findings demonstrate that, only
increase the number density of precipitates is not enough, one need to
consider the character of precipitates in future radiation-resistant ma-
terials design. In particular, choosing proper interfaces, for example,
abundant semi-coherent interfaces are radiation resistance.

5. Conclusions

In this work, we systematically investigated the interaction between
irradiation-induced point defects with precipitates in CuCrZr and Cu-
1Fe alloys under both thin foil irradiation and He bulk implantation.
The key findings are:

(1) The distribution of voids and He bubbles near Cr precipitates
indicates that incoherent precipitates are strong sink and attract
large number of vacancies in CuCrZr.

The FCC Fe precipitate has no obvious change after irradiation,
which means that the coherent precipitate interfaces have low
sink efficiency due to small lattice mismatch in Cu-1Fe.
Different types of semi-coherent Fe precipitates exhibit irradia-
tion damage in the form of TBs migration, elemental diffusion
and abnormal precipitate growth under thin foil irradiation in
Cu-1Fe.

The coherent, semi-coherent and incoherent Fe precipitates show
different sink efficiency, and the semi-coherent BCC Fe pre-
cipitates could effectively coordinate the movement and recom-
bination of point defects, thus have a better radiation tolerance in
the five types of precipitates in Cu alloy.
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