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Face-centered cubic (FCC) metals are in general vulnerable to high-energy ion irradiation. Twin
boundaries have been shown to improve the irradiation tolerance of FCC metals. However, nanotwins in
monolithic metals are unstable during irradiation. In this study, we show that Fe solute can drastically
improve irradiation stability of twin boundaries in Ag. By adding merely 1 at.% of Fe solute atoms into Ag
matrix, ultra-high-density twins with an average twin thickness of ~3 nm form in Ag. In situ Kr ion

irradiation studies show that defect size and density in AgggFe; have been significantly reduced
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comparing with monolithic coarse-grained Ag and nanotwinned Ag. Furthermore, these extremely fine
twins survived heavy ion irradiations. Density function theory calculations suggest that Fe solutes sta-
bilize nanotwins by pinning twin boundaries. The mechanisms of enhanced radiation tolerance enabled
by solute-twin boundary networks are discussed.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Irradiation of metallic materials by energetic particles, such as
neutrons and heavy ions, introduces a large population of point
defects and larger defect clusters, such as dislocation networks,
stacking fault tetrahedrons (SFTs) and voids. Such significant
microstructure damage can degrade mechanical properties [1-5]
and thermal and electrical conductivity [1,2], and lead to dimen-
sional changes, such as swelling [1,3—8]. The irradiation tolerance
of a material can be enhanced through introducing defect sinks,
such as grain boundaries (GBs) [9—14], twin boundaries (TBs)
[15—19], free surfaces [20—24,95], and phase boundaries [25—29],
which facilitate the recombination of irradiation-induced defects
and defect clusters.

GBs are defect sinks to absorb and eliminate irradiation-induced
defects [11,13,30—32]. Prior studies show the grain-size effect on
the alleviation of irradiation-induced defects in neutron-irradiated
alloys [2,33,34]. Sun et al. showed, via in situ Kr ion irradiation, that
high angle GBs in nanocrystalline Ni can capture interstitial loops
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and dislocation segments [35]. Molecular dynamics simulations
showed that GBs can also emit interstitials into the grain interior to
annihilate irradiation-induced vacancies [31]. Furthermore, there
are increasing experimental evidence showing that nanocrystalline
metals contain lower helium bubble density than their coarse-
grained counterparts irradiated to the same doses [11,36].
Coherent twin boundaries (CTBs) are a special type of GBs
without apparent free volume and are normally considered to be
ineffective defect sinks [12,37]. Han et al. showed that the width of
He bubble denuded zones in non-z3 GBs is much greater than that
in £3 CTBs, indicating CTBs have low efficiency in eliminating de-
fects [12]. However, several recent studies have shown that CTBs
can remove irradiation-induced defects, such as SFTs in face-
centered cubic (FCC) metals, and interstitial clusters
[15,17,18,38,39]. Recent studies have also shown that the in-
teractions of CTBs with defects induce steps and stacking faults
[40—42]. These steps provide fast-diffusion channels to promote
point defect migration and annihilation mainly due to the
confinement of migration from 3D to 1D along dislocations. Similar
to grain boundary affected zones (or grain boundary denuded
zones), where dislocation loops or He bubbles exhibit significantly
lower concentration near GBs [12,43—45], twin boundary affected
zones have been observed in nanotwinned (NT) Ag, as evidenced by
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twin-thickness dependent accumulation of irradiation-induced
defects [17,46].

Although TBs can improve radiation resistance of metallic ma-
terials, radiation-induced detwinning occurs during radiation of
monolithic metals. For instance in situ Kr ion radiation has shown
the migration of TBs in NT Cu [39,47] and NT Ag [48], and the
migration velocity of TBs depends on twin thickness [39,47]. To
enhance the radiation resistance of metallic materials via twin
boundaries, it is necessary to improve the radiation stability of TBs.

Numerous studies have shown that a small amount of solute
atoms can significantly amend irradiation-induced microstructures
in metallic materials [49—53]. For instance, it has been shown that
neutron irradiation-induced interstitials in Al can be trapped by Co
substitutional atoms [54]. Detrapping occurs when vacancies
become mobile and migrate to the trapped interstitials. Solute
atoms may also decrease the diffusion rate of interstitial clusters,
and therefore, increase the recombination rate of those clusters
with freely migrating vacancies [55]. The influence of solute atoms
on irradiation stability of NT metals, however, has not been inves-
tigated to date.

The usage of defect sink networks may improve radiation
tolerance of metallic materials [56]. For instance, FCC metals such
as Ag and Cu are vulnerable to irradiation [38,57—63]. Introduction
of high-density defect sink networks, such as TBs and nanopores,
has been demonstrated to enhance the irradiation tolerance of
nanostructured Ag and Cu [15,17,18,42]. Here we show that solute-
TB networks can enable outstanding radiation resistance of FCC
metals. Based on a series of in situ studies, we discovered that the
addition of a small amount of Fe solutes, merely 1 at.%, in Ag can
lead to the formation of ultra-high-density twins (~3 nm-thick)
with significantly improved irradiation stability. Both the size and
density of irradiation-induced defect clusters in Ag-1 at.%Fe solid
solution alloys (referred to as AgggFe; hereafter) have been signif-
icantly reduced comparing with monolithic coarse-grained Ag and
nanotwinned Ag. Density function theory (DFT) calculations sug-
gest that substitutional Fe solutes stabilize nanotwins by pinning
incoherent twin boundaries (ITBs) and effectively promote the
point defect recombination. The outstanding stability of solute-TB
networks has important implication for the design of NT alloys
for extreme radiation environment.

2. Experimental

Ag and AgggFe; (in atomic percent) thin films with thickness of
1 um were deposited onto HF etched Si (111) substrates and SiO,
substrate via DC magnetron sputtering at room temperature. The
targets are pure Ag (99.99%) and Fe (99.95%). A base pressure of
~5 x 1078 torr was achieved before deposition, and the Ar pressure
during deposition was ~2 mtorr.

In situ irradiation experiment was performed at room temper-
ature at the IVEM-TANDEM facility at Argonne National Laboratory.
1MeV Kr'" ion beam was used for radiation experiments. The
Stopping and Range of Ions in Matter (SRIM) (Kinchin-Pease
method) simulation was used to estimate the displacement damage
profile (in the unit of displacements-per-atom (dpa)) and Kr ion
distribution. Most Kr ions (99.99%) penetrated directly through the
TEM specimens and the residual Kr ion concentration in the TEM
thin foil is ~0.01 at.%. A maximum fluence of 3 x 10" ions cm~2
corresponding to ~ 1.5 dpa was applied at a dose rate of 2.5 x 10>
dpa/s. More details can be found in Ref. [17]. During in situ Kr ion
irradiation, the temperature rise of specimens was less than 10 °C.

X-ray diffraction (XRD) experiments were performed on a
PANalytical Empyrean system (Cu Ko radiation) at room tempera-
ture. Both cross-sectional and plan-view transmission electron
microscopy (TEM) specimens were prepared by grinding, polishing

and ion milling by a Gatan PIPS II system. CG Ag samples were
obtained from small pieces of Ag target using the same TEM
specimen preparation method. All TEM specimens were examined
by using a Thermo Fischer Scientific/FEI Talos 200x microscope
with Super-X EDS detectors before and after irradiation.

DFT spin polarized calculations were performed by Vienna ab-
initio simulation package (VASP) with projector augmented wave
(PAW) method [64]. Geometry optimization and energy calcula-
tions were carried out with generalized gradient approximation
(GGA) approach. During this process, Perdew-Burke-Ernzerhof
(PBE) exchange-correlation density function was employed
[65,66]. The pseudopotential used in the calculations was gener-
ated with electron configuration 4d'°5s! and 3d4s' for Ag and Fe
respectively [67]. The kinetic energy cut-off for the plane wave
basis set is 400eV. The first Brillouin zone is integrated by K points
selected using the Monkhorst—Pack scheme [68]. A3 x 3 x 3 and a
4 x 4 x 1 M-P k-point grid was used for bulk model and twined
model, respectively. The convergence criteria of self-consistent
calculations are that the change of total energy is smaller than
107> eV and the forces acting on the atoms are less than 0.05 eV/A.
For BCC Fe, the optimized lattice is 0.2828 nm and the cohesive
energy is 4.855 eV; For FCC Ag, the optimized lattice is 0.4137 nm
and the cohesive energy is 2.509 eV.

3. Results

The X-Ray diffraction (XRD) profile in Fig. 1a shows highly {111}
textured Ag and AggoFe; films grown on Si (111) substrates. In
comparison, AgggFe; on SiO, substrates shows polycrystalline na-
ture with (111) texture and a weak Ag (311) peak. The plan-view
TEM micrographs in Fig. 1c—e shows that the Ag and AgggFeq
films on Si (111) substrates have distinctive grain boundaries. The
inserted selected area diffraction (SAD) patterns examined along Ag
<111> zone axis indicate the typical single-crystal-like diffraction
patterns. However, the diffraction pattern of AgggFe; films on SiO,
substrate shows a strong (111) and weak (311) diffraction ring,
indicating the formation of polycrystalline films. Cross-section TEM
(XTEM) micrographs in Fig. 1f—h shows the formation of high-
density twin boundaries (TBs) in all films. Based on these obser-
vations, we designate NT Ag and S-NT AgggFe; for single-crystal-
like nanotwinned Ag, and AgggFe; films, and refer to poly-
crystalline AgggFe; as P-NT AggoFe; hereafter. The average
columnar grain size is 110 + 20 nm for NT Ag, 110 + 30 nm for S-NT
AggoFe;, and 110 +30nm for P-NT AggoFe;. The average twin
spacing is 13 + 7, 3 + 2 and 3 + 2 nm for NT Ag, S-NT AgggFe; and P-
NT AggoFe, respectively. TBs are parallel to the substrate surfaces in
the NT Ag and S-NT AgggFe; films, whereas misaligned TBs (with
neighboring grains) are observed in P-NT AgggFe;. The columnar
boundaries in NT Ag and S-NT AgggFe; films are primarily ITBs, and
two types of ITBs have been identified: sharp ITBs aligned along the
same line (blue arrows in Fig. 1g, and white arrows in Fig. 1f), and
diffuse ITBs (yellow arrows in Fig. 1g). P-NT AgggFe; (Fig. 1h) also
contains high-angle grain boundaries (between (111) and (311)
columnar grains) in addition to ITBs (between adjacent (111)
columnar grains).

A summary of irradiation experiments reported in this study is
shown in Fig. 1b. Four types of specimens have been studied,
including coarse-grained (CG) Ag, NT Ag, S-NT AgggFe; and P-NT
AgggoFey. All specimens have been irradiated from their plan-view
direction. NT-Ag and S-NT AgggFe; have also been irradiated from
cross-section direction. High-resolution TEM (HRTEM) images in
Fig. 2 show that the CTBs in S-NT AgggFe; are decorated with
stacking faults (SFs). The distributions of Ag and Fe in S-NT AgggFe;
and P-NT AgggFe; before and after irradiation are shown in EDS
composition maps in Suppl. Fig. 1 and Suppl. Fig. 2.
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Fig. 1. (a) XRD profile shows highly {111} textured nanotwinned (NT) Ag and S-NT AggoFe; on Si (111) substrate, and P-NT AgggFe; on SiO, substrate. (b) Summary of irradiation
experiments reported in this study. (c—e) Plan-view TEM images showing grain boundaries in the NT Ag, S-NT AgooFe; and P-NT AggoFe; films. The inserted selected area diffraction
(SAD) patterns examined along Ag <111> zone axis exhibit single-crystal-like patterns in NT Ag and S-NT AgggFe;, and (111) and a weak (311) diffraction rings in P-NT AgggoFe;. (f—h)
Cross-section TEM (XTEM) micrographs showing the formation of high-density twin boundaries (TBs) in all films. The SAD patterns indicate the formation of classical twinned
structures (The SAD pattern in (h) is taken from one of the columnar grains).
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Fig. 2. (a) High-resolution TEM images showing the microstructure of fine twins in S-NT AgggFe;. (b) The magnified view of the box in (a) shows (111) CTBs decorated with SFs.
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During irradiation, all films accumulate damages, but to a
different level. In situ video snapshots compare the microstructures
of plan-view specimens irradiated to the same dose levels. The CG
Ag film accumulated a large number of defect clusters after merely
0.025 dpa, and was significantly damaged by 0.2 dpa as evidenced
by dark contrast due to significant overlap of defect clusters
(Fig. 3a—c). In irradiated NT Ag, a moderate number of defects were
generated, and the grain boundaries are barely discernable by 0.025
dpa. By 0.2 dpa, defect density increases further, and the grain
boundaries are invisible (Fig. 3d—f). In the irradiated S-NT AgggFe1,
fewer defects were generated at 0.025 dpa compared to NT Ag, and
most of the grain boundaries are still visible (Fig. 3h). The grain
boundaries became indistinguishable at a dose of 0.2 dpa (Fig. 3i).
However, the film appears to have smaller and fewer defects
compared to NT Ag. Similar to S-NT AgggFe;, the P-NT AgggFe; film
experiences moderate damage, but some of the grain boundaries in
P-NT AggoFe; remain visible after 0.2 dpa (Fig. 3j—1). It is worth
mentioning that given the polycrystalline nature of P-NT AgggFey,
not all grains appear to contain the similar number of irradiation-
induced defects due to imaging conditions. Thus extensive post
radiation defect analysis for P-NT AgggFe; was performed by care-
fully examining grains oriented to the correct imaging conditions.

The XTEM images of NT Ag and S-NT AgggFe; before and after
irradiation to 1.5 dpa are compared in Fig. 4. Both specimens have
well defined TBs before irradiation (Figs. 4a and 4c). After irradia-
tion to 1.5 dpa, numerous TBs in NT Ag disappeared, and the
average twin spacing increased from 13 +7 to 22 + 15 nm. Addi-
tionally, most ITBs at the original columnar boundaries are no

CGAg

S

longer visible after radiation (Fig. 4b). In comparison, the TBs in
irradiated S-NT AgggFe; are much more stable (Fig. 4d). After irra-
diation to 1.5 dpa, few TBs were removed and the average twin
spacing increased slightly from 3 +2 to 5+ 3 nm. The sharp ITBs
became diffused and less distinguishable after irradiation. Also, the
CTBs were decorated with SFs.

The evolution of defect density as a function of irradiation dose
is different among four types of specimens. As shown in Fig. 5, the
defect density in CG Ag reaches saturation, ~21.5 x 10%?/m>, at
~0.05 dpa, while defect densities in NT Ag, S-NT AgggFejand P-NT
AgggFe; gradually increase until 0.2 dpa, and level off at ~10.8, 5.1
and 4.9 x 10%2/m?, respectively. Note that defect density analysis
reflects a lower bound estimation since not all defects can be
resolved during in situ TEM studies.

A summary of average grain size, twin spacing (before and after
irradiation), defect size and density in all irradiated specimens are
given in Table 1. CG Ag has the largest average defect size, ~12 nm.
NT Ag has a much smaller average defect size, ~7 nm, followed by
5nm in both types of AgggFe; specimens. In addition, the average
defect size in NT AgggFe; is comparable to their average twin
spacing.

4. Discussion
4.1. Energetics of Fe solutes in Ag

NT Ag exhibits enhanced irradiation tolerance compared to CG
Ag due to high-density TBs [15,17]. By adding merely ~1 at.% Fe

S-NT AggoFeq

P-NT AggeFe,

Fig. 3. In situ video snapshots recorded during Kr ion irradiation at room temperature compare the irradiation response among all specimens at the same dose levels. The scale bar
in (a) applies to all images. (a—c) CG Ag accumulated a large number of defects after 0.025 dpa, and was significantly damaged by 0.2 dpa. (d—f) In irradiated NT Ag, a moderate
number of defects are generated within the grains, and the columnar boundaries became blurry by 0.025 dpa. At 0.2 dpa, defect density appeared to increase further, and the
columnar boundaries became invisible. (g—i) In S-NT AggoFey, fewer defects were generated at 0.025 dpa compared to NT Ag, and most of the columnar boundaries were still clear at
this dose level. The columnar boundaries became indistinguishable at 0.2 dpa. However, the film appeared to have smaller and fewer defects compared to NT Ag. (j—1) Similar to S-
NT AgooFe;, the P-NT AgogFe; film experienced moderate damage, but some of the grain boundaries in P-NT AggoFe; remained visible after 0.2 dpa.
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Fig. 4. XTEM images of NT Ag and S-NT AggoFe; before and after irradiation to 1.5 dpa. (a—b) After irradiation to 1.5 dpa, numerous TBs disappeared, and the average twin spacing
increased from 13 + 7 to 22 + 15 nm, and most ITBs at the original columnar boundaries are no longer visible after radiation. (c—d) In comparison, the TBs in irradiated S-NT AggoFe;
are much more stable. After 1.5 dpa, few TBs were removed and the average twin spacing increased slightly from 3 +2 to 5+ 3 nm. The sharp ITBs became diffused and less
distinguishable after irradiation. Also, the edges of CTBs became blurred due to the formation of stacking faults along CTBs.
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Fig. 5. The defect density evolution as a function of irradiation dose for four types of
samples. The defect density in CG Ag reaches saturation at ~0.05 dpa, while defect
densities in NT Ag, S-NT AggoFe; and P-NT AgggFe; gradually increase until 0.2 dpa, and
then level off thereafter. The defect density in CG Ag reaches ~21.5 x 10%?/m?, and is
significantly higher than that in NT Ag, ~10.8 x 10%2/m>. S-NT and P-NT AgggFe; exhibit
lower defect density, ~5.1 and 4.9 x 10%%/m?, respectively.

solutes in Ag (referred to as AgggFeq), the irradiation resistance of
NT Ag is largely improved. TEM characterizations show significantly
improved stability of TBs against irradiation. To understand the
influence of Fe solute on twin stability, DFT was used to calculate
the formation energy of Fe solute in Ag at interstitial and substi-
tutional sites.

The simulation cell has the dimension of 3 x 3 x 3 units in the
three <100> directions, containing 108 atoms. For Fe substitutions,
the formation energy is 1.435eV for an individual substitutional
atom (as shown in Fig. 6a), 2.27 eV, 2.64 eV, 2.68 eV, and 2.72 eV for
a pair of Fe substitutions that are located at the first, second, third,
and fourth neighboring sites. The results clearly show the
decreasing formation energy of Fe substitutional atoms at a
reduced separation distance, indicating that Fe substitution atoms
are likely to segregate in Ag if they can readily diffuse in FCC Ag. The
formation energy of a tetrahedral (Fig. 6b) and octahedral (Fig. 6¢)
Fe interstitial is high, 5.307 and 4.718 eV, respectively, indicating
the diffusion of Fe atom is difficult. As a result, the homogeneously
deposited Fe atoms shall be uniformly distributed in Ag. This is
consistent with the EDS maps shown in Suppl. Fig. 1 and
Suppl. Fig. 2, which show uniformly distributed Fe before and after
irradiation. It is noted that the formation energy of Ag self-

Table 1
A summary of average grain size, twin spacing (before and after irradiation), defect size and density in irradiated specimens.
CGAg NT Ag S-NTAgFe P-NTAgFe

Grain size (nm) ~5 um 110+ 20 110+30 110+30
Twin spacing (nm) Before irradiation - 13+7 3+2 3+2
Twin spacing (nm) After irradiation - 22+15 5+3 -
Defect size (nm) 12+5 7+2 5+2 5+1
Defect density (10?2 /m?) 215+05 10.8+0.5 51+03 49+06
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Fig. 6. (a—e) Configurations of Fe impurities in Ag at interstitial and substitutional sites at different locations used for DFT simulations. (f) Creation of an intrinsic stacking fault in Ag
with and without Fe substitutional atom (via shear displacement) showing the increase of the stable stacking fault energy by 12 mJ/m?, and the increase of unstable stacking fault

energy by ~ 5 mJ/m?
by ~ 6 mJ/m? with Fe substitutional atom at the original twin boundary.

interstitials is much lower, 3.64eVat a tetrahedral site and
3.35eVat an octahedral site. Comparison of these energy levels
indicates that Fe solutes may be preferably located at a lattice site of
FCC Ag as substitutional atoms, while Ag may occupy an interstitial
site.

The formation energies of Fe solutes at =3(111) CTBs (Fig. 6d)
and =3(112) ITBs (Fig. 6e) were also calculated. The formation en-
ergy of an Fe substitutional atom in the CTB is 1.485 eV, higher than
that in bulk, indicating that CTBs are not favorable sites for Fe
atoms. At an areal density of 10 at.% Fe, the stacking fault energy of
(111) planes is 26 mJ/m?, greater than that of pure Ag, 13.51 mJ/m?
as shown in Fig. 6f. Unlike the higher formation energy of Fe solutes
in CTBs, the substitutional Fe atoms show a lower formation energy,
1.157—1.35eV, at =3(112) ITBs as shown in Fig. 6e, depending on
their respective positions at the ITB [42]. More importantly, the
formation energy of an Fe interstitial is in the range of
1.851-1.950 eV, much lower than that in the bulk Ag. These cal-
culations indicate that ITBs are energetically preferred sites for Fe
solutes at either interstitial or substitutional positions. Corre-
spondingly, detwinning becomes difficult because of the energy
increase associated with the migration of ITBs away from the Fe
solutes environment. Also, DFT calculations in Fig. 6g shows that Fe
substitutional atoms increase the energy barrier for migration of
twin boundaries in Ag. The effect of Fe solutes on twin stability and
irradiation response of Ag can be considered from several aspects
and will be discussed in details in the subsequent sections.

4.2. Formation of ultra-high-density twins in NT AgggFe; solid
solution alloys

Nanoscale growth twins have been observed in numerous

. (g) Comparison of migration energy barrier for a coherent twin boundary with and without the Fe substitutional atom shows an increase of energy barrier

monolithic metals, such as Ag [69], Cu [18,70], Ni [71], Pd [72] and
Al [73,74], and their alloys [75,76]. The influence of solutes on the
formation of twins has been a subject under debate [76—78]. Lu and
Hellawell have proposed an “impurity-induced twinning” mecha-
nism in their study of twin formation in Si in the casted Al-Si alloys
[76]. Their study shows that the adsorption of solute atoms at
monolayer steps may contribute to an alteration of the stacking
sequence of {111} planes in Si, and thus tailor the formation of
twins in Si. They hypothesize that growth twins are promoted in Si,
when the atomic radius ratio of the solutes -to-Si exceeds 1.65.
Shahani et al. have studied the twinning in Al-Si-Cu alloys, but they
found neither Al nor Cu satisfies the geometrical consideration [78].
Moreover, Timpel et al. reported that the chemistry of co-
segregated species rather than size effect plays a major role on
the formation of twins [77]. Clearly, solute-induced twinning is a
phenomenon requiring further investigation.

The formation of high-density growth twins, with an average
twin spacing of several nm, in the AgggFe; alloy can be understood
from the following aspects. It has been shown that the addition of
solute elements often lowers the SFE of metals and thus promotes
the formation of twins [79,80]. First, although our DFT calculations
show that Fe impurities will increase the SFE of Ag by about 12 m]/
m?, compared with the SFE of pure Ag (10—20mJ/m?), such a
moderate increase in SFE does not significantly impact the capa-
bility to form high-density growth twins in Ag. For instance, pure
Cu (FCC) has a comparable SFE of ~40 mJ/m? and is known to have
high-density growth twins in sputtered films [18,42,81]. Second,
ITBs are known to be the sources for detwinning. Our DFT calcu-
lations show that the formation energy of Fe at ITB at either
interstitial or substitutional positions are lower than Fe solute in
bulk Ag lattices as shown in Table 2. Correspondingly, detwinning
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:Z?::afion energies of Fe impurities in Ag as interstitials and substitutions with respect to different locations.
Bulk CTB ITB
interstitial substitution substitution interstitial substitution
Formation energy of Fe(eV) 5.307(tetra) 1435 1.485 1.851-1.950 1.157—-1.350
4.718(octa)

becomes difficult because of the energy increase associated with
the migration of ITBs away from the Fe solutes. Third, the average
spacing between Fe atoms in the AgggFe; alloy is ~2 nm, compa-
rable to the average twin spacing (3 +2 nm), indicating that Fe
impurity has also pinned the migration of CTBs and thus signifi-
cantly stabilize the fine twins.

4.3. Significantly enhanced irradiation stability of TBs in NT AgggFe;

Prior studies have shown that TBs are mobile under stress
(deformation) [82] and radiation [39,47,82,83]. ITB segments
consist of 1/6<112> Shockley partial dislocations on consecutive
{111} planes. In situ nanoindentation in TEM and molecular dy-
namics simulations show that ITBs are mobile during deformation,
a phenomenon often referred to as detwinning [82]. The driving
force for detwinning is the reduction in TB energy. Detwinning has
also been reported in irradiated NT Cu [39,47,82] and NT Ag [83]. In
general, CTBs can actively engage in defect clusters and form a
series of tiny ITBs steps. These ITBs are highly mobile and thus
promote detwinning.

The columnar boundaries in NT Ag and S-NT AgggFe; are pre-
dominantly ITBs [69]. After irradiation to 1.5 dpa, TBs in NT Ag
detwin significantly. In comparison, the ITBs in S-NT AgggFe; are
highly stable. Previous studies show that detwinning velocity in NT
Cu increases rapidly for fine twins (inversely proportional to the
twin thickness) [39,47]. In the current study, however, fine twins,
~3 nm in NT AgggFe| remain stable. The superior stability of TBs in
irradiated NT AgggFe; can be interpreted from the following
perspectives.

First, as shown in Table 2, Fe solutes have a lower formation
energy, 1.157 eV, when located at =3(112) ITBs comparing to that at
>3(111) CTBs (1.485 eV) or in the bulk lattice (1.372 eV), indicating
that ITBs are energetically preferred sites for Fe solutes. If ITBs
migrate, Fe solute will be left in the bulk, increasing the total energy
of the system. Consequently, the migration of ITBs is prohibited due
to the existence of Fe solutes.

Second, the solute drag effect may also retard the migration of
ITBs. Solute drag effect on GB mobility has been extensively
investigated [84—89]. Liicke and Detert [84] proposed that GB
mobility M can be expressed as [90],

D 1
= KT nCe E/FT” 2)
where D is the diffusivity of solute atoms, n is the number of solute
atoms per unit area of the boundary, C is the average concentration
of solute atoms, and E is the boundary—solute interaction energy,
i.e,, the heat of segregation. Clearly, the mobility of GB is propor-
tional to the diffusivity of solute atoms and inversely proportional
to the concentration of solute atoms.

Borovikov et al. have studied the drag effect of Ag solutes in Cu
on TB stability by MD simulations [90]. Their modeling study sug-
gests that the presence of Ag solutes, 0.2—0.5 at.%, significantly
resists the migration of ITBs. The migration rate of ITBs is twin-
thickness-dependent, and the ITBs migrate 14 times faster in pure
Cu than that with Ag solutes. Also, ITBs migrate smoothly in the

pure Cu, whereas the ITB movement becomes jerky in the presence
of Ag solutes. Zhang et al., have also pointed out the importance of
solute drag effect on the enhanced high-temperature stability of
TBs in NT Cu contains 0.5 at% Fe precipitates at GBs [16]. Our DFT
calculations show that Fe solute increases the energy barriers for
the migration of TBs in Ag, and thus may stabilize TBs during
radiation.

Third, Fe has an atomic radius of 1.56 A, smaller than Ag, 1.65 A.
Smaller solute atoms introduce tensile stress field and thus may
trap dislocations, such as mobile Shockley partials. Therefore, such
Fe solutes may slow down the migration of Shockley partial dis-
locations on the ITBs, and thus retard the migration of ITBs. Addi-
tionally, it has been proposed that the interaction of dislocation
loops with Shockley partials (on ITBs) may lead to sessile Frank
partials [48]. It is likely that the Fe solutes may stabilize Frank
partials, making them difficult to evolve and thus stabilize ITBs.

Finally, it is worth mentioning that the formation of a high
density of SFs along TBs is normally observed in NT Ag and Cu after
irradiation [47,91]. Fe solute atoms may facilitate the formation of
SFs along CTBs during radiation. Such a phenomenon can be seen in
Fig. 4d where TBs in NT AgggFe; became blurred (decorated with
SFs) after irradiation.

4.4. The integration of Fe solutes and CTB-ITB networks to enhance
radiation tolerance

4.4.1. Role of CTBs on irradiation tolerance

It has been known that NT metals have enhanced radiation
tolerance compared to their bulk counterparts. The current study
confirmed that NT Ag and AggoFe; indeed have significantly
improved radiation tolerance than CG Ag. Although there are
studies that show CTBs may be ineffective defect sinks comparing
to other HAGBs [12,37], there is increasing evidence that shows
CTBs can actively engage in defect capture and annihilation during
irradiation. For instance, both MD simulations and in situ radiation
studies show that CTBs interact with and destruct SFTs
[15,17,18,38,92]. CTBs also change their geometry to accommodate
dislocation loops and facilitate the transportation of interstitials
along CTBs to locations where vacancy concentration is high, and
thus promote vacancy-interstitial recombinations [17]. Recent
studies on NT Ag have also shown the defect-CTB interactions lead
to the existence of twin boundary affected zone (TBAZ), where the
time accumulative defect concentration is lower near CTBs [17]. In
addition, the distribution of defects has been revealed to be twin-
thickness (spacing between CTBs) dependent [46]. These studies
confirm that CTBs are indeed effective sinks in irradiated metals.

The current study shows that NT Ag and NT AggoFe; have similar
columnar grain size, ~110 nm, but NT AgggFe; has a much smaller
twin spacing, 3 +2 nm, comparing to that of NT Ag, ~13 + 7 nm.
Irradiated AggoFe; has 50% less defects than NT Ag, as well as a
smaller average defect size. Such a drastic reduction of defect
density and a moderate decrease in defect dimension are related to
the much smaller average twin thickness in NT AgggFey, lending
further evidence on the role of CTBs on the alleviation of radiation
damage. The dislocation loop size in NT AgggFe; is comparable to
their average twin spacing, indicating that nanotwins may have
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Fig. 7. In situ TEM video snapshots (a—h) showing representative defect capture events by a grain boundary (GB) in P-NT AgggFe; over ~ 0.15 dpa (~69 s) (see Supplementary Video

1). (a) The boundary of a grain is indicated by yellow dotted line. (b) Two defect clusters appeared at 5 s as indicated by red arrows. (c) They combined into a large cluster at 6s. (d)
The defect evolved further into a large defect cluster. (e) The large defect cluster was gradually absorbed by the GB at 24 s and became smaller (f—g). (h) Finally, the defect cluster
was removed by the GB. The corresponding schematic diagrams of the defect-GB interaction events described in (a—h) are shown in (a’-h’). . (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

significantly suppressed the growth of defect clusters during

radiation.

4.4.2. Columnar grain boundary and ITBs as defect sinks in
irradiated NT metals

NT Ag and NT AgggFe; have abundant columnar GBs. In situ TEM
snapshots (Fig. 7) show representative defect capture events by a
grain boundary in P-NT AgggFe; over ~0.15 dpa (~69s) (see Sup-
plementary Video 1). The boundary of a grain is indicated by the
yellow dotted line (Fig. 7a). After 5s, two defect clusters near a GB
appeared as indicated by red arrows (Fig. 7b). By 6s, they combined

into a large cluster that grew further (Fig. 7c—d) and remained in
contact with the GB. The large defect cluster was gradually absor-
bed by the GB at 24 s and continuously shrank (Fig. 7e—g). Finally,
the defect cluster was nearly completely removed by the GB at 69 s
(Fig. 7h). The corresponding schematic diagrams of the defect-GB
interaction events are shown in Fig. 7a’-h’. Such a defect cluster
could be a vacancy loop, and the absorption of a large vacancy loop
by GBs is a sluggish process as it involves substantial diffusion of
atoms along GBs. There are also prior studies that show ITBs as
effective defect sinks [93,94]. And it has been shown that ITBs can
sometimes recover after interactions with dislocation loops [48].
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Fig. 8. Schematics illustrate the different irradiation responses between NT Ag and S-

NT AggoFe;. (a—b) Irradiation of NT Ag leads to significant detwinning. Besides, irradiation-

induced point defects in NT Ag migrate fast towards TBs and then along TBs in a 1D/2D manner. (c—d) During irradiation of NT AgggFey, ITBs are pinned by Fe solutes and detwinning
is significantly suppressed. In addition, as shown in (d), a Ag self-interstitial atom on plane 1 can migrate to an Fe solute on plane 2, then it may migrate between Fe solutes on the
plane 2, before it jumps again to another Fe solute atom on plane 3. Hence, the existence of Fe solute may change the Ag self-interstitials from 1D/2D to a more random 3D migration
behavior. Note that Fe solutes introduce tensile stress (as Fe solutes have smaller atomic radius than Ag atoms), making Fe solutes preferential sites for interstitials.

ITBs not only capture large defect clusters, but also effectively
transport point defects. Prior studies on Kr ion irradiated NT Cu
with nanovoids show that Shockley partials at ITB steps can
effectively transport interstitials to GBs where they can be annihi-
lated by nanovoids [42]. It is worth mentioning that the CTBs in as-
deposited NT Ag and AgFe films already contain some ITB steps.
During radiation, the interaction of defect clusters with CTBs leads
to rapid increase in the population of ITB steps. These ITB steps can
rapidly transport point defects on CTBs, making CTBs effective
defect sinks.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.03.052.

4.4.3. Role of Fe solute atoms on improved irradiation tolerance
Classical solute drag effect assumes that solute atoms migrate
together with GBs or dislocations and consequently may segregate
in the form of precipitates. However, EDS mapping did not reveal
segregation of Fe solutes near TBs in irradiated NT AgggFe, indi-
cating that solute atoms did not massively travel along with ITBs or
Shockley partials. The significance of Fe solutes on radiation toler-
ance of NT AgggFe; can be interpreted from several perspectives.
First, Fe solutes are preferably located at lattice sites of FCC Ag as
substitutional atoms, while Ag will be replaced to occupy an
interstitial site. Therefore, during irradiation, the substitutional Fe
atoms alter the evolution of irradiation-induced point defects, such
as Ag self-interstitial atoms (SIAs). In general, Ag SIAs may migrate
rapidly in a 1D/2D fashion on their habit planes and TBs in the
absence of Fe. However, Ag SIAs may migrate to Fe solutes on
neighboring planes (due to the existence of tensile stress near Fe
solutes). Thus, Fe solute may promote a more complicated 3D
migration of Ag SIAs as shown schematically in Fig. 8. Consequently,
the migration of interstitials is slowed down, alleviating the
radiation-induced rapid increase of defect cluster density. Second,
Fe solutes may facilitate the recombination of opposite types of
point defects, a phenomenon that has been reported previously
[49—53]. Fe has smaller atomic radius than Ag, and thus a tensile
stress field may arise around substitutional Fe atoms, making Fe

solutes preferential sites to attract interstitials (As shown in Fig. 8).
Although Fe solute may not eliminate interstitials due to the limited
excess free volume, they increase an interstitial's dwelling time,
promoting the interstitial to recombine with nearby vacancies. The
average separation distance among these Fe solutes is only ~2 nm,
making them effective to prohibit preferential segregation of va-
cancy and interstitial clusters. Finally, as Fe solutes stabilize TBs
significantly, TBs can effectively engage and decompose defect
clusters into point defects along TBs. Fe solutes facilitate the
recombination of these point defects. Hence, Fe solutes and CTBs
and ITBs form an effective defect sink network, which leads to
remarkable radiation tolerance of NT AgggFe; alloys.

5. Conclusion

In situ heavy ion irradiation studies show drastically improved
irradiation stability of twin boundaries in NT AgggFe; compared
with NT Ag. Moreover, NT AgggFe; has much smaller defect size and
lower defect density than NT Ag. DFT simulations show that Fe
solutes significantly improve the energy barrier for migration of
twin boundaries in Ag. The substitutional Fe solutes improve irra-
diation resistance of Ag by changing the migration and aggregation
behavior of irradiation-induced point defects from 1D/2D to 3D and
accelerating the recombination of interstitials and vacancy through
trapping and detrapping processes. The uniformly distributed Fe
solutes integrate nicely into the CTB-ITB networks to capture and
promote recombination of opposite point defects and stabilize ITBs,
and the combinations of solute-TB networks lead to outstanding
radiation tolerance in NT alloys.
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