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There are increasing studies that show nanotwinned (NT) metals have enhanced radiation tolerance.
However, the mechanical deformability of irradiated nanotwinned metals is a largely under explored
subject. Here we investigate the mechanical properties of He ion irradiated nanotwinned Cu with pre-
existing nanovoids. In comparison with coarse-grained Cu, nanovoid nanotwinned (NV-NT) Cu exhibits
prominently improved radiation tolerance. Furthermore, in situ micropillar compression tests show that

the irradiated NV-NT Cu has an ultrahigh yield strength of ~1.6 GPa with significant plasticity. Post ra-
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materials.

diation analyses show that twin boundaries are decorated with He bubbles and thick stacking faults.
These stacking fault modified twin boundaries introduce significant strengthening in NT Cu. This study
provides further insight into the design of high-strength, advanced radiation tolerant nanostructured

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nuclear energy holds the promise as a reliable and economic
next-generation source of electricity [1,2]. New concepts of
advanced fusion and fission nuclear reactors require structural
materials to perform reliably in extremely aggressive radiation
environment (high dose and high temperature) [3—5]. Severe ra-
diation damage often occurs in the core of nuclear power reactors
where structural components are subjected to intense fluxes of
energetic neutrons [6], resulting in a wide variety of defect clusters
[7,8], such as dislocation loops [9—11], stacking fault tetrahedrons
(SFTs) [12,13], and cavities (voids or bubbles) [14—16]. These defects
typically cause significant degradation of mechanical properties for
irradiated materials [17], including radiation induced hardening,
fracture and embrittlement [18—22]. Design and manufacture of
advanced materials that can resist damage at irradiation and

* Corresponding author.
E-mail address: xzhang98@purdue.edu (X. Zhang).

https://doi.org/10.1016/j.actamat.2019.07.003
1359-6454/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

mechanical extremes are grand challenges in nuclear energy in-
dustry [3,6,23,24].

As a classical model system, Cu has been the subject of
numerous studies on both radiation damage effects [10,25—29] and
mechanical properties [30,31]. The typical method to improve its
mechanical and physical properties is through grain refinement
[32]. For instance, nanocrystalline (NC) metals have significantly
improved mechanical strength [33,34] and radiation tolerance
[35,36] compared with their coarse-grained (CG) counterparts.
However, NC metals tend to become brittle with decreasing grain
sizes [33,34]. In addition, NC metals often have poor thermal sta-
bility, and radiation-induced grain-coarsening occurs even at room
temperature [37]. An alternative approach to tune the mechanical
properties of Cu is to utilize twin boundaries (TBs) [32,38]. It has
been found that nanotwinned (NT) Cu exhibits ultrahigh strength
and yet considerable ductility [30], as TBs are effective barriers for
the transmission of dislocations [39]. Also NT Cu shows better
thermal stability than NC Cu, and the annealed NT Cu still retains
high hardness [40]. On the other hand, NT Cu proves to be more
radiation tolerant than CG Cu in terms of lower defect density [41],
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because TBs can effectively absorb, transport and finally eliminate a
large number of radiation-induced defects [42—45]. The radiation
tolerance of NT Cu can be enhanced further by introducing nano-
voids (NVs) that act as ‘storage bins’ for interstitial defects [46,47].
Though several studies have recently been reported on the micro-
structural characterizations of irradiated NT Cu [41,46,48—-50], its
mechanical response to irradiation remains less well understood.

Heavy ion irradiation technique has been widely used as a sur-
rogate to emulate neutron radiation damage effects on mechanical
properties [51—53]. Nevertheless, the ion-beam-irradiated region is
generally shallow on the surface with a penetration depth at
micron scale [54,55]. To investigate mechanical properties of ion
irradiated materials, small-scale mechanical testing techniques,
such as nanoindentation [22], micro bending [56], tension [20] and
compression [19], have been increasingly applied to nuclear ma-
terials [54,57—60]. In this study, we conduct in situ micropillar
compression test inside a scanning electron microscope (SEM) to
investigate the mechanical properties of He ion irradiated NV-NT
and CG Cu. The results show that radiation induces less He bub-
bles in NV-NT Cu, and the irradiated NV-NT Cu has ultrahigh
strength and remains significant plasticity.

2. Experimental
2.1. Materials and helium irradiations

High purity (99.995%) Cu films, ~ 2.6 pm thick, were deposited
on HF-etched Si (110) substrates at room temperature using direct
current magnetron sputtering technique. Before deposition, the
chamber was evacuated to a base pressure < 8 x 10~8 torr. During
deposition, ~ 1.2 x 1073 torr Ar working pressure was used, and the
deposition rate was controlled at ~ 0.6 nm/s.

The as-deposited Cu films were subsequently irradiated at room
temperature with He ions at the lon Beam Materials Lab, Los Ala-
mos National Laboratory, USA. To produce a uniform irradiated
region, three sets of He ion beams (with various energies of 50, 100
and 200 keV) were sequentially implanted into specimens. The
corresponding ion doses are ~ 1 x 106, 2 x 10'® and 4 x 10® ions/
cm?, respectively. Supplementary Figs. S1(a) and S1(b) show the
profiles of radiation damage and He concentration along penetra-
tion depth (h), calculated using SRIM software with the Kinchin-
Pease model [61]. The resultant radiation damage is 0.9
displacements-per-atom (dpa) on average, and almost uniformly
distributed across a penetration depth of 200—630 nm. The average
He concentration is 1.0 at. %, with a peak value of around 1.8 at. %
when h =700 nm. For comparison purposes, bulk CG Cu, annealed
at 800°C for 4h, was polished and irradiated under the same
conditions.

2.2. Micropillar compression

Micropillars were fabricated using the focused-ion-beam (FIB)
technique, with a height of ~ 2.6 um and a diameter of ~ 1.2 pm,
following a generally preferred aspect ratio (height-to-diameter
ration between 2:1 and 3:1) suggested for micro-compression
experiment [62]. The test was conducted on a Hysitron PI 88 x R
Picolndenter inside an FEI Quanta 3D FEG SEM. During each
compression process, two partial unloading segments were applied
while maintaining a constant strain rate of 1 x 107> s, and the
maximum displacement was ~ 400 nm. To confirm the repeat-
ability, at least three micropillars were compressed for each
sample.

2.3. Microstructure characterization

The texture of as-deposited NV-NT Cu film was analyzed using
an X-ray diffraction technique on a Panalytical Empyrean X'pert
PRO MRD diffractometer with a Cu Koy source. Plan-view (PV) and
cross-sectional (CS) transmission electron microscopy (TEM)
specimens were prepared by mechanical grinding and dimpling,
followed by low-energy Ar ion milling. The annealed CG Cu was
characterized by an optical microscope before irradiation. For the
irradiated samples before and after compression tests, CS TEM
specimens were prepared by FIB technique. All the TEM samples
were examined on a FEI Talos 200 x TEM microscope operated at
200 kV.

3. Results
3.1. Radiation-induced evolution of microstructures

Supplementary Fig. S2 displays the texture analysis of the as-
deposited Cu films. Fig. S2(a) is the 0-20 XRD spectrum for the
epitaxial Cu (111) film on the Si (110) substrate. The ¢ scan in
Fig. S2(b) shows diffraction peaks from twin and matrix with nearly
identical intensity, indicating the formation of high-density growth
twins in the film. Fig. S2(c) schematically illustrates the film —
substrate orientation relationships: Cu (111)//Si (110) and Cu
[01T]//Si [110] (matrix).

Fig. 1 displays the microstructural characterization of the ma-
terials for He irradiations. The PV TEM micrograph in Fig. 1(a)
shows polygonal domains formed in as-deposited Cu film, and the
inserted selected area diffraction (SAD) pattern confirms the for-
mation of highly-textured Cu (111). The enlarged view in Fig. 1(b)
shows abundant nanovoids (NVs) primarily located at domain
boundaries. The CS TEM micrograph examined from Cu <110> zone
axis in Figure 1(c) shows columnar domains along growth direc-
tion, and the inserted SAD pattern confirms the formation of
growth twins. The enlarged view in Fig. 1(d) reveals high-density
growth twins in columnar domains and the NVs (denoted by ar-
rows) at domain boundaries. Statistic studies in Fig. 1(e—g) show
the average domain size Dyr, void size dy and twin spacing t, are
approximately 115, 6 and 8 nm, respectively. The void number
density Ny is also measured as 4.0 + 0.5 x 10 2!/m>. In contrast, the
CG Cu sample contains large grains, ~ 43 um in size, as shown in
Fig. 1 (h) and (i).

Fig. 2 shows the microstructure of irradiated NV-NT Cu. The PV
TEM images in Fig. 2(a)—(c) reveal the remaining NVs, radiation-
induced defect clusters, and He bubbles. Fig. 2(d) is the pano-
ramic cross-sectional view of the irradiated NV-NT Cu, super-
imposed with solid curve showing the calculated damage profile.
The enlarged view of irradiated region in Fig. 2(e), taken along
<110> zone axis, shows the retention of high-density nanotwins.
The magnified views at different penetration depths in Fig. 2(f—i)
reveal high-density He bubbles when h =400 and 600 nm, but
lower-density bubbles when h =200 and 800 nm. In comparison,
Fig. 3 shows the microstructure of He-irradiated CG Cu. The over-
view of a CS TEM micrograph in Fig. 3(a) shows the radiation-
induced dislocation loops, and the magnified views in
Fig. 3(b)—(e) show the He bubbles at various penetration depths.
Note that there are more radiation-induced bubbles in CG Cu than
in NV-NT Cu at the same penetration depth.

3.2. Mechanical properties of He ion irradiated NV-NT Cu
Fig. 4 compares the deformation behaviors for NV-NT and CG Cu

micropillars under uniaxial compression. The load-displacement
curves for all the compressed micropillars are compiled in
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Fig. 1. Microstructures of as-deposited NV-NT Cu and annealed CG Cu before He irradiations. (a) and (b) Plan-view (PV) TEM images showing the (111) textured Cu film with
polygonal domains and abundant nanovoids (NVs) at boundaries. (¢) and (d) Cross-sectional (CS) TEM images showing high-density growth twins in columnar domains. Nanovoids
are marked by arrows. (e-g) Statistic studies of domain size (Dyr), void size (dy) and twin spacing (t) in NV-NT Cu. (h) Micrograph of coarse-grained (CG) Cu. (i) The grain size (Dcg)

distribution of CG Cu.

Fig. 4(a). The as-received CG Cu was soft and the load-displacement
curves have long plateaus, and numerous inclined discrete slip
bands formed on the surface after deformation, as shown in
Fig. 4(b1-b5). After He ion irradiation, the load increased moder-
ately with displacement. Interestingly, the irradiated CG pillars first
experienced barreling deformation near the base part where the
material was little irradiated, while the heavily irradiated region on
the top portion remained nearly undeformed, as shown in Fig. 4(c1-
¢5). In comparison, the pillars of as-deposited and irradiated NV-NT
Cu were much harder, and they both experienced substantial
plastic deformations primarily at the pillar tops, as shown in
Fig. 4(d1-d5) and Fig. 4(e1-e5). More details on the evolution of
pillar morphology during in-situ micropillar compression tests of
the four types of specimens can be found in supplementary videos
SV1-Sv4.

It should be noted that the pillars were deformed nonuniformly,
so the compressive stress-strain curves cannot be directly calcu-
lated using the typical methodology reported in previous studies
[63]. To address the issue and to measure the local stress more
accurately, the true compressive stress is calculated by dividing the
load by corresponding instantaneous cross-sectional area directly
obtained from the sequential snapshots of in-situ SEM videos. De-
tails on the true stress measurement can be found in
Supplementary Figs. S3 and S4.

The calculated stress-displacement curves for all the com-
pressed pillars are compiled and plotted in Fig. 5. The stress-
displacement curves for as-received (AR) Cu pillars (solid lines)
show nearly elastic initial loading, followed by long stress plateaus
with numerous discrete strain bursts (Fig. 5(a)). The true stresses
for irradiated (IR) CG pillars were calculated at two positions, the
irradiated pillar top (solid data points) and the unirradiated region

— the middle portion of the pillar (shown as open data points). The
open data points match well with the solid lines, while the solid
data points show considerable hardening with increasing
displacement compared to unirradiated CG Cu. Furthermore, for as-
deposited (AD) or irradiated (IR) NV-NT Cu, only the pillar tops
experienced plastic deformations. The true stresses for irradiated
NV-NT Cu (solid data points) and as-deposited specimens (open
data points) are compared in Fig.5 (b). The irradiated NV-NT Cu has
greater yield strength than the as-deposited counterparts. After
yielding, both types of NV-NT Cu pillars exhibited slight hardening
followed by significant softening. Such softening is ascribed to the
internal microstructural change that will be analyzed further in the
following section.

In order to quantify the radiation-induced hardening, two
stresses are defined and marked in Fig. 5, yield stress oy and ulti-
mate compressive stress gy. Table 1 summarizes the values of gy
and oy for all the compressed pillars. The radiation-induced
strengthening A¢'™4 for NV-NT Cu thus was calculated by
comparing the oy between the as-deposited and irradiated speci-
mens. For CG Cu, however, each pillar may be a single-crystal-like
pillar and thus has a different crystallographic orientation that
may affect the yield strength. To avoid such an orientation effect,
the A¢'™d for irradiated CG Cu pillar is calculated by the sub-
traction of its oy measured at the unirradiated (middle) section of
the pillar from ¢y measured at its irradiated pillar top, as marked in
Fig. 5(a). The strength increment calculations are summarized in
Table 2 and will be discussed later in more detail.

3.3. Post compression analyses

To investigate the deformation mechanisms of NV-NT Cu, post-
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Fig. 2. Microstructure of He ion irradiated NV-NT Cu. (a)-(c) Plan-view TEM images showing surviving NVs at domain boundaries and radiation-induced defect clusters, as well as
He bubbles. (d) Cross-sectional overview of the irradiated specimen superimposed with the depth-dependent DPA profile. (e) Enlarged view of the irradiated region close to film
surface showing defect clusters. (f-i) Radiation-induced He bubbles at various radiation depth.

compression TEM examinations were performed. Fig. 6(a) displays
an overview of the area near pillar top. The TEM sample was tilted
to Cu <110> zone axis for the undeformed region where high-
density growth twins can be clearly seen, while in the plastically
deformed region most of the twins have been removed. The SAD
pattern for the deformed region in Fig. 6(b) indicates the crystal
rotation induced by heavy plastic deformation. In comparison, the
SAD pattern for undeformed region in Fig. 6(c) shows a typical
symmetrical twin pattern, together with extra spots (marked by
circles) arising from ITBs. The corresponding dark-field (DF) TEM
micrograph in Fig. 6(d) confirms the removal of growth twins in the
plastic deformation region. As shown in Fig. 6(e), the enlarged view
of box (e) in Fig. 6(a) denotes a sharp boundary (dotted line) be-
tween the deformed and undeformed region. High-density dislo-
cations were observed along the boundary. The enlarged view in
Fig. 6(f) shows several remaining TBs that have been greatly dis-
torted in the plastic deformation region.

Somewhat different microstructures have been observed in the
deformed pillar of He-irradiated NV-NT Cu, as shown in Fig. 7. The
overview TEM micrograph in Fig. 7(a) shows the substantial plastic

deformation confined near the pillar top. The SAD pattern in
Fig. 7(b) indicates the retention of twins in the deformed region,
and there is much less crystal reorientation than that in the as-
deposited NV-NT Cu. Compared with the SAD pattern from unde-
formed region in Fig. 7(c), there are no extra spots from ITBs in the
plastic deformed pillar top. The retention of nanotwins in the
deformed region is also confirmed by the corresponding DF TEM
image in Fig. 7(d). The enlarged view in Fig. 7(e) also denotes the
sharp boundary between deformed and undeformed region, and
the enlarged view in Fig. 7(f) shows numerous He bubbles and the
stacking faults (SFs) along the remaining TBs in the plastic defor-
mation region.

4. Discussion
4.1. Irradiation-induced He bubbles and lattice expansion
At room temperature, He atoms are essentially insoluble in

metals [64,65], and they can easily migrate and combine with
radiation-induced vacancies to form bubbles [66,67]. It has been
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Fig. 3. Microstructure of He ion irradiated CG Cu. (a) Cross-sectional TEM image showing the overview of irradiated Cu, superimposed with the depth-dependent DPA profile. (b-e)

TEM micrographs displaying radiation-induced He bubbles at various depths.

shown that precipitated He bubbles can significantly distort crystal
lattices and cause substantial lattice expansion [68]. In the current
study, more bubbles are produced in CG Cu than in NV-NT Cu, as
shown in Figs. 2 and 3. The variation of bubble density with
increasing penetration depth shown in Supplementary Fig. S5(a) is
in good agreement with calculated He concentration profile (black
curve). Note that over the depth of 200—600 nm, the bubble den-
sity, pg, Temains a constant, about 2.2 + 0.2 x 10%4/m? for CG Cu,
twice larger than that in the irradiated NV-NT Cu, 1.2 + 0.1 x 10%%/
m>. The histograms in Supplementary Fig. S5(b) show the bubble
size (dg) varies from 1.0 to 2.5 nm in both cases regardless of the
radiation depth, and they have nearly the same average bubble size
of ~1.5 nm.

The lattice expansion is evidenced by the variation of SAD pat-
terns, as shown in Supplementary Fig. 5(c1) and (c2) examined
along <110> zone axis over the depth of 200—600 nm. The lattice
expansion is calculated to be 1.83 + 0.76 (%) for CG Cu, much larger
than that in NV-NT Cu, 0.84 + 0.09 (%). The reduced lattice expan-
sion in NV-NT Cu may be related to the pre-existing NVs. Unlike our
previous studies that showed preexisting NVs could shrink rapidly
after absorbing the interstitials induced by 1 MeV Kr ion irradia-
tions [46,47,69], most of the preexisting nanovoids survived He
irradiation in the current study. The underlying mechanism is
attributed to the effect of He on the kinetics of void growth or
shrinkage [67]. With the further addition of He atoms into NVs, the
void internal pressure increases until it reaches a stable state. Ac-
cording to the proposed critical bubble model (CBM) [70], the
shrinkage rate for nanoscale voids will decrease prominently in the
presence of internal He pressure. From another point of view, when
the He-filled NVs capture interstitials, the internal He pressure will
build up even further, and thus He once absorbed by voids will

reduce the driving force for NVs to absorb interstitials. Meanwhile,
the NVs can reduce He bubble density and alleviate lattice expan-
sion by trapping a large number of Helium atoms. Conversely, for
CG Cu, nearly all He atoms may reside in bubbles, leading to higher
bubble density and more lattice expansion. He ion irradiation
induced lattice expansion has been observed previously in Cu/V
nanolayers, and the magnitude of He bubble induced lattice
expansion appears to decrease with decreasing individual layer
thickness [68].

4.2. Mechanical properties of nanotwinned Cu

It is well known that the strength of micropillars shows a strong
size-dependence (extrinsic size effect) [63], and there is a critical
pillar diameter beyond which the extrinsic size effect is insignifi-
cant, that is the measured properties of pillars are similar to those
of bulk materials [71,72]. It is worth pointing out that the critical
pillar size depends on the intrinsic microstructure characteristics
and their interactions with mobile dislocations [73]. Previous
micro-compression studies on perfect single-crystal Cu revealed
that the size effect is exerted on all the micropillars with diameters
of less than several um [74], presumably because of the absence of
dislocation sources and obstacles [75]. The flow stress of CG Cu is
~ 0.2 GPa, comparable to those reported in the literature [74].
Furthermore, for the irradiated materials containing high-density
defect clusters, the transition diameter of pillars of single-crystal
Cu pillars has been experimentally estimated to be ~ 400 nm
[73,76]. The measured strengths of irradiated Cu in the current
study are based on the compression tests on micropillars with
1.2um in diameter. Therefore, our measured values can be
reasonably compared with previous studies and will be discussed
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Fig. 4. In situ micropillar compression studies on CG Cu and NV-NT Cu before and after He ion irradiations. See supplementary videos SV1-SV4 for details. (a) Compilation of load-
displacement curves of various specimens under compression. (b1-e5) SEM snapshots of pillars compressed to various displacements; (b1-b5) Formation of typical slip bands in as-
received (AR) CG Cu; (c1-c5) Micrographs showing base barreling and deformation at unirradiated region in irradiated (IR) CG Cu. (d1-d5) and (e1-e5) Severe squeezing and
extrusion on pillar top for as-deposited (AD) and irradiated (IR) NV-NT Cu, respectively. Dr and Dy in (c1), (d1) and (e1) mark the diameters of pillar top and middle, used for

compressive stress measurement, as shown in Supplementary Figure S3 and S4.

later in detail.

For NT Cu, experiments and simulations reveal that twin-
spacing t plays an important role in determining their mechanical
properties [31,77]. Fig. 8 compiles the yield strength oy versus t~9->

for previously reported studies on NT Cu [30,31,39,40,78—84].
When t > 15 nm, the strength is dominated by the resistance of TBs
against slip transmission of dislocations, and oy follows the con-
ventional Hall-Petch (H—P) relationship:
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Fig. 5. Stress-displacement curves of (a) CG and (b) NV-NT pillars. AR: as-received; IR: Irradiated; IR-T: Irradiated pillar top; IR-M: Irradiated pillar middle; AD: as-deposited. Three
pillars (marked as 1, 2 and 3) were compressed for each sample. In (a), AR-CG Cu pillars are perfectly plastic with little hardening, while the IR-CG Cu pillars exhibit considerable
hardening at top portion (irradiated region). (b) The softening of top stresses for all the compressed NV-NT Cu pillars (AD or IR). See Supplementary Figure S3 and S4 for stress

measurement.

Table 1

Yield stress gy and ultimate stress oy for all the compressed pillars, defined and
measured based on the local stress-displacement curves in Fig. 5. AR — As-received;
IR — Irradiated; AD — As-deposited.

Material Sample ay(GPa) ay(GPa)
CG Cu AR 1 0.19+0.03 0.19 +0.03
2 0.20 +0.03 0.20 +0.03
3 0.19+0.05 0.19+0.05
IR 1 0.25+0.03 0.47 +0.01
2 0.20 +0.02 0.35+0.01
3 0.20 +0.02 0.34+£0.01
NV-NT Cu AD 1 1.32+0.10 1.68 +0.02
2 1.21+0.13 1.63+0.01
3 1.21+£0.10 1.52 +0.01
IR 1 1.65+0.20 1.94 +0.02
2 1.59+0.16 1.84+0.02
3 1.56 +0.08 1.85+0.01
oy =00 + kgt 0> (1)

where gy is the lattice friction stress, ~ 100 MPa, and kg is a ma-
terial constant. However, when t < 15nm, the size dependent
variation of gy appears to be more influenced by texture [82]. On
the one hand, for polycrystalline NT Cu with equiaxed grains (Eq-
NT Cu), softening occurs with decreasing t, which is governed by
the dislocation nucleation at grain boundary-twin intersections
[77]. The softening behavior can be described by dislocation-
nucleation-controlled (DNC) mechanism [77] that shows:

(2)

Jy =

4aU kBT n dVD

sv*  sv* té
where 4U is the activation energy, S is a factor presenting local
stress concentration and geometry, V* is the activation volume, kg
and T are the Boltzmann constant and temperature, d is the grain

Table 2

size, vp is the Debye frequency, and ¢ is the macroscopic strain rate.

On the other hand, for the preferentially (111) textured NT Cu
with columnar grains (Col-NT Cu), its ¢y continues to increase
slightly with decreasing t [82]. Considering most TBs are parallel
with each other and normal to the loading axis under compression,
the strength variation of Col-NT Cu is better described by confined
layer slip (CLS) model [85]:

oy =09 +y'u—tbln(%t>

where u is the shear modulus, b is the magnitude of the Burgers
vector, and vy and 7n are material constants. For Cu, u=48 GPa,
b=0.256 nm, n=0.16 and ¥ =0.40 [82].

According to the CLS model, dislocations are confined by adja-
cent TBs, plastic deformation occurs by dislocation bowing be-
tween TBs [82,85]. In addition, the model predicts the upper limit of
strength for NT Cu is ~1.2 GPa, when t = be /n= 4 nm, where e is
the nature constant. In reality, if t < 4 nm, the ultrafine NT Cu is
most likely to suffer from significant detwinning, driven by strong
twin-twin interactions [86]. The strongest NT Cu reported to date
has a flow stress of 1.2 GPa, with a twin spacing of ~ 4 nm [79]. In
our work, the NV-NT Cu has an average twin spacing of 8 nm, but its
yield stress ony_nt iS ~1.25 +0.06 GPa (see Table 1). Such a high
strength arises from two contributions: TBs and nanovoids. The
contribution from TBs onr is estimated to be 1.09 GPa by
substituting t =8 nm into Equation (3), while the strengthening
from the nanovoids (4oy) and can be described by the proposed
dispersed barrier model [17]:

(3)

AO’V = (XvM,U.b\/ Nvdv (4)

where «y is a parameter depending on the average barrier strength of
the irradiation-induced defect clusters, ~1 for voids [87,88], M is the

Comparisons of radiation-induced microstructure evolution and strength increment, between CG Cu and NV-NT Cu. dg — bubble size; pg — bubble density; dp — dislocation
loop size; pp— dislocation loop density. 4o + 4op is the calcualted value using Euqation (5) and (6), and 4¢'™ is the measured value from Table 1.

Material Bubbles Dislocation loops Strength increment

dg(nm) pp(1 x 10%4/m3) dp(nm) pp(1 x 10%2/m3) Aog + dop(GPa) Ag'd(GPa)
CG Cu 1.5+03 23+0.2 9+4 20+0.5 ~0.22 ~0.17 £ 0.04
NV-NT Cu 1.5+03 1.2+0.1 6+2 1.2+04 ~0.14 ~0.35+0.05
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Undeformed

Remaining TBs

Fig. 6. The microstructure of a compressed pillar for as-deposited NV-NT Cu. (a) The bright-field TEM image of the deformed pillar showing the detwinning in the plastically
deformed region. (b) and (c) The SAD patterns from deformed and undeformed regions, respectively. (d) Corresponding DF TEM image showing lower twin density in the deformed

region. (e) and (f) Enlarged views of the squares in (a).

Taylor factor, defined as the ratio of the uniaxial stress to the resolved
shear stress, and is estimated as 3.674 when the uniaxial strength is
along the <111> direction for face-centered-cubic materials [89]; u
and b are shear modulus and Burgers vector as defined in Equation
(3); Ny and dy are void density and size. Setting oy =1, M = 3.674,
and substituting Ny =4.0+0.5 x 10 2'/m? and dy =6+ 2 nm into
Equation (4) gives dayy = 0.22 +0.05 GPa. Hence the nanovoids
reasonably account for the extra strengthening (0.16 + 0.06 GPa)
observed in NV-NT Cu comparing to NT Cu without nanovoids as
shown in Fig. 8. In addition, as shown in Table 1, after He irradiations,
the yield strength of NV-NT Cu can increase further to 1.60 + 0.05
(GPa). The strength increment A¢'™ (0.35 + 0.05 GPa) caused by
irradiation must be closely associated with radiation damage, which
will be discussed in detail in the following section.

4.3. Radiation-induced hardening

Strengthening in irradiated metals is caused by the production
of various defects and their interactions with mobile dislocations
[51]. In He-irradiated metals, the primary defects are dislocation
loops and He bubbles [90]. For dislocation loops that are classified
as strong obstacles, their contribution to strengthening can also be
described by the dispersed barrier model [17]:

AO’D :C(DM,lLb\/NDdD (5)

where «ap is the parameter indicating the average barrier strength
of the irradiation-induced dislocation loops, approximately 0.2 in
Cu [91]; Np and dp are the respective density and size of dislocation
loops. M, u and b are the same parameters as defined in Equation
(4).

For He bubbles, the magnitude of their barrier resistance ap-
pears to be dependent on internal pressure [68,92]. Fig. 9 compares
the high-resolution TEM (HRTEM) micrographs of nanoscale twins
in NV-NT Cu before and after He irradiations. As-deposited NV-NT
Cu has nearly perfect (pristine) CTBs in Fig. 9(a) and (c). In contrast,
the CTBs in irradiated NV-NT Cu are decorated with He bubbles in
Fig. 9(b) and SFs in Fig. 9(d). Also, many of the bubbles are hexag-
onally faceted rather than spherical, indicating their low internal
pressure [93]. It has been demonstrated that under-pressurized He
bubbles are weak obstacles to mobile dislocations [92] or crack
propagation [56]. To describe the weak strengthening arising from
under-pressurized bubbles, 4o, an alternative relationship was
developed by Friedel-Kroupa-Hirsch (FKH) [94]:

Aoy — %MudeNf;B (6)

where M, 1 and b are the same parameters defined in Equation (4);
dg and Np are bubble size and density.

Table 2 compares the size and density of He bubbles and
dislocation loops for irradiated CG Cu and NV-NT Cu over the
penetration depth of 200—600 nm. These measurements were
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Fig. 7. Deformed microstructure of a compressed pillar for He-irradiated NV-NT Cu. (a) The bright-field TEM image of the plastically deformed region. (b) and (c) The SAD patterns
from deformed and undeformed regions, respectively. The deformed region has CTBs, but little sign of ITBs. (d) Corresponding DF TEM image showing the withholding of twins in
the deformed region. (e) and (f) Enlarged views of the marked boxes in (a) showing formation of He bubbles and SFs along deformed TBs.
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Fig. 8. Comparison of yield strength gy of He-irradiated NV-NT Cu with previous studies synthesized by electrodeposition and sputtering [30,31,39,40,78-84]. oy shows a strong
dependence on twin spacing (t) and reaches a maximum value ~ 1.2 GPa at t = 4 nm, while He irradiation can increase the yield strength of NT Cu to 1.6 GPa when t = 8 nm. The
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Fig. 9. HRTEM images comparing the microstructures of pristine and He-irradiated CTBs. (a) Typical nanotwins in as-deposited NT Cu. (b) He-irradiated NT Cu with abundant
bubbles distributed in the lattice and along CTBs. The inset shows an HRTEM image of a hexagonally faceted He bubble. (c) Enlarged view of the square in (a) showing a narrow
nearly perfect CTB. (d) The enlarged view of the square in (b) showing several SFs along a CTB in irradiated NT Cu.

obtained from our TEM analyses (see Figs. 2 and 3 for examples),
and more detailed information can be found in Supplementary
Figs. S5 and S6. Especially, an average value of Taylor factor M (~
3.06) was used for calculating the irradiation-induced strength
increase in polycrystalline CG Cu[95], while a higher value of 3.674
was used in the case of highly-textured NV-NT Cu (111) [89]. The
measured and calculated strengthening are summarized in Table 2.
Note that, although the irradiated NV-NT Cu contains a lower
density of bubbles and dislocation loops, it experiences a higher
strength increment, 4¢"™4, than irradiated CG Cu does.

The radiation-induced strengthening in CG Cu, Aa’ggad. arises
from both the weak obstacles (He bubbles) and strong obstacles
(dislocation loops). Its total increment in this scenario is given as
[51]:

AO’I(-'Ead:A(TB-Q—AO'D (7)

Using Equations (5) and (6), 4og and 4op are calculated
as~0.12GPa and 0.10GPa, respectively, hence the overall
strengthening Ao’crg’d in CG Cu is estimated as ~0.22 GPa. Based on
the micropillar compression test in Fig. 4, the measured value of
Ao’crg'd is 0.17 + 0.04 GPa (see Table 1). But considering the pillar
base (the unirradiated region) yields first as shown in Fig. 4(c3), the
true strength increment in the top irradiated region should be
slightly higher than 0.17 GPa, and it is expected to be comparable
with the calculated value.

We now attempt to interpret the radiation-induced strength-
ening in NV-NT Cu. Before irradiation, the strength of NV-NT Cu can
be estimated as:

ONV—NT =00 + 0Ny + 078 (8)

where ¢ is the lattice friction; ony and o are the contributions
from NVs and TBs, respectively. After He irradiations, the strength
of NV-NT Cu is determined by:

o T =00 + oy + 075 + dog + dop (9)

where gy, refers to the He-filled NVs, and o7 refers to the irradi-
ation modified TBs. Combining Equations (8) and (9) yields the

irradiation induced strengthening, AG{G(?ENT, in NV-NT Cu:

Aol g = dog + dop + (ony — onv) + (075 — 018) (10)

As shown in Table 2, the measured value of Aa’,\ﬁ(}’fm from pillar
compression tests is 0.35+ 0.05 GPa. However, the calculated
values of 4o and 4op, from Equations (5) and (6), add up to
only ~0.17 GPa, insufficient to account for the measured strength-
ening in NV-NT Cu. The extra strengthening must come from the
irradiation modified NVs and TBs, that is the last two terms on the
right side of Equation (10). Supplementary Fig. S7 compares the
plan-view TEM images of as-deposited and irradiated NV-NT Cu,
and shows little change on the size or number density of NVs after
He irradiation. In other words, the contribution of the third term
(irradiation modified NVs) in Equation (10) to strengthening maybe
insignificant. Therefore, the last term, arising from the irradiation
modified TBs, may play a primary role in the irradiation hardening
in NV-NT Cu. Furthermore, as shown in Fig. 9, the irradiated TBs are
decorated with bubbles and SFs, thus these defective TBs may be
stronger barriers against trespassing of dislocations than pristine
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Fig. 10. MD simulations on dislocation-SF interactions in twin plan. (a) Thompson tetrahedron notation demonstrating the orientation relation and several slip systems between a
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dissociated structure in (b3). (c1-c2) MD snapshots illustrating a mixed dislocation DB interacting with SFs. (See supplementary videos, SV5 and SV6).
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(sharp) TBs in as-deposited NV-NT Cu. Such an aspect will be
confirmed further by molecular dynamic (MD) simulations in the
following section.

4.4. Deformation mechanisms

Based on experiments and discussions above, we finally address
the deformation mechanisms of Cu under uniaxial compression.
Previous micro-compression test on non-tapered pillars of elec-
trodeposited polycrystalline Cu film revealed a compressive yield
stress of ~ 0.3 GPa, when the grain size is around 0.8 um and the
pillar diameter is 10 um [96]. In addition, for pillars with diameters
greater than grain size, the yielding is expected to be followed by an
obvious working hardening arising from the grain boundary
strengthening [96]. For our CG Cu, the pillars are most likely to be
single crystals, because the diameter of micropillars is 1.2 pm, much
smaller than its average grain size (43 um), as shown in Fig. 1(h).
Therefore, the as-received CG Cu pillars yield at a low compressive
yield strength, ~ 0.2 GPa (see Table 1). After yielding, there is little
work hardening in CG Cu, and the stress-displacement curves are
characterized by discrete strain bursts, as shown in Fig. 5(a).
Meanwhile, numerous discrete slip bands are formed on the pillar
surface as shown in in Fig. 4(b1-b5), in agreement with prior
studies on single-crystal metals under compression [62,71,97].
Supplementary Fig. S8 shows one typical configuration of deformed
pillar for as-received CG Cu, from which the corresponding critical
resolved shear stress 7cgss in slip plane is estimated to be ~ 0.1 GPa
using Schmid's law. The calculated 7gss is in good agreement with
previous micropillar compression tests on (100)- or (111)-oriented
single-crystal Cu pillars [74]. After irradiation, however, the upper
portion of the pillar is strengthened by He bubbles and dislocation
loops, so it experiences limited plastic deformation. In contrast, the
lower portion is soft, and it yields first and undergoes significant
plastic deformation, driven by dislocation multiplication and
migration as shown in Fig. 4(c1-c5).

For the as-deposited NV-NT Cu with ultra-fine twins, disloca-
tions are confined by TBs, and the deformation mechanism is
dominated by dislocation bowing, resulting in squeezing and
extrusion of the pillar top. After He irradiations at room tempera-
ture, the TBs become defective, decorated by He bubbles and SFs.
These defective TBs could be stronger barriers to slip transmission
via dislocations.

In order to understand the influence of SF-decorated TBs on
strengthening mechanisms, MD simulations were performed for Cu
with SF-decorated CTBs, as shown in Figure 10. Using the Thomp-
son tetrahedron notation and satisfying the conservation law of
Burgers vector, we describe the interactions between a dislocation
and the three-layer faults. Figure 10(a) schematically illustrates the
twin/matrix orientation relation and several slip systems that could
be involved during deformation [98]. Start with an ideal twin
boundary with the stacking sequence of ... ABCACBACB..., the
three-layer fault can be formed by gliding a Shockley partial on the
plane between C and B, i.e, ...ABCACACBA ... The underline in-
dicates the fault. The Shockley partial could be one of three Burgers
vectors, Ad’, Bd’, and Ed’ [86]. Here, a BY’ partial dislocation glides
on the (111) plane, creating the three-layer fault.

When a screw dislocation bs with Burgers vector AB on the slip
plane (111) moves towards the three-layer fault, as shown in
Figure 10(b1), the planar-extended core condenses at the fault due
to the discontinuity of slip systems in Figure 10(b2). The screw then
dissociates on the secondary (111) plane (between C and A) above
the original CTB in Figure 10(b3). Figure 10(b4) shows the dis-
registry plot of the dissociated structure with respect to the three-
layer fault structure, revealing that the right partial has Burgers
vector d’'B and the left partial has Burgers vector Ad. The

corresponding reaction can be described by AB =AY + d’B. The
gliding of 8’'B partial corrects the fault, i.e., B3’ + 8’B = 0 in the right
side of the intersection. The gliding of Ad’ towards the left side also
corrects the fault, i.e., -(Bd’ + 8’A) =-BA, corresponding to a full
shear. More details on the interaction between a screw dislocation
and SFs can be found in Supplementary Video SV5.

Fig. 10(c1) shows a mixed dislocation by, with Burgers vector DB
on the slip plane (111) moving towards the three-layer fault. Pre-
vious studies have revealed two potential reaction processes. First,
DB =Ad'(crs) + BB'(100), the slip transmission from (111)y to
(100)r[99]; second, DB = Ed’(ctg) + AD’(111)7, the slip transmission
from (111)y to (111)1 [100]. In current case, however, the three-
layer faults in Figure 10(c2) prevent the by, from dissociating and
transiting through the CTB. This is ascribed to the creation of a high
energy SF if the dissociation occurs (see Supplementary Fig. S9).
The initial fault is associated with a shear Bd’, and the further shear
by Ad’ or Ed’ will create the high energy stacking fault, corre-
sponding to the change in the stacking sequence from ... ABCA-
CACBA ... to ... ABCACCBAC.... More details on the interaction
between a mixed dislocation and SFs can be found in Supplemen-
tary Video SV6.

In summary, the SFs formed during irradiation act as strong
barriers for dislocations in terms of slip transmission with different
mechanisms. For a screw dislocation, the faults facilitate the cross-
slip of the dislocation onto the CTB. For a mixed dislocation, the
faults prevent the dissociation of the dislocation on the CTB, which
enhances the energy barrier for slip transmission due to the
attraction force of the residual dislocations.

Note that in Fig. 4 (d1-d5), the lower portion of the irradiated
NV-NT Cu pillar did not yield preferentially as the irradiated CG Cu
did in Fig. 4 (b1-b5). The Supplementary Fig. S4(c) of irradiated NV-
NT Cu pillar 1 indicates that its unirradiated middle portion can
sustain a higher applied stress than the pillar top when the
displacement goes beyond 180 nm. This is because detwinning and
softening occurred near the pillar top, while the nanotwins at the
base can still provide significant strengthening, and thus prevent-
ing its preferential deformation. The retention of integrity of pillar
base for NV-NT Cu could also be induced by the substrate con-
straints. During compression, the lower portion of the unirradiated
region is constrained by the hard irradiated pillar top and the rigid
Si substrate. Such constraints may develop a large friction stress
along interface and strengthen the unirradiated pillar base. Similar
phenomenon has been observed in Cu/amorphous-CuNb multi-
layers subjected to micropillar compression tests [101]. Conse-
quently, the irradiated top portion of the NV-NT Cu micropillar first
yields and undergoes significant plastic deformation. Moreover,
post-compression TEM analysis has revealed significant detwin-
ning in as-deposited NV-NT Cu, as shown in Fig. 5. Detwinning has
been frequently observed in NT metals driven by migration of
Shockley partials under shear stress [49,86,102—105]. In contrast,
moderate detwinning occurred in He-irradiated NV-NT Cu after
compression, as shown in Fig. 6. The radiation-induced He bubbles
and SFs along TBs may retard detwinning and enhance strength-
ening in NT Cu even further.

5. Conclusions

CG and NV-NT Cu were irradiated with He ions at multiple en-
ergies to introduce a plateau of radiation damage profile, and the
radiation-induced evolution of microstructures and mechanical
behavior were analyzed. Our studies show that NV-NT Cu has
outstanding radiation tolerance in comparison to CG Cu in terms of
lower density of He bubbles and less lattice expansion. The He-
irradiated NV-NT Cu reaches an ultra-high flow stress of ~1.6 GPa,
one of the highest reported to date for Cu. The significant
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strengthening in He-irradiated NV-NT Cu arises from the defective
TBs that are decorated with He bubbles and SFs. MD simulations
show that SFs act as strong barriers against dislocation trans-
mission through coherent twin boundaries. Microscopy studies
also show that stress-driven detwinning is largely retarded by the
He bubbles and defective TBs.
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