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• A novel solid-state route was applied to
fabricate Cu-Fe-Ag nanocomposites
with different micro- and nanostruc-
ture.

• Irradiation of the nanostructured mate-
rials results in radiation tolerant behav-
ior, originating in the vast amount of
interfaces.

• An explanation for the observed radia-
tion response was attempted based on
accommodation and emission of defects
at interfaces.
⁎ Corresponding author.
E-mail address: michael.wurmshuber@unileoben.ac.at

https://doi.org/10.1016/j.matdes.2018.11.007
0264-1275/© 2018 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 July 2018
Received in revised form 24 September 2018
Accepted 2 November 2018
Available online 5 November 2018
Newest developments in nuclear fission and fusion technology as well as planned long-distance space missions
demand novelmaterials towithstand harsh, irradiative environments. Radiation-induced hardening and embrit-
tlement are a concern that can lead to failure of materials deployed in these applications. Here the underlying
mechanisms are accommodation and clustering of lattice defects created by the incident radiation particles. In-
terfaces, such as free surfaces, phase and grain boundaries, are known for trapping and annihilating defects
and therefore preventing these radiation-induced defects from forming clusters. In this work, differently struc-
tured nanocompositematerials based on Cu-Fe-Agwere fabricated using a novel solid-state route, combining se-
vere plastic deformation with thermal and electrochemical treatments. The influence of different interface types
and spacings on radiation effects in these materials was investigated using nanoindentation. Interface-rich bulk
nanocomposites showed a slight decrease in hardness after irradiation, whereas the properties of a nanoporous
material remain mostly unchanged. An explanation for this different material behavior and its link to recovery
mechanisms at interfaces is attempted in this work, paving a concept towards radiation resistant materials.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction & motivation

The performance of materials in irradiation environments remains
of great interest to the scientific community, due to numerous nuclear
fission and fusion technology developments [1–4].Moreover, the recent
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revival of manned spacecraft demands new structural and electronic
materials to withstand high-energy solar radiation and cosmic rays
over long periods of time in order to ensure safe and successful space
travel in the future [5]. One of themain challenges formaterials exposed
to radiation is radiation-induced hardening and embrittlement. The
cause for the drastic effects on mechanical properties are lattice defects
generated by the incident radiation particles, creating primary knock-
on ions which further cause large displacement cascades. Frenkel pairs
are created by the so-called radiation damage event and subsequently
form clusters such as dislocation loops, voids or stacking fault tetrahe-
dra, which act as obstacles to dislocation movement and thus cause a
harder andmore brittlematerial behavior [1–8]. The reduction in ductil-
ity and fracture toughness is especially crucial in safety-relevant struc-
tural applications. Therefore, it is desired to create radiation tolerant
materials with self-healing properties in order to ensure a longer life-
time and a reduced safety risk. Several studies have been conducted
on how to suppress these radiation-induced property changes and cre-
ate a material that is unaffected by irradiation. The most promising ap-
proach is the introduction of interfaces to the material that attract and
annihilate the generated point defects before they can accommodate
and cluster [9–28]. The most effective way to reach this goal is realized
by using nanostructured materials where a large amount of interfaces
are closely spaced, optimizing their effect as defect sinks.

There exist a variety of different fabrication methods to process
nanostructured materials, such as chemical methods (e.g. sol-gel
process) [29,30], deposition (e.g. electrodeposition, physical vapor
deposition) [31,32] or mechanical ball milling [33–35]. Valiev et al.
[36] introduced the possibility to process bulk nanocrystalline metals
by the rather convenient methods of severe plastic deformation (SPD).
Especially high-pressure torsion (HPT) has proven to be an effective
way to reduce the grain size of a material down to the nanometer re-
gime. During HPT a disk-shaped specimen is placed between two anvils
and torsion-strained under high pressure of several GPa [36–40].

Of lately, nanoporous materials received a lot of attention, as their
high surface-to-volume ratio results in unique properties such as low
specific weight, high energy absorption and excellent thermal and
electrical conductivity, making them suitable for various applications
such as electrocatalysts, sensors, actuators, lightweight structures,
dampeners and heat exchangers [41–44]. Extensive research has
also been performed in recent years to investigate the behavior of
nanoporous metal foams under irradiation and it was found that the
vast amount of free surface in these materials acts as perfect defect
sink [13,14,17,18,20,27]. As has been demonstrated for the Cu-Fe [45]
and Au-Fe system [46], fabrication of nanoporous materials can be real-
ized by selective etching of a composite material consisting of two or
Fig. 1. Schematic workflow of the sample fabrication process. a) The powder mixture is comp
torsion (HPT). c) The deformed specimens are annealed at 400 °C (NC material) and 600 °C (UF
more metals with a large difference in electrochemical potential. For
certain material combinations, the etching process has to be conducted
with an applied protective potential (potentiostatic dealloying) to en-
sure only dissolution of one component and protection of the desired
components [47–52].

The goal of this work is to fabricate an ultra-fine grained, a nanocrys-
talline and a nanoporous material and compare radiation-induced me-
chanical property changes. The obtained results are used to discuss
potential recovery mechanisms at the nanoscale and unravel the influ-
ence of interface type and spacing on the radiation response.

2. Experimental

2.1. Material selection

The material surrogate system used in this work to test the hypoth-
esis of enhanced radiation tolerance was selected to be Cu-Fe-Ag.
This material system is deployed mainly in electrical applications.
While copper-rich Cu-Fe-Ag alloys are utilized when a combination of
high-strength and high conductivity are required [53–56], iron-rich
representatives of this system are known to exhibit the giant magneto-
resistance effect [57–59]. However, the main reason this system was
chosen for this work was to provide a material consisting of elements
which are not soluble in each other at equilibrium conditions, resulting
in the creation of phase boundaries. Additionally Fe is known to be dis-
solved by HCl, while Cu and Ag should stay intact and form a
nanoporous structure with additional Cu/Ag interfaces within the
foam ligaments [60].

2.2. Sample fabrication

For this study, copper powder (99.9% purity, 20 μm particle size),
iron powder (99% purity, 74 μm particle size) and silver powder
(99.9% purity, 25 μm particle size, all powders provided by Alfa Aesar,
Thermo Fisher Scientific GmbH, Karlsruhe, Germany) were mixed to-
gether at a ratio of 50 at.% Cu, 25 at.% Fe and 25 at.% Ag. The mixture
was compacted using hot-isostatic pressing (HIP) at 630 °C under a
pressure of 30 MPa for 15 min under vacuum (Fig. 1a)). These parame-
terswere chosen based on experiencewithprocessing similarmaterials.
The resulting material cylinders were cut into 1 mm thick discs
with a radius of 8 mm and subsequently deformed to an equivalent
Von Mises strain of 1450 using a high-pressure torsion (HPT) tool
(Fig. 1b)) [40]. The SPD applied to the material results in a supersatu-
rated single-phase of the normally immiscible components [61,62], as
was also observed for ball-milled material samples in the Cu-Fe-Ag
acted using hot-isostatic pressing (HIP) and b) subsequently deformed via high-pressure
Gmaterial). d) NP samples are fabricated using potentiostatic dealloying of UFGmaterial.



Fig. 2.Dose profile for 1MeVproton irradiation of bulk (UFGandNC) Cu-Fe-Ag andNPCu-
Ag materials.
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system [58,59]. To allow a decomposition of the phases, two different
heat treatments were performed in a muffle furnace (K1252, Heraeus
GmbH, Hanau, Germany; Fig. 1c)). A heat treatment at 400 °C for 1 h
yielded a nanocrystalline (NC) polyphased material (grain size
b100 nm), whereas a heat treatment at 600 °C for 1 h after deformation
allows enough grain growth for the resulting material to be classified as
ultra-fine grained (UFG; grain size 100–500 nm). Additionally, several
UFG samples underwent potentiostatic dealloying in 2 molaric (5 wt%)
HCl for 4 h at room temperature using a potentiostat (Gamry PCI4,
Gamry Instruments Inc., Warminster, USA; Fig. 1d)). The protective
potential for this procedure was chosen as −450 mV. This step ensures
selective electrochemical dissolution of the Fe phase only, leaving
behind a foam-like nanoporous (NP) material, containing a vast amount
of free surface and additional phase interfaces within the Cu-Ag foam
ligaments.

The resulting microstructures of the three differently structured
materials were characterized using a field emission scanning electron
microscope (SEM; LEO type 1525, Carl Zeiss GmbH, Oberkochen,
Germany) and a dual beam Focused Ion Beam (FIB)-SEM (Quanta 3D
FEG, FEI, Hillsboro, USA). UFG and NC samples were additionally inves-
tigated using a transmission electron microscope (TEM; CM12, Philips,
Amsterdam, Netherlands). The material composition was characterized
via energy dispersive X-ray spectroscopy (EDX; 7426, Oxford Instru-
ments plc, Abingdon, UK; Software EDAX and AZtec).

2.3. Ion beam irradiation

To study radiation effects on the nanostructured materials, samples
(NC, UFG and NP) were irradiated with 1 MeV protons (hydrogen,
H+) at the Ion Beam Materials Laboratory (IBML) at Los Alamos
National Laboratory (LANL). The beam current was 3 μA in average.
The temperature was monitored with a thermocouple next to the
sample and maintained below 50 °C [63,64]. The computer software
“Stopping Range of Ions in Matter” (SRIM) [65] was used to simulate
the irradiation and yielded a penetration depth of approximately 8 μm
in the bulk samples and 10 μm in the NP samples (assuming total disso-
lution of Fe). For the simulation the default displacement energy value
of 25 eV was used. Protons were chosen as radiation particle because
of their relatively large penetration depth (compared to heavy ions),
their high dose rate (compared to neutrons) and the fact that they do
not activate the material, making proton-irradiation a safe and conve-
nient state-of-the-art method for radiation damage and effect studies
[66–68]. Additionally, protons account for a large portion of space radi-
ation and can be found in e.g. galactic cosmic radiation, solar winds or
solar particle events (so-called “proton storms”) [5,69]. Therefore the
proton irradiation-response of possible spacecraft materials is of great
interest. The materials were irradiated to a nominal dose of 1 dpa in
the plateau regime before the stopping peak, which yielded about
13 dpa at the stopping peak (10 dpa in NPmaterial). The corresponding
dose profiles are depicted in Fig. 2.

2.4. Nanoindentation experiments

The limited penetration depth of the proton irradiation calls for
small-scale testing methods to correctly assess radiation-induced me-
chanical property changes without unintended probing of unirradiated
material volume [67,68]. As the need of small-scale methods arises,
nanoindentation seems to be an excellent choice, as only little sample
preparation is required to gain insight into the mechanical behavior of
the material.

Indentation experiments were conducted at room temperature
using a diamondBerkovich tip. All used tipswere calibrated on fused sil-
ica to obtain a correct area function and ensure an accurate analysis of
indentation experiments. For a comprehensive radiation effect study,
it is crucial to use the indenter in displacement-controlled mode, to
always sample the same material volume and thus dose range [67].
Indentation of the unirradiated materials was performed on a Micro
Materials Nanotest Platform 3 nanoindenter (Micro Materials Inc.,
Wrexham, UK). UFG and NC samples were indented to a depth of
1000 nm. Due to the higher surface roughness and porosity, NP samples
were tested to a depth of 1000 and 2000 nm. This ensures that the
indents are considerably larger than the pores and that the results rep-
resent the average hardness and not individual filaments or local varia-
tions in composition and structure. The load was applied with a fixed
rate of 5 mN/s, a dwell period of 15 s at the peak load and an unloading
rate of 10 mN/s. To take into account thermal drift, a thermal drift
correction was conducted after each indentation, using the last 60%
(36 s) of the recorded drift data. The post-irradiation tests were per-
formed using a Keysight Nano Indenter G200 (Keysight Technologies
Inc., Santa Rosa, USA). To obtain as much information as possible on
the material response after irradiation, continuous stiffness measure-
ment (CSM) indentation experiments were performed parallel to the
ion-beam to a displacement of 2500 nm as well as cross-sectional to a
displacement of 400 nm. All indents were analyzed following the
method of Oliver and Pharr [70].
3. Results

3.1. Microstructure

The microstructural evolution of UFG and NC samples is depicted in
Fig. 3a)–d). One can distinguish the different phases by their phase con-
trast, i.e. their ability to scatter electrons. The lightest element is there-
fore appearing darkest in SEM images recorded with a backscattered
electron detector and vice versa (Fig. 3a)). The metastable single-phase
that was present after HPT deformation (Fig. 3b)) successfully separated
into its three original components after heat treating at 400 °C
(NC material) and 600 °C (UFG material), as is also apparent from the
selected area diffraction (SAD) patterns (insets in the corresponding
TEM images). From TEM images one can use the grain interceptmethod
to calculate the grain size in NC material to be 18.8 (±1.8) nm in aver-
age, in contrast to an average grain size of 95.7 (±10.3) nm in the UFG
material (Fig. 3c) and d)). Consequently, the grain size of the UFGmate-
rial in this study is actually at the boundary betweenUFG andNC regime
(~100 nm). However, for easier differentiation of the two materials, the
term UFG was chosen for this nanostructured material.

Potentiostatic dealloying of the UFG material yielded a nanoporous
foam (Fig. 3e)). After 4 h of dealloying total dissolution of iron could not
be achieved (as is apparent from the measured chemical composition in



Fig. 3.Microstructural evolution of all samples. a) SEM image of the as-HIPedmaterial. b) Bright field TEM image of the as-deformedmaterial after HPT. A few oxides are visible. c) Bright
field TEM image of the NCmaterial sample. d) Bright field TEM image of the UFGmaterial sample. e) SEM image of the NP foam sample. SAD patterns from the TEM investigations of f) as-
deformed material, g) NC material and h) UFG material are analyzed and compared to the theoretical peaks of Cu, Fe and Ag.
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Table 1) and the porosity of the foam showed a high degree of inhomoge-
neity. However, as longer dealloying experiments caused problems with
surface segregation and the general goal of fabricating a multiphased
foam was accomplished, the sample that underwent the electrochemical
treatment for 4hwas chosen asNP sample for the radiation effect study in
this work.

The SAD patterns of the TEM investigations were analyzed by azi-
muthal integration and the resulting peaks were compared to the theo-
retical peaks of pure copper, iron and silver. It is evident that the
integrated diffraction pattern of the as-deformed material (Fig. 3f))
shows no similarities with the theoretical data, indicating intermixing
of the three components and a solid solution. Annealing at 400 °C
(Fig. 3g)) leads to beginning phase separation as is apparent from the
growing number of peaks matching with reference data. Annealing at
600 °C (Fig. 3h)) results in nearly perfect agreement of experimental
and theoretical peaks and therefore complete separation of the three
phases.

Fig. 4 depicts SEM images of the microstructure in unirradiated and
irradiated (at the stopping peak) areas in UFG and NC material. The
grain size distribution seems unaltered and no indication of radiation-
induced grain growth was detected.

3.2. Bulk perpendicular nanoindentation

Fig. 5 shows the results of CSM-nanoindentation conducted directly
onto the irradiated surface of UFG and NC material in comparison to
static 1000 nm indents into the unirradiated material (black squares).
Table 1
Measured chemical compositions for different material states gained by EDX.

Element Initial mixture UFG sample NP sample

at.% wt% at.% wt% at.% ± wt% ±

Cu 50.0 43.7 48.5 42.0 47.0 6.0 37.7 6.9
Fe 25.0 19.2 25.2 19.2 14.9 4.4 10.5 3.7
Ag 25.0 37.1 26.3 38.7 38.1 6.3 51.9 4.7
Σ 100.0 100.0 100.0 100.0 100.0 100.0
All values lie within a reasonable range to the results of unirradiated
material. As the stopping peak (the region where most displacement
damage is done) of the irradiation lies at a depth of approximately
7 μm and the plastic zone probed by nanoindentation is known
to be 5–10 times bigger than the indentation depth [67,71,72], one
would expect to see the influence of the dose profile and stopping
peak in the hardness over depth curves resulting in a generally
higher hardness (see insets in Fig. 5). As this is not the case, it
can be concluded that both materials do not exhibit a pronounced
hardening effect after proton irradiation. However, performing
indentation on the irradiated surface yields a fairly complicated
situation in terms of analyzing mechanical properties, as several
superposing effects (e.g. dose profile, indentation size effect and
other surface effects) can occur [67]. In order to shed more light on the
material response after irradiation, additional cross-sectional indents
were performed.

3.3. Bulk cross-sectional nanoindentation

To get a better correlation between dose and hardness, cross-
sectional indents were performed on the UFG andNCmaterial in irradi-
ated as well as unirradiated areas perpendicular to the ion beam direc-
tion as proposed earlier [67,68] (insets in Fig. 6).

Representative nanoindentation results for UFG samples are
depicted in Fig. 6(a), with the black curves representing data from the
unirradiated material and the dashed red curves representing results
of the indents performed at the stopping peak (approximately 7 μm
from the surface). It is apparent that the hardness in irradiated
areas is slightly lower than the reference indents in unirradiated
areas. The average hardness (analyzed between an indentation depth
of 300 and 400 nm for all valid indentation experiments) was found
to be approximately 0.15± 0.12 GPa or 3.8% lower than in unirradiated
areas.

In the NC material (Fig. 6(b)) the difference in average hardness be-
tween irradiated and unirradiated regions is observed to be even more
pronounced, resulting in a hardness reduction of approximately 0.34 ±
0.33 GPa or 5.9%.



Fig. 4. SEM images of a) unirradiated and b) irradiated microstructure of UFG material as well as c) unirradiated and d) irradiated microstructure of NC material. No observable
microstructural changes are detected. The images in irradiated state were taken from the stopping peak (~13 dpa).

1152 M. Wurmshuber et al. / Materials and Design 160 (2018) 1148–1157
3.4. Nanoporous nanoindentation

Asmechanical or electrochemical polishing of theNPmaterialwould
destroy the unique structure of the foam, cross-sectional nanoindenta-
tion is not possible. Therefore, all indents were performed directly on
the irradiated surface. Due to the fact that not all of the iron was dis-
solved during the dealloying process, the porosity (and therefore the
chemical composition) of the foam showed inhomogeneity. As every in-
dent depends heavily on the porosity underneath, the values gained by
indentation of both unirradiated and irradiated NP samples scatter, as is
apparent in Fig. 7(a). Consequently, extracting only the radiation-
induced changes in hardness is not a straightforward task to do. In the
Fig. 5.Hardness results of nanoindentation directly onto the irradiated surface for (a) UFG and (
irradiation to 1000 nm depth. The inset depicts the indent placement and probed radiation do
following, an attempt to accomplish this was made by applying the
Gibson-Ashby equations [73] to estimate the porosity under each
indent:

σ�
y ¼ C1 � σy;s � ρ�

ρs

� �m

ð1Þ

E� ¼ C2 � Es � ρ�

ρs

� �n

ð2Þ

Here σy, s represents the yield strength, Es the Young's modulus and
ρs the density of the solid bulk material and σy

∗ the yield strength, E∗ the
b) NCmaterial. Black square symbols represent static reference indents performed prior to
se.



Fig. 6. Representative hardness results for cross-sectional nanoindentation of (a) UFG and (b) NC samples. The dashed red curves represent indents performed at the stopping peak, the
black curves are reference indents conducted in the unirradiated bulk volume. The inset depicts the indent placement and probed radiation dose.
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Young's modulus and ρ∗ the density of the porous foam. The constants
in these equations describe the cell geometry and deformation behavior
and are well estimated for most foams with C1 = 0.3, C2 = 1, m = 1.5
and n = 2. While these equations were developed for macroscopic
foams and their validity for microscopic foams and nanoporous
materials is still a highly discussed topic [74–77], they can provide
a first estimate of mechanical properties of NP materials. Since
the influence of irradiation on Young's modulus of a material is
negligible, the measured modulus and the modulus of bulk UFG
samples are used to estimate the density ratio ρ�

ρs
, i.e. porosity, under

each indent using Eq. (2). As hardness and yield strength of a material
are linearly correlated, this porosity can then be used in Eq. (1) to
recalculate the hardness of each measurement. This was done for
measurements of irradiated as well as unirradiated NP samples to
help extract information about the direct influence of radiation on the
mechanical properties of such a foam material. Fig. 7(b) shows the
hardness over indentation depth curves gained by this approach.
Although this model can only be used as a first approximation, a drastic
reduction of the deviation in the data was achieved (from approxi-
mately ±1.3 GPa to ±0.3 GPa).

To provide a compact overview, the average radiation-induced hard-
ness changes of all investigated materials are summarized in Fig. 8. It is
evident that only minor changes in hardness occurred, with slight soft-
ening for the NC & UFGmaterial upon irradiation while the NP material
showed a slight increase in hardness,which is negligible considering the
large error bars.
Fig. 7.Hardness over indentation depth results for NPmaterial (a) before and (b) after applying
results from static indentation before the irradiation treatment.
4. Discussion

4.1. UFG & NC material

The fabrication route for the UFG and NC bulk materials, including
HIP, HPT and heat treatment, showed promising results and good repro-
ducibility, making it an easy and effective way to process multiphase
nanostructured bulk materials.

While nanoindentation performed directly onto the irradiated
surface of UFG and NCmaterials might sample a variety of superposing
effects, a pronounced influence of the radiation dose profile can already
be ruled outwhen comparing pre- and post-irradiation indents in Fig. 5.
This indicates a certain radiation tolerance of these materials. However,
the additional cross-sectional indents in Fig. 6 shed more light on the
radiation effects on mechanical properties and will be discussed in
more detail in the following.

The slightly lower hardness level of irradiated UFG and NC material
is contrary to the usually observed radiation hardening in conventional
structural materials. Radiation-induced softening was observed before
in different materials [78–81] and is usually attributed to changes in
composition or structure of the materials. Jiao et al. [79] suggested
radiation-induced grain growth and stress relaxations on grain bound-
aries as explanation for a softening effect in irradiated nanocrystalline
ZrN films. The materials investigated in this work, however, are free
of any observed segregation and no pronounced grain growth was
detected subsequent to the irradiation (see Fig. 4; a growth of about
amodel to account for local inhomogeneity in porosity. The black square symbols represent



Fig. 8. Summarized hardness changes for all investigated materials due to proton-
irradiation. NC and UFG results were analyzed at an indentation depth of 300–400 nm,
NP results at a depth of 1000 nm.
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20 to 50% would be necessary to account for the observed softening).
Thus, a different explanation of the observed softening effect in UFG
and NC materials is required and attempted in the following.

First, it should be stated that such fine-grained materials are known
to contain only a fewdislocations due to thehardening-by-annealing ef-
fect [82,83]. The heat treatment after the HPT deformation enhances
dislocationmovement and the high amount of high-angle grain bound-
aries present in these materials act as sinks for dislocation. The conse-
quences are nearly dislocation-free grains and an increased hardness.
As neither chemical composition nor grain size or shape was found to
change after irradiation, and there are almost no dislocations in the
grains to recover, it is clear that the measured softening of mechanical
properties must be originated in the vast amount of interfaces in these
nanostructured materials.

When the grain size approaches a regime where conventional
Frank-Read sources do not fit in the grain interior anymore orwould re-
sult in too high Orowan stresses, a different dislocation nucleation
mechanism prevails. This mechanism is based on grain boundary (GB)
distortions, where atoms associated with the GB are slightly displaced
from their assigned position, forming so-called ledges (Fig. 9). These
GB ledges lead to localized stress concentrations when an external
force is applied. Once this increased stress intensity reaches a certain
threshold value a partial dislocation is emitted from the ledge to relax
the structure [20,84–91]. This partial dislocation propagates rather fast
through the obstacle-free grain and is then absorbed by another GB.
Irradiating a nanostructured material will introduce vacancies and
Fig. 9. Illustration of plastic deformation in nanocrystallinematerials. GB ledges result in highly l
The result is a stacking fault in the grain interior and a more relaxed grain boundary structure.
interstitials to the material lattice. The majority of these radiation-
induced defects will migrate to GBs and other interfaces due to the
close interface-spacing in these materials. These defects are believed
to distort the GBs and form additional ledges, which results in more
stress concentrations and thus easier dislocation nucleation and a softer
material behavior (see Fig. 10).

While in NC materials most defects are believed to migrate to inter-
faces, leaving only a few defects in the grain interior, the larger
interface-spacing in UFG material will result in more defects remaining
in the grain. These defects can form small dislocation loops or voids and
act as obstacles to dislocation movement, counteracting the softening
effect from facilitated dislocation nucleation from ledges. This explains
the less pronounced softening in UFGmaterial compared to NCmaterial
seen in Fig. 8. Additionally, the UFG GBs are closer to an equilibrium
structure than the GBs in the less annealed NC material. Non-
equilibrium GBs, generated in SPD processes, have been observed to
show higher sink strengths than their equilibrium counterparts [25,27].

4.2. NP material

Fabrication of the NP foam material was not a straightforward task,
since free corrosion in HCl, as has already successfully been demon-
strated for Cu-Fe [45] andAu-Fe [46] precursors, resulted in coarsely po-
rous, nearly pure Ag foams due to a galvanic corrosion effect. Therefore,
a protective potential had to be applied during the etching process to
ensure only dissolution of Fe. Out of the conditions tested within the
scope of thiswork, theUFG precursor that underwent the potentiostatic
dealloying at −450 mV for 4 h showed the most promising results.
However, by adjusting parameters such as dealloying potential,
dealloying time, etching solution or temperature, still better results
could be achieved. This, however, is rather time-consuming and was
not in the focus of this work. The hardness results for irradiated and un-
irradiated NPmaterial depend heavily on the local porosity underneath
the indent, yet they all lie within the same range. The values after the
applied Gibson-Ashby correction still scatter too much to claim that
the material is completely unaffected by radiation. However, it can be
assumed that the majority of radiation-induced defects are annihilated
in this material, as free surfaces are an even more efficient defect sink
than the interfaces present in UFG and NC material (see Fig. 11). This
is a remarkable finding, since the foam ligament diameters in this
work are considerably larger than in earlier studies about radiation re-
sistant NP materials [13,14,17,18,20,27]. Therefore, the phase bound-
aries within the NP ligaments might have an additional positive effect
on radiation tolerance and a complex interaction of the effects of anni-
hilation at free surface, radiation hardening due to remaining defects
in the ligaments and the radiation softening mechanisms explained
above cannot be excluded based on the data gained in this work.
ocalized stress concentrationswhich in turn promote the nucleation of partial dislocations.
A second partial dislocation can recover the initial atomic positions again.



Fig. 10. Suggesteddefect recoverymechanisms innanocrystallinematerial. The radiation-induced vacancies and self-interstitialsmigrate to theGB,where they distort theGB structure and
form additional ledges. These serve as easier dislocation nucleation spots and cause a softer material behavior.
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5. Summary & conclusion

Differently structured Cu-Fe-Ag bulk nanocomposites were fabricated
using a solid-state route. The individual components were bulk mechan-
ically alloyed via HPT and subsequently heat treated to reach phase sepa-
ration and adjust the grain size.Material batcheswith a grain size of about
20 nm (NC material) and 100 nm (UFG material) were produced. A NP
foam material was subsequently created by potentiostatic dealloying of
the UFG material. Mechanical properties of the different nanostructured
materials were characterized before and after an irradiation treatment
with 1 MeV protons to 1 dpa of damage at near room temperature. UFG
and NC material experienced a slight decrease in hardness after irradia-
tion, which can be attributed to the interplay of defect annihilation at
phase- and grain boundaries and accompanied distortions in the interface
structure, resulting in facilitated dislocation nucleation. Mechanical
properties of the NPmaterial scattered markedly due to an inhomogene-
ity in porosity and composition. The variation in the indentation results
could be reduced by accounting for the local porosity under each indent
using the measured Young's modulus. No notable difference in hardness
between pre- and post-irradiation state was observed before or after
the applied correction, which indicates that the majority of radiation-
Fig. 11. Suggesteddefect recoverymechanisms innanoporousmaterials. Themajority of radiatio
surface. There they are annihilated and the initial pre-irradiation state is almost fully recovered
induced defects in this material are annihilated at the vast amount of sur-
face and additional interfaces within the foam ligaments, rendering the
material radiation resistant.

In conclusion, all investigated nanostructured materials show highly
radiation tolerant properties. While annihilation of radiation-induced
point defects on free surface leads to complete recovery of mechanical
properties, migration to and accommodation at grain and phase bound-
aries results in enhancedplasticity and therefore a slight decrease in hard-
ness after irradiation. This proof-of-principle is an important first step
towards novelmaterials for application in irradiative environments. Stud-
ies on and improvement of other application-relevant properties of these
materials, such as creep, corrosion or fabrication on a large scale, are still
to come and will strengthen the prospect of deploying nanostructured
materials in nuclear and space travel applications.
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