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The influence of irradiation-induced damage on the interfacial shear strength of Cu—Nb interfaces was characterized via compres-
sion of nanolaminate pillars performed in situ in a transmission electron microscope. Chemical mixing and interfacial roughening
during MeV Kr ion irradiation leads to increased interfacial shear strength by as much as 60%, from 0.6 GPa for the as-deposited
material to 0.95 GPa for samples irradiated at liquid nitrogen temperature. The increase in interfacial shear strength was most pro-
nounced at low temperatures (~—196 °C), but it is still significant at ~300 °C. This observation was correlated with increased chem-
ical mixing at lower temperatures, as determined from compositional profiles characterized by energy-dispersive spectroscopy.
© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Efforts to engineer alloys tolerant of prolonged
exposure to energetic particle irradiation have focused
in recent years on creating high densities of interfaces
to provide neutral sinks for point defect annihilation.
Nanostructured materials afford a natural route to
achieve this goal, with multiphase nanostructured mate-
rials such as oxide dispersion strengthened alloys [1],
nanolaminates [2] and self-organizing immiscible alloys
[3.4] currently appearing most promising. How well
the microstructural and mechanical stability of these
materials will persist in harsh thermal, chemical and
irradiative environments envisioned in advanced nuclear
reactors, however, remains uncertain [5]. One crucial
step toward understanding the reliability of these mate-
rials will be elucidating the deformation response of het-
ero-interfaces, as these interfaces are likely to control the
overall mechanical properties and phase stability of
these materials. Indeed numerous computational and
experimental studies have begun to explore the proper-
ties of these hetero-interfaces [6-8].
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Nanostructured alloys typically obey a Hall-Petch-
like behavior until their microstructural features fall
below some critical length scale, at which point their
strength tends to saturate, or even decrease [9]. This
has been investigated in detail in nanolaminates grown
by physical vapor deposition, as the interfaces of these
structures can be controlled precisely. Work on these
systems suggests that the ultimate limitation bounding
increased Hall-Petch strengthening is determined by
the nature of slip across the interface and shearing in
the interfacial plane [9]. Pristine interfaces have received
the most attention in this regard [10] as they are most
conducive to atomistic simulations. Damage accumula-
tion during irradiation, however, is anticipated to
impact dislocation motion in and across individual
interfaces. This is because planar immiscible hetero-
phase interfaces tend to chemically mix and/or roughen
under irradiation [11,12], and molecular dynamics (MD)
simulations indicate that the interfacial shear strength of
model {111} Kurdumov-Sachs (K-S) oriented face-cen-
tered cubic (fcc)-body-centered cubic (bec) interfaces
can vary by as much as 60-160%, depending on shear
direction, as a result of chemical mixing [6]. It is also
anticipated that interfacial roughening will impact
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interfacial sliding and dislocation slip across the inter-
face, although the effects of roughening are more diffi-
cult to treat by MD, owing to the long wavelengths
involved.

Past work has demonstrated that immiscible alloys
such as Cu—Nb tend to mix chemically during irradiation
at low temperatures due to ion beam mixing [11,12]. At
higher temperatures, room temperature and above, mix-
ing is reduced by radiation-enhanced diffusion, which
leads to segregation in this highly immiscible alloy [11].
Some roughening of the interface may also take place
during irradiation, but this has not been investigated
on detail. The present work investigates how damage
accumulation at immiscible fcc-bee interfaces during
irradiation at different temperatures affects interfacial
sliding under shear using in situ transmission electron
microscopy (TEM)-based nanocompression experi-
ments. The technique directly correlates critical events
in the stress—strain curve with the associated plasticity
in the microstructure, thereby enabling the geometric
factors governing the resolved shear stress to be mea-
sured accurately. Cu-Nb was selected as a model fcc—
bee interface owing to the vast amount of information
available on the structure and strength of these interfaces
in absence of irradiation; preliminary measurements on
Cu-V and Ni-Nb are also briefly discussed.

To promote interfacial shearing, samples were pre-
pared with their interfaces inclined at either 30° or 45°
to the loading plane, as shown in Supplementary Fig-
ure S1. A focused ion beam (FIB; FEI 600i Company)
was used to prepare ~5 um pre-tilted pillars from com-
mercial wedge-shaped Si substrates (Hysitron). Multilay-
ers of Cu (99.99% Lesker) and Nb (99.95% Lesker) were
subsequently grown on these pillars using magnetron
sputtering in 2 x 107 torr Ar in a chamber with a base
pressure of ~10~% torr. Preliminary tests were also per-
formed on Cu-99.5% V and 99.99% Ni-Nb grown under
similar conditions. Electron diffraction indicated that the
layers generally grew with the K-S orientation relation-
ship: Cu (111)//Nb (110), which has been observed pre-
viously [13]. Samples comprised of alternating 50 nm Cu
and 50 nm Nb layers were grown to a total thickness of
2-3 um. The average grain size within each layer was
~100 nm. After thin-film deposition, the FIB was uti-
lized to thin the samples to their final diameter,
~250 nm. The nanopillars were then irradiated with
1.8 MeV Kr' using a current density of 1.4 mA cm >
(2 x 10" ions cm %) at —196, 27 and 300 °C to doses
of between 5 and 50 dpa (displacements per atom). The
irradiation flux was perpendicular to the pillar axis.
The irradiation provided reasonably uniform damage
throughout the sample (£20% as calculated by SRIM
[14], but see also Ref. [15] for more details relevant to
our test geometry). After irradiation, the FIB was used
again to reduce the total height of the samples, such that
the aspect ratio was ~4. This cutting procedure also pro-
vided a smooth planar surface for contacting the flat dia-
mond punch (see below). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) and energy-dispersive spectroscopy (EDS) were
performed in a 200 kV JEOL 2010FS.

The in situ nanocompression experiments were
carried out in a 200 kV JEOL 2010LaBg transmission

electron microscope using a Hysitron PI-95 picoinden-
ter. The calibration of the picoindenter was tested by
compressing identical 5 um Si beams in situ using the
PI-95 and ex situ using a Hysitron TI-950 triboindentor,
which was calibrated against standard quartz. The mod-
uli in the two tests agree to within 10% (see Fig. S2).
Samples were compressed in situ in displacement-con-
trol mode at a rate of 1 nm s~ using a 3 pm square flat
diamond punch (Micro Star Tech, Inc). At least three
samples were tested for each condition; we report here
the mean values and standard deviations as error.
Figure 1 (also Video S1) provides a representative
example of the nanocompression test and the associated
load—displacement curve. The onset of yielding in the
load—displacement curve corresponds to the initiation
of interfacial sliding at the first Cu—Nb interface near
the tip of the sample. After the first Nb layer slides
away, a second interfacial sliding event occurs at the sec-
ond Cu-Nb interface, which corresponds to the reduc-
tion of load in the load-displacement curve. Due to
the tapered geometry of the samples, interfacial layers
typically shear first in the thinnest region near the end
of the tip. The cross-sections of the samples are approx-
imately circular at any distance from the end of the pil-
lar, and the cross-sectional area in the region where
shear occurs was measured just prior to shear initiation
in order to calculate the resolved shear stress:
G _ Feoscose "
nR
where F is the force, R is the radius of the sample, and
cosa - cos @ is the Schmid factor. At least three measure-
ments were performed for each sample and an average
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Figure 1. Time-lapse images of nanocompression test performed on an

as-deposited Cu-Nb nanolaminate presented along with the load-
displacement curves for the sample.
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Figure 2. Interfacial shear strength plotted as a function of dose in
units of dpa.

value of ®@, the projected shear angle, of 60° was used to
calculate the shear strength. Measurements on several
different samples produced variations <10%, suggesting
that approximating the in-plane component as an aver-
age isotropic value is reasonable. This approximation is
further supported by noting that the sample diameter
exceeds the grain size by at least a factor of 2, leading
to an averaging effect over multiple slip directions. As-
deposited Cu—Nb samples approximately 250, 500 and
1000 nm in diameter were tested with inclination angles
of both 30° and 45°. The samples all exhibited similar
interfacial shear strengths 0.60 + 0.05 GPa (e.g. see
Fig. S3), where the error is reported as one standard
deviation. These results indicate that size effects are
insignificant on these length scales. Our value for the
interfacial shear strength agrees well with the value of
0.55 GPa measured ex situ by Li et al. [10]. For Cu-V
and Ni-Nb, shear did not occur at the interface, but
rather in bulk sample (see Figs. S4 and S5), and so these
systems will not be considered here further.
Representative examples of in situ tests performed on
irradiated samples are provided in the supplemental
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data (Figs. S6-S11). Figure 2 summarizes the measured
Cu-Nb interfacial shear strengths associated with sam-
ples irradiated to different doses at liquid nitrogen tem-
perature, room temperature and 300 °C. At 300 °C, the
interfacial shear strength increases to 0.70 + 0.03 GPa
after a dose of 5dpa and then remains constant
(0.68 + 0.09 GPa) on increasing the dose to 50 dpa. Irra-
diation to S5dpa at room temperature leads to an
increase in shear strength to 0.85 4+ 0.10 GPa and mar-
ginally higher, 0.92 4+ 0.03 GPa, after 50 dpa. Finally,
after irradiation at liquid nitrogen temperature, the
interfacial shear strength increases to 0.95 + 0.11 GPa
at 5dpa and 0.94 +0.08 GPa at 10 dpa. The shear
strength thus tends to increase with decreasing irradia-
tion temperature, saturating at each temperature by a
dose of ~5dpa. The maximum increase in interfacial
shear strength due to damage accumulation via mixing
and/or roughening is thus ~60%.

These experimental results can be compared with past
MD simulations [6]. These simulations have predicted
that the interface shear strengths of perfectly flat Cu-
Nb K-S interfaces along the [11-2] and [1-10] directions
are ~0.6 and ~0.3 GPa, respectively [6]. The interface in
this study was then made diffuse by creating an interfa-
cial layer composed of three atomic layers on each side
of the central of plane with each atomic layer having
compositions X, X/2 and X/4, where X is the molar
fraction of Nb or Cu. For X =0.25 the shear strength
in these simulations increased to 0.95 and 0.8 GPa,
respectively. These calculated values of the shear
strength of diffuse interfaces thus agree quite well with
our experiments, which we anticipate to also exhibit dif-
fuse chemical mixing resulting from irradiation. Exami-
nation of the interface structure in these simulations,
furthermore, showed that for X =0.25 the interface
was amorphous.

In order to further validate the correlation between
the MD simulations and experiments, the local chemis-
try and morphology of the irradiated interfaces were
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Figure 3. HAADF-STEM images of Cu-Nb multilayers as-deposited, and after MeV Kr* irradiation to 5 dpa at —196 and 300 °C, along with
associated EDS line scans across individual Cu-Nb interfaces.
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characterized. HAADF-STEM images of the irradiated
samples reveal that the interfaces appear more planar in
samples irradiated at 300 °C (Fig. 3) than those irradi-
ated at liquid nitrogen temperature. The interface irradi-
ated at liquid nitrogen temperature, moreover, also
appears somewhat diffuse, although this is difficult to
determine using HAADF-STEM. EDS line scans across
the layers (Fig. 3B), however, support this premise. It
should be noted that since EDS averages through the
projected thickness, the effects of mixing and roughening
are not easily distinguished. We note that the width of
the mixed interface layer is considerably greater than
the diffuse layers examined by MD; however, once the
amorphous layer is formed it is reasonable to assume
that the strength remains constant. This would explain
why the interface strengths saturate by 5 dpa. A modi-
fied thermal spike model was previously employed to
understand the temperature dependence of chemical
mixing in the highly immiscible Cu—Nb system [11]. In
the absence of vacancy motion at liquid nitrogen tem-
perature, chemical mixing occurs in thermal spikes and
diffusional relaxation is inhibited. This enables thermal
spikes in the vicinity of the interface to mix the two
phases effectively [16]. Due to vacancy-mediated diffu-
sion at high temperatures, however, the large heat of
mixing coupled with short-range diffusion can enable
local phase separation. This interface may still structur-
ally roughen, however, as longer-range diffusion will not
be active at 300° C. Ion beam mixing studies suggest
that Cu—Nb interfaces amorphize during heavy ion irra-
diation below room temperature, but that they remain
crystalline above ~50-100 °C [12]. Amorphization thus
indeed appears to explain the convergence of interfacial
shear strengths of samples at and below room tempera-
ture. The lack of amorphization at 300 °C, similarly,
may explain why the interfaces irradiated at this temper-
ature are weaker.

In summary, damage accumulated at interfaces dur-
ing fast heavy ion irradiation leads to an increase in
the shear strength of Cu-Nb interfaces. Irradiation
damage, here primarily observed as interface roughen-
ing and chemical mixing, is greatest at low temperatures,
where thermal vacancy migration is negligible. An
increase in chemical diffuseness of the interface, as char-
acterized by EDS line scans, correlates with an increase

in interfacial shear strength. At all temperatures between
—196 and 300 °C the measured interfacial shear strength
saturates, within experimental error, at doses below
5 dpa. The results can be rationalized by past MD and
ion beam mixing experiments that indicate that Cu—
Nb interfaces become amorphous during irradiation at
room temperature and below.

This research was supported by the US DOE-
BES under Grant DEFG02-05ER46217. It was carried
out, in part, in the Frederick Seitz Materials Research
Laboratory Central Facilities, University of Illinois.

Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/
10.1016/j.scriptamat.2014.07.009.
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