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ARTICLE INFO ABSTRACT

Keywords: Neutron irradiation of structural materials in nuclear applications is accompanied with a variety of micro-
CreeP i structural changes including the generation of helium nano-voids at high doses. When operating under stress,
Irradiation irradiation creep is taking place, leading to change of dimensions of components, as well as relaxation of the
Ezll)iiirl bubbles springs or screw torque. These distortions may have important implications on the performance of the nuclear
Small-scale testing reactor. Irradiation creep is particularly complicated to investigate and the link between creep rate and
microstructure remains partly elusive. Ultra-miniaturized testing of thin films makes possible the use of ion
irradiation and implantation methods to emulate the effect of in-reactor neutron irradiation. Here, on-chip tests
on freestanding copper films reveal much slower irradiation creep of helium implanted layers compared with
non-implanted copper, with or without ion irradiation hardening prior to testing. This enhanced resistance to
creep is due to the presence of the high density of helium bubbles, as evidenced by transmission electron mi-
croscopy, that impede dislocation glide and climb. A unified elementary model for moderate to high stress creep
under irradiation is proposed showing that the creep law for the studied range of stress primarily depends on the

yield strength which increases with helium bubbles.

1. Introduction

Structural and cladding materials used for nuclear applications, such
as fission and fusion reactors, undergo intense neutron irradiation dur-
ing operation that induces both a degradation of the mechanical prop-
erties and in-reactor deformation of the components. The dimensional
instability of the components may have important implications on the
performance of nuclear reactors. The evolution of the distortions must
therefore be properly characterized, understood and predicted.

Deformation under irradiation of materials can be categorized into
three different phenomena at the macroscopic scale: (i) irradiation
induced swelling, (ii) irradiation induced growth, and (iii) irradiation
creep. Irradiation induced swelling consists of an isotropic volume in-
crease under irradiation without any applied stress. Irradiation induced
growth is an anisotropic deformation at constant volume under
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irradiation without applied stress. Irradiation creep occurs under
simultaneous applied stress and irradiation. Irradiation creep is the
accumulation of viscoplastic strain over time, activated by the neutron
flux, at constant volume. It takes place at moderate temperature for
which thermal creep is negligible [1,2]. In the context of nuclear ma-
terials, thermal creep would be the usual viscoplastic deformation
phenomenon activated by applied stress and temperature. The common
method to study irradiation creep consists of conducting in-reactor ex-
periments using for instance pressurized tubes, tensile specimens, bent
beams, or helical springs [3,4]. This type of experiments requires long
durations and leads to specimen activation.

An alternative to in-reactor experiments is to switch to light or heavy
ion irradiation to accelerate testing and to reduce the amount of acti-
vated material waste. However, the low penetration depth of ions
compared to neutrons must be taken into account when setting up the
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test. In order to characterize the irradiation creep behavior it has been
proposed to use large scale specimens but with a very thin thickness
(typically 50 to 100 um) adapted to specific test rig, coupled with high
energy light ion beam (helium ions or protons) [5-10]. Heavy ions have
been used, as well, to reach higher damage dose within short duration.
In this case, the specimens must be even thinner, typically between 1 pm
down to 100 nm. Various original setups, using small-scale testing
methods, have been proposed to measure the strain rate under
controlled applied stress on such small specimens. Some designs are
based on micro or nano-pillars positioned into the ion beam [11-15].
Other setups rely on free-standing films. For instance, Tai et al. [16,17]
adapted a thin film bulge test method for this purpose. Lapouge et al.
[18,19] developed an on-chip MEMS-based method in which a free-
standing thin film is pulled in tension by an actuator beam. These
alternative methods have already provided new insights about the
irradiation creep behavior of metals. As an example, the work of
Lapouge et al. [19] showed that for pure copper, the stress dependence
of the irradiation creep strain rate follows a power law with a high stress
exponent between 4 and 5 in agreement with in-reactor macroscopic
tests under neutron irradiation. However, many aspects related to the
irradiation creep behavior still remain unknown and could be investi-
gated relatively easily, at least in principle, using these
nanomechanics-based alternative techniques.

In a nuclear reactor, inelastic transmutation reactions sometimes
occur in addition to the creation of point defects inside displacement
cascade resulting from elastic collisions with fast neutrons. In some
materials, such as materials containing nickel, these transmutation re-
actions lead to the generation of helium. The creation of helium atoms
inside the material has several potentially detrimental effects such as
enhanced swelling or embrittlement. It can also affect the irradiation
creep behavior. However, only a limited number of studies were per-
formed to investigate the impact of helium and helium nano-voids on
irradiation creep. In-reactor experiments conducted on austenitic
stainless steels indicated that, in the case of a high He/dpa ratio (dpa
stands for displacement per atom) and a low neutron flux, the irradiation
creep rate (per dpa) is larger compared to irradiation under a lower He/
dpa ratio and a higher neutron flux [20]. However, when looking into a
wider database, Grossbeck et al. [21] indicate that there is little or no
effect of helium on irradiation creep. Later, Garner et al. [22], when
analyzing in detail various experimental results, found an enhancement
of the irradiation creep rate due to helium (He) generation. This effect
was further modeled by Woo and Garner [23]. In order to better un-
derstand this effect, Atkins and McElroy [24] performed irradiation
creep experiments using 3.7 MeV protons on 316L stainless steel tensile
specimen pre-implanted with He ions. The pre-implantation was per-
formed with 15 MeV He ions under stresses of 10 or 100 MPa at 1, 12 and
50 atomic ppm (part per million) of He leading to an irradiation damage
up to 1 dpa. The irradiation creep compliance was then determined
during a subsequent proton irradiation. The authors found a reduction of
the irradiation creep compliance (i.e. lower creep rate for a given
applied stress) with higher He concentration. Atkins and McElroy [24]
suggested that the reduction in irradiation creep compliance with
increased He content is due to the increase in bubble density that tends
to harden the material. More recently, irradiation creep experiments
have been conducted under He ion beam on various ferritic steels [6-8].
However, in these experiments it was not possible to distinguish be-
tween the effect of the irradiation damage only and the effect of He
implantation.

The objective of the present study is to further explore the influence
of He on the irradiation creep of metals. The goal is to extract quanti-
tative data, unravel the irradiation creep mechanisms and unify the
results with a physics-based model. For this purpose, following the work
of Lapouge et al. [18,19], thin copper films fabricated by physical vapor
deposition process have been implanted with 0.86% He atoms. These
films have been subjected to simultaneous heavy ion irradiation and
tensile loading, using the on-chip MEMS-based test method [18,19], and
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the irradiation creep rate has been compared with reference specimens
with no He and with or without irradiation hardening prior to testing.
Moreover, TEM observations were carried out after He implantation and
after irradiation creep testing on thin foils taken out of the copper films.

2. Materials and experimental methods

Cu films are processed by Physical Vapor Deposition (PVD) electron
evaporation with 99.999% purity [18,19]. Pure copper has been chosen
as a model material for face-centered cubic (FCC) metals and alloys,
which is the case for austenitic stainless steels widely used as nuclear
structural material. Furthermore, copper and copper alloys play a key
role in the design of fusion reactors, for instance for the mono-block
elements [25], owing to a high thermal conductivity. Before deposi-
tion on the silicon wafer, a 3 nm-thick titanium layer is evaporated to
ensure good adhesion with the substrate. The thickness of the Cu films is
equal to ~500 nm. After deposition, annealing at a temperature of
150°C is imposed during 30 minutes, under reducing atmosphere (Ar,
Hy) in order to prevent oxidation, to stabilize the microstructure and to
increase the grain size. The resulting in-plane grain size is equal to ~500
nm, leading thus to an equiaxed morphology. The film also exhibits a
strong {111} fiber texture (see later in Fig. 3a).

The experimental setup used to deform the Cu films is based on the
UCLouvain MEMS-based on-chip mechanical testing method. The prin-
ciple of the method is briefly recalled hereafter, supported by Fig. 1.
More details can be found in [26-29]. Several layers are deposited
successively on a Si wafer and patterned by photolithography and
etching processes using clean-room facilities. An amorphous silicon
nitride — SigNy - layer is deposited first by Low Pressure Chemical Vapor
Deposition (LPCVD) on the silicon substrate at a temperature of 790°C.
This layer has a thickness of 100 nm and exhibits a mismatch strain of
ems = -0.0033 (the negative sign means that the film would contract if
released and that the residual stress is thus tensile). SisN4 has an
isotropic linear elastic response and will act as the actuator. The actuator
layer is patterned into a long beam with a slight taper using dry etching
(SF¢ plasma followed by CHF3 and O, plasma). The Cu specimen layer is
deposited next and patterned by lift-off process into a classical dogbone
tensile specimen shape, including an overlap with the actuator beam.
Cursors are patterned on both sides of the overlap between the specimen
and actuator, as shown in Fig. 1b. The displacement (u) imposed to the
specimen is measured after release in a scanning electron microscope
(SEM) based on the displacement of cursors with respect to a reference
position. The release process of the test structure is performed using
XeFq dry etching of the silicon substrate. After release, mechanical
equilibrium is attained through elastic unloading of the actuator and
loading of the specimen, see Fig. 1a, which deforms in a purely elastic
manner for short actuators and in the plastic regime with longer
actuators.

The true uniaxial strain and stress in the specimen can be deduced
from the measurement of the displacement (u) as

8:ln<L°+u> — g™ (@)
Lo

_ SaEa La,O —u mis .
o= S, {m( Lo )—ea }exp(e) . 2

This requires knowing the magnitude of the Young’s modulus of the
actuator (E,), the mismatch strain of the actuator (ST’) and of the
specimen (¢™*). The mismatch strains are determined by measuring the
contraction of free beams, and by cross-checking the values using the
Stoney method providing the residual stress in the film out of which the
mismatch strain can be extracted knowing the Young’s modulus, see e.g.
[30]. The geometry of the test structure is given by the initial length of
the specimen (Ly), the cross-section of the specimen (S,), the initial
length of the actuator (L) and the cross-section of the actuator (S,).
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Fig. 1. Principle of the on chip tensile testing method. (a) Mechanical equilibrium between actuator and specimen after release. (b) SEM micrograph of a single
elementary test structure with magnification of the zone with the cursors used to determine the applied displacement. (c) Schematic of a series of test structures with
different actuator lengths. (d) Principle of the construction of the stress-strain response including the evolution under creep/relaxation with time for different

actuator lengths.

The corresponding stress and strain at mechanical equilibrium pro-
vides a single point in the stress-strain diagram. Fig. 1c and 1d and
Fig. 2a and 2b illustrate that different test structures, with various
actuator lengths, lead to different levels of loading, out of which one can
construct the full stress-strain response of the material. The stress-strain
response is thus the result of testing many specimens, hence delivering a
statistically meaningful averaging of the mechanical tensile response of
the Cu films. In the case of a visco-plastic behavior, the equilibrium
working point evolves as the actuator keeps relaxing and the specimen
elongating with time as illustrated schematically in Fig. 1d. This leads to
a loading condition in between pure creep and pure relaxation.

The specimens have been implanted with He and/or irradiated with
Cu ions. Fig. 2d shows that the masking device has been designed to
protect the actuators during irradiation/implantation, as described in
detail in reference [18]. It consists in a stainless steel foil accurately
positioned and aligned in front of the actuators, at the
actuator-specimen overlap, so that only the specimen gauge length is
exposed to the ion beam, see Fig. 2b and 2c. In this context, a specific set
of photolithography masks has been designed so that all test structures
are compatible with the masking device and can be tested for creep in a
single irradiation, see Fig. 2a. The specimens used have a length equal to
50, 100, or 400 pm and widths of 1.5, 2.5, or 4 pm. The actuators have a
width equal to 12 pm and lengths that vary between 50 and 1500 pm.
The structures are gathered by specimen widths, each group is divided
into three sets depending on specimen length. Each set contains 30 test
structures with the same specimen width and length but increasing
actuator length, resulting in to a pan-pipe-type geometry (Fig. 2a).
Therefore, in total, there are 270 structures (3 x 3 x 30). The test
structures used for the irradiation study are duplicated (mirrored) so
that two identical experiments are performed simultaneously. Hence, a
test structure can be irradiated while its mirror test structure is protected
by the stainless steel foil. This mirror test structure thus acts as control
specimen. This allows for a direct comparison between the mechanical
behavior with and without irradiation.

First, some specimens have been implanted with He atoms (at the
MOSAIC/1JCLab facility) by imposing four successive He energies (20

keV: 0.5 x 10'6, 40 keV: 1.0 x 10'6, 80 keV: 0.75 x 10", 100 keV: 1.6 x
108 in ions/cm?) in order to obtain a nearly homogeneous implantation
profile over the thickness of the specimen (Fig. 3d). Implantation and
damage profile computations are performed with the software SRIM
2013 [31-33] in the Quick Calculation (Kinchin Pease) mode as rec-
ommended in [32,33], using a displacement energy of 30 eV [34,35]. It
must be pointed out that early works found lower values for the
displacement energy equal to 22 eV [36] or 16-19 eV [37]. Recently,
some authors used [38] a value of 25 eV for the displacement energy. In
the previous study [18,19] full damage cascade mode was used with
displacement energy of 25 eV leading to a damage rate approximately
three times higher.

The total fluence reached is 3.85 x 10'° ions /cm? which corre-
sponds to approximately 0.86% (atomic percent) of implanted He atoms
when averaged over a thickness of 500 nm. This He implantation in-
duces an average damage dose of 0.70 dpa over the thickness (Fig. 3d).
In order to distinguish between the effect of the He implantation only
and the effect of the irradiation damage, other specimens have been
irradiated with 1.2 MeV Cu ions up to a fluence of 4 x 10* ions /cm?
which corresponds to a damage dose of 0.66 dpa averaged over the
thickness of the specimen. The computed irradiation profile is shown in
Fig. 3b. The same damage profile has been computed using the software
IRADINA [39] with the same parameters and using the “SRIM like”
mode. The same profile is obtained using the different software. As for a
former study [18,19] a tilt of the sample of 7° has been introduced in
order to avoid any channeling effect. The mechanical behavior of these
two types of specimens has then been studied and compared with un-
irradiated specimens referred to as “pristine Cu” in the following.

The test structures are released after He implantation or Cu irradi-
ation. The displacements u are measured in a SEM, on the same day of
the release, at least 30 minutes after release. During this time, the test
structures have already relaxed by a small amount. The stresses upon
release are thus slightly underestimated and the strains slightly over-
estimated. The mismatch strain of the sample (¢™*) is evaluated for each
specimen, by forcing the linear fit of the points in the elastic domain to
go through the origin of the stress-strain diagram. The mismatch strain
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Fig. 2. Set up for on-chip irradiation creep experiments: (a) As-fabricated test
structures. (b) Test structures observed with optical microscopy showing the
actuators with various lengths and the specimens. (c) Same test structures with
the foil aligned which protects the actuators. (d) Device used for accurately
positioning the protecting foil above the SiN actuators.

(™) for pristine (unirradiated) Cu, 0.66 dpa irradiated Cu and 0.86%
at. He implanted Cu are, respectively, equal to: -9.3 x 1074, -9.8 x 107*
and +8.7 x 107*. This shows that irradiation does not affect the
mismatch strain or residual stress, while the He implantation drastically
modifies the residual stress from tension to compression in the Cu film.
The Young’s modulus of the Cu film is equal to E¢, = 110 GPa and the
Young’s modulus of the actuator material is equal to E, = 250 GPa. Both
were measured by nano-indentation [30] which provides more accurate
and reliable Young’s modulus than the on-chip test for the specific ge-
ometries tested in the context of this study.

The irradiation creep response is determined by sequentially irradi-
ating the specimen with a dose increment and measuring the displace-
ment right after. More precisely, the displacement of specimens released
several days before the irradiation creep test starts (8 days before for
pristine Cu and He implanted Cu, 42 days before for the layer irradiated
with Cu ions) is measured again by SEM in order to determine possible
creep deformation accumulation out of irradiation. Then, these speci-
mens are subsequently irradiated using 1.2 MeV Cu ions (on the
MOSAIC/1JCLab facility) in four successive irradiation steps. The four
successive doses (1/3, 2/3, 2/3 and 1 dpa) lead to a total dose of 8/3
dpa. Between each of these irradiation steps, the specimens are taken out
of the irradiation facility and the displacements are measured by SEM.
Simultaneously, control samples are also measured. As explained pre-
viously, from the measurements of the displacement (u) before and after
irradiation, the specimen strain and stress before (¢;_1 and ;1) and
after (¢ and o;) an irradiation step are deduced. As the stress relaxes
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during an irradiation step, it is necessary to evaluate a representative
mean stress taken as the average of the stress before (6;_1) and after (o;)
the irradiation step as:

5= @22 ®)

The visco-plastic strain increase (Ae;"’) during the irradiation step (i)
is computed as the total strain increase minus the change of the elastic
strain (here a decrease) due to the stress relaxation (Eq. 4):

AE}’P = (Ei — Si—l) — M (4)
ECu

The irradiation creep strain rate is deduced as a function of the
irradiation dose increase during the step (AD; in dpa) as Aef /AD; and
then related to the mean stress (5;).

In addition to these small-scale mechanical tests, transmission elec-
tron microscopy (TEM) characterizations have been conducted on thin
foils taken out by focus ion beam (FIB) milling, using a Helios 650
NanoLab FEI-focused ion beam, from the thin Cu films. The thin foils
were taken in the cross-section of the films, with the length of the TEM
thin foil along the length of the beam. A conventional process implying
platinum deposition then gallium ion milling has been used.

3. Results
3.1. Plastic behaviour after irradiation or implantation

Fig. 4 shows the true stress — true strain response of the unirradiated
specimens, of the specimens irradiated with Cu ions and of the speci-
mens implanted with He ions. The yield stress at 0.2% is approximately
equal to o5 = 250 MPa, 65%,, = 380 MPa and ¢5%,, = 500 MPa, for
respectively the pristine Cu (unirradiated), the irradiated Cu with Cu
ions and the He implanted Cu. The He implanted Cu specimen has the
highest yield stress, followed by the irradiated Cu, then the pristine Cu.
First, this demonstrates that 0.66 dpa irradiation induces significant
hardening. Second, for similar damage level of 0.7 dpa, 0.86% at. He
implantation induces more hardening compared with Cu ion irradiation.
Moreover, He implantation induces a significant reduction of the
ductility. Note that for the irradiated Cu the data does not cover the
entire stress-strain response up to the fracture point because the actuator
beams were not sufficiently long and wide to impose the necessary level
of deformation. It will be shown later that the hardening due to irradi-
ation damage is attributed to the formation of numerous stacking fault
tetrahedra (SFT) under irradiation and that the hardening due to He
implantation is attributed to the formation of nanometric He-bubbles.

3.2. Mechanical behavior under irradiation

The variation of the strain incrementally measured during the irra-
diation experiments is given as a function of time in Fig. 5. Fig. 5a shows
the behavior of the pristine Cu film and Fig. 5b shows the behavior of the
1% He implanted Cu. The vertical red rectangles indicate the irradiation
steps with the corresponding damage dose. Each symbol corresponds to
a specific test structure. The value given in the legend is the ratio be-
tween the actuator length and the specimen length L,/L¢, of the cor-
responding test structure. Fig. 5a and 5b show that the deformation does
not change without irradiation. The two steps without irradiation
correspond to the previous night and the night in the middle of the
experiment. This can also be confirmed by looking at the control spec-
imens in Fig. 5¢c and 5d that are protected by the stainless steel foil. On
the other hand, strain significantly increases during the 4 irradiation
steps. This is the signature of the irradiation creep phenomenon of in-
terest in this study. Note that the strain is larger when the ratio Ly /L, is
larger, which is consistent with the effect of the actuator length on the
applied stress, the applied load being larger when the actuator length is
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Fig. 3. (a) EBSD map of the 500 nm thick Cu foil. The corresponding colors are given in the Inverse Pole Figure. A TEM micrograph of the cross-section of the foil is
also shown. (b) Damage profile in the Cu film calculated with the SRIM 2013 software using the Quick Calculation mode and 30 eV as displacement energy for a
fluence of 4 x 10'* ions /cm2. (c) He implantation profile, given in atomic % computed with the SRIM 2013 software using Quick Calculation mode and 30 eV as
displacement energy. The black continuous line shows the overall He concentration. (d) Damage profile obtained during He implantation. The black continuous line

shows the overall damage profile.
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Fig. 4. True stress — true strain response of Cu after irradiation or implantation
extracted from the release of on-chip test structures. The measurements are
performed the same day of the release.

longer.

Fig. 6 shows the stress-strain evolution under irradiation of the (a)
pristine and (b) He-implanted specimens. One should be careful not
misinterpreting these data as stress-strain curves because they belong to
specimens having a different creep history associated to different
imposed initial levels of stress. As described schematically in Fig. 1,
under irradiation, the stress decreases and the strain increases, following
straight lines that connect the points related to the same specimen. SEM
observations reveal that the test structures that have undergone irradi-
ation creep deformation remain homogeneous with no sign of localiza-
tion or failure under irradiation.

The irradiation creep strain increments associated to the increments
of irradiation dose (A¢;¥ /AD;) are computed and plotted in Fig. 7a as a
function of the mean stress (6;) during the corresponding irradiation
step. The result of a power law fit is also shown in Fig. 7a. The hatched
area around each curve represents the impact of an error of + 5% on the
actuator thickness which is the main uncertainty factor in the experi-
mental data reduction. The creep strain rate follows a power law with a
stress exponent close to 4 for the three families of specimens. The cor-
responding multiplication pre-factors are equal to 2.12 x 10712, 1.32 x
107'2 and 3.05 x 1073 Mpa—* dpa'1 for pristine Cu, irradiated Cu and
He implanted Cu, respectively. This high stress exponent, equal to 4, is in
good agreement with previous results obtained on Cu for moderate and
high applied stresses [18,19,40,41].

Pristine Cu and pre-irradiated Cu exhibit similar behavior with
relatively similar pre-factors. In order to further analyze these results,
the points corresponding to the first irradiation step (0.33 dpa) of the
initially unirradiated sample have been represented as filled light-blue
squares in Fig. 7a and the points corresponding to the subsequent irra-
diation steps are represented as smaller filled dark-blue squares. The
filled dark-blue squares align with the green points corresponding to the
pre-irradiated sample. This indicates that the irradiation creep behavior
after 0.33 dpa irradiation (under stress) is the same as the creep behavior
after 0.66 dpa irradiation (without stress).

On the other hand, the creep rates of He implanted Cu films are much
lower than pre-irradiated Cu, with one order of magnitude lower pre-
factor in agreement with the experiments conducted by Atkins and
McElroy [24], as further discussed in the next section.

In order to investigate the impact of the hardening on irradiation
creep, a simple irradiation creep model based on dislocation glide
assisted by irradiation is proposed. Thermodynamic and kinetics based
models of dislocation glide [42-44], justify that the strain rate can be
reasonably well related to a power law of the applied stress divided by
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Fig. 5. Variation of the total strain as a function of time under irradiation for (a) the pristine specimen and (b) the He-implanted specimen. The irradiation sequences
are shown as vertical red bars with the damage dose written above. Variation of the strain as a function of time out of the ion beam (control samples) for (c) the
pristine specimen and (d) the He-implanted specimen. Dotted lines have been added to help the reader to follow the evolution of the strain of few test structures with
time. The value given in the legend is the ratio between the actuator length and the specimen length L,/L¢, of the corresponding test structure.
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increment of the irradiation dose.

the mechanical threshold stress that represents the resistance to dislo-
cation glide. This mechanical threshold can be taken here as yield stress
measured prior to irradiation creep, after the release of the specimens.
Depending on the physically based model considered for creep
controlled by dislocation glide, a stress exponent varying between 3 and
5 [45,46] has been proposed. A stress exponent of 4 is adopted in this
work leading to

de”? s \*
R 0.087 (0_0.2%) 5)
with the pre-factor 0.087 dpaadjusted to the get the best agreement
with the experimental data. This identification was based on the
following yield stress values for the different conditions. The yield stress
of the pre-irradiated Cu (6§Y%,, = 380 MPa), determined by the on-chip
test method, is used for both the pre-irradiated Cu and the unirradiated
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Fig. 7. (a) Variation the creep strain increment per dpa as a function of stress for pristine Cu, He-implanted Cu and irradiated Cu (all the steps are considered for the
fitting of the pristine Cu). (b) The creep strain rate per dpa is represented as a function of the stress divided by the yield stress. The light blue points that correspond to

the first irradiation step are not considered for the adjustment of the model.

(pristine) Cu, only considering the points obtained from the second
irradiation steps, shown as smaller dark blue squares in Fig. 7b. The
yield stress o}t = 500 MPa, also determined by the on-chip test, is
used for the He implanted Cu. Fig. 7b shows conspicuous agreement
between the model and experiments, leading to a single master curve. It
is important to insist on that the model relies on a single tuning factor

only. This indicates that the irradiation creep behavior at moderate

100 nm

stresses and low temperatures is essentially controlled by the magnitude
of the yield stress for reasons that are discussed in the sequel.
3.3. Defect analysis before and after irradiation creep

The microstructure after 0.86% at. He implantation has been char-
acterized by TEM, see Fig. 8a and 8b. The distribution of bubbles is

Fig. 8. (a,b) He bubbles observed using (a) underfocus conditions and (b) overfocus conditions; (c) jogged dislocations in the pristine Cu film after irradiation creep;

(d) jogged dislocations in the He-implanted Cu film after irradiation creep.
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homogenous with a diameter of d ~ 0.9 nm, estimated using the
through focus technique [47,48]. This bubble size is in agreement with
other values found in the literature [48-51]. From the knowledge of the
He content (~1% at.) and bubble size (d ~ 0.9 nm), the bubble density
is found to be close to N = 1 x 10%> m~2 depending on the method used
[48,49,51]. No bubble superlattice is observed at this damage level. The
irradiated Cu microstructure was also previously analyzed [18]. It
mainly consists of small SFT with density of N = 2.5 x 10*®* m~3 and
mean size of d = 2.5 nm in agreement again with values found in the
literature [52-55]. These SFT are sometimes difficult to detect
depending on the thickness and quality of the thin foil. Often, only black
dots can be distinguished which are either small SFT or small dislocation
loops.

Thin foils prepared by FIB milling from Cu films after irradiation
creep have been also characterized by TEM. In the pristine Cu (Fig. 8c)
and He-implanted Cu (Fig. 8d) specimens, jogged dislocations are
observed in the midst of numerous irradiation defects, SFT or bubbles.
TEM analysis reveals very limited bubble growth, considering the ac-
curacy of the measurement.

4. Discussion

The on-chip uniaxial tensile tests reveal the expected significant
hardening of the ion irradiated and He implanted Cu films compared to
unirradiated conditions. He implantation leads to a significantly larger
hardening than Cu ion irradiation, even though the irradiation dose is
almost identical, equal to 0.7 dpa and 0.66 dpa, respectively. The
hardening of the Cu ion irradiated layer is attributed to the numerous
stacking fault tetrahedra (SFT) produced under irradiation that impede
dislocation glide [19,52,56,57]. The significant hardening of the He
implantation is attributed to the high density of nano He bubbles that
are very effective to impede dislocation glide [48,51,58]. The elemen-
tary hardening induced by these two types of defects can be approxi-
mately estimated by considering the dispersed barrier hardening model
(DBH), see [59]. According to this model, the increase of yield stress Ao
can be quantified by the following relationship

Ao = a(d)Mubv/Nd, ®)

where M is the Taylor factor, u is the shear modulus, b is the Burgers
vector, d is the defect size and N the defect density. The coefficient a(d)
is characteristic of the strength of the obstacle, which depends on the
type of obstacle and which is an increasing function of its size [59]. The
influence of the obstacle size on the strengthening can be rationalized by
using various models [59] such as the Bacon Kocks Scattergood (BKS)
model [60-62] which is not considered here. The following values for
the various parameters of the DBH model were selected: M = 3.06 [63],
u =46 GPa [51], b = 0.256 nm. The choice of M=3.06 is an upper
bound value valid for a polycrystal with no crystallographic texture. The
true value is not known, but probably smaller due to the lower constraint
on plasticity of the present single-grain-over-the-thickness morphology,
with marked crystallographic texture. Based on yield stresses measured

on-chip and reported in Section 3.2 as well as the values of d and N
reported in Section 3.3, Eq. (6) gives a coefficient a equal to ag'u';bclgp ~
0.07 for He-implanted Cu. This value is in good agreement with the
value obtained by Wang et al. [50] from compression tests on nano-
pillars. Concerning Cu irradiated with Cu ions, the coefficient a associ-
ated to SFT is found to be equal to aZe "™ ~ 0.14. This last value is not
far from the value of 0.2 reported in the Supplementary Information of
ref. [52].

The ratio between the strength coefficient for bubbles and for SFT is
equal to " /%t P ~ 0.5, independent of the parameters M, u, b
chosen. This ratio is discussed further in connection to the literature. If
the model used above is correct and the experiments presented in this
study valid and accurate, it leads to the conclusion that the hardening
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potential induced by a single bubble, smaller than 1 nm, would be close
to half of the hardening induced by a 2 nm single SFT. The smaller
hardening induced by individual bubble can be partly explained by the
smaller size of the defect since a(d) decreases as the defect size de-
creases. Assuming that a bubble behaves similar to a cavity and that a
SFT behaves similar to a Frank loop, our results can be compared with
the analysis of Tan and Busby [59] where the hardening induced by
cavities is compared to the hardening induced by Frank loops. The in-
fluence of obstacle size was clearly noticed by these authors. Further-
more, they found that a cavity with a diameter close to 1 nm induces a
much lower hardening than a Frank loop with the same size which
further consolidates our own finding.

The on-chip experiments performed under simultaneous irradiation
and applied stress, conducted after the release of test structures, show
significantly deformation during the irradiation steps. This is the evi-
dence of the irradiation creep phenomenon. The analysis of the exper-
iments shows that the irradiation creep strain rate of Cu follows a power
law function of stress, with a high exponent close to 4. SEM observations
reveal that during irradiation creep, the deformation shows no evidence
of localization or failure. This means that even though up to 2% of extra
creep deformation has been sometimes generated through irradiation
creep, none of the on-chip test structures broke. This effect has already
been noticed by Lapouge et al. [19]. Although no rate sensitivity anal-
ysis was performed here, this effect can be related to the large rate
sensitivity that is accompanying the irradiation creep response. A high
rate sensitivity stabilizes plastic localization and explains why some thin
metallic films can be very ductile [64].

Different mechanisms are proposed in the literature to explain the
irradiation creep phenomenon [1,2]. An important class of mechanisms
implies the anisotropic redistribution under applied stress of the
numerous point defects created by irradiation. In this class of mecha-
nisms, the stress induces a preferential absorption of point defects by
dislocations leading to anisotropic climb [65-68]. The influence of the
applied stress on the preferential nucleation or growth of dislocation
loops could also explain part of the deformation occurring under irra-
diation [69]. There are relatively few microscopic evidences of these
mechanisms, as reviewed in [2,70]. Recently, experiments conducted
in-situ inside a transmission electron microscope on pure aluminum
[71] show that stress induced preferential absorption of point defects by
dislocation loops is in fact very limited and would therefore have a
negligible contribution to irradiation creep. However, stress induced
preferential nucleation of loops is clearly observed. This last mechanism
could therefore contribute to irradiation creep deformation but most
probably in a limited way. Nevertheless, this class of mechanisms leads
to a stress exponent equal to one and cannot explain the behavior
revealed by the present experiments.

A second important class of mechanisms implies the glide of dislo-
cations enhanced by climb due to the absorption of point defects by
dislocations under irradiation [72]. This class of mechanisms, involving
dislocation glide leads to a high stress exponent, typically higher than
three. Again, there is yet no clear microscopic experimental evidence of
this mechanism. Another glide-based mechanism has been recently
observed in-situ inside TEM in pure Cu [73], and zirconium alloys [74],
under simultaneous ion irradiation and tensile loading. This mechanism
is based on the fact that ion irradiation, as for neutron irradiation, cre-
ates displacement cascades. If the displacement cascade falls on a
pinning point, such as a junction with a loop, or with a SFT, the dislo-
cation can be released and glide freely up to the next pinning point. This
mechanism has been reproduced numerically using Molecular Dynamics
simulations [75,76] and recently applied to irradiation creep modelling
[771.

The fact the stress exponent determined by the on-chip experiments
is close to 4 suggests that the active deformation mechanism involves
dislocation glide. Such mechanism was already proposed in the litera-
ture to explain the high stress irradiation creep in Cu [40,78], as well as
in other materials [78-80]. Furthermore, post-irradiation FIB samples



N. Khiara et al.

for Cu and He implanted Cu showed evidence of jogged dislocations.
These jogs probably result from simultaneous dislocation climb and
glide under irradiation.

The fact that the irradiation creep behavior after 1/3 dpa irradiation
is the same as the creep behavior after 2/3 dpa irradiation can be
explained by the rapid stabilization of the microstructure under irradi-
ation. Several authors found that the irradiation defect density saturates,
at a small dose, lower than 0.1 dpa [25,81]. This justifies the fact that the
irradiation creep behavior after the first irradiation step is found to be
the same as for the pre-irradiated sample.

For the He-implanted Cu, we demonstrate that irradiation creep is
reduced by the presence of He bubbles. This can be explained by the fact
that bubbles act as obstacles for dislocation glide, thus leading to a
reduced irradiation creep rate. The fact that a power creep law
normalized by the yield stress describes very well the behavior of both
pristine Cu and He-implanted Cu again suggests that the active mecha-
nism is the dislocation glide assisted by climb or dislocation unpinning
under displacement cascades.

From the previous findings, the highly non-linear relationship with
stress and the dependence on the yield stress of the irradiation creep
rules out the classical mechanism of point defect agglomeration as the
major contributors to irradiation creep, at least in these conditions. The
irradiation induced unpinning from pinning points, observed in situ
under simultaneous loading and irradiation [73] and simulated using
molecular dynamics simulations [76], seems to be the most probable
mechanism, being operative for dislocation loops, SFT and He bubbles.
It explains physically the possibility of a master curve for the irradiation
creep rate when the stress is normalized by the yield stress, the main
effect of He bubble being to add new obstacles to dislocation glide, and
to increase the yield stress.

5. Conclusion

Freestanding thin Cu films pre-irradiated with Cu ions or implanted
with He atoms have been loaded on chip in tension, and subjected to
irradiation creep conditions with Cu ions. The main findings of this
study are the following

e Cu film hardens under 0.66 dpa Cu ion by 50% as a result of the
production of a high density of stacking fault tetrahedra impeding
dislocation glide. The hardening is significantly higher, by 100%,
when the Cu film is implanted with 0.86% He atoms inducing the
formation of a very high density of nano bubbles that also impede
dislocation glide.

The modelling of the hardening induced by a single bubble smaller
than 1 nm or a single 2 nm SFT shows that the strength of a bubble is
close to half of that of a SFT, the higher hardening of the He-
implanted Cu being due to the larger bubble density.

Creep deformation takes place only under ion beam irradiation,
following a power law with a stress exponent close to 4 with the He-
implanted Cu specimen exhibiting lower creep rates for the same
applied stress. This lower creep rate is rationalized by a simple
strength-based model. The creep behavior under irradiation of both
pristine Cu and He-implanted Cu is fully captured by normalizing the
stress by the yield stress as dictated by the pre-irradiation or He-
implantation,

The high stress exponent and the dependence on yield stress in-
dicates that the active deformation mechanism is mainly dislocation
glide. Dislocation glide is enhanced by irradiation thanks to climb
due to the high concentration of point defects or most probably due
to the direct dislocation unpinning from obstacles by displacement
cascades.
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