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Abstract

Sputtered Cu/V nanolayers with individual layer thickness, %, varying from 1 to
200 nm were irradiated by helium (He) ion at room temperature to a peak dose of 6
displacements per atom (dpa). The average helium bubble density decreases significantly
with decreasing 4. The magnitude of radiation hardening decreases with decreasing layer
thickness, and becomes negligible when /4 is 2.5 nm or less. This study indicates that
nearly immiscible Cu/V interfaces with the space of a few nm apart can effectively
reduce the concentration of radiation induced point defects. Consequently, Cu/V
nanolayers possess enhanced radiation tolerance, i.e., reduction of void swelling and

suppression of radiation hardening, compared to monolithic Cu or V.

1. Introduction

The radiation-induced defects and evolutions of mechanical properties in proton,
neutron and ion irradiated metallic materials have been subject of many experimental and
theoretical studies [1-3]. Radiation to the metals and alloys leads to atomic displacement
damages, such as vacancies, interstitials, and their agglomerations in the form of vacancy
clusters, voids and dislocation loops [4]. In fusion reactors, besides the aforementioned

displacement damages, a high concentration of He atoms created via (n, o) or other
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transmutation reactions typically leads to a large number of He bubbles in irradiated
structural metals [5]. Radiation induced void swelling can cause significant dimensional
instability and degrade the mechanical properties in the form of embrittlement.
Significant void swelling, ~ 14%, has been observed in neutron irradiated 316L stainless
steels [6]. Radiation hardening has been extensively studied in irradiated FCC and BCC
monolithic metals, such as Cu and V [7, 8]. The increase of yield strength is

approximately 200-300 MPa in Cu and V irradiated at a damage level of ~ 1 dpa [9].

Microstructural control is an effective way to suppress radiation damage. The
aforementioned studies have shown that grain or phase boundaries may act as sinks for
radiation induced point defects and their clusters, where recombination of interstitial and
vacancy could occur and such recovery process assists the interfaces in maintaining their
ability to continuously absorb point defects [10-11]. Metallic nanolayer films possess
very high ratio of interfacial area to volume. Recent studies show that immiscible Cu/Nb
nanolayers with a layer thickness of a few nm are extremely resistant against He ion
irradiation-induced intermixing [12]. Atomistic simulations show that pairs of extended
Jogs formed by misfit dislocations along interfaces can effectively lower the point defect
formation energy, and such interfaces become virtually inexhaustible sinks for point

defects and catalysts for efficient Frenkel pair recombination [13].

In this article, we provide a systematic study of He ion irradiation induced
defects, void swelling, and the evolution of film hardness in Cu/V nanolayers, and
explain the mechanisms that lead to enhanced radiation tolerance in nearly immiscible

Cu/V nanolayers.




2. Experimental

Cu/V nanolayer films with equal individual layer thickness ranging from 1 to 200
nm were synthesized on Si (100) substrates by using the DC magnetron sputtering
technique at room temperature. Details of synthesis method can be found elsewhere [14].
Before helium (He) ion irradiation, the samples with 5 X 10 mm in dimension were
partially masked to avoid ion irradiation in the masked regions. After irradiation
experiments, the difference in height (step height) between the irradiated and unirradiated
regions was measured by using a Dektak 3 Stylus profilometer with a Z height resolution
of better than 1 nm. Void swelling is the result of the measured values of step height
divided by the ion range (~ 400 nm) in the current studies. The ion irradiations were
performed at room temperature using 50 keV He ions. A total fluence of 6 x 10%° / m?
was achieved in 4 hours at a constant beam current of 2 LA. Baseline pressure in the ion
implanter was less than 1 x 10° Pa. The temperature rise of specimens due to beam

heating was estimated to be less than 50 °C.

The microstructure of Cu/V nanolayer was examined in a 200 kV JEOL 2010
transmission electron microscope (TEM). The scanning TEM (STEM) and energy
dispersive X-ray (EDX) analysis for identifying the elemental composition and the
interface integrity of the specimens were performed by the FEI Tecnai F20 with
Fischione ultra-high resolution STEM HAADF detector with 0.23 nm resolution and
Oxford EDX detector with spatial resolution of ~ 1-2 nm. The hardness and indentation
modulus of films were measured based on an average of 9-12 indents at different

indentation depths at room temperature, by a Fischerscope HM2000XYp micro-indenter




using a Vickers indenter with the same loading rate. The maximum indentation depth was

kept at ~ 200 nm for all specimens.
3. Results

3.1 Microstructural evolutions

Bright field cross-sectional TEM (XTEM) micrographs of the as-deposited and
ion irradiated Cu/V 50 nm and Cu/V 2.5 nm nanolayers are compared in Figure 1. The
as-deposited Cu/V nanolayers (figure la and 1b) possess polycrystalline columnar grain
structures with clearly defined layer interfaces and Kurdjumov-Sachs (K-S) orientation
relationship: Cu {1 1 1} //V {1 1 0} // interface, and Cu <1 1 0> // V <1 1 1>. The
columnar grain size in as-deposited Cu/V 50 nm is similar to the individual layer
thickness, /#, whereas grain sizes are much greater than 4 in the as-deposited Cu/V 2.5
nm specimen. After He ion irradiation, de-focused XTEM experiments were performed
to reveal defects induced by He ion irradiation across the entire thickness of the Cu/V 50
nm and Cu/V 2.5 nm specimens, as shown in Fig. lc and 1d. Superimposed on the
images are two depth profiles of He concentration (solid curves starting from surfaces)
obtained from SRIM simulations [15] of Cu/V 50 nm and Cu/V 5 nm nanolayer by using
experimental radiation parameters. The number of He bubbles in irradiated samples
correlates well with the simulated He concentration profile and reaches a maximum at a
depth of ~ 200 nm underneath the film surface. SADs in irradiated Cu/V nanolayer
samples indicate insignificant change of fiber textures. The magnified XTEM
micrographs of the Cu/V 50 nm and Cu/V 2.5 nm specimens at the peak damage regions,
as outlined by a square box in Fig. lc and 1d, are compared in Fig. le and 1f

Comparisons of the two micrographs show similar size of He bubbles, ~ 1 nm in diameter

4.
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Figure 1, XTEM images of as-deposited (a) Cu/V 50 nm, and (b) Cu/V 2.5 nm
nanolayers and He ion irradiated (c¢) Cu/V 50 nm, and (d) Cu/V 2.5 nm specimens. ()
and (f) are magnified micrographs of the peak damage reglons of irradiated Cu/V 50 nm
and Cu/V 2.5 nm nanolayers, respectively.
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and the density of He bubbles in Cu/V 50 nm specimen is much greater than that of

irradiated Cu/V 2.5 nm nanolayers.

STEM experiments were performed to examine the chemical integrity of layer
interface after irradiation. A STEM micrograph of ion irradiated Cu/V 50 nm specimen is
shown in Fig. 2a. The brighter layers are Cu, sandwiched by the darker V layers. Three
different regions predicted by SRIM simulation were examined: (i) a film surface region
with low to medium damage, (ii) a peak damage region at a depth of around 200 nm, and
(ii1) a no damage region that is deeper than the ion projected range. Chemically abrupt
layer interfaces are observed in all the three regions. Furthermore, semi-quantitative
chemical composition analysis via EDX was performed in the same specimen along a
straight line, 550 nm in length, normal to the layer interface across all the regions. As
shown in Fig. 2b, the composition profiles for the three regions are essentially the same,
indicating that radiation induced interdiffusion across layer interface, if any, is under the
spatial resolution limit of such a technique. STEM studies of Cu/V 2.5 nm (not shown
here) in the unirradiated and peak damage regions show qualitatively that layer interfaces
remain chemically modulated after He ion irradiation.

surfac

peak damage
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Figure 2, (a) STEM image of ion-irradiated Cu/V 50 nm, and (b) EDX analysis of
compositions for the same sample along the straight line, 550 nm in length, normal to
the. layer interface across all three regions: surface, peak damage, and no damage
region.

XTEM was used to examine the influence of individual layer thickness on bubble
density in ion irradiated Cu/V nanolayers. Fig. 3a compares the He bubble density as a
function of depth from the film surface in irradiated Cu/V 50 nm and Cw/V 2.5 nm
nanolayers. He bubble density (number per unit volume) was calculated from TEM
micrographs taken at an under-focused condition (- 400 nm) where similar bubble sizes
(~ 1 nm) are observed in all irradiated specimens, and sample thickness is assumed to be
~ 25 nm. In both cases, the He bubble density increases rapidly to a maximum at a depth
of ~ 200 nm, where the helium concentration reaches a peak according to SRIM
simulations. One major difference in the two cases is that the peak He bubble density in
the Cu/V 50 nm nanolayer is around 3 times greater than that of Cu/V 2.5 nm specimen.
On the other hand, the peak bubble density of irradiated Cu/V 50 nm nanolayer is still

lower than that of single layer polycrystalline Cu films, as shown by the horizontal

dashed line in Fig. 3a, irradiated at the same condition.
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Figure 3, (a) Comparison of helium bubble density profiles from the surface in ion
irradiated Cu/V 50 nm and Cu/V 2.5 nm nanolayers, and (b) void swelling vs. % in
ion-irradiated Cu/V nanolayers, where % is individual layer thickness. The rule-of-
mixture (ROM) void swelling in irradiated Cu and V single layer films is also shown
by the horizontal dashed line.




To provide a rough estimate of radiation-induced void swelling, the step height
across the irradiated and unirradiated (no radiation) region was measured by a
profilometer and the results are shown in Fig. 3b. The magnitude of void swelling clearly
decreases with decreasing /. The void swelling in irradiated Cu/V 2.5 nm nanolayer is
approximately 2 times lower than that in Cu/V 50 nm nanolayers. Furthermore, void
swelling in all irradiated Cu/V nanolayers is less than rule-of-mixture (ROM) void
swelling in irradiated single layer Cu and V films, shown by the horizontal dashed line in
Fig. 3b. An average of ‘the measured void swelling in single layer Cu and V films
subjected to identical irradiation conditions as the nanolyaers was used as a reference and

referred as ROM void swelling.

3.2 Irradiation induced hardening

Hardnesses of as-deposited and ion-irradiated Cu/V nanolayers vs %% are plotted
in Fig. 4a, where % is the individual layer thickness. When /4 is greater than ~ 25 nm, the
hardness of as-deposited Cu/V scales approximately linearly with #7®°. The hardness
approaches peak values at 2 of 2.5 nm or less. He ion irradiation in general leads to the
increase of film hardness (radiation hardening). But the magnitude of radiation hardening
diminishes continuously with decreasing %, and become negligible at # <2.5nm. ROM
hardness values of as-deposited and ion-irradiated films are also shown by the horizontal
dashed lines in the same plot, respectively, with an ROM hardness increase of ~ 1 GPa
after irradiation. In order to examine hardness variation in more detail, the change of
hardness between the as-deposited and ion-irradiated Cu/V specimens, AH , as a function
of h™**, was plotted in Fig. 4b. The magnitude of AH (indicated by black triangle)
increases with increasing /# and approaches the values of radiation hardening in single

layer Cu and V films.
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Figure 4, (a) Comparison of hardnesses of the as-deposited and irradiated Cu/V
nanolayers as a function of 47%°. Rule-of-mixture (ROM) hardness values of as-deposited
and ion-irradiated films are also shown by the horizontal dashed lines, respectively. (b) A
plot of hardness variation of Cu/V nanolayer films as a function of #~*°. The magnitude
of radiation hardening (indicated by black triangles) clearly increases with increasing %,
and it is negligible when /% is 2.5 nm or less. Red squares show the calculated He bubble
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induced hardening based on the FKH model.
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4. Discussion

In this section, the evolution of microstructures, including the retention of layered
morphology and generation of He bubbles is first examined and then the implication of

these microstructural changes on irradiation hardening is analyzed.

4.1 Morphological stability of Cu/V layer interfaces

An energetic ion beam can induce ion mixing at interfaces between dissimilar
materials. Such energetic ion induced ballistic mixing can effectively induce the
formation of new phases or even completely destruct layer interfaces in miscible systems,
such as Cu/Au [16]. However, in Cu/V system with a positive heat of mixing, ~ 5 kJ/mol
[54], a chemically driven demixing process may have occurred simultaneously during
irradiation experiments. Hence the strong demixing tendency led to the retention of Cu/V
layer interfaces. Similar phenomena have been observed in several other immiscible
systems, such as Cu/W [16]. The mutual solid solubility between Cu and V is very
limited, approximately 2.5 wt. % Cu in V matrix at 800 °C [17]. Intermixing at the level

of a few at. % 1s below the detection limit of the STEM technique used in this study.

4.2 Radiation induced He bubbles

We now attempt to analyze radiation induced defect concentration in nanolayers.
The primary radiation damage event in crystalline metals is the displacement of one or
more atoms, and consequently vacancies, self-interstitials and foreign elements are
created in crystal lattices [18]. In bulk FCC metal with low-to-medium stacking fault
energy (SFE), such as Cu (ygr = 39 mJ/m?) [19], approximately 90% of neutron radiation-

induced defects are stacking fault tetrahedral (SFT) at a density of 2-6 x 10 /m’® at a
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damage level of 0.01 - 0.9 dpa [20]. In BCC bulk V, radiation induced defects are mostly
dominated by interstitial loops, 2 nm in diameter, at a density level of 1-2 x 10% /m’® [20].

He will rapidly combine with vacancies and vacancy clusters to form bubbles.

He bubbles have been observed in most irradiated Cu/V nanolayers. The size and
density are crucial to depict the He bubbles. The average bubble size at in-focus
condition, determined based on a series of XTEM images (not shown here) by the
intercept of linear fit with y axis, is 0.7 &= 0.2 nm, and 0.6 = 0.2 nm in irradiated Cu/V 50
nm, and Cu/V 2.5 nm specimens, respectively. Such analysis indicates that the average
bubble size depends very little on % of the nanolayers, and provides the basis for accurate
determination of He bubble density. The reduction of He bubble density in Cu/V 2.5 nm
specimen by a factor of approximately 3 compared to that in irradiated Cu/V 50 nm and

Cu films indicates that vacancy concentration must have been dramatically reduced.

The equilibrium distribution function of He bubbles with the number of

vacancies, 7, and gas atoms, x, can be expressed by [4]

p'(1,2) = M, exp{nln, —&n™" + xIn(~ 7)) n
X

Where M is the number of gas-atom clusters per unit volume composed of x gas
atoms, S, is the supersaturation of vacancies, ¢ is a temperature dependent constant, M

is the overall He concentration in metals, A is the Henry’s law constant for the

dissolution of He in the metal, Q2 is the atomic volume of metals. S, can be expressed

by
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Where C, and C, is the vacancy concentration and thermal equilibrium vacancy

concentration, respectively. £ can be written as

_ NG
5 =(36mQ07) - G)

Where y is the surface energy of solid.

Inspection of equation (1) shows that for Cuw/V 2.5 nm and Cw/V 50 nm

nanolayers, the major difference in the two systems is the first term in the bracket, S, .

Hence, assuming the thermal equilibrium vacancy concentration is similar in both
systems, the reduced He bubble density at smaller layer thickness should be a direct

evidence of reduced vacancy concentration, C,, in nanolayers, via annihilation with

interstitials.

It is generally accepted that radiation induced defects tend to migrate to the
interfacial regions, such as grain boundaries and interfaces [21]. These interfacial regions
are expected to act as effective sinks for radiation induced defects. The interfacial area
density of defect sinks (number of interface per unit length along a direction normal to
the layer interfaces) in Cu/V 2.5 nm nanolayers is 20 times higher than that in Cw/V 50 nm
nanolayers. It is likely that defect migration along interface is facilitated, an event that
leads to enhanced annihilation of opposite type defects. Mathematically, the reduced

supersaturation of vacancies could also be affected by Cy, to a certain extent, which is

dependent on temperature and vacancy formation energy in-thermal equilibrium state.
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Recent MD simulation studies of Cu/Nb nanolayer films showed the formation energies
of vacancies are significantly lower at Cu/Nb interfaces than in the perfect crystals of the
neighboring elements [22]. Hence it is likely that when % in the nanolayer is reduced to a

few nm length scale, the value of C, is slightly increased due to the interface effect. As a

result the capacity of defect storage in nanolayer is enhanced and reduces the
supersaturation of vacancies. The reduction of He bubble density in nanolayers is thus a

combined effect of enhanced defect storage capacity (increasing C, ) and increased

probability of defect annihilation at interfaces (decreasing C, ).

4.3 Mechanical integrity and hardening mechanisms

In conventional metals, radiation hardening is contributed by interaction of
dislocations with two types of radiation-induced defects: strong obstacles, such as
interstitial loops, SFTs and precipitates, and relatively weak obstacles, such as He
bubbles [23]. The interaction of glide dislocations with Cu/V interfaces is not expected to
change significantly given the retention of chemically abrupt interfaces after radiation. As
noted in previous reviews of obstacle-controlled strengthening, the dispersed barrier
model [24] is appropriate for strong obstacles induced hardening. An alternative
hardening relationship was developed by Friedel-Kroupa-Hirsch (FKH) for weak
obstacles [25, 26]. The contribution of He bubbles to radiation hardening is negligible at
low He concentration and becomes significant only above a critical He concentration
around 1 at. % [27-29]. The SRIM simulation results predict the average He
concentration is around 1.9 at. % in Cu/V 50 nm nanolayers and 1.6 at. % in Cu/V 5 nm

nanolayers, respectively. When the bubble size is very small, He bubbles are treated as
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the weak obstacle. The FKH model is applied to estimate the He bubbles induced

enhancement of yield strength, Ac, by:

2
Ao = aM ubdN> “4)
Where a is typically taken as ~ 1/8 [30]. M 1is the Taylor factor taken as 3.06 for

FCC and BCC metals, and g is the shear modulus of 46 GPa for both Cu and V; b is the
Burgers vector of the primary glide dislocations. The magnitude of Burgers vector in

FCC Cu is a./42=03615/4/2=025562 nm and in BCC V s

a,,«/g /2 =0.3027 x~/3/2 =0.26218 nm, respectively. The diameter of He bubbles (d),

~ 1 nm, and their average number density (/N ) across the radiation damage region are
obtained from TEM measurements. Radiation hardening, estimated as three times of the
calculated Ac indicated by red squares, is compared with experimental values (indicated
by black triangles) in Fig. 4b. It is evident that insignificant radiation hardening in
nanolayers at smaller # (a few nm or less) can be described well by He bubble induced
hardening. However, He bubble induced hardening alone underestimates the
experimental values for single layer Cu film, single layer V film and that of nanolayers
with greater # (50 nm for instance). The above analyses show that the magnitudes of
radiation hardening due to He bubbles are less than experimental measurement, implying

radiation hardening contributions from other factors, presumably interstitial loops.

We noticed that, in spite of a rather high He bubble density, the average distance
between He bubbles (1) is ~ 25 nm, a length scale where Orowan type of dislocation

bowing between bubbles is a reasonable mechanism. Depending on the difference
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between inter bubble separation (A ) and the individual layer thickness, /%, radiation
hardening in nanolayers could be categorized into three regimes. (i) Forz << 1, at a few
nm length scale, the yield strength of the nanolayers is expected to be controlled by the
smaller length scale, 4, with minimal contribution from He bubbles. (ii) When % is
comparable to A, radiation hardening from bubbles will become more evident. (iii)
Finally when 7 is much greater than A, on the order of hundreds of nm, the magnitude
of radiation hardening approaches that of single layer films, and significant hardening by
irradiation-induced defects is expected. In addition to He bubbles, other defects, such as
interstitial loops will also become important. At small %, interstitials are expected to

migrate to interface sinks and hence, loops may not form within layers.

The interstitial loops are typically treated as the strong barriers to the trespassing
of the dislocations in the radiation studies. The dispersed barrier model based on
straightforward geometrical considerations for obstacles intersecting the dislocation slide
plane is the most appropriate for strong obstacles such as interstitial type dislocation
loops. So the yield strength for polycrystalline metal is predicted by the well-known

dispersed barrier hardening equation:
Ao =Ma' ub\Nd (5)

Where M, pu, b, N and d carry the same physical meanings as defined

previously, but this time the defect clusters are interstitial loops. ' is a parameter that
depends on the average barrier strength of the radiation-induced defect clusters. Recent
studies estimate o is 0.26 for V and 0.2 for Cu [20]. By subtracting the contribution of

.He bubble induced hardening from measured values, the average interstitial loop density
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with an assumption of size of 2 nm is estimated as 0.5x10% /m’ for Cw/V 50 nm
nanolayer. This is comparable to the interstitial loop density of 6.7x10% /m’® and 2.3x10%
/m? in neutron-irradiated polycrystalline pure Cu and V metals subjected to a total dose of

0.92 dpa and 0.69 dpa, respectively [20].

Finally we noticed that the underestimation of radiation hardening by He bubbles
alone could also be attributed to the use of a constant & value of 1/8 in eq. 4. Our
analysis shows that an « value varying from 1/8 (for Cu/V with smallerz) to ~ 1/3
(single layer Cu or V) can fit the experimental results of radiation hardening well. A
higher o value would indicate a greater number of helium atoms per bubble or higher
pressure inside bubbles. At higher %, less interface area is available to trap He. So a
higher concentration of helium may be trapped in the bubbles within the layers, making
bubbles stronger barriers for the glide of dislocations. To elucidate this hypothesis future

studies are needed to probe the pressure in bubbles in nanolayers of different /4 .

4.4 The significance of Cu/V interface in enhancing radiation resistance in nanolayers
Our study clearly demonstrates that in the nearly immiscible Cu/V system, layer
interfaces play significant roles in enhancing radiation resistance of the nanolayers,
manifested as reduced He bubble density and less radiation hardening. The fundamental
mechanisms of interface-driven enhancement of radiation tolerance can be interpreted as

follows.

(1) Interfaces (between Cu and V) act as sinks for defects (vacancies, interstitials and
helium atoms), since defect formation energy is lower at interfaces than in crystal lattices

[22]. Furthermore MD simulations of Cu/Nb interface show that misfit dislocations

.
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evolve into extended jog pairs and significantly increase the sink capacity of Cu/Nb
interfaces [13]. Since the immiscible Cu/V has similar interface (fcc/bee type with K-S
orientation relationship) comparing to immiscible Cu/Nb, we anticipate that the Cu/V

interface will also have high sink capacity for point defects.

(2) Interfaces promote annihilation of unlike defects as defects have high mobility and
delocalized cores [13] at interfaces. Our recent MD simulation studies [13, 22] have
shown that interfaces will athermally absorb and annihilate point defect within 2ps after
their generation up to a distance of approximately 1-2 nm from the interface. With an
interface spacing of 2.5 nm in Cu/V 2.5nm nanolayers, the distance between cascade
events and interfaces is expected to be small enough to allow direct interaction without
the need for diffusion. So the annihilation process in these very fine nanolayers should
occur almost instantaneously with the collision cascades. Whereas in bulk lattices (Cu/V
100 nm instance), the interface-defect interactions will depends on both the length and

time scales.

(3) Interfaces also have a high solubility for helium, and hence, such an effect combined
with reduced vacancy concentration due to enhanced annihilation defers the bubble

nucleation to higher helium concentration.

(4) Interfaces in Cu/V nanolayers can significantly reduce the densities of defect clusters
such as interstitial loops, stacking fault tetrahedra, and more importantly He bubbles, and
hence, dramatically alleviate void swelling and suppress irradiation hardening.
Furthermore the significance of interface is also manifested from a clear size (layer

thickness) dependent reduction of void swelling and irradiation hardening.

A
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Summary and conclusions

The evolution of microstructure and mechanical properties of sputtered Cu/V
nanolayers subjected to 50 keV He ion irradiation were investigated systematically.
Irradiated nanolayer interfaces remain chemically abrupt even in the peak damage region
upon a total dosage of ~ 6 dpa. Such immiscible layer interface can effectively reduce the
overall concentration of He bubbles, interstitial loops and void swelling, the magnitude of
which reduces at smaller individual layer thickness. These nanolayers also show clearly a
monotonic suppression of radiation hardening at smaller layer thickness due to the
effective attraction and facilitated annihilation of Frenkel pairs. Nanolayers with
immiscible layer interface hence offer a promising approach in alleviating void swelling

and radiation hardening.
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