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Abstract

The nature of defect clusters in Ni and Ni50Co50 (NiCo) irradiated at room temperature
with 2–16 MeV Ni ions is studied using asymptotic diffuse X-ray scattering and transmis-
sion electron microscopy (TEM). Analysis of the scattering data provides separate size
distributions for vacancy and interstitial type defect clusters, showing that both types
of defect clusters have a smaller size and higher density in NiCo than in Ni. Diffuse
scattering results show good quantitative agreement with TEM results for cluster sizes
greater than 4 nm diameter, but find that the majority of vacancy clusters are under 2
nm in NiCo, which, if not detected, would lead to the conclusion that defect density was
actually lower in the alloy. Interstitial dislocation loops and stacking fault tetrahedra are
identified by TEM. Comparison of diffuse scattering lineshapes to those calculated for
dislocation loops and SFTs indicates that most of the vacancy clusters are SFTs.

Keywords: irradiation damage, asymptotic diffuse X-ray scattering, stacking fault
tetrahedra, nickel, alloy

1. Introduction

The search for radiation-tolerant structural materials has largely focused on evolution-
ary changes to existing alloys, seeking variations in the type and concentration of the so-
lute species which may improve the properties. 1 Recently, the search has been expanded
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to single-phase concentrated solid solution alloys (SP-CSAs) with multiple principle com-
ponents, from two to five elements in equal or near-equal concentrations. Experimental
studies have shown that certain SP-CSAs are more resistant to radiation damage than
pure metals [1, 2, 3], but the detailed reasons why are still not understood. In SP-CSAs,
the increased chemical complexity can have many different effects, such as reducing the
mean free paths of the energy carriers in the system (phonons, electrons, and magnons)
and thus reducing the thermal conductivity, and creating complex energy landscapes for
defect formation and migration. Radiation tolerance in metals is determined by damage
accumulation, which involves a competition between the processes of defect creation, de-
fect aggregation, and defect annihilation. Chemical complexity may influence the overall
radiation tolerance of the material by affecting any or all of these processes and thereby
changing the balance between them. Assessing the effect of alloying requires quantitative
measurement of accumulated damage, including the defect density and distributions of
defect size and type. In particular, it is important to be able to separate the properties
of vacancy type defects from those of interstitial type defects.

One common technique used to study vacancy type defects is to irradiate thin foils
with ions having energies in the keV range and then study the defects with TEM. Un-
der these conditions, the surfaces act as strong sinks for interstitials, and the remaining
defects are mostly of vacancy type [4, 5, 6]. However, because of the resolution limit of
transmission electron microscopy (TEM), small vacancy defects may be missed. Accord-
ingly, comparisons of size distributions are impacted, and size differences may be missed
entirely if the average defect size is small enough. These size limitations may result in
misleading inferences about the effects of alloying on damage accumulation. Additionally,
the presence of the nearby surfaces affects the size and density of vacancy type defects
[7], and thus the damage observed in irradiated thin films may not be representative of
the damage created in bulk materials.

Asymptotic diffuse X-ray scattering is a diffraction technique which detects the pres-
ence of defect clusters by measuring the change in lattice spacing in the strain field around
the defect [8]. Because interstitial and vacancy type defect clusters produce compressive
or tensile strain respectively, they produce diffuse scattering on opposite sides of the
Bragg peak, allowing them to be easily distinguished from one another. This means that
both interstitial and vacancy defect clusters may be studied at the same time, without
the need of separating vacancies from interstitials by using a thin foil sample. The diffuse
scattering technique is also most sensitive to the small defects (0.3-10 nm diameter) that
are more difficult to accurately image with TEM, making diffuse scattering an ideal com-
plementary technique. Additionally, because X-rays penetrate several micrometers into
the sample, diffuse X-ray scattering is a bulk technique which provides excellent statistics
when sufficiently high numbers of defects are present.

In this work we study defect clusters in pure Ni and an equiatomic solid solution alloy,
NiCo, irradiated at room temperature with Ni ions. By comparing the results of diffuse
scattering measurements to TEM measurements, we are able to show the consistency of
these two methods for determining defect type and density over the range within which
the two methods overlap, while also showing that neglecting accurate measurement of
small defects using diffuse scattering would lead to opposite conclusions about the effect
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of alloying on defect accumulation in this system. As with a previous study of NiCu [9],
the nickel-cobalt system was chosen because the two elements have very similar masses
and sizes, thus the kinematics of the alloy are similar to the pure metal. But unlike
the NiCu system, both the melting temperature [10] of NiCo and the elastic constants
[11] do not change appreciably with concentration. The most significant differences in
materials properties between Ni and NiCo are the stacking fault energy [12] and the
thermal conductivity [13, 14], thus this study allows us to probe the importance of these
parameters to defect accumulation.

2. Methods

2.1. Sample preparation

Single crystal Ni and NiCo samples were prepared using ingots of elemental Ni and
equiatomic NiCo, which were formed by arc melting the >99.9% pure nickel and cobalt
starting materials, remelting and remixing five times, and drop casting into a copper mold.
Single crystals were then grown from the polycrystalline ingots in an optical floating zone
furnace [15]. The diameter of the molten zone was controlled during crystal growth to
create a neck that prevented slower growing grains from propagating [16, 17]. X-ray
diffraction and metallographic examination was used to confirm that the samples were
single crystal and to orient the [001] direction. Disks of ∼ 1 mm thickness and ∼ 15
mm diameter were cut parallel to the (001) plane using electro-discharge machining, and
electrochemically polished to remove surface damage originating from the cutting process.

The ion irradiations were performed at the Ion Beam Materials Laboratory (IBML)
at the University of Tennessee in partnership with Oak Ridge National Laboratory [18].
In order to generate a deep and uniform region of damage for high quality X-ray mea-
surements with a high signal-to-noise ratio, samples were irradiated with Ni ions having
several different energies. An analogous method was also used by Maeta et al. [19] to pro-
duce a deep region of damage for diffuse X-ray measurements. The Ni ion energies and the
corresponding fluences are 16 MeV Ni6+ to 5.8×1014 cm-2, 8 MeV Ni3+ to 2.9×1014cm-2,
4 MeV Ni+ to 2.5×1014 cm-2, and 2 MeV Ni+ to 2.5×1014 cm-2. The irradiation se-
quence was from higher energies to lower energies in order to avoid annealing of defects
created by the low energy ions at shallower depths. Irradiations were performed at room
temperature, and the samples were tilted ∼ 7◦ to minimize channeling effects. Half of
each sample was irradiated, leaving the other half to use as a comparison. The Stopping
and Range of Ions in Matter, (SRIM, or TRIM) code [20] was used to estimate the dis-
placements per atom (dpa) as a function of depth. “Full cascade mode” was used in the
simulation, and 40 eV was assumed as the threshold displacement energy. (As explained
by Stoller et al. [21], full cascade mode overestimates dpa by up to a factor of two, but
it was used to produce a more accurate shape of the damage profiles.) The results of the
simulation for the Ni sample are shown in Figure 1, showing a region of approximately
uniform damage to 1.2 dpa to a depth of l0=3500 nm.

2.2. X-ray scattering measurements

Unpolarized X-rays were generated by a Rigaku RU300 rotating anode operating at
50 keV and 100 mA with a Cu anode. Cu Kα X-rays were selected with a sagitally-
focusing graphite (0002) monochromator. A pair of slits defined a 1×1 mm incident
beam. Sample orientation was controlled using a Huber 4-circle diffractometer. X-rays
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Figure 1: Simulated damage profile for the Ni sample irradiated with multiple energies of Ni ions,
calculated by SRIM (TRIM).

were counted using a Pilatus 200K pixel-array detector with 487×407 pixels, with each
pixel 0.172×0.172 mm in size. The sample–detector distance was 270 mm. For the NiCo
sample, the scattering intensity produced by fluorescence was reduced by setting the
threshold energy of the Pilatus detector to 7.6 keV.

Scans were made in the radial reciprocal-space direction through the (002) Bragg
reflection of each sample, with 121 images collected between L=1.7–2.3 reciprocal lattice
units (rlu), using a step size of 5×10-3 rlu. The data were reduced to HKL space and
averaged over the H and K directions with ∆H=∆K=25×10-3 rlu. Data are plotted as a
function of q = (L−2)×2π/a0 Å-1 = Q−4π/a0 where a0 is the lattice spacing, which was
measured to be 3.524 Å for the Ni sample and 3.549 Å for the NiCo sample. Scattering
intensities were corrected for the polarization reduction factor and transformed from
counts into electron units using the measured direct beam signal and tabulated values for
the linear absorption coefficient µ.

X-ray scattering spectra were collected from both the un-irradiated and irradiated
regions of each sample s, referred to respectively as Ss0 and Ssr . The diffuse scattering
(the part of the scattering caused by the large strain field around defects) is then given
by S̃sd(q) = Ssr(q)−Ss0(q). The asymptotic diffuse scattering intensity created by a defect
cluster falls off as ∼ 1/q4, thus to emphasize the asymptotic diffuse scattering, spectra
are scaled by q4 for plotting, as shown in Figure 2. This scaling reveals details in the
shape of the fall-off that provide direct information about defect size and shape [8]. Due
to the multiplication by q4, statistical fluctuations are amplified far from the Bragg peak.
Thus for |q| > 0.23 Å−1, data were averaged over 5 points to reduce the noise.

In order to estimate defect densities from the diffuse scattering spectra, we must
account for the fact that the X-rays penetrate more deeply than the region of damage,
thus the measured spectra include information from both the damaged and undamaged
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Figure 2: Experimental asymptotic diffuse X-ray scattering spectra.

regions. We corrected the diffuse scattering spectra using,

Ssd(q) = S̃sd(q)/rs(Q− 4π/a0), (1)

where 2θ(Q) is the scattering angle at momentum transfer Q, rs is the ratio of the
scattering intensity coming from the damaged region to the total intensity,

rs(Q) =

∫ l0
0
e-2µ

sl/sinθ(Q)dl∫∞
0
e-2µsl/sinθ(Q)dl

, (2)

and µs is the average linear absorption coefficient of sample s averaged over the chemical
composition of the sample. Using l0 = 3500 nm from Figure 1, we find rNi = 0.506 and
rNiCo = 0.929.

2.3. Diffuse scattering cross sections

To calculate theoretical diffuse scattering cross sections for defects, the atomic configu-
rations must first be calculated. Equilibrium atomic positions for circular Frank (faulted)
loops of both vacancy and interstitial type were generated using the continuum elasticity
method of Ohr [22]. For stacking fault tetrahedra (SFTs), the equilibrium atomic posi-
tions were generated by running a molecular dynamics (MD) simulation of the defect for
10 ps at 300 K, then quenching the temperature to 0 K over another 10 ps. The MD
simulation was run using the LAMMPS MD package [23] and the Bonny et al. [24] Ni-Ni
potential. Because the elastic constants for near-equiatomic NiCo have been found to vary
by less than 5% from the elastic constants for pure Ni [11], the same atomic configurations
were used for both Ni and NiCo. For a vacancy loop containing 45 vacancies, the diffuse
scattering computed from the atomic positions generated by both the continuum and MD
methods was compared, and found to have no significant difference for the parameters of
interest in this study.

Numerical diffuse scattering spectra were calculated from the atomic positions using
the methods described by Larson [8], where the asymptotic diffuse scattering intensity
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can be written as,

Sid(q) =

∣∣∣∣∣∣fs(Q)

∑
j

ei
~Q·~r i

j −
∑
j

ei
~Q·~r 0

j

∣∣∣∣∣∣
2

. (3)

In this expression ~Q = [0, 0, 4π/a0 + q] is the momentum transfer along the reciprocal
lattice vector at the (002) Bragg reflection, fs(Q) is the atomic form factor in electron-
units for sample s, ~r ij is the equilibrium position of the jth atom in the crystal containing

defect i, and ~r 0
j is the equilibrium position of the jth atom in the perfect crystal. This

formulation uses the single defect approximation [25], in which defects are assumed to
be randomly distributed throughout the crystal. The total scattering from the sample is
then given by,

Ssd(q) =
∑
i

csiS
i
d(q) (4)

where csi is the concentration of defect i in sample s.
Figure 3 shows numerical diffuse scattering cross sections for several sizes of circular

Frank vacancy loops and full SFTs, scaled by the number of vacancies in the cluster.
Analogous cross sections for interstitial loops are not shown because they look very similar
to those of vacancy loops mirrored about q = 0 [8]. We considered only faulted loops
because most work shows that they are more common than perfect loops in nickel [26,
27, 28, 29, 30]. Spectra are shown for different vacancy type defects of similar size. Some
important differences between the loops and SFTs are apparent. Firstly, the cross sections
for SFTs are in general, broader and shifted to higher |q| compared to the spectra for
loops of the same size. The reasons for these differences in scattering cross sections can
be related to the different structures of the defects, but will be discussed in detail in
future work. Secondly, the spectra for the SFTs have less scattering on the +q side than
the loops, corresponding to compressive strain. While a vacancy type defect generally
produces tensile strain, there is also some compressive strain outside the edge of the loop
[8, 22]. This can be understood by considering the defect structure of a large loop on a
small scale near the edge of the loop. On this scale, the edge of a vacancy loop extending
in one direction cannot be distinguished from the edge of an interstitial loop extending
in the opposite direction, thus there must be both compressive and tensile strain in this
region. But because a SFT does not have missing or extra planes, there is no compressive
strain at its edge. In Section 3 we will show that the difference in the diffuse scattering
cross sections on the +q side between vacancy loops and SFTs can be used to determine
vacancy cluster type in the system under consideration here.

2.4. Electron microscopy

Microstructural characterization was performed on the Ni sample. Samples for trans-
mission electron microscopy (TEM) and scanning transmission electron microscopy (STEM)
were prepared by a focused ion beam (FIB) lift-out technique using a FEI Helios Nanolab
Dualbeam workstation. The FIB-induced surface damage that may obscure the damage
created by the primary ion irradiation was removed using a flash polishing technique. The
standard “lift-out” procedure for the cross-sectional TEM sample preparation was first
conducted by FIB. Initial polishing used a 30kV Ga+ beam with a ±1.5◦ angle between
the Ga+ beam and the sample surface. Final thinning and cleaning was performed at
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Figure 3: Numerically calculated diffuse scattering cross sections for vacancy loops (top) and stacking
fault tetrahedra (bottom) of several representative sizes. Each spectrum is scaled by N , the number of
point vacancies in the defect. The sizes refer to the diameter of the loops and the edge length of the
SFTs.

5 kV with an incident angle ±7◦ for 5 min. This FIB polished sample was then flash
polished using an electropolishing apparatus, with an electrolytic solution of 4% perchlo-
ric acid in 96% ethanol. An electric potential of 6–14 volts was applied to the sample
in a temperature range of -30 ◦C to -50 ◦C. An accurate timer was used to control the
polishing period between 0.05 s to 0.2 s. Double Cs-Corrected STEM using a JEOL
3100R05 was employed for STEM imaging with an inner angle of 59 mrad and camera
length of 15 cm. The image pixel size and exposure time per pixel was 1024×1024 and 30
µs. Bright field TEM images were also taken with a JEOL 3100R05 operated at 300keV.
Images were taken using an exposure time of 2 seconds. Sample thickness was measured
by electron energy loss spectroscopy (EELS).

3. Results

Figure 2 shows the asymptotic diffuse scattering measurements scaled by q4, which
represent the scattering from the defect clusters that were created by the irradiation
process. For both the pure Ni and the NiCo alloy, there is far more scattering on the
negative q side, corresponding to vacancy clusters, than the positive q side, corresponding
to interstitial clusters. When the q4 scaling is applied to diffuse scattering data, the
scattering intensity is roughly proportional to the number of interstitials or vacancies
in clusters rather than the number of defect clusters [8]. Thus the asymmetry of the
spectra directly indicates that there are more vacancies than interstitials in clusters in
the measurable size range. The NiCo spectrum is broader on the negative q side, and the
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Figure 4: Bright field TEM images taken under a two-beam condition with g=[200] of a cross section of
the Ni sample lying parallel to the (110) plane. (Top) Image showing damage profile. The (001) surface
can be seen on the left, and the scale gives the depth along the [001] direction. The sample is slightly
thicker at the top than the bottom. (Bottom) Section from the top image at a higher magnification.

peak is shifted toward larger values of |q|. On the positive q side, the NiCo spectrum has
a higher intensity, and the diffuse peak is shifted toward larger values of |q|. Below we
will show by fitting the measured spectra that these differences in the spectral shapes are
related to differences in the defect size distributions.

TEM was used to identify the defect types that should be used in analysis of the diffuse
scattering data. Figure 4 is a cross-section TEM micrograph showing the damage profile
of the Ni sample. As predicted by the simulation (Fig. 1) the damage is fairly constant as
a function of depth, then begins to fall off around 3500 nm. A defect size distribution was
produced from this image (shown below in Fig. 7), but the defect types and their vacancy
or interstitial nature were not identified. The defect types were, however, examined using
high resolution TEM as shown in Figure 5. Both stacking fault tetrahedra (SFTs) and
Frank interstitial loops were found, but no vacancy loops were identified. Not enough
defects were imaged using HR-TEM to be able to produce adequate statistics by defect
type. The top left corner of the SFT shown in Fig. 5 is difficult to identify, thus the SFT
is likely truncated. Previous work has found both full and truncated SFTs in nickel with
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Figure 5: High resolution bright field STEM images of several defects taken from a (110) cross section
of the Ni sample. (Top) Truncated stacking fault tetrahedron, with the inset to the right showing the
calculated atomic positions for a full SFT. (Bottom) Interstitial loop, with the inset to the left showing
the calculated atomic positions for a faulted interstitial loop. The calculated atom positions are shown
as filled black circles for many (110) planes, thus the size and shape of the overlapping symbols represent
the direction and degree of deviation in the displacements of atoms along the row, with the darker regions
thus corresponding to larger strain.

a ratio of 1.4 [31].
To evaluate the usefulness of diffuse scattering at distinguishing between loops and

SFTs, we fit the experimental spectra using Equation 4, where i runs either over all
possible sizes of both interstitial and vacancy loops, or over all sizes of both loops and
SFTs. Figure 6 shows the results of the two types of fit for each sample. While both the
loop fit and the loop/SFT fit are able to describe −q (vacancy side) of the experimental
spectra quite well, only the loop/SFT fit is able to describe all of the data at once. Table 1
shows some results from the fitting, as well as the TEM results. When SFTs are included
in the fit, they represent 90% of the total number of vacancy clusters in Ni and 95% in
NiCo. However, the total number of vacancies and interstitials contained in the clusters
does not change significantly. Unless otherwise indicated, numbers from the loop/SFT fit
will be used in the following discussion.

Figure 7 shows the size distributions of both vacancy and interstitial type clusters
resulting from the loop/SFT fit, as well as the size distribution from TEM for the Ni
sample. In both samples, the vacancy clusters are much smaller than the interstitial
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Figure 6: Fits of experimental spectra for (top) Ni and (bottom) NiCo.

clusters, and both vacancy and interstitial clusters are smaller in NiCo than in Ni. Table
1 shows some results from the fitting, as well as the TEM results.

Sample Ni NiCo
Method Loop fit Loop/ TEM Loop fit Loop/

SFT fit SFT fit
vacancies (ppm) 992 951 880 929
vacancy clusters 22.7 15.7 27.4 29.8
vacancy loops 22.7 1.59 27.4 1.4
SFTs − 14.1 − 28.4
vacancy clusters < 4 nm 98.2% 93.6% 99.3% 98.5%
vacancy clusters < 2 nm 82.2% 34.4% 89.5% 81.3%
average cluster size (nm) 1.5 2.3 1.3 1.5
interstitials (ppm) 305 310 407 423
interstitial clusters 0.36 0.39 0.92 1.08
average cluster size 6.8 6.7 5.1 4.6
defect clusters (ppm) 0.43
defects in clusters <20 nm 1168
defects in clusters <10 nm 731

Table 1: Density of point defects and defect clusters. Unless otherwise indicated, units are in parts per
million.
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(bottom). For Ni, the size distribution from TEM is also shown for comparison. Data are scaled so that
the area under the curve is proportional to the total density of defect clusters.

4. Discussion

4.1. Separation of vacancies and interstitials

Because interstitials are much more mobile at room temperature than vacancies, va-
cancy clusters must form directly from displacement cascades, while interstitial clusters
may continue to evolve and aggregate after the cascade. The formation of vacancy clus-
ters directly from cascades has been demonstrated by in situ TEM observation of vacancy
clusters after irradiation of Ni at a temperature of 30 K [30]. Because the density and size
of vacancy and interstitial type defects are affected by different processes, measurements
of the density and size distribution of each type can help to understand the different
ways that alloying affects irradiation damage. One of the ways in which diffuse scattering
represents a valuable complementary tool to TEM is its inherent ability to distinguish
vacancy and interstitial type defects.

Making use of this capability, we found that there are more vacancies in vacancy
clusters than interstitials in interstitial clusters in both samples, by a factor of 3.1 in Ni,
and a factor of 2.2 in NiCo. We also found the vacancy clusters to be smaller than the
interstitial clusters in both samples (Table 1), and that both types of clusters are smaller
in the alloy than they are in the pure metal.

Because vacancies and interstitials are generated simultaneously as Frenkel pairs, there
are an equal number of each created. However, diffuse scattering measurements are not
very sensitive to point defects and very small defect clusters under ∼ 0.3 nm in size
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because their diffuse scattering is at such a large |q| that the noise overwhelms the signal.
Our diffuse scattering measurements are also not sensitive to defects >30 nm because
they occur at a |q| that is so small that it is on the order of our instrumental resolution.
Thus the ‘missing’ interstitials may be in either very large or very small clusters, or may
have migrated to the surface or existing defects in the starting material. Given the larger
average size of the interstitial clusters compared to the vacancy clusters, it is unlikely
that there are many interstitials in very small clusters. However, TEM does find that
1.3% of the defect clusters are above 20 nm in the Ni sample, and it is almost certain
that these are of interstitial type. While there are not adequate statistics on these large
clusters, since the number of interstitials in a cluster grows quadratically with size, the
average size of these large defect clusters need be only ∼45 nm to balance the number
of vacancies and interstitials. This hypothesis is consistent with the smaller number
of ‘missing’ interstitials in NiCo and the smaller average interstitial size, meaning less
interstitials are likely to be in defect clusters too large for diffuse scattering to detect.

4.2. Comparison of TEM and diffuse scattering size distributions

A second advantage of diffuse scattering is its sensitivity to small defect clusters, from
0.3-4 nm in diameter, which are more difficult to detect with TEM. This leads to more
accurate defect cluster concentrations and size distributions which give a more complete
picture of the damage in the material and the effects of alloying.

This sensitivity to small defects is particularly important for accurately assessing
vacancy type defects in the materials studied here. Table 1 shows that the average
vacancy cluster diameter is quite small, 2.3 nm in Ni and 1.5 nm in NiCo, while the
interstitials have broader distributions with average diameters of 6.8 nm for Ni and 4.6
nm for NiCo. For Ni, the size distribution determined by diffuse scattering for both
types of clusters agrees quite well with the TEM result for defects >4 nm. Below 4 nm,
the defect density calculated by diffuse scattering continues to rise exponentially with
decreasing size, while the defect density determined by TEM decrease rapidly with size.
Defects under 2 nm, which is on the order of the TEM resolution, appear to be entirely
missed. This disagreement between TEM and diffuse scattering results for defects <4
nm has also been seen by other authors, even in samples where the defects are primarily
interstitial type [26].

While our finding that TEM misses a significant proportion of the small defects de-
tected by diffuse scattering is certainly not new [26], our results comparing these two Ni
and NiCo samples emphasize that important differences in the radiation damage created
in different materials may be entirely misinterpreted if additional methods like diffuse
scattering are not also used. We find that the number of vacancy clusters increases by
90% in the alloy as compared to the pure metal, but that 81% of the vacancy clusters in
NiCo are under 2 nm while only 34% are <2 nm in Ni. If we measured only defects with
diameters above 2 nm, we would incorrectly conclude that the vacancy cluster concentra-
tion decreases by 54% in the alloy; this leading to incorrect conclusions about the effect
of alloying on defect agglomeration.

4.3. Changes in defect properties with alloying

Previous TEM studies have found alloying trends which are difficult to directly relate
to known materials properties and processes which influence defect agglomeration [9, 32].
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Diffuse scattering may offer very important additional insight or even change conclusions
because of its particular sensitivity to small defects.

The finding of a higher density of vacancy type defects in our NiCo sample at mod-
erate dose could be explained by two mechanisms. The loop formation probability of a
single irradiation event could be larger, meaning more vacancy loops are produced, or the
probabilities that an irradiation event annihilates or aggregates with previous damage
could be smaller, meaning that more vacancy loops remain after subsequent irradiation
events. We will now discuss two ways that the materials properties of the samples could
affect both the vacancy loop formation probability and the aggregation and annihilation
probabilities.

It has been proposed [4, 5, 9] that a longer lifetime of the liquid-like core during
the thermal spike phase increases the probability of vacancy defect production by giving
atoms more time to rearrange, resulting in a lower probability of point vacancies or small
clusters being fixed into the crystal at the solidification front and thus a net movement
of vacancies towards the center of the core. If vacancies collect in the core as it solidi-
fies, they form a defect cluster. There are several parameters that can slow the cooling
time, such as a lower lattice thermal conductivity, increased electron-phonon coupling, a
lower melting temperature, and a lower irradiation temperature. A decrease in melting
temperature on alloying Ni with Cu was used by Diaz de la Rubia et al. [9] to explain
increased yields with copper concentration, though it did not explain the change in yield
at very low or very high concentrations. We chose the NiCo system for the present
study because the melting temperature changes very little with concentration [10], but
the thermal conductivity does change by a factor of two with concentration [13]. Most
of the thermal conductivity is electronic at room temperature [14], and it is difficult to
accurately separate out the lattice contribution, though it is likely also reduced by alloy-
ing due to the dissimilarity of the Ni-Ni, Ni-Co, and Co-Co potentials [24, 33] and the
effect of force constant disorder on phonon lifetimes [34]. Electron-phonon coupling has
been found significant enough to affect the thermal spike lifetime in Ni [35], with heat
dissapated from the lattice to the electronic degrees of freedom. Because ab initio calcu-
lations show that the electron-phonon coupling changes by <10% in NiCo compared to Ni
(G. Samolyuk, private communication), heat conduction through the electronic degrees
of freedom is expected to be important in the alloy as well. Thus since both electronic
thermal conductivity and lattice thermal conductivity is reduced in NiCo, heat transport
away from the cascade core is certainly slower than in Ni, and the longer lifetime of the
thermal spike phase could lead to increased defect production in NiCo.

However, in copper, clusters of a few vacancies have been found to be much more
mobile than either single vacancies or larger vacancy clusters [36] at room temperature.
Thus if very small vacancy clusters are solidified into the crystal as the liquid-like core
cools, they may still aggregate into larger clusters, especially after the system solidifies
but is still hotter than the surrounding crystal. As a result, the vacancy defect production
rate could be similar in Ni and NiCo.

It is also possible that vacancy type defect production is similar in the two samples, but
that alloying primarily affects defect aggregation. While the masses of nickel and cobalt
are very similar, the Ni-Ni, Ni-Co, and Co-Co potentials vary significantly because of their
different number of valence electrons [24, 33]. Thus the alloy presents a more complex
potential energy surface than the pure metal which could reduce defect mobility. A higher
density of smaller defects is consistent with reduced mobility and reduced aggregation in
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NiCo as compared to Ni.
The formation of interstitial clusters can occur through several processes, but at high

cascade energies, large interstitial type clusters of hundreds of atoms which form di-
rectly during the collisional phase by interaction of the initial cascade shock wave with
sub-cascades [37] are particularly important. Depending on their mobility, these large
interstitial clusters may then aggregate or annihilate vacancy type damage. Given our
finding of a larger average interstitial cluster size and a larger number of ‘missing’ inter-
stitials in Ni, this could indicate either a higher defect production rate for this particular
type of interstitial cluster, or a higher mobility.

4.4. Defect type

While the fact that diffuse scattering cross sections for defects of a particular size vary
with defect type makes it possible to determine defect type, the presence of a distribution
of sizes makes the determination of defect type somewhat more difficult. We have shown
here that SFTs represent most of the vacancy type defects in these samples, 90% of
the vacancy clusters in Ni and 95% in NiCo, and that this result is consistent with
the high-resolution TEM results in Ni, which found SFTs but no vacancy loops. This
conclusion relies on the fact that the SFTs produce less scattering than vacancy type
Frank loops on the +q (interstitial) side and that the experimental spectra have few
small interstitial loops. (Perfect loops have even more scattering on the opposite side
of the main peak than Frank loops [26], thus diffuse scattering would be even better at
identifying the difference between SFTs and perfect vacancy loops.) But if there were
more small interstitials which also produced scattering on the +q side in our samples,
our conclusion that vacancy clusters are mostly SFTS would be less reliable. In future
work, we plan to study the scattering of SFTs and vacancy loops in three-dimensional
reciprocal space to see if a more reliable determination of defect type may be made by
more extensive measurements.

Previous work has found that both the shear modulus and the stacking fault energy
are important for formation and stability of SFTs [31], and that hexagonal Frank loops
and SFTs have the smallest formation energies in Ni, with the SFT becoming slightly less
energetically favorable than the Frank loops at larger sizes. The elastic constants in NiCo
change little with alloying [11], but the stacking fault energy (SFE) decreases in fcc NiCo
with increasing cobalt concentration, by approximately a factor of 4 for the equiatomic
alloy compared to the pure metal [12]; thus SFTs should be even more favorable in NiCo.
This is consistent with our finding that there are more SFTs in NiCo, though the difference
is relatively small and more samples should be studied to test whether this conclusion is
statistically significant.

Published estimates of the fraction of vacancy clusters that are SFTs in room temper-
ature irradiated Ni measured by TEM vary significantly, both from our result and from
one another. Robinson and Jenkins [29] reported seeing only faulted loops in Ni irradiated
Ni, but only analyzed ∼10% of the population, while Kitagawa et al. [38] reported that
the vast majority, >90%, of the vacancy type clusters were SFTs in Ar irradiated Ni. A
more precise analysis by Robertson et al. [30] of the vacancy type loops in Kr+ irradiated
Ni found that 7.8% were SFTs, 61.8% were faulted or perfect loops, and the remaining
31.4% were unassigned. However, this variation in the SFT fraction could be related
to the limitations of TEM in detecting and identifying the smallest loops, particularly
since the smaller Burgers vectors of SFTs makes their contrast fainter than loops of the
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same size [31]. Schäublin et al. [31] also compared the size distributions of SFTs, loops,
and unidentified defects in Ni, finding that the average size of SFTs is smaller than the
average size of loops, and the average size of unidentified defects to be smaller still. Thus
more of the SFTs are likely to be missed by TEM due to their smaller size and fainter
contrast and could easily result in large differences in the fraction of SFTs when different
TEM methods are used.

5. Conclusions

Diffuse X-ray scattering has been used with TEM to investigate the density, size, and
types of defect clusters in Ni and NiCo irradiated with MeV Ni ions to a dose of 1.2 dpa.
The particular sensitivity of diffuse X-ray scattering to small defects and its capability
to determine separate size distributions for vacancy and insterstitial type defects has
been coupled with the complementary abilities of TEM to determine defect type and
provide size distributions of larger defects to provide a complete picture of damage in
these materials.

The results show that both materials contain numerous small vacancy type defects
with average defect diameters of 2.3 nm in Ni and 1.5 nm in NoCo. In both samples,
interstitial defect clusters have a larger average diameter, 6.8 nm in Ni and 4.6 nm in
NiCo. Diffuse scattering and TEM agree that most of the vacancy clusters are SFTs. The
size distributions measured from diffuse X-ray scattering for both vacancy and instersitial
clusters also agree well with the size distribution measured by TEM for large clusters, but
they disagree for clusters <4 nm in size, with TEM missing many of the small clusters.

Measurement of the small clusters with diffuse scattering shows that NiCo contains
nearly twice as many vacancy clusters as Ni. However, if the smallest clusters <2 nm in
size were missed, we would have incorrectly concluded that NiCo has nearly half as many
vacancy clusters. Thus we have demonstrated directly in this model system containing
small average vacancy defect sizes, that the strengths and limitations of diffuse scattering
and TEM are complementary, and that they should be used in combination to fully
understand the effects of alloying on defect production.
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