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Cu—diamond composites have been proposed as a candidate thermal management material for spacecraft
electronics. Nevertheless, irradiation effects on the composites remain poorly understood at present. Here we
focus on investigating the influence of Cu—diamond interfaces (CDIs) on energetic displacement cascades using
atomistic simulations. Results show that a primary knock-on atom of Cu (PKA-Cu) can induce more significant
damage than a PKA-C. Under almost all circumstances, the statistically averaged fraction of surviving interstitials
is not only lower than that of vacancies but also no more than 1. Because of the unique nature in the mobility and
interactions with CDIs, Cu interstitials exhibit the lowest concentration among all defects in most cases. The high
residual rate of displaced defects in diamond makes it relatively difficult to heal. The structural damage is mainly
manifested in a short-range disorder of diamond and a long-range disorder of Cu after irradiation. At elevated
temperatures, the atomic displacement region may form compact chain-like defects to restrain lattice loosening.
Despite the above, CDIs could act as effective sinks to facilitate the recombination and/or annihilation of
irradiation-induced defects in all scenarios. This study provides an important insight into the understanding of

the microscopic evolution of irradiation defects for the composites.

1. Introduction

Future deep-space exploration requires electronic devices with
versatility such as signal communication, detection, and attitude control
[1,2]. To achieve a faster computing speed, spacecraft electronic devices
become more integrated and keep shrinking minimum feature sizes,
resulting in a significant improvement in power density [3-5]. Problems
such as heat generation, thermal stress, and warpage will follow,
affecting the regular operation of devices that is related to the long-term
reliability of spacecraft [6-8]. Recently, it has put forward high re-
quirements for efficient heat dissipation of spacecraft electronic devices
[4,9,10]. Unfortunately, traditional thermal management materials like
Mo-Cu, W-Cu alloys, BeO ceramics, and Al-SiC composites can hardly
meet the requirements because of their low thermal conductivity, high
coefficient of thermal expansion (CTE), or toxicity [11-13]. Benefiting
from the advantages of Cu with highest cost performance as well as

diamond with the highest thermal conductivity in nature (up to 2,200
W/(m-K)), Cu—diamond composites (CDCs), owning to excellent ther-
mal conductivity in theory and large-scale application potential, have
been considered as one of the most promising thermal management
materials [14-17]. Consequently, CDCs provide a feasible solution for
the above stringent requirements.

Working in deep space, materials also must suffer harsh irradiation
environments that include high-energy protons, electrons, a-particles,
etc., causing severe performance degradation [18,19]. Many studies
have directly or indirectly observed the phenomenon in different ma-
terials [20-22]. In terms of CDCs, space irradiation may trigger changes
in their thermal conductivity, CTE, and structural mechanics [13,23],
which will seriously threaten the safe service of electronic devices and
then shorten spacecraft’s life. For example, Xie et al. [23] found that a
decrement of 4.8% for thermal conductivity and an increment of 15.8%
for bending strength occur in CDCs after ®°Co y-ray irradiation with a
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total dose of 2.3 x 10° rad. Nevertheless, to our best knowledge, there is
still a lack of detailed understanding of the irradiation damage of CDCs
since only very little literature has been reported. Especially, what role
Cu—diamond interfaces (CDIs) play in the irradiation degradation of the
composites is unclear.

Many irradiation studies on interface materials have shown that
grain boundaries and phase boundaries, including metal—nanocarbon
(or —nanocarbide) interfaces, can serve as sinks, effectively alleviating
irradiation-induced defects [24-32]. For example, Huang et al. [28]
reported that the existence of Ni-SiC nanoparticle interfaces can sup-
press the growth of He bubbles and thereby retard the He embrittlement
and swelling of Ni-based alloys under 3 MeV He-ion irradiation with ion
fluence up to 3 x 10%° jons-m™ at 873 K. So et al. [29] indicated that
Al—carbon nanotube interface still has a great help in reducing radiation
hardening and embrittlement under He- or self-ion irradiation up to 72
displacements per atom. Yang et al. [31] performed in situ Kr-ion irra-
diation under transmission electron microscopy on Cu—graphene com-
posites and found that the Cu—graphene interface even exhibits higher
defect annihilation capability relative to the high-angle Cu grain
boundary. Based on ab initio calculations, Yang et al. [32] demonstrated
that the Cu—graphene interface provides a strong sink for trapping de-
fects and gives rise to preferential sites for their recombination. So it can
be inferred that the presence of CDIs should be able to slow down the
irradiation degradation of the composites, prolonging the service life of
the materials. However, further research for the irradiation effects of
CDCs is still needed.

In recent decades, molecular dynamics (MD) simulations have been
widely used to understand the creation, mobility, clustering, and
interaction of irradiation-induced defects on the dimension of ps-nm
[26,33-35]. The success of MD works in different materials suggests
that it may be feasible to study the evolution of defects in displacement
cascades in CDCs using MD within an affordable simulation time. Hence,
in the present work, MD simulations were executed to investigate the
irradiation damage near a CDI for elucidating the irradiation response of
CDCs. Several concerns, including the evolution of irradiated defects,
their stability, their interaction with the CDI, and the damaged config-
urations of CDCs, were discussed during cascade collisions related to the
initial displacement conditions and ambient temperature. We showed
that CDIs could act as effective sinks to facilitate the recombination
and/or annihilation of irradiation-induced defects and thereby are ex-
pected to improve the irradiation tolerance of CDCs acting as thermal
management materials for spacecraft electronics.

Average potential energy (eV)
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2. Simulation methodology

All simulations were carried out with parallel MD code LAMMPS
[36], and the resulting samples were analyzed with visualization soft-
ware OVITO [37]. The embedded atom method (EAM) potential [38],
the Tersoff potential [39], and the Lennard-Jones potential [40] were
adopted to describe the interactions between Cu atoms, the interactions
among C atoms in diamond, and the Cu-C interactions, respectively. All
the potentials were splined into short-range ZBL interactions [41]. For
the simulations, a 144.6 A x 144.6 A x 144.6 A cubic box was created. A
diamond sphere with a radius of 30 f\, containing 19,981 C atoms, was
inserted at the center of the box, while the remaining space was filled
with 245,167 Cu atoms, as shown in Fig. 1 (a). Periodic boundary
conditions were employed in all calculations. To release the stress, the
CDI model was relaxed by conjugate gradient minimization, then
equilibrated to nearly zero pressure at a certain temperature lasting for
10 ps. The atomic potential energy distribution of the ground state is
exhibited in Fig. 1 (b), from which the interface region of about 10 A
thickness is very distinguishable according to the potential energy
difference.

Initially, a primary knock-on atom (PKA), selected from any element
(Cu or C) of the composites, was launched at a certain distance away
from the interface. Note that the two different types of PKAs were
defined as PKA-Cu and PKA-C, respectively. To avoid channeling, the
PKA was incident along a high-index direction <135> passing through
the center of the diamond. During displacement cascades, the outer
layer with 2ay (ap, Cu lattice constant) thickness was forced to dissipate
the heat using Nose-Hoover thermostat (NVT ensemble), while the
evolution of other atoms was followed with a variable time step using
NVE ensemble. The simulation was completed in 21 ps. Three different
cases were considered to investigate the irradiation damage near a CDI.
For the first case, the distance between PKA-Cu (or PKA-C) and the
interface varied from 7 to 42 A with an interval of 7 10\, when the PKA
energy and simulation temperature was fixed to be 5 keV and 100 K,
respectively. For the second case, the kinetic energy of PKA-Cu was set
as1,3,5,7,or 10 keV, and the corresponding distance between PKA-Cu
and the interface was specified as 14, 21, 21, 21, or 35 ;\, respectively.
The reasons for choosing these distances are consistent with those of
previous studies [26,42]. The thermostat temperature was regulated to
100 K. For the last case, the simulation temperature was maintained at
100, 200, 300, 400, or 500 K, while the kinetic energy of PKA-Cu and the
distance between PKA-Cu and the interface were determined to be 5 keV
and 21 A, respectively. All the simulation temperatures were taken from
those of the space environments [43-45]. For statistical purposes, 15
independent MD runs for each case were carried out. The
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Fig. 1. Simulation model and its potential energy distribution of ground state. (a) Atomic configuration of CDCs. (b) Average potential energy of atoms in CDCs as a
function of the radial distance with the diamond center as the origin. The interface region is highlighted.
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irradiation-induced defects in the bulk were detected using
Wigner-Seitz cell method [27,34]. In addition, the parameters for the
cascade simulations of single-crystal Cu or diamond were the same as
those of CDCs, facilitating the comparison.

3. Results and discussion
3.1. Defect evolution and distribution

To clarify the impact of CDIs on the defect formation stage or
annealing stage, the typical evolution of defect number with time in the
bulk is shown in Fig. 2, produced by a 5 keV PKA-Cu (or PKA-C) with a
distance of 21 A away from the interface at 100 K. No matter whether
the PKA is a Cu or C atom, the defect evolution in the Cu bulk follows the
trend that the number of defects rises furiously in 0.6 ps and then goes
down slowly because of recombination and/or annihilation, finally
reaching a stable value after approximately 8 ps (see Fig. 2(a,c)). These
profiles are very consistent with those of prior works in metals [26,34,
42]. In particular, the number of interstitials in the Cu bulk is less than
that of their vacancies after reaching thermal stability, suggesting that
CDIs preferentially trap Cu interstitials over Cu vacancies. Since the
phenomenon that C atoms reside in the Cu matrix was not observed in
the whole process (discussed in detail below), the surviving defects in
the Cu bulk do not contain C components and are all Cu-related defects.
On the other hand, the overall trend of defect evolution in the diamond
bulk (see Fig. 2(b,d)) exhibits rough consistency with that in the Cu bulk.
An interesting phenomenon worth mentioning is that the defect peaks
generated by PKA-Cu are higher than those by PKA-C in both the Cu bulk
and the diamond bulk.

Nevertheless, several obvious differences in the defect evolutions
between diamond bulk and Cu bulk were also found. First, the rising
trend of the number of defects in the diamond bulk during the ballistic
phase is either tortuous (see Fig. 2(b)) or sharp (see Fig. 2(d)), and the
time to defect peak is related to the PKA type (~0.64 ps for PKA-Cu and
0.04 ps for PKA-C). Since no thermal spike was produced in the diamond
region [46], the C defect productions in the ballistic phase mainly come
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from the collision of energetic atoms. In Fig. 2(b), the cascades in dia-
mond were produced by transferring energy from secondary knock-on
Cu atoms, while in Fig. 2(d), the lattice displacements of diamond
were mainly triggered by a PKA-C. According to the Kinchin—Pease
displacement model [35,47], energetic Cu atoms incident into diamond
should easily knock out more lattice C atoms, because of their heavy
atomic mass and large radius relative to those of C atoms, and then
extend the branches of collision sequences in the diamond, eventually
causing the difference in ballistic phase between Fig. 2(b,d). Next, the
defects in the diamond bulk quickly stabilized (at approximately 1 ps)
during the annealing stage, like their response in the ballistic phase. The
behaviors are consistent with those observed in other carbon-related
materials (e.g, graphite [35], 3C-SiC [48], and pure diamond [46]).
The reason may be that the high thermal conductivity of carbon-related
materials, relative to that of metals, facilitates heat removal from their
cascades [16,49]. Additionally, an opposite phenomenon about the
number difference between C interstitials and C vacancies in the dia-
mond bulk occurs in the annealing phase, i.e., the number of C in-
terstitials is either more or less than that of C vacancies, caused by
different types of PKAs. In Fig. 2(b), because of the bombardment of
energetic Cu atoms with heavy atomic mass, C interstitials will stay
away from the displacement region near the CDI, resulting in the sep-
aration of vacancy-rich and interstitial-rich regions in the diamond
(described in detail below). This behavior has also been observed in the
3C-SiC due to the bombardment of PKA-Si [48]. Consequently, C in-
terstitials were difficult to interact with the CDI because they were far
away from the interface, while C vacancies can be affected by the CDI
because they were close to the interface, in turn, leaving behind more C
interstitials than C vacancies in the diamond bulk. In Fig. 2(d), C in-
terstitials at the end of the collision sequence will surround the
vacancy-rich core close to the interface due to the blocking of Cu atoms
(described in detail below), so that the CDI may exert influence over
both C interstitials and C vacancies. Especially, the characteristic that
CDIs preferentially trap interstitials also showed up, and then made the
number of C vacancies more than that of C interstitials. Finally, the peak
of defects in the Cu bulk is much higher than that in the diamond bulk,
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Fig. 2. Time evolution of defect productions initiated by a 5 keV PKA-Cu or PKA-C in CDCs. (a,b) Defect productions in Cu bulk (a) and diamond bulk (b)
respectively due to a PKA-Cu. (c,d) Defect productions in Cu bulk (¢) and diamond bulk (d) respectively due to a PKA-C. Note that each curve is a statistical average

of 15 runs.
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suggesting that displacement cascades are more likely to be produced in
the Cu regions of CDCs. This may stem from the effects of thermal spike
and the low displacement threshold in Cu relative to diamond [50,51],
which also can be indirectly demonstrated by using the SRIM 2013
software package (see Fig. S1) [52].

The atomic configuration of CDCs at displacement spike and its
defect distributions at stable phase is exhibited in Fig. 3, for vividly
clarifying several phenomena mentioned above. Atomic displacements
are recognized by displaying the displacement vectors between atomic
positions at 0 and 21 ps in Fig. 3(a,c). The details of the displacement
vectors of atoms have been introduced elsewhere [53]. The overall scale
of displacement spike initiated by a PKA-Cu is larger than that by a
PKA-C, supporting the fact of the defect peak intensities mentioned in
Fig. 2. Meanwhile, the profile of displacement cascades produced by a
PKA-Cu behaves continuously, while the profile shows sub-cascade
branching due to a PKA-C. In both cases, most of the atomic displace-
ments happened in the Cu region, the direct cause of the fourth differ-
ence above. Although the degree of atomic displacements in the
diamond is low, the C defects produced are very difficult to heal,
resulting in a large ratio of n¢ final/nc peak (N peak and nc fing represent the
numbers of C defects at defect peak and stable phase, respectively) [49].
Near the diamond side of CDI, the sparse and disconnected atom tra-
jectories in Fig. 3(c) that exhibit consistency with those in other
carbon-related materials [35,46], make it difficult for the kinetic energy
of PKA-C to deposit in a single local region and form a thermal spike,
whereas the dense trajectories in Fig. 3(a), approximately like those of
metals, may easily lead to higher defect peak in the diamond and pro-
long the time to defect peak. This can directly clarify the source of the
initial differences of defect evolutions between Fig. 2(b,d). Especially,

353
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that many C atom trajectories are away from the interface and point
inward the diamond in Fig. 3(a) indicates the gradual separation of C
interstitials and C vacancies, while the opposite behavior of trajectories
in Fig. 3(c) causes C interstitials and C vacancies not far apart from each
other and scattered near the interface. These may result from the dif-
ferences in collision and energy transfer between Cu and C atoms
mentioned above. The behaviors of atomic displacements also ulti-
mately affect the defect distributions of the bulk regions. For example,
except for the defects affected by the interface, most of the Cu vacancies
are concentrated near the CDI, while the Cu interstitials are mainly
distributed in the deep of bulk, as shown in Fig. 3(b,d). At the stable
phase, defects mainly remained in the diamond bulk, and the behavior
of the interpenetration of Cu and C defects, due to the bombardment of
energetic atoms to the interface, did not occur.

3.2. PKA—interface distance effects on irradiation damage

The statistical mean of remnant point defects (i.e., interstitials and
vacancies) in the bulk is presented as a function of PKA—interface dis-
tance (d) in Fig. 4(a). The radial center of CDI is set to be the origin of the
axis of d in this subsection. The numbers of defects in the Cu bulk and the
diamond bulk are counted separately. (I) When a PKA-Cu is incident
toward the CDI, the number of defects is susceptible to the d and tends to
increase in the Cu bulk but decrease in the diamond bulk with the in-
crease of d. Especially, several numerical curves have prominent in-
tersections around 21 A, implying that the number of defects in the two
different regions of bulk is the closest. Meanwhile, the total number of
defects reaches a minimum near the d of 21 A when d > 0 A. When d <
21 A, there are more defects in the diamond bulk, while the number of

Fig. 3. Atomic displacement configuration
within cascade region and its remnant defect
distribution in CDCs, produced by a 5 keV
PKA-Cu or PKA-C. (a,b) Displacement
configuration (a) and remnant defects (b)
due to a PKA-Cu. (c,d) Displacement
configuration (¢) and remnant defects (d)
due to a PKA-C. The purple arrows in the
panels (a,c) represent atomic displacement
vectors. The number of remnant defects is
given in the panels (b,d) according to their
types. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Statistics of remnant defects produced by a 5-keV PKA at different
distances away from the interface at 100 K. (a) Number of defects in the bulk as
a function of PKA—interface distance. (b) Statistically averaged fraction of
defects in the bulk as a function of PKA—interface distance. The left and right
sides represent diamond and Cu regions, respectively. The cascade region
related to certain distance is marked in the inset of panel (b).

defects in the Cu bulk dominates when d > 21 A. The cause can be
clarified as follows. The subject of cascade collisions gradually shifts
from the diamond region to the Cu region with the increasing d, causing
the change of the principal constituent of radiation damage accordingly.
Due to the apparent difference of cascade collision processes between
the diamond bulk and the Cu bulk when d > 0 A, it is relatively
reasonable to use an equivalent cascade parameter p(d) to roughly
determine the principal constituent of surviving defects as a function of
d (see more details in Appendix A). When d < 21 A, the core of equiv-
alent cascades is in the diamond side and gradually far away from the Cu
bulk as the d is reduced, leaving behind high-proportioned C defect
productions to regulate p(d). When d > 21 A, the opposite phenomenon
occurs, and p(d) is dominated by high-proportioned Cu defects. Around
21 A, the core of equivalent cascades overlaps with the interface, and the
CDI can exert maximum influence on the defect productions, which
makes the surviving defect in this situation the least. Furthermore, the
number of Cu vacancies is more than that of Cu interstitials when d > 0
A, and the difference between the two gradually increases as the d in-
creases, suggesting that the interface preferentially absorbs Cu in-
terstitials over Cu vacancies. However, the C defects exhibit the opposite
behavior again when d > 0 A, the reason for which may stem from the
separation of vacancy-rich and interstitial-rich regions in the diamond,
as mentioned above. (II) When a PKA-C is incident toward the CDI, the
number of defects approximately tends to decrease in the diamond bulk

Ceramics International 48 (2022) 16813-16824

with the increase of d, since more and more C defects are enriched near
the interface and thus trapped by the interface as mentioned above. In
contrast, almost no specific relationship between the number of Cu de-
fects and the d is presented due to sub-cascade branching in this situa-
tion. Whether in the diamond bulk or the Cu bulk, the number of
interstitials is less than that of vacancies when d < 0 A, indicating that
the characteristic that CDIs preferentially trap interstitials works on both
C and Cu elements. (III) Over the entire range of d, the number of Cu
interstitials fluctuates very little. It has the minimum among all defects
in most cases, which may be due to both the high sink efficiency of CDIs
for Cu interstitials and the high mobility of Cu interstitials (~0.1 eV
migration energy for Cu interstitial [54], ~0.7 eV for Cu vacancy [54],
~1.6 eV for C interstitial [55], and ~2.3 eV for C vacancy [55]). The
difference in the number between C interstitials and C vacancies is little
at each d, showing that the biased absorption of C interstitials at the
interface is relatively weak, and C interstitials do not load significantly
into the interface during cascades. The displacement damage initiated
by a PKA-Cu is more significant than that by a PKA-C, because of more
energy deposition.

To highlight the impact of CDIs on indiscriminate damage, Fig. 4(b)
further exhibits the statistically averaged fraction of defects in the bulk
as a function of d. The fraction of defects is defined as

bulk bulk

n u
Ci di d

Fueers = —7= 4 S, 1)
Ncu Ndiamond

where n%* and ny are the irradiation-induced defect numbers in the Cu

(or diamond) bulk and the corresponding single crystal, respectively
[56]. Overall, the fraction of vacancies in the bulk is higher than that of
interstitials due to the biased absorption at the CDI [54]. The fraction of
interstitials is less than 1 over the entire range of d, implying that most of
the interstitials surviving upon subsequent annealing after cascade col-
lisions are captured into the CDI because of both the high mobility of
interstitials and the thermodynamic driving force of the interface acting
on the defects [27,54]. On the other hand, the concentration of va-
cancies produced in the bulk is close to or higher than that in the single
crystals. Especially, the concentration of surviving vacancies produced
by a PKA-Cu at d = 42 A is approximately 3.5 times that in the single
crystals. These profiles are in good agreement with the behaviors
observed in nanocrystalline Cu [54] and Cu-Nb nanolaminates [56].
Consequently, interstitials are preferentially localized at the CDI while
vacancies remain immobile in the bulk on a ps time scale of displace-
ment cascades.

3.3. PKA energy effects on irradiation damage

Given the more significant irradiation damage produced by a PKA-Cu
relative to a PKA-C in the CDCs, the focus below will be only on the
effects of PKA-Cu. Fig. 5(a) shows the surviving defect productions as a
function of PKA-Cu energy (E). With the increasing E, the number of
surviving defect productions almost linearly increases either in CDCs or
in pure Cu (or pure diamond), approximately obeyed the Nor-
gett—-Robinson-Torrens (NRT) model [57]. These results are also
consistent with those of previous studies [26,42,57]. Notably, the
number of Cu defects shows a relatively slight decline at 10 keV
compared to that of the normally increasing trend of the NRT model. At
each E, the number of interstitials in the Cu bulk is less than that of
vacancies, while an opposite behavior occurs in the diamond bulk. This
phenomenon is in accordance with that caused by a PKA-Cu at different
d and can be explained by the above-mentioned reasons. The degree of
irradiation damage is lower in the Cu bulk than that in the diamond bulk
at each E because of the relatively high mobility of Cu defects (pro-
moting defect recovery directly demonstrated by the much fewer defects
in pure Cu than those in pure diamond) and their efficient absorption by
the CDIs. The statistically averaged fraction of defects in the bulk,
calculated by using Eq. (1), is further exhibited in Fig. 5(b) as a function
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bulk as a function of PKA-Cu energy. The cascade region related to certain
energy is marked in the inset of panel (b).

of E. The fractions of both interstitials and vacancies are not more than 1
at different energies, and the fraction of interstitials is smaller, sug-
gesting that the presence of CDIs helps to promote the self-healing of
irradiated defects in the composites relative to the pure counterpart. The
fraction of defects reaches its maximum at 7 keV. When E < 7 keV, the
fraction trend keeps consistent with that of the numbers of all defects,
while it may be mainly regulated by the Cu defect productions when E >
7 keV.

The corresponding configurations of damaged CDCs at displacement
spike or stable phase for different E are displayed in Fig. 6(a—e).
Through observing the image contrast regulated by atomic density due
to cascade collisions, the region of displacement damage can be easily
distinguished. With the increase of E, the scale of atom displacements in
the CDCs is intensified at displacement spike. At this moment, the dis-
order in the diamond region keeps the same pace as that in the whole
system as the E changes, while the displacements in the Cu region are the
most drastic at 7 keV. The reduced displacement spike in the Cu region
at 10 keV relative to 7 keV can be explained as follows. The cascades
penetrate and cover the diamond region, which dramatically deposits
collision energy due to the high displacement threshold in diamond, and
in turn reduces the attack on the Cu region. On the other hand, the
intense scattering of C atoms causes the secondary transfer of collision
energy into the Curegion to come from all directions, which enriches the
displaced Cu atoms mainly around the interface rather than deep into
the Cu bulk. In this way, the CDI exhibits higher sink efficiency for Cu
defects at 10 keV compared to that at other E herein. These explanations
may also apply to the abnormal decline of Cu defects at 10 keV in Fig. 5.
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At the stable phase for all E, there are almost no apparent signs of atom
displacements left in the Cu region. Although the lattice disorder in the
diamond region has been recovered to some extent after annealing, the
damage profile remains essentially the same as that at displacement
spike. To further compare the atomic structural differences, the radial
distribution function (RDF), which can provide information about the
short-range and long-range crystalline orders of materials, has been
adopted and calculated for the undamaged and damaged CDCs accord-
ing to the following equation [58],

Vdn(r)

= 4zNdr 2

()

where dn(r) represents the number of atoms in the spherical shell from r
to (r + dr) for a spherical space of volume V containing N atoms. Fig. 6(f
and g) show the RDFs of the CDCs at displacement spike or stable phase
as a function of pair separation distance for different E. The RDF of
undamaged CDCs is also exhibited in each panel, and thus the differ-
ential function between the RDFs of the damaged and undamaged CDCs
can be easily obtained. Each peak position of RDF of the CDCs was
identified by comparison with those of pure Cu and pure diamond (see
Fig. S2). Generally, the RDF of a single crystal has a higher peak at short
distances, e.g., 2.575 A for Cuand 1.525 A and 2.525 A for diamond, as
observed from Fig. S2. The RDF peak intensities of composites are more
significantly influenced by their matrices, resulting in many weak peaks
in the positions of the reinforced phase. At displacement spike, the
overall RDF peak intensities for each E do not show a sharp change
relative to that at O ps but only a slight decline. The decline is relatively
more pronounced with the increase of E, especially for the peaks at the
1st nearest neighbor (NN) distance of Cu and the 1st and 2nd NN dis-
tances of diamond, implying a deterioration of short-range disorder in
the CDCs. In addition, the long-range disorder in the diamond region can
easily occur (e.g., the disappearance of peaks at 9.525 A and 9.725 A)
and even be triggered only by a PKA with 1 keV. However, the disorder
did not stimulate the transformation of the diamond structure into a
graphite structure because of the lack of a distinct peak of sp? hybridi-
zation of carbon at the distance of 1.420 A (i.e., the graphite bond length
[59]1). The value of the differential function is almost always positive at
the bottom of each RDF peak. It presents a roughly increasing trend with
the increasing E, indicating a gradual broadening of the peak. This re-
flects the intensified structural disorder originating from the atomic
bond elongations that may introduce microstrains [60]. When reaching
the stable phase, the disorder has not been effectively eliminated at each
E since the differential function is not entirely zeroed. Through
comparing the differential functions between Fig. 6(g,f) at each E, it can
be found that the short-range disorder of diamond and the long-range
disorder of Cu may even be exacerbated after irradiation annealing,
such as the peak positions at 1.525 A for diamond and at 9.225 A for Cu.
All these suggest that irradiation annealing has a limited effect on the
damage self-healing of CDCs [26].

3.4. Simulation temperature effects on irradiation damage

The temperature change can make atomic vibration at different de-
grees, further affecting the atomic model. To avoid inconsistency in the
initial crystal structure of bulk due to temperature, the evolution of the
CDI model with temperature has been investigated before irradiation
and shown in Fig. S3. Indeed, the atomic vibration of CDCs is intensified
with the increase of simulation temperature (T). Especially, the atoms
within the interface are more apparent in vibration, even triggering a
rearrangement of CDI structure above 400 K. However, the T from 100 K
to 500 K does not affect the crystal integrity in the bulk. After irradiation
annealing, the stable defect production is presented as a function of T in
Fig. 7(a). The number of remnant vacancies in pure Cu or pure diamond
under the same simulation conditions as those of CDCs is also shown for
comparison. As the T elevates, the number of vacancies in pure Cu shows
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Fig. 6. Damaged configurations of CDCs and corresponding RDFs initiated by a PKA-Cu with varied energies in CDCs at 100 K. (a—e) Snapshots of atomic con-
figurations of CDCs at the moments of displacement spike and stable phase caused by a PKA-Cu with 1 (a), 3 (b), 5 (c), 7 (d), or 10 (e) keV. The cascade region is
marked by a green oval. (f,g) RDFs at the moments of displacement spike (f) and stable phase (g). The RDF of initial CDCs and the differential function are also
exhibited in each panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

a declining trend, consistent with the findings in other single crystals Samolyuk et al. [61] suggested that this anomaly may stem from the
[26,57]. This is usually attributed to the accelerated recombination and artificially large migration barriers obtained from the potential. With
annihilation of point defects since the essentially immobile vacancies the increasing T, the number of vacancies in the Cu bulk tends to reduce
are stimulated to jump by elevated T, like the response of interstitials. In (like the trend in pure Cu), while the number of Cu interstitials is not
contrast, the trend of defect number in pure diamond with temperature sensitive to the T because of their high mobility and efficient absorption
is the opposite, namely, a slight increase, exhibiting consistency with the by the interface. The number of defects in the diamond bulk first in-
behavior observed in the 3C-SiC with the same Tersoff potential [48]. creases, reaches its maximum at approximately 400 K, and thereafter
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bulk as a function of temperature.

decreases, a trend like that of the graphene damage of Ni-graphene
composites in the previous study [26]. Below 400 K, the C defect number
of CDCs follows the trend as shown in pure diamond, while the C defects
may overcome the barrier to move toward the interface and be trapped
by the interface due to activation by the T of above 400 K [56]. On the
other hand, the atomic rearrangement that complicates the CDI struc-
ture above 400 K may improve the interface energy and further lower
the defect formation energy near the interface [62], another reason that
reduces the C defects of CDCs. The behavior remains unchanged in the
observed temperature range, i.e., the number of interstitials in the Cu
bulk is less than that of vacancies while an opposite in the diamond bulk.
Around 400 K, the irradiated defects of CDCs are mainly concentrated in
the diamond bulk, whereas the degree of displacement damage in the Cu
bulk is close to that of the diamond bulk at other temperatures. Based on
Eq. (1), the statistically averaged fraction of defects in the bulk is shown
in Fig. 7(b) as a function of T. The fraction of defects is less than 1 at each
T, once again confirming that CDIs contribute to the self-healing of
irradiated defects in the whole system. The fraction of vacancies, due to
only the slight fluctuation, is almost independent on the T, originating
from the offset by a rise of number for Cu vacancies and a fall of number
for C vacancies. The trend that the fraction of interstitials rises and then
falls may be mainly regulated by the damage in the diamond bulk. The
fraction of interstitials is usually smaller than that of vacancies, but the
two tend to be equal at 400 K, implying that the characteristic that CDIs
preferentially trap interstitials is independent of T.

Fig. 8(a—e) show the damaged configurations of CDCs at displace-
ment spike or stable phase for each T. During cascade collisions,
increasing the temperature will gradually expand the scope of the lattice

Ceramics International 48 (2022) 16813-16824

disorder, including the regions of Cu and diamond. This comes from the
fact that the elevated temperature intensifies atomic vibrations, and
atoms are more likely to escape from lattice sites under the shock of
cascade collisions. At the stable phase for different T, the atom dis-
placements in the Cu bulk are barely observable, and most of the damage
in the diamond bulk is recovered. Especially, the damage rehabilitation
rate of diamond bulk is most pronounced at 500 K, consistent with that
in Fig. 7. Ulteriorly, the RDFs of the undamaged and damaged CDCs at
each T have been calculated and presented in Fig. 8(f and g). The dif-
ferential function for each case has also been given in the corresponding
panel. With the increase of T, the RDF peak intensities of undamaged
CDCs gradually reduce, and their half-height peak widths broaden by
degrees. Many peaks, particularly at long distances, even disappear after
the temperature exceeds 400 K, resulting from the intensification of
lattice vibrational frequency triggering the loose lattice arrangement.
During irradiation, the RDF peak intensities at displacement spike for
each T show slight weakening compared to those at the corresponding
initial stage, and the half-height peak widths have tiny broadening.
Determining from the differential functions, the weakening and broad-
ening degrees of the peaks are inversely related to temperature, which
does not seem to correspond to the enlarged lattice disorder with tem-
perature observed in Fig. 8(al—el) since the two results should have a
positive correlation in principle [63]. This inconsistency may arise from
the strong interference of CDIs on irradiation-induced defects at
elevated temperatures, and the cause can be clarified as follows. Despite
local lattice disorder due to cascades, the displaced atoms may tend to
form the chain-like defects (induced by interfaces) near the CDIs, as like
those near o-Fe grain boundaries found by Chen et al. [64]. Instead of
those consisting of alternately positioned interstitials and vacancies
[64], the chain-like defects at displacement spike are more likely to be in
the form of crowdions herein [65] (see Fig. S4) attributing to the syn-
ergistic effects of the energetic squeezing of cascades and the interface
blocking on displaced atoms [53,66]. This tight defect structure may be
beneficial to maintain short-range order, such as still noticeable peak
intensities at the distances of 2.575 A for Cuand 1.525 A and 2.525 A for
diamond. On the other hand, with the rising of temperature, the influ-
ence of CDIs on the formation of chain-like defects is further enhanced
because of the intensification of the trapping and/or annihilation ca-
pabilities of the interfaces to irradiation defects [56], but almost reaches
saturation when T > 400 K. Combined with Fig. 7, it can be speculated
that the interface capabilities should be largely released when T > 400
K. Consequently, the atomic displacement region of CDCs is not hol-
lowed out like that in single crystals [67,68] but forms compact
chain-like defects, making it difficult to cause the loosening of lattice
structure at elevated temperatures. This may indicate that high ambient
temperature has a certain positive effect on inhibiting structural damage
of CDCs due to irradiation. At the stable phase, the disorder can be
alleviated but not completely removed at each T. Meanwhile, increasing
the temperature does not significantly eliminate the residual lattice
disorder. Considering that the sink character of CDIs works well and can
greatly promote the recombination and/or annihilation of defects in the
bulk, the residual disorder may mainly come from the interfacial region,
because of the destruction of cascade collisions and the defects captured
from the bulk.

4. Conclusions

In the present study, the energetic displacement cascades in CDCs are
investigated from the perspectives of PKA—interface distance, PKA en-
ergy, and simulation temperature based on atomistic simulations. A
summary of the most critical results drawn from this work is as follows:

(a) The defect evolutions have noticeable differences between dia-
mond bulk and Cu bulk in CDCs, mainly manifested in the time to
defect peak, the defect annealing rate, the relative ratio of in-
terstitials to vacancies, and the peak intensity of defects. These
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Fig. 8. Damaged configurations of CDCs and corresponding RDFs initiated by a 5-keV PKA-Cu in CDCs at different simulation temperatures. (a—e) Snapshots of
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interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

can be attributed to the lack of a thermal spike in diamond, the
high thermal conductivity of diamond, the differences of collision
and energy transfer between Cu and C atoms, and the low
displacement threshold in Cu relative to in diamond.

(b) Over the range of d from —42 A to 42 A, the statistically averaged
fraction of interstitials surviving in the bulk, produced by a PKA
with 5 keV at 100 K, is not only lower than that of vacancies but
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also no more than 1. Cu interstitials have the lowest concentra-
tion among all defects in most cases because of both the high sink
efficiency of CDIs for Cu interstitials and the high mobility of Cu
interstitials. When the core of equivalent cascades overlaps with
the interface (around the d of approximately 21 A), the total
number of defects reaches a minimum for d > 0 A due to the
improvement of sink efficiency of CDIs. The displacement
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damage initiated by a PKA-Cu is more significant than that by a
PKA-C, because of more energy deposition.

(c) With the increase of PKA-Cu energy from 1 keV to 10 keV, the
displacement damage in CDCs tends to aggravate. Nevertheless,
the fraction of surviving defects always does not exceed 1, and the
fraction of interstitials is smaller. A relative decline of damage at
10 keV may result from the dual effects of the cascade penetration
through diamond greatly depositing energy and the increasing
sink efficiency for Cu defects, which may help for the selection of
diamond size in designing CDCs in an irradiated environment.
The structural damage is reflected in the short-range disorder of
diamond and the long-range disorder of Cu after irradiation, but
the transformation of diamond structure into graphite structure
has not been observed.

(d) As the T elevates from 100 K to 500 K, the number of surviving
defects changes in the opposite trend between diamond bulk and
Cu bulk in CDCs. However, the fraction of defects is usually less
than 1 at each T. The capacity of CDIs in trapping defects can be
enhanced above 400 K due to the atomic rearrangement of CDI
structure and a decline of the defect diffusion barrier. Peculiarly,
the atomic displacement region of CDCs may form compact
chain-like defects to inhibit the loosening of lattice structures at
elevated temperatures. In addition, increasing the temperature
does not significantly eliminate the residual lattice disorder.

Appendix B. Supplementary data

Ceramics International 48 (2022) 16813-16824

Overall, CDIs have a positive help in promoting the recombination
and/or annihilation of irradiation defects from Cu bulk and diamond
bulk throughout the process and preferentially absorbing interstitials
over vacancies, which improves the ability of CDCs in healing irradia-
tion defects. The current investigation significantly facilitates our un-
derstanding of the irradiation effects in CDCs. It can provide a reference
for assessing the irradiation tolerance of the composites acting as ther-
mal management materials for spacecraft electronics.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science Foundation
of China (Grant Nos. 12105249 and 11974316), the Key Project for
Science and Technology Development of Henan Province (Grant No.
212102210195), the Natural Science Basic Research Project of Shaanxi
Province (Grant No. 2021JQ-976), the National Supercomputing Center
in Zhengzhou, and the LiYing Program of the Institute of Mechanics,
Chinese Academy of Sciences (Grant No. E1Z21011001).

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ceramint.2022.02.232.

Appendix A. Description of equivalent cascade parameter of CDCs

Given the distinct difference between Cu and diamond in displacement cascades, adopting an equivalent cascade model to evaluate the effect of a
CDI on the irradiation damage evolutions of the two in the same situation is relatively doable, especially for the case of PKA-Cu inducing cascades
without sub-cascade branching. The equivalent cascades in CDCs can use a parameter p(d) (a function with mirror symmetry about a certain d) to
roughly describe based on our statistical analysis herein. The p(d) represents the residual rate of displaced defects within equivalent cascades pro-
duced by a PKA at a certain distance away from the interface, and its estimated formula can be written as

nCu,ﬁnal (d)

(d o< ”C,ﬁnal(d) 7
nCu,peak(d)

nC,pmk (d)

(A1

where ny peak(d) and nx fina(d) denote the numbers of X (i.e., C or Cu) defects in the bulk at defect peak and stable phase, respectively. When a PKA is

infinitely far away from the interface, the value of p(d) will tend to be equal to % or %,

of equivalent cascades overlaps with the interface. For example, through observing Figs. 2 and 3, it is easy to distinguish the difference of defect
evolutions produced by a 5-keV PKA-Cu between the Cu bulk and the diamond bulk, i.e., higher displacement spike but fewer surviving defects in the
Cu bulk relative to those in the diamond bulk. By extracting the values of peak defects and stable defects from Figs. 2 and 3, and then substituting them
into Eq. (A.1), the profile of p(d) versus PKA—interface distance at 100 K can be obtained and shown in Fig. (A1). The p(d) is almost symmetric about
approximately 25 A.

while the value of p(d) has a minimum when the core
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