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CNT-metal nanoparticle interconnects are attractive for advanced and power electronic packaging, yet the
atomistic mechanisms of nanoparticle-Carbon nanotube (NP-CNT) sidewall contact remain unclear under size
and temperature variations. Here, molecular dynamics simulations establish a mechanism-consistent chain
linking energetics, structural evolution, CNT mechanical accommodation, stress localization, and curvature-
induced anisotropy in solid-state Ag NP-CNT contact. A direct Ag NP-NP benchmark highlights the funda-
mental difference: NP-CNT contact shows a much weaker energetic drive and lacks diffusion-driven neck
growth. Therefore, interfacial adjustment is dominated by adsorption and coupled CNT inden-
tation-bending-damping. Interfacial stresses concentrate near the contact boundary and penetrate into sub-
surface layers. Increasing temperature can reduces peak stress and broadens the stressed region. Systematic cases
reveal that high temperature combined with small NP size activates late-time transient disordering followed by
interface-adjacent recrystallization, producing a multi-grain, multiply twinned NP with £3{111}-related twins.
At last the solid-state wetting analysis shows strong axial-circumferential anisotropy governed by inden-
tation-bending coupling and cylindrical curvature. These results provide atomistic guidelines for choosing NP
size, processing temperature, and CNT texture to balance adhesion, structural stability, and stress concentration.

1. Introduction

attractive candidates for enhancing packaging materials and intercon-
nect systems [6]. In electronic packaging, CNT has been used in multiple

With the rapid development of advanced packaging and power
electronics packaging, interconnects are increasingly required to sustain
higher interconnection density, higher heat flux, and elevated junction
temperatures during operation [1-3]. These harsher service conditions
intensify thermomechanical fatigue in the interconnection layer, which
degrades electrical and thermal performance and reduces operation life
[4]. Meanwhile, the intrinsic limitations of conventional metallic
interconnect materials further constrain the continuous improvement of
power density and thermal management capability in modern packaging
architectures [5]. Therefore, developing interconnect materials with
better thermal, electrical and mechanical properties is necessary for
next-generation electronic packaging.

Carbon nanotubes (CNTs) exhibit outstanding mechanical strength
and excellent thermal and electrical conductivity, making them
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directions, including TSV/TGV interconnects and thermal interface
materials (TIMs) [7,8]. However, the effective performance is often
limited by weak van der Waals coupling at inter-tube junctions; recent
studies show that interface engineering can enhance interfacial heat
transfer and even mitigate its temperature dependence [9,10]. Despite
these promising demonstrations, the practical implementation of CNTs
in packaging remains challenging, due to poor wettability on metal/-
ceramic substrates, high interfacial contact resistance, and limited
compatibility with conventional manufacturing flows [11-13]. These
constraints motivate CNT-metal hybridization as a more
process-compatible route to translate CNT advantages into
engineering-relevant interconnect structures [14,15].

Accordingly, CNT-metal composites have been widely investigated
to improve thermal/electrical transport and mechanical robustness in
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Ag- and Cu-based joints, films, and sintered networks. For example,
incorporating CNTs into nanosilver pastes has been reported to enhance
joint shear strength while reducing resistivity compared with CNT-free
joints [16]. and similar strategies have been extended to nanocopper
sintering pastes where the performance depends strongly on CNT type,
surface chemistry, and loading fraction [17]. For thermal management,
functionalized CNTs combined with metal nanoparticles have also
shown clear benefits in composite TIM structures [18,19]. Collectively,
these experimental and materials-design advances indicate that CNTs
can indeed improve interconnect performance. Despite these advances,
the practical enhancement is ultimately controlled by the metal-CNT
interfacial contact state and its nanoscale stress/structure evolution,
which remain insufficiently understood for predictive process and
interface design [11-13]. Recent studies further underscore that
atomistic-level regulation of sp2-carbon/metal interfaces can substan-
tially affect interfacial transport and composite performance, high-
lighting the need for a mechanistic NP-CNT interfacial understanding
under packaging-relevant conditions [20-22].

Molecular dynamics (MD) simulation provides a direct route to
resolve atomic-scale interfacial processes—such as adhesion energetics,
local structural rearrangement, diffusion, and stress localization—that
are difficult to isolate experimentally. Prior MD studies have investi-
gated bulk metal-CNT interfaces and related composites by analyzing
interfacial energy variation, diffusion behavior, and crystal structure
evolution, as well as thermal transport across engineered interfaces
using non-equilibrium MD (NEMD) approaches [23,24]. Other simula-
tions have examined CNT-induced defects and mechanical responses
under strain or temperature variations, and have attempted to establish
predictive relations between temperature and elastic/shear properties
for specific metal-CNT systems [25,26]. While these studies mainly
focus on bulk-like metal-CNT interfaces and composite behavior. These
simulation systems often rely on continuous matrices or idealized
interface configurations, and thus do not directly address the
nanoparticle-dominated interconnect scenarios commonly encountered
in electronic packaging.

In practical electronic packaging, NP systems are ubiquitous. Mate-
rial properties and interfacial behavior of Ag/Cu nanoparticle-based
pastes and their sintered networks can change markedly at the nano-
scale. Consequently, mechanisms and trends established for bulk-CNT
interfaces cannot be directly extrapolated to NP-CNT contacts. Although
some NP-CNT related simulations exist, such as studies on nanoparticle
insertion between CNTs to facilitate phonon transmission, nanoparticle
self-assembly inside CNTs, or temperature-driven nanoparticle migra-
tion at top/bottom CNT, the majority of these scenarios do not directly
capture the sidewall contact and bonding processes relevant to NP-based
interconnect formation and evolution [27-29]. Moreover, a number of
MD studies have investigated metal NP interactions with graphene
[30-32]. However, despite both being sp?>-bonded carbon allotropes, the
curvature of CNTs changes surface energetics and adsorption/wetting
characteristics compared with planar graphene, potentially leading to
distinct interfacial bonding and contact anisotropy [33,34]. Therefore,
dedicated and systematic investigations of metal NP-CNT interfacial
contact, especially under size and temperature variations, are still
needed to establish an atomic-scale mechanistic basis for CNT-enabled
nanoparticle interconnect design.

In this work, we focus on Ag NPs as a representative packaging-
relevant system and construct an Ag NP-CNT sidewall contact model
to elucidate nanoscale interfacial mechanisms. To highlight the funda-
mental differences between nanoparticle sintering and nano-
particle-CNT contact, a two-particle NP-NP sintering model is also
employed as a reference under an identical analysis framework. We first
evaluate the thermal stability of Ag NPs across sizes, and then perform a
systematic comparison between NP-NP and NP-CNT contact evolution.
Subsequently, the effects of temperature, NP size, contact/bonding po-
sition, and CNT defects on interfacial energetics, CNT deformation,
interfacial stress distribution, and contact morphology are examined.
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Finally, the wetting/contact characteristics and their governing factors
are discussed to provide mechanistic insights that can inform subsequent
experimental design and processing-window selection for CNT-metal
nanoparticle interconnects.

2. Method
2.1. Melting simulation

NPs possess high surface energy, and size effects intensify as their
diameter decreases. Accordingly, the melting point becomes strongly
dependent on size [35]. Different NP sizes can therefore exhibit distinct
thermodynamic and kinetic behaviors that may critically influence the
NP-CNT interfacial bonding mechanism. We conduct single NP melting
simulations as a controlled baseline. This approach isolates the size ef-
fect, allowing us to determine the melting point at each diameter and to
track how atomic order evolves with temperature. The results provide a
clean reference for interpreting size-dependent behavior in subsequent
NP-CNT studies.

The melting simulation includes NPs with 7 different radiuses from
2ato 8a (a is the lattice constant of silver, a = 4.09 A). The configuration
of these 7 type NPs was shown in Fig. 1 and S3. Before melting simu-
lation, each NP first subjected energy minimization, then conducted the
relaxation at 300K to ensure the NP became equilibrium. In the melting
simulation, we employed the isothermal melting simulation with a
temperature step of 20K from 300K to 1400K. In each temperature step,
we first heat the system to the target temperature within 200ps. And
keep the NP under corresponding temperature for 500ps to ensure that
the system reached equilibrium. The state of NP that we chose to
calculate for post process was only the last 50ps to eliminate the influ-
ence of temperature gradient.

2.2. NP-CNT interconnection simulation

In the NP-CNT interconnection simulation, wo built the double
particle model refers to the conventional double metallic NP sintering
model. Left side of model is NP and the other side is SWCNT. In this work
the length of SWCNT was set to 152.275 A to prevent the NP moves to
the top or bottom side of CNT leading to contact position change. We
adopted a (5,5) armchair SWCNT, which is metallic and highly sym-
metric. There are also some other CNT-related works used similar CNT
[25,36]. It's very suitable for simulation. Each of them was relaxed for
500ps to make sure the single model reached equilibrium at target sin-
tering temperature. This could eliminate the influence of temperature
increasing process and temperature gradient. They were assembled with
a gap of 3 A. The NP was oriented with (100) facet facing the CNT
sidewall.

2.3. Detail of simulation

The force field of the simulation system is a hybrid potential. The
interaction of silver to silver was determined by Cu-Ag eam alloy po-
tential developed by P.L. Williams, which had already been verified by

many metallic NP sintering related works [37]. The total energy is
defined as:

BiF, (me)

A
where F, and ¢,; are the embedding energy and potential interaction

1
) @

J#

respectively. The @ and f are t he element types of atom i and j. We use
the EAM-alloy potential because we also performed comparable simu-
lations for Cu and Ag-Cu systems. Using the same potential ensures
consistent comparison and minimizes artifacts introduced by the choice
of interatomic potential. The interaction of carbon atoms in the CNT can
be described by the AIREBO potential [38], and can be expressed by:
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Fig. 1. (a) Snapshots of 2a-8a NP equilibrium structure at 700, and 900 K (green: FCC; red: HCP/stacking faults; white: amorphous/disordered). (b) Amorphous-

atom fraction versus NP size and temperature.
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In an AIREBO-type form, the total energy E is the sum of short-range
covalent (REBO), long-range dispersion (LJ), and dihedral torsion
terms; the 1/2 factor avoids double counting of pairs. The REBO part
describes environment-dependent covalent bonds and allows bond
making/breaking. The LJ part adds non-bonded van der Waals forces
and is suppressed for bonded neighbors. The torsion term penalizes
dihedral rotations and helps keep 7-conjugation in sp? carbon. The L-J
potential was used to describe the interaction between Ag and carbon
atoms. The LJ parameters, ¢ = 0.0301eV 6 = 3.006 A are based on
Parnian Yousefi [39]. The NVT ensemble was utilized during the whole
simulation process. The timestep was set to 1fs. All the simulations were
conducted by LAMMPS [40]. OVITO [41] and Python were used for
model visualization and some post-processing.

3. Results and discussion
3.1. Melting simulation

Bulk Ag melts at 1234 K (961 °C), whereas Ag NPs melt at substan-
tially lower temperatures due to finite-size effects. We therefore deter-
mine size-dependent NP melting temperatures to interpret the
temperature-dependent NP-CNT contact behaviors discussed in Sec-
tions 3.2-3.7. In this part, the potential energy (PE) evolution and Lin-
demann index (LI) evolution with temperature curves can determine the
melting points by finding their turning points on the curves. Here, LI is a
dimensionless atomic-scale measure of thermal displacement fluctua-
tions that is widely used to indicate lattice instability or melting-like
behavior. The equation of LI of system and the LI for each atom can
be shown as follow:

VD) = ()

(rip)

1
=y ©)
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where §y;; is the local Lindemann index of atom i, N is the number of
atoms in the selected set, r;; is the instantaneous distance between atoms
iandj (j # i), and (ry) and (rg) denote the time-averaged first and second
moments over the sampling window. Most of the works mainly used
these two values to study the thermal stability of nanostructure [42,43].
Although there are some works have [35,44] already calculated the NP
with small size, they were not covered all the situation that NP used in
my woks. The resulting values for radii 2a-8a are summarized in
Table 1, while the full PE-T and LI-T curves are provided in Fig. S1.

PE- and LI-based melting points show a systematic offset of ~20 K.
This discrepancy is expected for finite clusters because LI is more sen-
sitive to the onset of local disorder especially for surface premelting,
whereas PE reflects the global energetic transition and can appear
slightly later. In the subsequent interfacial analyses we primarily
reference the LI-based melting temperature in the discussion of high-
temperature activation and transient melting.

The critical value of LI is not universal for finite NPs and varies with
size, which marks the onset of melting-like disorder, i.e., when atomic
thermal fluctuations become large enough to destabilize the crystalline
lattice. Here it is defined in a size-specific manner as the LI value at the
LI evolution inflection point for each NP size. It is used only as an in-
ternal indicator to classify solid-like versus strongly disordered states at
the simulation temperatures. The LI of atoms for each NPs are shown in
S2.

Fig. 1 mainly shows equilibrium structures of 2a-8a NPs at high
temperature (snapshots at 300 and 500K are in S3) together with the
amorphous-atom fraction. At 300 K all sizes remain crystalline and LI
values stay well below the size-specific critical LI. At 500 K noticeable
surface disorder appears only for the smallest NPs, while larger NPs
remain largely ordered. At 700-900 K disorder increases rapidly for
small sizes, and transient melting becomes possible for the smallest NPs
at 900 K. These baseline trends provide the reference needed to interpret
high-temperature interfacial restructuring, energy release, and contact
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Table 1

The melting points for NP size from 2a to 8a determined by PE and LI method and their critical LI.
NP size 2a 3a 4a 5a 6a 7a 8a
Melting Points (PE) 800K 940K 1040K 1100K 1140K 1160K 1180K
Melting Points (LI) 780K 920K 1020K 1080K 1120K 1140K 1160K
Critical LI 0.105 0.087 0.076 0.063 0.058 0.050 0.044

evolution in the NP-CNT simulations.

3.2. Comparation between NP-NP and NP-CNT contact behavior

In order to clarify the difference between nanoparticle sintering and
nanoparticle-CNT contact, we first compare an Ag NP-NP sintering
model with an Ag NP-CNT sidewall contact model under comparable
conditions. This comparison is used as a reference for the following
analyses on temperature and NP size effects. In our interaction model,
the NP-NP system is governed by metallic bonding described by the
EAM potential for Ag-Ag interactions. In contrast, the Ag-C cross
interaction is described by a non-reactive Lennard-Jones (12-6) po-
tential and no Ag-C chemical bonding, charge transfer, or bond-order/
reactive terms are included. Therefore, the interfacial attraction and
the group-to-group force in the NP-CNT case originate from the van der
Waals-type Ag—C interaction by construction.

It should be noted that the NP-NP and NP-CNT models contain
different numbers of atoms. Therefore, the absolute value of total po-
tential energy cannot be directly compared between the two models. In
this work, we use the potential energy change (APE) relative to the
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initial state for each model. In addition, we calculate the group-to-group
interaction force between the two contacting parts to directly describe
the interaction intensity during the contact process.

Fig. 2(a) shows the PE evolution during the contact process. For the
NP-NP system, the PE decreases significantly and rapidly after contact,
indicating a strong thermodynamic driving force. This is mainly related
to metallic bonding formation and interfacial atomic diffusion, which
can promote neck formation and growth during sintering. For the
NP-CNT system, the potential energy decrease is much smaller, which
means the thermodynamic driving force is obviously weaker than that in
NP-NP sintering. This result indicates that NP-CNT contact is not a
typical sintering process.

Fig. 2(b) shows the group-to-group interaction force. For the NP-NP
system, the interaction force increases sharply after contact and keeps at
a relatively high level for a period of time, which is consistent with the
strong interfacial attraction and continuous atomic rearrangement in
sintering. For the NP-CNT system, the interaction force is much lower
and decays faster after the initial contact. This is expected because the
only cross interaction between Ag and CNT carbon atoms in our model is
the 12-6 Lennard-Jones potential; hence the NP-CNT group-to-group

(b) 4
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w
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Fig. 2. (a) Total PE evolution for NP-NP (blue, left axis) and NP-CNT (orange, right axis). (b) Force magnitude evolution for NP-NP (blue) and NP-CNT (orange). (c)
and (d) are the snapshots of NP-NP system and NP-CNT system respectively. For each panel, the top image is the cross session of model and the bottom image is the
surface mesh with HCP atoms and dislocation. (e) CNT bending profiles during NP-CNT contact evolution.
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force directly reflects van der Waals-type interaction without any
diffusion-driven metallic neck growth.

Fig. 2(c) and (d) further present the snapshot sequences of the NP-NP
and NP-CNT systems, respectively. For NP-NP (Fig. 3(c)), the two
particles first contact at about 3 ps and an amorphous interfacial layer
forms. By 7 ps, dislocations and stacking faults nucleate in the neck
region, accompanied by local structural transformation (amorphous —
HCP — FCC), and this first restructuring stage is basically finished by
~11 ps. With dislocation glide, the related stacking faults move into the
NP, and by ~18 ps, dislocations can be emitted to the free surface, while
most amorphous/HCP atoms in the bulk retransform back to FCC. After
a short quasi-equilibrium period, a second episode occurs due to the
residual surface-energy driving force: at ~51 ps the neck thickens and
new stacking faults/dislocations form again, and by ~63 ps this second
episode is nearly completed. No further obvious structural transition is
observed up to 500 ps, showing a crystalline-amorphization-recrystal-
lization pathway during NP-NP coalescence.

By contrast, for NP-CNT (Fig. 3(d)), the NP touches the CNT at about
3 ps. By ~6 ps, it induces an elastic indentation of the CNT, which peaks
around ~8 ps and then gradually recovers by ~17 ps. After that, the
interfacial carbon atoms exhibit damped quasi-harmonic oscillations.
During the whole process, no clear defect nucleation is observed in the
NP bulk. The NP can slightly wander on the CNT under thermal fluc-
tuations, and only a limited interfacial expansion of Ag atoms is
observed, indicating relatively poor wetting under this condition.

Fig. 2(e) further shows the global bending behavior of the CNT
during the early-stage contact process in the NP-CNT model (500 K, 5a
NP). After the first touch (~3 ps), the CNT undergoes a bending defor-
mation, and the curvature increases with time. A larger bending is
observed around 7-12 ps, corresponding to the period when the NP
keeps pressing the CNT wall and local indentation develops. After that,
the CNT gradually rebounds, and the tube shape becomes closer to the
initial straight configuration at ~16-18 ps, indicating an elastic recov-
ery with damping. This bending response suggests that, under this
condition, the NP-CNT contact is mainly accommodated by CNT elastic
deformation rather than by defect nucleation or lattice-scale recon-
struction inside the Ag NP, which is consistent with the much weaker
APE and interaction force shown in Fig. 2(a and b).

The above results show that the NP-CNT system has a much weaker
driving force compared with the NP-NP sintering system. Mechanisti-
cally, NP-NP sintering is dominated by metallic bonding and diffusion at
the interface, which can drive obviously lattice-scale reconstruction in
the neck region together with repeated amorphization-recrystallization.
In contrast, NP-CNT contact is mainly controlled by adsorption inter-
action and geometry-related accommodation. As shown in Fig. 3(d and

Temperature (top axis)

300K 500K 700K

Journal of Materials Research and Technology 41 (2026) 7628-7640

e), the main response of the NP-CNT model under 500 K is CNT defor-
mation and only limited interfacial adjustment of Ag atoms, while no
obvious defect nucleation is observed in the Ag NP bulk. Therefore, in
the following sections, we focus on how temperature and NP size can
further activate local rearrangement in the NP-CNT system.

3.3. Temperature effect

In this section, we fix the NP size (5a) to isolate the temperature
effect on NP-CNT contact behavior. The simulations are performed at
300, 500, 700, and 900 K. It should be noted that at high temperatures,
some quantitative values may become more sensitive to the Ag-C
Lennard-Jones parameters and cutoff settings. Therefore, we mainly
focus on robust trends with temperature.

Fig. 3 shows the evolution of the system total PE at different tem-
peratures. Since the atom numbers are fixed in this section, we still use
the total PE and APE relative to the initial state for consistency with
previous analyses. At 300 K, the net PE change is close to zero, indicating
that the system is mainly governed by thermal vibration and weak
adsorption, and it reaches a steady state quickly. At 500 K, the PE de-
creases slightly with a net drop of ~10.5 eV, and the system stabilizes
within a relatively short time. When temperature increases to 700 K, the
PE decrease becomes significantly larger (~53.8 eV), while the overall
relaxation time is still comparable to that at 500 K. At 900 K, the PE drop
becomes much larger (about ~240 eV), and a clear multi-stage relaxa-
tion behavior is observed. The PE decreases slowly first, then drops
rapidly at late time (around ~300 ps within ~30-50 ps), and finally
approaches a plateau, indicating a temperature-activated late-time
structural adjustment at the interface.

3.3.1. Early stage contact cycle

After the NP approaches the CNT within the interaction cutoff, the
system shows a quasi-periodic compression-rebound motion after the
first contact. Fig. 4(a) presents the time-sequenced snapshots from 0 to
20 ps for each temperature, and the corresponding short-time CNT de-
viation traces are shown underneath. Here, the deviation is defined as
the displacement of interfacial carbon atoms relative to their pristine
positions; negative values indicate inward indentation toward the NP,
while positive values indicate outward bulging.

At 300 K, the NP touches the CNT at about ~3 ps. After contact, the
NP continues moving toward the CNT and compresses the tube wall, and
the indentation increases until reaching a maximum (around ~7-9 ps).
During this process, some carbon atoms near the interface become
locally disordered due to strong local deformation. After that, the CNT
starts to rebound, and the indentation gradually decreases. Around
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Fig. 3. NP-CNT system with NP radius 5 nm. Total PE versus time at 300, 500, 700, and 900 K; shaded regions and dashed lines indicate the ranges/reference levels

used to compute change value of PE.
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ps). (e) Bending amplitude versus time (0-500 ps). (f) Long-time deviation versus time (0-500 ps). Color scheme as in the previous snapshots.

16-18 ps, the first compression-rebound cycle is basically completed,
and the system enters the next oscillation cycle.

With increasing temperature, the early-stage contact cycle becomes
weaker. At 500 K, the contact sequence is similar to that at 300 K, but the
indentation amplitude is smaller and the rebound occurs earlier. At 700
K and 900 K, the compression-rebound motion is further suppressed,
and the short-time deviation amplitude becomes smaller, indicating that
temperature promotes faster local accommodation and damping at the
interface.

Fig. 4(b)tracks NP phase fractions over the whole simulation and
shows that the particle remains predominantly FCC at 300-700 K, with
only small, cycle-induced fluctuations in HCP and disordered atoms;
within the first 0-20 ps the changes are negligible. At 900 K, however, a
late-time rearrangement appears, where the FCC fraction drops and the
disordered fraction rises indicating temperature-activated restructuring
beyond the initial elastic cycle.

Fig. 4(c) shows the short-time interfacial deviation in the first com-
pression-rebound cycle after the initial touch. At all temperatures, the
CNT wall is first pushed inward (negative deviation) and reaches a
minimum at ~8-10 ps, followed by a rebound toward a less negative
level at ~15-18 ps, reflecting an underdamped early-stage press-release
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response. The indentation amplitude decreases with temperature. The
minimum deviation is typically ~—5 to —6 A at 300-700 K, but becomes
much smaller at 900 K with a weaker rebound. This indicates that higher
temperature suppresses coherent elastic oscillation.

3.3.2. Long-time deformation

Fig. 4(d) shows the time evolution of the global bending amplitude
up to 500 ps. The initial bending amplitude follows the order of 300 K >
500 K > 700 K > 900 K, while the damping rate shows the opposite order
(fastest decay at 900 K and slowest at 300 K). All curves present a two-
stage decay behavior. A fast drop in the early stage followed by a slower
relaxation. By the end of simulation, the amplitudes converge to a low-
level range, and the 300 K case still keeps a slightly larger residual
bending.

Fig. 4(e) is the local interfacial deviation over 0-500 ps. Although the
signal is noisier than the global bending trace, it remains periodic and
oscillates around a negative offset (typically between —3 and —5 A),
indicating a persistent inward bias at the contact wall. The temperature
dependence is consistent with bending. 300 K shows the largest oscil-
lation amplitude and slowest decay, while 900 K shows the smallest
oscillation amplitude and fastest convergence. This indicates that
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increasing temperature suppresses both global bending and local
indentation, and also accelerates damping, which is consistent with
more active interfacial relaxation at higher temperatures.

3.3.3. Interface evolution and stress response

Fig. 5 summarizes the interfacial geometry and CNT stress state at
different temperatures (two representative frames in compression and
rebound stages). Interfacial atoms are identified by a hetero-
coordination criterion: for each carbon atom, Ag neighbors within a
cutoff are counted, and atoms with at least one unlike neighbor are
labeled as interfacial; the cutoff used here is 4 A.

From Fig. 5(a and b), the interfacial atoms are mainly distributed
along the tube axis, meaning the contact is relatively long in the axial
direction but short in the circumferential direction. During compression,
the number of interfacial atoms increase and the contact surface be-
comes more curved, corresponding to a larger effective interfacial area.
During rebound, the interfacial atom count decreases and the interface
becomes nearly planar. With temperature increasing from 300 K to 900
K, the interfacial atom count generally increases and the distribution
becomes broader. At 900 K, the difference between compression and
rebound becomes smaller, suggesting a more persistent contact at high
temperature.

Fig. 5(c) shows the CNT von Mises stress maps. The stress is evalu-
ated based on LAMMPS stress/atom outputs combined with per-atom
Voronoi volumes to recover the stress tensor. In general, during
compression, stress concentrates on both sides of the contact band, while
during rebound, the hotspot shifts closer to the interface and the average
stress is smaller. With temperature increasing, the mean stress level at
300-500 K is higher than that at 700-900 K, indicating that higher
temperature can reduce peak stress by promoting local relaxation.
However, at high temperature the number of atoms in the high-stress
range becomes larger, and the stress patterns in compression and
rebound stages become more similar, implying that the interfacial
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deformation becomes more distributed rather than highly localized.
3.4. Size effect

In this section, we investigate how NP size affects NP-CNT contact
behaviors across the same temperature set. The NP radius varies from 3a
to 8a. Since the CNT geometry is fixed, changing NP size simultaneously
changes the local curvature mismatch, the effective contact width/area,
and the NP surface-to-volume ratio. Therefore, size effects are expected
not only in energetics but also in CNT deformation, interfacial stress
distribution, and NP structural evolution.

Fig. 6(a) shows the time evolution of PE for NP sizes 3a-8a at 300,
500, 700, and 900 K, and Fig. 6(b) summarizes the corresponding PE
change APE. At 300 K, all sizes exhibit nearly flat PE traces over 0-500
ps with only minor thermal fluctuations, indicating negligible structural
rearrangement. At 500 K, only the 3a NP shows a noticeable initial PE
drop, whereas larger particles remain close to horizontal. At 700 K, all
sizes show a clear PE decrease, suggesting thermally activated interfa-
cial accommodation. In this regime, the 3a NP shows the largest APE
and the longest time to approach a quasi-steady state, while for 4a-8a
the relaxation time generally increases with size. At 900 K, the PE
reduction becomes strongly size-dependent: 3a drops rapidly and then
tails off slowly; 4a—5a show an apparent multi-stage behavior with an
intermediate plateau; and 6a-8a relax more slowly overall.

From Fig. 6(b), APE increases significantly with temperature for all
sizes, while the size corresponding to the maximum APE shows a tem-
perature dependence. This is reasonable because APE is controlled by
both the available surface energy, which is more pronounced for small
NPs due to high surface-to-volume ratio and the real contact area which
usually increases with NP size. Therefore, the APE trend reflects a
competition between “surface-energy density” and “contact-area scale”,
rather than a simple monotonic size dependence.

900K

(c)

OO X OCOO00C

Compression

Rebound

Fig. 5. Interface characterization during the first NP-CNT cycle at 300, 500, 700, and 900 K. (a) Bonding configurations with smoothed NP/CNT surfaces; interfacial
atoms highlighted. (b) Axial segmentation and center-line fits of the CNT wall for the same frames. (¢) CNT von Mises stress maps computed from LAMMPS stress/

atom combined with per-atom Voronoi volumes.

7634



S. Lietal

(a)

Journal of Materials Research and Technology 41 (2026) 7628-7640

%] =232005) EEN 300K WEE 700K
S -19100 < —20600 S | == so0k = 90Q
] ) 2 -23400 4
2 om0 2 ~20700 )
3 % -20800 5 ~23600 4
a o a -
~19300 A ~20900 4 5 IC)
~23800 A o
r r c 150
0 200 400 0 200 400 200 400 ]
Time (ps) Time (ps) Time (ps) °
a
~27000
40500 < 100
—33000 4 - )
% 27200 % % 40750
= ~ -33200 4 = 1 o
2 -27400 2 2 41000+ R
=] 5 -33400 = [ |
& -27600 fsmincs & i & _41250_8
~27800 4 —41500 4 3a 4a 5a 6a 7a 8a
T T T T T T .
0 200 400 0 200 400 0 200 400 NP Size
Time (ps) Time (ps) Time (ps)

Fig. 6. Potential-energy (PE) evolution versus time for NP-CNT contact across NP sizes 3a-8a at 300, 500, 700, and 900 K. (a) Time-series PE curves for each size. (b)

Summary bar chart of APE as a function of NP size for each temperature.

3.4.1. CNT deformation: bending and indentation versus size

To directly describe CNT mechanical response, we quantify both
global bending and local indentation/deviation as a function of NP size
and temperature. Fig. 7(a) summarizes the maximum CNT bending
amplitude. Overall, the maximum bending increases nearly linearly
from 3a to 8a, indicating that larger NPs induce stronger global defor-
mation of the CNT. Meanwhile, increasing temperature suppresses the
bending amplitude and enhances damping, consistent with faster
interfacial relaxation at higher temperatures. In addition, distinct
relaxation drops are still observed for specific size-temperature combi-
nations indicating a size-dependent activation temperature for efficient
dissipation of CNT bending strain energy.

Fig. 7(b) reports the mean-square interfacial deviation. The devia-
tion magnitude generally increases with NP size but decreases with
temperature, consistent with the bending trend. In particular for each
size, the deviation shows a threshold-like reduction at a characteristic
temperature range, suggesting that once thermally activated interfacial
accommodation becomes effective, both bending and indentation are
reduced simultaneously.

3.4.2. Interfacial stress: layer-resolved distribution and size dependence

Fig. 8 presents the layer-resolved von Mises stress near the NP-CNT
contact. Layers are defined along the local surface normal direction,
with layer O at the geometric boundary, negative layers toward the
interior, and positive layers toward the exterior. For each case, the layer-
averaged stress is reported.

Across most conditions, the maximum stress occurs at layer —1,
indicating a subsurface stress concentration directly beneath the contact
region. At 700 K, the peak shifts inward to layer —2 for some cases, and
inner-layer stresses become more uniform, consistent with deeper stress
penetration under stronger thermally activated accommodation. In the
lower-temperature regime (300-500 K), interfacial stress generally in-
creases with NP size, which is consistent with the larger contact area and
stronger geometric constraint induced by larger NPs. At 700 K, stress
becomes more distributed through the subsurface layers and the
maximum may shift inward. At 900 K, the maximum interfacial stress
tends to decrease with NP size, suggesting that large NPs at high tem-
perature can relax stress concentration more effectively, leading to a
lower peak stress level.

The stress peak is generally subsurface (layer —1/—2), implying that
CNT damage risk is mainly controlled by subsurface concentration
rather than the outermost surface layer. Size tends to increase peak
stress at low temperatures (stronger constraint), while at high temper-
ature stress concentration is reduced, especially for larger NPs due to
enhanced relaxation.

3.4.3. Size-dependent structural evolution of the NP during contact
Fig. 9(a—d) shows the time evolution of FCC/HCP/Other fractions for
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NP sizes 3a—8a at different temperatures, and Fig. 9(e) provides repre-
sentative cross-sectional snapshots. At 300 K, phase fractions remain
nearly constant for all sizes, indicating negligible structural evolution.
At 500 K, only the 3a NP exhibits a small adjustment before reaching a
plateau. At 700 K, smaller sizes (3a-5a) show a decrease of amorphous
structure and an increase of crystalline fractions within ~0-200 ps,
whereas larger sizes evolve more slowly. At 900 K, all sizes exhibit
stronger restructuring, and the time required to reach a steady state
generally increases with particle size.

The snapshots indicate a shared pathway for most sizes except for the
smallest NP under strong activation. The NP first becomes more disor-
dered near the interface and then recrystallizes, and the recrystallization
tends to initiate from the CNT-contacting region followed by growth
toward the interior. During this process, HCP may appear transiently
(4a-6a), which can be interpreted as stacking-fault/twinning-related
intermediates and then converts to FCC. For the smallest NP (e.g., 3a)
at high temperatures, the NP can become highly disordered and the
structural identification of FCC/HCP becomes less stable, which is
consistent with its high surface activity observed in the melting baseline.
Therefore, increasing temperature promotes interface-assisted rear-
rangement and recrystallization, while increasing size raises the acti-
vation threshold and slows down the overall structural evolution.
Smaller NPs are more prone to strong disordering and faster transitions
due to their higher surface activity.

Combining Figs. 6-9, NP size affects NP-CNT contact through
coupled energetic-mechanical-structural pathways. Larger NPs induce
stronger CNT deformation and can increase subsurface stress concen-
tration at low temperatures, while smaller NPs show higher surface
activity and stronger thermally activated rearrangement at elevated
temperatures. Temperature amplifies APE for all sizes but also acceler-
ates deformation damping and reduces stress localization. These
size-temperature coupled trends provide a quantitative basis for
selecting NP size under different processing temperature windows.

3.5. Mechanism of transient melting and recrystallization at 900 K

As discussed in Section 3.3, the 900 K NP-CNT case shows a clear
multi-stage PE relaxation rather than a single monotonic decay. For
clarity, we align the structural evolution with the PE segments and
summarize the pathway as four stages: Stage I is initial contact and fast
accommodation, Stage II is a long quasi-steady period with limited net
relaxation), Stage III is a late-time rapid PE drop around ~290-340 ps,
and Stage IV is post-transition slow relaxation toward a plateau.
Importantly, the sharp PE decrease in Stage III coincides with a pro-
nounced structural transition, indicating that the late-time relaxation is
not simply thermal damping of CNT deformation but is associated with
internal reordering of the Ag NP.

The structural-fraction evolution provides a direct signature of this
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transition. During Stages I-II, the NP remains largely disordered in the
interfacial/near-surface region, consistent with a transiently amorph-
ized state at elevated temperature. Once entering Stage III, the

After ~340 ps
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amorphous structure fraction drops rapidly while FCC/HCP fractions
increase, demonstrating an amorphous-to-crystalline transformation.

(Stage 1V), the major transformation is essentially
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completed, and only slow coarsening/adjustment continues, consistent
with the PE approaching a plateau.

To visualize the crystallization more clearly, Fig. 10(a) shows cross-
sectional snapshots of the bonding structure, with the corresponding
nucleation morphologies displayed beneath each snapshot (reoriented
viewing direction to reveal internal grain relationships). At the onset of
Stage III (~290 ps), a small crystalline embryo appears from the
amorphous matrix near the NP-CNT interface. This embryo is only
marginally stable at first but serves as a seed for subsequent growth. The
crystalline region then expands outward from the interface-adjacent site
into the NP bulk, accompanied by stacking-fault formation; by ~340 ps,
the main amorphous-to-crystalline transformation is basically finished,
leaving a multi-grain NP separated by stacking faults.

The fact that nucleation is observed near the interface is physically
reasonable for two reasons. First, an interface generally reduces the
nucleation barrier by providing a site that partially replaces the high-
energy nucleus surface. Second, the NP-CNT contact region is where
local structural frustration and atomic mobility are highest at 900 K,
which induce interface has disordering or premelting tendency. It
naturally becomes the most probable location for a stable embryo to
form once the system enters the late-time relaxation window.

To verify whether twin boundaries formed after the 900 K recrys-
tallization event, we performed grain segmentation using the Polyhedral
Template Matching (PTM) method in OVITO and quantified grain-to-
grain misorientations using the quaternion-based orientation analysis
(details are provided in the Supplementary Materials). At the end of the
simulation, the NP is partitioned into multiple grains, and the misori-
entation analysis indicates that the dominant grain (G1) forms £3{111}
twin relationships with several neighboring grains (G2, G3, G5, and G6),
whereas other grain pairs do not satisfy the X3 criterion. These results
confirm that the final state corresponds to a multiply twinned structure.
Mechanistically, the emergence of £3{111} twins is consistent with a
stacking-fault-mediated recrystallization pathway during rapid ordering
in FCC metals, in line with the stacking faults observed during grain
expansion and the interface-adjacent nucleation in Stage III.

Overall, in the 900 K NP-CNT case, the sharp Stage-III PE drop is
directly tied to an amorphous to crystalline structure evolution recovery
initiated near the interface, followed by slow relaxation. The interface-
adjacent nucleation and the resulting multiply twinned structure which
is dominated by X3{111} together indicate an interface-mediated
recrystallization route that can be activated in NP-CNT contact under
high temperature even with relatively weak overall driving force.

3.6. Solid-state wetting

The NP-CNT system studied here is a solid—solid contact, rather than
a classical liquid droplet. In solid-state wetting, the apparent contact
geometry is governed not only by interface/surface energetics, but also
by elastic strain energy, anisotropy/surface stiffness, and the physics
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localized near the triple-line/edge, while the morphological adjustment
is typically mediated by surface diffusion instead of hydrodynamic flow.
Therefore, we use “wetting angles” as an effective geometric descriptor
of interfacial accommodation to compare different temperatures, NP
sizes, and CNT directions, without implying a liquid-like spreading
mechanism.

We define a local (intrinsic) contact angle on the local tangent plane
of the CNT at the true contact line, and convert it to a normalized ac-
commodation/adhesion index,

W'=1+cos ¢ 5
which serves as an effective measure of how efficiently the NP conforms
to the CNT surface under a given condition. Because the CNT is curved
and deformable, we also distinguish ¢ from an ideal reference angle ¢' to
quantify indentation- or wrapping-induced tangent rotation (schematic
in Fig. 11(d and e)). The detailed energetic framework and solid-state
corrections (anisotropy, line/edge terms) are provided in the Supple-
mentary Information.

Fig. 11(a) summarizes W versus NP size along the axial direction.
Overall, W* decreases with increasing NP size, indicating that smaller
NPs exhibit stronger solid-state accommodation on the CNT. The tem-
perature dependence is most pronounced for small NPs (=3-5a), where
elevated temperature increases W”, consistent with enhanced interfacial
atomic rearrangement and a larger indentation-induced tangent rota-
tion. For larger NPs (>6a), the curves converge, implying that axial
accommodation becomes increasingly limited by geometry and the
CNT's global stiffness rather than by thermal activation alone.

In the circumferential direction which is shown in Fig. 11(b), W also
decreases with NP size, but the sensitivity collapses faster with size
(typically by ~ 5a). This behavior reflects the dominance of cylindrical
curvature and the onset of partial wrapping. Small NPs at elevated
temperature can develop a more conformal rim contact, whereas larger
NPs remain curvature-limited and show weak temperature sensitivity.
The contrast between axial and circumferential trends highlights that
axial W* is primarily controlled by indentation-bending coupling, while
circumferential W" is governed by curvature-constrained conformity.

To connect geometry to energetics, we further evaluate the fraction
of the total energy drop that can be attributed to effective interfacial
accommodation,

Xwet = AEwet/AEtcbt (6)

where AE, is estimated from W" and the time-averaged contact area.
Fig. 11(c) shows that y,,. generally decreases with increasing NP size
and temperature, suggesting a transition from adhesion-dominated
relaxation to non-wetting-dominated relaxation, where contributions
from NP surface relaxation, local structural rearrangement, and CNT
elastic accommodation become increasingly important.

(b)

Fig. 10. (a) Crystallization pathway of the NP at 900 K during NP-CNT contact. Top row is cross-sectional snapshots (CNT in purple) from nucleation to growth and
bottom row is corresponding “nucleation views” of the same frames. (b) final grain map with representative grains labeled G1-G6 (G5 located on the back side).
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Finally, Fig. 11(d and e) illustrates why ' can deviate from &' In the
axial section, indentation rotates the local tangent and yields Afy, =

¢, — 6., which increases with indentation depth and local curvature. In
the circumferential section, partial wrapping produces an analogous
rotation Af. controlled by the wrap angle. These differences are pri-
marily geometric-elastic consequences of solid-state accommodation,
rather than signatures of liquid-like spreading.

Overall, the effective adhesion index W* decreases with NP size in
both directions, indicating that smaller NPs conform more efficiently to
the CNT surface, while the axial response remains more temperature-
sensitive due to indentation-bending coupling and the circumferential
response becomes curvature-limited at larger sizes. Meanwhile, the
wetting share y,,,, drops with increasing size and temperature, implying
that relaxation progressively shifts from adhesion-controlled accom-
modation to non-wetting contributions. The observed ¢'— ¢' gap is best
interpreted as a geometric—elastic tangent-rotation effect in solid—solid
contact rather than liquid-like spreading.

3.7. Design implications for CNT-metal nanoparticle interconnections

The above results show that NP-CNT contact is controlled by NP size,
temperature, and the CNT curvature direction. Smaller NPs usually
show stronger accommodation on the CNT surface. Increasing temper-
ature can further enhance this trend, because higher temperature pro-
motes interfacial rearrangement and makes the NP easier to conform to
the CNT. However, high temperature is not always better. At high
temperature and small NP size, the NP can undergo a transient dis-
ordering and then recrystallize. This process can produce multiple grains
and extensive twinning. Therefore, stronger accommodation may come
with microstructural reconstruction. If structural stability is more
important, a safer process window is larger NPs with low or intermediate
temperature. In this window, the contact response is mainly elastic. The
NP bulk also remains more stable.

CNT deformation provides another clear guideline. Indentation and
bending are coupled. Damping is part of the same response. With
increasing temperature, the indentation and bending amplitudes
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become smaller. The damping also becomes faster. This indicates that
more energy is dissipated at the interface. It also helps stabilize the
contact geometry. Stress results suggest a trade-off. Higher temperature
can reduce the peak stress and increase the number of stressed atoms
which lead to stress becoming less localized.

The axial-circumferential difference is also important. Axial ac-
commodation is more sensitive to indentation and bending, which is
more temperature dependent. Circumferential accommodation is pri-
marily constrained by the CNT's cylindrical curvature, so it becomes
size-dominated more quickly, and clear wrapping effects mainly appear
only for small NPs at elevated temperature. As a result, CNT orientation
and texture can change wetting strength, deformation mode, and stress
distribution in NP-CNT interconnections.

4. Conclusion

The MD results build a mechanism-consistent picture of solid-state
Ag NP-CNT contact. We link energetics, structural pathways, CNT me-
chanical accommodation, stress localization, and curvature-induced
anisotropy into one chain. This study distinguishes elastic NP-CNT
contact from interface-activated structural evolution, and identifies the
conditions that promote the transition.

The NP-NP pair shows a much stronger driving force. In NP-CNT,
the interaction is weaker and relaxes faster. The contact is mainly
accommodated by adsorption and CNT deformation, rather than
diffusion-driven neck growth and dislocation-mediated coalescence.
Under high temperature and small NP size, the system can enter a
transient melting to recrystallization pathway. The final NP becomes
multi-grained. X3-type twins are confirmed by grain segmentation
and misorientation analysis.

Indentation, global bending, and damping are not separate effects.
They are different expressions of the same accommodation response.
Interfacial stress concentrates near the contact boundary and into
subsurface layers. With increasing temperature, the peak stress is
reduced, but a broader region carries moderate stress. This identifies
where damage is most likely to initiate in NP-CNT joints.
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Axial and circumferential behaviors are different because CNT cur-
vature limits conformity and rotates the local tangent at the contact
line. CNT texture can serve as an effective design parameter to tune
adhesion-like metrics and stress distribution in NP-CNT interconnect
structures.
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