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ABSTRACT 

In spite of many experimental and modeling studies reported in the literature, a fundamental 

understanding of the bonding mechanisms for a supersonic metal particle impinging onto a metal 

substrate is still an open problem. We show here with molecular dynamics simulations for 

copper/copper system, impact induced local melting leading to adhesive bonding at the interface. 

More importantly, we identify the bonding mechanisms as a combination of metallurgical, 

mechanical and grain boundary interlocking at the interface region. The formation of metallurgical 

interlocking has heretofore never been reported in the literature. Nanotwins and grain refinement 

in the particle are also very pervasive.     
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1. Introduction 

Particles with high velocity (above 400 m/s in cold spray of metals) impinging onto a substrate has 

been a widely used technique for material deposition of coatings, additive manufacturing of parts, 

and repair of components [1-5]. In material processing technologies, impact induced bonding 

technique with the cold spray process has occupied a special status due to its simplicity and cost 

effectiveness [4]. It is widely recognized that when the particle impact velocity exceeds a critical 

value, adhesive bonding will be activated at the particle/substrate interface. The bonding 

mechanism has been described with various phenomena including adiabatic shear instability (ASI) 

[6, 7], hydrodynamic plasticity [8], interface amorphization [9], local melting [10], intermetallic 

diffusion [11], mechanical interlocking [12, 13] and metallurgical interlocking [2, 14]. Though the 
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cold spray technique is popular, a fundamental understanding of the adhesive bonding mechanisms 

[8] both with current experimental and simulation techniques is currently lacking and this is a 

critical bottleneck for more widespread application of this technique by the manufacturing 

industry. 

Molecular dynamics (MD) simulations have been used to investigate the effect of impact velocity 

on bonding strength using small clusters with a few hundred atoms [15-17]. Due to the limitation 

of length and time scales in MD simulations, there have been limited reports on jetting phenomena 

or ASI [4] just with atomistic simulations.  Jetting phenomena have been recently reported using 

MD simulations [18] and quasi-coarse-grained dynamics [19] by considering a relatively large 

system with higher impact velocity (beyond the window of critical velocity of deposition). 

However, there is no bonding mechanisms proposed using the atomic scale studies. In this work, 

we consider a relatively large copper/copper system with 170 million atoms at a critical velocity 

exceeding 500 m/s to reveal the bonding mechanisms and also to demonstrate jetting at the 

atomistic scale.     

2. Simulation method 

We used the MD open source code embedded in the Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) [20]. A well-established Embedded Atom Method (EAM) [21] 

with copper potential parameters [22] were used for the simulations. The potential parameters have 

been validated for vacancy formation energies, surface energy, elastic constants, melting 

temperature [22, 23].   The MD simulations are primarily carried out for the canonical ensemble 

with application of the Nosé–Hoover thermostat and with amount of substance (N), volume (V) 

and temperature (T) conserved (NVT configuration).  We recognize that the electronic contribution 

is not considered explicitly in the MD simulations, and just inclusion of the phononic contribution 

alone leads to an order of magnitude lower thermal conductivity (k) than experimental data [24-

28] especially for metals including Copper that have a high k. The shortage of k arising from the 

missing electronic contribution is however compensated by considering NVT, where the 

thermostat is applied to the whole system, leading to an enhanced heat transfer rate.  The validity 

of the simulation results with the NVT approximation is discussed in more detail in the 

supplementary information.        



We considered a spherical copper particle with diameter of 200 Å (354,685 atoms) and a cuboid 

substrate block with dimensions 1600 Å (L) x 1600 Å (W) x 800 Å (H) which contains 

170,400,515 atoms for the simulations. All copper atoms were arranged as a void free single crystal 

with FCC lattice structure for both particle and substrate. Periodic boundary conditions were 

applied in directions perpendicular to the particle impact direction, and no constraints were applied 

on the top surface where the particle impacts with a designated velocity. A few layers of atoms at 

the substrate bottom were constrained to support the system mechanically. The substrate and 

particles were equilibrated at 300 K before the particle impacts on to the surface. The simulations 

were conducted using NVT at 300 K to simulate room temperature experimental condition. The 

Nose-Hoover thermostat with relaxation time of 100 fs was used to regulate the temperature 

fluctuations. The simulations were conducted with relaxation time of 10 fs, 100 fs and 1000 fs to 

observe the jetting phenomena, shear grain formation, mechanical interlocking and grain 

refinement. The results are almost the same for all three relaxation times and are included in Fig. 

S1 and Fig. S2 of the supplementary information. The velocity window of deposition for copper 

particle to deposit on copper substrate has been reported between 300 m/s to 700 m/s [29, 30]. 

Within this window, we chose the impact velocity of 500 m/s to investigate the bonding 

mechanism at the interface between the substrate and particle. The common neighbor analysis is 

performed to identify the crystal structure and MD snapshots are captured using Open 

Visualization Tool software package (OVITO) [31].  

3. Results and discussion  

Initially, we check for the copper potential employed by testing for the size dependent melting 

temperature of the spherical nanoparticles. Upon heating, the potential energy of the particle 

linearly increases with temperature. At the melting point the potential energy rises sharply and 

continues to linearly increase with further increase of temperature. At the melting point, all atoms 

turn to an amorphous state from its crystalline state and hence potential energy sharply rises at a 

constant temperature as shown in Fig. 1(a). The computed melting points of Fig. 1(b) are in good 

agreement with the empirical thermodynamic formulation 𝑇𝑝 = 𝑇𝐵 − 3𝑏𝑇𝐵/𝐷 (solid black line) 

[32] where TB is bulk copper melting temperature, D is the particle diameter and    is a function 

of surface energy, latent heat of fusion and particle volume [33]. The proportionality constant  is 

2.7 extracted from the slope of melting temperature against inverse of the particle diameter.  As 



size of the particle increases the percentage of surface atoms reduce (blue line in Fig. 1(b)) and the 

melting temperature increases (black line in Fig. 1(b)) [23, 32].  Particle diameter of 200 Å contains 

6.8 % of surface atoms (white) at room temperature. As the particle temperature approaches the 

melting temperature, the FCC atoms (green) transform to amorphous state (white) as shown in Fig 

1(a). Smaller diameter particle contains a larger percentage of surface atoms than larger particles. 

The interactions between the surface atoms are weaker than that of the atoms in the bulk and hence 

the melting temperature of smaller particles is lower than that of a larger particle. Due to relatively 

weak bonding in the amorphous structure, melting starts from the surface. Similar observations 

have been reported in reference [34] with surface-plasmon resonance measurements.  

 

 

 

 

 

 

 

 

Fig. 1. (a) Potential energy change with temperature of 200 Å diameter particle. The 

potential energy rises sharply at a temperature of 1300 K. The particle atomic structure is 

shown in the inset at 350 K and 1250 K. (b) Size dependent melting temperature of copper 

nanoparticle. The computed melting temperatures (solid points) agree well with the 

thermodynamic empirical equation 𝑻𝒑 = 𝑻𝑩 − 𝟑b𝑻𝑩/𝑫  (continuous black line) [32]. 

Blue line represents the ratio of surface atoms to the total atoms of the nanoparticle. 

 

Initially, the particle is placed above the substrate surface with different crystallographic 

orientation and equilibrated at room temperature. When the spherical particle starts penetrating the 

substrate at high velocity, the local temperature at the interface rises sharply beyond the melting 

temperature (copper melting temperature is 1360 K [32, 34]).   As a result, both particle and 
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(b) 



substrate melt near the interface. The width of the melt zone is dependent on the particle size, 

impact velocity and time after impact. The local temperature of each atom is calculated by 

considering an ensemble average for the thermal vibrations of the surrounding atoms within a 10 

Å diameter. Due to the ensemble averaging, the instantaneous high velocities are averaged out and 

we obtain an approximate submicroscopic temperature of the corresponding atom. The 

submicroscopic temperature of an atom may slightly vary depending on the pool size considered 

for temperature calculation.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Cross-sectional temperature distribution near the particle and substrate interface 

with NVE and NVT at 5 ps and 10 ps. The impact induced peak temperature measured at 

edge of the jet is around 21000 K at 5 ps and 6900 K at 10 ps for both NVT and NVE. 

 

We recognize MD simulations account for a lowered thermal conductivity k due to inclusion of 

phononic thermal transport only.  The mutiple thermostat method [35] can be used to achieve fast 

and more realistic heat transfer.  However, at short durations the particle impact generates extreme 

pressure and temperature changes, and the simulations can lead to numerical instabilities.  Hence, 

NVE at 5ps NVT at 5ps 

NVT at 10 ps NVE at 10 

ps 



we considered two alternative scenarios to get more insights into the role of k on the simulation 

results. 

With our MD calculations, we first compared the simulation results from microcanonical ensemble 

(NVE) and NVT assumptions. NVE is expected to yield higher temperature predictions as 

compared to the actual physical system due to application of adiabatic isolation and also because 

of the lower k (from only the phononic contribution in classical MD). On the other hand, NVT 

imitates a system with a high k value because of the distributed heat sinking everywhere and  thus 

expected to yield a much lower temperature buildup. The real system is anticipated to have a 

solution regime bounded by the NVE and NVT limits.  A comparison of the NVE and NVT shows 

that in very short time scales there is little difference in the temperature distribution in and around 

the impact zone (Fig. 2. shows 5 ps and 10 ps snapshots) and this dictates the approximately the 

same atomic structure attained upon final cool down.  The heat generated by the impacting event 

is large resulting in a sharp temperature buildup at short time scales and the magnitude of k has 

little effect on this temperature distribution.  The 20 ps and 40 ps results with NVE and NVT are 

also included in supplementary information in addition to alternative scenarios considering the 

validity of the simulation results because of the low k inherent in the classical MD simulations. 

   

The cross-sections of the particle and substrate interface during the impact event are captured in 

Fig. 3 at 1, 5, 10 and 15 picoseconds. Upon first contact, the temperature in the thin (atomic) layer 

at the interface between the particle and substrate exceeds the melting temperature (Fig. 3(a)) and 

the particle starts to penetrate the substrate while the rest of the atoms are still at room temperature. 

The strong repulsion between particle and substrate atoms at the interface causes a sharp rise in 

local temperature. As the particle penetrates deeper into the substrate, the temperature rises locally 

beyond the melting point and material becomes a viscous fluid on either side of the interface. Fig. 

3(b) demonstrates the temperature evolution and the material deformation around the 

particle/substrate interface. The viscous metal fluid (red) is squeezed between the downward 

moving particle and the stationary substrate leading to the formation of a high pressure zone around 

the interface. The temperature gradually increases due to heat flow from the liquid metal to the 

surrounding structure and the structure becomes amorphous. After a critical volume of viscous 

fluid is formed, the fluid starts to eject from the interface zone. The atomic structure around the 

particle and substrate interface (melt zone) is transformed to an amorphous state (white) as shown 



in Fig. 3(f). The atomic structure around the melt zone is mostly amorphous with some deformed 

crystalline regions. The region away from the interface however retains the FCC crystal structure. 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Temperature and structural profile of the copper particle/substrate system. In left 

panel, red and green represent melted regions and the regions containing temperature 

above 600 K, respectively. (a) when the particle starts to penetrate, the temperature of a 

thin atomic layer in both particle and substrate rises to above the melting temperature (b) 

after 5 ps of impact, the temperature of the material around the interface increases to 
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above the melting point and starts to eject through the sides (c) pronounced metal jet with 

an interface necking developed at A and B points around 10 ps after impact.  The neck 

isolates the middle portion of the interface fluid from ejecting through the channel, (d) 

around 15 ps, the center portion crystallizes as heat spreads through particle and substrate. 

(The temperature bar is 300K – 1400K). In the right panel, (e-h) represents the structure 

of particle and substrate at 1ps, 5 ps, 10 ps and 15 ps, respectively.     

At 10 ps after impact, the particle penetrates further into the substrate and some viscous fluid (red 

region) squeezes out from the interface region as a pronounced metal jet shown in Fig. 3(c). Due 

to heat flow from the molten metal to surrounding areas, the interface region becomes softer 

(shown in green) and some portion of that region also squeezes out along with the metal jet. The 

melt zone and the surrounding region predominantly contain amorphous structure as shown in Fig. 

3(g). The viscous fluid in the central region is trapped between the neck points marked as A and 

B. The neck arises from further penetration of the solid particle into the substrate due to particle 

inertia, and also due to onset of crystallization along the interface resulting from conductive 

cooling. The blockage at A and B subjects the fluid trapped in the central region under a 

compressive load and transforms it into a large interlocking grain spanning the interface upon 

cooling. Based on the snapshot of temperature profile at 10 ps and the atomic structure after 

thermal equilibration (Fig. 5(a)), we speculate that the location of the neck (points in two 

dimension and ring in three dimensions) zone depends on the rate of material melting, viscous 

fluid jet velocity and the rate of heat dissipation.   

At 15 ps after impact, the fluid temperature between A and B points quickly drops to that below 

the melting temperature (green zone), whereas the temperature for the narrow region towards the 

interface edge is still above the melting point. The green zone is at the intermediate stage of 

crystallization containing the amorphous structure before transforming into a FCC crystal 

structure. The heat-affected zone is predominantly an amorphous structure as shown in Fig. 3(h). 

At 20 ps after impact, the entire red region cools down, and the temperature is markedly below the 

melting temperature and crystallization begins from the amorphous state. Due to the large 

deformation of the particle during this impact process, grain refinement starts to occur in the 

particle upon cooling. Nanotwins and grain boundaries are formed to accommodate the large strain 

during this grain refinement process. We highlight that the material jetting from the interface is in 



agreement with both experimental observations [5, 7, 36] as well as FEM simulations at the 

continuum scale [8, 37].  

 

 

 

 

 

 

 

Fig. 4. Time history of volume that melts and the amorphous solid phase material (a) melt 

volume evolution (temperature above 1360 K) for  particle and substrate (b) volume of 

material that experiences a temperature excursion between 600 K and 1360 K (amorphous 

solid phase). The melting and cooling rate for the substrate is higher than that of particle. 

The volume of melted and amorphous phase of material varying with time (red and green parts in 

Fig. 3) is quantitatively shown in Fig. 4. During the impact process, the substrate material around 

the interface melts faster until around 6 ps and then quickly cools down to below the melting 

temperature. This quick cooling is due to heat transfer through the crystalline substrate. The 

particle melts at a slower rate than the substrate and holds an unchanged melt volume at around 14 

ps. The heat dissipation from particle through amorphous interface is lower than that for the 

crystalline structure and hence the particle is at the melting temperature for a longer duration than 

the substrate. The melt volume of the substrate is also higher (almost 2.5 times) than that of particle 

melt volume. Contrary to the current understanding in the literature that the substrate and particle 

equally melt during the impact process [1, 38], our work shows the melt volume of the substrate 

is much larger than for the particle. This large volume of substrate that melts leads to the formation 

of relatively large grains at the interface edge.  
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Fig. 5.  Snapshot of atomistic structure at 500 ps after particle impact. Green, red, blue 

and white represent FCC, HCP, BCC and amorphous atomic structures, respectively. (a) 

Cross-section of the particle/substrate configuration with the black line representing the 

original interface between the particle and substrate.  Regions marked with a red line 

indicating a grain boundary (thin amorphous region) coinciding with the interface (b) 

deformed full view of the particle with pronounced mechanical interlocking region 

marked as a dark green loop. (c) cross-section view of particle from arrows shown in (b) 

illustrated the grain refinement slightly above the interface (d) experimental evidence 

showing grain refinement only in the particle [36] (reprinted by permission from Springer 

Nature [ref. 36] Copyright (2020)). Smaller grains are nucleated (grain refinement) 

around the middle grain only within the particle during the impact. Nanotwins are 

populated in the shear interlocking grains as well as the sub-grains. In a 40 Å thick 

interface, 76% of atoms are metallurgically interlocked and rest of the atoms are in the 

amorphous phase.  

Studies show that the pure copper does not form an amorphous phase during ultrafast liquid 

quenching [39, 40]. However, while transforming from the liquid metal to crystalline phase, it goes 

through an intermediate amorphous phase stage. Pure copper does not show a clear glass transition 
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temperature like metallic glass but the apparent simulated glass transition temperature has been 

reported to be around 600 K [41, 42]. Above that temperature, the substrate material softens locally 

and enables the impacting particle to penetrate further into the substrate. The built-up of 

amorphous region starts with material melting and continues to pileup even after completion of 

melting due to heat dissipation from the molten region to the surroundings. The maximum volume 

of amorphous phase in the substrate is 1.6 times that of particle (Fig. 4b). The formation and 

cooling of the amorphous phase material follow the same trend as that for the melt volume. 

After the system cools down (around 500 ps), the temperature drops to room temperature. The 

impact induced heating and cooling result in interlocking grains between the particle and substrate. 

The bonding mechanisms identified are metallurgical, mechanical and grain boundary 

interlocking. Metallurgically interlocked grains are formed during the crystallization process with 

atoms from both particle and substrate and so the nominal interface passes with the grain. The 

shear grains (SG) shown in Fig. 5(a) are formed within the sheared material at the periphery of 

interface. The middle grain (MG) is crystallized from the compressive zone at the center. The SG 

grain contains thin layers of HCP crystals sandwiched between the FCC structure. The HCP layers 

primarily accommodate the strain within the grain in the shear zone. Similar thin strips of HCP 

layers between the FCC structures are also witnessed in experiments as long rectangular micro-

twins in shear deformed zone [36]. The middle grains (MG) are mostly FCC with fewer HCP zones 

as compared with SG grains. At the middle of interface, the atoms from the particle crystallize 

along with substrate atoms and forms a seamless crystal with the substrate. The nominal interface 

located well inside the particle. The SG and MG are separated by a grain boundary zone (thin 

amorphous region of interface) between the particle and substrate highlighted by the red oval. 

Apart from SG and MG grains, there are smaller metallurgical interlocked grains at the interface 

zone on the particle side. The formation of smaller interlocking grains is due to grain refinement 

and is primarily attributable to large material deformation and relatively slow cooling rate. 

Multiple small grains evolve during the cooling process just above the middle of the interface as 

shown in Fig. 5(a) and (c), the phenomenon is similar to that reported in reference [36]. The 

gradient in grain size scaling (Fig. 5(d)) (fine grains near the interface) within the particle has also 

been observed in cold spray single particle experiments [36]. Micro-twins are also reported inside 

the particle [36] similar to the nano-twins within the particle sub-grain as shown here.           



The fluid jet containing atoms from the particle and substrate forms a narrow overlapping 

amorphous region at the edge of the interface as shown in circle in Fig. 5(b). This bonded 

interlocked region between particles/substrate acts like a mechanical hinge that enhances the 

bonding strength between particle and substrate. Multiple particle impact can lead to further 

bending of the mechanically interlocked interface like wave or roll-up form [12] resulting in strong 

bonding between the particles and substrate. After jetting, a thin amorphous region forms, and this 

serves as a grain boundary between the particle and substrate around neck regions at A and B.  

This amorphous region is relatively wide and separates the two metallurgical grains (SG and MG) 

as highlighted in Fig. 5(a). The amorphous region significantly contributes to overall bonding 

strength along with metallurgical and mechanical interlocking. Recent experimental evidence 

shows that the amorphous region alone can provide good adhesion between the particle and 

substrate [9]. By considering a 40 Å thick interface zone between the particle and substrate, the 

amorphous region contains 24% of atoms and the remaining 76% atoms are the metallurgical 

interlocked grains. The nominal interface region is buried deep inside the metallurgical interlocked 

grains which provides the basis for good interface bonding strength.   

Experiments and finite element simulations have shown jetting of material during the cold spay 

process with various bonding mechanisms proposed between particle and substrate [6-14, 37]. 

However, there is lack of clear understanding for the bonding at the atomic scale near the interface. 

This work shows the evidence for strong metallurgical interlocking formed with material from 

both particle and substrate at the atomic scale. The thin curved strip of mechanical interlocking is 

constrained to the outer periphery of the interface and this interlocking enhances the bonding 

strength especially when multiple particles interact to form the coating. The wide amorphous zone 

formed as a grain boundary between the metallurgical grains also contributes to an enhanced 

bonding strength. However, metallurgical interlocking grains cover the majority of the interface 

(76%) and the formation of these grains is the main contributor to interface bonding strength for a 

cold sprayed coating.    

4. Summary 

In summary, MD simulations are used to study the bonding mechanisms of high velocity copper 

particle impact onto a stationary copper substrate. At critical impact velocity, material jetting is 

witnessed at the interface, and this has not been reported in previous MD simulations. The impact 



induced temperature increase crosses the melting point and subsequent cooling results in two types 

of interlocking grains formed along the interface zone. The dominant interface structure (76%) is 

metallurgically interlocked grains that dictate the primary bonding strength of the particle to the 

substrate. Grain refinement is also observed within the particle and nanotwins are formed inside 

the interlocking grains to accommodate the large strain caused by impact induced deformation. 

We foresee the bonding mechanism to be strongly dependent on impact velocity and the detailed 

studies on this topic will be addressed in our future work.    
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In the main paper, we used a substrate size 1600 Å x 1600 Å x 800 Å along with a 200 Å diameter 

particle. Due to the large size of the substrate, the simulations are computationally intensive. 

Hence, to test relaxation time effect on the simulation results of the Nose-Hoover thermostat that 

is used to regulate the temperature fluctuations, a half substrate size (800 Å x 800 Å x 400 Å) was 

chosen to verify the simulation results.  

To simulate the system at room temperature, we used the NVT ensemble with Nose-Hoover 

thermostat (similar to one used in the main paper). Relaxation time of 10 fs, 100 fs and 1000 fs 

were used to regulate temperature fluctuations and the simulations were carried out for 200 ps. 

The cross-sectional view of the particle and the substrate are shown in Fig. S1. The particle shows 

similar deformation profile for the three cases and the interface between the particle and substrate 

mildly varies due to the different damping rates. The structural information for the different 

relaxation times are shown in Fig. S1. The phenomena of jetting, formation of shear grains and 

grain refinement are almost the same for the three different relaxation times considered.  However, 

there are minor changes in in the nature of nanotwinning within the grains, the size and shape of 

shear grains, and also minor changes in the interface location which are shown in Fig. S2. After 

careful observation of the half size substrate results, we chose 100 fs relaxation time to extract the 

results for the full size substrate used in the main paper.     
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Fig. S1. Cross-sectional view of particle and substrate at 200 ps after particle impact for 

the three relaxation times 10 fs, 100 fs and 1000 fs. 
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Fig. S2. Cross-sectional view of particle and substrate at 200 ps after particle impact for 

relaxation times of 10 fs, 100 fs and 1000 fs. Green, red, blue and white represents the 

FCC, HCP, BCC and amorphous, respectively.      
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With our MD calculations, we first compared the simulation results from NVE and NVT 

assumptions.  A comparison of the NVE and NVT cases shows that for very short time scales there 

is little difference in the temperature distribution in and around the impact zone as shown in Fig. 

2. The k value however controls the heat transport and will affect the temperature evolution at 

longer time scales (at around 20ps all atoms in the interface zone are below 1400K in NVE as well 

as NVT (Fig. S3). At 40 ps, the atomic structure shows not much difference between NVT and 

NVE (Fig. S4) since the high temperature burst at very short time scales together with the pressure 

wave is what dictates the underlying atomic structure upon cool down. In summary, at short time 

scales post-impact, our predictions of the temperature buildup and the associated structure that is 

formed will not be influenced by the artificially lower value of the thermal conductivity in our MD 

calculations.  

 

 

  

 

 

 

 

 

Fig. S3. Cross-sectional temperature distribution near the particle and substrate 

interface with NVE and NVT at 20 ps. The peak temperature in small pocketed 

regions are around 2220 K in both NVE and NVT cases.  

 

 

 

 

 

 

 

 

Fig. S4. Cross-sectional view of atomic structure of the particle and substrate at 

40ps after impact shows almost similar structure with NVE and NVT.  
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To further analyze the effect of low k, we carried out MD simulations on a simple heat conduction 

problem in a simple bar with three different thermostats as shown in Fig. S5. Case 1 is for  a 

thermostat applied at the far end of the bar away from the heat source. In case 2, the thermostat 

(NVT at 300K) is applied to the whole bar and case 3 thermostat applied to all boundaries of the 

bar except the hot end. FEM simulations with temperature dependent k from 2 W/m-K to 11 W/m-

K with only phonon contribution [S3] case 1 and with k = 399 W/m-K (experimental data for Cu) 

mimics case 2 as shown in Fig. S6. The initial temperature rise is due to the slow heat transfer 

through the bar with far field heat sinking (Case 1 FEM with k = 2W/m-K).  For case where the 

whole bar has been heat sunk, the temperature drops very fast and we see that these results are 

mimicked by case 1 FEM results using k= 399 W/m-K (actual Copper value). Hence, we contend 

the NVT thermostat applied to the whole bar mimics the behavior of a Copper system with a far 

field thermostat. In the particle impact simulations reported in the manuscript we used a single 

thermostat applied (case 2) to the whole system (NVT) and this will compensate the artificially 

lower thermal conductivity coming from the MD potential. 

 

(a) Case 1: MD Far field thermostat 
 
 
 
 
 
(b) Case 2: MD NVT 
 
 
 
 
 
(c) Case 3: MD All boundary thermostat 
 

 

 

 

Fig. S5. Schematic 1D bar with dimension of 720A x 144A x 144 A. Y- and Z- directions 

are in periodic and heat source applied to hot end with 1300K for 2 ps. (a) Case 1, 

thermostat applied to only far end of the bar at 300K, (b) case 2, thermostat with 300K 

applied to whole bar, (c) case 3, thermostat applied to all sides except hot end. The red 

region represent hot end and blue region is applied thermostat. Between the thermostats 

the bar is segmented with many equal parts to measure the ensemble average temperature 

of each block.  
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Fig. S6. Temperature time history near the hot end of the bar. In case of low thermal 

conductivity, in the block near the hot zone temperature initially increases and then 

gradually reduces with time. For higher thermal conductivity FEM heat removal is faster 

than heating. The trend of temperature profile of case 2 MD simulations with thermostat 

applied to the whole bar is closer to the high thermal conductivity case of FEM 

simulations. The single thermostat applied to the whole system mimics the high thermal 

conductivity situation to enhance the heat conduction process. 

 

The initial temperature increase is also presented for the case with different thermostat application 

in Fig S7. We considered NVE and Cases 1 and 2 (presented in Fig. S5).  The initial temperature 

rise due to the heat gain is similar for small time scales with a comparable peak temperature.  The 

imposition of the thermostats has little effect on the rate of temperature increase and the peak 

temperature for very small time.  However, at longer time scales, the temperature decay rate is 

faster with multiple thermostats (Case 3) as opposed to the single thermostat (case 2) or zero 

thermostat (NVE). This is expected since thermal transport rate will dictate long time temperature 

evolution. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Fig. S7. Temperature profile as function of time for the case considered in Figure S3. 

 

 

 References: 

[S1]. G. Dhaliwal, P.B. Nair, C.V. Singh, Comput. Mater. Sci. 166 (2019) 30-41. 

   [S2]. V. Turlo, F.Baras, O. Poltano, Model. Simul. Mater. Sci. Eng. 25 (2017) 064002. 

   [S3]. M.M. Demin, O.N. Koroleva, A.A. Aleksashkina, V.I. Mazhukin, Mathematica 

Montisnigri,  XLVII (2020) 137.  

   [S4]. Z. D. McClure, S. T. Reeve, A. Strachan, J. Chem. Phys. 149 (2018) 064502. 

 

 

 


