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The reinforcement of nanoparticles into the lead-free solder is proved to give good 
increment in the result of the importance solder properties which includes wetting 
properties and mechanical properties. This study proposed the new simulation method 
for the nano-reinforced solder to investigate the complexity and atomic behaviour 
briefly. The objective of this study is to clearly show the movement of the reinforced 
nanoparticles in the solder during the reflow soldering process via molecular dynamics 
(MD) simulation. In this work, Nickel (Ni) nanoparticles will be added into the pure Tin 
(Sn) lead-free solder. The MD simulation of Ni-reinforced solder at the temperature of 
250 OC (reflow phase) was conducted via Large-scale Atomic/Molecular Massively 
Parallel Simulator (LAMMPS) software. This simulation model able to track the 
nanoparticles movement in the solder during the reflow soldering process. The 
experimental procedure of 0.01 wt.% Ni nanoparticle reinforcement in Sn100C was 
also carried out to validate the simulation result. The synchrotron micro-XRF mapping 
showed the Ni element was agglomerated and thus validated the simulation result. 
The measured area of agglomerated Ni A in the simulation and experimental results 
are 1.1708 Å2 and 0.9996 Å2, respectively. Meanwhile, the result obtained for area B is 
0.7696 Å2 and 0.6796 Å2, respectively. Therefore, the percentage error of simulation 
and experimental results for both areas of A and B is 10.82% and 13.24%, respectively.  
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1. Introduction 
 

The growing of Surface-Mount Technology (SMT) due to the increase of the customer 
requirement for electrical and electronic appliances. SMT has existed in the mid of 1960s [1]. Before 
the rose of the SMT, the Through Hole Technology (THT) was used to place the electronic components 
on the circuit board. But, due to the higher cost of drilling as the holes are very small of about 0.1 
inches, thus the interest in SMT has increased briskly. The increase in SMT evolution is caused by its 
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versatility of soldering and cost-effectiveness which increase the level of performance for the small-
scale or large-scale manufacturing processes [2]. 

Reflow soldering involves four phases which are preheating, soaking, reflow and cooling which 
have different temperature ranges [3]. Reflow soldering process started with the preheating phase, 
where the temperature was increased from room temperature (30 OC) to 150 OC. In the next phase 
of soaking, the temperature was held for a while at the temperature of 150 OC and then rammed up 
to the next phase. Next, the vital phase known as reflow phase, where the temperature was again 
rammed up to the peak temperature of 250 OC. This phase allowed the solder to fully wet the 
substrate. Lastly, the cooling phase where the solder was cooled down to room temperature and 
solidified. 

The use of solder with lead content is banned in electronic mounting technology in the EU 
because of its toxicity that harmful to the environment. Researchers found that it is difficult to 
determine the best replacement of Sn-Pb solder that meet the requirement of electronic packaging 
industries. The alternatives for this problem has been revealed by several researchers which stating 
that Sn-Ag-Cu [4-5], Sn-Cu-Ni [6] and Sn-Cu [7] solder can be the best settlement to substitute the 
toxic Pb containing solder. Sn has less vapor pressure and less in toxic, thus still acceptable to be 
included in the solder paste content [8]. 

The reinforcement of solder is proven to enhance the quality of solder mechanically, thermally 
and its wetting properties depending on the reinforced materials. Research on the nano-reinforced 
solder became more vigorous as researchers found out that adding nanoparticles such as cobalt [1], 
copper [9-11], silver [12], nickel [13-15], diamond [3], the molecule of iron nickel oxide [16], iron 
oxide [17], titanium dioxide [18], zinc oxide [19] and others to the solder proven to increase the solder 
properties in terms of either one, mechanical, thermal, wetting and intermetallic compound layer or 
all of them. Researchers have also added rare earth elements such as Erbium (Er) [20], Cerium (Ce), 
and Lanthanum (La) [21], into the SAC solder. They found that a proper weightage percentage of 
0.05wt.% to 0.25wt.%, the mechanical strength, creep rupture life, elongation and wettability were 
improved. Moreover, the carbon nanotubes reinforced in the lead and lead-free solder in many 
studies and it is proven that the tensile properties [22], microhardness [22-23], shear strength 
[23,24], and yield strength [25] of the composite solders were improved when added according to 
optimum composition. 

Numerical approaches are introduced in the SMT field to reduce both cost and time-consuming 
of experimental work. This approaches also demonstrating the reaction of the solder in a particular 
condition, clearly and accurately. Over the years, there are lots of numerical approaches used to 
simulate the reflow soldering process, including Finite Element Method (FEM) [26], Finite Volume 
Method (FVM) [27], Lattice Boltzmann Method (LBM) [28], Discrete Phase Method (DPM) [29] and 
Molecular Dynamics (MD) [30].  

Molecular dynamics (MD) is a method to investigate the analysis of atom location in particular 
space. MD can also provide information on the molecule properties of thermodynamic and dynamic 
[31]. Routinely, the MD was used for modeling the time-dependent motions (trajectories) of 
particles. The forces acting on the particles were measured as derivatives of potentials in 
conventional implementations of MD. These forces are substituted into Newton's equations of 
motion, which were iteratively solved for every particle in the system [32]. MD simulated the natural 
movement of the molecular structure. The energy provided in the MD procedure allowed the atoms 
to move and collide with the neighboring atoms. The molecule able to cross the energy barriers, in 
which local minima was separated on the conformational potential energy surface for that molecule, 
only if sufficient thermal energy is provided [33]. MD simulation demonstrated the behaviour of the 
atoms and molecules of solder and how they interact during the process [34].  
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In this paper, the trajectories of Ni nanoparticles in the solder paste at the reflow phase is shown 
via MD simulation. This study is carried out due to no available study on the simulation work of the 
molecular dynamics (MD) method of Ni reinforced solder in reflow soldering process. 

 
2. Methodology  
2.1 MD Simulation via LAMMPS 

 
There are a lot of software package for MD simulation, including Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) [35], Chemistry at Harvard Macromolecular Mechanics 
(CHARMM) [36], Groningen Machine for Chemical Simulations (GROMACS) [37], Nanoscale 
Molecular Dynamics (NAMD) [38], Assisted Model Building with Energy Refinement (AMBER) [39], 
Desmond [40], Tinker [40], DL_POLY [41] and others which can be used subjected to the simulation 
result needed. LAMMPS software by Sandia National Laboratories was applied to simulate the nano-
reinforced solder paste environment. LAMMPS is a free open-source software that uses Message 
Passing Interface (MPI) for parallel communication, and also used neighbour lists or known as Verlet 
lists to keep track of nearby particles. In this case, the commands in the input script (text file) as 
written in Notepad++ is read by LAMMPS. To perform LAMMPS simulation, the input script is read 
through the command prompt application which is the command line interpreter. Ovito is used as 
the visualization tool to show the trajectory of the nanoparticles in the solder.  
 
2.1.1 Simulation setup 
 

To simplify the model, only 3 atoms were involved in this simulation model. For the geometry 
setup, the composite solder system was modelled by suspending Ni nanoparticles in the composition 
of Sn and Cu atoms. In the geometry setup, Sn and Cu atoms were arranged in a face-centered cubic 
(FCC). The molecular weight of Sn, Cu and Ni are 118.71 g/mol, 63.55 g/mol, and 58.693 g/mol, 
respectively. 

The actual input for MD simulation is inter-atomic potential. In the Sn-Cu-Ni system, six 
interactions were prepared, namely Sn-Sn, Cu-Cu, Ni-Ni, Sn-Cu, Sn-Ni, and Cu-Ni. Lennard-Jones (L-J) 
potential was used to describe the inter-atomic interactions between the atoms. In order to obtain 
the value of L-J potential parameters for Sn-Cu, Sn-Ni, and Cu-Ni, the cross-interaction potential was 
calculated using Lorentz Berthelot (LB) mixing rule [42] which define by: 

 

𝜖𝑖−𝑗 = √𝜖𝑖−𝑖 ∗ 𝜖𝑗−𝑗             (1) 

 
and 
 

𝜎𝑖−𝑗 =
𝜎𝑖−𝑖+𝜎𝑗−𝑗

2
           (2) 

 
where 𝜖𝑖−𝑗 and 𝜎𝑖−𝑗referred to L-J potential parameters for the interaction between atoms i and j. 

The initial geometry setup may produce a poor result with higher energy and the MD integrator 
may fail if there is atoms or molecules with a larger force in the simulation. Thus, energy minimization 
is required to optimize the system with lower energy. In this study, the maximum number of 
iterations and total force evaluation was set at 10000. Transient/unsteady was considered in this 
simulation.  
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Next, atomic velocity initialization was set up by assigning random initial velocities to the atoms. 
The initial velocities assigned for the systems were 1000 m/s, 5000 m/s and 10000 m/s. The initial 
configurations of the systems did not represent the state of equilibrium. Thus, the equilibration 
process was performed at a certain time to relax from initial configurations to the equilibrium state 
before producing data. In this simulation work, the system was equilibrated for 10000 time-steps 
under canonical ensemble (NVT). The time step of ∆t=4 femtoseconds was used in this simulation. 
 
2.1.2 Input script 
 

Four steps that must be included in the input script which are initialization, atom definition, 
settings, and run a simulation [30]. In the initialization part, the parameters for the simulation were 
set up. Commands such as “units”, “boundary”, and “atom_style” expressed the parameters. The 
second part is the atom definition, where geometry and atoms for the simulation model were 
created. The commands such as “lattice”, “region”, “create_box”, and “create_atoms” were applied. 
For the third part, the setting for force field, simulation parameters and output options were set up 
after solder atoms, and nanoparticles existed. The command “pair_coeff” was used to set up the 
force field coefficient for each interaction of atoms. Hence, L-J potential parameters were assigned. 
The last part of run a simulation, the “run” command was selected to run the calculation for the 
simulation model via command prompt. Then, the new file has existed in the directory, which is the 
dump file. The dump file contained the simulation's image or video via visualization tools.  
 
3. Results  
3.1 Sn, Cu and Ni Configuration 
 

There are three atoms involved in this simulation model. Sn atoms represented the solder, Cu 
atoms represented the atom from the Cu-substrate; and Ni atoms represented the nanoparticles. In 
this 3D simulation model, the Ni nanoparticles were introduced in the spherical shape and as 
agglomerated atoms, while solder atoms and Cu atoms were introduced as a bunch of atoms that 
freely moved, as shown in Figure 1.  

 

 
Fig. 1. 3D image of Sn solder with Ni reinforcement 
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The colour of solder and nanoparticle atoms were also represented differently to show the 
movement of each atom. The agglomerated of white coloured atoms indicated as Ni nanoparticles, 
red coloured atoms indicated as Sn atoms and blue coloured atoms as Cu atoms. Both Ni 
nanoparticles and Cu atoms are in the middle of the model and was crowded by Sn atoms, as shown 
in Figure 2. 

 

 
 

Fig. 2. The sliced image of solder reinforced with Ni nanoparticles in 
x-y plane with a slab width value of 1 Angstrom with the distance of 
10 Angstrom from the normal z-direction 

 
With influence of Brownian and Van der Waals forces, all atoms tend to aggregate to minimize 

the surface energy. The Cu atoms and Ni nanoparticles were surrounded by Sn atoms, as shown in 
Figure 2. The aggregation of all atoms in the simulation model led to thermal conductivity 
improvement. The heat transfer occurred at the surface of the particle. The nano-sized particle itself 
has a larger surface area, and thus the capability of heat transfer improved. 
 
3.2 Ni Trajectories 
 

Trajectories of the Ni nanoparticles being doped, as shown in Figure 3. The blue colour referred 
as Cu atoms, white colour referred as Ni nanoparticle, and yellow lines indicated as trajectory line. 
The directions of the Ni nanoparticles also were symbolized with the arrow of each different Ni atoms 
namely of 1, 2, 3 and 4. The thermophoresis effect occurred when different type of particles revealed 
different responses subjected to the temperature. The temperature plays the important role as this 
simulation model is a dynamic system where the nanoparticles are constantly in motion. This 
phenomenon is known as Brownian motion, which the nanoparticle absorbed the heat and moved 
to a greater distance and released the thermal energy to the colder region. The trajectory direction 
of the Ni nanoparticles at 250 OC showed a chaotic behaviour due to kinetic energy in the system. 
The zig-zag movement of each particle caused the fibrously identical trajectories line. 

 

Y 

X 

Ni 

nanoparticle 

Sn 

Cu 
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(a) (b) 

  
(c) (d) 

 
(e) 

Fig. 3. Images of the position, trajectory and the direction of Ni nanoparticles in the simulation 

model at temperature of 250 OC at (a) Initial frame, (b) 100th frame, (c) 200th frame, (d) 300th 
frame and (e) final frame in the x-y plane 

 
3.3 Simulation Validation 
 

The experimental and microstructural visualization procedure of reflow soldering process for 0.01 
wt.% Ni nanoparticle reinforcement in Sn100C was carried out to validate the simulation result. At 
500th frame of the final frame, the image of the model simulated at 250 OC was taken. For the 
experimental result, the image of synchrotron micro-XRF mapping of the Ni element distribution in 
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the soldered sample was obtained. Both simulation and experimental results were then compared, 
as summarized in Figure 4. 
 

Simulation Experimental 

 

 

 

Fig. 4. Comparison between simulation and experimental result 

 
It was found that Ni nanoparticles for both simulation and experimental showed agglomeration 

behaviour. The simulation findings were proved through the calculation of the agglomerated area of 
Ni nanoparticles of both simulation and experimental. It was discovered that the size of Ni 
nanoparticles in the A area is 1.1708 Å2 and 0.9996 Å2, respectively, and the percentage discrepancy 
obtained between simulation and experiment is 10.82%. The agglomerated area of Ni nanoparticles 
in the B area was also found in the acceptance range. The area for both simulation and experimental 
results are 0.7696 Å2 and 0.6796 Å2, respectively. This value obtained proved the discrepancy of 
13.24%. 
 
4. Conclusions 
 

Nano-reinforcement in solder has emerged as a potential alternative in enhancing the quality of 
the lead-free solder in terms of mechanical and physical properties. The focus of this paper is to show 
how the simulation of the nano-reinforced solder via LAMMPS software. The result showed the 
nanoparticles trajected in random directions and moved vigorously at reflow temperature which is 
the peak temperature (250 OC) in the reflow soldering process. This simulation result obtained was 
then compared with the experimental result of 0.01 wt.% of Ni added in Sn100C solder. Thus, the 
simulation result was validated where the Ni nanoparticles in the solder are accumulated and 
agglomerating. In future work, the author will present the trajectory Ni nanoparticle at different 
solder temperature. 
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