
 

CFD Letters 12, Issue 5 (2020) 111-119 

111 
 

 

CFD Letters 

 
Journal homepage: www.akademiabaru.com/cfdl.html 

ISSN: 2180-1363 

 

Study on the Addition of Nanoparticles in the Lead-free Solder 
During Reflow Soldering via Numerical Simulation - A Review  

 

Intan Norshalina Sahrudin 1, Mohd Sharizal Abdul Aziz 1,*, Mohd. Zulkifly Abdullah1, Mohd Arif 
Anuar Mohd Salleh2 

  
1 School of Mechanical Engineering, Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia 
2 Center of Excellence Geopolymer and Green Technology (CEGeoGTech), School of Materials Engineering, Universiti Malaysia Perlis (UniMAP), 

Perlis, Malaysia 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 19 March 2020 
Received in revised form 18 May 2020 
Accepted 23 May 2020 
Available online 31 May 2020 

Surface mount technology (SMT) is a method of electronic components mounting or 
placed directly on the surface of the circuit board. The solder will be printed onto the 
substrate on the printed circuit board (PCB) and then undergoes reflow soldering 
process. As the used of lead (Pb) is restricted by the restriction of hazardous substances 
(RoHS) directive in 2006 and Waste Electrical and Electronic Equipment (WEE), the 
study on the addition of nanoparticles into the lead-free solder has increased as to 
increase the reliability and quality of the lead-free solder. Researchers have added 
Cobalt, Silver, Molybdenum, Diamond, Silicon, Zinc, Zinc oxide and many more to 
increase few solder criteria such as the wetting properties, mechanical properties and 
the intermetallic compound (IMC) layers. Many numerical simulation methods such as 
finite element (FEM), finite volume (FVM), Lattice Boltzmann method (LBM), discrete 
phase method (DPM), and molecular dynamic (MD) simulation have been used to 
clearly show the reflow soldering process and to cut the cost of experimental work. 
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1. Introduction 
 

Surface-mount technology (SMT) has grown faster due to the increase of the customer 
requirement for electrical and electronic appliances. Lee [1] in his book, emphasized that SMT has 
existed in the mid of the 1960s, but not prevail for about 15 years. The evolution of SMT which is a 
method of mounting the electronic components directly onto the surface of the printed circuit board 
(PCB) is caused by its versatility of soldering and its cost-effective that will give advantages and a 
better level of performance for the small-scale or large-scale-manufacturing processes [2]. According 
to Yang [3], the reflow soldering is the best for SMT as the flux spraying step is not required due to 
the flux existence in the solder paste itself when compared with wave soldering. This process involves 
heating which will melt the solder paste, and then the components will be mounted onto the contact 
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pad. The reflow soldering process is commonly done by using reflow oven, which undergoes four 
basic stages including preheat, thermal soak, reflow, and cooling and thus will ensure the 
components to be attached securely on the printed circuit board (PCB). After conducting several 
studies on the replacement of Pb solder, researchers found out Sn-Ag-Cu (SAC) lead-free solders are 
considered as a potential substitution of Pb-Sn solder alloys [4,5]. 
 
2. Addition of Nanoparticles in Lead-free Solder Paste 
  

The study on the nano-composite solder paste has started in 2005 and published in 2007 where 
the lead-free solder was reinforced with polyhedral oligomeric silsesquioxanes (POSS) tri-silanols and 
from the result, the mechanical properties of the nano-reinforced solder paste give good increment 
in shear strength but still maintaining the overall toughness [6].  

In the recent 10 years before, the research on the nano-reinforced solder paste becomes more 
vigorously as researchers found out that adding nanoparticles such as cobalt [7], copper [8–10], silver 
[11], nickel [12-15], diamond [16], the molecule of iron nickel oxide [17], iron oxide [18], titanium 
dioxide [19–21], zinc oxide [22] and others into the solder paste is proven to increase the solder 
properties in terms of either one, mechanical, thermal, wetting and intermetallic compound layer or 
all of them.  
 
3. Numerical Approaches on the Surface Mount  
 

Numerical approaches are introduced in the SMT field to reduce the cost and time-consuming 
experimental work. This approaches also make ease for showing the reaction of the solder in certain 
condition clearly and accurately. Over the years, there are lots of numerical approaches to simulate 
the reflow soldering process environment including FEM, FVM, LBM, and the newest one is DPM.  
 
3.1 Finite Element Method to Simulate the Reflow Soldering Process 
 

In the early 1960s Clough which is one of the founders and has formulated the finite element 
method through his book entitled “The Finite Element Method in Plane Stress Analysis” [23]. FEM 
which is the procedure to obtain numerical approximations for solid or fluid to the solution of the 
boundary value problems has been used widely in most engineering fields including the surface 
mounting as to provide better solder interconnect reliability and quality. The first step to do the FEM 
by numerical calculation is to identify the partial differential equation (PDE).  
 
𝑢′′(𝑥) = 𝑓(𝑥)               (1) 
 
Next, multiply the equation with 𝑣(𝑥) and then integrate at both sides. 
 

∫ 𝑢′′(𝑥)𝑣(𝑥) = ∫ 𝑓(𝑥)𝑣(𝑥)
1

0

1

0
            (2) 

 
 
The left-hand side of the above equation can be reduced to, 
 
𝑢′(𝑥)𝑣(𝑥)|0

1 − ∫ 𝑢′(𝑥)𝑣′(𝑥) = ∫ 𝑓(𝑥)𝑣(𝑥)           (3) 
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After the weak form of integral has been set up, the discretization of the weak form takes place. This 
discretization functioned to convert the integral form to a set of matrices. 

Early of the resurrection of the simulation for the reflow soldering process by using FEM, most of 
the researchers focussed on the thermal variation effect during the process which was considered as 
one of the main causes of solder defect. As in the research by Sarvar and Conway [24], they developed 
a predictive model as a tool that can improve the thermal distribution and temperature history during 
the process while for Mui et al., [25] they developed a numerical model to simulate the reflow 
soldering process while determining the stress and strain distribution which lastly brings to the 
further prediction of the solder reliability and Weide [26] which also simulating the reflow process 
via FEM has merge that two factors that influence the reliability of the solder which is the mechanical 
stress besides the thermal behaviour of the soldering process. The newest study on the simulation 
of soldering process via FEM was studied in the year 2017 where a model of the soldering process 
using an over-pressure convection oven was done and the heat transfer was calculated [27]. The 
model also used to predict the temperature distribution during the process. 

In this latest 5 years, researchers are still keen on the numerical simulation of reflow soldering 
via FEM. Researcher used FEM simulation to study the IMC growth and the morphology of the IMC 
layer in certain testing condition such as in the investigation by Ghosh et al., [28] and Kunwar et al., 
[29] which study about the effect of stress and strain and the effect of interfacial heat and mass 
transfer which affecting the growth of IMC and its morphology while Maleki et al., [30] and Ma et al., 
[31] have studied about the hardening, growth and the interaction between the phase of growing 
IMC layer during the reflow process. 

Most of the studies gave attention on the failure analysis which raised during the process such as 
the studies by Qin et al., [32] and Magnien et al., [33] which emphasize the FEM simulation on the 
defect analysis with the effect of different solder standoff height under the shear loading and the 
effect of IMC and the solder gap size on the tensile behaviour respectively while Le et al., [34] and 
Pin et al., [35] have done the FEM simulation on the thermo-mechanical effect under the thermal 
cycles. The use of FE modelling has improved the classical failure analysis method as the image and 
animation made by the FE software assisted a better understanding by visualizing the cause of the 
failure. 

The defect is always connected to the reliability of the product. FE has become a significant tool 
to improve the design quality as to improve its reliability in various applications. In term of solder 
technology, the reliability is when the solder can withstand certain testing under specified conditions 
and time period without exceeding allowable failure levels. The use of FE modelling software such as 
the ABAQUS® and ANSYS® in the reliability study of solder has been increased widely. As in the 
research by Amalu et al., [36] which developed FE simulation on the effect of the solder geometry 
and ambient parameters to the reliability of thermo-fatigue while Shen et al., [37] have studied about 
the thermomigration in solder during the heating process to its reliability. 
 
3.1.1 The simulation of nano-reinforced solder using finite element method 
 

To lower the experimental cost and the time taken for the experimental work, the simulation has 
been the best solution as the simulation provides a good understanding with its visualization and the 
image of the result. In recent years, the researcher gave attention on the addition of nanoparticles 
into the lead-free solder to increase its reliability. Thus, the simulation on the nano-reinforced solder 
during or after the soldering process increase vigorously as to avoid the high cost and the burning 
daylight experimental work. Researcher has added Lanthanum oxide nanoparticles [38], Ni-coated 
carbon nanotubes [39], reduced graphene oxide nanosheets (RGOS) [40], titanium oxide 
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nanoparticles [41,42], copper nanoparticle [43] nickel and antimony [40] into the lead-free solder 
and they found that the reinforcement of those materials proved to give good increment in the solder 
mechanical properties and the quality of the IMC layer via experimental work and simulation. Most 
of the FE simulation has been used to simulate and demonstrate the mechanical testing for the 
validation purpose with the experimental result. 
 
3.2 Finite Volume Method to Simulate the Reflow Soldering Process 
 

The finite volume method (FVM) model has been proved to have a good capability of modelling 
fluid with high accuracy [44]. This method is used for solving partial differential equations that 
calculate the values of the conserved variables averaged across the volume. Starting from PDE under 
conservation form, 
 
𝜕𝑡𝐴(𝑥, 𝑡) + ∇ ∙ 𝐹(𝑥, 𝑡) = 𝑆(𝑥, 𝑡)            (4) 
 

To obtain the balance equation from Eq. (4), integrate the above equation with 𝐾 × [𝑡(𝑛−1), 𝑡(𝑛)] and 

using the divergence formula, 
 

∫ (𝐴(𝑥, 𝑡(𝑛)) − 𝐴(𝑥, 𝑡(𝑛−1))) 𝑑𝑥 + ∑ ∫ ∫ 𝐹(𝑥, 𝑡) ∙ 𝑛𝐾,𝜎(𝑥)𝑑𝑠(𝑥)𝑑𝑡 
𝜎

𝑡(𝑛)

𝑡(𝑛−1)
𝜎𝜖 𝐾

𝐾

 

= ∫ ∫ 𝑆(𝑥, 𝑡)𝑑𝑥𝑑𝑡
𝐾

𝑡(𝑛)

𝑡(𝑛−1)              (5) 

 
The balance FV equation is, 
 

|𝐾|(𝐴𝐾
(𝑛)

− 𝐴𝐾
(𝑛−1)

) + 𝛿𝑡(𝑛) ∑ |𝜎|𝐹𝐾,𝜎
(𝑛)

= 𝛿𝑡(𝑛)|𝐾|𝑆𝐾
(𝑛)

𝜎𝜖 𝐾
         (6) 

 
From the studies that have been done before, most of the soldering process FVM simulation used 

to model the environment in the reflow oven which considers the gas flow in the oven [45–47]. Other 
research on the FVM simulation of the reflow soldering process is the investigation on the self-
alignment phenomena of the different silver content lead-free solder during the process [48]. The 
Volume of Fluid (VOF) method was applied for the melting process. 
 
3.2.1 The simulation of nano-reinforced solder using finite volume method 
 

As described in the above section, FVM will be used in the modelling of the oven environment in 
most of the simulation for the reflow soldering process. As in the research by Haslinda et al., [21] 
which using titanium dioxide to be reinforced in SAC 305 solder, the FVM was used to model the 
surrounding oven condition. The nano-reinforced lead-free solder wetting process also can be 
simulated with FVM and it is solved with the multiphase model which is the volume of fluid (VOF).  
 
3.3 Lattice Boltzmann Method to Simulate the Reflow Soldering Process 
 

LBM simulation is a versatile method of fluid simulation [49] as it can mimic the fluid behaviour 
thus can easily simulate fluid system such as the fluid droplet and also can be used to simulate 
complex fluid structure such as the porous media which hardly to be done via other computational 
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fluid dynamics (CFD) method. Eq. (7) shows the discretization of the Boltzmann equation with the 
Bhatnagar, Gross and Krook (BGK) approximation for the collision term. 
 

𝑓(𝑥 + 𝑣𝑖 , 𝑣𝑖 , 𝑡 + 1) − 𝑓(𝑥, 𝑣𝑖 , 𝑡) + 𝐹(𝑣𝑖) =
1

𝜏
[𝑓0(𝑛, 𝑢, 𝜃) − 𝑓(𝑥, 𝑣𝑖 , 𝑡)]        (7) 

 
In term of reflow soldering simulation, the researcher studied the effect of different bump 

orientations on the void formation via LBM simulation [49]. The results have found the predicted void 
locations during the process. Another study of LBM computational simulation by Abas et al., [50] has 
emphasized the effect of different solder bump arrangements on the flow front, pressure and 
velocity of the fluid which related to the solder bump damage was investigated. From this 
investigation, the researcher found that LBM is the only method that capable to capture the micro-
void formation. The finding shows good agreement between the simulation and the experimental 
result. 
 
3.4 The Simulation of Nano-Reinforced Solder using Discrete Phase Method 
 

To see the trajectory of nanoparticles in a material is not an easy way via experimental work. 
There are several steps which need to be followed precisely so that the nanoparticles can be seen via 
an electron microscope. Simulation has made easier to see the trajectory of the nanoparticles via the 
animation provided when the simulation was done. The trajectory is calculated by integrating the 
particle force balance equation as in Eq. (8). Researchers have developed the DPM simulation to show 
the trajectory of titanium oxide (TiO2) nanoparticles in the lead-free solder [21,51].  
 
𝛿𝑢𝑖

𝑝

𝛿𝑡
= 𝐹𝑑(𝑢𝑖 − 𝑢𝑖

𝑝
) +

𝑔𝑖(𝜌𝑝−𝜌)

𝜌𝑝
+

𝐹𝑖

𝜌𝑝
           (8) 

 
The drag force 𝐹𝑑 is a function of the relative velocity and the 𝐹𝑖 is the additional forces such as 

the pressure gradient, thermophoretic, Brownian motion and others. The experimental work also 
has been done to validate the result of the simulation and it shows good agreement between them.  
 
3.5 Molecular Dynamic Simulation to Simulate the Reflow Soldering Process 
 

The simulation of the soldering process can be done also with an MD simulation. This MD 
simulation is mainly a method to study the atomic or molecular physical movement in a material. 
There are a lot of software package for MD simulation, including Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS) [52], Chemistry at HARvard Macromolecular Mechanics 
(CHARMM) [53], GROningen MAchine for Chemical Simulations (GROMACS) [54], Nanoscale 
Molecular Dynamics (NAMD) [55], Assisted Model Building with Energy Refinement (AMBER) [56], 
Desmond [57], Tinker [58], DL_POLY [59], and others which can be used according to the simulation 
result needed. The MD simulation of lead-free solder during the reflow soldering process via the 
Modified Embedded Atom Method (MEAM) has been done before where the diffusion of Sn atoms 
and Ag atoms [52] has been studied. The result from the simulation shows that the diffusion did not 
occur between Sn and Ag atoms as the mixture of Sn and Ag were not enough as for the requirement 
of the solder during the low-temperature reflow soldering process. Later, the researcher has 
improved the simulation by increasing the reflow temperature to increase the activation energy of 
the atoms [60] and the finding shows that the interdiffusion of Sn and Ag atoms occur only at a higher 
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temperature. Thus, MD simulation can show clearly how the atoms or molecules move and diffuse 
in a certain condition as in the above cases, the temperature act as the variable. 
 
4. Conclusions 
 

There is a lot of simulation method that can be used to simulate the soldering process that can 
be chosen according to the desired result. The best soldering process simulating method to find the 
better prediction of temperature profile and stress/strain distribution, study the IMC growth and its 
morphology and study on the defect analysis after mechanical testing is the FEM which is the best 
predictive tool for computational modelling. FVM is the best for simulating the fluid flow or the 
reflow oven inner condition and has been proved to have great capability to model the fluid with 
high accuracy. LBM is the best to simulate the fluid system as it can mimic the fluid behaviour thus 
make ease to simulate complex fluid structure. In the case of void in the solder, LBM is said to have 
the capability to capture the micro-void formation. To see the trajectory of particles in the solder, 
DPM simulation is the best method to choose while the MD simulation can show the behaviour of 
the atoms and molecule of solder and how they interact during the process. 
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