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Sintering of nanoparticles to create films and patterns of functional materials is emerging as a 

key manufacturing process in applications like flexible electronics, solar cells and thin-film 

devices. Further, there is the emerging potential to use nanoparticle sintering to perform additive  

manufacturing as well. While the effect of nanoparticle size on sintering has been well studied, 

very little attention has been paid to the effect of nanoparticle shape on the evolution of sintering. 

This thesis uses Molecular dynamics (MD) simulations to determine the influence of particle shape 

on shrinkage, neck growth, and atomic diffusion for three common nanoparticle shape 

combinations, i.e., sphere-sphere, sphere-cylinder, and sphere-flake nanoparticles of different 

sizes. The results from this work show that depending on their relative sizes, both the degree of 

neck growth and shrinkage are affected by the nanoparticle shape. The possibility of using this 

phenomenon to control density, neck growth and stresses during nanoparticle sintering are 

discussed. 
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1. Introduction 

1.1. Motivation 
 

Nanoparticle sintering is the process of fusing nanoparticles together via application of heat to 

create a solid structure. During sintering, diffusion of atoms and vacancies drives surface 

elimination by forming necks between particles and elimination of defects. Nanoparticles have 

high surface to volume ratio, thus sintering temperature does not have to reach the melting point 

of the material. This lowers the sintering temperatures, energy usage and costs.  

Interest in the physics of nanoscale condensed matter, which is at the size scales larger than 

individual atoms or molecules, but much smaller than the bulk solids has developed rapidly[1] .  

The fact that controlling the size of solids in the range 1-100 nm could considerably alter their 

physical and chemical properties is the impetus behind this growing curiosity. The application of 

nanoscale condensed matter are quickly growing in the field of medicine, electrochemistry, 

electronics, and aerospace [2-4].  

Sintering of nanoparticles (NPs) of metallic and non-metallic materials to create films and patterns 

of functional materials is emerging as a key manufacturing process in applications like flexib le 

electronics, solar cells and thin-film devices (Fig.1). Sintered metallic nanoparticles like Silver 

(Ag) are very conductive and have high ductility. Hence, they are widely used in flexible electronic 

devices to create interconnects. Further, there is the emerging potential to use nanopartic le 

sintering to perform additive manufacturing as well. Generally, sintering of nanoparticles occurs 

at much lower temperatures than micron sized particles, and is governed by a combination of 

surface and grain boundary diffusion [6-8]. The major driving force in increased popularity of 

sintering of nanoparticles are cost savings. Cost savings are propelled by enhanced surface 

diffusion and lower melting points of nanoparticles, which reduce energy consumption.  Since 

sintering of nanoparticles occurs at much lower temperature, it causes the reduce of nanopartic les’ 
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damage. The other driving force in increased popularity of sintering of nanoparticles is time 

saving. The sintering of nanoparticles occurs at much lower time than micron sized particles. 

Typical sintering processes that have been used include thermal sintering inside ovens [2, 3], laser 

[4-6] or intense-pulsed- light induced sintering [7, 8], microwave sintering [9] and electrical 

sintering [10]. In general, a key challenge in these sintering processes has been to control sintered 

material density and properties while minimizing the corresponding temperatures and sintering 

stresses [3]. The need to minimize temperature is to reduce energy consumption and cost, and the 

reason of minimizing sintering stresses is that we want to minimize the probability of cracking of 

the film. There is significant work in literature on understanding the interaction between the NPs 

and the applied fields in these processes and on the effect of nanoparticle size on sintering 

temperatures and stresses [11]. However, very little attention has been focused on understanding 

how the NP shape affects the temperatures and stresses during the sintering process.  
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(a)                                                                           (b) 

                              

(c)                                                                             (d)  

Figure 1.  The potential application of the sintering of Silver (Ag) NPs is in (a) Soft 

Robotics; (b) Flexible electronics; (c) Solar cells; (d) Environmental sensors  

 

Sintering is typically characterized by three stages. The first is neck formation between two 

particles followed by rapid increase in the neck radius. The second is gradual increase in the neck 

radius and the third is the densification of the structure [1]. 

There are believed to be six different mechanisms contributing toward the sintering of large 

particles, namely, 

1. Surface diffusion 
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2. Lattice diffusion from surface 

3. Vapor transport 

4. Grain boundary diffusion 

5. Lattice diffusion from grain boundary 

6. Lattice diffusion through dislocation.  

 

 

 

Figure 2. Six different mechanisms contributing toward the sintering of particles .  
 

In this work we examine the effect of NP shape on initial stage and intermediate stage sintering of 

nanoparticles, via molecular dynamics simulations. The shrinkage, neck growth, and atomic 

diffusion are examined for a sphere-sphere sintering case (corresponding to spherical nanopartic les 

only), for a sphere-nanowire sintering case (corresponding to spherical nanoparticle mixed with a 

nanowire), and for sphere-flake sintering case (corresponding to spherical nanoparticle mixed with 

a flake). Further, the relative sizes of the nanoparticles are changed in each case to understand how 

the shape effect on shrinkage, necking and diffusion changes with relative nanoparticle size. Since 
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Silver (Ag) conductive films and patterns are extensively used in a wide range of products from 

photovoltaics to chemical sensors [12]  the focus of this study is on Ag nanoparticles. The purpose 

of this study is to understand neck growth and shrinkage between Ag nanoparticles of different 

size and shapes, and understand the underlying mechanisms behind the observed trends. This 

modeling work will guide experimental work in the near future. 
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1.2. Research gaps and goals 
 

There is significant work in literature on understanding the interaction between the NPs and 

the applied fields in sintering processes and on the effect of nanoparticle size on sintering 

temperatures and stresses [11]. However, we found some key gaps in the area of sintering of 

nanoparticles which are:  

 Understanding the effect of nanoparticle shapes on sintering. 

 Understanding the effect of nanoparticle shapes on shrinkage induced sintering 

stresses. 

 Understanding the effects of nanoparticle shape on sintered material density and 

corresponding temperature and sintering stresses. 

The goals for this research are to:  

 Understanding the effects of nanoparticle shape on sintering temperature. 

 Understanding the influence of nanoparticle shapes on shrinkage induced sintering 

stresses. 

 Understanding the effects of nanoparticle shape on sintered material density and 

corresponding temperature and sintering stresses.  
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2. Literature Review 

There is significant work in the literature on understanding the interaction between the 

spherical nanoparticles. Koparde et al. worked on sintering of Titanium Dioxide (TiO2) 

nanoparticles. They used the anatase and rutile polymorphs of Titanium Dioxide for their study. 

They simulate two equal size spherical nanoparticles at different initial temperatures. The change 

in shrinkage and neck diameter were determined via molecular dynamics simulation. They found 

that the sintering of anatase and rutile is very fast. They also found that  higher initial temperature 

leads to higher neck size and shrinkage [1].  

Pan et al. worked on the solid state neck growth mechanisms in low energy laser sintering of 

Gold nanoparticles. In this study, the molecular dynamics simulation was used. They extract 

physical properties from MD simulation to determine the self-diffusion coefficient from the slope 

of the atomic mean-square displacement (MSD). They also showed the plot of neck growth which 

consisted of two stages, the very fast neck growth which is due to the elastic deformation followed 

by the slower process that increases the neck radius. The second phase is due to the movement of 

atoms near the void that is driven very strongly toward the void by very high atomic potential 

gradients where two surfaces of rapid curvature form a sharp cusp on contact [13].  They 

summarized that the grain boundary diffusion is the major neck growth mechanisms during laser 

sintering for different particle sizes. 

It has been shown experimentally and theoretically that NPs melt at temperatures below the 

melting point (Tm) of the bulk due to their higher surface energy [14]. The liquid drop model [15], 

Shi’s model [16], and Hanszen’s model [17] are found to be the most popular models for predicting 

the complete melting point (Tm) of NPs. They compared Tm obtained by MD simulation to those 

obtained by using the Shi’s model, and Hanszen’s model.  They have also considered Shi’s model, 
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which was based on Lindemann’s criterion [18] to find the complete melting point of the NPs. 

Lindemann’s criterion suggested that an NP melts when the root-mean-square displacement 

(MSD) of the atoms exceeds a certain fraction of the interatomic distance. Shi specified Tm based 

on the average MSD value of both the bulk and surface atoms and can be calculated by the 

following equation [14] 

 

𝑇𝑚 (𝑑) = 𝑇𝑚 (∞)exp [−(𝛼 − 1)/ (
𝑑

2𝑟0

− 1)] 

 

where 𝑇𝑚 (∞)  is complete melting point of the bulk, ro is the NP radius at which all atoms are 

located at the surface, d is the diameter of the nanoparticle(NP), and α is a material constant that 

can be calculated by the following equation 

 

𝛼 =  
2𝑠𝑣𝑖𝑏  (∞)

3𝑅
+ 1 

 

where Svib (∞) is a vibrational component of melting entropy (= 7.98 J/mol K for bulk Ag) and R 

is the ideal gas constant (= 8.314 J/mol K); this will give α = 1.64. The value of ro is equal to 3h, 

where h is the height of a monolayer of atoms on the bulk crystal surface. The value of h is equal 

to a/2 for FCC material, where a is the lattice constant (a = 0.409 nm for Ag). This will give ro as 

0.6135 nm for Ag [14]. 

      They have also considered Hanszen’s model for finding Tm of a NP. Hanszen assumed that 

melting point (Tm) and surface premelting point (Tsm) are equal and the melting process starts at 

the surface of the NP by forming a liquid layer of a given critical thickness (to) around the solid 

(1) 

(2) 
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core at Tm of the NP. Any infinitesimal increase in the temperature above Tm destroys the 

equilibrium between the liquid layer and the solid core, and the liquid layer would expand into the 

solid core of the NP [14]. According to Hanszen’s model, the complete melting point of a NP can 

be determined by the following equation [14] 

 

 

𝑇𝑚(𝑑) =  𝑇𝑚 (∞) −  
2𝑇𝑚(∞)

𝑄
 [

𝛾𝑠𝑙

𝜌𝑠 (
𝑑
2

− 𝑡0)
+ ( 

2𝛾𝑙𝑣

𝑑
+  

∆𝑃

2
 ) ( 

1

𝜌𝑠

−
1

𝜌𝑙

)] 

 

 

 

where Q is the latent heat of fusion of the bulk, to is the critical thickness of the liquid layer, γ sl 

and γlv are the bulk interfacial energy between solid−liquid and liquid−vapor, respectively, ρs and 

ρl are the densities of solid and liquid, respectively, ΔP is the difference between the vapor pressure 

of a flat liquid surface (r = ∞) at Tm(∞) and the vapor pressure at the surface of a liquid shell with 

an outer radius r at Tm(d). By substituting the following values of Ag variables into eq 13, Q = 

1.06 × 109 erg/g, γsl = 184 dyn/cm, γlv = 910 dyn/cm, ρs = 10.49 g/cm3, and ρl = 9.35 g/cm3 (ΔP 

can be ignored for Ag), we get the following simplified equation [14]  

 

𝑇𝑚 (𝑑) = 𝑇𝑚(∞) − 2463 (
1

0.603 (
𝑑
2 −  𝑡0)

−
2

𝑑
) 

 

 

(3) 

(4) 
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The theoretical surface premelting point (Tsm) was calculated by the following equation that was 

developed by Chernyshev [19]     

 

𝑇𝑠𝑚 (𝑑) = (
3

4
 𝛼)−1 {1 + 𝑦(𝑑)} exp[−𝑦(𝑑)] 𝑇𝑚 (∞) 

 

where y(d) is a function that can be calculated by eq below. 

 

𝑦(𝑑) =  
(𝛼 − 1)

(
𝑑

2𝑟0
− 1)

 

 

 

Chernyshev developed the model based on Shi’s model and has shown that surface premelting 

does not take place if the NP radius is smaller than a critical radius rc, which is different for 

different materials. Instead, the surface layer makes a transition to a pseudocrystalline state before 

the whole particle melts [17].  

Alarifi et al. [14, 20] worked on the determination of the complete melting point of silver 

nanoparticles using molecular dynamics simulation. In this study, they have used three popular 

models for predicting the melting point of nanoparticles. The liquid drop model [15], Shi’s model 

[16] , and Hanszen’s model[14] are these three model they used. They found that Shi’s model and 

liquid droplet model works for nanoparticles which have sizes below 8 nm, and for 8nm to 10 nm 

their results showed good agreement with Hanszen’s model [14, 20]. According to Hanszen’s 

model, the melting starts by forming a stable liquid layer of critical thickness (to) that expands to 

(5) 

(6) 
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the core as the temperature is increased [13]. In this paper, they found complete melting points of 

larger NPs have deviated from Hanszen’s model due to the formation of a thicker stable liquid 

layer below melting point (Tm). They also found that the ratio of the thickness of the quasi-liquid 

layer to the radius of the NP linearly increased as the temperature increased to Tm. They compared 

the melting point of Ag nanoparticles obtained by the Molecular Dynamics (MD) simulation to 

those obtained by using liquid drop model, Shi’s model, and to Hanszen’s model.  

The authors also plotted the potential energy (PE) versus temperature for some cases and 

showed that potential energy curve passes through three stage. They mentioned that because the 

PE is an average value of all atoms, they have attributed the dramatic increase in the PE values 

during the second stage to the continuous conversion of solid-like atoms to quasi-liquid like atoms 

and then to liquid- like atoms. Therefore, temperature of surface premelting (Tsm) and melting 

temperature (Tm) of NPs have been determined at the temperature at which the PE or kinetic energy 

(KE) dramatically changed its slope. This is the approach used in this work to determine melting 

points and surface premelting points as well. 
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3. Modeling Approach 

The silver atoms in the nanoparticles were arranged in the face center cubic (FCC) structure with 

the lattice parameter 4.09 Å corresponding to Ag material [21]. The number of atoms in each NP 

was different, ranging from 8-100 thousand, depending on the size of NPs and init ia l 

configurations were generated using the canonical ensemble method. Molecular dynamics 

simulations were performed LAMMPS based on embedded-atom-method (EAM) with 

temperature control and without any external pressure applied on the nanoparticles. The 

embedded-atom-method (EAM) computes pairwise interactions for metals and metal alloys using 

embedded-atom method (EAM) potentials. The total energy Ei of an atom I is given by [22] 

 

𝐸𝑖 =  𝐹𝛼(∑ 𝜌𝛽(𝑟𝑖𝑗)𝑗≠𝑖  ) +
1

2
∑ ∅𝛼𝛽 (𝑟𝑖𝑗)𝑗≠𝑖   

 

where F𝛼 is the embedding energy which is a function of the atomic electron density ρ, ∅ is a pair 

potential interaction, and 𝛼 and 𝛽 are the element types of atoms i and j. The multi-body nature of 

the EAM potential is a result of the embedding energy term. Both summations in the formula are 

over all neighbors’ J of atom I within the cutoff distance [22].  The EAM was originally developed 

by Daw and Baskes [22]. The advantage of using EAM is that it can be used to simulate large sizes 

of NPs as well as very small clusters. using semiempirical potentials such as Sutton-Chen, the 

many-body Gupta potential and the Finnis-Sinclair potential [22]. We used embedded atom 

method (EAM ) for its generality, good agreement with experiments, and the high computationa l 

efficiency that allowed us to simulate relatively large NPs. The parameters for the potential 

function in the EAM method were obtained from Mishin et al.[23].  

(7) 
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All the simulations were performed in three dimensions. The initial velocities of atoms in the NP 

were assigned according to Maxwell-Boltzmann distribution at room temperature i.e., 300 K (room 

temperature). The NPs were first relaxed at 300 K for 0.1 ns (100 ps). Then heating was applied 

by steadily increasing NP temperature up to 1100 K in 0.15 ns, and then enforcing steady state 

temperature at 1100 K for an additional 0.1 ns (Figure.3). Further, the NPs were equilibrated for 

0.005 ps at each temperature which was long enough to dampen the initial fluctuations in 

temperature. Consequently, the NPs reached the desired temperature profile in a reliable manner. 

Note that a Nose-Hoover thermostat was used to control the temperature evolution [14]. The 

temperature profile shown in Figure 3 was obtained from LAMMPS as a check for the Nose-

Hoover thermostat, and tracks the specified temperature profiles very closely. The time step was 

0.5 femtosecond (fs), and the total time of simulation was 0.35 ns for all the simulations.   

 

  Figure 3. Temperature-Time profile imposed on the particles during the simulations. 
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The combination of shapes and sizes of nanostructures simulated using the above approach are 

shown in Table 1. These combinations were chosen with two goals in mind. First, to understand 

the effect of changing nanostructure shape without changing critical dimensions. For example, 

along row 2 in Table 1 the diameters of nanostructures 1 and 2 are constant at 5 nm but the shape 

combinations are changing from sphere-sphere to sphere-nanowire and sphere-flake. Secondly, 

these combinations also help us understand the role of change in relative size on sintering between 

nanoparticles of different shapes. For example, along column 2 in Table 1 the ratio of the spherical 

nanostructures diameter to the nanowires diameter has values of 0.6, 1.0 and 1.4.  

 

Table 1. The combination of shapes and sizes of nanostructures for which sintering was 

simulated in this work 

 

 

Examples of evolution of nanostructure shape during sintering of sphere-sphere, sphere-nanowire 

and sphere-flake cases with unequal sizes are shown in Fig. 4. 

 

 

 

Nanostructure 1 Sphere: 

Diameter 5 nm 

Nanowire:  

Diameter 5 nm 

Length 8nm 

Flake:  

Width 5 nm 

Thickness 2 nm 

Nanostructure 2 Sphere of Dia. 3 nm  Sphere of Dia. 3 nm  Sphere of Dia. 3 nm  

Sphere of Dia. 5 nm Sphere of Dia. 5 nm Sphere of Dia. 5 nm 

Sphere of Dia. 8 nm Sphere of Dia. 8 nm Sphere of Dia. 8 nm 
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(a)  

 

 

 

 

(b)  

Increasing temperature 

Increasing temperature 
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(c) 

Figure 4. Simulated geometry evolution during sintering for (a) sphere-sphere (b) sphere-

nanowire case (c) sphere-flake case. 

 

  

Increasing temperature 
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4. Analysis and Results 

As a benchmark, the above MD approach was also used to find the melting points of individua l 

spherical nanoparticles of different diameters heated up to 1500 K. The PE vs. temperature curve 

was plotted, an example of which is shown in Fig. 5a for a 15 nm diameter nanoparticle. As in past 

work this curve consists of three distinct regimes corresponding to solid phase, melting phase and 

liquid phase of the material, based on the change in slope of the PE vs. temperature curve. The 

melting phase is the region where melting of the surface of the nanostructures begins as a precursor 

to eventual melting of the bulk of the nanostructure and complete conversion to a liquid state. The 

melting temperature predictions (shown in Fig. 5b) were found to compare well (within 50K) to 

those in published literature [16].  

 

(a) 

Melting 

temperature 
Surface pre-melting 

temperature 

Liquid phase 

Solid phase Melting 

phase 
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Figure 5. (a) Evolution of PE as a function of temperature for a 15 nm diameter Ag 

nanoparticle (b) Comparison of predicted size-dependent melting point for Ag 

nanoparticles to that in literature. 
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Generally, the sinterability of two particles is measured by the ratio of neck size x t to width W of 

the smallest nanostructure in the neck direction, e.g., x/d for the sphere-sphere cases shown in Fig. 

6a where W=d, and by shrinkage, i.e.,  −[L/(D+d)] [20]. As shown in Fig 6, D and d are the 

nanostructure diameters (or thickness for a flake shaped nanostructure) and D ≥ d, x is the diameter 

of the formed neck between the two NPs, and L is the final distance between the two distal ends 

of the sintered NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

D 

 

d 
 

L 
 

x 
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(b) 

 

(c) 

Figure 6. Schematic of geometric parameters for sintering (a) sphere-sphere (b) sphere-

nanowire case (c) sphere-flake case. 

 

D 
 

d 
 

L 
 

x 

D 

 

d 

L 
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Since we are also simulating differently sized nanostructures, here the ratio of neck diameter to 

particle diameter used is always x/W. Physically, this captures the fact that significant solid-state 

sintering has occurred when the neck diameter equals the diameter of the smallest nanostructure 

in the two-particle sintering case. The evolution of x/W was measured along the direction of the 

nanowire’s axis and perpendicular to it for the sphere-nanowire sintering cases. Note that, 

shrinkage is zero when the particles touch each other for the first time and is positive when they 

start sintering. Further, ratio x/W is zero when there is no sintering and increases as x increases due 

to neck growth and d potentially reduces due to surface diffusion. 

To understand whether surface diffusion or bulk diffusion was dominant during the sintering we 

found the Mean Square Displacement (MSD) for both surface and bulk atoms. In general, the MSD 

was calculated as  

 

MSD =    
1

𝑁
∑ [𝑟𝑖(𝑡) − 𝑟𝑖(0)]𝑁

𝑖=1

2
   

 

Where N is the number of atoms sampled and r is the position of each atom and is a function of 

time during the simulation. Surface MSD was found for atoms that move along the surface of the 

nanostructures to the neck. Bulk MSD was found for atoms that diffuse from the bulk of 

nanostructure to the neck. Note that the surface and bulk MSD can be directly correlated to surface 

and bulk diffusion coefficients. Surface diffusion of atoms generally causes neck growth but does 

not cause increase in density via removal of pores or significant shrinkage. Diffusion of atoms 

across the bulk on the other hand is a densifying mechanism and causes shrinkage as well as 

shrinkage induced stresses. Therefore, separately identifying the bulk and surface MSD help us 

understand the mechanisms behind the neck growth and shrinkage that are also calculated here.  

(8) 
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We further examined the occurrence of dislocations during the sintering process to identify any 

plastic deformation based mechanisms for sintering that were present. This approach, after 

Stukowski et al. [24] transforms the original atomistic representation of a dislocated crystal into a 

line-based representation of the dislocation network and determines the true Burgers vector of each 

dislocation segment.  

The above analysis of neck growth, shrinkage, surface MSD, bulk MSD and dislocation induced 

sintering was performed using OVITO and MATLAB. Further, since our focus is on solid-state 

sintering the above sintering indicators were obtained at temperature below the surface pre-melting 

temperatures of the two-nanoparticle systems simulated here, i.e., below the onset of the melting 

phase. The assessment of surface pre-melting temperatures of these two-nanostructure system was 

also based on the plots of PE vs. temperature from the corresponding MD simulations. Figure 7 

shows an example of such a plot of PE versus temperature for the sintering of a 5 nm sphere with 

a 3 nm nanostructure that is a sphere (Figure 7a), a nanowire (Figure 7b) and a flake (Figure 8c). 

 

(a) 
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(b) 

 

(c) 

Figure 7. Evolution of PE vs. temperature during sintering of a 5 nm sphere with (a) 3 nm 

sphere (b) 3 nm nanowire (c) 3 nm flake. 
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 Table 2. Surface pre-melting temperatures of all the cases in this study  

 

 

In general, the pre-melting temperatures lie above 800 K. To stay well within the regime of solid -

state sintering the plots of necking, shrinkage, MSD and the analysis of dislocations are reported 

at temperatures less than 800K.  

The evolution of x/W and of shrinkage is now discussed, first quantitatively and then qualitative ly. 

Figure 8 shows the evolution of x/W. A simple first observation that can be made for all the sphere-

nanowire sintering cases, is that the total neck growth in the direction perpendicular to the 

nanowire axis is always greater than that in the direction along the nanowire axis.  

When Nanostructure 1 (sphere) is larger than or smaller than Nanostructure 2 (sphere, nanowire 

or flake) then neck growth is greatest for the case of sphere-nanowire sintering, followed by 

sphere-flake and then sphere-sphere (Fig. 8a and 8c). However, when Nanostructure 1 and 2 have 

the same size (Fig. 8b) then x/W is greatest for sphere-sphere followed by sphere-nanowire and 

then by sphere-flake.  

Many properties of interest of the sintered material, like electrical or thermal conductivity, depend 

significantly on the degree of neck growth between the nanostructures. The above observation 

implies that when sintering nanostructures of similar size, mixing spheres with each other can 

5 nm Sphere Pre-melting 

Temp (K) 

5 nm  

Nanowire 

Pre-melting 

Temp (K) 

5 nm Flake Pre-melting 

Temp (K) 

3 nm sphere 849 3 nm sphere 871 3 nm sphere 830 

5 nm sphere 851 5 nm sphere 872 5 nm sphere 850 

8 nm sphere 862 8 nm sphere 874 8 nm sphere 880 
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result in greater conductivity at the same temperature than mixing spheres with nanowires or 

nanoflakes. However, the opposite is true when sintering nanostructures with different sizes.  

 

 

 

(a) 

  
x

/W
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Figure 8. Evolution of ratio x/W for sintering of a 5 nm size sphere with a sphere, a flake 

and a nanowire of size (a) 3 nm (b) 5 nm (c) 8 nm. 
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(a) 

 

(b) 
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(c) 

Figure 9. Evolution of shrinkage for sintering of a 5 nm size sphere with a sphere, a flake 

and a nanowire of size (a) 3 nm (b) 5 nm (c) 8 nm. 

 

Figure 9 shows the evolution of shrinkage during sintering. When the two nanostructures being 

sintered are not of the same size, the total shrinkage is much higher for the sphere-sphere and 

sphere-nanowire cases. Greater shrinkage results in greater densification by removal of pores but 

also greater sintering stresses and a greater tendency for cracking of the nanoparticle film or pattern 

being sintered. When contrasted with the evolution of x/W (Figs. 9a and 9c) it can be seen that the 

mixing of a flake with a sphere provides a balance of low shrinkage and neck growth when the 

nanostructures being sintered are of different size. When the two nanostructures are of the same 

size, then the sphere-sphere case results in highest x/W and low shrinkage. Shrinkage is higher for 

the sphere-flake case and x/W is lower. The same is the case for the sphere-nanowire case. 
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Therefore, when the nanostructures are of the same size then sintering of spheres can enable lower 

shrinkage stresses and the greater x/W than sintering a mixture of spheres with nanowires or flakes. 

Qualitatively, the evolution of x/W and of shrinkage can be divided into two phases. The init ia l 

phase of neck growth and shrinkage occurs at 300 K, during the relaxation phase of the MD 

simulation. The secondary phase of neck growth occurs beyond 300 K, during the heating phase 

of the MD simulation. 

A rise in x/W and shrinkage during the relaxation phase, for the cases examined here, was found 

to coincide with the occurrence of dislocations in the nanostructures during this phase. This plastic 

deformation and dislocation generation occurs at room temperature due to adhesive forces and 

large atomic potential gradients when the particle sizes are small [25]. While this phenomenon has 

been well noted in spherical nanoparticle sintering, this is the first time it is being reported for 

sintering of nanoparticles of different sizes. Note that this kind of neck growth or shrinkage in the 

relaxation phase does not happen for all cases (e.g., for sphere-flake sintering case where flake is 

of 3 nm size as shown in Figures 8a and 9a). For such cases, no dislocations were found during 

the relaxation phase.  

Examples of such dislocation motion in the relaxation phase are shown in Fig. 10-18. Both partial 

Shockley dislocations (shown in Green lines) and Hirth dislocations (shown in yellow lines) are 

produced which also cause defects like twinning in the nanoparticles. The burgers vectors are 

shown in red arrows for each dislocation. For the sphere-nanowire cases when the sphere is smaller 

than or larger than the cylinder then dislocations create defects in the sphere. When the sphere and 

cylinder are of equal sizes then the dislocations start at the neck and preferentially create defects 

in the cylinder. No dislocation based neck growth and shrinkage was observed when sintering a 5 
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nm and 8 nm sphere. For the other two sphere-sphere sintering cases dislocations were observed 

to start from the necking region and move into the bulk of the smaller sphere (Figures 13 and 14).  

 

 

 

(a) 
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(b) 

 

(c) 
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   (d) 

Figure 10. Dislocation motion during relaxation stage for sintering of 5 nm sphere with 3 

nm cylinder with increasing time from (a) to (c); (d) defect shown as red atoms  

corresponding to dislocation structure shown in (c) 

 

(a) 
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(b) 

 

 

(c) 
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(d) 

Figure 11. Dislocation motion during relaxation stage for sintering of 5 nm sphere with 5 nm 

cylinder with increasing time from (a) to (c); (d) defect shown as red atoms corresponding to 
dislocation structure shown in (c) 

 

 
(a) 
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(b) 

 

 

(c) 
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(d) 

Figure 12. Dislocation motion during relaxation stage for sintering of 8 nm sphere with 5 

nm cylinder with increasing time from (a) to (c); (d) defect shown as red atoms 

corresponding to dislocation structure shown in (c). 

 (a) 
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(b) 

 

 (c) 
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(d) 

Figure 13. Dislocation motion during relaxation stage for sintering of 5 nm sphere with 3 

nm sphere with increasing time from (a) to (c); (d) defect shown as red atoms 

corresponding to dislocation structure shown in (c). 
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(a) 

 

 

(b) 
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(c) 

(d) 

 
Figure 14. Dislocation motion during relaxation stage for sintering of 5 nm sphere with 

5 nm sphere with increasing time from (a) to (c); (d) defect shown as red atoms 

corresponding to dislocation structure shown in (c). 
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(a)                                                                         (b) 

             

(c)                                                                         (d) 

Figure 15. Dislocation motion during relaxation stage for sintering of 8 nm sphere with 5 

nm flake with increasing time from (a) to (c); (d) defect shown as red atoms 

corresponding to dislocation structure shown in (c). 
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The only sphere-flake sintering case where dislocation based neck growth and shrinkage was seen 

was for a flake of 5 nm size sintered with a sphere of 8 nm diameter. As shown in Figure 15, 

multiple partial dislocations are produced in the neck region that travel into the sphere and the 

flake. This results in stacking faults in the flake, the sphere and in the neck between the sphere and 

the flake.  

The occurrence of dislocation based movement of material, as shown in the above images is 

reflected in the increase in necking and shrinkage for the same cases shown in Figures 10-15. This 

also shows that the primary mechanism for increase in neck growth and shrinkage at room 

temperature for the above cases is plastic deformation induced by adhesion between the above 

nanostructures. In addition to better understanding of the sintering process, this discovery can also 

be used to guide combinations of shapes of nanostructures that may be used to yield high 

conductivity and neck growth at room temperatures.  

Figures 16 and 17 show the relative evolution of x/W and shrinkage during the heating phase of 

the simulation. Note that in these plots the neck growth and shrinkage is calculated with the 

geometry at the end of the relaxation phase as the datum. This helps isolate the evolution of neck 

growth and shrinkage under the influence of thermal energy from that influenced by adhesion and 

resultant dislocation induced material redistribution.  

During the heating phase, the maximum growth of x/W is for the flake when sintering a 5 nm 

sphere with a 3 nm nanostructure (Fig. 16a). When the nanostructure size becomes equal to that of 

the sphere the neck growth reduces overall for all nanostructure combinations. When the 

nanostructure becomes larger than the sphere then the growth of x/W is fastest for the sphere-

sphere case. A similar trend is seen for the shrinkage as well. Further note that the degree of 
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increase in shrinkage is generally much smaller than the increase in neck size for all the cases 

shown here. 

 

 

(a) 

 

 
(b) 

W
 

W
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(c) 

Figure 16. Evolution of x/W during heating phase of the simulation for sintering of a 5 nm 

size sphere with a sphere, a flake and a nanowire of size (a) 3 nm (b) 5 nm (c) 8 nm. 
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(a) 
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(c) 

Figure 17. Evolution of shrinkage during heating phase of the simulation for sintering of a 

5 nm size sphere with a sphere, a flake and a nanowire of size (a) 3 nm (b) 5 nm (c) 8 nm. 

 

 

Generally, the surface diffusion MSD is significantly greater than bulk material diffus ion, 

indicating that surface is the primary mechanism of mass transfer during the heating phase. This 

further explains why shrinkage during the heating phase is small, as compared to the degree of 

neck growth. Furthermore, the comparison of surface MSD for different shapes matches the neck 

growth trends shown in Figure 16. 

Another interesting point to note is that for the sphere-flake sintering cases the surface MSD drops 

with an increase in the ratio of size of sphere to flake. The opposite is the case for the cylinder-

sphere combination. Thus, when nanowires or flakes are being mixed with spherical nanopartic les 

then neck growth during heating is greatest when sintering a sphere-flake combination with a size 

ratio lesser than 1 or a sphere-cylinder combination with a size ratio of greater than 1. 
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To understand the effect of surface versus bulk diffusion of atoms on the trends shown in Figures 

16 and 17, we examine the surface and bulk material MSDs in Figures 18. The surface MSD along 

the axis of the nanowire and perpendicular to it refer to the MSD of atoms that diffused into the 

corresponding neck regions.   
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(a) 

 

 
(b) 
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(c) 

 Figure 18. Surface MSD and bulk material MSD (inset) during heating phase for sintering 

of a 5 nm size sphere with a sphere, a flake and a nanowire of size (a) 3 nm (b) 5 nm (c) 8 

nm. 
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5. Summary and future work 

This work examines sintering of a spherical nanoparticle to a nanowire and to a nanoflake, and 

compares them to sintering of the spherical nanoparticle with another spherical nanoparticle, via 

benchmarked Molecular Dynamics simulations. We specifically focus on Ag nanoparticles and on 

a temperature regime where surface pre-melting or melting are absent, i.e., solid-state diffus ion 

occurs. The neck growth and shrinkage evolution are quantified as a function of temperature and 

the relative size of the spherical nanoparticles to the secondary nanostructure (nanopartic le, 

nanowire, nanoflake). Further, the mechanisms behind the observed sintering trends are better 

understood by observing the occurrence of dislocation based material movement due to init ia l 

adhesion, diffusion of atoms from the surface of the nanoparticles to the neck and diffusion of 

atoms from the nanoparticle bulk to the neck.  

In applications involving sintering of metallic nanoparticles, neck growth and shrinkage can be 

critical in determining the function of the sintered material. For example, neck growth is critical 

to obtain properties like good conductivity. Shrinkage results in reduction in pore volume and 

increase in structural integrity, but can also lead to sintering stresses and macroscopic cracking of 

the sintered material. Generally, when dealing with conductive nanoparticles like silver it is 

desirable to get good neck growth to provide low resistance electrical percolation pathways while 

reducing shrinkage to minimize stress-induced cracking.  

The key contributions of this work, in light of these broader technological concerns are as follows: 

(1) When the two nanostructures are of the same size: The sphere-sphere case results in a 

combination of highest total x/W and lowest total shrinkage (Figures 11b and 12b). This is 

due to greater neck growth and lesser shrinkage at room temperature, with relative ly 

smaller neck growth and shrinkage during the heating phase (Fig. 11b). This can be 



`52 

 

 

attributed to greater dislocation induced plasticity at room temperature since the surface 

atom diffusion is relatively low under heating (Fig. 18b). 

(2) When the two nanostructures are not of the same size and the size of sphere is greater 

than size of nanostructure: In such conditions the sphere-nanowire case provides the 

greatest x/W but also the greatest shrinkage (Figs. 8a and 9a). While shrinkage of the 

sphere-sphere case is similar the x/W is lower (Figs. 8a and 9a). Thus, in this case the 

sphere-flake cases provides a good balance of a high x/W and low shrinkage. This is 

primarily due to relatively high surface motion of atoms during the heating phase (Fig. 18a) 

and very little to no dislocation induced material transfer at room temperature, for the 

sphere-flake case. 

(3) When the two nanostructures are not of the same size and the size of sphere is lesser 

than size of nanostructure: In such conditions the sphere-sphere has the highest shrinkage 

and the lowest total x/W (Figs. 8c and 9c), an undesirable combination when trying to 

achieve high conductivity and low shrinkage stresses. The sphere-cylinder case has 

relatively higher x/W than the sphere-flake case, but also exhibits greater shrinkage (Figs. 

8c and 9c). Again, the sphere-flake case provides a balance between neck growth and 

shrinkage. In contrast to the mechanism discussed above this phenomenon for the sphere-

flake case is primarily due to greater neck growth due to dislocation motion at room 

temperature than it is due to surface or bulk atom diffusion during the heating phase (Fig. 

18c)  

(4) When the two nanostructures have different shapes, then during heating: Neck growth 

is greatest when sintering a sphere-flake combination with a sphere-to-flake size ratio 

lesser than 1 (Figure 16a) or a sphere-cylinder combination with a sphere-to-cylinder size 
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ratio of greater than 1 (Figure 16c). For the sphere-flake sintering cases the surface MSD 

during heating drops with an increase in the ratio of size of sphere to flake (Figures 18a 

and 18c). The opposite is the case for the cylinder-sphere cases.  

(5) When the nanostructures have the same shape (i.e., two spheres), then during heating: 

Neck growth is greatest when the ratio of larger to smaller particle diameter is greater (i.e., 

1.6 in Figs. 16a and 16c) and is the highest (by about 3 times) when the particles are larger 

(i.e., comparing red dotted lines in Figs. 16a and 16c). This is due to relatively greater 

surface motion of atoms when using larger spherical nanoparticles (Figure 8c) than smaller 

spherical nanoparticles (Figure 8a) while retaining a size ratio of larger to smaller 

nanoparticle that is greater than 1. 

(6) Implications:  

(a) When sintering nanostructures, it can be difficult to make sure they have the same 

size, in which case observation (1) may not be of much significance. If 

nanostructures of different sizes are being used then using different shapes has 

advantages in terms of achieving an improved balance between neck growth and 

shrinkage, as discussed in observations (2) and (3) above. These observations also 

indicate that depending on the relative size of the spherical nanoparticle to the non-

spherical nanostructure, the primary mechanism for neck growth might be 

dislocation induced mass transfer (in which case heating might not be needed) or 

might be thermally induced surface motion of atoms (in which case heating is 

needed). This enables better control of nanostructures shape and size to practically 

balance the ability to produce the desired shape and size of nanostructures, the need 

to minimize temperatures and the sintering capabilities available.  
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(b) In cases where thermally-volatile surfactants are being used during solution-phase 

nanoparticle deposition, these dispersants can reduce adhesion induced dislocations 

and consequent neck growth at room temperature. When heated, the dispersants 

decompose or evaporate and now mass diffusion of atoms in the nanoparticle due 

to heating has a key role to play in the consequent nanoparticle sintering. 

Observations (4) and (5) that the aforementioned thermally dominated sintering 

will be significantly influenced by the ability to change control relative size of the 

sphere with respect to the other spherical or non-spherical nanostructure. 

It should be noted that this work does not account for a few additional factors that can generally 

influence sintering. Nanoparticle packing has a significant influence on the initial green density of 

the nanoparticle ensemble [26, 27]and on the final density achieved. Further packing is 

significantly influenced by the nanostructure size and size distribution. These phenomena are not 

accounted for here since we only deal with a two nanostructure system. However, the demonstrated 

potential for control of neck growth and shrinkage based on nanoparticle size and relative shape 

can be further examined to include the effects of nanoparticle packing via performing additiona l 

MD simulations to extract temperature-dependent diffusion coefficients and using them in Discrete 

Element Models of nanoparticle sintering.  

The second factor which is unaccounted for is how the energy source responsible for heating up 

the nanoparticles interacts with changes in relative nanoparticle shape and size. For example, in 

photonic sintering of nanoparticles with xenon lamp light there is a self-limiting coupling between 

densification and optical absorption [28, 29]. It is not clear how a change in nanostructure shape 

and relative size will change the extent of this self-limiting coupling phenomenon. To understand 
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this phenomenon, we intend to conduct electromagnetic field simulations that capture optical 

absorption as a function of densification in mixed-shape nanoparticle ensembles. 

The aforementioned activities are part of our future work. 
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