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Molecular dynamics simulation and continuum modeling of straight-chain aggregate sintering:

Development of a phenomenological scaling law
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Atomistic molecular dynamics simulation and a simple continuum viscous flow model are employed to
investigate the sintering of straight-chain nanoparticle aggregates. The results are used to develop a phenom-
enological sintering scaling law. The chain aggregates investigated consist of up to 80 primary particles of
silicon, with primary particles of 2.5—7 nm in diameter. We found that sintering of chain aggregates consists of
three steps. In step (a), reaction between particles to minimize surface defects and development of a cylindrical
like shape comprised an induction period. Step (b) consisted of contraction of the cylinder, which actually
consisted of two contraction stages. The first stage was the local contraction stage where sintering occurs only
at the ends of the particle chain, and the second stage involved the global contraction. The last step was the
nominal sintering process from an oval to spherical shape. As expected, sintering time increases with increas-
ing chain length, with the exception that very long chains fragmented. The sintering times normalized by the
primary particle diameter showed a universal relationship which only depends on chain length. These results
were found to be consistent with a mathematical model we develop based on continuum viscous flow. The
model was able to predict the sintering time in excellent agreement with results obtained from molecular
dynamics simulation for any chain length and any primary particle size for straight nanoparticle chain aggre-
gates. The results for sintering times for aggregate chains could be summarized with a power law modification
of the Frenkel viscous flow equation, to include a dependence on the number of particle connections in a chain

aggregate: = tFrenkel*(N —1)068,
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I. INTRODUCTION

Nanoparticles are of substantial interest as fundamental
building blocks for nanostructures and associated devices.!*
These may be single particles of size up to 100 nm or pri-
mary particles composing large aggregates or agglomerates.
At this length scale, the particle melting point decreases and
optical and chemical properties change relative to bulk
materials.>”” Thus, control of particle morphology is criti-
cally important to create or preserve a desired material prop-
erty.

For large scale production or for ultraclean materials,
aerosol methods (i.e., gas phase production) are generally the
method of choice.~!! Aerosol synthesis, however, typically
results in highly aggregated structures. In some cases this is
a desired morphology, while in other cases it is desired to
avoid agglomeration. Since during particle formation coagu-
lation and sintering are occurring simultaneously, the even-
tual aggregate structure is a competition between these two
effects.’” The size of the spherical primary particles and the
growth of agglomerates are determined by the rate of colli-
sion and subsequent sintering of particles. Therefore, particle
morphology and size can be controlled by either modifying
the characteristic coalescence or collision time. To under-
stand the dynamics, it would be useful to understand how
aggregates sinter.

For two bare particles of equivalent size, the characteristic
coalescence time is obtained from either phenomenological
solid state diffusion'® or viscous flow!' models, depending
on the controlling mechanism. In prior studies, we investi-
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gated using molecular dynamics simulation the characteristic
coalescence times for binary particles and compared them
with phenomenological models.!> We also investigated sur-
face (hydrogen) passivation on the sintering and morphology
of silicon nanoparticles and presented a phenomenological
model to describe the dynamics during the coalescence of
these coated particles.13 Our model, extended from the Fren-
kel model, was able to describe the entire coalescence pro-
cess. More recently, we focused on understanding the coales-
cence mechanisms of unequal sized nanoparticles.'* We
found that the Koch-Friedlander model accurately predicted
the coalescence time of two unequal sized particles when
benchmarked against the molecular dynamics (MD) simula-
tion results. We also found that the characteristic coalescence
times are independent of the volume ratio of the coalescing
partners. However, all these studies focus on the kinetics of
binary pairs of particles.

Several researchers have approached the problem of ag-
gregate sintering using Monte Carlo or other Brownian dy-
namics approaches. A Monte Carlo grid-base model in two
dimensions has been developed,15 where the sintering model
assumes that particles take random walks on the surface of
the aggregate. Recently, Kulkarni and Biswas introduced a
simple Brownian dynamics simulation approach to under-
stand the evolution of morphology of a sintering deposit.'®
Their sintering model conserves mass and computes the as-
sociated surface area based on a sintering model proposed by
Friedlander and Wu (1994).! However, during sintering
their particles retain a single point contact without merging
with each other and assume a radius shrinkage for one par-
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FIG. 1. Schematic representation of the sintering of a particle
chain aggregate.

ticle and growth for the other as a means to conserve mass.
Schmid er al. considered that the sintering particles are merg-
ing and the remaining parts of the two particles maintain a
spherical shape, much like Frenkel’s model.!”

In all the approaches above, the aggregate sintering was
simulated by making assumptions as to how sintering would
occur in an aggregate, and then applying a standard sintering
approach to map the evolution of the morphology.

Our approach is to investigate how this aggregate sinter-
ing is actually taking place by use of atomistic simulation,
and probe how it might differ from the simplest case of bi-
nary particles. We use the results to obtain both insight and a
better approach to phenomenologically modeling aggregate
particle sintering. To the best of our knowledge, their is no
MD work that has investigated the sintering of nanoparticle
aggregate chains.

In this paper, we focus on the simplest geometric repre-
sentation of an aggregate, that is, a chain of particles of equal
primary particle size. We will use MD simulation to track the
evolution of a sintering process and compute the sintering
time. We will investigate the applicability or modification to
the two-particle sintering model!! for chain aggregates and
will present a mathematical model for nanoparticle chain ag-
gregates based on the assumption of viscous flow. We clarify
the relationship between chain length and the primary par-
ticle size in the dynamics of sintering, provide insight into
the relationship between the mathematical model and the
MD simulation results, and identify the mechanism of sinter-
ing for straight-chain aggregates.

II. MATHEMATICAL MODEL

We begin with the development of a model for coales-
cence driven by viscous flow. We consider the coalescence of
a finite number of particles aligned in a straight chain that are
initially in contact with each other [Fig. 1(a)]. We assume
that during coalescence, the chain aggregate initially mini-
mizes its surface defects, develops a smooth surface curva-
ture, and forms a columnlike shape [Fig. 1(b)]. Then, the
cylinder shrinks axially to minimize its surface area [Fig.
1(c)] and forms an oval shape [Fig. 1(d)]. Finally, the oval
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FIG. 2. Geometric representation of a sintering of a rod.

converges to a spherical shape [Fig. 1(e)]. For the coales-
cence of two particles, the initial (a) and the last (e) steps
were investigated by Frenkel!! and by Koch and
Friedlander.'® On the other hand, our chain aggregates are
much longer than two particles in contact. Thus, we assume
that the steps from (b) to (c) dominate the entire coalescence
process of the chain aggregate, and we neglect the initial and
final processes from our mathematical model for simplicity.

In the coalescence model, we also assume that the chain
aggregate retains its shape as a column during the coales-
cence (see Fig. 2). From conservation of mass under this
condition,

ar’L = m(r + Ar)*(L+ AL). (1)

The relationship between the change of the radius of the
column, Ar, and the change of the length of the column, AL,
can be obtained as

1(AL\ 1[AL\? AL\?
Ar=r|——|—|+=-{— ] +O||— . (2)
2\ L 8\ L L
Thus, the radial component of the velocity, u,, can be ap-
proximated as

ur=_%<£)u15 (3)

where u, is an axial component of the velocity. Using Eq.
(2), the corresponding surface area change AS due to shrink-
age of the body is obtained as

1({r
AS:Trr[l+5(z)](AL)+HOT. (4)

The internal energy, due to the change in surface area S, is
related to the surface tension, such that the rate of energy
change during the coalescence of the chain aggregates can be
expressed as

das 1{r)\|dL
—0'_=—O"7Tr|:1+—<—>:|—, (5)
dt 2\L/ | dt

where o denotes the surface tension of the drop. Equation (5)
must balance the rate of energy dissipation due to viscous
flow of the liquid. The continuity equation of the incom-
pressible flow for an axisymmetric cylindrical coordinate
system is given as
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du, u, du,

—+—+—=0. (6)

dz r or
If the origin of the rod remains fixed, the velocity of any
location in the body can be represented by the following
equations:

1

u,=—az andu,= Ear, (7)

Z

where a(t) is a parameter specifying the velocity gradient.
Denoting the length of the column at the instant ¢ with L(z),
we have, according to Eq. (7),

dL L

—=-a_, 8

dt 2 ®
where a/2 is the linear compression coefficient per unit
time. The energy dissipated in the whole body per unit time
is equal to'®

aof [ L)) o

ou, du.\?
+ (ﬂ + ﬁ) ]277rdrdz =3pa’7riL, )
dz  or

where 7 is the viscosity.
Equating expressions (5), (8), and (9), we obtain the fol-
lowing expression for the velocity gradient parameter a:

o 1(r
a:_3_77r[1+5<Z)] (10)

The diffusion coefficient, viscosity, and surface tension are
obviously important in coalescence events. At the micro-
scopic level, coalescence is essentially an atomic diffusion
process. The surface diffusion coefficient depends on curva-
ture of the particle surface.® Also, the driving force for coa-
lescence is a minimization of the surface energy. However,
based on prior MD calculations where we did not see a sig-
nificant size dependence on both diffusion coefficient and
surface tension for silicon, we use it as a fixed parameter in
our phenomenological model.?*?! From Eqs. (8) and (10)
and integrating over the entire coalescence process, which is
the initial chain length L, to (4V/m)'?, i.e., when the diam-
eter of the cylinder is equal to the length of the cylinder,
where V is the total volume of the column, gives

! (@vrm' 6
Jdt:llj —F=—dL. (11)
0 gJ,

2 \/Eﬁ’2 +1
14

Thus, the time required for the coalescence of the chain ag-
gregates is given by

1/3
z=g<2;v> (A+B+0C), (12)

where
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- 1-2%8
A =—2+37 arctan =
V3

1 =20\ w2 L,
— arctan — 5
V3

1/3
B=- 2{111[1 +223] - ln{l + (2 \/é) Vfo} }

1/3
C=In[1-2%3+2%3] - h{ 1- (2 \/é) VL,
2/3
aw

Note that, as we mentioned at the beginning of this section,
the model assumes that the coalescence process of chain ag-
gregates follows steps 1(a) through 1(e). The justification of
the assumption is based on the MD simulations to be pre-
sented later in the text.

III. COMPUTATIONAL MODEL AND NUMERICAL
PROCEDURE

To track coalescence, we employ an atomistic simulation
approach using classical MD. For this study, we use the SW
potential for silicon.?> While similar sets of potential energy
functions have also been developed by Tersoff,?>-2® the SW
potential is designed to describe interactions in both solid
and liquid forms of silicon. Since most synthesis processes
leading to cluster formation occur at high temperature, clus-
ter growth by coalescence is dominated by liquidlike charac-
teristics, and the accuracy of the SW potential increases with
increasing particle size or temperature. The SW potential en-
ergy is a sum of two- and three-body interactions, and the
details of the model and its parameters are given in the
literature.?

All simulations were run on a JVN Linux Cluster running
up to eight processors. Atom trajectories were determined by
integrating the classical equations of motion using the veloc-
ity form of the Verlet algorithm,?” with rescaling of atomic
velocities at each time step to achieve temperature control.
Time steps of 0.5 fs were typically used to ensure energy
conservation, and a Verlet neighbor list with parallel archi-
tecture was employed in all the simulations, with a neighbor
list renewal every ten steps. The simulations take place in a
spherical cavity of 200 nm radius using an elastic boundary
condition.

The first step in the equilibration process was to prepare
silicon particles of various sizes (500, 1000, 2500, 5000, and
10 000 Si atoms) at 2100 K. After removal of angular mo-
mentum, particle temperatures were reduced slowly to
1500 K and equilibrated for 50 ps. For the last step in the
preparation process, the simulations were switched to a con-
stant energy calculation for 20 ps. If the average temperature
of the particle deviated by more than 10 K over this period,
the equilibration process was repeated until the particle tem-
perature deviated by less than 10 K.
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FIG. 3. (Color online) Temporal snapshots of the morphology
during sintering of a 5-particle chain aggregate with 500 atoms in a
particle at 1500 K.

Duplicated 40 particles were generated and placed on a
straight line initially in contact with each other. Since coa-
lescence is an exothermic process, the temperature would
increase and affect properties such as diffusivity, which
would significantly alter the kinetics. In order to simplify this
problem, we chose to study the coalescence process under
constant temperature conditions. In fact, for real growth pro-
cesses, particles of this size would not see temperature ex-
cursions since they are effectively thermostated by the sur-
rounding gas.?®

IV. RESULTS AND DISCUSSION
A. Short chain aggregates

We begin with a simulation of a short chain aggregate.
Figure 3 presents the temporal evolution for an aggregate of
five primary particles of 500 Si atoms each aligned in a
straight chain. The chain aggregate initially develops a
smooth surface curvature and forms a cylinderlike shape
[Fig. 3(b)]. The column then shrinks to minimize its surface
area and becomes thicker [Fig. 3(c)]. It forms an oval shape
[Fig. 3(d)], and finally converges to a spherical shape [Fig.
3(e)]. The above process is the basis from which the phe-
nomenological model in Sec. II was developed. The corre-
sponding structural dynamics for two-, five-, and ten-particle
chains can be studied by tracking the temporal variation of
the reduced moment of inertia in the direction of collision,
and is presented in Fig. 4. The reduced moment of inertia
converges to unity when the particle is spherical. However,
as these particles are liquidlike, they undergo some thermal
fluctuation and therefore would never be truly spherical.
Therefore, we define a condition of complete coalescence
when the reduced moment of inertia is between 0.9 and 1.1.
It can be seen in the figure that for all chain lengths, the
reduced moment of inertia converges to 1.1 monotonically.
Moreover, the five- and ten-particle chains maintain their ini-
tial values of the reduced moment of inertia during the
smoothening of its surface [steps (a) and (b)]. We may define
this as an induction period, and the period is about 5% of the
entire sintering time. Both the sintering time and induction
period increase with the increase of the length of the particle
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FIG. 4. Temporal behavior of the reduced moment of inertia for
2-, 5-, and 10-particle chain aggregates with 500 atoms in a particle
at 1500 K.

chain. Schmid er al. (2004) presented a sketch of the evolu-
tion of a six-particle chain during sintering. They assumed
that the remaining parts of the particle chain maintained a
spherical shape, and the shrinkage of the chain was much
faster than that obtained from our MD calculations. More-
over, the induction period was never observed in their model.

To better understand the nature of the evolution in the
morphology, we study the properties of particle chains in
detail. The change in morphology of the clusters could be
through movement of atoms via bulk fluid motion or by
atomic diffusion processes. Figure 5 shows the temporal evo-
lution of the axial component of the atomic velocity for all
atoms in the chain aggregate during sintering. The noise rep-
resents the velocity oscillations of +£50 m/s through the
chain. The temporal snapshots show that during the initial
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FIG. 5. Time series of axial velocity profile of all atoms in a
10-particle chain aggregate with 500 atoms in a particle at 1500 K.
Horizontal axis represents the chain length normalized by the diam-
eter of an initial primary particle.
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FIG. 6. (Color online) Temporal snapshots of the morphology and corresponding reduced moment of inertia during sintering of a

40-particle chain aggregate with 500 atoms in a particle at 1500 K.

states of sintering, only the ends of the chain have a net
velocity, while the rest of the chain is stationary [Fig. 5(a)].
At later times, the velocity gradient becomes linear through-
out the chain [Fig. 5(b)] with an increasing gradient in the
axial velocity profile with time [Fig. 5(c)].

Note that the linear velocity gradient is predicted from Eq.
(7) in the derivation of our phenomenological model. Once a
linear velocity profile is developed in the particle chain, the
chain length becomes shorter as predicted by the phenom-
enological model [Fig. 5(d)]. This observation indicates that
the sintering process generally follows our phenomenologi-
cal model subsequent to the initial induction period. More
analysis of these results will be presented later in the paper.

B. Long chain aggregates

Figure 6 shows the temporal variation of the particle mor-
phology for a 40-particle chain aggregate of primary par-
ticles of 500 Si atoms. The initial behavior is similar to the
short chain aggregate; however, as can be seen in Fig. 6(c),
as the cylinder begins to shrink, mass accumulates at the
ends of the rod in the form of a dumbbell. Basically, what is
happening is that atoms in the center of the cylinder are
being pulled by neighbors on either axial side, while atoms at
the end of the aggregate have neighbors only to one side. So,
as the aggregate tries to shrink, it is easier for the end of the
rod to grow. The morphological progression to a sphere is
presented in the successive images [Figs. 6(e)-6(g)]. Figure
6 shows the corresponding structural dynamics for this case
and the temporal evolution of the reduced moment of inertia
in the direction of collision. In contrast to the cases of shorter
chain aggregates, longer chain aggregates show an initial in-

crease in the moment of inertia and are attributed to a for-
mation of the large masses at both ends of the chain. There
have only been a limited number of studies of chain aggre-
gate sintering in the gas phase. Tsyganov et al. experimen-
tally studied the sintering of Ni nanoparticle agglomerates in
the gas phase.? They showed a series of transmission elec-
tron microscopy micrographs of particle agglomerates which
have been sintered for 7 s at temperatures in the range be-
tween 300 and 1073 K. They observe that with increasing
temperature the necks between the primaries vanish, similar
to our observation in Fig. 6(b). A true comparison, however,
is not possible since their mechanism of sintering is diffusion
controlled and is therefore at an effectively lower tempera-
ture. Accessing such a low temperature with MD simulation
is prohibitively expensive at this time. Other problems with
experimental comparisons are that experiments typically
have a range of primary particle sizes within the aggregate,
while our prototype aggregate is monodisperse. Our future
efforts are aimed at exploring the role of primary particle
size distribution on the overall sintering of aggregates.

The corresponding temporal evolution of the atomic ve-
locity of all atoms in the chain aggregate during sintering is
shown in Fig. 7. As we have seen in the previous short chain
case, sintering progresses first only at both ends [Fig. 7(a)].
The velocity is a maximum for the atoms at the end of the
rod and rapidly approaches zero for most of the particle. The
maximum velocity is essentially constant until the linear ve-
locity gradient is achieved, at which point the end-atom ve-
locities decrease with time. Once the linear velocity profile is
achieved (L/D,~10), a direct observation shows that the
decay of the velocity toward a spherical shape is similar to
that of the shorter chain case [Figs. 7(c) and 7(d)].
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FIG. 7. Time series of axial velocity profile of all atoms in a
40-particle chain aggregate with 500 atoms in a particle at 1500 K.
Horizontal axis represents the chain length normalized by the diam-
eter of an initial primary particle.

To understand the role of primary particle size, we can
monitor the contraction rate for aggregates of different pri-
mary particle sizes. We find that after the initial induction
period, which increases with increasing primary particle size,
the contraction rate is a constant for any given primary par-
ticle size and is independent of chain length. However, the
contraction rate is nonlinearly dependent on primary particle
size, and as expected small primaries lead to higher contrac-
tion rates. We summarize the role of primary particle size, as
represented by the cubic root of the number of atoms (pro-
portional to diameter) in a primary particle in Fig. 8. The
maximum contraction rate v in m/s can be described by
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FIG. 8. End-of-chain maximum velocity as a function of the size
of a particle.
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v =765~ 004N (13)

where N is the number of atoms in a primary particle. This
result is used in our later comparison to the phenomenologi-
cal model.

C. Comparison of phenomenological model with MD results

The MD simulations show that sintering of particle chain
aggregates consists of three steps. Step (a) is coalescence
between particles to develop a rodlike shape. Step (b) is con-
traction of the column structure, which actually consists of
two different contraction stages. The first stage is the local
contraction stage where sintering occurs only at the ends of
the particle chain, and the second stage is where the global
contraction takes place and is the focus of the phenomeno-
logical model we developed. Step (c) is the nominal sintering
process from an oval to spherical shape, which can be seen in
any sintering process independent of initial structure of the
particle chain aggregates. In the derivation of the phenom-
enological model, we neglected both steps (a) and (c) be-
cause we assumed that the particle chain is sufficiently long
so that step (b) dominates the entire sintering process. How-
ever, the model, which is derived based on the assumption of
continuum and viscous flow, cannot predict the local sinter-
ing process that induces the nonlinear velocity profile (or the
discontinuity in the velocity gradient) in the axial direction
that occurs in the first stage of the second step (see Fig. 7).
The velocity gradient « in Egs. (7) and (10), which is a
function of time, suggests that the mobility of all atoms in
the particle chain depends on the location of the atom, the
length of the chain, and the size of the primary particle. The
expression for u, [Eq. (7)] suggests that the maximum con-
traction speed for an aggregate occurs at the end of the chain
and depends linearly on the length of the chain at any time
during sintering. This behavior is in contrast to the isotropic
contraction predicted by the viscous flow model (Fig. 7) and
points to the limitation of the model.

The above discussion indicates that in order to accurately
capture the dynamics of sintering, the present phenomeno-
logical model will require that the initial conditions for the
velocity profile be used from the MD simulations. Figure 9
shows the temporal variation of the end-of-chain velocity for
various chain lengths, 10-, 40-, and 40-particle chains with
500, 500, and 5000 atoms per primary particle. The initial
axial velocity is independent of the particle chain length, at
fixed primary particle size, and only deviates moderately at
the later stages of sintering. When primary particle size is
larger, both the initial velocity and the initial linear accelera-
tion are lower due to the lower surface to volume ratio to
move atoms.

For primary particle sizes from 500 to 10 000 atoms, the
initial edge velocity [Eq. (14)] and the initial edge accelera-
tion [Eq. (15)] can be fitted quite well.

v; = 6047020V (14)

The acceleration, however, is best fitted to the particle vol-
ume and approximated as
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FIG. 9. Temporal change of end-of-chain axial velocity during
the initial sintering process for various chain cases, 10-, 40-, and
40-particle chain with 500, 500, and 5000 atoms per primary
particle.

a;= 0.366‘_0'000 277N’

(15)

where v, is the axial component of the initial edge velocity in
m/s and a; is the initial edge acceleration in A/ps®. We note
that the initial velocity scales with diameter, while accelera-
tion scales with primary particle volume.

In order to capture the dynamics of sintering of nanopar-
ticle chain aggregates, in our viscous flow phenomenological
model we apply the initial conditions obtained from MD
simulations [Egs. (13) and (14)] to the viscous flow model
[Eq. (12)]. We use the initial velocity and linear acceleration
conditions [Egs. (14) and (15)] until the end-of-chain speed
reaches the maximum speed found from Eq. (13). Then, the
contraction rate is held constant until the velocity profile
becomes linear.

A comparison of the viscous flow model and the MD
simulations for the sintering times for various chain and pri-
mary particle sizes is summarized in Fig. 10. For these
evaluations, and in accordance to our prior simulations, the
surface tension of silicon nanoparticles was size indepen-
dent, i.e., curvature independent.?' Thus, we applied the sur-
face tension values obtained from the nanoparticle simula-
tions for the present rodlike structures. The surface tension o
was taken as 0.826 J/m?, as computed by our prior simula-
tions. The viscosity 7 of 5.9 cP was chosen to fit the MD
results. By comparing this suggested value with the experi-
mental data of bulk liquid silicon viscosity, which is 0.88 cP
at 1690 K,** we found a factor of 7 discrepancy with the
bulk experimental data. It is known that viscosities for lig-
uids cannot be well estimated theoretically. Moreover, liquid
viscosities are affected drastically by temperature and melt-
ing point of the medium, and the melting point also strongly
depends on the size of nanoparticles. Thus, the value of dif-
fusion coefficient found in our prior silicon nanoparticle
simulation is also applied to the expression for a relationship
between diffusion coefficient and bulk viscosity obtained by

Glasstone et al.,>!
n= kT/aoDo, (16)

where k and a are the Boltzmann constant and the distance
between atoms, respectively. The value of gy is selected to be
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2.352 A, which corresponds to the covalent-bond distance,
and the value of Dy, is selected to be 4.5X 107> cm?/s from
the prior simulation. The calculated value of the bulk viscos-
ity is 19.6 cP, which is about three times larger than the
value we estimated. This comparison also does not show
excellent agreement; however, the diffusion coefficient com-
puted from the SW potential showed agreement with those of
tight-binding molecular dynamics,?? and the SW potential is
designed to describe the melting phase of silicon. Because of
the uncertainties in property values, a direct quantitative
comparison between the viscous flow model and the MD
simulation gives a sintering from MD that is a factor of 3
faster, which we can use as a universal calibration constant,
x = 0.3. If we consider that the surface tension determined
by MD is quite accurate, this factor x can be considered to be
a correction to the viscosity. We use this value only as a
correction factor to the viscous flow model to aid in com-
parison.

We plot the MD simulated sintering time of the chain
normalized by primary particle diameter vs the number of
primary particles in the chain for 500, 1000, 2000, and 4000
atoms per primary particle in Fig. 10. The choice of plotting
the MD results in terms of a normalized sintering time is
based on our phenomenological model sintering time, ex-
pressed in Eq. (12), which shows a linear dependence on
diameter. The data points correspond to the MD simulations
and indicate a monotonic increase in sintering time with in-
creasing chain length or primary particle diameter for all
sizes of primary particles. By plotting the normalized sinter-
ing time, we obtain results that are independent of primary
particle diameter and only depend on the number of primary
units. A comparison with the phenomenological model for
the case of 500 atoms/particle is shown as a solid line in the
figure. Our model (scaled by « = 0.3) shows excellent
agreement for all lengths and sizes of chain aggregates.
Moreover, the model accurately captures the transition of the
sintering time to a linear dependence on chain length for
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FIG. 11. (Color online) Temporal snapshots of the morphology
during sintering of a 73-particle chain aggregate with 500 atoms in
a particle at 1500 K.

aggregates with more than 10 primaries. This occurs because
the maximum end-of-chain speed is achieved and the con-
stant contraction rate is established for long chain lengths.
The viscous flow model despite its obvious limitation, par-
ticularly with regard to the isotropic sintering assumption,
correctly captures the primary particle size dependence and
the chain length dependence on the sintering time, thus indi-
cating that the flow even at these length scales can reason-
ably be modeled with a continuum representation.

The nature of the data presented in Fig. 10 presents the
opportunity to provide a power law relationship amenable to
application to phenomenological sintering models. Our
model [Eq. (12)] and its comparison with the MD simulation
indicate that the sintering follows a viscous flow route. For
viscous flow, Frenkel gave the coalescence time for the two
particles of equivalent size by

471y
TFrenkel = 30 (17)

where r, denotes the initial radius of a sintering particle. This
model considers the coalescence of two liquid drops, which
are initially in contact with each other at a single point. The
model also assumes that the remaining parts of the two drops
maintain a spherical shape. Under this condition, the distance
between the centers of each drop is equal to 2r, cos 6. From
conservation of mass of each drop, the relationship between
the radius r( and the total surface of the coalescing particles
at any time ¢ and at r=0, and from conservation of energy of
surface tension and viscous dissipation of coalescing drops,
the Frenkel expression [Eq. (17)] can be obtained.!! Thus, we
approximate the coalescence time for chain aggregate nano-
particles as a modification of the Frenkel model by

le= tFrenke](N_ 1)m, (18)

where N is the number of the particles in a chain and m is a
power constant fit to the results presented in Fig. 10, which
yields a result of m=0.68. The comparison as presented in
Fig. 10 indicates that this fit provides a convenient way to
incorporate aggregate sintering into an aerosol model.

D. Very long chain aggregates

For all the simulations discussed above, we always ob-
served sintering of the chain aggregate. However, we have
noticed that if the chain contained a large number of prima-
ries, the chain would fragment. Figure 11 presents an ex-
ample of a 73-nanoparticle chain of 500 atoms/particle. The
initial process is similar to the long chain case [Figs. 11(a)
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and 11(b)]. However, while the cylinder begins to shrink and
mass accumulates at the ends of the cylinder, the cross-
sectional area of the central region of the cylinder begins to
decrease due to a local instability [Fig. 11(c)]. In the tradi-
tional mechanics community, this type of behavior in a mac-
roscopic material during, for example, a tensile measurement
is known as necking. The local instability quickly diminishes
its cross-sectional area and elongates the middle portion of
the cylinder [Fig. 11(d)]. The chain finally ruptures [Fig.
11(e)], and each fragment sinters independently into two
spherical particles [Fig. 11(f)]. The driving force for sinter-
ing is the minimization of surface area, and the strength of
the driving force is proportional to the surface area of the
chain aggregate. For straight chain aggregates, the surface
area is proportional to the number of particles contained in
the chain. Thus, for a chain with a large number of primaries,
the normal stress induced by the surface energy exceeds its
critical value, and the particle chain aggregate cannot support
its long shape and breaks so as to reduce its surface energy
below its critical value for each resulting chain. The critical
value may depend on its chain length (surface energy), pri-
mary particle size (stress), and temperature (diffusivity) of
the system. Further investigations are beyond the scope of
this paper.

V. CONCLUSION

MD simulation is used to investigate the sintering of sili-
con nanoparticle straight-chain aggregates. We considered
particle chain lengths up to 80 and primary particles of 2.5
(500 atoms/particle) to 7 nm (10 000 atoms/particle) in di-
ameter. We found that sintering of chain aggregates consists
of three steps. In step (a), reaction between particles to mini-
mize surface defects and development of a cylindrical like
shape comprised an induction period. Step (b) consisted of
contraction of the cylinder, which actually consisted of two
contraction stages. The first stage was the local contraction
stage, where sintering occurs only at the ends of the particle
chain, and the second stage involved the global contraction.
The last step is the nominal sintering process from an oval to
spherical shape. As expected, sintering time increases with
increasing chain length. The sintering times normalized by
the primary particle diameter showed a universal relationship
which only depends on chain length. These results were
found to be consistent with a mathematical model based on
continuum viscous flow. The model was able to predict the
sintering time with excellent agreement with the results ob-
tained from molecular dynamics for any chain length and
any primary particle size for a straight nanoparticle chain
aggregates. The results'> for sintering times for aggregate
chains could be summarized with a power law modification
of the Frenkel viscous flow equation, which depends on the
number of particle connections in a chain aggregate.
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