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The crystallinity of gold nanoparticles during coalescence or sintering is investigated by molecular dynamics. The
method is validated by the attainment of the Au melting temperature that increases with increasing particle size
approaching the Au melting point. The morphology and crystal dynamics of nanoparticles of (un)equal size during sin-
tering are elucidated. The characteristic sintering time of particle pairs is determined by tracing their surface area evo-
lution during coalescence. The crystallinity is quantified by the disorder variable indicating the system’s degree of
disorder. The atoms at the grain boundaries are amorphous, especially during particle adhesion and during sintering
when grains of different orientation are formed. Initial grain orientation affects final particle morphology leading to
exposure of different crystal surfaces that can affect the performance of Au nanoparticles (e.g., catalytic efficiency).
Coalescence between crystalline and amorphous nanoparticles of different size results in polycrystalline particles
of increasing crystallinity with time and temperature. Crystallinity affects the sintering rate and mechanism. Such simu-
lations of free-standing Au nanoparticle coalescence are relevant also to Au nanoparticles on supports that do not
exhibit strong affinity or strong metal support interactions. VC 2015 American Institute of Chemical Engineers AIChE J,

62: 589–598, 2016
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Introduction

Gold nanoparticles find a score of applications including

catalysis,1 plasmonic biosensing,2 target-specific drug-deliv-

ery,3 nanolithography,4 and ion detection.5 However, their

size, shape, composition, and crystal structure strongly affect

final product properties and eventually performance, espe-

cially below 10 nm where particles’ behavior differs both

from that of the bulk metal and the Au molecules.6 For exam-

ple, small nanoparticles are more attractive as catalysts than

larger ones due to their increased defects and edges or steps

leading to higher activity and selectivity.7

Nanoparticles are produced either by liquid-8 or gas-phase

methods.9 Even though the most prevalent method for synthesis

of gold nanoparticles is in the wet-phase (Turkevich method10),

gas-phase processes offer distinct advantages over liquid-phase

ones in scale-up, product purity (e.g., optical fibers) and particle

handling.11 However, during gas-phase synthesis (e.g., aerosol

reactors) high temperatures are encountered, so coagulation and

sintering/coalescence are the dominant particle growth mecha-

nisms controlling product particle size and morphology. Recent

advances in gas-phase synthesis have allowed close control of col-

lision and sintering rates and, therefore, particle size and shape

through selection or tuning of process parameters, though little is

known about detailed sintering kinetics and crystallinity dynamics

during coalescence.12 The particles’ crystal structure at the nano-

scale is important in electronics as it affects ion/electron transport

properties, in catalysis where atomic steps and kicks enhance

catalytic activity7 and in molecular sensing devices where mono-

crystalline nanoparticles can optimize performance.13 Further-

more, nanograined polycrystalline materials are brittle14 because

motion of dislocations is suppressed by nanocrystallites. Thus,

there is a need to engineer nanomaterial morphology and crystal-

linity for tailoring catalytic, electronic, and mechanical properties

to improve product and even device performance.
Molecular dynamics (MD) have unraveled the evolution of

morphology or shape of various nanomaterials during coales-

cence (e.g., Cu15; Au16; Al17; Si18; Ag19; TiO2
20) and even the

detailed sintering rate of TiO2
21 or Ag crystalline structure.22

Here, the sintering mechanism and nanocrystallinity of coa-

lescing Au nanoparticles is investigated by graphics process-

ing unit (GPU)-accelerated atomistic MD simulations. The

method is validated by the attainment of the Au melting tem-

perature as a function of particle size and its bulk melting

point. The characteristic sintering time of particle pairs is

determined by tracing their surface area evolution during coa-

lescence.21 The state of crystallinity is quantified by the devia-

tion of each gold atom from its location in a perfect face cubic

centered (fcc) crystal describing that way the system’s degree

of disorder. Sintering results in multiple grains (polycrystalline

particles) that are wiped out and transform into a single crystal
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at sufficiently long times. The results are compared with elec-
tron beam irradiation experiments of coalescing Au nanopar-
ticles.23 Besides free-standing Au nanoparticle coalescence,
these simulations are quite relevant also to sintering of Au on
ceramic oxide supports that do not exhibit strong affinity24 or
metal support interactions, such as Ag on TiO2.25

Theory

Molecular dynamics

Spherical Au nanoparticles were extracted from a large fcc
crystal with lattice constant 4.078 and different cutoff (parti-
cle) diameters, dp,0 5 1.5–11 nm (114–41,186 atoms). An fcc
crystal that occupies the entire cubic simulation domain (with
edge of 10 nm) applying periodic boundary conditions is con-
sidered here as bulk. These fcc crystals were equilibrated at
300 K for 1 ns and continuously heated up to 1600 K for 5 ns.
The equations of motion are integrated by the velocity-
Verlet algorithm26 with a timestep of 1 fs. Two unsupported
(free) nanoparticles of equal size are placed next to each other
for sintering in vacuum (after 1 ns of equilibration at the sin-
tering temperature, T) with a separation distance of 0.3 nm
between the closest atom centers and sintering simulations are
performed in the NVT (constant number, volume and tempera-
ture) ensemble with T 5 500–1000 K. Coalescing nanopar-
ticles of different size (Figure 9) are equilibrated for 1 ns at
800 (crystalline) or 1000 K (amorphous) and sinter at constant
T 5 800 K (equivalent to annealing). Here the many-body
embedded-atom method (EAM) potential27,28 is used with the
parameterization of Foiles et al.29 The total energy, Etot, is

Etot5
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where Fi is the embedding term accounting for the local elec-
tron density, qh,i, rij is the distance between atoms i and j, and
/(rij) is the potential for pairwise interactions between gold
atoms. The simulations are performed on GPUs for up to 100
ns using the LAMMPS30 MD code.

Characteristic sintering time

When particles are placed next to each other, fusion takes
place to minimize the system’s free energy resulting in particle
rounding by reduction of the free surface area. The evolution
of the surface area is determined using the MSMS 6.2.131

which calculates the solvent-accessible area of overlapping
spheres. The probe radius is set equal to 2.25 Å corresponding
to that of a N2 molecule while the van der Waals radius of
gold atoms is 1.66 Å.32 This method of surface area calcula-
tion corresponds to the standard technique of specific surface
area measurement by N2 adsorption.33

The characteristic sintering time, ss, is the time required for
the neck radius to reach 83% of the initial particle radius,34

corresponding to 67% reduction of the excess surface area
over that of a fully coalesced sphere with equivalent volume
or to 86.7% of the equivalent coalesced sphere area. The rate
of change of the surface area by sintering is35

da

dt
52

1

ss

a2asð Þ (2)

where as is the surface area of a fully fused aggregate. Coales-
cence of gold nanoparticles has been investigated both theoret-
ically16,36 and experimentally (e.g., by tandem differential
mobility analyzer37). Liu et al.38 studied the coalescence of Au

nanoclusters by MD and high resolution electron microscope.

They reported that at high temperatures the dominant sintering

step is the collapse of local surfaces and migration of disor-

dered surface atoms. In contrast, at lower temperatures coales-

cence occurs by a dislocation mechanism based on high shear

stresses that develop between particles. Arcidiacono et al.36

found that gold nanoparticles larger than 4 nm in diameter

coalesce by grain boundary diffusion. Similarly, Buesser

et al.21 observed that surface diffusion is the dominant sinter-

ing mechanism up to 5 nm in diameter of TiO2 with

grain boundary diffusion becoming important with increasing

particle size. The characteristic sintering time by surface diffu-

sion is39

ss5
kBTr4

p;0

CDca4
(3)

where kB is the Boltzmann constant, T (K) is the tempera-

ture, rp,0 (m) is the particle radius, C is a constant

(C 5 2540), D (m2/s) is the diffusion coefficient, c (N/m2) is

the surface tension and a (m) is the atomic size. Yuk et al.23

observed by in situ transmission electron microscope

(TEM) images of electron beam irradiated Au nanoparticles

(3–7 nm) that they sinter by oriented attachment which

occurs either by three-dimensional particle orientation or by

grain boundary migration, depending on particles’ contact

orientation.

Crystallinity dynamics

The disorder of a system was first quantified by Steinhardt

et al.41 with the so-called bond order parameters (or Steinhardt

parameters), qlm, which are measures of the local and extended

orientational symmetries of the particles

qlmðiÞ5
1

NbðiÞ
XNbðiÞ

j51

YlmðrijÞ (4)

where Nb(i) is the number of nearest neighbors around particle

i, Ylm(rij) are the spherical harmonic functions of degree l and

–l�m� l. Here, l 5 6 as Au nanoparticles are arranged in an

fcc crystal structure.42 Equation 4 can be improved so that the

local crystal structure is detected and effectively described by

the averaged local bond order parameters43

�qlmðiÞ5
1
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XNbðiÞ

j51

qlmðjÞ (5)

Thus, the extent of disorder of the system is given by the

disorder variable42

DiðtÞ5
1
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XNbðiÞ

j51
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and the overall disorder variable, �D, is the average Di over all

atoms

�DðtÞ5
XN

i51

DiðtÞ
N2NbðiÞ

(7)

where N is the total number of atoms. Small values indicate an

fcc-like crystal structure and big ones a more disordered envi-

ronment. �D is close to unity for glassy or liquid materials and

decreases significantly for crystal structures.42
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Results and Discussion

Validation: Melting temperature

The MD simulations are benchmarked by calculating the
melting temperature of nanosized Au nanoparticles (particle
diameter, dp,0 5 1.5–11 nm) by the Lindemann index method
which is used to trace the thermally driven disorder of a sys-
tem. The root-mean-squared bond length fluctuation, di, of
atom i is44

di5
1

N21
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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and the system-averaged Lindemann index, d, is

d5
1

N

X
i

di (9)

The brackets denote the thermal average at temperature T.
An abrupt increase of the Lindemann index indicates phase
transition from the solid to liquid state and the corresponding
temperature is the melting point. Similarly, the melting point
is also identified by the jump in the potential energy.

Figure 1a shows the evolution of the system-average Lin-
demann index (Eq. 9) of Au particles with diameter,
dp,0 5 1.5–11 nm, as function of temperature during heating
from 300 to 1600 K for 5 ns. At low temperatures, the Linde-
mann index is small (less than 0.05) but abruptly increases
for highly disordered systems (liquid-like state) indicating
melting. During this transition the solid and liquid phases
dynamically coexist. The melting temperature, Tm, is defined
here as the temperature where that steep increase of the Lin-
demann index ends (e.g., at about 1150 K for dp,0 5 5 nm).
The Lindemann index for most particles exhibits a sharp
increase but for the smallest ones (i.e., the 1.5 and 2 nm in
diameter) it increases gradually with temperature. These par-
ticles consist of a few hundred atoms (e.g., 114 and 250 for
the 1.5 and 2 nm ones, respectively) that contain dominantly
(�60–80%) atoms on the particle surface, a low coordination
number and rather amorphous state that is akin to fluid-like
behavior. This leads to a gradual or gentle increase of the
Lindemann index with increasing temperature (Figure 1). In
contrast, the behavior of larger particles with increasing tem-
perature is dominated by their bulk atoms. These particles
exhibit a narrow bistable region as has been observed also
during melting of aluminum nanoparticles (Alavi and Thom-
son:45 Figures 3 and 4).

Figure 1b shows snapshots of the Au nanoparticles with
dp,0 5 8 nm at T 5 300, 800 and 1200 K (corresponding Linde-
mann index, Figure 1a: diamonds). Initially, at T 5 300 K the
particle retains the almost perfect fcc structure but when tem-
perature increases (T 5 800 K) the perfect Au fcc structure
(T 5 300 K) fades away inwards from the surface: at T 5 800 K
the surface atoms are in amorphous or liquid state (layer of dis-
ordered atoms) whereas the core (bulk) ones maintain their fcc-
like structure. At even higher temperatures the layer of highly
distorted surface atoms increases in thickness until all atoms
completely lose their crystal structure (T 5 1200 K) when the
melting point is exceeded.

Figure 1. (a) Evolution of the average Lindemann index
of Au particles of various diameters as func-
tion of temperature during heating from 300 to
1600 K for 5 ns.

The Lindemann index abruptly increases during the tran-

sition to highly disordered systems (liquid-like state) indi-

cating melting. The melting temperature, Tm, is defined as

the temperature where that abrupt increase of the Linde-

mann index ends (e.g., at 1000 K for dp,0 5 3 nm). (b)

Snapshots of Au nanoparticles with dp,0 5 8 nm at

T 5 300, 800, and 1200 K. As temperature increases, the

perfect Au fcc structure (T 5 300 K) fades away inwards

from the surface: at T 5 800 K the surface atoms are in a

liquid-like state whereas the core ones maintain their fcc-

like structure until the entire particle becomes liquid at

T 5 1200 K. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 2. Melting temperature, Tm, of Au nanoparticles
obtained by the Lindemann index (open
circles) and the change in potential energy
(filled circles) as a function of their diameter,
dp,0, in comparison to experimental data (solid
and dotted lines) and simulations (symbols).

For a large Au cube with a 10 nm edge the melting temper-

ature is in good agreement with the bulk melting point of

Tm,b 5 1337 K (broken line). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]
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Figure 2 shows the melting temperature, Tm, of Au nanopar-

ticles as function of their diameter for dp,0 5 1.5, 2, 3, 3.5, 4,

4.5, 5, 6, 7, 8, and 11 nm as obtained by the evolution of the

Lindemann index (open circles) or potential energy per atom

(filled circles). Both methods indicate that increasing particle

size increases Tm which gradually approaches that of bulk Au,

Tm,b 5 1337 K (broken line). The Tm by the potential energy

method is constantly lower than that obtained by the Linde-

mann index, consistent with Shibuta and Maruyama.46 The

results are in excellent agreement with theory (w: Lewis

et al.16; �: Shim et al.47; D: Arcidiacono et al.36;�: Shibuta

and Suzuki48) and experiments (Sambles49: dotted line; Buffat

and Borel50: solid line). The bulk Au melting temperature is

determined based on the abrupt change of the potential energy

per atom and is close (within 4%) to the theoretical value of

1337 K (broken line).

Sintering rate of two gold nanoparticles

Figure 3a shows the evolution of the surface area, a, for two
coalescing Au nanoparticles (dp,0 5 3 nm), normalized by their
initial surface area, a0, for T 5 500–1000 K (solid lines) in the
canonical (NVT) ensemble. Snapshots of the coalescing
particles at T 5 800 K are shown at t 5 0, 0.01, and 1 ns (Fig-
ure 3a, insets). Initially (t � 102521023 ns), the particles
approach each other (adhesion) forming a neck of increasing
size while the accessible surface area decreases (t> 1023 ns).
The evolution of the normalized surface area follows the same
trend for all T up to t 5 0.01 ns and accelerates with increasing
sintering temperature. Higher T results in faster sintering, con-
sistent with the literature.37 At sufficiently long times and high
temperatures, particles attain a spherical-like shape and a/a0

levels off to 0.79. Sintering takes place here in two stages:
first, by particle adhesion and neck formation and growth
where the cluster’s free surface area decreases steeply and,
second, by shape reformation where particle evolves from
ellipsoidal to spherical-like indicated by slow surface area
reduction. The trend of the surface evolution is similar to that
of 2 nm-TiO2 nanoparticles.21 It should be noted that this sin-
tering mechanism differs from the so-called attractive migra-
tion and coalescence where atom diffusion over the support
facilitates neck formation and coarsening.51 Here, sintering of
free-standing nanoparticles in close proximity to each other
(0.3 nm) was investigated as encountered in aerosol formation
by coagulation and sintering of TiO2

21 and Ag.22

Figure 3b shows the evolution of a/a0 for starting particle
diameters, dp,0 5 2 (black line), 3 (yellow line), 3.5 (blue line),
and 4 nm (orange line) during sintering at T 5 800 K. For
dp,0 5 2 nm the surface area quickly (t 5 0.1 ns) reaches a pla-
teau due to rapid particle coalescence. Increasing particle sizeFigure 3. Evolution of normalized surface area of two

Au nanoparticles undergoing sintering or
coalescence

(a) at various temperatures and of initial dp,0 5 3 nm

with their snapshots at t 5 0, 0.01 and 1 ns for

T 5 800 K (insets) and (b) at various initial dp,0 and

T 5 800 K. The broken line (Figure 3a) indicates the

characteristic sintering time, ss, defined as the time

needed for the excess surface area over that of an equiv-

alent sphere to decrease by 67%. Increasing particle

size or decreasing T lead to slower coalescence and

decay of the normalized surface area. Figure 3c shows

the evolution of the relative shape anisotropy, k2, that

nicely shows the levelling-off of the oval-shaped particles

and the attainment of perfect spherical structures

(k2 5 0, dotted line) for dp,0 5 2 nm, at long t. [Color fig-

ure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 4. Characteristic sintering time, ss (open sym-
bols) of two equally sized coalescing Au
nanoparticles of initial, dp,0, as a function of
temperature.

The error bars show the minimum and maximum value

of four simulations. Increasing temperature accelerates

coalescence consistent with experiments.37 The MD-

obtained ss is in good agreement with the predictions of

sintering by surface diffusion (broken line: Nichols and

Mullins40; Nichols54; Lewis et al.16) for small particle

sizes (dp,0 5 2 nm). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]
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leads to slower reduction of the normalized surface area, con-

sistent with experiments of Au particle evaporation.52 For

larger particles, adhesion takes longer than for smaller ones as

bigger sinter necks are formed.
Figure 3c shows the evolution of the relative shape anisot-

ropy, k2, quantifying the sphericity of the particles of Figure 3b

at T 5 800 K. Large k2 values correspond to linear-like struc-

tures (for perfect lines k2 is 1) while for spheres k2 5 0.53 Ini-

tially, when particles have not formed yet a neck k2 � 0.4, but

during adhesion k2 decreases abruptly similar to the evolution

of the normalized surface area and levels off when particles

attain an oval shape. For dp,0 5 2 nm (black line), the k2

increases initially (t � 0.001 ns) corresponding to the early

stages of particle adhesion where atoms on the adjacent particle

surfaces are attracted to each other slightly elongating the par-

ticles. This is more dominant for the smallest particles as sur-

face atoms dominate their behavior and slightly increase their

anisotropy. On adhesion (t 5 0.005 ns), such anisotropy reaches

a maximum that decreases with the progression of coalescence

and neck size growth as particle centers approach each other

(t 5 0.01 ns) (see also Supporting Information: Figure S1).

It takes a long time for such particles to become fully com-
pact and even longer to become crystalline. Such time
increases with increasing particle size and decreasing tempera-
ture. For example, particles with dp,0 5 2 nm (Figure 3c, black
lines) have become spherical (k2 5 0) already at 0.1 ns (but are
amorphous) while larger ones are still elongated. It should be
noted that formation of dumbbell-shaped particles appears to
be the result of incomplete sintering that typically forms the
so-called aggregates consisting of sinter-bonded primary par-
ticles that are quite attractive in catalysis, lightguide preforms,
and nanoelectronics.11

Figure 4 shows the ss (open symbols) of coalescing Au
nanoparticles with dp,0 5 2 (circles), 2.5 (triangles), 3 (inverse
triangles), 3.5 (diamonds), and 4 nm (squares) as a function of
the sintering temperature. The error bars show the minimum
and maximum values of four simulations. For a given particle
size, increasing T results in faster sintering, consistent with
experiments37 and, similarly, at a given T sintering takes lon-
ger with increasing particle size due to decreasing surface-to-
volume ratio. The MD-obtained ss for dp,0 5 2 nm follows the
evolution of sintering by surface diffusion (Eq. 3: broken line;
Nichols and Mullins40; Nichols54; Lewis et al.16) indicating
that particles aggregate by surface atom migration toward the
neck region. At sufficiently high temperatures (above the melt-
ing point of each particle size), ss approaches an asymptotic

Figure 6. Snapshots of cross-sections of two Au nano-
particles with dp,0 5 3 nm at 800, K at t 5 0,
0.01, 0.1, 1, and 10 ns, colored according to
their initial position or their local disorder
variable, as discussed in Figure 5.

Here, more atoms exhibit distorted crystal structure at

all times compared with 600 K, while coalescence is

completed already at the subnanosecond scale (t 5 0.1

ns). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 5. Snapshots of cross-sections of two Au nano-
particles with dp,0 5 3 nm at 600 K, at t 5 0,
0.01, 0.1, 1, and 10 ns.

The atoms are colored based on their initial position

(surface: gray, bulk: white) in the particle (left column)

or based on their local disorder variable (blue to red

atoms have increasing disorder variable; right column).

Initially, particle adhesion takes place forming a neck

(t 5 0.01 ns), which continuously grows and finally disap-

pears due to relocation of surface atoms (t 5 0.1 – 10 ns).

At the initial stages of sintering (t 5 0 – 0.1 ns) the sur-

face atoms have disordered structure while the bulk

ones keep their fcc-like structure which finally domi-

nates. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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value where all shown particles (dp,0 5 2–4 nm) are amor-

phous and all atoms have similar mobility, consistent with

simulations of coalescing Ag nanoparticles.22 The above

asymptotic ss is in agreement with MD simulations55 of amor-

phous (T 5 1400 K) Au nanoparticles with dp,0 5 2.5 and

3.5 nm giving ss of 0.03 and 0.04 ns, respectively.

Effect of temperature on atom mobility and

crystallinity during sintering

MD simulations allow real-time analysis of dynamic prop-

erties that cannot be obtained easily by experiments, especially

for small nanoparticles in the gas phase. Crystallinity dynam-

ics considerably affect final product performance in a score of

applications (e.g., sensors, catalysts, biomaterials, etc.) and are

elucidated here for a range of particle sizes and sintering tem-

peratures. Figure 5 shows snapshots of cross-sections of coa-

lescing Au nanoparticles with dp,0 5 3 nm at 600 K, at t 5 0,

0.01, 0.1, 1, and 10 ns. The particles are colored based on their

initial (t 5 0 ns) position (surface: gray, bulk: white) in the

particle (left side) to trace their individual trajectories during

sintering21 or based on their local disorder variable, Di (Eq. 6,

right side), so that fcc-like structured atoms are blue (high

crystalline order, Di � 0) and disordered ones that deviate

from the fcc structure are red (low crystalline order, Di � 0.4).
Initially, particle adhesion takes place forming a neck

(t 5 0.01 ns) that continuously grows by migration of surface

atoms towards the neck concave region (gray atoms fill up the

area in between particles) that eventually disappears as an

oval structure develops.21 During the initial stages of sintering

(t 5 0–0.1 ns) the particle surface and neck region consist of

disordered atoms of low crystallinity up to about 0.1 ns while

the bulk atoms have fcc structure throughout the sintering pro-

cess which finally dominates as the coalesced particle attains a

more compact shape. For longer times (t 5 10 ns), the initially
bulk (white) atoms remain “trapped” surrounded by surface
atoms as with TiO2.21 At t 5 1 ns, twin boundaries are formed
separating the cluster in three regions of different grain orien-
tation (polycrystalline particle) which persists at t 5 10 ns (see
also Figure 8).

Figure 6 shows the Au nanoparticles of Figure 5 coalescing
at T 5 800 K. Here, particles have a thicker layer of disordered
(amorphous) surface atoms than at lower T (e.g., 600 K), at all
times. For example, at t 5 0.01 ns, the neck region exhibits
rather disordered (green to red: low crystalline order) structure
which crystallizes as sintering proceeds (t� 0.1 ns), consistent
with Liu et al.38 The relocation rate of the surface atoms
depends on sintering temperature (Eq. 3): at T 5 600 K (Figure
5) coalescence is slow (t 5 0.1–10 ns) while at T 5 800 K
(Figure 6) is completed already at the subnanosecond scale
(t 5 0.1 ns). However, at t 5 10 ns, few of the bulk atoms have
diffused toward the particle’s surface at T 5 800 K, in contrast
to T 5 600 K where bulk atoms have low mobility, as has been
observed also for Ag.22

Figure 7 shows snapshots of cross-sections of two Au nano-
particles with dp,0 of (a) 3 and (b) 4 nm undergoing sintering at
800 (top) and 600 K (bottom) at t 5 0, 0.01, 1, 10, and 40 ns.
The atoms are colored based on their initial position as in Figure
5 (left column), but the atoms close to the particle neck region
are colored in pink. Thus, the trajectory of surface, neck, and
bulk atoms is tracked providing insight to the detailed sintering
mechanism and atom trajectories during sintering or coales-
cence. Neck and bulk atoms exhibit low mobility and oscillate
around their initial position up to 1 ns while surface atoms are
more mobile, consistent with calculations of their mean square
displacement,56 so they tend to occupy the space near the neck
concave region, especially for dp,0 5 3 nm at both T. This indi-
cates that sintering is initially dominated by surface diffusion,

Figure 7. Snapshots of cross-sections of two coalescing Au nanoparticles with dp,0 of

(a) 3 and (b) 4 nm for 800 (top) and 600 K (bottom) at t 5 0, 0.01, 1, 10, and 40 ns. The atoms are colored based on their initial

position in the particle as in Figure 5, and the atoms close to the neck region are colored in pink. Before particle adhesion (t < 0.01

ns) the atoms near the neck region are more mobile than both the bulk and surface atoms for T 5 600 K, contrary to longer times

that the neck atoms are “locked” inside the newly formed cluster (Figure 7a, bottom: t� 10 ns). At T 5 800 K, the “neck atoms”

initially remain in the bulk but as time elapses they diffuse towards the particle surface (top: t� 10 ns). This indicates further that

at sufficiently low temperatures sintering takes place by surface diffusion, in the absence of grain boundary diffusion. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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consistent with sintering of TiO2 nanoparticles.21 Later on
(t> 1 ns), however, neck (pink) atoms of the 3 nm particles at
800 K (Figure 7a: top) escape the core region and diffuse to the
particle surface. At 600 K and same particle size though, sinter-
ing occurs solely by surface diffusion, as shown in Figure 7a
(bottom) at t 5 40 ns, where only surface atoms have occupied
the neck region.

For larger (e.g., 4 nm) particles (Figure 7b), the sintering
rate is slower (as shown in Figures 3 and 4) and the two par-
ticles are distinguishable up to 1 (800 K: top) or even 40 ns
(600 K: bottom). At 800 K and 10 ns (Figure 7b), the surface
atoms migrate toward the neck area while the initially bulk
atoms diffuse to the particle shell. At even longer times
(t 5 40 ns), pink atoms are found to the particle surface, simi-
lar to dp,0 5 3 nm at 800 K (Figure 7a), revealing that surface
diffusion prevails as a result of highly mobile surface atoms.
So, the neck atoms are “locked” inside the newly formed clus-
ter and diffuse away only at sufficiently long times and high

temperatures similar to bulk atoms, a trend that is exacerbated
with increasing particle diameter.21

The MD-obtained interatomic distances between surface–
surface and bulk–bulk atoms differ up to 3.5% for T 5 600 K.
More specifically, surface atoms have smaller interatomic dis-
tance from the bulk ones due to lower coordination number.
Variations in the interatomic distances have been observed
also depending on the particle size (Zanchet et al.57; Support-
ing Information: Table S1).

Figure 8 shows snapshots of cross-sections of Au nanopar-
ticles with dp,0 5 4 nm undergoing sintering at 600 (left col-
umn) and 800 K (right column) at t 5 0, 0.01, 0.1, 1, and 10
ns, as well as their corresponding radial distribution function,
g(r). Similar to Figures 5 and 6, surface atoms are more
mobile (or liquid-like) than bulk ones and, thus, they exhibit
higher degree of disorder (color coding same as in Figure 5),
especially at 800 K. However, a bigger fraction of atoms
attains the fcc-like structure compared with dp,0 5 3 nm

Figure 8. Snapshots of cross-sections colored according to the local disorder variable for two Au particles with
dp,0 5 4 nm undergoing sintering at T 5 600 (left column) and 800 K (right column) at t 5 0, 0.01, 0.1, 1,
and 10 ns.

The atoms of bigger particles (here 4 nm) exhibit fcc-like structure to a greater extent during adhesion compared with smaller

ones (e.g., Figures 5 and 6) due to the reduced surface-to-volume ratio, resulting in lower values of the average disorder variable.

The formation of grains with different orientation starts taking place for t > 1 ns. The radial distribution function, g(r), is shown

for 600 (red lines) and 800 K (blue lines) at t 5 0, 0.1, and 10 ns. The peaks of g(r) become slightly broader at t 5 0.1 ns, providing

a further indication of the reduced particle crystallinity at that time, consistent with Grammatikopoulos et al.58 [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(Figures 5 and 6) due to the smaller surface-to-volume ratio
resulting in a reduction in the average disorder variable (as
shown for dp,0 5 3 and 3.5 nm, Supporting Information: Figure
S2). The formation of grains with different orientation starts
taking place at t 5 1 ns while later on (t 5 10 ns) twin bounda-
ries are formed indicated here by the white broken lines. Such
twin boundary formation has been observed by in situ TEM of
coalescing Au nanoparticles (dp,0 5 3–7 nm) by electron beam
irradiation, as a result of particle rotation to achieve alignment
of their crystallographic orientations (Yuk et al.23: Figure 1).
Here, however, grain boundary diffusion does not take place
as the grain boundaries do not propagate. The g(r) is shown at
600 K (red lines) and 800 K (blue lines) at t 5 0, 0.1, and 10
ns. The first peak of the g(r) function (peak of the nearest
neighbor atoms) is broader for 800 K, revealing the decreased
crystallinity order at that T. This peak becomes slightly broader
even at the same T, when particle adhesion and neck growth
take place (t 5 0.1 ns), indicating further the enhanced degree
of disorder at that stage, consistent with MD simulations of Pd
nanoparticles (Grammatikopoulos et al.58: Figure 9).

Effect of initial crystal structure on crystallinity
dynamics during sintering

Figure 9 shows snapshots of cross-sections of two unequally
sized coalescing Au nanoparticles with dp,0 5 3 (gray) and 4 nm
(white) at t 5 0, 0.01, 0.1, 1, and 10 ns. The atoms are colored
based on the particle they initially belong to (left columns) or
based on the value of their disorder variable (right columns). To

eliminate the effect of initial crystal structure on the orientation
of the formed grain, the smaller particle has amorphous structure
(no “blue” atoms exist at this temperature) while the bigger one
is crystalline (Figure 9a). The two particles undergo sintering at
T 5 800 K. After adhesion, the atoms of the small, liquid-like
particle align with those of the bigger particle and form a new
grain of similar orientation with the starting particle (t> 0.1 ns).
This eventual propagation of the crystalline structure (big parti-
cle) toward largely disordered domains (small particle) results in
structures similar to those formed by grain boundary migration
(Yuk et al.23: Figure 2). It should be noted that our simulations

with unsupported Au nanoparticles are in qualitative agreement
with the data of Yuk et al.23 of supported Au nanoparticles
despite the difference in temperature and time scale as electron
beam irradiation may heat the particles to high enough tempera-
ture to induce their sintering.

In Figure 9b, the initial fraction of crystalline particles is
decreased by starting with a small, crystalline particle (dp,0 53 nm)
and a big, amorphous one. The nanoparticles sinter at constant
T 5 800 K and rapidly (t 5 0.1 ns) form a spherical amorphous
particle. This liquid-like phase persists (t 5 10 ns) until recrystalli-
zation takes place (t 5 30 ns) and multiple twins are formed (poly-
crystalline particle). Furthermore, sintering is faster here (Figure
9b) as full coalescence is completed at t 5 0.1 ns, contrary to the
initial configuration of high crystalline order (Figure 9a) that parti-
cle rounding takes longer.

Figure 10 shows the evolution of normalized surface area of
two Au nanoparticles of equal (3–3 or 4–4 nm) and different

Figure 9. Snapshots of cross-sections of two Au nanoparticles with dp,0 5 3 (gray) and 4 nm (white) undergoing
sintering at T 5 800 K at t 5 0, 0.01, 0.1, 1, 10, and 30 ns.

Even though the smaller particle is initially amorphous (Figure 9a) when sintering starts taking place, it attains the crystal struc-

ture and grain orientation of the bigger particle. However, when the bigger particle is initially amorphous (Figure 9b) the result-

ing cluster also has low crystalline order (t� 10 ns), but at sufficiently long times (t 5 30 ns) recrystallization occurs and multiple

grains are formed that grow with time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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diameters (3–4 nm) undergoing sintering or coalescence at

T 5 800 K. Initially (t 5 0 ns), the particles have different

crystallinity state (amorphous or relatively high crystalline

order) that affects the evolution of surface area reduction and,

therefore, the sintering rate, especially for large particle sizes.

For example, the 4–4 nm crystalline nanoparticles (dark blue

line) coalesce much more slowly (ss � 10 ns, diamond) than

amorphous ones of the same size (brown line) that the corre-

sponding ss is more than two orders of magnitude smaller (ss

� 0.025 ns, circle). So, amorphous nanoparticles sinter much

faster than crystalline ones for given particle size and tempera-

ture. Thus, the crystal structure of Au coalescing nanoparticles

not only affects the sintering mechanism23 but also the rate of

sintering or coalescence.

Conclusions

The sintering rate and crystallinity dynamics of coalescing

Au nanoparticles are investigated by MD at isothermal condi-

tions for various particle sizes. The trajectories of the neck,

surface, and bulk atoms reveal that early sintering primarily

takes place by surface diffusion due to the increased mobility

of surface atoms, in the absence of grain boundary diffusion.
The crystallinity dynamics are elucidated during sintering

of different Au particle sizes and initial crystalline configura-

tions, using a disorder variable that quantifies the local crystal

structure. Surface atoms are highly distorted (amorphous),

especially for small particles and high temperatures, while

bulk atoms generally retain their fcc structure throughout the

process. During particle adhesion, the atoms close to the neck

region exhibit low crystalline order but recrystallize as sinter-

ing proceeds, consistent with literature. At early stages of sin-

tering, grains of different orientation are formed. Coalescing

particles of diverse initial crystallinity result in polycrystalline

materials (multiple twin boundaries) that form by different sin-

tering rates, even though formation of completely amorphous

particles is observed before recrystallization takes place.
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