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a b s t r a c t

The gas-phase sintering kinetics of nickel nanoparticle agglomerates was investigated by a two step elec-
trical mobility classification. The first electrostatic classifier sorted the agglomerated mono-area nickel
nanoparticles generated by pulsed laser ablation, and then the subsequent heating process created the
sintered nickel nanostructures. The second electrostatic classifier combined with the condensation
nucleus counter scanned the shrinkage of the agglomerated mono-area nickel nanoparticles due to the
sintering process. The change in the mono-area particle mobility size measured by the electrical mobility
classification technique was compared with the results of the existing coalescence model to extract the
kinetic parameters for the sintering of nickel particles. The optimum activation energy found in this study
was �63 kJ/mol, which falls between the diffusion of nickel atoms (�49 kJ/mol) and the migration and
coalescence of nickel particles (�78 kJ/mol).

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Aerosol particle generating processes (e.g. diffusion flame, laser
ablation, and condensation–evaporation methods) often produce
highly agglomerated nanoparticle clusters. For the potential appli-
cations of functional nanoparticles, separated and spherical nano-
particles are preferred, because one can easily predict their
behaviors and fundamental properties based on their known size
and shape. Generally, when primary nanoparticles are formed in
the gas phase, they begin to grow via the competition between
the coagulation and sintering processes. To control the morphology
of nanoparticles in the gas phase, it is necessary to disturb either
the coagulation or sintering process. If the coagulation takes place
much faster than the sintering process, highly agglomerated frac-
tal-like particles can easily be obtained, which have a higher spe-
cific surface area and reactivity. However, to obtain separated
particles with a single primary size, the sintering process should
be enhanced so that the highly agglomerated particles are able to
reshape and eventually fuse into a single primary particle.

Numerous researchers have investigated the sintering kinetics
of metal and metal oxide particles with broad size distributions,
which mask the effect of the size-dependent factors on the sinter-
ing behavior [1–3]. To measure the extent of restructuring of sin-

tered particles, Shimada et al. [4] and Weber and Friedlander [5]
employed a tandem differential mobility analyzer (TDMA), which
enabled them to investigate the sintering kinetics of various types
of particles by the electrical mobility classification technique. Shi-
mada et al. [4] described the sintering mechanism of agglomerated
silver particles based on a coalescence process, which eventually
makes these agglomerated particles fuse into a single primary par-
ticles. However, Weber and Friedlander [5] proposed another sin-
tering mechanism, in which agglomerated silver or copper
particles were compacted by the rearrangement of the primary
particles. Later, Karlsson et al. [6] proposed that the compacting
behavior of agglomerated nanoparticles is strongly material-
dependent and predominantly occurs by the self-diffusion of the
metal atoms.

To date, the sintering kinetics of various metals (e.g. Au, Ag, Cu,
Fe, etc.) and metal oxides (e.g. TiO2, SiO2, SnO2, etc.) has been
intensively studied [1–6]. However, the sintering kinetics of nickel
has been rarely explored. The importance of nickel nanoparticles is
highlighted by their important role as a catalytic seed to grow car-
bon nanotubes, which are used as the potential building blocks for
micro- and nano-scale sensors, actuators, and electronic devices. It
is important to obtain knowledge about the sintering kinetics of
nickel nanoparticles, in order to control their final size and mor-
phology, which can strongly affect the nanostructures (i.e. diame-
ter or length) of carbon materials catalytically grown on the
surface of nickel particles.
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In this work, the sintering process of nickel nanoparticle
agglomerates is experimentally investigated by using a tandem
differential mobility analyzer (TDMA). The coalescence model
suggested by Seto et al. [3] is then employed to predict the
change in the particle size due to their sintering behavior so
that we can extract the sintering kinetics of nickel nanoparticles
in the gas phase by comparing it with the experimental TDMA
measurements.

2. Theoretical model

To theoretically describe the sintering process, the sectional
model suggested by Seto et al. [3] was employed in this study.
Briefly, the sectional model is described by the mechanism under-
lying the change in the surface area of agglomerated particles. The
reduction rate of the surface area of sintering agglomerated parti-
cles is given by Koch and Friendlander [7],

das

dt
¼ �1

s
ðas � ascÞ; ð1Þ

where as is the surface area of the agglomerated particles at time, t,
and asc is the surface area of the final single sphere after the com-
pletion of the sintering process.

In the sectional model-based calculation, the heating zone in
the sintering furnace is divided into ith sections. Eq. (1) is able to
be converted into an integrated form as follows,

asi ¼ asi�1 exp �Dti

si

� �
þ asc 1� exp �Dti

si

� �� �
; ð2Þ

where asi and asi�1 are the surface areas of the agglomerates in the
ith and (i�1)th sections, and si is the sintering time [i.e.
si ¼ Adm

pi expðE=RgTÞ, where m is assumed to be 4 for grain boundary
diffusion, A and E are the diffusion coefficient and activation energy,
respectively, Rg is the universal gas constant, dpi is the primary par-
ticle size in the ith section (i.e. dpi = 6 V/asi), where V is the volume
of the agglomerate (i.e. V ¼ pd3

piN=6), where N is the number of pri-
mary particles in an agglomerated cluster (i.e. N = (df/dpi)3), where
df is the final mobility size of the fully sintered nickel particle]. Also,
Dti is the heating period in the ith section.

The calculation of Eq. (2) is repeated by increasing i by 1 until
the final section is reached, viz. the �1000th in this study. The final
equivalent surface area particle diameter, ds (i.e. ds = (as/p)1/2), was
compared with the measured electrical mobility diameter, dm, to
extract the kinetic energy corresponding to the sintering of nickel
nanoparticles in the gas phase.

3. Experimental

Fig. 1 shows a schematic of the experimental system, which
consists of a pulsed laser ablation (PLA) particle source and a tan-
dem differential mobility analyzer (TDMA) system. The PLA system
consists of a 1064 nm Q-switched Nd:YAG laser beam focused with
a 20 cm focal length lens onto a solid nickel target. The intense la-
ser-induced micro-plasma at the nickel surface generates nickel
vapor which is continuously swept and quenched by a 1 lpm flow
of nitrogen carrier gas, so that nickel nanoparticles are formed by
nucleation and coagulation. The addition of a 50 cm3 min�1 (SCCM)
flow of hydrogen, along with the nitrogen carrier gas, was used to
suppress the possible formation of an oxide layer on the nickel par-
ticles. The nickel target was mounted on a rotating shaft with a
stepper motor, so that the target could be rotated with a controlled
interval to provide the particle generation process with long-term
stability.

The polydisperse nickel aerosol particles generated in the PLA
were then rapidly transported into DMA-1, which is incorporated
within the laser ablation chamber. Since a reasonably high fraction
of the PLA-generated nickel particles are singly charged due to the
laser-induced plasma, the DMA was operated without any auxil-
iary charger. The DMA was employed as a particle size selection
tool and operates on the basis of gas-phase electrophoresis, by
selecting particles based on their equivalent electrical mobility.
The details of the DMA are described elsewhere [8]. Briefly, the
DMA typically consists of a high voltage-connected cylindrical cen-
tral rod, which is aligned coaxially with an electrical ground-con-
nected cylindrical housing. Clean dry sheath nitrogen (�10 lpm)
was supplied around the central electrode, and the annular flow
of PLA-generated aerosol particles (�1 lpm) was introduced from
the top of the DMA column. While the majority of the metal aero-

Fig. 1. Schematic of sintering model and experimental setup consisting of pulsed laser ablation and tandem differential mobility analyzer system (DMA: differential mobility
analyzer, CNC: condensation nucleus counter, MFC: mass flow controller, H.V.: high voltage power supply).
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sols were exhausted through the bottom of the DMA column, a
fraction of the metal aerosols with equivalent electrical mobility
are classified on the basis of the balance between the electrostatic
attraction and drag forces, and can be extracted from the instru-
ment. In this study, two DMAs (i.e. TDMA) were employed. DMA-
1’s function is to classify the singly charged mono-area particles
by their electrical mobility [9]. The mono-area metal nanoparticles
selected by DMA-1 were subsequently sintered in the first tube
furnace (hereafter referred to as the sintering furnace) at various
temperatures to form larger unagglomerated primary particles.
The sintering furnace had a 2.54 cm diameter � 50 cm heating
length so that the residence time was �3 sec at �1200 �C for a
fixed 1 lpm aerosol flow rate. As a final step, DMA-2 combined with
the condensation nucleus counter (CNC) scans the evolution of the
resulting size distribution after sintering, to obtain the extent of
shrinkage.

4. Results and discussion

The nickel nanoparticles generated by PLA in this approach have
a broad particle size distribution (PSD) (i.e. standard deviation of
�1.41) with a peak relative count at a mobility size of �60 nm,
as shown in Fig. 2a. To track the temperature-dependent sintering
behavior of the nickel nanoparticles, we employed two consecutive
electrical mobility classification steps. First, the polydisperse nickel

nanoparticles generated by PLA pass through DMA-1, and then a
group of agglomerated mono-area nickel nanoparticles with the
same electrical mobility and a very narrow particle size distribu-
tion (i.e. standard deviation of �1.17) are selected, as shown in
Fig. 2a. In this study, after the three initial groups of agglomerated
nickel nanoparticles with sizes of 20, 32, and 52 nm, respectively,
were classified by DMA-1, they were subsequently sintered at var-
ious temperatures in the sintering furnace with a residence time of
�3 sec. Then, DMA-2 was employed as a scanning tool to detect the
decrease in the surface area of the sintering nickel particles, in or-
der to directly track their sintering kinetics. Fig. 2b presents the
evolution of the size distribution of the initial 52 nm size-selected
nickel particles as a function of the sintering temperature. The sin-
tering-induced shrinkage in the particle size began at �100 �C,
accelerated at medium temperatures of between 200 and
1100 �C, and stopped at temperatures higher than �1200 �C. The
initial 52 nm nickel nanoparticles were observed to be fully sin-
tered and turned into isolated primary particles with an average
size of �20 nm. The decrease in the relative count of the number
concentration of nickel particles with increasing sintering temper-
ature is attributed to the thermophoretic deposition loss of the in-
flight nickel particles to the sintering reactor wall.

To corroborate the series of TDMA measurements, TEM analysis
was performed for the nickel particles sintered at various temper-
atures. The PLA-generated nickel nanoparticles corresponding to

Fig. 2. (a) Mobility size distribution of polydisperse (i.e. without using DMA-1) and DMA-1 selected mono-area nickel particles measured by DMA-2 combined with a CNC,
and (b) the evolution of the mobility size distribution of the initial 52 nm nickel particles at various sintering temperatures.
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the broad PSD shown in Fig. 2a were observed to be highly agglom-
erated with a primary size of �5 nm, as shown in Fig. 3a. After the
sintering process at �1200 �C, the morphological change of the
polydisperse nickel particles is shown in Fig. 3b, where the size
of the primary particles (i.e. �30 nm) became much bigger due
to the enhanced sintering process at high temperatures. To observe
the effect of sintering on the mono-area nickel particles, the poly-
disperse nickel agglomerated particles were first classified by
DMA-1, in which randomly rotating nickel agglomerated particles
in the electric field were selected by the balance between the elec-
trostatic attraction force and drag force [9]. With the assistance of
DMA-1, the agglomerated mono-area nickel nanoparticles with
electrical mobility sizes of 20, 32, and 52 nm were sampled and
then subsequently in-situ sintered at various temperatures in the
sintering tube furnace. Fig. 3c and d show the mono-area nickel
particles with an initial mobility size of 32 nm before and after sin-
tering at �1200 �C, respectively. After the sintering process of the
DMA-1 selected mono-area particles, one can clearly see that fully
sintered and isolated spherical-like nickel nanoparticles were
formed, as shown in Fig. 3d, implying that the compaction of the
agglomerated nickel particles is finished at temperatures higher
than �1200 �C.

On the basis of the series of TDMA measurements, the change
in the experimentally measured particle size (symbols) due to the
sintering behavior was compared with the theoretically predicted
size (solid lines) (i.e. Eq. (2)) of the nickel particles as a function of
the sintering temperature, as shown in Fig. 4. It can be seen that
the continuous shrinkage in the particle mobility diameter oc-
curred with increasing sintering temperature. However, the parti-
cle mobility diameters remained constant at certain critical
temperatures, indicating that no more compaction occurred. At
this point, the internal restructuring process, leading to the for-
mation of crystallite structures, takes place. To extract the sinter-
ing kinetics of the nickel nanoparticles, we varied both the pre-
exponential factor and activation energy in the coalescence model
presented in Eq. (2). The best fit between the experimentally- and
theoretically-determined nickel particle sizes at various tempera-
tures and initial particle sizes was then found, as shown in Fig. 4.
The optimum values of the pre-exponential factor (A) and activa-
tion energy (Ea) for the sintering nickel aerosol particles were
found to be A = �1.1 � 1029 s/m4 and Ea = �63 kJ/mol, respec-
tively. Our measured activation energy (�63 kJ/mol) for the sin-
tering of agglomerated nickel particles falls between the values
for the diffusion of nickel atoms (�49 kJ/mol) [1] and the migra-

Fig. 3. (i) TEM images of PLA-generated polydisperse nickel particles (a) before and (b) after sintering process at �1200 �C, and (ii) DMA-1 classified 32 nm mobility size
mono-area nickel nanoparticles (c) before and (d) after sintering process at �1200 �C.

Y.K. Moon et al. / Current Applied Physics 9 (2009) 928–932 931



Author's personal copy

tion and coalescence of nickel particles (�78 kJ/mol) [2], implying
that the gas-phase sintering of nickel nanoparticles occurred by a
combination of the nickel atom migration and particle migration
(i.e. coalescence) mechanisms in the temperature range of 25–
1300 �C.

5. Conclusion

We investigated the sintering kinetics of agglomerated nickel
aerosol nanoparticles using the TDMA technique. With the assis-
tance of two sequential electrical mobility classification tech-
niques, the change in the mobility size of agglomerated mono-
area nickel particles was scanned, and then the sintering kinetic

parameters were extracted by comparing the TDMA-measured
data with the theoretical coalescence model. On the basis of the
activation energy for the sintering of nickel nanoparticles found
in this study, the combination of nickel atom migration and nickel
particle migration (i.e. coalescence) was suggested as the sintering
mechanism for agglomerated nickel aerosol nanoparticles in our
approach. This sintering kinetics study also enables the shape
and size of agglomerated nickel nanoparticles to be controlled by
perturbing both the coagulation and sintering processes, thus pro-
viding one of potential means to process nanostructured materials.
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