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The sintering of Ni nanoparticle agglomerates in the gas phase is studied. The partially or completely
sintered agglomerates are characterized in flight by in situ electrical mobility measurement and after their
deposition by transmission electron microscopy. The mobility diameter, the mean primary particle diameter,
and the total surface area of the agglomerates are determined as functions of the sintering temperature. The
experimental results are analyzed using an empirical law for the primary particle coarsening as well as by
means of a modified Koch-Friedlander theory. It turns out that the activation energy for the dominating
diffusion process is Ea=0.6 eV/atom, which is characteristic for surface diffusion in Ni. Our analysis provides
a consistent picture with respect to both the temperature dependence of the characteristic sintering time and the
mean diffusion length.
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I. INTRODUCTION

Within the last decade, considerable scientific interest has
focused on the physical properties of metallic nanoparticles
because of their potential for the industrial production of
materials or devices exhibiting the unique properties of
nanosized structures. Among the different methods applied,
the production of nanoparticles using the gas phase synthesis
by inert gas condensation1 exhibits several advantages, as,
e.g., easy scalability to large production rates and high ma-
terial purity. Nevertheless, this method bears some difficul-
ties to be overcome, as, e.g., the polydispersity of the par-
ticles and their agglomeration. To provide nanoparticles with
definite properties, i.e., with definite size and morphology, a
heat treatment of the primary particles, subsequent to their
initial coalescence and coagulation, is usually necessary. In
order to control this process efficiently, a detailed knowledge
of the morphological changes and the coalescence behavior
of the primary particles during the sintering is highly desir-
able.

Theoretically, different approaches have been used so far
to study the sintering of nanoparticles. Macroscopic con-
tinuum physics has been employed to describe the initial
stage of sintering. Nichols and Mullins2,3 and later Coblenz
et al.4 have studied the influence of different diffusion
mechanisms on both the evolution of a sinter neck between
adjacent particles and the characteristic sintering time. Koch
and Friedlander5 have developed a self-preserving model for
the sintering by assuming the minimization of the agglomer-
ate surface as the essential driving force for the sintering
process. Based upon these studies, models for the mutual
interplay between interparticle coalescence on the one side
and coagulation �i.e., the successive formation of agglomer-

ates� on the other side have been developed.6–11

More recently, molecular dynamics and kinetic Monte
Carlo simulations have been employed to microscopically
investigate the coalescence behavior of faceted �i.e., thermo-
dynamically equilibrated, nonspherical� metallic
nanoparticles12–15 as well as the complete evolution process
of nanoparticles in the gas phase.16,17

Experimentally, the sintering behavior of nanoparticles in
the gas phase has been studied for both metals and nonmetals
�see, e.g., Refs. 6–10 and references therein�. The variation
of the particle number concentration, the primary particle
diameter, the effective agglomerate size, and the agglomerate
morphology with time and temperature constitute the central
aspects of these investigations. Little is, however, available
on the experimental determination of the relevant activation
energies for the gas phase sintering, although this property is
in general well suited to distinguish between the various sin-
tering mechanisms. The reliable determination of this activa-
tion energy is one of the main foci of the present work.

One important experimental quantity for the analysis and
description of the gas phase sintering is the electrical mobil-
ity of the agglomerate or particle which is related to its size.
The mobility change during sintering is measured in situ by
means of differential electrical mobility analyzers �DMA�.
The agglomerate or particle morphology, however, cannot be
directly inferred from DMA measurements, since the mobil-
ity diameter as the measured quantity refers only to the true
geometric diameter if the agglomerate or particle is compact
and spherical-like. Hence, another experimental method,
namely transmission electron microscopy �TEM� is neces-
sary and suitable to provide complementary information
about the change of the agglomerate morphology, especially
in the early stage of sintering, when the agglomerates exhibit
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fractal-like morphologies. In addition, TEM provides the
possibility to measure the primary particle size and the sur-
face areas of particles or particle agglomerates.

In this paper, the sintering behavior of Ni nanoparticles is
studied by both DMA measurements and TEM investiga-
tions. Previous studies on Ni particles were mainly focused
on the investigation of oxidic shells on the sintering
behavior18,19 or were bound for relatively large primary par-
ticles with sizes beyond 25 nm.20 The present experiments
are conducted in reducing atmosphere and provide numbers
for the agglomerate mobility diameter, for the primary par-
ticle diameter, and for the agglomerate surface area as func-
tion of the sintering temperature. The results are compared
with macroscopic sintering theories. Using a modified Koch-
Friedlander model, we show that the sintering is consistently
described by dominant surface diffusion of the coalescent Ni
particles.

II. EXPERIMENT

The experimental setup for the generation and gas phase
sintering of the Ni nanoparticles is schematically shown in
Fig. 1. High-purity Ar �99.999% � with a 2% addition of hy-
drogen is used as a carrier gas for the particles. Here, the
hydrogen content serves as a reducing agent to avoid particle
oxidation due to residual oxygen. The carrier gas is continu-
ously flowing at a pressure of 1013 mbar and a flow rate of
1.6 l /min throughout the whole experimental setup. Nickel
is evaporated into the gas flow from a high-purity Ni wire
�99.995%� which is electrically heated to 1260�±1% � °C.
The Ni particles nucleate from the supersaturated vapor and
subsequently coagulate mainly in the coagulation chamber
�volume 2.2l� within a time interval of 1 to 2 min.

Having passed a radioactive 85Kr charger, the polydis-
perse agglomerates carry predominantly a single electron
charge. They are fractionated with respect to their electrical
mobility by a first differential mobility analyzer
�DMA1�.21,22 In such a differential mobility analyzer
�DMA�, the aerosol �i.e., the carrier gas and the particle ag-
glomerates� is passing a cylindrical capacitor. Within the
electrical field of the capacitor, the charged agglomerates ex-

perience a transverse electrical force resulting in a transverse
drift velocity proportional to this force. The proportionality
factor is the so-called electrical mobility, which is a function
of charge, mass, and shape of the particles. A variation of the
electrical field thus allows to fractionate the particles, which
may escape the capacitor through a lateral aperture, with
respect to their electrical mobility. The mobility equivalent
diameter of an arbitrarily shaped particle �or particle agglom-
erate�, DM, is defined as the diameter of a compact, spherical
particle with the same electrical mobility. Thus, although dM
is always related to the geometric size of the particle, only
for spherical particles are the two diameters identical �for
details, see Refs. 21 and 22�.

In our experiment, monodisperse agglomerates with a mo-
bility diameter of dM =60±6 nm are extracted from the poly-
disperse agglomerates �dM =25.7 nm, geometrical standard
deviation �G=1.97�. The selection of such a relatively large
mobility diameter allows to study the sinter process of a
sufficiently large number ��100� of agglomerated primary
particles.

After this size selection, the agglomerates are carried
through a tube furnace which is rather uniformly heated to
sintering temperatures TS between 23 °C and 1000 °C. The
residence time of the particles within the furnace, i.e., the
time during which the particles are subjected to the sintering
temperature, is kept constant at t=7 s for all particles under
investigation. Subsequently, the sintered particle agglomer-
ates are either electrostatically deposited in a precipitator
onto amorphous carbon film substrates for ex situ electron
microscopy investigations or conducted to a second DMA
�DMA2� to determine their mobility diameter after sintering
in situ. After having passed DMA1 and/or DMA2 the par-
ticles are counted using an ultrafine condensation particle
counter.

A Philips CM12 microscope �LaB6, 120 keV� has been
used for TEM. From TEM investigations on deposited par-
ticles, the particle size, morphology, crystal structure, and
surface area have been determined after sintering at different
temperatures TS. Especially, the diameter dP of the coagu-
lated primary particles and the surface area A of the agglom-
erates are determined by means of TEM.

FIG. 1. Schematic drawing of the experimen-
tal setup for the gas phase preparation of Ni
nanoparticles.
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III. RESULTS AND DISCUSSION

Figure 2�a� shows a typical TEM micrograph of Ni pri-
mary particles deposited and agglomerated on a carbon film
immediately behind the exit of the particle generator, i.e.,
before entering the coagulation chamber. In Fig. 2�b�, the
size distribution of the diameter dP of the primary particles,
as measured on several TEM micrographs obtained at very
high magnifications, is shown. The distribution exhibits a
log-normal behavior with a mean diameter dP=6.2 nm and a
geometrical standard deviation of �G=1.26. This result is
typical for all our investigated Ni particles. It represents the
primary coalescence conditions of the particles in the particle
generator and was proved to be rather independent of the
carrier gas composition, and it does not depend on the hy-
drogen concentration. Electron diffraction shows that the un-
sintered Ni primary particles are fcc polycrystals with grain
sizes of 1 to 2 nm. The lattice constant is determined to be
a=0.36±0.01 nm, which is slightly larger than the bulk
value of a0=0.3524 nm.

Figure 3�a� presents a TEM micrograph of two Ni particle
agglomerates deposited after having passed the coagulation
chamber, the size selector �DMA1, dM =60 nm� and the tube
furnace at room temperature �RT�. The schematic drawing in
Fig. 3�b� illustrates the meaning of the diameters dM and dP.
The figure shows agglomerates of only weakly sintered pri-
mary particles, exhibiting a fractal-like morphology with
small voids between the particles. Electron diffraction pat-
terns obtained from such RT-sintered agglomerates exhibit a
low contrast and show only blurred diffraction fringes �Fig.
3�c�� thus indicating a low degree of crystallinity.

Figure 4 shows a series of TEM micrographs of particle
agglomerates which have been sintered at temperatures in the
range 23 °C�TS�800 °C. It is worthwhile noting here that
at low sintering temperatures, TS�250 °C, the overall size
of the agglomerates is only slightly reduced with increasing
TS, while the diameter dP of the primary particles continu-
ously grows at the expense of the particle number within
individual agglomerates. Concurrently, some of the voids are
growing whereas others are vanishing. In the temperature
range 250 °C�TS�300 °C, a drastic change of the agglom-
erate morphology is observed: The few remaining voids
open, i.e., particles which are multiply connected at lower TS
become singly connected at elevated sintering temperatures.

Further increase of the sintering temperature results in the
growth of some grains while the sinter neck size approaches
the size of neighboring grains. Here, the primary particle
diameter dP refers to the grain size. At TS=500 °C, the ag-
glomerates are sintered to single particles, consisting of only
a few grains, distinguishable in the TEM images due to dif-
fraction contrast. At TS�500 °C, the particles become in-
creasingly spherically shaped whereas the number of grains
does not essentially change. Here the primary particle diam-
eter dP, i.e., the mean grain size is almost as large as the
diameter of the whole particle. At about 800 °C, the particles
approach thermal equilibrium which is indicated by the oc-
currence of facets at the particle surfaces. Increasing TS fur-
ther up to 1000 °C does not result in any particular change
of the particle size or shape.

Throughout the whole series of TEM micrographs pre-
sented in Fig. 4, it can be seen from the diffraction contrast
�i.e., the dark areas within the particles or agglomerates� that
the grain size successively increases with increasing TS.
However, even at TS=800 °C the particles are not single
crystals but are rather sub-divided into smaller grains.

Figure 5 shows both the mobility diameter dM as deter-
mined in situ with DMA2 and the diameter dP of the primary
particles as determined from TEM images as functions of the
sintering temperature TS. Here, dP represents the median of a
log-normal distribution function fitted to the experimentally
determined sizes, and the error bars are the standard devia-
tion of the according normal distribution. At first glance, the
temperature dependencies of dM and dP appear similar, ex-
cept for their sign. However, there is a sudden decrease of dM
within the narrow temperature interval between 250 and
300 °C; before at higher sintering temperatures, the decrease
of dM levels off and finally approaches the diameter of the
fully sintered particles of roughly 30 nm.

FIG. 2. �a� TEM micrograph of primary Ni particles deposited
on amorphous carbon film immediately behind the particle genera-
tor. �b� Size distribution of unsintered primary particles. The solid
line is a log-normal fit to the experimental data. dP and �G denote
the mean particle diameter and the geometrical standard deviation.

FIG. 3. �a� TEM micrograph of two particle agglomerates with
mobility diameter dM =60 nm sintered at room temperature. �b�
Schematic illustration of the agglomerate mobility diameter dM and
the primary particle diameter dP. �c� Electron diffraction pattern of
the sample.
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Strikingly, the temperature range of the sudden drop in dM
coincides exactly with the temperature for which the TEM
images indicate the occurrence of a major morphological
change due to the opening or vanishing of voids within the

particle agglomerates �s.a.�. Since the voids are smaller than
the mean free path of the carrier gas atoms ���N2�
�70 nm�, they are “invisible” to the DMA. The measured
mobility diameter dM is therefore larger than that of an ag-
glomerate with similar structure but without voids. Further-
more, the increase of the void dimensions observed at low
sintering temperatures may in part compensate for the com-
paction of the agglomerates as evidenced by the increase of
dP with increasing TS. The growth of the primary particle
diameter dP with increasing TS is rather continuous, the
steepest increase of dP occurring at sintering temperatures
from 300 to 400 °C before at higher TS, dP approaches a
value of about 26 nm. This mean grain diameter is only
slightly smaller than the mean diameter dM of the fully sin-
tered agglomerates.

In order to characterize the gas phase sintering process
quantitatively, the initial growth of the primary particles can
be analyzed according to an empirical relation derived for
the grain growth during thermal sintering in nanocrystalline
materials:8

dP
N�TS� − dP0

N = C1 · D0 · t · e−Ea/kBTS. �1�

Here dP and dP0 denote the final and the initial diameter of
the particles �i.e., after and before sintering�, C1 a propor-
tionality constant, t the time of the particle exposure to the
sintering �Kelvin� temperature TS, D0 the pre-exponential
factor of the diffusion constant, Ea the activation energy for
the relevant diffusion process, and kB the Boltzmann con-
stant. The exponent N is somewhat uncertain and discussed
in the literature to vary between 2 and 4, depending on the
sintering model employed. N=2 can be derived from an
evaporation-condensation model; N=4 is adequate for a sur-
face or grain boundary diffusion process. According to Eq.
�1�, the activation energy of the diffusion process relevant for
the gas phase sintering of Ni nanoparticles can be determined
from Arrhenius plots for dP

N−dP0
N . A plot, using N=4, is

shown in Fig. 6. Linear regression of the experimental data
up to 500 °C gives Ea=0.61±0.1 eV/atom. From an Arrhen-
ius plot, using N=2 �not shown�, Ea=0.37±0.1 eV/atom is
derived. We note here that Eq. �1� does not allow for a de-
scription of the saturation effect of the particle growth due to
the finite size of the agglomerates �see Fig. 5�, which is also
seen in Fig. 6 at the two highest temperatures.

FIG. 4. Series of micrographs of Ni nanoparticles deposited on
carbon films after gas phase sintering for t=7 s at different tempera-
tures TS as indicated on the images.

FIG. 5. Mobility diameter dM and primary particle diameter dP

vs sintering temperature TS as determined in situ with DMA and ex
situ from TEM, respectively. Lines are guides to the eye.

FIG. 6. Arrhenius plot for primary particle diameters as deter-
mined from TEM images. The straight line represents a least square
fit to the data for 200 °C�TS�500 °C.
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Comparison with literature data for the diffusion constants
of Ni as collected in Table I reveals the following: The acti-
vation energy for the gas phase sintering of Ni nanoparticles
is significantly smaller than data reported for volume diffu-
sion. For N=4, Ea is comparable with activation energies
associated with surface diffusion. For Ni nanoparticles, how-
ever, a clear distinction between surface and grain boundary
diffusion is difficult, since the grain boundary diffusion con-
stant, as taken from the literature data, decreases with grain
size and may become as small as that for surface diffusion.
Moreover, the important pre-exponential factor D0 of the dif-
fusion constant cannot be determined using the empirical
relation, Eq. �1�, since the constant C1 is unknown.

An alternative method to determine the parameters char-
acterizing the dominant diffusion process for the sintering of
Ni nanoparticles is based on the determination of the ag-
glomerate surface area A�TS�. Experimentally, A can be de-
termined either from the measured mobility diameter, A
=ADMA, or from TEM micrographs, A=ATEM. Since the
DMA is not capable to determine the agglomerate morphol-
ogy, ADMA can only be calculated with the crude assumption
that the agglomerate is dense and spherical, i.e., ADMA
=�dM

2 . This assumption is justified for agglomerate struc-
tures, as obtained at high sintering temperatures where dP
and dM are comparably large.

For the determination of ATEM, we use two geometric ap-
proximations illustrated in Fig. 7. At low sintering tempera-
tures �TS�300 °C� the deposited agglomerates mostly con-
sist of “flat” and loosely interconnected branches of primary
particles. Here we apply the “holey pancake” geometry ap-

proximation, where ATEM=2Aproj+ ldP, with 2Aproj being the
up and down side projection area, l and dP being the length
and width of the circumference area, respectively, including
inner circumference areas due to voids. Aproj, l, and dP are
determined from TEM micrographs of a series of agglomer-
ates at each sintering temperature. At high sintering tempera-
tures �TS�300 °C�, the spherical geometry is applied, thus
ATEM=4Aproj. At temperatures near TS=300 °C, both ap-
proximations give essentially the same result for A.

In Fig. 8, the surface areas ADMA and ATEM are plotted as
a function of the sintering temperature TS. Both areas de-
crease with increasing TS. Coinciding above 300 °C, they
approach at high sintering temperatures the surface area of a
solid sphere with about 30 nm diameter. At low TS, ADMA is
significantly larger than ATEM. This is ascribed to the fact that
in ATEM, the fractal-like morphology and the occurrence of

TABLE I. Diffusion constants for nickel as taken from the literature. D0, Ea, and T are the pre-exponential
factor of the diffusion constant, the activation energy, and the temperature interval of the measurement,
respectively. Abbreviations: Vol = volume diffusion. GB = grain boundary diffusion. S�hkl��h�k�l��	surface
diffusion on an �hkl� plane in �h�k�l�� direction. FIM = field ion microscopy. P	powder sample. PC
	polycrystal. SC	single crystal. TF	thin film. �
pure Ni, � commercial grade Ni �Ref. 34��

Diffusion
path

D0

�m2/s�
Ea

�kJ/mol�
Ea

�eV/at. �
T

�K� Grain size �sample� Ref.

Vol 1.9�10−4 279.5 2.90 475–650 �SC� 23

Vol 1.33�10−4 280.8 2.91 606–920 �SC� 24

GB - 46 0.48 20–200 70 nm �P� 25

GB - 102 1.06 227–427 100–400 nm �P� 26

GB - 116 1.20 270–650 500 nm �TF� 27

GB - 170 1.76 300–600 4 m �TF� 27

GB 4.4�10−11 187 1.94 368–1051 70 m �PC� 28

GB 7�10−6 114.6 1.19 475–650 30–70 m �PC� 23

GB - 276 2.86 850–1000 110 m �PC� 29

S - 90 0.93 237–477 �FIM tip� 30

S�110��110� 9�10−7 73 0.76 500–877 �SC� 31

S�110��001� 4.7�10−2 188.3 1.95 500–877 �SC� 31

S�111� 3�10−2 159 1.65 614–840 32

S�110� 1�10−6 52 0.54 625–935 33

S 8�10−8 75 0.78 800–1200 150 m
 �PC� 34

S 1.8�10−7 89 0.92 800–1200 150 m� �PC� 34

S�110� 2�10−6 85 0.88 800–1080 �SC� 35

FIG. 7. Schematic illustration of approximations used for the
temperature-dependent determination of the Ni particle agglomerate
surface areas from TEM micrographs.
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voids is taken into account which is not the case for ADMA.
On the other hand, the image contrast of the particles is quite
weak at low TS, causing a relatively large error in ATEM.

The quantitative analysis of the A�TS� data is based on the
phenomenological model of Koch and Friedlander.5 Within
this model, the driving force for thermal sintering is the
minimization of the surface free energy which necessitates a
reduction of the agglomerate surface area, the rate of which
is assumed to behave as

dA

dt
= −

1

�S
�A − Aeq� . �2�

Here, �S and Aeq are the characteristic sintering time and the
surface area of the thermally equilibrated, i.e., fully sintered
agglomerate, respectively. From macroscopic continuum
theories of sintering via surface diffusion, the sintering time
�S is predicted to vary with the fourth power of the particle
size:2,3

�S = CR4 with C =
kBTS

25D�a4 , �3�

where R, D, �, and a are the radius of the primary particles
within the agglomerates, the diffusion constant, the surface
free energy, and the atomic diameter, respectively. If the
solid particles are not amorphous, the surface free energy is
not constant, but rather a function of the surface orientation.
Nevertheless, Eq. �3� remains valid with some effective
value of �, provided all surfaces are above their roughening
temperature. Then the sintering process leads to an equilib-
rium shape which is rounded everywhere, but is not a sphere.
Lowering the temperature to below the roughening tempera-
ture of the low index surfaces leads at first to isolated facets
in these directions, completely surrounded by parts that are
still rough. Upon further decreasing the temperature, surfaces
with higher indices also cease to be rough until at T=0 the
crystal is completely faceted. Recent Monte Carlo
simulations14 have shown that faceted elongated particles as-
sume their more isotropic equilibrium shape more slowly
than expected from Eq. �3�, because crystal growth on the
facets requires the nucleation of new islands. This is slow.
Hence, the continuum theory of mass transport leading to Eq.
�3� is only valid for the rounded surface parts which are still

above their roughening temperature. This raises the question
whether Eq. �3� is applicable for the sinter temperatures con-
sidered in our experiments. We claim it is, because when the
coagulated primary particles enter the sintering furnace they
are most likely not faceted, even for temperatures below the
roughening temperature for low index surfaces. The reason is
that they form during a rapid thermal quench in the cold
carrier gas when leaving the nucleation zone. Thus, the par-
ticle agglomerates entering the sintering furnace are far from
being thermally equilibrated. They have a low degree of
crystallinity as confirmed by electron diffraction �see Fig.
3�c��. Moreover, no facets were observed in the TEM images
in this case. Consequently, no facets inhibit the initial stages
of sintering when the sintering furnace is switched on. Al-
though particles, which are subjected to sintering tempera-
ture of about 400 °C, have developed small facets, they still
have large rounded surface areas. Therefore, we may assume
that the sinter interval is short enough that the sinter process
is not affected by the need to nucleate islands on terraces,
which means that for our experimental situation, Eq. �3� re-
mains valid.

To solve Eqs. �2� and �3�, we make the simplifying as-
sumption that each agglomerate consists of ��R� identical
spherical particles with radius R. From our experimental ob-
servations we can deduce that the total volume V, i.e., the
total mass of the agglomerate, is conserved during the sinter-
ing process:

V = ��R�
4�

3
R3 = const =

4�

3
Req

3 , �4�

where Req is the radius of the fully sintered, i.e., the spherical
particle. This leads to a temperature-dependent rescaling of
the surface area A with ��R�:

A = ��R�4�R2, �5�

and it follows that

R = 3
V

A
. �6�

With Eqs. �3� and �6�, the Koch-Friedlander equation �Eq.
�2�� can be rewritten as

dA

dt
� −

A4

C�3V�4 �A − Aeq� . �7�

The implicit solution of this equation is

t = CReq
4 f�A� , �8�

where f�A� is a function solely dependent on the agglomerate
surface area before sintering, A0, during sintering, A, and in
the fully sintered state, Aeq:

FIG. 8. Sintering temperature dependence of Ni nanoparticle
surface areas A as determined from DMA measurements and TEM
investigations. Lines are guides to the eye.
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f�A� = ln� 1 −
Aeq

A0

1 −
Aeq

A
� −

Aeq

A0
	A0

A
− 1
 −

1

2
	Aeq

A0

2�	A0

A

2

− 1�
−

1

3
	Aeq

A0

3�	A0

A

3

− 1� . �9�

With D=D0exp�−Ea /kBTS�, it follows from Eqs. �3� and �8�
that

TS · f�A� =
25�a4D0t

kBReq
4 · e−Ea/kBTS = � · e−Ea/kBTS. �10�

Using the experimental ATEM and ADMA data as temperature-
dependent surface areas A�TS�, both the activation energy Ea

of the diffusion constant and the pre-exponential factor D0
can be determined from an Arrhenius plot ln�TSf�A�� vs
1/TS. The resulting plots are shown in Fig. 9. As one can see,
good agreement is achieved between the data of ATEM and
ADMA except for TS�300 °C �1000/TS�1.8�, where ADMA

is likely to be enhanced with respect to the “real” agglomer-
ate surface area due to the occurrence of voids. From linear
regressions of both the TEM data and the DMA data above
250 °C, activation energies of Ea=0.65±0.1 eV/atom and
Ea=0.60±0.1 eV/atom are obtained, respectively. Using the
surface free energy for Ni of �=2 J/m2,36 the according pre-
exponential factors are determined to be D0=1

�10−11 m2/s and D0=8�10−12 m2/s, respectively. Together
with Ea and D0 as obtained from the temperature-dependent
primary particle diameter dP�TS� �Fig. 6�, these results are
collected in Table II.

Using Eqs. �3�, �6�, �8�, and �9�, the characteristic sinter-
ing time �S�TS� is determined from both the experimental
ATEM�TS� and dP�TS� data:

�S =
t

f�A�
· 	Aeq

A

4

=
t

f„A�dP�…
· 	 dP

dP,eq

4

. �11�

The results are shown in Fig. 10. �S�TS�, as calculated from
these two nearly independently determined sets of experi-
mental data, agree very well. As expected, �S decreases rap-
idly with increasing sintering temperature TS due to the in-
crease of the diffusion constant D. The temperature range
250 °C�TS�450 °C, where the slope of log��S� vs TS is
smaller than at lower and higher temperatures, defines the
sintering range. Here, the decrease of �S is slowed down by
the increase of R4 due to the particle coarsening �see Eq. �3��.
Above TS�450 °C, the sintering process of the Ni nanopar-
ticles is essentially completed, since at these temperatures, �S
becomes equal to or smaller than the experimental sintering
time of t=7 s. This finding is in excellent agreement with the
temperature dependence of dP and dM �cf. Fig. 5�, and thus
corroborates our thermal analysis.

FIG. 9. Arrhenius plot according to Eq. �10� with surface area
data A, determined from DMA and TEM measurements, respec-
tively. Error bars, amounting to roughly ±1 on a ln scale, are omit-
ted for clarity. Solid line represents least square fit to the TEM data.

TABLE II. Activation energies Ea and pre-exponential factors D0 for the gas phase sintering of Ni
nanoparticles as derived from in situ DMA and ex situ TEM investigations. The uncertainties in Ea amount
to ±10 kJ/mol or ±0.1 eV/atom, respectively

No.
Method of

analysis
D0

�m2/s�
Ea

�kJ/mol�
Ea

�eV/at. �
T

�°C� Remarks

1 dP�T�–TEM - 36±10 0.37±0.1 200–500 Empirical, N=2

2 dP�T�–TEM - 59±10 0.61±0.1 200–500 Empirical, N=4

3 AS�T�–TEM 1�10−11 63±10 0.65±0.1 200–600 mod. KF model

4 AS�T�–DMA 8�10−12 58±10 0.60±0.1 300–600 mod. KF model

Avg. �2–4� 9�10−12 60±10 0.62±0.1 200–600 -

FIG. 10. Characteristic sintering time �S�TS� as calculated from
surface area data A and A�dP�, determined with TEM, according to
Eqs. �6� and �11�. Uncertainty of �S amounts roughly to a factor of
2. The solid line is a guide to the eye, the dashed dotted straight line
represents the experimental sintering time t=7 s.
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Further confirmation arises from an investigation of the
mean diffusion length �. The temperature dependence of this
characteristic length can be estimated from the diffusion con-
stant and the experimental sintering time according to �
=Dt. As presented in Fig. 11, the resulting ��TS� curve
�solid line� covers the range of experimentally observed pri-
mary particle sizes �5 nm�dP�30 nm� exactly in that tem-
perature interval �200 °C�TS�450 °C�, where substantial
particle growth occurs. A significantly increased pre-
exponential factor D0 �dash-dotted line� would lead to a situ-
ation where sintering is completed �i.e., dP�30 nm� already
at lower temperatures. On the other hand, increasing the ac-
tivation energy to a value of Ea=2.9 eV/atom as associated
with volume diffusion in bulk Ni,23,24 results in a delayed
onset of diffusion on length scales large enough to account
for the observed primary particle sizes.

IV. SUMMARY

We have studied the sintering behavior of size-selected Ni
nanoparticle agglomerates for a fixed sintering time and dif-

ferent sintering temperatures TS between 23 °C and 800 °C.
DMA measurements of the electrical mobility diameter dM

show a pronounced decrease with increasing TS in a narrow
temperature interval. As TEM investigations reveal, this de-
crease of dM is accompanied by a major change of the ag-
glomerate morphology, namely, the opening of agglomerate
voids and the transition from a fractal to a spherical-like
shape. Measurement of the growth of the primary particle
diameter dP by TEM show, however, a more graduate in-
crease with increasing TS. The agglomerate surface areas
ATEM and ADMA, as determined independently from TEM and
DMA measurements, exhibit a similar temperature depen-
dence for TS above 300 °C. Below 300 °C, ADMA is substan-
tially larger than ATEM, which is probably due to the voids,
seen in the fractal-like agglomerates at low sintering tem-
peratures. Using an empirical relation for the temperature
dependence of the primary particle growth and a modified
Koch-Friedlander model for the temperature dependence of
the agglomerate surface reduction, we determine in both
cases essentially the same activation energy for the dominat-
ing diffusion process for the sintering, Ea=0.62 eV/atom. As
becomes obvious from a comparison with the diffusion data
on Ni available in the literature, this value is characteristic
for the surface diffusion of Ni. The analysis further provides
a consistent picture of the sintering process, when compari-
son is made, on the one hand, between the experimental
sintering time t and the calculated characteristic sintering
time �S�TS�, and on the other hand, between the diffusion
length ��D , t� and the diameters dM and dP of the fully sin-
tered agglomerate.
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