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To study interfacial particle-to-particle bonding mechanisms, an ultrathin film of
pyrrole was deposited on alumina nanoparticles using a plasma polymerization
treatment. High resolution transmission electron microscopy experiments showed that
an extremely thin film of the pyrrole layer (2 nm) was uniformly deposited on the
surfaces of the nanoparticles. In particular, the particles of all sizes (10–150 nm)
exhibited equally uniform ultrathin films indicating well-dispersed nanoparticles
in the fluidized bed during the plasma treatment. Time-of-flight secondary ion mass
spectroscopy experiments confirmed the nano-surface deposition of the pyrrole
films on the nanoparticles. The pyrrole-coated nanoparticles were consolidated
at a temperature range (approximately 250 °C) much lower than the conventional
sintering temperature. The density of consolidated bulk alumina has reached about
95% of the theoretical density of alumina with only a few percent of polymer in the
matrix. After low-temperature consolidation, the micro-hardness test was performed
on the bulk samples to study the strength that was related to particle-particle adhesion.
The underlying adhesion mechanism for bonding of the nanoparticles is discussed.

I. INTRODUCTION
The current method of consolidating ceramics is

through solid-state sintering at high temperatures above
1000 °C.1–6 Sintered ceramic products represent a wide
range of materials systems that may vary widely in the
number of components, particle characteristics, complex-
ity of chemical reactions, and densification mechanisms
during sintering. The concept of sintering is based upon
the joining of solid particles at interfaces through diffu-
sion. However, such a process is thermally assisted re-
quiring extremely high thermal energy especially for
certain ceramics such as alumina. If these particles can be
bonded strongly through other means such as an adhe-
sive coating on the particle surfaces, it may serve as an
alternative process to sintering. The low-temperature

consolidation will reduce severe surface reactions, geom-
etry distortion, and lower the processing cost because
ceramic fabrication requires expensive furnaces and
other atmosphere control facilities. Furthermore, in the
recent development of electronic materials, ceramics are
often composed with other types of materials including
metals and polymers for device design and achieving
unique physical properties. Such a composite cannot be
easily processed at high temperatures together due to
obvious reasons. It will only be possible to process these
composites using a low-temperature consolidation
method. The low-temperature consolidated ceramics will
combine the advantages of both ceramic (rigid, hard,
and abrasive) and polymer (can be processed at low
temperatures).
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As noted above, one of the possibilities in low-
temperature consolidation is through an adhesive layer of
polymer thin film between the ceramic particles. In this
way, the polymer film acts as a nanoscaled adhesive
(NSA) that bonds the ceramics particles together. There-
fore the challenge in achieving such adhesive bonding
lies primarily in the deposition of a polymer film on
ceramic particles. Two important aspects in this approach
must be noted: (i) this polymer film has to be extremely
thin (a few nanometers thick), which makes it fundamen-
tally different from the conventional synthesis where the
binder material has a large volume fraction in the ceramic
matrix. In this process, the resulting polymer is less than
a few volume percent, and (ii) due to the adhesive nature
of the polymer film, the ceramic particles may bond to
each other; therefore, consolidate in a bulk form. It will
be advantageous to have more contacting surfaces by
using nanoparticles so that the consolidation is suffi-
ciently strengthened by more adhesive interfaces in the
ceramic matrix.

In this experiment we have attempted to coat a thin
adhesive film of polymer onto alumina nanoparticles.
After coating the experiments were focused on the con-
solidation of the coated nanoparticles at a tempera-
ture range much lower than the normal sintering
temperature. High resolution transmission electron
microscopy (HRTEM) was used to study the extremely
thin film of the pyrrole layer (2 nm) on the surfaces of the
alumina nanoparticles. Time-of-flight secondary ion
mass spectroscopy (TOFSIMS) experiments were car-
ried out to analyze the composition of the thin film on the
nanoparticles. After low-temperature consolidation, a
micro-hardness test was performed on the bulk samples
to study the strength that was related to particle-particle
adhesion. The underlying adhesion mechanism for bond-
ing of the particles is discussed.

II. EXPERIMENTAL DETAILS

In this experiment, we selected nanoscale alumina par-
ticles ranging from a few nanometers to 150 nm. This
large distribution of particles was particularly useful for
the study of experimental deposition conditions for dif-
ferent sizes. The schematic diagram of the plasma reactor
for thin film deposition of nanoparticles is shown in
Fig. 1. The vacuum chamber of plasma reactor consisted
of a Pyrex glass column about 80 cm in height and 6 cm
in internal diameter.7,8 The nanoparticles of alumina
were vigorously stirred at the bottom of the tube and thus
the surface of nanoparticles can be continuously renewed
and exposed to the plasma for thin film deposition during
the plasma polymerization process. A magnetic bar was
used to stir the powders. The gases and monomers were
introduced from the gas inlet during the plasma cleaning
treatment or plasma polymerization. The system pressure

was measured by a pressure gauge. A discharge by radio
frequency (rf) power of 13.56 MHz was used for the
plasma film deposition.

Before the plasma treatment, the basic pressure was
pumped down to less than 2 Pa and then the plasma gases
or monomer vapors were introduced into the reactor
chamber. The operating pressure was adjusted by the
gas/monomer mass flow rate. The base pressure was less
than 1 Pa. Pyrrole was used as the monomer for plasma
polymerization. During the plasma polymerization proc-
ess, the input power was 10 W and the system pressure
was 25 Pa. The plasma treatment time was 240 min/batch
and 40 g of powder was treated.

After the plasma treatment, the nanoparticles of alu-
mina were examined by using HRTEM, scanning elec-
tron microscopy (SEM), x-ray diffraction, and TOFSIMS.
The HRTEM experiments were performed on a JEM
4000EX TEM. The TOFSIMS analyses were performed
on an ION-TOF Model IV instrument. Vickers micro-
hardness testing was used to determine the hardness val-
ues of consolidated bulk samples.

The consolidation of the coated nanoparticles was car-
ried out in a straightforward fashion. After coating, both
coated and uncoated powders were pressed into pellets
with a 13-mm diameter die. The applied pressure for
each pressing was 19 MPa. The pellets were then heat-
treated in a box furnace in air. The heat treatment tem-
peratures used were 250, 350, 550, and 800 °C. At each
temperature the sample was held for various times: 60,
120, 240, 360, and 480 min. After heat treatment, the
pellets were air cooled to room temperature.

III. RESULTS AND DISCUSSION

The original and nanocoated Al2O3 nanoparticles were
dispersed onto the holy-carbon film supported by Cu-
grids for transmission electron microscopy (TEM) oper-
ated at 400 kV. Figure 2(a) shows the HRTEM image of

FIG. 1. Schematic diagram of the plasma reactor for thin polymer
film coating of the nanoparticles.
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the original, uncoated alumina nanoparticles. As can be
seen in this figure, the particle size ranges between 10
and 150 nm. The particles exhibit a spherical shape for
all sizes. Figure 2(b) is the high-resolution image of the
original nanoparticles. The lattice image clearly shows
the naked particle surface of alumina. Figure 3(a) is the
bright field image of the coated nanoparticles. An ultra-
thin thin film of pyrrole can be clearly seen over nano-
particles of different sizes. The ultrathin film is marked
by the double-lines in Figs. 3(a) and 3(b). The thickness
of ultrathin film is approximately 2 nm and appears to be
uniform surrounding the particle surface. Particularly im-
portant, although these particles have different diameters,
the film remains the same thickness indicating a uniform
distribution of active radicals in the plasma chamber.
Figure 3(b) is the high-resolution image of a particle with
a uniform nanocoating. The ultrathin film is tightly

bound to the particles. The film was identified as typical
amorphous structure by high-resolution electron micros-
copy observation over different particles.

To confirm the TEM observations shown in Figs. 2–3,
TOFSIMS was carried out to study the surface films of
the nanoparticles. Figure 4(a) shows part of the nega-
tive TOFSIMS spectrum of untreated nanoparticles
of alumina. There were also traces of sulfur, iodine,
and organic material. The positive spectrum (not shown
here) also indicated some magnesium at the surface.
In Fig. 4(b) one can see that the treated alumina has
strong pyrrole cluster peaks indicating the surface
coating of the nanoparticles and consistent with the
HRTEM data presented in Figs. 2 and 3. The treated
aluminum oxide shows the characteristic cluster pattern
of plasma-polymerized pyrrole [Fig. 4(b)].7 The intense
peak at −26 m/z (CN−) in Fig. 4(b) is typical of all

FIG. 2. (a) Bright field image of the original, uncoated alumina nanoparticles. A particle size distribution ranging from 10–150 nm can be seen
in this figure (scale bar4 50 nm). (b) High resolution TEM images of the original particles showing crystal lattice and the uncoated nature of
the nanoparticle surfaces (scale bar4 10 nm).

FIG. 3. (a) Bright-field TEM image of the coated alumina nanoparticles (scale bar4 20 nm). The coated layers are marked by the double lines.
(b) HRTEM image showing the amorphous, pyrrole-coated nanoparticle surfaces (scale bar4 10 nm).
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nitrogen-containing functionalities. The intense peak of
Al+ at +27 m/z (not shown in Fig. 4) is not the result
of an incomplete coverage of the particles by the plasma
polymer, but is caused by the intense sputtering of alu-
minum atoms from the particle surface during the initial
phase of the plasma film deposition.8 Consistent with this
view is the absence of magnesium in the spectrum of
the treated powder. The aluminum atoms or ions are
incorporated in the first five nanometers of the plasma
polymer film.

To further analyze the coated films, infrared (ir) ex-
periment was performed on the coated nanoparticles. The
ir spectrum is shown in Fig. 5(a). For comparison the ir
spectrum of pyrrole monomer film was also obtained as
shown in Fig. 5(b). In Figs. 5(a) and 5(b), both spectra
exhibit strong peaks at about 3340 cm−1, which corre-
spond to the N–H stretching vibration of primary and
secondary amines and imines. Also in Figs. 5(a) and 5(b)
the absorption around 1640 cm−1 belongs to the amines
in the pyrrole structure. In Fig. 5(a), there are two peaks
at 2963.38 and 2934.44 cm−1, but they are not present in
Fig. 5(b). The peak at 2963.38 cm−1 is asymmetric CH3
stretch and the peak at 2934.44 is asymmetric CH2 vi-
bration, respectively. In the structure of pyrrole mono-
mer, all the carbon atoms are unsaturated without −CH3

and −CH-function groups. However, after plasma coat-
ing, some −CH3 function groups have formed due to
plasma polymerization. This is evident on the absorption
peaks at 2963.38 and 2934.44 cm−1 in Fig. 5(a). Further-
more, a peak at 722.455 cm−1 in Fig. 5(a) is related to the
−(CH2)n-structure for n > 4, another strong evidence of
polymerization of the pyrrole structure.

FIG. 4. TOFSIMS spectra if (a) untreated and (b) pyrrole-coated nanoparticles of alumina.

FIG. 5. (a) ir spectrum of plasma-coated pyrrole film and (b) ir spec-
trum of pyrrole monomer.
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Figure 6 shows the SEM micrographs of consolidated
alumina with and without polymer coating. Both samples
were heat treated at 250 °C for 60 min. As can be seen in
Fig. 6(a), the uncoated particles exhibit a highly porous
structure as expected, since there is no sintering effect at
such a low temperature. In contrast, under the same heat-
treatment condition, the coated particles adhere to each
other resulting in a dense matrix as shown in Fig. 6(b).
The density of the coated sample is estimated to be at
least 95%, which is comparable to that of a high-
temperature sintered counterpart.

As we heat treated these samples at a much higher
temperature, the microstructure showed rapid grain
growth, however, in an inhomogeneous fashion. As ex-
emplified in Fig. 7(a), a sample heat treated at 250 °C for
360 min showed a highly densified matrix. Figure 7(b)
shows the surface of a sample that was heat treated at
800 °C for 360 min. As can be seen, the grain growth is
evident but only in some local regions. Due to this lo-
calized grain growth, internal stress is not evenly distrib-
uted. At this temperature we assume that the polymer
coating has been entirely decomposed and the effect of
sintering sets in.

Although this research is mainly focused on the study
of interface adhesion, we have carried out the heat treat-
ment at much higher temperatures such as 1000 °C for

comparison purposes. At 1000 °C, the polymer film in
the sample should completely decompose; however, the
C–C bonds still remain between particles. These bonds
can be responsible for considerable interface attraction
among particles. The coated polymer film can also
change the surface energy, which leads to a better dis-
persion of particles. Figure 8 shows the SEM images of
the sample that was heat treated at 1000 °C for 12 h. As
can be seen in Fig. 8, the polymer coating, although en-
tirely burned out at this temperature, has resulted in sig-
nificant microstructural difference. We have found that
the sample with the polymer coating [Fig. 8(b)] is con-
siderably denser than that of the noncoated one
[Fig. 8(a)]. The grain size of the uncoated sample is also
noticeably larger than its coated counterpart.

Figure 9(a) shows the microhardness values for the
samples that were heat treated up to 800 °C for 60 min.
The nanoparticles used in these samples before consoli-
dation were coated with the thin films of pyrrole. The
short heat-treatment time was to ensure that no sintering
effect would result at elevated temperatures. As can be
seen in Fig. 9, there is not significant change in micro-
hardness from the samples heat treated in such a wide
temperature range, suggesting a similar particle-to-particle
bonding mechanism. However, above 350 °C, no adhe-
sive polymer thin film should exist on nanoparticle

FIG. 6. SEM micrographs showing the consolidated alumina (a) with and (b) without pyrrole coating. Both samples were heat treated at 250 °C
for 60 min.

FIG. 7. SEM micrographs showing (a) the sample heat treated at 250 °C for 360 min and (b) the sample heat treated at 800 °C for 360 min. Both
were pyrrole coated.
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surfaces that may cause the gradual decrease in micro-
hardness above this temperature. Figure 9(b) shows
microhardness values versus heat-treatment time for con-
solidated alumina nanoparticles at heat-treatment tempera-
tures indicated. As can be seen, the heat-treatment time
does not seem to have a significant effect on microhardness.
This may also be an indication that the adhesive film is
responsible for bonding in this range of temperature and
time. The exact consolidation procedure was also applied to
uncoated nanoparticles of alumina. However, their micro-
hardness values were found to be about 30 times less than
those shown in Fig. 9.

To study the interface adhesive behavior we have
carried our HRTEM experiments on the consolidated
nanoparticles. Figure 10 shows the HRTEM images of
the pyrrole-coated alumina nanoparticles. In these im-
ages, the crystal Al2O3 lattice is quite apparent with
the amorphous polymer film at the particle interfaces.
It is also apparent that there is a layer of NSA between
the nanoparticles, which is extremely thin, on the order
of a few nanometers. The thin films on the nanopar-
ticles exhibited roughened surfaces as shown in Fig. 10
that is in contrast to the smooth surfaces shown in
Fig. 3. Such a deformed surface appears to be a result of
particle-particle debonding during the breaking of the
clusters for TEM experiment. The rough surfaces also
indicate the adhesive characteristics of the inter-
facial bonding between the nanoparticles. In Fig. 11,
we can see that the alumina nanoparticle interfaces
appear to be “glued” together with pyrrole elastically
deformed. Both edges of the joint also appear to be
curved, indicating a quite flexible pyrrole film at the
interfaces.

For conventional processing of ceramics, we need to
review the sintering mechanism that is responsible for
the densification and consolidation of the bulk materials.
At much higher temperatures, sintering takes place,
which can be described by a two-sphere model.1 Be-
cause of the difference in chemical potential of two
spheres, the concentration of vacancies beneath a concave
surface is higher than beneath a flat or convex surface.

The transport of vacancies from a concave surface can
occur by the mechanisms of lattice and boundary diffu-
sion, with a concomitant flow of atoms in the opposite
direction. The effect is pore rounding and a decrease in
the total surface free energy. In the intermediate and final
stages, the densification behavior is very dependent on
the association of pores with grain boundaries and the
rate and mode of grain growth. Diffusion of atoms across
the grain boundary, the disordered regionbetween grains,
causes the grain boundary to be displaced.Heating causes

FIG. 8. SEM micrographs showing the samples heat treatment at 1000 °C for 12 h for (a) uncoated and (b) coated nanoparticles.

FIG. 9. (a) Microhardness vs temperature for the samples that were
heat treated up to 800 °C for 60 min and (b) microhardness vs heat-
treatment time at the heat-treatment temperatures indicated. Note that
the alumina nanoparticles in the samples shown in this figure were
coated with pyrrole thin films before consolidation.
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some grains to grow at the expense of others that shrink,
and the net effect is an increase in the mean grain size
and a reduction in the total grain boundary area. How-
ever, the grain growth will diminish the characteristics of
nanoparticles. The purpose of the NSA concept is to
achieve the similar density and strength without high-
temperature treatment.

A challenge in the area of nanomaterials is associated
with the limited theoretical models that can explain the
new nanostructures and their unique properties. Theory
analysis is still not well established to explain the me-
chanical and chemical behaviors between that involving
individual nanoparticles at the one extreme and that in-
volving “bulk” materials at the other. Currently nearly all
explanations in this aspect are based on large-scale in-
terfaces rather than nanointerfaces. Yet, one may be able
to extrapolate the current adhesion concepts into nano-
domain where we have no direct information for the
NSA-induced bonding.

Two major mechanisms of adhesion that we may con-
sider for coated nanoparticles are mechanical interlock-
ing and adsorption theory.9–14

The theory of mechanical interlocking essentially pro-
poses that mechanical keying, or interlocking, of the ad-
hesive into the irregularities of the substrate surface is
the major source of intrinsic adhesion. However, the at-
tainment of good adhesion between smooth surfaces ex-
poses this theory as not being of wide applicability. And,
considering the role of mechanical interlocking, it is

firstly debatable whether mechanical interlocking really
does occur and secondly, even if it does, to assess its
contribution to the strength and stability of the interface
is difficult. However, on the basis of this theory, me-
chanical interlocking occurs on a large-scale surface
roughness of the order of several hundred microns.
Hardly can it be used to explain the interfacial adhesion
when the particle size decreases sharply to the order of
nanometer.

The molecular forces in the surface layers of the ad-
hesive and substrate greatly influence the attainment of
intimate molecular contact across the interface, called the
adsorption. The attainment of interfacial contact is in-
variably a necessary first stage in the formation of strong
and stable adhesive joints. The next stage is the genera-
tion of intrinsic adhesion forces across the interface, and
the nature and magnitude of such forces are extremely
important. They must be sufficiently strong and stable to
ensure that the interface does not act as the “weak link”
in the joint, either when the joint is initially made or
throughout its subsequent service life.15

Other mechanisms include the diffusion and the elec-
tronic theories.15,16–18 In the diffusion theory, the
intrinsic adhesion of polymers is established through mu-
tual diffusion of polymer molecules across the interface.
This requires that the macromolecules, or chain segments
of the polymers (adhesive and substrate) possess suffi-
cient mobility and are mutually soluble. In a nanostruc-
tured medium, the coated particles are compacted by a
three-dimensional network with multiple interfaces

FIG. 10. Bright-field TEM image of the coated alumina nanoparticles
that have been consolidated at 250 °C for 360 min (scale bar4 10
nm). The coated layer surfaces are roughened due to debonding indi-
cating an adhesive behavior at the nanoscale.

FIG. 11. TEM image of the same sample shown in Fig. 9 with the
elastically deformed adhesive layer at the particle interfaces (scale
bar 4 10 nm).
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around an individual nanoparticle. The diffusional proc-
ess is therefore fundamentally different from the planar
interface adhesion.

The electronic theory treats the adhesive/substrate sys-
tems as a capacitor that is charged due to the contact of
the two different materials.15 Separation on the parts of
the capacitor, as during the interface rupture, leads to a
separation of charge and to a potential difference, which
increases until a discharge occurs. Adhesion is presumed
to be due to the existence of these attractive forces across
the electrical double layer. The adsorption theory states
that the materials will adhere because of the interatomic
and intermolecular forces, which are established between
the atoms and molecules in the interfaces of the adhesive
and substrate. Again, these theories apply to macroscopic
interfaces and cannot easily be used to model the nano-
particle interfaces, although these mechanisms are as-
sumed to exist.

Therefore, to study the fundamental mechanism of
adhesion between nanoparticles, new theoretical model-
ing work is required for a varied nanosurface struc-
ture. As such, a mathematical model has to be developed
to study particle-particle adhesion instead of a flat
surface macroscopic adhesion. Our current work is fo-
cused on the modeling work based on the results of the
tensile test.

The cylindrical sample is made of polymer-coated
nanoparticles pressed at room temperature and slightly
heated below the burnout temperature of the polymer
(approximately 350 °C). The sample is subjected to a
tensile stress as shown in Fig. 12. It is assumed that
the tensile stresssz and strainez are the same everywhere
in the adhesive layer on the top and bottom of the par-
ticles. We further assume that the nanoparticles are or-
dered adhesively in a simple packing shown in
Fig. 13(a). Certainly, this is a quite simplified situation,
and we assume the lateral deformation is negligible. We
also assume the tensile stress is uniform and the shear
stress,trz, is zero. The radial,sr, and the circumferential,
su, stresses are assumed to be the same. It has been

shown19 that the radial and circumferential strains in the
adhesive layers are equal to the Poisson’s ratio strain in
the nanoparticles. Thus

1/Ea(su − ya[sz + su]) 4 1(yn/En) sz ,

hence

su 4 sr 4 [ya − Eays/Es][sz/(1 − ya)] ,

whereya is the Poisson’s ratio of the adhesive, and the
subscripts “a” and “s” refer to adhesive and nanopar-
ticles, respectively. Hence, in the central region of an
axially loaded nanojoint the adhesive layers are subjected
to traxial tensile stresses.

It has been reported that, for a macroscopic flat butt
joint, the fracture stress increased as the thickness of the
adhesive layer decreased. The explanations were based
either upon the presence of higher internal stress or upon
the larger flaws in the relatively thicker adhesive layers.
We can use the above model to calculate the apparent
Young’s modulus (defined as the ratio of the applied
tensile stress over the strain across the adhesive layer,
i.e., s0/sz), and fit the experimental data of the tensile
experiments for different processing conditions includ-
ing coating thickness, particle size, and consolidation
parameters (pressure and temperature). By varying
these parameters, the fitting of the experimental data
can provide valuable information on the microscopic ad-
hesion mechanism. Better fitting will be obtained as
we assume more complicated configurations of nano-
particles in the bulk, one of which is shown in Fig. 13(b).
We can assume more realistic configurations by choos-
ing the best fitted curves of experimental data. How-
ever, the results of modeling work will not be included in
this paper.

Although from the HRTEM imagines in Figs. 10 and 11,
it is obvious that the nanoparticles are “glued” together,
the underlying adhesion mechanism is yet to be identi-
fied. Because the mechanical interlocking requires

FIG. 12. Tensile test for the modeling of adhesive mechanism of
nanoparticles.

FIG. 13. (a) Particle configuration with a simple packing and (b)
particle configuration with a more complicated triangle packing.

D. Shi et al.: Interfacial particle bonding via an ultrathin polymer film on Al2O3 nanoparticles by plasma polymerization

J. Mater. Res., Vol. 17, No. 5, May 2002988



micron-scale roughness, it cannot be applied to nanoscale
surfaces. Therefore, the absorption theory of adhesion
may be a more appropriate approach to our problem in
this study. On the basis of this model, if sufficiently
intimate molecular contact is achieved at an interface,
the material will adhere due to the interatomic and inter-
molecular forces that are established between the atoms
and molecules in the surfaces of the adhesive and sub-
strate. Commonly these are Van der Waals forces and
referred to as secondary bonds. In addition, chemical
bonds may sometimes be formed across the interface.
This is termed “chemisorption” and involves ionic, co-
valent, or metallic interfacial bonds being established;
these bonds are referred to as primary bonds.15 It is be-
lieved that the interfacial bonding between nanoparticles
is through an adsorption mechanism. Due to the nature of
secondary bonding, the individual adhesive force may
not be as strong as mechanical interlocking, however, the
overall bonding strength may be improved if the total
interfacial surface area is significantly increased. For
nanoparticles this is possible considering their large sur-
face areas.

Nanoparticles are known to have extremely high sur-
face areas.20–27As a result of the high surface area, the
surface energy can reach the order of 100 kJ/mol for a
variety of materials. McHaleet al. have reported experi-
mental data on the surface energies of alumina nanopar-
ticles.27 They have found thatg–Al2O3 can maintain
surface areas of 150 m2g−1 at 1073 K. However,
a–Al2O3 coarsens to values <50 m2g−1 at the same tem-
perature. Based on these findings, they concluded that
g–Al2O3 should be energetically stable polymorph as the
specific surface area exceeds approximately 125 m2g−1.
During film deposition, the polymer is introduced as a
vapor and the collision frequency increases with the gas
pressure. Due to the high surface energy of the nano-
part icles, condensation of the polymer vapor
on the nanoparticles naturally lowers the surface energy
by forming an extremely thin film. On a large two-
dimensional flat substrate, however, the deposition of the
film may cluster severely and form small islands initially,
due to its surface tension. A smooth film will require
continued deposition at an appreciable thickness. In our
deposition process, both energy terms (surface energy of
the nanoparticle and the surface tension of the polymer)
were balanced by controlling the plasma coating param-
eters including electron density, temperature, and energy
density. The gas pressure must be moderate for a low
collision rate on the nanoparticle surfaces. In addition,
polymerization should take place relatively fast after
the condensation on the particle surfaces. These will
ensure a uniform coating on the order of 2 nm for all
particles sizes. Such an ultrathin and uniform film pro-
vides the foundation for the nanoscaled adhesive be-
tween the nanoparticles.

IV. SUMMARY

In summary, we have deposited an ultrathin film of
pyrrole on the surface of alumina nanoparticles by means
of a plasma polymerization treatment. The polymer layer
is not only uniform on all particle sizes, but also ex-
tremely thin with a thickness of 2 nm. Such ultrathin film
deposition characteristics are essential in establishing
multilayer nanostructures, particularly for adhesive
bonding at nanoparticle interfaces. With such a thin poly-
mer film on nanoparticles we have been able to observe,
by means of HRTEM, a unique adhesive behavior at the
nanoparticle interfaces. Based on this adhesive film we
have consolidated the nanoparticles at temperatures
much lower than sintering temperature. Although the op-
erating adhesion mechanism requires further studies we
believe, based on the experimental data from this study,
that intrinsic adhesion forces are responsible for the ob-
served interfacial bonding. Our future work will focus on
the interface study in terms of structure, adhesion behav-
ior, and related mechanical properties. Improved adhe-
sive coatings will also be selected for coating of the
nanoparticles.
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