
I. Introduction

Ceramic composites with nano-sized second-phase
inclusion are reported to have good mechanical properties
and can be made reliable with the help of microstructural
modifications which reduce the inherent flow size (Ni-
ihara, 1991; Kinemuchi et al., 1996).  The fine inclusion
can be produced from various sources.  One of the re-
action routes in the powder processing field of nano-struc-
tured ceramics, a metalorganic chemical vapor deposition
(MOCVD), has been used, and it apparently offers a way
to obtain nanometric dispersoid or homogeneous coating
on submicron ceramic powders (Lin et al., 2000).  The
surface forces of fine particles play a vital role in aerosol
ceramic powder processes.

A nanocomposite is defined as a material of more
than one Gibbsian solid phase with dimensions measured
in the nanometric scale (Roy et al., 1986).  Alumina is
usually selected as a model system.  Molybdenum, due to
its electrical conductivity, TEC mismatch, melting point,
and Young’s modulus, is the optimal choice for producing
metal/Al2O3 composites if it is used under stringent condi-
tions.  Several Mo reinforced ceramic composites have

been studied and reported in the literature (Nawa et al.,
1994a, 1994b; Wei et al., 1998; Wang and Wei, 1998), and
significant improvement in the fracture strength and
toughness of fine Mo/Al2O3 mixtures was recently proven
by Nawa et al. (1994a) and Wang and Wei (1998).  How-
ever, these hot-pressed composites are difficult to fabri-
cate.  The segregation and growth of the second-phase
inclusion are the major obstacles yet to be overcome.

Geldart (1973) has studied the powder in a fluidizing
bed and specified the key factors involved in the process.
The finest (≤ 20 µm) powder exhibits high cohesiveness
and, among the four groups of powders, is the most diffi-
cult to fluidize in a reactor (Kwauk, 1992).  However, the
fluidization behavior of the fine powder still can be
described by a minimal fluidizing velocity (Umf), (Wen
and Yu, 1966), which can be expressed by the following
equation:

(1)

where dp is the mean particle size, ρp and ρg are the densi-
ty of the particle and gas phase, respectively, and µ is the
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viscosity of the flow.  In addition, Umf can be determined
through measurement of the pressure drop in a fluidizing
powder bed and is a function of the mean particle size and
the average density of the particles.

Mo can be obtained from gas sources, such as
Mo(CO)6.  The MOCVD process and properties of the
(Mo, Cr) oxycarbides on various substrates, e.g., stainless
steel and SiC, have been reviewed in previous works (Lo
and Wei, 1997; Wei and Lo, 1998).  The results show that
the coating phase of molybdenum carbonyl is Mo2OxCy in
a crystalline structure similar to that of Mo2C, but that the
composition and crystalline structure may vary with the
deposition conditions, e.g., temperature and pressure.
This work focuses on the particle-particle interaction dy-
namics in an attempt to understand the microscopic mo-
tion of each particle in various granules in a fluidizing
bed.  In this study, different competitive interaction forces
were incorporated in the simulation program.  The discrete
element method (DEM) was applied in order to analyze
the particle-particle interactions of an aerosol system in a
fluidizing powder bed and to clarify the granule disinte-
gration dynamics.  Special emphasis is placed here on the
characteristics and microstructures of nano-Mo/Al2O3 gra-
nules after fluidizing in a powder bed is conducted by
means of MOCVD processing, so that deposition of the
Mo species in the Al2O3 can be resolved.

II. DEM Simulation of Particle-Parti-
cle Interaction Dynamics

Cundall originally developed DEM in 1971 to study
rock mechanical and granular medium problems (Cun-
dall, 1971; Cundall and Strack, 1979).  Recently, Tsuji et
al. (1993, 1994) and Bortzmeyer (1997) used Cundall’s
DEM method to simulate various particle motions in a
fluidizing bed or attrition mill.  Contact forces between
particles were modeled, and the forces were expressed
through the use of a spring, dash-pot and friction slider.
Particle segregation and attraction were reported, and the
latter was strongly related to the plasticity of the contacts
and to the Young’s modulus of the granules.  This pro-
duced either soft or hard granules, which were catego-
rized according to the Young’s modulus into two groups:
less than 30 MPa or greater than 3000 MPa.  Free rotation
of the particles was present in soft granules, but not in
hard granules.

Horn (1990) pointed out that the surface forces
between two bodies had their origins in the interatomic
forces acting between all of the atoms of those bodies, as
well as between the atoms of any interfering medium.  A
recent application of simulation in a colloidal system was
presented by Hong (1996, 1997, 1998).  Since all known
particle-particle interaction forces were integrated in one
model, the features of three dimensional particle-packing

could be resolved.  His work successfully interpreted these
phenomena in the pressure filtration and centrifugal cast-
ing of ceramic slurries.

In aerosol processing, the particles are suspended in
gas.  The attraction forces existing in an aerosol system
include electrostatic surface charges and capillary forces,
which are both strongly affected by humidity.  Water will
condense on the small meniscus between two particles in
an atmosphere with high humidity, causing bridging and
charging of the powder (Horn, 1990).  The van der Waals
(vdW) force is normally weaker than the electrostatic and
capillary forces.  However, the van der Waals attractive
force remains an important factor for the formation of
agglomerates in aerosol systems without humidity.

Based on studies by Hamaker, the van der Waals in-
teraction free energy, VvdW, between two spheres of differ-
ent sizes can be expressed as (Hong, 1997)

(2)

where AH is the Hamaker constant, r1 and r2 are the radii
of the spherical particles, and h is the surface-to-surface
distance.  For fine ceramic powders, the van der Waals at-
tractive force dominates at interface distances less than 10
nm.  According to Eq. (2), the van der Waals interaction
force can lead to the following form (Hunter, 1987):

(3)

The van der Waals interaction force is proportional
to the Hamaker constant and is a function of the particle
size and surface distance.  The Hamaker constants of
Al2O3 have been previously determined to be 15 × 10–20 J,
5.2 × 10–20 J, and 3.6 × 10–20 J in vacuum (air), water, and
n-dodecane, respectively (Bergstroem et al., 1996).

The relative significance of the interaction forces,
such as electrical forces, the van der Waals attractive
force, Brownian force, Stokes viscous force, gravitational
force, and internal force exerted between suspending col-
loids in aqueous or aerosol systems, are summarized in
Table 1.  First of all, the van der Waals attractive force is
an important factor in fine particle agglomeration in a dry
aerosol system.  In addition, mechanical forces, such as
viscous, gravitational, buoyancy, hydrodynamic, inertial,
and contact kinetic forces, become important in situations
where electrostatic stabilization is not effective.  There-
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fore, all of these contributions to the force between two
particles depend not on the centers of the particles, but on
the distance between their surfaces (Horn, 1990).  Thus,
the surface distance is defined as the nearest surface-to-
surface distance between two particles.

The DEM uses Newton’s second law to describe
particle motion.  The interactions are formulated as func-
tions of forces and momentums.  Pair-interaction laws are
used in this work, but not multi-body interaction laws.
The multi-body interactions can be resolved through the
summation of all pair interactions.  The constituent equa-
tion for the particle-particle interaction force can be ex-
pressed as (Hong, 1997)

(4)

(5)

According to Newton’s second law, the motion equations
can be shown as follows:

(6)

(7)

where 
v
a and  

.vω are the linear and angular acceleration, re-
spectively, m is the mass of the particle, and J is the mass
moment of inertia.

At time t, the unbalanced forces (ΣFi ≠ 0) and mo-
ments (ΣMi ≠ 0) produce particle linear (a) and angular
(

.ω) accelerations.  At time t + ∆t, these coordinates can be
used to compute the new displacements at the end of the
current time increment.  The process is repeated until the

unbalanced forces and momentums approach equilibrium
or until the process is stopped.  In the case of an aerosol
system, ΣFi = ΣMi = 0 should apply for every particle in
static equilibrium.

III. Experimental Procedure

1. Materials and Processing

The mean size of alumina raw powder (AKP-50,
Sumitomo Chemical Co., Tokyo, Japan) is 0.3 µm.  Four
types of alumina granules were prepared, either with 43%
theoretical density (% T.D.) obtained by screening be-
tween –100/+140 mesh sieves, 49% T.D. obtained by
spray drying, 54% T.D. obtained by slip casting, or 61%
T.D. obtained by calcination at 1000ºC.  The last two
granules were crushed and then screened between –100
/+140 mesh sieves.

The fluidization and MOCVD processes were re-
ported in a previous work (Lin et al., 2000).  Molybdenum
hexacarbonyl (Mo(CO)6, Alfa Chemicals Co., Newbury-
port, MA, U.S.A.) was put in a source chamber and car-
ried by N2 gas (99.9% pure) at a flow rate of 0.5 to 5.0
1/min.  According to Lander’s results (Lander and Ger-
mer, 1947), the saturation pressure P of the Mo-carbonyl
is 10.7 torr at 80ºC.  The source chamber was maintained
at constant pressure and temperature, 80ºC, by means of a
water bath.  The coating temperature was kept at 325ºC.
In this study, the gas flowed upward through a powder
bed.  An established method (Cheremisinoff and Cherem-
isinoff, 1986) was used to observe the pressure drop at
various flow velocities and to determine the Umf.

2. DEM Simulation Conditions

Table 2 shows the conditions selected for the DEM
simulation used for aerosol fluidizing bed processing.  The
five sizes of Al2O3 particles appeared in a normal distribu-
tion.  Two-dimensional and three-dimensional simulations
were conducted and the results compared.  The granule
sizes were set from 10 to 2.5 µm.  The collision velocity
and impingement angle of the granules ranged from 0.1 to
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Table 1. Main Differences in Characteristic Forces between Colloids in
Aqueous (Hong, 1997) or Aerosol Powder Systems

Characteristic Force Aqueous system Aerosol system

Electrical force ζ = 50 mV* ζ = 0 mV
f(r, h, εε0ζ) dominant force

vdW attractive force AH = 4.76 × 10–20 J AH = 15 × 10–20 J*

f(r, h, AH) dominant force
Stokes viscous force η = 10–3 kg/ms η = 10–7 kg/msv

Fd = –6πηr
v
v

Buoyancy force ρf = 1000 kg/m3 ρf = 0. 6 kg/m3
v
Fb = –(4/3)πr3ρf 

v
g

Gravitational force ρp = 3980 kg/m3 ρp = 3980 kg/m3
v
Fg = (4/3)πr3ρp 

v
g

Rotational resistance η = 10–3 kg/ms η = 10–7 kg/ms
(Inertial force),v
Mr = –8πηr3vω

Hydrodynamic lift v = 0.01 m/s v = 0.001 – 1.0 m/sv
Fh = πr3ρg

vω × v
v

*Dominant force in each system.

Table 2. The Conditions Selected for DEM Simulation in this Study

Material Alumina

Particle size distribution 0.1 ~ 0.5 µm,
normal distribution

Dimension 2-D 3-D
Size of granule (µm) 10 or 5 5 or 2.5

Solid loading 43, 49, 54, 61% T.D. 43% T.D.
Collision velocity 0.1, 0.5, 1, 2, 5, 1, 5, or 10

(cm/sec) 7, 10, 20, 50, 70, or 100
Collision angle (degree) 5, 10, 20, 30, 45, or 80 10



100 cm/sec and from 5º to 80º, respectively.
In the simulation system, various granules were cre-

ated with relative densities of 43, 49, 54, or 61% T.D. in
the 2-D simulation, and 43% T.D. in the 3-D simulation.
For instance, Al2O3 granules were generated by random
set generators to obtain a final granule diameter of 10 µm
and a specified density, which would contain thousands of
ultimate particles in 5 different sizes, with a mean size of
0.3 µm.  For example, a 10 µm  Al2O3 granule with 43%
T.D. is shown in a rectangular area 12.0 µm × 24.0 µm
(Fig. 4).  Periodic vertical boundaries and a downward
gravitation force were assumed.

The Reynolds number of the granules (Re) under
fluidization conditions is less than 0.7 which indicates a
laminar flow.  Therefore, the Stokes viscous drag force is
considered, but the long-range many-body hydrodynamic
interactions are neglected due to the low Reynolds num-
ber.

In order to determine the size reduction after granule
impingement against the boundary, the mean secondary
granule size ( –

d ) is defined as (German, 1994)

(8)

where di is the average dimension (shortest and longest
diameters) of the ni secondary granule.  The mean relative
size ( –

d /d0) of the granules was used to express the simula-
tion results, where d0 is the primary size of the granule.

3. Properties

Crystalline phases of deposited granules were identi-
fied by means of an X-ray diffractometer (XRD, PW1729,
Philips Co., Eindhoven, the Netherlands).  The compo-
sition profiles across the center of the granules were de-
termined using an electron probe X-ray microanalyser
(EPMA, JXA-8600, JEOL Co., Tokyo, Japan), which was
operated at 15 keV with an electron probe size of 1 µm
and a current of 1 × 10–7 A.  The morphology and compo-
sition of the deposited powders were also analyzed using a
TEM (100CXII, JEOL Co.) or an SEM (XL30, Philips
Co.) equipped with an X-ray energy dispersive spectro-
scope (EDS, DX-4, EDAX Co., Prairie View, IL, U.S.A.).

In order to ensure that the microstructure of a cross-
section of the granule was free of artifacts, each specimen
was prepared in the following manner.  The deposited
granules were mixed with Bakelite and then hot-mounted.
The surface was ground with a 6 µm diamond medium
and then polished using 60 nm silica colloids.  Between
each stage, the specimen was cleaned by means of ultra-
sonication in a water bath.  The specimen was put in a dry
oven at 105ºC and left overnight.  Dry N2 gas was used to

blow clean the polished surface, which was then coated
with a carbon film to prevent electron charging during
SEM observation.

In order to estimate the granule strength, a com-
paction test similar to those reported previously (Matsu-
moto, 1986; Walker and Reed, 1999) was executed.  The
test was carried out by filling a double action steel die
with 10 grams of granules with specific relative densities,
followed by uniaxial compression at a rate of 10 N/sec
using a universal machine (MTS 810, MTS Co., Canton,
MA, U.S.A.).  The load and displacement were recorded
automatically.

IV. Results

1. Fluidization Behavior

Due to the van der Waals attractive force, alumina
fine powder tends to agglomerate in an aerosol powder
bed.  The relationship between the pressure drop and flow
velocity is determined through experimentation, and a
minimal fluidization velocity (Umf) can, thus, be deter-
mined.  The pressure drop of the bed, ∆PB, initially rises
as the gas velocity, U, increases.  The results for ∆PB vs U
are shown in Fig. 1.  At the time when the bed begins to
fluidize at the initial stage, the superficial velocity is
known as the minimal fluidizing velocity, Umf.  Experi-
mental results show that the Umf of AKP-50 dry powder is
far greater than the Umf of a powder with a particle size of
0.3 µm.  In fact, the measured Umf of the AKP-50 powder
is between the values of two hard granules with 61% T.D.
and mean sizes of 100 µm and 150 µm.  Additional exper-
imental results show that the Umf of the finer (–400 mesh)
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Fig. 1. Minimal fluidizing velocity, Umf, of calcinated alumina granules
with diameters of 100 µm and 150 µm, and as received AKP-50
powder. The mass of each batch was kept at 25 gm.



and coarser (–100/+140 mesh) agglomerates of the AKP-
50 powders prepared by means of granulation are not sig-
nificantly different from the as-received powder.  The re-
sults show that the fluidization behavior of alumina pow-
der in various granulating conditions is similar due to the
high cohesiveness of the fine powder during fluidization.
Consequently, a greater velocity is required to initialize
fluidization of the fine powder.

2. Simulation Result

The 3-D schematic diagram illustrates the granules
of submicron-powder in a fluidizing bed, as shown in Fig.
2.  The gas flow uniformly passes through the distributor,
and fine powder tends to granulate and fluidize in the bed.
The granules collide with each other or the walls of the
reactor at different speeds and impingement angles.

The simulation work generated 2-D and 3-D gran-
ules with different packing densities.  Figure 3 shows the
packing structure of granules with a packing density in-

creasing from 43 to 61% T.D.  It is noted that the surface
distance and pore size are closely related to the relative
density.

Figure 4 shows one typical evolution of the structure
breakdown of a 10 µm granule with 43% T.D. at 4 time
intervals.  The velocity and impingement angle of the
granules were fixed at 10 cm/sec and 10º.  The DEM sim-
ulation shows that all the particles in a granule appear to
have the same velocity due to the gas flow at an initial

C.J. Lin et al.
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Fig. 2. A 3-D schematic diagram showing granules containing submicron
particles in a fluidizing bed.

Fig. 3. The various packing structures of granules with specific relative
densities generated by a random setter.

Fig. 4. Evolution of the breakdown structure of a 10 µm alumina granule
with 43% T.D. impinging against a boundary at an angle of 10º
and a velocity of 10 cm/s. The small trajectory on each particle is
the velocity vector.

(a) initial stage (b) t = 32 µµsec

(c) t = 120 µµsec (d) t = 200 µµsec

B

A



stage (note the vectors in Fig. 4(a)).  The granule breaks
due to collisions with the left-hand boundary.  In the initial
stage of collision with the boundary, the normal force
causes deformation and creates microcracks along the spe-
cific (30º to 45º) direction of the granule.  When the kinet-
ic forces of a contact overcome the attractive force, a
group of particles or secondary granules separates from
the primary granule.  Furthermore, the tangential force
causes disintegration, resulting in the separation of small
debris from the primary granule along micro-cracks.
Some debris rotates due to the hydrodynamic lift and fric-
tional drag from the boundary and medium.  The simula-
tion results show another interesting phenomenon: the re-
association of particles.  The secondary granules A and B,
indicated in Fig. 4(c) and (d), form a new granule at later
stages.

The mean relative size (
v
d/d0) of the secondary gran-

ules was calculated according to Eq. (8) and is shown in
Fig. 5.  The size decreases when the collision velocity in-
creases.  The critical disintegration collision velocity (Vc)
is dependent on the packing density of the granules.  Vc is
2, 5 or 10 cm/sec for soft granules of 43, 49 or 54% T.D.,
respectively.  Note that the hard granule of 61% T.D. can-
not be disintegrated when the collision velocity is below
100 cm/sec.  It appears that smaller secondary granules
are easier to obtain under a velocity higher than the criti-
cal disintegration velocity.  The mean relative size (

v
d/d0)

of secondary granules is reduced to 0.2 at most (mean
aspect ratio ~2.0).  Therefore, the secondary granules
round up again due to re-association in fluidization.

The disintegration results of the 3-D simulation are
similar to the 2-D results with the exception that the mean
relative size of secondary granules in the 3-D simulation is
larger than that in the 2-D simulation.  It is also noted that

the mean coordination number in a 3-D granule is larger
than that of particles in a 2-D granule.  This means that
higher coordination numbers lead to a larger adhesive area
and attractive force.

3. Characterization of Deposited Powder

Figure 6 shows SEM micrographs revealing the sur-
face morphologies of Mo-species/alumina granules with
54% T.D. prepared using MOCVD in a fluidizing bed at
325ºC for 1 h.  The surface morphology appears to be equ-
iaxial in shape and reveals the porous structure of deposit-
ed granules.  The Mo-species is not visible at low magnifi-
cation.  The other observations show the size of the gran-
ules ranging from 10 to 100 µm.

A TEM image of a few Mo-species/Al2O3 particles
with 43% T.D., prepared using MOCVD in a fluidizing
bed at 325ºC for 1 h, is shown in Fig. 7.  The particles
were supported on a perforated carbon film for observa-
tion.  The features of the individual particles show that the
distance between the surfaces of the Al2O3 particles is
about 5 nm.  Some Al2O3 particles covered with amor-
phous film of Mo-species are darker in contrast to others
due to atomic absorption by the deposited species to the
electron beam.

Figure 8(a) shows a cross-section of a few Mospe-
cies/alumina granules with 54% T.D. prepared using
MOCVD in a fluidizing bed at 325ºC for 1 h.  Figure 8(b)
shows the corresponding X-ray intensity mapping of a Mo
element in the same region as in Fig. 8(a).  The Mo-
species deposited in the alumina granules is evident, but
the concentrations vary slightly from the surface to the
center of the granules.  A higher magnification of one
granule is shown in Fig. 8(c).  In this figure, it appears that
the cross sections of these granules are free from polishing
artifacts, such as grinding medium contamination.  The
mean particle size of the alumina is close to 0.3 µm, and
the particles are in slight contact with each other.  The
cross section of the granule remains porous due to the rel-
ative density (54%) of the granule.

The deposited granules were characterized by means
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Fig. 5. The mean relative size of specific granules under various collision
velocities. The impingement angle was fixed at 10º.

Fig. 6. SEM micrographs, at two levels of magnification, of Mo-spe-
cies/alumina granules with 54% T.D. prepared using MOCVD in
a fluidizing bed at 325ºC for 1 h.



of semi-quantitative analysis using SEM-EDS and XRD
analysis.  The EDS spectrum of the deposited powder
shows a concentration of Mo within the alumina powder,
and the Mo-species content increases as the deposition
time increases.  In order to confirm the structure of the Mo-
species, composite powders deposited at different temper-
atures were analyzed by means of XRD, and the results
show a broadened XRD peak at 22º to 30º (2θ angle),
implying that the Mo-species is in an amorphous phase.

Quantitative and elemental distributions of the cross-
section of the deposited granules with various densities
and Mo-species contents in Al2O3 granules at various
depths relative to the surface were analyzed using EPMA
equipped with a wave dispersive spectroscope (WDS).
The EPMA line scans of the Al and Mo elements show
that the distribution of Mo-species is similar from the sur-
face to the center in granules with 43% and 54% T.D.2

The concentration of Mo in an Al2O3 granule is as high as
24 wt%.

Figure 9 shows the density of the various granules in
response to compaction pressure.  At low pressures, the
relative density remains constant up to a break-point pres-
sure, at which point the slope of the relative density with
respect to the logarithmic pressure abruptly increases.
The break-point pressure has been defined as the apparent
yield pressure of the granules (Matsumoto, 1986).  The
apparent yield pressure is related to the strength of the in-
dividual granules.  The yield pressure of the 43, 54, and
61% T.D. granules is 0.3, 0.56, and 2.25 MPa, respective-
ly.  Note that the yield pressure of the deposited granule of
54% T.D. increases from 0.56 to 0.91 MPa.  This implies
that the Mo-species deposited on Al2O3 granule supply
additional adhesive force.

V. Discussion

1. Granule Disintegration and Reassociation

According to the results of the experiment and simu-
lation, the fine powder tends to agglomerate in an aerosol
fluidizing bed.  The soft granule can disintegrate during
fluidization because the mechanical energy is greater than
the attractive energy.  Disintegration and reassociation of

C.J. Lin et al.
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Fig. 7. TEM image of a few Mo-species/alumina particles prepared using
MOCVD in a fluidizing bed at 325ºC for 1 h.

Fig. 8. (a) The cross-section morphology of Mo-species/alumina gran-
ules with 54% T.D. prepared using MOCVD in a fluidizing bed at
325ºC for 1 h, (b) corresponding X-ray mapping of the Mo ele-
ment, and (c) high magnification of the cross-section morphology.

2 The analysis of Mo distribution will be presented in another report.

(a)

(b)

(c)



the particles occurs during fluidization.  The criteria for
the disintegration and re-association of particles to form
secondary granules must be determined in order if a flu-
idizing bed and MOCVD are to be used to obtain granules
with homogeneous Mo-species.

From the microscopic viewpoint, the particle-parti-
cle interaction dynamics of submicron ceramic powders
with granules in the fluidizing powder bed are visualized
in Figs. 2 and 4.  The deformation and breakdown struc-
tures under various collision angles (from 5 to 80º) were
studied.  The contact forces (Fn and Ft) between each pair
of impinging particles and boundaries depend on the im-
pingement angles and collision velocities.  The results
show that the deformation of the granule is due to the
effects of the normal force (Fn) and the rigidity of the
granule.  On the other hand, the frictional drag force (Fd)
is dependent on the magnitude of the effective normal
force (Fn) and the friction coefficient (µ).  When the tan-
gential force Ft is less than µFn, the normal force Fn caus-
es slippage of the granule.  When Ft = µFn, relative sliding
of the particles in a granule occurs.  Due to the normal
force of impingement, the resulting tangential force causes
disintegration if Ft > µFn, resulting in the separation of
small debris from the primary granule.  Generally, the tan-
gential force dominates the initiation of granule disinte-
gration and separation from the primary granule.  The re-
sults appear to show that small secondary granules are
easier to obtain at a velocity higher than the critical disin-
tegration velocity.  Moreover, the disintegration results of
a series of 3-D simulations show that higher coordination
numbers lead to a larger adhesive area and attractive force.
It is believed that the disintegration behavior of ceramic
granules is dependent on the granulation conditions.

The reason for the homogeneous deposition in soft
alumina granules is two-fold.  First, the MOCVD is the

gas reaction route.  This process causes molecular diffu-
sion of the Mo-species into submicron channels inside the
granules.  Second, is the disintegration and re-association
of soft granules (density less than 54% T.D.) in a fluidiz-
ing bed.  The particles from the soft granule disintegrate
and may form secondary granules.  That reduces the size
of the granule and reduces the length of the diffusion path.

2. Granule Strength

The strength of packing particles is determined by
the particle-particle interaction forces and packing struc-
ture (German, 1994; Walker and Reed, 1999).  The fine
particles can agglomerate due to the van der Waals attrac-
tive force and capillary forces if they are exposed to a
humid atmosphere.  When the humidity condenses on the
necks of the particles, the capillary force should be taken
into consideration.  The condensation of water from hu-
mid vapor was controlled in this study, but it is difficult to
totally rule out the effects of humidity.  Therefore, the
simulation also considered this possibility.

In addition to the van der Waals and capillary forces,
the atomic bonding force of the necks introduced by calci-
nation at 1000ºC should be counted as part of the adhesive
force.  Meanwhile, the porosity, coordination number, and
surface distance of the packing structure also influences
the strength of the granule.  German proposed that the
strength of packing particles (σg) can be formulated as fol-
lows (German, 1994; Rietema, 199l):

(9)

where ε is the porosity, Nc is the packing coordination, Fa

is the adhesive force of the packing particle, d is the diam-
eter of the particle, k is a shape factor, and f(=1 – ε) is the
fractional density.  In random packing, the coordination
number varies according to the packing density as well as
from particle to particle.  Hence, only an average coordi-
nation number (Nc) can be assumed.  It was suggested by
Smith (Rietema, 1991) that the relationship between the
coordination number and the porosity is given by Nc × ε =
3.1.  Therefore, the values of Nc of the granules in 43, 49,
54, and 61% T.D. are 5.4, 6.1, 6.7, and 7.9, respectively.

The value of the capillary force (Fc) follows the esti-
mation (German, 1994):

Fc = 5γd, (10)

where γ is the surface energy and d is the particle size.
When the saturation condition of second phase in granules
is considered, Eq. (10) can be modified to obtain

Fc = 5Sγd, (11)

σ ε
πg

c a
c

aN F

d
k f N

F

d
= −





× × = × × ×6 1

2

2 3

2 2
( )

,

DEM Simulation & Processing of Mo/Al2O3

–401–

Fig. 9. Compaction results of granules of alumina with various packing
densities depicting the apparent yield pressure of the granules.



where S is the degree of saturation (the fraction of the pore
volume filled with second phase).  The saturation of
humidity and the ratio of atomic bonding of a granule cal-
cinated at 1000ºC, in the capillary area, are equal to 0.8%
and 0.2%, respectively.  The adsorption of humidity was
taken from the mass loss (0.1 wt%) of as-received powder
heated to 105ºC for 12 h.  The saturation of humidity is
equal to 0.8 vol% of the pore volume.  The saturation of
atomic bonding was determined by taking the initial
shrinkage value obtained from thermal mechanical analy-
sis (TMA) at 1000ºC.  In addition, the surface energy
(Kingery et al., 1976) γl-v of H2O is 72 ergs/cm2, and γs-s

of Al2O3 is 905 ergs/cm2.  The interface energy and satu-
ration between Al2O3 and Mo-species are difficult to de-
fine since some degree of chemical and physical adsorp-
tion takes place (Szekely et al., 1976).  Therefore, the
interface energy can be determined by referring to the
Al2O3-silicate glaze (Kingery et al., 1976) and assuming a
value of 500 ergs/cm2, with the saturation of Mo-species
set at 0.2%.

In a random packing structure, the distance between
neighboring particles is a normal distribution.  Figure 10
shows the distance between neighboring particle-particle
surfaces in granules with various densities estimated from
the simulated microstructures as shown in Fig. 3.  Based
on the weakest-link theory (Papargyris, 1998; Lok and
Lee, 1997), the statistical fraction of the particle connec-
tion providing the apparent strength of a loose-packed
granule is about 0.16, which is the accumulation of the
shorter surface distances.

The apparent distances under which the volumes of
particles accumulate to 0.16 are 4.9, 4.2, 3.3, or 2.1 nm for
granules with 43, 49, 54, or 61% T.D., respectively.  The

data also shows that looser particle packing results in a
broader surface distance distribution.

The van der Waals interaction force versus the sur-
face distances between neighboring particles with various
particle sizes was calculated according to Eq. (3), and the
results are shown in Fig. 11.  The shortest surface distance
between neighboring particles is limited by the hard
spherical diameter of a molecule (σhd ~0.6 nm) (Hong,
1997).  The results show that the attractive force increases
as the surface distance decreases and particle size increas-
es.  Therefore, the strength (the ratio of force to surface
area) becomes more significant for smaller particles.  Gen-
erally speaking, shorter surface distances lead to greater
van der Waals attractive forces.

From Eqs. (9) and (11), numerical calculation (Fig.
12) shows the estimated strength of various granules plot-
ted against the surface distances between neighboring par-
ticles of sizes d1 = 100 nm and d2 = 500 nm.  The strength
of granules increases as the van der Waals force, capillary
force, and atomic bonding come into play.  The strength
curves shown in Fig. 12 move downward as additional
(capillary and bonding) forces are included in Eq. (9).

Four experimental yield strengths of various gran-
ules determined by means of compaction tests (Fig. 9) are
also plotted in Fig. 12.  The corresponding surface dis-
tance is between 0.9 nm to 2.1 nm.  The range of the sur-
face distance is slightly smaller than that from the corre-
sponding simulation results, as shown by the marked
region in the figure, with respect to the 43%, 54%, and
61% T.D. granules.  The experimental results of the yield
pressure of various granules are similar and consistent
with the numerical calculation results.
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Fig. 10. The surface distance distributions of neighboring particles in
granules with various densities. The values were estimated based
on simulated granular structures in 2-D cases.

Fig. 11. Estimate of the van der Waals interaction forces versus the sur-
face distance of particle interaction under various sizes (r1, r2). A
definition of the hard spherical diameter was given by Hong
(1997).



VI. Conclusion

A new synthesizing process and simulation of the
particle-particle interaction dynamics of granules used to
fabricate nano-Mo/Al2O3 composites powder have been
presented.  The results of simulation and characterization
of the composite powder are summarized below.

(1) The fluidization behavior of fine alumina powder is
similar to that of soft granules with a broad size
distribution due to the attractive forces.  The inter-
action of the van der Waals force is important with-
out considering the influence of capillary and
atomic bonding when the surface distance is small-
er than 1.0 nm.  However, FvdW is still a very weak
force.

(2) The simulation results show that the soft granules
collide with a rigid boundary wall and subsequent-
ly form secondary granules in which size is a func-
tion of the impinging velocity and packing charac-
teristics.  The critical breakdown velocity of the
hard granule with additional bonding forces is
beyond the scope of the simulation.

(3) The packing strength of the granule can be derived
from the integration of three adhesive forces and
from the surface distance between neighboring par-
ticles.  The results of the experiment show the yield
pressures of various granules to be similar, which is
consistent with the results of numerical calcula-
tions.

(4) The details of the morphologies obtained using
TEM and SEM show that the Mo-species is homo-
geneously deposited on submicron alumina pow-
der.  The Mo-species diffuses into the interior spac-
es of the granules during fluidization, yielding Mo
concentrations as high as 24 wt%.
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