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An clectrostatic powder dispenser was constructed to dispense particles without the use of a
carrier gas. This device consisted of two contoured, outer stainless-steel plates that were
electrically grounded and a flat, inner copper grid that was electrified and contained a central’
powder reservoir. Experiments were performed to investigate the levitation of various powders
from the reservoir in the presence of an applied dc electric field. Eleven materials including
metals, oxides, and conductively coated oxides were studied under vacuum and atmospheric
conditions. The electric field required to remove particles from the powder reservoir was found
to be a function of particle density and size. An equation was developed that predicted the
minimum voltage necessary to remove conductive particles larger than 10 zm in diameter from
a conductive surface in a vacuum environment: E = [4.85(pD)"? + 0.362] X 10°, where E is
the field strength (V/m), p is the particle density (kg/m?), and D is the mass median particle
diameter (m). For particles in this size range, gravitational and electrostatic forces appeared to
dominate, whereas for particles with a mass median diameter less than 10 pm, adhesive forces
appeared to dominate. This equation was also found to hold for the removal of glass beads in

air. A semiquantitative model was developed that was consistent with experimental resuits.
This model calculated the force and charge induced on the particles in an electric field while

taking into account the neighboring particles.

INTRODUCTION

The levitation of particles from a conductive surface has
been studied for over 30 years. The experiments of Wuerker,
Shelton, and Langmuir ! demonstrated that with a sufficient
electric field, conductive iron and aluminum particles could
be levitated from a surface. This principle was also used as
part of a particle charging and injection system developed by
Shelton, Hendricks, and Wuerker? to electrostatically acce-
letate micron-diameter iron spheres to hypervelocities, on
the order of km/s. It was also utilized under more benign
conditions by Adamo and Nanevicz® in a device to control
the dispensing of solid, conductive copper, silver, and silver-
coated polyethylene micrometer-size particles in a vacuum.
There has also been considerable work done both theoreti-
cally and experimentally to elucidate the mechanisms of
contact charging that occur inside such a device (for exam-
pie, see Cho,* Hendricks,® and Colver ). More recently, be-
cause of a need in the semiconductor industry to remove
unwanted particles from microelectronic circuit board sur-

 faces, attention has focused on studying the adhesion of indi-
vidual particles on conductive surfaces, as described by Ran-
ade’ and by Cooper, Wolfe, and Miller.?

The work described in this paper is part of an overall
study to develop a device [hereby designated as an electro-
static powder dispenser (EPD)] to continuously disperse
particles without a carrier gas and with high efficiency under
either atmospheric or vacuum conditions. In this light, it
departs from the aforementioned studies in that it considers
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the continuous dispensing of many particles at moderate ve-
locities, on the order of 0.1-10 m/s.

The EPD is a device consisting of two outer stainless-
steel plates and an inner copper plate. It works well for most
conductive particles in a vacuum and for most conductive
and some dielectric powders in air. The device operates on
the principle of electrostatic levitation. The powder is placed
on a conductive plate in an electric field. The field induces a
charge on the particles. This charge is a function of the ap-
plied field and the particle size. For sufficient electric fields,
the particles are removed from the surface, travel to the op-
positely charged electrode, and repeat the process until the
particles are ejected from the outlet of the device.

This paper presents the requirements necessary to levi-
tate powders from a conductive surface in the presence of an
applied dc electric field. The results of experiments on parti-
clelevitation from a powder bed contained in the reservoir of
the EPD are presented. An equation is presented that ade-
quately predicts the experimentally determined minimum
electric field necessary to remove larger ( > 10 um diameter)
conductive particles from the conductive surface. Further, a
theoretical model is proposed that determines the force and
charge that are induced on particles in an electric field in the
presence of other particles. This model is compared to ex-
perimental observations.

THEORY

A single particle in contact with a conductive surface
and exposed to an electric field will acquire a charge distribu-
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tion that can be calculated from basic electromagnetic theo-
ry.® For a conductive particle, the acquisition of the charge
induced by the field resides on the surface of the particle and
is nearly instantaneous. The integration of this surface
charge yields the total charge on the particle

g = e, D?E /6, (1)

where E = V /d, electric field strength (V/m), Dis the parti-
cle diameter (m), Vis the applied voltage (V), d is the elec-
trode separation distance (m), and ¢, is the permittivity of
free space (8.85X 10~ ' F/m). This calculation agrees with
the results given by Shelton, Hendricks, and Wuerker,?
Cho,* Myazdrikov and Puzanov,'’ and Adamo and Nane-
vicz.?

Next, usually it is assumed that the force on the sphere
residing on a plane surface due to the electric field is identical
to the force on a sphere separated from the surface:

F,=m€,D*E*/6. (2)
This is true if the sphere is far removed from the plane where
it is in a uniform electric field. However, the surface charge
distribution for the sphere in a uniform electric field is differ-
ent from the surface charge distribution for a sphere resting
on an infinite plane. Thus, the force on the sphere while
resting on an infinite plane is not the same as that in a uni-
form electric field.

The surface charge distribution for the sphere that is
resting on an infinite plane can be solved as a sum of a series.
This series then can be used to find the total induced charge
on the sphere that agrees with previous results. This can be
utilized further to find the total lifting force, i.e., the total of
the force component that is parallel to the normal vector of
the plane, acting on the sphere. This summation and integra-
tion can be done numerically and gives a lifting force

F, = 1.37m¢,D*E?, (3)
- which is 0.83 times the force given in Eq. (2). Therefore, a
larger electric field is needed to lift a sphere from the plane
than that which normally is assumed.

When the lifting force exceeds the combined forces of
gravity and adhesion, the particle will be levitated from the
surface. Mathematically, identifying g as the gravitational
acceleration,

F,omg+ F,. (4)

The adhesive force, F, (in N), can be derived from a theo-
retical basis,!' where

F,=HD/P, (5)

with H as the Hamaker constant (J) and 7 the minimum
separation distance (m). Experimental values for H range
from 0.01 X 10~ ' J to 230X 10~ J. Separation distances
can range from as close as 0.4 nm to over 20 nm. Because this
theory predicts adhesive forces that are uncertain over sever-
al orders of magnitude, empirical expressions such as that
developed by Hinds'? are more widely used

F, =0.15D [0.5 + 0.0045(percent relative humidity) ],
(6)

where F, isin N and Dis in m. However, Zimon'? points out
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that the general application of a single empirical equation is
incorrect because each expression developed is very depen-
dent on the measurement method. Not only can the con-
stants be found to vary, but the functional dependence on the
particle size D can vary as well. In addition to the linear
relationship with D, as given above, the adhesive force has
been found to vary as the inverse of D, the inverse of D?, and
the inverse of D, Clearly, a general prediction of the adhe-
sive force is very difficult. Fortunately, there is a region of
particle size where the adhesive force can be neglected. This
will be discussed in the results section.

The previous discussion has only considered a single
particle. If the particle is in a reservoir of other particles, it
will have some neighbors. If the neighbors are close enough,
they will change the surface charge distribution and the lift-
ing force on the particle. The exact surface charge distribu-
tion and the lifting force will depend criticaily on the ar-
rangement of the neighbor particles, which makes the

_ problem difficuit.

A simpler problem can be considered. In this problem
the particle is taken to be a hemisphere and its neighbors are
taken to be the surface of revolution about the vertical axis as
shown in Fig. 1. Because the model surface does not have the
gaps that are formed by the neighboring spheres that touch
the particle, it is expected that the lifting force found in this
model would be less than the lifting force if the neighbors
were spheres. Therefore, the lifting force found here should
be a lower limit for a particle of a given radius and electric
field. If this force is equated to the sum of the gravitational
force and the adhesion force to calculate the electric field to
lift the particle, the resultant electric field would be the up-
per limit needed to lift the particle.

The surface charge distribution can be found by divid-
ing the surface into a number of concentric rings with a
width and a slope to follow the surface. If the charge on each
of these rings is known, then the potential can be found any-
where. By imposing the boundary conditions that the sur-

TE at large distances

Axis of Rotational Symmetry

0 Volts

FIG. 1. Schematic representation for a simple model of a particle surround-
ed by neighbors.
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face is at zero potential and the electric field is uniform at
large distances, the charge on each of the rings can be deter-
mined. This procedure is used to solve the fields for electro-
static lenses.'* The lifting force and the charge on the particle
can be calculated once the charge on each ring is found. The
charge on the particle is

¢ =0.237e,DE (7N
and the lifting force is '
F. =0.117me,D*E> (8)

Equations (1) and (7) define the limits on the charge of

a particle in an electric field surrounded by neighboring par-

ticles. This broad range for the charge on a particle can be

refined by more qualitative arguments. For perfect spheres

and a maximum packing fraction, the integration of the sur-

- face charge will be only over approximately 27 as opposed to

4 in the single, isolated particle case. This implies the value

for the integrated charge on a particle should be about half of
that given by Eq. (1), i.e,,

g = 0.824me,D°E. . 9

The force then should be found to be approximately half of
the value given by Eq. (3). Analysis of experimental resuits
in later sections will provide quantitative support for this
assumption that

F, = 0.68me,D2E>. " (10)

Consider the particles to be residing in a device schema-
tically described in Fig. 2. Once the particles are removed
from the first surface (the center electrode), they will ex-
change charge upon contact with the opposing (top) elec-
trode, leave and continue “bouncing.” The bottom electrode
is shaped so that the bulk motion of the particles will be
directed towards the exit aperture. When the particle is rest-
ing on the bottom electrode, the direction of the lifting force
is normal to the surface of the bottom electrode. Thus, the
initial direction of the trajectory that the particle will take
from the bottom plate to the top plate is along this normal. A
curved field line can be associated with this normal and with
the initial position of the particle. The electric field vector at
any point on this field line is tangent to the line. The particle
will initially try to follow this field line, but as the velocity
increases the centrifugal force will cause the particle to move
away from the center of curvature of the field line. This mo-

tion away from the center of curvature of a field line will
occur when the particle travels from the top plate to the
bottom plate. Therefore, as the particles bounce between the
plates, the bulk motion will be away from the center of cur-
vature of the field lines. In the upper part of the dispenser,
the centers of curvatures of the field are directed radially
away from the reservoir dish. Similarly, in the lower or exit
chamber the bulk particle motion will be directed radially
toward the exit hole. This is usually accomplished by simply
changing the electrode separation spacing so that the mini-
mum field strength occurs at the dispenser exit.

The theoretical analysis detailed above implies two
practical consequences. First, while Eq. (10) is true for the
first removal of a particle from the powder bed, as the parti-
cle bounces through the device toward the exit, the probabil-
ity that a particle will land and be reejected as a single, isolat-
ed particle is increased. This implies that for calculating exit
conditions such as power and velocity, Eq. (3) must be used,
but for calculating initial parameters such as minimum oper-
ating voltage, Eq. (10) must be used. Second, the inclination
angle of the electrodes cannot result in separation spacings
that would reduce the electrostatic force on the particle to
values below that required by Eq. (3). In practice, force
values somewhat less than those given by Eq. (3) are accep-
table for continued ‘bouncing’ due to a coefficient of restitu-
tion for quasi-elastic collisions.®

EXPERIMENTAL DESCRIPTION

Experiments were performed using the device that is
shown schematically in Fig. 2. The two outer electrodes were
held at the same potential, usually electrical ground. The
inner, center electrode consisted of a copper wire mesh (wire
diam = 0.305 mm, hole area = 1.73 mm?) having approxi-
mately 64% open area and supporting a plate or shallow dish
in the center. This inner electrode was held at a different
potential, usually at the output potential of a high-voltage
power supply. Characteristic dimensions of the device are
given in Table 1.

Various known quantities of powders were placed in the
central dish. The resultant powder beds ranged in depth
from on the order of a monolayer to 4 mm. Powder param-
eters qualitatively were determined photographically
through a Zeiss microscope and quantitatively were deter-
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TABLE 1. Physical characteristics of electrostatic powder dispenser
(EPD).

5.08 cm
Weight 1.2kg
Electrode separation 1.27cm
Outlet diameter 1.27cm
Electrode angle: @ 10.0deg
B S.4deg
r - 8.2deg
Electrode Material: Outer electrodes SS
Inner electrode Cu
Dish volume 35cm’
Screen mesh Cu

0.305-mm wire diam

TABLE I1I. Powder removal efficiencies. Note: Separation spacing
between powder layer and upper electrode is 0.0127 m.

. ———
Maximum
. Particle diameter Voltage removal
Material (um) (kv) efficiency
Ag-clad TW 4.55 10.5 49%
Ag-SF-14 57 10.0 96%
Ag-SF-44 315 3s 100%
Brass 135 8.0 100%
Cu dust 12 4.0 98%
Cu-SG 90 7.5 97%
Glass 46.5 8.0 97%
Graphite 1 5.0 18%

mined using either a Leeds and Northrop Model 7995-93
Microtrac'® or a Micromeritics Model 5000 Sedigraph'®
particle size distribution measuring device. A voltage typi-
cally was supplied to the inner electrode, establishing an
electric field between the inner electrode and the grounded
outer electrodes. The voltage that produced the first observ-
able stream of particles from the device was recorded and
denoted as the minimum voltage. The dispensing efficiency
of the device was determined by weighing the collected pow-
der dispersed and comparing it to the initial weight for a
given voltage. Output number median particle diameters
were measured in situ with an Insitec PCSV'" system.
While some experiments were performed in air, most
were performed inside a vacuum chamber. Operation inside
a vacuum chamber was important to minimize or to elimi-
nate the component of the adhesive force due to the surface
tension effects of interstitial condensed water vapor.

.EXPERIMENTAL RESULTS

Table II presents a list of some of the powders tested and
measurements of the particle size parameters with the tech-
niques discussed in the previous section. A number of key
points are evident from Table II. First, the qualitative mea-
surement of particle size using microscopy corresponds
quite well with the mass median particle sizes determined by
either the Microtrac'® or Sedigraph.'® Even for high aspect
ratio particles such as copper flakes, the equivalent spherical

TABLE I1. Material diameter comparison.
s e —

Photo- Mass Number Number
graphic median median median
median measured calculated measured
Material (um) (um) (pm) (um)
Copper flake 443 120 4,01 3.52
. (44x1)
Ag-clad TW 5.60 4.55 3.52 240
Metalite-Ag 317 315 25.3 29.9
(SF-44)
Cerium oxide 2.70 2.60 0.30
Glass beads 45.9 _ 46.5 36.0 e
W-Re 4.80 3.67 1.41 1.69
— -
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diameter calculated from the mass photographic size of
44 m in diameter by 1 um thick is 14 um, which is only 14%
larger than the value of 12 um determined by the Micro-
trac.'® Second, it is evident from the missing entries in Table
I1, that insulators are impossible to dispense in a vacuum for
electric fields less than 20 kV/cm, which was the approxi-
mate breakdown limit of the dispensing device.

Table 11 lists the maximum removal efficiency found
for the various materials tested. The removal efficiency is
defined as the mass of material removed from the powder
reservoir divided by the initial mass of material in the reser-
voir. The diameter of the individual particles and the voltage
necessary to obtain the maximum removal efficiency are also
listed. The larger conductive particles demonstrated very
sharp efficiency curves that were consistent with the shape of
efficiency curves for conductors determined by Zimon."
The dispensing efficiency of the copper dust, as defined ear-
lier, versus voltage is shown in Fig. 3. The maximum remov-

40 E
L o o
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Voitage (kv}
FIG. 3. Dispensing efficiency vs final voltage for copper dust.
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al efficiencies of most of the powders tested are plotted ver-
sus their particle size in Fig. 4. The inability to efficiently
remove particles having diameters less than 10 um is attrib-
uted to the dominance of the adhesive force over the electro-
static and gravitational forces.

Reconsider Eq. (10) which was a qualitative estimate of
the minimum force required to electrostatically remove a
particle from a powder layer. Substitution into Eq. (4) yields

0.687€,D*E*=mg + F,. (1)

Realizing that Fig. 4 implies that the adhesive force is not a
significant factor for larger particles, the adhesion term in
Eq. (11) can be neglected. Solving for the minimum field
strength

E=3521X10°(pD)'2. (12)

Table IV provides a list of powder materials used, the
particle mass median equivalent spherical diameters and
density, and the minimum voltage required to dispense the
powder in vacuum and in air for some materials.

The minimum field strength, regardiess of polarity, is
plotted against (pD)'/? in Fig. 5. All the data points, except
for the W-Re and Ag-Clad TW, and graphite data fall within
16% of a line defined by a least-square fit to the data:

E = [4.85(pD)"* 4+ 0.362] X 10°. (13)

The agreement to within 109 between Eqs. (12) and (13) is
considered to be serendipitous because Eq. (12) was not de-
rived rigorously from theory. The nonzero intercept is prob-
ably the result of experimental uncertainties. The three
points not following & (pD)'/? dependence are the smallest
diameter particles tested. This confirms that for large parti-
cles (D> 10 um), particle adhesion is dominated by the

Maximum Removal Efficiency (%)

1 10 100 1000

Particle Diameter (um)

FI1G. 4. Maximum removal efficiency vs mass median particle diameter.
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TABLE 1V. Minimum dispensing voltage.

Particle V min
mass median Particle (kV)

diameter density
Material (um) (kg/m*)  Air  Vacuum
Ag-clad TW 4.55 3400 ‘e 8.0
Ag SF-14 57 850 22 1.2
Ag SF-44 315 850 30 1.0
AlSF-12 80 o 5.0 5.0
Brass 135 9404 7.0 7.0
Cu dust 12,0 9977 4.5 2.5
Cu-SG 90 825 3.0 20
Glass 46.5 2547 33 oo
Graphite i 2260 oo 5.0
Stainless steel - ) 8000 4.6 5.0
W-Re 3.67 20 000 e 4.5
Zinc 14.5 7140 N.A. 2.6

gravitational and electrostatic forces. Furthermore, Eq.
(13) has been shown that it can be used to accurately predict
the minimum field required to electrostatically levitate par-
ticles greater than 10 um in diameter from a powder layer.
Equation (13) does not hold for particle diameters below
10 um because of the increasing significance of the adhesive
force.

At this point it should be noted that included in the data
is the minimum voltage required to disperse glass particles in
air. Table IV indicates that these glass particles could not be
dispersed in a vacuum. One hypothesis that might explain
this observation is that the ionization of the gas provides the
mechanism for charge transfer for insulating glass particles

n s
E=(0362+485(pD) )x10

s

Electric Field (x 10~ V/m)
[~ ]

® D>10um

¢ D<ciOum

00.0 0.2 0.4 0.6 0.8 1.0 1.2

1/2
(pD)

FIG 5. Minimum electric field intensity necessary to levitate particles.
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in air. In a vacuum, no ions or an insufficient number are
present, so that the insulating particles have no method of
acquiring charge. Another possibility is that the moisture in
the air causes interstitial water to form between particles and
on their surfaces, thereby creating a conductive path and
allowing the particles to be dispersed in air. Because the data
for glass in air also follows Eq. (13), it appears reasonable to
assume that the equation not only holds for any conductive
particle larger than 10 gm in diameter but also holds for
dielectric particles larger than 10 #m in diameter in the pres-
ence of a ionizable gas. This would be consistent with obser-
vations on dielectric particle levitation in air made by
Colver.®

SUMMARY

The mass efficiencies and the minimum voltages re-
quired for the removal of powders from a conductive surface
by means of an electrostatic field were measured. The inter-
pretation of the efficiency data led to the conclusion that the
adhesive force does not play a significant role when electro-
statically levitating particles greater than 10 xm in diameter
against gravity. The minimum voltage data led to the rela-
tionship that accurately predicts the minimum voltage re-
quired to remove a powder layer from a surface if the equiva-
lent spherical mass medium particle diameter and density
are known. This empirical relationship was shown to be con-
sistent with the developed theory.

ACKNOWLEDGMENTS

This work was performed under Contract No. W-31-
109-ENG-38 between the University of Chicago and the De-

3247 J. Appl. Phys., Vol. 65, No. 8, 15 April 1989

partment of Defense and under Contract No. 62622401 be-
tween Argonne National Laboratory and the University of
Notre Dame. The authors would like to thank P. Higgins, R.
Haglund, and J. Olansen for conducting some of the experi-
ments reported herein, R. Macedo for helping design the
EPD and overseeing its fabrication, T. Dickman for machin-
ing several critical parts, and K. Leong for helpful discus-
sions and comments,

'R. F. Wuerker, H. Shelton, and R. F. Langmuir, J. Appl. Phys. 30, 342
(1959).

*H. Shelton, C. D. Hendricks, and R. F. Wuerker, J. Appl. Phys. 31, 1243
(1960).

’R. C. Adamo and J. E. Nanevicz, Stanford Research Institute Report,
Project No. 3599, 1975.

‘A.Y. H. Cho, J. Appl. Phys. 35, 2561 (1964).

*C. D. Hendricks, in Electrostatics and Its Applications, edited by A. D.
Moore (Wiley, New York, 1973).

°G. M. Colver, J. Appl. Phys. 47, 4839 (1976).

"M. B. Ranade, Aerosol Sci. Technol. 7, 161 (1987).

*D. W. Cooper, H. L. Wolfe, and R. J. Miller (private communication with
K. Leong).

°J. D. Jackson, Classical Electrodynamics (Wiley, New York, 1973).

'°0. A. Myazdrikov and V. N. Puzanov, Zavod. Lab. 35, 1265 (1969).

""M. Corn, in Aerosol Science, edited by C. N. Davies (Academic, New
York, 1966).

W, C. Hinds, Aerosol Technology (Wiley, New York, 1982).

YA. D. Zimon, Adhesion of Dust and Powder (Consultants Bureau, New
York, 1982).

“A. Renau, F. H. Read, and J. N. H. Brunt, J. Phys. E 15, 347 (1982).

'*Leeds-Northrup Instruments, Sumneytown Pike, North Wales, PA
19454,

'*Micromeritics, 1 Micromeritic Drive, Norcross, GA 30093.

YInsitec, 2110 Omega Road, Suite D, San Ramon, CA 94583-1226.

Novick, Hummer, and Dunn 3247



