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Measurements of Kinetic Energy Loss for Particles

Impacting Surfaces

Stephen Wall, Walter John, and Hwa-Chi Wang
Air and Industrial Hygiene Laboratory, California Department of Health Services,

Berkeley, CA 94704

Simon L. Goren

Department of Chemical Engineering, University of California, Berkeley, Berkeley, CA 94720

Incoming and rebounding particle velocities were mea-
sured to within several particle diameters of the im-
paction surface using laser Doppler velocimetry. Im-
pacts occurred normal to the surface and ranged from
1 m /s, near the threshold for particle bounce, to 160
m /s, well into the plastic damage regime. Monodis-
perse ammonium fluorescein spheres, 2,6-6.9 pm in
diameter, impacted target surfaces including polished
molybdenum and silicon, cleaved mica, and a fluoro-
carbon polymer. The incident kinetic energy recovered
on rebound depended on particle size and target com-
position at low velocity (<20 m /s), where the adhe-
sion surface energy is important. No dependence on
target composition was found at higher velocities where

up to half of the impact energy was lost to plastic
deformation. Plastic deformation was a significant
component of energy loss even at impact velocities near
critical velocity. Critical velocities for the onset of
bounce decreased with a stronger power-law depen-
dence on particle diameter than expected from classi-
cal adhesion theory or the elastic flattening model
proposed by Dahneke. This is consistent with kinetic
energy loss contributions from both plastic deforma-
tion and surface forces. Auxiliary experiments con-
ducted with and without continuous discharge of the
impact surface indicated the absence of a significant
electrostatic contribution to particle adhesion.

INTRODUCTION

The capture of particles on impact with a
surface is a fundamentally important step in
aerosol collection and in natural deposition
processes, but remains an incompletely un-
derstood phenomenon. Particles are known
to escape collection and rebound from sur-
faces when the impact velocity exceeds a
characteristic critical velocity, which is de-
termined by the particle size and the mate-
rials involved. For many materials, the yield
pressure above which plastic deformation
begins is exceeded even at the relatively low
velocities near the critical velocity. To
achieve a fundamental understanding of the
adhesion process occurring during particle
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impacts requires the measurement of the
kinetic energy loss over a wide range of
velocities, particle size, and materials so that
the effects of plastic deformation as well as
adhesion can be taken into account.

The current study was undertaken to fur-
ther the understanding of particle bounce
processes, including adhesion and plastic
deformation, through direct measurements
of incident and rebounding particle veloci-
ties. Freshly generated, monosized solid
particles were impacted on several different
well-characterized surfaces. The particle size
dependence of critical velocity was investi-
gated. The change in energy loss with parti-
cle velocity and target material was also
investigated.

Aerosol Science and Technology 12:926-946 (1990)
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PREVIOUS WORK

Dahneke (1972) considered surface adhe-
sion arising from elastic deformations, but
energy loss mechanisms were not specified
in any detail. Brenner et al. (1981) consid-
ered plastic deformation for large metal
particle impacts. Rogers and Reed (1984)
first considered both elastic and plastic de-
formations occurring during large particle-
surface impacts. However, the experimental
data currently available for particles of mi-
crometer size are inadequate to test these
theories.

Previous experimental measurements of
adhesion for particles impacting surfaces
have used two different basic approaches.
In the first, the onset of particle bounce
from a surface is detected as a decrease in
collection efficiency which occurs at suffi-
ciently high impact velocity. The particle
velocity is not determined directly, but is
estimated from a calculated flowfield. This
basic approach was applied by Esmen et al.
(1978), D’Ottavio and Goren (1983), Aylor
and Ferrandino (1985) and Wang and John
(1988).

In the second experimental approach, di-
rect measurements are made of the incom-
ing and rebounding particle velocities.
Dahneke (1973) first used this approach in
vacuum to determine that polymer particles
impacting smooth hard targets suffer up to
a 20% loss in kinetic energy. Unfortunately,
limitations of the bounce cell design pre-
vented measurements down to near-critical
velocity, where energy loss owing to surface
adhesion dominates. High-speed photogra-
phy was used by Broom (1979), Hiller and
Loffler (1980), and Paw U (1982), to deter-
mine particle trajectories close to the sur-
face. Paw U, using biological particles im-
pacting natural leaf surfaces, and Broom,
using glass microspheres and unpolished
metal targets, found the inherent surface
roughness of these materials to have a ma-
jor effect on particle rebound. This may be
due to plastic deformation of surface asperi-
ties. Hiller and LofHer discussed the impor-
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tance of plastic deformation as an energy
loss mechanism in the impacts of smooth,
solid particles with a small fiber, but a de-
tailed model was not developed.

Most recently, Rogers and Reed (1984)
investigated impacts for large (15-40 um)
copper microspheres in order to evaluate an
elastic-plastic impact model for particle ad-
hesion. Critical impact velocities at the sur-
face were obtained directly with a high speed
camera for those particles which just failed
to rebound. Application of the model pro-
vided an estimate of adhesion energy at the
particle—surface interface in general agree-
ment with independent determinations of
surface energy from liquid contact angle
measurements. However, there was signifi-
cant uncertainty in the comparison because
the sizes of the test particles were not accu-
rately known.

THEORETICAL BACKGROUND

A schematic diagram of the particle bounce
process treated as a simple energy balance
is shown in Figure 1. An energy balance for
the impact is K;+E,—K, =K, +E, and
rebound occurs for K, > E_, where K; and
K, are the kinetic energy for the incoming
and rebounding particle, E; and E, are the
potential energy of interaction with the sur-
face for the incoming and rebounding parti-
cle, and K; is the energy loss during the
impact. The fraction of the impact energy
recovered in terms of the incoming velocity
V; and the rebounding velocity V; is:

V2/VEi=er+2AE/MV?, (1)

where AE =E;— E, and the coefficient of
restitution, e=(1— K, /K;)"/>. Here the
classical definition of e is used in contrast
to the form used by Dahneke, e=(1—
K, /(K;+ E)"?, which does not reduce to
the classical form even when AE =0. The
classical definition does not assume e and
E; to be mutually independent parameters,
which is important since both may be re-
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2
Ky=Ke-Ey=3MVy

b

(2) (b) (e)

FIGURE 1. A diagram of the particle bounce
process as a simple energy balance for normal
impacts showing (a4) the incoming particle ap-
proaching the surface (b) the particle at full
compression before rebound, and (¢) the re-
bounding particle.

lated to the amount of material deformation
on impact.

The critical velocity for particle capture
is:

Vi =(-2AE/(Me?))"”. (2)

The well-known Hertz equations for purely
elastic impacts and the elastic yield limit Y
of the material can be utilized to determine
the limiting velocity ¥, above which plastic
deformation begins to occur. As can be
shown from Bitter (1963):

V,=(2m/3K)*(2/5p)°Y*", (3)

where p is the density of the particle and
the mechanical constant K=4/3(x, + x,)
with k; = (1 —v}?)/§;, where v, is the Pois-
son ratio and ¢; is Young’s modulus for the
material of object i. The limiting velocity is
determined by the bulk material properties
and is independent of particle size. As an
example, the bulk properties of polystyrene
are known to be k=2.75x10"'" m?/N,
p=105%x10% kg/m? and Y=438x 10’
N/m? For polystyrene microspheres im-

Wall et al.

pacting a hard target, as investigated by
Dahneke (1973) and also Cheng and Yeh
(1979), plastic damage would be expected to
occur for impact velocities as small as 0.06
m/s. This is more than an order of magni-
tude lower than the critical velocities re-
ported by these researchers.

The elastic energy stored in a particle-
surface impact before plastic deformation
begins is just the limiting kinetic energy,
K,=MV}?/2. An expression derived by
Bitter (1963) for the impact energy loss due
to plastic deformation, K,, can be ex-
pressed as:

K,=[(K~K,/16)" - (15Ky/16)1/2]2.
(4)

From energy conservation, Rogers and Reed
(1984) determined the necessary condition
for particle rebound on impact with a sur-
face to be:

K,—K,>E,, (5)

where (K; — K ) is the stored elastic energy
available for rebound, and E, is the total
adhesion energy derived from the equilib-
rium circle of contact. The total adhesion
energy at equilibrium has been shown by
Johnson et al. (1971) to be the sum of two
energy terms:

E.=E_ +E, (6)

which are expressed here in terms of the
forces F,, F,, and F, for convenience.

F,, the externally applied load, was con-
sidered to be the gravitational force due to
the mass of the particle. This force is aug-
mented by the surface forces F; to yield a
total applied load F;:

F,=F,+2F,+2[E.F, + F?]", (7)
where
F=3/2Aymr}(K/F,), (8)

Ay is the adhesion surface energy per unit
area, and r, is the total projected radius of
contact without surface forces for a particle
of radius R, as derived from Rogers and
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Reed (1984),

2, on1/2
r = (re + rp) .

Here r, = (5K,R?/2K)'” is the maximum
contact circle radius under purely elastic

compression and,
1/4
. =3K[(15/16) K, K] /[(=Y )R]

is the radius of the plastic deformation con-
tact circle, which forms at the center of
contact upon further compression after the
yield limit is reached. The total mechanical
force F,, exerted in producing the elastic
deformation in the particle is the sum of the
force in the elastic region,

2/5 3/5

(5K,/2)",

derived by ecvaluating the Hertz law
(Timoshenko and Goodier, 1951) at the
elastic limit velocity, and the elastic force in
the plastic region, F, = 7r)Y.

The mechanical potential energy due to
the surface contact is then
E,=F,E[(F7 + 2F,F717) /3K,
(9)

and the surface energy developed over the
interfacial contact is

E,=Aywrd(F/F,)"", (10)

where the term (F,/F,)*” can be consid-
ered a contact area enhancement factor in-
troduced by the action of the adhesion
forces at the interface.

In the Rogers and Reed model, plastic
deformation occurs in the central region of
the circle of contact and is surrounded by
an annular region of elastic deformation. A
similar model for elastic-plastic impacts was
subsequently proposed by Fichman and
Pnueli (1985), who added a second region of
plastic deformation at the circumference of
the contact circle where the material is un-
der tension. In order to apply the model of
Fichman and Pnueli, corrections to several
of their equations are necessary as pointed
out by Reed (1986), as well as, a proper
integration of the expression for the energy
loss to plastic deformation at the contact
perimeter.

F,=(RY?K)
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EXPERIMENTAL SYSTEM
AND PROCEDURES

Approach

Measurements of bounce normal to the sur-
face were made to determine the particle
energy loss on impact with a solid surface.
The particles were freshly generated, solid,
monodisperse spheres of ammonium fluo-
rescein of 3-7 pm in diameter. The im-
paction surfaces were molybdenum, silicon,
mica, and Tedlar. Kinetic energy loss was
determined by measuring the particle veloc-
ities before and after impact by laser
Doppler velocimetry. Since the particles de-
celerate under the aerodynamic drag force,
velocity measurements were made as close
as 10 pm from the surface to minimize
extrapolation to the values at impact. Im-
pact velocities were varied from 1 to 100
m/s, which encompassed the adhesion
dominated regime at near-critical velocity
up to the plastic damage dominated regime
at high velocity. In order to reach the lowest
particle impact velocities, second bounces
were utilized.

Experimental Arrangement

The experimental system arrangement is
shown in Figure 2. Highly monodisperse
ammonium fluorescein particles were pro-
duced by a vibrating-orifice acrosol genera-
tor. The solution drops dried in 30% RH
dilution air. to form solid, nonhygroscopic
spheres with featureless surfaces as re-
ported by Vanderpool and Rubow (1984).
High-magnification electron microscopy
analysis indicated the surface to be smooth
down to near-molecular scale (3 nm). Calcu-
lation of the particle size from the vibration
frequency, solution feedrate and concentra-
tion has been shown to be highly accurate
(Wall et al., 1985). In the present study the
particle diameters were estimated to be ac-
curate to +1%. The geometric particle di-
ameters used in this study were 2.58, 3.44,
490, and 6.89 um. Particle size and
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FIGURE 2. Schematic representation of the experimental sys-
tem including the particle generator, the laser Doppler ve-
locimeter, and the bounce cell. The light receiving system is

actually normal to the plane of the figure.

monodispersity were continuously moni-
tored with an optical counter (Climet 208)
and a pulse height analyzer. Particle den-
sity, as measured by the microscopy tech-
nique of John and Wall (1983), was 1.35 +
0.02 X 10° kg/m? and independent of parti-
cle size. The aerosol passed through a ®*Kr
source to reduce particle charge to the
Boltzmann equilibrium distribution before
entering the bounce cell.

Incoming and rebounding particle veloc-
ity measurements were made with the dual
beam laser Doppler system as shown. The
4-W argon ion laser was operated to pro-
duce a 350-mW beam at the primary emis-
sion wavelength of 514.5 nm. Two parallel
beams were produced with a beam splitter
and brought to a 126-um diameter focus
inside the bounce cell with a 210-mm trans-
mission lens. The velocity measurement vol-
ume was defined by the fringe pattern
(14.88-um spacing) created in the beam
crossover zone above the impact target. A

90° light-scattering geometry was used, since
by imaging the photomultiplier aperture into
the long cylindrical fringe region at the beam
crossing, the length of the measuring vol-
ume was reduced to 126 pum. Also, light
scattering from the target could be mini-
mized. Particles crossing the interference
fringes produced a Doppler signal with a
frequency proportional to velocity.

Bounce Cell

A cross sectional view of the particle bounce
cell is shown in Figure 3a. Particles were
accelerated in a nozzle (1016-um diameter,
102-um length) from the TSI aerodynamic
particle sizer which is designed to operate
at velocities near 150 m/s. The velocity
range of interest here was from 1 to 100
m/s. At the smaller pressure drops re-
quired for these lower velocities, the re-
duced proportion of sheath air resulted in
large radial gradients in particle velocity. A
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FIGURE 3. (a) Cross section of the bounce cell showing the
particle acceleration nozzle, impaction target, and laser beams.
(b) Enlargement of the particle velocity measurement region
showing the components to scale.
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22-gauge (600 pm 1.D.) hypodermic needle
was installed in the aerosol nozzle inlet to
reestablish the sheath-to-aerosol flow rate
design ratio of 4. This produced a particle
beam less than 100 ym in diameter having a
velocity profile flat to within 5%. The nozzle
was aligned coaxially with the target by
sighting down the nozzle with a telescope
and also through the PM tube collection
optics with a cross-hair alignment eyepiece.

In order to bring the measuring volume
close to the impaction surface, a small
inter-beam half-angle of 0.99° was neces-
sary, as shown to scale in Figure 3b. The
use of impaction targets with diameters
comparable to the 1000-um aerosol acceler-
ation nozzle size avoided blockage of the
lower laser beam by the front edge of the
target. This allowed measurements to be
made less than 10 um from the impaction
surface. A nozzle-to-target distance of be-
tween 1300 and 1500 pm was used for all
measurements. The bounce cell was moved

Laser Beams

Impact Surface

Molybdenum
Silicon
Mica
Tedlar

as a rigid unit by three orthogonal, precision
(+1 wm) motorized micrometers (Oriel mo-
tormike) to change the measurement loca-
tion above the impaction surface.

Impaction Surfaces

Particle impaction targets included molyb-
denum and silicon, hard materials with sur-
face roughness determined by a high me-
chanical polish, muscovite mica, cleaved to
obtain a molecularly smooth surface, and
Tedlar, a deformable fluorocarbon polymer
cast as a thick film. The molybdenum target
was machined from pure stock using only
distilled water as a lubricant and the im-
paction surface was hand-polished using
successively finer 400-1200-mesh silicon
carbide particles, embedded in an elastomer
backing (Micromesh MX) to prevent goug-
ing. The impaction surface flatness and
sharp edge were maintained during polish-
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ing by keeping the target surface flush with
a surrounding cylinder of the same stock.

The silicon target was cut from an elec-
tronics-grade, single crystal wafer to pre-
serve the high polish received during manu-
facture. To avoid straining the crystal, the
wafer was cut in a precision drill press by
slowly rotating a hardened metal tube
coated at the edge with polishing com-
pound. As with the molybdenum target, the
silicon surface was carefully cleaned by
flooding with reagent grade isopropyl alco-
hol.

The natural muscovite mica target was
custom machined from optical-grade mate-
rial by the supplier (Spruce Pine Mica) to
avoid delamination of the crystal layers. Be-
fore use, the mica was cleaved by hand to
yield a fresh surface.

The Tedlar target was punched from a
50-um-thick foil after the backside surface
had been glued to the edge of a stainless
steel mounting ring for support. Examina-
tion under a polarized light microscope con-
firmed the absence of residual strain in the
target bulk material. A separate Tedlar tar-
get was also prepared with a thin gold coat-
ing (8.3 nm thick) applied by vacuum evapo-
ration to make the surface conducting.
Complete adhesion of the gold film was
achieved only after cleaning the Tedlar sur-
face by ultrasonication in acetone followed
by exposure to an ion plasma just prior to
coating.

Examination for macroscale roughness by
scanning electron microscopy indicated the
silicon surface to be as featureless as mica
within the 0.1-um resolution of the instru-
ment. Both molybdenum and Tedlar were
relatively smooth surfaces, but were found
to have detectable macroscale roughness
with up to 0.3-um asperities. The microscale
roughness of the molybdenum target was
also measured with a laser interferometer
(Wyco) and found to be < 5.0 nm as com-
pared with 0.5 nm for the best polished
metal standards. Electron micrographs of
the target surfaces as well as the surface of
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o

FIGURE 4. High-magnification electron micro-
graph showing the surfaces of the (@) ammonium
fluorescein particles at both low and high magni-
fication, (b) molybdenum target, (¢) silicon tar-
get, (d) Tedlar target, and (e) mica target. The
surface defects shown in ¢ and ¢ were rare and
are included here only to provide contrast with
an otherwise featureless surface.

the ammonium fluorescein particles are
shown in Figure 4.

Doppler Signal Processing

A Bragg cell was used to continuously shift
the fringe pattern toward the surface in
order to.distinguish the direction of particle
motion and to improve spatial resolution of
the velocity measurement (Drain, 1972).
Fringe shifting towards the surface was pre-
ferred because the particles rebound with a
velocity lower than the incident velocity.
The Doppler signal from the photomulti-
plier tube was processed with a high speed
counter (TSI model 1990 B) to yield particle
velocities.
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A typical near-surface Doppler burst for
a single particle after shaping by the counter
is illustrated in Figure 5a. As indicated in
the figure, it was possible to detect the
initial incoming velocity and rebounding ve-
locity (first bounce) as well as a secondary
incoming and rebounding velocity (second
bounce) due to the reacceleration toward
the target of the initially rebounding parti-
cle. In this example the fringes are so close
to the impaction surface that the incoming
and rebounding Doppler bursts appear to
merge at the point of particle contact with
the surface.

Individual particle velocity measurements
from the counter were acquired and stored
by an Apple Ile computer through the stan-
dard interface board (TSI model 1992). Be-
cause of the slow processing speed of the
computer (75 us/data point), incoming and
rebounding velocities for the same particle
could not be recorded even though the in-
formation was in the signal (Figure 5a).
Instead, each of the incoming and rebound-
ing velocities reported here represent mean
values computed from more than 250 indi-
vidual measurements. An example of a typi-
cal velocity distribution for multiple bounces
on a molybdenum target is shown in Figure
5b. In general, the peaks in the distribution
were sufficiently sharp to yield a relative
standard deviation of < 10% and suffi-
ciently symmetric to give a calculated mean
velocity near the mode. A small skew to-
ward lower velocities can be seen (Figure
5b) in the rebounding distributions only.
This effect was nearly absent for the molec-
ularly smooth mica target. The degree of
skew increased for the targets in the order
mica, silicon, Tedlar, and molybdenum,
which is in the order of increasing surface
roughness.

The determination of the precise dis-
tance above the target surface where the
velocity was measured, Z, required devel-
opment of the model shown in Figure 6. To
determine the midpoint Z_, of the measur-
ing volume, a 5-um diameter glass fiber was
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placed on the impaction surface normal to
the axis of the laser beam and moved verti-
cally with the z-axis digital micrometer
thereby generating a Doppler burst count
rate profile. The maximum Doppler burst
count rate was used to establish the mid-
point of the measuring volume.

The diameter of the effective measuring
volume D, for the ammonium fluorescein
particles was evaluated, under the condi-
tions of the data collection, by calculating
the product of the time the oscilloscope
trace of the burst exceeded the counter
threshold level and the mean particle veloc-
ity. D, could not be determined in advance
using the target mounted fiber, since the

FIGURE 6. Model employed to determine the
distance above the impact surface wherc the
particle velocity is measured.

: (Zy=2g) > IDy,

o

In: Zp = (Zn-Zs) + H{Dy-€;)

Re: Zp = (Zm-2Zs) - §(bp-€r)

measuring volume

In: 2p = (Zm-Zs) + $(Dp-€i)

/ Re: 2, =}€,

Zy = midpoint of the measuring volume
Z. = location of the impaction surface

Z_ = distance above the surface where particle
velocity is measured

€i,r = distance particle moves to cross the required
number of fringes N,, to generate a velocity
measurement

£
= N.D (—2—

Ps Tt ) ; + rebound, - incoming

fP

fp = Doppler frequency due to pérticle velocity (MHz)
fy = fringe shift frequency (10MHz)

Dy = fringe spacing (14.88um)

D, = Diameter of the particle beam
(90% count probability)
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effective measurement volume diameter
changes with light scattering characteristics
and the counter threshold. Measurements
of the surface location and measurement
volume size were reproducible within 10
pm.

Particles must travel a distance e (Figure
6) into the measuring volume in order to
cross a sufficient number of fringes for a
velocity measurement. The midpoint of €
was used as the measurement location with
a position uncertainty of 1/2 €. Typically
was <20 um and decreased to <2 pm for
the lowest velocities measured. The diame-
ter of the particle beam, indicated in Figure
6 as D, was sufficiently narrow (= 60 pm)
that little error was introduced in the calcu-
lation of velocity measurement position by
assuming that all particles entered the mea-
suring volume along the centerline.

Particle Trajectory Analysis

For each fixed acceleration nozzle flow rate,
measurements of mean incoming and re-
bounding particle velocities were made as a
function of distance above the impaction
surface along the particle beam centerline.
The five particle sizes of 0.516, 2.58, 3.44,
490, and 6.89 pum in geometric diameter
were employed for each target material. The
0.516-um particle size was utilized as a
flowficld tracer to establish the centerline
gas velocity. To extrapolate these velocities
to impact, particle trajectories were calcu-
lated from an equation of particle motion
using Sth order Runge-Kutta numerical in-
tegration. The nondimensional form of the
equation of particle motion used was:

Stko(de*/dt*)
o 2/3
= [1+ 0158 Reg> (v = V)|
X (Ve* = 1*), (11)
where V,* =V, /V,° is the initially unknown
nondimensional gas velocity, V* =1V, /V°

is the nondimensional particle velocity,
dvy/de* = (a/V,*)dV,/der is the nondi-

Wall et al.

mensional particle acceleration, V,° is the
gas velocity measured at the nozzle using
0.516-um particles, and a is the nozzle ra-
dius. Stk°, the particle Stokes number at
the nozzle, is defined as:

Stk = p,d2CV,2/(18pa). (12)

The initial particle Reynolds number, Rey,
is defined as:

Rep=p,d VS /1, (13)

where p, and p, are the particle and gas
densities, d,, is the particle diameter, C is
the slip correction factor, and u is the gas
viscosity.

The theory for large Reynolds number
flow (potential flow with a boundary layer
correction based on Hiemenz flow) past a
flat disc was used to develop an expression
for the gas velocity along the centerline. In
dimensionless terms, the expression used is:

V= —l:for -V*=>1 (14a)

V* = —C[1-2/m(tan™"(1/z*)

=z*/ (2 + )]
f(n)/m:for =V <1 (14b)

where z* =z/a. is the nondimensional
distance above the target, and f(7)/7 is the
boundary layer correction factor (White,
1974) with 1 = (4p,CaV,? /mp)'/*z*. For
convenience in evaluating the boundary
layer correction factor, the numerical solu-
tion for f(n)/n was fitted to within 1% by
expressions of the form:

f(n)/n=1-exp(—0.472279) :for n <2.2
(152)

f(n)/n=1-0.80455/n:for n > 2.2
(15b)

The expression for gas velocity contains two
empirical parameters C, a correction factor,
and a4, a vertical length scaling dimension.
These constants were determined by apply-
ing the equation of motion to fit the trajec-
tory data for 0.516-um tracer particles. For
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all impaction targets and nozzie flow rates,
C was found to be 1.10 + 5%, and a; was
940 + 20 pm, the latter corresponding
closely to the 1000 pum diameter of the
acceleration nozzle. As shown in Figure 7,
the calculated trajectory for the tracer parti-
cles is in good agreement with the experi-
mental points. The tracer particle velocity
was very close to the centerline gas velocity,
due to the small inertia of these 0.516-um
particles, which provided a sensitive test of
the flow field expression.

Particle bounce was simulated by choos-
ing a rebound velocity and calculating the
corresponding particle rebound trajectory.
The rebound velocity at the surface could
then be determined to within a few percent
by seclecting the calculated trajectory that
provided the best overall fit of the rebound
velocity measurements.

In Figure 7, both primary and secondary
impact trajectories are shown for 4.90-um
particles. Secondary impacts were especially
useful in extending the investigation to lower
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impact velocities than were achievable for a
single bounce event with the modified accel-
eration nozzle.

RESULTS
High-Velocity Impact

The ratios of rebound to impact velocities
measured for 4.90-um ammonium fluores-
cein particles over a wide range of impact
velocities are shown in Figure 8 for four
different targets. The velocity ratios in-
creased strongly from the lowest impact ve-
locities to maximum values as high as 0.85
at velocities near 20 m/s. At impact veloci-
ties <20 m/s, a difference in the velocity
ratio for a fixed impact velocity was ob-
served for different target materials. For
velocities > 40 m/s, the velocity ratio de-
creases with < 5% variation in impact en-
ergy loss between different targets. At the
highest velocity, near 100 m /s, over 60% of
the incoming energy was lost in the impact

18
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e
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—~ N \YA
2 i
E 10 |- \‘
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4.9um Rebounding Vi
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0 | ) ! ] ) ) ) )
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FIGURE 7. Velocity measurements for 4.90-um particles show-
ing trajectory fits for both primary and secondary bounces and
the 0.52-um tracer measurements used to cstablish the flowfield

for the trajectory calculations.
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FIGURE 8. Velocity ratio (V,/V;) measure-
ments over a full range of impact velocities (V)
showing a dependence on target materials at low
velocity and a lack of dependence at high veloc-

1ty.

for both of the targets measured. These
results can be understood qualitatively by
applying the energy balance of Eq. (1). At
sufficiently high velocity the impact energy,
K;, far exceeds the adhesion energy of the
surface, AE, and the velocity ratio is pri-
marily a function of the energy loss due to
plastic deformation, which can be expressed
as:

v./Vi=(1-K,/K)"”
= [1.94¥, /v, — 0.881,2 /2] (16)

by utilizing Eq. (4).

Accordingly, the velocity ratio decreases
with increasing impact velocity. It is a func-
tion only of the elastic yield limit velocity
and is independent of particle size. The
small difference in velocity ratio observed
between the different targets at high veloc-
ity indicates the elastic yield limit velocity
was the same in each case, consistent with
mechanical damage occurring only in the
particle, which is believed to have a lower
elastic yield limit than the target materials
molybdenum, silicon, and mica. A similar
decreasing trend in velocity ratio was re-
ported by Dahneke for polystyrene micro-
spheres impacting polished quartz at veloci-
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ties above 35 m/s, also attributed to plastic
deformation in the particle.

Low-Velocity Impact

In the low velocity impact range the energy
loss is a function of the target material due
to the adhesion surface energy which de-
pends on the surface composition. The
largest differences occurred near 3 m/s
where the energy recovered (V,2/V;?) for a
molybdenum target was 50% higher than
for the mica and silicon targets, and 3.8
times higher than for the Tedlar target. The
velocity ratio results for low velocity (<20
m/s) impacts of different sizes of ammo-
nium fluorescein particles with the four tar-
get materials are shown in Figures 9 and 10.
Measurements were restricted by experi-
mental constraints to particle sizes between
2 and 7 pm. Particles larger than 7 um had

FIGURE 9. (@) Vclocity ratio for low velocity
impacts of different size particles with the molyb-
denum target, and (b) the fluorocarbon polymer
target (Tedlar), with the energy balance equation
fit to the measurements (lines).
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FIGURE 190. (a) Velocity ratio at low-impact ve-
locity for different size particles impacting the
polished silicon target and (b) the molecularly
smooth mica target.

critical velocities less than 1 m/s, which
were too low to be reproducibly achieved
with the current nozzle. Particles smaller
than 2 pm scattered insufficient light to be
accurately detected close to the surface
where they underwent very strong decelera-
tion. This made velocity extrapolation to the
impact surface uncertain.

In general, the velocity ratio decreased
with decreasing impact velocity, Results for
the two targets with the greatest difference
in material characteristics are shown in Fig-
ure 9a and b. Molybdenum is a hard metal
and Tedlar is a deformable fluorocarbon
polymer; the two targets had a comparable
degree of surface roughness. The experi-
mental points were fit by using the simple
two parameter (AE,e) energy balance [Eq.
(1)], which gave an adequate representation
of the data for impacts less than 20 m/s.
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Critical velocities were determined by ex-
trapolation of the energy balance equation
to zero rebound velocity [Eq. (2)]. Critical
velocities for rebound increased with de-
creasing particle size, ranging from 1.1 m/s
(with d, = 6.89 pum) to 3.6 m/s (with d =
2.58 pwm) for molybdenum, but were signif-
icantly higher, from 1.6 to 9.6 m/s, for
Tedlar. A comparison of critical velocities
and the fitting parameters for both targets
at each particle size is included in Table 1.

The coefficient of restitution of near 0.8
observed for molybdenum, corresponding to
a 40% energy loss, occurred at intermediate
velocities where plastic damage begins to
dominate the impact. The fraction of energy
loss observed for all of the hard target ma-
terials was nearly the same, which is consis-
tent with mechanical damage occurring only
in the particles. A somewhat larger energy
loss, near 50% (e =0.7), was observed for
the Tedlar target, suggesting that plastic
deformation may have also occurred in the
foil. Similar coeflicients of restitution were
reported by Paw U (1983) for impacts of
relatively smooth spores with a glass target
(e = 0.83) and glass microspheres with natu-
ral leaf surfaces (e =0.76-0.83). In each
case the deformation would be expected to
occur in the organic material. For organic
particles, a coefficient of restitution > 0.90
has been reported by Dahneke (1975), and
by Hays and Wayman (1983) for polystyrene
latex microspheres striking a hard target
under vacuum (< 10~* mm Hg). Some un-
certainty in the composition of the surface
layers of the polystyrene exists due to con-
tamination from the chemical agents used
to prevent coagulation of the microspheres
during storage in water solution.

The low-velocity results for targets of sili-
con, the hard target with the best surface
polish, and natural muscovite mica, having a
molecularly smooth surface, are shown in
Figure 10. Critical velocities for particles
striking silicon and mica were intermediate
between the results for molybdenum and
Tedlar. The silicon and mica targets had
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TABLE 1. Energy Balance Equation Fitting Parameters and the Calculated Critical Limits for
Ammonium Fluorescein Particles Impacting Various Targets

Adhesion energy

Critical velocity Critical energy

Particle diameter |E;,—E| Coefficient of restitution Vi EX

Target material (um) 10~7 uh) e (m/s) (1077 u))
Molybdenum 2.58 0.49 0.80 3.55 0.77
3.44 0.60 0.80 2.56 0.94
4.90 0.73 0.81 1.63 1.10
6.89 0.87 0.81 1.07 1.33
Silicon 2.58 0.78 0.77 4.63 131
3.44 0.90 0.77 3.25 1.52
4.90 1.03 0.81 1.96 1.60
6.89 1.13 0.84 1.18 1.62
Mica 2.58 0.71 0.75 4.55 1.26
3.44 0.66 0.76 2.83 1.16
/%P0 344 0.63 0.76 2.74 1.08
4.90 0.69 0.75 1.72 1.23
6.89 0.62 0.78 0.93 1.00
Tedlar 2.58 3.31 0.73 9.60 5.61
3.44 2.65 0.75 5.69 4.66
490 2.13 0.76 2.96 3.67
/gold 4.90 1.75 0.75 2.72 3.08
6.89 1.78 0.76 1.64 3.09

similar critical velocities for large particles
but the stronger particle size dependence
with the mica target resulted in a smaller
critical velocity for the smallest particles.
Values for the critical velocity and the co-
efficient of restitution are included in Table
1 for each particle size and target material.

Electrostatic Effects

Since three of the four targets used were
nonconductors, there was the possibility for
accumulation of electrostatic charge on the
surface which could affect the impact. Mica,
which is commonly used as a dielectric ma-
terial, was of special concern. Sufficient
electrostatic charge buildup was normally
present on the mica target to attract a 5-um

diameter glass fiber held near the surface,

bending it to surface contact. Immediate
release of the fiber occurred when a 500
wCi Po-210 source was placed within 0.5 cm
of the target.

To evaluate the effect of electrostatic
charge on rebound velocity, the velocity ra-
tio for 4.9 pm ammonium fluorescein parti-

cles impacting the mica target was mea-
sured with and without continuous exposure
to the **“Po source. These data are shown
in Figure 11a. Data for other target materi-
als are also shown in order to illustrate the
magnitude of any effect. The relatively small
change in velocity ratio observed with and
without surface discharge was less than the
error in the velocity ratio measurements.
This suggests that the electrostatic contribu-
tion to adhesion is not significant for these
materials. Similar results were found when
the same measurements were performed on
the silicon target using the same size parti-
cles.

A lack of effect is also apparent from
Figure 11b, for measurements on a Tedlar
foil target with and without a thin gold
coating applied to make the surface con-
ducting. The coating provided a suitable
electrostatic discharge path to ground, but
was sufficiently thin (8.3 nm as determined
by X-ray fluorescence analysis) to preserve
the bulk mechanical properties of the Ted-
lar (Davies, 1949). The close agreement be-
tween velocity ratios for coated and un-
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coated foils at the higher velocities, where
some deformation is expected in the foil, is
consistent with unaltered bulk properties.

The lack of appreciable change in the
rebound velocity with the gold coating at
low-impact velocity also suggests that the
adhesion surface energy was similar for gold
and Tedlar in our test environment. This
seems unlikely for perfectly clean surfaces,
since the adhesion surface energy of pure
metals is appreciably higher than that for
fluorocarbon polymers. However; this result
is consistent with the presence of a layer of
surface contamination which is known to
form on metallic surfaces on exposure to
room air (Fowkes, 1964).

Particle Size Dependence

In Figure 12 the energy ratio is plotted
against the reciprocal of the impact energy
for molybdenum and Tedlar, the targets with
the greatest difference in material proper-
ties. An energy balance equation [essentially
Eq. (D] is fitted to the data for each particle
size. Data points for impact velocities > 20
m/s, where e® decreases with increasing
impact energy, are not included. The data
for each target converge at the high energy
end giving a y-intercept, e?, nearly indepen-
dent of particle size (see Table 1). Energy
loss from mechanical damage appears to be
greater in the Tedlar target (smaller value
of e?), than in the molybdenum target.

FIGURE 12. Fit to the data by a linearized
plot of the energy balance equation.
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The adhesion energy A E is obtained from
the slope of a regression line through the
data. The dependence of adhesion energy
on particle size is evident for each target
from the different slopes of the regression
lines. However, the dependence on particle
size is less than the difference between tar-
gets. The critical energy for rebound from
the fluorocarbon polymer, Tedlar, was a
factor of four higher than the 0.77-1.3 X
10~/ uJ range determined for molybdenum.

The data for critical velocity as a function
of particle size obtained in this study are
plotted in Figure 13 with other relevant
data from the literature for comparison. The
absolute magnitudes of the present results
are higher than the other reported mea-
surements, probably because the present
measurements were restricted to impacts in
a narrow range around 90° to the surface.
Wang and John (1988) found that at smaller
angles of impact bounce can occur even if
the normal component of velocity is below
the critical velocity for 90° bounce. On the
other hand, the slopes of the lines through
the present results are in the same range as
those of Wang and John (1988), Cheng and
Yeh (1979), and D’Ottavio and Goren (1983)
for impacts between organic particles and a
harder surface material.

For a classical dispersion energy interac-
tion between surfaces without deformation
(Hamaker, 1937), a slope of —1 would be
expected for all impact combinations. A less
steep slope is predicted by the elastic flat-
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tening theory of Dahneke (1972). In gen-
eral, all slopes for these widely different
particle and surface combinations were sig-
nificantly steeper than unity. A slope signif-
icantly less than unity occurred only for the
results of Esmen. These measurements were
unusual due to a coating of carbon on the
impaction surface which was removed by
the particles during impact. The steepest
slopes were reported by Rogers and Reed
(1984) for impacts between copper and
harder materials.

In Figure 14, the critical velocity data
collected in this study for impacts between
ammonium fluorescein particles and the
targets of molybdenum, silicon, Tedlar, and
mica are plotted as a function of particle
size. The data were fitted with the theory of
Rogers and Reed (lines in Figure 14) using
the criterion of Eq. (5) to determine the
critical velocity for particles between 2 and
7 pm. The criterion was applied by assum-
ing a mechanical constant x and an elastic
yield limit Y for the particle and varying the
adhesion surface energy Ay to get a fit to
the data. This process was repeated with
adjusted values for k and Y until fits of both
molybdenum and silicon data could be ob-
tained by changing only the adhesion sur-
face energy. This assumes that deformation
occurred only in the particle.

Table. 2 shows the values obtained in
cach case using the model of Rogers and
Reed. Although the mechanical constants
are not known for ammonium fluorescein,
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the values necessary to produce a fit of the
data are within the range of properties
found for other organic materials. For ex-
ample, despite their very different chemical
structures, the organic ring compounds cel-
lulose acetate, styrene-polyester, butyl-poly-
styrene, and phenol-formaldehyde all have
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mechanical constants x in the range 3-8 X
107 m?/N and elastic yield limits Y from
4-8 X 107 N/m?, which encompass the val-
ues chosen for ammonium fluorescein. In
the case of Tedlar, deformation apparently
occurs in the target, since a fit of the data is
obtained by using the values of the mechan-
ical constant « and the elastic yield stress Y
for Tedlar, which are known from the man-
ufacturer.

The adhesion surface energies obtained
for impacts with the different target materi-
als (Table 2) are larger than the range ex-
pected for the dispersion component of sur-
face energy alone. The dispersive surface
energy has been shown by Fowkes (1964) to
be the sum of geometric mean of the sur-
face energies of the materials:

Ay =2[y3y3]7,

(17).

where yr‘f and y! are the dispersive compo-
nents of surface energy for the particle and
the target. Dispersive surface energies for
phenyl ring edge structures like polystyrene
and ammonijum fluorescein are in the range
0.04-0.05 J/m? as suggested by Zisman
(1963) and as reported by Fowkes (1964) for
several substituted aromatic hydrocarbons.
For the transition metal molybdenum and
nonmetallic silicon, values in the range
0.10-0.14 J/m? would be expected based
on dispersion surface energies reported by
Fowkes for several transition metals and
metal oxides (titanium, iron, tin) and the
0.12 J/m? value determined for silicon ox-

TABLE 2. Fitting Parameters for the Critical Velocity Particle Size Dependence of
Ammonium Fluorescein Particles Impacting Various Targets

Mechanical constant?

Elastic yield limit

Surface energy

K, K Y Ay
Target material 107 m?/N) (107 N/m?) Yielding material J/m?)
Mica 7.6 0.100! 6.8 particle 0.28
Molybdenum 7.6 0.0282 7.4 particle 0.34
Silicon 7.6 0.0503 74 particle 0.38
Tedlar® 7.6 454 5.8% target 0.47

‘% = (1 —v?2) /& v =033 and & was taken from the following sources:

. Gilman, J. J. (1960). Appl. Phys. 31:2208.
. Manufacturer’s data (Polymers Division, Dupont Co.)
b polyvinylfluoride. '

BN =

. Derjaguin, Muller, and Toporov (1980). J. Colloid Interface Sci. 1:293.
. Gray, D. E. (ed.). (1972). American Institute of Physics Handbook McGraw-Hill, New York.
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ides. The adhesion energies Ay calculated
[Eq. (17)] from these estimates of the dis-
persive surface energy for the particle and
target materials are in the range 0.13-0.17
J/m?, which is considerably lower than the
fitted values determined for both molybde-
num and silicon (0.34, and 0.38 J/m?).
Rogers and Reed (1984) reported a similar
disagreement between the dispersive sur-
face energy determined from liquid contact
angle measurements on copper and glass
(0.12-0.14 J/m?), and the higher range of
values estimated from critical velocities for
particle-surface impacts between these ma-
terials (0.18-0.25 J /m?).

The energy loss due to plastic damage in
the annular region under tension at the
perimeter of the contact area was evaluated
with the model of Fichman and Pnueli
(1985) using the material constants for mica
and ammonium fluorescein from Table 2.
Application of the model followed the as-
sumption of Fichman and Pnueli (1986),
that only the energy dissipated at the
perimeter of the contact circle, K, is re-
quired to determine the critical impact ve-
locity below which particles stick to a sur-
face. Accordingly, the critical velocity was
simply calculated as V;* = (2Kp2/M)1/2.

Applied in this fashion, without consider-
ing plastic deformation at the center of the
contact circle or the adhesion energy which
acts over an entire contact area, the
Fichman and Pnueli model greatly underes-
timates the magnitude and the particle size
dependence of the critical velocity. For
completeness, the plastic deformation en-
ergy losses from both the contact perimeter
and center of the contact circle areas should
be included in the theory. Unfortunately the
energy losses from the models of Rogers
and Reed, and Fichman and Pnueli cannot
simply be added together since the two ef-
fects are not independent during the im-
pact.

An apparent overestimate of the adhe-
sion surface energy obtained from fits of the
Rogers and Reed model to the data is con-
sistent with 1) an underestimation of the
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maximum contact area which results from
the assumption that equilibrium between
stored elastic and lost surface energy is
achieved during the impact, 2) an underesti-
mate of the actual surface energy by not
considering the contribution of nondisper-
sive components in calculating the adhesion
surface energy, and 3) a failure to account
for additional energy losses including plastic
damage at the contact perimeter which is
under tension from surface forces, and ki-
netic materials effects such as viscoelastic
energy dissipation at the contact perimeter
and in the bulk material.

Points 1 and 3 are defects in the model
which are discussed further in the next sec-
tion. Regarding point 2, the total adhesion
surface energy (Dupré work of adhesion)
can also include a contribution from polar
interactions in addition to the dispersion
interaction which is always present. Ammo-
nium fluorescein is a multiring aromatic hy-
drocarbon with polar hydroxyl functional
groups and an ionicly bonded ammonium
group which can form particularly strong
hydrogen bonds with polar oxide surfaces.
For ammonium fluorescein in contact with
the molybdenum and silicon targets, the po-
lar contribution to surface energy would be
expected to be less than the dispersion com-
ponent as has been suggested by Fowkes for
highly polar organic materials in general.
Therefore, even including the polar contri-
bution, the total surface energy would be
significantly less than the fitted values from
the impact measurements. Direct measure-
ments of the adhesion energy of a mica
surface exposed to air range from 0.25 J /m?
for an aged surface to 0.38 J /m? for a fresh
surface as reported by Bowden (1962). The
fitted value, 0.29 J /m?, lies in this range.

No direct measurements of the disper-
sion component of surface energy are avail-
able for Tedlar. Estimates of surface ener-
gies for fluorocarbon polymers range from
<0.036 J/m? for crystallization in air to
> 0.07 J/m? for crystallization in contact
with a metal surface. A much larger adhe-
sion surface energy of over 0.40 J/m? is
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required to fit the Tedlar target impact data
with the theoretical model. This is consider-
ably larger than the adhesion surface energy
of any of the hard targets. Kendall (1974)
and later Johnson (1976) have attributed
the large apparent adhesion surface energy
observed for other elastomers to kinetic ef-
fects which include viscoelastic energy dissi-
pation at the contact margin.

ADHESION MODELS FOR IMPACT

Few adhesion models for impacts have been
developed which include the complexities of
both plastic and elastic deformation. The
currently available models include assump-
tions which are introduced to simplify the
interaction between the mechanical and ad-
hesion forces which occur throughout the
impact. In the adhesion model for elastic-
plastic impacts presented by Rogers and
Reed the adhesion energy is neglected in
the compressive (incoming) phase of the
impact during which the maximum contact
area is achieved. At the end of the incoming
phase the Johnson, Kendell, and Roberts
(JKR) theory for equilibrium is applied to
determine the adhesion energy. Accord-
ingly, this assumption applied to the dy-
namic impact underestimates the contact
area. An underestimate in the contact area
would require an overestimate of specific
adhesion surface energy to fit the theory to
the data, as was observed. Additional en-
ergy losses which are not considered are the
plastic damage at the edge of the contact
area which is under tension, and the en-
hancement of the plastic damage at the
center of contact due to the action of the
adhesion force during compression.

The Rogers and Reed theory assumes a
constant yield limit stress, which produces
increasingly larger overestimates of the en-
ergy loss as impacts occur further above the
critical velocity. Recently Wall et al. (1989)
utilized a dynamic yield limit function fit to
the laser-Doppler data in order to modify
the Rogers and Reed model. The modified
model agreed well with the experimental
measurements over the entire impact veloc-
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ity range from 1 to 100 m/s. However, the
required surface energy parameters remain
unrealistically large.

Fichman and Pnueli calculate the kinetic
energy, including the contribution from the
attractive surface forces which is required to
reach the elastic yield limit at the center of
contact. However, the elastic energy stored
after the yield limit is reached is not consid-
ered and all the excess energy is assumed to
be lost to plastic damage. No method for
calculating plastic damage at the center of
contact is given; rather, critical velocity is
calculated from the energy loss which is
considered to occur in the ring of plastic
deformation at the edge of contact area,
where the material is in tension. The JKR
theory is used in the equations of motion
with the assumption that the static theory
applies, which is not appropriate since equi-
librium is not achieved during the impact
motion. As with Rogers and Reed, the ad-
hesion energy will be underestimated since
the motion overshoots the equilibrium point.
Even when numerous errors in the equa-
tions are corrected, the model of Fichman
and Pnueli greatly under estimates the criti-
cal velocity for particle bounce and the as-
sociated dependence on particle size.

CONCLUSIONS

A laser Doppler velocimetry system has been
developed for measuring incoming and re-
bounding particle velocities to within sev-
eral particle diameters of the impaction sur-
face. At low velocity (< 20 m/s), the ratio
of rebound to impact velocity was sensitive
to target material, decreasing with impact
velocity due to the adhesion surface energy.
The kinetic energy recovered in low velocity
impacts was found to depend on particle
size. No such particle size dependence was
observed for impact velocities near 20 m/s,
consistent with expectations for plastic de-
formation. Above 40 m/s, the velocity ratio
was insensitive to the target material, indi-
cating that the particle has a lower elastic
yield limit than molybdenum, silicon, or
mica. Plastic deformation was a significant
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component of energy loss at all impact ve-
locities investigated.

Critical velocities for the initiation of
bounce were found to decrease with a
stronger power-law dependence on particle
diameter than expected from classical adhe-
sion theory, the elastic flattening model pro-
posed by Dahneke, or the adhesion-induced
plastic damage approach of Fichman and
Pnueli. The critical particle size depen-
dence can be fitted by the theory of Rogers
and Reed (1984), consistent with a contribu-
tion to particle adhesion from both plastic
deformation and surface energy; however,
the required surface energy parameter is
considerably higher than expected. There is
currently no comprehensive theory for par-
ticle surface impacts which incorporates all
the components of energy loss. A dynamic
theory is required which includes surface
forces throughout the impact, and which
accounts for the energy loss to plastic defor-
mation under compression at the center of
contact and under tension at the contact
perimeter.

Auxiliary experiments were conducted
with continuous discharging of the mica im-
paction surface by a %Py alpha source and
with a Tedlar target coated with a thin layer
of gold to make it conducting. The results
indicated the absence of a significant contri-
bution to particle adhesion from electro-
static charge.

Dr. Helmut Mothes participated in the early phases of
this work and made valuable contributions to the de-
velopment of the experimental technique. This work
was supported by the National Science Foundation
Grant Nos. CBT-8442795 and CPE-8103635.
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