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Surface-Contact Mechanics During Oblique
Impact of Microspheres with Planar Surfaces

Patrick F. Dunn,* Raymond M. Brach, and Gregory G. Janson
PARTICLE DYNAMICS LABORATORY,
DEPARTMENT OF AEROSPACE AND MECHANICAL ENGINEERING,
UNIVERSITY OF NOTRE DAME, NOTRE DAME, IN 46556

ABSTRACT. The surface-contact mechanics and impact characteristics of a micro-
sphere with an inclined planar surface are examined by experiments and numerical
simulation. The results of base-case experiments are presented in which monodis-
perse, electrically neutral microspheres obliquely impact a molecular-smooth flat
surface under vacuum. Experiments different from the base case delineate the
effects of variations in surface material properties and roughness, and microsphere
material properties, size, spin and electrical charge. The presence of microsphere
spin prior to impact is found to significantly affect the impact response. The nature
of the contact mechanics changes and is affected by variations in surface and
microsphere material properties. Increased surface roughness alters the micro-
sphere’s impact response and biases experimental results at shallow incidence
angles, at times yielding apparent coefficients of restitution greater than unity.
Finally, electrical charge is shown to lower the microsphere’s rebound velocity most
appreciably at normal incidence. © 1996 American Association for Aerosol Re-
search. AEROSOL SCIENCE AND TECHNOLOGY 25:445-465 (1996)

INTRODUCTION _ ) many contemporary applications, e.g,
The impact of a particle with a surface  spacecraft particulate contamination (Fong
continues to receive considerable attention  e¢ al., 1995) and microelectronics manufac-
in the scientific and technical communities turing (Cooper et al., 1990). The July 1995
primarily because of this problem’s funda- special issue of Aerosol Science and Tech-
mental nature, as well as its innumerable nology (vol. 23) on the “Interactions of Par-
applications. Over the past 20 years, atten-  icles with Surfaces” presents some of the
tion has been directed toward examining more recent findings and reviews most of
the impact of very small (micrometer-sized) the previous studies in this area. The pre-

particles with surfaces, where additional ds th : I studi
forces are present that contribute to parti- sent paper extends the experimental studics
cle adhesion. This problem is relevant to of the oblique impact of a microsphere with
a planar surface presented by Dunn et al.
(1995), and applies the dynamic simulation
*To whom correspondence should be addressed. model of Brach and Dunn (1995) to the
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new experimental results reported herein.
Particular emphasis is placed on elucidat-
ing the effects of incidence angle, the mi-
crosphere’s initial angular velocity, and sur-
face roughness on the surface-contact me-
chanics and rebound characteristics.

Various models have been proposed for
the normal and oblique impact of a micro-
sphere with a planar surface ( Aerosol Sci-
ence and Technology, July 1995). Many have
contributed to our understanding of the
physics of the impact problem. Each model
has required some experimental informa-
tion to “calibrate” the model before subse-
quent predictions can be compared with
experiments. One objective of the present
study is to obtain further, detailed experi-
mental information on the surface-contact
mechanics. This should lead to improving
the models and reducing the required a
priori information.

There are very few experimental studies
of the oblique impact of microspheres with
flat surfaces (Aerosol Science and Technol-
ogy, July 1995). The oblique impact of non-
spherical, micrometer-sized particles has
been investigated, such as pollen and spores
onto cylinders and stems (Aylor and Fer-
randino, 1985) and onto leaf surfaces (Paw
U, 1983), and fly ash onto metal surfaces
(Tabakoff and Malak, 1987). The oblique
impact of microspheres has been studied
for the cases of glass microspheres impact-
ing the edge of a slowly rotating wheel
(Broom, 1979) and an aluminum plate
(Buttle et al., 1989), and for ammonium
fluorescein microspheres impacting a stain-
less steel cylinder (Wang and John, 1988).
Several findings from these experiments
pertain to the present study.

The experiments of Broom (1979), Aylor
and Ferrandino (1985), and Wang and John
(1988) all support a hypothesis that the
microparticle’s tangential and normal ve-
locity components both influence the pro-
cess of microparticle capture by or rebound
from the surface. Both Aylor and Fer-
randino (1985) and Broom (1979) show that
adhesion and rebound are related directly
to the total (absolute) velocity of impact.
Wang and John (1988) provide experimen-

Aerosol Science and Technology
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tal evidence that for oblique impacts at
small incidence angles, rebound can occur
when the incident normal velocity compo-
nent is less than the critical normal capture
velocity.

The studies of Aylor and Ferrandino
(1985), Buttle et al. (1989), and Wang and
John (1988) further demonstrate that the
coefficient of restitution based upon the
normal velocity components varies with in-
cidence angle, and suggest that this varia-
tion possibly is related to effects such as
surface roughness or particle spin. Aylor
and Ferrandino (1985) argue that the co-
efficient of restitution may not be constant,
but may increase as the incidence angle
becomes more oblique. Buttle et al. (1939)
attribute an observed increase in the value
of the coefficient of restitution (from 0.51
at 90° [normal] and 50° incidence to 0.68 at
29° incidence) to “a reduction in the fric-
tional force ... at large angles,” the rotation
of the particle, or possibly plastic deforma-
tion during impact. Broom (1979) mentions
that the roughness of the impact surface is
also important, where more polished sur-
faces might exhibit a higher value of the
coefficient of restitution for all angles of
incidence. He refers to the study of Lifshitz
and Kolsky (1964) on the normal impact of
large (mm-sized) spheres onto surfaces,
where the value of the coefficient increased
from 0.82 to 0.95 as the surface was more
finely polished. Wang and John (1988) ar-
gue how a surface protrusion (a roughness)
at low incidence angles effectively increases
the angle of incidence, and thus the in-
bound normal velocity component to a value
greater than the critical normal capture
velocity, thereby yielding particle rebound.

The present work examines the rebound
characteristics of a microsphere from a pla-
nar surface as the angle of incidence is
changed. It also examines the effects of
several parameters that affect the oblique
impact process. These include surface ma-
terial properties and roughness, and micro-
sphere material properties, size, spin, and
clectrical charge. The experimental ap-
proach taken in this study was to first estab-
lish a “base case” in which these parame-
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ters were controlled or minimized. This was
done by using relatively monodisperse,
electrically neutral microspheres impacting
a molecular-smooth planar surface under
vacuum. Then, additional experiments were
performed in which these parameters were
systematically varied. In this manner, the
sensitivity of the microsphere’s rebound
characteristics to particular parameter vari-
ations was determined and the physical rea-
sons for the observed variations explained.

The following presents the results of
these experiments during which measure-
ments were acquired for individual oblique
impact events (i.e., the incident and re-
bound velocity components were measured
for the same microsphere). These results are
likely the first of their kind to be reported
in the open literature. Most of the experi-
mental equipment and approach used here
was first described by Caylor et al. (1992).
An analysis is presented to show approxi-
mately how surface roughness can bias the

Surface-Contact Mechanics 447

measured values of the rebound angle and
the impact coefficients (restitution and im-
pulse ratio) at shallow angles of incidence.
Finally, comparisons of the experimental
results with an impact simulation are given.

EXPERIMENTAL SYSTEM AND
APPROACH

The experimental system developed by Cay-
lor (see Dunn et al., 1995) to investigate the
impact of microspheres with planar sur-
faces under vacuum conditions (~107*
torr) was used in the present study. A
schematic of the system is shown in Fig. 1.
In the subject experiments, various micro-
spheres were ejected from a dispenser and
accelerated vertically downward by gravity
to the target surface. The microspheres
were dispensed using either an electrostatic
particle dispenser (EPD) or a neutral parti-
cle dispenser (NPD) operated in tandem
with the EPD. The exit of either dispenser

Electrostatic Particle
Dispenser (EPD)
o P
Supply
=
Pumping
\ System
N
Neutral Particle Dispenser

(NPD) Position or

Alternate EPD Position

™ Variable-Angle
Target Surface

Fiber Optic Cable

1
unuss®
‘. "ll"l

Uy
....“Inl“"’

FIGURE 1. Schematic of the experimental configuration.

on Pedestal

{ 2030mw Y
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was either 14 or 21 cm above the target
surface, yielding microsphere velocities
from ~1.7 to 2.0 m/s upon normal (90°)
incidence impact with the surface. A target
surface was oriented at angles ranging from
~10° to 90° with respect to vertical such
that either normal or oblique impacts could
be studied. A particle trajectory imaging
system (PTIS) employing a pulsed laser light
sheet visualization technique in conjunction
with a video analysis system was used to
determine the particle incident and re-
bound, normal, and tangential velocity
components. The reader is referred to Cay-
lor et al. (1992) and Caylor (1993) for a
detailed description of the components of
this experimental system, and to Janson
(1995) for a further description of recent
modifications to Caylor’s system. Addi-
tional information pertinent to the present
experiments follows.

Particles and Impact Surfaces

Eight surface and four particle materials
were used in the present study. Six of the
15 particle /surface combinations studied
are presented herein. These cases ade-
quately illustrate the effects of microsphere
spin, material properties, and surface
roughness on the rebound characteristics of
the microsphere. The reader is referred to
Janson (1995) for more comprehensive re-
sults.

Aerosol Science and Technology
25:4 November 1996

The experimental conditions for these six
combinations are given in Table 1. Case 1
represents the “base case” of this study, in
which electrically neutral, relatively
monodisperse microspheres and a molecu-
lar smooth surface were used. Variations in
conditions from this case allowed the vari-
ous effects to be evaluated. For case 2, a
different particle dispenser was used to as-
sess the effects of microsphere spin (as
compared to case 1). Case 3 conditions
were similar to case 1, except that a rela-
tively rough surface was used. The differ-
ences between cases 4 and 5 show the
effects of different surface material rough-
ness and microsphere /surface stiffness. A
comparison between cases S5 and 6 illus-
trates the effects of differences in micro-
sphere size and material properties.

The characteristics and material proper-
ties of the 10-65 pum diameter stainless
steel and the 1-30 um diameter Ag-coated
glass microspheres and the aluminum and
Tedlar™ surfaces are presented in Dunn
et al. (1995). The material properties of the
64-76 pm diameter stainless steel micro-
spheres were similar to the 10-65 um di-
ameter ones, but with a number-weighted
mean diameter (d,,) of 70 pm.

The SiO,-coated and the uncoated sili-
con wafer surfaces were prepared specifi-
cally for this study. The material properties
of the these surfaces were that of single
crystal (1,0,0) silicon. The SiO, coating on

TABLE 1. Conditions of Particle/Surface Combinations for Experiments

Microsphere Surface
Case dig p v E Material P v E k d*
1 70 8000 0.27 190 Si/Si0, 2330 0.28 130 110 15500
2 70 8000 0.27 190 Si 2330 0.28 130 110 68
3 70 8000 0.27 190 Si 2330 0.28 130 110 68
4 50 8000 0.27 190 aluminum 2700 0.33 69 75 1000
5 50 8000 0.27 190 Tedlar™ 1460 0.33 2.1 3.1 125
6 8.6 2600 0.21 72 Tedlar™ 1460 0.33 2.1 31 20

Note: Microsphere material was stainless steel for cases 1-5; Ag-coated glass for case 6. NPD used for cases 1, 3; EPD used for cases 2, 4-6.

dyg (pm): number-weighted mean diameter.
p (kg/m>): density.

v: Poisson’s ratio.

E(GPa): Young’s modulus.

k(GPa): Hertzian stiffness.

d*: dyy/maximum asperity height.
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the wafer was grown using thermal oxida-
tion procedures (Sze, 1983; Ghandhi, 1983).
An ellipsometer showed the coating on the
surface to be approximately 500 nm thick.
The surfaces were cut to approximately
scanning electron microscope (SEM) mount
size using a diamond-tipped etching tool

kA
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such that they could be mounted in the test
cell. The substrate was attached to an SEM
mount using high-purity silver paste. Each
surface was used for only one experiment.
Narrow-range profilometer plots of the two
surfaces are presented in Fig. 2, showing a
maximum vertical variation of only 45 A for
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FIGURE 2. Narrow-range profilometer plots of substrate surfaces: (a) uncoated substrate, (b) SiO,-coated
substrate (note the difference between the horizontal and vertical scales). Note: 1 kA =0.1 pm.
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the coated surface and ~200 times greater
for the uncoated surface over a horizontal
range of 80 um.

The “roughness” for each microsphere /
surface combination was characterized by
d*, the ratio of the microsphere’s number-
weighted mean diameter (d,y) to the maxi-
mum asperity height of the surface. The
asperity heights were measured directly us-
ing a profilometer for cases 1, 2, and 3, and
were estimated from scanning electron mi-
crographs for cases 4, 5, and 6. The values
of d* are presented in Table 1.

Measurement Uncertainties

An uncertainty analysis at the 95% confi-
dence level (Coleman and Steele, 1989) was
performed to estimate the uncertainties in
the measured values of the microsphere’s
velocity components and impact angles, and
in the resulting computed values of the
coefficients of restitution and the impulse
ratios. Refer to Janson (1995) for details.

The configuration and coordinate system
for microsphere impact with a planar sur-
face is illustrated in Fig. 3. The micro-
sphere’s incident velocity vector v has nor-
mal and tangential components v, and v,,
respectively. The angle of incidence with
respect to the surface is «; (normal inci-
dence = o; = 90°), the microsphere’s initial
angular velocity is o, and its initial surface
velocity (relative to its center of mass) is
ro. The microsphere’s rebound velocity V
has components V, and V,. Its rebound
angle is «, and its final angular velocity is
Q). The definitions of the coefficient of
restitution e and the impulse ratio u can
be written in terms of the velocity compo-
nents, where e= —V, /v, and pu=(V,—
v,)/(V, —u,). The latter is the ratio of the
total impulse of the tangential surface force
to the total impulse of the normal contact
forces.

The uncertainties for the normal and
tangential velocity components and the in-
cidence angles arise from uncertainties in
measuring distances and angles as recorded
on the digitized video images of the PTIS,

Aerosol Science and Technology
25:4 November 1996

FIGURE 3. Impact coordinates and notation.

and from uncertainty in the strobe fre-
quency. These vary over the incidence an-
gle range, and combine to yield measure-
ment uncertainties in the normal and tan-
gential, incident, and rebound velocity com-
ponents. A calibration experiment of the
digitization software resulted in an angle
uncertainty (95%) of +0.35° and in a length
scale uncertainty (95%) of +3.1%. The res-
olution of the stroboscope is +0.5 Hz. Over
the incidence angle range from 10° to 90°,
the normal velocity component measure-
ment uncertainties decrease from +5% to
+3%, and the tangential velocity compo-
nent measurement uncertainties increase
from +3% to +4%. The resulting measure-
ment uncertainties in the coefficient of
restitution and the impulse ratio are less
than +10% over the same range.

In the following presentation of the ex-
perimental results, the sample mean value
of a quantity is plotted with error bars.
Each error bar region denotes the region
within which the quantity’s true mean value
is estimated to be with 95% confidence.
The extent of this region was determined
from a standard uncertainty analysis at the
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95% confidence level, in which the mea-
surement uncertainty (the “measurement
bias limit”) and the finite sampling uncer-
tainty (the “measurement precision index”)
were combined in quadrature to yield the
overall measurement uncertainty of that
quantity.

Also, the sample mean value of each
quantity is determined by first computing
the quantity’s value for each impact event
(from the incident and rebound velocity
components measured for the same particle),
and then subsequently its mean value for
the ensemble of particles is considered. This
approach contrasts that in which the aver-
age incident and rebound velocity compo-
nent values are each computed first for the
ensemble of particles, and then used to
determine the quantity’s mean value. The
latter approach results in a bias error for
the true mean value estimate whenever the
quantity of interest involves products or
quotients of measured quantities that are
ensemble-averaged first.

RESULTS AND DISCUSSION
Base-Case Results

The sample mean values of the impulse
ratio { u), coefficient of restitution (e), and
rebound angle (a,) are plotted in Fig. 4
versus the incidence angle («;) for the base
case. As displayed by the top graph in this
figure, the average impulse ratio value be-
gins from an approximate zero value at
a; = 90° and then increases with decreasing
incidence angle. From «; = ~45° down to
~20°, the value of u is constant to within
the measurement uncertainty. Below o,
= ~20° the value of p decreases. As de-
scribed by Brach and Dunn (1995) and in
further detail by Janson (1995), this behav-
ior signifies four incidence angle regions in
which the mechanics of contact are dis-
tinctly different. Each of these regions
(I-1V) are denoted in the figure. In region
1, the microspheres are rolling by the end
of surface contact. In region 111, the micro-
spheres slide throughout contact, where the
constant impulse ratio value is the friction

Surface-Contact Mechanics 451

coefficient f. Region Il is a transition re-
gion in which some of the microspheres
slide throughout contact and some are
rolling by the end of contact. Region IV is
characterized by a decreased tangential im-
pulse.

The figure also shows the critical impulse
ratio () curve denoted by ro=0. It is
calculated from the rigid body impact the-
ory of Brach and Dunn (1995) for the con-
ditions of rolling at the end of contact. It
can be shown that

o 1 1
e e el W

in which n = (v, — rw)/v,, A =r*/k* and k
is the centroidal radius of gyration. For a
sphere, A = 5/2 and for a point mass, A = 0.
For w=0, n=1/tan ¢; where tan a;=
—uv,/v,. The dashed impulse ratio curve
shown in Fig. 4 is from Eq. (1) for a sphere.
Departure of the data from this curve as
the incidence angle is decreased carmarks
the transition region (ID).! This theoretical
relation among g, €, and «; shows how
tangential and normal effects behave in
region 1, and demonstrates close agreement
between the data and the theory.

The middle graph in the figure reveals
that over the incidence angle range from
~45° to 90°, the coefficient of restitution is
constant to within its true mean value esti-
mates. This corresponds to normal velocity
component (v,) values from 1.25 to 2.25
m/s (recall v, =wvsin «;). The trend of a
relatively constant value of ¢ over an inci-
dent normal velocity range has been re-
ported for the case of normal incidence
(see Fig. 6 in Brach and Dunn (1995), for
example). This trend signifies where adhe-
sion begins to affect microsphere rebound.
For incidence angles below ~45%(v, <~
1.25 m/s), the coefficient of restitution val-
ues decreases with decreasing incidence an-
gle, illustrating more pronounced adhesion

"This implicitly assumes that the true mean initial rota-
tional velocity of the microspheres is zero, which is valid
to within the measurement uncertainty for the present
experiments.
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effects. No microsphere capture was ob-
served down to the lowest v, examined
(0.25 m/s).

As displayed by the bottom graph in the
figure, over the incidence angle range from
~45° to 90°, the rebound angle equals the
incidence angle, as evidenced by the line
a, = a; passing through the data to within
the overall measurement uncertainty. Over
this incidence angle range, the microsphere
is reflected specularly from the surface. The
relation between «; and «, for the entire
incidence angle range is

etan o

. 2
1+ u(l +e)tan g, @

tan o, =

Assuming u = u, and w =0 and using Eq.
(2), it can be shown that

tan «, = (7/5)e tan a;. 3)

Thus, for the range of incidence angles
over which e is constant and approximately
equal to 5/7, Eq. (3) reduces to «, = a;.
For incidence angles below ~45°, the mi-
crosphere is not reflected specularly, but at
an angle less than the incidence angle. From
Eq. (2), this appears to result from lower
values in e over this incident angle range,
where p(l +e)tan o, < 1.

Surface-Contact Mechanics 453

Another important quantity is the kinetic
energy loss due to impact. The angular
velocities of the microspheres currently are
not measurable, so the experimental energy
loss must be computed from the change in
translational velocity only. The normalized
kinetic energy loss 7;* is defined as the
initial kinetic energy minus the final kinetic
energy, all divided by the initial. For experi-
mental results, this is 7 = (v? — V?) /v?,
where v?=v?+0v? and V> =V?+V? In
general, for an impact of any rigid body, T;*
can be related to the angle of incidence,
coefficient of restitution, and impulse ratio
{Brach, 1991) as

T =[1 — e*]sin’y,
+ (/2= (u/p)lcos’a,.  (4)

Figure 5 shows the base-case energy loss
data and Eq. (4) plotted (dashed curve)
with p. from Eq. (1) for a point mass
(A =0) and for the nominal values of e =
0.79 and f = 0.14. The experimental results
agree to within measurement uncertainty
with the theoretical T;* (dashed) curve for
point masses except at two intermediate
incident angles (a=~60° and ~74°).
Whether or not it is justifiable to ignore
rotational kinetic energy in this comparison
will be considered further in subsequent
sections.
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FIGURE 5. Normalized translational kinetic energy loss versus incidence angle: case 1. Eq. (4) (dashed curve);
simulation including rotational energy (solid curve); simulation excluding rotational energy (dotted curve).
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Rotational Effects

The experimental conditions established for
the base case permit estimation of the mi-
crosphere’s initial angular velocity w. This
is done by assuming that the only factor
contributing to a nonnormal rebound angle
from a flat surface for normal incidence is
the microsphere’s initial spin. Under the
assumption of rolling at separation, Brach
and Dunn (1995) show that rw=(7V,—
5v,) /2. The final tangential velocity compo-
nent data acquired in region I then can be
used to determine o for a given value of
the microsphere radius.

The resulting frequency distribution of
the microspheres’ initial surface velocities

Aerosol Science and Technology
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determined for the «; ~90° base case is
presented in Fig. 6, labeled “NPD.” Here,
the microspheres’ incident (initial) surface
velocities due to spin range from row=
~0.64 m/s to ro=0.62 m/s (Are =126
m/s). This corresponds to a range of inci-
dent angular velocities from —1.8 X 10* to
1.8 X 10* rad /s for a microsphere radius of
35 um. This distribution is not symmetric
about a mean value of rw=90. This con-
tributes to a bias in the experimentally
measured value of u (see the top graph in
Fig. 4 for a, = 90°).

Microspheres dispensed by the EPD are
expected to have higher incident angular
velocities as a result of the large number of
microsphere /wall collisions within the dis-

0.4
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FIGURE 6. Frequency distribution of microsphere initial surface velocity at «; =90 (a) case 1, NPD-dispensed

microspheres, (b) case 2, EPD-dispensed microspheres.
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penser and the slope of its walls. In Fig. 6
for the frequency distribution labeled
“EPD,” the incident tangential velocity
range is seen to extend from —0.89 to 1.33
m/s (or Arw = 2.22 m/s). This corresponds
to a range of incident angular velocities
from —2.5x 10* to 3.8 X 10* rad/s for a
microsphere radius of 35 um. This approxi-
mate doubling in the incident angular ve-
locity of microspheres dispensed by the
EPD versus the NPD results in increases in
the ranges of a, (from Aa,=7.7° to Aq,
=30.6° and u (from Ap=0.116t0 Au =
0.223), and a slight decrease in the range of
e (from Ae = 0.31 to Ae = 0.26). These data
and the above analysis indicate that the
initial angular velocities of microspheres
under these experimental conditions can be
large and affect the impact process signifi-
cantly.

Surface Roughness Effects

In general, variations in physical conditions
can introduce both variability and bias in
experimental measurements. Surface
roughness can cause a local normal at the
contact area to differ from an ideal or
nominal surface normal, and thereby in-
fluence the values of the es and us calcu-
lated from the data. Random surface irreg-
ularities can cause biases for shallow (low
;) oblique impacts because of a “shadow
zone” behind wave peaks, such as seen in
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Fig. 2a. Consider a planar view of a wavy
surface at a point where the local normal
makes a clockwise angle ¢ to the nominal
and where the counterclockwise angle of
incidence from the nominal tangential axis
is a,, as illustrated in Fig. 7. The incident
and rebound angles of a microsphere are
observed and measured relative to the
nominal surface, whereas ¢ and p should
be calculated from velocity component
measured relative to the true local tangent
and normal. For relatively small surface
waviness, the assumptions sin ¢ = ¢ and
cos ¢ =1 can be made. When «; is also
small, the measured values e,, and u,, of
the coefficients can be shown to be

e, = 1+g e+ ¢ s)
i o+

and

/.Lm‘_‘[i_(,‘b (6)

where = f for sliding throughout con-
tact. Because a microsphere approaching a
wavy surface at shallow angles is less likely
to hit a backside of a protuberance, ¢ is
more likely to be positive and e,, is more
likely to be larger than the true value e.
Note that for ¢ = «;, e,, can exceed 2e.
The impulse ratio can be positive or nega-
tive, depending on the sign convention and
sign of v,. For the ¢ illustrated in Fig. 7,
w = —f, and so the computed impulse ratio

FIGURE 7. Geometry and coordinates for surface roughness analysis.
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will have a magnitude larger than the true
one. Finally, if the true rebound angle
equals the true incidence angle, a mea-
sured rebound angle greater than its true
value will result because the true incidence
angle equals «; + ¢. Thus, these equations
imply that for small angles of incidence, the
rebound angles and restitution coefficients
are larger than their true values and the
impulse ratios are larger in magnitude than
their true values.

Corresponding data are illustrated in Fig.
8. The top graph of «, versus «; reveals
that the effect of surface roughness is to
increase «, at a given «;. The middle and
bottom graphs show that surface roughness
manifests itself as an increase in e (from
0.63 to 1.22) and in the magnitude of w
(from 0.10 to 0.15) for a fixed «; (7.9) from
their “smooth” surface values. The value of
e increases to greater than unity; this should
not be surprising in light of the above ob-
servation from Eq. (5) that e, can exceed
2e. Using the average value of ¢ obtained
from a profilometer plot of the “rough”
surface (2.42°) and the true values of e and
p from the “smooth” surface case, Egs. (5)
and (6) can be used to predict measured
values of ¢,, and u,,. The predicted values
of ¢, =122 and u,, = 0.14 match the ex-
perimental values almost exactly. Values of
e greater than unity have been reported in
other experiments involving the oblique (¢;
=17.5°) impact of glass microspheres (~
190 pm in diameter) with a glass plate
(Shaffer et al., 1994).

At near-normal incidence, the effects of
surface roughness differ. Consider «; nearly
perpendicular to the nominal surface and
o = 0. Analysis shows that a small local
slope ¢ gives a measured cocfficient ¢, = e
—(9/7)¢$*. Measured values of e therefore
will be smaller than the true value. This is
observed in the present experiments, where
e,, for the rough surface (0.67) is less than
that for the smooth surface (0.79) at the
same incident normal velocity (1.75 m/s).
Similar effects for the normal impact of
mm-sized spheres onto surfaces polished to
various degrees have been reported by Lif-
shitz and Kolsky (1964). Analysis also shows
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that the true impulse ratio is proportional
to the negative value of ¢, so the impulse
ratio will have a nonzero value opposite in
sign to the slope of the local tangent. There
also can be other contributing factors to
nonzero values of wp at normal incidence,
such as an asymmetric distribution of the
microspheres’ initial surface velocities with
a nonzero mean value, as shown previously.

An observed effect at normal incidence
of increasing surface roughness is a broad-
ening of the microsphere’s rebound angle
from the surface. This is seen by comparing
the frequency distributions of the rebound
angles measured for «; ~90° for the SiO,-
coated, “smooth” surface wafer base case
and the noncoated, “rough” surface wafer
case. These are shown in Fig. 9. The
“rough” surface produces a rebound angle
range (A, = 25.8°) broader than the
“smooth” surface (A, =14.1°). This in-
crease in the range of «, also leads to an
increase in the range of u (from A = 0.116
to Ap =0.186), but to no change in the
range of e (Ae = 0.31).

Combined Surface Roughness and Material
Effects

The effect of a concomitant change in sur-
face roughness and material can be seen by
examining the results of cases 4 and 5 in
which the particle type (10-65 pm diame-
ter stainless steel) was fixed and the type of
surface was varied. The two surfaces used
were aluminum and Tedlar™, in order of
increasing surface roughness and decreas-
ing Hertzian stiffness (see Table 1). The
results of the measurements of the rebound
angle, coefficient of restitution, and im-
pulse ratio are plotted in Fig. 10 versus the
incidence angle for each of the two cases.
The top graph reveals that this combined
effect manifests itself primarily at low inci-
dence angles (for a; < ~30°). As «; is de-
creased to low incidence angles, the true
mean value estimate of «, for the Tedlar™
surface case departs from its approximate
linear relation with ¢; and asymptotically
approaches a value of a, = ~16°. This trend
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is similar to that observed beforehand when
surface roughness was varied alone. It fur-
ther exemplifies how surface roughness
leads to higher apparent rebound angles.
Specular reflection occurs for each of the
two surface cases at the higher angles of
incidence (a; > ~60°). The middle and bot-
tom graphs of u and e versus «, show that
this combined effect yields no differences
beyond the measurement uncertainty at
higher angles of incidence (for a; > ~30°).
However, as the angle of incidence is de-
creased below ~30° the differences be-
tween the two cases become apparent.
Here, the combined effect of increased sur-
face roughness and Hertzian stiffness at a
given «; is to increase the measured values
of e and u. The Tedlar™ surface case

represents the relatively limiting case in
which the measured e increases to a value
greater than unity, and the measured value
of u suggests that the microsphere is rolling
throughout the duration of contact at an
incidence angle as low as ~12° These
trends are explained according to the same
arguments presented in the previous sec-
tion.

The combined effect of an increase in
surface roughness and Hertzian stiffness on
the normalized translational kinetic energy
loss versus the angle of incidence is shown
in Fig. 11. The observed general trend of
T} versus «; for the two surface cases is
characteristic of surface impact by rounded
or blunt particles (in distinction to sharp or
cutting particles). Over the incidence angle
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range from near 45° to 90°, T;* is constant
for each surface case to within its true
mean value estimates, supporting the oc-
currence of specular reflection. For this
incidence angle range, the normalized en-
ergy loss is greater for case 4 because the
coefficient of restitution for that case is
lower (recall that at «; = 90°, the normal-
ized energy loss equals 1 — e?). At low inci-
dence angles (a; <30°), a greater loss in
the normalized translational kinetic energy
occurs with increasing surface roughness
and Hertzian stiffness (case 3). This is a
consequence of the relatively higher mea-
sured values of w obtained for this case at
these angles [see the middle graph of Fig.
10 and then Eq. (4)]. The physical reason
for this behavior is not presently under-
stood. The effects of surface roughness and
Hertzian stiffness, however, cannot be sep-
arated because the subject experiments did
not involve the variation of only one of
these parameters.

Combined Microsphere Size and Material
Effects

The effect of a change in the microsphere
size and material is illustrated best by com-
paring two experimental cases (5 and 6) in
which the surface was the same (Tedlar™)
and the microsphere size and material were
different (15-65 uwm diameter stainless steel

and 3-13 pm diameter Ag-coated glass). In
Fig. 12, «,, p, and e are plotted versus «;,
revealing that there are no discernible dif-
ferences between the two cases to within
the experimental uncertainty. The trends of
the three parameters versus «; are similar
to those presented previously, where the
combined effect of the Tedlar™ surface’s
roughness and Hertzian stiffness at low an-
gles of incidence yields a nonlinear relation
between «, and «;, an increased value in
the measured e to greater than unity, and
an increased value in the measured . Thus,
effects associated with the Tedlar™ sur-
face itself dominate over any microsphere
size or material effects.

It is also noted that no microsphere cap-
ture was observed down to normal velocity
component values of 0.42 and 0.29 m/s for
cases 5 and 6, respectively. These results
collectively imply that the adhesion effects
typically seen under normal (a; = 90°) inci-
dence as the particle size is decreased are
probably present at low angles of incidence,
but are “masked” by variations due to the
combination of tangential motion and sur-
face roughness.

Electrical Charging Effects

A subsidiary experiment was performed to
examine the effect of electrical charge. In
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FIGURE 12. Impulse ratio, coefficient of restitution, and rebound angle versus incidence angle: comparison of
stainless steel (case 5) and Ag-coated glass (case 6) microspheres.
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this particular experiment, microspheres
were charged by induction inside the EPD.
The microsphere and surface type were the
same as in the base case. Only two angles
of incidence were studied («; = 90° and 10°).
The apparent effect of the increase in
charge (from about 1 aC [~6 elementary
charges] to 50 fC [~3 X 10° elementary
charges]) was a decrease in the value of e
at normal incidence to 0.71 from 0.79. Al-
though relatively small, this reduction in e
for the charged case is most likely the re-
sult of an increase in the force of adhesion
due to the electrostatic image force devel-
oped between the charged conducting mi-
crosphere and the dielectric surface (see
Janson (1995) for a discussion and estimate
of the magnitudes of the forces contribut-
ing to adhesion). No difference is seen in
the measured values of e for «;=10°
where the initial normal velocity compo-
nent is over 80% lower than that for nor-
mal incidence. This supports the observa-
tions of others, and from these experi-
ments, that the effects of adhesion forces
can be masked by the effects of tangential
motion during oblique collisions. Finally, it
is reemphasized that electrical charge ef-
fects were present only in the subsidiary
experiments, and were negligible for all
other experiments reported herein.

SIMULATION

A simulation of the dynamics of a micro-
sphere colliding at normal incidence with a
massive flat surface in the presence of ad-
hesion forces was presented by Brach and
Dunn (1995). For the present study, a nu-
merical simulation similar to the base case
was followed where identical spherical par-
ticles impact the surface with the same
initial total velocity, but with varying inci-
dence from normal (90°) to shallow angles
approaching 5°. Microspheres with shallow
angles of incidence have a relatively small
initial normal velocity and a large initial
tangential velocity. The physical and initial
conditions assumed for the simulation are
listed in Table 2. Figures 5 and 13 show the
results of this simulation. The experimental
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TABLE 2. Physical and Initial Conditions for Mi-
crosphere Impact Simulation.

Stainless Steel Sphere

p, density 8000 kg /m’
E, Young’s Modulus 190 GPa

v, Poisson’s ratio 0.27

d, diameter 70 um

m, mass 14.37x 10710 kg
k, radius of gyration 22.14 pm
SiO, Surface

p, density 2330 kg /m’
E, Young’s Modulus 130 GPa

v, Poisson’s ratio 0.28
Coefficient of Friction 0.14

Initial Conditions

«;, angle of incidence 90° — 0°

v,,, initial normal velocity
v,, initial tangential velocity
w, initial angular velocoty

1.75 sin oy, m/s
1.75 cos a;, m/s
O rad/s

and simulation results in some ways are
quite similar and follow the same trends,
but there are some notable differences.

To “calibrate” the simulation, two damp-
ing coefficients must be chosen (see Brach
and Dunn, 1995). For this study, this was
done by matching the coefficient of restitu-
tion of the simulation at «; = 90° and «; ~
9° to those of the data. The simulation
results in Fig. 13 show that the coefficient
of restitution drops suddenly at small an-
gles of incidence, reflecting the presence of
adhesion. For this particular simulation,
lower angles of incidence have lower initial
normal velocities. From the simulation, the
effect of adhesion grows significantly below
about «; = 20°, whereas a more gradual
drop appears at about «; =40° and below
in the experiments. Attachment or capture
of the microsphere due to adhesion is pre-
dicted by the simulation to occur at about
a; = 5° with a corresponding initial normal
velocity v, =0.15 m/s. According to the
simulation, this is the capture velocity
whether or not v, is zero. It is not clear
from the experiments if this is true.

One of the greatest differences between
the simulation and experiment is for the
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FIGURE 13. Simulation of the impulse ratio, coefficient of restitution, and rebound angle versus incidence angle

(solid curves) and data from case 1.

impulse ratio at low angles of incidence.
Below about 20°, the experimental impulse
ratios decrease, whereas the simulation val-
ues rapidly increase. The reason for the
increase in the theoretical values seems
straightforward. Being an attraction force,
the impulse of the adhesion force is nega-

tive (toward the surface), and at low initial
normal velocities begins to overwhelm the
body deformation impulse (positive, away
from the surface). Consequently, the nor-
mal impulse P, approaches zero at capture.

The tangential impulse P, is due to sliding
friction, so the ratio u =P, /P, grows as «;
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decreases. Additional low speed and low
incidence angle oblique impact data are
necessary to confirm or reject the trend
shown by the simulation.

The rebound angles are close to the inci-
dent angles for both the experimental data
and the simulation, as seen in the lower
part of Fig. 4. Figure 5 shows that the
normalized kinetic energy loss increases
from grazing incidence toward its highest
levels of ~0.40, and then levels off toward
normal incidence. Except at low and high
angles, the normalized energy loss from the
simulation shown in the figure (solid curve)
is seen to lie considerably below the experi-
mental values. The simulation accounts for
the rotational motion of the microspheres,
and so includes the rotational energy in the
calculation of the normalized energy loss.
On the other hand, the experimental values
are based on translational velocities only.
The normalized energy loss without includ-
ing the final rotational energy was also cal-
culated from the simulation and is plotted
in Fig. 5 (dotted curve). It agrees quite well
with the data, and implies that the lower
normalized energy loss from the simulation
is not an inadequacy in the model, but is
due to the unmeasured rotational energy.
To confirm this, consider the following. If
the particle is rolling when it leaves the
surface, then the final kinetic ener%y is
A/2mV?:+ A/ 2DmV? + (1/2)mk*Q~
(A/DmV2+A/2m(1 +2/5)V? since V,
=rQ for rolling and k’/r*=2/5 for a
sphere. Thus, spin at rebound contributes a
significant amount of kinetic energy except
at normal incidence (when V, is small) and
at grazing incidence (where the condition
of rolling does not apply and p << ).

CONCLUSIONS
The present experiments have confirmed at
the individual impact-event level several
findings and assertions of previous investi-
gators, and have provided new, detailed
information on particle impact behavior at
oblique incidence.

The microspheres in the experiments did
not show the propensity for capture at the
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same low initial normal velocities as indi-
cated by the simulation. This could mean
that the values of the coefficients of the
force terms used in the simulation did not
correspond as closely as they should to the
physical and experimental conditions or that
the modeling of the tangential and normal
stresses in the simulation needs improve-
ment. This can be resolved with further
experiments, particularly in the region of
particle capture, and further underscores
the need for fundamental measurements of
dynamic contact forces at the molecular
level. The lack of particle capture at low
initial normal velocities also implies that
high initial particle angular velocities can
hinder capture. Such an effect may not be
present experiments in which particles are
dispersed by aerosol generators into air,
where angular velocities would not be high.

Variations in the measured values of the
coefficient of restitution with incidence an-
gle revealed an additional complication of
the oblique impact process related to sur-
face roughness. As expected, for the case of
a molecular-smooth surface, the coefficient
of restitution decreased at shallow angles
of incidence because of a simultaneous de-
crease in the initial normal velocity. Sur-
face roughness significantly biases the ex-
perimental measurements, yielding unreal-
istically high values of the coefficient of
restitution at these lower angles.

Four regions of microsphere surface-con-
tact mechanics were identified through ex-
amination of the microsphere’s tangential
impulse response over the full range of
incidence angles. The extent of each of
these regions depends on whether or not
the microsphere is rolling or sliding at the
time contact ends (sliding at separation oc-
curs when u < ). This condition, in turn,
depends on the friction coefficient and the
initial tangential velocity of the contact
point of the microsphere. This velocity is
controlled by both the microsphere’s angle
of incidence and its initial spin (angular
velocity). The effect of microsphere spin on
the surface-contact mechanics also was
found to increase the spread of impulse
ratio values at a particular incidence angle.
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Changes in surface roughness and the
particle’s and surface’s material properties
from the base case were shown to affect
the impulse response. For example, the
combined effect of an increase in surface
roughness and a decrease in Hertzian
stiffness prevented microsphere sliding
throughout contact, even at very shallow
incidence angles. In general, microsphere
spin and surface roughness contribute to
the tangential effects present at oblique
incidence, which in turn can mask the ef-
fects of adhesion at low incidence angles.

Finally, the simulation matches the mea-
sured trends reasonably well, but not with
the detail that was found in prior research
involving only normal impact. Until experi-
ments actually measure the dynamic nor-
mal adhesion force and its corresponding
dynamic dissipation, the simulation will
continue to be based on matching the ef-
fects of adhesion rather than the mechanics
of adhesion. Additional unresolved issues
include the nature of the tangential contact
force (friction) model and the significance
of rolling dissipation. Its significance, par-
ticularly in the presence of adhesion, will
remain unresolved until angular velocity
changes and angular rotation can be mea-
sured directly.
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