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Experiments on the Low-Velocity Impact of 
Microspheres with Planar Surfaces 

Patrick F. Dunn, Raymond M. Brach, and Michael J. Caylor 
Particle Dynamics Laboratory, 
Department of Aerospace and Mechanical Engineering, 
University of Notre Dame, Notre Dame, IN 46556 

Measurements of individual normal and oblique im- 
pacts of microspheres with planar surfaces are de- 
scribed and analyzed. Incident velocities from - 2 to 
25 m / s  and angles from 20" to 90" were controlled in 
the experiments for various combinations of micro- 
sphere and surface materials. For normal (90") inci- 
dence, a single-component phase doppler particle an- 
alyzer system measured the incident and rebound 
normal velocities, particle diameter, and measurement 
volume crossing time. The resulting values of the kine- 
matic coefficient of restitution revealed the effects of 
adhesion a t  lower incident velocities. In addition, the 
kinematic coefficient of restitution showed a direct 
dependency on surface material hardness. For oblique 

(<  90") incidence, a pulsed laser light sheet visualiza- 
tion technique was used to determine the particle inci- 
dent and rebound, normal and tangential velocity com- 
ponents. The resulting impulse ratio's variation with 
incidence angle helped delineate between rolling and 
sliding impacts. The sliding impact results in turn 
provided a measure of the coefficient of dynamic fric- 
tion. All results were compared using the rigid body 
impact model of Brach and Dunn (1995), which in- 
cludes the possibility of microsphere rotation. Sub- 
sidiary experiments also were performed to assess the 
effect of the charge transfer during individual impact 
events, and to search for evidence of plastic deforma- 
tion resulting from impact. 

INTRODUCTION 

The impact of particles with surfaces has 
been studied for over 50 years. More re- 
cently, attention has focused on the im- 
pact of microparticles with surfaces and 
the role that adhesion plays in the pro- 
cess. For microspheres with diameters less 
than - 50 pm, impinging at velocities 
less than - 10 m/s, adhesion can signifi- 
cantly affect the rebound energy of the 
particle. To date, however, little direct 
experimental information has been gath- 
ered on the dynamic process of individual 
microparticle impacts. Normal impacts 
have been studied experimentally the 
most, and oblique impacts very little. 

One of the earliest experiments in this 
area in which direct measurements of the 
pertinent parameters was reported by 

Dahneke (1975). He studied the normal 
impact of polystyrene latex microspheres 
(0.5-2.0 pm diameter) with target sur- 
faces under vacuum conditions ( -  
torr). In his experiments, the microsphere 
incident velocities ranged from - 2 to 35 
m/s and were determined by measuring 
the time for the microspheres to pass 
through two parallel laser beams. Dah- 
neke's data clearly illustrate the effect of 
particle adhesion at low incident veloci- 
ties. Broom (1979) used high speed pho- 
tography to measure the velocities of glass 
microspheres normally impacting various 
target surfaces. His work was restricted to 
very low incident velocities (0.1-0.5 m/s). 
Paw U (1983) also used a photographic 
technique in an interesting application- 
oriented study. His research was related 
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Microsphere Impact Experiments 81 

to vegetation pollenization by airborne 
particles; he used mostly natural materials 
for particles and surfaces. Buttle et al. 
(1989) used a modern laser doppler ve- 
locimeter system to measure incident and 
rebound velocities. Their work was re- 
stricted to a single, normal incident veloc- 
ity (8.1 m/s) due to the fixed particle drop 
height in a vacuum. They used relatively 
large particles (48-107 pm diameter) 
which were less susceptible to adhesion 
effects. 

One of the most comprehensive experi- 
mental investigations of small particle, 
normal impact was performed by Wall 
et al. (1990)'. In their experiments, ammo- 
nium fluorescein microspheres (3-7 pm 
diameter) were transported in an air jet at 
velocities ranging from - 1 to 100 m/s to 
impact target surfaces made of four dif- 
ferent materials. Their laser doppler ve- 
locity measurements were corrected for 
drag effects within the boundary layer. 
Ensemble averages of the incident and 
rebound velocities (as opposed to individ- 
ual event measurements) were obtained 
and reported. 

There have been less data gathered for 
the case of an oblique microparticle im- 
pact. Broom (1979) and Buttle et al. (1989) 
investigated glass particles obliquely im- 
pacting an aluminum target. Using his 
high speed photography technique, Broom 
examined impacts at 45 and 90" incidencc2 
Buttle et al. used a two-component laser 
Doppler velocimeter system to measure 
incident and rebound velocities for 29, 50 
and 90" incidence. 

A recent experimental study of micro- 
sphere impact with planar surfaces was 

'The results of this study are presented in more 
detail in an article by John (1995) in this special issue. 

2~hroughout this paper, the incidence angle is de- 
fined as the angle between the inbound particle trajec- 
tory and the surface, where 90" implies incidence nor- 
mal to the surface. 

conducted by Caylor (1993). Both normal 
and oblique impacts were investigated in 
which measurements were made during 
individual impact events. Microsphere in- 
cident velocity (from - 2 to 25 m/s) and 
incidence angle (from 30 to 90") were 
controlled. This paper describes the ex- 
perimental techniques used by Caylor and 
presents some of his results and those of 
further experiments. The goals of this pa- 
per are (1) to describe experimental tech- 
niques that have been developed to suc- 
cessfully measure the key parameters that 
characterize individual microsphere/ sur- 
face impact events, (2) to present the data 
acquired using polydisperse distributions 
of microspheres for both normal and 
oblique individual impact events, and (3) 
to compare the true mean value estimates 
of the data with the rigid model impact 
model of Brach and Dunn (1995). 

EXPERIMENTAL SYSTEM AND APPROACH 

An experimental system was developed 
specifically to investigate the impact of 
electrically "neutral" or charged ( -  10-l6 
to C) microspheres (-  1 to 75 pm 
diameter) with planar surfaces under vac- 
uum conditions ( -  to torr). A 
schematic of the experimental system with 
the configuration used for normal impact 
measurements is shown in Fig. 1. In the 
experiments, the microspheres, once 
ejected from a dispenser, were acceler- 
ated downward vertically over various dis- 
tances by gravity to obtain the desired 
incident velocity of - 2 to 25 m/s. Vari- 
ous particle and surface material combi- 
nations were examined. The target sur- 
face was oriented at various angles from 
20" to 90" with respect to vertical such 
that either normal or oblique impacts 
could be studied. For the normal impact 
cases, a single-component phase doppler 
particle analyzer system was used to mea- 
sure the incident and rebound normal ve- 
locity components, particle diameter and 
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FIGURE 1. Schematic of the experimental con- 
figuration with the phase doppler particle ana- 
lyzer system used in the normal impact experi- 
ments. 

measurement volume crossing time. For 
the oblique cases, a pulsed laser light sheet 
visualization technique was used in con- 
junction with a video analysis system 
to determine the particle incident and 
rebound, normal and tangential velocity 
components. Subsidiary experiments also 
were performed to measure the charge 
transferred (from an electrically charged, 
conducting microsphere to an electrically 
grounded, conducting surface) or induced 
(by an electrically charged microsphere 
contacting the dielectrically coated sur- 
face of an electrically grounded conduct- 
ing substrate) during impact, and to search 
for evidence of plastic deformation result- 
ing from impact. The pertinent experi- 
mental subsystems will now be described 
further. The reader is referred to Caylor 

(1993) for a detailed description of the 
entire experimental system. 

Particles and Impact Surfaces 

Five surface and three particle materials 
were used and are presented in Tables 1 
and 2, respectively, along with their im- 
portant characteristics and material prop- 
erties. The PDPA-measured diameter fre- 
quency distributions of the three types of 
microspheres are shown in Fig. 2. The 
Ag-coated glass microsphe~es were solid 
glass, covered by a - 500-A-thick coating 
of Ag. Each of the metallic surfaces were 
machined from stock material into the 
shape of a Scanning Electron Microscope 
(SEM) specimen mount (1.27 cm diame- 
ter, 0.15 to 0.30 cm thickness). The stain- 
less-steel, aluminum, and copper surfaces 
were hand polished using grit sizes from 
6-pm diamond paste sequentially down to 
0.05 p m  colloidal silica particles to achieve 
smooth, mirror-like finishes. The targets 
were examined under an SEM to verify 
their surface quality. The stainless steel 
surface was virtually flawless to within tbe 
stated resolution of the instrument (40 A). 
The surfaces made of softer materials 
(copper and aluminum) showed only few 
striations and irregularities, with dimen- 
sions on the order of a micron. After 
polishing, the surfaces were cleaned se- 
quentially in baths of acetone, ethanol, 
and distilled water. They were blown dry 
with an N, jet and then baked at 200°C to 
evaporate any residual moisture. A stain- 
less-steel surface was coated with a layer 
of Accuglass 110 Siloxane spin-on glass 
(SOG). The thickness of the glass coating 
was measured using an ellipsometer to be 
2 pm. The Tedlar surface was prepared 
by bonding a piece of the 38 pm-thick 
film to a polished aluminum SEM mount 
using quick-setting epoxy. During an ex- 
periment, a target surface was mounted 
on a pedestal made of nylon that was 
attached to a three-axis micro-traverse. 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
D
u
n
n
,
 
P
a
t
r
i
c
k
 
F
.
]
 
A
t
:
 
1
5
:
0
9
 
2
1
 
A
p
r
i
l
 
2
0
1
0



Microsphere Impact Experiments 83 

TABLE 1. Characteristics of Microspheres Used in the Experiments 

Yield Young's Hertzian 
Surface Density Strength Modulus Poisson's Stiffness 
Materiala (kg/m3) (MPa) (GPa) Ratio (GPa) 

Stainless 
steel 8000 3 10 190 0.27 73 

Copper 8940 48 130 0.34 66 
Aluminum 2700 21 69 0.33 5 1 
TedlarTM 1460 N/A 2.1 0.33 3 

"Values for the Siloxane-coated stainless steel surface were not available. 

The metallic substrate of each pedestal 
was electrically grounded. The surface was 
aligned using a vertically positioned HeNe 
laser beam to within f lo of the desired 
impact angle. 

Particle Charging and Dispensing System 

The electrically conducting microspheres 
were dispensed under vacuum using an 
electrostatic particle dispenser (EPD). 
This device has been described by Olansen 
et al. (1989). Microspheres were charged 
by induction inside the EPD as they 
bounced toward its exit between conduct- 
ing electrode plates maintained at differ- 
ent potentials. The charge and exit veloc- 
ity of the microspheres are a function of 
the strength of the electric field within the 
EPD, which can be controlled. Resulting 
microsphere charges range from - 10-l6 
to 10-l3 C and exit velocities from - 0.1 
to 20 m/s. Electrically "neutral" micro- 

spheres (-  10-19 to lo-'' C) were dis- 
pensed using a neutral particle dispenser 
(NPD) operated in tandem with the EPD. 
Charged microspheres dispensed from the 
EPD were feed into the NPD and con- 
tacted its electrically grounded lower 
plate. The "neutral" microspheres were 
then dispensed from a hole in the bottom 
of the plate by mechanically vibrating the 
NPD's lower plate at - 10 Hz. 

Phase Doppler Particle Analyzer 
(PDPA) System 

A one-component PDPA oper- 
ated with frequency shifting and in the 30" 
forward scatter mode, was used to mea- 
sure the normal components of the in- 

3~erometrics Model XMT-1100-5 transmitter, Mo- 
del RCV-2100-5 receiver, 20 mW HeNe laser, 495 mm 
focal length lenses, 26.2 mm beam spacing, 1.52" inter- 
beam half-angle, and 200 p m  wide spatial filter slit. 

TABLE 2. Properties of Materials Used for the Impact Surfaces 

Nominal Mean Young's 
Microsphere Diameter Diameter, Density Modulus Poisson's 

Material Range ( pm) 40 ( w d  (kg/m3) (GPa) Ratio 

Ag-coated 
Glass 1-30 8.6 2600 72 0.21 

Stainless 
Stee110-65 49.9 8000 190 0.27 

Nickel 4-24 14.3 8850 200 0.31 
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84 P. F. Dunn et al. 

12 the system's 486 computer. Because parti- 
10 cle impact occurred under vacuum condi- 

tions and the distance between the mea- 
8 - C 

surement volume and target surface was 
Q 6 relatively small, the measured velocity 
E 
o component values were essentially those 

4 
immediately before and after impact (see 

2 the discussion of measurement uncertain- 
o ties later in this section). Various user- 

o 10 20 30 selectable velocity ranges ( - 3 to 3, - 6 to 
Diameter (pm) 6, - 12 to 12, and - 25 to 25 m/s) were 

8 employed, depending upon the magnitude 
of the incident velocity. Resultant velocity 

6 component values were discretized into 
200 bins over the chosen velocity mea- - c surement range. Customized data and re- g 4 

m 
P 

duction algorithms [described in detail by 

2 
Caylor (1993)l were developed to match 
the incident normal velocity component 
with its appropriate rebound normal ve- 

0 

o 10 20 30 locity component, thereby consolidating 
Diameter (pm) the information of an individual impact 

Diameter (pm) 

FIGURE 2. Diameter frequency distributions for 
the Ag-coated glass, nickel, and stainless-steel 
microspheres used in the subject experiments. 

cident and rebound microsphere veloci- 
ties. Its ellipsoidal measurement volume 
( -  330 p m  in diameter by 800 p m  in 
length) was positioned to within 0.5 mm 
above the target surface. During an exper- 
iment, the raw PDPA data [the incident 
and rebound normal velocity component 
values, particle diameter and measure- 
ment volume crossing time] were stored in 

event. This was accomplished using-the 
known measurement volume distance 
above the impact surface and the velocity 
component and time information. An ex- 
ample oscilloscope trace of a pair of 
doppler bursts obtained during a single 
microsphere/surface impact event is 
shown in Fig. 3. Velocity and diameter 
calibration checks of the PDPA system 
were performed during experiments using 
microspheres of known diameters that 
were accelerated by gravity over known 
distances under vacuum conditions. Esti- 
mates of the resultant uncertainties in the 
diameter and velocity component mea- 
surements are presented later in this sec- 
tion. 

Particle Trajectory Imaging 
System (PTIS) 
The pulsed laser light-sheet PTIS was used 
to study oblique impacts. A schematic of 
this system is shown in Figure 4. An argon 
ion laser beam (20-300 mW) was colli- 
mated and then directed through a spin- 
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Microsphere Impact Experiments 

FIGURE 3. Digital oscilloscope recording of the 
doppler bursts generated during the incident and 
rebound phase of a single impact normal to a 
planar surface. 

ning disk containing 10 evenly spaced slots. 
Depending on the angular velocity of the 
disk (measured with a digital stroboscope), 
strobe frequencies between - 50 and 1000 
Hz were achieved. The chopped beam was 
directed through a plano-concave lens, 
which subsequently formed a pulsed light 
sheet aligned in a vertical plane above the 
target surface. Video images were ac- 
quired through a viewport located on the 
side of the vacuum chamber using a video 
camera and video cassette recorder. The 

20-300 mW - 
Ar-Ion Laser 

camera was oriented normal to the light 
sheet. The image was enlarged as much 
as possible by using full zoom and by po- 
sitioning the camera at the minimum fo- 
cal distance ( - 1 m). This configuration 
yielded a field of view at the target impact 
plane of - 5 cm wide by 4 cm high. Based 
upon the frame rate, the field of view, and 
the strobe frequency, the system could 
measure microsphere velocities from - 0.1 to 30 m/s. Video data were ac- 
quired for various microsphere incidence 
angles for each particle/surface combina- 
tion (typically at 20, 30, 45, 60, 75, and 90 
degrees with respect to the target surface). 
An example image obtained by Caylor 
(1993) using this system is shown in Fig. 5. 
Estimates of the resultant uncertainties in 
the normal and tangential velocity compo- 
nents and the impact angles are presented 
later in this section. 

Charge Measurement System 

A charge measurement system was de- 
signed to measure the electrostatic charge 
transferred from an electrically charged 
microsphere to a conducting surface (or 
induced in an dielectric-coated conduct- 

FIGURE 4. Schematic of the particle trajectory imaging system 
used in the oblique impact experiments. 
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P. F. Dunn et al. 

FIGURE 5. PTIS Image of a stainless-steel mi- 
crosphere obliquely impacting a stainless-steel 
surface at incidence angle of 45". 

ing surface) during impact [see Caylor 
(1993) for a detailed description]. During 
several subsidiary experiments, the charge 
was measured by charge sensitive pream- 
plifier and shaping amplifier. The signal 
amplitude is linearly proportional to the 
magnitude of the input electrostatic 
charge (1.52 V/pC). Full amplitude was 
acquired within 2.5 p s  and had a duration 
of - 10 ps. During an individual charge- 
transfer impact event, the output signal 
was stored on a digital oscilloscope; dur- 
ing multiple events, it was transferred in 
real-time to a multi-channel analyzer for 
subsequent analysis. A typical uncertainty 
in the charge measurement was deter- 
mined from calibration to be - +3%4. 
For charges less than - 4 x lo-'' C, the 
uncertainties exceeded + 10% because of 
the inherent semiconductor noise. An ex- 
ample charge measurement system output 
for a Ag-coated glass microsphere impact- 

- 

4 ~ h e  uncertainty IS f 280 units of elementary charge 
(1e.c. = 1.6 X 10-" C). This yields f 3% for 1.5 X 

10-'' C and + 10% for 4 x 10-l6 C. 

6. Digital oscilloscope recording of an 
image charge pulse from the charge measure- 
ment system of a Ag-coated glass microsphere 
impacting a Siloxanc-coated copper surface. 

ing a Siloxane-coated stainless steel target 
surface is shown in Fig. 6. 

ent Uncertainties 

A standard uncertainty analysis at the 95% 
confidence level (Coleman and Steele 
1989) was performed to estimate the un- 
certainties in the measured values of the 
microsphere's velocity components and 
impact angles, and in the resulting com- 
puted values of the coefficient of restitu- 
tion and the impulse ratio. 

For the normal impact experiments 
conducted using the PDPA system, uncer- 
tainties in the normal velocity component 
can arise primarily from (1) forces (gravi- 
tational, drag and electrostatic) acting on 
the microsphere between the measure- 
ment volume and the impact surface, (2) a 
quantization error introduced by the 
PDPA system software because of velocity 
discretization, and (3) the absolute uncer- 
tainty in the velocity component measure- 
ment. These three uncertainties were de- 
termined to be + 0.1%, f 2% and It-- 6%, 
respectively. These combined to yield 
overall uncertainties of + 7% and It-- 10% 
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Microsphere Impact Experiments 7 

in the normal velocity component and the 
coefficient of restitution, respectively. 

The elemental uncertainty in micro- 
sphere diameter measured using the 
PDPA system was determined through 
calibrations using either monodisperse 
polystyrene latex microspheres or an opti- 
cal reticle (Caylor 1993) to range from 
k 15% at the smallest diameter ( -  2 pm) 
to + 1 % at the largest diameter ( - 80 
pm). 

For the oblique impact experiments, 
the uncertainties for the normal and tan- 
gential velocity components and the in- 
cidence angles arise from the elemental 
uncertainties in measuring distances and 
angles as recorded on the digitized video 
images of the PTIS, and from the elemen- 
tal uncertainty in the strobe frequency. 
These elemental uncertainties combine to 
yield uncertainties in the normal and tan- 
gential, incident and rebound velocity 
components that vary over the incidence 
angle range. Over the incidence angle 
range from 20" to 90°, the normal velocity 
component uncertainties decrease from 
+5% to + 1% and the tangential velocity 
component uncertainties increase from 
+ 1% to _+ 8%. The resulting uncertain- 
ties in the coefficient of restitution and 
the impulse ratio are less than f 8% over 
the same range. 

SULTS AND DISCUSSION 

Three types of microspheres and five dif- 
ferent surfaces were used in the present 
normal impact experiments. For brevity, 
only some of the experimental results are 
presented and analyzed. The reader is 
referred to Caylor (1993) for more com- 
prehensive results. Two particle/surface 
combinations, Ag-coated glass micro- 
spheres with stainless-steel and Tedlar 
surfaces, are presented in more detail. 
Comparatively, these two cases best illus- 
trate the differences that occur between 
microsphere impact with a "hard" (high 

elastic modulus) surface versus "soft7' (low 
elastic modulus? surface. 

Figure 7 displays the measured rebound- 
to-incident normal velocity component ra- 
tio (~ t r /v , , , )  versus the incident velocity 
(u,,? for Ag-coated glass microspheres im- 
pacting five different surfaces. Several ob- 
servations are immediately apparent. For 
all five cases, the V;,,/v,, ratios are rela- 
tively constant at the higher unL7s and 
decrease with decreasing u,,,. Below - 3 
m/s, the Vn,/u,, ratios decrease rapidly 

S: SlCoated SST 
, ,  , , , ,  / . , ,  . ,  

P: Ag-Glass 
S: SST 

7. The rebound-to-incident normal ve- 
locity component ratio, I ' ; , , / r ' , , ,  vcrsus the inci- 
dent normal velocity component, u,,, tor the nor- 
mal impact of Ag-coated glass microspheres with 
each of the five target surfaces. 
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P. F. Dunn et al. 

toward zero values5. This trend is consis- 
tent with the results of previous investiga- 
tors (e.g., Dahneke 1975; Wall et al. 1989), 
and serves to illustrate the increasing role 
of adhesion at lower velocities. Further, 
the V,,/uni ratio values at the same initial 
velocity for the five surface materials are 
lowest for the lowest elastic modulus ma- 
terial (Tedlar) and increase with increas- 
ing elastic modulus of the material up to 
the highest cases (Siloxane-coated stain- 
less steel and stainless steel). This illus- 
trates that more energy is dissipated dur- 
ing impact with a softer surface, which 
results in a lower final velocity. Finally, 
variations occur in the measured V,,/uni 
ratio values for a fixed vni. The causes for 
these variations are now discussed by con- 
sidering an example case. 

The sample mean values of the V,,/uni 
ratio for uni increments of 1 m/s versus 
the initial velocity are shown in Fig. 8 for 
the Ag-coated glass microsphere/stain- 
less-steel surface case. Each sample mean 
value is bounded by 95% confidence in- 
terval uncertainty bars. The bounds vary 
by approximately + 10% at the higher in- 
cident velocities and increase to approxi- 
mately t35%-40% at lower uni values. 
Two of the factors that contribute to these 
variations include (1) the measurement 
uncertainty in the Vnr/uni ratio values re- 
sulting from the velocity measurement un- 
certainty itself, and (2) a "size" effect 
uncertainty that arises from the use of 
polydisperse microspheres. The "size" ef- 
fect uncertainty occurs in the present ex- 
periments over the incident velocity range 
where the forces that contribute to adhe- 
sion are significant. Such forces are size 

5 ~ h e  band of data at - 2 m/s is the result of a 
series of experiments in which the EPD was positioned 
closer to the target surface, thereby minimizing the 
free-fall distance. The discrete spacings between the 
data, particularly evident above - 12 m/s, result from 
the discretization of velocity by the PDPA system soft- 
ware. 

E I P: Ag-Glass 
0.20 S: SST 

FIGURE 8. The sample mean values with 95% 
confidence limits of the rebound-to-incident nor- 
mal velocity component ratio, V,,/u,, versus the 
incident normal velocity component, u,,, for the 
normal impact of Ag-coated glass microspheres 
with a stainless-steel surface. 

dependent (e.g., the van der Waals force). 
Ideally, this effect can be minimized by 
sorting the data with respect to size. How- 
ever, the present data could not be pre- 
sented in this manner because the result- 
ing. finite samples for a given initial veloc- 
ity increment were not large enough to 
make statistically significant comparisons. 
At the higher uni's (approximately 1 15 
m/s) the observed variation is compara- 
ble to the measurement uncertainty re- 
sulting from velocity measurement uncer- 
tainty alone, and at the lower uni7s (1 15 
m/s), to the measurement and "size" ef- 
fect uncertainties combined in quadra- 
ture. Caylor (1993) has assessed the latter 
through modeling and has shown that it 
decreases from approximately $. 35% at 
the lowest v,, value to less than $. 1% at 
uni values of approximately 2 15 m/s. 
Thus, the observed variations in the mea- 
sured Vnr/uni ratio values for a fixed in- 
cident normal velocity are the result of 
velocity measurement and "size" effect 
uncertainties, where only the velocity 
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measurement uncertainty predominates at 
the higher incident normal velocities. It is 
important to emphasize here that the ob- 
served variations are predominantly the 
result of the two uncertainties, and not 
the result of inherent variations from 
event to event (i.e., from "random" or 
uncontrolled variations during the experi- 
ment). 

Normal Incidence (PDPG) Experiments: 
Model, Experimental Results Comparison 

The rigid body impact model of Brach and 
Dunn (1995) is described in detail in a 
companion article in this special issue. 
Two different coefficients of restitution 
are considered in the model: the kine- 
matic coefficient of resititution, e, which 
is the ratio V,,/v,,, and the kinetic coef- 
ficient of restitution, R, which is the ratio 
of the rebound-phase body-deformation 
impulse to the approach-phase body-de- 
formation impulse, P ~ / P : .  The latter co- 
efficient involves the impulses due to only 
the internal dissipation of energy during 
impact (the deformation energy loss). The 
former also involves the energy expend- 
ed by the microsphere during rebound 
against the forces6 of adhesion in order to 
break contact with the surface (the adhe- 
sion energy loss). These coefficients ap- 
pear in the conservation of energy equa- 
tion for the microsphere: 

The term on the left-hand side of the 
equation is the total energy loss. The first 
term on the right-hand side is the energy 
lost due to dissipation and the second is 
the work required to overcome the forces 
of adhesion during rebound for the micro- 

'see Brach and Dunn (1992) for a summary of the 
forces that contribute to adhesion. 

sphere to leave the surface (the work of 
adhesion). Implicitly, the model assumes 
that there is no net overall potential en- 
ergy gain or loss during impact, that en- 
ergy losses due to adhesion occur only 
during the rebound-phase of contact, and 
that the processes of adhesion energy loss 
and deformation energy loss are indepen- 
dent. 

A comparison of the experimental re- 
sults for the cases shown in Fig. 7 with 
that model is presented in Fig. 9. In this 
figure, estimates of the true mean values 
of the V,,/v,, ratio are shown with 95% 
confidence limits for each 1 m/s v,, in- 
crement. Presentation of data in this for- 
mat provides for a proper statistical corn- 
parison with future experiments and also 
yields the appropriate values to which a 
theoretical model should be compared. 
The true mean value obtained from addi- 
tional experiments performed under the 
same operating conditions will be within 
the ranges illustrated in the figure with 
95% confidence (Coleman and Steele 
1989). The bottom solid curves are the 
results of least squares fit of the data to 
the rigid body impact model expression 
for e and the top ones to the expression 
for R. The two coefficients of restitution 
are related to the adhesion coefficient, p 
(the ratio of the adhesion impulse to the 
body impulse during rebound), by the 
equation: 

An arbitrary expression for the kinetic 
coefficient of restitution is chosen: 

in which k is an empirical constant. This 
functional form for R has been shown to 
successfully fit the data of Wall et al. 
(1990) (see Brach and Dunn 1992) and 
numerous other data (see Brach 1991). 
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0.40 P: Agglass 

0.20 
S: SI-Coated SST 

FIGURE 9. Estimates of the true mean values 
with 95% confidence limits of the rebound-to-in- 
cident normal velocity component ratio, V,,/u,,, 
versus the incident normal velocity component, 
u,,,, for the normal impact of Ag-coated glass 
microspheres with each of the five target surfaces 
compared with the rigid body impact model of 
Brach and Dunn (1995). For each target surface 
case, the top curve is R versus u,,; the lower 
curve is e versus u,,. 

Another arbitrary expression for the ad- 
hesion coefficient is selected also: 

in which b and c are empirical constants. 
Only one least-squares fit is performed 
for each surface case by fitting the data to 
the equation: 

yielding values for the constants k, b and 

c. The resultant values of the constants 
are presented in Table 3. As shown in the 
figure, the rigid body impact model fits 
the estimated true mean values of the 
data to within t 2 %  in almost all in- 
stances. Although the success of the model 
relies upon a curve-fit of the data to de- 
termine e, there are presently no models 
of the impact process that are based upon 
first principles only and do not resort to 
curve-fitting at some point. If a first- 
principles model for e were available, it 
could be incorporated readily into the 
present model. 

By rearranging Eq. 1, it can be seen 
that the difference in the squares of the 
coefficients of restitution is related di- 
rectly to the energy loss that occurs dur- 
ing impact due to adhesion. In particular, 
the rigid body impact model shows that: 

in which the right hand side is the normal- 
ized work of adhesion, i.e., the work of 
the adhesion divided by the microsphere's 
incident kinetic energy. As described pre- 
viously by Brach and Dunn (1992), when 
the kinematic and kinetic coefficients of 
restitution values are equal, the effects of 
adhesion are negligible. This is evident 
upon examining Eq. 2. The incident nor- 
mal velocity compo~lent value at which 
this occurs in the mean, as seen in Fig. 9, 
is at approximately 15 m/s for the harder 
surface materials, and at approximately 20 

TABLE 3. Values of Constants Obtained from 
a Least-Squares Fit of the Data to the Rigid 
Body Impact Model of Brach and Dunn (1995) 
for Each of the Five Target Surfaces 

Surface Material k b c 

Siloxane-coated 
Stainless Steel 133.33 0.665 0.246 
Stainless Steel 96.25 0.768 0.241 
Copper 27.78 0.937 0.295 
Aluminum 28.95 0.691 0.188 
TedlarTM 31.37 0.858 0.153 
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m/s for the softest surface material, Ted- 
lar. In this figure, in each plot, the top 
curve is R (as given by Eq. 3) versus u,,; 
the bottom curve is e (as given by Eq. 5) 
versus vni. 

Curves of the normalized work of adhe- 
sion versus the incident normal velocity 
are presented in Fig. 10 for each of the 
five surface materials. These results indi- 
cate for an incident normal velocity of 1.5 
m/s that approximately 75% of the mi- 
crosphere's incident kinetic energy is used 
to overcome the forces of adhesion in 
order for the microsphere to rebound 
away from the surface. This percentage 
decreases rapidly with increasing incident 
normal velocity up to 25 m/s, where it 
becomes less than 1%. 

Oblique Incidence (PTIS) Experiments: 
Experimental Results 

Three types of microspheres and four dif- 
ferent surfaces were used in the present 

oblique impact experiments. Only the ex- 
perimental results of Ag-coated glass mi- 
crospheres impacting a stainless steel or a 
Tedlar surface are presented. These two 
cases illustrate best the differences that 
arise between microsphere impact with a 
"hard" versus "soft" surface. 

For an oblique impact both normal and 
tangential velocity components can exist 
before and after impact, giving rise to 
normal and tangential impulses, P, and 
P,, over the duration of contact. The tan- 
gential mechanics of oblique impact is 
characterized using the coefficient p = 

P,/P,, the ratio of the tangential to nor- 
mal impulses. For constant particle mass, 
the impulse ratio simply becomes the ra- 
tio of the difference between the initial 
and the final tangential (mass center) ve- 
locity components to the difference be- 
tween the initial and the final normal 
(mass center) velocity components that 
arise from impact. That is, p = (l/,, - 
u,, )/( V,, - u,, ). Kinematic conditions can 

FIGURE 10. The work of adhesion normalized by incident 
kinetic energy as determined from the rigid body impact model 
of Brach and Dunn (1995) versus incident normal velocity for 
the normal impact of Ag-coated glass microspheres with each of 
the five target surfaces. 
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be used to place bounds on p that demar- 
cate sliding from rolling at separation (see 
Brach and Dunn 1995). Usually, the be- 
havior of the impulse ratio is examined 
with respect to the particle's incidence 
angle, a ,  (the angle of the particle's inci- 
dent velocity vector with respect to the 
surface, where a = 90" implies normal im- 
pact). Typically, at lower angles of inci- 
dence, the value of ,u is constant because 
the microsphere slides along the surface 
throughout the duration of contact and, 
hence, upon release from the surface (see 
Brach 1991). For Coulomb friction, this 
constant value of p is the dynamic fric- 
tion coefficient. As the angle of incidence 
is increased further, the value of p de- 
creases because the microsphere is now 
rolling upon release from the surface (al- 
though the microsphere is sliding at the 
time of initial contact). Rolling occurs 
during the period of contact when the 
relative tangential velocity between the 
microsphere and the surface becomes 
zero. The angle of incidence at which the 
microsphere is rolling (instead of sliding) 
upon release from the surface is termed 
the critical angle of incidence. Eventually, 
upon reaching a = 90°, the value of p 
becomes zero because there is no tangen- 
tial impulse if there is no initial angular 
velocity. 

The impulse ratio versus incidence an- 
gle data is shown in Fig. 11 for the cases 
of Ag-coated glass microspheres obliquely 
impacting either a stainless-steel or a Ted- 
lar surface. The mean values are con- 
nected by straight lines. For the stainless- 
steel surface case, the mean values of p 
are constant (within the experimental un- 
certainty) from 18" to 60", and then de- 
crease up to 90". This implies that on the 
average the microspheres slide through- 
out contact between 18" and 60" and roll 
upon separation from the surface between 
60" and 90". This implies that the critical 
angle of incidence for this case is 60". The 
case of the Tedlar surface is somewhat 

P. F. Dunn et al. 

0.8 
P: Ag-Glass 
S: SST 

FIGURE 11. The impulse ratio versus the inci- 
dence angle for the eases of AG-coated glass 
microspheres obliquely impacting either a stain- 
less-steel or a Tedlar surface. 

different, where, in general, the mean val- 
ues of p continue to decrease with in- 
creasing incidence angle. Comparatively, 
the softer Tedlar surface induces rolling 
upon separation over a much broader 
range of incidence angles than the harder 
stainless steel surface does. This implies a 
higher dynamic coefficient of friction be- 
tween Ag-coated glass microspheres and 
Tedlar versus stainless steel. For the Ted- 
lar surface case, the critical angle of inci- 
dence is approximately 20". 

The variations in ,u at a fixed angle of 
incidence are the direct result of the vari- 
ation in rebound angle. In the present 
experiments, the typical variation in re- 
bound angle for a given angle of incidence 
was approximately + 5". This variation was 
similar when either relatively polydisperse 
(e.g., 1-30 pm diameter Ag-coated glass) 
or relatively monodisperse (e.g., 64-76 pm 
diameter stainless steel) microspheres im- 
pacted against the same surface. This re- 
bound angle spread is assumed to be pre- 
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Microsphere Impact Experiments 93 

dominantly result of the microspheres 
having different rotational velocities when 
they impact the surface at a given angle of 
incidence. Thus, the observed variations 
in p are the result of variations in micro- 
sphere rotation prior to impact (to within 
the measurement uncertainty in p which 
was estimated to be +8%) and not the 
result of inherent variations from event to 
event (i.e., from "random" or uncon- 
trolled variations during the experiment). 

Also shown for each of the cases in Fig. 
11 are two solid curves that represent the 
+ rw (counter-clockwise, forespin) and 
-rw (clockwise, backspin) initial rota- 
tional velocity range calculated from the 
rigid body impact mechanics model of 
Brach and Dunn (1995) assuming rolling 
upon separation fiom the suface. An addi- 
tional solid curve is presented for zero 
initial rotational velocity ( w = The 
specific limiting rw values are obtained 
using the maximum experimental value of 
p found from the 90" case (where the 
incident tangential velocity component 
value is negligible with respect to the ro- 
tational velocity). The limiting curves are 
then calculated from the model over the 
incidence angle range assuming a con- 
stant value of rw and using the mean 
values of kinematic coefficient of restitu- 
tion and incident normal velocity compo- 
nent found from the 90" case. Both po- 
sitive and negative rotational velocity 
values can be present because of the sym- 
metric geometry of the particle dispenser. 
A negative value of p can arise, for exam- 
ple, from the impact of a microsphere 
having initial backspin. This is because for 
this case the rebound tangential velocity 

7 ~ o r  all angles of incidence between the critical 
angle of incidence and YO", a microsphcre with no 
rotational velocity will roll upon release from the sur- 
face. However, at exactly YO0 incidence, a perfectly 
round, non-rotating microsphere impacting a perfectly 
smooth surface will neither roll nor slide. 

component is smaller than the incident 
tangential velocity component. 

Individual values of the measured re- 
bound-to-incident normal velocity compo- 
nent ratio (V,,/u,,) versus the initial nor- 
mal velocity component (u,,) are dis- 
played in Figure 12 for the oblique impact 
data that were presented in Figure 11. As 
can be seen in the figure, there is no 
average trend of decreasing I/,,/u,, val- 
ues with decreasing v,, values as was seen 
for the same microsphere/surface combi- 
nations and u,, values studied in the nor- 
mal incidence impact experiments (see 
Fig. 7). The means and the standard devi- 
ations of the rebound-to-incident normal 
velocity component ratios are 0.74 and 
0.18, and 0.67 and 0.23 for the stainless 
steel and Tedlar surfaces, respectively. 
The Tedlar case has a lower mean value, 

FIGURE 12. The rebound-to-incident normal 
velocity component ratio, V,,/u,,, versus the inci- 
dent normal velocity component, uni, for the cases 
of Ag-coated glass microspheres obliquely im- 
pacting either a stainless-steel or a Tedlar sur- 
face. 
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as expected for the softer surface case. 
Clearly, other factors such as microsphere 
rotation prior to impact can confound the 
interpretation of oblique impact data 
when viewed in this simple manner. 

Subsidiary Experiments 

Additional experiments were performed 
to experimentally determine whether or 
not the level of microsphere charge (from - 10-l6 to 10-l4 C per microsphere) was 
sufficient in the present experiments to 
affect the values of the kinematic coeffi- 
cient of restitution. Ag-coated glass mi- 
crospheres, both electrically "neutral" and 
charged to the aforementioned levels, 
were impacted in separate experiments 
against a Siloxane-coated stainless steel 
surface, giving rise to the highest possible 
magnitude in the electrostatic image force 
in the present experiments. The results 
revealed no difference (to well within the 
measurement uncertainty) between the 
two cases, supporting the calculations of 
Caylor (1993), which showed that charge 
levels of - C or greater are re- 
quired for this case before electrostatic 
forces become significant. 

Other subsidiary experiments were 
conducted to examine if plastic deforma- 
tion could occur from impact for the types 
of materials and conditions of the present 
experiments. Conclusive, visual evidence 
of plastic deformation was sought using 
scanning electron microscopy of the mi- 
crospheres and target surfaces. Two types 
of relatively "hard" microspheres (Ag- 
coated glass and 60-125 pm diameter 
stainless steel) were impacted against dif- 
ferent impact zones on a relatively "soft," 
highly polished, aluminum target surface. 
The average values of the incident kinetic 
energy per microsphere were 0.05 and 20 
nJ for the Ag-coated glass and 60-125- 
pm-diameter stainless-steel microspheres, 
respectively. No visual evidence of plastic 

deformation was found for the Ag-coated 
glass microsphere case. A few indenta- 
tions (-  10 pm in diameter) were ob- 
served in the aluminum surface for the 
stainless steel microsphere case (see Cay- 
lor, 1993, for micrographs of the surface). 
Thus, for the experimental results re- 
ported herein, in which the incident ki- 
netic energies per microsphere were less 
than 0.2 nJ, it is highly unlikely that plas- 
tic deformation of the surface material 
occurred. Yet, it is possible that plastic 
deformation can occur in microsphere im- 
pact experiments. For example, Wall et al. 
(1990), using "soft" ammonium fluor- 
escein microspheres and extending their 
impacts to much higher velocities (as 
compared with the relatively "hard" mi- 
crospheres and lower velocities examined 
in the present study), attributed plastic 
damage to the microspheres and not to 
the surface. It is important to note, how- 
ever, that no conclusive visual evidence of 
plastic deformation on either particles or 
surfaces has ever been presented in the 
open literature for the case of microparti- 
cle impact. One possible argument against 
the occurrence of plastic deformation in 
the present and other similar experi- 
ments, that the yield limit may not be 
exceeded at typical microparticle impact 
strain rates, has been offered by Brach 
(1993). He noted that the strain rates en- 
countered in typical microparticle impact 
experiments ( -  106/s) are at least 3 or- 
ders of magnitude higher than most mea- 
sures of "high" strain rate yielding of 
common materials (Meyers et al., 1992). 
Furthermore it is known that as strain 
rates increase, a ductile material's yield 
strength approaches an increasing ulti- 
mate strength and the material becomes 
stronger but more brittle. This informa- 
tion supports that plastic deformation may 
not necessarily occur under typical micro- 
sphere impact conditions, as evidenced 
by the lack of visual observation in the 
present study. 
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SUMMARY AND CONCLUSIONS 

The results of experiments on the individ- 
ual impacts of microspheres under either 
normal or oblique incidence with planar 
surfaces were presented. The features of 
two unique experimental systems de- 
signed to study normal and oblique micro- 
sphere impacts under vacuum conditions 
were described. 

The normal impact data acquired clear- 
ly illustrated the effects of adhesive forces 
and surface material hardness on the 
kinematic coefficient of restitution, partic- 
ularly at the lower incident velocities. Ap- 
plication of the rigid body impact model 
of Brach and Dunn (1995) to the data 
revealed the range of incident normal ve- 
locities over which adhesion effects were 
present. The model was used further to 
show that at lower incident velocities a 
significant portion of the microsphere's 
incident kinetic energy was used to over- 
come the forces of adhesion in order to 
achieve microsphere rebound from the 
surface. 

The oblique impact data established the 
incidence angle ranges over which micro- 
sphere rotation upon separation from the 
surface and sliding throughout the dura- 
tion of surface contact occurred. How- 
ever, no effects marking the presence of 
adhesive forces were discernible by sole 
examination of the kinematic coefficient 
of restitution, which was found to be inde- 
pendent of the incident normal velocity 
component. The rigid body impact model 
also was used to assess the effects of 
microsphere rotation on rolling versus 
sliding. 

Finally, the results of subsidiary experi- 
ments supported the absence of both 
charge effects and plastic deformation in 
the present experiments. 

In conclusion, this study has demon- 
strated that the key parameters character- 
izing individual microsphere/surface im- 
pact events can be measured for both 

normal and oblique microsphere impacts 
with planar surfaces under vacuum condi- 
tions and that a rigid body impact model 
can be applied to the data to reveal more 
subtle effects present in the experiments. 
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